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Visible photoluminescence from nanostructured Si-based layers produced
by air optical breakdown on silicon
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Pulsed radiation of CQlaser has been used to produce an optical breakdown on a silicon target in
atmospheric air. After several breakdown initiations near the threshold of plasma production, a
highly porous layer was formed under the radiation spot on the silicon surface. The fabricated layers
presented the porosity of 75%—-80% and were formed of silicon nanocrystals imbedded,in SiO
matrix. They exhibited strong photoluminescen@) around 2.0 eV, which was stable to a
prolonged continuous illumination of samples. Possible mechanisms of nanostructure formation and
PL origin are discussed. @003 American Institute of Physic§DOI: 10.1063/1.1557752

Nanostructured Si-based materials are in the focus oivere carried out in atmospheric dit atm, 20 °C, 40% hu-
numerous studies for the last decddee, e.g., Refs. 1-13  midity). The PL spectra were recorded on a double spectrom-
They are known to exhibit visible photoluminescer&.) eter (U100, Instruments SAusing 488 nm radiation of an
with quantum efficiency of up to a few percent, althoughAr™ laser with power density of 30 W/chas a source and a
crystalline silicon has a small.11 eV at room temperature GaAs photomultiplier as the detector. Scanning electron mi-
and indirect band gap. The luminescent property opens uproscopy(SEM), x-ray diffraction(XRD), and specular x-ray
possibilities for creating Si-based photonics devices and theieflectivity'® (SXRR) spectroscopies were used to examine
integration in standard silicon microelectronics technology. structural properties of the films. In addition, x-ray photo-

Due to good compatibility with silicon processing tech- emission spectroscogiXPS) was used to determine the sur-
nology, “dry” fabrication techniques are considered as theface layer composition. After the breakdown ignition, the
most adequate and promising for optoelectronics applicaplasma intensity raised progressively with the number of la-
tions. These techniques generally imply a deposition of a thiger shots and stabilized only after 10—20 shots. The intensity
nanostructured film on a substrate, as, for example, in expergain was apparently connected to the appearance of mechani-
ments with magnetron sputteridglasma depositiohJaser  cal defects on the target surface, which improved the radia-
breakdown of silané,pulsed laser ablatioti.” However, in  tion absorption. Our experiments were carried out near the
some cases it is important to produce local nanostructureghreshold of plasma production to minimize the size of
area directly on a silicon-based device or an assembled intéreated area.
grated chip. One of the possibilities is a local annealing by  After the breakdown initiations by several laser pulses, a
pulsed radiation from an excimer laser of an amorphous Sigray-tint area was formed under the focal spot on the silicon
based film below the plasma initiation threshbftiAnother  surface. The processed area exhibited strong PL signals,
possibility is the electric spark processing of a siliconwhich could be easily seen by naked eyes. Figure 1 shows
wafer!®*% In particular, the spark-processed material wasthat a typical PL spectrum had the emission band in red
found to exhibit strong PL in UV/blu€3.22 eV} and green  range around 2.0 eV. The peak position was independent of a
(2.36 eV) spectral ranges and relatively weak and unstableyumber of breakdown initiations, silicon wafer tyge or
PL in the red(1.9 eV) range’® p-) and its doping level. The PL signals were relatively stable

In this letter, we demonstrate another dry and vacuumto a prolonged illumination of the layers by the Ataser
free method for the local patterning of photoluminescentadiation. In particular, the decrease of their integral intensity
nanostructured Si-based materials on a silicon wafer. A phegid not exceed 40% even afté h of thecontinuous illumi-
nomenon of air optical breakdowhproduced by focusing nation. Surface examination by SEM did not reveal the pres-
IR radiation on silicon is used to modify the silicon surface ence of microscale spikes on the treated surface, as in experi-
transforming it to a nanostructured layer. N ments with silicon processing by 800-nm(Ref. 16 or UV

The optlgal breakdown was produced on a silicon targeps (Ref. 17 radiation. In contrast, the treated area repre-
by the radiation of a pulsed TEA GQaser(wavelength 10.6  sented a highly porous material containing holes and cracks,
pm, pulse energy 1 J, pulse lengthus FWHM, repetition a5 one can see in Fig(d@. The size of holes was between 30
rate 3 Hz. The radiation was focused by a Fresnel's lensyngq 150 nm{Fig. 2(b)], but smaller holes, not resolved by

with the focal length of 5 cm, giving the radiation_ _intensity SEM, may still be additionally present. A prolonged treat-
of about 16 W/cn at the focal plane. Standard silicon wa- ment of the silicon surface by 100-200 pulses could lead to

fers (n- and p-type, resistance 0.01-10cm) with dimen- o aqditional formation of channels with similar dimen-
sions about X1cn? were used as targets. Experimentsgions Nevertheless, the mean size of holes and channels did
not change with the number of laser shots. Our study showed
dElectronic mail: akabach@email.phys.polymtl.ca that redeposition of material outside the irradiation spot was
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FIG. 1. Typical photoluminescence spectrum from the central part of Si-SISteCI of SiQ. Neverthelessj XRD StUdleS.ShO\Ned that Si

based layer fabricated by the breakdown processing of a silicon wafe€rystals were also present in the layer. Figufe) Shows

[p-type, (1,0,0, 0.01Q cm] by 100 laser shots at the same focal spot. typical spectra for the silicon target before and after the op-
tical breakdown processing. One can see that the treatment

very weak. Even after 200—400 laser pulses, we did not dded to the appearance of additional XRD peaks around
tect the formation of a film of the redeposited material just28.45° and 47.3°, which are associated with crystalline sili-
around the spot, as one usually observes with conventiongon planes(1,1,1 and (2,2,0, respectively. This gives the
laser ablatior’:’” However, isolated microscale particles evidence that the resulting layers consisted of silicon crystals
could be present after a large number of breakdown initiaembedded in SiOmatrix. It is knowrt® that the broadness of
tions (100—150 laser pulsgsThese particles probably origi- XRD peaks is mainly determined by the smallest clusters in
nated from large-scale material fragments, which cracke@ deposit. As the instrumental noises are relatively low, this
from the target after its prolonged breakdown treatment. ~ property could be used to estimate the minimal size of crys-

The layer porosity was estimated from SXRRpectra. tals in the deposit by the Debye—Scherrer forntdi@aking
They were obtained with the use of an x-ray diffractometerthe broadness of a typical silicon pedlk (26)/2=0.6°]
which made possible a monitoring of the intensity of x-rayfrom a highly resolved XRD spectruiirig. 5(b)], the esti-
beam . =0.154 nm) reflected from a sample under a simul-mation gives the crystal size of the order of 10 nm.

taneousf—-26 scanning of a source and a detector <09
<1°, # was measured towards the surfacgince for x rays

It is well known that the interaction of the GQaser
radiation with matter is characterized by a strong photon ab-

the refractive index of most materials is less than 1, a totasorption by the plasma itself. The target serves to generate

external reflection occurs fo#< 6., while for 6> 6. the

initial electrons then, the formed plasma develops in the cold

reflected intensity suffers a rapid attenuation. Taking into acgas toward the focusing lens and absorbs main IR radiation
count thatf,, is proportional to the square root of the material power at its shock wave forefront through the inverse Brems-
density!® the porosity can be determined from the critical strahlung mechanism. As a result, the plasma gets heated up

angle measurements by the following formula:

g2
__c ’ (1)

2
¢ bulk si

porosity %) = 10({ 1-

where 6. and 6. ,, i are the critical angles for a thin film
and bulk silicon, respectively.

to temperatures of about 4&, while the radiation power on

the target surface decreases dramatically and the radiation-
related ablation of material drop$After the laser pulse, the
plasma decays gradually during milliseconds and is charac-
terized by the presence of intense curremigh magnitudes

up to 18 A)?° and various electromagnetic effeéts?®In

our opinion, the action of radiation leads to a localized melt-

Experimental reflectivity curves for a silicon target be-ing and even flash evaporation of the target material. This

fore and after the treatment are presented in Fig. 3. One cagrocess probably takes place only in some casual points,
see that the critical anglé, ik i for the substrate before the which causes the appearance of pores on the target surface.
treatment(curve 1) was about 0.22°, which is in agreement The laser-ablated material and the upper target layer are then
with previous studie$® However, the treatment led to the heated by the hot COaser-induced breakdown plasma or its
appearance of an additional angle at about 0.1°-0.11° currents during milliseconds, leading to additional phase
(curve 2 associated with the air/layer interface. Substitutingtransformations and the initiation of chemical reactions in
the values of, ,,k sjand . into Eq.(1), we obtain the layer the plasma. Since the radiation is pulsed, one can assume
porosity of 75%—-80%. The precision of SXRR measure-recrystallization or local vapor redeposition of the material
ments was about 10%. during the off times. The combined action of laser- and
As shown in Fig. 4, the XPS spectrum of the target beplasma-related processes gives rise to a modification of prop-
fore the treatment was characterized by a strong peak a&tties of Si-based compounds formed on the surface and their
—99.8 eV and a relatively weak one-atl03.5 eV, which are  nanostructuring. The mechanism of surface treatment in our
assigned to the Si2 photoelectrons of the unoxidized Si experiments seems to be similar in many respects to that of
core and the natural Si@xide layer, respectively. The treat- the electric spark processiny.'® The spark-processed sili-
ment led to a disappearance of Si-related peak, while theon also contained 10-500 nm holes and consisted of silicon
oxide-related peak became stronger and shifted to higher emanocrystals embedded in Si@atrix. The surface modifi-
ergies up to 104 eV. The latter peak is always assigned toations were attributed to pulsed ion bombardment of silicon,

pure SiQ, suggesting that the processed layer mainly conwhich led to a flash evaporation of the material and its re-
Downloaded 04 Mar 2003 to 132.204.2.202. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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FIG. 5. (a) Typical XRD spectra beforéspectrum 1 and after(1) the
FIG. 3. Typical SXRR spectra befofepectrum 1and after(2) the break- ~ Ddreakdown processing of a silicon wafer-type, (1,0,0, 10 Q2 cm]. The
down processing. To enhance SXRR signal, a rectangular area with dimefter spectrum was collected from the treated area with the dimensions 5
sions of 5<5 mn? was treated on a silicon wafer by shifting the laser beam > 5 Mn?; (b) highly resolved XRD spectrum near a crystalline silicon line.
over the target. Each point of the area was treated by at least 100 laser
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