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ABSTRACT

Si/SiOx films were fabricated by Pulsed Laser Ablation from a silicon target in a residual gas. The films were crystalline
with minimal grain size of 2-4 nm and had a porous morphology. The film structure was found to be extremely sensitive
to deposition conditions with porosity depending on the gas pressure during the deposition. In particular, the increase of
helium pressure from 0.2 to 4 Torr in different depositions led to a gradual porosity (P) increase from 10% to 95%. The
porosity increase was accompanied by a slight increase of mean crystal size in the deposit. It has been established that
photoluminescence (PL) properties were different for films with different porosities. For low porous films (P < 40 %), we
observed PL signals with peak energies between 1.6 and 2.12 eV depending on helium deposition pressure. In contrast,
PL properties of highly porous films (P > 40%) were mainly determined by post-deposition oxidation phenomena. They
led to an enhancement of PL bands around 1.6-1.7 eV and 2.2-2.3 eV, which were independent of deposition conditions.
Similar 2.2-2.3 eV signals were observed after strong film oxidation through a thermal annealing of films in air or
through a silicon ablation in oxygen-containing atmosphere. Mechanisms of film formation and PL origin are discussed.
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1. INTRODUCTION

The expansion of Si-based technologies to optoelectronics has been limited for a long time by the fact that bulk silicon
has an indirect and small (1.11 eV at room temperature) band gap. However, recent observations of visible
photoluminescence (PL) at room temperature from porous silicon and various nanostructured Si-based films enable to
reexamine the optoelectronics application of silicon-contained materials and give a promise for the creation of silicon-
based optoelectronics devices.

Pulsed Laser Ablation (PLA) is a “dry” deposition technique, which is widely used for the fabrication of silicon-based
nanocrystallites. PLA makes possible a fine variation of the nanocluster parameters during the deposition 1,2 and a
formation of Si/SiOx nanostructured films exhibiting visible PL (see, e.g., Refs. 3-11). The appearance of PL is generally
related to the presence of nanoscale crystals in the deposit, while different mechanisms such as quantum confinement
effect12, surface radiation states13, defects in S 2 structure14 etc. are considered to explain PL characteristics. However,
PL properties from laser-ablated films were not similar in different studies. Some groups reported nearly fixed PL peaks
around 1.5-1.7 eV and 2.1-2.2 eV for the films deposited under different conditions 4-8, whereas other teams observed a
clear shift of PL peak when the particle size was changed by a variation of deposition parameters 9. In our opinion, such
difference in photoluminescence properties may be connected to not only to different ablation parameters, but to different
post-deposition conditions as well. For example, in some studies 5-8 the films were thermally annealed after the
fabrication, that could additionally modify their properties. We believe that to get better understanding of the PL origin,
one must clearly separate the contribution from the laser ablation itself and from the post-deposition conditions. In
addition, we suppose that a correlation of PL properties with grain size is not sufficient to explain all variety of PL
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characteristics. Other parameters such as e.g. film morphology and chemical composition should as well be taken into
consideration.

In this paper, we compare properties of as-deposited and post-oxidized films and thus identify PL peaks related to
different phenomena. The main attention is given to the visible and near-infrared ranges of the spectrum (S-band), which
are the most important for optoelectronics applications.

2. EXPERIMENTAL SETUP

The ablation of material from a rotating Si target ((1-0-0), N-type, resistivity 10 Ohm⋅cm) was produced by a pulsed KrF
laser (λ = 248 nm, pulse length 15 ns FWHM, repetition rate 30 Hz).  The radiation was focused on a focal spot 2x1 mm2

on the target at the incident angle of 45 ° as shown in Fig. 1.  The fluence was 7-10 J/cm2 giving a radiation intensity of
about 5⋅108 W/cm2. The laser-induced plasma plume expanded perpendicularly to the target surface. The substrates,
identical to the target, were placed on a rotating substrate holder at 2 cm from the target. Both the target and the substrate
were kept at room temperature. The deposition was carried out in He (purity 99.9995%) at a constant ambient pressure.
The pressure P of He was varied in different experiments between 50 mTorr and 10 Torr, while the laser pulse energ
and target-to-substrate distance were fixed. The chamber was pumped down to P = 2 ⋅10-7 Torr before filling with the gas.
Under the residual air pressure of 2 ⋅10-7 Torr and the laser repetition rate of 30 Hz, oxidation of ablated silicon layers is
negligible between the laser pulses9. After several thousand laser shots, the thickness of the Si film on the substrate was
100 – 1000 nm. For some comparative tests, the deposition was also performed in pure oxygen. The pressure of oxygen
did not exceed 200 mTorr in order to maintain a relatively intense plasma plume.

Fig. 1 Experimental arrangement

In addition, a technique of thermal evaporation from a Si target in vacuum has been used for comparative tests.  In
contrast to PLA, this technique is known to provide amorphous films with relatively large dimensions of deposited
particles. A powder from a Si wafer with the same parameters was evaporated under the residual pressure of 10-7 Torr
from a tantalum boat onto a Si substrate maintained at room temperature. The boat to substrate distance was about 15 cm,
the deposition rate was 0.1-0.2nm/s as measured by a quartz microbalance system. The thickness of deposited amorphous
Si films on the substrate was 100-200 nm. In some cases, the films deposited by PLA and thermal evaporation were
annealed at 800° C in atmospheric air for 10 minutes. The increase and decrease rates of temperature were 10° C/min.

For the photoluminescence measurements, the samples were illuminated by the radiation of cw Ar+ laser (model
INNOVA 100) with the wavelength 488 nm. The power was 10 mW and the power density on the analyzed samples was



estimated to be 30 W/cm2. The PL spectra were measured at room temperature using a double spectrometer (model
U100, Instruments SA) and GaAs photomultiplier (Hamamatsu Photonics). The spectra were corrected to take into
account the spectral response of the PL setup.

Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) were used to examine the morphology of laser-
ablated films. The crystallinity of the films was studied by X-ray diffraction (XRD) spectroscopy, while the film porosit
was estimated from Specular X-ray Reflectivity15 (SXRR) measurements. To determine the composition of the surface
layer, the films were also analyzed by X-ra Photoemission Spectroscopy (XPS) at a base pressure of 2⋅10-8 Torr, using a
Thermo VG Scientific system.

3. STRUCTURAL PROPERTIES OF LASER-ABLATED FILMS

3.1 AFM study
These experiments were carried out to estimate  dimensions of silicon clusters produced by the pulsed laser ablation
process. A fraction of a monolayer of clusters was deposited on a substrate of highly oriented pyrolitic graphite (HOPG),
which is known to have an atomically flat surface. The size of the particles was recorded by the AFM technique in th
“tapping” mode. A profile analysis of an AFM image of several isolated laser-ablated particles is shown in Fig. 2(a). One
can see that the height of the particles was about 2-4 nm, while their recorded lateral dimensions were about 20-30 nm. It
is known that real size of nanoobjects is truly presented only by the height measurements, while their lateral dimensions
are usually enlarged due to the tip-object convolution effect. Therefore, we may conclude that the real size of the smallest
ablated particles was about 2-3 nm, which is in agreement with previous studies of laser-ablated Si-based deposits by
Transmission Electron Microscopy (4-10 nm)5 and Atomic Force Microscopy (1-10 nm)6,9,16 techniques. However, larger
particles with dimensions of about 10-15 nm were also present in some images. Performing the depositions under
different helium pressures, we were able to clarify the influence of the pressure on the mean nanoparticle size. As shown
from Fig. 2(b), the mean size increased with helium pressure, though the size variations did not exceed 1 nm. This is also
in good agreement with pressure dependence of mean nanocrystal size reported in previous studies5,16.

Fig. 2 (a) Profile analysis of the AFM image of isolated laser-ablated particles on graphite (HOPG) substrate; (b) Mean particle height
from AFM images as a function of helium pressure during the deposition

3.2 SEM study
As follows from SEM images presented in Fig. 3, the morphology of laser-ablated films was very sensitive to a residual
gas pressure during the deposition process. While only initial signs of roughness were discerned with the films deposited
under 1 Torr, the experiment under 2 Torr provided a developed porous structure with pore size of about 50-100 nm.
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Further pressure increase up to 4 Torr led to a formation of web-like aggregations of particles. Note that under P < 1 Torr
the roughness details were too small to be detected by our SEM system. Thus, our experiments clearly show that not onl
the mean particle size, but also the morphology of the films depends on the deposition conditions.

Fig. 3  SEM images of the laser-ablated films fabricated under 1 Torr (a), 2 Torr (b), 4 Torr (c), 8 Torr (d).

3.3 SXRR measurements
The porosity of the laser-ablated films was estimated from Specular X-ray Reflectivity (SXRR) measurements15. SXRR
spectra were obtained with the use of a simple powder X-ra diffractometer, which made possible a monitoring of the
intensity of an X-ray beam reflected from a surface under a simultaneous θ-2θ scanning of a source and a detecto
(0º<θ<1º, θ was measured towards the surface). Since for X-rays the refractive index of most materials is less than 1, a
phenomenon of total external reflection occurs fo θ < θc, while for θ > θc the reflected intensity suffers a rapid
attenuation. Because θc is proportional to the square root of the electronic density, which is directly proportional to th
density of the material, the experimental determination of the critical angle gives access to the density of the material.
For a given material, a porosity increase results in a density decrease, which can be quantified by a decrease of the
critical angle as follows:

                                              










−=

2

2

1100(%)
Sibulkc

cporosity
θ

θ                                                  (1)

where θc and θc bulk Si are the critical angles from SXRR spectra for a thin film and bulk silicon, respectively.

Experimental reflectivity curves for a silicon substrate (wafer) with and without laser-ablated films are presented in Fig.
4 (a). One can see that the critical angle for the substrate θc bulk Si was about 0.22º. Similar substrate-related angle of 0.22º
could be observed for samples with laser-ablated films as shown in Fig. 4 (a). However, the later samples also contained
an additional air/film interface-related critical angle θc, whose position depended on helium pressure. For example, fo
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the films deposited at 0.5 Torr and 2 Torr, we had θc1 =0.19º and θc2 = 0.11º, respectively [Fig. 4 (a)].  Substituting the
values of θc1 and θc2 into equation (1), we obtain the film porosities of 25% and 75%, respectively.

Fig. 4 (b) summarizes the porosity measurements for laser-ablated films deposited under different pressures P. Here, a
tendency of the porosity enhancement with the pressure increase is quite clear for P < 2 Torr, while for higher pressures
the porosity always exceeds 95%. It is necessary to note that the precision of SXRR measurements was about 10%.

Fig. 4  (a) Typical SXRR curves for a silicon wafer (substrate) and laser-ablated films fabricated at 0.5 and 2 Torr of helium. (b)
Porosity of the films estimated from SXRR curves as a function of helium pressure during the deposition.

3.4 XRD study
As shown in Fig. 5, XRD spectra of the laser-ablated films exhibited all peaks typical for crystalline silicon. In addition,
an analysis of XRD spectra of some samples deposited at reduced pressures P = 0.2-0.5 Torr indicated the presence of a
minor amorphous phase.

Fig. 5 Typical X-ray Diffraction spectra from silicon substrate
and laser-ablated films fabricated at 0.2 and 2 Torr of helium.

Fig. 6 Typical XPS spectra from the films prepared by laser
ablation under 2 Torr of helium just after their fabrication (as-
deposited) and after 10 weeks of their exposition to ambient
air (10 weeks).  (oxygen) – Typical XPS spectrum of the film
deposited under 0.15 Torr of oxygen.

3.5 XPS study
The surface composition of the films was examined by X-ray Photoelectron Spectroscopy (XPS). Fig. 6 shows the XPS
spectra of a film just after its fabrication (spectrum “as-deposited”) and after 8 weeks of its exposition to ambient air (“10
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weeks”). The spectrum of the as-deposited sample demonstrates two peaks at about 99.8 and 103.2 eV, which are
assigned to the Si 2p photoelectrons of the unoxidized Si core and the SiOx oxide layer, respectively. The spectrum of the
oxidized sample (10 weeks) reveals a decrease of the low-energy peak with a slight shift to higher binding energies. On
the other hand, the high-energy peak becomes stronger and shifts to higher energies up to 104 eV, which is assigned to
2p photoelectrons of pure SiO2.  Our XPS results shown in Fig. 6 suggest that the composition x of the surface oxide
increases as the exposition time increases. For the comparison, we also analyzed XPS spectra of the films deposited in
pure oxygen. In this case, we only observed the peak at about 104 eV (spectrum “oxygen”), which corresponds to the
photoelectrons of pure SiO2. Similar spectrum was observed after that the thermal annealing of the films deposited in
helium, suggesting that the annealing led to an extensive film oxidation.

4. PHOTOLUMINESCENCE PROPERTIES

4.1 As-deposited films
The films deposited under different helium pressures showed quite different PL characteristics . For films deposited at
reduced pressures P < 1.5 Torr, we recorded PL spectra, whose peak energy positions strongly depended on the pressure.
The pressure dependencies for peak energy position and integral intensity of the PL signals are presented in Fig. 7. On
can see that a pressure increase from 0.15 to 1.5 Torr in different depositions caused a red shift of the peak from 2.12 eV
to 1.6-1.7 eV (curve (1)). However, for films deposited at relatively high pressures P > 1.5 Torr we observed quite
different PL signals. The peak energy of these signals was always around 1.6-1.7 eV and did not depend on helium
pressure during the deposition. In addition, the intensity of 1.6-1.7 eV signals was much stronger, while the most
efficient PL was reported with the films deposited at 2 Torr (curve (2)).

Fig. 7. PL peak energy (1) and integral PL intensity (2) as a function of the helium pressure for as-deposited films.

4.2 Prolonged natural oxidation
We found that oxidation phenomena could lead to a dramatic modification of PL properties from laser-ablated films.
First of all, we observed a considerable enhancement of integral intensity of 1.6-1.7 eV signals under a prolonged storage
of the films in pure dry air as shown in Fig. 8(a). The intensity could increase by a factor of 4-10 and stabilized only after
8-12 weeks, while the increase rate depended on the relative air humidity. The enhancement was accompanied by a slight
red shift of the peak energy position as shown in Fig. 8 (a). It is necessary to note that the 1.6-1.7 eV signals wer
recorded only with films deposited at relatively high helium pressures P > 1.5 Torr. These films were characterized by a
relatively high porosity, exceeding 40% [Fig. 4 (b)]. Fig. 8 (b) presents the dependence of the integral intensity of the PL
signals on film porosity. One can clearly see that only highly porous films demonstrated PL intensity enhancement. On
the other hand, blue-shifted PL signals from low porous films remained stable even after their prolonged storage in air.
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Secondly, we observed an appearance of an additional PL peak at about 2.2-2.3 eV under a prolonged storage of porous
samples (with porosity higher than 40%) in humid air environment (relative humidity 80-100%), as shown in Fig. 8 (a)
(spectrum “humid”). It is important to mention that the appearance and enhancement of 1.6-1.7 eV and 2.2-2.3 eV
components correlated well with the relative increase of x in oxygen-related SiOx complexes (0 < x < 2) of the upper film
layer, as measured by XPS [Fig. 6]. This correlation between spectral and surface composition modifications gives
evidence for oxidation-related origin of these components.

Fig. 8 (a) Photoluminescence spectra from Si/SiOx films deposited by PLA under P = 2  Torr of helium: as-deposited, after 4 weeks of
film storage in dry air; after 8 weeks of the of the storage in humid air (humid); after thermal annealing in air (annealed); (oxygen) -
PL spectrum from films deposited in oxygen.
(b) Integral intensity of PL signals as a function of film porosity under a prolonged storage of the films in dry air.

4.3 Thermal oxidation
Similar dramatic modification of PL properties was observed after the profound oxidation of the films deposited in
helium. It was produced by the annealing of the films in air at 800 ° C (10 min). The thermal annealing resulted in the
appearance of a single peak around 2.2-2.25 eV for all films prepared under different helium pressures, as shown in Fig.
8(a) (spectrum “annealed”). Moreover, the annealing of relatively old samples led to a considerable decrease or even th
disappearance of the 1.6-1.7 eV peak. It is interesting to note that the Si-based films, deposited by thermal evaporation
from a Si target in vacuum, also exhibited 2.2-2.3 eV PL after the thermal annealing, though these films were not
photoluminescent just after the fabrication and a prolonged exposition to ambient air. Such a coincidence of PL peak
positions gives a clear evidence for similar final structures of thermally annealed particles for the films deposited b
different methods. It is logical to conclude that these structures are mainly formed during the post-deposition thermal
oxidation process.

4.4 Deposition in oxygen-containing atmosphere
Similar 2.2-2.3 eV signals were recorded for the laser-ablated films fabricated in oxygen-containing atmosphere. In
particular, this peak was observed for all films deposited under different pressures of pure oxygen as shown in Fig. 8 (a)
(spectrum “oxygen”). In contrast to the PLA in helium, the PL signals could be observed immediately after the
deposition process, while a prolonged film exposition to air did not result in any detectable increase of the PL intensity.
Nevertheless, PL signals from oxygen-deposited films were less intense than that of the He-deposited films by almost an
order of magnitude.
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5. DISCUSSION

Our experiments showed that film porosity is very sensitive to the ablation conditions. Even minor variations of the gas
pressure during deposition cause a dramatic porosity change. This phenomenon is probably connected to different
conditions of nanocluster film formation in the cases of low and high gas pressures. Collisions with light helium atoms
cause a cooling of the clusters and their size enlargement.  We believe that under relatively low pressures a number of
collisions are not sufficient to condense and crystallize the clusters in gaseous phase. Therefore, the clusters in the gas
phase are relatively hot and crystallize when they arrive on the substrate forming a dense and well-packed crystalline
film, as one can see in Fig. 3(a). Under high pressures, more frequent collisions lead to a fast cooling and more effective
condensation of clusters in the gaseous phase. As a result, they arrive on the substrate being partially crystallized and
having an arbitrary shape, which causes a formation of highly porous layers and even web-like agglomerations, as shown
in Fig. 3 (c,d).

We propose that it is the microstructure difference that causes the dramatic distinction of long-term PL properties for the
films deposited at low and high pressures. Dense and self-coagulated structures of the films fabricated under P < 1 Torr
minimize the impact of ambient atmosphere on the film properties. Indeed, we did not detect any remarkable changes of
PL spectra even after a prolonged natural oxidation of low porous films [Fig. 8 (b)]. We believe that PL mechanism
related to core silicon crystals are predominant for these films, though the upper surface oxide can also play a certain role
in a formation of PL centers. In particular, the red shift of the spectra under an increase of helium residual pressure could
be due to the quantum confinement mechanism 12. In this case, an air passivation of the nanoclustered film is necessary to
saturate dangling bonds, thus reducing nonradiative recombination channels. This supposition is confirmed by the
increase of mean particle height on AFM images with the increase of helium pressure [Fig. 2 (b)]. Nevertheless, other
mechanisms may not be ruled out completely.

The porosity enhances the surface area, which is subjected to surface chemistry modifications due to interactions of
nanocrystallites with oxygen and another elements or impurities in ambient air. This can dramatically enhance the role of
oxidation in formation of PL centers and in particular relative contribution of oxygen-related PL mechanisms. Indeed, we
recorded a considerable enhancement of 1.6-1.7 eV signals and appearance of additional 2.2-2.3 eV signals under
prolonged natural oxidations of highly porous films in air [Fig. 8 (a)]. Strong oxidation caused by a thermal annealing of
the films or direct silicon ablation in oxygen also led to the generation of 2.2-2.3 eV signals. It should be noted that
similar components were observed in many previous studies with the use of various fabrication techniques (see, e.g.,
Refs. 13, 14, 17, 18). The origin of 2.2-2.3 eV PL seems to be relatively clear since it was thoroughly examined in some
previous studies of highly oxidized porous silicon14 and various Si-based films (see, e.g., Refs. 17, 18). This component
was unambiguously attributed to a radiative recombination through defects in SiO2 structure such as the nonbridging
oxygen hole centers14,19. The defects are formed in oxygen-related silicon compounds, in particular under the thermal
annealing14 or a prolonged film exposition to air 18. In our experiments, the 2.2-2.3 eV component was also recorded after
the thermal annealing in air, a prolonged humid oxidation of some films deposited in helium, and direct deposition of
silicon in pure oxygen. We suppose that the 2.2-2.3 eV PL centers are effectively formed under a strong oxidation of Si-
based films, which was the common feature of these cases.

A gradual growth of the integral intensity of 1.6-1.7 eV signals with time of the film prolonged exposition to air also
gives an evidence for a contribution of oxygen in a formation of the PL signals. Similar phenomenon was recorded on
films, deposited in an oxygen-free atmosphere by a laser decomposition of silane 13,20. However, there is no common
consensus on the origin of these signals in the literature. Taking account the size-independent behavior of the 1.6-1.7 eV
signals, some authors attribute it to a recombination through an interfacial layer between the c-Si core and the a-SiO2

surface laye 13. On the other hand, some properties of the red components such as a relatively long decay, enable to
ascribe it to the quantum confinement mechanism (see, e.g., Refs. 21).

It is clear that in normal conditions, oxidation-related mechanisms give the strongest contribution when integral surface
area of the film is maximal, but the pores give however enough access to inner film layers for oxygen and other elements.
This compromise was probably achieved under 65-80% porosity, which led to the most efficient modification of PL
characteristics with storage time in air and the strongest signals of 1.6-1.7 eV and 2.2-2.3 eV components.



Finally, we can not exclude that the mentioned discrepancy of experimental results related to the presence 9 or absence5-8

of size dependence for PL spectra was because of different film microstructures in different studies. Relatively porous
films could provide better conditions for oxidation-related mechanisms, while low porous films contributed to
preferential contribution of another mechanisms, e.g., the quantum confinement one. In any case, our studies show that
the film morphology must be taken into account in the interpretation of experimental results to avoid possible
ambiguities and misunderstandings.

6. CONCLUSIONS

A method of pulsed laser ablation in a residual gas has been used to synthesize Si/SiOx nanostructured films. We showed
that porous microstructure can strongly affect the PL properties of the laser-ablated films. The low-porous film structure
minimizes the effect of post-deposition natural oxidation on PL properties. In this case, PL signals with peak energies
between 1.6 and 2.15 eV depending on helium pressure during the deposition are observed. In contrast, PL properties of
highly porous films are mainly determined by post-deposition oxidation phenomena. They lead to an appearance and
enhancement of PL bands around 1.6-1.7 eV and 2.2-2.3 eV, which are independent of the deposition conditions.
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