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Photoluminescence~PL! properties of nanostructured Si-based films produced by pulsed laser
ablation in a residual gas are studied. Two types of PL signals have been identified. Signals of the
first type are sensitive to the ablation conditions with the PL peak position depending on the gas
pressure during the deposition. Signals of the second type with PL peaks around 1.6–1.7 and 2.2–
2.3 eV are almost independent of the ablation conditions and are mainly determined by the presence
of oxygen-related complexes in the film composition. These complexes can be formed through a
prolonged natural oxidation or thermal annealing of the films, or through the direct laser ablation in
the presence of oxygen. Possible mechanisms of PL signals are discussed. ©2001 American
Vacuum Society.@DOI: 10.1116/1.1420494#
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I. INTRODUCTION

Silicon is a leading semiconductor in the modern mic
electronics industry. However, its indirect and small~1.11 eV
at room temperature! band gap has complicated the sprea
ing of Si-based technologies to optoelectronics for a lo
time. Recent observations of visible photoluminescence~PL!
at room temperature from porous silicon1 and nanostructured
Si-based films fabricated by various methods, such as,
example, magnetron sputtering,2 laser breakdown in silane,3

plasma-enhanced chemical vapor deposition,4 ion
implantation,5 etc., enable one to reexamine the optoel
tronics application of silicon-contained materials and giv
promise for the creation of silicon-based optoelectronics
vices.

Pulsed laser ablation~PLA! is one of the ‘‘dry’’ tech-
niques, which could be especially interesting for the fabri
tion of Si-based devices due to a good compatibility w
silicon processing technology. PLA makes possible a fi
variation of the nanocluster parameters during
deposition6–9 and a formation of Si/SiOx films containing
silicon nanocrystallites~see, e.g., Refs. 10–17!. However, PL
properties from laser-ablated films were not similar in diffe
ent studies. Some groups reported nearly fixed PL peaks
the films deposited in different conditions,11–15whereas other
teams observed a clear shift of the PL peak when the par
size was changed by a variation of deposition paramete16

In our opinion, such a difference in PL properties may
connected to not only different ablation parameters, bu
different postdeposition conditions as well. For example,
some studies12–15the films were thermally annealed after th
fabrication, that could additionally modify their propertie
We believe that to get a better understanding of the PL
gin, one must clearly separate the contribution from the la

a!Electronic mail: akabach@email.phys.polymtl.ca
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ablation itself and from the postdeposition conditions.
In this article, we compare PL properties of as-deposi

and postoxidized films and thus identify PL peaks related
different phenomena. The main attention is given to the v
ible and near-infrared ranges of the spectrum~Sband!, which
are the most important for optoelectronics applications.

II. EXPERIMENTAL SETUP

The ablation of material from a rotating Si target@~1-0-0!,
N-type, resistivity 10V cm# was produced by a pulsed Kr
laser~l5248 nm, pulse length 15 ns full width at half max
mum, repetition rate 30 Hz!. The radiation was focused on
focal spot 231 mm2 on the target at the incident angle o
45°. The fluence was 7–10 J/cm2 giving a radiation intensity
of about 53108 W/cm2. The laser-induced plasma plum
expanded perpendicularly to the target surface. The s
strates, identical to the target, were placed on a rotating s
strate holder 2 cm from the target. Both the target and
substrate were kept at room temperature. The deposition
carried out in He~purity 99.9995%! at a constant ambien
pressure. The pressureP of He was varied in different ex-
periments between 50 mTorr and 10 Torr, while the la
pulse energy and target-to-substrate distance were fixed.
chamber was pumped down toP5231027 Torr before fill-
ing with the gas. Under the residual air pressure of
31027 Torr and the laser repetition rate of 30 Hz, oxidatio
of ablated silicon layers is negligible between the la
pulses.16 After several thousand laser shots, the thickness
the Si film on the substrate was 100–1000 nm. For so
comparative tests the deposition was also performed in p
oxygen. The pressure of oxygen did not exceed 200 mTor
order to maintain a relatively intense plasma plume.

In addition, a technique of thermal evaporation from a
target in vacuum has been used for comparative tests
contrast to PLA, this technique is known to provide amo
22171Õ19„6…Õ2217Õ6Õ$18.00 ©2001 American Vacuum Society
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phous films with relatively large dimensions of deposit
particles. Powder from a Si wafer with the same parame
was evaporated under the residual pressure of 1027 Torr
from a tantalum boat onto a Si substrate maintained at ro
temperature. The boat to substrate distance was about 15
and the deposition rate was 0.1 to 0.2 nm/s as measured
quartz microbalance system. The thickness of depos
amorphous Si films on the substrate was 100–200 nm
estimate the PL efficiency from the films fabricated by PL
we also prepared samples of porous silicon by an anodiza
etching of a Si wafer, identical to the PLA target, in a 1
mixture of 49% HF and ethanol. The anodizing current of
mA/cm2 and the etching time of 5–20 min were selected
provide maximal PL intensity of the porous silicon sampl
In some cases, the films deposited by PLA and ther
evaporation were annealed at 800 °C in atmospheric air
10 min. The increase and decrease rates of temperature
10 °C/min.

For the PL measurements the samples were illuminate
the radiation of a cw Ar1 laser~model INNOVA 100! with
the wavelength 488 nm. The power was 10 mW and
power density on the analyzed samples was estimated t
30 W/cm2. The PL spectra were measured at room tempe
ture using a double spectrometer~model U100, Instruments
SA! and GaAs photomultiplier~Hamamatsu Photonics!. The
spectra were corrected to take into account the spectra
sponse of the PL setup.

The x-ray diffraction spectroscopy~XRD! technique was
used to examine structural properties of the films and e
mate minimal dimensions of particles in the deposit. To
termine the composition of the surface layer, the films w
also analyzed by x-ray photoemission spectroscopy~XPS! at
a base pressure of 231028 Torr using a Thermo VG Scien
tific system.

III. RESULTS

The laser-ablated thin films were colored. While deposi
under relatively low He pressures between 0.2 and 1 Torr,
films manifested distinct multicolor interference fringes d
to the nonuniform film thickness. However, the fringes we
absent for He pressures higher than 1.5–2 Torr. In this c
the films were yellow or yellow-gray deposits. The disa
pearance of interference fringes was probably connected
granular, porous-like microstructure of the deposit, wh
prevented the interference in reflected white light.

XRD spectra of the films are shown in Fig. 1~a!. One can
see that the spectra exhibited all peaks typical for crystal
silicon. These peaks could be clearly identified for
samples fabricated under different helium pressures. I
worth mentioning that XRD spectra of some samples dep
ited at reduced pressuresP50.2– 0.3 Torr could also con
tain a minor amorphous fraction. It is known18 that the
broadness of XRD peaks is mainly determined by cluster
the smallest crystals in the deposit. As the instrumen
noises are relatively low, this property could be used to e
mate with a fair accuracy~see, e.g., Ref. 19! the minimal size
of crystals in the deposit by the Debye–Scherrer formul18
J. Vac. Sci. Technol. B, Vol. 19, No. 6, Nov ÕDec 2001
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Taking the broadness of a typical silicon peak@D~2u!/2
50.65°# from a highly resolved XRD spectrum@Fig. 1~b!#,
the estimation gives the minimal grain size of about 10 n
which is in good agreement with the average particle s
values estimated from transmission electron microsc
~4–10 nm!11,12 and atomic force microscopy~1–10
nm!13,16,20images of laser-ablated silicon deposits.

The surface composition of the films was examined
x-ray photoelectron spectroscopy~XPS!. Figure 2 shows the
XPS spectra of a film just after its fabrication~spectrum 1!
and after 8 weeks of its exposure to ambient air~spectrum 2!.
The spectrum of the as-deposited sample~1! demonstrates
two peaks at about 99.8 and 103.2 eV, which are assigne
the Si 2p photoelectrons of the unoxidized Si core and t

FIG. 1. ~a! Typical x-ray diffraction spectra from Si-based films prepared
laser ablation under different helium pressures.~b! Highly resolved XRD
spectrum near a crystalline silicon line for the film deposited under 2 Tor
helium.

FIG. 2. Typical XPS spectra from the films prepared by laser ablation un
2 Torr of helium just after their fabrication~1! and after 10 weeks of expo
sure to ambient air~2!. ~3! Typical XPS spectrum of the film deposite
under 0.15 Torr of oxygen.
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SiOx oxide layer, respectively. The spectrum of the oxidiz
sample~2! reveals a decrease of the low-energy peak wit
slight shift to higher binding energies. On the other hand,
high-energy peak becomes stronger and shifts to higher
ergies up to 104 eV, which is assigned to 2p photoelectrons
of pure SiO2. Our XPS results shown in Fig. 2 agree we
with those of previous studies of SiOx films ~see, e.g., Ref.
21!. The change of the spectrum observed by increasing
oxidation time correlates fairly well with that observed b
increasingx.21 It means that the compositionx of the surface
oxide increases as the exposure time increases. For the
parison, the films deposited in pure oxygen were also a
lyzed by XPS. In this case we only observed the peak
about 104 eV~spectrum 3!, which corresponds to the photo
electrons of pure SiO2. Similar spectra were observed aft
the thermal annealing of the films deposited in helium, s
gesting that the annealing led to a profound film oxidatio

For the PLA in He ambient, PL signals from the film
were observed only after the exposition of the films to ox
gen, i.e., after the replacement of He in a vacuum cham
by atmospheric air. It was controlledin situ with a naked eye
and an integral Si photodetector just after the deposition p
cess. For this purpose the films were irradiated by a cw A1

laser with the intensity of 30 W/cm2, while an optical filter
was cutting the main laser radiation.

Measurements of PL spectra were performed just after
film exposition to ambient air. They revealed relatively we
PL signals with the peak position depending on the heli
pressure during the deposition. In particular, the decreas
the He pressure from 2 Torr to 150 mTorr in different dep
sition experiments caused a progressive shift of the PL p
position from 1.6 to 2.10–2.12 eV as shown in Fig. 3~a!.
However, a wider displacement of the PL peak position
this method was not possible. Under the pressures abo
Torr, PL peaks remained always around 1.6–1.7 eV, w
their intensity decreased significantly. On the other hand,
decrease of the pressure below 150 mTorr caused a dram
decrease of the plasma plume intensity, which led to
weak and hardly reproducible PL signals. Neverthele
maximum PL intensities were found to be remarkably diff
ent for the peaks within the 1.6–2.15 eV range. The m
intense PL signals were at about 1.60–1.65 eV, while
intensities of other peaks could be weaker by orders of m
nitude as shown in Fig. 3~b!. Thus in our experimental con
ditions there was a narrow pressure optimum around 1.
Torr, which made possible the production of Si-based fil
with relatively strong PL. The maximal signals were ve
strong and easily visible by a naked eye, but they w
weaker by a factor of 40–60 than the maximal PL sign
from a porous silicon sample produced by anodization e
ing. It should be noted that the porous silicon layers w
much thicker~5–10mm! than the laser-ablated films~0.1–1
mm!.

Our experiments showed that oxidation phenomena co
cause a dramatic change of the PL properties of laser-ab
films. In particular, the films deposited under relatively hi
helium pressureP.1.5 Torr suffered considerable modifica
JVST B - Microelectronics and Nanometer Structures
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tion of PL spectra under a prolonged natural oxidation of
films in atmospheric air. Just after the fabrication, these fil
exhibited PL signals with the peak energy at about 1.6–
eV. However, the prolonged film exposition to air led to
considerable enhancement of the intensity of these signal
shown in Fig. 4. The PL integral intensity could increase
a factor of 4–10 and stabilized only after 8–10 weeks. T
intensity enhancement was accompanied by a slight red
of the PL peak intensity by about 0.03–0.05 eV. A set
special tests showed that the increase rate of 1.6–1.7
signals could be accelerated by an increase of the air rela
humidity. In addition, a prolonged storage of samples fab
cated underP.1.5 eV in a relatively humid atmospher
could lead to the appearance of another PL peak at a
2.2–2.3 eV as shown in Fig. 5@spectrum~He!#. The en-
hancement of fixed 1.6–1.7 and 2.2–2.3 eV components
der the prolonged film exposition to air correlated well wi

FIG. 3. ~a! Photoluminescence spectra of Si/SiOx films deposited at different
He pressures. Spectra intensities are normalized to the peak value.~b! Inte-
gral PL intensities for spectra with different peaks.
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the relative increase ofx in oxygen-related SiOx complexes
(0,x,2) of the upper film layer, as measured by XPS~see
Fig. 2!. Such correlation between spectral and surface c
position modifications gives evidence for the oxidatio
related origin of these components.

Note that the films deposited under reduced helium p
suresP,1 Torr did not demonstrate any spectral modific
tions under a prolonged natural oxidation of the films. In o
opinion, such a difference between PL properties of the fi
deposited under lowP,1.5 Torr and high (P.1.5 Torr!
helium pressures might be connected to a larger porosit
the films deposited at high pressures. A more porous mi
structure of these films could enhance the surface area, w
was subjected to reactions with ambient air, increasing
role of oxidation in the formation of PL centers. The hypot
esis was confirmed by the absence of color interfere
fringes from the films deposited under the high pressu

FIG. 4. Integral PL intensity for 1.6 to 1.7 eV signals as a function
exposition time. The film was deposited in He atP52 Torr.

FIG. 5. PL spectra from Si/SiOx films deposited:~He!, under 2 Torr of He
after 8 weeks of film exposure to humid air;~O2!, under 0.15 Torr of oxygen
~the spectrum is multiplied by a factor of 30!.
J. Vac. Sci. Technol. B, Vol. 19, No. 6, Nov ÕDec 2001
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However, to verify this, a detailed study of the surface m
phology as a function of the residual gas pressure should
carried out. This study is now in progress and will be pu
lished elsewhere.

Similar dramatic modification of PL properties was o
served after the profound oxidation of the films deposited
helium. It was produced by the annealing of the films in
at 800 °C ~10 min!. The thermal annealing resulted in th
appearance of a single peak around 2.2–2.25 eV for all fi
prepared under different helium pressures, as shown in
6. Moreover, the annealing of relatively old samples led t
considerable decrease or even the disappearance of the
1.7 eV peak. It is interesting to note that the Si-based film
deposited by thermal evaporation from a Si target in vacuu
also exhibited 2.2–2.3 eV PL after the thermal anneal
@Fig. 6 ~EVAP!#, though these films were not photolumine
cent just after the fabrication and a prolonged exposition
ambient air. Such a coincidence of PL peak positions gi
clear evidence for similar final structures of thermally a
nealed particles for the films deposited by different metho
It is logical to conclude that these structures are mai
formed during the postdeposition thermal oxidation proce

Similar 2.2–2.3 eV signals were recorded for the las
ablated films fabricated in an oxygen-containing atmosph
In particular, this peak was observed for all films deposi
under different pressures of pure oxygen as shown in Fig
~spectrum O2!. In contrast to the PLA in helium, the PL
signals could be observed immediately after the deposi
process, while a prolonged film exposition to air did n
result in any detectable increase of the PL intensity. Nev
theless, PL signals from oxygen-deposited films were l
intense than that of the He-deposited films by almost an
der of magnitude.

FIG. 6. PL spectra of Si/SiOx films after a thermal annealing in air at 800 °C
Films are deposited by PLA in He at residual pressures of 0.2 and 0.6
and by a thermal evaporation from a Si target in vacuum~EVAP!. The latter
two spectra are multiplied by a factor of 5.
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IV. DISCUSSION

Our studies show that both parameters of laser abla
itself and postdeposition conditions can play a decisive r
in the formation of PL properties.

Just after fabrication in a helium inert environment a
passivation by the atmospheric air, the films exhibited re
tively weak PL signals with a variable peak energy positio
The peak position could be tuned from 1.6 to 2.15 eV b
decrease of the helium pressure from 2 Torr to 150 mT
@Fig. 3~a!#. In our opinion, the generation of pressur
dependent PL signals is not in contradiction with the mec
nism of the carrier recombination between quantum confi
states in the nanoscale particles.1 Furthermore, the authors o
some previous studies on silicon ablation12,13,20reported the
nanoparticle size reduction under the helium pressure
crease, which confirms the possibility of the quantum c
finement effect. In this case, an air passivation of the na
clustered film is necessary to saturate dangling bonds,
reducing nonradiative recombination channels. Neverthel
other mechanisms may not be ruled out completely.

The naturally and thermally oxidized films, as well
films deposited in oxygen, exhibited quite different PL spe
tra. In this case we recorded only two PL bands around 1
1.7 and 2.2–2.3 eV, whose relative contribution depended
the oxidation method. It should be noted that similar com
nents were observed not only with laser ablated Si-ba
films,11–15 but with the films produced by a variety of an
other techniques as well~see, e.g., Refs. 3–5 and 22–25!.
The origin of 2.2–2.3 eV PL seems to be relatively cle
since it was thoroughly examined in some previous stud
of highly oxidized porous silicon26 and various Si-based
films ~see, e.g., Refs. 5, 24, and 25!. This component was
unambiguously attributed to a radiative recombinat
through defects in SiO2 structure such as the nonbridgin
oxygen hole centers.26,27 The defects are formed in oxygen
related silicon compounds, in particular under the therm
annealing26 or prolonged film exposure to air.24 In our ex-
periments the 2.2–2.3 eV component was also recorded
the thermal annealing in air and a prolonged humid oxidat
of some films deposited in helium. In addition, this comp
nent appeared after a direct deposition of silicon cluster
oxygen-containing atmosphere. We propose that the 2.2
eV PL centers are effectively formed under a profound o
dation of Si-based films, which was the common feature
these three cases.

A gradual growth of the integral intensity of 1.6–1.7 e
signals with time of the film prolonged exposure to air a
gives evidence for a contribution of oxygen in a formation
the PL signals. A similar phenomenon was recorded on fi
deposited in an oxygen-free atmosphere by a laser decom
sition of silane.3,23 However, there is no common consens
on the origin of these signals in the literature. Taking acco
the size-independent behavior of the 1.6–1.7 eV sign
some authors attribute it to a recombination through an
terfacial layer between thec-Si core and thea-SiO2 surface
layer.3,23 On the other hand, some properties of the red co
ponents such as a relatively long decay, enable one to as
JVST B - Microelectronics and Nanometer Structures
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it to the quantum confinement mechanism~see, e.g., Refs. 5
22, and 25!. In this case the increase of the PL efficien
during the prolonged natural oxidation could be explained
a better dangling bond passivation.

In any case, a clear identification of the PL mechanis
requires further detailed study of mechanical, structural,
PL properties of the deposited and annealed films. Th
investigations are in progress.

V. CONCLUSIONS

Si/SiOx nanocrystalline structures have been fabricated
pulsed laser ablation in helium. The as-deposited films
hibit visible PL with peak energy between 1.6 and 2.15 e
An interaction of silicon nanocrystalline films with oxyge
could lead to an appearance and enhancement of fixed p
around 1.6–1.7 and 2.2–2.3 eV, whose relative contribut
depended on the oxidation method.
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