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Origin of porous silicon photoluminescence: Evidence for a surface bound
oxyhydride-like emitter
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Time-dependent excitation spectroscopy coupled with quantum chemical calculations is used to demonstrate
that the photoluminescence~PL! resulting from the ultraviolet optical pumping of an etched porous silicon~PS!
surface results from a silicon oxyhydride-like fluorophor bound to the PS surface. The time-dependent PL, in
both aqueous~HF/H2O and HF/CH3OH/H2O! and nonaqueous@MeCN/HF ~anhydrous!# etching media, has
been monitored bothin situ, during the etching cycle and before the PS sample is removed from the etching
solution, andex situ, 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 spectra~PLE! over 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 ArF~193 nm! and N2 ~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
quantum 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 (;600–800 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 wavelength~550–750 nm! after excitation at 355 nm results primarily from nonradiative cascade.
The optical detection of magnetic resonance~ODMR! 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 thusnot consistent with quantum confinementand suggest a surface bound emitter as the source of
the PS photoluminescence.@S0163-1829~97!01728-1#
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I. INTRODUCTION

The discovery of room-temperature visible luminescen1

from high surface area porous silicon~PS! structures formed
in wafer scale, through electrochemical etching, has attra
considerable interest primarily because of its potential us
the development of silicon-based optoelectronics, displa
and sensors. The luminescence from porous silicon
thought to occur at or near the silicon surface. The efficie
and wavelength range of the emitted light are strongly
fected by the physical and electronic structure of the surf
560163-1829/97/56~4!/2137~17!/$10.00
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and, for in situ observations, by the nature of the etchin
solution.2,3 However, the source of the PS luminescence
controversial.

The most popular hypothesis invoked to explain the v
ible emission from PS asserts that the luminescence re
from the radiative recombination of quantum-confined el
trons and holes in columnar structures or undulating wires4–6

associated with the creation of pores and subsequently
con nanoparticles. A blueshifting with increasing pore w
ening treatments1,7 has been interpreted as producing w
sizes well within the confinement limit. However, more r
2137 © 1997 The American Physical Society
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cent experiments8 demonstrate the observation ofin situpho-
toluminescence~PL! from both aqueous and nonaqueo
etched samples prior to the formation of any pores. Th
experiments indicate that much less than 100 nm of sili
need be removed before the luminescence centers
formed. The topographical changes in the surface are con
tent with the formation of emitting, constrained, surface s
cies ~oxyhydrides!. A second explanation suggests the im
portance of the surface localized states created by irregu
shaped small crystallites which are not perfectly passiva
and into which elementary excitations can be trapped prio
a recombination9,10 as bound states recombine radiatively

Finally, a third hypothesis attributes the PS luminesce
to surface-confined molecular emitters11 including a molecu-
lar complex of silicon, oxygen, and hydrogen known as
loxene (Si6O3H6). Stutzmann and co-workers

12–14have used
the optical detection of magnetic resonance~ODMR! to es-
tablish that the ‘‘red’’ emission from PS results from a tripl
exciton. Identifying the close analogy of both the ODM
photoluminescence excitation~PLE!, and photoluminescenc
spectra of PS and annealed siloxene, Stutzmann
co-workers12–14 suggested this molecule as the origin of t
PS photoluminescence.

We will present evidence of a more general origin for t
observed features in the form of the fluorophors associa
with the silicon oxyhydrides. This suggestion concurs w
the recent observations of Stecklet al.15 who have obtained
evidence for the silicon oxyhydrides in stain etched poro
silicon thin films, correlating their observations with crysta
linity and photoluminescence. Further, in a study of the th
mal oxidation and nitrogen annealing of luminescent P
Yan et al.16 have obtained evidence that residual hydrog
exists, in a 1000 °C 10 min thermally oxidized PS film,
the form of SiOH.

With few exceptions,17 PL spectra are observed for P
samples, formed in HF solutions, which have been dried
air. Although theseex situsamples provide spectral informa
tion, their study indicates little about the evolution of the P
luminescence during thein situ etching process. We hav
carried out an extensive series of experiments3,8,18 in both
aqueous @~HF/H2O, HF/CH3OH/H2O, HF/C2H5OH/H2O,
HF/H2O/HCl! and nonaqueous~MeCN/HF! ~anhydrous!#
etching media, monitoring the time-dependent PL bothin
situ ~during the etching cycle and before the PS sample
removed from the etching solution! and ex situ ~after re-
moval of the PS from the etching solution!. By correlating
the ex situwith the in situ behavior of the PS, we find tha
the aqueous electrolyte composition plays an extremely
portant role in the onset, intensity, and lifetime~solution! of
the PL emitters.3,18 Comparable studies on nonaqueous el
trolytes demonstrate distinctly different correlations betwe
the in situ andex situbehavior and thus provide insight int
the mechanism of the PL process. A range of experime
coupled with quantum chemical calculations19 suggests tha
the PS photoluminescence results from a silicon oxyhydr
like fluorophor strongly bound to the PS surface. Here
oxyhydride contains an Si5O double bond which may hav
hydrogen, hydroxide, SiH3, or OSiH3 ligands bound to the
silicon. We can also establish that the corresponding
lylenes or tricoordinated silicon compounds with a dangl
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electron do not contribute to the observe
photoluminescence.19

Here we outline several experiments conducted in aq
ous and nonaqueous media which support a surface bo
molecule-like emitter as the source of the PL from poro
silicon. Several observations lead us to this conclusion.
observe the early appearance in time (,10 s) of the PS lu-
minescence consistent with the formation of a surface bo
emitter created on a time scale much shorter than that
essary for pore formation.8 We find that a selection of lase
excitations~PLE! over the wavelength range extending fro
193 to 400 nm produce an almost identicaltime-dependent
PL emission feature. This result, which is not consistent w
quantum confinement, suggests the pumping of the exci
state manifold of a molecule-like species followed by rap
nonradiative relaxation through the manifold and the sub
quent emission of radiation at much longer wavelength.

We outline the results of detailed quantum chemi
modeling19 which clearly suggest a close correlation betwe
the manifold of silicon oxyhydride triplet~and singlet! ex-
cited states, their relation to the ground-state singlet sta
and a similarity to the observed PLE excitation spectru
Changes in bonding associated with electronic transitions
volving the oxyhydride ground electronic and low-lying trip
let states, especially in the SiO related bonds, and the
stantial shift to larger internuclear distance of these exc
electronic states relative to their ground states can easily
plain the observed character of the PL spectra. The excita
to a manifold of states greatly shifted from the ground el
tronic state partially explains the significant redshift of t
PL spectrum~600–800 nm! from the known absorption pea
wavelength of the~PLE! excitation spectrum (;350 nm).20

In correlation with additional time-dependent studies, the
sults which we outline also suggest an alternate interpr
tion to the multiexponential PL time decay observed9 as a
function of increasing wavelength after excitation at 355 n
These observations, which indicate a faster decay at sho
wavelengths, have been used to support the hypothesis
quantum confinement model in which smaller particles
predicted to have faster decay rates.21 However, the results
of the current study suggest that this behavior~also not
unique to quantized particles22! might be the manifestation o
relaxation cascade down the manifold of a polyatomic s
con oxyhydride triplet exciton.

Within the framework of the outlined quantum chemic
results, we reassign the ODMR spectra12–14obtained for PS
and associated with a triplet exciton~which is the source of
the PS orange-red emission!. We associate these spectra n
with a complex siloxene emitter but with an equally appr
priate and simpler silicon oxyhydride-like molecular emitt
possessing similar silicon-oxygen and silicon-hydroxi
fluorophores. We consider recent attempts6 to associate the
large linewidth of the triplet ODMR spectrum with an inho
mogeneous distribution of quantum confined crystallites.
demonstrate that the correct extension of the arguments
in this analysis, in fact, provides clear evidence for the ex
tence of a common radiative center associated with
molecule-like species bound to the surface of the PS fra
work.

II. EXPERIMENT

PS samples were prepared as a result of the anodic e
ing of ~100! silicon wafers obtained from MEMC~Dallas,
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Texas!. The p-type Si wafers were boron doped and h
resistivities of 2, 15, and 224 ohm-cm. They were etched
a variety of HF based mixtures which could be grouped i
HF ~dilute!-MeOH, HF ~conc.!, HF ~dilute!-H2O, and anhy-
drous HF-MeCN solutions. Bothin situ andex situexperi-
ments were conducted. In order to carry out studies of
light-induced photoluminescence from several PS surfa
both during the etching process and after removal from
etching solution, it was necessary to adopt a consistent
reproducible alignment procedure.

In order to monitor the porous silicon photoluminescen
during the etching process, the silicon wafer was mounte
an optically transparent uv grade silica or plastic cuve
filled with etching solution. Ohmic contacts were made
the semiconductor by sputtering aluminum~300 nm! on the
back side of the sample forming a tunnel diode. The w
connected to the sample using conductive paint~Insulating
Materials Inc., Ekote #3030!, and the sputtered aluminum
surface were then covered with a layer of black wax~Api-
ezon W!, leaving only the front surface of the silicon ex
posed to the etching solution. Both the silicon wafer wire a
platinum electrode connections passed through a Teflon
which was tightly fit to the cuvette. For those experime
with anhydrous HF/MeCN etching solution, the cuvette w
filled in a dry box ~Vacuum Atmospheres Co., Hawthorn
CA! under nitrogen and the cap was sealed before trans
using either vacuum grease~Dow Corning High Vacuum! or
silicon caulking compound. Etching currents applied rang
from 2 to 30 mA/cm2 with the majority of experiments con
ducted in the range 4–10 mA/cm2.

The optical train for these photoluminescence exp
ments was arranged on an optical breadboard. Here, the
put from an appropriate pulsed laser@Nd: YAG ~yttrium alu-
minum garnet! pumped dye laser in the range 390–320 n
nitrogen laser at 337.1 nm, and KrF and ArF exciplex las
at 248 and 193 nm, respectively# or a cw argon ion laser wa
expanded and sent through a mask to the porous silicon
face. In order to excite the photoluminescence process du
the etching cycle, the laser outputs traversed the etching
lution and impinged directly onto the etching silicon wafe
The majority of thesein situ studies used nitrogen or KrF
excimer laser radiation. Since an anhydrous HF/MeCN so
tion strongly absorbs 248 nm~KrF! and 193-nm~ArF! radia-
tion, only a nitrogen laser, mercury lamp, or YAG pump
dye laser could be used for these experiments. In sev
experiments carried out after the porous silicon samples w
washed and allowed to dry in air, the observedex situpho-
toluminescence was of sufficient intensity so as to warr
excitation using only the scattered light from the las
sources with no direct ‘‘focusing’’ of the laser onto the P
surface.

In order to carry out a readily reproducible photolumine
cence study, a clear alignment procedure was adopted. It
necessary to align the photoluminescence with the entra
slit of the scanning monochromator~McPherson!. The cu-
vette was placed into a permanent clamp holder connecte
a magnetic basex-y mount attached directly to the top of th
optical breadboard. After verifying that the cuvette was pro
erly illuminated by the masked light source of choice for
given experiment, a strongly luminescent PS sample fro
previous experiment was placed into the cuvette and the
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sition of the monochromator was adjusted to maximize
photoluminescence signal at 650 nm. The direct scatterin
laser light into the monochromator was avoided to the gre
est extent possible. The calibrating PS sample was then
moved and the cuvette filled with the appropriate etch
solution. The silicon sample of interest~anode! and the Pt
wire ~cathode! were then placed into the cuvette. The sam
was adjusted vertically to optimal alignment with the exc
ing laser source and rotated so as to avoid direct laser re
tion into the monochromator. The leads were attached t
computer-controlled home-built constant current source a
after a final alignment check, the entire system was cove
with a heavy black cloth to minimize contamination of th
experiment by the room lights. Care was also taken to as
that the observed photoluminescence was excited in a sin
photon excitation process.

The photoluminescence was dispersed through the mo
chromator, which was scanned using a computer interfa
stepping motor, and impinged on a Hamamatsu 446 ph
tube. The output from the phototube was sent to an SR
~Stanford Research Series! photon counter whose gate fo
most experiments was set to the first 100ms of photolumi-
nescence. The output from the photon counter was proce
using an IBM/PC compatible computer. The photolumine
cence from the PS was studied both during the etching cy
following etching in solution, and upon the removal, was
ing, and drying of the sample in air. Not only wereex situ
samples studied in air but also under solutions
HCl/H2O, methanol, ethanol, or ethylene glycol in which th
washed sample was placed. These samples were placed
their original holders and sometimes also into a cuve
which contained the rinse solutions as outlined above. T
previously outlined alignment procedure was also repea
A typical scan, first from 490 to 730 nm, in 2.5-nm ste
with 30–40 laser shots per data point for lasers running w
repetition rates between 20 and 30 Hz, requi
;3.5–4 min. This scan is immediately taken in reverse, f
nishing a consistent internal check for any possible chan
which might occur during the scan cycle. Because of
changes which can be manifest over the 3.5–4 min scan
period, several runs were also devoted to time scans at
individual wavelengths 520, 620, and 710 nm. Spectral c
bration could be accomplished with a mercury lamp or
individual laser excitation wavelengths, often in second
der.

III. IN SITU PHOTOLUMINESCENCE IN AQUEOUS
AND NONAQUEOUS MEDIA

A. Aqueous versus nonaqueous etch cycles

Distinctly different PS samples are generated in the aq
ous and nonaqueous etching ofp-type silicon in solution. In
a nonaqueous MeCN/HF~anhydrous! etching medium it is
possible to fabricate open and accessible macroporous
toluminescent PS structures with deep, well-orde
channels23 in the absence of light~required for n-type
silicon24!. This open structure is believed to result from
oxidation dissolution mechanism. Trace quantities of wa
are required for the onset of PL where the luminescent s
appear to form at specific crystallographic locations. Un
similar conditions, with an aqueous etching process, rand



P
sio
ry
e

u
a
a

ch
is
en
i
b
m

H
u-
g.
n
a
er

on
nd
be-

tion
re-
on-

ur-
and
in
ns

until
hat
the
HF
PL
of
a
n-

e
lish
n-
ted
an-
ous
d in
ct
ol-
S

HF
ced
n.

s-

yl-
-
he
tch
be
on
nt

hed

ith
as

on-

s
a

2140 56GOLE, DUDEL, GRANTIER, AND DIXON
nanopores with far less accessible photoluminescent
structures are generally formed. The observation of emis
from the nonaqueousetched material establishes that ve
fine nanoporous structures are not a prerequisite to induc
in PS.

B. Photoluminescence in the earliest stages
of porous silicon formation

In fact, we have observed visible PL from both aqueo
and nonaqueous etched samples prior to the formation of
pores.8 The development of the PL with etch time at
current density of 4 mA/cm2 in a ‘‘nonaqueous’’ etching
solution of MeCN with 2 mol/liter HF is shown in Fig. 1~a!.
This PL is detected within the first 10 s of the et
cycle in a solution where the concentration of water
,0.001 mol/liter. The PL increases until the etching curr
is terminated at which point a sharp rise in the PL intensity
observed. This result suggests that the etching process
creates and destroys surface bound photoluminescent e
ters.

Visible PL is also observed at very short times when
polished silicon wafer is electrochemically etched in MeO
with 6 mol/liter HF. The concentration of water in this sol
tion is approximately 7 mol/liter. The PL depicted in Fi
1~b! begins within the first 5–10 s of the etching cycle, co
tinually increasing until the etching current is terminated
60 s. A gradual increase in the PL is then observed ov

FIG. 1. In situ PL at 620 nm for~a! MeCN/HF, ~b! 20% HF in
MeOH, and ~c! 50% HF in MeOH. Etching current wa
4 mA/cm2 starting at time zero. The spectral intensities are norm
ized for comparison.
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limited time followed by a decrease in the PL as the silic
sample continues to soak in the etching solution. We fi
that much less than 100 nm of silicon need be removed
fore the luminescence centers are formed.8 The topographi-
cal changes in the surface are consistent with the forma
of emitting, constrained surface species. Further, these
sults suggest the importance of an etching-solution–silic
surface interface chemistry.

C. Chemistry at the etch-solution–silicon-surface interface

The importance of chemical changes at the silicon s
face, as they influence the nature of the observed PL
correlate with etch solution variation, are also apparent
several additional experiments. At higher HF concentratio
„14 mol/liter HF in MeOH@Fig. 1~c!#… a distinctly different
behavior can be observed as the PL cannot be excited
;25 min after the etching process has been completed. T
is, no PL is observed during the etching process. After
current is terminated and the sample is left soaking in the
solution, the PL rises after a notable gestation period. The
then peaks and drops off in intensity over a period
;1 h.8 All three in situ PL scans in Fig. 1 demonstrate
clear dropoff in PL intensity which appears to be most co
sistent with a surface localized dissolution process3,18 as op-
posed to oxidative quenching resulting from SiO2
formation.3 We are able to correlate the PL intensity with th
specific constituency of the etching solution and estab
conditions under which the PL from PS is stabilized, e
hanced, or quenched. For example, we have demonstra18

the strong stabilizing and enhancing influence of small qu
tities of water on the PL emitters created in a nonaque
etching process, the initial phases of which are describe
Fig. 1~a!. Further, we have observed the PL stabilizing effe
of concentrated hydrochloric acid introduced in equal v
ume to a doubly deionized water solution in which a P
surface is photoluminescing.18 In contrast, as we monitor the
time dependence of the PL emission from an aqueous
solution, we observe that the decay of the PL is enhan
through introduction of methanol or ethanol to the solutio3

This enhanced decay is exemplified in Fig. 1~b!.
Under certain conditions, PS displays a ‘‘green’’ lumine

cence during the early and intermediate stages of thein situ
etching process. The green luminescence (;520 nm) then
transforms to a final ‘‘orange-red’’ luminescence3,23,25,26al-
though it can be stabilized through the introduction of eth
ene glycol.3,25 These variations of the PL with etching solu
tion and with the introduction of various constituents to t
solution suggest the importance of the chemistry of the e
solution to the PL process. The effects can be shown to
consistent with counteracting mechanisms for PL and silic
dissolution.18,23,27–29These observations are not consiste
with quantum confinement.

D. Correlation with surface morphology

Changes in the topography for the silicon surface etc
in 6 mol/liter HF in MeOH@Fig. 1~b!# ~Ref. 8! suggest only
a texturing of the surface and no pore formation. W
2e2/Si, the average silicon removed in 60 s of etching w
;150 nm. With scanning force microscopy~SFM!, the
quantified topography after 0, 5, 10, 20, and 60 s dem

l-
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56 2141ORIGIN OF POROUS SILICON . . .
strates a clear and progressive roughening. Careful exam
tion of the near-surface region, however, demonstrates8 that
PL can be observed prior to the development of nanom
size pores. It appears also that an increase in roughness
is not the sole origin of the PL. While the observed increa
in PL intensity with etch time depicted in Fig. 1~b! @as well
as Fig. 1~a!# demonstrates that the luminescent centers ca
created after the appropriate topological structures have b
formed, the rise and fall in PL after the electrochemical et
ing has been terminated suggests that electroless chem
changes may result in the enhancement and/or quenchin
the PL perhaps through formation and/or dissolution of
oxyhydride@also Fig. 1~c!#.

In a further SFM study, the topography of the silico
surface has been studied at various stages of the PL pro
for the higher concentration 14 mol/liter HF in MeOH sol
tion @Fig. 1~c!#. Here we have quantified the topography
times of 0, 5, 10, 60, 960, 2400, and 3600 s covering
lengthy time frame over which the PL source is first forme
reaches a maximum, and drops to a very low level. T
results of this study summarized in Table I suggest a con
tent increase in the roughening of the PS surface while
PL has cycled through a clear maximum and has been v
ally quenched. This result, in concert with the outlined p
vious study,8 suggests that surface roughening is a neces
but not sufficient condition for PL emission. This aga
points to the creation and dissolution of a surface bou
emitter which we will suggest is a silicon oxyhydride-lik
molecule.

IV. PHOTOLUMINESCENCE AS A FUNCTION
OF LASER EXCITATION WAVELENGTH

A. Summary of in situ behavior

The ‘‘green’’ luminescence25,26which PS displays during
the early and intermediate stages of the etching proces
considerably more pronounced in an aqueous etching c
at moderate HF concentrations~20% HF in MeOH!. The
transformation from ‘‘green’’ to ‘‘orange-red’’ luminescenc
is easily followed and can be impeded for several hours if
etched sample is placed in an ethylene glycol solution.3,25,26

The ‘‘green’’ and ‘‘orange’’ emitters appear to be distin
surface entities which are selectively excited by the lig
sources used in these experiments. Upon removal from
etching solution, before drying, a freshly etched sample
pears green under Hg lamp excitation but ‘‘orange-re

TABLE I. 50/50 sample as function of time.

Etch time~sec!a

Average surface
area difference

~%!
Standard deviation

~%!

0 0.741 0.336
5 1.329 0.267
10 2.645 0.606
60 5.489 0.940
960 3.824 0.877
2400 4.820 0.986
3600 6.180 1.689

aTime after initial etch process began.
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when excited by a KrF or ArF laser. After the PS samp
matures in air for a considerable period, its transformation
an orange-red emitter is complete and all illuminated regi
bear the orange-red luminescence regardless of the uv e
tation wavelength.

The green and orange-red emissions have been previo
assigned to interlocking exciton fluorescence and phosp
rescence emissions, respectively.4,5 However, the series ofin
situ pump excitation experiments with nitrogen and KrF l
sers and a Hg lamp begin to establish an intimate relat
ship between the green and orange-red luminescence
suggest that the green emission emanates from a prec
state which is chemically transformed to the final r
emitter.26 An intersystem crossing process involving the
two emitters, as suggested by others,4 seems far less likely.
Although the overlap of the emission ranges for the gre
and orange-red emitters prevents a ready evaluation of
radiative lifetime of the green emitter, the emission ra
appear comparable for these two emission sources.30

B. Ex situ photoluminescence excitation spectroscopy

In this section we discuss a series of laser excitation
periments on mature PS samples which have been etche
10 min at 4 mA/cm2, removed from the etching solution
rinsed thoroughly in methanol, and dried in air. While t
effect of this process is dominated by the changes which
etching process and the etching solution produce on a
surface, changes produced at the PS surface by the laser
be also considered. At sufficient fluxes, the output from
ArF ~193 nm! laser impinging on a photoluminescent P
surface will rapidly destroy the PL. This suggests that
laser is capable ofthermally desorbingemitting fluorophors
from the PS surface and that limited fluxes are certainly w
ranted. The problem does not appear to be as significan
longer wavelength excitations involving KrF~248 nm!, N2
~337 nm!, or
Nd:YAG pumped dye laser pumping. Nevertheless, we h
attempted to monitor the power dependence of thein situPL
emissions observed in this study. For the mature samples
we consider, the observedex situspectra within a given time
profile do not shift with increasing laser power. The PL i
tensity scales linearly with incident laser flux as the expe
ments are not driven by multiphoton processes.

C. Surface-confined versus quantum-confined emitter

An analysis of the temporal behavior of the PL decay a
the characteristic PL emission spectra observed during
after the formation of the PS surface can assist in asses
the species responsible for the observed emission. In com
ment to the dispersed PL spectrum, a detailed analysis o
excitation spectrum~PLE! associated with the prepared P
surfaces can be used to distinguish between the inhom
neous broadening and multiple spectral profiles which sho
be associated with quantum confinement and the contras
emission from fluorophors physisorbed or chemisorb
~trapped! on the PS surface. If the observed PL emiss
spectrum is inhomogeneously broadened and results from
overlap of a large distribution of emission spectra from in
vidual quantum particles as would be associated with qu
tum confinement, the emission associated with the excita
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spectrum should change in shape significantly as the m
toring emission wavelength changes. This should be part
larly apparent at the shorter wavelength edge of the emis
and at low temperatures. In contrast, if the emission ar
from one or more molecular entities located on the PS s
face, the excitation spectrum should be characterized by
or more thresholds located at higher frequency than the h
est frequency of the resulting emission spectrum. Furth
more, the shape of the spectrum should not change as
excitation wavelength which induces the emission
changed. This is precisely the behavior, as a function of la
excitation wavelength, that we observe.

The emission observed from a PS surface, whether f
an inhomogeneous distribution of quantum-confined crys
lites or from a group of molecule-like surface-based fluo
phors, will display a similar temporal behavior. This is tr
whether or not the observed emission results from the s
tral diffusion that might be associated with an inhomog
neous distribution or the relaxation down an ‘‘excited stat
manifold. Therefore, it is important that one specify the
emission sampling time gate.

In Fig. 2 we present laser-induced PL emission spectra
a small number of similarly prepared samples. We find t
excitation across the visible and ultraviolet spectral regi
from 388 to 193 nm produces a nearly identical PL emissi
With one notable exception, these spectra~Fig. 2! were all
taken with time gates between 0 and 100ms. The spectrum
pumped at 348.3 nm was sampled from 0 to 0.1ms and
shows a clear blueshift relative to the other scans. This
servation of virtually identical PL spectra as a function
laser excitation wavelength suggests that the source of th
luminescence is a surface-based emitter or fluorophor
not a quantum-confined crystallite of silicon. Further, t
creation of pores appears to have a minimal effect on the
intensity distribution and excitation profile.

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

If the triplet exciton first identified by Stutzmann an
co-workers12–14 is significantly shifted relative to a groun
electronic state singlet, a laser pump from this ground s
will be to levels higher up the excited-state potential~Fig. 3!.
This will be followed by a relaxation, determined by th
complex mode structure of the excited state, and by su
quent emission at much longer wavelengths. These are
cisely the characteristics demonstrated by the significant
ference in the peak of the PS-PLE spectrum at;350 nm
~Ref. 20!, and the PL emission wavelength range fro
;600 to 800 nm. Further, it should be noted that the
spectra which we generate on the 0–100ms time scale in
Fig. 4 will be redshifted with increasing gate time.

Based upon the suppositions which we have presen
we suggest that two lasers at very different wavelengths
energies will access very different regions of the exciton tr
i-
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FIG. 2. Laser-induced photoluminescence emission spectra
function of a varying excitation wavelength~PLE-l! from 193 to
388 nm. The porous silicon samples obtained as 2V cm wafers were
etched at 10 mA/cm2 for 4 min in a 20% HF in MeOH solution
~MeOH with 6 mol/liter HF,;7 mol/liter H2O!. The spectra were
taken at room temperature in air using samples rinsed in dou
ionized water and methanol and subsequently dried. The spec
pumped at 348.3 nm was sampled from 0 to 0.1ms, whereas all
other spectra were taken over the time gate 0–100ms. See text for
discussion. Spectral intensities~a!–~g! are individually normalized
for comparison.
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let potential. The net effect on the observed temporal pro
of the observed emission will depend upon the relative ra
of nonradiative relaxation within the excited-state manifo
and the emission rate. If the excited-state emission rat
very much slower than the nonradiative relaxation rate, t
widely separated pump energies will produce PL emissi
that ~1! are not clearly separated in time and~2! likely ema-
nate from the lowest rovibronic levels of the electronic e

FIG. 3. Schematic of silicon oxyhydride ground-state sing
and excited-state triplet potentials indicating~1! the possible origin
of the substantial difference in photoluminescence excitation~PLE!
and subsequent photoluminescence~PL! emission energies and~2!
the distinction between an ArF excimer laser and nitrogen la
pump of a porous silicon sample.
le
s

is
o
s

-

cited state. If the emission rate is very much faster than
relaxation rate, we should observe photoluminescence
wavelengths very similar to the pump energy. This is clea
not the result of the experiments summarized in Fig. 2.
however, the emission rate and relaxation rate are com
rable, we expect to observe a separation in the temporal
files resulting from well-separated pump energies.

In Fig. 4, we present temporal scans of the PL emiss
produced from PS surfaces, generated using a 20 % H
methanol etch solution at 4 mA/cm2 @~10 min!, rinsed in
methanol and dried in air# as these surfaces are pumped
ArF @193 nm (;51 800 cm21)# and N2 @337 nm
(;29 675 cm21)# lasers. As Fig. 3 indicates, the ArF las
will pump higher on the excited state manifold. For gates
1–2 @Fig. 4~a!#, 2–3 @Fig. 4~b!#, or 3–4ms @Fig. 4~c!# we
observe a clear separation of the PL emission spectra
the ArF spectra clearly blueshifted. The separation a
would appear to be decreasing slightly as a function of
creased gate time. The energy separation;20 000 cm21 be-
tween the two lasers is substantial suggesting that the e
tronic emission rate lags the excited-state internal relaxa
rate but that the two are not on vastly different time scal
The time scale of these experiments then suggests
excited-state radiative lifetime of order several micros
onds. This experiment also suggests that the PL emis
spectra depicted in Figs. 2 and 4 do not emanate from
lowest excited-state levels.

V. QUANTUM CHEMICAL MODELING
OF THE SILICON OXYHYDRIDES

In order to assess whether the source of the PS phot
minescence could be a silicon oxyhydride-like fluoroph
strongly bound to the PS surface, we have carried out a
tailed quantum chemical study19 of several model com-
pounds. We have extended two previous studies31,32 of the
molecular electronic structure of silanone@Si~O!H2# and
the OH ~for H! substituted silanoic@Si~O!H~OH!# and
silycic @Si~O!~OH!2# acids. Here, in addition, we stud
Si~O!H~OSiH2!, Si~O!~OH!~SiH2!, and Si~O!~SiH2!2 as mod-
els for sites present on the surface of an etched silicon w
~see also Tables II–IV!.

The results obtained suggest, as Table II indicates,
the triplet excited states of the silicon oxyhydrides are
cated in energy regions consistent with the observed peak
the PS photoluminescence excitation spectrum. The calc

t

er
ere
ime

n.
FIG. 4. Temporal scans of the photoluminescence emission produced from PS surfaces prepared from a 2-V cm silicon wafer using a
20% HF in methanol etch solution and a current density of 4 mA/cm2 for 10 min. The samples, rinsed in methanol and dried in air, w
pumped by ArF~193 nm,;51800 cm21, gray! and N2 ~337 nm,; 29675 cm21! lasers and the photoluminescence was sampled for t
gates of~a! 1–2ms, and~b! 2–3ms, and~c! 3–4ms. The spectra display a clear separation of the PL from ArF~blueshift! and nitrogen laser
excitation. The sharp dip in~a! corresponds to the saturation of theR636 phototube used to detect the PL. See also text for discussio
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TABLE II. Excitation and reaction energies in kcal/mol. Adiabatic energy differences.
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tions also suggest a close correlation between the man
of silicon oxyhydride triplet excited states and the observ
green and ‘‘orange-red’’ PL spectra.26 Further, the demon-
strated changes in bonding associated with electronic tra
tions involving these species, especially in the SiO rela
bonds, correlate well with the observed character of the
spectra.

We have employed bothab initiomolecular orbital~MO!
theory and density-functional theory~DFT for ground-
state singlets! using the program systemsDGAUSS ~DFT cal-
culations! andGAUSSIAN 94 ~ab initio MO calculations!.33,34

The molecules Si~O!H2, Si~O!H~OH!, Si~O!~OH!2,
Si~O!H~OSiH3!, Si~O!H~SiH3!, Si~O!~OH!~SiH3!, and
Si~O!~SiH3!2 were used as models for the various sites t
might be present on a hydrogen-passivated silicon surfa35

undergoing oxidation. Although cluster models such as th
do not include the long-range Coulomb effects present in
bulk, they can provide useful insights into the effect
changing the functional groups which are attached to
silicon.
ld
d

si-
d
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Optimized geometries at the DFT level have been eva
ated for the ground-state singlet and lowest excited trip
state using a polarized triple-zeta basis set.36 Second deriva-
tive calculations demonstrate that these structures repre
minima.37 These optimum geometries were then used in m
lecular orbital calculations at the Moller-Plesset 2~MP2!
level38 with a polarized double-zeta basis set.39 Geometries
were reoptimized at the MP2/double zeta with polarizat
~DZP! level and frequency calculations were done for the
optimized geometries. In order to evaluate corrections to
singlet-triplet separations determined at the MP2/DZP lev
higher-order correlation calculations were done on Si~O!H2
at the optimized geometries. These calculations were don
the CCSD~T! level40 with a triple-zeta basis set41 augmented
by two sets of polarization functions on all atoms and byf
functions on the heavy atoms.

The most relevant results of these calculations are s
marized in Tables II–IV. A detailed description is give
elsewhere.19 In Table III we summarize the SivO bond
lengths determined for the ground-state singlet and low-ly
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excited-state triplet of the model compounds consider
These calculations demonstrate a significant change in
excited triplet state bonding relative to the ground state,
calized largely in the SivB bonds. In contrast, for the mode
compounds considered, changes in the Si-Si bond dista
~Table V! ~Ref. 19! are of a much smaller order~0.005–0.02
Å!. The data in Table IV indicate the calculated singl
triplet separations for the model silanone compounds of
terest all of which are consistent with the porous silicon P
spectrum.

It is noteworthy that the locations of the unsaturated s
con oxyhydride excited triplet states and the known pe
wavelength of the porous silicon~PLE! excitation spectrum
~;350 nm!,20 both bear a clear resemblance to the kno
singlet triplet splittings of the low-lying silicon monoxid
intercombination band systems42 which occur in nearly the
same energy region. The large change in the SiO b
lengths indicated in Table III, in turn, produces a large sh
in the excited-state potentials relative to the ground st
consistent with a significant difference in the peak of t
PLE excitation spectrum~;350 nm! and the observed PL
emission range@;500–550 nm~green!, ;600–800 nm~or-
ange!#. The data are also consistent with excitation pump
high up the excited-state triplet manifold followed by subs
quent relaxation within the excited-state manifold befo
emission.

TABLE III. SivO bond lengths~Å! for silanones at the
MP2/DZP level.

Molecule
r (Si5O)
singlet

r (Si5O)
triplet Dr (Si5O)

Si~O!H2 1.545 1.700a 0.155
Si~O!H~OH!b 1.537 1.709 0.172
Si~O!~OH!2 1.536 1.709 0.173
Si~O!H~OSiH3! 1.537 1.708 0.171
Si~O!H~SiH3! 1.553 1.695 0.142
Si~O!~OH!~SiH3! 1.543 1.712 0.169
Si~O!~SiH3!2 1.560 1.681 0.121

aBond length for the excited singlet is 1.705 Å.
bBond lengths for HO-Si-OH silylene are 1.670 Å for the groun
state singlet and 1.680 Å for the excited triplet.

TABLE IV. Ground-state singlet–excited energy separation
silanones~silylenes!.

Molecule
DE(S-T)
~kcal/mol!

DE(S-T)
~eV! ;lAdiabatic~nm!

Si~O!H2 60.1 2.61 475
Si~O!H~OH! 70.9 3.07 403
Si~O!~OH!2 71 3.08 402
Si~O!H~OSiH3! 70.3 3.05 406
Si~O!~OH!~SiH3! 71.2 3.09 401
Si~O!H~SiH3! 57.3 2.48 499
Si~O!~SiH3!2 53.9 2.34 530
HSiOH 38.4 1.66 744
HOSiOH 64.2 2.78 445
SiH3OSiOH 67.3 2.92 425
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There are additional striking trends which are associa
with the data of Tables III and IV. First, we note that whe
ever an OH or OSiH3, ~OR!, group is bound to the silicon
oxygen bond, the changeDr ~SiO! is consistently of order
0.17 Å. Further an additional OH group does little to affe
this differential change in bond length accompanying
singlet-triplet transition. In the absence of an -OH or -O
group this change is notably smaller, decreasing from 0.
Å for Si~O!H2 to 0.121 Å for Si~O!~SiH3!2. These are dis-
tinct differences associated with an -OR versusR group
bonding to the silicon. Further, we note the very similar ad
batic energy differences,DE'3.05 eV, which characterize
those singlet-triplet transitions where an OH or OR group
bound to the SivO moiety. Contrast these virtually identica
energy increments to the much lower and decreasing a
batic energy differences associated with the se
Si~O!H2(0.155), Si~O!H~SiH3!(0.142), Si~O!~SiH3!2(0.121)
where the smaller change,Dr (SiO), in the SiO bond length
will lead to a smaller redshift of the PL emission featur
These results thus indicate that the oxyhydrides with bo
-OR ligands will produce a much larger redshift of the P
emission spectrum relative to the peak of the PLE excitat
spectrum than those fluorophors having onlyR group ligand
binding. We suggest that the magnitudes of these chan
are relevant to the correlation of the mechanism for PS
mation with the assignment of the transforming green a
final orange-red photoluminescence emissions.26 We associ-
ate the green emitter with anR group bound fluorophor and
the orange emitter with the oxidative insertion into an S
~→SiOH! or Si-SiHx (SiOSiHx) bond.

VI. THE NATURE AND INTERPRETATION
OF OPTICALLY DETECTED MICROWAVE

DOUBLE RESONANCE EXPTS

Stutzmann and co-workers12–14,43have used the ODMR
to examine the microscopic nature of the excited-state
sponsible for the strong visible PL in porous silicon. The
observation ofsharpdipole forbiddenDm562 transitions
~Fig. 5! in the ODMR spectrum represents the clearest pr
that the excited state is a triplet exciton. The allowedDm
561 transition, with the characteristic shape of a Pa
doublet44 has been associated with a spin-spin interact
with linewidth '500 G independent of the photon energ
monitored. Stutzmann and co-workers have argued that
triplet exciton states responsible for radiative processe
porous silicon and in annealed siloxene~Fig. 5! provide
strong evidence for a common radiative center. With the
signment of theDm561 linewidth to a spin-spin interac

r

TABLE V. Si-Si bond lengths ~Å! for silanones at the
MP2/DZP level.

Molecule
r (Si-Si)
singlet

r ~Si-Si!
triplet Dr (Si-Si)

Si~O!H~SiH3! 2.354 2.361 0.007
Si~O!OH~SiH3! 2.342 2.365 0.023
Si~O!~SiH3!2 2.366 2.363 0.003
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2146 56GOLE, DUDEL, GRANTIER, AND DIXON
tion, these authors conclude that the exciton diameter, de
mined within the dipolar approximation, is of order 4 Å
These authors suggest that the spin-spin separation, wh
might be associated with Si6 rings, is qualitatively incompat-
ible with geometric quantum confinement, pointing to a mo
lecular origin of the radiative center. In contrast, Nashet al.6

have argued that the broadDm561 feature~Fig. 5! might
best be assigned to a second-order spin-orbit interact
which can dominate the dipolar process and that this dom
nance might lead to the prediction of interaction distances
order 30 Å compatible with quantum confinement.

We will argue that the model proposed by Nashet al.6

would appear to lose validity if expanded to consider th
effect of the spin-orbit interaction as it leads to a broadenin
of theDm562 transitions. The absence of this broadenin
in the experimentally observed ODMR spectrum in fact a
gues against quantum confinement and for a localized m
lecular center. Further, the arguments presented by Stu
mann and co-workers might also be modified.

Annealed siloxene is obtained from as-prepared siloxen
with the destruction of its two-dimensional silicon planes
through oxygen insertion and the formation of strongly dis
ordered silicon-oxygen-hydrogen networks dominated by l
calized states.45 In concert with the previously outlined re-
sults and with the data presented by Stecklet al.15 and Yan
et al.16 we will argue that the suggested association of th
spin-spin separation with Si6 rings is not appropriate and
should be modified through consideration of the silicon ox
hydride fluorphors present in both PS and annealed siloxe
Indeed Brandt and Stutzmann14 and Zacharias, Dimova-
Malinovska, and Stutzmann46 have noted that ODMR spectra
very similar to those of PS and annealed siloxene are o
served in hydrogenated amorphous silicon suboxide alloy

The spin Hamiltonian for the lowest-lying exciton triplet
to first order in perturbation theory is47

FIG. 5. Comparison of the ODMR spectra for porous silicon an
annealed siloxene. See text for discussion.
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H5(
i , j

Di , jSiSj1mB(
i , j

gi , jBiSj , ~1!

where the first term is the zero-field splitting and the seco
is the linear Zeeman term, and where thei , j correspond to
Cartesian components,Di j is the fine-structure tensor whic
differs with the structure of a given exciton triplet,Si corre-
sponds to the spin operator for spin unity,B is the magnetic
field,mb is the Bohr magneton, andgi j is the ‘‘g tensor’’ for
a given exciton triplet. The fine structure tensorDi j , results
from two distinct contributions, the magnetic dipole-dipo
interaction of an electron and hole and the second-order s
orbit interaction. The spin-orbit contribution will dominat
the dipole-dipole interaction provided that the orbital angu
momentum is not quenched for an excited state of su
ciently long radiative lifetime.12–14

For largeB fields, theDi j are treated as a perturbation
Eq. ~1!. The unperturbed states correspond tom51,0,21
states~Fig. 6! of normalizednS projected spin component
with nj5Sgi j Bi . The first-order shift of the zero-field level
with B field is the same for them511 andm521 levels
but different form50 ~Fig. 6!. Them521 tom511 tran-
sition (Dm52) is therefore unperturbed byDi j and is sharp
for a single triplet exciton. In contrast them50 to m5
61(Dm561) transitions are perturbed byDi j which also
differs for each exciton. For a single triplet exciton, differin
spatial orientations of the spin with respect toB field (nS)
will produce a broad overall feature for theDm561 tran-
sition region and a sharpDm562 transition feature as is
apparent from Fig. 5.48 However, while a distribution of trip-
let excitons confined by structures with a variety of shap
sizes, and orientations with respect to theB field clearly also
produces a broad overall feature for theDm561 transition
region, this must be accompanied by a significant broaden
corresponding to a distribution ofDm562 transition fea-
tures associated with the variance ofDi j as a function of the
shape and size of the exciton structures. This latter impor
consideration has been neglected by Nashet al.6 in their
critique of the interpretation which Stutzmann an
co-workers12–14give for the ODMR spectrum.

Nashet al. argue, correctly, that only if the second-ord
spin-orbit interaction is negligible canDi j be attributed ex-
clusively to dipolar coupling~or exchange coupling!. These
comparisons, however, focus attention on the linewidth

d

FIG. 6. Splittings for the lowest-energy triplet exciton of poro
silicon. ~a! The threefold spin degeneracy is split by the seco
order spin orbit interaction and~b! the splitting of them50, 61
sublevels by a magnetic fieldB. See text for discussion.
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56 2147ORIGIN OF POROUS SILICON . . .
the broadDm561 transition feature and neglect the wav
length dependence of theDm562 transition region. It is the
combination of both features which must be considered.
data obtained by Stutzmann and co-workers12–14,43 ~Fig. 7!
for lex5457 nm ~2.712 eV! demonstrate that the ODMR
linewidth for theDm561 transition does not depend on th
particular luminescence energy~wavelength! monitored.
This result holds also for theDm562 transitions and for
pump energies greater than 2.5 eV.49 As Nashet al.6 have
noted, theDi j fine-structure splitting is proportional to th
exchange splitting,D, defined by Calcottet al.,4 which varies
considerably over the photon energy range from 1.7 to
eV and is predicted to increase steadily in proportion to
citation source pump energy.50 As Calcottet al.4 have noted,
the upshift in band-gap energy splitting due to quantum c
finement is proportional toL22 ~L is the interaction distance!
whereas the exchange splitting is proportional toL23.51

Quantum confinement suggests a luminescence en
determined by the excitonic radius that is proportional
L22. If the orbital angular momentum is quenched, the sa
confinement should lead to a strong variation of theDm5
61 transition linewidth withDH}L23 ~dipolar coupling
with DH5m0gmB/4pL3) or DH}exp(2r/r0) ~exchange
coupling!, neither of which is observed. Note also that t
exchange splitting is proportional toL23. Thus, the lack of a
dependence of the ODMR signal on wavelength is incomp
ible with a geometric quantum confinement approach. F
ther, the observed spectrum is also inconsistent with the
signment of theDm561 transition region broadening to
‘‘second-order’’ spin-orbit interaction over a distribution o
quantum confined silicon crystallites as theDm561 broad-
ening will also be accompanied by a significant broaden
of the Dm562 transition region which is not observe

FIG. 7. Linewidth of theDm561 transitions and the corre
sponding dipolar distance as a function of wavelengths determ
by cutoff filters for porous silicon and annealed siloxene. T
broadening is found to be independent of the particular wavelen
used in the ODMR measurement.
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Nash et al.6 have suggested that it would be desirable
confirm this lack of a wavelength dependence with mon
chromated PL instead of a wavelength selection with lo
pass filters. In fact, the broad band filtering used by Bra
and Stutzmann14 will prejudice the data so as to produce
greater spread in the data of Fig. 7 should these data
obtained for an inhomogeneous distribution. These ar
ments thus suggest a localized molecule-like origin~fluoro-
phor! for the radiative center in PS or a signal which resu
from spin-spin interactions among similar fluorophors
varying surface sites.

VII. DISCUSSION

A. The question of localized moleculelike centers
or defect sites

We have considered a series of experiments in aque
and nonaqueous media that, when correlated with quan
chemical calculations, suggest that the source of the vis
photoluminescence from porous silicon is a surface or de
site bound silicon oxyhydride-like fluorophor. Those ‘‘be
fit’’ silanone based oxyhydride structures summarized
Table IV, which contain either an OSiH3 or OH group, all
display adiabatic singlet-triplet separations in the range v
close to 400 nm. If we consider the large shift in the excit
triplet versus ground-state singlet SivO bond distances~out-
lined in Table III and diagrammed schematically in Fig. 3!,
we expect that the maxima in the PLE spectrum, obtained
pumping at room temperature from the lowest levels of
ground electronic state, will be shifted to considerab
shorter wavelength than the;400 nm value correspondin
to the adiabatic energy. The peaking of the PLE~excitation!
spectrum at;350 nm, as has been observed by seve
researchers,9,20 is therefore completely consistent with th
expected behavior of oxyhydride-like fluorophors. Furth
the large shift in the excited-state triplet is expected to p
duce a considerable redshift of the PL emission spect
~Figs. 2–4! relative to the excitation wavelength, again com
pletely consistent with observation.9,26 Finally, as we will
consider shortly, the calculated IR spectra for the silic
oxyhydrides are consistent with the IR spectrum of PS.

In effect, the oxyhydride fluorophors which we sugge
represent localized centers that would be similar in form
the localized surface defects~or centers! associated by
Prokes and co-workers2,52 with the region of the PS surfac
from which the orange-red PL originates. Prokes a
co-workers2,52 have constructed a model to account for t
PS photoluminescence in which they consider the role
interfacial oxide-related defects in the form of nonbridgi
oxygen-hole centers~NBOHC!. Key support for this model
has been obtained from electron spin resonance~ESR!
experiments.52 As a function of various chemical treatmen
in freshly formed PS, one observes a direct correlation
tween the room-temperature orange-red PL intensity and
shallow donor~SD! NBOHC signal. When subjected to
short high-temperature oxidation, the SD signal can be m
to disappear as it is replaced by an ESR signal associ
with a center consisting of a silicon vacancy in a ne
interfacial oxide layer associated with highly oxidized silico
wafers in the bulk. As a function of various high-temperatu
oxidations, the signal from this latter center and the oran
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2148 56GOLE, DUDEL, GRANTIER, AND DIXON
red PL intensity are observed to track remarkably well. T
correlation between the formation, maximization, and dep
tion of these defect sites and the expected behavior of
surface bound silanones is striking. Prokes a
co-workers2,52 have also used laser annealing to show t
the orange-red PL cannot be a function of the silicon cry
structure since it does not track the silicon gap at high te
peratures. The results, of course, suggest a molecular o
fect state which is not tied to the silicon gap and theref
cannot be associated with quantum confinement.

B. Colloidal silicon suspensions and the oxyhydrides

The recent results of Henglein and co-workers53,54 in their
study of luminescent colloidal silicon particles prepared fro
oxide coated crystalline silicon formed in the combustion
silane are relevant to our discussion. Henglein and
workers found that the orange-red PL could be activated
the aqueous HF etching of the silicon particles suspende
a 1:1 cyclohexane-propanol-2 solution in the presence of
The required presence of oxygen~under argon there is no
luminescence! in these solution phase studies appears to
dicate that the oxide layer created in the combustion of sil
does not promote luminescence. Rather, as Heinglein
co-workers note, the development of the orange-red PL
nonpolar cyclohexane suggests that this original oxide la
must first be removed by HF. The silicon particles, with
nonpolar surface, are created in the cyclohexane phase.
an equilibrium is established between their surface oxida
and reduction by O2 and HF, respectively. Near-pristine sil
con colloidal particles are formed whose oxidation,to a
much lower level than the original oxide coated particle,
produces luminescence in a process which must com
with an eventual dissolution through SiF4 formation.

18,23,27,28

Based upon a study53 of the quenching of the lumines
cence in polar solvents, trimethylamine, ammonia, and
furic acid and the apparent stabilizing effects of nonpo
solvents,3,18,23Fojtik and Henglein53 have suggested the im
portance of the protolytic equilibria between the three s
face structures,

with the neutral hydroxyl structure corresponding to that s
cies that can be expected to produce orange-red lumi
cence. Thus, these authors suggest that the orange-re
occurs when colloidal silicon particles carry only a limite
component of oxidized centers and that the protonation s
of these centers strongly affects the luminescence. This re
is quite consistent with the formation of a silicon oxyhydri
constituency with a required OH or OR ligand.

C. The multiexponential decay of the photoluminescence
from porous silicon

Bsiesy et al.7 and Xie et al.9 have studied the time re
solved PL emission from porous silicon films after puls
laser excitation. Xieet al.9 observe the multiexponential tim
decays depicted in Fig. 8 with apparent faster decay r
monitored at higher energies. These results have b
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invoked5,9 as support for quantum confinement whe
smaller particles are predicted to have faster decay rate55

However, this behavior, which is not unique to quantiz
particles,22 can be expected of any localized radiative cen
or defect state, including the fluorphors associated with
loxene derivatives. The combination of the observed tim
dependent behavior,56 the selective excitation of the gree
and orange-red luminescence,26 and the correlation of thes
experimental observations with quantum chemical studie19

of the oxyhydrides suggests that the observed behavior m
be the manifestation of relaxation cascade down the m
fold of a polyatomic silicon-oxyhydride-like triplet exciton

To establish an alternate interpretation, we need to ev
ate further the nature of the experiment performed by X
et al.9 The data in Fig. 8 were obtained as porous silic
films were irradiated with.1 mW of 355-nm radiation, at
the peak in the PLE excitation spectrum, in 65-ps pulse57

The decays were evaluated on the basis of the averag
2000 laser shots. As Xieet al.9 note, the data in Fig. 8 sug
gest that the decay times for different wavelength emissi
are all on the order of microseconds. The data presente
Fig. 2–4 are certainly consistent with this conclusion.

Xie et al.9 suggest that the decay times become sho
with decreasing emission wavelength~or increasing energy!,
and plot the emission energy dependence for these mul
ponential decays as a function of a parametrized time
which the intensity decreases to 1/e of the peak value indi-
cated at various wavelengths in Fig. 8. These authors sug
that the multiexponential decay results from radiative reco
bination occurring through a distribution of localized crysta
lite states. However, the data that we provide in Fig. 2 as
characterize the PL spectrum as a function of PLE ene
the nature of the distinct excitation associated with the gr
and orange-red26 PL from porous silicon, the outlined quan
tum chemical calculations,22 and the ODMR experiments o
Stutzmann and co-workers suggest that the PL correl
with stages of relaxation down a triplet exciton excited-st
manifold. We suggest that the observed decay at wa
lengths longer than the pump excitation wavelength will
determined by the combination of relaxation down the ma
fold of the polyatomic emitter and the radiative rate. In oth
words, the rates of cascade, determined by the flow of ene

FIG. 8. Time resolved photoluminescence for porous silic
films at several wavelengths using a 5 nmband pass. Data are from
Ref. 9. See text for discussion.
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through the complex excited-state mode structure, during
radiative decay process, can greatly influence the obse
time-dependent emission intensity. This effect must beco
more dominant as the triplet exciton undergoes its nonra
tive relaxation down the excited-state manifold. If those le
els that emit at progressively longer wavelengths are po
lated nonradiativelyduring the decay process, their apparent
1/e decay rates will be progressively reduced as well.
explanation based on cascade effects can therefore pro
an alternate interpretation for the data presented in Fig
We note also that some recognition of the potential role
cascade effects has been presented by Laiho, Pavlov,
Tsuboi57 although the rate equations presented by these
thors are restricted to only transitions among a few level

D. Infrared signatures of the silicon oxyhydrides

Xie et al.9 have obtained Fourier transform infrare
~FTIR! spectra for PS films both freshly prepared and ag
in air observing strong absorptions for the as-prepa
samples near 2100, 914, and 640 cm21. These correspond to
the stretching, bending, and wagging vibrations of SiHx .
Upon aging the PS sample in air, a feature associated
the Si-O-Si moiety at;1100 cm21 grows and eventually
dominates the IR spectrum. This band is also accompa
by new features observed at 2250, 2200, and 870 cm21 as
well as features that are attributed to hydroxyl groups
tached in various configurations to silicon. Dubin, Ozan
and Chazalviel58 monitor the formation of silicon oxide dur
ing the period in which they activate electroluminescen
With increasing anodization, they find that the SiHx (x
51–3) bands in the 2100 cm21 region decrease, while th
OxSiHx bands in the 2150–2300 cm21 region and then ~Si-
O-Si! band in the 1050–1250 cm21 range grow. Also con-
sistent with these observations are the FTIR spectra obta
by Hory et al.59 in their monitoring of PS passivation durin
post treatments which include anodic oxidation. In all cas
a clear indication of oxide formation and the subsequent o
dation of SiHx bonds is obtained.

In Table VI, we summarize calculated infrared freque
cies, intensities, and assignments for the ground states of
of the more complex silanones considered in Tables III a
IV having either an OH or OSiH3 ligand bound to the
SivO moiety. The frequencies calculated f
Si~O!H(OSiH3) and Si~O!~OH!~SiH3! are quite consisten
with the range of frequencies observed by Xieet al.,9 Dubin,
Ozanam, and Chazalviel58 and Horyet al.59 All of the infra-
red studies indicate an oxidation signaling SiO stretch reg
and the development of a feature in the 870–890 cm21

range.9,58–60 The silanones cataloged in Tables III and
display calculated SivO stretch regions in the rang
1125–1247 cm21 ~Ref. 61! and a dominant 870–900 cm21

mode, which in the presence of an OH or OSiH3 ligand ap-
pears to be associated, at least in part, with a comb
Si-O stretch1H-Si-O~H-O-Si! bend, consistent with the ob
servations of several workers.9,15,59However, we must note
that Zacharias, Dimova-Malinovska, and Stutzmann60 have
studied the behavior of the 880 cm21 band in hydrogenated
amorphous silicon suboxide alloys, finding a minimal dep
dence on deuteration and therefore ascribing the feature
e
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nonhydrogen related origin. The assignment of this mix
mode feature thus appears complex.

The calculated frequency ranges for those silanones c
loged in Tables III and IV would suggest that not only
n~Si-O-Si! stretch contributes to the 1050–1250 cm21 range
but also the SivO stretch. As we will consider,62 this range
of the SivO stretch frequency would appear to be manif
in several stages of silicon surface oxidation. We have a
obtained evidence that indicates that the absorption of2
onto the silicon surface~in air! may lead to the formation o
O2

2.63,64 With a ground-state vibrational frequenc
n~O2

2!51100–1150 cm21,64 the IR absorption of the O2
2

molecule confined to a porous silicon surface may also r
resent a contribution to the growing 1100 cm21 feature ob-
served by Xieet al.9 for their samples aged in air. Finally
we note the significant number of low-frequency modes t
are associated with the silanones cataloged in Table VI.
are especially drawn to the;150 cm21 features that not only
are effectively associated with an Si—SivO bend, likely
present in an oxidizing PS environment, but also lie ve
close in energy to the transverse-acoustical~TA! phonon
mode in bulk silicon.65

E. The question of quantum confinement

Our studies of the photoluminescent emission from p
rous silicon as a function of excitation energy support
conclusions of Kanemitsuet al.,66 Prokes and Glembocki,52

and Macauleyet al.67 The combination of these studies dem
onstrates that no obvious relationship exists between the
spectrum and either the PLE spectrum or the particle s
distribution. Kanemitsuet al., in examining the relationship
between particle size and PL peak energy, have used op
absorption, Raman spectroscopy, and transmission elec
microscopy to assess the relation between particle size
photoluminescence. They find a blueshift in the optical a
sorption spectrum for particles decreasing in size from 9 t
nm but observe no change in the corresponding PL p
energy. This result conclusively demonstrates that the
peak emission energy is not correlated with the particle s
The data which we record in Fig. 2 over the 0–100ms time
frame also suggest the manifestation of a pumping seque
between a ground state and a strongly shifted excited s
The pumped excited-state levels, high in the excited-s
manifold ~Fig. 3!, undergo nonradiative relaxation. This ca
cade process leads to a redshifting of the PL emission spe
as a function of increasing time following optica
excitation3,57 suggesting, as we have noted, that the emiss
observed over a 0–100ms time gate does not represent th
from the lowest vibrational-rotational levels. With this c
veat, we also note that the behavior of the PL in air is qu
similar regardless of the manner in which a sample is pr
erly prepared.3 These studies, in concert with the work o
Prokeset al.2,52and Macauleyet al.,67 strongly argue agains
quantum confinement as a source of the PS photolumi
cence.

A number of researchers have recorded a blueshift in
PS photoluminescent emission spectrum which appear
parallel increasing etch effectiveness. While this blues
has been attributed to the creation of quantum confined
con particulates which decrease in size with increasing e
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TABLE VI. Vibrational frequencies (cm21) and infrared intensities~km/mol! calculated for select silanone ground electronic states

sym n I n I
DZP/MP2 DFT/TZVP

Si~O!H~OSiH3! Assignment

a8 2408 78 2197 30 Si~O!-H str
2375 127 2185 59 SiH3 str
2362 68 2171 40 SiH3 str
1247 197 1245 185 SivO str ~dominant!
1073 57 1036 287 Si-O1SiH3-O asym str
1018 652 904 262 SiH3 bend
1011 89 893 28 SiH3 bend
905 195 782 69 H-SivO bend
753 58 697 34 SiH3 rock
602 2 613 6 SiH3-O str
382 54 358 48 OSivO bend
79 8 31 10 SiH3-O-Si bend

a9 2367 133 2166 65 SiH3 str
1014 102 907 42 SiH3 bend
748 64 671 33 SiH3 rock
589 55 495 40 H-Si~O! out of plane
150 12 85 8 H-Si~SivO1Si-O! out of plane
53 0.8 SiH3 torsion

Si~O!~OH!~SiH3!

a8 3903 124 3670 117 O-H str
2365 71 2190 25 SiH3 str
2337 51 2162 19 SiH3 str
1222 85 1224 117 SivO str
986 56 904 44 Si-O str1SiH3 bend1H-O-Si bend
938 96 894 10 Si-O str1SiH3 bend1H-O-Si bend
886 241 826 168 SiH3 bend1H-O-Si bend
836 219 810 198 SiH3 bend2H-O-Si bend
563 21 525 11 SiH3 rock
458 28 432 33 Si-Si str1SiH3 bend1O-SivO bend
274 62 269 53 Si-Si str2O-SivO bend
148 2 154 0.7 Si-SivO bend

a9 2350 74 2161 29 SiH3 str
987 55 907 17 SiH3 bend
550 18 510 2 SiH3 rock
487 172 449 172 H-O out of plane
240 10 240 5 O,O,SiH3 out of plane
35 0.3 85 0.1 SiH3 torsion

aCalculations performed at both the MP2 level with a polarized double-zeta basis set and using a triple-zeta valence basis set at the
~Ref. 22!.
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time, one might also attribute the observed changes to
role of surface curvature~tension! and structural strain as i
influences the PL process by creating local force gradie
In fact, Unagami68 has measured the intrinsic stress in poro
silicon layers formed in aqueous HF etch, finding a mac
scopic stress which extends from compressive to ten
Friedersdorfet al.69 have observed the influence of stress
the PL of PS structures, correlating the blueshift in PL pe
energy with surface microstructure. These authors conc
that the characteristic cellular structure occuring in high
rosity films is due to high surface stresses. This cellu
structure is not formed during the etching process itself
occurs during electrolyte evaporation after removal of the
he

s.
s
-
e.

k
de
-
r
t
S

from solution. Enhanced surface tensions associated with
creased curvature appear to be operative. Finally, in c
agreement, Kanecko, French, and Wolffenbuttel70 have very
recently noted that, while an enhanced etching cycle lead
a blueshift in the PL spectrum, the higher porosity struct
created is clearly strained. While these authors note that
observed blueshift suggests quantum effects, the surface
of the porous layer also is suggested to play an impor
role.

The replicates of phonon structure that have been repo
for PS samples at 2 K by Canham and co-workers4–6 and
most recently by Collins, Fauchet, and Tischler71 are cer-
tainly intriguing and may indicate the signature for bulklik
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silicon crystallites existent on a PS surface at low tempe
tures. Only Suemotoet al.72 have observed any semblance
this structure at temperatures exceeding 6 K~dependence o
absorption edge structure at 78 K!. However, the direct cor-
relation of the suggested phonon structure observed at
with the absorption edge recorded by several workers66,72

and the photoluminescence which dominates the emis
from PS at room temperature is tenuous. Further, it is wo
noting that alternate explanations might be invoked to
plain what appear to be features similar to t
transverse-optical65 and transverse acoustical~Ref. 66! mode
structure of bulk silicon. This structure, of course, is me
sured on the basis of energy shifts from an exciting la
frequency adjusted by the so-called exchange coupling fa
D,4–6 which increases with excitation frequency.50 This in-
vokes some concern asD varies approximately from 10 meV
(;80 cm21) at 1.72 eV to 30.4 meV (;240 cm21) at 2.1
eV.5,50This, of course, introduces a clear uncertainty into
measure of the frequency shifts from an exciting laser line
well as the meaning of onsets. However, even if we acc
the application of this correction factor to the PLE spec
generated at 2 K, we are intrigued by the near matchup of
relevant silanone frequencies indicated in Table VI and
frequency separations for the broad phononlike features
corded by Calcott et al.5 Specifically, the anticipated
Si—SivO bending frequency given in Table V
;150 cm21, is very close to the transverse-acoustical ph
non frequency of bulk silicon. The silicon-silicon stretch fr
M
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quency is of the order 450 cm21 for the ground state of
Si~O!~OH!~SiH3! ~Table VI! changing little for the excited-
state triplet~Table V!. Not surprising is the close agreeme
between this frequency and that of the transverse-optic
(;511 cm21) phonon mode frequency of a bulk silicon cry
tallite. Note also that the small change in the Si-Si bo
distance is consistent with the observation by Canham
co-workers.4–6 of only two ‘‘phonon satellites’’ in their pho-
toluminescence emission spectra at 2 K. This structure m
simply be ascribed to a short progression in a ground-s
Si-Si stretch, thus rendering the arguments presented by
cott et al.4 concerning momentum conserving phonons te
ous. The observed phonon replicates clearly require con
erable further study and correlation.73
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