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Time-dependent excitation spectroscopy coupled with quantum chemical calculations is used to demonstrate
that the photoluminescen€BL) resulting from the ultraviolet optical pumping of an etched porous sili&S$
surface results from a silicon oxyhydride-like fluorophor bound to the PS surface. The time-dependent PL, in
both aqueougHF/H,0 and HF/CHOH/H,0) and nonaqueougMeCN/HF (anhydroug] etching media, has
been monitored both situ, during the etching cycle and before the PS sample is removed from the etching
solution, andex sity after removal of the PS sample from the etching solution. The early appearance in time
of the PS luminescence is consistent with the formation of a surface bound emitter created on a time scale
(<10 s) much shorter than that needed for pore formation. Laser excitation s{fddBaover the wavelength
range extending from 193 to 400 nm produce an almost identical time-dependent PL emission feature between
550 and 700 nm. Influenced strongly by the chemical composition of the etch solution, an intermediate
“green” emitter can be excited with select laser pumping wavelengths and observed to transform to the final
“orange-red” luminescent product. In conjunction with experiments whose focus has been to compare the
time-dependent PL after Ar293 nm and N, (337 nm) laser excitation(PLE), the data suggest the pumping
of an excited-state manifold for a molecule-like species followed by rapid relaxation via nonradiative transi-
tions down the manifold and the subsequent emission of radiation at much longer wavelength. Detailed
guantum chemical modeling supports this interpretation and suggests a correlation to changes in the bonding
associated with electronic transitions that involve silanone-like ground electronic singlet states and their low-
lying triplet excitons. Especially important are those changes involving SiO related bonds. A substantial shift
in the excited-state manifold, relative to the ground state, correlates with the character of the observed PL
spectra as the excitation to a manifold of states greatly shifted from the ground electronic state produces a
considerable redshift of the PL spectrum §00—800 nm) compared to the known peak wavelength of the
PLE (excitation spectrum at 350 nm. The combination of quantum chemical modeling and time-dependent
spectroscopic studies also suggests that the multiexponential PL decay commonly observed as a function of
increasing wavelengttb50—750 nm after excitation at 355 nm results primarily from nonradiative cascade.
The optical detection of magnetic resonaff@®MR) spectrum obtained for PS and associated with a triplet
exciton is assigned to an oxyhydride-like emitter possessing silicon-oxygen and silicon-hydroxide fluorophors
similar to the much more complex annealed siloxene. Calculated infrared spectra are correlated with experi-
mentally observed features and are consistent with a surface-based oxyhydride-like emitting fluorophor. A
recent analysis that associates the linewidth of the triplet ODMR spectrum with an inhomogeneous distribution
of quantum confined crystallites is shown to be in error. We demonstrate that the correct extension of the
arguments used in this analysis provides clear evidence for the existence of a common radiative center
associated with a molecule-like species bound to the surface of the PS framework. The results obtained in this
study are thusot consistent with quantum confinemant suggest a surface bound emitter as the source of
the PS photoluminescendé&0163-18207)01728-1

I. INTRODUCTION and, forin situ observations, by the nature of the etching
solution?® However, the source of the PS luminescence is
The discovery of room-temperature visible luminescénce controversial.
from high surface area porous silicéRS structures formed The most popular hypothesis invoked to explain the vis-
in wafer scale, through electrochemical etching, has attracteithle emission from PS asserts that the luminescence results
considerable interest primarily because of its potential use ifrom the radiative recombination of quantum-confined elec-
the development of silicon-based optoelectronics, displaygrons and holes in columnar structures or undulating Wifes
and sensors. The luminescence from porous silicon isssociated with the creation of pores and subsequently sili-
thought to occur at or near the silicon surface. The efficiencyon nanoparticles. A blueshifting with increasing pore wid-
and wavelength range of the emitted light are strongly afening treatments’ has been interpreted as producing wire
fected by the physical and electronic structure of the surfacsizes well within the confinement limit. However, more re-
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cent experimenfsdemonstrate the observationinfsitupho-  electron do not contribute to the observed
toluminescenceg(PL) from both aqueous and nonaqueousphOtOluminescenc@.

etched samples prior to the formation of any pores. These Here we outline several experiments conducted in aque-
experiments indicate that much less than 100 nm of silicorPUS and nonaqueous media which support a surface bound

need be removed before the luminescence centers a olecule-like emitter as the source of the PL from porous

formed. The topographical changes in the surface are consi§hico"- Several observations lead us to this conclusion. We

tent with the formation of emitting, constrained, surface s e-O bserve the early appearance in time10 s) of the PS lu-
; . 9, ) ’ .p minescence consistent with the formation of a surface bound
cies (oxyhydrideg. A second explanation suggests the im-

) ) emitter created on a time scale much shorter than that nec-

portance of the surface localized states created by irregularlyssary for pore formatichWe find that a selection of laser

shaped small crystallites which are not perfectly passivatedyxcitations(PLE) over the wavelength range extending from

and into which elementary excitations can be trapped prior ta93 to 400 nm produce an almost identitiahe-dependent

a recombination'® as bound states recombine radiatively. PL emission feature. This result, which is not consistent with
Finally, a third hypothesis attributes the PS luminescencguantum confinement, suggests the pumping of the excited-

to surface-confined molecular emittgricluding a molecu-  state manifold of a molecule-like species followed by rapid

loxene (SiO:H¢). Stutzmann and co-workéfs'4have used quent emission of radiation at much longer wavelength.

the optical detection of magnetic resonaGDMR) to es- o A (8 T8 TS 8 TR (o e e
tablish that the “red” emission from PS results from a triplet y sugg

. o the manifold of silicon oxyhydride tripletand singlet ex-
exciton. Identifying the close analogy of both the ODMR, ;jieq states, their relation to the ground-state singlet states,

photoluminescence excitati¢RLE), and photoluminescence anqd a similarity to the observed PLE excitation spectrum.
spectra of PS and annealed siloxene, Stutzmann anghanges in bonding associated with electronic transitions in-
co-workers?'*suggested this molecule as the origin of thevolving the oxyhydride ground electronic and low-lying trip-
PS photoluminescence. let states, especially in the SiO related bonds, and the sub-
We will present evidence of a more general origin for thestantial shift to larger internuclear distance of these excited

observed features in the form of the fluorophors associate@llectronic states relative to their ground states can easily ex-
with the silicon oxyhydrides. This suggestion concurs withPlain the observed character of the PL spectra. The excitation
the recent observations of Steekial’® who have obtained [© @ manifold of states greatly shifted from the ground elec-
evidence for the silicon oxyhydrides in stain etched poroud ©niC state partially explains the significant redshift of the

. L . : : . L spectrum(600—-800 nmfrom the known absorption peak
silicon thin films, correlating their observations with crystal-

i d photolumi her. | v of the th wavelength of thePLE) excitation spectrum~ 350 nm)2°
inity and photoluminescence. Further, in a study of the thery, - rrelation with additional time-dependent studies, the re-

mal OX'dal‘g'O” and nitrogen annealing of luminescent PSg s which we outline also suggest an alternate interpreta-
Yan et al=> have obtained evidence that residual hydrogenion to the multiexponential PL time decay observed a
exists, in a 1000 °C 10 min thermally oxidized PS film, in function of increasing wavelength after excitation at 355 nm.
the form of SiOH. These observations, which indicate a faster decay at shorter
With few exceptions, PL spectra are observed for PS wavelengths, have been used to support the hypothesis of a
samples, formed in HF solutions, which have been dried iquantum confinement model in which smaller particles are
air. Although thesex situsamples provide spectral informa- predicted to have faster decay ratéslowever, the results
tion, their study indicates little about the evolution of the PSof the current study suggest that this behavialso not
luminescence during thi situ etching process. We have unique to quantized particles might be the manifestation of
carried out an extensive series of experiméfit§ in both ~ relaxation cascade down the manifold of a polyatomic sili-
aqueous [(HF/H,0, HF/CHOH/H,0, HFIGHsOH/H,0,  con oxyhydride triplet exciton. _ .
HF/H,O/HCl) and nonaqueougsMeCN/HP (anhydrous] Within the framework of the outllne_d4quanyum chemical
etching media, monitoring the time-dependent PL bisth '€Sults, we reassign the ODMR spettra’ obtained for PS
situ (during the etching cycle and before the PS sample j@nd associated with a triplet excitéwhich is the source of
removed from the etching solutiprand ex situ (after re- the PS orange-red emissjoWe associate these spectra not

moval of the PS from the etching solutjorBy correlating with a complex siloxene emitter but with an equally appro-

the ex situwith the in situ behavior of the PS. we find that Priate and simpler silicon oxyhydride-like molecular emitter
! possessing similar silicon-oxygen and silicon-hydroxide

the aqueous electrolyte composition plays an extremely im . .
d y P play y fluorophores. We consider recent atterfifits associate the

portant role in the onset, intensity, and lifetirt@lutior) of X . . . .
the PL emitters:'® Comparable studies on nonaqueous eleclarge linewidth of the triplet ODMR spectrum with an inho-
ogeneous distribution of quantum confined crystallites. We

trolytes demonstrate distinctly different correlations betweer" :
the in situ andex situbehavior and thus provide insight into Qempnstrate Fha.t the correct. extension Of. the arguments qsed
the mechanism of the PL process. A range of experimentg1 this analysis, in fact, pro_vlo_les clear ewdence_ for the exis-
coupled with quantum chemical calculatidhsuggests that tence of a common radiative center associated with a
the PS photoluminescence results from a silicon oxyhydrideMl€cule-like species bound to the surface of the PS frame-
like fluorophor strongly bound to the PS surface. Here th ork.
oxyhydride contains an SiO double bond which may have
hydrogen, hydroxide, Sifl or OSiH; ligands bound to the
silicon. We can also establish that the corresponding si- PS samples were prepared as a result of the anodic etch-
lylenes or tricoordinated silicon compounds with a danglinging of (100 silicon wafers obtained from MEM(Dallas,

Il. EXPERIMENT
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Texas. The p-type Si wafers were boron doped and hadsition of the monochromator was adjusted to maximize the
resistivities of 2, 15, and 224 ohm-cm. They were etched irphotoluminescence signal at 650 nm. The direct scattering of
a variety of HF based mixtures which could be grouped intdaser light into the monochromator was avoided to the great-
HF (dilute)-MeOH, HF (conc), HF (dilute)-H,O, and anhy- est extent possible. The calibrating PS sample was then re-
drous HF-MeCN solutions. Bothm situ and ex situexperi- ~moved and the cuvette filled with the appropriate etching
ments were conducted. In order to carry out studies of th&olution. The silicon sample of interenod¢ and the Pt
light-induced photoluminescence from several PS surfacedire (cathod¢ were then placed into the cuvette. The sample
both during the etching process and after removal from th&/as adjusted vertically to optimal alignment with the excit-

etching solution, it was necessary to adopt a consistent arld9 |<’;ISer source and rotated so as to avoid direct laser reflec-
reproducible alignment procedure. tion into the monochromator. The leads were attached to a

In order to monitor the porous silicon photoluminescencecompUter'Contm"ed home-built constant current source and,

during the etching process, the silicon wafer was mounted ifter @ final alignment check, the entire system was covered

an optically transparent uv grade silica or plastic cuvetté"’Ith a heavy black cloth_to minimize contamination of the
filled with etching solution. Ohmic contacts were made to€XPeriment by the room lights. Care was also taken to assure

the semiconductor by sputtering aluming800 nn) on the that the observed photoluminescence was excited in a single-
back side of the sample forming a tunnel diode. The Wire,phOtOn excitation process. ,

connected to the sample using conductive péinsulating The photoluminescence was dispersed through the mono-
Materials Inc., Ekote #303pand the sputtered aluminum chromator, which was scanned using a computer interfaced

surface were then covered with a layer of black wapi- ~ St€PPing motor, and impinged on a Hamamatsu 446 photo-
ezon W, leaving only the front surface of the silicon ex- tube. The output from the phototube was sent to an SR400

posed to the etching solution. Both the silicon wafer wire andSt@nford Research Seriephoton counter whose gate for
platinum electrode connections passed through a Teflon cdBOSt €xperiments was set to the first 128 of photolumi-

which was tightly fit to the cuvette. For those experimentsl'€SCence. The output from the photon counter was processed

with anhydrous HF/MeCN etching solution, the cuvette wasiSing an IBM/PC compatible computer. The photolumines-

filled in a dry box(Vacuum Atmospheres Co., Hawthorne, “€N¢® from the PS was studied both during the etching cycle,
CA) under nitrogen and the cap was sealed before transpof?! OWing étching in solution, and upon the removal, wash-
using either vacuum greag®ow Corning High Vacuumor ing, and drying of the sample in air. Not only wee& situ

silicon caulking compound. Etching currents applied rangef2TPles studied in air but also under solutions of
from 2 to 30 mA/cA with the majority of experiments con- HCI/H,O, methanol, ethanol, or ethylene glycol in which the
ducted in the range 4—10 mA/ém washed sample was placed. These samples were placed into

.their original holders and sometimes also into a cuvette

The optical train for these photoluminescence experi- hich ined the i luti lined ab Th
ments was arranged on an optical breadboard. Here, the o1 contained the rinse solutions as outlined above. The

put from an appropriate pulsed lagéld: YAG (yttrium alu- previc_)usly outlingd alignment procedure was also repeated.
minum garnet pumped dye laser in the range 390-320 nm,A.typ'Cal scan, first from 490 to 7.30 nm, In 2.5-nm steps
nitrogen laser at 337.1 nm, and KrF and ArF exciplex Iasers‘f‘”th 39_40 laser shots per data point for [asers running \.N'th
at 248 and 193 nm, respectivélgr a cw argon ion laser was repetition . rate; betvv_eep 20. and 30 .HZ' requires
expanded and sent through a mask to the porous silicon suﬂ3'5_4 min. T_h|s scan Is immediately taken in reverse, fur-
face. In order to excite the photoluminescence process duri s_hmg a consistent mt_ernal check for any possible changes
the etching cycle, the laser outputs traversed the etching sgNich might occur during the scan cycle. Because of the
lution and impinged directly onto the etching silicon wafers, ch@nges which can be manifest over the 3.5-4 min scanning
The majority of thesan situ studies used nitrogen or KrF _perllo.d, several runs were also devoted to time scans at t_he
excimer laser radiation. Since an anhydrous HF/MeCN solu'—nd'\./Idual wavelengths 52.0’ 620, and 710 nm. Specitral cali-
tion strongly absorbs 248 nfirF) and 193-nmArF) radia- brapqn could be ac_compllshed with a mercury lamp or the
tion, only a nitrogen laser, mercury lamp, or YAG pumped'nd'v'd“al laser excitation wavelengths, often in second or-
dye laser could be used for these experiments. In severgfr-
experiments carried out after the porous silicon samples were
washed and allowed to dry in air, the obsenedsitupho- . IN SITU PHOTOLUMINESCENCE IN AQUEOUS
toluminescence was of sufficient intensity so as to warrant AND NONAQUEOUS MEDIA
excitation using only the scattered light from the laser
sources with no direct “focusing” of the laser onto the PS
surface. Distinctly different PS samples are generated in the aque-
In order to carry out a readily reproducible photolumines-ous and nonaqueous etchingmtype silicon in solution. In
cence study, a clear alignment procedure was adopted. It wasnonaqueous MeCN/HFRanhydroug etching medium it is
necessary to align the photoluminescence with the entrang@ssible to fabricate open and accessible macroporous pho-
slit of the scanning monochromat@cPhersoh The cu- toluminescent PS structures with deep, well-ordered
vette was placed into a permanent clamp holder connected thannel$® in the absence of lighirequired for n-type
a magnetic base-y mount attached directly to the top of the silicor?®). This open structure is believed to result from an
optical breadboard. After verifying that the cuvette was prop-oxidation dissolution mechanism. Trace quantities of water
erly illuminated by the masked light source of choice for aare required for the onset of PL where the luminescent sites
given experiment, a strongly luminescent PS sample from appear to form at specific crystallographic locations. Under
previous experiment was placed into the cuvette and the paimilar conditions, with an agueous etching process, random

A. Aqueous versus nonaqueous etch cycles
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PL signal at limited time f_oIIowed by a d_ecrease in _the PL as the silic_on
sample continues to soak in the etching solution. We find

620 nanometers that much less than 100 nm of silicon need be removed be-

fore the luminescence centers are forfidthe topographi-

cal changes in the surface are consistent with the formation

of emitting, constrained surface species. Further, these re-

Etching
Current

On sults suggest the importance of an etching-solution—silicon-
surface interface chemistry.
N T T T T T T T 1
= Etching C. Chemistry at the etch-solution-silicon-surface interface
Current . . -
On The importance of chemical changes at the silicon sur-

face, as they influence the nature of the observed PL and
correlate with etch solution variation, are also apparent in
several additional experiments. At higher HF concentrations
(14 mol/liter HF in MeOH[Fig. 1(c)]) a distinctly different
(b) behavior can be observed as the PL cannot be excited until
. . . . . . . ~25 min after the etching process has been completed. That
is, no PL is observed during the etching process. After the
current is terminated and the sample is left soaking in the HF
solution, the PL rises after a notable gestation period. The PL
then peaks and drops off in intensity over a period of
~1h3 All three in situ PL scans in Fig. 1 demonstrate a
clear dropoff in PL intensity which appears to be most con-
sistent with a surface localized dissolution prodé&ss op-
. i i i , . . posed to oxidative quenching resulting from $iO
0 30 60 90 formation® We are able to correlate the PL intensity with the
Time (Minutes) specific constituency of the etching solution and establish
conditions under which the PL from PS is stabilized, en-
FIG. 1. In situ PL at 620 nm for@@ MeCN/HF, (b) 20% HF in  hanced, or quenched. For example, we have demonsttated
MeOH, and (c) 50% HF in MeOH. Etching current was the strong stabilizing and enhancing influence of small quan-
4 mA/cn? starting at time zero. The spectral intensities are normaltjties of water on the PL emitters created in a nonaqueous
ized for comparison. etching process, the initial phases of which are described in
Fig. 1(a). Further, we have observed the PL stabilizing effect
nanopores with far less accessible photoluminescent P&t concentrated hydrochloric acid introduced in equal vol-
structures are generally formed. The observation of emissiogme to a doubly deionized water solution in which a PS
from the nonaqueousetched material establishes that very surface is photoluminesciri§.In contrast, as we monitor the
fine nanoporous structures are not a prerequisite to induce Rime dependence of the PL emission from an aqueous HF
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in PS. solution, we observe that the decay of the PL is enhanced
through introduction of methanol or ethanol to the solufion.
B. Photoluminescence in the earliest stages This enhanced decay is exemplified in Figb)1 _
of porous silicon formation Under certain conditions, PS displays a “green” lumines-

. cence during the early and intermediate stages ofrttsitu
In fact, we have observed visible PL from both aqUeOUSyiching process. The green luminescenees20 nm) then

and nonaqueous etched samples prior to the formation of any,nsforms to a final “orange-red” luminescer@&?>26,|-
pores? The development of the PL with etch time at ahough it can be stabilized through the introduction of ethyl-
current density of 4 mA/cfhin a “nonagueous” etching  ene glyco?® These variations of the PL with etching solu-
solution of MeCN with 2 mol/liter HF is shown in Fig.@.  {jon and with the introduction of various constituents to the
This PL is detected within the first 10 s of the etch goiution suggest the importance of the chemistry of the etch
cycle in a solution where the concentration of water iSgo|ytion to the PL process. The effects can be shown to be

<0.001 molliter. The PL increases until the etching currenteynsistent with counteracting mechanisms for PL and silicon
is terminated at which point a sharp rise in the PL intensity isjissolution®2327-2These observations are not consistent

observed. This result suggests that the etching_ process bo\mth quantum confinement.
creates and destroys surface bound photoluminescent emit-
ters.

Visible PL is also observed at very short times when a
polished silicon wafer is electrochemically etched in MeOH Changes in the topography for the silicon surface etched
with 6 mol/liter HF. The concentration of water in this solu- in 6 mol/liter HF in MeOH[Fig. 1(b)] (Ref. 8 suggest only
tion is approximately 7 mol/liter. The PL depicted in Fig. a texturing of the surface and no pore formation. With
1(b) begins within the first 5-10 s of the etching cycle, con-2e™~/Si, the average silicon removed in 60 s of etching was
tinually increasing until the etching current is terminated at~150 nm. With scanning force microscop{8FM), the
60 s. A gradual increase in the PL is then observed over guantified topography after 0, 5, 10, 20, and 60 s demon-

D. Correlation with surface morphology
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TABLE I. 50/50 sample as function of time. when excited by a KrF or ArF laser. After the PS sample
matures in air for a considerable period, its transformation to
Average surface o an orange-red emitter is complete and all illuminated regions
. . area difference Standard deviation hear the orange-red luminescence regardless of the uv exci-
Etch time(seg (%) (%) tation wavelength.
0 0.741 0.336 The green and ora_nge-red_ emissions have been previously
assigned to interlocking exciton fluorescence and phospho-
5 1.329 0.267 . . . .
10 2 645 0.606 rescence emissions, respectivéHowever, the series af
60 5'489 0'940 situ pump excitation experiments with nitrogen and KrF la-
' ' sers and a Hg lamp begin to establish an intimate relation-
960 3.824 0.877 . .
2400 4.820 0.986 ship between the green and orange-red luminescence and
. : suggest that the green emission emanates from a precursor
3600 6.180 1.689

state which is chemically transformed to the final red

*Time after initial etch process began. emitter?® An intersystem crossing process involving these
two emitters, as suggested by othéseems far less likely.

strates a clear and progressive roughening. Careful examin&/though the overlap of the emission ranges for the green

tion of the near-surface region, however, demonstiatest ~ and orange-red emitters prevents a ready evaluation of the

PL can be observed prior to the development of nanometd@diative lifetime of the green emitter, the emission rates

size pores. It appears also that an increase in roughness alo@Pear comparable for these two emission souftes.

is not the sole origin of the PL. While the observed increase

in PL intensity with etch time depicted in Fig(ld) [as well B. Ex situ photoluminescence excitation spectroscopy

as Fig. 13)] demonstrates that the luminescent centers can be In this section we discuss a series of laser excitation ex-

created after the appropriate topological structures have beeﬂériments on mature PS samples which have been etched for
formed, the rise and fall in PL after the electrochemical etch-

) : 10 min at 4 mA/crd, removed from the etching solution,
ing has been terminated suggests that electroless chemi sed thoroughly in methanol, and dried in air. While the
changes may result in the enhancement and/or quenching a X

) : ) fect of this process is dominated by the changes which the
the PL perhaps through formation and/or dissolution of arbtching process and the etching solution produce on a PS
oxyhydride[also Fig. 1c)].

surface, changes produced at the PS surface by the laser must
be also considered. At sufficient fluxes, the output from an
AF (193 nm laser impinging on a photoluminescent PS
surface will rapidly destroy the PL. This suggests that the
laser is capable ahermally desorbingemitting fluorophors
8rom the PS surface and that limited fluxes are certainly war-
'ranted. The problem does not appear to be as significant for
Efonger wavelength excitations involving K248 nnm), N,

for the higher concentration 14 mol/liter HF in MeOH solu-
tion [Fig. 1(c)]. Here we have quantified the topography at
times of 0, 5, 10, 60, 960, 2400, and 3600 s covering th
lengthy time frame over which the PL source is first formed
reaches a maximum, and drops to a very low level. Th
results of this study summarized in Table | suggest a consi

tent increase in the roughening of the PS surface while th 337 nm, or
PL has cycled through a clear maximum and has been virtu: d:YAG pumped dye laser pumping. Nevertheless, we have

. i . . attempted to monitor the power dependence ofinhstu PL
ally quenched. This result, in concert with the outlined pre- b b b

X S emissions observed in this study. For the mature samples that
vious study; suggesits that surface roughening is a necessagye cnsider, the observek situspectra within a given time
but not sufficient condition for PL emission. This again !

. X . . rofile do not shift with increasing laser power. The PL in-
points to the creation and dissolution of a surface boun

it hich il ‘i i hvdride-lik ensity scales linearly with incident laser flux as the experi-
;rg:engg Ich we will suggest 1S a stlicon oxynhydride-lik€ \ants are not driven by multiphoton processes.

IV. PHOTOLUMINESCENCE AS A FUNCTION C. Surface-confined versus quantum-confined emitter

OF LASER EXCITATION WAVELENGTH An analysis of the temporal behavior of the PL decay and
the characteristic PL emission spectra observed during and
after the formation of the PS surface can assist in assessing
The “green” luminescenc@?®which PS displays during the species responsible for the observed emission. In comple-
the early and intermediate stages of the etching process iment to the dispersed PL spectrum, a detailed analysis of the
considerably more pronounced in an aqueous etching cyclexcitation spectrun{PLE) associated with the prepared PS
at moderate HF concentratiori20% HF in MeOH. The  surfaces can be used to distinguish between the inhomoge-
transformation from “green” to “orange-red” luminescence neous broadening and multiple spectral profiles which should
is easily followed and can be impeded for several hours if thde associated with quantum confinement and the contrasting
etched sample is placed in an ethylene glycol solutitif®  emission from fluorophors physisorbed or chemisorbed
The “green” and “orange” emitters appear to be distinct (trapped on the PS surface. If the observed PL emission
surface entities which are selectively excited by the lightspectrum is inhomogeneously broadened and results from the
sources used in these experiments. Upon removal from theverlap of a large distribution of emission spectra from indi-
etching solution, before drying, a freshly etched sample apvidual quantum particles as would be associated with quan-
pears green under Hg lamp excitation but “orange-red”tum confinement, the emission associated with the excitation

A. Summary of in situ behavior
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spectrum should change in shape significantly as the moni-
toring emission wavelength changes. This should be particu-

larly apparent at the shorter wavelength edge of the emission (a)

and at low temperatures. In contrast, if the emission arises 1 93 nm
from one or more molecular entities located on the PS sur-

face, the excitation spectrum should be characterized by one
or more thresholds located at higher frequency than the high-
est frequency of the resulting emission spectrum. Further-
more, the shape of the spectrum should not change as the (b)
excitation wavelength which induces the emission is

changed. This is precisely the behavior, as a function of laser 248 nm
excitation wavelength, that we observe.

The emission observed from a PS surface, whether from
an inhomogeneous distribution of quantum-confined crystal-
lites or from a group of molecule-like surface-based fluoro-
phors, will display a similar temporal behavior. This is true (C)
whether or not the observed emission results from the spec- 325 nm
tral diffusion that might be associated with an inhomoge-
neous distribution or the relaxation down an “excited state”
manifold. Therefore, it is important that one specify the PL
emission sampling time gate.

In Fig. 2 we present laser-induced PL emission spectra for (d)
a small number of similarly prepared samples. We find that
excitation across the visible and ultraviolet spectral regions
from 388 to 193 nm produces a nearly identical PL emission.
With one notable exception, these spedfay. 2 were all
taken with time gates between 0 and 1@6. The spectrum

pumped at 348.3 nm was sampled from O to @4 and

shows a clear blueshift relative to the other scans. This ob- (e)

servation of virtually identical PL spectra as a function of

laser excitation wavelength suggests that the source of the PS

luminescence is a surface-based emitter or fluorophor and 3483 nm

337 nm

>

not a quantum-confined crystallite of silicon. Further, the
creation of pores appears to have a minimal effect on the PL
intensity distribution and excitation profile.

The nature of the observed photoluminescent spectra, es-
pecially the blueshifted 348.3-nm excitation—PL spectrum,
in conjunction with the quantum chemical calculations which
we outline in the following section, provides evidence for the 366 nm
relaxation down a pumped excited-state triplet manifold with
subsequent emission from the lower levels of this manifold.
These data, in turn, suggest an additional experiment based
upon the substantial shift of the potentials describing the
exciton triplet excited state to which we pump in the present
experiments.

If the triplet exciton first identified by Stutzmann and

co-workerd?~is significantly shifted relative to a ground
electronic state singlet, a laser pump from this ground state
will be to levels higher up the excited-state potentidfy. 3.  _ o AR ™
This will be followed by a relaxation, determined by the 500 600 700 nm
complex r_no_de structure of the excited state, and by subse- FIG. 2. Laser-induced photoluminescence emission spectra as a
quent emission at much longer wavelengths. These are pPrgjnction of a varying excitation wavelengtPLE-\) from 193 to
cisely the characteristics demonstrated by the significant dif3gg nm. The porous silicon samples obtained @ wafers were
ference in the peak of the PS-PLE spectrum~&50 nm  etched at 10 mA/cffor 4 min in a 20% HF in MeOH solution
(Ref. 20, and the PL emission wavelength range frommeOH with 6 mollliter HF,~7 mol/liter H,0). The spectra were
~600 to 800 nm. Further, it should be noted that the PLtaken at room temperature in air using samples rinsed in doubly
spectra which we generate on the 0—1@9€ time scale in  ionized water and methanol and subsequently dried. The spectrum
Fig. 4 will be redshifted with increasing gate time. pumped at 348.3 nm was sampled from 0 to @<, whereas all
Based upon the suppositions which we have presentedther spectra were taken over the time gate 0—160See text for
we suggest that two lasers at very different wavelengths andiscussion. Spectral intensiti¢és)—(g) are individually normalized
energies will access very different regions of the exciton tripfor comparison.

388 nm
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cited state. If the emission rate is very much faster than the
relaxation rate, we should observe photoluminescence at
o wavelengths very similar to the pump energy. This is clearly
Nonradiative not the result of the experiments summarized in Fig. 2. If,
l.jxrelaxatlon however, the emission rate and relaxation rate are compa-
- e Silanone rable, we expect to observe a separation in the temporal pro-
Triplet files resulting from well-separated pump energies.
Exciton In Fig. 4, we present temporal scans of the PL emission
produced from PS surfaces, generated using a 20 % HF in
methanol etch solution at 4 mA/énf(10 min), rinsed in
methanol and dried in giras these surfaces are pumped by
ArF [193 nm (~51800cm?Y)] and N, [337 nm
(~29 675 cm?)] lasers. As Fig. 3 indicates, the ArF laser
will pump higher on the excited state manifold. For gates of
1-2[Fig. 4a@)], 2—-3[Fig. 4(b)], or 3—4 us [Fig. 4(c)] we
Ground observe a clear separation of the PL emission spectra with
/ State the ArF spectra clearly blueshifted. The separation also
would appear to be decreasing slightly as a function of in-
creased gate time. The energy separatic0 000 cm* be-
tween the two lasers is substantial suggesting that the elec-
tronic emission rate lags the excited-state internal relaxation
rate but that the two are not on vastly different time scales.
The time scale of these experiments then suggests an
excited-state radiative lifetime of order several microsec-
onds. This experiment also suggests that the PL emission
spectra depicted in Figs. 2 and 4 do not emanate from the
lowest excited-state levels.

Nonradiative

1, relaxation

PL Emission

Silanone

PL Emission

ArF Excitation
N, Excitation

_ _ V. QUANTUM CHEMICAL MODELING
Si = O Bond Distance OF THE SILICON OXYHYDRIDES

FIG. 3. Schematic of silicon oxyhydride ground-state singlet In order to assess whether the source of the PS photolu-
and excited-state triplet potentials indicatifig the possible origin  minescence could be a silicon oxyhydride-like fluorophor
of the substantial difference in photoluminescence excitgfRirE) strongly bound to the PS surface, we have carried out a de-
and subsequent photoluminescefieg) emission energies an@) tailed quantum chemical stutf of several model com-
the distinction between an ArF excimer laser and nitrogen lasepounds. We have extended two previous stifdi&sof the
pump of a porous silicon sample. molecular electronic structure of silanof&i(O)H,] and

the OH (for H) substituted silanoic[Si(O)H(OH)] and
let potential. The net effect on the observed temporal profilesilycic [Si(O)(OH),] acids. Here, in addition, we study
of the observed emission will depend upon the relative rateSi(O)H(OSiH,), Si(O)(OH)(SiH,), and S{O)(SiH,), as mod-
of nonradiative relaxation within the excited-state manifoldels for sites present on the surface of an etched silicon wafer
and the emission rate. If the excited-state emission rate i&ee also Tables -1V
very much slower than the nonradiative relaxation rate, two The results obtained suggest, as Table Il indicates, that
widely separated pump energies will produce PL emissionthe triplet excited states of the silicon oxyhydrides are lo-
that (1) are not clearly separated in time aff] likely ema-  cated in energy regions consistent with the observed peaks in
nate from the lowest rovibronic levels of the electronic ex-the PS photoluminescence excitation spectrum. The calcula-

(a) gate1-2pS (b) gate 2-3 uS (c) gate 3-4 uS

b ] 1 I 1 I 1 v I . ' 4w
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800 (nm)

FIG. 4. Temporal scans of the photoluminescence emission produced from PS surfaces prepared ff@m sison wafer using a
20% HF in methanol etch solution and a current density of 4 mAf&om10 min. The samples, rinsed in methanol and dried in air, were
pumped by ArF(193 nm,~51800 cm, gray and N, (337 nmy~ 29675 cm?) lasers and the photoluminescence was sampled for time
gates of(a) 1-2 us, and(b) 2—3 us, and(c) 3—4 us. The spectra display a clear separation of the PL from(Blkeshif) and nitrogen laser
excitation. The sharp dip ife) corresponds to the saturation of tR€36 phototube used to detect the PL. See also text for discussion.
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TABLE II. Excitation and reaction eneraies in kcal/mol. Adiabatic enerav differences.

(HO)HSIO — triplet AE = 70.9 (A=403 nm) Si=0

(HO),SiO — triplet AE =71 (A=402 nm) Si=0

. . . HSIO.
(SiH,0)HSIO — triplet AE = 70.3 (A=406 nm) Si

7

H

(SiH,)HSIO — triplet AE = 57.3 (A=499 nm) Si=0

H.Si
(SiH,)(HO)SIO — triplet AE = 71.2 (A=401 nm) Si=0

7

HO

tions also suggest a close correlation between the manifold Optimized geometries at the DFT level have been evalu-
of silicon oxyhydride triplet excited states and the observedated for the ground-state singlet and lowest excited triplet
green and “orange-red” PL spectfa.Further, the demon- state using a polarized triple-zeta basis*&econd deriva-
strated changes in bonding associated with electronic transiive calculations demonstrate that these structures represent
tions involving these species, especially in the SiO relatedninima3’ These optimum geometries were then used in mo-
bonds, correlate well with the observed character of the Pllecular orbital calculations at the Moller-Plesset(ldP2)
spectra. leveP® with a polarized double-zeta basis $&Geometries

We have employed botab initio molecular orbita(MO)  were reoptimized at the MP2/double zeta with polarization
theory and density-functional theoryDFT for ground- (DZP) level and frequency calculations were done for these
state singletsusing the program systenmsAuss (DFT cal-  optimized geometries. In order to evaluate corrections to the
culation$ and GAUSSIAN 94 (ab initio MO calculation$.3*3*  singlet-triplet separations determined at the MP2/DZP level,
The molecules $D)H,, Si(O)H(OH), Si(O)(OH),, higher-order correlation calculations were done ofOBil,
Si(O)H(OSiH;), Si(O)H(SiH3), Si(O)(OH)(SiHz), and  at the optimized geometries. These calculations were done at
Si(O)(SiHs), were used as models for the various sites thathe CCSIOT) level*® with a triple-zeta basis sBtaugmented
might be present on a hydrogen-passivated silicon sutfaceby two sets of polarization functions on all atoms andfby
undergoing oxidation. Although cluster models such as thestinctions on the heavy atoms.
do not include the long-range Coulomb effects present in the The most relevant results of these calculations are sum-
bulk, they can provide useful insights into the effect of marized in Tables II-IV. A detailed description is given
changing the functional groups which are attached to thelsewheré? In Table Il we summarize the SO bond
silicon. lengths determined for the ground-state singlet and low-lying
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TABLE lll. Si=—0 bond lengths(A) for silanones at the TABLE V. Si-Si bond lengths(A) for silanones at the

MP2/DZP level. MP2/DZP level.

r(Si=0)  r(Si=0) r (Si-Si) r (Si-Si)
Molecule singlet triplet Ar (Si=0) Molecule singlet triplet Ar (Si-Si)
Si(O)H, 1.545 1.708 0.155 Si(O)H(SiH,) 2.354 2.361 0.007
Si(O)H(OH)b 1.537 1.709 0.172 Si(O)OH(SiHy) 2.342 2.365 0.023
Si(O)(OH), 1.536 1.709 0.173 Si(0)(SiHy), 2.366 2.363 0.003
Si(O)H(OSiHy) 1.537 1.708 0.171
Si(O)H(SiH) 1.553 1.695 0.142
Si(O)(OH)(SiHs) 1.543 1712 0.169 There are additional striking trends which are associated
Si(0)(SiHy), 1.560 1.681 0.121 with the data of Tables Il and IV. First, we note that when-

ever an OH or OSik (OR), group is bound to the silicon-
oxygen bond, the chang&r (SiO) is consistently of order
0.17 A. Further an additional OH group does little to affect
this differential change in bond length accompanying the
inglet-triplet transition. In the absence of an -OH or -OR

%Bond length for the excited singlet is 1.705 A.
®Bond lengths for HO-Si-OH silylene are 1.670 A for the ground-
state singlet and 1.680 A for the excited triplet.

excited-state triplet of the model compounds considered” ; : .
. - . roup this change is notably smaller, decreasing from 0.155
These calculations demonstrate a significant change in t for SI(OH 0121 A for SIO)(SiH.. Th dis-
excited triplet state bonding relative to the ground state, lo-. or _'( )H; to 0. A Tor ( )(SiHy),. These are dis
calized largely in the SiB bonds. In contrast, for the model tnct differences associated with an -OR vers@sgroup
compounds considered, changes in the Si-Si bond distan@®nding to the silicon. Further, we note the very similar adia-
(Table V) (Ref. 19 are of a much smaller ordé®.005—0.02  batic energy d!fferences}E~3.05 eV, which charactenze_
R). The data in Table IV indicate the calculated singlet-those singlet-triplet transitions where an OH or OR group is
triplet separations for the model silanone compounds of inbound to the Si=O moiety. Contrast these virtually identical
terest all of which are consistent with the porous silicon PLEenergy increments to the much lower and decreasing adia-
spectrum. batic energy differences associated with the series
It is noteworthy that the locations of the unsaturated sili-Si(O)H,(0.155), S{O)H(SiH3)(0.142), S{O)(SiH;),(0.121)
con oxyhydride excited triplet states and the known peakvhere the smaller changar (SiO), in the SiO bond length
wavelength of the porous silicofPLE) excitation spectrum will lead to a smaller redshift of the PL emission feature.
(~350 nm,?° both bear a clear resemblance to the knownThese results thus indicate that the oxyhydrides with bound
singlet triplet splittings of the low-lying silicon monoxide -OR ligands will produce a much larger redshift of the PL
intercombination band systefdsvhich occur in nearly the emission spectrum relative to the peak of the PLE excitation
same energy region. The large change in the SiO bondpectrum than those fluorophors having oRlgroup ligand
lengths indicated in Table Ill, in turn, produces a large shiftbinding. We suggest that the magnitudes of these changes
in the excited-state potentials relative to the ground stategre relevant to the correlation of the mechanism for PS for-
consistent with a significant difference in the peak of themation with the assignment of the transforming green and
PLE excitation spectruni~350 nm) and the observed PL final orange-red photoluminescence emissfonale associ-
emission rangé~500-550 nm(green, ~600—800 nm(or-  ate the green emitter with & group bound fluorophor and
ange]. The data are also consistent with excitation pumpinghe orange emitter with the oxidative insertion into an SiH
high up the excited-state triplet manifold followed by subse-(—SiOH) or Si-SiH, (SiOSiH,) bond.
guent relaxation within the excited-state manifold before

emission.
VI. THE NATURE AND INTERPRETATION
TABLE IV. Ground-state singlet—excited energy separation for OF OPTICALLY DETECTED MICROWAVE
silanonegsilylenes. DOUBLE RESONANCE EXPTS
AE(ST) AE(ST) Stutzmann and co-workefs****have used the ODMR
Molecule (kcal/mo) eV) ~ N Adiaparic (M) to examine the microscopic nature of the excited-state re-
sponsible for the strong visible PL in porous silicon. Their
Si(OH; 60.1 261 475 observation ofsharp dipole forbiddenAm= +2 transitions
Si(O)H(OH) 70.9 3.07 403 (Fig. 5 in the ODMR spectrum represents the clearest proof
Si(O)(OH), 71 3.08 402 that the excited state is a triplet exciton. The allowegh
Si(O)H(OSiHy) 70.3 3.05 406 =+1 transition, with the characteristic shape of a Pake
Si(0)(OH)(SiHg) 71.2 3.09 401 doublef* has been associated with a spin-spin interaction
Si(O)H(SiHy) 57.3 2.48 499 with linewidth ~500 G independent of the photon energy
Si(0)(SiHy), 53.9 2.34 530 monitored Stutzmann and co-workers have argued that the
HSIOH 38.4 1.66 744 triplet exciton states responsible for radiative processes in
HOSIOH 64.2 2.78 445 porous silicon and in annealed siloxeli€ig. 5 provide
SiH;0SiOH 67.3 2.92 425 strong evidence for a common radiative center. With the as-

signment of theAm=*1 linewidth to a spin-spin interac-
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(a)
triplet exciton

b2
= . ) . i )
= no spin-orbit with spin-orbit
g interaction interaction
@
4 porous Si
§ 0 magnetic field B
o
72 FIG. 6. Splittings for the lowest-energy triplet exciton of porous
o silicon. (a) The threefold spin degeneracy is split by the second-
g Siloxene (ann. 370;0) order spin orbit interaction antb) the splitting of them=0, =1
(o) V sublevels by a magnetic fiell. See text for discussion.

T=5K

Agx =457 nm

Agot > 610 NM H:%: Di,jSiSj"_MBiZj 9iiBiS;, )

microwave: 9.4 GHz, 200 mW

L 1 [
where the first term is the zero-field splitting and the
300 1300 2300 3300 4300 pitng second

is the linear Zeeman term, and where thg correspond to
MAGNETIC FIELD (G) Cartesian componentB; is the fine-structure tensor which
differs with the structure of a given exciton tripl&, corre-
sponds to the spin operator for spin uniB/js the magnetic
field, up is the Bohr magneton, argj; is the “g tensor” for

tion, these authors conclude that the exciton diameter, dete given exciton triplet. The fine structure tengdyg , results
mined within the dipolar approximation, is of order 4 A. from two distinct contributions, the magnetic dipole-dipole
These authors Suggest that the Spin-spin Separation, Whiéﬁteraction of an electron and hole and the second-order Spin-
m|ght be associated with @iingS, is qua]itative]y incompat_ orbit interaction. The Spin-Orbit contribution will dominate
ible with geometric guantum confinement, pointing to a mo_the dip0|e'dip0|e interaction prOVided that the orbital angular
lecular origin of the radiative center. In contrast, Nestal® ~ momentum is not quenched for an excited state of suffi-
have argued that the broadrm=+ 1 feature(Fig. 5 might  ciently long radiative lifetime?~*4
best be assigned to a second-order spin-orbit interaction For largeB fields, theD;; are treated as a perturbation in
which can dominate the dipolar process and that this domiEd. (1). The unperturbed states correspondnie=1,0,—1
nance might lead to the prediction of interaction distances ostates(Fig. 6) of normalizednS projected spin components
order 30 A compatible with quantum confinement. with n;=2.g;;B; . The first-order shift of the zero-field levels
We will argue that the model proposed by Nasthal © with B field is the same for then=+1 andm=—1 levels
would appear to lose validity if expanded to consider thebut different form=0 (Fig. 6). Them=—1 tom=+1 tran-
effect of the spin-orbit interaction as it leads to a broadeningition (Am=2) is therefore unperturbed &;; and is sharp
of the Am= + 2 transitions. The absence of this broadeningfor a single triplet exciton In contrast them=0 to m=
in the experimentally observed ODMR spectrum in fact ar-=1(Am=*1) transitions are perturbed iy;; which also
gues against quantum confinement and for a localized mdiffers for each exciton. For a single triplet exciton, differing
lecular center. Further, the arguments presented by Stutspatial orientations of the spin with respectBdfield (nS)
mann and co-workers might also be modified. will produce a broad overall feature for them=*+1 tran-
Annealed siloxene is obtained from as-prepared siloxenesition region and a sharAm= *2 transition feature as is
with the destruction of its two-dimensional silicon planes,apparent from Fig. 8% However, while a distribution of trip-
through oxygen insertion and the formation of strongly dis-let excitons confined by structures with a variety of shapes,
ordered silicon-oxygen-hydrogen networks dominated by losizes, and orientations with respect to Bhéeld clearly also
calized state®® In concert with the previously outlined re- produces a broad overall feature for then=+1 transition
sults and with the data presented by Stestkhl!® and Yan  region, this must be accompanied by a significant broadening
et al1® we will argue that the suggested association of thecorresponding to a distribution dfm=+2 transition fea-
spin-spin separation with §irings is not appropriate and tures associated with the variancef as a function of the
should be modified through consideration of the silicon oxy-shape and size of the exciton structures. This latter important
hydride fluorphors present in both PS and annealed siloxeneonsideration has been neglected by Nastal® in their
Indeed Brandt and StutzmaMnand Zacharias, Dimova- critique of the interpretation which Stutzmann and
Malinovska, and Stutzmafihhave noted that ODMR spectra co-workers?~14give for the ODMR spectrum.
very similar to those of PS and annealed siloxene are ob- Nashet al. argue, correctly, that only if the second-order
served in hydrogenated amorphous silicon suboxide alloys.spin-orbit interaction is negligible cab;; be attributed ex-
The spin Hamiltonian for the lowest-lying exciton triplet, clusively to dipolar couplingor exchange coupling These
to first order in perturbation theory*fs comparisons, however, focus attention on the linewidth of

FIG. 5. Comparison of the ODMR spectra for porous silicon and
annealed siloxene. See text for discussion.
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6 1000 | | Nash et al® have suggested that it would be desirable to

o _ confirm this lack of a wavelength dependence with mono-

s - ODMR 4.2K Ao =457 NM chromated PL instead of a wavelength selection with low-

) o pass filters. In fact, the broad band filtering used by Brandt

= B < and Stutzmantt will prejudice the data so as to produce a

< | porous Silicon E greater spread in the data of Fig. 7 should these data be

< :mg‘; 130 ) obtained for an inhomogeneous distribution. These argu-

= B & stain etched ~Z ments thus suggest a localized molecule-like origdinoro-

'-_'-, a |<£ phop for the radiative center in PS or a signal which results

<< 500 b__________ r,,___g______-ﬁ__,ﬁmi_ Es' 122] from_ spin-spin interactions among similar fluorophors at

I o 5 @ 544 0o varying surface sites.

| - o o o O e

<

I L é VII. DISCUSSION

|_

()] 5 o A. The question of localized moleculelike centers

; i Siloxene m) or defect sites

— L O 16 We have considered a series of experiments in agueous

35 A ann, 370 °C and aged | 7 and nonaqueous media that, when correlated with quantum

LL 0 ' ' chemical calculations, suggest that the source of the visible
1 1.5 2 25 photoluminescence from porous silicon is a surface or defect

FILTER CUTOFF (ev) site bound silicon oxyhydride-like fluorophor. Those “best

fit" silanone based oxyhydride structures summarized in

FIG. 7. Linewidth of theAm=*1 transitions and the corre- Table 1V, which contain either an OSjtbr OH group, all
sponding dipolar distance as a function of wavelengths determineglisplay adiabatic singlet-triplet separations in the range very
by cutoff filters for porous silicon and annealed siloxene. Theclose to 400 nm. If we consider the large shift in the excited
broadening is found to be independent of the particular wavelengtkriplet versus ground-state singlet=SD bond distance&ut-
used in the ODMR measurement. lined in Table Ill and diagrammed schematically in Fig, 3

we expect that the maxima in the PLE spectrum, obtained by
the broadAm= =1 transition feature and neglect the wave- pumping at room temperature from the lowest levels of the
length dependence of tiem= =2 transition region. Itis the ground electronic state, will be shifted to considerably
combination of both features which must be considered. Thehorter wavelength than the 400 nm value corresponding
data obtained by Stutzmann and co-work&¥"**(Fig. 7 (o the adiabatic energy. The peaking of the ReEcitation
for Nex=457 nm (2.712 eV demonstrate that the ODMR spectrum at~350 nm, as has been observed by several
linewidth for theAm= =1 transition does not depend on the researcher$? is therefore completely consistent with the
particular luminescence energgwavelength monitored.  expected behavior of oxyhydride-like fluorophors. Further,
This result holds also for tham= =2 transitions and for the large shift in the excited-state triplet is expected to pro-
pump energies greater than 2.5 &As Nashet al® have  duce a considerable redshift of the PL emission spectrum
noted, theD;; fine-structure splitting is proportional to the (Figs. 2—4 relative to the excitation wavelength, again com-
exchange splittingd, defined by Calcotet al,* which varies  pletely consistent with observatiSi® Finally, as we will
considerably over the photon energy range from 1.7 to 2.3onsider shortly, the calculated IR spectra for the silicon
eV and is predicted to increase steadily in proportion to exoxyhydrides are consistent with the IR spectrum of PS.
citation source pump energ9As Calcottet al* have noted, In effect, the oxyhydride fluorophors which we suggest
the upshift in band-gap energy splitting due to quantum conrepresent localized centers that would be similar in form to
finement is proportional th 2 (L is the interaction distante the localized surface defectéor centery associated by
whereas the exchange splitting is proportional {c*.> Prokes and co-workets? with the region of the PS surface

Quantum confinement suggests a luminescence energsom which the orange-red PL originates. Prokes and
determined by the excitonic radius that is proportional toco-workeré°2 have constructed a model to account for the
L~2. If the orbital angular momentum is quenched, the samé@S photoluminescence in which they consider the role of
confinement should lead to a strong variation of the= interfacial oxide-related defects in the form of nonbridging
+1 transition linewidth withAH=L 3 (dipolar coupling oxygen-hole center€&NBOHC). Key support for this model
with AH= uogugldmL®) or AHoxexp(-r/ry) (exchange has been obtained from electron spin resonatie&R
coupling, neither of which is observed. Note also that theexperiments? As a function of various chemical treatments
exchange splitting is proportional to 3. Thus, the lack of a in freshly formed PS, one observes a direct correlation be-
dependence of the ODMR signal on wavelength is incompattween the room-temperature orange-red PL intensity and the
ible with a geometric quantum confinement approach. Furshallow donor(SD) NBOHC signal. When subjected to a
ther, the observed spectrum is also inconsistent with the ashort high-temperature oxidation, the SD signal can be made
signment of theAm= *1 transition region broadening to a to disappear as it is replaced by an ESR signal associated
“second-order” spin-orbit interaction over a distribution of with a center consisting of a silicon vacancy in a near-
guantum confined silicon crystallites as then=*1 broad- interfacial oxide layer associated with highly oxidized silicon
ening will also be accompanied by a significant broadeningvafers in the bulk. As a function of various high-temperature
of the Am=*2 transition region which is not observed. oxidations, the signal from this latter center and the orange-
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red PL intensity are observed to track remarkably well. The
correlation between the formation, maximization, and deple-
tion of these defect sites and the expected behavior of the
surface  bound silanones is striking. Prokes and
co-worker$*? have also used laser annealing to show that — , |
the orange-red PL cannot be a function of the silicon crystal =

structure since it does not track the silicon gap at high tem- = 1.5
peratures. The results, of course, suggest a molecular or de?\,
fect state which is not tied to the silicon gap and therefore =
cannot be associated with quantum confinement. ’

1

t

0.5 1

Intens

B. Colloidal silicon suspensions and the oxyhydrides 07

The recent results of Henglein and co-worRéréin their 0 20 40 6% 8
study of luminescent colloidal silicon particles prepared from Time (microseconds)
0.>(ide coated crystalline siIicon. formgd in the combustion of FIG. 8. Time resolved photoluminescence for porous silicon
silane are relevant to our discussion. Henglein _and COfilms at several wavelengths ugim 5 nmband pass. Data are from
workers found that the orange-red PL could be activated byt 9 see text for discussion.

the aqueous HF etching of the silicon particles suspended in

a 1.1 cyclohexane-propanol-2 solution in the presence of air. 9 i

The required presence of oxygéander argon there is no invoked" as support for quantum confinement where
luminescenckin these solution phase studies appears to inSmaller particles are predicted to have faster decay ?ates.
dicate that the oxide layer created in the combustion of silanlowever, this behavior, which is not unique to quantized
does not promote luminescence. Rather, as Heinglein arR@rticles:” can be expected of any localized radiative center
co-workers note, the development of the orange-red PL iff defect state, including the fluorphors associated with si-
nonpolar cyclohexane suggests that this original oxide layefoxene derivatives. The combination of the observed time-
must first be removed by HF. The silicon particles, with adependent behavidF, the selective excitation of the green
nonpolar surface, are created in the cyclohexane phase. He#@d orange-red luminesceriteand the correlation of these
an equilibrium is established between their surface oxidatiofXPerimental observations with quantum chemical stdtlies
and reduction by @and HF, respectively. Near-pristine sili- ©f the oxyhydrides suggests that the observed behavior might
con colloidal particles are formed whose oxidatido,a  0€ the manifestation of relaxation cascade down the mani-
much lower level than the original oxide coated particles fold of a polyatomic silicon-oxyhydride-like triplet exciton.
produces luminescence in a process which must compete 10 €stablish an alternate interpretation, we need to evalu-
with an eventual dissolution through Sifermation!8232728  ate further the nature of the experiment performed by Xie

Based upon a stud¥ of the quenching of the lumines- €t al? The data in Fig. 8 were obtained as porous silicon
cence in polar solvents, trimethylamine, ammonia, and sulflms were irradiated with>1 mW of 355-nm radiation, at

furic acid and the apparent stabilizing effects of nonpolathe Peak in the PLE excitation spectrum, in 65-ps pufées.
solvents®823Fojtik and Hengleif® have suggested the im- The decays were evaluated on the basis of the average of

. 9 . .
portance of the protolytic equilibria between the three sur2000 laser shots. As Xiet al.” note, the data in Fig. 8 sug-

face structures, gest that the decay timeg for different wavelength emission;
H* H* are all on the order of microseconds. The data presented in
. H* - . - . Fig. 2—4 are certainly consistent with this conclusion.
-Si-0O -Si-0-H -Si-0O- Xie et al® suggest that the decay times become shorter
] |- - |- . . St X A
% H . « - with decreasing emission wavelendtr increasing energy
+H+ +H+ and plot the emission energy dependence for these multiex-

with the neutral hydroxyl structure corresponding to that spep?]ner?t'ﬁl (_jecayg aj a function ;’;f ahpararrll(etrlzled _tlr;_e at
cies that can be expected to produce orange-red lumine¥Nich the intensity decreases tcelst the peak value indi-
ted at various wavelengths in Fig. 8. These authors suggest

cence. Thus, these authors suggest that the orange-red Igr? h i ial d Its f diati
occurs when colloidal silicon particles carry only a limited t _at t. € mutlex.ponentla ecay resu _ts romra _|at|ve recom-
ination occurring through a distribution of localized crystal-

component of oxidized centers and that the protonation stajté ¥ he d h ide in Fig. 2
of these centers strongly affects the luminescence. This resdlf€ States. However, the data that we provide in Fig. 2 as we
characterize the PL spectrum as a function of PLE energy,

is quite consistent with the formation of a silicon oxyhydride L - . .
constituency with a required OH or OR ligand. the nature of the distinct excnatmr;_assomated Wlth the green
and orange-réd PL from porous silicon, the outlined quan-
tum chemical calculatior, and the ODMR experiments of
Stutzmann and co-workers suggest that the PL correlates
with stages of relaxation down a triplet exciton excited-state
Bsiesy et al.” and Xie et al® have studied the time re- manifold. We suggest that the observed decay at wave-
solved PL emission from porous silicon films after pulsedlengths longer than the pump excitation wavelength will be
laser excitation. Xiet al® observe the multiexponential time determined by the combination of relaxation down the mani-
decays depicted in Fig. 8 with apparent faster decay ratefold of the polyatomic emitter and the radiative rate. In other
monitored at higher energies. These results have beenords, the rates of cascade, determined by the flow of energy

C. The multiexponential decay of the photoluminescence
from porous silicon
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through the complex excited-state mode structure, during theonhydrogen related origin. The assignment of this mixed
radiative decay process, can greatly influence the observedode feature thus appears complex.

time-dependent emission intensity. This effect must become The calculated frequency ranges for those silanones cata-
more dominant as the triplet exciton undergoes its nonradidoged in Tables Ill and IV would suggest that not only a
tive relaxation down the excited-state manifold. If those lev-»(Si-O-S) stretch contributes to the 1050— 1250 cnrange

els that emit at progressively longer wavelengths are popubut also the Si=O stretch. As we will considé¥, this range
lated nonradiativelyluring the decay procestheir apparent Of the Si=0 stretch frequency would appear to be manifest
1/e decay rates will be progressively reduced as well. Anin se_veral stages of S|I|c_on _surface oxidation. We have also
explanation based on cascade effects can therefore provi@@tained evidence that indicates that the absorption of O
an alternate interpretation for the data presented in Fig. é?rlt%atgf silicon surfacéin air) may lead to the formation of
We note also that some recognition of the potential role o2~~~ With a grgijgg—state vibrational  frequency,
cascade effects has been presented by Laiho, Paviov, af§©@2 )=1100-1150 cm~"" the IR absorption of the ©

Tsubof” although the rate equations presented by these aumolecule confined to a porous silicon surface may also rep-

thors are restricted to only transitions among a few levels. resent a CO"‘.t”b““g” to thg growing 11006]ﬁea_ture_ ob-
served by Xieet al” for their samples aged in air. Finally,

we note the significant number of low-frequency modes that
are associated with the silanones cataloged in Table VI. We
are especially drawn to the 150 cm ' features that not only

Xie etal® have obtained Fourier transform infrared gre effectively associated with an-S8i=0 bend, likely
(FTIR) spectra for PS films both freshly prepared and agegresent in an oxidizing PS environment, but also lie very
in air observing strong absorptions for the as-preparedlose in energy to the transverse-acoustiCgA) phonon
samples near 2100, 914, and 640 ¢nThese correspond to  mode in bulk silicorf®
the stretching, bending, and wagging vibrations of ,SiH
Upon aging the PS sample in air, a feature associated with
the Si-O-Si moiety at~1100 cni® grows and eventually E. The question of quantum confinement
dominates the IR spectrum. This band is also accompanied Our studies of the ph0t0|uminescent emission from po-
by new features observed at 2250, 2200, and 870'cas  rous silicon as a function of excitation energy support the
well as features that are attributed to hydroxyl groups atconclusions of Kanemitsat al.®® Prokes and GlembocR?,
tached in various configurations to silicon. Dubin, Ozanamand Macauleet al®” The combination of these studies dem-
and ChazalviéP monitor the formation of silicon oxide dur- onstrates that no obvious relationship exists between the PL
ing the period in which they activate electroluminescencespectrum and either the PLE spectrum or the particle size
With increasing anodization, they find that the Jik  distribution. Kanemitsiet al, in examining the relationship
=1-3) bands in the 2100 cm region decrease, while the petween particle size and PL peak energy, have used optical
O,SiH, bands in the 2150—2300 cthregion and thev (Si-  absorption, Raman spectroscopy, and transmission electron
O-Si) band in the 1050-1250 cm range grow. Also con- microscopy to assess the relation between particle size and
sistent with these observations are the FTIR spectra obtaingshotoluminescence. They find a blueshift in the optical ab-
by Hory et al>® in their monitoring of PS passivation during sorption spectrum for particles decreasing in size from 9 to 2
post treatments which include anodic oxidation. In all casesam but observe no change in the corresponding PL peak
a clear indication of oxide formation and the subsequent oxienergy. This result conclusively demonstrates that the PL
dation of SiH bonds is obtained. peak emission energy is not correlated with the particle size.

In Table VI, we summarize calculated infrared frequen-The data which we record in Fig. 2 over the 0—1@9time
cies, intensities, and assignments for the ground states of twigame also suggest the manifestation of a pumping sequence
of the more complex silanones considered in Tables Il andetween a ground state and a strongly shifted excited state.
IV having either an OH or OSiglligand bound to the The pumped excited-state levels, high in the excited-state
Si=0O moiety. The frequencies calculated for manifold (Fig. 3), undergo nonradiative relaxation. This cas-
Si(O)H(OSiH;) and S{O)(OH)(SiHs) are quite consistent cade process leads to a redshifting of the PL emission spectra
with the range of frequencies observed by ¥teal.’ Dubin, as a function of increasing time following optical
Ozanam, and Chazalvi8land Horyet al®® All of the infra-  excitation">” suggesting, as we have noted, that the emission
red studies indicate an oxidation signaling SiO stretch regiombserved over a 0—100s time gate does not represent that
and the development of a feature in the 870-890%tm from the lowest vibrational-rotational levels. With this ca-
range?®-%° The silanones cataloged in Tables Il and IV veat, we also note that the behavior of the PL in air is quite
display calculated SEO stretch regions in the range similar regardless of the manner in which a sample is prop-
1125-1247 cm'* (Ref. 61 and a dominant 870—900 cth  erly prepared. These studies, in concert with the work of
mode, which in the presence of an OH or O$llgand ap-  Prokeset al>*?and Macauleet al.®’ strongly argue against
pears to be associated, at least in part, with a combineduantum confinement as a source of the PS photolumines-
Si-O stretch-H-Si-O(H-O-Si) bend, consistent with the ob- cence.
servations of several worket$>°°However, we must note A number of researchers have recorded a blueshift in the
that Zacharias, Dimova-Malinovska, and Stutznfdrmave PS photoluminescent emission spectrum which appears to
studied the behavior of the 880 chband in hydrogenated parallel increasing etch effectiveness. While this blueshift
amorphous silicon suboxide alloys, finding a minimal depenhas been attributed to the creation of quantum confined sili-
dence on deuteration and therefore ascribing the feature to@n particulates which decrease in size with increasing etch

D. Infrared signatures of the silicon oxyhydrides
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TABLE VI. Vibrational frequencies (cmt) and infrared intensitiegkm/mol) calculated for select silanone ground electronic states.

sym v | v |
DZP/MP2 DFT/TZVP
Si(O)H(OSiHy) Assignment
a’ 2408 78 2197 30 8D)-H str
2375 127 2185 59 Sigistr
2362 68 2171 40 Sigistr
1247 197 1245 185 SiO str (dominang
1073 57 1036 287 Si-®SiH;-0O asym str
1018 652 904 262 Sigbend
1011 89 893 28 Sikibend
905 195 782 69 H-Si=O bend
753 58 697 34 Sikirock
602 2 613 6 SigO str
382 54 358 48 0Si0 bend
79 8 31 10 SiH-0O-Si bend
a” 2367 133 2166 65 Sigistr
1014 102 907 42 Siklbend
748 64 671 33 Siklrock
589 55 495 40 H-%0) out of plane
150 12 85 8 H-SiSi=0+Si-0) out of plane
53 0.8 SiH torsion
Si(O)(OH)(SiH3)
a’ 3903 124 3670 117 O-H str
2365 71 2190 25 Sigistr
2337 51 2162 19 Sigistr
1222 85 1224 117 SO str
986 56 904 44 Si-O strSiH; bendt+-H-O-Si bend
938 96 894 10 Si-O strSiHz; bendt+-H-O-Si bend
886 241 826 168 Sikbendt+H-O-Si bend
836 219 810 198 Sigbend-H-0O-Si bend
563 21 525 11 Sikirock
458 28 432 33 Si-Si strSiHz; bend+O-Si=0 bend
274 62 269 53 Si-Si strO-Si=0 bend
148 2 154 0.7 Si-SE0 bend
a” 2350 74 2161 29 Sikistr
987 55 907 17 Siklbend
550 18 510 2 Siklrock
487 172 449 172 H-O out of plane
240 10 240 5 0,0,Silout of plane
35 0.3 85 0.1 Sikltorsion

&Calculations performed at both the MP2 level with a polarized double-zeta basis set and using a triple-zeta valence basis set at the DFT level
(Ref. 22.

time, one might also attribute the observed changes to thifom solution. Enhanced surface tensions associated with in-
role of surface curvaturéension and structural strain as it creased curvature appear to be operative. Finally, in close
influences the PL process by creating local force gradientsagreement, Kanecko, French, and Wolffenb(tehve very

In fact, Unagantf has measured the intrinsic stress in porousrecently noted that, while an enhanced etching cycle leads to
silicon layers formed in aqueous HF etch, finding a macroa blueshift in the PL spectrum, the higher porosity structure
scopic stress which extends from compressive to tensilecreated is clearly strained. While these authors note that the
Friedersdorfet al®® have observed the influence of stress onobserved blueshift suggests quantum effects, the surface state
the PL of PS structures, correlating the blueshift in PL pealof the porous layer also is suggested to play an important
energy with surface microstructure. These authors concludele.

that the characteristic cellular structure occuring in high po- The replicates of phonon structure that have been reported
rosity films is due to high surface stresses. This cellulafor PS samplesta2 K by Canham and co-workeY$ and
structure is not formed during the etching process itself bumost recently by Collins, Fauchet, and Tischteare cer-
occurs during electrolyte evaporation after removal of the PSainly intriguing and may indicate the signature for bulklike
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silicon crystallites existent on a PS surface at low temperaquency is of the order 450 crh for the ground state of
tures. Only Suemotet al.”?> have observed any semblance of Si(O)(OH)(SiH3) (Table VI) changing little for the excited-
this structure at temperatures exceeding &Kpendence of  state triplet(Table V). Not surprising is the close agreement
absorption edge structure at 78.Klowever, the direct cor- petween this frequency and that of the transverse-optical
relation of the suggested phonon structure observed at 2 K~511 cni!) phonon mode frequency of a bulk silicon crys-
with the absorption edge recorded by several wofRéfs tallite. Note also that the small change in the Si-Si bond
and the photoluminescence which dominates the emissioglistance is consistent with the observation by Canham and
from PS at room temperature is tenuous. Further, it is worth.g-workers?= of only two “phonon satellites” in their pho-
noting that alternate explanations might be invoked to extoluminescence emission spectra at 2 K. This structure might
plain what appear to be features similar to thesimply be ascribed to a short progression in a ground-state
transverse-opticél and transverse acoustid@ef. 66 mode  s;.Sj stretch, thus rendering the arguments presented by Cal-
structure of bulk silicon. This structure, of course, is mea-cott et a|_4 Concerning momentum Conserving phonons tenu-
sured on the basis of energy shifts from an exciting lasebus. The observed phonon replicates clearly require consid-
frequency adjusted by the so-called exchange coupling fact@rable further study and correlatiéh.

A,*® which increases with excitation frequer®yThis in-
vokes some concern dsvaries approximately from 10 meV
(~80cm?) at 1.72 eV to 30.4 meV~+{240cm?) at 2.1
eV.>%9This, of course, introduces a clear uncertainty into the We acknowledge very helpful discussions with Dr.
measure of the frequency shifts from an exciting laser line aSharka Prokes and thank Professor Martin Stutzmann for
well as the meaning of onsets. However, even if we accepproviding us with data on his ODMR experiments. We also
the application of this correction factor to the PLE spectraacknowledge financial support from the Office of the Presi-
generated at 2 K, we are intrigued by the near matchup of thdent at Georgia Institute of Technology under the auspices of
relevant silanone frequencies indicated in Table VI and thehe Focused Research Program. The quantum chemical cal-
frequency separations for the broad phononlike features resulations were performed under the auspices of the Office of
corded by Calcottetal® Specifically, the anticipated Basic Energy Sciences, U.S. Department of Energy under
Si—Si=0 bending frequency given in Table VI, Contract No. DE-AC06-76RLO 1830 with Battelle Memo-
~150 cm'?, is very close to the transverse-acoustical pho+ial Institute, which operates the Pacific Northwest Labora-
non frequency of bulk silicon. The silicon-silicon stretch fre- tory.

ACKNOWLEDGMENTS

1L. T. Canham, Appl. Phys. Let67, 1046(1990. 124, D. Fuchs, M. Rosenbauer, M. S. Brandt, S. Ernst, S. Fink-
23, M. Prokes, J. Mater. Regl, 305(1996. beiner, M. Stutzmann, K. Syassen, J. Weber, H. J. Queisser, and
3F. Dudel, J. L. Gole, M. Reiger, and L. Bottomléynpublishegl M. Cardona, inMicrocrystalline Semiconductors: Materials Sci-

4See, for example, P. D. J. Calcott, K. J. Nash, L. T. Canham, M. ence & DevicegRef. 10, p. 203.
J. Kane, and D. Brumhead, J. Phys., Condens. Matet91 M. Stutzmann, M. S. Brandt, M. Rosenbauer, H. D. Fuchs, S.

(1993. Finkbeiner, J. Weber, and P. Deak, J. Lun®i, 321 (1993.

5p. D. J. Calcott, K. J. Nash, T. Canham, M. J. Kane, and D*M. S. Brandt and M. Stutzmann, Solid State Comm®8,. 473
Brumhead, J. Lumin57, 257 (1993. (1995.

K. J. Nash, P. D. J. Calcott, L. T. Canham, and R. J. Needs, Phys®A. J. Steckl, J. Xu, H. C. Mogul, and S. M. Prokes, J. Electro-
Rev. B51, 17 698(1995. chem. Soc142 L69 (1995.

"A. Bsiesy, J. C. Vial, F. Gaspard, R. Herino, M. Ligeon, F. 18J. Yan, S. Shih, K. H. Jung, D. L. Kwong, M. Kovar, J. M. White,
Muller, R. Romestein, A. Wasiela, A. Halimaoui, and G. Bom-  B. E. Gnade, and L. Magel, Appl. Phys. Lef#, 1374(1994).

chil, Surf. Sci.254, 195(1991). 17y, M. Dubin, F. Ozanam, and J. N. Chazalveil, Thin Solid Films
8F. Dudel, J. L. Gole, M. Reiger, P. Kohl, J. Pickering, and L. 255, 87 (1995.
Bottomley, J. Electrochem. Sot43 L164 (1996. 18F p. Dudel, and J. L. Golaunpublished

9Y. H. Xie, W. L. Wilson, F. M. Ross, J. A. Mucha, E. A. Fitzger- 193. L. Gole, and D. A. Dixor(unpublishedl
ald, J. M. Macauley, and T. D. Harris, J. Appl. Phy4, 2403  2°See, for example, L. E. Brus, P. F. Szajowski, W. L. Wilson, T.

(1992. D. Harris, and P. H. Citrin, J. Am. Chem. Sdd.7, 2915(1995.

OF, Koch, V. Petrova-Koch, T. Muschik, A. Nikolov, and V. 2M. S. Hybertsen, irLight Emission from Silicanedited by S. S.
Gavrilenko, inMicrocrystalline Semiconductors: Materials Sci- lyer, R. T. Collins, L. T. Canham MRS Symposia Proceedings
ence & Devicesedited by P. U. Fauchet al. MRS, Proceed- No. 256 (Materials Research Society, Pittsburgh 1992 179.

ings No. 283(Materials Research Society, Pittsburgh, 19%3 22R. A. Street, Adv. Phys25, 397 (1976, and references therein.
197; F. Koch, V. Petrova-Koch and T. Muschik, J. Lum&Y, ZBsee, for example, discussions in E. K. Propst and P. A. Kohl J.
271(1993; F. Koch, inSilicon-Based-Optoelectronic Materials Electrochem. Socl41, 1006(1994.

edited by M. A. Tischleet al, MRS Symposia Proceedings No. 2*V. Lehmann, J. Electrochem. Sdz0, 2836(1993; V. Lehmann

298 (Materials Research Society, Pittsburgh, 1998 222. and H. Fell,ibid. J. Electrochem. Sod.37, 653(1990.
115, Prokes, O. J. Glembocki, V. M. Bermudez, R. Kaplan, L. E.?°E. S. Astrova, S. V. Belov, A. A. Lebedev, A. D. Remenjuk, and
Friedersdorf, and P. C. Pearson, Phys. Re#5B13 788(1992); Y. V. Rud, Thin Solid Films255, 196 (1995.

S. M. Prokes, J. Appl. Phy33, 407 (1993. 263, L. Gole and D. A. Dixor{unpublishegl



2152 GOLE, DUDEL, GRANTIER, AND DIXON 56

27H. Gerischer, P. Allongue, and V. C. Kieling, Ber. Bunsenges. vanced Study Institute, Series E: Applied Scienedied by D.

Phys. Chem97, 753 (1993. C. Bensahel, L. T. Canham, and S. Ossi¢itluwer, Dordrecht,
28y, Lehmann and U. Gosele, Appl. Phys. L&8, 856 (1991). 1993, p. 43; M. S. Brandt, M. Rosenbauer, and M. Stutzmann,
29G. W. Trucks, K. Raghavachari, G. H. Higashi, and Y. J. Chabal, in Silicon-Based Optoelectronic Materia{Ref. 10, p. 301

Phys. Rev. Lett65, 504 (1990. 443, s, Griffith, The Theory of Transition Metal lon&ambridge

30The evaluation of the radiative lifetime for the green emitting  University Press, Cambridge, England, 196&. C. Cavenett,
precursor state can be complicated both by its continual forma- Adv. Phys.30, 475(1981); K. M. Lee, L. C. Kimerling, B. G.
tion during the radiative decay process and by its chemical trans- Bagley, and W. E. Quinn, Solid State Comm&i, 615(1986.
formation during the course of an emission decay measurement®H. D. Fuchs, M. Stutzmann, M. S. Brandt, M. Rosenbauer, J.
31R. J. Glinski, J. L. Gole, and D. A. Dixon, J. Am. Chem. Soc. Weber, A. Breitschwerdt, P. Deak, and M. Cardona, Phys. Rev.
107, 5891(1985. B 48, 8172(1993.
32D, A. Dixon and J. L. Gole, Chem. Phys. Let25 179(1986.  “6M. Zacharias, D. Dimova-Malinovska, and M. Stutzmann, Philos.
333, Andzelm, E. Wimmer, and D. R. Salahub,Tihe Challenge of Mag. B 73, 799(1996.
d and f Electrons: Theory and Computatjoedited by D. R.  *’A. Abragam and B. BleaneyElectron Paramagnetic Resonance
Salahub, and M. C. Zerner, ACS Symposia Series No. 394 of Transition lons(Clarendon, Oxford, 1970A. M. Stoneham,
(American Chemical Society, Washington, D.C., 1988 228; Theory of Defects in Solid€larendon, Oxford, 1975Chap. 13
J. Andezelm, irDensity Functional Theory in Chemistrgdited and Appendix II.
by J. Labanowski and J. Andzel(8pringer-Verlag, New York, “8This is the ODMR powder pattern. See R. A. Stredydroge-
199)), p. 155; J. W. Andzelm and E. Wimmer, J. Chem. Phys. nated Amorphous SilicofCambridge University Press, Cam-
96, 1280(1992. bridge, England, 1991p. 106.
34M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. 9\, Stutzmann(private communication
Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Peters2°Calcottet al. (Refs. 4 and bsuggest that, to reasonable approxi-
son, J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. mation, Aoc(hwp—Egap)l'5 where Eg,=1.17 eV is the 2-K
G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Closlowski, B. B.  band-gap energy of bulk silicon and a calculation hab,
Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. =1.72 eV fixes the constant of proportionality. At 2.1 eV, this
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R.  gives (const33.9) A=30.4 meV, at 3.5 eV, the peak of the
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, PLE spectrum, we findd =121 meV. The impliedA at room
J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzales, and J. A. temperature would increase slightly to 125 meV if the constant

Pople, GaussiaN 94 Revision B.2(Gaussian, Inc., Pittsburgh, of proportionality holds over the range 2—300.K
PA, 1995. SINeglecting the electron-hole interaction and effective mass theory
353, M. Prokes, J. Electrochem. Soc. Interface, Summe(1494). (see Ref. 4.
36N. Godbout, D. R. Salahub, J. Andzelm, and E. Wimmer, Can. J%2S. M. Prokes and O. J. Glembocki, Phys. Revid2238(1994);
Chem.70, 560(1992. S. M. Prokes, W. E. Carlos, and O. J. Glembodkid. 50,
37A. Komornicki and G. Fitzgerald, J. Chem. Phyas, 1398 17 093(1994; W. E. Carlos and S. M. Prokes, J. Appl. Phys.
(1993, and references therein. 78, 2127 (1995; 78, 2129 (1999; S. M. Prokes and W. E.
38C. Moller and M. S. Plesset, Phys. Rel6, 618 (1934); J. A. Carlos,ibid. 78, 2671(1995.
Pople, J. S. Binkely, and R. Seeger, Int. J. Quantum Chem>3Anton Fojtik and Arnim Henglein, Chem. Phys. Lef21, 363
Symp.10, 1 (1976. (1994.
39T, H. Dunning, Jr. and P. J. Hay, Methods of Electronic Struc- 5*A. Fojtik, M. Giersig, and A. Henglein, Ber. Bunsenges. Phys.
ture Theory edited by H. F. Schaefer IlPlenum, New York, Chem.97, 1493(1993.
1977, Chap. 1; A. D. McLean and G. S. Chandler, J. Chem.%®M. S. Hybertsen, inLight Emission from SilicotRef. 21, p. 179.
Phys.72, 5639(1980. %6The excitation source for these time-resolved emission studies
4OR. J. Bartlett, J. Phys. Cherfi3, 1697 (1989; S. A. Kucharski was a 500-Hz Nd:YAG regenerative amplifier seeded with an
and R. J. Bartlett, Adv. Quantum Cher8, 281 (1986; R. J. Antares cw mode-locked Nd:YAG laser. The 65-ps, 1.06d-
Bartlett and J. F. Stanton, iReviews of Computational Chem- output was tripled to generate 355-nm pulses.
istry, Vol. V, edited by K. B. Lipkowitz and D. B. BoydvVCH, 57R. Laiho, A. Pavlov, and T. Tsuboi, J. Lumi&7, 89 (1993.
New York, 1995, Chap. 2, p. 65. 58y/. M. Dubin, F. Ozanam, and J. N. Chazalviel, Thin Solid Films

“IFor the Si basis, see K. D. Dobbs and D. A. Dixon, J. Phys. 255 87 (1995.
Chem.98, 5290(1994); for O and H, see K. D. Dobbs, D. A. 5°M. A. Hory, R. Herino, M. Ligeon, F. Muller, F. Gaspard, I.

Dixon, and A. Kormonicki,ibid. 98, 8852(1993. Mihalcesu, and J. C. Vial, Thin Solid Filni355 200 (1995.
425ee, for example, G. J. Green and J. L. Gole, Chem. Pt§G.  °M. Zacharias, D. Dimova-Malinovska, and M. Stutzmann, Philos.
133(1985. Mag. B 73, 799(1996.

43See also M. S. Brandt, and M. Stutzmann, Appl. Phys. l6t. 615ee also the matrix infrared study of R. Withnall and L. Andrews,
2569 (1992; M. Stutzmann, J. Weber, M. S. Brandt, H. D. J. Phys. ChemB9, 3261(1985.
Fuchs, M. Rosenbauer, P. Deak, A. Hopner, and A.5?F. P. Dudel, D. Grantier, and J. L. Golenpublishegl
Breitschwerdt, Festlarperproblemed2, 179 (1992; M. Stutz- 53James L. Gole and Frank P. Dudel, J. Appl. Phys.be pub-
mann, M. S. Brandt, E. Bustarret, H. D. Fuchs, M. Rosenbauer, lished.
A. Hopner, and J. Weber, J. Non-Cryst. Solit4-166 931 643. Rolfe, J. Chem. Phyd0, 1664(1964); J. Rolfe, F. R. Lipsett,
(1993; M. Rosenbauer, M. S. Brandt, H. D. Fuchs, A. Hopner, and W. J. King, Phys. ReW.23 447 (1961.
A. Breitschwerdt, and M. Stutzmann, @ptical Properties of ~ ®°P. J. Dean, J. R. Haynes, and W. F. Flood, Phys. R6¢, 711
Low Dimensional Silicon Structured/ol. 244 of NATO Ad- (1969; K. L. Shaklee and R. E. Nahory, Phys. Rev. L&,



56 ORIGIN OF POROUS SILICH . .. 2153

942 (1970; T. Nishino, M. Takeda, and Y. Hamakawa, Solid 69 . E. Friedersdorf, P. C. Searson, S. M. Prokes, O. J. Glembocki,

State Communl4, 627 (1974. and J. M. Macaulay, Appl. Phys. Lei0, 2285(1992.

66y, Kanemitsu, H. Uto, Y. Matsumoto, T. Futagi, and H. Mimura, 4. Kanecko, P. J. French, and R. F. Wolffenbuttel, J. Lursin.
Phys. Rev. B48, 2827(1993; Y. Kanemitsu, T. Matsumoto, T. 101 (1993.
Futagi, and H. Mimura, Jpn. J. Appl. Phys32, 411(1993. "IR. T. Collins, P. M. Fauchet, and M. A. Tischler, Phys. To&ay

673. M. Macauley, F. M. Ross, P. C. Searson, S. K. Sputz, R. (1), 24 (1997.
People, and L. E. Friedersdorf, light Emission from Silicon ?T. Suemoto, K. Tanaka, A. Nakajima, and T. Itakura, Phys. Rev.
(Ref. 21, p. 47. Lett. 70, 3659(1993.

88T, Unagami, J. Electrochem. Sab44, 1835(1997). "3James L. Gole, D. A. Dixon, and S. Prokespublisheil



