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Report

During the course of this project, our group has accomplished the
following "firsts": (1) The first scanning tunneling microscopy (STM) images
of the InSb, InAs, and InP (110) surfaces. (2) The first STM images of
Hgy .Cd,Te surfaces. (3) The first STM images of a diluted magnetic
semiconductor, Cd_lanxTe. (4) The first demonstration that horribly convolved
tips mechanically still give very good STM images. (5) The first nano-
machining of Au, Hg %C Te, and Cdl anTe surfaces. (5) Formation, without
physical contact, o% 9A dots at room temperature on the InSb (110) surface and
formation of more than one dot in a 1line (pixels) on that surface. (6)
Observation of filling in, by diffusion and other mechanisms, of indentations
made on the surface by an STM tip on HgCdTe and CdMnTe. (7) Scribing of
adjacent parallel lines on the HgCdTe and CdMnTe surfaces. (8) Identification
of a new c¢(4x6) reconstruction on some InSb (110) surfaces; this
reconstruction appears to be metastable and cleavage induced. (9) Studies of
the Si (100) surface under tensile compression and strain. This led to
single-atom high steps moving in response to strain. (10) Observation and
identification of defects and defect structures in STM images, together with
theoretical description of those images,

These new results have been achieved while we have been developing new
STMs with unprecedented vibrational immunity and resolution.
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DEPENDENCE OF THE GaAs (110) SURFACE ELECTRONIC STATE
DISPERSION CURVES ON THE SURFACE RELAXATION ANGLE

David Vv, Fioelich; Mary E. Lapeyre, and John D. Dow
Department of Physics, University of Notre Dame
Notre Dame, Indiana "46556

and

Roland E, Allen
Department of Physics, Texas AsM University
College Station, Texas 77843

(Received 16 July 1984)

The surface state dispersion curves E(K) of the dangling bond states

near the fundamental bdand gap,

Cy and Ag, are computed for bdoth the’

established 0~27° model and the recently proposed 6=7° model of the
(110) surface relaxation of GaAs, where § is the surface bond rotation
angle, The two models produce surface gtate dispersion curves that are
similar to one another and to the data,

Until recently it was thought . that ...the
geometrical structure. of the (110) surface of
GaAs was one of the few semiconductor surface
structures that was established. The accepted
model was the 27% rotation model [1,2): To a
good approximation, the anions rotate rigidly
out of the surfuce through an angle of 6=27°,
This wodel was established as a result of
careful analyses of low-energy electron
diffractfon  (LEED) data, and, in addftionm,
provided a way cut of a theoretical dilemma:
caleulations of GaAs surface states for
unrelaxed surfaces, 6=0°, produced  surface
states in the fundamental band gap (countrary to
data) that receded into the valence and
conduction bands when the 0=27° relaxation was
accounted for [3].

Recently, however, Gibson and co-workers [4]
have suggested that 6=7° may be a more
appropriate relaxation angle, based on analyses
of Rutherford back-scattering (RBS) data. Duke
and co-workers have also presented analyses of
LEED data that indicate that a 7° rotation,
while not preferred, is acceptable [5]. Gibson
et al. have stated, however, that their data
might be consistent with the 0=27° model,
provided one allows for anomalously large
surface phonon amplitudes,

With LEED and RBS analyses producing ambiguous
interpretations of the data, we thought it might
be useful to determine if the measured surface
state dispersion curves E(K) [6], when compared
with theoretical predictions, preferred either
the 0=7° model or the ©8=27° model. Previous
calculation: of E(K), assuming the €=27° model,
were 1n sufficiently good agreement with the
data to afford explanations of the principal

1982 PACS Number: 68.20.+t; 73.20.-r

0749-6036/85/010087 + 03 $02.00/0

. experimental féaturés {71 (Fig.l).Aﬂbwevet,‘wg

now find qualitatively similar dispergion
relations E(K) for the relevant surface states,
for 8=0°, 6=7°, 14% and 27° (Fig. 1). Since the
theory 1is only accurate to several tenths of an
eV [8] mnear the valence band maximum, the
theoretical surface state dispersion curves do
not provide a means for discriminating with
confidence among .the relaxation models, The
theory does predict that surface states do fall
in the fundamental band gap for the 7° model [1]
(Fig. 2 [9] and Ref. [10]): ©.1 eV below the
conduction band edge and 0.1 eV above the
valence band maximum — but these energies are
too small in comparison with the several tenths
of an eV theoretical wuncertainty to Dbe
convincing proof of the 27° model over the 7°
model.

Hence we conclude that the agreement between
photoemission data and the theory does not
provide strong evidence for or against either
the 0=7° model or the 6=27° model. The
established 8=27° model should be retained until
more conclusive experimental evidence against it
is presented,

" Finally, as we have been comwpleting this

manuscript, we have received a preprint from
Mailhiot, Duke and Chang [11], who  have
independently been studying this problem using
the same Hamiltonian and comparably accurate
theoretical techniques. They have found similar
results; however they interpret their ::sults as
providing stronger support for the §=27% model.

Acknowledgments -~ We are grateful to the U,S.
Army “Research 0ffice and the Office of Naval
Research for their support (Contract Nos.
DAAG-29~83~K~-0122 and NO0O14-82-K~0447),
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RELATIVISTIC EMPIRICAL TiGHT-BINbiﬁG THEORY OF THE ENERGY BANDS OF
GeTe, SnTe, PbTe, PbSe, PbS, AND THEIR ALLOYS
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The orthogonalized plane wave band structures of GeTe,

and PbS are fit with a nearest-neighbor, 18-orbital sp
tight-binding model that exhibits chemical trends.
and Ge)_,Pb Te alloys are predicted as functions
Bowing of the

Pb $n,Te, Sny_,Ge,Te
1_ 2 1. s
of cgmpﬁsitions Z, ;, and z.

§n e, PbTe, PbSe,
d”, relativistic
The band gaps of

gap 1is expected to be

substantial for Ge;_ ,Pb,Te, and either Snl_yGeYTe or Ge; ,Pb,Te should

exhibit a Dimmock reversal.

1. Introduction

The rocksalt-structure IV-VI semiconductor
compounds, such as PbTe, SnTe, GeTe, PbSe, and
PbS all have small band gaps, high dielectric
constants, interesting defect levels, and a
variety of wvery unusual thermodynamic,
vibrational, electronic, and infrared properties

[1]. Exploitation of these properties for the
fabrication of technologically  important
opto-electronic devices has been partially

impeded by an incomplete understanding of the
intrinsic and extrinsic electronic states of
these materials., The 1IV-VI's have attracted
relatively little theoretical attention,
however, because their electronic  band
structures are complicated, Thaving large
relativistic splittings. At first glance, it
would appear that the electreonic states of bulk
defects or surfaces of these materials can be
understood only if one executes a very tedious,
relativistic theory.

In this paper, we show that the apparently
complicated energy bands of the IV-VI compounds
can be parameterized by "a simple nearest-

(a) Permanent address: Department of Electrical
and Computer Engineering, University of
Notre Dame, Notre Dame, Indiana 46356.

(b) Permanent address: Department of Computer
Science, Western Illinois  University,
Macomb, Illinois 61455,

{¢) Present address: Theodore Asscciates, Inc.,
10510 Streamview Court, Potomac, Maryland
20854,

PACS Number: 71.25.Tn

6?496036!86/050491 +09 $02.00/0

neighbor tight-binding model Hamiltonian. The-
parameters of this model exhibit chemical trends
and can be used to predict the electronic. .
structures of alloys such as Pby  Sn,Te.
Moreover, theories of defect energy levels and
surface states in IV-VI's can be constructed
using this simple Hamiltonian, as we shall
demonstrate in subseguent work.

2. Tight-binding theory

The relativistic Hamiltonian that produces the
energy band structures has the form [2]

H = (p%/2m) + V + Hy,

+ 32V2V/8m2c2 - p¢f8m3c2
(1)
where V is the crystal potential, the spin orbit
interaction is

-+ - 2.2
Hso ~ Ko (VUxp)/am©ec”™,

and the remaining terms are the Darwin terms and
the relativistic mass correction term [3].

Employing the ideas of Slater and Koster [&],
Harrison [5], Chadi [6], and Vogl et al. [7], we
construct the nearest-neighbor tight-binding
Hamiltonian:

R [la.1,0,B5E; ,<a,1,0.K]
+ |c,i,o.ﬁ+§>£i c<c,£,o,§+ﬁ|]
+ 58 R,0,1,) [la1.0. B0V 4<c.5,0,R04d)
+h.e. ]+ Hg,

(2)

© 1986 Academic Press Inc. (London) Limited
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TABLE I. Nearest-neighbor ctight-binding parameters of GeTe,
SnTe, PbTe, PbSe, and PbS, as fit to the band structure of Herman
et al. [9], in eV. The column labelled GeTe* refers to
Dimmock-reversed GeTe with the valence (conduction) band extremum
at Ls’ (Lé*). vd,dx' vd.s' and vs,d are taken to be zero.

GeTe GeTex SnTe PbTe  PbSe Pbs
Eg o -7.847  -7.992  -6.578  -7.612  -7.010  -6.546
E, ., -10.974 -10.855 -12.067 -11.002 -13.742 -13.827
Ey o 1.454 1.657 1.659 3.195 4.201 3,486
Ep a 0. 444 0.250  -0.167  -0.237  -1.478  -1,153
Eqo 9.08 9.08 8.38 7.73 8.72 9.27
Eq .  25.85 26.75 7.73 7.73 11.95 10.38
A 0.505 0.577 0.592 1.500 1.693 1.559
Ag 0.447 0.351 0.564 0.428 0.121  -0.211
Ve s -0.617  -0.631  -0.510  -0.474  -0.402  -0.364
Ve 0.877 0.788 0.949 0.705  0.929 0.936
Vo,s 0.790 0.876  -0.198 0.633 0.159 0.186
Vop 2.189 2.181 2.218 2.066 1.920 2.073
Vo opx 0478 -0.498  -0.446  -0.43C  -0,356  -0.281
Vo4 -1.14 -1.65 -1.11 -1.29 41,590 -1.142
Vo.ax  1.56 1.78 0.624 0.835 1.45 1.16
Vap -1.55 -1.50 -1.67 -1.59 -1.09 -1.54
Va,pr  0.976 0.742 0.766 0.531 0.0497  0.517
Vaq -3.79 -3.87 -1.72 -1.35 -1.90 -1.67
V4 a4 0.887 0.892  0.618 0.668 0.692 0.659

Table 1I. Experimental values of the fundamental gap £for GeTe,
SnTe, PbTe, PbSe, and PbS wused in firting the tight-binding
parameters of Table I (in eV).

GeTe SnTe PbTe PbSe PbS

a b [ d PYoL:
Egap 0.2 0.3 0.186 0.165 0.286
fa] L. Esaki, J. Phys. Soc. Japan, 1966, 21, 589 [Kyoto Conference
Supplement], measurements at &,2°K.
[b] Ref. [10], measurements at 4.2°K.
{c] Ref. [10], - -.surements at 12K,
{d] D. L. Mitchell, E. D. Palik, and J. N. 2Zemel, Proc. Seventh
Int6 Conf. Phys. Semicond., 1964, p. 325 (1964), measurements at
4. 25K,
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Fig. 1. The energy band structure in eV of
PbTe, published by Herman et al. [9] (dashed) in
comparison with the present work (solid). Note

where h.c. means Hermitian conjugate, R are the
rock-salt lattice positions of the anion, i and
i are the basis orbitals for the cation and
anion respectively, ¢ is the spin (up or down),
a and ¢ refer to the anion and cation
respectively, and d is the position of the
cation relative to the anion in the E-th cell; d
= (21/2)(1,0,0). The spin-orbit Hamiltonian is

Hey = 2R 5,00 ,1 L1c,1,0. 852 L 8 <c,1,0% K]

* IR g0, [’a'j'°'§>kaia'3a<a'j'a,'ﬁtgi
We use nine orbitals per atom in our basis,
each with wp and down spin: s, Py Py s
4242 83,2.,2, dyy. dpz. Gy Because o the
importance of the d bands near the bottom of the
conduction band at the X point we found it
necessary to include &ll five d bands in the.
model. This approach is to be preferred over
that of Robertson {8], which included only two
of the five d orbitals. We did neglect (i) the
somewhat smaller couplings V. , between the s
states and the d states and (ii) V4 gge the
n-type bonding between d states. i
The resulting 36x36 Hamiltonian matrix is
given in Appendix A.

Wave Vector

that the zero of energy is the valence band
maximum and that the fundamental band gap is at
L.

3. Determination of the empirical
Hamiltonian matrix elements

The parameters of this model are listed in
Table I. They were obtained by fitting the
eigenvalues of the matrixz to the energy bands
published by Herman et al. [9] (See Fig. 1).
Analytic expressions for the eigenvalues at high
symmetry points were used to make an initial
guess for the parameters. Then a least-squares
fit of the parameters to the calculated energy
bands was performed. The symmetry of the states
on either side of the fundamental gap was also
included in the fitting procedure. This 1is
necessary to assure the Dimmock reversal [10] in
the ordering of bands that occurs in Pby  Sn . Te
between PbTe (with a conduction band minimum at
L.” and valence band maximum at L6+) and SnTe
(with the opposite ordering). The energy bands

. were fit to the values obtained by Herman et al.

for wavevectors at the I', X, and L points of the
Brillouin zone; but Herman’s corduction band
energies at L were all shifted by the same small
amount in order to guarantee that the
fundamental band gap agreed with experiment. The
resulting band structures are displayed in Figs.
1-5. The fit of the band structure of GeTe
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Scaling Relation for s « Levels
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= 4. F GeTe ® PbTe i
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0.0 i H 1 ,J

0.6 LY 6.6 9.0 12.0 15,0

Atomic s Energy Difference (eV)

Fig. 6. The s-orbital energy differences in
the solid, (Table I) versus the s-orbital energy
differences in the atom [7].

assumes a PbTe-like ordering of the conduction

and valence bands: Lg- above Lg+. The
possibility exists, however, that GeTe‘s band
structure 1is Dimmock-reversed, as 8SnTe's is,

with L6+ being the conduction band minimum., We
denote  Dimmock-reversed GeTe by GeTe*, and
obtain for it the slightly different matrix
elements listed in Table I,

For the parameters of the model, the
differences in the diagonal matrix elements
E. .-E and E_ -E .., are approximatel
pgégorgignal to tgéccogfgsponding digfetances o%
atomic energies., The Vogl constant of
proporticnality A8 [7] 1is about 0.65 for the
s-state and 0.9 for the p-state. (See Figs. 6
and 7.) These proportionalities or scaling rules
for the matrix elements of the empirical
Hamiltonian allow the theory to make sensible
predictions of chemical trends for intrinsic and

extrinsic electronic states of different IV-VI
semiconductors,

4. Application to Alloys
. In this section we apply the theoxry to

Pb _xSnyTe, Sn Te, and Ge szTe alloys

Ge.
d 1-y2 1-
and compute the a¥10§ band gaps as %unctions of

the compositions x, y, and 2z, using the virtusl

crystal approximation. These materials are
substitutional alloys miscible for all
compositions. )

Pby . 45n,Te is an interesting alloy because the
band gap <f SnTe is "inverted" in compariso:

Superlattices and Microstructures, Vol. 2, No. 5, 1986

Scatling Relation for p - Levels

6.0 v r

4.0 |-

® GeTe*

p Energy Difference in Solid (eV)

® GeTe
040 3 .
0.0 2.0 4.0 6.0

Atomic p Energy Diilerence (eV)

Fig. 7. The p-orbital energy Jdifferences in
the solid, (Table I) versus the p-orbital energy
differences in the atom [7].

with the gap of PbTe: the fundamental band gap
occurs with the conduction band minimum being
the L5+ point of the band structure, rather than
at the the L;” point. This phenomenon was
elucidated by Dimmock et al. [10] several years
age, who pointed out that a level-crossing
phenomenon occurs with Increasing x as the
band-gap of Pby_,Sn.Te decreases and attempts to
become negative., We calculate that the gap
vanishes at x=~0.33, in good agreement with the
experimental walue.

As a function of alloy composition, this
Dimmock . reversal in Pbj _,Sn Te must undo icself
in either Sny_ GeyTe or Gey ,Pb,Te. We predict
that the secgnd Dimmock reversal must occur
either near y = 0.6 in Suny ,Ge,Te or near
z =03 in Gey ,Pb,Te. In the gor%er case, GeTe
must have the same ordering of Lg bands as PbTe,

whereas in rhe latter case, GeTe has the
SnTe-1like GeTe* electronic structure. {See Fig.
8.) The calculations also indicate that one

should expect considerable bowing in the
fundamental band gap versus alloy composition
for Gey_,Pb,Te, in contrast to the linear
x-dependence of the gap for Pby ,Sn,Te. This
striking prediction of the calculaticons ' is in
qualitative agreement with the measurements of -
Nikolic [11,12].

We compute the fundamental band gaps of alloys
such as Pby _,Sn.Te by diagonalizing the
virtual-cryst&i [;%] empirical  tight-binding
Hamiltonian. The covalent radii of ¥: and Sn
differ by so 1little (= 48) and .all of the
Hamiltonian matrix elements of PhTe and SnTe are
sufficiently similar that a vi<tual crystal
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Fundamental Gap vs. Alloy Composition
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Fig. 8. The calculated band gaps and L6+ and
Lg" band edges of Pby . Sn,Te, Smy Ge Te, and
Gey.,Fb,Te versus alloy compositions % y, and

elements of
near the

approximation to the matrix
Fby (Sn,Te is appropriate for states
fundamental band gap [13]): the diagonal
Hamiltonian matrix elements of Pb,_ Sn,Te are
{(1-x) times the PbTe elements plus x times the
SnTe matrix elements [l4]. The off-diagonal
matrix elements, multiplied by the square of the
lattice constant {5], are similarly averaged,
using Vegard's Law for the lattice constant. The
band edges of Fig. 8 were eigenvalues obtained
by diagonalizing this Hamiltonian for a
wavevector at the L-point of the Brillouin zone.

5. Conclusion

We conclude that the present tight-binding
parameterization of the 1IV-VI energy bands is

z. The zero of energy is the L6+ band extremum.
The hatched area is the gap. (a) For ordinary
GeTe; (b) for Dimmock-reversed GeTe* (see text).

adequate for  reproducing chemical trends,
including the Dimmock band reversal phenomenon
in Pby . Sn,Te. Therefore, it should provide a
satis%actory starting point for general theories
of localized electronic states in  these
very small band.gap materials, such as "deep
traps” [15] or surface states. Subsequent work
will use this Hamiltonian to study a wide
variety of problems invelving localized
electronic states in IV-VI semiconductors.
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APPENDIX A: The 36x36 Hamiltonian matrix

The basis set for the 36x36 Hamiltonian is:

Is,c.t>, [s.c, 4>, [s,a,1>, f[s,a8,1>, |[pg.c, 1>,
ipy.c,t>, Ipg.c, 1>, APy, 4>, lpy,c,».
Ip.e. 4>, [pg.a. 1>, Ipy.a,b, ipy.a,t>,
Ipg .2, 4>, |py,a,$>, ]pz,a,4>, ldy.e, 1>,
|dy.e, 1>, |d3,c,?>, |dg.c,1>, jdg.c, 1>,
j4],c, 4>, 1dy,c,4>, jdq,c, >, [dg.c, 4>,
[dg,¢, 4>, [dy.a, 1>, jd3,a,1>, {d5,a,1>,
[Ha,a,1>, jdg,a, 1>, jdy.a,4>, fdy,a,4>,
{d3.a.¢>, |db,a,£>, and |dg,a, 4>,

where we have d) = dx’-yz' dy = d322_r2, da=d_,
da—dyz, and ds'dzx'

The Hamiltonian can be written in block form
as follews (only the lower triangular part of
the Hamiltonian is given since it is Hermitian):

He s 7
Hpc,s l'.'lpc,pc
Hpa,s Rpa,pc Hpa,pa .
0 0 Hdc,pa Hdc.dc
LO Hda,pc o . Hda,dc Hda,da_
Hs,s is a Hermitian 4x4 matrix which connects
s-states to s-states: ,
Egc
t] Es,e
Hs,s - 80Vss 0 Es,a
0 goVs,s © Es a
and Hpc,s can be written as:
o ]
Hpc,s = Lo Hy o
where QeAhave
- F’2glvp's [0
Hy = '252vp.s 4]
-'233Vp,s 0

Division of Materials

c' il
- equsl to E pa ggd
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and _ : -
o] -231Vp.s
Hz b 4] ‘232Vp's
| 0 '233vp,s A
Hpa,s can be written as:
A Hq 0
Hpa,s =
B 0

where we have

[ -26)Y 0
H3 - '2g2vs’p o]
L. -ngvs.p 0 =
and
0 '251Vs,p
H& hd 0 '2§2Vs,p
‘ L ¢ —253Vs P » )
c,pg 15 8 6x6 Hermitian matrix with all the
diaBorBl elements equal to E, .. Its other
non-zero matrix elements in the Eévet triangular

region are:

<py.c.t] H py,c, 1> = 1 2./2,
<pzrcs‘l H iPx:cyT> - xcfzr
<pg.c.i| H [py,e,1> = 1 A,/2,
<px:cv" H ,pztc9?> - 'Ac/zr
<p,,,c,4} H |pz,c}t> - -1xc/2,
and

<py,c,$| H fpy.c.i> = -ikc/2.

'Hpa a is a 6x6 Hermitian matrix of the same
form 'gs H but with the diagonal elements
the other non-zero elements as
above with A, replaced with i,.

Hpa,pc is a diagonal 6x6 matrix with?
<px,a,fi H ]px,c,?> - Vx,x

<p,.a,t}| H lpy,c,?> - Vy’y

<pz,a.?1 H lpz.c.1> - vz,z

Pyq8i 4] H pg o> = Vy

<py,a,4| H lpy.c,b - gy'y

<pzsa 4l H [Py, > =V, 5

and E

Vx,x' ZgQVp'p R 2(35*56) vp,px
vy’y- 2g5Vp'p + Z(gé+gs) Vp,px

Vz,z- Zgﬁvp’p + 2(g4+g5) VP,PF

Hda,pc

Hda,pc -

Hg

0

0

Hg

can be written in block form as:
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where Hg is the 5x3 matrix:

_-J3g1Vp.d fBgzvp’d 0 -
81,4 82Vp. 4 -283Y; a
'2g2vp,dﬂ '231Vp,éﬂ 0
° '253vp,dﬂ '2g2vp,d«

_'253Vp,dw 0 ’251Vp,df_

is of the same form, but with V .d and
p dw geplaced by V4 P and Vd,px

Hig gqo is a 10x10
non-zérc off-diagonal
elements are:

matrix  with only four
elements. The diagonal

<d1,a.t| H |d1,c,1> - <d1,a,l| H [dl,c,l>

- 3/2 (g4*85)Vq g *+ (286+84/2%85/2)Vy a5
<dy,a,1} H [dy,c,1> = <dj,a,¢| H jdg,c, 4>

= 3/2 (g4*es) Vg a5t (28g*ea/2+85/20Vg g
<d3,a.f| H |d3,c.t> - <d3,a,l| H 1d3,c,l>

= 2 (g4+85) Va,an * 2 86 Va,q5
<d;,a,t] H |dg,c.t> = <dj,a,4] H [d4,c,4>

= 2 (g5+8¢) Va,dr * 2 84 Va,d5
<d5,a,1) H }ds,c,t> - <d5,a,41 H [ds,c,l>

= 2 (84*8¢) Vg an * 2 85 Vg, 45 -

The non-zero off-diagonal elements are all
equal:

<dl,a,1’} H ldz,C,T> "<d2.8.,1’| H Idl,c,?>
- <dy,a,4] H [dy,c,4> = <dy,a, 4] H [d),c,4>

=~ {J3)/2 (gs-8,) (Vgq - Vd,dé)

where we have

go(E) = 2[cos(kyay /2)+cos(kyay /2)+eos(kgay /2) ],
81(R) = 1 sin(k.as; /2),

g2(¥) = 1 sin(kyar/2),

g3 (k)

84 (%)

i sin(ka /2),

cos(kxaL/Z),

4389

gs(K) = cos(kyar/2),
and

gs(k)y ~ cos(k,a; /2).

The parameters V and V
to the integrals ?ssa)l. ?SPU)IU
[47.

Hd and Hd are both 10x10 diagonal matrices
whose elements are Ed o and Ed a respectively.

correspond
{pdo)y in Ref.
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Calculations are presented which
centers in Si- (1ying 0.37 and 0.19 eV below the

sulfur-related

conduction band minima) with (S, syt

support

the identification of Cw6

and (8,8) nearest~neighbor

substitutional § pairs. Explanations in terms of meso~bonding are given
of the followin§ facts: (1) Although S is much more electronegative than

si, the (S,S)
w0.2 eV; (11) The hyperfine

palir level lies at higher energy than the S level by
interaction for

(s, S) is considerably

smaller than for the i{solated § defect; and (11i) The (S,S)+ molecular
defect has a hyperfine tensor that is virtually isotropic,

Nearly twenty years -ago, Ludwlg observed
evidence of substitutional nearest-neighbor §
pairs in Si, while studying the electron spin
resonance and electror nuclear double resonance
spectra of isolated § [1]. It is now known that
there are five S~related deep levels in the band
gap of Si [2-7], two of which are associated
with isolated-S (the A and B centers [8]), two
of which are thought to be caused by paired-§
defects (hereafter denoted the C and D centers
{8]), and the fifth 2 center {9], which is
assoclated with unkanown S-related complexes. The

" Brotherton et al. [9]

" it alters

energy levels of the A, B, C, and D centers and
thelir assignments are shown in Fig. 1.
Acenter ~ Bcenter  Ccenter D center
EC - —
10 - V (s,s)°
50 + Ec-0I9
- (s.s)
~0 .3 —_
5 Ee Ec-037
g s*
gs 05 |- Ec'o.ﬁl
Ey=0.0
Fig. 1. The observed sulfur-related deep

energy levels in the band gap of Si, together
with the defect assignments of Brotherton and
earlier workers. These assignments are confirmed
by the present work,

mne

-have shown .that high
temperature snnealing leads to preferential
formation of (8,8) pairs, whereas isolated-§
defects dominate in material annealed at low
temperature. However there are several features
of the (5,8) pair identification that, at first
glance, appear to be troubling: (i) The opair

levels (8,5) 1lie at higher energy than the
isolated~S levels, even though S§ is very
electronegative with respect to Si and
replacement of a neighboring 81 by a wmore

electronegative atom would be expected to pull
the isolated=-5 level down in energy; (ii) S 1is
so different from . SI that in isolation it
produces a deep level in the gap; yet the second
(spectator) S atom ‘appears to be very little
different in its effect from the S5i it replaces:
the isolated~$5 deep level by only
0.2 eV, even though the additional potential of
the second S impurity is strongly attractive
(corresponding to a charge of twoe protons) and

localized. The small size of this effect is
evident when compared with the eveg larger
difference of deep level energies of S¥ and s*

=0.3 eV, which is due to a single delocalized
electron, Also the difierence in (S,S) and §
energy levels, 0.2 eV, is comparable with the
difference in the S and Te deep levels (0.2 eV),
even though the defect potential difference of §
and Te is only =-1 eV compared with -6 eV for S

and $1 [10); (4iii) Although the (8,5) and S
defects have similar energy levels, the
hyperfir. constant (= s-orbi arge density

at the sulfur nucleus or lw (0)|31 of (8,8) is
smaller by a factor of =3 than that of 8; and
(iv) The hyperfine tensor of (S,S) appears to be
isotropic, even though {§,3) 1s supposedly an
oriented molecule.

In this paper we sh.w that these puzzling
facts can be explained siwply: The assignment of
the E.~0.37 eV and F_~0.19 eV (C and D) levels
to (§ 8) vpairs is correct, but the relevant
energy level of rthe pair has a completely

0038~1098/84’ $3.00 + .00
Pergamon Press Ltd.

.

B iy
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different character from that of isolated S. The observed pair level is derived from the T
second S atom drives the first 1isolated-S deep (p-like) deep resonance of isolated-S (which is
level into the bottom of the band gap or out of pulled down into the gap by the second  8) and
the gap into the valence band -—  and not from the 4, {s~like) level of isclated-S,
simultanecusly pulls a second level down from which is driven down toward the valence band by
the conduction band into the gap (Fig. 2). The the second 8 atom (Fig., 2). The level-repulsion
first (lower [11]) level we term the :otallé obviously occurring in Fig. 2 is responsible for
antibondin (ungerade) state; the secon the (¢8,8)" deep level lying very close to the 5
(higher) level we call the meso-bondinﬁ (gerade) deep level [12}.
state, because it 18 a "bonding linear The measuzed ESR hyperfine constant
combination of the “antibonding"” deep levels (|A]=38.4x107 [11) of (5,8)% s muc
(10] of the isolated-S defects. The antibonding diffepent from that of st (tAt-lO& 2x10"%n™
state 18 lower 1in energy for the (§,8) defect [1])  Tbecause the meso~bonding level has a
{(contrary to what one normally finds for different character from the 4; level of S,
diatomic moelcules) because each § deep level being derived from the p-like T, (resonant)
has an antibonding host-like wavefunction level of isolated-S., If the hyperfine constant
{rather than a wavefunction similar to atomic of the totally antibonding (lower) level could
sulfur’s). be measured, it would be near that of st m we
The (S, s)+ level in the gap, predicted using predict it to be only =28% smaller., The observed
the theory described below, 1is in excellent (5,8)" hyperfine constant is small because the
agreement with the datum (Fig., 2) and lies mesc~bonding state is less localized on the
higher in energy than 1solated-s+. because the defect atoms. We calculate the s-orbital

#}'7‘;‘- T2 (8) resonance
/

) I
Ec [Conducon Bond Edge

' 10~

Datum-y

A (8)

{s.x)* d,'hvefs
Neorest'nexghbor

05F ~"Meso - bonding pairs in Si

/Totally antibonding
is,s1t
c;d Valence Bond Edee
L. L. ] .| | | ] | K
=20 <15 0 -5 0 5 10 15 20

Impurity potential of spectator x,vs{x}(ev)

Fig. 2. Predicted energles of deeg
a;-symmettric levels assoclated with (§,X)
nearest-neighbor substitutional pairs in ${ as a
function of the defect potential V {X} of the
spectator i{mpurity X. VS{X}-O corresponds to an
isolated~S defect, which has a deep level of A
(s~like) symmetry in the gap and a T, (p*likeg
deep resonance depicted schematically above the
conduction band edge. [Because we are interested
primarily 4in chalcogen pairs, we have assigned
one~half of the charge to X and one~half to § in
determining the defect potential (See text}.
Henﬁs the isolated-S A; level correiponds to

and lies between the S§° and §° levels.]
Note the excellent agreement  between  the
experimental (8,57 level (triangle) and the
theory. The electronic occupancies of the
one-electron levels of (5,5)F and St are denoted
by circles.
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contribution te be 0.33 cimes as: 1arge as that
for §7 -~ compared with an experimental value
0.37 times as large. .

The delocalization of the meso-bonding state
ig also responsible for the hyperfine tensor
being virtually isotropic. We find only 2.2%
{4.1%) of the deep level charge density is
gontained in each gulfur p (8) orbital which
leads to an anisotropy of the hyperfine tensor
too small to have been observed,

(A/! - A‘L)/(Afl + ZA.L) - 0.(_}15.

The predicted energy levels and s-orbital
wave~function coefficients, Tg» of all:
substitutional nearest~neighbor pairs of §, Se,
and Te are given in Table I [13,14]. We hope
that experimental studies of Si doped with two
or more chalcogens will test these predictions.

Recently Ren et al, [15] have shown that the
hyperfine tensors of deep levels of definite
symmetry assoclated with dimpurities on a
specific site depend only on the energy of the
deep level and vary little for deep levels in
the band gap of Si. Schirmer and Scheffler [16]
have produced a  beautiful phenomenological
theory of g-factors for deep levels using
similar ideas, and £find that the , observed
g~factors do not depend on the character of the
defect states involved. In particular they find
that the g-factor for (S, S) is well~described
by the same theory as the g-factor for +, Se’,
and Tet. Thus we wondered if the
Schirmer-Scheffler hypothesis - for g-factors

TABLE I, Predicted energy levels E (in eV) and

wave~function coefficlents v (y=an, see Table I
of Ref. [13] or Ref. [14]) for (X,Y)
substitutional paired chalcogen defects in Si.
E, and E. are the valence band and conduction
band edges of Si. In the theoretical model the
band gap 1s E -E,=1.17 eV,

————— . T T W 2"~ " -t D] - > ] - "

ﬂgao-bondihg

g o o i a8 e B T e e Pr— b -

Totally antibonding

(X,Y)  E~E v (X v,(Y) E-E, v (X) v (D)
(s,9)*  0.42 0,20 0.20 0.12 0.30 0.30
(s, Se)+ 0.41 0.21 0.20 0.16 0.29 0,30
(s,Te)*  ©0.35 0.17 0.25 0.28 0.32 0,29
(Se,5e)* 0.40 0.20 0.20 0.20 0.30 0.30
(Se, Te)+ 0.33 0.17 0.25 0.31 0.33 0.29
(Te,Tg) 0.29 0.21 0.21 0.45 0.32 0.32
(s,8) 0.28 0.21 0.21 0.44 0.32 0.32
(s.5¢)°  0.28 0.23 0.21 0.44 0.31 0.32
(s,7¢)®  0.24 0.18 0.25 0.53 0.34 0.30
(se,se)0 0.27 0.21 0.21 0.48 0.32 0.32
(se.1e)® 0.23 0.17 0.26  0.55 0.34 0.30
(Te.Te)® 0.20 0.22 0.22 0.65 0.33 0.33
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might apply- to the hyperfine interactions as
well: that the hyperfine interactions for (S;S)

might be - well-described -by. the theory of
hxperfine interactions for the isolated defects

, Set, and Tet. It does not (Fig., 3 [17]),
presumably because the meso-bonding T ~derived
wave~function of the (8,5)" pair is entirely
different from that of the A 1solated~ST level.
Ve also predict  that the hyperfine tensor of
(Te Te)t will be quite different from that of
Tet — a point needing experimental
investigation.

The calculations presented in this  paper
employ the Hjalmarson et al, [10] theory of deep
levels, the Vogl et al. (18] ‘theory of
electronic structure, the Rem at al, [15] theory’
of hyperfine interactions, and the theory of
paired defects [12]. The details of the
paired-defect theory can be found elsewhere
{12,19]. The present work is different in only
one significant way: the <choice of the
(diagonal) §fect potential matrix, in the
localized sp”s* Dbasis, at the X-site
V{X}=(V_ {X},V {X},V {X},V,{X},0) for the (S,X)
pairs. %h gr has a matgix V{$) on the S-site
and V{X} on the neighboring X-site. Vi {8} for S
in the (S, syt complex is . chosen ts be the
average of the values needed to reproduce the
observed [7] gt and 8 Ay-symmetric
isolated-defect levels — and so corresponds to .
an isolated-S defect with a charge of +1/2 (so
that the paired defect will correspond to a
charge of +1). The p potential V_{S} is taken
from Refs. [10] and [18] 1in terms of atomic
energy differences, but is reduced by the same
empirical factor found here for the s pogential,
0.88. For the neutral center (§,5)Y, the-
potential V, used 1s that which Eépraduces the
observed Al—symmetric level of S v{Se} and
V{Te} were similarly determined. As a result,

the total defect potential of a palred defect

such as (S, S) represents a pair with a single
net positive charge. Other than this
deternmination of the defect potential marrix,
the calculation 1is as described elsewhere
[12,19], and contains no free parameters. A
complete discussion of the theory of paired

substitutional defects will be published
shortly.
We hope that this work will stimulate

experiments testing the theory of deep levels
associated’ wi:h paired chalcogen impurities 4n
§1.
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Fig. 3. The square of the 1isotropic part of
the _deep level wave~function (solid line),
|<A1,5,1(¢>\ of Ren et al, [15] versus deep
trap energy relative o the valence band maximum
for substitutional 1solated-chalcogen defects in
Si. When gultiplieé by the atomic charge density
twn 5(0)}“, this 1s proportional to the
hypérfine interaction A. The data for ST, Se™,
and Te™ [17] obtained using Hartree-Fock charge
densities are denoted by closed triangles. The
corresponding wave-functions-squared for ($,§)",
(Se,Se)", and (Te,Te)” obtained theoretically
are denoted by an open circle, an open square,
and an x, respectively., The (S,S)+ datum [1] is
denoted by a closed circle.
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The trends in the deep energy levels of impurities occupying the bond-centered interstitial site in
S8i are predicted. The theory is compared with experiments for boron, and reasonable agreement is
found for the energy and the wave-function component on the interstitial site; however, some
disagreement with the data for the B deep-trap wave function’s amplitude on the adjacent Si sites
remains—indicating that the B interstitial may not lie near the bond-centered site as supposed and

suggesting the need for further study of B in Si.

In this paper we report calculations of the chemical
trends of deep energy levels and wave functions assocwted
with interstitial impurities at the bond-centered site in Si.!
This work complements earlier studws of tetrahedral-site
interstitials by Sankey and Dow? and follows the general
approach to deep impurity levels established by Hjalmar-
son et al.’ and Vogl et al*

With the notable exception of the work of Weigel,® pre-
vious studies of interstitial impurities in Si (Refs. 6~8)
have considered only single impurities without devoting a
great deal of attention to the relationships of the energy
levels of one impurity to another. Weigel’s systematic
studies of Al, Si, P, B, C, and N were performed on a
cluster using extended Hiickel theory.” One disconcerting
aspect of his results is a silicon band gap of 7.5 V; more-
over, in the case of substitutional defects, Hiickel theory is
known to give the T'; (p-like) energy levels below the 4,
(s-like) levels—contrary to the data.!'® Therefore, we felt
that it would be appropriate to perform an independent
study of the chemical trends for the bond-centered inter-
stitial impurities, using a Green's-function approach,
which yiclds the correct band gap for Si and the correct
A-T, ordering for substitutional defect levels.®> Our re-
sults confirn: the general trends found by Weigel, but pro-
duce a factor-of-5 less variation in the interstitial energy
levels as one goes from Al to P.

Our calculations follow the general scheme of Sankey
and Dow? deveioped for tetrahedral-site interstitials.
However, we do not iterate our calculations to self-
consistency since we find that most impurities at the
bond-centered site (in contrast to the tetrahedral! inzersti-
tial site) psoduce neutral deep levels in the gap. We have
included only nearest-neighbor interactions between the
host atoms and the interstitial atom because ihe second-
nearest neighbors are moie than 2.5 times as distant from
the interstitial as the nearest-neighbor S.. Lattice relaxa-

30

tion around the defect is neglected, since we are interested
primarily in the global chemical trends: the amcunt and
nature of the lattice distortion around the defect should be
determined separately for each charge state of each defect.
Qur deep levels are obtained for neutral defects and the
levels of charged defects are obtained by adding (remov-
ing) an electron to the lowest (highest) Pauli-available lev-
el; thus the Coulombic charge-state splittings are zero in
this model. The resulting theoretical uncertainty in the
absolute energies of deep levels should be several tenths of
an eV, although the chemical trends in the deep levels
should be predicted rather well.

For a zinc-blende lattice, the point group of the bond-
centered interstitial is C3,. The diamond structure of Si is
a degenerate form of zinc blende in which the “anion”
and the “cation” are equivalent; the correct point group
for a bond-centered interstitial in a diamond lattice is Dy
and has an extra parity quantum number: gerade and
ungerade. In this paper we use the Cj, notation'' and
also mdxcate the parity by “g” (even} or “u” (odd). The
four sp? orbitals centered on the mterstatlal split into an
A, g s-like orbital, an A, , p,- or p,-like orbital, and a
doubly degenerate E, p,-like orbital. Our calculation
shows that, for all s- and p-bonded interstitial impurities
in Si, only the E, state may lie in the gap—the 4, , state
lies down in’ the valence band and the A, state lies well
up in the conduction band. One can see that the 4, , and
A, ¢ levels are removed from the cap by considering the
8i-J-8i molecule (See Fig. 1), where J is the interstitial.
The two neighboring Si atoms {without J) form two 4,
levels—one a bonding combination of s orbitals and the
other a bonding combination -f 1, orbitals. Both of these
levels lie in the valence band. The interstitial’s s orbital
(of A‘ g Symmetry) couples with these two Si 4, lc.els
and is repelled upward into the conduction band. Similar-
ly, two A4, , conduction-band leveis are sormed {rom anti-

2070 ©1984 The American Physical Society
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FIG. 1. Schematic illustration showing the crossing of the bond-centered interstitials as a function of the p-orbital energy

Ay and A4, interstitial levels as a result of the interstitial-host
coupling. Onl!; Ay levels are shown.

bonding combinations of the s and p, orbitals of the
neighboring two Si atoms. The interstitial’s p, orbital (of
Ay, symmetry) couples with the Si conduction-band 4, ,
levels and is repelled downward into the valence band.
Thus, by being interstitial, the impurity has in effect re-
versed the ordering of its s and p electrons: the p-like

A,y isolated-interstitial level lies below the s-like 4, , .

level when the interstitial and the host are coupled.

The p, orbitals on the neighboring Si are polarized per-
pendicular to the “molecular” axis and linear combina-
tions of these can be constructed with either E, or E,
symmetry, with respect to the bond-centered site. The
interstitial’s p,, orbital couples with the Si p,-like E; lev-
els and gives rise to the E, level which falls in the gap.
(E, levels are unaffected by the interstitial atom and
remain in the bands.)

Our predictions for the E,-symmetric (p,, g-like) deep
levels at the bond-centered mterstmal site in Si are given
in Fig. 2, and show similar chemical trends to those found
for Al, Si, B, P, C, and N by Weigel: (from highest to
lowest) Hg, Cd, and Zn (resonances in the conduction
band), Be, T1, In, Ga, Al, Pb, Sn, Ge, Si, B, Bi, Sb, Po, Te,
As, At, P, Se, 1, C, 8, and Br (in the gap), w:th q, N 0,
and F giving levels in the valence band.

In our model for interstitials in Si, Al is only 0.86 eV
above C, in contrast ‘to Weigel’s result which places Al
more than 4 eV higher than C. The deep levels of sym-
metries other than Eg, namely, 4, , and 4, all lie well
outside the gap for all mterstltlals

The natural occupation of the E, deep level is zero elec-
trons for group-Il impurities, one electron for group-111,
two electrons for group-1V, three electrons for group-V,
and four electrons for group-VI impurities. Thus the neu-
tral defects of Pb, Sn, Ge, Si, and C at the bond-centered
site produce a one-electron level occupied by two elec-
trons. Bi, Sb, As, and P have three electrons in the E lev-
el; nitrogen produces a valence-band resonance occupied
initially by three electrons and one hole in this model, and
so donates the hole to the top of the valence band, form-
ing a shallow acceptor (provided the extra Coulomb repul-

in the solid of the impurity. The zero of energy for the deep lev-
els is the valence-band maximum; the zero of p-orbital energy is
the value for Si. The predicted energy levels for the various s-
and p-bonded impurities are indicated on the curve. The differ-
ences in p-orbital energies “in the solid” were obtained from the
empirical rule of 0.6 times the difference of atomic p-orbital en-
ergies (Ref. 4). .

sion energy of the fourth electron does not restore the N™
deep level to the gap). Po, Te, Se, S, and O have four elec-
trons in the deep level. At, I, Br, Cl, and F fill the deep
level with four electrons and produce a shallow donor
electron near the conduction-band edge as well. Beryllium
yields an empty electron trap, whereas Hg, Cd, and Zn
yield an empty deep resonance above the conduction-band
edge. Of course it is not known which, if any, of these
impurities are metastable or stable at the bond-centered
interstitial site. (Partially occupied E levels are Jahn-
Teller unstable.) Moreover, these predictions of absolute
level positions may be in error by ~0.5 ¢V, and should be
interpreted with this large uncertainty in mind.

Watkins' has studied the neutral B° interstitial
thoroughly and has proposed three different models of the
interstitial geometry—one model is the bond-centered in-
terstitial with a significant distortion from the bond-
centered site. We predict a level position of E, —0.39 eV
for B® undistorted from the bond-centered site in remark-
ably good agreement with ‘the experimental estimate of
E. —0.15 (Ref. 1) to —0.13 eV (Ref. 12), where E, is the
energy of the conduction-band edge.

We have also calculated the spin-resonance hyperfine
parameters a; and b; (Ref. 13) and the wave—funct:on
coefficients a;, B, and 7; discussed by Watkins.! Our re-
sults for undistorted B are compared with his eXpenmen-
tal results in Table 1. Because our theoretical B? is not
distorted from the bond-centered interstitial site, we have
@;=0 for the theory (the E,-symmetric state is purely p,
like), and no distinction between what Watkins terms Sil
and Si2. The agreement between theory and data is good,
but not excellent: the theory places 25% of the charge on
the B atom, versus 33% experimentally, tl.is is reasonable
agreement considering the simplicit:* of the theory and the
fact that we have not allowed our B to relax from the
bond-centered site. At this point, it would appear that the
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TABLE 1 Enexgy (m ¢V) and amphtudc of the E, state
deep-level wave function 7; on the B interstitial and its neigh-
bors Sil ard Si2, and the relative amplitudes of the s and p orbi-
tals, a; and B, respectively. Since the theory considers the
undistorted bond-centered site, the s-crbital contribution ¢ is
zero on all three sites {for E,; symmetry), and the amplitudes on
the two silicon atoms are the same.

Energy
Theory E.—0.39
Experiment E —0.15* E,—0.13°
Amplitudes: a B 7] /]
B . Theory 0.0 1.0 0.50
‘ Experiment® ' 0.17 098 . 057
8il Theory 0.0 1.0 0.05
Experime;:t‘- 0.27 0.93 0.39
si2 Theory 0.0 1.0 0.05
Experiment® 0.14 0.9% 044
" *Reference 1.
Reference 12.

theory is in satisfactory agreement with the data and that
the assignment of ‘B to a bond-centered site, or one slight-
ly distorted from it, is reasonable.

However, the theory predicts that only 0.3% (see Fig. 3)
of the B® deep level’s charge should be found on each of
the adjacent Si sites, whereas experiment finds over an or-
der of magnitude more, 15—19% for 5 (see Table D.

Such a discrepancy is aiarming, because this basic model -

has successfully obtained the observed wave-function am-
plitudes for deep levels associated with substitutional S7,

Set, and Te* in Si (Ref. 14) and AI** at the tetrahedral
intérstitial site in Si.> We have examined the theory and
tried different tight-binding host Hamiltonians'® to deter-
mine if this result is an artifact of the specific model we
have chosen. We do not believe that it is. We conclude,
in agreement with earlier work,'® that the observed large
charge density on the adjacent Si atoms is associated with
the fact that the neutral B defect is not on the bond-
centered interstitial site—either because the lattice has dis-
torted somewhat (as is known to be the case) or because
the assignment of the bond-centered site as the parent site
is incorrect. However, considerable distortion may be
necessary to cause 15% of the deep trap’s charge to reside
on each of the adjacent Si atoms. Hence, the present cal-
culations indicate a need for a thorough theoretical study
of the configuration coordinates of B in S$i, and the depen-
dence of the interstitial B deep lev el and wave function on
the position of the B atom in the unit cell.

It is interesting to note that the theoretical B® deep level
is almost nonbonding with its neighboring Si atoms—-an
-effect noted for interstitials on tetrahedral sites as well.2
Perhaps this nonbonding character, combined with the re-
versal of ordering of s and p electrons discussed above,
makes B especially vulnerable to lattice distortion and
may glay a role in its becoming a “‘negative-U"
center.
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FIG. 3. Amplitudes of the E,-symmetric wave function on
the interstitial site {solid line} and on one of the neighboring sil-
icon atom sites (dashed line) as a function of the deep-level ener-
gy E in the Si band gap. The arrow indicates the predicted en-
ergy- position of the B? interstitial. The solid triangles are the
B%interstitial data (Ref. 1) for the wave-function amplitudes on
the two nearest-neighbor Si atoms, and the open triangle
represents the data for the B sitc amplitude. The relative signs
of the amplitudes cannot be determined experimentally, but
have all been taken to be positive for deep levels near the
conduction-band edge.
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this research, and we acknowledge stimulating conversa-
tions with M. A, Bowen and A. V. Granato.

APPENDIX

We briefly describe the calculation of bound energy lev- .
els of an interstitial at the bond-centered site. This calcu-
lation follows the same general procedure described in
more detail by Sankey and’ Dovv2 for the case of
tetrehedral-site interstitials.

The Hamiltonian of the host crystal plus the interstitial,
in a localized-orbital basis, is given by

Hy, W
H= Wfa} ’

where H is the Si perfect-crystal Hamiltonian, H / is the
Hamiltonian of the uncoupled interstitial, and W couples
the interstitial atom with the host crystal. H,, is taken to
be the empirical 10N X 10N sp’* tight-binding matrix of
Vogl et al.,* where N is the number of unit cells. The
Hamxltoman of the interstitial atom H’ in an sp* basis is
a diagonal 4X4 matrix with matrix elements ¢,, €, €,
and ep—t}'e s and p orbital energies. Only nearest-
neighbor interactions with the interstitial are included in
the calculation, so the only nonzero submatrix involving
the interstitial is 12X 12 (four orbitals on the interstitial
and on each of its two neighbors). The elements of W are
taken to be the corresponding elemems of the perfect-
crystal tight-binding Hamiltonian,* scaled with distance
according to Harrison’s'® d~? rule, where d is the
interstitial-host bondlength. '

(A1)
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The interstitial energy levels are given by
det[1 -G (EYW ]=0, (A2)

where G (E)=(E —H )~ is the Green’s function for a
(reference) Si interstitial coupled to the host crystal. H ¢
is the Hamiltonian of Eq. (A1) with a Si atom in the inter-
stitial position and ¥ is the difference betw=en the actual
interstitial Hamiltonian and the reference: H =H s+ V.
The numerical values vsed for the on-site matrix elements
of the reference interstitial are listed in Table IL."°

In the case of a bond-centered interstitial in Si, the in-
terstitial occupies a site of D3, symmetry. Thus there will
be eigenstates of 4,, symmetry, of 4, g Symmetry, and
of twofold-degenerate E, symmetry. The symmetrized
on-site basis functlons of the interstitial are

[ A g)= s},

| A= |p (7)),

| Eg,x)=|p:(J)),
and

| Egoy)=|py()),

where the z axis is defined to lie along the $i-J-Si axis,
and the atom is indicated in the parentheses.

The determinantal equation (A2) reduces to a set of
equations of the Koster-Slater type:*

(A G EY|A)=(A| VL),

where |A) is one of the basis states listed above in Eq.
(A3). The diagonal elements of the reference Green’s
function are given by

(A3)

(A4)

(MG EY|A)=[E — (3 Hig | M) =S\(E)]™',  (AS)

where we have

IN St 2073

TABLE 1I. Matrix elements (in ¢V) used.in the calculation,
vsing the notation of Ref. 19. These matrix elements were ob-
tained by scaling the bulk Si paramciers of Ref. 4 by d 7 (Ref.
18).

Wao={s(Si) | H |5(J)) = —8.300
Wapo=(s(Si)| H | pa(J)) =9.924
Wipa=A{po(Si) | H | pold)} =—2.860

prc=(P0(sn ?H ]p,(13)= 10.864

€,(Si)={s(Si) | H | s(Si)) = —4.200

&,(Si)={pISi) | H | p(§1)} =1.715

SUE)=(A| W Gy(EYW 1) . (A6)

The only matrix elements which we have not yet specified
are those of the perfect-crystal Green’s function
Go(E)=(E —H,)~'. These are computed from the
perfect-crystal nght-bmdmg Hamiltonian H, using the

special-points method.*'
For the twofold-deg:nerate E, level, Egs. (A4)—(A6)
reduce to

E—€,:Si)—2Wk [ {p.(Sil)| G, lp,(Sil))

+{px(Sil}| Go | px(Si2)) =V,
(A7)

Here the two Si atoms are denoted Sil and Si2.
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Abstract

Recent theoretical work on the physics of surface deep impurity states,

intrinsic surface states, and surface core exciton states in semiconductors is

teviaved., The Schoztky barrier ehights of the coamon semiconductors can be

understood in terws of Fermi-level pinning by varicus surface‘deep~levels

associzted ‘with nacive defects or defects produced by surface*treatﬁen:sq' The

_same theoretical framework, 'wbich has been successfully ~applied ;nﬂbulkv
deep-level problems, also provides a pood account of the physi§s 0f-'int:1ﬁsicA_"

‘surface state dispersion relations and surface core exciton states.
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I. Introduction

In the bulk ogla tetrahedral semiconductor, a single subsiitutional s-p
bonded impurity or vacancy will ordinarily produce four "deep" levels with
energlies near the fundamental band gap: one s-like (A;) and three p-like (T,)
[1]. Thege deep levels may lie within the fundamental band gap, in which case
they are conventioﬁal dzep levels, or they may lie within either the

conduction or the wvalence band as "deep resonances."

4 sheet of N vacancies
will produce 4N such deep levels - namely, the intrinsic surface state energy
bands, which may or may not overlap the fundamental gap {(to a good

approximation, insertion of a sheet of vacancles is equivalent to creating a

surface).

Intrinéic surface states have common wunderlying physics with deep
imﬁurities because they too result from localized perturbations of a
semiconductor [2], and so their energies can be relatively easily predicted by
extgnding to surfaces ideas developed by Hjalmarson, Vogl, Wolford, et al. [1]
for the deep impurity problem. This has been done by several authors
(31(4)1I5](61(7)[8]1(9)[10)[11][12],  most nmotably by Allen and co-workers

[13][14])[15][16][17].

Extrinsic and native-defect surface states also are governed by similar
physics, and are especially interesting in the light of the Schottky barrier
problem: Bardeen showed that modest densities of surface states on a
semiconductor can "pin" the Fermi level [18], forming a Schottky barrier. The
bulk.Fermi energies of the semiconductor, the metal, and the semiconductor
surface must align (Fig.‘l); If the semiconductor is heavily doped n-type, the

surface Fermi energy is the lowest empty surface state. The bands bend to
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accomodgte this alignment of Fermi levels, forming the Schottky barrier. Thus
the Schottky barrier height is the binding energy of the 1lowest naturally
empty surface sté%e, relative to the conduction band edge. In 1976 Spicer et
al. proposed that the Bardeen surface states responsible for finning the Fermi

energy are due to native defects [18][19][20]([21][22].

Surface core'excitons are similar to surface defect stétes, as can be
seen ‘by using the optical alchemy approximation [Z3] or the Z+1 rule [24].
Consider core excitation of a Ga atom at the surface of GéAs;‘ the radius of
the core hole is sufficiently small that the hole can be assumed to have zero
radius (i.e., the hole is equivalent to an extra proton in the nucleus). Thus
the core-exgited electron feels the potential'of an atom whose atomic chafge VA
is greater than ﬁhat of Ga'by unity, namely Ge. Thus the Ga core exciton
spectrum is approximately the same as the spectrum of a Ge impurity on a Gé'
site. Hence the core exciton states in semicondutors can be either ‘“shallow".
{(Wannier-Mott excitons) or 'deep" (Hjalmarson-Frenkel excitons), as is the
case for impurity states. The deep Hjalmarson-Frenkel excitons are similar to

the surface deep levels associated with impurities.

In this paper. we show that the physics of deep impurity leve;s,
intrinsic surface states, surface impurity states, Schottky barriers, and

Hjalmarson-Frenkel core excitons are all similar.

11. Deep impurity levels at the surface:

Schottky barriers and Fermi~level pinning
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The basic physics of most Schottky barriers can be explained in terms of
‘the Fermi-level pinningv idea of Bardeen [18]. Stated in a slightly
oversimplified form for a degenerately doped semiconductor  at zZero
temperature, the Ferml energies of the,metél, the bulk semiconductor, and the
semiconductor surface all align 1in electronic equilibrium. For an n-type
senmiconductor with a distribution of electronic states at the surface, the
Fermi level of the neutral surface is the energy of the lowest states that (is
not fully occupied by electrons. Electrons diffuse, causing band-bending near
the semiconductor surface, until the surface Fermi energy aligns with the
Fermi levels of the bulk semiconductor and the metal. This results in the
formarion of a potential barrier betweeen the semiconductor and the metal, the
Schottky barrier (Fig. l); For an n-type semiconductor, the Schottky barrier
height is essentially the energy separation between the surface state that is
the Fermi level and the conduction band edge. For a p-type semiconductor, the
barrier height is the energy of the highest occupled electronic state of the
neutral surface, relative to the valence band maximum. Thus the problem of
determining Schottky barrier heights is reduced to obtaining the energy levels

of the surface states responsible for the Fermi-level pinning.

In his original article, Bardeen focussed his attention on intrinsic
semiconductor surface states as the most likely candidates for Fermi-level
pinniﬁg. But he also pointed out that deep levels in the gap. associated Vith:
impurities or native Asurfacé defects could alsc be respo#sible for the

phenomenon.
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Following Bardeen‘s work, a mhjor advance occurred as a result of the
experiments of Mead and Spitzer [25] who determined the Schottky barrier
heights of many semiconductors, both n-type and p-type. Most of those old data
have been confirmed by modern measurements taken under much more favorable

experimental conditions.

However, after this work, the Schottky barrier problem was widely
regarded as wunderstood {26] in terms of concepts quite different from

Fermi-level pinning.

In recent years Spicer and co-workers have revived the  Fermi-level
pinning model and have afgued that the pinning is accomplished by native
defects at or ne;r the surface. Their picture is that during the deposition of
the metal native defects are created at or near the semiconductor/metal
ihterface, and that these semiconductor surface defects produce deep levels in

the band gap that are responsible for Fermi-level pinning.

Spicer’s viewpoint has been éontested by Brillson and co—wcrkeré {271,
who haveA cmphasized the importance of chemicél reactivity on barrier height,
The Brillson viewpoint gains support from the observation of well*&efined
chemical trends in the variation of barrier height with the heat of reaction
of the metal/semiconductor interface, as shown for anﬁP by Williams et al,
[28][29] [30] (F}g. 2)f (We believe that the Spicer and Brillsopjviewpointsican

be reconciled.)

Daw, Smith, Swarts, and McGill [31] have proposed that free surface
vacancies account for some of the observed Schottky barrier heights in III-V

semiconductors. Allen and co-workers have argued that antisite defects
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[32)1[33](34)135]1[36] "sheltered" [37] at the surface pin the Fermi energy for
most Schottky barriers between III-V semiconductors and non-reactive metals,
but that vacanciés become the dominant pinning defect when the metal is
reactive [36]. Thus the Brillson reactiyitf plcture can be unified with the
Spicer Fermi-level pinning picture: the chemical reaction merely changes the
dominant pinning defect. The experimental results of Mead and Spitzer [25],
Wieder [381(39]140], Williams [28}[29][30], Msnch [41][42][43][44][45], their

co-workers, and many others support this general viewpoint.

Moreover, the connection between the Schottky barriers formed at S5i
interfaces with transition metal silicides and the barriers between Iil—v
semiconductors and metals appears to be proviaéd by the récent work of Sankey
et al. {Aéjéa‘Fermi—levgl pinﬂing can account for the silicide data as well.
Thus a single unifying picture of Schottky barrier heights in III~V and
homopolar semiconductors appears to be emerging. And although this Fermi-level
pinning picture 1is o0 doubt oversimplified, it does provide a simple
explanation of the first-order physics determining Schottky batrigr heights;
and how the physics changes when the dominant defect switches as a result of

chemical reactivity.

It ‘appears unlikely, however, that the Fermi-level pinning 'ﬁechanism of
Schottky baf%ier formation is universal. Layered semiconductors appear not to
exhibit Fetmi-leyel piﬁning, but rather seem to obey the original Schettky
model [30].'This is probably because the layered semicon&uctors' surfaces are

relatively impervious to defects and do not have defect levels in the band

- gap.




Page f

The;Fern$~1evelvpinning”mechanism of S@hdttky harrier'fbrﬁbtioﬁb has the
most advocates for III-V semiconductors such as GaAs and InP. However, even
for these material§ithgre are other proposed mechanisms for Schottky barrier

 fotmétion; most notably those of Freeouf {47] and Ludecke [48].

Studies of Si, especially Si/transition-metal silicide 'interfaces, hgve
focussed on the role of the silicide in Sﬁhottky barrier fdfmétion [49], iIn
contrast £o the studies of ILI-V’s, Thus,'prior to the recent wp;k of Sankey
et al.. [46]}, it was widely believed that Fermi-level ,piﬁning ‘was égg

responsible for the Schottky barrier at these silicide interfaces.

Thus the present state of the field is that Fermi~level.biani¢g has its
advocates for sonme semi¢onductors, but is not geﬁeraily accepted as a
universal - mechanism of . Schottky barrier formétioh,iﬁ espééiallyv at

Si/transition-meral silicide interfaces.

A central point of this paper is the Fe%gi;leQQl pinhiﬁg g22 fexplain' an
» endrmogsiyi Qide range of phenémena relevantfto Schpt£ky bérrier‘formation in -
111~V sémiéondﬁétors and in Si — which no other existing Vmodél‘ can do. in‘
fact, the authors believe Vtﬁét Fermi-leveln piﬁniug by??ative defects is
responsiblerbr the Schoftky barrier forﬁation in III~VVsemicondﬁctors and in

Si.

Our‘épp;bach to:the problem 1is simple: wetvcél¢§l§te Edé;p levels of
defects at*surfaces.and interfaées, and we use‘thésé'ca;cula;iénsrto inferpret
existing data in terms of the Fermi~level éinning wodel. To illﬁstrate our
:approach,» §e< first consider .the Si/transition*ﬁetaifsilicide interfgqe and

Fermi-level pihning by dangling bonds, as suggested by Sankey e:kal} (46].
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a) Si/transition-metal silicide Schottky barriers

A successful Eheory ~of Si/transition-metal silicide Schoitky barrier
heighﬁs must answer the following questiohs: (1) How aré the Schottky ﬁérrier
heighﬁs at Si/transition-metal silicide interfaces related to those at
interfaces of III-V semicanducths with metals and oxides? (2) Why is it that
Schottky barrier heights of 51 with different transition metals do not differ
by ~l eV, since changes of silicide electronic structure on this scalé are
known to oééur [50]7 (3) What is the explanation of the weak chemical trends
that occur on a “0.1 eV scale [§O}? (4) Why are the Schottk} barfier heights
of silicides with completely different stoichiometries, such as Ni,81, Nisi,
and N1812 éll“gqual to within ~0.03 ev? (5) Why are the Schqttky Sarrier
heights wvirtually indeéendent of the silicide crystal étructure? (6) Why is it
that barriers forw with less than a monolayer of silicide coverzge? (7) Why do
the Schqttky barrier heights for n- and p-Si very rearly add up to the band
gap of Si?7 (8) VWhat role do the d-electrons of the transitibn metal play in

Schottky barrier formation?

The answers to all of these questions are simple and straightforwérd, if
one proposes {(as Sankey et al. [46] have done) that the Si/transition-metal
silicide Schottky barriers are a result of Fermi-level piﬁning‘by Si dangling
bonds ag the Si/transition—-metal silicide interface. (1) Thg Fermi-level
pinning idea unifies the Si/transition-metal silicide Schottky barriers with
those found for the III-V’s. (2) The Schottky barrier heights’ indepehdence of
the transition-metal silicide comes from the fact that the causétive égent,
the Si dangling bond, is associated with the Si, and not with the silicide of

transition metal. (3) The weak chemical trends 1in barrier heights occur .
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' 'because the'cdifferenc transition-metal silicides repel the Si dangling bond
‘wavefunction somewhat differently, causinb it to lio glightly more or less in
the Si. (d,S) The~48chottky barrier heights vary very 11tclgfwith silicide
stcichiometfyrand éilicidefcrystél structure because Vthef SiA'dangling~bond
level 1is '"deep-level pinned" in'tﬁe sensevof Hjaimatédn et al. [1]: a large
chagge ip defect potential produces only a sméll change bin“the 1deep_ 1evei
respcnsiblc' for Fermi-level pinning. The ;cénsicidn_metai acbmc45ct:as inert
encapéﬁlants>with the electroniccproperties‘of'vacancies, bgcéﬁséctheir enefgy
levels are out of resonance with the Si. (6) Sub-monolayer bérriér formation
- occurs because the §i dangling~bonq defect responsible for"tﬁe _Fermi~1eyel
pinning is a localized defect that forms before'a full intérfaCe is formed.
(7) The Schottky barrier heights for n-S1i. and p-Si add up to the band gap
because (in a one-electron approwimation) the pxnning level assocxated with
the neutral Si dangling-bond at the interface is occupied by one electron, aﬁd’
80 can accept either an’ elec:rou or a hole: ;t 1s the surface'Ferm; leyel for.
both electrons ‘and holes — bath the lowest . partiaily embty 'scate and cﬁe
Vhighest partially filled state. (8) The d-electrons of the transition metal
atoms play no essential role 15 the transition—metal silic;de Schottky barrier
fcrmation; except to determine the occu#ancy 6f the s1 dangling bond deep

level; they are out of resonance with the Si at the'interface,

The\phygics of ;he‘Si daggling-hond, Fefﬁi—iével pinqiqg  mechanism - is‘
contained in the very’simpie model‘presented'by Sankey et al. {ﬁé}: to a gcod
approximation,‘a Si dangling-bond at a Si/transitton~motal silicide intcrface
iis the same as a vacancy in bulk Si with three of its four neighbovs replaced
by transition-metal atoms. To illustrate this physics, consider' first é

vacancy in bulk Si. This defect produces four geep levels néar the band gap: a
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non-degenerate A; or s-like level deep in the valence band (a ‘'deep
resonance”) and a three-fold degenerate Ty level in the band gap. The Si
dangling bond defect at a Si/transition-metal silicide interface differs for
the bulk 81 wvacancy 1in two ways: (;)‘éome of the nearest-neighbors of the
interfacial vacancy are transition-ﬁetal atoms rathef than Si atoms; and (2)
more distant neighbors are also different atoms at different positions -- but
the experimentél facrt that Schottky barriers form at submonolayer coverages
suggests that these differences in remote atoms.are uniwportant. Thus we can
imagine constructing the Fermi-level pinning defect by slowlyvchanging some of

the 6i atoms adjacent to a bulk Si vacancy into transition-metal atoms (Fig.

3.

To be specific we consider a S1/NiSi, interface, with a missing Si-bridge
atom. Thus (Fig. 4) the Si bond dangles into the vacancy left by the removal
of the Si bridge atom; this vacancy is surrounded by one Si atom and three N{

atonms.

How afe the Ni atoms different from S17 First, their s and p orbital
energies lie well above those of Si. Second, they each have an additional d
orbital, with an energy that lies well below the S1 s and p orbital energies
(and is not terribly relevant here). The very positive Ni s and p energies act
as a repulsive potential barrier to electrons, repelling the Si dangling bond
electron from their vicinity in the silicide and forcing it to reside alﬁost

exclusively in the Si.
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The effect of this positive potential bafrier due;'to‘ the Ni~Si
difference, as it is turned on slowly in our imagination, is to drive the
levels of the bulkGVacancy upward in energy. In fact, for Ni, the potential is
sufficiently positive to drive the T,*bulk-81 vacancy level out of the gap
into the conduction band. At the same time, the A, deep resonance of the 81
bulk vacancy is also driven upward. For sufficiently large and positive

potential, it pops into the fundamental band gap.

The Alvdefived level cannot be driven all of the way through-ﬁhe gap by
the potential though, because an (approximéte) level-crossing theorem prevents
this. A simple Qay.to see that there is an upper bound within the ga? for the
perturbed A; level is to consider a paired-defect of avvacancf VSihQith a
neighboring atom X. If the atom X is Si, then the defect 1levels are the Ai
(s-1ike) wvalence band resonance and T, (p-like) band gap deep'level of the
bulk Si vacancy. Ay énd T, are not good irreducible representatiph labels of
the (VSi,X) pair however; the A level becomes o-bonded and tﬁe.Tz,levei
produces one s-bonded and two w-bonded orbital, with the o-bond orientéd'along
the Vgy,X axis and with the 7 bonds perpendicular to it. Thus the unperturbed
(X=81) o ievels of the CVSi,X) pair are the A an& T, bulk Si vacancy levels..
The -interlacing or no-crossing theorem [51] states that a perturbation cannot
move a level further than the distance to the nearest ﬁnperturhéd level. (It
applies 'only approximately here.) Hence no matter how electropositive X is,
the (Vsi,x) ievel derived from the Si vacancy A; level cannot lie aﬁove ﬁﬁé Si
vacancy T, level. These considerations for gemeral (Vg;,X) pairs hbld for the
specific césé of (VSi,Ni) pairs, and carry over to the dangling bond defeét at
the Si/transition-metal silicide interface, which is a vacancy surrounded by

three Ni atoms and one Si. Thus the dangling-bond A, deep level is "dvep-level
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pinned" (as distinct from Fermi-level pinned) in the sense of Hjalmarson et
al. (1], and 1is 1insensitive to even major changes in the ' nearby
transition-metal g%oms. To a good approximation, the nearby transition-metal
atoms have the same effect as vacancles *(which can be simulated [52] by
letting the orbital energies of the transition-metal atoms approach 4=,

thereby decoupling the atoms from the semiconductor).

Thus the work of Sankey et al. [46] not only provides an explanation of
the Si/transition-metal silicide Schottky barriefs, it explains why
calculations for defects at a free surface often can provide a very good
‘description of the physics of Schottky barriers: the defects at interfaces are
"sheltered" [37] or encapsulated by vacancies or by metal atoms that have
orbital energies out of resonance with the semiconductor atoms; because of the
deep—level pinning, the free-éurface defects (which can be thought of aé
encapsulated be vacancies) have alwmost the same energlies as the actual

interfacial defects.

b) IlI-V 3chottky barriers

The Fermi-level pinning story for Si/transition-metal silicides holds for
Schottky barriers formed on I1I-V semiconductors as well. Here we summarize

the main predictions of the theory.

The basic approach ¢f the theory was to calculate the energy levels 1in
the band gap of thirty s- and p~bonded substitutional point defects at the
relaxed [53] (110) surfaces of II1I1-V semiconductors. With these results in
hand, Allen et al. examined Schottky barrier data in the context of

Fermi~level pinning and eliminated from consideration all defects that
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produced levels considetably faiéher than “0.5 eV (the theoretical
‘uncertainty) from the observed pinning levels. Interstitiai defécts were not
considered; they “have less of a tendency [54] to exhibit the decp-level
pihhing that is responsible for the experimental fact that different metals
produce similar Schottky barrier heights. Moreover, extended défects were not
considered initially, because it is known that paired-defect spectra are
intimately related to and similar to isolated isolated-defect spectra [53]. (A
more complete theory of Fermi-level pinning by paired defects, .especially in

GaSb where vacancy-antisite pairs are important, is in preparation.)

For clean sericonductors, the native substitutional defects . potentiélly
responsible for the commonly observed Fermi-level pinning are vacancies and

antisite defects (anions on cation sites or cations on anion sites).

In GaAs, the defects proposed by Allen et al. [32] as responsible for
Fermi~level pinning and Schottky barrier formation are the antisite defects.
The cation-on~the-~As~site defect accounts for trends with alloy compo#ition of
the Schottky barrier heights of n-type In1~xGaxAs and Gal_yAiyAs alloys (Fig.
5). The Fermi-level pinning of p-~InAs [56], which shows quite different alloy

- dependences ([57], is also explained.

This picture of Fermi-level pinning has been confirmed‘feéently by Ménch
and associates, who annezled Schottky barriers and showed that,tﬁe Fermi-level
pinning disappeared at the same temperature that the bulk (and presumably also

the surface) antisite defect is known to anneal [58].
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InP is an even more interesting material, because Iits Schottky ‘barrier
appears to depend on the heat of reaction of the interface [28][29}[30]; This
één be readily expféined [36] however in terms of switching of the dominant
Fermi-level pinning defect from an antisite defect for non-reactive metals to

a vacancy for reactive metals (Fig. 2).

Moreover, surface treatments are known to alter the"Schottky barr;er
height of n-InP, in a manner that can be easily understood in terms of the
theory [36]: Surface treatments with Sn or § produce shallow donor levels
associated with Sny, or SP at the surface, and these levels pin the surface
Fermi energy for contacts between n~InP and the non-reactive noble metalsh
Likewisé 0 and C¢ treatments lead to resctions with P that leave P-vacancies,
so that the surface Fermi¥le§él of treated n~InP interfaced with non-reactive
metals lies near the conduction band edge -- as though the meﬁals were

reactive.

Thus the Fermi-level pinning idea appears to provide' a simple and
unifying wunderstanding of a wide wvariety of Schottky barrier data in the

common semiconductors.

I1I11. Intrinsic surface states

The calculations of surface defect levels for the Scho;tky bargier_
problem can be checked by simultaneocusly evaluating sﬁrface state-energies'énd
comparing them with the considerable body of available data. The theory
underlying surface state calculations is basically the same as that for bulk
point defects or surface defects. It is quite simple, and Arequires only (1)

the well-established empirical tight-binding Hamiltonisn of the semiconductor
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[59] (the matrix elements of the Hamiltoniantéxhibit manifest chemical trends
from ‘one semiconductor to another), and (2) knowledge of the pdsitions of the
atoms at the surface. Thus a reliable treatment of the surface étates of a
semiéonductor requires an adequate model of the geometrical structure of the
surface., At present, no semiconductor surface structures are Abeyond
controversy [60], but two seem to be rather well accepted; the (110) surface
structure of III-V and 11-VI semiconducto?s with the zincblende
[53][61][62][63], and the (10T0) surface structure of II-VI semiconductors
‘with the wurtzite structure {62]. In particular,‘(llO) zincblende surfaces are
characterized by an outward, almost-rigid-rotation relaxation of the anion
(e.g., As in GaAs), with the bond between surface anion and surface cation
rotating through about 27° (I11-V’s) or 33° (II~-VI’s), and with small bond

length chahges and subsurface relaxations.

a) (llO).sarfaces of 111-V and II-VI zincblende semiconductors

Duriqg the past five years, a number of groups have reported experimental
and theoretical . studies §f intrinsic surface states at (110) zincblende
surfaces (31141151 (6] (71(8] (9] (10} (117112](13] (141 (151 (16](17][18]
[64][65][661[67][68][69][70]{71}[72}[73}. In Fig. 6, we show the most recent
calculatidn for the dispersion curves E(k) at the GaAs (110) surface [14],
together with the measured surface state cnergies fo Williams, Smith, and
Lapeyre [65] and of Huijser, van Laar; and van Rooy [66]. The calculation
employs the ten?band sp3s* empirical tight?binding model of Vogl et al. [59].
The agréement between theory and experiment is excellent. For exanmple, along

the symmetry lines X’M and MX (i.e., the boundary of the surface Brillouin

zone), the uppermost branch of observed states appears to be explained by Ag,
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the next sranch by the overlapping resonances A, and AZ', aﬁd the three lower
branches by Al', A3,'and CZ' Here "A" and '"C" refer to states localized
primarily on anioﬁeand cation sites, respectively. A detaliled comparison with
previous theoretical studies of the GaAs (110) surface is given in Ref. T[l4].
The primary additional features are (i) the states A1 through A5 and C1
through CA (in the notation of Ref. [7]) were located as bound states or

resonances at all planar wavevector X along the symmetry lines of the surface

Brillouin zone, and (ii) two ''new

resonances, A;’ and A,’ were  found. (The
branch Al' was reported in Refs. [5] and ([74], but not in the other
theoretical studies. The branch A,” had not been previously repbrted.) The
discovery of this additional resonrant structure 1s apparently due to an

improved " technique for calculéting bound states and resonances == the

“"effective Hamiltonian" technique [l4].

In Fig. 7, the theoretical dispersion curves of Beres et él. [(14] are
shown for the (110) surface of ZnSe, together with ghe measured surface state
énergies reported by ina et al. [1l]. Again, the agreement between theory
and experiment 1is quite satisfactory, being a few tenths of an eV near the
band gap, and.larger for more distant states. Some apparent discrepancies [11]
between experiment and previous theory were found to be resnlwved by a mdre

complete treatment of the resonances, using the approach described above.

Surface state dispersion relations have a1s6 -been calculated for GaP,
GaSb, InP, InAs, InSb, AP, A%As, ALSb, and ZnTe [14][15][161[17}. In none of
the direct-gap materials were intrinsic surface states found within the band
gap. GaP, however, was found fo have a band of unoccupied surface states that

overlaps the fundamental band gap and extends below the bulk conduction band
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edge. This ' 1is in accord with the experimentél féc;e:iof these Eemiconductdrs
oniy GaP has surface st#tes in the gap [18}[691[70][71][?2]. Qf‘the remaining
indirect-gap mater{%ls, the theory indicates that 1ntrinsic sUrfacé states may
be observable near the top of the band gap>in the indirect~gap AL~V compounds
[16], although the ‘theory is not sufficiently accurate to predict

unequivocally that the states will lie within the gap.

b) Si (100) (2x1) intrinsic surface states

After many years of intensive study by numerous groups, ‘thé:ev 1s still
controversy over the geometrical structures of the most thoroughly studied
semiconduéfor,surfaces: Si (100) (2x1) and Si (111) (2x1). For exanple, four
groups have recently given arguments for antiferromagnetic ordering of Si
(111) surfaces [75], whereas Pandey has proposed replacing the conventional
buckling model [76][77][78] of Si (111) (2x1) by a (110)-1ike chain model

[79].

In tﬁe case of .Si (100), argumenfs havé recéntly:'begn presented
[80]1(81][82] against the (2x1) asymmetric dimer model of Chadi [83]. (In the
asymmetric diﬁer model, adjacent rows of surface atoms dimefize, forming a
pattern of paired atomic rows on the surface.) The most telling of these
argumeﬁts invdlves fhe apparent disagreement between angle~resolved
photoemission measurements of the surface-state dispersion curves [64][65] and
theoretical célculations of these dispersioﬂ curves with conventional models

of the electronic structure as applied to the asymmetric dimer geometry

[83](84].
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Very recently, two new calculations have been perforﬁed independently
with improved models of the electronic structure [85][86]. The same conclusion
was reached in both® of these studies: the electronic structure calculated for
the asymmetric dimer model 1is in agréément witﬁ the measurements. This is
illﬁstrated in Fig. 8 (taken from Ref. [48]), where both the theoretical band
width of 0.65 eV and the detailed variation with the planér wavevector K are
scen to be in excellent agreement with the experimental dispersion curves. In
addition, there 1is quite satisfactory agreement between the theoretrical

surface band gaps and the 0.6 eV gap measured by Monch et al. [87].

IV. Surface core exciton states

.The same calculations that predict native~defect surface deep levels for
the Schottky barrier problem also yield surface core exciton emergies, because
the optical alchemy or Z+1 rule states that the Hjalmarson-Frenkel core
exciton energies are the energies of "impurities" that are imrediately to the
right in the Periodic Table of the core-excited atom [23][24]. Thus

core~excited Ga produces a "Ge defect" and core-excited In yields "Sn."

In Figs. 9 and 10, the theoretical exciton energies for the (110)
surfaces of the Ga-V and In-V compounds are compared with experiment [88].
Notice that the experimental and theoretical exciton levels for InAs and InSb
lie above the conduction band edge, as resonances rather than as bound states.
In the present theory this result has a simp}e physical interpretation: Like a
deep impurity state, the Hjalmarson-Frenkel exciton energy is determined
bprimarily by the high-density-of~states regions of the bulk band structure.

There is only a small density of states near the low-lying direct concuction
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"band:ndniuui (corresponding to the I'-point of ‘the Brillouin zone), but a large
density of states néar‘the higher, indirect X minima. Thus the conduction band

minimum near T has“?elatively little influence on the position of the excitonm.

~

The surface Hjalmarson*Frenke; core excitons have also. béen calcglaced
for the (110) surface of ZnSe and ZnTe [89] and are in good agreement with the
' measurements [90]. We conclude that the present theoretical framework does a
good job of explaining the basic physics of the "deep” Hjalmafson—Frenkel core

excitons, whether bound states or resonances.

V. Unified picture

Thus ore interlocking theore;ical framework successfully Eﬁredicts‘ the
correct >§hysics of (1) surface deep impurity levels and:Sdho;tky barrier
heights, (2) intrinsic surface states, and (3) HjaimafsoneFrenkel core exciton

states.
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FIGURE CAPTIONS

Fig., 1, Schematic illustration of Fermi~level pinning. Band edges of the
bulk’ semiconductor, the semiconductor‘ surface, and the Fermi energy of the
metal, the surface of the semiconductof, and the semiconductor are all shown
as functions of position. The lowest energy surface defect level that is not
fully occupied (before charge is allowed to flow) 1is denoted by an  open

circle. This 1level and the Fermi levels of the n~type semiconductor and the

metal align.

Fig. 2. Surface Ferml energy of n-type InP versus heat of reaction of InP
with the hetals Ni,‘Fe, AL, Cu, Ag, and Au, extracted from’data of Ref. [28],
assuming Fermi-level pinning. The theoretical Fermi—ievel pinning defect
levels for the surface P*Vacancy (VP), the native antisite defects (InP and
PIn), and the extrinsic impurities S on a P?site (Sé) and Sn on a surface In
site (Snln) are given at the right of the figure. The n~IﬁP data can be
interpréted as follows: non-reactive metals produce only antisite defects as
the dominantvdefects; reaétive metals and treatment of the surface with oxygen
and Q produce P-vacancies. Treatments with Sn and $ produce surface Sny, and

Sp as dominat defects, respectively.

Fig. 3., The totally symmetric (ai) -levels for a bulk Si vacancy,
surroundé& by one 51 atom and three X atoms, as a function of the defect
potential v, ncrmalized‘to the Ni defect potential, after Ref;"tﬁé]} Fo; V=0,
the X atoﬁs are Si; for V=Vyis the X atoms are Ni. The parent levels of the
isolated S1 vacancy are shown for V=0, The experimental Fermi~1e§e1 pinning
posi;ion for NiSiz.extracted from the data of G. Ottavianai, K. N, Iu; and J.

W. Mayer, Phys. Rev. B24, 3354 (1981) are denoted by a dot with a label ui3i,.
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Fig. 4. One type of interfacial vacancy "sheltering" a Si dangling bond,
after Ref. [46]. The geometry is that determined for the N1812/81(111)
interface determidgd by D. Cherns, G. K. Anstis, J. L. Hutchison, and J. C. H.

Spence, Phil. Mag. A46, 849 (1982). 0

Fig. 5. Predicted dependence of Schottky barrier height on alloy
compositions x and y of Inl_xGaxAs and GalnyA£yAS alloys, compared with data,

after Ref. [88].

Fig. 6. Predicted surface state dispersion curves E(k) for surface bound
states (solid 1lines) and surface resonances {(dashed lines) at the relaxed
{(110) surface of GaAs, after Ref. [l4]. The energy is plotted as a function of
the planar wavevector kK along the symmetry lines of the surface Brillouin
zone, shown on the right. The labelling is the same as that of Chelikowsky and
Cohen (Ref. [7]), with A; Ay, C;, and Cy mainly s—iike, and A3 A4, Ag, C3, and
C, mainly p-like. Aq and Cq are the "dangling-bond" states. Ag, Al', and AZ'
are largely associated with in~p1ane p-orbitals in the first and second
layers. The character of each state varies somewhat with the planar wavevector
K, and represents an admixture of all orbitals. The widths of the resonances
are typically 0.5 to 1.0 eV, but in some cases are smaller than 0.1 eV or as
large as 2.0 to 5.0 eV. The dots follow the continuous disperson curves
inferred by Huijser et al. (Ref. [66]) for the "clear" and "weak" experimental
features. The open squares represent the states observed by Qilliams et al.
(Ref. [65]). The data reported in Refs. [64] and [6] are consistent with those

shown here.
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Fig. 7. Predicted energies of surface bound sﬁates (solid lines) and
surface resonances (dashed) for the (110) surface of ZnSe, as function of the
planar wavevector té(kl,kz), after Ref. [15]. The surface Brillouin zone is
shown on the right; [ is the origin, ¥=(0,0). The bulk bands are shaded. E,
and Ec are the valence and cogduction band edges. The experimental features

identified with bound and resonant surface states in Ref. [l11], along the two

symmetry lines "X’ and X[, are indicated by the dotted lines.

Fig. 8. Dispersion curves for surface states and surface resonances at
the (100) (2x1) surface of Si, after Ref. [85]. The energy E is shown as a
function of the planar wavevectocr kK zround the symmetry lines of the surface
Brillouin - zone. Solid . lines represent results of the present calculations;
dashed lines are the measureme its of R. I. G. Uhrberg, G. V. Hansson, J. M.
Nicolle, and S. A. Flodstrom, Phys. Rev. B24, 4684 (1981;; and the dotted line
is the measurement of F. J. Himpsel and D. E. Eastwman, J. Vac. Sci. Technol. -
16, 1297 (1979), which were taken from [' to J° along the (010) direction,
rather than along the symmetry line [ to J“. E, and E, are the Si valence and

conduction band edges.

Fig. 9. Predicted and observed Ga 3d core surface Frenkel excitons
(double lobes) for GaAs, GaSb, and GaP, after Ref. [32]. The lower unoccupied
surface states (Ref. [13][14]) are represented by closely spaced horizontal
lines. E, and E_ are, réépectively, the top of the wvalence bgnd and the bottom
of the conduction band. The experimental results here and in Fig. 7 are those
of Eastman and co-workers {(D. E. Eastman and J. L. Freeouf, prl 33, 1601
(1974); 34, 1624 (1975); W. Gudat and D. E. Eastman, J. Vac. Sci. Technol. 13,

831 (1976); D. E. Eastman, T.-C. Chiang, P. Heimann, anf F. J. Himpsel, prl
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45, 656 (1980).).

Fig. 10. Predicted and observed In 4d core surface Frenkel excitons for

~

InAs, InSb, and InP, after Ref. [32].
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The height of the Schottky barrier formed at transition-metal/Si interfaces varies over a very small range ( ~ 0.4 eV)
considering the wide range of electronic structures possible from one end of the transition-metal series to the other.
Furthermore, the barriers are observed to form within a few monolayeis of metal coverage. suggesting that the barrier is a
property of the local bonding and that the true metallic states play only a minor role. A model has been developed 1o expiain
these facts in terms of the Fermi-level pinning mechanism of Schottky barrier formation. The physics contained in the model is
that of a Si dangling bond sheltered from the transition-metal-silicide by an interfacial vacancy. Since (i} the dangling-bond is
sheltered from the metallic-silicide and (ii) the atomic energy levels of the transition metal are out of resonance with Si. the
dangling bond {which forms a level in the Si band gap) wili be only weakly perturbed by the silicide. Thus this interfacial
dangling bond can pin the Fermi level a1 nearly the same energy for all the transition-metalsilicides. A tight-binding
calculation of the electronic structure of this defect at the NiSi, /5i(111) interface has been perfornied for an infinite interface
using the transfer-matrix technigue. The results of this calculation are described in terms of a very simple molecular mode’.

It is a remarkable fact that the S hottky barrier
heights for the whole range of Si/silicide inter-
faces varies over a relatively narrow range of about
0.55-0.87 eV in n-Si [1]. For a Si bandgap of 1.1
eV. this places the Fermi-level in the lower part of
the bandguap between 0.23-0.55 ¢V .ibove the va-
lence band edge. Here we argue that such barriers
can be undersiood in terms of Fermi-level pinning
[2] by a small concentration of Si dangling bonds
that are “sheltered” from the transition metal by
vacancies at the Si/silicide interface. This explana-
tion. which differs substantially from previous the-
ories of Si Schottky barrier formation {1.3.4]. uni-
fies the understanding of Si/transition-metal
Schotiky barriers with the generally accepted
model of Fermi-level pinning by native defects

[5.6] at (110) interfaces between IT1{-V semicon-
ductors and metals {7] or other overiavers. A more
detailed account of our work will be given
elsewhere [8].

The Tfollowing observations place severe con-
straints on any theory of Schotiky barrier forma-
tion at Si /silicide interfaces: (1) The barrier heights
for the silicides all lie within 0.4 ¢V of one another
for all the different transition meztals, stoichiome-
tries. and crvstal structures. (2) The barriers are
observed to form at low coverages before a com-
plete metallic silicide is formed. indicating that the
focal atomic bonding at the interface. rather thun
anv collective interface property. determines the
barrier [1]. {3) There are only slight variations of
the barrier height for different compounds of a

0304-3991 /84 /502.00 © Elsevier Science Publishers B.V.
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given transition metal [9.10] indicating that the
transition metal itself, rather than stoichiometry,
crystal structure, etc., determines the barrier. (4)
The barrier heights for n- and p-type Si very
nearly add up to the Si bandgap. This means that
the pinning level must only be partially occupied,
so that it may act as both an acceptor and a donor.

We propose that these observations can be un-
derstood quite naturally in terms of an interfacial
vacancy which shelters a Si dangling bond from
the effects of the transition metal. This dangling
bond has only a weak link with the silicide and is
only slightly perturbed by the tianstition metal s-,
p-. and d-orbitals, and hence is insensitive to. the
large variations (on a eV scale) one might expect

to occur when the transition metal is varied or’
when the stoickiometry or the crystal structure of

the silicide is changed.

To make these ideas specific, we consider a
particular example of such a defect — the example
illustrated in fig. 1 for the case of the abrupt
Si/NiSi.(111) interface. If the vacancy in fig. 1
were replaced by a Si atom, one would have the
bonding configuration determined by Cherns et al,
[11]. For the reactive systems under consideration
here (transition metals “eating” their way into Si).
a reasonable concentration of vacancies (~ 10"’
cm™?) appears quite likely.

Here we consider a very simple model of the
electronic structure of the defect shown in fig. 1.
This model is justified only by the results of the
more complete culculation described elsewhere [8].
but it reveals the essential physics of the problem.

[
t_J 81 veeanc,
NxS;z(ﬂ‘.)

o " o 128 o Ty T e i

S (111) .
s

Fig. 1. An example of an irterfaciol vacancy shehiering a Si
dangling bond. Replacing the vacaney by a Si atom gives the
geometry of the NiSi, /Si (1113 interfuce determined by Cherns
et al. [11).

In this simplified model, only four atoms are ex-
plicitly considered ~ those surrounding the
vacancy - and only one sp® hybrid orbital per
atom - which is directed toward the vacancy. We
first take all four atoms to be Si (tetrahedral
symmetry} and later change three of these atoms
into Ni (C,, symmetry) to simulate the Si/NiSi,
interface. '

Taking all four atoms to be Si. we construct the
A, and T, states of the bulk Si vacancy:

A (ay)) = 1(1¢e) +1d1) + 1) + ldad). (1a)
Ty(a,))= (1/\/5)(3]‘3’0) =160 = l$2) = le3)).
(1b)
My (e)dy = (1/V2)(18,) —1$:)). (1c)
T, (e).2y = (1/V6 )(16,) +1%3) ~ 2i$,)).  (1d)

where the orbital |¢,) is the hybrid orbital of atom
i. The energies of the A, and T, levels can be
described by two parameters ¢, and 7; here we
have ¢, = {(¢,|H|$,;) is the orbital energy of an sp*
hybrid, and —r=(¢;|H|¢;) for i#j represents
the interaction between two different hybrid
orbitals. These two parameters represent effective
interactions and are obiained by [itting to the bulk
Si vacancy deep levels. The A, level is resonant
with the valence band at E, = ¢, — 3. while the
triply degenerate T, level lies in the Si bandgap
and has an energy E; =¢, + /. We list in table 1

Table 1

The calculated A,- and Ty-symmetric encrgy levels for the
unrelaxed $i vacancy by several workers: the calculations are
either pseudopotential (P} or tight-binding (TB): ull energies
are in eV, and the tep of the valence band is defined 10 be the
zero of energy: the Si bandgap is 1.1eV: the two parameters ¢,
and 1 are simply obtained from the A, and T, energy levels (sec
text): the imponant parameter ¢, is the energy of a single
dangling hond and is found 1o lic in the lower part of the Si
bandgap in all cases

Type of calculation A, T, t €

P TB level level

Ref. {12} -1.10 0.70 0.45 0.25
Ref. [13] . -0.60 0.80 0.35 045
Ref. [14] -1.1u 0.60 0.42 0.16

Ref.[15] —055 075 033 043
Ref.[16] -086 051 037 0.4
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the A, and T. levels for three different preudo-
potential caleulations {12-14] and two tight-bind-
ing [15.16] calculations for the unrelaxed vacancy
in Si. From these levels the parameters ¢, and ¢
can be extracted ‘using ¢, = (£, + £y)/4 and
t=(Ey — £, )/4 Note that ¢,. which is the en-
ergy of a single Si dangling bond, lies in the lower
part of the 8! bandgap in all cases.

We next change three of the atoms surrounding
the vacancy into Ni atoms. We do this by raising
the hvbrid orbital energies of atoms 1. 2, and 3
{see fig. 1) from ¢, to ¢, + V. where V=5 eV [8]
represents the (large) positive difference between a
Ni and a Si sp® hybrid orbital. The symmetry is
now reduced from T, to C,,, and the possible
levels are of a, (o-like) and e (=-like) symmetry.
The states of e-symmetry evolve from two of the
T, lzvels of the bulk Si vacancy (the T,(e) levels in
eqgs. (1c) and (1d)), but are raised out of the gap
roughly lincarly with the potential V to become
resonant with the conduction bands. Since the
e-symmetric levels are not in the zap and are
metal-atom derived, they play no role in pinning
the interfacial Fermi level. and we will no longer
consider them.

The interesting levels are those of a;-symmetry

which are admixtures of the JA (a,)) (eq. (1a)) and
the [Ty (a,)) (eq. (1b)) levels of the bulk Si vacancy.
However, since the Si and Ni hybrid orbitals are
no longer degenerate, perturbation theory shows
that the effective interaction between Si and Ni
hvbrid orbitals is reduced from ¢ (~ 0.4 ¢V) for the
bulk Si vacancy to ¢2/V (~ 0.03 eV) for the in-
terfacial vacancv. A schematic energy level dia-
gram for a,-symmetric states of the bulk and
interfacial vacancies is shown in fig. 2. Note that
because Ni {or any transition-metal element) and
Si are “out of resonance™, a level is formed in the
lower part of the Si bandgap which is tied to the Si
dangling bond energy ¢, and is relatively insensi-
tive to the transition metal as long as we have
¥V = ¢, This simple model leads to the important
conclusion that for various transition metals. in-
terfacial Fermi-level pinning positions are nearly
equal to. but slightly helow, the “defect pinning
energy” €, of a single Si dangling bond.

We briefly mention the more rigorous calcula-
tions on which the simple model is based. A

* w— /_
£ EnV
{
{
conduction 1
I Y
—£1, ,
band H
oap t 1
£, — g e .
l — £, -3y
mienc
enee -3t
a b
£,

Bulk Si Vacancy Interfocial Vacancy

Fig. 2. Schematic energy level diagram of the a,-symmetric
levels of {a) the bulk Si vacancy and (b) the interfacial vacancy.
In (a) the hybrid orbitals at ¢, lie in the lower part of the Si
bandgap but interact strongly through r to produce the A level
resonant with the valence band and a T, level in the upper part
of the bandgap. In () the hybrid orbitals of Si and Ni are no
longer degenerate and their interaction is reduced by +/ V. This
brings £,  out of the valence band so that it now lies only
slightly below the Si dangling bond energy ¢,. (The a,-symmet-
ric representation refers to the C;, group appropriate for the
interfacial vacancy. Since C,, is a subgroup of Ty, the A, and
one of the T, levels of the bulk Si vacancy are also a;-symmet-
ric.)

tight-binding calculation was performed for an
embedded cluster of a vacancy and three Ni atoms
{including d-orbitals on Ni} in an infinite Si host
[8] using the Si tight-binding model of ref. [15].
The Si dangling-bond-iike level is found at 0.4 eV.
The d-orbitals are fouud to play only a minor role.
Since the .J-orbital energies lie well below the
Fermi level, they tend to push up slightly on the Si
dangling bond, but with a greatly reduced strength
because the d-orbital is not a nearest neighbor to
the dangling bond orbital and hence interacts with
it either through a small second-neighbor interac-
tion or indirectly via its interactions with the inter-
vening Si atoms surrounding the vacancy. (The
d-orbitals were taken to interact only with nearest
neighbors.) More sophisticated calculations for an
interface between semi-infinite slabs of NiSi, and
Si have recently been comipleted [17] using the
transfer-matrix technique [18] The tight-hinding
bands of NiSi, have been fit to the bulk bands of
Chabal et al. [19]. und the tight-binding model of
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Vogl et al. [20] has been used for bulk Si. Here the
interfacial vacancy level is found to lie at 0.13 eV,
Although the 1wo calculations give slightly differ-
ent results, and the estimates made for the dan-
gling bond energy ¢, in table 1 differ b ~ 0.3 eV,
they all show that the defect “pinning” level lies in
the lower part of the Si bandgap. Measurements
for a Si dangling bond quite similar to the one
described here [21] at the Si0,/Si interface show a
level at 0.36 eV [22]. As mentioned earlier. the
interfacial Fermi level for the «ilicides lie ap-
proximately in the range 0.23-0.55 eV,

Conclusion. The prosent theory is manifestly
based on local atomic bonding and a localized
defect, and is thus compatible with the experimen-
tal findings [1.9,10] that the observed Schotiky
barriers form before the completion of a complete
metallic overlayer. Since in this model the barriers
are determined mainly by Si. the barrier is affected
to a lesser degree by the nature of the transition
metal atom, stoichiometry. or crystal structure of
the silicide. Furthermore. since the dangling bond
is occupied by a single electron. it can act either as
a donor or an acceptor — this leads to very nearly
the same pinning position for both n- and p-Si, in
agreement with the measurements. This is to be
contrasted with Schottkv barrier formation on
III-V semiconductors, such as GaAs, where previ-
ous theoretical studies indicate that pinning is
often due to surface antisite defect levels [6] which
lead to different Fermi-level pinning positions for
n- and p-type semiconductors.
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of Nava' Rescarch (N00014-82-K-0447 and
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The heights of the Schottky barriers for various transition metals on Si, Ge, diamond, and
Si, Ge, _, alloys are calculated using a defect model, in which the Fermi energy is pinned by deep

levels associated with interfacial dangling bonds.
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1. INTRODUCTION

When a transition metal is deposited on a Sisurface, it reacts
with the Si, producing a thin metallic film of transition-metal
silicide.’” At the same time a Schottky barrier is formed,
which makes the metal/semiconductor contact non-Oh-
mic.? A remarkable fact is that the barrier heights for various
different transition metals {forming silicides with a wide var-
iety of crystai structures and stoichiometries) are all equal to
within =~0.4 eV,** although the transition metals them-
selves have d levels and other features of their electronic
structures that vary by electron volts. For example, Ni, Pd,
and Pt, when deposited on n-type Si produce Schottky kar-
rier heights differing by ~0.2 eV {~0.63, 0.73, and 0.8% eV
are the barrier heights of Ni, Pd, and Pt, respectively) despite
the fact that the s-, p-, and d-electron energies of Ni and Pt
differ by =2, 3, and 3 eV.® This suggests that the Schottky
barrier height is primarily a property of the Si, and is only
weakly perturbed by the transition metal or the transition-
metal silicide.

We have recently proposed that the principal experimen-
tal facts concerning Si/iransition-metal-silicide Schottky
barriers can be simpi: understood in terms of Fermi-level
pinning by interfacial Si dangling bonds.” Simply stated, the
Si dangiing bond at the Si/silicide interface produces a deep
level in the fundamental band gap of Si. This one-electron
level, for a neutral interface, is occupied by nne electron and
one hole. It therefore determines or “'pins™ the Fermi energy
at the surface, being able 10 accept an additional electron or
hole According to the Ba deen model of Fermi-level pin-
ning by any surface state,” the surface Fermi level of the
semiconductor, the metal's Fermi level, and the bulk semi-
conductor’s Fermi level all align in electronic equilibrium.
This is accomphished by elecironic diffusion, which pro-
duces band beng -ig in the semiconductor. When the align-
ment is accomphished {Fig. 1), there is a Schottky barrier,
which for n-type Si has a height approxima.cly equal to the
cifference between the s urface conduction band edge and th:
surface dangling-bond deep level. For p-Si, th. barrier height

(34 J. Vac. Sci. Technol. B 2 (3), July-Sept. 1964 0724-211X/84/030491-05801.00

is the energy difference between the dangling-bond level and
the valence band maximum. Thus, with this defect and the
Fermi-level pinning model, the Schottky barrier heights for
n-Si and p-Si should {approximately) add up to the band gap.

This particular explanation of the barrier heights at Si/
transition-metal-silicide interfaces is especially appealing
because it involves Fermi-level pinning by a native defect,
and therefore makes contact with the current understanding
of Schottky barrier heights in III-V semiconJuctors, Several
authors,>*? Spicer in particular,® have espoused the notion
that Fermi-level pinning by native defects determines I1I-V
barrier heights—and a unified picture of the pinning by anti-
site defects in many cases and by vacancies {or other defects)
in other cases is now emerging.” "

In this paper we extend the idea of Fermi-level pinning by
dangling bonds at Si/transition-.netal-silicide interfaces to
interfaces of transition metal compounas with Ge, diamond,

5
2 N
Ebulk QB
C
Ebu—‘k——'—“““—"———ég"e —E, of
F F silicide
EV
Ebulk
v
Si Interface

F1G. 1. Schematic illustration of Fermi-level pinning at a Sisilicide inter-
face. Band edges for bulk Si and the Si surface. and the Fermi energies of the
metal, the Si surface, and bulk Si, arc all shown as functinns of poe o The
lowest energy surface defect level that is not fully occupr d (before charge is
allowed 1 flow] is denoted by an open circle. This fesel app:uximately
aligns with the Fermi levels of the n-type Si and the metal,
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and Si, Ge,, alloys. The model has the same features that
led to its success for Si/silicide interfaces”: (i} The pinning
defect is a dangling bond whose character is determined pri-
marily by the semiconductor; this leads to Schottky barrier
heights that are only weakly dependent on the transition
metal. (i) The formation of Schottky barriers with low cover-
ages of transition metals is explained by the fact that the
Fermi-level pinning is due to a local native defect—no ap-
peal to metallic bulk or interface states is necessary. (iii} The
observed chemical trends'® in the barrier heights ¢, for n-
type semiconductors interfaced with different transition
metals are explained in terms of the weak perturbation of the
dangling-bond level. (iv) The n- and p-type barrier heights
add up to nearly the band gap of the semiconductor:

¢B.n + éB.,p gEg&sp .

Il. THE MODEL

Weillustrate these ideas by considering a specific model of
a semiconductor/transition-metal-compound interface.
There are many different geometries observed for such inter-
faces; but here we consider a specific geometry, calculate the
dangling-bond deep level, and argue that the level position is
insensitive to changes in the interface geometry. For defi-
niteness we consider Ni as the transition metal and Ge as the
semiconductor, with a Ge/Ni-germanide interface. We are
unaware of any detailed experimental work concerning the
atomic geometry at such an interface, and so have used an
interface structure (Fig. 2} identical to that reported for Si/
NiSi,{111) by Cherns et al.'” We have a Ge “bridge atom” in
the nickel-germanide connecting the semiconductor to this
metallic germanide. It is bonded to three Ni atoms in the
germanide, and one Ge atom at the surface of the semicon-
ductor. The pinning defect is the dangling Ge bond that re-
sults when the Ge bridge atom is removed.

It is not necessary to fully include the nickel-germanide
metallic side of the interface: Since the Schottky barrier ¢,
in Si, and presumably also in Ge, occurs at low coverages,
only the local structure of the defect is essential. Hence we
can consider, instead of the dangling bond at the Ge/ger-
manide interface, a localized defect in bulk Ge of a vacancy
surrounded by one Ge and three Ni atoms. This is, out to

1 2 3

NI/

V. Missing Ge

Germanide

FI1G. 2. An example of a Ge dangling bond at a germanide interface. Atoms
1, 2, and 3 are transition-metal atoms, atom 0 is Ge, and Vis an interfacial
Ge vacancy. When the vacancy is replaced by Ge, th. geometry for the Ge/
Ni-germamde interface is the same as that reported for Si/NiSi, (111) (Ref.
17
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second neighbors, identical to the dangling-bond defect at
the true interface.

Now we imagine a “cycle” in whichk we {i) begin with a
vacancy in bulk Ge, {ii) convert three of the vacancy's nearest
Ge neighbors into Ni, and (iii} finally alter the more distant
neighbors on the germanide side to form semi-infinite ger-
manide. As we have argued above, this last step is not essen-
tial, because it has very little effect on the dangling-bond
deep level, and so we do not take this last step in the present
work.

A. The isolated vacancy in Ge

We begin by considering the isolated vacancy in bulk Ge,
and describing its deep levels using one sp* hybrid orbital
{directed toward the vacancy) on each of its neighbors. La-
beling the four neighbors 0, 1, 2, and 3, and denoting the sp*
hybrid*® centered on the ith neighbor and directed toward
the vacancy by [i), we construct the 4, symmetric (s-like}
and T, symmetric (p-like} states of the vacancy:

|4,y = (172)(10) + [1) + |2) + [3)),
|T2/7) = (12)7772(3]0) — |1} — |2) — [3)),

[TL,1) =27"2({1) - |3)),
and

|T54,2) =612 (|1) + |3) — 2]2)).

Denoting the Hamiltonian matrix elements between the four
hybrid orbitals surrounding the vacancy in the perfect Ge
host, e = (i|H |i) forany i and 1 = — (i|H |j) withjs4i, we
find that the vacancy energies are

E(d,) =€- 3,
E(T) =€+t

Thus, the two parameters ¢ and 7 can be determined uniquely
from the previously calculated 4, and T, bulk vacancy lev-
els. Virtually all calculations'®-** agree that the bulk va-
cancy level E{4,)is deepin the valence band and E (T,) lies in
the fundamental band gap for all homopolar group IV semi-
conductors. '

B. Effects of converting three Ge atoms to Ni

Now we convert three of the Ge atoms (numbers |, 2, and
3) surrounding the vacancy into Niatoms, in two steps: (i) we
increase the sp® hybrid energy eto¢ + Vonsites 1,2,ard 3, . -
where we bave V=5 eV,?® and (ii) we introduce d levels;
which are energetically deep in the valence band, only weak-
Iy coupled tc the dangling bond at site 0 (either directly,
through a second-neighbor interaction, or indirectly,
through a ring of five nearest-neighbor interactions), and al-
most irrelevant (as we shall se2) to the determination of the
dangling-bond energy.

When }” beccmes nonzero, the symm.etry of the defect is
reduced from T, to C,,. The |4,} and {T,,//) states of the
isolated vacancy are a,-symmetric {o-like} states of C,,,
whereas the two | T,, 1) states are e-symmetric ;7-like) states.
As Vincreases from zero to ~5 eV, the 7r-bonded e-symmet-
ric states are pushed through the gap into the conduction
band-—and become essentially irrelevant to the Schottky
barrier formation. The two 2, -honded states of the isolated




493 Sank 2y, Allen, and Dow: Theory of Schottky barrier formation 493

vacancy, |4,) and |7T,//) are mixed by V, and are the inter-
esting ones for the Schottky barrier problem.

Thus, the essential physics is reduced to a two-level prob-
lem, involving the effects of ¥ on the a,-symmetric |4,) and
1To/7) Ge vacancy levels. The atoms 1,2, and 3 for V=0
are Ge, and their interaction is 7 {==0. +eV). Butfor V'~5eV,
the atcms 1, 2, and 3 are Ni, with hybrid energies out of
resonance with the Ge, and their effective interaction with
the Ge hybrid {in perturbation theory) is weak, t 2/ ¥~0.03
ev.

A schematic energy level diagram is shown in Fig. 3, for

various values of V. As the 1, 2, and 3 atoms are converted
_from semiconductor atoms into Ni {i.e., as Fincreases from O
to =5 eV, a value vetween 5¢ and 20z, see Table I}, the T,
vacancy level méves into the conduction band {and becomes
irrelevant). But the 4, vacancy level, which lies deep in the
valence band, and hence has often been ignored, is driven up
in energy by the electropositivity of the transition metal, un-
til it must bead over below the bulk 7, level (by an approxi-
mate level-crossing theorem), saturating for V-»« at the
hybrid energy €. Hence, further increasing V from ~5eV for
Niby an amount of order electron volts does not greatly alter
the energy of the dangling-bond level. The dangling-bond
level is “deep-level pinned” in the sense of Hjalmarson et
al.'?; it is semiconductorlike; and it is a deep level in the
fundamental band gap capable of Fermi-level pinning,.

If now we “turn on” the d-states, they press the dangling-
bond level upward only slightly in energy. Estimates of this
effect using Harrison’s scaling rules®® show that it is small
and that the vacancy quite effectively shelters the Si dangling
bond from the d-orbitals of the transition metal, even when
the d orbitals are nearly resonant with the dangling bond.
The d levels do play a minor role in determining the occu-
pancy of the neutral dangling bond’: It has one electron and
one hole—and hence, is the Fermi-level pinning defect of
both n-type and p-type semiconductors.

lil. RESULTS

We have used this simple model to predict the surface
dangling-bond deep levels of Si, Ge, diamond, and Si, Ge,.,
interfaced with their transition metal compounds. {We have
also confirmed that the essential physics of the model is cor-
rect by performing extensive and rigorous calculations for a
cluster of a vacancy and three Ni atoms in Si, and by explicit-
ly treating an interface between semi-infinite slabs of NiSi,
and 5i.%%) We first determine € and ¢ by fitting calculated bulk
vacancy levels. Qur results are presented in Table 1. The
matrix elements Vare extracted from tables of atomic orbital
energies.”> The deep levels associated with the dangling
bonds at various interfaces are then computed in terms of €,
t,and V. ‘

Slight variations in ¥ for different transition metals pro-
duce weak variations in gg, as expected [see Fig. 3{b)]. The
chemical trends with respect to such variations"*'¢ are ex-
plained by the theory.

Although the predictions of the theory for Schottky bar-
rier heights are gratifyingly close to the measured barrier
heights, the theory in its original form is limited by the ~0.3
eV uncertainty in even the best theoretical predictions of the
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TasLE 1. The calculated A4,- and 7,-symmetric energy levels for the unre-
laxed Si, Ge, and C vacancies from tight-binding theory. The dangling-bond
energy € and dangling-bond interaction ¢ are extracted from the 4 - and 7-
symmetric levels. All energies are in ¢V, and the top of the valcnce band is
defined to be the zero of energy. Other values of € for Si, determined from
reported calculations of the Si vacancy, range from 0.09 to 0.45 eV.

Eidy E{T) t €
si® - 110 0.48 0.40 0.09
Ge* -~ 0.98 0.04 0.26 -022
c — 065 2.43 0.77 1.66

*Reference 24.
®Reference 19.

bulk vacancy levels. To circumvent this problem we adjust €
to fit the interfacial Fermi level and Schottky barrier heights
for the Si/NiSi,{111] interface, and then use the predicted
changes in € from Si to Ge to predict the variation in the
interfacial Si, Ge,_, /nickel-silicide—germanide dangling-
bond level with alloy composition x. The results are given in
Fig. 4, and rather dramatically account for the observed
chemical trend in the Schottky barrier height,”” assuming
pinning by the dangling-bond deep level.

The theory also predicts a dangling-bond deep level and a
Schottky barrier height as a result of transition-metal depo-
sitions on diamond. We are not aware of any data for this
system, but we note that diamond/Al, /Au, and /Ba inter-
faces have been studied experimentally,”®* and should also
be expected to have dangling-bond states. The Schottky bar-
rier height obtained, assuming Fermi-level pinning by dia-
mond dangling bonds, is in excellent agreement with the
data {Fig. 5).

IV. SUMMARY

It should be emphasized that we have presented a simple
model which is meant to display the essential physics of Fer-
mi-level pinning by interfacial Si dangling bonds. The defect

4 a ki
[
&
?t—Tz et
€= £E— £ € € € —
i R T
v X:“ X —
A wt wat VBt w0t Voo
{A)
BULK (83
VACARE UETOR INTERFACIAL VACANG Y
v=0

F1G. 3. {a} Schematic energy level diagram of the A,- and T,-symmetric
levels of a vacancy in an elemental semiconductor. £, and £, are the con-
duction and valence band edges. (b) The g,-symmetric levels for an interfa-
cial vacancy surrounded by one semiconductor atom with orbital energy ¢
and 3 transition-metal atoms with hybrid energy ¢ + V. The levels for val-
ues of Vequal to ¢, 3¢, 5, 10, and o are shown. Note that for V> > ¢, the
band-gap level becomes “pinned™ to the semiconductor dangling-bond en-~
ergy €. Doublearrows indicate that the € 4 ¥ levelin theconductionbandis
off the figure.
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FiG. 4. Predicted Fermi level in the Fermi-level pinning model due to dan-
gling-bond defects in §i, Ge,_, alloys. Because of the theoretical uncertain.
ties in determining the dangling-bond energy, the theory has been fit to the
data for Si. The data for Siare from, e.g., Ref. 4, and the data for Ge are from
Ref. 27.

levels that we predict may be inaccurate by a few tenths of
eV, and are undoubtedly inhomogeneously broadened on a
=~0.1 eV scale, due to varying local environments.*®

The model is based on the idea of Fermi-level pinning by
defect levels, and therefore provides a unified explanation of
Schottky barrier heights for Group-IV as well as ITI-V semi-
conductors. No theory of Schottky barrier formation is uni-
versally accepted yet, but the defect model is by far the most

Diamond
E.=53
404
e .
& T
g 2 . < AuAlBa
\ .
E 20 \ L
Z f.... €
51 / \
/ Carbon
¢ Dangling-bond
E v = 0.0 7
/
Aq
20

F1G. 5. The 4, and T, levels of a C vacancy in diamond, after Ref. 19, and the
dangling-bond energy € for an interfacial vacancy. The data for (nontransi-
tion-metal] Schottky barrier heights on p-type diamond are shown for com-
parison (Ref. 28 and 29).
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widely accepted, and the only general theory for the techno-
logically important semiconductors that has not been mani-
festly disproven by numerous experiments. This is not to say
that defect mechanisms are the only means of Schottky bar-
rier formation;*"*? in some cases metal/semiconductor in-
terfaces might be produced without very many defects, in
which case metal-induced gap states™ might play a role in
determining the Schottky barriers. However, for years met-
al-induced gap-state theories have been widely viewed as in-
capable of providing a satisfactory general description of the
common ITI-V barrier heights, because they can consistent-
ly explain at most very few experiments. For example, data
demonstrating that (i) the n-GaAs Schottky barrier can be
annealed away at the antisite defect annealing temperature
while the p-GaAs barrier remains, and that {ii) the a-InP
barrier height switches from being =~0.1 eV ior reactive met-
als to 0.5 eV for nonreactive metals®® are easily explained
by a defect model but not by a metal-induced gap-state mod-
el.

The simple theory presented here accounts well for the
major observations concerning Schottiy barriers resulting
from transition-metal deposition on group-IV semiconduc-
tors: (i) Schottky barriers form at submonolayer coverages
because the Fermi-level pinning defect is localized; (ii}
Schottky barrier heights exhibit only weak dependences on
the transition metals, because the dangling-bond level is
deep-level pinned; (iii) details of the crystal structure, stoi-
chiometry, and interface geometry are minor perturbations
on the surface dangling-bond deep level, because the pri-
mary role of the silicide or germanide is merely to supply a
repulsive potential that pushes the deep dangling-bond level
back into the semiconductor; (iv) the Schottky barrier
heights for n-type and p-type group-1V semiconductors add
upto = E_, because the danglingbond level is both a donor
and an acceptor; (v} the variations of Schottky barrier
heights depend on the chemistry of the semiconductor, as
displayed in the dependence on x of the i, Ge,., barrier
height.
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The observed dependences on pressure of the energy gaps of Si, Ge, and GaAs at symmetry points
in the Brillouin zone are successfully calculated using a variational method based on density-
functional theory. The negative pressure derivatives of the gaps at the X point of the conduction
band relative to the valence-band maxima are due to the d states.

I. INTRODUCTION

In this paper we report successful a priori calculations
of the pressure dependences of the band gaps of Si, Ge,
and GaAs. The only inputs to our calculations are the
- crystal structures of the materials and the local pseudopo-
tentials of the atomic constituents. The theory is based on
a variational minimization of the total energy using a
Wannier-function basis and a density-functional formal-
ism applied self-consistently to the valence electrons.”?
Our calculated pressure dependences of the band gaps are
in good agreement with data; this suggests that local-
density theory accurately predicts the changes with pres-
sure of the band gaps despite the fact that in its present
form it yields poor predictions for the zero-pressure band
gaps themselves.

Previous theoretical studies of pressure-dependent band
gaps have employed the self-consistent orthogonalized-
plane-wave (OPW) method,' various semiempirical
schemes (such as those that fit the pressure dependences
of pseudopotential form factors®® or empirical tight-
binding parameters® to data), or a modified version of Van
Vechten’s dielectric theory.® To our knowledge, no suc-
cessful a priori theory has been reported previously,

II. METHOD

Following the fundamental work of Tejedor and
Verges,"? we minimize the total energy of the valence
electron system, with respect to the parameters B of basis
Slater orbitals. The relevant s and p orbitals for the elec-
trons of the nth atomic shell have the following radial
dependences:

Fr,B)=c,r"~'expl—B,r)
and

Fp(r,ﬁ?)-_—cpr"”‘lexp( ~Bpr),
where we have

¢ =28, V2 1/ o)
and

P=(28,) ¥+ VTl .

From these orbitals we construct the sp> hybrid orbitals®

32

& (D)= 1AV DF(r, B+ V3 vy 1 /PF, (8],
05 v () =[1/(@V D[ F(r,B5)+V3(v,, 1 /1F, (r,B5)] ,
and the bonding combination of the hybrids’

Sm(1,B)=(sinB8)$5,, (1)
={cosfid" . (r—v,a/d) .

Using the bonding combination’® and employing
Léwdin’s svmmetrical orthogonalization method we con-
struct W, (r,B), a set of Bloch-type linear combinations
of the orthonormalized functions, from which we can ob-
tain the Wannier functions,

Wn(O)=N"12F W _.(r,B)
k
BZ

{where the sum is over the Brillouin zone (BZ}] and the
local charge density

pnB)=23 F wnir—Rlw,(r—R) .
m r

The charge density is a function of the Slater parame-
ters B and the position 1. We evaluate the total energy,
which consists of the ion-ion interaction energy E;, the
kinetic energy T, the electron-ion interaction E;, the Har-
tree energy Ej, and the exchange-correlation energy E,,,
following established procedures.!!

“The total energy is varied (numerically) with respect to
the parameters 8 until a minimum is found. The critical
values of B determine the ground-state charge density and
can be used to construct the local-density Hamiltonian.
Diagonalization of this Hamiltonian using 89 plane waves
as a basis produces an approximation to the energy band
structure €,,,(k}, for m =1,2, ..., 89.

To determine the hydrostatic pressure dependences of
the band structures this method is repeated for several dif-
ferent lattice constants.

111, INDEPENDENCE OF THE PSEUDOPOTENTIAL

This approach is meaningful only if it gives results
which do not depend sensitively on the choice of pseudo-
potential from among those considered to be “good.” To
verify that this is indeed the case we have executed the
calculations for Si using three different pseudopotentials:
(i) the Hamann-Schliiter-Chiang first-principles pseudopo-
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TABLE 1. Calculated pressure derivatives dE,,,/dp (in meV/kbar) of the band gaps of Si using dif-
ferent local pseudopotentials.

First Hard Soft Semiempirical
Gap® principles® core’ core? Expt. caleulation
r.-r, 0.48 0.48 0.34 1x1e 1.3, A7¢
L.~L, 445 435 4.4] 6.2+0.4° 6.6 2.7¢
X,—X, 1.64 1.59 1.26 3.0 3.6,0 3.68
L.—T, 3.30 3.21 3.23 5.5,f 1.28
X.—T, —1.34 —1.42 —1.86 ~1.5 0.5, —0.18

“X,—T, means the gap from the top of the valence band at T to the conduction band at X.

PReference 13,
‘Reference 14.
9Reference 15.
*Reference 20.

fReference 5.
FReference 7.

TABLE Il Pressure derivatives dE /dp (in meV/kbar) of the band gaps for GaAs and Ge using the “'soft-core” ionic pseudopoten-

tial of Ref. 27.

GaAs Ge

Our Semiempirical Qur Semiempirical
Gap result Expt. calculations result Expt. calculations
r.-r, 10.50 10,74, 12.6° 11,4 13.3° 16.19 1535 11 1432 16.2°

107117 14.2¢

L.—L, 4.46 5.0 457 7.4¢ 6.28 7.5 7.1¢ 8.8
XX, 0.78 36,% 4.6° 2.36 5.5 440 54
L.~I, 2.93 2.8 6.2¢ 4,90 5.0 80, 5.44 6.6°
XTI, —2.52 - 1.34* -0.84¢ 1.8 -~ 1.11 -~ 1.5 -0.1,% 2.7°

*D. J. Wolford and J. E. Bradley, Solid State Commmun. {to be published).

*Reference 23.

‘As compiled in Ref. 22.

9Reference 7.
‘Reference 5.
TReference 22.
8Reference 24.

TABLE IV. Pressure derivatives dE,,,/dp {in meV/kbar) of
the band gaps of Ge using different basis sets of localized orbi-
tals in order to diagonalize the Hamiltonian.

4s 4p 5s 4s 4p 4d 45 4p 4d 55
TABLE IIL. Nonlinear pressure coefficients +d2Eq/dp? (in Gap {10 bands) {18 bands) (20 bands)
eV/kbar?) of the direct gap of GaAs and Ge. r.—r, 16.01 17.89 16.14
Theory L.—-L, 11.63 5.74 5.95
X —X, 7.50 2,33 2,07
Ge ~ 7041073 ~4.5 #)xi0-* L.~T, 9.83 4.67 4.64
GaAs ~1.88~ 107% -377x ~0.53

X.—-T,

3.62

0.6
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tential,'* (ii) the Harris-Jones “hard-core” pseudopoten-
tial,'" and (iii) the Schiiiter et al. “soft-core™ empirical
pscudopotential,'® which was adjusted to fit the Si band
structure at zero pressure. Our results are given in Table |
where the connection beiween pressure and lattice con-
stant is supplicd by Murnaghan's equation of state'®

p=[Bo dBy/dp)){(ag/a) *'% _17 .

Here B, is the bulk modulus of Si (978.8 kbar) and
dBq/dp is its pressure derivative (4.24)."7

The agreement among the pressure dependences of the
gaps as computed using the three pseudopotentials is ex-
cellent,'® even for the gaps from any symmetry point of
the valence band to the conduction band at X, where pre-
vious calculations with the empirical pseudopotential have
generally failed to produce even the correct sign for
dE ., /dp. This success causes us to extend Hamann’s'
conjecture—that different “good” pseudopotentials give
roughly the same band gaps {in local-density theory)—to
include pressure derivatives as well. However, unlike the
absolute band gaps, which are too small in local-density
theory, the pressure derivatives are predicted rather well.

Our predictions for the pressure-dependences of the
gaps of Ge and GaAs (using the pseudopotentials of Ref.
27) are given in Table II, and are in good agreement with
the data.?!

We have also computed the second derivatives of the
band gaps of Ge and GaAs and find that in these materi-
als the second derivatives of the direct band gaps are siz-
able (see Table II} as observed by Welber er al.?** for
GaAs and Ge.?

The reason that dE,,,/dp is negative for the gap be-
tween the valence band at I to the conduction band at X
is the strong influence of the d levels that lie in energy
well above the X minima of the conduction band. These
levels repel the conduction band at X, forcing it down-
ward in energy (relative to the minimum at I'); without
the d states the pressure dependence of the X conduction-
band minima is not correcily reproduced by the theory.

This is demonstrated in Table IV for Ge, where we
display ¢£,,/dp as computed with and without & orbi-
tals, in models with 10, 18, and 20 basis orbitals per unit
cell. The empirical pseudopotential method does not ade-
quately represent the cffects of the d states, and hence
does not predict the correct sign for dE,,, /dp at X.

1V. CONCLUSION

Hence we conclude that the derivatives of the band
gaps of Si, Ge, and GaAs, and probably other semicon-
ductors, can be predicted accurately using the variational
Tejedor-Verges localized-orbital method. The negative
value of dEg,,/dp for the gap between the valence-band
maximum and the conduction band at the X point of the
Brillouin zone is attributable to high-energy d states that
depress the X minima.

The success of the theory in computing pressure deriva-
tives of band gaps, despite the fact that all local-density
theories to date have predicted absolute band-gap energies
in error by typically 50%, is reassuring. This indicates
that the localized-orbital method can be used to study the
pressure dependences of deep impurity levels and the band
gaps of strained superlattices.

Finally, since the theory predicts pressure dependences
of absolute band gaps in good agreement with the data, it
also implies that the corrections® to local-density theory
necessary to produce the observed band gaps necessarily
must be volume and pressure independent—in order to
preserve the agreement between local-density theory and
data, as found here.
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The Green’s-function method, with an empirical tight-binding basis, is used to determine the deep
levels of the singly ionized and neutral impurities S, Se, and Te in Si. The impurity potentials are
determined self-consistently. The resulting theory accounts for the observed charge-state splittings
of neutral and singly ionized A4, deep levels, obtaining, for S, Se, and Te, 0.23, 0.22, and 0.19 eV (10
be compared with experimental valur. of 0.30, 0.29, and 0.21 eV, and with a self-consistent local-

density-theory value for § of 0.20).

L. INTRODUCTION

The ionization energy of a “deep” impurity in a semi-
conductor is defined as the energy required to remove an
electron (hole) from the occupied deep level in the band
gap to the conduction- (valence-) band edge, and depends
on the charge state of the impurity——namely, whether it is
tnitially neutral, or charged either positively or negatively,
with an integral multiple of the proton's charge. A deep
impurity level is one produced by the impurity’s central-
cell potential."? The charge-state splitting of a deep im-
purity level in the band gap is the difference between the
ionization energies of the impurity with charge Q and the
impurity with one fewer electron (or hole). Experimental-
ly, for defects in covalent semiconductors, charge-state
splittings are typically a few tenths of an eV: For exam-
ple, the ionization energy of 8% in Si {0.613 eV} is 0.295
eV larger than the ionizaticn energy for S° in $i (0.318
eV).>* The purpose of this paper is to account for chemi-
cal trends in the observed charge-state splittings of S, Se,
and Te in Si. '

The charge-state splitting of a deep level is a many-
body effect which results from the Coulomb interactions
among electrons. In a potential-scattering one-electron
theory, the type of theory one normally uses when plot-
ting a one-electron energy-level scheme or band structure,
the defect potential is state independent and the charge-
state splitting is identically zero. In one-electron theories
of the change-of-mean-field type, such as Hartree or
Hartree-Fock theory, the charge-state splitting is nonzerc,
because the one-electron potentials are state dependent.
To illustrate this point, consider atomic He in the Hartree
approximation, assuming s orbital wave functions of the
form exp(—Zr/a) , where Z is the effective charge and is
treated as a variational parameter. For the (1s)’ neutral
ground state, we have an effective charge Z.—:—f}; and
e(Z=%)= — 42 Ry, and for the singly ionized state,
we have Z =2 and €,,(Z =2)=—4 Ry.> The ionization
energy E; of He* is 4 Ry or 54.40 eV. The ionization
energy Ef of He" is

E)=E,o(Het)—E (He)
=€ (Z=2"-26,(Z =)+ U
r—(-f%} Ry,
where
U={1s,1s [e*/r | 15,15 y=() Ry

is the electron-electron repulsion imtegral. The charge-
state splitting of atomic He and He™, calculated in this
Hartree approximation, is 2.30 Ry: :

AE=Ef} —E}?
= —26,(Z =2)4+26,(Z=F)- U=(3%) Ry .

Experimentally AE is 2.19 Ry,® indicating that exchange
and correlation effects contribute of order 5% (aid
presumably can be neglected in calculations of charge-
state splittings for defects in solids).

For S, Se, and Te in vacuum, the experimental charge-
state splittings between the neutral (s°p* configuration)
and singly ienized (s°p?) states are 13.04, 11.75, and 9.59
eV, respectively.® However, the corresponding charge-
state splittings for the deep levels asscciated with S, Se,
and Te in the fundamental gap of Si are approximately
nwo orders of magnitude smaller: 0.295, 0.28¢, und 0.212
eV These small splittings, which are typical of deep
levels in semiconductors, are in accord with theoretical
predictions.® Roughly speaking, one of these orders of
maugnitude comes from the screcaing of the Coulomb in-
teractions, e:/er“.,. in the semiconductor by the dielectric
polarization of the valence banc. e=:12; the second order
of magnitude is attributable to ::e fact that the average
separation of correlated electrons occupying the deep lev-
el, 7y, is approxim +: iy a lattice constan' ~5.43 A rather
than a Bohr radiv .23 A. The electrons are separated
by such a large di--unce because the deep-level state in the
gap is antibonding and hostlike,"* with its wave function
spread primarily over the four neighbors to the chalcogen
impurity. Thus the average separation between clectrons
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is roughly the distance between Si neighbors on opposite
sides of the chalcogen. (Recall that, in contrast to the
hostlike antibonding deep levels, the hyperdeep levels"? of
S, Se, and Te, which should lie =~ 15 eV below the
valence-band maximum, are the bonding chalcogenlike
states.)

In this paper we present an empirical tight-binding
theory of charge-siate splittings for deep impurity levels
in semiconductors and apply it to S, Se, and Te in Si.
Hence this work is complementary to earlier studies, using
local-density theory, of the S defect in Si.?

II. CALCULATIONS

Our model employs the Hjalmarson model of deep im-
purity levels,? the Vogl sp’s*® empirical tight-binding
model of electronic structure,” and the Haldane-Anderson
model of Coulomb effects.’ Although the Haldane-
Anderson model was originally designed to treat transi-
tion metals, it has been adapted by Sankey and co-workers
for the treatment of deep levels associated with interstitial
defects in Si.'! Since it provides an especially simple and

J

detf1 - GUE)V]=0=det [1--P [~ dEE—E)T' 3 |6 IBE'—E, Ko V|
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.
convénient scheme for executing self consistent calcula-
tions in a tight-binding basis, we use it to study the
charge-state splittings of substitutional deep-impurity lev-
els, including the chalcogens in Si.

The Schrodinger equation for the perfect crystal is

0 -
H '}}n‘x’”‘En?wnE" (

where En 0 is an encrgy band structure and e/’" [+ are Bloch
functions. A point defect or impurity breaks the transla-
tional invariance of the perfect crystal and induces some
perturbation potential V. The eigenvalue equation for the
imperfect solid is

Hi={H+ V)p=Ey . (2)

The formal solution of Eq. (2} in the forbidden band gap
is given by

Yp=GUAEWY , (3)

where GYE)=(E—H% ! is the Green's operator and is
real in the band gap. A nontrivial solution of Eq. (3) for
¥ exists if

Cy

Here P denotes a principal value integral. The perfect crystal Hamiltonian ¢ in the nearest-neighbor empirical tight-

binding sp’s*-basis model of Vogl et al.? is

P

H°= 3 [|iaoR)E, (iaoR | + |icoR+d)E; (icoR+d|]

e
i,o, R

+ 3 []iaoRYVyRR +d)(jeoR'+d | +H.c.] . V (5)

= . k4 ‘—'l
i.jje,K,R

Here i =5, py, Py, Pz» OF s* labels the orbitals, @ and ¢
denote anion and cation (for a polar semiconductor), o is
the spin ( 1 or i}, R specifies the unit cell, and H.c. stands
for Hermitian conjugate. The transfer-matrix elements
V;; are nonzero only between nearest neighbors. The
states |iaoR) and |icoR+d) are localized orbitals cen-
tered on the anjon at R and the cation at R+d, respec-
tively.>'? The defect potential for a single impurity locat-
ed at R =0 (taken here to be an “anion” site) can be writ-

ten as

V=13 ]| iag0) l"i‘,a(ia(ri}{
io
+ 3 licoR+d )V (icoR+d | , {6)

T
i,o.R

where the sum on R is taken over four neighbors, and the
basis orbitals at 0 are impurity orbitals. The impurity po-
tential includes a central-cell part, because that part of the
potential is responsible for the formation of deep levels; it
contains a first-neighbor contribution because the impuri-
ty wave function is located on the neighbors and neglect
of this part of the potential would lead to charge-state

f

splittings too small by a factor of =~10. The off-diagonal
matrix elements of the impurity potential are assumed to
be independent of the jonicity of the defect, in accord
with Harrison’s rule’” that they depend only on the bond
length. For simplicity, longer-ranged contributions to V
are neglected.

The problem of determining the deep-level energy E for
a given charge state has two parts: (i) finding E as a func-
tion of ¥ (that is, Vi, and V.., where i =5, py, p,., or ;)
by solving the secular Eq. (4) using the known Hamiltoni-
an H° and (ii) determining the appropriate self-consistenit
potential ¥, and the charge distribution determining it.
Since (i) has been discussed in detail elsewhere,"? we ex-
plain only (ii). .

For a free atom, the one-electron energy of the valence
electron in spin-orbital a (a=s1,si, pxt, ppT, P 1,
Pxls pyl, or p, i) for the given configuration {ng} de-
pends on the configuration and is approximated by the
following expression of Haldane and Anderson,'® using
three different electron repulsion parameters U, Uy,
and Ug,:

Eina} xEso‘*‘ 250U +2 npjo’Usp ; vl
o jo
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and

Eyolnal= E)+ zjnpjl,. U, + z-n,o. Uy, 8)
].0 o

where o is the spin (i or {), we have j=x, y, or z, and the
prime on the summation indicates that the self-interaction
is excluded. Here n, are the occupation numbers of
spin-orbital a and the,\ are integers (0 or 1) for the free
atom. Sankey and Dow!'! determined the five empirical
parameters E?, E[?, U, Uy, and Uy, using the require-
ment that Hartree-Fack s- and p-electron energies and the
observed ionization poten:ials of the free atoms be fitted.
In the solid, we assume that the electronic energy of an
atom is a continuous and differentiable function of occu-
pation numbers'* 1, with the same empirical parameters
U as those of the free atom— but with n,, not necessarily
integers. Here we have the notation u=(a,b, R), where b
is either a (for anion) or c¢ ifor cation) and R denotes the
position of the unit cell in the crystal. The anion site of
the central cell [see Eq. (6)] is denoted by D=(q,0).

The spin-orbita! occupation number is n#=nf,“p+nz,
where n, comes from the redistributed electrons in the
valence bands and can be found by integrating the local
spectral density of states D,(E) from — o to the top of
the valence band (zero energy), i.e.,

b= — f fIE)D,(E)E , : 9

h"re f(E) is unity if the one-electron state of energy E is
occupied and zero otherwise. The spectral densnty of
states D, (E) is related to the Green’s operator GXE) of
the perfect crystal by'?

D (E)=Ap|pE)|p)=(—1/m)Im{u|G(E)|u),
=(—1/mIm{p|[1-GAEW]"'GUE) |u), (10)

where p(E}=(—1/71ImG(E) is the state density operator
for the perturbed crystal, and the last relation comes from
Dyson’s equation.

The total spin-orbital occupation number includes a
contribution from the deep level and is given by

np=nu+ 3| v ), (11)
where | ;) are the wave functions of occupied discrete
states in the band gap. The wave function of the discrete

state at energy E in the band gap can be obtained by solv-
ing Eq. (3) with the normalization condition'*

1=(y|¥)=(YVGAE) | GUEIVY)

=(y]| V[GUE)*V [¥) . (12)
Since we have
0 2_ d |
[GHE)] = iE GYE), (13)

the normalization condition becomes

(|[/| V

GYE )= —1, 4
praiatalal 1 (14)
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Finally, the new matrix clements of the impurity poten-
tial can be constructed by the following:

V= | Vipg)=(u|H-H"|pu)
=E,(impurity) —E ,(host) . (15)

Now, the self-consistent scheme is implemented as fol-
lows: For the input impurity potential V. on each site,
we solve Eq. (4) for the eigenvalue E. Wlth this eigen-
value E and input V,, we compute the total spin-orbital
occupation numbers n, for the site by Eq. (11). These n,
give the new V, by Eqs. (15), (7), and (8). This procedure
is repeated iteratively until self-consistency is obtained.

II1. RESULTS AND DISCUSSION

The above methed was applied to S*, S° Se*, Se°,
Te*, and Te? donors in Si, because they are well-studied
substitutional impurities ar.d experimental ionization en-
ergies are available. For the unperturbed host Si band
structure, we used the empirical tight-binding model of
Vogl et al,’ which yields good band structures, including
the lowest conduction band, with an indirect band gap of
1.17 eV. In computing the defect levels, the self-
consistency scheme was iterated for those u referring to
the central cell only.'® Then, using Eq. (3), the wave func-
tions at the first-neighbor sites were computed, as well as
the charge densities n, [Eq. (9)] and the defect potentials
[Eq. (15)] for u referring to these sites. Then Eq. (4) was
solved for the defect level (without iterating the defect po-
tentials on the neighboring sites to self-consistency).'®

Qur calculations show that the neutral and singly ion-
ized centers each form an s-like 4, state in the band gap
and a triply degenerate p-like T, resonance state just
above the condu:tion-band edge. This A, state is pulled
down from the conduction band because the chal-
cogenides are more electronegative than Si. The A, state
is occupied by one and two electrons for the singly ionized
and neutral centers, respectively. Although the charge
states of the two levels differ by unity, only about 8% of
each deep-level electron’s charge resides within the central
cell of the impurity.'’~'® Ionization of the neutral i impur-
ity decreases Eand“p from 0.16 to 0.08, but n’ s in-

creases to almost fully compensate this effect. Thus the
valence electrons screen the deep impurity to make it lo-
cally neutral in the central cell, regardless of its global
charge state.

The predicted absolute ionization energies of the
chalcogen's deep levels are given in Fig. 1, where they are
compared with the data of Refs. 3 and 4. The agreement
is gratifying, especially since the theory omits the effects
of lattice relaxation,®® the long-ranged Coulombic
electron-impurity  interaction, and electron-electron
correlations—and hence can be expected to have an uncer-
tainty of a few tenths of an eV. Indeed, the agreement be-
tween theory and data becomes excellent if the theory is
shifted downward by ~0.3 eV. We are aware of one oth-
er self-consistent calculation of a charge-state splitting for
a chalcogen substitutional impurity in Si: Bernholc et al.*
treated S in Si. That theory predicted an A, state (.1 eV
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FIG. 1. Deep energy levels in the band gap of Si of the singly
charged and neutral chalcogen impurities. All energies are mea-
sured with respect to the conduction-band minimum or ioniza-
tion threshold. The theoretical predictions are denoted by solid
lines {with their energies underneath) and the data of Refs. 3
and 4 are given by dashed lines. Occupation of the A, one-
electron states by one or two electrons is denoted by solid circles.

below the conduction-band minimum, and found T';- and
E-symmetric resonances somewhat above the band edge.
After including the long-ranged Coulombic electron-
impurity interaction, Bernholc et al. predicted first and
second ionization energies for S of 0.25 and 0.45 eV—in
satisfactory agreement with our results of 0.01 and 0.24
eV. The theoretical uncertainties in the self-consistent lo-
cal density calculations are comparable with those of the
present work despite the orders of magnitude greater com-
putational complexity of that theory, which, because of
problems related to obtaining the correct energy-band gap,
must include many bands to obtain an adequate represen-
tation of the conduction-band spectral density in Eq. (4).
(The present work circumvents that problem, in effect, by

using an empirical fit to the conduction-band structure
and the density of states.”) Shimizu and Minami, using a
cluster molecular-orbital theory, predicted an ionization
energy of S* in Si of 0.57 eV.?! While this energy is in
excellent agreement with the data, the wave function asso-
ciated with this level appears to be quite different from
that determined experimentally.'®#?

The charge-state splittings of ionization energies
predicted by the present theory are (.23, 0.22, and 0.19
eV, and are in good agreement with the experimental
values 0.30, 0.29, and 0.21 eV (Refs. 3 and 4) for S, Se,
and ‘Te, respectively. The chemical trend in the observed
charge-state splittings, AEg> AEg. > AEq, , is correctly
reproduced. The value of 0.20 eV obtained for S by
Bernholc et al.® is slightly farther from the data than our
value, but this difference is not significant, and the two
theories should be viewed as giving the same prediction.

The predictions of deep-level energics obtained here are
very similar to tlose predicted by Hjaknarson ez al.!? us-
ing a non-self-consistent theory for neutral impurities. By
iterating the theory to self-consistency we have been able
to obtain charge-state splittings of the magnitude observed
experimentally. However, the present work shows that a
deep impurity tends to remain locally neutral in its central
cell, regardless of its global charge state. For deep levels
associated with single or double donors or acceptors in co-
valent homopolar semiconductors, the splittings are
known to be 0.2 to (.3 eV in magnitude, and can just as
accurately be taken into account by an ed hoc adjustment
upwards {downwards) of the neutral defect levels by ~0.2
to 0.3 eV for each extra electron (hole). Of course, this
should not apply to highly charged states of defects in
strongly heteropolar materials or to systems in which
there is significant charge transfer. For such systems, ful-
Iy self-consistent theories may be necessary.
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Localized Perturbations in Semriconductors.

Joux . Dow

Department of Physics, University of Notre Dawe - Notee Dame, 1IN 46550

1. — Introduction.

In these Jeetures we ontline a simple but generul theory of electronice states
assochited with Jocalized pertmrbations in semicondunetors. The basie problem
we consider is the « deep-level problem s, namely predicting the point-defect
energy levels that lie near the middle of the hand gap of a semiconduetor.
When we began work on this problem, a deep level was defined ax a level that
was not shallow, namely one more than 0.1 eV from the neavest band edge—a
level that could not be theymaliy ionized at room temperature. (That definition
has since been revised: see below.) Our own interest in the deep-Jevel problem
resulted from data of Wolford and Streetman for the X impurity in Gads, .1
alloys [1]. This impurity appeared to be shallow in GaP, having a binding
energy of snly =11 meV, even smaller thax the 33 meV ceficctive-mass theory
binding energy of the shallow donors 8 and Se. However, it became a genuine
deep level in the alloy for 2 o 0.5 and wmerged into the conduction band as a
resonance for x< 0.22 (kee fig. 1 [2, 3]). Thus the X impurity level was appar-
ently shallow (for r = 1), deep (for » =~ 6.5} and no level ar ol (for x < 0.22
as one wvaried alloy composition « continuonsly from GuP {(xr = 1) to Guds
(¢ == 0).

1'1. Gads,_ .. = The alloy host Gads,_, I, s a Dand strueture that is
well deseribed by the virtual-ervstal approximation (4] and varies contiruously
from the direct-map band strueture of GaAs (with the conduetion hand minivium
at "= (0,0, 0) in the Brillouin zone) to the indirect-gap strueture of Gal
{with the conduetion band minimum near the X-point: (27/e )1, 0. 0)) (see
fig. 2%, The band gap of Gads is'in 1he infra-red. Pare GaAs woul? it sueh
Helt beeanse the band gap is diveet, and the magaitude of the mowestum of ‘
a thermalized clectron-hol- paiv, Uk, — k], eait be equal to that of the emitt-d
photon, 27 2, which is essentially zero on the seale of 1l Brillonin zone, In
contrast, Gal” has au indiveet-gap band strnefnre, aud so o thermadized con-
duction eleetron las a significantly different wave veetor from a themalized
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Fig. 1. — Hlustration of the dependences of shallow and deep impurity levels on alloy
composition z in Gads,_, P, alloys, after vef. {2, 3). The zero of cnergy is the
vialence band maximum. The direct conduction band edge is I and the indirect edge
is X;. The N and O decp levels are denoted by solid lines. The shallow levels of 8
(or 8e¢) are denoted by dashed lines. Note that the direct-indireet cross-over occurs
for z =~ 0.45 and that the shallow-level binding energy is larger in indirect material
(becunse the cffective mass is larger).

hole. Hence pure GaP eannot emit light even thoungh its band gap is in the .
green—a highly visible part of the spectrum. The alloy has become techuno-
logically important. because, for » =~ 0.4, the hand gap lics in the visible
(red), but the band structure is still direet—hence this material is ciuployed
in red light-emitting diodes (LTEDs),

L2, Colwmn N site ing writies NoQy Sand Se in Gads,_ 1. — To fabrieate '
a light-emitting diode that emits in the vellow or the green from these alloys,
one needs a source or sink of erystal momentum, K= (2x/¢,)(1, 0, 0), so 1l
the selection rule k, — k, 4+ K =0 cav be satistied. Tmpurities can supply the
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Fig. 2. — Tlecironic energy band structures E(k) of Gads and Gal from L o I'te X
along the (100) {f.c. I"to X) and (111) (i.e. I' i0o L) directions of the Brillonin zone, after
AL L. Conex and 1. K, Beresrressun: Phys. Ler.. 141, 789 (1966). Note that the band
gap of GuAsz is direct ot in the infra-red; GuP has an indivect gup from the valence
Dand maximunat 7 to 1he eonduetion hand min