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Evidence of x-ray absorption-edge shift as a function of luminescence wavelength
in porous silicon
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X-ray absorption fine structurXAFS) at the SiK edge in porous silicon has been measured by monitoring
the photoluminescence vyiel@PLY) in different parts of the luminescence band: at increasing luminescence
energy, a continuous positive shift of the x-ray absorption edge has been observed. The peculiar selectivity of
the partial PLY-XAFS technique to the luminescent sites allows us to perform a size selection of the different
nanostructures distributed in a single porous-silicon sample. The recombination of carriers localized in quan-
tum confined nanocrystals is confirmed to be the main cause of the optical emission.

In recent years, a great amount of scientific effort hasally, following the hypothesis that each nanoparticle of the
been made to understand the mechanism of visible lighporous-silicon layer yields a sharp luminescence spectrum
emission in porous silicoh? Photoluminescence in porous (whose emission energy is defined by its sizee may ex-
silicon is due to the reduced dimensions of the nanostrucpect to obtain different partial PLY-XANES spectra by sam-
tures (wires or dot$ obtained by a partial electrochemical pling different energy ranges of the broad optical lumines-
dissolution of bulk crystalline silicon. Shape and dimensionscence band.
of the porous structures are determined by the physical prop- An essential role in supporting the QC model has already
erties of the starting Si wafer and by the electrochemicabeen played by XAFS, by considering both XANES and ex-
process parameter@HF content, current density, etching tended x-ray absorption fine structufeXAFS). XAFS has
time, light exposure time® By varying one of these quanti- been implemented in three different detection modes &ftthe
ties, it is possible to change the porosity and the nanostruedge of Si: transmissiohtotal electron yield(TEY),1°-12
ture dimensions, obtaining a shift of the emitted light wave-and PLY®'® also called XEOL (x-ray excited optical
length, typically from the infrared to the green-blue region. luminescence! These detection modes are characterized by

At present, a strong agreement has been reached on tdéferent sensitivities. Transmission probes all the Si atoms
ability of the quantum confinemerfQC) model to explain  on the surface and in the bulk of the sample. TEY, measuring
the light emission properties of porous silicbhThis model  secondary electrons, is sensitive to all Si atoms of the porous
predicts an enlargement of the band gap when the porodayer; PLY measures the intensity of visible radiation emerg-
structures are reduced to nanometer sizes: owing to the még from luminescent Si sites. TEY-EXAFS experiments
mentum uncertainty, radiative recombination of carriers lo-have showt*? that porous-silicon samples with lumines-
calized in the gquantum-confined nanocrystals is highly facence bands centered at higher energies have in general
vored with respect to bulk Si. According to the QC model,smaller site dimensions. In previous papéf$the present
the emission energy should correspond to the width of thauthors have experimentally shown that PLY, contrary to
energy gapEg,p, in case of a band-to-band transition. The TEY, monitors the local structure only of the Si atoms in the
observed broadening of the luminescence band is attributddminescent sites. This site sensitivity appears to be specific
to the presence of a distribution of nanostructure sizes, whicfor quantum-confined systems and cannot be considered a
corresponds to a distribution &, values inside the porous general property of all light emitting systertfst’ This pecu-
layer. liarity has been attributed to the presence of a very efficient

Up to now, the effects of QC in porous silicon have beenradiative recombination channel in the vicinity of a subset of
tested only by comparing different samples, without considthe absorbing Si atoms. For porous silicon, the localization
ering the size distribution of luminescent sites inside eaclof carriers has been proved by different experiméfisis
single specimefi/ In this paper we exploit the peculiar site proposed to occur via local size modulation of wire
sensitivity of x-ray absorption fine structufXAFS) mea-  structure$™® or surface-confined statés.
sured in photoluminescence yiel@LY) mode® making a The porous Si samples analyzed in this work were pre-
selection of nanostructure sizes within each single samplgared using a standard procedéfestarting from p-type
The work is based on the simultaneous measurement of seloron-doped100 Si wafers, with resistivity 2@ cm. In the
eral x-ray absorption near edge structd(&NES) spectrain  following, two types of samples, denoted r&sl and green
PLY mode, each spectrum corresponding to a different emiswill be considered. Theed sample was obtained in an ethyl
sion energy range within the same optical band. This techalcohol solution of HF (15%) by applying a current density
nique will be referred to as “partial PLY-XANES.” Actu- of 40 mA/cnt for 7.5 min; thegreenone by a current den-
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Emission energy [eV] FIG. 2. Experimental partial PLY-XANES spectra of thed
porous-silicon sample obtained by integrating the luminescence
FIG. 1. Normalized XEOL spectra of two porous-silicon pand shown in Fig. 1 over energy intervals of 0.1 eV width.
samples obtained from a 20 cm crystal silicon wafer. The lumi-
nescence intensity has been integrated over intervals of 0.1 eb-Si—O bonds, at the expected energies of 1844 and 1847
width (vertical dashed lingsto obtain partial PLY-XAFS spectra. ev, respectivel;}? By normalizing the spectra at their maxi-
mum value, a neat shift of the x-ray absorption edge position
can be easily observed when the photoluminescence energy
increases, as shown in Fig. 3 for some selected spectra. Since

nol, then in pentane: thgreenone in deionized watgrnd each set of PLY spectra was obtained from the same x-ray

transferred, still wet, inside the experimental chamber on thé < 9y S¢an. relative shifts of the absorption edge smaller
" ? : P! .(fhan the beamline energy resolution could be reliably appre-
x-ray beamline, which was immediately evacuated to avoi

exposure to the air. Both samples presented homo eneociated. For each sample, the relative shifts of the partial
P e pies p 09 Bt Y-XANES spectra have been evaluated with respect to the
porous layers, with thickness 8 and lidm, respectively.

. ; ost intense spectrurtorresponding to the maximum of

ggglarlrl: rr;ler;esecz:etirslce? b?ﬂgsngﬂgligggtifad 2&3&?2;?3222 e XEOL band at 1.7 eV and 2.2 eV foed and green

: resp Y Y EXCIK ) samples, respectivelyafter a normalization to the absorp-
spectra ofred and greensamples are shown in Fig. 1: they

. . tion maximum at about 1841 eV. The average relative en-
exhibit a FWHM of about 0.3 eV and are about 1 eV wide at . LT .
the bottom. The shape difference shown by the two luminess &Y shifts are reported in Fig. 4. They were evaluated in two

cence bands is due to the different preparation parametets - (&) the energy differences were measured in various
prep P goints of the absorption edge around the inflection point and

and post-etching treatment. The bands shown in Fig. 1 wer . e
. o . veraged(b) the difference between spectra was minimized
obtained at the excitation energy of 1850 eV, just beyond th%y sh?fting(; )each spectrum in a best-?itting procedure. The

Si absorptiorK edge(1839 eY. When exciting at different rror bars in Fig. 4 indicate the maximum spread of values

energies, belov.v.and above the edge, no large Ch"’“?ges of .tﬁgtained by the different data-analysis procedures. It is easy
shape and position of the bands were observed. Slight varigs recognize a common linear increase of the x-ray

tions of the relative intensities were, however, produced b%bsorption-edge energy monitored by partial PLY as a func-
varying the x-ray energy near the absorption edge, and a

considered in the following analysis ftion of optical emission energy.
XAFS measurements were carried out with synchrotron Relative up-shifts of the x-ray absorption edge of porous

e ) ilicon with respect ta-Si were measured by different au-
radiation at the Super ACO storage ring of the LURE Labo-> : 2 :
ratories in OrsayFrance, using the SA 32 beamline. Elec- thors both at. andK edges using TEY**These experimen-
tron energy and average current were 800 MeV and 400 mA,
respectively. The x-ray energy resolution was estimated 0.7
eV at 2000 eV. A system of lenses and optical fibers col-
lected the light emitted from the sample focusing it on a
dispersive spectrometé€P200 Jobin-Yvon An optimized
back-illuminated CCD (1100PB Princeton Instrument
cooled with liquid nitrogen, was used as a detector to collect
in a few seconds the whole luminescence band at each x-ray
energy. After the x-ray energy scan, each band was corrected
for the spectral function of the XEOL apparatus, and subdi-
vided in stripes of 0.1 eV widtliFig. 1). Considering both 1838 1839 1890 1841
the samples, a total interval of luminescence energy ranging X-ray energy [eV]
from 1.6 eV up to 2.4 eV was explored. Unsmoothed partial
PLY-XANES spectra, obtained by integrating the lumines- FIG. 3. Partial PLY-XANES spectra of thed porous-silicon
cence intensity from each stripe, are shown in Fig. 2 for thesample normalized at the maximum: a neat positive shift of the
red sample. These spectra do not reveal any presence eftige position with increasing the photoluminescence energy is ob-
oxygen-related absorption structures, such as Si-O-H aserved.

sity of 100 mA/cnt for 6 min and a post-etching treatment
(5 min under a 500 W halogen lampAfter the etching pro-
cedure, the samples were rinsglde red one first in metha-
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S 04 - also monitor changes of the local environments or chemical
2 coverages of the nanostructures and their influence on the
& A redsample 1 photoluminescence. The study of the XANES regi6r40
< | @ green sample -] eV) as a function of photoluminescence energy can provide
»n 0.2F --- 1/3slope Y . . . " Lo
® o information on the variations of the CB electron density in
Ly e ;,E”- luminescent sites with different sizes. Improving the statis-
w i -aTE g i tics (i.e., using high-intensity synchrotron sourgebe tech-

0.0 -4 _-z"Te ) : .
® | - .5 nigue could also be exploited to study the EXAFS oscilla-
'..g /,,i' T tions, in order to determine a quantitative correlation
T 0.2 - . . . between the CB shift and the average dimensions of lumi-
x .5 1.7 1.9 2.1 2.3 2.5 nescent sites.

Emission energy [eV] A quantitative evaluation of the nanostructure’s size is out

of the possibilities of the present work, because we have only
FIG. 4. The relative shifts of all the edges foed andgreen  measured relative shifts of the CB as a function of light
samples are plotted versus the photoluminescence energy. @mission energy. It is well known that the absolute value of
straight line of 1/3 slope is superimposed to the data. the emission energy is influenced not only by the dimensions
of porous nanostructures, but also by their chemical
tal results were interpreted as strong evidence of QC effectgoverage® a different chemical passivation induces a shift
because the edge energy corresponds to a direct transiti@f the energy position of the photoluminescence band. How-
from inner core levelgconsidered insensitive to the local ever, the present results strongly support the importance of
structure to the unoccupied electronic states in the bottom ofQC in the photoluminescence properties of porous silicon,
the conduction ban@CB). On such a basis, we can interpret because of the homogeneous surface properties inside the
the relative shifts of the partial PLY-XANES edges as due tomeasured area of each sample. An interesting comparison
the energy raise of the bottom of the CB in different lumi- can be done with the results presented in Ref. 25: our expe-
nescence sites characterized by increasing light emission erience confirms that samples with yellow-green photolumi-
ergy and decreasing size. nescencein the native solutionshow a redshift as soon as
Figure 4 shows that the correlation between the photoluthey are dried(in air, but also in vacuum However, the
minescence energy and the x-ray absorption-edge position iglative up-shift of the CB energy shown in Fig. 4 does not
linear. The present result can be compared with that found ipresent evidence of saturation: this result confirms that the
an experimental work on the electronic properties of Sisurface of emitting nanostructures in batkd and green
nanocrystals by van Buureet al?® These authors, measur- samples is without any detectable oxygen coverage. As a
ing different samples with selected sizes, correlated the obmatter of fact, as Allan and co-workers have shdwihe
served shifts in both CB and valence bafuB) with the  presence of oxygen would produce a much lower CB shift or
average dimensions of the nanocrystals, showing clear eveven no shift. We note that their model for a free exciton
dence of quantum size effects. From the Data in Ref. 23 oneecombination in Si clusters totally passivated by hydrogen
can deduce that the CB bottom is linearly correlated to thdoresees a ratio lower than 2:1 for the VB and CB shifts,
band gap, with 1/3 slope. We have reported this behavior iindicating a more complicated situation for real samples than
Fig. 4 (dashed lines the agreement between the present parfor model environments.
tial PLY-XANES results and those of Ref. 23 is quite good, In conclusion, in this paper we have presented a tech-
confirming that QC in nonoxidized porous silicon and in Sinique, the partial PLY-XAFS, which allows us to correlate
nanodots produces a similar effect on the electronic states, ithe x-ray absorption-edge position to the emission energy of
particular on the enlargement &;,,. Very recently, the luminescent nanocrystals, i.e., in an indirect way, the shift of
same 2:1 ratio between VB and CB shifts has been measurede bottom of the CB to the nanoparticles sizes. Thanks to
by photoemission and XANES spectroscopies for a porousthis technique, it is possible to follow the enlargement of the
silicon sample whose dimensions were reduced by succeenergy gap, due to the presence of different nanoparticle
sive wet-etching procedurés. sizes in the same sample of porous silicon, without resorting
The main advantage of the present experiment consists ito a comparison with different calibrated samples. The quan-
the possibility to study the effects of QC on a continuous sizeitative analysis of the positive x-ray edge shift at increasing
distribution within the same sample, rather than on a fewphotoemission energy in nonoxidized porous-silicon samples
distinct samples, each one characterized by a different aveshows that the luminescence mechanism agrees with the
age size. Besides, since a PLY-XANES experiment is donguantum confinement theory.
on a single sample with a homogeneous surface, we get rid The authors are grateful to C. Armellini for the prepara-
of the influence of different surface-coverage effects and ofion and basic characterization of the samples, to R. Graziola
the experimental uncertainties due to successive, indepefer his collaboration on the development of the new XEOL
dent measurements of different samples. apparatus, and to L. Pavesi, |. Mihalcescu, and R. Romestain
The experimental differences between partial PLY-for stimulating discussions. We thank P. Lagarde and A. M.
XANES confirm once moféthe site selectivity of this tech- Flank for scientific collaboration on the EXAFS measure-
nique: in fact, for porous silicon by PLY-XAFS it is possible ments. We acknowledge the support of the Training and Mo-
to study the local structure only of the emitting nanostruc-bility of ResearcheréTMR) Program of the European Com-
tures, and in particular to distinguish those characterized bynunity for measurements at the LURE Laborato(i@ssay,
different dimensions. In principle, the partial PLY-XAFS can France.
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