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Experimental evidence for moleculelike absorption and emission of porous silicon using far-field
and near-field optical spectroscopy
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Far-field photoluminescence~PL! and near-field scanning optical microscopy~NSOM! have been used to
provide insight into both the light emission and light absorption mechanisms of porous silicon~PS!. Experi-
ments were performed in air and in mercaptoethanol on two types of surface-prepared porous silicon samples.
Dynamic studies on a time scale of the order of several minutes suggest that the surface state of the porous
silicon is the principal determinant of the PL emission spectrum and the PL efficiency. From the results of
experiments performed in various chemical environments, we infer that the PL emission may comprise mul-
tiple molecular spectral transitions. Further, variations in the nature of the PL as a function of excitation energy
can be explained on the basis of the absorption of moleculelike species on the PS surface but not by the nature
of absorption by nanocrystalline quantum structures. Finally, high-spatial-resolution NSOM spectroscopy is
employed to determine that the spectral nature of the PL is spatially homogeneous down to a scale approaching
40 nm. Primarily, our experiments suggest that surface complexes are principally involved in the light emission
from PS. Second, we also provide evidence that surface complexes, and not quantum confinement, may be
responsible for the absorption of the incident excitation radiation.@S0163-1829~99!07727-9#
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I. INTRODUCTION

The relatively large quantum efficiency of electrolumine
cent and photoluminescent processes from silicon sam
which are appropriately electrochemically etched has dra
significant attention to porous silicon and the physics a
chemistry determining its behavior.1 There is controversy re
garding the manner in which the porous structure forms,
the associated mechanism of the luminescence. The m
widely considered models center around the assumption
quantum-size effects dominate the electronic energy st
ture of the small crystalline silicon features which are p
duced in the etching process. One model assumes tha
photoluminescence~PL! results, following the optical pump
ing of electrons to an excited-state quantum level within
crystallite, by the radiative recombination of the electro
hole pairs within the crystallite.1,2 A second model assume
that the photon is absorbed within individual crystallites, a
produces an electron-hole pair which recombines extern
from the crystallite within a recombination center or oth
type of trap.3 Of course, these descriptions are quite gene
within the context of the two models.

In this paper, data are presented which are best expla
with a third model:4 one which is independent of the ele
tronic structure of the nanocrystallites. Based upon the
sults which we outline, we suggest that the absorption
incident photons may take place within molecular comple
bound to the porous silicon surface~throughout the entire
porous region!. The emitted photons collected during the P
experiments would appear to result from the fluorescenc
PRB 600163-1829/99/60~7!/4889~8!/$15.00
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these excited surface fluorophores.
The experimental data presented and discussed in this

per involve far-field and near-field photoluminescence at t
different excitation energies and under a variety of enviro
mental conditions. The purpose of the near-field experime
is to determine the spectral nature of the PL emission o
scale of tens of nanometers. In near-field scanning opt
microscopy~NSOM!,5 a subwavelength aperture~roughly 40
nm in diameter for the experiments performed here! is placed
near to the sample using a force feedback method simila
that of atomic force microscopy. Thus, surface topograph
mapped in addition to the PL with an excitation spot size
nm in diameter. This serves the purpose of probing a v
small volume of the sample.

II. EXPERIMENT

A. Sample preparation

Two samples were studied via the experiments discus
in this paper. Sample A was fabricated in an electrochem
cell constructed from high-density polyethylene. The wo
ing electrode was attached to the back of ap-type silicon
wafer ~100!, and the counterelectrode corresponded to
platinum foil placed in solution. The cell was sealed to t
front of the wafer using a clamp such that a 1-cm2 section of
the wafer made contact with the solution. A magnetic stir b
was used to prevent the build up of hydrogen at the surf
of the silicon. Current was supplied to perform the elect
chemical etch using an EG&G Princeton Applied Resea
Potentiostat/Galvanostat~Model 273!. The samples were
4889 ©1999 The American Physical Society
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etched in a 1-M H2O, 1-M HF, 0.1-M tetrabutylammonium
perchlorate in acetonitrile solution with a current density o
mA/cm2 for 1 h.

The second sample, sample B, corresponds to a sin
crystal Si~100!, boron-doped wafer of resistivity 1V cm
~MEMC, Dallas, TX! that was etched in an aqueous HF s
lution. For these aqueous HF experiments~20% concentra-
tion in methanol!, a 300 nm thin film of aluminum was spu
tered onto the back side of the wafer. Ohmic contacts w
made to the wafer by connecting a wire to the thin film
aluminum using conductive paint~Insulating Materials, Inc.,
Ekote #3030!. The wire and aluminum film were then cov
ered with a layer of black wax~Apiezon W!, leaving only the
front surface of the silicon exposed to the etching soluti
Both the silicon wafer wire and platinum electrode conn
tions passed through a teflon cap which was tightly fit to
cuvette containing the etch solution. The etch current app
during aqueous etching was approximately 10 mA/cm2.
Typical etch times were on the order of 10 min. After etc
ing, sample B was treated with a 1-M HCL/H2O solution of
about 1 M for the purpose of PL stabilization.

B. Far-field photoluminescence

Laser sources used for the far-field experiments includ
488-nm air-cooled argon-ion laser~Omnichrome! and a 351-
nm/364-nm water-cooled argon-ion laser~Coherent Enter-
prise!. The lasers were coupled to a single-mode optica
ber, and ported to a far-field experimental setup. A sing
mode fiber allows one to direct the beam readily around
optical table as well as providing spatial filtering. Upon e
iting the fiber, the light is incident upon a dichroic beamsp
ter which reflects virtually all of the light below 515 nm an
passes most of the light above 515 nm. The laser light
focused onto the sample using a 103 microscope objective
with a numerical aperture of 0.15, so that the maxim
power density at the sample was roughly 103 W/cm2. The
same microscope objective is used in a backscattering ge
etry to collect the light from the sample. After the ligh
passes through the same dichroic beamsplitter, it pa
through a 488-nm holographic notch filter~Kaiser Optical!
for the purpose of removing those excitation source phot
which have managed to transmit through the dichroic be
splitter. The remaining light, which is then dominated by t
porous silicon photoluminescence, is coupled into a mu
mode fiber. This fiber ports the light to a 0.5 m single-grat
spectrometer. The spectra are collected in parallel usin
liquid-nitrogen-cooled charge-coupled device~Princeton In-
struments!. The spectral resolution for all of the spectra d
played in this report is at least 2.0 nm in every spec
region.

C. Near-field photoluminescence

The same laser sources were used for both the far-
and NSOM experiments. For the NSOM experiments,
light is coupled into the single-mode fiber which has, at
distal end, a subwavelength aperture~typically of order 40
nm!. Using shear force feedback or vertical tip dithering~as
is typically used for ac-mode atomic force microscopy!, the
subwavelength aperture is maintained in the near-fi
sample. The NSOM~modified TopoMetrix Aurora! is oper-
le-
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ated in the reflection-mode, which has, as its collection
tics, a long working distance 203 microscope objective with
a numerical aperture of 0.35. The collected light pas
through the 488-nm holographic notch filter before it
coupled into a multimode fiber for porting to a spectromet
From this point, the experiment duplicates that which w
described in the far-field experimental section~Sec. II B!.

III. RESULTS

Figure 1 displays the results of an experiment which
amines the nature and decay of the far-field PL of sampl
in air. The four PL emission spectra are each taken with
CCD integration times under 488-nm excitation. The pow
density is roughly 103 W/cm2. Each count on the vertica
scale corresponds roughly to two photons. Spectrum~a! dis-
plays the counts as a function of wavelength for the first
after illumination of a particular spot on the porous silico
~PS! surface. The sample was then continuously illumina
with the same power density for 2 min at that same sam
position, at which time another spectrum was acquired@spec-
trum ~b! in Fig. 1#. The laser was then blocked for 20 m
before a third spectrum was acquired@spectrum~c!#. After
two more minutes of continuous illumination, spectrum~d!
was acquired. Note that the PL emission quantum efficie
decreases under continuous illumination, followed by a p
tial recovery when the excitation source is blocked. As
repeat this recycling-illumination procedure for several e
tended periods, we find that the samples continue to disp
a reversible partial recovery and similar decay under illum
nation. The ability to excite the PL emission continues
decrease in efficiency under continuous illumination.

One also notes that sample A displays some spec
variation in the PL emission with time. Figure 2 depicts t
spectra~a! and ~d! from Fig. 1 on a normalized scale. Her
spectrum~a! is 13 while spectrum~d! is approximately 33.
Along with the decay of the PL emission, as evident fro

FIG. 1. Demonstration of light-induced quenching and recov
of sample A photoluminescence in air. These 5-s exposure spe
were acquired under 488-nm excitation. Spectrum~a! is acquired
during the first 5 s and continuous illumination for two more min
utes; spectrum~b! was acquired. The illumination beam was the
blocked for 20 min allowing the sample PL to recover. The be
was then unblocked, and spectrum~c! was immediately acquired
followed by spectrum~d! 2 min later.
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PRB 60 4891EXPERIMENTAL EVIDENCE FOR MOLECULELIKE . . .
Fig. 1, one observes that the spectrum redshifts by abou
nm ~about 70 meV!.

An NSOM PL emission spectrum was acquired f
sample A and is depicted in Fig. 3, where it is compared w
spectrum~d! from Fig. 2. In this figure the far-field spectrum
@spectrum~d!# is shown at 13, while the near field spectrum
is shown at approximately 703. The lateral spatial resolution
of the NSOM experiment was determined, using a calib
tion sample, to be better than 40 nm. The calibration w
performed in the reflection mode using a hexagon
patterned aluminum island sample.6 These islands are know
to be less than 30 nm in diameter. The convolution
NSOM-measured features, in reflection mode, with feat
size leads us to estimate the lateral resolution of our prob
be of order 40 nm. Thus, with an aperture output for t
experiment of about 1 nW, the power density was appro
mately 102 W/cm2. The CCD integration time is 30 s for th
near-field spectrum.

It is significant that the near-field spectrum is qualitative
the same as the far-field spectrum, indicating the lack
spatial inhomogeneities down to a scale of about 40 n
Photoluminescence images of the same sample indicate

FIG. 2. Normalized rendering of the same spectra shown in
1. This normalized data presentation is intended to show the va
tions in spectral behavior during the light-induced decay and rec
ery process.

FIG. 3. NSOM PL spectrum of sample A compared with fa
field spectrum of the same sample@spectrum~d! from Fig. 2#.
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age contrast well over 50% of maximum intensity with
spatial resolution of less than 100 nm. This indicates that
nature of light spreading in the axial direction does not co
tribute significantly to a decrease of the spatial resolution
our spectroscopic measurement. This is not surprising c
sidering the porous nature of the material, and the fact
isotropic scattering, as a function of depth into the mater
will decrease the amount of light reaching the detect
Hence typical absorption constants for Si cannot be use
estimate the probed volume in the axial direction. Numero
NSOM spectra were taken across a region of 15315mm2,
all of which duplicated the NSOM spectrum shown in Fig.
The only spectral variations were found to occur near
edge of the porous region, indicating a lack of homogene
in the PS fabrication conditions at the boundary~most nota-
bly, current density and effects on the boundary layer due
diffusion!.

Figure 4 depicts PL emission spectra for sample B
quired in air under the same conditions as those shown
Fig. 1. Spectrum~a! was again the first acquired spectrum
followed by spectrum~b! taken 2 min later following con-
tinuous illumination. Thecw beam was then blocked for 2
min, after which spectra~c! and ~d! were acquired, with~d!
being acquired after 2 min of continuous illumination. Figu
5 depicts spectra~a! and~d! from Fig. 4, normalized so tha
spectral variations can be evaluated. Figures 4 and 5 dem
strate the onset of a distinct spectral feature, in particula
higher-energy peak at about 520 nm. This ‘‘green’’ peak
considerably more sensitive to decay under 488-nm illu
nation as it appears to decrease much more rapidly than
dominant longer wavelength feature.

The 488-nm excitation laser was replaced by a 364-
excitation laser, and further PL emission spectra were
quired for sample B. These data are shown in Fig. 6. T
total laser power incident on the sample was approxima
0.15 mW, resulting in a power density of approximately
W/cm2. Note that this is three orders of magnitude low

.
a-
v-

FIG. 4. Demonstration of light-induced quenching and recov
of sample B photoluminescence in air. These 5-s exposure sp
were acquired under 488-nm excitation. Spectrum~a! is acquired
during the first 5 s and continuous illumination for two more min
utes; spectrum~b! was acquired. The illumination beam was the
blocked for 20 min, allowing the sample PL to recover. The be
was then unblocked and spectrum~c! was immediately acquired
followed by spectrum~d! 2 min later.
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4892 PRB 60MOYER, CLONINGER, GOLE, AND BOTTOMLEY
than the power density incident on the sample when us
the 488-nm argon-ion line for PL excitation. Spectrum~a!
was acquired immediately after exposing the sample, w
spectrum~b! was acquired following 2 min of continuou
illumination. Recovery data are not shown here for the s
of simplicity; however, they were acquired and show t
same partial recovery effects suggested in Figs. 1 and 4.
note the complete absence of the green peak when the
sample is excited by 364-nm laser radiation~Fig. 6!. In ad-
dition, the dominant spectral emission maximum bluesh
by about 20 nm versus that for the same sample~sample B!,
where PL is excited with 488-nm radiation. Finally, if w
assume that the PL excitation quantum efficiency is lin
with excitation intensity up to at least 103 W/cm2, then the
extrapolated peak count for 5 s at364-nm excitation would
be roughly 300 000 counts~accounting also for the change
energy per photon for 488 nm vs 364 nm!. This indicates an
increase of PL excitation quantum efficiency at 364 nm
roughly a factor of 15 over that for 488-nm excitation. Th

FIG. 5. Normalized rendering of the same spectra as show
Fig. 4. This normalized data presentation is intended to show
variations in spectral behavior during the light-induced decay
recovery process.

FIG. 6. Photoluminescence of sample B in air under 364-
excitation. Of particular interest is the disappearance of the 520
shoulder which was previously present when the PL was exc
with 488-nm radiation.
g
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observation is quite consistent with known PL excitati
data.7,8

The dynamics of the PL emission spectrum observed
sample B was also probed while the sample was immerse
a mercaptoethanol environment. Figure 7 depicts the a
ation of the spectral intensity distribution which results fro
this immersion. Normalized intensity data from the same
periment are shown in Fig. 8. These data were acquired
ing 488-nm excitation. In this set of experiments, the 520-
green peak is clearly present as well as the possible ind
tion of a feature resulting from an apparent transition in
range near 590 nm. As a result of the increase~or onset! in
spectral intensity at area 590 nm, the peak of the PL tra
mission maximum appears to have blue-shifted by roug
20 nm from 660 to 640 nm.

in
e
d

m
d

FIG. 7. Demonstration of light-induced quenching and recov
of porous silicon photoluminescence in mercaptoethanol. These
exposure spectra were acquired under 488-nm excitation. Spec
~a! is acquired during the first 5 s and continuous illumination fo
two more minutes; spectrum~b! was acquired. The illumination
beam was then blocked for 20 min, allowing the sample PL
recover. The beam was then unblocked and spectrum~c! was im-
mediately acquired followed by spectrum~d! 2 min later.

FIG. 8. Normalized rendering of the same spectra as show
Fig. 7. This normalized data presentation is intended to show
variations in spectral behavior during the light-induced decay
recovery process.
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IV. DISCUSSION OF EXPERIMENTAL RESULTS

Significant observations made in the present study
clude:~1! the PL decay dynamics under illumination and t
subsequent recovery of the PL in darkness;~2! the photolu-
minescence from the green emission feature at 520 nm
its dependence on the laser excitation wavelength;~3! the
influence of the radical scavenger mercaptoethanol on the
emission spectrum; and~4! the close agreement of far-fiel
and NSOM PL emission spectra. In the following par
graphs, each finding will be examined in the context of
existing models of PS emission.

Figures 1, 4, and 7 provide compelling evidence that
photobleaching of the PS emission is at least partially rev
ible. The observation of PL decay under illumination and
subsequent partial recovery after 20 min in darkness at
bient temperature~Figs. 1, 4, and 7! clearly indicates that the
decrease in PL quantum efficiency cannot be the result of
annealing of nanocrystalline structures since the nanocry
lite annealing would be an irreversible process. The obser
PL decay and restoration, which has been reversibly recy
for periods of far greater extent than indicated in the figur
is consistent with a surface localized process, i.e., ei
through the photoexcitation or photoionization of surfa
complexes or by saturation of radiative recombination si
We do not conclude from this result that nanocrystallites
not present. In lieu of the PL recovery~albeit partial in some
cases!, we do, however, conclude that annealling nanocr
tallites cannot be a valid explanation of the decrease in
efficiency during illumination. Thus surface states or surfa
complexes are, at the very least, heavily involved in the
emission process.

It is worth noting that this conclusion is well supported
the evaluation of the effects of hydrostatic pressure dep
dence, at hydrostatic pressures on the PL from porous sil
by Cheonget al.9 The anomalous PL pressure dependenc
hydrostatic pressures up to 60 kbar, which these authors
served under a helium or standard 4:1 methanol:ethanol m
ture ~1! is not exclusively an intrinsic property associat
with PS, and~2! is consistent with a process involving stat
at or near the surface of the PS. The exact nature of
incident photon absorption mechanism cannot be elucid
by the present experimental results; however, based
supplementary information it is possible to consider what
surface states or surface complexes might be.

It is known that anhydrous HF etching to form a PS s
face will create a SiHx termination in the absence of an
oxygen donors.10,11,12In contrast, the ready formation of th
oxyhydrides has been noted for samples which have are
pared in an aqueous etch environment.4f,13 While some re-
ported photoelectron spectra14 have been interpreted to sug
gest that there is no oxygen on a freshly prepared PS sur
this interpretation must be questioned as the observed
toemission spectrum for the Si 2p core level shows a sub
stantial tail to high energy. This, of course, is considered
be an excellent indication of suboxide formation. In fa
infrared spectra on freshly formed and air oxidized sample15

suggest a surface oxide formation which may be interpre
to result from oxyhydride formation.16 Recently, the stabiliz-
ing effect of water on the PS luminescence and its poten
influence on the mechanism for the HF etching of a PS s
-
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face has been carefully considered and evaluated.16 Here
again, the oxyhydrides are implicated as important surf
constituents.17 Finally, similar behaviors are noted for silico
nanoparticles18 and colloidal suspensions,19~a!,19~b! again sug-
gesting the role of oxyhydrides in the etch process.

We have observed that the 520-nm shoulder presen
Fig. 4 ~under 488-nm excitation! completely vanishes unde
364-nm excitation~Fig. 6!. The PS luminescence is chara
terized by the transformation of an initial green emissi
feature to a final ‘‘orange-red’’ emission feature.8 The cur-
rent observation that the intensity of emission at 520 nm i
the green emission feature! depends on laser excitatio
wavelength provides insight into the transformation proce
and enables further discrimination of the proposed mod
for PS luminescence.8 We suggest~1! that the green emis
sion feature emanates from a surface-confined precursor
that is chemically transformed to a final orange-red emit
and ~2! that the 488-nm laser excitation line lies within th
absorption profile of this precursor state whereas the 364
laser excitation line does not. In contrast to our observat
the quantum confinement model predicts that the probab
of photon absorption for quantum-confined states nomin
increases as the photon energy increases provided the en
is larger than the initial transition edge. The intensity of t
feature at 520 nm is therefore expected to increase as
laser excitation wavelength is shifted from 488 to 364 n
Figures 4 and 6 clearly demonstrate that this is not the c
We also suggest that the surface-confined precursor s
after absorbing a 488-nm photon, can more readily unde
oxidative transformation~see the following!.

The temporal nature and spectral characteristics of the
emission strongly depend upon the local environment at
PS-air or PS-solution interface. For example, when PS
photoexcited in air, the emission feature at 520 nm decay
a rate 50% faster than that of other features in the spectr
In contrast, when PS is photoexcited in a solution contain
mercaptoethanol, the rate of decay of the feature at 520 n
the same as that of other features in the spectrum. Thus
captoethanol, a known radical scavenger, is stabilizing
source of the 520-nm emission feature relative to the sou
of the orange-red emission feature.8

The green and orange-red PL emissions characteristi
PS can be excited with a variety of uv light sources a
observed during and directly following thein situ ~in solu-
tion! etching of a PS surface in 20% HF in MeOH solutio
or 20% HF in H2O solutions.8 Experimental observations o
the time-dependent behavior of thisin situ PL can be com-
bined with quantum chemical modeling of the low-lyin
electronic states of the silanone-based silic
oxyhydrides20,21 to suggest that the initially observed an
relatively long-lived green PL, its subsequent transformat
to a final orange-red emission, and its stabilization in
ethylene glycol solution are to be associated with oxyhydr
electronic transitions and the chemical transformation
surface-bound oxyhydrides.4

A recently proposed model to explain the outlined P
transformation is best outlined considering the data given
Tables I and II. Here we summarize SiO bond lengths a
electronic energies obtained from detailed molecular e
tronic structure calculations ~MP2-DZP level of
description,20–22 where MP2 represents the Moller-Pless
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4894 PRB 60MOYER, CLONINGER, GOLE, AND BOTTOMLEY
optimization and DZP represents the polarized double-z ba-
sis set! for the ground-state singlets and lowest-lyin
excited-state triplets of those silanone-based oxyhyd
compounds which appear to closely mimic the absorpt
and emission characteristics observed for a PS surface10,11

Table I demonstrates that a significant change accompa
the silanone transitions to the excited triplet state. This s
can be identified with the triplet exciton characterized
Stutzmann and co-workers.4~c!–4~e! The transition produces
significant lengthening of the SiO bond which is not o
served for the silylene isomers.21

The data in Table II are noteworthy in that the locatio
of the unsaturated silanone-based silicon-oxyhydride tri
states and the known peak wavelength of the porous sil
PL excitation spectrum~PLE! ~area 350 nm!7 bear a close
resemblance. The large change in the SiO bond lengths
sociated with the silanones~indicated in Table I! in turn,
produces a large shift in their excited-state potentials rela
to the ground state. The location of the ground- and excit
state potentials can promote optical pumping high up
excited-state potential. Thus, in absorption, we anticipat
shift to higher energies than the adiabatic energy separa
corresponding to the peak in the PLE excitation spectr

TABLE I. Si50 bond lengths~Å! for silanones at the MP2/DZP
level of description.

Molecule r ~SiO! singlet r ~SiO! triplet Dr ~SiO!

Si~O!H2 1.545 1.700a 0.155
Si~O!(SiH3)2 1.560 1.681 0.121
Si~O!H~SiH!3 1.553 1.695 0.142
Si~O!H~OH!b 1.537 1.709 0.172
Si~O!SiH3~OH! 1.543 1.712 0.169
Si~O!H~OSiH3! 1.537 1.708 0.171
Si~O!SiH3(OSiH3) 1.543 1.712 0.169
Si~O!~OH!2 1.536 1.709 0.173
Si~O!~OSiH3)2 1.537 1.708 0.171

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 II. Ground-state singlet-ecited-state energy separa
for silaones and silylenes.

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

DE(S-T)
~eV!

;ladiabatic

~nm!

Si~O!H2 60.1 2.60 475
Si~O!~SiH3!2 53.9 2.34 530
Si~O!H~SiH3! 57.3 2.48 499
Si~O!H~OH! 70.9 3.07 403
Si~O!SiH3~OH! 71.3 3.09 401
Si~O!H~OSiH3! 70.4 3.05 406
Si~O!SiH3~OSiH3! 69.6 3.02 411
Si~O!~OH!2 71.1 3.08 402
Si~O!~OSiH3!2 67.1 2.91 426
HSiOH 38.4 1.66 744
HOSiOH 64.2 2.78 445
SiH3OSiH3 67.4 2.92 425
e
n

ies
te

t
n

s-

e
d-
e
a

on

~area 350 nm, and a significant redshift in the observed
emission range~area 580–800 nm!.20,21 The data in Table I
also indicate that when an -OH or -OSiH3 group is bound to
the silicon-oxygen bond, the changeD@r (SiO)# in transition
is consistently of order 0.17 Å. Further, the adiabatic ene
increment is consistently of order 3.05 eV. By compariso
for Si~O!H2, Si~O!H~SiH3!, and Si~O!~SiH5!2, the change in
bond length is notably smaller, decreasing from 0.155
0.121 Å. This suggests that the peak of the PLE excitat
spectra and the PL emission spectra associated with t
silanones will not differ to the extent associated with t
silicon oxyhydrides containing an -OH or -OR group. We
thus anticipate a considerably smaller redshift in the
emission spectrum.

The adiabatic transition energies given in Table II a
suggest that the excited triplet states associated with pre
sors of the form Si~O!H2, Si~O!H~SiH3!, and Si~O!~SiH3!2
should be readily accessed by the argon ion laser line at
nm ~514.5 nm!, whereas the subsequently oxidized silanon
containing an -OH or -OR group are best pumped at 350 nm
the peak in the PS absorption most commonly observed
other words, we suggest that the source of the green 520
emission feature corresponds to a precursor -H or -R group
~to SiO! bound oxyhydride emitter which can best be a
cessed by the strong argon-ion laser line at 488 nm whic
blueshifted relative to its adiabatic transition energy. Furth
if the 520-nm green emission feature is associated wit
transition involving a long-lived excited triplet state, we su
gest that the observed decay of the 520-nm fluorescence
ture in air results from an enhanced excited state oxidat
converting the initial oxyhydride to the -OH or -OR bound
fluorophor which subsequently emits at much longer wa
length. Finally, we note that the stabilization of the 520-n
emission in mercaptoethanol, HSCH2CH2OH, solution is
quite consistent with the observed stabilization of this gre
emitter in an analog ethylene glycol HOCH2CH2OH,
solution.8 We thus suggest that the behavior of the 520 em
sion feature in mercaptoethanol and as a function of la
pump wavelength is consistent with the optical pumping o
surface bound source of the form OvSi-R where RvH,
SiH3.

We have presented a model to explain the ‘‘green’’ a
‘‘orange-red’’ PL features based on formation of surfa
bound silanone-based silicon oxyhydrides. We also note
an extension of this model which includes the further e
cient oxidation of the pumped long-lived silanone tripl
states to form SiO2 constituencies on the PS surface c
explain the irreversible reduction in the PL intensity wi
laser pumping. When oxidation to SiO2 occurs, the PS sur
face site is no longer photoluminescent. We thus suggest
the creation of both the silanones and SiO2 can account for
the nature of the cycling which we observe in the curre
experiments. Henglein and co-workers.19~a!,19~b! studied lumi-
nescence colloidal silicon particles prepared from H
eteched oxide-coated crystalline silicon formed in the co
bustion of silane. They find that the orange-red PL can
activated by the aqueous HF etching of the silicon partic
suspended in a 1:1 cyclohexane-propanol-2 solution in
presence of air. The required presence of oxygen~under ar-
gon there is no luminescence! in these solution phase studie
appears to indicate that the oxide layer created in the c
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bustion of silane does not promote luminescence. Rather
Heinglein and co-workers noted, the development of t
orange-red PL in nonpolar cyclohexane suggests that
original oxide layer must first be removed by HF. The silico
particles, with a nonpolar surface, are created in the cyc
hexane phase. Here an equilibrium is established betw
their surface oxidation and reduction by O2 and HF, respec-
tively. Near pristine silicon colloidal particles are forme
whose oxidation,to a much lower level than the origina
oxide-coated particles, produces luminescence. These a
thors suggest that the orange-red PL occurs when collo
silicon particles carry only a limited component of oxidize
centers, and that the protonation state of these cen
strongly affects the luminescence. These results are also
sistent with the outlined model and cycling behavior whic
we have observed.

Finally, we have obtained over 100 near-field emissi
spectra under identical conditions and with a spatial reso
tion of 40 nm as a single probe was repositioned across a
sample domain of 15315mm2. All spectra were found to be
identical within the 2-nm spectral resolution of our syste
The close agreement of the near- and far-field emission sp
tra would appear to be inconsistent with models based
emission from nanocrystallites. In fact, it would seem th
the crystallite size distribution across the PS sample co
not be homogeneous on the scale of the NSOM probe s
that spectral variations due to absorption, emission, or b
would not be observed. From a quantitative basis, if we
timate the probed volume to be roughly 1024 mm3, the size
of the average nanocrystallite to be 5 nm, and a 75% por
ity, then each spectrum averages roughly 100 nanocrys
lites. With a spectral resolution of 2 nm and a total width
the spectra of nearly 200 nm, we would expect some va
tions in ensemble averaging with this type of spatial reso
tion if, in fact, nanocrystallites were responsible for the P
emission. However, it would not be surprising to monit
surface complexes with a homogeneous distribution on t
length scale. Masonet al. also showed that the broad natur
of the PL emission spectrum from PS is not a result of e
semble averaging from a large number of particles.23 In their
study, PS nanoparticles were isolated and spectrally analy
with PL emission spectra showing widths well over 100 n
as
e
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Thus, despite the spectral shifts from particle to particle, t
width of the individual spectral features indicate that~1! sur-
face species play a primary role in the light emission mech
nism, and~2! few particles would be necessary to ensemb
average into the homogeneously broadened spectra tha
observe. Thus we reference the work of Masonet al. in sup-
port of our conclusion that the energy structure of surfa
bound complexes must play a critical role in the light emi
sion process.

V. SUMMARY

A consideration of all of the above-mentioned experime
tal results and surface modeling suggests that the obser
far-field and NSOM PL emissions are strongly dependent
surface species. The data clearly suggest a strong dep
dence of the quantum efficiency and the nature of the o
served emission on the PS surface and the chemistry whic
undergoes.

To best explain the photoluminescence from PS, we ha
considered the fluorescence behavior of a number of in
vidual molecule-like or defect states. Dependent upon t
environment, the density and type of moleculelike fluor
phors on the surface will change, as will their respecti
selection rules. Each of these species has its own spec
absorption, and subsequent emission based largely upon
nature of its functional groups and its local environment. T
observed variations and qualitative behavior outlined he
are quite consistent with a moleculelike absorption and em
sion. Furthermore, our observations do not appear to be
plicable using the quantum confinement model.
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