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Revisiting the fine structure of 2p spectra from the (100) silicon surface
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Using the synchrotron radiation and high-resolution photoelectron spectroscopy (56—66 meV), the fine structure
of the 2p spectra from the Si(100) surface at 100K has been studied in a wide range of electron escape depths. It
is shown that these spectra include five surface components. The relationship between their core-level shifts and the
atomic and electronic structure of the c(4 x 2) reconstruction is established. The experimental conditions where
the 2p spectra have the greatest sensitivity to the surface and bulk of silicon are determined and, in particular, the
inelastic mean free path for electrons in a silicon crystal is obtained as a function of photon energy. The results
obtained can be used as reference data in studies of various surface structures on the Si(100) substrate using

photoemission techniques.
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1. Introduction

Photoelectron spectroscopy of core levels (PES-CL) is
one of most informative methods of surface atomic structure
study [1-3]. Using it the energy shifts of internal shells of
surface atoms, or surface shifts, determining both difference
of kinetic energy of electrons escaping volume and surface
of sample. This difference arises because the positions of
these shells are sensitive to the chemical and coordination
environment of the atom. Hence, studying thin structure of
PE-spectra of CL we can obtain information on nature of
bonds and charge state of atoms in surface reconstructions,
at interfaces and in different thin-film structures.

During last decades in literature a great amount of
results occurred, they were obtained using PES-CL of
high resolution for film systems metal-semiconductor and
dielectric-semiconductor. A little portion of them, for
example, was discussed in review [4]. Apparently, that
to such results explanation requires detail understanding of
form of spectral lines and nature of CL shifts for clean
surfaces of semiconductors. However, even in this case,
the interpretation of the fine structure of the PE spectra is
far from completion. In particular, there is no agreement
in the interpretation of the results for the Si(100) face,
which is one of the most thoroughly studied semiconductor
surfaces. In earlier papers in its 2p-spectra the surface
component was detected, shifted by 0.5eV to region of
low bond energies [5-9]. It was interpreted as emission
from top layer atoms surface (dimers) of reconstruction
(2x1). Further use of PES-CL with high resolution
gave possibility to determine four surface components in
2p-spectra of reconstructions Si(100)c(4 x 2) at 120K and
Si(100)(2 x 1) at 300K [10]. Two of them were bonded
with atoms of axisymmetric dimers in first layer (atoms lu

and 1d in Figure 1). Their surfaces shifts are —0.485 and
0.062 eV respectively. Additional two surface components
were attributed to atoms of second layer (atoms 2 in
Figure 1) and half of atoms of third layer. Their shifts
are 0.22 and —0.205 eV, respectively.

Alternative interpretation of 2p-spectra of Si(100) face
was presented in paper [12]. Its authors set in compliance
with atoms 1d the component with surface shift 0.278 eV.
At the same time the surface shifts 0.138 and —0.200eV
were attributed respectively to atoms of below located layer
and atoms of first layer forming symmetric dimers. Besides,
in paper [12] two additional features were identified in
2p-spectra shifted to region of somewhat higher energies.
They were interpreted as surface and volume peaks of
characteristic losses. Similar features were observed in
the paper [13]. The authors of this study associated their
appearance with surface defects and characteristic energy
losses for interband transitions between two surface states
near the band gap of silicon.

One more interpretation of surface shift for Si(100) was
suggested in article [14]. The authors identified six surface
components, explanation was provided for four components
only. According to this article the component shifted
by 0.13eV to region of high energies is determined by
atoms 1d and 4'd in Figure 1. Components with shifts
022 and —0.22eV originated from atoms of third and
fourth layers. At the same time emission from atoms of
second layer does not result in occurrence of individual
surface component in 2p-spectra, but contributes to bulk
component.

Note also that in considered studies there are other
differences. In particular, in them during decomposition of
2p-spectra different values of Lorentzian width (w_) were
used. It varies from 46 meV in paper [14] to 85meV in [10].
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Figure 1. Atomic structure of surface Si(100)c(4 x 2): a — top view, b — side view. In bottom designations of atoms in different layers

are given. Model is adapted from paper [11].

Apparently, the selection of this and other parameters of
decomposition indicates significant effect on accuracy and
reliability of the results.

Based on all stated above the objective is set to perform
in this paper more reliable analysis of the fine structure of
2p-spectra for surface (100) of silicon. Several conditions
were met for this. Firstly, the measurements were carried
out at low temperature (100K) and high energy resolution.
Secondly, 2p-spectra were registered at different values of
photon energies (hv) and angles (6:) of electrons escape
from surface. This ensured varying of free run length
and escape depth of electrons in wide range. Thirdly,
during experiments high degree of purity and structural
imperfection of surface Si(100) was ensured. All this made
it possible to obtain detailed information about the shape of
the spectral line of clean Si(100) surface. The article then
briefly describes the experimental procedure and presents
the main results of the study.

2. Experimental procedure

Experiments were performed in channel 14 of synchrotron
MAX-lab (accumulating ring MAX-IIT) in Lund (Sweden).
Spectra of 2p-level of silicon are registered using analyzer
SPECS Phoibos 100 at temperature 100K and residual
pressure in vacuum chamber 3- 107! Torr. Full energy
resolution was 56—66 meV depending on selected energy
of quantums hv (it changes in range 108—145eV). To
determine the resolution, and to calibrate scale of energy
PE-spectra were used of edge of valence band of tantalum
tape, which was preliminary thoroughly cleaned in oxygen
and was in electric contact with Si sample. Angle of
emission 0. was counted relative to normal to surface and
changed from 0° to 80°. The solid angle of electrons
gathering was +1°.

As samples the targets with size 10 x 5 x 0.3 mm were
used, they were prepared from plate of single crystal silicon

12 Physics of the Solid State, 2024, Vol. 66, No. 7

O >
O3

[100]

T—»[011]

O 3

@ 4

® 4q © 5
O 4

Figure 2. Diffraction pattern on surface Si(100) at room
temperature. Dashed lines show two mutually orthogonal lattice
cells of structure (2 x 1). Electron energy is 95¢eV.

with surface orientation (100), doped with phosphorous
(ntype), with resistivity ~ 5Q-cm. For their surface
cleaning series of short heatings at 1530 K was used, when
pressure in vacuum chamber increased above 1 - 10~ Torr.
Then sample temperature quickly decreased to 1250 K and
held at this value for some time to smooth the atomic
steps on the surface. After cooling to room temperature
clear diffraction pattern (2 x 1) was observed with bright
reflexes and low level of background (Figure 2). Further
the crystal was cooled to 100K. On its surface structure
c(4 x 2) was formed (Figure 1). Then PE-spectra were
registered.
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Figure 3. Normalized spectra of surface Si(100)c(4 x 2) at
different experimental conditions (hv, 0e). The bond energy was
read from the Fermi level. Dashed lines indicate position of
different components.

3. Results and discussion

Figure 3 shows a series of normalized 2p-spectra of sur-
face Si(100)c(4 x 2), obtained at different values hv and 6e.
Even without decomposition we can identify in them some
important features indicating the energy position of some
components (spin-orbital doublets). Spectrum registered
at hv = 108 eV and 6. = 0° corresponds to maximum in
this study escape depth of electron (kinetic energy ~ 3¢eV)
from crystal. Apparently, the main contribution to it is
made by atoms of bulk lattice. This ensures determination
of approximate position of the doublet B, determined by
the emission from bulk of silicon. Energies of its 2p; -
and 2pss-sublayers are approximately equal to 100.37
and 99.77 eV.

As values hv and 6, increase the escape depth decreases,
and in spectra new features appear, which are determined
by atoms of surface reconstruction c(4 x 2) and appropriate
spin-orbital doublets shifted to region of larger or lower
energies relative to B. So, the most obvious surface
component is doublet S,. The position of its 2p3,,-sublayer

corresponds to maximum with energy 99.28 eV. This peak
practically is not overlapped with rest portion of spectrum.

Two other surface components, which can be qualitatively
observed in spectra in Figure 3, are doublets S and
C. First of them is most clearly visible at quantum
energies hv = 114 and 120eV. It is shifted towards larger
energies relative to B by about 0.2—0.25eV. Presence of
the doublet C can be determined by occurrence of a
small branch in region of energy 99.56eV in spectrum at
hv = 120eV and 6, = 60°. Its shift is about 0.2 V.

To obtain more detail information 2p-spectra with quanti-
tatively decomposed to components using the method of
least-squares. Background was abstracted using Shirley
method [15]. In decomposition the linear combination
of the Voigt reference functions being a convolution of
the Gaussian and Lorentzian line forms was used. Some

adjustable parameters — Lorentzian width w;, spin-orbit
splitting (0.610eV) and ratio of intensities of 2p;,,- and
2p3 p-sublayers (1:2) — were same for all components

and don not vary during adjustment. It is known that
value w_ (natural line breadth) is due to finite life time
of the atom in photoexcited state with a hole on CL [16].
It depends on environment of atoms in silicon crystal
and shall be same for all components in decomposition.
But, in literature, as specified in Section 1, there is no
consensus on what its value is optimal for 2p-spectra
Si(100). In present paper the authors try to solve this
problem. Figure 4 shows that Lorentzian affects the
quality of representation of 2p-spectrum. In it for different
values w the difference spectra are presented, obtained
by subtraction of the adjustment result from experimental
data. It is evident that at low values w_ (40—55meV)
the low energy part of spectra near energy 99eV is
poorly represented. When value w| increases the quality
of adjustment in this energy region is improved. But at the
same time accuracy of spectra representation at energies
99.3—100.6 eV decreases. Especially large residue in this
region is observed at w = 85—100 meV. From these results
we can conclude that optimal value of Lorentzian width for
2p-spectra of surface Si(100) is w_ = 70 meV. This value
was used in the further described decomposition

Other adjustable parameters were varied. They include
number of components, their Gaussian width (wg ), intensity
and position on energy scale. Value wg is determined
both by the energy resolution (instrumental resolution plus
thermal broadening of lines), and the degree of local
disordering of the crystal structure of the sample. Since
the local inhomogeneity of the crystal lattice sites can differ
significantly for different layers of atoms, the Gaussian,
along with the surface shifts, contains important information
about the atomic structure of the surface.

The decomposition results are presented in Figure 5. The
round symbols in it show the experimental data, and the
solid lines show the adjustment results. The spectra contain
bulk component B and five surface components S, Sy,
S, C and D. Their surface shifts and Gaussian width
are shown in Table 1. Use in the decomposition of
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Figure 4. Difference spectra for different values of parameter wi.
Decompositions were performed for 2p-line at hv = 135¢eV and
0. = 80°. Dashed lines indicate level where residue is zero.

four surface components (without D) in principle ensures
satisfactory representation of individual spectra in Figure 5.
But in this case the surface shifts would depend on the
experimental conditions (hv and 6g), which has no physical
sense. Besides, such decomposition scheme die not allow
rather accurate representation of high energy part of some
spectra. Hence, it can not be accepted for spectra in
Figure 5. On the other hand, introduction of additional,
six, surface component did not gave any improvement of
adjustment quality. Based on this the decomposition scheme
with six surface components was also negated. So, the
results obtained in this paper did not confirm the presence
of six surface component with shift 1.4eV, observed for
Si(100) in papers [12-14]. Obviously, this component was
due to features of experiment in said studies.

Analysis of the results in Figure 5 allows us to draw a
number of conclusions regarding the properties of 2p-line
and nature of its components. From this it follows that
upon change of escape depth the contribution of different
doublets into the full intensity of spectra can vary in wide
ranges. Figure 6,a shows such dependences for the case
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Table 1. Surface shifts and Gaussian width for different
components in 2p-spectra of surface Si(100)c(4 x 2)
Surface . .
Component shift (eV) Gaussian width (eV)
B - 0.143 +£0.014
—0.483 + 0.004 0.208 +0.014
S 0.078 £ 0.015 0.204 £+ 0.016
S 0.225+0.014 0.159 4+ 0.021
Cc —0.163 £ 0.005 0.256 4+ 0.016
D 0.320 +0.016 0.233 4+ 0.042
0. = 80°. It shows in percent ratio the contributions of

components B, S, Sy, S, C and D into the full intensity of
spectra during different photon energies hv. On top in graph
along the horizontal axis also values of kinetic energies of
electrons are shown. For even greater clarity, these curves
can be modified depending on the normalized intensity S,
Sy, S, C and D (normalization is performed by value
of component B) on photon energy (Figure 6,b). Both
Figures show that contribution of emission from atoms of
bulk lattice into spectra is minimum at hv 2 135 eV (kinetic
energy of electrons ~ 30eV). At this photon energy the
spectra are most surface sensitive. When values hv increase
or decrease the surface sensitivity of spectra decrease, and
their bulk sensitivity increases.

For components S, and Sy the reverse, almost mirror
situation is observed. At hv = 135eV their contribution
into PE-line is maximum. Upon increase or decrease of the
photon energy the intensities S, and Sy abruptly decrease,
at that by area these doublets during all experimental
conditions stay approximately equal to each other. Such
behavior of components S, and Sy is explained by that they
are due to emission from atoms of top layer (lu and 1d in
Figure 1 respectively). This layer is formed by asymmetric,
inclined to surface plane dimers Si(1d)-Si(1u), and charges
localized on heir bottom and top ends are different [17,18].
flow of electronic density in this dimer occurs from the atom
1d to 1u. This determines the energy splitting of 2p-level
of atoms Si of top layer into two doublets in PE-line, and
determines values of surface shifts of components S4 and S,

Also note that the shifts of the components considered
are in good agreement with the results of ab initio
calculations carried out on the basis of density functional
theory [11,14,19,20]. Theoretical shift for atom 1u in
different papers varies from —0.35 to —0.24¢eV in initial
state model and from —0.54 to —0.48¢eV in finite state
model. So, the experimental value of this shift (—0.483 eV,
Table 1) can b very accurately predicted in model where
full hole screening on 2p-level is expected.

Somewhat another pattern is determined for atom 1d. For
it the experimental value of shift is 0.078 eV (Table 1). The
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Figure 5. Decomposition of normalized Si 2p-spectra, obtained at different experimental conditions (hv, 6e), to individual spin-orbital
doublets. The bond energy along horizontal axis is read from position Si of 2ps/,-sublayer of bulk component (B). For details see the text.

theory predicts value in range 0.41 — 0.57 eV for initial state
model and in range from —0.15 to 0.10eV for the finite
state model. This means that hole screening at 2p-level
of atom 1d during electron emission into vacuum can be
incomplete, or, in other words screening for atoms 1d

occurs more slowly that for atoms 1u. It can be supposed
that this difference is associated with the features of the
distribution of local electron density on the atoms of inclined
dimers, which was already reported above. It is worth
noting here that these results provide a clear example of
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Figure 6. a — Contribution of components (in percents) to

full intensity of 2p-spectra as function of photon energy. b —
Normalized intensity of components Sy, S, S, C and D vs. photon
energy. Normalization was performed by value of bulk component.
Emission angle 0. = 80°.

the deep interrelationship between the geometric structure
and the electronic properties of a solid: dimerization in the
upper atomic layer of silicon in Figure 1 is accompanied not
only by the energy splitting of the core 2p-level of atoms 1u
and 1d, but occurrence of difference in holes screening on
their internal shells.

Atomic nature of components S, C and D is less obvious.
From Figure 6 it follows that their intensity depends
much less sharply on the escape depth, and the largest
contribution to the PE-line of the component S, C and D is
provided at hv = 120eV (Figure 6,a). So, they can not be
attributed neither to bulk lattice of silicon nor to atoms in
its upper layer. We can suppose that these components are
due to emission from atoms located under layer formed by
atoms 1u and 1d in Figure 1. Number of such atoms can be
evaluated from ratio of intensities of surface components in
spectrum at hv = 108 eV and 0. = 0° in Figure 5. Under
these conditions the electron escape depth is so high that
the effects of signal attenuation from different surface layers
in Figure 1 can be neglected. In this spectrum the ratio of
areas of doublets (S, + Sy), S,CandDis1:1:1.75:0.18.
This means that components S, C and D most likely are
determined by the atoms of second, third and forth layers.
In Figure 1 this layers have six different atoms: 2, 3, 3/,
4, 4u and 4'd. Environment of some of them differs
very insignificantly. Therefore, the surface shifts for such
atoms can be quite close to each other and can not be
completely resolved in the PE-spectra at 100K and the
current energy resolution. Ab initio calculations predict that
the atoms of the second, third and fourth layers in Figure 1
give surface shifts in the range from —0.19 to 0.32eV in
initial state model [14,19,20] and in range from —0.26 to
0.27 eV in finite state model [11,14,19,20]. These shifts are
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in reasonable agreement with the experimental values for S’
and C in Table 1.

From all said above, it is logical to assume that the
component S occurs from atoms 2 in Figure 1, and
component C is determined by atoms of third and forth
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hv =130 eV und

hv=135eV

Normalized intensity, arb. units

10

O f 1 1 1
1.0 0.8 0.6 0.4 0.8
cos0,

Figure 7. Normalized intensities (Sy + S1), S’ and C vs. escape
angle cosine fe. Photon energy hv: @ — 130eV, b — 135¢eV.
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Figure 8. Mean free path of electron vs. kinetic energy in
silicon. Data were obtained in present paper (square symbols)
and in paper [23] (round symbols).
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Table 2. Mean free path 1 and escape depth 4 cos 0e, expressed in A and in monolayers [ML] of silicon atoms, at different values hv and 6.

hy = 130eV hy = 135eV
% 2 (A) ML) Acose (A) [ML] 2 (A) [ML] AcosBe (A) ML]
0° 32 [24) 32 [24) 25 [1.8] 25 [1.8]
60° 32 [24) 1.6 [12] 26 [1.9] 1.3 [1.0]

layers in this reconstruction. This interpretation, firstly,
agrees well with the intensity ratio of these components.
Secondly, it is in agreement with the values of their Gaussian
broadening in Table 1 (0.159 and 0.256 ¢V, respectively).
As for D, the intensity of this component is very low to be
uniquely associated with any type of atoms in the regular
structure in Figure 1. The authors relate this component to
the defects on surface of studied crystal. As it is known,
such defects have natural origin and always form on smooth
surfaces (100) of silicon to reduce surface tension [21,22].

Finally, results obtained in the present paper ensure
evaluation of mean free path 4 of electrons in silicon. Such
evaluations were made for the kinetic energy of electrons
25 and 30eV (hv =130 and 135eV). In Figure 7,a and
7,b for the above shown photon energies the dependences
of normalized intensities (S, + Sy), S’ and C on escape
angle cosine are shown. It was supposed that total intensity
of components S, and Sy is equal to value of PE-signal
from first monolayer of silicon atoms, and total intensity of
components S’ and C corresponds to value of signal from
second, third and forth monolayers. The value 1.358 A was
taken as thickness of one monolayer of silicon atoms, it
is equal to the height of a monoatomic step on Si(100)
surface. The obtained results of value 1 and escape depth
A cos O evaluation are given in Table 2 for cases hv = 130
and 135eVm andfe = 0° and 60°. From it we see that at
kinetic energy 30eV (hv = 135eV) the mean free path is
low and is 2.55A (~ 1.9 of monolayer of silicon atoms).
When the kinetic energy decreases to 25eV the mean free
path increases to 32A (2.4 of monolayer). In Figure 8 the
obtained data are presented together with the results from
paper [23]. It is evident that they are in good agreement and
complement each other. The obtained values can be used
to analyze the line shape in photoelectron spectroscopy of
silicon surfaces.

4. Conclusion

The fine structure of 2p-spectra of high resolution was
studied for surface Si(100) at 100K in wide region of
SC energies and escape angles. It is determined that the
spectra include five surface components, four of which
are due to emission from the atoms of the first (energy
shifts —0.483 and 0.078 eV), second (0.225¢V), third and
fourth (—0.163eV) layer of reconstruction c(4 x 2). The
fifth surface component (0.32¢V) is associated with defects

formed on surface. The optimal value of Lorentzian width
(wL = 70 meV) is obtained for these spectra decomposition.
It is shown that they have maximum surface sensitivity
at the photon energy 135eV (kinetic energy of electrons
~ 30eV). Based on the analysis of the intensities of surface
components, the value of the electron mean free path in
silicon crystal is determined as function of photon energy.
At hv =135eV the mean free path is 2.55 A, and at
hv = 130eV — 3.2 A. These values are in good agreement
with the published data.
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