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Self-consistent Pseudopotential Calculations

for Si (111) Sﬁrfaces; * Unreconstructed (1 x 1)

and Reconstructed (2 x 1) Model Structures®

M._Schiﬁter,+ James R. Chelikowsky,

Steven G. Lodie# and Marvin L. Cohen

L _ , Departmentlof Physics;‘Uniyersity_Of California.
| and |

Inorganlc Materials Research DlVlSlon,

Lawrence Berkeley Laboratory, Berkeley, Callfornla 94720

Abstract
A.recently develeped mefhod involvingvself?
consistent pseudopotentials has been used to
d caicuiate.the electbonie'structufe of several_Si‘i~
' (111) surface models. dThe results for[(l‘x 1) |
'dnreconstructed, relaked and unrelaxed surfacee.
S with
are companed A eaplier calculations and discussed
‘in terms of density Of'states‘eurvee,and charge
bdensity distributione.- A fully Seif-eonSistent
o _caiculation has been carried out for Haneman's
(2 x 1) recenetructed surface model. It is found
thaf the important experimental results can be
using _
understood A this model, and changes in the electronic
. structure occurring after reconstruction are rational-
ized onfehemical'grounds. In particular infrared
absorption measurements; photoemission_measurements'
and recent angular dependent phetoemiesion neasure—

ments find consistent explanations.

LBL- 3944



I. Introduction

In this paper, self-consistent caiéulatiohé of the
electronic‘étructure of several Si‘(lll) éﬁrfacelmodels are
described. The electronic stfucture of Si (111) surfaces
has.been investigated in a large number of expérimental

. 1-9 _ ) havevbegn
studies . Most of the experiments , done on surfaces
having either f2 x 1) or (7 x 7) superlattice Stfuctureé
- which are the metastable and stable surfacé érrangements
of Si (111) respectively; Very useful resuifs;rhdwever,
have been obtained'from theoretical studies dn unreconstructed

10,11,12,13

(1 % 1) surface models. In spite of the uéefulness-

of these calculations only results obtained from.re%%istic,
reconstructed surface models are consistent with'allA:xperi—
mental data. In the present paper twé'unreconstructed (l‘§>1)*
surface models (unrelaxed and relaxed) are | o ' ,inve5ti~v
gated beforé studying €or the first time by a self-consistent
method)a'realistic (2 x 1) reconstructed éubface model. We
note that self-comsistency in the préseht contevameahs the_.
self—consiétent electronic response to a given.stfucturai“
model. Even though calculations of this kind can and'haVe
been carried out for several strucfural models (unrélaxed,_
relaxed and (2 x lj reconstructed iﬁ our case>;it is extremely
- difficult if not impossible to coﬁpafe tétal enefgieé to
determine the most favorable surface structural arrangemént.
The reasbns for this are two-fold, first it is knbwn experi-

mentally that the surface geometry is strongly temperature

dependent, therefore free energies involving entropies must
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be compared. Secondly the total surface'energies are.large
quentitiee which differ only slightly for the different
geometries. With the present techniques they'cannot be
calculated with sufficient precision to yield reliable
results fof‘the energy differences. The present celcclations'
as well as all previcusiy‘existing seiféconsistent calcula-
tions are therefore restricted to the self-consistent
determination of the electronicvstrccture in response to a  '
given structural model. |

~ The only other Self—consistent apprcach to.the (iil)
surface of Si has been presented by Appelbaum and Hamanhlo?ll

(AH) which like our approach is based on the pseudopotential

‘scheme. For metal

surfaces),pseudcpotential calculations by (AH) for Nalu and

by Alldredge and Kleinman (AK) for Alls and Lit® nave been

carried out very successfully. Ain addition to the specific

with
problems connected A @ sel¢~con81stent treatment the main

dlfflculty o ' _ ‘ arises from the

‘ treatlng
absence of perlod1c1ty 1nAthe surface case,



AH solve this problem by expaﬁding the
électron wavefunction in»a_mixed representation i.e. two-
dimensional plane waves to account fdr the'periodicity
parallel to the surface multiplied by functions depending
on the remaining spatial coordinate, z, perpendicular to the
surface. = In this mixed»representation
the Schradinger equation becbmes a set of.coupled
differential equations in the spatial ¢oordinate,<z,vwhich-
can be integrated stepwise numerically obeying a?prépriate
. boundary conditions between the .vacuum and_é matching plane
somewhere in the crystal. Numerical problems and instabilities
howéver, turn this physicallyvappealing concept‘infé a rather.
involved procedﬁre.

| AK also start with a mixed representation,>howevervuéé
a series of analytic trigonometric functions describing the.
z-variation of the wavefunction perpendicular to the surface.
Retaiﬁiﬁg a finite number of these periodic fungfiéns is».
equivaleht to periodigallyjrépeating fhe surfaée (or:better
the thin film). If these films are spaced sufficiently far
enough apart from.each other and if they ére sufficientlyn
thick, their suffaces can be regarded as non—interacting'and.
. representative of the true drystal Surféce. More precisely,
AK expand the z-variation of the wavefunction,ih a truncated

: cosine ‘

set of trigonometric sine.and A functions whichrindividually
all vanish half way between the films. We believe that these

specific boundary conditions, which are not strictly imposed
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by the physics of the system may result in slow  convergence

behavior since they add an artificial symmetry to the broblem;
Our method in contrast to AK's approach useé a Set of

périodic, trigonometric funcfions with afbitrary fathéf

than fixed phases.

Using‘this basis set.our'procedure
is ‘then ébmpléteiy equivalent to placihg thé film in a
périodic array.and expanding the wavefuﬁction in pléﬁe waves
in the usual form.as for‘bulk caldulations. The most appealiﬁg
feature of the approach is that the pseudopotential methbd'
'(EPM)17 in its simple standard form can now bevapplied.“ln
particular} non-local potentials gah easily be'incorporated
(which'is not evident in AH?S methbdj andnexperiénce ‘e.g,”
about convergence of wavefunctions gained in_calculations
of bulk layer cf.ystalsl8 can be used. The méthod adoptédf
for the present study of the electronic structure of Si (111)
surfaces however goes beyond:the standard EEM‘through the
requirement of self-consistency. As reportedbin earlier

letter813’19

the method may be applied to various kinds of
locallconfigurations iike.atoms, molecules, impuritiés, .
vacancies, one-dimensionél chains, tﬁo-diménsional layers,
surfaces or interfaces. The disadvantagesvand also the

ultimafe limitations of the method in dealing with compli-

cated systems is connected to the lérge number Qf‘plane waves

required to describe the systems' wavefunctions. The use of



symmetry adapted combinations of plane waves is a helpful

The remainder of

.tool in dealing with this problem.

e

- this paper will be organized as follows. In Section II

the various steps in the self-consistent calculations are

discussed in detail. The results for the electronic structure

xed ‘Si (111) surfaces

of unreconstructed, relaxed and unrela




“

~ before,

are presented in Section III. Section IV contains the
discussion of results obtained for & (2 x 1) reconstructed

surface model. In the final Section V the main results are

- summarized and some concluding remarks are given.

II. Calculations

In this section a detailed description is given of the

self-consistent calculations, carried out on several Si (111)

surface models. The method has been described brieflyv

19,13 and mentioned in the introduction of the

preéent paper. The essehcé of our method of calculatioﬁ is
to retain (artificial) periodicity perpendicular to the 
surface;. In other words a large.elongated unit cell is-
defined,which in two dimensions is spanned by the'éhortest
lattice vectobs_parallel to the surface i.e. for the :
unrecOnsfructed surfacé, hexagonal latficé vectors with fhe
length of V2/2 a,, where a_ = 5;43'2 is the lattice constant
of bulk Si (the 2 x 1 reconstrﬁéted caée will be discuséed
later) and by a long c-axis extgnding-ovér M atomic layers
énd N layers of empty space. The'numbers.M and N have to be

chosen such that (a) the film of material is thick enough

to effectively decouple the two surfaces on each side of

the film and (b) the film surface potential can decay 1into

- the "vacuum" without perturbation arising from other

periodically displaced films. Various test calculations

showed that films of M = 12 atomic layers separated_by N~y

layers of empty space resulting in a lattice constant



¢ = % V3 a, fulfill these requirements well for Si. ~The
problem thus consists of self-consistently solving the
electronic structure of a "periodic" system whose hexagohal
unit cell with the above mentioned dimensions contains 12
Si atoms  (for the unreconstructedlsurface). Prodeeding

in the standard manner we expand the electron wavefunction
in plane wéves with reéiprdcal léttice vectbfs9 G: - |
1e®r

v () = I oa N (@)et s

~ 9 ~

In order to account well for the "structure" in the lafge
uﬂit cell (i.e. the individual.atoms or bondé) this |
expahéion has to be carried to sufficiently high_@—vectofs.
A kinetic energy cut-éff E, = Igma#lQ x 2.7 ryd, which is
independent of the siZe of the unit cell was?chdsen in
accordanée with earlier bulk célculations18 on layer éryétalé.i
This cutoff which corresponds to a cutoff close to (220)
in cubic_bulk Si, yields about 160-180kplane wavés up to.
(0,0,12) which allow sufficiént variation of the wa§éfuncfionsv‘
inside the unit cell aﬁd,at the surfaéé. The.variations of
the calculated total charge inside:the-film canrbe:compaféd
to bulk charge densities of Si calculated with much larger |
cut-off energies. Tyéical differenées éré of theiqrder of

| 20% in‘the peak values of the charge distribution. 'Té
improve the energy convergence another 340 blané waves are
included via L&wdin's perturbation schemel7vwhich correéponds

2

that the decay of the wavefunction into the "vacuum" does

to a second cutoff at E, = 6.0 ryd. We would like to mention
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not represent a particular problem in this context. .In‘fact
the wavefunctions at the surface decay into the vacuum‘dver
about the same length as do wavefunctions'iﬁ the.bulk.of
very covalent cfystals (e.g. bulk Si or layef compounds)
decay along certain (ggfbbnd) directions. - This can e.g

be inferred from the results of AH which because they are
obtained by real space integration at the surface should be

fully converged.

N | ., o No group
theoretical simplifications‘wefe incorporated into the present
calculations, since it was desirable to solve Schrddinger's
equation for general_g-points in the two—dimensional'
(hexagonal) Brillouin zone. Thebonly remaining symmetry
oﬁerationvwhich would leave fhese E—points invarianf would
vbe a reflection parallel to the surfece plane which however'

is not present in the D q group of the 81 (111) films.

3

The expan81on of the wavefunctlon leads to a matrix

eigenvalue equation of the usual kind

é’ (Hg,g, - ES§ G G')ak(G ) =0 | (2)
which is solved by standard methods_.17 The Hamiltonian
matrix elements are of the form

- 2 ' ' ' o

where VPS(G,G') represents a genefal pseudopotential matrix

element.
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The present calculations are restricted to the use of
local pseudopotentials which are known to yield very satis}
factofy results for bulk Si. The self—consisfency loop was

entered with an empirical potential

_ at ‘ .
vemp(g) = S(§>vemp<|§1) o (%)
where _
‘ 1M siger; o "
5(6) = § L e "2 <1 (5)
. ~ T-. N
~1

is the structure factor describing the atomic positions in
the "large" unit cell and where Vzgp(]G[) are fprm’factor
values derived from a continuous curve of the form
_ ) _
al(q -a2)

V() = 2 (e
' exp[as(q —au)]+l ' :

The four parameters a; in Eq. 6 which are given in Table 1.
were determined by fitting V(q) to 3 form factor values for
bulk Si V(111) = -0.2241 ryd, V(200) = 0.0551 ryd; v(311)_=
0.0724% ryd and renormalizing it for the dirfferent unit cell
volume. Some continuous extrapolafion_of the kiﬁd cf'Eq.IS
is neceSséry to obtain form factors for the "new" Q;vectbfs
bf the surface problem. While the shortest Q—Vecfob:in'
bulk Si (111) has the length.of l.OSa»u.;in the éurface
problem g—vectors as short as 0.l4a.u. are needed. The
empirical potentisfj/:e)is very uncertain at these small
§~vectors and large changes are expected in fhe course of

self-congistency. The long-range potential fluctuations

corresponding to these small G-vectors are absent 'in a
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- bulk ~~  Si crystal. In the surface case they are important

as they form the surface potentlal barrler and strongly
determlne ‘work functlons and 1onlzatlon potentials. The'
solutions of the elgenvalue problem,.Eq. (2), are the energles'
En(g) and the pseudovwayefunctiona defined by Eq. 1. These
quantitiee were eQaluated at,28 E-points in the irreducible
part (1/12) of the two-dimensional hexagonal Brillouin zone.
This relatively lafge number of sampling points was chosen
rather than one or several "special E~points to.precisely

determine the Fermi level and the total valence charge.

- The unreconstructed Si (111) surface is metallic since

- the Permi level falls within the "dangling bond" surface

band. 1In this surface band, occupied and unoccupied states

&

differ in their electronlc charge dlstrlbutlons which justlfles
the "flne" sampling of the Brlllouln zone. In the-case of

"true”'semlconductlng surfaces as unreconstructed (110)

zincblende surfaces or (2 x 1) reconstructed (111) Sl surfaces, _

we believe calculatlons based on a few spe01a1 E—p01nts will
yield good‘self—consietent results.' To defermine fhe Fermi~’
level, the density of states, D(E).was evaluated ueing the
method of Giiat and-Dollingz'0 with the necessary energy

gradients derived by k-*p techniques. Once the Fermi level

' E. was known the total valence (pseudo) charge density p(r)

i3

could be evaluated



-12-

_ Onée the
valence charge p(§> ié known in terms of itsvfburier compo-
nentgip(g); the Harfree;Fock type screéniné potenfi§ls VH
énd VX qan'easiiy be evaluated. VH_is_the'repulsive thlomb
potential seén §y an electron and genéraﬁed.by all fhé'yalencé

electrons. - It is defined by Poisson's-eqﬁation
2 2 .
v VH(P) = -4me“p(r) 7 - (7 )_

and it can be written as a Fourier series

iG-r

VH(E) = é VH(Q)e ~ | »’ (87)
with -
. v uﬁezp(G)
VH(Q) = -~

A 11
|G|

LS
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Thehdivergence of’VH(g) for |§| > 0 is physically irrelevant
since it is exactly cancelled by the _ ionic potential
generated by the positive Si+u ion cores (overall charge
neutrality);_ We can therefore arbitrarily set V (G=0) =

(G=0) = 0. Numerlcally, however, the dlvergent character

Vion'S
of Vi (G) (and V. (G)) for small G values poses stability

ion <
problems as we shall dlscuss later. The non- local Hartree—,
Fock exchange potentlal v (r r ), whlch if added to the
Hartree potentlal v (r) cancels the electron self energy
contained in VH(r), has been approximated using the statis~

tical.exchange model of Slater.21 It thus has the local form

V() = -a (——)~/3c @I ey

In the present calculations the value a =;0.79 is used in
accordance with AH which brings Slater's exchange in agree~

ment with Wigner'322 interpolation formula at the average

1/3

valence charge density of Si. The function [p(r)] has

been obtained by evaluating p(r) = 3 p(G)elg T at a three-
_ R ~ G
dimensional grid of N ~ 10,000 r-pointSvsampllng the real

. space unit cell The cube root has then been taken at each

individual r-point and the resulting functlon [p(r)]l/3 has
been transformed back 1nto Fourier space according to
_ , | - _ ,
. r. .
~1

The precision of this procedure .can easily be tested by
omitting the step at which the cube root of'b(ri) is taken.
The final p(G)'shouldvthen be identical to the initial values.

The exchange pctential then has the form -
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V() =-a|o>| e?(3r2) 3 5 o130 T (1)
X7 2T c ~ .
The exchange potential is an absolute potential which approaches
zero in the vacuum as the charge goes to zero. pl/u(G=O)

“has a finite value and is essential in determining the absolute
: - _the ' :
value Qf/1 potential. The sum of the two potentials V_(r)

and Vo (r) yields the electronic screening potential

sreen(@ 71 (V @+, @€ T a2
and is at each step in the self—consisteht loop‘evaluated_
from the total valencé charge.

After initiating the calculations with an empirical
potential Vemp (Eq. %), the seif—consisteht'loop‘is continued

by adding the screening potential V to an .ionic potential

screen

Vion generatedvbyvthe Si“+ ionic cores. This ion pseudo-=.

potential contains in addition to the exchange o, the 6nly
parameters of the self—consisfent calcuiation. Pirst,

there are the\atbmic positions in the surfacevwhich enferr
VioﬁAvia a étructure factor given b§ Egq. 5. In‘addition to,
the structural model, the individual atomicvionié potential
is also based ohla éarametrized model. 'Assuminéifhat'to first
order the ion cores do not change in»thé free ion, in. the
bulk cfysfal or in the surface, an atomic modei potential
whicﬁ was fit to atomic term values (aé done by Heine and
Abarenkovzs) has been used in oﬁr calculation. OCne important
(but not sufficient) check on tﬁevquality of this potential

is to use it to perform a self-consistent Si bulk calculation.

This test is not sufficient, since bulk calculations do not
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probe the‘lohg range Coulomb tail of ionic:poteﬁtials., In
~ the case of'surfaces, however, this tailiis of‘iﬁportanée.
On the other hand, the Coulomb tail is_modei independent and
fesults in a l/q2 behavior of the Fourier'trénsformed
potential for small wavévectors.:'.
The repuisive cores of the ionié'model pbténtials
.f;tted by Heine and’AbarenkQV to atomic>term values are -
non-local or 2-dependent. In the‘present.calculatioﬁ a
local,’"on Ferhi sphere" approximation was-uéed in dériving‘
the Fourier transform. This Féurier transform waévfitted
to a four parameter,éﬁryé of the form |
V2t () = -} [cos(a,q)+a jena Caw
~ion . q2 2= 37T R
The values.of these four pabameters_are‘givén'in Table-i.h
‘The poféntials are normalized to an atomié VolumeIOf lBQ;(a.ﬁ.)3
and the units are ryd.bif q is entered in a.u. Equation 15.”
behaves like 1/q2 for small g represenfing the Coulomb'téilv'
and decreases exponentially for lafge_q allbwing a defihition
6f a regsonable cutoff qé P~ 3a.u._fqr Siuf. As'mentionéd
above, self-consistent Si bulk calculations based on this'
ionic pseﬁdopotential yield a band structure in excellent
agreement Qith the most recent empirical calculations.z%;.v
The most important électrohic transition energies are repro-
duééd té within #0.1 eV. The total bulk valence'chafgeg
derived from fhis self-consistent'bulk éalculétioﬁ compares
very favorably with the empirical charge densities of Walter

and Cohen.2?® The. values of charge densities in the bonds
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change from 25.5 to 25.8 electrons per unit cell and at the
atomic sites from 7 to 5.5 which results from a more

repulsive self-consistent potential at the atoms.
n =
The input potentials for stepspl and 2 of the self-

consistent loop then become

( )(r) =V ()

emp ~ .
(2) . (1), | |
(?) = leﬁ(E) + Vscreen(g> , (1u)
Note that whlle Vv m (r) and V.' (r) are lineer super-

(n)

positions of atomic potentials, all other potentlals V
v screen

and V(n l)(n > 1) are of a more geneﬂal form and canvno
longer be factorlzed into structure factor tlmes fO“m factor
Th;s fact accounts for the non-linear nature of the dielectric
screening and results -in the existence of "forbidden", |
reflecticns in the self—consistent poteﬁtial.

Since the potential V emp (r) was defermined empirically
for Si bulk crystals, it is noL expected to yield a very
good screenlng charg° for a surface descrlbed by the, ionic

(2)

cores. V' (r) In fac (r) results in a very dl ferenc

'elgenvalue spectrum and charge than does V(l)

(g) and_any
further: steps in the self-consistent 1oop based on a'
stfaightforward extension of Eq.'lu would be unfeasonabie‘
and not COnverge. This very unstable behavior of the self-
consistent‘ﬁotentialsvin particular fcr the small G-vectors
has already been described by Lang and Kohn?® and"by:AK.16
- In agreement with these authors we also find that=relaxed,

modified versions of Egs. 14 which compure'the.input potehtial
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of stage (n+l1) froﬁ a linear mlxtﬁfe of 1nput and output
potentlals of stage (n) does not result in a convenlent
method to attain rapid convergence for the surface problem.
In the present'caleulations these o
instabilities were dealt with by computingvedjusted input

' potentials.VEg)(g)'fof‘n > Q,fromrpreceding input and‘eﬁtput
potentials individually for each smeil G—veétor. ~This can
best be done by inspeeting 1Y out Versus V. in graphs separately
for each small @E Even though the various Fourier compo-v
nents are not independent, this procedure helps to reach
convergence fairly rapidly. ,Mathematicallybthe instebilifies
are reflected in rather steep curves (with negative slopes)
of V versus Vin’ i.e., very small changes in V ' resﬁlt

out

in large overshoots in V

out” For hlgher G~vectors, [GI

la.u., no instabilities occur and convergence is eaSlly
reached. Because of the above mentioned 1nstab111tles and

difficulties in determining long range potential rluctuatlons,
work functions and ionization potentials are . difficult

'toipbtain corpectlzmbyuqurfmetped,
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III. Results for Unreconstructed Si (lll) Surfaces

Clean unreconstructed Si (lll) surfaces are known to be
thermodynamlcally unstable below 900°C. 1 Stablllty can be
reached at lower temperatures by adsorptlon of adatoms
Nevertheless the clean unreconstructed surface presents an
excellent model for the theorotlcal study of surface effects
and results obtalned for it can be compared to subsequent
more elaborate (reconstructed) surface calculatlons. Our
stucy.of the Si (lll)fsurface thereforeastarts with'tﬁe'
cleau;yunrelaxed, unreconstructed.surface; in which all
surface atoms remain at their exact'”bulk" positions. In a
second.f"relaied"} model tﬁe outermost atomic layer'wasv
rigidlylrelaked inuards'by'an amount of A = 0.33 X as

10

proposed by AH. In Fig. 1 the crystal structure of Si is

viewed in perspective along the [llO]'direction; The [111]

direction is Vertical.v A horizontal (111) surface is obtained

by cutting all vertical bonds in a plane;‘
”_An excellent overall impreSsion of the behaVior‘of the
electronic states at the Si (111) surface can be obtained

vby considering the total, self-consistent valence charge

distribution, as presented in Fig. 2 for the unrelaxed surface

model. The figure shows charge density contours in a (lldl
plane cutting the_(lll) surface at right angles (see Fig. 1).
The plotting area starts midway between two films and extends
about % 1/2 atomic layers into the bulk. The atomic
.(uﬁrelaxed) positions are indicated by dots. ﬁoving deeper

into the’crystal, the charge distribution closely resembles

10-12



the Si bulk charge densities; near the sﬁrface, it.decays
‘rapidly into,the "vacuum'. This_rapid decay assureé the
'féquiréd'"vacuum"_and henée the decoupling of the films.

No éurface states can be recognizéd on this plot, since only
a small number of thém exists in a continuum of decaying
bulk-like states It is instructive to compare the charga
distribution deeper 1n81de the crystal to the standard,
'highly convergent Si bulk charge densities of Walter and
Cohen..25 These bulk charge densities which were derived
from wavefunctions»including abouf 90 plane waves up to

G = (331) Qﬁ/ac'have yaiues of 25.5,.7 and 1l electrons per  ’.
. bulk unit celi volume Q = acs/u for the boﬁdihg site, fhé |
atomic site and the antibonding site respectiveWy | Dﬁe to
the lower degree of convergence in the present surface
'calculatlgns the charge density reaches values of 20, 9 and
12 at the reépective sites. This lack of charge '"modula-
tion" which amounts'to abouf 25% at the bondingvéites,resulté

1/3)'

in an error in the exchange potential (~p of at most 8%

at the bonding sites. We believe that this range of
uncertainfy in the potential of chargé,is accepféble and .
does not influence the results moré fhan other conceptual
uncertainties like the choice of the faétor o scéling Slater's
exchange potential. The total charge density can also be
compared with results obtainedAby.AH for a relaxed Si (111)
’vsurface.lo (The outermost atomic layer has been féiaxed_

o : ) .
inwards by 0.33 A.) .Scaling their charge contour plot by

the volume Q the values 20, 3 and 10 (%2) are obtained for
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the respective sites. Their particularly low vaiue at the
atonic site might result from a stronger repulsive core |
potential. R

Iﬁ Fig. 3 contour.plots are presentedifthe Self~consistent:
pseudopotential giving rise to the valenée charge discussed
above and of the empirical starting potential. The poténtials
arevdisplayed in the same pléne_as the chafge in Fig;AZ,'
with values given in rydbergs. Self-consistency.was reached
'within 0.01 Ry) After 5;7 steps. Normaiized to approach
zero in the vacuum thevpotential values forlfhe sélf— |
consistent and empirical potentials are -1.8 (—l.8)zat the

bonding site, +0.8 (+0.1) at the atomic site and -1.6 (~1.0)
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at the antibonding site respectively. The self—consistent
potential at the bonding sites differé,slightly'for.the

different bonds, thus éausingsome asymmefries»in'thé bond
charge distributions. - : V. Note | the more
fepulsive core of the sélf—Consistent potential resulting

~ from the model ion_potential used; As

mentioned earlier, both potentials lead to very éimilarnbulk
energy spectra ‘and bulk chargé'densities. The‘self—v
consistent poténtial of AH for a feléxed surface model:
reaches values of abbund -2.2, >0.2 and -1.6 at the_bgnding
site, atomic sife and antibonding site respectively. This
is in good agreément with our self-consistent potential
excépt poSéibly at the atomic éite whefe the AH value is
not explicitly given in ref. 10.

To illustrate the various contributions to the total

(z),:

self-consistent potential in Fig. 4b, the potentials Vion

VH(z) and Vx(z) averaged pérallel to the surface are plotted
as a function of the coordinate z nerpendicular tovtné surface.
Dne'tn their strong long—fange Coulombicharécter vion and VH
show only small short'range fluntuationsj compared to_their
absoluteIValues. Vion rises about 30 rydbergs_over.the last
six atomic layefs and forms a. strong surface barrier. It is
very delicately balanced by the scneening‘potential VH

leaving a weak attractive net potential with fluctuations on

the scale of interatomic distances of the order of O.SIrydbergs._-



Strictly speaking only the sum of VH and Vion is phyéically

meaningful; the individual potentials diverge as 1G]

—:Z.
_ min

The sum is added to the exchange potential
VX which is of comparable strength and_modulatidn. The
resulting total self-consistent potentiél is indicafed in .
Fig. 4a. 1In this figure the original empirical_stérting
potential is superimposed to demonstrate the chaﬁge'in the
potential occurring because of the self—consisteﬁcy procedure;“'
While inside the crystal the two potentials Vemp(z) and
VSC(Z) are almost identical (the potential'differenbes visible
in Fig. 3 cancel almost exactly after averaging ﬁarallel to
the surface), the self-consistent potential VSC(z) is somewhat
deeper at the outermost atomic layer.and exhibits a higher:
surface barrier of about 0.2 Ry. . These chaﬁges
localize the charge more in the Surface, stabilizé the.surface
statés and increase tﬂe ionization potential. vIn-fact, using,'
- the empirical starting potential,chargé*originating from
states at the top'of the valence bands was leaking ouf into
the‘"vécuum". "This chagggﬁigng?acﬁo the surface by the
stronge? potentiallobtained in. course of self—conéiéténcy. 
Though the differences between the empiridai'and self-
consistent surface potentials seem to be relatively:small,
thgy“are essential to stabilize the surface. An ibnizatioﬁ
potential of about 4.0 eV has been céiéuléted. .As mentioned

earlier this quantity is difficult to determine precisely

with our method and the calculated value is only approximate (+1 ev).
Figure 5 displays the two—dimensional.band'structure of |

a twelve layer Si (111) film based_oﬁ the self- |

consistent potential for the relaxed éurface model. The

band structure is presented for surface E—vectors k]! between -



, in'tﬁe hexagonal Brillouin zone
rce,0), M(1/2,0), K(1/3,1/3) and T(0,0)4 The 24 valence
bands can be roughlj divided into ;;égoups, representlng

the 6 low~ly1ng s-like bands, 6 bands of mixed s- and p-
character, 11 p-like bands and oggfgrizﬁe dangllnc—bond

band in the fundamental gap. The three groups of bands,
would with increasing film thickness apprbach

continua o sepafated by Several gaps'iﬁ which most
of the surface states appear. Let us first discuss the
dangling bond bands in the fundamehtsl gap. Suppose a Si
bulk crystal'is cut every 12 layers'parallel to the (lll).
plsﬁe.and the pieces are’gradually‘separated frsm‘each other.
With incfeasing distaﬁcé one state each would split'away

from both the .~ valence-bands and .the conduc=-
tlon bands to meet about at half -gap to form the two fold
degenerate dangling bond surface band correspondlng.to the
broken bonds on either side of the Si films. In Fig. 5
thé.fwo bands are not exactly degeneratevcorfesponding to
some wssk interaction (~0.2 eV) still:présent betWéen'opposite
surfaces of the 12 layer films. If the surfaces are un- |
felsked and,unfeconstructsd the fwo dangling bond bands show
almost no dispersion parallel to the surface, i.e. thej would
appesr extremely flat in the baﬁd>strusture plot. If the
outermost atomic layef is.relaxed inward, the dangling bond
band shows an increased dispersioh paraliel to the surface -

. slight '

together with a 4 overall shift of the bands (see Fig. 5).

This effect shall be discussed later in_mbre detail 1in

relation to charge densities and densities of states.
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In contrast to the dangling bond surface band which exists

throughout the two~dimensional Brillouin.zone independent of

relaxation, other surface states show up only in parts o
and some o

the two-dimensional Brillouin zone 4 depend on relaxation.

Ky
EX

They are indicated at the high symmetry pOints 'y Kaend M
by dots in Fig. 4. A region of particulaf intérest is'
around the point K. Strongly localiied surface states exist
in the gap between -7 eV and -9 eV independentvof sﬁfface
relaxation. Ihese states merge into the continuum at M and
become strong surface resonances. A similar behavior is
. found around X between -2 eV and -4 eV. »Even_though the
~existence of these surface states does nbt-depend upon
relaxation, their exact energy position is a function of
relaxation. Other surfacevstates appeér bniy after relaxa- :‘
tion like the splitting away of the lowestVQaieﬁce bahd paif
between -9.5 eV and -12.5 eV throughout the zoné.v All these
fiﬁdings have qualitatively also been obtained in é recent |
anélytical model calculation by Ynduraih and-Faiico§.27
Comparison with a tight-binding suffaéeuﬁand structﬁre >
calculatéd by Pandey and Phillips12 (PP} shows quaiitati&e
agreement, though quantitative.differences existvin energy
and number of surface states.  In partiéulafvfive:éﬁrfaée |
étates are foﬁnd in oﬁr calculations At K which'agrees with
the calculations of Ynduréin.énd'FaliCOv whéreas PP‘only
.report four surface states. The existehce'éf_hore than foufl
surfacé'states at a given vécforlgll_" vﬁ‘.inaicéﬁgs that

bonds deeper in the crystal, not connected to the outermost



layer are strongly'affecfed by the surface. The character
of the variogs $urface states will be discussed later in
terms of charge density distributions.

Density‘of states curves for the self-consistent results
for the unrelaxed and relaxed surface models are presented
'in Fig. 6. Since these curves represent the total density
of statés for a 12 layef slab, thedir overall features: .
strongly resemble those of the Si bulk density of states.
The'resuits for the (2 x 1) recohstfucfed surface (inSerf)
are obtained for'avs layer slab,._They shall be discussed
in the;hekt section together with 12 layer (2 x 1)_rééohstructed
sﬁrface calculations. To locate'Strﬁcturesvassociated with- |
surface states (no distinction is made-in fhe pfesent'case
between .bona fide surface sta;eé and strong surface resonances) ,
we investigated the charge density disfributions for smail.
energy intervals scanning the entire width ofvthevvaleﬁéev‘
bands. One problem which arises when simulating Surfaées
By finite slabs ofiatoms periodically repeated, is spurious .
structure in.fhe density’of.states due to the "unreal“
périédicity of isolated siabs pérpendicular to the surfaces.
‘Spurious”twd—dimensional singdlarities ocgur; Their number
increases with the numﬁer of atomié layers per slab. For the
ntfuéﬁ surfaceHcase théée;singuiaritiesbbécome.”dense" and
disappear. For finite slab calculations all étructufeé in
the density.of states have to be in&estigated in this spirit.
‘Similar'problemsyare encountered when.simulatingﬂan ambrphous

material by large unit cells periodically répeated.28 ~The
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locations of surface states and strong. surface resonances
(for:the relaxed gase) are ihaicated by arrows in Fig. 6.
Their labelling corresponds to the regiohs:éround high
symmetry E—Points in the two-~dimensional Brillouin zonszfgaich
they originate (see dots and iabelling in Fig. 5). The |
surface state energies_are given in Table 2 and compabedv

to experimental datauobtained from UPS measurements on

(2-x 1) and (7 x 7) reconstructed surféces, .Also indicated

in”Table.Z are the results of the self-consistent pseudo-

- potential calculation of AH and of the empirical tight-

binding calculation of PP on unreconstructed relaxed Si

(111) surfaces.

Let us now examine the various surface bands in ﬁoré_:-l
détail. When relaxing theroutermqst afomic layér rigidly -
vinwardé by an amount of A = b.33 R,a surface band (2¥fold
quasi—degenerate'in‘our.modél originating from thé two
surfaces of the slab) throughout the entire zone splitsioff
between -ll‘eV and —137eV. It.essentially corresponds.tb

s~like states with some P, admixture kentered on the two
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6utérmosty atomic.layers) which decay into‘fhe crystal. A

. typical charge density plot of these surface stateé near T
.(ng) at about.412.7 eV is shown in Fig. 7 (top).  As oﬁe
follows this surface band fromvf to M té K thé charge'center
moves sbmeWhat back into the érystal, e.g. the charge

distribution of the state X at about -3.8 eV is mostly‘

Lb!

s-like on the second atomic layer with chaﬁge exteriding
considerably into the "longitudinal” bond between second and

third atomic layer. A similar situation is found at M for

IR
and M) thevpreddminant s-like charge on the outermost layer

the state M at about -10.7 eV. At these two pointé (K

-1is ffansférred to the surface states Kgb'andezb'at sdmewhat
higher energiés around -8.5 eV. These stateé (in particular
Kéﬁ) are sfrongly localized on the outermost layer see Fig. 8
(bottomj and décay into the crystal being localized at every
other layer (1,3;5 etc.). Roughly it caﬁ therefore.bé said

that at K the state K at -9.8 eV has s-like charge on’

2b!
the second, fourth, etc. atomic layer, deéaying into the

bulk, whereas the state K at -8.5 eV has decaying s-like

b
chafge at the first, third, etc. atomic layer.

The next surface states or Strdng'surface resonances
appear-only’at cohsiderably highef energy and they corfespond
to mostly p—like‘states with some s-admixture. Stafting»
at f ét —l.SIeV (Ftb) a 2-fold degenerate (4-fold in our -
'case of two surfaceé) surface band appears corresponding to

the transverse back bonds between first and second atomic -

layer; its chafge distribution is shown in Fig. 7 (bottom).
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This band merges into the continuum as one goes from I to M
where it appears as a strong resonance. Again a region of
special interest is at K. A very similar arrangement to

the low lying s-states is found for thevenefgies of the

p-—states° The bulk—like states merge into two narrow groups
of bands separated by a ~2 eV gap (see Fig. '5). One surface
about ‘

state (K b’) is. found inside thls gap atA—Z eV. 1:In constrastu
to the s-like surface state bi aﬁ ~8.5 eV thls state does
.not appeaﬁ midgap; a small thential perturbatlonAmlghtrhavg_“
moved this more sensitive p~-like étate slightly upvtowards
‘the upper group of bulk- like bands. Another:surfacé state

) spllts off below the lower group of bulk- llke bands

between

at —4 2 eV. . The Pesemblance A the s-like and p-like band
structure at K and an inspection of the correspondﬂng charge
densities suggest very strong decoupllng,of s~ and pmstates
at K. This kind of dehybridization decréaseé band disnern |
sion, localizes states and favors the fbrmafibnuoffsurfaée,
states. In fact it is the special form.of-fhe étructure'
factor at K which allows separation>into s-statés(éentered
on even or odd numbered;1ayers,,iqngi£udinal,pfstateé andi
transverse»p-sfates?7 To support this statement further we |
note that the charge distribution for the state Ktb at ¥}.2vev
is almost identical to the chafge of the étates r ip &t -1.5 eV
(see Flg. 7 bottom) and thereforehas strong transve"so
character appearing between the first and second, thl”d and

fourth etec. layer. The state K t -2.0 eV (see Fig. 8

Lb!
top) is of longitudinal charactér,~the'chargeuappears in



‘therefore lowers the energies of the states r b and K

the longitudinal bonds between the second.and third, fourtn
and fifth etc. 1ayer, decaying into the crystal. We would
like to note that the behavior of surface states boinc
localized at alternating atomic layers is‘not an artifact
connected with the finite. slab approximation; it has analy-
27

tically been confirmed for semi-infinite surface models.

In contna st to I where two transverse back bond states

“exist, at K only one such surface state appears, the other

having merged into the continuum. Again the situation at M

is similar to that at K, with smaller gaps; however, and’

surface states merging into the continuum. The preceding

analysis showed clearly that surface states can
deeply
"penetrate'sinto the 1ong1tudinal bond between second and
restrictions

‘third layer which puts severeqon the.size of model clusters repre-

senting the surface and which has to be considered in positioning
a matching plane as used by AH separating the surface

region from the bulk. It can be inferred from Fig. 6 that
inward relaxation strengthens the transverse back bonds and
tb’

It weakens the longitudinal back bonds and raises the energy

of states like K These effects are also reflected in

bt
the total charge density. They shall be discussed again in
connection ‘with the (2 x 1) reconstructed.surfacel

The most prominent surface states are the dangling

bond states in the fundamental gap. In-boLh the un-

relaxed and relaxed cases, the surface bands are
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half océupied leaving the surface metailic with a Fermi
level pbsitioned as indicaféd'in Figs. 5 and 6. A charge
den51ty Dlot for the occupied part of thls band is presented
in Fig. 9. The charge originates fron sLates around M and

K and exhibits the very pronounced dangllng bond character.
The unoccﬁpied states originate froﬁ a région‘around T and
show Séhe étronger mixing with back bond states. Though the.
comparative study of the unrelaxed and rélaxéd_surfaces

yieldgvery useful information abogt the existence energy
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positions and energy shifts of surface states, theéé t&é
’surface models cannot satisfa;torily explain a number of
experiments. Theéé experimenté'include-Various phéto~

~ emission measurementézg surfaéevmobility studies,l photo-
cbnductivityl and infrared absorption measureméntsu on
freéhly cleaved si (111) surfaces, exhibiting ath x 1)
reconstruction. The most important experimentai facts wﬁich
cannot be explained invoivé the surféce.states in and close
to the fﬁndamental gap. To gain some understanding'bf'the
_behévior of these states after (2 x 1) reconstruction and
to find ekplanations for the various éxperimental results,
wé have done fully self—consistent caléulations’on a (2 * 1)
reconstructed surface model. A detailed discussidﬁ of this
sufface modei and the resulté thained is given in thé” 

following section.

Iv. Results for a (2 x 1) reconstructéd Si (lll) éurface model
Carefully cleaved clean Si (111) surfaces exhibit a

(2. x 1) superstructure as seen from low energy electron

diffraction (LEED) patterné. At the present time unfoftunately 

there does not exist é.satisfactory analysi$ of the LEED

intensities which would uniQuely determiné the (2 x l)

surface geometry. Any calculation of the éiectrqnic sfruc~

ture of the (2 x 1) surface is therefore necessafily based

on empirical structural models. - The situation is cdmplicated-

by the fact that the (2 x 1) reconstructed surfacevis meta-

stable. It transforms into a more complex (7 x 7) structure
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upon annealing, which is the thermodynamically stable Si
(111) surface geometry, or it transforms into the simple-

(I x 1) structure after adsorption of adatoms. Once annealed
or contaminated, the (2 x 1) structure cannot”be'recovered;
Due to this fact, models for the metastable (2 x 1) surface
cannot easily be established on thermodynamical grounds.
Various different reconstruction models have thuéibeen
suggested.8 Most recent discussibnsréeémrto fa&or,the
formationvof'the (2 x 1) superstructure by periodicaliy,‘
raising and‘loweringbrows of surfaée.atoms léaving.a.buékléd
surface. This model for recénstruqted surfaces was firé%-
suggested in 1961 by Haneman29 and later developed by Taloni
and Haneman.30 In addition to the périodic raising and'
lowering of-rowé of surface atoms, in Haneman;s-modél; the
second layer—atoms_are slightly shifted laferaliy té
'appfoximately conserve the individualvbond lengths'of-the
‘transverse back bonds between first and second layer.> The
situation is schematically indicated in'Fig. 10. Wit@out
the'latefél shift 5f second layer atoms, transvérsé back
bonds of‘different léngths;Wouid exist. This deified

Haneman model has recently been proposed by AH.3¥

In their -
model calculations done on two differehtly relaxed (inward
" and outward) (1'x 1) surfaces, the main emphasis has been

put on the existence of stretched and compressed back. bonds.

The subsequent discussion of our results obtained for a

(2 x 1) Haneman model, however, will showvthat all essential

- “experimental findings can be understood even if the lengths’

i
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of the transverse back bonds areapproximately-cdnsérVed,'
-The structural parameters entering our (2 x 1) reconstructeé:
sufface model are the following: alternating rows of atoms
have been raised by 0.18 Z and.lowered by 0.11 R,Zggéond
layer atoms have been shifted laterally as indicated by
the‘arrows_in Fig. 10 such a§‘tQ‘approximately.preserve the
iength of the‘back bonds . This'choice_of parameters may
not répfesent an.0ptimum
choice. In particular3'éince these'parameters répresent an
ovefall‘dutward relaxation_of the outermost atomic layer,
some surface states which‘depend on inward relaxétiOn like

the States r at the bottom of the'valence'bands will become

b
delocalized. Our main interest in this study howeVer is

~ the behavior of the'eléctronic states in the vicinity of

the gap and their dependenceVOn'the chafacfer of the
reconstruction (buckling with preserving‘the length of back:

- bonds). The pianar'unit cell now contains 4 atoms. Firét”
preliminary calculations have been done on six-layer slabs
separated by 3 bond lengths of empty épade} 'The ddtrés-
pénding density of states in thé vicinity of the valence

band edge; obtained from 72 %—points in the twoFdimensibnal
Brillouiﬁ Zone ié‘shown as an insert in Fig. 6. 'AsbexPected;ﬂ”
qualitative changes cOmpared‘tO‘thé unréconstruéted (1 x 1)
case occur. Doubling the reél space unit.éell in one.
dimenéionvcorresponds to folding back the Brillouin zone

in certain directions. Thus two surface bands - appear

separated by a gap resulting from the potential perturbation
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of the reconstruction. This behavior is reflected by thé
density of states in Fig. 6 showing two peaks whicﬁ now
correspond to two different bands. In fig.vB the density
of states does not vanish between the two peaks, thus.leaving |
the surface semi—metallicf In fact the gap between the two
surface bands 1is comparable or smaller than their diépersion._'
We believe that this behavior is an artifacf of only |
including 6 layers per slab. The sufface étates'on
opposite surfaces of the slab;show too much interaction,
consequently causing thevsemimetallicibehavior,A'

To obtain _ ' :
more quantitative results (2 x 1) calculations With'IQ layers
per slab have beeh performed. Becausgiof the_large matrix
size (abéut 320 plane waves were included to obféin the
‘same convergence as for the unreconstructed cases), . thé
self-consistent calcuiationslwere based onva two-point
scheme ((0,0)P'andv(1/2,1/2)K'). For the final éelf—_~
consistent potehtial séveral E|lfpoihts aldng high_symmetfy
directions have also been included. .A band structure showing-
the bands in‘the vicinity of the fundamental gap'ié'présentea .
in Fig. llﬂ The two dangliﬁg'bond surféce bands ére'split
by a gap of > 0.27 eV throughout the Zoﬁet_ They éhow somé
aispefsion of only about 0.2 eV. :The Fermi-level falls
between the two bands, thus creafing a semi-conducting
-surface. To obtain a density of statesvcurvé for”these‘bands
a four term Pourigf'expansion for thé band enérgy E(%ffj'
has been fitted to the calculéted band structure at the four

Ell—points r's M', M and K', and subsequently evaluated



over a fine grid of k'l-pOints of the two- -

dimensional Brillouin zone. The results are shown in Fig.
. are found
12 (bottom). Two structureeﬁseparated by about 0.4 eV
to
correspondingathe two surface bands. The lower surface

band which overlaps with.states_arisfng from bulk and other

surface bands is centered at:- about E = EV = 0. Experimental

photoemission data2’3 show structure at somewhat lower energy
(E =~ -0.5 eV). Further lowering of the calculate surface

band and better agreement w1th experiment can probably be

using
obtained bypa dlfferent ch01ce of atomic dlleacement para-

meters. Our resuits, however, ehow the definite trend of '

combined
splitting the dangling bond surface bandsdwvth an overall lowerlng

because of the buckllng structure.
Also indicated in. Fig. ’
12 (top) 1s a joint density OL states (JDS) for optlcal
tran81tlons between the lower and the upper. surface bands.
in this plot.
Matrlx element effects have not been con51deredA The JDS
qualitatively 4
curve can bejcompared to 1nfrared absorptlon measurements
(broken line). A quantitative comparison is not reasonable beeause,
of°  the ad hoc choice of atomic displacement parameters " and
- because of probable strong excitonic effects. '
It is also instructive to calculate the charge density
distributions for states inside the two. peaks in the density
of states of Fig. 12 (bottom). The'corresponding charge
the o :
(or hypothetical charge forpunoccupied upper band) is
displayed in Fig. 13 in a (210) plane intersecting the surface:
at right angle. This plane corresponds to the (110) plane
of the unreconstructed surface. The buckling raises the -

surface atbm on the left hand side and lowers the surface
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~atom on the right hand side. Due to lateral shifts the

second layer atoms are slightly moved out of the (210) nlane.
The states show very interesting real space behavior. |
Electrons in states originating from the lower peak labelled
dout are located predominantly on those atome which.have
been raised and avoid those atoms which have been lOfened.
Conversely the wavefunctions for unoccupied states of the

peak labelled d. are concentrated around those atoms which

have been lowered. The surface thus exhlblts a (2 X l)
nearly

'pattern ofstwo-fold occupied dangllng bond states centered

at every second row of‘atoms Roughly speaklng the unpaired
aanallnc electron of every second surface atom (ln) is
transferred to its neighboring atom (out) where it pairs up
with another electron, thus creating an ionic semi-conducting
surface. In view of this pieture infrared transitions'afe 

expected to have a very weak oscillator strength beceuse of

the small wavefunction overlap. In fact, the calcuWated dipole



matrix eleménts are of the order of 0.05 ZW/AC and about oné
order of magnitude smaller than average bulk matrix'elements;
However; the net charge transfer obtained in aur caléulation

is presumably too large and would be decreased by correlation
effects. These effects can be éonsiderable for bands bf O.3IeV"
width; siﬁce they are not included'in our calculations? the
results are oﬁ:moré éualitati?é néfufe; 'Itugan bé.seen_fromvfig. 13
that fhé charge disffibution of the lowéf peak (aout) extends N
-sdmewﬁat into the back bonds. This mixing of states happéﬁs
around the T'-point where the lower daﬁglihg bond band actually
onerlaps with lower lying back bond states. In:fact some

of‘the transverse back bond states (Ftb) found at -1.5 eV

- for the unreconstrucfed surface fisé in enérgy upon récon*‘
struction and fall between 0 and ~0.8 eV. At Ell;pgints

further away from the T'-point (K', M', ﬁ)vthe dangling bond

surface bands have'very pure dangling bond character and do-

~ not show any noticeable mixing with the back bonds which
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decrease in energy to about ~3.5 eV. Therexistence'of
transverse back bonding surface states (or strong surFace
resonances) close to the valence band maximum may explain
‘angular photoemission,results9 involving states between 0
cand -1.4 eV These results show a threefold rota+ional
'pattern as do the transverse back bondlng states but‘ |
do not - -
the pure longitudinal dangling bond statesy The results
we obtained‘forvthe (2'X.l) reconstrucfed surface can be
- understood/on the basis of'sinpie chemical arguments.
‘Since our calculations were based on Haneman's model which

excludes,  ', bond leng}h variations (such as AH propose in

the;r model) the various changes in the electronlc structure

must in first orderare caused by bond angle varlatlonsf
This concept is not new, in fact Haneman's original model
was designed on this basis.

The following discussion includesfthree different bonds
and thelr respective energies i,e{_fhe energies of a sfafe
whose chérges are primarily concentrated in one of these
bonds: the (longitudinel) dangling bonds d with'energy sd,
the transverse back bonds b, (st) between first and second

atomic layer and the longitudinal back bonds b (sg)bbetween

£
second and third atomic layer.

Let us consider the case of thevraised outermosf atom.
In this case the bond angles between the longitudinal orbitals
and the transverse orbitals are increaseo’whereas-the bond
angles among the transverse orbitals are‘deCreaseo.e‘The

ideal sp3 hybridization is consequentlyvchanged in such a



way as to increase the amount of s-like character in the

longitudinal orbitals and of p~like’character in the trans-
£ 4

a of the

dangling bonds d is lowered due to an increased s-admixture.

verse orbitals. As a consequence the energy ¢

The transverse back bonds bf'now’contain'more p-character
@hiChAraises their energy st;and weakens the bonds. The
longitudinal back bonds like the dangling bonds contain

‘more s-character which lowers their energy‘e and strengthens

%
| them. The inclusion of bond-length variations (AH model)

would result tn an additional stretching of the'transverse
back bondsvb ~and a further weakening. - In the case of the
'lowered outermost atom the bond angles change the opp051te
way causing a decrease of s~ character in the’ longltudlnal

orbitals and an increase of p- character in the transverse<

orbltals. The energy €, of the danglvng bonds d is ralsed

d
the energy e, of the transverse back bonds b is'lowered

t
combined with a strengthenlng of the bonds (an addltlonal
bond length contractlon would increase this effect) and theh
energy'ezvof the longitudinal back  bonds b, is increased
combined with a weakening of the bOnds; Raising and lowering
- of alternating rows of atoms leads in first order to a
combination of the - abovev, effects. The net effect on
the longitudinal back bonds cannot be anticipated in this
simple picture.‘ The simple picture apparently'underlies.our
self-consistent pseudopotential results. It accounts'for,

the following facts:
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a) the étrengthening of the tranéverse back bonds and
the weakening of the longitudiﬁal back bonds in fhe relaxed
(1 x 1) geometry. (Here the transverse back bonas have also
been contracted.)

b) the raising of the dangling bond eﬁergy'Eb atVP in
the relaxéd'(l x 1) geometry.

c) the more s-like characfer.of thé lower dangling bond
band in the (2 x 1) geometry as compared to the upper more |
pz—like.dangling boﬁd band. This can be'reéognized from .
thevdangling bond charge having a diffefent asymmetfy around
the outermost atoms invPig. 13 (top and bottom).. .

d) the localization of the lower occupied dangliﬁg.bond’
orbitals on fhe raised atoms and of the higher unoccupied
dangling bond orbitalson the lowered atoms in the (2 X 1)
geometry.‘ |

e) the raising of the transverse back bondvenergies €

about
up to,-0.5 eV at I and -3.5 at K' for back bonds connected’

to raised outermost atoms in the (2 x 1) geometry.

V. Conclusions

A fecently developed éxfensionlg of the empiriéal pseudo—
potential method for the.selffconsistent treatment‘of‘loéal
"non-periodic" configurations has been applied to several.
Si (111) sﬁrface models. Three different surface models have
been studiéd including unreconstructed, relaxed and unrelaxed
‘(l-g'l) surfaces which also have been investigated by

Appelbaum. and Hamann10 in the only previously existing



>self-consistent calculation.‘ Théir results are basicéily
consistent with our calculations. In addition new types
of_surfacé states corresponding to the lbngitudinal back
bonds between the second and third atomic layer are found
and com?lete density'df stntes'curves are‘presented. A |
buckled (2}¥ 1) surface model.such as proposed by Haneman
(with preserved back bond lengths) has been used to study
.the (2 x D reconstructed surface. Tne salient experimental
‘resulté on (2 x l) Si (111) surfaces can be understood on .
the basis of this model. Upon renonstructiom the dangling
bond band.is split and lowered considerably;in enéfgy.' The
éurface is found to be semiconducting

producing.an infrared absofptionvpeak af low energies.
- Transverse back bonding surféce states are found to be 

raised in energy and appear'between 0 and -0.5 eV below the

- valence band edge at T and above -3.5 eV at K'.  These
- be the origin of the
states may A angular dependent photoemlsSLOn results

The various-effects’&re discussed on
chemical gfounds in terms of bond angle variations occurring
~ with reconstruction. Changes in back bond lengths such as

claimed by AH in a recent paper3l to be essential are thus

not necessary for a satisfactéry explanation of spectroscopi¢ 
data. The existence of bond lengtn changes, however, cannot
be fuled out on the.baéis of the existing results since both
bond angle- and bond>length variations Seem.fo alter the

elactronic structure at the surface in a similar manner.

L
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Table Captions
Table 1. Parameters entering Eqs. 6 and 15 to define the
empirical and ionic Si pseudopotentials. |
Table 2. Calculated energiés of surface states and strong
surface resonances of the relaxed Si (111) surface at T
(center), K (corner) and M (edge midpoint) of the two-
dimensional Brillouin zone. Also indicated are'experimenta1'

(UPS) results for (2 x 1) and (7 x 7) rveconstructed surfaces.

The energy zero is taken at the bulk valence band edge EV.-



. + T AN o TV R VR
{} éﬁ W ‘) E%SJZ b ‘4

Table l
yat vat
~emp ion
2y 0.279 -9.917
a, 2.214 0.791
ay 0.863 -0.352
a, 1.535 -0.018
_Table 2
i . e £ . )
i SCLC AH PP experiment
(1x1) relaxed surface (2x%x1) (7x7)
T 1.2 . T, | 0.88 1,04
-1.5(2%) T, | =1.95(2x) | -1.71(2x) ~1.0% -1.8%
-12.7 T.. {<12.87 -12.9 -11.7% -12.3%
Lb |
-o.s?b o
K 0.5 K 0.11 -0.45 0.12
d , 3 1
_ -0.6 -
-2.0 Kipo |
f4.2 Ktb» f5.65.f .:i
a4
-8.5 Kip -8.35 =7.5
-3.8 iy -9.6
M 0.5 My 0.04 0.17
- a
-3.1 Mtb_.“3'55 -3.78 ~3.6°
"'8-1
} M,
—8Q7 ) Lb
[Z10-7 Mpp |
a) ref. 63 b) ref. 2; c) ref. 3; d) ref. 9; e) ref. 10; f) ref. 12
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Figure Captions

Fig. 1. Perstective view of the Si crystal structure -
projected on a (110) plane. The tlll]vdiréction is
vertical. The (lll) surface is obtained by cutting

horizontal

the vortlcal bonds in agplane.

Fig. 2. Total valence charge distribution for an unrelaxed
Si (111) surface. The charge is plotted as‘contours
in a- (110) Dlan° intersecting the (111) surface at
right angles. The plotting area starts in the vacuum
and extends about u% atomic layers into the cfystal.
The atomic positions and bond directions are indicéted__
by dots and heavy lines respectively. TheicontCurs
are normalized to electrons per Si bulk unit cell
| a3 -
volume QO = - |

Fig., 3. Contour plots of the empirical starting potential
Vémp (top) and the final self—consiéténtvpotential VSC
(bottom). The plotting areas are identical to Fig. 2.
The potential talues are given in rydbergsvnormaiized o
to zero in the vacuum. ~ |

Eig. Ya. Empirical (Vemp) and self-consistent (V ) potentlals
averaged“parallel to the (lll)'surface plotted as a |
function of the coordinate z pef?eﬁdibular to the sﬁrfaee.
b.. Individual potential contributions adding up to the.

self—con81stent potentlal v of Fig ba.

sSC .
Fig. 5. Two-dimensional band structure of a twelvo layer
Si (lll) film (relaxed surface nodel) The energy is

plotted as a function of kll in the two-dimensional



Fig.

Fig.

Fig.

- at K. The longitudinal p-like back bond orbitals K

Fig.

Fig.

CUUD 4305755

hexagonal Brillouin zone. The various surface states

~or strong surface resonances at high symmetry points:

are indicated by dots and labelled according to the

description in the text.

6. Dénsity of‘stafes‘cﬁrves for the self-consistent
results on twelve layer films for‘the relaied (broken
line) and unrelaxed (solid line) surface geomefry.

Surface states are indicated by arrows and labelled

“according to Fig. 5. Inserted is the density of states

in the vicinity of the fundamental gap for a six layer

(2 x 1) reconstructed surface model.

7. Chargé density contour plots for two surface states

at I'. The states (TLb) at -12.7 eV form the bottom of
the valence bands (top figure), the transverse back bondé';
Ftb'(bottom figure) are\ldcafed -1.5 eV below the Valende:‘
band maximum; The indicated charge values are only for”

comparison. | |

8. Charge density contour plots for two éurface states

b’

(top figure)are located at -2 eV while the s-like charge

Kﬁb localized on the outermost, third, etc. atomic

layers (bottom figure) has an energy of -8.5 eV.
9. Charge density contour plot of the dangling bond

state K; at 0.5 eV around the points M and K in the

B2illouin zone.

10, Schematic representation of the ideal and (2 x 1)

reconstructed Si‘(lll) surface. The reconstruction is:



Fig.

Fig.

_qg_'

done according to Haneman}s modé123 and.leaves-the
surface buckled as indicated by arrows. The slight
lateral_shiftsvof second layer atoﬁs are also indicated
by arrows. o |

11. Two~dimensibnal béhd'struﬁture areund the fundamentali~
gép for a (2 x 1) reconstructed.Si (111) tweive layer
film. The folded back Brillouin zonevis indicafed in

the insert.

12. Calculated joint density of stétes_curyerfor low
energy transitions between dangling bond bands of (2 x lj
Si (111) (top). Also indicated ié the eXpefiﬁentai

absorption e,(w) as obtained in Ref. 4., The bottom

figure shows the regular density of states for the two

dangling bond bands (d, and d__ ) of (2 x 1) Si (111).
, , in out : .

Fig.

13. Charge density contour plots for the'dangling bond
states @out(top) and din_'(bottoﬁ) of 2 x 1) Si (111).

The charge is plotted in a (210) plane of (2 x 1) si

~ which corresponds to the (110) plane of (1 x 1) Si. The

raised and lowered atoms are marked by arrows.
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Si (111) SURFACE, RELAXED
STATES AT =2 eV (K} -
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Figure 8
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a) Si (111) SURFACE, (2x1) RECONSTRUC’TED

. TFiguce 13



LEGAL NOTICE

‘ Th1s report was- prepared as an account of work sponsored by the =k

‘ Un1ted States Government Ne1ther the Un1ted States nor-the Un1ted

States Energy Research and- Deve]opment Adm1n1strat1on nor any of-

the1r emp]oyees, nor any oftheir contractors, subcontractors or'»
‘ ’the1r employees ‘makes any warranty; express or 1mp11ed or assumes .
- any. Iega] Liability or- respons1b111ty for the accuracy, comp]eteness'.‘ v
or usefulness of any information, apparatus, product or. process‘
disclosed, or represents that its use wou]d not 1nfr1nge przvately .
owned r1ghts ’ Lo




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





