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Crystal-Field Splitting and Charge Flow in the Buckled-Dimer Reconstruction of Si(100)2 x 1
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The effect of the 2x 1 reconstruction on the core-electron binding energies of the outermost Si(100)
layers has been determined using high-resolution photoemission data. A previously unobserved 190-meV
crystal-field splitting is resolved for the up-atoms of the asymmetric surface dimers, whose average core-
level shift is —400 meV. The signal from the down-atoms is clearly identified and has a shift of +220
meV. These new findings indicate a charge flow of ~0.05¢ from the subsurface to the surface layers,
with a substantially larger difference of ~0.34¢ between the up-atoms and down-atoms in the dimer.

PACS numbers: 73.20.—r, 79.60.Eq

The reconstruction of the Si(100)2x1 surface has re-
ceived extensive theoretical [1-6] and experimental
[7-14] investigation since its discovery more than three
decades ago [15]. The majority of evidence points to a
model where the outerlayer Si atoms form buckled-dimer
pairs [2] and the subsurface atoms are significantly re-
laxed from their bulk positions [1]. In spite of the de-
tailed structural characterization of this surface, there is
no consensus regarding the interpretation of its electronic
core-level photoemission spectrum. One model [16-19]
assigns a component observed at negative-binding-energy
shift (relative to bulk Si) to both the up-atoms and
down-atoms of the surface dimers, allowing that it might
be split by less than 200 meV [19]. Another model
[20-22] posits the existence of two surface-related com-
ponents, one above and one below the bulk-Si binding en-
ergy, corresponding to the down and up dimer atoms, re-
spectively. Neither model considers subsurface com-
ponents. The models differ markedly in their conclusions
regarding the electron escape depths and the degree of
charge transfer between the dimer atoms, factors which
are essential for understanding the electromc character of
this reconstructed surface.

Here, we report on core-level photoemission data from
clean Si(100)2x 1 which resolve the contradictions of the
earlier interpretations through three new observations.
First, our analysis firmly establishes the existence of
surface-related features both below and above the energy
of the bulk-derived peak. Second, we resolve a splitting
of the low-binding-energy feature into two components,
which has its origin in the surface crystal field. Third,
our data demonstrate that the surface-atom core levels
exhibit asymmetric Doniach-Sunji¢ (DS) [23] line shapes
by virtue of electronic excitations from the valence band
into a nearby-surface state. From these results we con-
clude that the higher-binding-energy feature corresponds
to the down-atoms and the split low-energy feature to the
up-atoms of the surface layer. The sign and magnitude
of these shifted surface components shed new light on
how the surface charge is redistributed upon reconstruc-
tion. Furthermore, our observations of a crystal-field
splitting and a DS line shape for the surface-atom core
levels represent novel features in photoemission measure-
ments from a semiconductor surface. B

The data were obtained using the AT&T Bell Labora-
tories 6-m Toroidal Grating Monochromator (TGM) on
beam line U4A of the National Synchrotron Light
Source. The combined resolution of the TGM (~80
meV) and our 100-mm hemispherical electron energy
analyzer (40 meV) was 90 meV. Clean surfaces of both
n- and p-type Si(100), prepared by sputtering with 1-keV
Ne™ followed by annealing at 900-1150°C, exhibited
sharp two-domain 2X1 low-energy electron-diffraction
patterns and showed no signs of contamination during our
measurements.

Spectra from the 2p core levels taken with the sample
at 77 K (see Fig. 1) illustrate the change in surface sensi-
tivity with photon energy. Data taken at higher photon
energies clearly exhibit the well-known feature at smaller
binding energy associated with the surface dimers, la-
beled S. The asymmetric shape of the main component
suggests that there is also a component at larger binding
energy. The fact that the width of the bulk line remains
large compared with the instrumental resolution even
near the 2p threshold energy (i.e., at low surface sensitivi-
ty) and the fact that the bulk line shape is primarily
Gaussian (see below), together indicate that the broaden-
ing is an inherent property of bulk Si arising largely from
the production of phonons. This phonon width sets a fun-
damental limit on the effective resolution of Si 2p data, so
that, regardless of how high the instrumental resolution,
only the gross features can be seen by inspection.

As a first approach in identifying the components of
the spectra in Fig. 1, we consider another surface-
sensitive spectrum taken at Av=130 eV [see Fig. 2(a)]
and take the negative second derivative of the raw data.
The result [see Fig. 2(b)] clearly displays the unresolved
S’ component at larger binding energy. Note that the re-
sult of this procedure is highly reliable because no free
parameters are involved. Unfortunately, the wings of the
second derivative of the main line obscure the component
S, so that no further information is obtained.

More insight into peak positions throughout the entire
spectrum can be gained by deconvolution [24]. A virtue
of deconvolution is that no assumptions about the loca-
tion or shape of the component lines or about the nature
of the background are required; only the functional form

“ of the broadening is needed. This procedure is particular-
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FIG. 1. Si 2p photoemission spectra from a Si(100)2% 1 sur-

face at 77 K obtained with photon energies from 106 to 130 eV.
The inelastic background has been subtracted.

ly well suited here because phonons, which impart a
well-defined Gaussian smear, provide the dominant
source of linewidth. A major pitfall of deconvolution lies
in the amplification of noise frequencies which lie within
the bandpass of the broadening function. The resulting
small oscillations are, however, readily identified in the
flat region of the spectrum and provide a useful indication
of the size of the smallest significant feature. In fact, an
objective criterion which we use in this work for assessing
the validity of the deconvolved spectrum is provided by
the residuals obtained when the spectrum is reconvolved
with the broadening function and subtracted from the
original data. If the Gaussian width used in the deconvo-
lution is less than that inherent in the data, the residuals
consist of only statistical fluctuations; if the width is
greater, the residuals exhibit low-frequency oscillations.
In Fig. 2(c) we show the deconvolute of the data shown
in Fig. 2(a). The location and intensity of the component
S’ is now well defined and in excellent agreement with the
second derivative in Fig. 2(b). The important new result,
however, is that the surface-dimer component S is split
into two lines. To confirm that this is not an artifact 'of a
given data set, we have similarly analyzed ten indepen-
dent data sets taken with photon energies ranging from
110 to 140 eV. All show this splitting, as well as the
component S’, at larger binding energy and, equally im-
portant, all exhibit residuals (as described above) which
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“ FIG. 2. Analysns of a 130-eV Si 2p spectrum from a -

: 'jSl(IOO)ZXI surface. Only the 2pi; components are labeled.

(a) Original data. (b) Negative second derivative of data. (c)
Iterative deconvolution of data. (d) Residuals of the deconvolu-
tion (see text). S and S’ denote surface, B denotes bulk.

are purely statistical; see Fig. 2(d). Furthermore, the in-
tensities of S and S’ decrease as the escape depth in-
creases, identifying them both as surface features.

To obtain quantitative information about the location,
amplitude, and width of these components, a least-
squares analysis with a suitable model function is re-
quired. We initially restricted the model functions to a
superposition of spin-orbit doublets whose pi» and py;
components have the same intensity ratio, splitting, and
natural linewidth. Independent Gaussian widths were as-
signed to the bulk and surface components. Significantly,
attempts to fit the data with Voigt function lines were un-
successful because the decaying energy-loss tail cannot be
adequately represented by the usual techniques, e.g., by a
loss proportional to the integral of the line spectrum or to
excitations across the band gap. Even adding two weak
components with shifts greater than that of S’ did not im-
prove the fit significantly. However, a surface state just
above the valence band in surface-sensitive 2p absorption
edge spectra of Si(100)2x1 [20] provides a loss mecha-
nism for the surface atoms that quantitatively accounts

_ for the shape of this tail. The process is formally identi-
_cal to that in bulk graphite, where photoemission of a

core electron causes excitations from the valence band
into a narrow excitonic state just above the valence band
[25]. As shown in Ref. [25], the resulting line shape is
close to the DS form, even when there is a small gap be-
tween the band edge and the narrow empty state. The in-
tensity of the resulting photoemission line is augmented
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by the loss tail, which becomes an integral part of the S ]
line. Si2p

For completeness we note that the bulk component of
the Si spectrum may well be inhomogeneously broadened
by unresolved contributions from the perturbed near-
surface layers. The shape of this component has an im-
portant effect only on the intensity of S’, which cannot be
determined with confidence.

With this model function, we have applied least-
squares fitting to assess previous models for the
Si(100)2x1 surface. Following Refs. [16-19], which as-
sume a single, possibly split, surface component at small-
er binding energy, we obtain an rms error of 5.2 standard
deviations between the fit and the data, compared to a
value of 1.0 expected for an optimum fit. Adding a
second component with Voigt line shape at S, as suggest-
ed in Refs. [20-22], reduces the rms error to 2.6. Letting
this component have an asymmetric DS line shape drops
the rms error to 1.28, but the residuals still show an unac-
ceptable oscillatory misfit at the low-binding-energy com-
ponent. This misfit is removed by following the results of
the deconvolution and splitting the 2p3,» component of .S
into a doublet with equal intensity. The resulting fit has
a substantially improved rms error of 1.11.

To present the results of this last fit most clearly, we-

show only the 2p3/, components of the spectrum in Fig. 3.
For comparison, the corresponding deconvolved spectrum
from Fig. 2(c) is shown above. The agreement is strik-
ing.

From the analysis of data taken at photon energies be-
tween 106 and 140 eV we obtain the following numerical
results. The spin-orbit splitting is 602 6 meV and the
spin-orbit ratio is 0.53%0.03, in very good agreement
with the value of 608 meV [26] and the theoretical ratio
of 7. The lifetime width is 95+ 25 meV, in reasonable
accord with the value of 80 meV [26]. The bulk Gauss-
ian width, obtained by subtracting the instrumental reso-
lution in quadrature from the total Gaussian width, is
235+ 10 meV in the most surface-sensitive spectra and
drops to ~ 160 meV in the most bulk-sensitive ones. The
latter value is in satisfactory agreement with the bulk-
phonon width of ~ 140 meV obtained from x-ray photo-
electron spectroscopy (XPS) data [26]. The larger width
of the surface-sensitive data is most likely due to the fact
that the signal in these spectra comes largely from the
first four subsurface layers, which are also affected by the
reconstruction [2]. Changes in both the binding energies
and the vibrational properties [5] of these layers will
broaden the bulk line in the surface-sensitive spectra.
The surface-phonon width is ~260 meV, and the singu-
larity index for S’ is 0.22, while that of S is much small-
er, ~0.02. The value for S’ is larger than that in graph-
ite [25] because the occupied density of states in Si rises
much faster at the band edge than that of graphite.

Casual inspection of our results does not allow a dis-
tinction to be made between the two models described
above. The split components of S could represent either
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FIG. 3. Least-squares fit to data in Fig. 2(a), compared with
the deconvolution of those data in Fig. 2(c). For clarity, only
2p32 components of the fit are shown. Inset: Schematic view of
Si(100)2x 1 reconstruction.

the up-atoms and down-atoms of the dimer (so that S’ is
due to subsurface atoms) or the crystal-field splitting of
the up-atoms alone (in which case S’ is due to the down-
atoms). This dilemma is resolved by the line-shape
analysis because a good fit was obtained only when S’
was assigned the-DS line shape, i.e., this component must
be associated with the surface atoms in which core ion-
ization can cause excitations into the surface state. The
fact that the S’ component lies at higher binding energy
and has a much larger singularity index than S implies
that S’ corresponds to the down-atoms, which have lost
charge to S and are the major source of the empty-
surface state. The splitting of S must then be due to the
surface crystal field. We note that crystal-field splitting
of the core levels of surface atoms has not been previously
reported, but the possibility has certainly been anticipat-
ed [27]. The splitting is large and thus observable in the
Si(100)2x1 surface because a substantial amount of
charge is donated to the dangling bond of the (S) up-
atom, as proposed in Ref. [2]. The absence of a measur-
able splitting in the down-atoms is consistent with this in-
terpretation.

Our result is also gratifying from the point of view of
the escape depth, which is determined from the fractional
intensity of S (assumed to arise from half of the surface
atoms). For Si 2p electrons at kinetics energies of ~ 30
eV, we obtain a value of ~3.6 A, in accord with an ex-
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trapolation of theoretical work [28] that agrees well with

experimental escape depths measured at XPS energies.
Furthermore, our value is consistent with an escape depth
of ~3 A [29] obtained for 30-eV electrons from Si(111)
adsorbed with Cl. (See also the discussion in Ref. [49] of
Ref. [22].)

What are the implications of this assignment on charge
redistribution? The results of adsorbate-induced shifts of
Si 2p surface core levels [30] indicate a shift of 1.8 eV
per electron. Using this calibration, and the average shift
of —400 meV for the up-atoms and +220 meV for the
down-atoms, gives an effective charge difference between
the up and down dimer atoms of ~0.34e. This value is
only half as large as the theoretical estimate of 0.7¢ [2],
confirming the importance of the intra-atomic Coulomb
correlation energy [311. The combined average shift of S
and S’ is —90 meV, corresponding to a net transfer of
~0.05¢ from the subsurface to the dimer atoms. Assum-
ing the source of this charge to be the immediate subsur-
face layer, its shift would certainly be too small to
resolve, but it would contribute both to the width of the
bulk line and to the intensity of S’, which is generally
greater than the total intensity of the crystal-field dou-
blet.

In summary, we report the crystal-field splitting of the
up-atoms of the surface dimers of the Si(100)2x1 sur-
face, as well as the binding energies of the down-atoms
and a limit on the shift of the subsurface layer. The
difference in binding energy of the buckled surface di-
mers corresponds to a charge transfer of 0.17e. Charge
flow from subsurface layers to the dimers is no larger
than 0.05e. Our observation of a crystal-field splitting for
surface-atom core levels is a new result in photoemission
measurements. The magnitude of the splitting of the up-
atoms in the Si(100)2x 1 buckled dimers clearly calls for
further theoretical study. Finally, our finding that the Si
2p photoemission lines from surface atoms are asym-
metric and well represented by the Doniach-Sunji¢ func-
tion should be of utility in future studies of semlconduc-
tor surfaces.
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