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Defect study of light-emitting HCI-treated porous silicon
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Electrochemically etched porous silicdaS) samples have been exposed toM BCI solution for set time
intervals, resulting in a stable and enhanced luminescence from this material. These samples were examined
using photoluminescend®L), electron spin resonan¢ESR), and Raman spectroscopy. The Raman chemical
disorder component is found to increase significantly with increased HCI exposure, tracking also with the
increased PL intensity. In contrast, a significant drop in the nanocrystalline Raman component is monitored,
suggesting that the number of silicon nanocrystallites decreases with increasing exposure to HCI. ESR spectra
of these treated PSi samples indicate the presence of an NL8 type of oxygen shallow donor, which tracks
extremely well with the increasing PL emission and the amount of chemical disorder induced with increasing
HCI exposure.

INTRODUCTION fraction of the nanocrystalline component comprising the PSi
structure significantly decreases with increased HCI expo-

Visible-light emission in the orange-red and red region ofsure, the PL emission intensity increases considerably and
the spectrum has been reported in a variety of silicon-basegcales well with the increasing disorder fraction and the in-
nanostructures, including porous silicon (PSi creasing oxygen shallow donor concentration. These results
nanostructure$? oxidized Si nanoclustefs® nanocrystal- cast doubt on the quantum confinement model, while giving
line Si/SiO, (nc-Si/SiQ) films deposited by plasma chemical further support to the suggestion that an emitting chemical
vapor depositioh (CVD), and Si nanowire$.The material ~ defect structure, comprised of a core=8D entity;"*** gives
most studied, however, has been PSi. The optical behavior ifise to the observed PL.
this material has been interpreted in terms of two very dif-

ferent types of mechanisms: quantum confinelin_eend_j mod- EXPERIMENT
els related to surface spedie¥ such as the emission from
SiH, or polysilane$?® siloxenel® or silanol groups? Si The PSi samples were prepared by standard electrochemi-

band-tail states' oxygen-related defect centérsand sil-  cal etching of 1€ cm p-type S{100 wafers for 30 min at a
anone(Si=0) related entities? the latter two of which may current density of 14 mA/cfin a 25% hydrofluoric acid
be closely correlated. (HF)/methanol solution. While a number of the samples were

From the defect studies in porous silicon, there are severaixposed to a Bl HCI solution through continuous soaking
defect structures that have been reported, including the $or periods of one or two weeks following the initial etch
dangling bond center, prototype of which is tAg centert®>  cycle, several additional samples remained untreated. The
anE’ center(oxygen vacancy'® the oxygen shallow donor fresh samples referred to in the text are PSi samples that
(SD),*” and anEX center(silicon vacancy.*® Although it has ~ were freshly etched and analyzed within one hour. All
been reported that the,, center leads to an increase in non- samples were examined using Raman spectroscopy, photolu-
radiative recombination, thereby decreasing the visible Plminescence(PL) excited using the 488-nm Arion laser
emissiont! a direct link has been reported between theline, and cutoff filtered at 550 nm, and electron spin reso-
orange-red—red room-temperature PL intensity observed inance(ESR), performed at 20 K, with and without tungsten
freshly made and oxidized PSi and interfacial oxygen-relatedamp illumination. Further experimental details have been
defect center¢SD andEX).!® published elsewher€:®

It has been shown previoushythat the exposure of
freshly made PSi to an HCI solution varying in molarity
from 0.2M to 6M can result in a much enhanced red-
emission intensity as well as a long-term stabi(agter treat- The Raman spectroscopy was performed on freshly made
ment with methanglin the atmosphere. In this manuscript, PSi and samples treated for one or two weeks i 3Cl.
we will present results of a M HCI treatment of PSi Figures 1a)—1(c) represent Raman spectra for these three
samples, with the perspective of tracking the changes in thg/pes of samples. The Raman signal for all the PSi samples
nanocrystalline and amorphous fractions of the samites  is blueshifted from that of bulk Si, and increases in width
man spectroscopy the PL emission energy and intensity [full width at half maximum(FWHM)] with increasing HCI
(PL), and the defect densitfESR with increasing HCI ex-  exposuré*® The fits for the individual Raman spectra are
posure time. We will also show that despite the fact that thealso depicted in Figs. (#-1(c). The Raman spectrum for

RESULTS AND DISCUSSION
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FIG. 1. Raman spectra and peak fits far untreated PSi sampléy) PSi after one-week treatment ilVBHCI, (c) PSi after two-week
treatment in 31 HCI, and(d) PSi after two weeks in HCI showing a peak fitting line corresponding tq SiO

freshly formed PSi is comprised of two major peaks, asilicon component due to the HCI treatment. This could oc-
sharper ondat around 513 cm') is associated with nano- cur through the incorporation of O, H, or Cl species into the
crystalline silicon and a broader peé around 480 cm') disordered Si network in what is, at the very least, a disorder-
is associated with disordered silicBhThe Raman spectrum enhancing process.
that results after a one-week HCI exposure produces a small Although the spectrum for the two-week treated samples
shift of the nanocrystalline component to about 511°¢m is reasonably fitted by the sum of nanocrystalline and amor-
while a two-week HCI exposure results in a nanocrystallinephous peaks, an improvement to the fit below 450 toan
component position close to 513 ¢ The amorphous sili- be achieved if a third broad feature, centered at about 430
con disordered component remains in the vicinity of 480cm™?, is addedFig. 1(c)]. This, in fact, is the region from
cm™ L. The standard error for the fits of the crystalline peakswhich one would expect to observe contributions from the
for all the samples was always around 10%, while the errorocking band vibration in SiQ centered at 450 cnt.?!
for the disorder peaks was always in the 15—-18 % range foHowever, it has been reported that large redshifts of the vi-
all samples fit. bration frequency and the FWHM occur for material that is
What is striking in these figures is the significant growth significantly off stoichiometry, corresponding to SiO
in intensity of the disordered fraction with increased expo-wherex is significantly less than 2 Thus, we suggest that
sure to the HCI solution. In fact, the ratio of the integratedthe apparent additional 430-Crhfeature present after a two-
area for the disordered to nanocrystalline peaks is 0.77 foweek exposure to HCI is the signature of $jQvhose pres-
the fresh sample, 2.8 for the sample treated for one week iance increases with increased HCI exposure time. Further
HCI, and 3.6 for the sample treated for two weeks in HCl.information on the incorporation of O, H, and CI constituen-
Coincidentally, the FWHM changes from 57 cinfor the  cies, as well as on the formation of SiQis currently being
freshly made PSi to 73 cnt for a one-week HCI exposure, obtained from Fourier-transform interferometiyTIR).
to roughly 85 cm?! for a two-week HCI exposure. Since  We have used the 488-nm line of the *Alaser to excite
Raman spectroscopy is a measure of local order, the widtRL from the HCI-treated PSi samples. The spectra depicted
(FWHM) increase of this disordered feature suggests thaih Fig. 2 were obtained using a 550-nm cutoff filter, which
chemical disorder is being introduced into the amorphousvas necessary to suppress scattered laser light. The observed
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FIG. 2. Photoluminescence spectra for PSi samples treated for
various time periods in 8 HCI. The data were taken using the
488-nm line of the Af laser and a 550-nm cutoff filter.

spectra are therefore localized to the orange-red—red emis-
sion region and do not reveal those contributions from the No HCl, fresh
shorter-wavelength “green” emission featif& that has B 1
previously been associated with a silane based silicon oxy- ' ' L . ' '
. 1.98 1.99 2.00 2.01 2.02 2.03

hydride precursor stafé. g value

After optical pumping with the 488-nm Arlaser, the PL
from a freshly made PSi sample is not easily measurable, nor FIG. 3. Typical ESR spectra taken at 20 K f@) two-week-
is the PL from PSi samples that were not exposed to HCI butreated PSi sample, with and without tungsten lamp illumination,
were aged in the atmosphere for two weeks. However, thend(b) all three types of sample taken with no illumination.
PL for the one-week HCI-treated sample increases markedly,
and the PL for the two-week-treated sample is almost 5 timebelow the 04 transition of the SD’s At low temperatures,
that for a one-week exposu(Eig. 2). While we observe that the SD is neutral and diamagnetic and f\ecenter is posi-
no shift in the PL spectrum occurs for any of the HCl-treatedtively charged and also diamagnetic. Optical excitation can
samples, a clear shift in the nanocrystalline size is evidencettmove an electron from the SD, making it positive and para-
from the Raman crystalline peak position. Thus, it appearsnagnetic. TheP,, center may then capture the electron, neu-
that no correlation between the PL intensity and the crystaltralizing it and also making it paramagnetic. Following this
line particle size is evident but a correlation between the Plmode of preparation, the two centers in the absence of fur-
intensity and the amount ¢©, H, Cl)-containing chemically ther illumination remain in these metastable states because
disordered amorphous silicon exists. there are no free carriers available to reverse or continue the

In obtaining the ESR data, the same samples whose R@rocess. Also, because of local inhomogeneous bandbending
man and A¥ pumped PL spectra are shown in Figs. 1 and 2in the Si nanocrystals, even in the absence of illumination,
were evaluated in order to avoid possible sample to samplsome of theP,, centers will be neutral, as we have observed.
variations. The ESR study was performed with and without Figure 4 demonstrates the angular dependence of the SD
tungsten lamp illumination. A typical signal for the two- for the two-week HCl-treated samples. This angular depen-
week-treated samples exposed to tungsten lamp illuminatiodence exhibits an identical behavior to the SD’s reported
is shown in Fig. 8). Dark sample$Fig. 3(b)] show only a  previously, which have been identified as an NL8 typef
single broad signal ag~2.0055, which has been identified thermal donor. Since the SD identified here is the same as
as a silicon dangling bodd (P, centey in this system. This that identified previously in regularly etched PSi samples, it
feature is also visible in the illuminated scan albeit with aseems unlikely that the outlined HCI treatment leads to the
somewhat greater intensity. However, a second, much mor@rmation of a different SD, which bears Cincorporation
intense feature appears under illumination, which has an avn its nearest-neighbor configuration. Here, both defects ap-
erageg value of 1.997. From previous studies, where thispear to be NL8 SD’s, which consist of a silicon vacancy and
feature has been reported in freshly made as well as opexygen nearest neighbors. Thus, the role of the HCI in this
circuit etched PSi, we identify the ESR signal with that of ancase may not be to contribute a chloride to the active center
oxygen shallow donofSD).%’ but rather to enhance the formation of suboxides/oxides lead-

We can suggest a possible explanation for the behavior dhg to an enhanced formation of the SD’s in the interfacial
these defect centers in the absence and presence of light. Tregion.
Py, center is amphoteric with &/0 transition approximately While the ESR and Raman data presented in this study
0.2 eV above the valence band and & @ansition about 0.3 suggest(1) the presence of SD defect sites associated with
eV below the conduction barfd. The Fermi level of the silicon-oxygen bonds an@) an increase in these defect sites
sample is below thet/0 transition of theP, center(well commensurate with an increase in the disordered silicon

ESR Signal (arb. units)
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FIG. 5. Behavior of the SD’s as a function of HCI exposure
time. Experiments were performed at 20 K with tungsten lamp il-
lumination.
should be noted that a dark scanatifthose samplesonsid-
ered produced only thB, signal, depicted in Fig.(®) (also
R s i . reported preViouswls
2010 2005 2000  1.995 1.990 1.985 Since the Raman, ESR, and PL probes have been applied
g value to identical samples, let us examine the trends which appear

for the three sets of data which we have considered. Figure 6
corresponds to a plot of the intensity changes of the Raman
crystalline and disorder fractionisbtained from Fig. 1, the
ESR signal intensity of the SD defedfsom Fig. 5, and the

o red PL intensity as a function of exposure to thiel 8ICl
structure, these probes do not indicate the nature of thgg|ution for up to two weeksgfrom Fig. 2. Similar results
ligands that might be attached to the silicon-oxygen core. Weyere obtained for different sets of PSi samples with and
have previously consider&tithat fluorophors corresponding without HCI treatment. The PL intensity, ESR SD intensity,
to silanone-based silicon oxyhydrides might account for theand the Raman disorder fraction all increase with increasing
PL from porous silicon. We have suggestedhat the HCI exposure, while the Raman crystalline fraction actually
“green” precursor state PL, which has been associated withlecreases with HCI treatment and thdescreaseswith in-
porous silicon, be correlated with arR group bound sil- creasing PL intensity. Since this crystalline component is
anone and that the oxidative transformation ofth& group  attributed to the nanocrystalline particles present in these
bound ligand to a corresponding-OR group can account Silicon-based samples, the number of these particles is de-

for the formation of the long-livedtriplet stat¢ orange-red creasing while the PL intensity is increasing. Furthermore, as
we have noted, no PL shifts are observed, yet the particle

FIG. 4. Angular dependendgith respect td100]) of the oxy-
gen shallow donoKSD) defect in the two-week HCl-treated PSi
sample.

emitter, viz.,
sizes obtained from the Raman data do change, although no
o 0 obvious trend is established. These results are clearly incon-
/ / sistent with the quantum confinement model. It is interesting
Si\ Si\
T
R OR i Raman (d|sow§tﬂ1, -
precursor orange-red emitter TN ///
In fact, evidence has been obtained, in a recent near field g B \\\ ,//
scanning optical microscopfNSOM) study?® using 488-nm § -~ 7~ Raman (nano-xtal fraction
excitation, which suggests that this oxidative treatment can 2 -~ N
be enhanced through the excited-state oxidation of the long- % N \\\
lived precursor state. While clear evidence for this processis £ e -
not apparent in the present study, its contribution to the for- " ESR(SD) e ]
mation of the orange-red emitter in both the 488-nri Rt e SPL
excitation (Fig. 2 and tungsten-lamp-illuminated ESR ex- rT """"""""""""""" é

periments(Fig. 5 must be kept in mind.

The behavior of the SD’s as a function of HCI exposure
time is indicated in Fig. 5. The figure suggests that very few, FIG. 6. Plot of the nanocrystalline and disordered Si fraction,
if any, SD’s are present in the freshly formed material, whilesp intensity obtained from ESR, and PL intensity as a function of
the SD ESR signal grows with increasing HCI treatment. Itexposure time in the @ HCI solution.

Number of Weeks in 3M HCI
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to note, however, how the SD intensity, the PL intensity, andand Raman spectroscopy, and the results of these studies
the Raman disorder fraction track with increasing HCI exposhowed several interesting trends. It has been demonstrated
sure. In fact, the SD’s have been previously identified ashat the Raman chemical disorder fraction increases signifi-
clusters of nonbridging oxygen-hole centeidBOHC'S),  cantly with increased HCI exposure, commensurate with the
which are optically active in the red portion of the pL intensity. In contrast, a significant drop in the crystalline
spectrun® and which have been associated with the red PLRaman fraction is monitored, suggesting that the number of
exhibited by both freshly made and oxidized porouspanocrystallites decreases with increasing HCI exposure. The
silicon?’ The fact that these color centers are also present IBSR results suggest the presence of an NL8 type of oxygen
the intensely luminescing HCl-treated PSi, scale with the Plgp )16y donor, which tracks extremely well with an increas-
intensity, and scale with the degree of disordgnesumably i p| emission and the amount of chemical disorder noted

increasing chemical disorder due to the presence of O, ith increasing exposure time. These SD’s have previously

and C) gives further support to a model based in large parrb . e 7 oo .
i i ; een identified in freshly made and open-circuit etched PSi
on oxygen-defect luminescerfé¢NBOHC) and its potential samples and associated directly with clusters of interfacial

g(r)i[jrglsatlon with light-emitting silanone-based silicon oxyhy- NBOHC's, previously suggested as the source of the visible
red PL in this system®’ The fact that the PL intensity,

chemical disordefO, H, and ClI incorporation and SD sig-

nal track closely while the PSi crystalline component signal

PSi samples have been electrochemically etched and exacksinverselyto the resulting PL emission intensity lends

posed to a 8 HCI solution for given time intervals, result- support to a model consistent with a surface defect NBOHC

ing in a stable and an enhanced PL. These samples wetkat might well support a silanone-based silicon oxyhydride

evaluated using Af-ion excited PL, electron spin resonance, emitter.

CONCLUSION
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