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Abstract 

One doublet is usually employed to fit the Si0 substrate species in the Si 2p photoemission 

spectra from Si (001) H-terminated (after piranha treatment) and oxidized surfaces.  

However, there is a second substrate-top component (ST) with a binding energy 0.3 eV 

higher than the bulk component; its intensity varies from ~ 10% at normal emission (i.e., 

90° from the surface) to ~ 20% at 35°.  It is present even for oxidized surfaces and does 

not correspond to any of the suboxides species.  It corresponds to the first layers of the 

substrate and is responsible for the decrease in the signal dip between the two S-O branches 

of the Si 2p spectra for glancing electron takeoff angles.  Although it is resolvable for 

monochromatized sources, the ST component is absent in the literature on Si 2p spectra.   

I. Introduction 

Because of its technological relevance, the Si 2p from the Si (001) surface is one of the most 

studied core levels with X-Ray Photoelectron Spectroscopy (XPS).  The most common method for 

cleaning silicon wafers is Piranha 1, which produces a H-terminated hydrophobic silicon surface.  

This surface is widely used in silicon technology to grow silicon oxide or other materials to build 

semiconductor devices.  There is extensive literature about the various peaks constituting the Si 2p 
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spectrum under different chemical environments.  Synchrotron studies revealed the presence of 

various resolvable components in the Si0 2p spectra for the atomically clean surface case 2–4.  

Reports about the spectrum of H-terminated Si(001), either with synchrotron radiation or with 

laboratory equipment, are rare, if any.  In the case of a thin silicon oxide on Si(001) analyzed with 

laboratory XPS equipment, the Si0 2p component is usually fitted employing one doublet; in this 

paper, we show the presence a second resolvable component 5.  It does not correspond to any of 

the suboxide components discussed by Himpsel et al. 6 and others.  We also show that the same 

extra component is also present in the Si 2p spectrum of H-terminated Si(001). 

II. Experimental and analysis details 

The samples employed were Si (001) n-type substrates.  Except for one native silicon oxide sample 

(indicated in the text), all underwent RCA cleaning.  This sulfuric acid/peroxide etch process, also 

known as "piranha", removes hydrocarbon residue; the HF last step removes the remaining oxide 

and yields a H-terminated surface.1  The synchrotron experiments were carried out at (the old) 

Beamline 8-1 of the Stanford Synchrotron Radiation Laboratory with 130 and 260 eV light.  Some 

of the RCA-processed samples were annealed at 850ºC for 10 min in the analysis chamber 

maintaining the pressure below 510-9 Torr; this provides atomically clean surfaces free of 

hydrogen 6.   

The XPS laboratory data were acquired with an Intercovamex (Morelos, Mexico) assembled XPS 

instrument equipped with a hemispheric spectrometer (model XPS110) and an X-ray 

monochromator (model XR5) from ThermoFisher (East Grinstead, UK).  The lens operation mode 

(MONOXPS) employed has an acceptance angle of 16°; the pass energy of the analyzer was set 

to 10 eV.  The instrument broadening is approximately 0.4 eV under these conditions.  Except for 
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one native-oxide sample, the Si(001) wafers underwent RCA cleaning.  Four of the samples were 

thermally oxidized at 800 °C for 16, 26, 75, and 145 s; another sample was processed at 900 °C.   

The peak analysis was carried out employing (real) Voigt singlets for O 1s and C 1s and doublets 

for Si 2p; for the latter, the ratio between the 1/2 and 3/2 components was fixed to the Scofield 

theoretical value for hv = 130 eV (0.505, extrapolated from Reference 7) and for Al Kα radiation 

(0.51, from Reference 8).  While the Lorentzian widths were fixed to previously known values 

(0.25 eV for O 1s, 0.35 eV for C 1s, 0.085 eV for Si0 2p and 0.4 eV for Si4+ 2p), the Gaussian 

widths were allowed to vary during the optimization process.  The background was modeled 

through the Active Background Approach, which allows for the simultaneous use of various 

background types to build the total background 9.  Another important analysis tool employed was 

the Simultaneous Fitting Method to robustly assess the peak parameters for data sets 10,11.  The 

uncertainties on the fitting parameters (areas, positions, and widths) were estimated through a 

rigorous approach (using the covariance matrix) that accounts for the covariance of the peak 

parameters with the background parameters 12 (in this way, the additional uncertainty on the peak 

intensities caused by the uncertainty on the background is accounted).  The asymmetry was fitted 

with the Double-Lorentzian lineshape 13,14.  The peak fitting analysis was done with the software 

AAnalyzer® 15, which encompasses the analysis methods mentioned above.   

The composition was calculated with the software XPSGeometry®, which is based on the 

MultiLayer Model (MLM) 16 The values employed for the differential cross-section 17 account for 

the partial polarization of the X-rays caused by the monochromator 18.  The effective attenuation 

lengths for each compound were calculated employing the Standard Reference Database 82 

(EAL13) provided by NIST 19.   
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The angular analysis was done through the Angular Transmission Function approach described 

elsewhere 20, which allows for the modeling of the expected angular behavior once the physical 

model of the sample has been proposed.  It allows for directly analyzing the peak intensities 

without normalizing the data at each angle to one of the components (usually, a bulk component).  

The reproduction of the intensity as a function of angle is achieved by accounting for the 

instrument-related geometrical factors affecting the intensity in XPS experiments (i.e., the angular 

transmission function).   

III. Results 

A. The ST peak in the spectra from H-terminated Si (001) surfaces acquired with Al Kα 

radiation 

The substrate feature of the Si 2p spectra from clean and oxidized Si (001) samples obtained with 

laboratory XPS equipment is usually fitted with one component.  However, the presence of a 

surface component is strongly suggested by the decrease of the dip between the 1/2 and 3/2 spin-

orbit branches for glancing angles, as shown in Figure 1.   
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Figure 1. (Color online.)  Si 2p spectrum at various electron take-off angles obtained with Al K (1,486.7 

eV) monochromatized X-rays a) from an H-terminated Si (001) surface and b) from a 

SiO2/Si (001) sample acquired at different angles.  The decrease in the dip between the two S-O 

branches is indicative of the presence of a surface component around 99.7 eV.    

The detection of this component can be hindered for several reasons.  Some are illustrated in 

Figure 2, which shows different fitting scenarios for the 85° spectrum of the H-terminated sample 

also shown in Figure 1-a.  It is an extended practice to peak-fit the XPS Si 2p feature from the 

substrate employing two independent singlets, one for the 2p3/2 and another for the 2p1/2 branch, 

as illustrated in Figure 2-a.  The fit is good enough for most purposes.  The small discrepancy 

between the experimental data and the fit around 100.4 eV is commonly overlooked or just 

ignored.  Another issue that is also commonly overlooked is that the branching ratio (i.e., the 

intensity ratio of the 1/2 to the 3/2 branch) resulting from this fit is 0.55 instead of the qualitatively 

expected value of 0.5 or the theoretically predicted value of 0.51 8.  When the branching ratio is 

forced to 0.51 (or to 0.5), the discrepancy in the fit appears in the two regions indicated by the 

dashed ovals in Figure 2-b.  This double discrepancy suggests the presence of another peak, as 
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illustrated in Figure 2-c.  This second peak, ST (substrate-top), is shifted by about 0.3 eV to higher 

binding energy from the bulk component (B).  The inset shows that the angular behavior of ST is 

qualitatively different from that of the bulk signal; the blue and the black lines correspond to the 

expected behavior of a surface and a bulk component modeled through the Angular Transmission 

Function approach 20.  A thickness analysis, carried out under the MultiLayer Model using the 

discrete density approach,16 shows that it corresponds to the top ~ 1.7 ML.  (This analysis method 

is encompassed in the software XPSGeometry® 21.)  Since its angular behavior is not substrate-

like, it cannot be due to an alleged Si 2p peak asymmetry, as claimed in Reference 22 and illustrated 

in Figure 2-d.  The fitting parameters employed for fits are displayed in Table I. 
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Figure 2. (Color online.)  Si 2p spectrum from H-terminated silicon obtained with 1486.7 eV photons from 

a monochromatized Al K laboratory source.  a) Fit employing two singlets, one for each branch.  

Besides a discrepancy in the fit around 100.5 eV, the branching ratio resulting from this procedure 

is 0.55 instead of the theoretical value of 0.51.  b) Fit employing one double and forcing the 

branching ratio to 0.51.  In this case, the discrepancy in the fit appears not only around 100.5 eV 

but also at 99.8 eV, on the top of the 2p1/2 branch.  c) An appropriate fit can be obtained with two 

doublets, one corresponding to the bulk (B) and a second component (ST) located 0.3 eV towards 

higher binding energy.  The fit is excellent even though the branching ratio is forced to its 

theoretical value of 0.51 8.  The inset shows that the angular dependency of ST is different from 

the bulk component.  d) The shape of the Si 2p spectrum has been attributed to an asymmetry 22.  

Although the fit could be excellent by employing an asymmetric line-shape (double-

Lorentzian13), it does not constitute a correct interpretation because of the different angular 

behavior of the B and ST components shown in the inset of (c).    
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Table I. Parameters employed for the fits of the H-terminated Si 2p spectrum shown in Figure 2 a, 

b, c, and d.  The background is a combination of SVSC and Slope backgrounds as described 

in Reference 9. 

 Peak 
2p3/2 binding 

energy (eV) 

Spin-orbit 

splitting 

(eV) 

Gaussian 

width (eV)  

Lorentzian 

width (eV)  

Double 

Lorentzian 

Asymmetry 

a) bulk 99.4 0.6 0.36 0.085 n/a 

b) bulk 99.4 0.61 0.4 0.085 n/a 

c) 
bulk 99.4 0.61 0.37 0.085 n/a 

ST 98.7 0.61 0.37 0.085 n/a 

d) bulk 99.4 0.61 0.36 0.081 2.32 

 

B. The ST peak in the spectra from SiO2/Si (001) samples acquired with Al Kα radiation 

The presence of ST in the Si 2p spectrum from oxidized Si (001) surfaces acquired with laboratory 

Al Kα monochromatized source is also patent by the decrease on the dip between the two S-O 

branches for glancing angles, as illustrated in Figure 1-b.  Figure 3 shows the fit (including ST) of 

a Si 2p spectrum from a Si(001) substrate subjected to thermal oxidation at 800 °C for 75 s.  Its 

angular dependence (inset) is qualitatively different from the bulk; it corresponds to a component 

at the top of the substrate (i.e., at the interface), which is consistent with the result shown in 

Figure 2-c.  The thickness analysis, also carried out through the MultiLayer model employing the 

discrete density approach,16 results in a value of ~ 2.0 ML for the layer corresponding to the ST 

component.  As for the clean sample, the blue and black lines of the inset, modeled employing the 

Angular Transmission Function approach 20 employing the physical model shown in Figure 3, are 

the expected behavior for substrate and interface components.  It presented a small about of 

adventitious carbon due to its exposure to atmosphere during the transport from the oven to the 

XPS chamber.  The parameters employed for these calculations are displayed in Table II. 
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Figure 3. (Color online.)  High-resolution spectrum of Si 2p for Si (001) with a thermal oxide layer (75 s 

at 800 °C in atmospheric pressure of ultra-high purity oxygen) approximately 6 Å thick.  The ST 

component is also required to fit the data.  As in the data shown in Figure 5, there is a small 

number of suboxides (“Sub” in the diagram).  The inset shows the angular dependence of ST, 

strongly suggesting that this is a species located at the interface.  The blue and black lines 

correspond to the expected angular behavior of an interface and a substrate component, 

respectively.  

Table II. Parameters employed for the assessment of the thickness and composition of the samples.  

The differential cross sections and the effective attenuation lengths (EAL) were calculated 

using References 23 and 24, respectively.  

Core level d d   
EAL (Å) 

Si SiO2 C 

Si 2p 0.016784 29.86 35.08 33.54 

O 1s 0.001878  23.49 25.12 

C 1s 0.000641   27.93 

 

C. Comparison with synchrotron data obtained with 130 and 260 eV photon energy 

1. H-terminated surface 

As discussed in Reference 25, the various components of the Si 2p spectrum for the clean Si (001) 

2×1 surface have been characterized in detail.  Synchrotron experiments, performed with a photon 

energy of 130 eV to minimize the effective attenuation length (~ 4 or 5 Å), clearly show the 

contribution to the photoelectron signal from each half of the outermost atomic monolayer and 
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also from the rest of the substrate 2.  The various components shown in Figure 4-a follow the 

nomenclature employed by Landemark et al. 2  In that work, B is associated with the bulk, which 

they define from the fourth monolayer on; S to the up-dimer atoms of the top surface monolayer 

(1/2 ML, shifted by +0.55 eV); S’ to the second monolayer (shifted by -0.26 eV); C to the third 

monolayer (shifted by +0.3 eV).  They resolved a fifth component between B and S’, called SS 

(shifted by -0.1 eV), which they assigned to the down dimers at the top surface.  Notice that there 

is a small component corresponding to Si1+.  The interpretation of the physical origin of the various 

components is slightly different in the works of Pi et al. 3 and Gomoyunova et al. 4, although they 

all acknowledge their presence and that they are related to the first monolayers.   
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Figure 4. (Color online.)  Si 2p spectra obtained with 130 eV photons a) from an atomically clean Si (001) 

2×1 surface and b) from a H-terminated Si (001) 1×1 surface.  The fit and terminology in (a) are 

similar to that proposed in Reference 2.  The ST component in (b) is different from the Si1+ 

suboxide component.  The relative intensity of ST is approximately the same as the sum of the 

relative intensities of the S, SS, C, and S’ components in (a).  

For H-terminated Si (001) surfaces, the symmetry is 1×1 suggesting the absence of surface 

reconstruction.  As shown for the Si 2p spectrum acquired with hv = 130 eV shown in Figure 4-b, 

the components corresponding to the last ~ two monolayers (S, SS, C, and S’) shift from their 2×1 

corresponding binding energies and are comprised into a component with a BE ~ 0.3 eV above the 

bulk (i.e., at ~ BE = 99.7 eV).  Its relative intensity (~ 42%) is approximately the same as the sum 

of the relative intensities of the S, SS, C, and S’ components (~ 46%).  The depth analysis shows 

that it corresponds to ~ the last two monolayers.  For this analysis, it is necessary to use the discrete 

approach described in Reference 16 because the effective attenuation length is not much larger 
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than the Si (001) layer thickness.  Except for being wider, it has all the important features (binding 

energy and depth profile) of the ST component shown in Figure 2-c.  The same results were found 

for data acquired with hv = 260 eV light (not shown).  

The presence of the same ST component in both H-terminated Si (001) surface and SiO2-covered 

surface suggests that the reconstruction of the top Si0 layer is similar.  

2. SiO2/Si (001) sample 

The presence of ST in the SiO2/Si (001) Si 2p spectra acquired with Al Kα radiation is also 

suggested by the decrease of the dip between the substrate's 1/2 and 3/2 spin-orbit branches, as 

shown in Figure 1-b.  The Si 2p spectrum for the oxidized Si (001) surface has also been 

characterized in detail.  By using synchrotron radiation with hv = 130 eV, Himpsel et al. 

characterized the shift and FWHM of the oxide and suboxide peaks (Si4+: shift 3.9 eV, FWHM 

1.15 eV; Si3+: shift 2.5 eV, FWHM 0.7 eV; Si2+: shift 1.75 eV, FWHM 0.6 eV; Si1+: shift 0.95 eV, 

FWHM 0.44 eV) 26.  The fit shown in Figure 5, which corresponds to a native-oxide Si (001) 

sample acquired with 260 eV light, was done using Himpsel’s peak parameters except for 

considering the extra component ST.  Then, besides the peaks associated with Si4+, Si1+, Si2+, Si3+, 

and Si0 proposed by Himpsel et al., it is also necessary to consider ST as the clean surface.   
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Figure 5. (Color online.)  Si 2p spectrum obtained with 260 eV photons.  The energy shift and Gaussian 

width of the peaks employed for the fit are those from Reference 26.  The extra component, ST, 

was not considered in the series of works by Himpsel et al.26  However, as shown in the inset, the 

fit is improved in the circled region by including ST.  

D. Comparison with previous work 

Oh et al. 27, and later Dreiner et al. 28 and Owaga et al. 29, reported the presence of two extra Si 2p 

components, α and , in the Si0 region found from peak-fitting.  We observed that our data was 

also possible to be fitted with those components, as illustrated in Figure 6-a.  However, the fit 

requires only one extra component (ST), i.e., although it is possible to use the  peak, it is not 

required to get a good fit (as shown in Figure 6-b).  We prefer case (b) because it requires a smaller 

number of peaks, and the angular behavior of ST is well behaved.   
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Figure 6. (Color online.)  Fit of the Si 2p spectra from Si (001) annealed at 800 °C for 16 second; the data 

was acquired at 35° take-off angle (from the surface).  a) Fit employing the α and  components 

proposed by Oh et al. 27.  b) Fit employing the ST component proposed in this work.  This shows 

that the component  is not required to obtain a good 16 fit.   

E. Physical origin of the ST component 

It has been proposed that the α and  components correspond to chemical species at the interface 

with fix thickness.27–30  This is inconsistent with our finding that the thickness of the ST layer 

varies with the thickness of the oxide layer.  We analyzed the behavior of the ST component from 

a series of samples consisting of thin silicon oxide layers on Si (001) substrates prepared under 

different conditions.  Their structure, including the thickness of the ST layer, the suboxides, and 

the SiO2 layer, was assessed through the MultiLayer Model16 from ARXPS data.  As shown in 

Figure 7-a, except for the native-oxide sample, there seems to be a well-defined dependence of the 

Si4+ shift with the thickness of the layer associated to ST.  The exception of the native-oxide sample 

is corrected when the thickness of the oxide layer is accounted (Figure 7-b).  
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Figure 7. (Color online.)  Correlation between the Si4+ shift and the thickness of the ST layer.  a)  

Dependence of the Si4+ shift and the thickness of the ST layer.  b) The blue dashed line 

corresponds to the fit in which it is considers that the surface charge is constant.  The solid 

cardinal line corresponds the fit to the model presented in this paper (described in the text) in 

which the surface charge varies with the thickness of the ST layer.  In contrast with the constant 

layer model, our model reproduces the jump on the binding energy of the Si 2p peak in Si+4 

between the 75 s and 900 °C samples.  

As it has been reported elsewhere 31,32, the thicker the SiO2 layer, the larger the shift of the Si 2p 

component associated to Si4+.  Kim et al. 32 showed that this dependence can be explained in terms 

of a positive charge at the oxide surface compensated with a negative charge at the interface (this 

is discussed at length in Reference 5).  To model the shift observed by the Si4+ component, they 
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consider that this surface charge is independent on the SiO2 layer thickness.  In their Eq. 3, they 

convolve the lineshape of the peak (assumed to be Gaussian) with a peak center varying with 

position, with the Beer-Lambert attenuation factor.   

We employed a more precise approach to model the dependence of the shift of the silicon oxide 

component on its thickness.  The change on the kinetic energy caused by the dipole layer on the 

substrate photoelectrons, subK , is equal to e d  , where e is the electron charge (positive),   

is the surface charge density (positive),  is the dielectric constant of SiO2, and d is the SiO2 layer 

thickness.  The increment is positive because the field in the oxide layer is such that it accelerates 

the electrons.  The change on the kinetic energy of the electrons from the oxide layer originated at 

depth z measured from the surface of the layer is  

( )oxK z e z  =
, Eq. 1 

also positive.  Since the electrons closer to the surface contribute more to the signal, this change 

on the kinetic energy must be weighted by the Beer-Lambert attenuation factor as follows: 

0
ox

0

exp
sin

sin

exp 1exp
sinsin

d

d

e z z
dz

e d
K

dz
dz



   
  



  

   
−    

 = = −
    − −       




, Eq. 2 

where  is the effective attenuation length and  is the photoemission take-off angle measured 

from the surface.  This expression reduces to e  d/2 sin for large , and to e   sin for 

small , as expected.  This total difference in binding energy between the Si 2p peak originated 

from the substrate and that originated in the oxide layer ( totalBE ) is the sum of the chemical shift 

( chemBE ) and the extra shift caused by the dipole field ( dipoleBE ), where  

oxdipole subBE K K  = − ,  Eq. 3
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resulting in  

chem sin

exp 1
sin

total

e d e d
BE BE

d

 
 

 

 

 
 
  =  + − −

  −    
. 

 Eq. 4 

The last term is always smaller than the second, so the change in the total shift is positive.  This is 

because the electrons from the substrate are accelerated along the whole layer and are subjected to 

a larger kinetic energy shift than the oxide.  Since the spectra is aligned to the Si 2p substrate peak 

(99.4 eV binding energy), the shift is only apparent in the oxide peak.  

Figure 7-b shows the dependence of the Si4+ shift with the thickness of the oxide layer for the same 

samples.  The dashed-blue line corresponds to a constant surface charge density, as considered in 

their model by Kim et al.32  The cardinal-solid line corresponds to modeling   as linearly 

dependent on the thickness of the ST layer as follows: 

0 '
TSd  = + .

  

 Eq. 5

 
The values for 0 0 =  and 

4' 3.7 10 −=  e/Å3 correspond to the optimum fit to the experimental 

data (green dots).  It is remarkable that considering the surface charge to be proportional to the S’ 

layer thickness qualitatively reproduces the behavior of the Si4+ shift and that the optimal value 

for the constant term 0  is equal to zero.  This strongly suggests that the ST component is related 

to charge accumulation at the top of the substrate.  Under this model, the corresponding 

accumulation charge per unit surface layer is 5×10-3 e.  The value for chemBE  is different between 

the two models: 3.63 eV for the constant   model, and 3.92 eV for the model considering   

proportional to the thickness of the ST layer.   

Our conclusion is that the ST component is due to negative charge accumulated at the Si\SiO2 

interface.  This suggests that that the shift of ST towards higher binding energy is due to a 
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perturbation caused by the interface charge on the electronic structure of the ST atoms without 

affecting their total atomic charge.    

In the case of the H-terminated surfaces, there is also a negative surface charge accumulated in 

response to the positive charge of the hydrogen atoms.  It is very likely that, as in the H-terminated 

case, the presence of the thermal silicon oxide eliminates the reconstruction of the top Si substrate 

layer, as it is suggested by the lack of band bending in both cases (band bending is related to 

surface reconstruction, as shown in Figure 5 of Reference 33).  In the same way as in the SiO2/Si 

case, the ST component might arise as an electronic state response to the presence of the surface 

states negative charge without the shift to higher binding energies representing loss of charge.   

IV. Conclusions 

The substrate feature in the photoemission spectrum of Si 2p from H-terminated Si (001) and 

SiO2/Si (001) samples acquired with Al Kα radiation has a resolvable peak, which we call ST, with 

binding energy ~ 0.3 eV above the Si0 bulk peak.  It is also found in H-terminated surfaces 

employing synchrotron photon energies (130 eV and 260 eV) that enhance the top surface 

contribution.  Even though the Si 2p photoemission spectrum is one of the most studied, this 

component has been overlooked in the literature.  Its presence causes a decrease in the dip between 

the two S-O components of the main Si0 2p doublet for glancing electron take-off angles.  It is 

relatively small, ~ 10% of the substrate peak at normal electron emission (90°), and ~ 20% at 35°.  

Its angular dependence is quantitatively described by a layer with a depth location at the top of the 

silicon substrate.  It is present even for oxidized surfaces and does not correspond to any of the 

suboxide species. 
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The similarity of the Si0 2p component of the H-terminated Si (001) 2×1 surface and of the SiO2-

covered surface suggest that the presence of the oxide eliminates the reconstruction of the substrate 

in the same way as hydrogen does.   

Although it was suggested that the presence of similar components is associated with surface 

species with fixed thickness, the dependence of its thickness on the thickness of the SiO2 layer 

discards that model.  We found that the thickness of the ST layer is governed by the dipole charge 

between the top surface oxide and the SiO2/Si interface.  In the same way, the shift of the Si+4 is 

governed by the strength of the dipole.  In the case of H-terminated samples, the negative charge 

at the substrate surface is caused by the positively charged hydrogen atoms.   
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Tables 

 

Table I.  Parameters employed for the fits of the H-terminated Si 2p spectrum shown in Figure 2 

a, b, c, and d.  The background is a combination of SVSC and Slope backgrounds as described in 

Reference 9. 

 

 Peak 
2p3/2 binding 

energy (eV) 

Spin-orbit 

splitting 

(eV) 

Gaussian 

width (eV)  

Lorentzian 

width (eV)  

Double 

Lorentzian 

Asymmetry 

a) bulk 99.4 0.6 0.36 0.085 n/a 

b) bulk 99.4 0.61 0.4 0.085 n/a 

c) 
bulk 99.4 0.61 0.37 0.085 n/a 

ST 98.7 0.61 0.37 0.085 n/a 

d) bulk 99.4 0.61 0.36 0.081 2.32 
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Table II.  Parameters employed for the assessment of the thickness and composition of the 

samples.  The differential cross sections and the effective attenuation lengths (EAL) were 

calculated using References 23 and 24, respectively. 

 

Core level d d   
EAL (Å) 

Si SiO2 C 

Si 2p 0.016784 29.86 35.08 33.54 

O 1s 0.001878  23.49 25.12 

C 1s 0.000641   27.93 
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Figure Captions 

 

Figure 1.  (Color online.)  Si 2p spectrum at various electron take-off angles obtained with Al Kα 

(1,486.7 eV) monochromatized X-rays a) from an H-terminated Si (001) surface and b) from a 

SiO2/Si (001) sample acquired at different angles.  The decrease in the dip between the two S-O 

branches is indicative of the presence of a surface component around 99.7 eV.    

 

Figure 2.  (Color online.)  Si 2p spectrum from H-terminated silicon obtained with 1486.7 eV 

photons from a monochromatized Al Kα laboratory source.  a) Fit employing two singlets, one 

for each branch.  Besides a discrepancy in the fit around 100.5 eV, the branching ratio resulting 

from this procedure is 0.55 instead of the theoretical value of 0.51.  b) Fit employing one double 

and forcing the branching ratio to 0.51.  In this case, the discrepancy in the fit appears not only 

around 100.5 eV but also at 99.8 eV, on the top of the 2p1/2 branch.  c) An appropriate fit can be 

obtained with two doublets, one corresponding to the bulk (B) and a second component (ST) 

located 0.3 eV towards higher binding energy.  The fit is excellent even though the branching 

ratio is forced to its theoretical value of 0.51 8.  The inset shows that the angular dependency of 

ST is different from the bulk component.  d) The shape of the Si 2p spectrum has been attributed 

to an asymmetry 23.  Although the fit could be excellent by employing an asymmetric line-shape 

(double-Lorentzian 24), it does not constitute a correct interpretation because of the different 

angular behavior of the B and ST components shown in the inset of (c).    

 

Figure 3.  (Color online.)  High-resolution spectrum of Si 2p for Si (001) with a thermal oxide 

layer (75 s at 800 °C in atmospheric pressure of ultra-high purity oxygen) approximately 6 Å 

thick.  The ST component is also required to fit the data.  As in the data shown in Figure 5, there 

is a small number of suboxides (“Sub” in the diagram).  The inset shows the angular dependence 

of ST, strongly suggesting that this is a species located at the interface.  The blue and black lines 

correspond to the expected angular behavior of an interface and a substrate component, 

respectively.  

 

Figure 4.  (Color online.)  Si 2p spectra obtained with 130 eV photons a) from an atomically 

clean Si (001) 2×1 surface and b) from a H-terminated Si (001) 1×1 surface.  The fit and 

terminology in (a) are similar to that proposed in Reference 2.  The ST component in (b) is 

different from the Si1+ suboxide component.  The relative intensity of ST is approximately the 

same as the sum of the relative intensities of the S, SS, C, and S’ components in (a).  

 

Figure 5.  (Color online.)  Si 2p spectrum obtained with 260 eV photons.  The energy shift and 

Gaussian width of the peaks employed for the fit are those from Reference 28.  The extra 

component, ST, was not considered in the series of works by Himpsel et al. 28  However, as 

shown in the inset, the fit is improved in the circled region by including ST.  
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Figure 6.  (Color online.)  Fit of the Si 2p spectra from Si (001) annealed at 800 °C for 16 

second; the data was acquired at 35° take-off angle (from the surface).  a) Fit employing the α 

and  components proposed by Oh et al. 29.  b) Fit employing the ST component proposed in this 

work.  This shows that the component  is not required to obtain a good 16 fit.   

 

Figure 7.  (Color online.)  Correlation between the Si4+ shift and the thickness of the ST layer.  a)  

Dependence of the Si4+ shift and the thickness of the ST layer.  b) The blue dashed line 

corresponds to the fit in which it is considers that the surface charge is constant.  The solid 

cardinal line corresponds the fit to the model presented in this paper (described in the text) in 

which the surface charge varies with the thickness of the ST layer.  In contrast with the constant 

layer model, our model reproduces the jump on the binding energy of the Si 2p peak in Si+4 

between the 75 s and 900 °C samples.  

 

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



a) H-terminated clean surface

85°

Si 2p

N
o

rm
al

iz
ed

 I
n

te
n

si
ty

 (
a.

u
.)

 

 

 

45°
35°

dip

107 106 105 104 103 102 101 100 99 98

85°

Si 2p

 

 

 

Binding Energy (eV)

45°
35°

dip

b) With an oxide layer

 

  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



 

  

0

500

1000

 

Si 2p
1/2

Si 2p
3/2

a) Two singlets

Free branching ratio

 

 

 

Si 2p

b) One doublet

Fix branching ratio

 

 

 

Kinetic Energy (eV)

101 100 99 98

In
te

n
si

ty
 (

s-1
)

 

Si 2p

d) One asymmetric

doublet

Free branching ratio

 

 

 

101 100 99 98

0

500

1000

ST

B

Si 2p

c) Two doublets

Fix branching ratio

 

 

 

ST (~1.7ML)

B (bulk)40 60 80
0

50

100

150

A
re

a 
(a

.u
.)

Take-Off Angle

ST

B

0

500

1000

1500

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



 

0

500

1000

1500

106 104 102 100 98
0

500

1000

1500

2000

S'

85°

Si 2p

In
te

n
si

ty
 (

a.
u
.)

 

 

 

Kinetic Energy (eV)

 B (bulk)

ST (~ 2 ML)

Sub (~ 0.5 ML)

SiO2 (~ 22 Å)

B

Si
4+

Suboxides

C (~ 0.5 ML) 40 60 80
0

50

100

150

Bulk

S T

Take-Off Angle

P
ea

k
 A

re
a 

(a
.u

.)

 

 

At th
e interface

 
 
 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



 

S
C

SS

B

S'

Si 2p

In
te

n
si

ty
 (

a.
u

.)
 

 

 

 

Si
1+

hn = 130 eV

a) Atomically Clean Surface

102 101 100 99 98

B

 

 

 

 

Binding Energy (eV)

Si
1+

b) H-terminated

hn = 130 eV

Si 2p

ST

 

  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



150 152 154 156 158

3000

3100

3200

3300

ST

Si
0

Si
1+

Si
2+

Si
3+

Si
4+

Si 2p

In
te

n
si

ty
 (

a.
u

.)
 

 

 

 

Kinetic Energy (eV)

156 158

 

 

 

S
T
 not

considered

 

  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



 

a

35°

Si 2p

In
te

n
si

ty
 (

a.
u
.)

 

 

 

a) Using the a and b components

b

106 104 102 100 98

ST

 

 

 

Binding Energy (eV)

b) Using the ST component

 

  

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0



10 15 20 25 30 35

4.0

4.2

4.4

4.6

S
iO

2
 s

h
if

t 
(e

V
)

 

 

 

SiO2 layer thickness (Å)

16 s

25 s

Native

oxide

75 s

145 s

900 °C

b)

1.0 1.5 2.0

4.0

4.2

4.4

4.6

S
iO

2
 s

h
if

t 
(e

V
)

 

 
ST layer thickness (ML)

16 s

25 s

Native oxide

75 s

145 s

900 °C

a)

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
02

69
0


	Manuscript File
	1
	2
	3
	4
	5
	6
	7

