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1. Introduction

Abstract. The effect of HF and H,0, vapor treatment on the spectral composition and
intensity of photoluminescence (PL) in porous oblique deposited nc-Si—SiOy structures
have been studied using FTIR, electron-spin resonance (EPR) and PL measurements. As
a result of HF vapor treatment, considerable PL intensity growth and blueshift of PL
peak position are observed. It is suggested that the evolution of the PL spectra in HF
vapor-treated samples can be attributed to selective-etching-induced decrease in Si
nanoparticle dimensions and to passivation of Si dangling bonds (that are nonradiative
recombination trap states) by hydrogen and oxygen. Additional treatment in H,O, vapor
results in additional nc-Si surface oxidation and reduction of nc-Si size. The possibility to
control the PL characteristics (peak position and intensity) of the porous nc-Si—SiOy
structures in a wide range by above treatments is shown..
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The most important factors influencing the

Thin-film structures containing Si nanoclusters (nc-Si)
embedded into SiO, matrix attract attention of many
researchers, because of their promising applications in
advanced electronic and optoelectronic devices [1-5].
The structure of Si nanoparticles depends on the
formation temperature: annealing at temperatures below
900 °C results in formation of amorphous inclusions,
whereas at higher temperatures, the Si nanocrystals are
formed.

The photoluminescence (PL) emission in such
systems consists of an intense and wide emission
peaking in the near-infrared or visible spectrum. With
decreasing dimensions of nc-Si, the peak of the emission
spectrum shifts to shorter wavelengths. The mechanism
of PL in these structures is still in doubt. Some authors
assume that the blueshift of the PL spectrum is mainly
caused by quantum confinement of excitons in
crystalline nc-Si, quantum confinement of carriers and
the short carrier lifetime in the band-tail states for
amorphous nc-Si [6]. Other authors consider PL as
originating from the electronic states localized at defects
nearby the interface between the nanoparticle and host
matrix [7-8].

characteristics of PL are nanoparticle size and state of
the nanoparticle—SiOy interface. The control of nc-Si
size and passivation of nonradiative states and defects at
this interface is an essential requirement in order to
increase the intensity of PL. The Si—SiO, interface can
be modified by chemical compounds of necessary
composition. Such treating is a most efficient in porous
structures and at enhanced pressure and temperature [9].

Recently [10, 11], we have proposed the method of
porous nc-Si—SiO, light-emitting structure formation
using oblique deposition of Si monoxide (SiO) in
vacuum. The electron microscopy studies show that,
during this deposition, SiO, films with a porous
(column-like) structure are formed, with the column
diameter depending on the deposition angle. During
high-temperature annealing of these films, the thermally
stimulated formation of Si nanoinclusions occurs in a
restricted volume of the SiO, columns. This method
allows high-precision control of the thickness and
porosity of the films.

Because of free space (cavities) between the oxide
columns, the structures is more susceptible to chemical
treatments, e.g., to treatment with acetone or ammonia
vapors [9], or etching in HF solution [12, 13]. Such
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treatments modify the nc-Si—SiOy interface, nanoparticle
size and, thus, influence the light-emission properties.
But wet etching of nc-Si—SiOy porous structures results
in removing some nanoparticles into solution. This
causes the decreasing of PL intensity.

In this paper, we investigate the effect of chemical
treatment in HF and H,O, vapors on the PL and IR
spectra of the porous light-emitting nc-Si—SiOy
structures produced by oblique deposition in vacuum.

2. Experiment

Thin SiOy films were deposited onto two-side polished
c-Si (111) substrates using thermal evaporation of 99.9%
pure silicon monoxide SiO (Cerac Inc.) in vacuum ((1—
2)x107° Pa). Before deposition, the substrates were
oriented at the angle of 60° between the normal to the
substrate surface and direction to the evaporator. The
evaporation rate was monitored in situ by the quartz-
crystal-oscillator monitor system (KIT-1). The as-
deposited film thickness was measured using MII-4
microinterferometer and amounted to 850 nm. Because
of additional oxidation by residual gases during
evaporation of SiO, the compositionally
nonstoichiometric SiOy (x> 1) films were deposited in
the vacuum chamber. The films were annealed in
vacuum for 15 min at the temperature 975 °C. This high-
temperature annealing leads to decomposition of SiOy
into Si and SiO, and formation of Si nanoclusters
embedded into oxide matrix [1-3].

Annealed nc-Si-SiO, samples were placed in
closed cell with HF vapor flow at the temperature 30 °C.
Treatment in HF vapor results in selective etching the
SiO, inclusions in porous heterogeneous nc-Si—SiOy
structure. Some of HF etched samples were kept for one
hour in the pressure-tight autoclave that contained a
certain amount of hydroxide (H,O,) at the temperature
150 °C, the pressure of hydroxide vapors being 37 atm.

PL spectra were measured at room temperature
within the wavelength range of 440-900 nm using 337-
nm line of a nitrogen laser as an excitation source. These
spectra were normalized to the spectral sensitivity of the
experimental system. The structure of the obliquely
deposited SiO, films was studied by ZEISS EVO
50XVP high-resolution electron microscope. FTIR
measurements were carried out with Perkin-Elmer
Spectrum BXII spectrometer. EPR spectra were studied
at room temperature by using the X-band spectrometer
with 100-kHz modulation of the magnetic field.

3. Results and discussion

Results of SEM investigations of oblique deposited SiOy
samples were shown in the previous papers [9, 12].
These films possess a porous (inclined column-like)
structure with the column diameter varying within the
range 10 to 100 nm. The dimensions of the columns,
their orientation, and porosity (relative volume of pores)
of the films depend on the angle of deposition. The

porosity of samples deposited at = 60° is equal to 34%
[11]. High-temperature annealing of oblique deposited
SiO4 films do not change porosity and column-like
structure of the samples.

The normalized PL spectra of the nc-Si—SiOy
samples annealed and HF vapor treated have been shown
in Fig. 1. The emission spectrum of the initial annealed
but unetched sample (curve 1) exhibits a broad band,
with the peak position at 820 nm in the near-infrared
region. Curves 2, 3, and 4 in Fig. 1 correspond to the
samples etched in the HF vapor for 1.5, 10, and 30 min,
respectively. With increasing the time of etching, we
observe a gradual shift of the emission peak to shorter
wavelengths and increase in the PL intensity. In
particular, after etching for 10 min the PL band peak
position reached ~700 nm, and the PL intensity became
near 200 times higher in its magnitude than that of the
initial annealed sample. The further increase of the
etching time for samples (¢ > 10 min) is accompanied by
a further short-wavelength shift of the emission band as
well as a gradual decrease in the emission intensity
(Fig. 2), because of reduction both the film thickness and
amount of silicon in nanoclusters.

Fig. 3 shows the normalized PL spectra for the nc-
Si-SiO, samples annealed and HF vapor treated for
10 min (curve 1), and subsequently H,O, vapor treated
(curve 2). As in Fig. 1, HF treatment results in the
blueshift of the PL peak and in huge enhancement in the
PL intensity. Further treatment in H,O, vapor results in a
further shift of the PL peak to shorter wavelengths (to
640 nm) and a small decrease in the PL intensity
(by 30%).

It should be mentioned that during HF vapor
etching, the thickness of the nc-Si—SiO, samples
diminishes gradually, but at H,0O, treatment the
thickness does not change.
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Fig. 1. Normalized room temperature PL spectra of the nc-Si—
SiO, samples annealed at 975 °C ({), then HF vapor treated for
1.5 (2), 10 (3), and 30 min (4).
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Fig. 2. Integrated PL intensity of the porous nc-Si—SiO, sample
as a function of time of HF vapor treatment. The curve has
been guided as a result of cubic-spline approximation.
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Fig. 3. Normalized room temperature PL spectra of the nc-Si—
SiO, samples annealed and HF vapor treated for 10 min (/),
and additionally treated with the H,O, vapor (2).

Fig. 4 shows the FTIR spectra for the as-deposited
SiO, film (curve 1), annealed (curve2), 10 min HF-
treated (curve 3) and HF and H,O,-treated (curve 4)
samples. The absorption bands at 432, 880, and
106 cm' are observed for the as-deposited sample.
When the initial sample was annealed, IR peaks were
shifted to 458, 810, and 1082 cm . These peaks may be
attributed to the vibration Si—O-Si bending mode and
symmetric and asymmetric Si—O-Si stretching modes,
respectively [14].

The composition of the films (parameter x) can be
determined using compositional dependence of the
position of the main IR band in spectra of SiO, layers
within the range of 1000 to 1100 cm ', as it was
ascertained in [15]. This band corresponds to the Si—O—
Si stretching mode. Since the vibrations of only oxygen
atoms in the silicon-oxygen phase are active in this
spectral range, while the Si—Si bond vibrations cannot be
recorded, this method can be used to determine the

composition of the oxide matrix in as-deposited,
annealed, and treated samples containing the silicon
phase. The stoichiometric parameter x, determined by
this method, is 1.73 for the as-deposited, 1.96 — for
annealed, 1.8 — for 10 min HF-treated, and 1.87 — for HF
and H,0, — treated samples.

After HF vapor etching, the intensity of Si-O
modes decreased drastically (near one order of
magnitude for the annealed sample), and the peaks
position were shifted (450-460, 878, and 1068 cm")
more close to IR peaks position for the as-deposited
sample. This peak shift and decrease of the Si—O band
intensity for the HF-treated sample were caused by
etching the SiO, regions in porous oxide matrix.
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Fig. 4. FTIR spectra of as-evaporated (/), annealed at
975 °C(2), then HF wvapor treated for 10 min (3), and
additionally treated with the H,0O, vapor (4) nc-Si-SiOy
samples.
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Fig. 5. IR absorbance of annealed at 975 °C (7), then HF vapor
treated for 10 min (2), and additionally treated with the H,0O,
vapor (3) nc-Si—SiOy samples.

Besides, new IR absorption peaks at ~2160 and
~2260 cm™' were observed in the IR spectra of HF
treated samples (Fig. 5). These bands are associated with
oxidized hydride (O,SiH,, O;SiH) [14], or SiH(Si3-,0y)
vibrational groups on the nc-Si surface [16].
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When HF processed sample was additionally
treated with H,O,, the intensity of Si—O stretching mode
was approximately two times increased and main IR
peak was shifted to 1074 cm ™' (x = 1.87). But absorption
peaks within the range 2100 to 2300 cm ' disappeared.
These facts indicate the additional oxidation of suboxide
matrix (increase ofx) and surface of the silicon
nanoparticles. In addition, the hydrogen that passivates
the dangling bonds is substituted by oxygen.

Fig. 6 shows the EPR spectra of annealed samples
before (curve 1) and after (curve 2) treatment in HF vapor.
A nearly symmetric EPR line with a zero-crossing at g-
value about 2.0049+0.0002 and peak-to-peak linewidth of
0.74 mT has been detected for obliquely deposited and
annealed films. This line is attributed to dangling bonds of
Si atoms in structural tetrahedra Si—Si;0 and, probably, in
amorphous Si precipitates [2]. The bulk concentration of
paramagnetic defects was close to 3.1x10'" cm™. This
result is indicative of an amorphous structure of the nc-Si
inclusions in our samples, in spite of sufficiently high
annealing temperature (975 °C). But, despite many works
on this topic, the temperature of nc-Si crystallization in
oxide matrix remains controversial. According to some
authors, annealing at temperatures below 900 °C results in
formation of amorphous inclusions, whereas at higher
temperatures, the Si nanocrystals are formed [17-19].
Another authors concluded that silicon nanocrystals are
formed at temperatures higher 1000 °C [5, 20, 21].
Probably, at this intermediate temperature (900 to
1000 °C) both amorphous and crystalline nc-Si exist in
oxide matrix, or silicon nanoparticles have two-phase
structure: crystalline core and amorphous surface shell.

EPR signal, arb.un.

1 1 L L 1 L
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Fig. 6. Room temperature EPR spectra of obliquely deposited
and annealed SiO, films before (/) and after (2) treatment in
HF vapor, microwave frequency v =9.368 GHz.

The weak narrow line at g =2.0025 pointed out by
an arrow in Fig. 6 can be enhanced with prolonged
annealing. This EPR line has been assigned to the EX

center [22]. No EPR signal has been found after HF
vapor treatment testifying complete passivation of
dangling bonds. This result indicates that most of the Si
dangling bonds existing on the nc-Si surface are
effectively passivated with the hydrogen and oxygen
atoms in the process of the HF treatments. Hydrogen
and/or oxygen passivation on the nc-Si surface were
confirmed by FTIR spectroscopy (IR absorption peaks at
around 2160, and 2260 cmfl), to0o.

It would be reasonable to assume that the blueshift
of PL band in HF vapor-treated samples can be attributed
to the selective-etching-induced decrease in the Si
nanoparticle dimensions. In the porous films studied here,
vapor of the etching agent penetrates deep into the entire
film and dissolves SiO, at the surface of the oxide
columns, thus stripping nc-Si. After HF treatment, the nc-
Si newly forms a thin native oxidized layer on the surface
when exposing it to atmospheric oxygen that easily
penetrates via pores into the film and, first of all, forms
chemical bonds with the Si atoms located in the outer
layers of nc-Si. Because of oxidation of the nc-Si surface,
dimensions of the initial nc-Si core are reduced, resulting
in the blueshift of the emission spectrum. Additional
treatment in H,O, vapor results in additional nc-Si surface
oxidation and reduction of nc-Si size.

Huge enhancement in the PL intensity of about two
hundreds times during HF vapor treatment can be related
to the passivation of Si dangling bonds (that are
nonradiative recombination trap states) by hydrogen and
oxygen.

These interpretations are consistent with the results
of FTIR and EPR measurements.

4. Conclusions

In this study, the effect of HF and H,O, vapor treatment
on the emission spectra of the porous light-emitting nc-
Si-SiOy structures is analyzed. As a result of HF vapor
treatment, an increase in the PL intensity and a spectral
shift of PL peaks to shorter wavelengths (maximum
blueshift was more than 200 nm) are observed. Besides,
during the first period of vapor treatment the intensity of
PL peak increased near 200 times in its magnitude. At
the further HF vapor etching, the PL intensity diminishes
gradually with decreasing the film thickness.

From FTIR and EPR measurements, it has been
determined that the HF vapor treatment results in selective
etching of SiO, regions in porous oxide matrix, and most
of the Si dangling bonds (nonradiative recombination trap
states), existing on the nc-Si surface, are effectively
passivated with the hydrogen and oxygen atoms. Thus, the
increase in the PL intensity is caused by this passivation
of nonradiative states. It is assumed that the blueshift of
PL spectrum is caused by a decrease in nc-Si sizes due to
etching the porous SiO, matrix in HF vapor and following
oxidation of the nc-Si surface. Additional treatment in
H,0, vapor results in additional nc-Si surface oxidation
and reduction of nc-Si size without etching the oxide
matrix and decrease of the sample thickness.
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The obtained results have shown that using HF and

H,0, vapor treatment of light-emitting porous nc-Si—
SiOy structures it is possible to control PL intensity and
peak position in a spectral wide range.
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Abstract. The effect of HF and H2O2 vapor treatment on the spectral composition and intensity of photoluminescence (PL) in porous oblique deposited nc-Si–SiOx structures have been studied using FTIR, electron-spin resonance (EPR) and PL measurements. As a result of HF vapor treatment, considerable PL intensity growth and blueshift of PL peak position are observed. It is suggested that the evolution of the PL spectra in HF vapor-treated samples can be attributed to selective-etching-induced decrease in Si nanoparticle dimensions and to passivation of Si dangling bonds (that are nonradiative recombination trap states) by hydrogen and oxygen. Additional treatment in H2O2 vapor results in additional nc-Si surface oxidation and reduction of nc-Si size. The possibility to control the PL characteristics (peak position and intensity) of the porous nc-Si–SiOx structures in a wide range by above treatments is shown.. 
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1. Introduction 

Thin-film structures containing Si nanoclusters (nc-Si) embedded into SiOx matrix attract attention of many researchers, because of their promising applications in advanced electronic and optoelectronic devices [1-5]. The structure of Si nanoparticles depends on the formation temperature: annealing at temperatures below 900 °C results in formation of amorphous inclusions, whereas at higher temperatures, the Si nanocrystals are formed.


The photoluminescence (PL) emission in such systems consists of an intense and wide emission peaking in the near-infrared or visible spectrum. With decreasing dimensions of nc-Si, the peak of the emission spectrum shifts to shorter wavelengths. The mechanism of PL in these structures is still in doubt. Some authors assume that the blueshift of the PL spectrum is mainly caused by quantum confinement of excitons in crystalline nc-Si, quantum confinement of carriers and the short carrier lifetime in the band-tail states for amorphous nc-Si [6]. Other authors consider PL as originating from the electronic states localized at defects nearby the interface between the nanoparticle and host matrix [7-8].


The most important factors influencing the characteristics of PL are nanoparticle size and state of the nanoparticle–SiOx interface. The control of nc-Si size and passivation of nonradiative states and defects at this interface is an essential requirement in order to increase the intensity of PL. The Si–SiOx interface can be modified by chemical compounds of necessary composition. Such treating is a most efficient in porous structures and at enhanced pressure and temperature [9].


Recently [10, 11], we have proposed the method of porous nc-Si–SiOx light-emitting structure formation using oblique deposition of Si monoxide (SiO) in vacuum. The electron microscopy studies show that, during this deposition, SiOx films with a porous (column-like) structure are formed, with the column diameter depending on the deposition angle. During high-temperature annealing of these films, the thermally stimulated formation of Si nanoinclusions occurs in a restricted volume of the SiOx columns. This method allows high-precision control of the thickness and porosity of the films.


Because of free space (cavities) between the oxide columns, the structures is more susceptible to chemical treatments, e.g., to treatment with acetone or ammonia vapors [9], or etching in HF solution [12, 13]. Such treatments modify the nc-Si–SiOx interface, nanoparticle size and, thus, influence the light-emission properties. But wet etching of nc-Si–SiOx porous structures results in removing some nanoparticles into solution. This causes the decreasing of PL intensity.


In this paper, we investigate the effect of chemical treatment in HF and H2O2 vapors on the PL and IR spectra of the porous light-emitting nc-Si–SiOx structures produced by oblique deposition in vacuum.


2. Experiment


Thin SiOx films were deposited onto two-side polished c-Si (111) substrates using thermal evaporation of 99.9% pure silicon monoxide SiO (Cerac Inc.) in vacuum ((1–2)×10–3 Pa). Before deposition, the substrates were oriented at the angle of 60° between the normal to the substrate surface and direction to the evaporator. The evaporation rate was monitored in situ by the quartz-crystal-oscillator monitor system (КIТ-1). The as-deposited film thickness was measured using MII-4 microinterferometer and amounted to 850 nm. Because of additional oxidation by residual gases during evaporation of SiO, the compositionally nonstoichiometric SiOx (x > 1) films were deposited in the vacuum chamber. The films were annealed in vacuum for 15 min at the temperature 975 °C. This high-temperature annealing leads to decomposition of SiOx into Si and SiO2 and formation of Si nanoclusters embedded into oxide matrix [1-3].


Annealed nc-Si–SiOx samples were placed in closed cell with HF vapor flow at the temperature 30 °С. Treatment in HF vapor results in selective etching the SiO2 inclusions in porous heterogeneous nc-Si–SiOx structure. Some of HF etched samples were kept for one hour in the pressure-tight autoclave that contained a certain amount of hydroxide (H2O2) at the temperature 150 °С, the pressure of hydroxide vapors being 37 atm. 


PL spectra were measured at room temperature within the wavelength range of 440–900 nm using 337-nm line of a nitrogen laser as an excitation source. These spectra were normalized to the spectral sensitivity of the experimental system. The structure of the obliquely deposited SiOx films was studied by ZEISS EVO 50XVP high-resolution electron microscope. FTIR measurements were carried out with Perkin-Elmer Spectrum BXII spectrometer. EPR spectra were studied at room temperature by using the X-band spectrometer with 100-kHz modulation of the magnetic field.

3. Results and discussion


Results of SEM investigations of oblique deposited SiOx samples were shown in the previous papers [9, 12]. These films possess a porous (inclined column-like) structure with the column diameter varying within the range 10 to 100 nm. The dimensions of the columns, their orientation, and porosity (relative volume of pores) of the films depend on the angle of deposition. The porosity of samples deposited at β = 60° is equal to 34% [11]. High-temperature annealing of oblique deposited SiOx films do not change porosity and column-like structure of the samples.


The normalized PL spectra of the nc-Si–SiOx samples annealed and HF vapor treated have been shown in Fig. 1. The emission spectrum of the initial annealed but unetched sample (curve 1) exhibits a broad band, with the peak position at 820 nm in the near-infrared region. Curves 2, 3, and 4 in Fig. 1 correspond to the samples etched in the HF vapor for 1.5, 10, and 30 min, respectively. With increasing the time of etching, we observe a gradual shift of the emission peak to shorter wavelengths and increase in the PL intensity. In particular, after etching for 10 min the PL band peak position reached ~700 nm, and the PL intensity became near 200 times higher in its magnitude than that of the initial annealed sample. The further increase of the etching time for samples (t > 10 min) is accompanied by a further short-wavelength shift of the emission band as well as a gradual decrease in the emission intensity (Fig. 2), because of reduction both the film thickness and amount of silicon in nanoclusters.

Fig. 3 shows the normalized PL spectra for the nc-Si–SiOx samples annealed and HF vapor treated for 10 min (curve 1), and subsequently H2O2 vapor treated (curve 2). As in Fig. 1, HF treatment results in the blueshift of the PL peak and in huge enhancement in the PL intensity. Further treatment in H2O2 vapor results in a further shift of the PL peak to shorter wavelengths (to 640 nm) and a small decrease in the PL intensity (by 30%).


It should be mentioned that during HF vapor etching, the thickness of the nc-Si–SiOx samples diminishes gradually, but at H2O2 treatment the thickness does not change.

[image: image1.emf]2


500 600 700 800 900


0.0


0.2


0.4


0.6


0.8


1.0


 


 


2


1


PL intensity, arb. units





, nm




Fig. 1. Normalized room temperature PL spectra of the nc-Si–SiOx samples annealed at 975 °C (1), then HF vapor treated for 1.5 (2), 10 (3), and 30 min (4).
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Fig. 2. Integrated PL intensity of the porous nc-Si–SiOx sample as a function of time of HF vapor treatment. The curve has been guided as a result of cubic-spline approximation.
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Fig. 3. Normalized room temperature PL spectra of the nc-Si–SiOx samples annealed and HF vapor treated for 10 min (1), and additionally treated with the H2O2 vapor (2). 


Fig. 4 shows the FTIR spectra for the as-deposited SiOx film (curve 1), annealed (curve 2), 10 min HF-treated (curve 3) and HF and H2O2-treated (curve 4) samples. The absorption bands at 432, 880, and 106 cm−1 are observed for the as-deposited sample. When the initial sample was annealed, IR peaks were shifted to 458, 810, and 1082 cm−1. These peaks may be attributed to the vibration Si–O–Si bending mode and symmetric and asymmetric Si–O–Si stretching modes, respectively [14]. 


The composition of the films (parameter x) can be determined using compositional dependence of the position of the main IR band in spectra of SiOx layers within the range of 1000 to 1100 cm–1, as it was ascertained in [15]. This band corresponds to the Si–O–Si stretching mode. Since the vibrations of only oxygen atoms in the silicon-oxygen phase are active in this spectral range, while the Si–Si bond vibrations cannot be recorded, this method can be used to determine the composition of the oxide matrix in as-deposited, annealed, and treated samples containing the silicon phase. The stoichiometric parameter x, determined by this method, is 1.73 for the as-deposited, 1.96 – for annealed, 1.8 – for 10 min HF-treated, and 1.87 – for HF and H2O2 – treated samples.

After HF vapor etching, the intensity of Si–O modes decreased drastically (near one order of magnitude for the annealed sample), and the peaks position were shifted (450-460, 878, and 1068 cm−1) more close to IR peaks position for the as-deposited sample. This peak shift and decrease of the Si–O band intensity for the HF-treated sample were caused by etching the SiO2 regions in porous oxide matrix. 
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Fig. 4. FTIR spectra of as-evaporated (1), annealed at 975 °C (2), then HF vapor treated for 10 min (3), and additionally treated with the H2O2 vapor (4) nc-Si–SiOx samples. 
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Fig. 5. IR absorbance of annealed at 975 °C (1), then HF vapor treated for 10 min (2), and additionally treated with the H2O2 vapor (3) nc-Si–SiOx samples.


Besides, new IR absorption peaks at ~2160 and ~2260 cm−1 were observed in the IR spectra of HF treated samples (Fig. 5). These bands are associated with oxidized hydride (O2SiH2, O3SiH) [14], or SiH(Si3−yOy) vibrational groups on the nc-Si surface [16].

When HF processed sample was additionally treated with H2O2, the intensity of Si–O stretching mode was approximately two times increased and main IR peak was shifted to 1074 cm−1 (x = 1.87). But absorption peaks within the range 2100 to 2300 cm−1 disappeared. These facts indicate the additional oxidation of suboxide matrix (increase of x) and surface of the silicon nanoparticles. In addition, the hydrogen that passivates the dangling bonds is substituted by oxygen.


Fig. 6 shows the EPR spectra of annealed samples before (curve 1) and after (curve 2) treatment in HF vapor. A nearly symmetric EPR line with a zero-crossing at g-value about 2.0049(0.0002 and peak-to-peak linewidth of 0.74 mT has been detected for obliquely deposited and annealed films. This line is attributed to dangling bonds of Si atoms in structural tetrahedra Si(Si3O and, probably, in amorphous Si precipitates [2]. The bulk concentration of paramagnetic defects was close to 3.1(1018 cm−3. This result is indicative of an amorphous structure of the nc-Si inclusions in our samples, in spite of sufficiently high annealing temperature (975 °C). But, despite many works on this topic, the temperature of nc-Si crystallization in oxide matrix remains controversial. According to some authors, annealing at temperatures below 900 °C results in formation of amorphous inclusions, whereas at higher temperatures, the Si nanocrystals are formed [17-19]. Another authors concluded that silicon nanocrystals are formed at temperatures higher 1000 °C [5, 20, 21]. Probably, at this intermediate temperature (900 to 1000 °C) both amorphous and crystalline nc-Si exist in oxide matrix, or silicon nanoparticles have two-phase structure: crystalline core and amorphous surface shell.
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Fig. 6. Room temperature EPR spectra of obliquely deposited and annealed SiOx films before (1) and after (2) treatment in HF vapor, microwave frequency ν = 9.368 GHz.

The weak narrow line at g = 2.0025 pointed out by an arrow in Fig. 6 can be enhanced with prolonged annealing. This EPR line has been assigned to the EX center [22]. No EPR signal has been found after HF vapor treatment testifying complete passivation of dangling bonds. This result indicates that most of the Si dangling bonds existing on the nc-Si surface are effectively passivated with the hydrogen and oxygen atoms in the process of the HF treatments. Hydrogen and/or oxygen passivation on the nc-Si surface were confirmed by FTIR spectroscopy (IR absorption peaks at around 2160, and 2260 cm−1), too.


It would be reasonable to assume that the blueshift of PL band in HF vapor-treated samples can be attributed to the selective-etching-induced decrease in the Si nanoparticle dimensions. In the porous films studied here, vapor of the etching agent penetrates deep into the entire film and dissolves SiO2 at the surface of the oxide columns, thus stripping nc-Si. After HF treatment, the nc-Si newly forms a thin native oxidized layer on the surface when exposing it to atmospheric oxygen that easily penetrates via pores into the film and, first of all, forms chemical bonds with the Si atoms located in the outer layers of nc-Si. Because of oxidation of the nc-Si surface, dimensions of the initial nc-Si core are reduced, resulting in the blueshift of the emission spectrum. Additional treatment in H2O2 vapor results in additional nc-Si surface oxidation and reduction of nc-Si size.


Huge enhancement in the PL intensity of about two hundreds times during HF vapor treatment can be related to the passivation of Si dangling bonds (that are nonradiative recombination trap states) by hydrogen and oxygen.


These interpretations are consistent with the results of FTIR and EPR measurements.


4. Conclusions


In this study, the effect of HF and H2O2 vapor treatment on the emission spectra of the porous light-emitting nc-Si–SiOx structures is analyzed. As a result of HF vapor treatment, an increase in the PL intensity and a spectral shift of PL peaks to shorter wavelengths (maximum blueshift was more than 200 nm) are observed. Besides, during the first period of vapor treatment the intensity of PL peak increased near 200 times in its magnitude. At the further HF vapor etching, the PL intensity diminishes gradually with decreasing the film thickness. 


From FTIR and EPR measurements, it has been determined that the HF vapor treatment results in selective etching of SiO2 regions in porous oxide matrix, and most of the Si dangling bonds (nonradiative recombination trap states), existing on the nc-Si surface, are effectively passivated with the hydrogen and oxygen atoms. Thus, the increase in the PL intensity is caused by this passivation of nonradiative states. It is assumed that the blueshift of PL spectrum is caused by a decrease in nc-Si sizes due to etching the porous SiO2 matrix in HF vapor and following oxidation of the nc-Si surface. Additional treatment in H2O2 vapor results in additional nc-Si surface oxidation and reduction of nc-Si size without etching the oxide matrix and decrease of the sample thickness.


The obtained results have shown that using HF and H2O2 vapor treatment of light-emitting porous nc-Si–SiOx structures it is possible to control PL intensity and peak position in a spectral wide range. 
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