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geometry-Dependent Si(2p) Surface Core-Level Excitations for Si(111)
and Si(100) Surfaces

F. J. Himpsel, I'. Heimann, T.-C. Chiang, and D. E, Eastman
IBM Thomas J. watson Research Center, Yorktosen Heights, ¹zeYork 10598

(Heceived 27 June 1980)

Structure-dependent Si(2p) surface core-level shifts and 2p photothreshold spectra which
yield new surface geometry information are reported. For Si(100)-(2&1), -0.5 mono-
layer of surface atoms are found shifted to smaller binding en rgy (-0.5 eV) relative to
the bulk; this rules out symmetric pairing models. Si(111)-{7&7) and Si(111)-(2X1) show
different surface 2p core-level spectra {e.g. , ~ layer shifted —0.7 eV versus ~ layer
shifted —0.4 eV), suggesting different geometries. Si(111)-(1&1)H exhibits first-layer
(+0.26 eV) and second-layer (+0.15 eV) shifts.

PACS numbers: 68.20.+ t, 79.60.Eq

A'ngle-integrated (- 1.8 sr) photoelectron spectra
were taken with a display-type spectrometer'
with use of synchrotron radiation from the 240-
MeV Tantalus-I storage ring. The Si(111)-(2x1)
surface was prepared by cleaving in vacuum (mid-
10"-Torr range); single domain cleaves were
selected with no visible streaking of the LEED
pattern (i.e. , few steps). Exposing this surface
to activated hydrogen resulted in a Si(111)-(1x1)H
surface. The Si(100)-(2xl) and Si(ill)-(7x7)
surfaces were prepared by very mild sputtering
and by heating off the oxide film. Nearly intrinsic
wafers were used (210 0 cm with large Debye
screening lengths) with different dopings (p-type
boron doped and n-type phosphor doped) to rule
out band-bending effects. Fermi-level reference
energies were obtained by measuring the Fermi
edge of the Ta sample holder.

Si(2p) core-level angle-integrated photoemis-
sion spectra for Si(100)-(2xl) are shown in Fig.
1 for two photon energies, @v= 108 and 130 eV.
For h v= 130 eV, a shoulder is observed on the
low-binding-energy side of the spin-orbit-split
2p,~, ,~2 doublet. This shoulder is very weak for
&v =108 eV where the escape depth of the 2p pho-
toelectrons is much longer than at the higher en-
ergy (final energy of —= 9 eV above E„vs 31 eV).
Exposure of this surface to oxygen or hydrogen
quenches this surface-state level and introduces
chemically shifted surface core levels on the
high —binding-energy side of the bulk peak (not
shown in Fig. 1). This rules out monochromator
and spectrometer artifacts.

We have decomposed the spectra in Fig. 1 into
similarly shaped 2p, ~, and 2p, ~, contributions (as
shown by dashed lines) and have analyzed Si bulk
and surface core-level features using a least
squares fitting program with Lorentzian line
shapes of equal width. From this, a spin-orbit
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FIG. 1. Angle-integrated photoelec tron spectra from
Si(2p) levels for Si(100)-(2X 1) . Dashed lines depict de-
composed 2@3/& and 2p&gz levels. Emission from sur-
face 2p levels is seen on the low-binding-energy side
of the bulk level for the surface-sensitive spectrum
with h & = 130 eV.

splitting of 6= 0.61+0.01 eV was determined with
a (P,~,/P, ~,) branching ratio R that varied from
0.51 at hv=108 eV to 0.53 at hv=130 eV which is
close to the sta.tistical ratio of R = 0.5. This sug-
gests that diffraction effects' are small.

Spin-orbit —decomposed 2p, ~, spectra, for all Si
surfaces studied are shown in Fig. 2 (solid lines).
Together with surface-sensitive spectra at hv
=120 eV, we show one bulklike spectrum (hv=108
eV) for the hydrogen-terminated Si(111) surface.
All energy scales have been referenced to the
bulk Si 2p, ~, core-level position as measured for
hv =-108 eV. Using our 2p, ~, binding energies
measured relative to E ~ and the value EF —E„
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FIG. 3. Angle-integrated, CFS spectra for the Si 2p
edge. E],~= 80 eV. Curves a—d represent surface-
sensitive absorption-edge spectra while curve e repre-
sents the bulk absorption edge (see text). Ticmarks in

curves a —d denote features involving surface 2p31'2 core-
level transitions. The dashed line in curve a represents
the 2p3i2 component of the spectrum. The energy zero
corresponds to h v = 99.97 ev.
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FIG. 2. Si(2p3/2) core-level spectra for various sur-
faces (full lines). her=120 eV. The dashed lines (with-

out crosshatching) show the contribution of the outer two

surface layers, after subtraction of the Lorentzian bulk

contribution Cdotted curve in (e)] which was obtained via
a three-Lorentzian fit ldotted curve in (d)1 to Si(111)-
(1&1)H data. Certain surface core levels are cross-

. hatched.

=0.33 eV for Si(ill)-(2&&1) from Allen and Go-
beli, ' we obtain E F

—E„=0.34, 0.51, and 0.46 eV
for Si(100)-(2 x 1), Si(l 11)-(7 x 7), and Si(l 11)-
(1 &&1)H, respectively.

We have determined the absolute numbers of
surface atoms with shifted core levels by using
the Si(111)-(1xl)H data for calibration. This sur-
face has a fairly well-established configuration
with hydrogen atoms terminating the dangling
bonds of the truncated bulk structure. By fitting
the Si+ H spectrum in Fig. 2(d), we have found

that two surface layer levels on the high-binding-
energy side at +0.26+0.02 eV and +0.16*0.02 eV
are required; we associate these with the first
(outermost) H-terminated (ill) surface layer
(crosshatched line) and second surface layer
(separated by only 0.78 A), respectively. The
bulk Lorentzian of this fit [shown by dots in Fig.
2(e)] is seen to describe the total 2p, i, emission
for hv= 108 eV [ Fig. 2(e), full line] quite well.
From the surface- to bulk-intensity ratio, we
have determined a 2p-electron escape depth of 5.4
A at Ixv = 120 eV, in agreement (within 1 A) with
other determinations. " The dashed lines without
crosshatching in Fig. 2 show the contributions of
the outer two surface layers after subtraction of
a Lorentzian bulk contribution from the full lines
in Fig. 2 (with an escape depth of 5.4 A). Unlike
Si(111)-(1xl)H, the other surfaces involve more
than two surface core levels. We have singled
out several low-binding-energy surface levels by
the Lorentzian-shaped dashed lines with hatching
in Fig. 2. There is also at least one high-binding-
energy level for all three clean surfaces [Figs.
2(a) —2(e)].

Before discussing the surface core-level fea-
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tures in more detail, it is useful to describe the
Si(2p) absorption-edge spectra for these same
surfaces shown in Fig. 3. Curves a —d are sur-
face-sensitive, constant —final-state (CFS) spectra
taken with a kinetic energy of 80 eV and varying
the photon energy hv. In analogy to Fig. 2, we
also include a bulklike CFS spectra (1 eV kinetic
energy, curve e) in Fig. 3. For curves a-c, fea-
tures can be seen below the bulk 2p edge (e), while
such features are missing for Si(ill)-(lx 1)H
(curve d). These features correspond to transi-
tions involving 2p surface core levels and/or
empty surface states. In Fig. 3, the energy zero
corresponds to the one-electron transition 2p, ~,
—conduction-band edge in the bulk. The bulk

Si(2p, ~,) edge (ticmark in Fig. 3, curve e) is shift-
ed by excitonic effects. " The data in Figs. 2 and

3 have the following implications concerning var-
ious geometrical models for Si(100) and Si(111)
surf aces.

Si(100)-(»&1).—This surface has been most wide-

ly described by use of a dimer or pairing model
which is consistent with experimental surface-
state band dispersions if an asymmetric buckling
is included (asymmetric dimer model). ""The
crosshatched surface core-level feature at -0.52

eV in Fig. 2(a) has an intensity which corresponds
to one-half of a (100) layer; this feature is con-
sistent with an asymmetric-dimer model and
would be associated with the outwards shifted —,

'
layer of surface (100) surface atoms. A sym-
metric-dimer model would have a full outer layer
of shifted atoms, which is inconsistent with our
data. A missing-row model' is also consistent
with our findings; the -0.52-eV core level would
correspond to the ridge atoms. The surface CFS
absorption-edge spectrum (Fig. 3 curve a), for
Si(100)-(2x 1) shows prominent transitions at
-1.34 and -0.9 eV which are quite different than
for the (111) surfaces. The —1.34-eV feature can
be explained in terms of a transition from the
shifted surface core level at —0.52 eV into empty
states in the gap which would lie at 0.55 eV above
E, (without excitonic shifts). The absence of an

analogous transition for the Si(111) surfaces
shows that empty surface states on Si(ill) sur-
faces have mostly p character (which makes tran-
sitions from the Si-2p-level dipole forbidden)
whereas empty surface states on Si(100)-(2 xl)
have substantial s character.

Si(111)-(Z&1).—The most widely accepted model
is the buckled surface model, "with alternate
rows of atoms in the first layer raised and lower-
ed and a net charge transfer to the raised atoms.

Our data are consistent with this model, i.e. , the
level at —0.37 eV with about a —,'-layer intensity
would correspond to the raised —,

' layer I cross-
hatched in Fig. 2(c)]. The lowered —,

' layer could
correspond to the level at --0.14 eV or at -+0.16
eV. A previous study" of surface core-level
shifts for the 2x 1 surface found a broadening con-
sistent with our data, but attributed this to sub-
surface atoms by overestimating the shift for the
first layer.

Si(111)-(7&& 7).—Various geometrical models
have been proposed which can be grouped into va-
cancy- (or rough-) type and buckled surface- (or
smooth-) type models. ""'"We observe -

—,
'

monolayer of atoms with a —0.7 eV core-level
shift Ccrosshatched in Fig. 2(b)]. In a recent
buckling model for Si(111)-(7&&7) (Ref. 14) there
exist six special up-atoms out of 49 first-layer
atoms (i.e., --', layer) which are surrounded by a
particularly large number of up atoms. A recent
model of the "rough" type (Ref. 15) proposes
hexagonal islands of excess surface atoms. The
island edge atoms should have greatly shifted
core levels. Comparing the 2~1 and 7& 7 sur-
faces as done in Ref. 14, we find that the promi-
nent valence surface states (in normal emission)
are 0.7 and 0.4 eV below E„, respectively, thus
implying significant geometry differences.

Self-consistent calculations of surface core-lev-
el shifts of semiconductors are feasible but have
not yet been reported; such calculations have been
reported for transition metals. " For semiconduc-
tors, only the valence charge transfer 6q' between
surface atoms has been calculated. ' The meas-
ured core-level shift ~E, can be converted into a
charge transfer by using an empirical conversion
factor of &E, /&q =2.2 eV/electron which has been
derived from Si-2p-level shifts induced by ad-
sorbed oxygen. ".This would imply that our ob-
served surface core-level shifts (-0.2 to 0.7 eV)
involve charge transfers 6q' of about 0.1 to 0.3
electrons/atom, in general agreement with cal-
culations. '
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Escape of Particles over a Dynamic Barrier
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A particular exa'mple of impurity diffusion in a solid is calculated and it is noted that the
usual assumptions for Brownian-motion theory are invalid in this case.

PACS numbers: 66.30.Dn, 05.40.+3

Of the multitude of processes in physics and
chemistry that involve activated escape of a "par-
ticle" over a barrier (chemical reactions, dy-
namics of certain spin-glass models, diffusion,
superionic conductors, etc. ) only those are ade-
quately understood that involve a clear separation
of time scales of "particle" and "heat-bath" mo-
tion. The effect of the heat bath is then repre-
sented by a friction coefficient. According to
Kramers, ' when this friction coeff icient lies in a
certain range, the so-called absolute-rate theory
(ART) applies, and in this range, the escape rate
is practically independent of the value of the fric-
tion, i.e., independent of the dynamics of the
par ticle-bath interaction. Purely statistical ar-
guments then give the escape rate. The term
"particle, " in general, refers to the representa-
tive point in the multidimensional configuration
space of a many-particle system. Vinyard's'
theory of impurity diffusion in a crystalline solid
is an example of ART (at each step of the diffu-
sion process the crystal configuration is assumed
entirely relaxed). The rate is then the forward
current per particle over the saddle point of the
energy hypersurface. However, the rate of mo-
tion of the host and impurity atoms are not sig-

nificantly different; thus the preconditions for
Kramers' theory in general and ART in particu-
lar are not met, at least not insofar as the host
acts as heat bath. Nor will th.ey be met in the
important case of a chemical reaction on the sur-
face of an insulator. It is to be emphasized that
there are at present no reliable theories in the
absence of the particular separation of time
scales mentioned above. However, in one parti-
cular case, namely that of an impurity bound in a
lattice in such a way so as to give rise to a well-
defined local mode, it is possible to calculate an
approximate diffusion rate of the impurity with-
out Langevin- Fokker- Planck assumptions.

Escape over the barrier here corresponds to
mode instability and the escape rate is the aver-
age number of times per second that instability
conditions are met. The anharmonicity causes
instability in three ways: (i) Impinging phonons
occasionally excite the mode to an amplitude it
cannot stably sustain. (ii) The incident phonons
modulate the effective local mode frequency, oc-
casionally turning it imaginary. (iii) Parametric
excitation by incident phonons.

Processes (ii) and (iii) combined dominate the
rate. They are related to an effect proposed by
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