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Influence of resolution, escape depth, and defects on the line shape of

2p-spectra from the Si(100) surface
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The results of quantitative and qualitative analysis of the fine structure of high-resolution (60meV) 2p-spectra
from the Si(100)c(4× 2) surface have been presented. The 2p-line is simulated for various photon energies, energy

resolutions, and density of structural defects in the Si surface layer. The upper limits of the experimental parameters

(photon energy and resolution), at which the characteristic features of the spectra can be used as an indicator of

the surface quality, are established. The spectrum sensitivity to vacancies in the surface dimer layer is estimated.

The obtained results can be used as reference data when conducting experiments and processing the results of

photoelectron spectroscopy of the Si 2p-core level.
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Introduction

High-resolution photoelectron spectroscopy (PES) is used
widely at present for diagnostics of surfaces, interfaces, and

thin-film structures [1–3]. For example, core-level PES is

used to record energy shifts of the inner shells of atoms

on the surface (surface core-level shifts) [4]. These data

provide an insight into the nature of bonds, the environment,

and the charge state of the indicated atoms and may be

regarded as
”
fingerprints“ of the atomic geometry of surface

reconstructions.

Quantitative analysis of the fine structure of photoelectron

(PE) spectra (specifically, their decomposition into indi-

vidual components) is normally required for identification

of surface shifts. In turn, detailed knowledge of the

dependence of the line shape on experimental conditions is

needed to decompose spectra. However, only a few papers

focused on the systematic study of this relation (even for

model systems: the best-known surfaces of semiconductors

and metals free of foreign atoms and molecules) have been

published to date.

The fine structure of high-resolution 2p spectra for

the (100) face of silicon has recently been examined in de-

tail in [5]. It was demonstrated that these spectra are formed

by six components (spin-orbit doublets 2p1/2−2p3/2), and
the atomic nature of each of them was established. However,

the results presented in the indicated study and in [6,7] did
not clarify the dependence of characteristic features of the

2p spectra of Si(100) on the energy resolution and photon

energy (in other words, the electron escape depth) within a

wide range of values. It also remained unclear how sensitive

the shape of the 2p line is to structural defects of this

surface.

In view of the above, the present study was aimed

at finding out how the above-mentioned experimental

conditions (including the density of defects on the sample

surface) affect the fine structure of the 2p spectra of the

Si(100)c(4 × 2) face. Experiments were carried out at

the MAX-lab synchrotron (Sweden). In addition, the 2p
photoemission line shape for this surface was simulated

under various conditions. The obtained data make it

possible to reveal the main patterns of variation of shape

of the 2p spectrum of the (100) silicon surface.

Methods

Experiment

Measurements were performed at channel I4 of the

MAX-III storage ring at a residual pressure in the vacuum

chamber of 3 · 10−11 Torr. Spectra were recorded with a

SPECS Phoibos 100 analyzer at a temperature of 100K.

Emission angle θe (measured relative to the normal to the

surface) was varied to adjust the electron escape depth.

The solid angle of electron collection was ±1◦. Full energy

resolution ρ was 60meV (at photon energy hν = 130 eV).

Samples were cut from a single-crystal silicon wafer

with the (100) surface orientation doped with phosphorus

(n-type). Its resistivity was ∼ 5� · cm. A series of

short-term thermal annealings at 1530 K with the pressure

in the vacuum chamber kept below 1 · 10−9 Torr were

performed to prepare an atomically clean surface. Following

heating, a well-ordered structure (2× 1) remained on the

surface at room temperature. It transformed into c(4× 2)
upon cooling to 100K. Low-energy electron diffraction
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Figure 1. 2p- spectra of the Si(100)with(4× 2) surface at hν = 130 eV. Measurements were carried out at different emission angles θe .

and valence-band PES were used to monitor the surface

structure and condition.

Simulation

Experimental 2p spectra were decomposed into spin-

orbit doublets using the least squares method. The Shirley

background subtraction method was applied [8]. The Voigt

profile, which is a convolution of Lorentzian and Gaussian

line shapes, was used as a model function. Lorentz

broadening, which is associated with a finite lifetime of

the photoexcited state of an atom with a hole at the 2p
level; spin-orbit splitting; and the ratio of intensities of

sublevels 2p1/2 and 2p3/2 (branching ratio) were fitting

parameters fixed at the same level for all components.

The number of components and the intensity and position

on the energy scale of each component were variable

parameters. Gaussian broadening ωG was also varied for

each component, since its value is determined both by the

resolution and by the degree of local disorder of the sample

crystal structure and, consequently, may vary with the lattice

atom type.

Linear combinations of known spin-orbit doublets with

given values of intensity and Gaussian width were used

to calculate the spectra. The intensities of doublets were

calculated based on the known values of mean free path in

silicon [5,9]. The effects of photoelectron diffraction were

neglected.

Results and discussion

Figure 1 shows the experimental 2p spectra of the

Si(100)c(4 × 2) surface obtained at hν = 130 eV and three

Parameters of components of the 2p line in Fig. 1. The notation is

as follows: 1E — surface shift, ωG — Gaussian broadening, η —
broadening induced by local disordering of the crystal structure,

ωL — Lorentzian broadening, 1ESO — spin-orbit splitting, and

I1/2/I3/2 — ratio of intensities of sublevels 2p1/2 and 2p3/2

(branching ratio)

Component
1E, ωG, η, ωL, 1ESO, I1/2/I3/2
meV meV meV meV meV

B − 143 130

Su −483 208 199

Sd 78 204 195
70 610 1 : 2

S′ 225 159 147

C −163 256 249

D 320 233 225

different values of θe = 0, 60, and 80◦ . The results of

measurements and decomposition of spectra are represented

by circles and solid curves, respectively. It can be seen from

Fig. 1 that a number of components contribute to the 2p
line: the B doublet, which is induced by emission from the

bulk silicon lattice, and five doublets Su, Sd , S′, C, and D,

which correspond to emission from the surface layers and

are shifted relative to the bulk component along the abscissa

axis toward higher or lower binding energy values. For

convenience, the position of the 2p3/2 sublevel of doublet B
is set as zero on the energy scale.

The interpretation of surface components was discussed

in detail in [5]. Let us list briefly the key findings. Su and Sd
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Figure 2. Dependence of the 2p line shape on photon energy hν . The simulation was performed for electron escape angle θe = 0◦ (left)
and 60◦ (right).

originate from the upper (first) atomic layer of the c(4× 2)
structure, and their surface shifts are −483 and 78meV,

respectively (see the table). It is common knowledge that

atoms of the upper layer form dimers with an asymmetric

configuration: their axis is inclined to the surface plane,

and the electron density shifts in part from lower atoms

(corresponding to Sd) to the upper ones (Su). The latter

factor is the reason behind such a noticeable difference in

energy of the indicated components (∼ 0.5 eV).

Components S′ and C (surface shifts of 225

and −163meV, respectively) are associated with several

atomic layers located below the upper c(4× 2) reconstruc-

tion layer. S′ is associated with atoms located in the second

layer. They all have the same environment. Component C
may be attributed to atoms in the third and fourth layers.

They occupy at least five non-equivalent positions in the

c(4× 2) crystal structure, and the corresponding surface

shifts are quite close to each other. It is impossible to

determine the magnitude of these shifts accurately even at

the high resolution level used here.

As for the D component, its atomic nature is not

related to the regular structure of the silicon surface. It

is induced by emission from local defects [5]. Therefore,

this component is neglected in further analysis.

A comparison of the ωG parameters for different com-

ponents listed in the table provides additional data on

the structural properties of the Si(100)c(4 × 2) surface.

Doublet B has the smallest Gaussian broadening (143meV).
This is readily attributable to the fact that the crystal

structure in the bulk has a higher degree of ordering than

on the surface. The Gaussian width of PE peaks may be

written as

ωG =
√

ρ2 + η2,

where η is the broadening caused by local disordering of

the crystal structure. This expression allows one to estimate

the value of η for component B . The obtained estimate

is 130meV.

The surface doublet with the smallest Gaussian broaden-

ing is S′ (159meV). Its η value is 0.147 eV. The values of

ωG and η for the remaining components are given in the

table. It is evident that doublet C undergoes the strongest

broadening. This is attributable to the fact that several non-

equivalent Si atoms contribute to this component.

Several important conclusions concerning the line shape

in Fig. 1 may also be inferred from an analysis of the

intensity of its components at different escape angles θe .

It follows from the figure that the intensity of doublets

Su and Sd increases noticeably in the θe = 0 → 60 → 80◦

series, while the B doublet intensity decreases significantly.

This is evidently caused by a change in the electron escape

depth. As the θe value grows, the sensitivity of spectra

to the surface (the bulk) increases (decreases). In the

Optics and Spectroscopy, 2024, Vol. 132, No. 10
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Figure 3. Dependence of the 2p line shape on full resolution (see text for details). The simulation was performed for electron escape

angle θe = 0◦ (left) and 60◦ (right).

limit case (at θe = 80◦), the contribution of bulk silicon

lattice atoms to PE emission is so insignificant that the

recorded line shape matches almost completely the c(4× 2)
surface reconstruction. This spectrum is characterized by

two features. One of them is a strongly pronounced

peak at energies around −0.5 eV, which is associated with

the 2p3/2 sublevel of doublet Su. Its intensity decreases

noticeably with decreasing θe values. This peak has almost

no overlap with the other doublets in Fig. 1 and may be

used as a surface state indicator even without quantitative

decomposition of the spectra.

The second important feature is the fine structure of the

main spectral maximum in the energy region around 0 eV.

At θe = 80◦, the primary contributions to this maximum

are produced by the 2p3/2 sublevels of surface doublets Sd ,

S′, and C and the 2p1/2 sublevel of Su (see Fig. 1). The

pattern changes qualitatively in transition to θe = 0◦ . The

main contribution to the specified feature is provided by the

2p3/2 sublevel of the B component. This leads to narrowing

of the maximum.

It follows clearly from the above that the features of fine

structure of 2p spectra of Si(100) are related directly to

both the surface state and the experimental parameters.

To clarify this relation, we simulated the spectra for

the c(4× 2) reconstruction under different experimental

conditions. Known components Su, Sd , S′, C, and B were

used in calculations. Figure 2 shows two series of spectra

obtained as a function of photon energy at θe = 0 and 60◦.

In the case of normal emission, the most profound

changes in line shape are observed in the hν = 130−155 eV

region. The mean free path of electrons in silicon has a

minimum (2.5−2.6 Å at hν = 135 eV) within this range [5].
This implies that the spectra in question are highly surface-

sensitive. Indeed, their characteristic feature (well-resolved
peak) at −0.5 eV has a high intensity, and the main

maximum is broadened and shifted toward higher energies

from the position of the bulk component (0 eV) due to

the contribution of surface components. At hν = 155 eV,

the mean free path increases, enhancing the contribution of

the B doublet to photoemission. This leads to a reduction

in intensity of the peak at −0.5 eV and a shift of the main

maximum toward lower binding energies. As the photon

energy increases further, the bulk contribution becomes

dominant, the feature at −0.5 eV vanishes gradually, and

the spectrum assumes a shape typical of the bulk silicon

lattice (in this case, the contribution of surface components

is virtually zero). It can be seen from Fig. 2 that the spectral

feature at −0.5 eV vanishes at a quanta energy upward of

350 eV.

A qualitatively similar pattern is observed at θe = 60◦ .

The electron escape depth decreases in grazing emission (in
the present case, by a factor of 2). This is the reason why

the threshold values of photon energy shift upward.
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Figure 4. Dependence of the fine structure of 2p spectra on the number of surface defects of silicon. Calculations were performed for

a photon energy of 130 eV. High-resolution and low-resolution spectra are shown in the left and right panels, respectively. See text for

further details.

It follows from a comparison of the two series of spectra

in Fig. 2 that the upper limit of photon energies at which

the 2p line features may be used to assess the surface state

is ∼ 230 eV at θe = 0◦ and ∼ 580 eV at θe = 60◦ .

Figure 3 shows two series of 2p spectra obtained at

a fixed value of hν = 130 eV and different full resolution

levels. For convenience, the Gaussian width for the bulk

component was used as a quantitative measure of resolution.

It can be seen from Fig. 3 that the characteristic features of

the 2p line become increasingly blurred and less noticeable

as the Gaussian broadening parameter increases from

ωG(B) = 0.15 eV (this value corresponds to ρ = 75meV

at η = 130meV). At ωG(B) = 0.45 eV (corresponds to

ρ = 431meV), the 2p spectrum assumes a shape close to

the one typically observed in X-ray PE spectroscopy with

the MgKα and AlKα lines used as excitation radiation

(an almost symmetrical line shape without pronounced

features). Note also that the vanishing of the characteristic

”
shoulder“ in the energy region of −0.5 with θe = 0◦

actually occurs at ωG(B) ≥ 0.35 eV (ρ = 325meV).
The expected shape of spectra in the ultrahigh resolution

region (at ωG(B) = 0.05 and 0.10 eV) is shown in the

lower part of Fig. 3. It should be emphasized that the

formation of a 2p line with such a small Gaussian width

is a very difficult, if not impossible, task at present.

To accomplish this, one needs not only to increase the

energy resolution (in particular, reduce the temperature of

experiments to a level significantly lower than 100K), but
also to develop a procedure for preparation of a silicon

sample with a significantly higher degree of ordering of

the crystal structure. For example, the values of ρ =
22meV and η = 45meV are required to achieve parameter

ωG(B) = 0.05 eV. It is clear that this is currently beyond the

realm of possibility.

As was already noted, the fine structure of 2p spectra

may be used to monitor the Si(100) surface state at the

atomic level. Vacancies in the rows of dimers formed in

the first atomic layer (missing dimers [10]) are one of the

most common types of defects for the c(4× 2) surface

reconstruction. It is evident that the emergence of such

vacancies should be accompanied by a change in the shape

of 2p spectra.

In the final part of this work, we consider the issue of

their sensitivity to these defects. Figure 4 presents the

2p lines modeled for surfaces with different densities of

missing dimers, which are expressed as a percentage per

one monolayer. It was assumed for simplicity that the state

of atoms in the underlying layers does not change when

a vacancy forms. Two series of spectra corresponding to

high and low resolution levels (ωG(B) = 0.15 and 0.45 eV,

respectively) are shown in the figure. In both cases, the

emission angle was 60◦ . It is evident that the fine structure

Optics and Spectroscopy, 2024, Vol. 132, No. 10
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Figure 5. Difference spectra obtained at various densities of

surface defects (numbers next to the curves).

of spectra gets blurred significantly at low resolution, and it

becomes rather difficult to assess the degree of influence

of defects on the line shape qualitatively. In the high-

resolution case, qualitative changes in shape become clearer.

An increase in the number of defects leads, most notably, to

a reduction in the intensity of the low-energy peak induced

by component Su. Other parts of the spectrum do also

change; for example, splitting of the other two maxima at

0−0.25 eV and 0.65−0.90 eV is observed.

Difference spectra, which represent the remainder of

subtraction of the spectrum of an ideal surface with no

vacancies from the spectrum of a surface with a given

number of vacancies, were obtained in order to evaluate

quantitatively the sensitivity of spectra to defects. Several

difference spectra corresponding to different numbers of

defects are shown in Fig. 5. It is evident that the curves

deviate more and more from the zero level as the surface

quality deteriorates. Naturally, the capacity to detect such

deviations is tied directly to the signal-to-noise ratio for

the experimental spectrum. This was used to estimate the

sensitivity of the spectrum at θe = 60◦ in Fig. 1. Its signal-

to-noise ratio is ∼ 8.1 · 102. It follows from Fig. 5 that the

2p spectrum is sensitive in this case to 2−3% of a defect

monolayer on the Si(100)c(4 × 2) surface.

Conclusions

The structure and shape of the 2p line for the

Si(100)c(4 × 2) reconstruction at hν = 130 eV and differ-

ent values of θe (different electron escape depths) were

investigated. Quantitative parameters of the 2p spectra

components were obtained, and their main features, which

depend on the experimental conditions and may serve as an

indicator of the surface state, were determined. Modeling of

2p spectra with different hν , θe , and numbers of vacancies

in the surface dimer layer was performed.

The obtained data suggest that 2p spectra may be used

to monitor the Si(100) surface quality at ρ ≤ 300meV

and hν ≤ 580 eV (at θe = 60◦). The sensitivity of 2p
spectra to surface defects was determined. In the present

case, this sensitivity is ∼ 2−3% of a monolayer.
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