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Abstract—Atomic and electronic structure of the surface layers of porous silicon was studied by the methods 
of the near fine structure spectroscopy at the edge of X-ray absorption and ultrasoft X-ray emission 
spectroscopy. The thickness of the oxide layer and the degree of distortion of silicon–oxygen tetrahedra in this 
layer were estimated. The thickness of the surface oxide layer on the amorphous layer covering the 
nanocrystals of porous silicon that was kept during one year is several times greater than the thickness of the 
natural oxide in the single crystal silicon wafers. Distortion of the silicon–oxygen tetrahedron, the basic 
structural units of the silicon oxide, is accompanied by elongation of Si–O bonds and an increase in the Si–O–Si 
bond angles.  

Producing of silicon nanocrystals for creation of 
effective photoluminescent structures based on silicon 
technology is performed in different ways. One is an 
electrochemical method of producing porous silicon. A 
numerous studies have shown convincingly that porous 
silicon is one of the most promising materials for 
nano- and optoelectronics. In a handbook on the IR 
spectroscopy of ultrathin films a significance of the 
effect of Si–H hydrogen bonds on the photolumine-
scence of porous silicon was indicated [1]. Our studies 
of porous silicon by the method of ultrasoft X-ray 
spectroscopy showed that the porous silicon consists of 
the silicon nanocrystals coated with an amorphous 
layer of elemental silicon, most likely, hydrogenated, 
that is, a-Si:H, and oxide nanolayers, which include 
suboxide [2, 3]. We have shown that the quantitative 
ratio of the porous silicon phases depends essentially 
on the type of substrate and changes in time at 
exposure to the atmosphere [4].  

To date a number of models is known describing 
visible photoluminescence in porous silicon: quantum-
size effect [5, 6], surface passivation [7], the 
photoluminescence due to the presence of the interface 
Si–SiO2 [8, 9], etc. However, none of them can explain 
all known experimental data, including the data 

concerning the processes of changes in the photo-
luminescence properties in time. It should be noted 
that the problem of stability and degradation of the 
photoluminescence properties associated with the 
phase composition and electron energy structure 
remains urgent. In [3, 10] we have presented a model 
of photoluminescence in porous silicon on the basis of 
the data obtained by ultrasoft X-ray spectroscopy, as a 
result of the zone–zone electron transitions between 
energy levels of nano-crystalline, amorphous and 
oxide phases covering the silicon nanocrystals. All the 
results presented in the above listed publications were 
obtained on the silicon of n-type doped with 
phosphorus and antimony.  

The aim of this work is to study the characteristics 
of the atomic and electronic structure of surface oxide 
and amorphous layers covering the nanocrystals of 
porous silicon, obtained on the single-crystal silicon 
wafers of p-type silicon doped with boron (BDSi).  

The samples of porous silicon were formed by 
electrochemical anodic etching of single crystal wafers 
Si(100) doped with boron (BDSi) with a specific 
resistance 4.5 Ω cm. The porous-Si samples obtained 
at three different durations of anodic etching: 0.5, 2.0, 
3.0 min, are designated as porous silicon (0.5), porous 
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silicon (2.0) and porous silicon (3.0), respectively. 
Sample of porous silicon (0.5) was etched at a current 
density of 5 mA cm–2 , whereas the remaining samples 
at a current density of 20 mA cm–2. At the initial stage 
of etching the etching rate was about 5–10 nm s–1, and 
then it slowed.  

The study by the method of fine structure 
spectroscopy, near edge X-ray absorption XANES (X-
ray absorption near edge structure) near the L2,3-edge 
of silicon absorption were carried out at the SRC 
synchrotron of the University of Wisconsin–Madison 
(Stoughton, USA). The vacuum in the chamber was 
10–10 Torr, hardware broadening 0.05 eV, the depth of 
analysis about 5 nm. The XANES spectra were 
recorded by measuring the current from the sample. In 
the ultrasoft region of the XANES spectrum, due to a 
very high extinction coefficient not the extinction at 
the passing of synchrotron radiation through an object 
is registered as in “hard” X-ray or optical region [11], 
but the quantum yield of the electrons of external X-
ray photoeffect in the region of the extinction edge 
[12]. Therefore the multiplier registers directly photo- 
and Auger-electrons or, as in our case, the current from 
the sample, arising at the compensation of the electron 
emission from the sample.  

The XANES spectra reflect the data on the 
distribution of the local partial density of free electron 
states in the conduction band. The μ(hν) is:  

μ(hν) ~ ν3Σc|Mci|
2δ(Ec – Ei – hν),                  (1) 

where Mci = ∫φcH'φidr is the matrix element of the 
transition probability of the electron from the core 
level with the wave function φi and eigenvalue Ei to 
the conduction band with the wave function φc and the 
eigenvalue Ec [13].  

According to [12], for a given slip angle θ the 
quantum yield χ of electrons is proportional to the 
extinction coefficient μ, but also depends on the 
radiation reflection coefficient R:  

χ = {[1 – R(θ)]hc/4Eλ}·(μ/sin θ),                  (2) 

where E is average energy spent on the formation of 
electrons, λ is wavelength, h is Planck’s constant, c is 
the speed of light.  

In a common case, when the slip angle is 
substantially greater than the critical value for total 
external reflection, the value of the reflection 
coefficient R(θ) approaches zero, and the dependence 
of the quantum yield on the energy of the quant 

follows the spectral dependence of μ, that is used to 
measure XANES spectra of various objects in the 
ultrasoft field X-ray radiation. However, since the 
reflection coefficient R(θ) should depend on the slip 
angle, we have registered the XANES spectra of the 
studied porous-Si samples and the reference samples at 
different slip angles θ = 90°, 60°, 30°, and 10°. The 
measurements showed the absence of any difference in 
the recorded spectra for all values of θ, except 10°. 
Therefore, we present the results for the values of θ = 
90° and 10°.  

The study by the method of ultrasoft X-ray 
emission spectroscopy (USXES) were carried out on a 
ultrasoft X-ray spectrometer-monochromator RSM-
500. The L2,3-spectra of silicon were obtained. The 
depth of analysis was 20 and 60 nm. The changing 
depth of the analysis was achieved by changing in the 
kinetic energy of the excitation spectrum of electrons 
(from 1 to 3 keV). The working vacuum in the X-ray 
tube and the volume of the spectrometer was                   
~10–6 Torr.  

According to [13], the USXES spectra allow to 
determine the local partial density of occupied 
electronic states in the valence band of the investigated 
material. The intensity of X-ray emission bands in the 
one-electron approximation is [13]:  

I(hν) ~ ν3Σv|Miv|
2δ(Ei – Ev – hν),                 (3) 

where Miv = ∫φiH'φvdr is the matrix element of the 
transition probability of an electron from the valence 
band with the wave function φv and eigenvalue Ev to a 
vacancy in the core level with the wave function φi, H' 
is perturbation operator, hν is the energy emitted by X-
ray photon.  

The analysis of the phase composition was carried 
out using computer simulation of complex X-ray 
emission band obtained experimentally as a com-
bination of the X-ray emission bands in the USXES 
spectra of reference materials [14]. The USXES 
spectra of the reference samples were obtained for the 
following objects: monocrystalline silicon c-Si, 
amorphous silicon a-Si, low-coordination silicon             
a-Si(lc) (this phase with the coordination number 2.5 
to 3 was observed in amorphous silicon films [15]), 
and two types of silicon oxides: an intermediate silicon 
oxide SiOx and silicon dioxide, SiO2.  

Note also that the advantage of the methods 
USXES and XANES is that they provide information 
on the local electron density of the emitting or 
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Fig. 1. XANES Si L2,3 spectra of reference samples (θ = 90°).  

absorbing atom. In addition, these methods are 
characterized by relatively high energy resolution and 
a simple interpretation of the results.  

For all the samples were measured XANES spectra 
and USXES L2,3 spectra of the silicon core level. The 
XANES spectra of all samples were measured in the 
region of the main L2,3 extinction edges of elemental 
silicon and silicon oxide SiO2 . Both of these edges are 
formed by electron transitions from the core levels 
2p1/2,1/2 to the free states of the conduction band of Si 
and SiO2. The binding energies for core levels of 
elemental silicon and silicon dioxide are 99.5 eV and 
103.3 eV, respectively. Figure 1 shows the L2,3 
XANES spectra of the reference samples of 
monocrystalline phosphorus doped (c-Si:P) and boron 
doped (c-Si:B) silicon with a natural oxide layer on the 
surface of the both amorphous silicon (a-Si:H), and the 
film of thermal oxide SiO2 30 nm thickness, which we 
used in the interpretation of XANES spectra of the 
porous silicon. The XANES spectra of c-Si (Fig. 1) 
consists of two main extinction edges: Si L2,3 edge of 

the elementary c-Si (100 eV) and Si L2,3 edge of the 
natural oxide (106 eV). The fine doublet structure of 
the main edges is due to the spin-orbit splitting of the 
core level Si 2p1/2,3/2 (0.6 eV), from which electrons are 
transferred to the conduction band of c-Si and SiO2 at 
the excitation by the synchrotron radiation. The fine 
structure of the main edge (~100 eV) and next to it 
(~103 eV) is characteristic of single-crystal silicon, 
regardless of the orientation (100) or (111) and the 
type of conductivity, and disappears in the case of 
amorphous silicon a-Si:H, which shows one step only 
(~100.5 eV). The natural oxide layer on c-Si and                
a-Si:H, as well as thermal dioxide, keeps the structure 
of short-range order of silicon-oxygen tetrahedron Td, 
which is reflected by the transitions from 2p1/2,3/2 level 
to the molecular orbitals σ*a1 (Si 3s) and σ*t2 (Si 3p). 
The close intensity of both 2p1/2,2/3 → a1 (Si 3s) and 
2p1/2,2/3 → t2 (Si 3p) transitions is explainable by sp3 
hybridization of Si–O bonds in the tetrahedron.  

It is known that the basic structural unit of 
thermally grown silicon dioxide is also the SiO4 
tetrahedron [16, 17]. The tetrahedra are connected via 
vertices by means of Si–O–Si bonds to form an 
irregular lattice. The main layer of high-quality 
thermal oxide grown in dry oxygen contains mainly 
the tetrahedra connected to form six-links rings, that is, 
the bond angle Si–O–Si is 144°. Between the layer of 
SiO2 thermally grown on silicon and the silicon 
substrate there is a transition layer of dielectric with 
special structural properties, for which is characteristic 
the presence of strained Si–O bonds.  

This layer consists of two areas: strained regions of 
thickness from 3 to 10 nm, in which an amorphous 
ring nets consist of three to four links with the Si–O–Si 
bond angles less than 144°, and the regions of 
thickness of the order of the monolayer with a variable 
chemical composition SiOx [18]. However, as the 
depth of the investigation by XANES is ~5 nm, 
therefore because of the large thickness of the thermal 
oxide SiO2 (> 30 nm), the composition of the transition 
layers SiO2/c-Si has no effect on the fine structure of 
the XANES spectra.  

Figures 2, 3, and 4 show the XANES Si L2,3 spectra 
of porous-Si samples 0.5, 2.0, and 3.0. Already at a 
first glance these spectra show the difference of their 
main parameters from the parameters of the references. 
As these parameters were selected: I[L(Si)]/I[L(SiO2)], 
the ratio of the intensities of the main extinction edges 
of Si L2,3 of elementary (amorphous) silicon (101 eV) 
and of Si L2,3 silica (106 eV), which characterizes the 
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Fig. 2. XANES Si L2,3 spectra of the sample of the porous 
silicon obtained at the etching duration 0.5 min, at different 
values of slip angle θ of synchrotron radiation.  

Fig. 3. XANES Si L2,3 spectra of the sample of the porous 
silicon obtained at the etching duration 2 min, at different 
values of slip angle θ.  

thickness of the oxide layer covering the layer of 
elemental (amorphous) silicon located beneath; Ia1/It2, 
the ratio of the intensities of the two main peaks in the 
XANES Si L2,3 of the dioxide SiO2, Ia1(3s)/It2(3p), 
which characterizes the nature of the hybridization of 
the s, p states of σ* bonds in the silicon–oxygen 
tetrahedron; ΔЕ(t2 – a1), the energy difference between 
two peaks, a1(3s) and t2(3p), characterizing the 
presence or absence of deviation from the parameters 
of silicon–oxygen tetrahedron in α-quartz (bond 
lengths and bond angles), and the nature of packing of 
tetrahedra (average order).  

The values of all these parameters of XANES              
Si L2,3 spectra of three porous-Si samples and 
reference samples c-Si:P, c-Si:B, a-Si, and thermal 
SiO2 are listed in Table 1. In addition, at the end of the 
list of samples, in Table 1 are shown the found by us 
certain values Ia1/It2 from the XANES Si L2,3 spectra 
of crystalline SiO2 of different modifications: α-quartz, 
crystobalite, stishovite, opal and coesite which were 
obtained by Dien Li et al. [19] at the same synchrotron 

SRC, that our spectra XANES. In Table 2 we present 
the data from the same publication of the parameters 
characterizing the silicon–oxygen tetrahedra of the 
crystallographic modifications of SiO2 used below 
when discussing the results of research by the XANES 
method of the samples of porous silicon 0.5, 2.0, and 
3.0.  

 Analysis of the intensity ratio of the major edges 
listed in Table 1 for the wafers of differently doped 
monocrystalline silicon shows that c-Si(100):R and           
c-Si(100):B wafers are covered with a natural SiO2 
layers of approximately equal thickness (~1 nm), while 
amorphous silicon is covered with a rather thick layer 
of oxide. At the same time, the a1/t2 ratio of peak 
intensities of the oxide itself shows that the structure of 
the silicon–oxygen tetrahedra of the a-Si:H surface 
oxide is close to the same of thermal oxide (both oxide 
show the value of Ia1/It2 close to 0.50). A lower value 
(~0.40) for the natural oxide monocrystal wafers 
reveals deviation from the stoichiometry of the oxide 
layer to the direction of the oxygen deficiency [20]. In 
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Fig. 4. XANES Si L2,3 spectra of the sample of the porous 
silicon obtained at the etching duration 3 min, at different 
values of slip angle θ.  

I L(Si)/I L(SiO2) I a1/I t2 

90° 10° 90° 10° 

с-Si(111):Р 1.70 1.70 0.34 0.37 

с-Si(100):В 1.00 0.60 0.42 0.63 

с-Si(100):Р 1.00 1.20 0.39 0.45 

a-Si:H 0.50 0.40 0.49 0.60 

Porous silicon (0.5 min) 0.11 0.17 0.59 0.70 

Porous silicon (2 min) 0.35 0.11 0.98 0.92 

Porous silicon (3 min) 0.18 0.20 1.18 0.78 

Thermal SiO2     0.50 0.50 

Opal [18]   0.44  

α-SiO2 quartz [18]   0.64  

SiO2 [15] crystobalite   0.80  

SiO2 coesite [18]   0.90  

Sample 

Table 1. Selected parameters of XANES Si L2,3 spectra  

[19] were given the XANES Si L2,3 spectra of SiOx 
obtained by ion implantation of oxygen into c-Si(100) 
silicon, showing that with decreasing x from 1.8 to 0.4 
the Ia1/It2 magnitude also falls from 0.66 to 0.59.  

Analysis of the same parameters of the XANES Si 
L2,3 spectra of porous-Si samples obtained at different 
duration of anodic etching shows, firstly, that oxide 
layer on the surface of the porous silicon of all the 
samples is much thicker than the natural oxide layers 
on c-Si and a-Si. The thickest layer is on the porous 
silicon (0.5), obtained at the least etching duration            
0.5 min and least etching current density. But the most 
interesting is the fact that all the deviations of Ia1/It2, 
especially for the porous silicon (2) and porous silicon 
(3), exceed the corresponding values for the thermal 
SiO2 (0.5), and even quartz (0.64) and approach the 
corresponding values in crystobalite (0.80) and coesite 
(0.90), and even higher than the values for the porous 
silicon (2) at all slip angles and for the porous silicon 
(3) at θ = 90°.  

Analysis of the short-range parameters in three 
different modifications of SiO2: α-quartz, α-crysto-
balite and coesite, in Table 2, led us to a conclusion 
that the increase in the ratio of intensities of peaks a1/t2 
in this series was defined by a significant increase in 
the Si–O–Si bond angle and the distance between 
silicon atoms Si···Si, namely, by the distortion of the 
silicon–oxygen tetrahedra in going from α-quartz to 
coesite. While for the porous silicon oxide (0.5) the 
parameters of these tetrahedra vary between the 
parameters of α-quartz and α-crystobalite, the param-
eters of the porous silicon (2) exceed those of coesite. 
They reach the maximum deviation in the depth of the 
oxide layer of the porous silicon (3) with a1/t2 = 1.18, 
returning to the parameters of α-crystobalite on the 
surface of this layer, a1/t2 = 0.78 at θ = 10°.  

The changes in the energy gap between the main 
peaks of σ orbitals a1(3s) and t2(3p), marked by us as 
ΔE(t2 – a1), point to the same distortion parameters of 
short-range order in the silicon – oxygen tetrahedron. 
In Table 3 these changes are given for the three 
porous-Si samples, reference samples, and various 
modifications of SiO2. They vary from the maximum 
value of 2.6 eV in opal to a minimum of 1.9 eV in 
coesite. In the sample of porous silicon (0.5) the                    
ΔЕ(t2 – a1) parameter is closest to the same parameter 
in the oxide a-Si:H (2.47), and only on the surface (θ = 
10°) it becomes close to the same parameter of opal. In 
the sample of porous silicon (2) this value is lower            
(2.34 eV), and it reaches a minimum value in the 
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Parameter α-quartz α-crystobalite coesite 

Si:O (coordination number) 4:2 4:2 4:2 

Si–O (Å) 1.61   1.605 1.61 

Si–Si (Å) 3.06 3.07 3.09 

Si–O–Si (deg) 144.0 146.8 150.8 

Table 2. The Si–O bond lengths and Si–O–Si bond angles 
of some crystalline forms of silica [18]  

Table 3. Energy gap (eV) between the two major molecular 
orbitals a1(3s) and t2(3p) in the samples of porous silicon, 
reference samples, and in some crystalline forms of silicon 
dioxide  

ΔЕ(t2 – a1), eV 

90° 10° 

с-Si:P 2.42  

с-Si:B 2.42  

a-Si:H 2.47  

Porous silicon (0.5 min) 2.47 2.61 

Porous silicon (2  min) 2.34 2.43 

Porous silicon (3 min) 2.25 2.61 

Thermal SiO2   2.52  

Opal [18] 2.60  

α-SiO2 quartz [18] 2.40  

SiO2 [15] crystobalite  2.40  

SiO2 coesite [18] 1.90  

Sample 

Fig. 5. USXES Si L2,3 spectra of reference samples.  
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The results of phase analysis are shown below.  

Sample porous silicon (0.5) porous silicon (2) 
porous silicon (3) 

porous silicon (3), ΔЕ(t2 – a1) = 2.25 eV at θ = 90°, 
while the ratio Ia1/It2 in its spectrum reaches maximum 
value. Thus, in the depth of the oxide layer of this 
sample, which is the boundary with an amorphous 
layer covering the nanocrystals porous silicon (3), 
occurs an increase of not only the Si–O bond length, 
but also increase of the Si–O–Si angles, which ap-
proach the values similar those in coesite (Tables 1–3). 

Now, let us consider the data obtained by USXES. 
Figure 5 shows the Si L2,3 USXES spectra of reference 
samples used for modeling and analysis. Note a change 
in the distribution of the local partial density of 
occupied states. In the case of amorphous silicon a 
complete blurring of the density of states and absence 
of features is seen that characterize disordered 
structure of the amorphous material [21]. In the case of 
low-coordination silicon a-Si(lc), the spectrum 
structure corresponds to the distribution of the density 
of states in c-Si (the position of individual peaks) in 
amorphous silicon (blurring of the spectrum). In the 
case of the silicon oxides, the distribution of the 
density of states is changed considerably compared to 
the crystalline and amorphous silicon due to the 
formation of SiO bonds and depending on the degree 
of oxidation differs by the relative intensity of peaks 
(Fig. 5).  

Study of the samples of porous silicon by USXES 
confirms the conclusion about a significant distortion 
of the silicon–oxygen tetrahedron. Figure 6 shows the 
ultrasoft X-ray emission spectra of the samples. 
Comparison of the obtained emission spectra with the 
references shows that surface layers of porous silicon 
are much more amorphous. There are two peaks at 
energies 89 and 95 eV comparable by shape and 
position to those of the reference spectra of SiO2 (and 
suboxide SiOx) that indicates sufficient oxidation of 
the porous silicon layers. Nevertheless, the presence of 
spectral features in the region of ~92 eV indicates the 
presence in the samples of an ordered elemental silicon 
which follows from the comparison with the spectra of 
reference monocrystalline c-Si silicon.  

Sample 
Porous  

silicon (0.5) 
Porous  

silicon (2) 
Porous  

silicon (3) 
c-Si, % 28.2   0 15.8 

a-Si:H, % 22.6   2.3 36.5 

a-Si(lc), %   0 29.7   0 

SiO2, %   0 67.9 42.6 

SiO1,3, % 49.2   0   5.2 

Error, %   5.47   7.24   9.84 
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Fig. 6. USXES Si L2,3 spectra of porous silicon obtained at 
different duration of etching: (1) porous silicon (0.5 min), 
(2) Porous silicon (2.0 min),  and (3) porous silicon                
(3.0 min). The analysis depth is 60 nm.  
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Analysis of the phase composition of the surface 
layers of porous silicon on the basis of the obtained 
USXES spectra also shows a strong enough 
amorphization, together with the oxidation, revealing 
the presence of the intermediate suboxide SiOx. 
Moreover, we found the presence of the ordered 
elemental Si in the investigated layers.  

Note that the results obtained using the method 
USXES and the carried out phase analysis confirm the 
conclusions made previously in our papers [2–4, 10] 
that porous silicon is a complex multiphase formation 
consisting of crystalline silicon with different 
structural distortions (indicating the developed surface 
of porous silicon) which is oxidized, in particular, 
nonstoichiometrically.  

Thus, using the spectral parameters of the XANES 
Si L2,3 extinction of elemental silicon and silicon oxide 
we estimated the relative thickness of surface oxide 
nanolayers in porous silicon I[L2,3 (Si)]/I[L2,3 (SiO2)], 
and the nature of distortion of Si–O bonds in the 
silicon–oxygen tetrahedra of the layer, Ia1/It2 and                 
ΔЕ(t2 – a1).  

The thickness of the surface oxide layer in porous 
silicon after storage for one year becomes several 
times greater than the thickness of natural oxide silicon 
wafers of phosphorus and boron doped silicon with the 
orientation (100).  

The data obtained by the XANES method show a 
significant distortion of the silicon–oxygen tetrahedron 
with elongation of Si–O bonds and increase in the Si–
O–Si angles to a level comparable with the cor-
responding values in coesite.  

The data obtained by the USXES method confirm 
the results obtained and show a fairly strong amor-
phization of the surface layers of the samples of porous 
silicon, together with their oxidation, revealing 
existence of the itermediate suboxide SiOx. Moreover, 
we showed the presence of the ordered elemental Si in 
the investigated layers.  
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