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Potential role of silanones in the photoluminescence-excitation,
visible-photoluminescence-emission, and infrared spectra of porous silicon
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Ab initio molecular electronic structure calculations on select silanones, silylenes, and tricoordinated silicon
compounds SiXYZ with a dangling electron are presented. The calculations are used to evaluate the nature of
the electronic spectra, which are to be associated with surface-bound Si/O/H compounds. In concert, they are
used to suggest an explanation for the nature of the photoluminescence-excitation spectrum~PLE! and the
subsequent visible luminescence~PL! from porous silicon~PS! based on the optical properties of the silanone-
based oxyhydrides. In order to make this selection, we treat a set of compounds that includes the silanones
Si~O!H2, Si~O!H~OH!, Si~O!~OH!2, Si~O!H~OSiH3!, Si~O!H~SiH3!, Si~O!~OH!~SiH3!, Si~O!~SiH3!2, and
Si~O!~SiH3!~OSiH3!, the silylenes HSiOH, HOSiOH, and HOSiOSiH3, and the tricoordinated silicon com-
pounds SiH3, Si~OH!H2, Si~OH!2H, and Si~OH!3. The silanone-based oxyhydride structures containing either
an OH or OSiH3 group all display adiabatic ground-state singlet-excited-state triplet exciton separations in the
range close to 400 nm. This adiabatic energy is consistent with the vertical transition energies associated with
the PS excitation spectrum~PLE! as a large change in the SivO bond distance (;0.17 Å) accompanies the
transition from the silanone ground electronic singlet state to the low-lying triplet exciton~or its closely lying
singlet coupled configuration!. The maximum in the PLE spectrum, obtained through optical pumping from the
lowest vibrational levels of the ground electronic state to considerably higher levels of the triplet exciton
electronic state, should therefore be shifted to considerably shorter wavelength consistent with an absorption
spectrum peaking at 350 nm as observed by several researchers. A shift to larger internuclear distance in the
excited-state triplet exciton will also produce a considerable redshift in the PL emission spectrum relative to
the absorption-excitation wavelengths, again consistent with experimental observation. The calculated IR spec-
tra for thesilanone-basedoxyhydrides are also consistent with the observed Fourier transform IR spectra of
porous silicon. In clear contrast, neither the silylenes nor the tricoordinated silicon compounds with dangling
electrons can account for the excitation or emission features that are associated with PS as their lowest-lying
transitions result in minimal changes in bonding and/or occur at much higher energy~shorter wavelength!. The
results obtained in this study also suggest that surface passivation or the saturation of valency is incommen-
surate with the formation of the fluorophors that will produce the emission from PS.@S0163-1829~98!08619-6#
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I. INTRODUCTION

Electrochemically etched highly porous silicon~PS! wa-
fers have been the subject of great interest due to their ro
temperature visible-light emission observed as photolu
nescence~PL! upon excitation~PLE! with an appropriate
light source.1–3 While the PLE ~absorption! spectrum of a
prepared PS sample in air peaks at;350 nm, the resulting
visible PL spectrum occurs at considerably longer wa
length. Under the appropriate conditions, PS first displays
in situ ‘‘green’’ luminescence4,5 (;500– 600 nm) during the
early and intermediate stages of the etching process.
green luminescence then transforms to a final ‘‘orange-re
luminescence~600–800 nm! although it can be stabilized fo
extended periods with appropriate solvation.4,5 An intense
research effort over the past five years has focused on e
lishing the origin of this luminescence associated with a
emitter. Here, we examine the potential role of sel
surface-bound silicon oxyhydrides as a source of the
emission from porous silicon.
570163-1829/98/57~19!/12002~15!/$15.00
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It is believed that the luminescence from PS occurs a
near the silicon surface. The efficiency and wavelength ra
of the emitted light is strongly affected by the physical a
electronic structure of the surface and, forin situ observa-
tions, by the nature of the etching process.3,5 However, the
source of the PS luminescence is controversial. One pop
hypothesis asserts that the luminescence results from th
diative recombination of quantum-confined electrons a
holes in columnar structures or undulating wires.6–9 Support-
ing prima facieevidence for this model comes from Calco
et al.,6 who have reported phonon-assisted radiative p
cesses involving those phonons that are necessary to co
the electron valley states in crystalline silicon near theX
point, to G point hole states. Shuppler and co-workers,10,11

while questioning the existence of columnar structures
undulating wires, have reported on the size, shape, and c
position of luminescent species in oxidized silicon nanocr
tals, correlating their results with data on hydroge
passivated PS and also suggesting a quantum confine
model. A second explanation has focussed on the importa
12 002 © 1998 The American Physical Society
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of surface localized states, involving irregularly shaped sm
crystallites that are not perfectly passivated, wherein elem
tary excitations are first trapped prior to recombination.12,13

In analogy with the well-studied luminescence from am
phous silicon~a-Si-H!,14 the carriers, in the bound state
associated with reconstructed and disordered silicon in
boundary layer, are thought to recombine radiatively.

Yet a third explanation for the visible emission from p
rous silicon contends that the luminescence results from
presence of surface-confined molecular emitters. These
clude polysilane15 formed in the internal surface of the pore
or a molecular complex of silicon, oxygen, and hydrog
known as siloxane (Si6O3H6) and its derivatives.16–18By us-
ing the optical detection of magnetic resonance~ODMR!,
Stutzmann and co-workers16–18 have clearly established tha
the PS ‘‘red’’ emission results from a triplet state~triple
exciton! that is thought to phosphoresce. It is the close an
ogy of both the ODMR and optical excitation~PLE! and
photoluminescence spectra of PS and ‘‘annealed’’ silox
that led Stutzmann and co-workers16–18 to suggest this mol-
ecule as the origin of the PS photoluminescence. While
prima facieevidence is enticing, it may suggest a more ge
eral origin for the observed features in the form of the flu
rophors correlated with the formation of an SivO bond19

and associated with the silicon oxyhydrides formed a
bound to the PS surface. These bound oxyhydride fluo
phors are to be distinguished from surface adsorbates.20 In
fact, Stecklet al.21 have obtained evidence for the presen
of the silicon oxyhydrides in stain etched porous silicon th
films, correlating their observations with crystallinity an
photoluminescence. Further, in a study of the thermal ox
tion and nitrogen annealing of luminescent PS, Yanet al.22

have obtained evidence that residual hydrogen exists
1000 °C/10 min thermally oxidized PS film at least in t
form of SiOH.

We have carried out an extensive series
experiments5,19,23–25evaluating thein situ PL in both aque-
ous and nonaqueous media and establishing conditions u
which the porous silicon PL is stabilized,5,26 enhanced,5 or
quenched.5 These studies, coupled with the range of quant
chemical calculations that we discuss below, suggest24 that
the source of the PS photoluminescence might well co
spond to a silanone-based silicon oxyhydride strongly bo
to the PS surface. The detailed quantum chemical mode
that we report encompasses a sufficient set of compound
as to suggest a plausible and close correlation between
manifold of silicon oxyhydride triplet~and singlet! excited
states and the observedin situ green and final orange-red P
spectra characteristic of PS. The demonstrated change
bonding associated with electronic transitions involvi
these silanone-based oxyhydrides, especially the chang
the SiO-related bonds in transition, can readily explain
observed character of the PL spectra.

We find that the major changes associated with
lowest-energy transitions of these silicon oxyhydrides, es
cially those from the ground-state singlet to the lowest-ly
excited triplet state, involve a significant lengthening of t
Si-O bond. We demonstrate that the more commonly
served orange-red PL spectrum can result from silano
based oxyhydride structures containing either an -OH
OSiH3 functional group. These silanones, in particular, a
found to display an adiabatic ground-state singlet excit
ll
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state triplet exciton separation corresponding toladiabatic
;400 nm. Because of the substantial change in the SivO
bond distance, the peak in the PLE excitation spectrum,
volving significantly higher excited-state vibrational leve
should be shifted to considerably shorter wavelength, con
tent with the ;350-nm peak in the experimentall
observed27 spectrum for PS. In fact, the large shift in th
excited-state potentials relative to the ground state is a
consistent with a significant difference in the peak of t
PLE excitation spectrum (;350 nm) and the observed P
emission range~600–800 nm!. It is considered significan
that the locations of the unsaturated silanone-based ox
dride triplet states and the known peak wavelength of
porous silicon~PLE! excitation spectrum (;350 nm) ~Ref.
27! bear a clear resemblance to the known singlet-trip
splittings of the low-lying silicon monoxide intercombina
tion band systems.28

In order to better understand the electronic spectra of
silicon oxyhydrides and to obtain a sufficient data set t
can be used to examine their close correlation with the
ible luminescence from porous silicon, we have extend
three previous studies29–31 of the molecular electronic struc
ture 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 order to obtain a more complete model, we include in o
study the silanone-based Si~O!H~OSiH3!, Si~O!H~SiH3!,
Si~O!~OH!~SiH3!, Si~O!~SiH3!~OSiH3!, and Si~O!~SiH3!2
constituencies as models for sites present on the surface
etched silicon wafer, comparing the distinct behavior
these compounds to the appropriate silylene isomers. In
course of this study, we have also examined structures
volving a tricoordinated silicon with a dangling electron~sin-
gly occupied orbital!, including SiH3, Si~OH!H2, Si~OH!2H,
and Si~OH!3. We will establish that the analogs of thes
latter compounds and the silylenes as surface bound flu
phors cannot contribute to the observed PS photolumin
cence.

II. DETAILS OF THE CALCULATIONS

We have considerably expanded our previo
calculations,29,30 which were limited by available computa
tional resources to moderate-size basis sets. In the pre
study, we employ bothab initio molecular-orbital theory and
density-functional theory~DFT!. The calculations have bee
done with the program systems DGauss32 ~DFT calculations!
and Gaussian 94~Ref. 33! ~ab initio MO calculations!.
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!,
Si~O!~SiH3!~OSiH3!, and Si~O!~SiH3!2 were used as model
for the types of sites that would be expected to be presen
a hydrogen-passivated silicon surface34 undergoing oxida-
tion. Although cluster models such as these do not inclu
the long-range Coulomb effects present in the bulk, they
provide useful insights into the effect of changing the fun
tional groups that are attached to the silicon.

Geometries for the ground-state singlet structures w
initially optimized by using polarized triplez valence basis
sets35 at the local DFT level. Second derivative calculation36

on the optimized structures showed them to be minima.
ometries for the first excited triplet state of a selection of
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TABLE I. Si~O!H2 optimized geometry parameters. Bond distances in Å and bond angles in
degrees.

Molecule Method r (SivO) r (Si-H) ,(H-Si-H) ,(H-Si-O)

Ground state MP2/DZP 1.545 1.470 111.2 124.4
Ground state LDFT/TZVP 1.534 1.505 112.3 123.9
Excited triplet MP2/DZP 1.700 1.478 111.8 105.6
Excited singlet MP2/DZP 1.705 1.476 112.2 106.0
Excited triplet LDFT/TZVP 1.626 1.546 102.9 102.0
Th
lar

a
fo

on
n

m

an
i
d
I

ive

th

ha
r

or
t

n
ts
th

by
ity
t

g
.

T
try
t

i-

.6°
es-
he
ifi-
m
a

i-O

two
he
ose
-

ble
pe-

c-

gest
in-

H,
tes
-
nor
es-
ed
sil-
oxy-
H
-O
f a
of

his
the
ate
molecules considered were also optimized at this level.
optimum DFT geometries were then used in molecu
orbital calculations at the MP2 level37 with a polarized
doublez basis set.38 The geometries were again optimized
the MP2/DZP level and frequency calculations were done
these optimized geometries. The open shellab initio MO
calculations were carried out using the UHF formalism.

Higher-order correlation calculations were done
Si~O!H2 at the optimized geometries. These calculatio
were done at the CCSD(T) level39 with a triple z basis set40

augmented by two sets of polarization functions on all ato
and by f functions on the heavy atoms.

III. RESULTS

A. Evaluation of calculated structures

Geometries of ground-state structures.The important
geometric parameters for the ground electronic state
low-lying electronic states of silanone are summarized
Table I. The SivO bond lengths of the ground and excite
triplet states of the various silanones are given in Table
Details of the geometries of the remaining species are g
as supplementary material~see Ref. 71!. The optimized
structures are depicted in Fig. 1.

Effect of change in substituent bound to silicon on
ground-state SivO bond. We first consider~Table II! the
effect which the changing of a substituent on the silicon
on the SivO bond length. The substitution of an OH o
OSiH3 for hydrogen~H! produces an;0.008 Å decrease in
the SivO bond length while substitution of a second OH
OSiH3 produces no significant change. The replacemen
hydrogen with SiH3 produces a lengthening of the SivO
bond and the combined effect of replacing one H by OH a
the other by SiH3 leads to a near cancellation of the effec
due to the substituent. There is essentially no effect on
SivO bond length if the H in an OH group is substituted
an SiH3 group. The results obtained by using a local-dens
functional treatment~LDFT! are similar to those obtained a
the MP2 level with the SivO bond found to be;0.01 Å
shorter at the LDFT/TZVP level. The SivO bond lengths
determined at the MP2 level are shorter than Si-O sin
bonds tosp2 or sp3 Si by ;0.1 and 0.15 Å, respectively
The LDFT calculations indicate similar trends.

Formation of excited triplet state—validity of the LDF
method. In order to examine the nature of the geome
changes that occur on formation of the excited triplet sta
we focus on the model compound Si~O!H2. We find that the
formation of the first excited triplet (3A9) state of this mol-
ecule leads to a significant increase in the SivO bond length
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to 1.700 Å ~Table I—MP2/DZP!. The silanone molecule is
no longer planar withC2v symmetry but now has a pyram
dal structure with onlyCs symmetry~Fig. 1!. The O-Si-H
bond angle closes down by almost 20° from 124.4° to 105
in the triplet. In contrast, the H-Si-H bond angle shows
sentially no change in the transition from the singlet to t
triplet. The change in Si-O bond length, which is a sign
cant 0.15 Å, is consistent with the formation of a Si ato
with sp3-type bonding and compares with predictions for
single Si-O bond in compounds with an SiH3O group ~see
supplementary material71!. Only a slight increase in the Si-H
bond length is predicted as the triplet is formed.

The results obtained for the low-lying3A9 state of sil-
anone at the LDFT level~Table I-LDFT/TZVP! predict a
considerably different structure. The SivO bond is found to
lengthen by only 0.09 Å and appears to be more like an S
single bond to ansp2 Si. The Si—H bonds show a signifi-
cant 0.04 Å increase. The calculated bond angles at the
levels of calculation also show significant differences. T
H-Si-O bond angles at the LDFT level are smaller than th
predicted by theab initio MO results by 3.7° and the calcu
lated H-Si-H angle is 10° smaller at the LDFT level.This
suggests that the LDFT method is not predicting a relia
structure for the geometries of the triplet states of these s
cies.

Low-lying excited singlet state of silanone. As we have
discussed previously,29 there is a1A9 excited state that lies a
few kcal/mol above the3A9 state with the same basic ele
tronic configuration. Geometry optimization of the1A9 ex-
cited state at the MP2/DZP level~Table I! yields a structure
that is essentially the same as the triplet structure. The lar
geometry change corresponds to the Si-O bond, which
creases by 0.005 Å as compared to the triplet.

Transformation to silylene isomers. Previously,29 we indi-
cated concern with the nature of the silylene isomer, HSiO
and where it lies energetically with respect to various sta
in the Si~O!H2 manifold. However, we were not able to ob
tain a reliable energy difference between the two isomers
were we able to calculate the vibrational frequencies to
tablish the geometry of the silylene. We have now optimiz
the geometries of the silylenes obtained from several
anones by a rearrangement that leads to the insertion of
gen~O! into either an Si-H or Si-Si bond, forming the Si-O
or Si-OSi bonds. The insertion into an Si-O to form an O
bond was not studied as this leads to the formation o
higher-energy peroxide. The lowest-energy configuration
the silylenes is a singlet and we have optimized both t
ground-state singlet and the first excited state triplet at
MP2/DZP levels. The geometry of the singlet ground-st
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FIG. 1. DZP/MP2 optimized geometries for ground-state and first excited triplet state silanones.
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HSiOH is planar withCs symmetry. The Si-O bond length i
1.680 Å and is much like an Si-O single bond to ansp3 Si.
The H-Si-O bond angle is 94.4°, consistent with that e
pected for a singlet silylene~90°!.41 The Si-H bond length is
1.509 Å, almost 0.04 Å longer than the bond length
Si~O!H2. The geometry of the triplet is not planar but has
H-Si-O-H dihedral angle of 94.2°. The H-Si-O angle i
creases to 117.3°, as expected in the formation of tri
silylene. The Si-O bond length remains essentially the sa
as that in the singlet while the H-Si bond length is only 0.0
Å longer than that in Si~O!H2. The rotated triplet is 2.4
kcal/mol more stable than the planar triplet at the UMP
DZP level.
-

t
e

8

/

Two other silylenes were studied. They are HOSiOH a
HOSiOSiH3, which can be formed from eithe
Si~O!H~OSiH3! or from Si~O!~OH!~SiH3!. Both these si-
lylenes in the triplet state have dihedral angles about
Si-O bonds close to 90°.

SivO bond lengths in the excited state of silanone. We
have evaluated the SivO bond lengths for the silanones an
their substantial increase in the transition from the grou
state singlet to the lowest-lying triplet state. These results
summarized in Table II. By far the largest change in bo
length during transition occurs for the SivO bond. By con-
trast, Table III demonstrates much smaller changes for
Si-Si bond lengths of the appropriate compounds.
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Because of the problems inherent in the LDFT descript
of the Si~O!H2 triplet state, we discuss only the results
geometry optimizations for the remaining triplets at the M
level. The optimized geometries all demonstrate that
original SivO bond is significantly lengthened in the triple
Rather than the shortening of the SivO bond predicted for
the ground state, the substitution of H by OH or OSiH3 leads
to an increase in this bond close to 0.01 Å over that in
triplet of Si~O!H2. The substitution of SiH3 for H does lead
to a slightly shorter Si-O bond by about 0.005 Å,
Si~O!HSiH3 and by 0.02 Å in Si~O!~SiH3!2. Thus, if the sili-
con is bonded to an oxygen, the change in the SivO bond
length on excitation is larger than if the silicon is bonded
hydrogen or silicon.

B. Energetics

Evaluation of ground-state–excited triplet separations fo
Si(O)H2. In order to evaluate the predicted single

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

Molecule
r (Si—O)

singlet
r (Si—O)

triplet
Dr (Si—O)

Si~O!H2 1.545 1.700a 0.155
Si~O!H~OH! 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
Si~O!~OSiH3!~SiH3! 1.543 1.712 0.169

aBond length for the excited singlet is 1.705 Å. See text for disc
sion.
n

e

e

triplet transition energy for the variety of species conside
in this study and to establish the validity of the energ
calculated for the singlet and triplet states, we improved
level of correlation treatment~n-particle space! for Si~O!H2
to CCSD(T) and the basis set~one-particle space! to triple z
with two additional polarization functions~TZ2PF!. The to-
tal energies are given in Table IV whereas scaled ene
differences, as discussed below, are given in Table V.

We predict that the H2Si~O! triplet lies 61.1 kcal/mol
~2.65 eV! above the ground-state singlet with calculatio
done at the CCSD(T)/TZ2PF level. This should be com
pared to 66.1 kcal/mol~2.87 eV! and 67.1 kcal/mol calcu-
lated at the MP2/DZP level with and without sp
projection.42 Thus the lower-level calculations provide a re
sonable estimate of the singlet-triplet excitation energy a
can be used to suggest regions where the singlet-triplet
sorption ~PLE! and emission~PL! spectra should be ob
served.

Some insight into the effective cancellation of errors f
the singlet-triplet separation at the MP2/DZP level of d
scription can be obtained by comparing the various splittin
at different correlation levels for larger basis sets. The MP
TZ2PF @DE(S-T)571.6 kcal/mol) and PMP2/TZ2PF
@DE(S-T)570.2 kcal/mol) energy differences are actua
larger than the MP2/DZP value. The MP4SDQ/TZ2PF va

TABLE III. 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 20.003
Si~O!~OSiH3!~SiH3! 2.341 2.373 0.032

-

TABLE IV. Total energies~a.u.! for silanones and silylenes.

MP2/DZP
Molecule E ~singlet! E ~triplet! UMP2 E ~triplet! PMP2 DZPEa

Si~O!H2
b 2365.221408 2365.114467 2365.116249 1.04

Si~O!H~OH! 2440.350361 2440.225566 2440.227363 1.44
Si~O!~OH!2 2515.468765 2515.342779 2515.344503 2.05
Si~O!H~SiH3! 2655.398781 2655.296428 2655.298534 0.73
Si~O!H~OSiH3! 2730.563994 2730.442303 2730.444090 1.26
Si~O!~OH!~SiH3! 2730.530277 2730.404778 2730.406914 1.32
Si~O!~SiH3!2 2945.578548 2945.481976 2945.484351 0.35
Si~O!~OSiH3!~SiH3! 21020.744757 21020.621996 21020.624170 1.16
HSiOH 2365.218479 2365.161362 2365.161872 0.61
Si~OH!2 2440.356398 2440.259291 2440.259873 0.25
SiH3OSiOH 2730.575351 2730.473305 2730.473843 0.31

CCSD~T!/TZ2PF
Molecule E ~singlet! E ~triplet! E ~excited singlet!

Si~O!H2 2365.354 035 2365.256 633 2365.252 546
HSiOH 2365.358 493 2365.295 648

aZero-point energy difference between the singlet and the triplet in kcal/mol.
bSi~O!H2 ~excited singlet! UMP252365.110 343; PMP252365.117 422;DZPE50.74 kcal/mol.
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@DE(S-T)561.0 kcal/mol) is almost the same as t
CCSD(T)/TZ2PF value whereas the CCSD/TZ2PF val
@DE(S-T)557.7 kcal/mol) is 3.4 kcal/mol too low. The vi
brational correction to the3A921A9 energy difference is 1.0
kcal/mol, lowering the splitting, so that the adiabatic ene
difference is 60.1 kcal/mol corresponding to a transiti
wavelength of 475 nm. The singlet-singlet vibrational co
rection is 0.8 kcal/mol giving an adiabatic energy differen
of 62.9 kcal/mol which corresponds to a transition wav
length of 454 nm. In contrast to our previous calculations29

where we predicted a3A9-1A9 energy difference of 4.6
kcal/mol, the H2Si~O! excited-state singlet is predicted to b
2.6 kcal/mol (;0.1 eV) above the triplet at the
CCSD(T)/TZ2PF level of description. A similar differenc
of 2.6 kcal/mol is predicted at the UMP2/DZP level althou
the use of spin projection42 at the MP2 level predicts that th
singlet lies below the triplet. This indicates that the spin p
jection approximation should not be used to evaluate
excited singlet-triplet splitting.

Relative energetics of the silanone@H2Si(O)# and si-
lylene (HSiOH) isomers. Although we were unable
previously29 to establish the energy difference between
silylene and silanone isomers, we can now reliably pred
this energy difference. Singlet silylene HOSiH, is predict
to be 2.8 kcal/mol more stable than silanone Si~O!H2 at the
CCSD(T)/TZ2PF level. If we include a zero-point correc
tion, we lower this difference to 1.2 kcal/mol or 420 cm21.
The MP2/DZP energies differ by;1.8 kcal/mol predicting
the silanone to be slightly more stable than the silylene.
the MP2/TZ2PF level, the silanone is again predicted to
1.8 kcal/mol more stable than the silylene. Calculations
the MP4SDQ/TZ2PF level suggest a 2.6 kcal/mol separat
essentially the same as the CCSD(T) description. The CCSD
result, 4.4 kcal/mol, favors the silylene by too great an
tent. The stability of the silylene results from the stability

TABLE V. Ground-state singlet-excited triplet energy sepa
tions @DE(S-T)# for silanones. See footnote a.

Molecule
DE(S-T)
kcal/mol

DE(S-T)
eV

;lAdiabatic

~nm!

Si~O!H2
a 60.1 2.65 475

Si~O!H~OH!a 70.9 3.07 403
Si~O!~OH!2

a 71.0 3.08 402
Si~O!H~OSiH3!

a 70.3 3.05 406
Si~O!~OH!~SiH3!

a 71.2 3.09 401
Si~O!H~SiH3!

a 57.3 2.48 499
Si~O!~SiH3)2

a 53.9 2.34 530
Si~O!~SiH3!~OSiH3!

a 69.6 3.02 411
HSiOHb 38.4 1.66 744
Si~OH!2

b 64.2 2.78 445
SiH3OSiOHb 67.3 2.92 424

aCalculated at the spin projected MP2/DZP level including ze
point energy corrections. A correction factor of24.9 kcal/mol was
applied to the MP2/DZP energy splittings based on
CCSD~T!/TZ2PF calculations ofDE(S-T) for Si~O!H2.

bCalculated at the spin projected MP2/DZP level including z
point energy corrections. A correction factor of 3.9 kcal/mol w
applied to the MP2/DZP energy splittings based on
CCSD~T!/TZ2PF calculations ofDE(S-T) for HSiOH.
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the Si-O and O-H single bonds. These should be compare
the stability of the SivO p bond and the Si-H bond in sil
anone. Because the former bonds are significantly stron
than the latter, the formation of silylene is slightly favored

The silylene triplet is predicted to lie only 39.4 kcal/m
(;1.7 eV) above ground-state singlet silylene at t
CCSD(T)/TZ2PF level. This is consistent with the energ
differences observed in other silylenes.41 The zero-point cor-
rection is 1.1 kcal/mol, which lowers the singlet-triplet spl
ting to 38.4 kcal/mol. This corresponds to a transition wa
length near 744 nm. The silylene triplet is 37.2 kcal/m
above the silanone ground-state singlet, suggesting an a
batic transition wavelength near 768 nm. The MP2/D
singlet-triplet energy difference is 35.5 kcal/mol, again
reasonable agreement with the more accurate calculatio

Relative energetics of silanoic acid [Si(O)H(OH)] an
HOSiOH. Silanoic acid is obtained by the substitution of O
for H in silanone. The calculated singlet-triplet excitatio
energies for silanoic acid are 78.3 kcal/mol at t
UMP2/DZP level, 77.2 kcal/mol at the PMP2/DZP leve
81.4 kcal/mol at the PMP2/TZ2PF level, and 72.1 kcal/m
at the MP4SDQ/TZ2PF level. We apply a correction fac
from the calculations on Si~O!H2 based on the energies ca
culated at the PMP2/DZP and CCSD(T)/TZ2PF levels
of description. This value of 4.9 kcal/mol applied
Si~O!H~OH! suggests a singlet-triplet splitting of 72.3 kca
mol in good agreement with the calculated MP4SDQ/TZ2
value. The zero-point correction@D~ZPE!# is 1.44 kcal/mol
suggesting a final energy difference of 70.9 kcal/mol wh
corresponds to a transition wavelength of;403 nm. We can
also estimate that the transition to the excited singlet will
at ;382 nm@using the excited singlet-triplet splitting of 2.
kcal/mol from the CCSD(T)/TZ2PF calculation on
Si~O!H2#.

We find that the silylene, HOSiOH, is more stable th
the silanone Si~O!H~OH! by 3.8 kcal/mol at the MP2/DZP
level. TheD~ZPE! correction of 1.2 kcal/mol lowers the en
ergy difference to 2.6 kcal/mol. For HSiOH and Si~O!H2, the
difference between the MP2/DZP and CCSD(T)/TZ2PF val-
ues is 4.6 kcal/mol. This suggests that the MP2/DZP leve
description underestimates the stability of the silylene. Th
we suggest that the silylene HOSiOH is 7.2 kcal/m
(2520 cm21) more stable than the silanone Si~O!H~OH!. The
singlet-triplet splitting in the silylene is 60.9 kcal/mol~2.64
eV! at the UMP2/DZP level and 60.6 kcal/mol at th
PMP2/DZP level. The inclusion of zero-point effects w
lower this difference by only 0.25 kcal/mol. Again it is im
portant to note that the triplet is not planar. Thus the sing
triplet energy difference is notably larger than the splitting
HSiOH consistent with the singlet-triplet energy differenc
predicted41 for HSiF ~37.7 kcal/mol! and SiF2 ~73.5
kcal/mol!. By using the MP2-CCSD(T) difference of 3.9
kcal/mol found for HSiOH, we estimate that the single
triplet energy difference is 64.2 kcal/mol, corresponding t
transition wavelength of;445 nm. With these estimate
values, we predict the singlet silanone to triplet silylene tra
sition at ;501 nm (57 kcal/mol'2.47 eV) and the single
silylene to triplet silanone transition at;366 nm ~78 kcal/
mol'3.38 eV!.

Energetics of Si(O)(OH)2. The substitution of a secon
OH group for H to form Si~O!~OH!2 does not substantially
change the singlet-triplet splitting. The triplet is predicted
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be 78.0 kcal/mol above the singlet and theD~ZPE! correction
lowers this energy to 75.9 kcal/mol. Applying a correcti
factor of 4.9 kcal/mol to the singlet-triplet splitting as d
scribed above, we predict a wavelength of;402 nm for the
singlet-triplet transition. By applying a correction factor
2.6 kcal/mol, we predict the singlet-singlet transition wav
length at ;388 nm. The calculated values are similar
those for silanoic acid suggesting that the dominant effec
the transition energy results from the first OH substitue
Because the formation of the silylene results in the crea
of a weak peroxide bond, we have not examined this str
ture.

Energetics of Si(O)H(OSiH3) and Si(O)(OH)(SiH3)
and conversion to the silylene isomer(SiH3OSiOH). In or-
der to better model what might be occurring on a poro
silicon we have substituted SiH3 for H to form
Si~O!H~OSiH3! and Si~O!~OH!~SiH3!. These isomers differ
in energy by 21.2 kcal/mol at the MP2/DZP level. The ze
point energy correction increases this to 21.8 kcal/mol w
the lower-energy isomer being Si~O!H~OSiH3!, the com-
pound that does not possess a Si-Si bond.
Si~O!H~OSiH3! the triplet is 75.2 kcal/mol above the singl
at the MP2/DZP level with the zero-point correction lowe
ing this to 74.0 kcal/mol. If we again use a correction fac
of 4.9 kcal/mol, the energy of the triplet is predicted to
70.3 kcal/mol, corresponding to a transition wavelength
;406 nm. By using an excited singlet-triplet splitting of 2
kcal/mol ~from above!, we suggest a wavelength o
;392 nm for the singlet-singlet transition. Fo
Si~O!~OH!~SIH3!, the triplet is 77.4 kcal/mol above the sin
glet. The zero-point correction lowers this to 76.1 kcal/m
The 4.9 kcal/mol correction factor leads us to predict that
singlet-triplet transition wavelength is;401 nm. The
singlet-singlet transition wavelength is estimated
;387 nm~using a 2.6 kcal/mol correction!.

These two silanone isomers both isomerize to the sa
silylene, SiH3OSiOH. The silylene is again predicted to b
more stable than either of the silanone isomers. The silyl
is more stable than Si~O!H~OSiH3! by 7.1 kcal/mol at the
MP2/DZP level. This reduces to 5.8 kcal/mol if zero-po
effects are included. The isomer, Si~O!~OH!~SiH3!, is 28.3
kcal/mol less stable than the silylene. Zero-point effe
lower this difference to 27.6 kcal/mol. The silylene tripl
lies 63.7 kcal/mol above the ground singlet. This reduce
63.4 kcal/mol when zero-point effects are included. We
ply a correction factor of 3.9 kcal/mol based on t
CCSD(T)-MP2 energy difference for HSiOH, to estimate
wavelength close to 425 nm for the singlet-triplet transiti
of the silylene. The predicted transition is in a similar wav
length region to that estimated for the silylene Si~OH!2. The
transition energies for these isomers are summarized
Fig. 2.

Energetics of Si(O)H(SiH3). We have also substitute
SiH3 directly for H in Si~O!H2 to form Si~O!H~SiH3!. The
singlet-triplet energy at the MP2/DZP level for this com
pound is 62.9 kcal/mol. This value is lowered to 62
kcal/mol when zero-point effects are included. An applic
tion of the usual correction factor leads to the prediction o
transition wavelength close to 499 nm for the adiaba
singlet-triplet transition.

Energetics of Si(O)(SiH3)2. The addition of a second
SiH3 group leads to Si~O!~SiH3!2 involving the bonding of
-
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two silicon atoms to a third. The singlet-triplet energy at t
MP2/DZP level for this compound is 59.1 kcal/mol, whic
with the zero-point correction, yields 58.8 kcal/mol. Th
value is lowered to 53.9 kcal/mol by applying the 4
kcal/mol correction factor outlined previously. We thus es
mate an adiabatic singlet-triplet transition wavelength clo
to 530 nm.

Energetics of Si(O)(SiH3)(OSiH3). Substitution of the
H in Si~O!H~OSiH3! with an SiH3 group leads to a sligh
redshift of 5 nm. A similar small redshift of 10 nm is pre
dicted if SiH3 is substituted for H on the OH in
Si~O!~OH!~SiH3!. The predicted transition for
Si~O!~OSiH3!~SiH3! is obtained from a singlet-triplet split
ting of 75.7 kcal/mol at the MP2/DZP level, applying both
zero-point correction of 1.2 kcal/mol and the 4.9 kcal/m
correction factor outlined above. If Si~O!~SiH3!~OSiH3! is
considered to be formed from the insertion of an O into
Si-Si bond in Si~O!~SiH3!2, a much larger blueshift of 119
nm is predicted.

Tricoordinated silicon with a dangling electron.As we
evaluate possible surface bound silicon-based emitters,
must also consider the possible contribution of tricoordina
silicon centers, SiXYZ, which possess a dangling electro
Excitations of the singly occupied electron or from fully o
cupied orbitals into its singly occupied orbital could occur
sufficiently low energies so that emission from the result
excited states might contribute to the observed spectral
tures. We model this site with a silicon coordination rangi
from SiH3 to Si~OH!3 with the progressive replacement o
hydrogen by an OH ligand.

Geometries for SiH3, Si~OH!H2, Si~OH!2H, and Si~OH!3
were optimized at the DFT level as described previous
Vibrational frequencies were calculated to demonstrate
the structures correspond to minima.43 Excited-state energie
were calculated at these minimum geometries using the c
figuration interaction singles~CI-singles! method where the
excited states are modeled as single excitations from
Hartree-Fock ground state.44 Six states were determined b
using this CI-singles approach. We first benchmarked
method with the molecule SiH3, for which experimental data
is available. TheA-X transition for SiH3 has been observe
in the region 205–250 nm.45 Energies were initially calcu-
lated with the augmented polarized triplez basis set~TZ2PF!
described above for Si~O!H2. The results are presented
Table VI. The lowest excitation energy is associated with
degenerate excitation at 204 nm~6.07 eV! located in the
same region as the experimental spectrum. We then us

FIG. 2. Schematic of transition energies of the isom
Si~O!H~OSiH3!, Si~O!~OH!~SiH3!, and SiH3OSiOH. All transition
energies correspond to adiabatic transitions between minima o
ground and excited state potentials and include zero-point en
corrections. Values in parentheses are transitions that do not o
nate from the ground-state silylene.
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smaller basis set, the polarized doublez basis set describe
above, augmented by a diffuse function on H and a diffu
set of p functions on Si and O. For SiH3, the excitation
energy of the lowest-energy transition is predicted to be
nm ~6.14 eV! in excellent agreement with the results o
tained with the larger basis set. We thus have used this b
set for the remaining silyl radical calculations. The resu
catalogued in Table VI show that substitution of the first O
for H lowers the adiabatic transition energy to 4.84 eV~256
nm! but that subsequent substitution of the H by OH rai
the transition energy. The full substitution of three OH
yields a transition energy of 6.19 eV~200 nm!, essentially
the same as that for SiH3. These results suggest that SiXYZ
radical species cannot account for the observed transitio

Excited singlet-triplet energy splittings for silylenes. We
have calculated the excited singlet-triplet energies for
silylene structures considered above and summarized
Table V. The electron configuration for the triplet sta
which corresponds to an in-plane and out-of-planep orbital
valence combination can also be coupled as a singlet.
estimate the energy of the singlet, we make use of the ge
etry of the triplet, which is very close to that of the ope
shell singlet, and calculate the triplet wave function at
restricted open-shell HF~ROHF! level. We then use this

TABLE VI. Calculated adiabatic transition wavelengths in n
and energies~eV! for SiXYZ silyl radicals. The symbole after a
transition denotes that it is doubly degenerate.

Molecule Transition 1 Transition 2 Transition 3

SiH3 ~TZ2PF! 204 ~6.07! e 198 ~6.25! 197 ~6.30! e
SiH3 202 ~6.14! e 196 ~6.32! e 196 ~6.34!
Si~OH!H2 256 ~4.84! 210 ~5.91! 196 ~6.33!
Si~OH!2H 233 ~5.33! 214 ~5.80! 200 ~6.19!
Si~OH!3 200 ~6.19! 196 ~6.31! 187 ~6.65!
e
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wave function to calculate the energy of the excited single
the two-configuration level for an open-shell singlet. For p
nar HSiOH we determine a value for this splitting of 44
kcal/mol in excellent agreement with our previous result
44.6 kcal/mol. The planar structure for the triplet is not
minimum. This structure is 2.4 kcal/mol above the twist
structure at the MP2 level. Although we have not obtain
convergence to the correct open-shell singlet state, the c
bination of results obtained for both HSiOH and HOSiO
~see below! suggest that the triplet-singlet open-shell sp
ting is not dependent on the torsion potential. Thus we
estimate that the open-shell singlet is 83.3 kcal/mol~343 nm!
above the singlet ground state of the silylene. For
HOSiOH silylene, the planar structure for the triplet is 8
kcal/mol above the twisted structure. The singlet-triplet sp
ting for the planar structure is 61.9 kcal/mol whereas that
the twisted structure is 62.3 kcal/mol. We thus estimate t
the open-shell singlet is 126.5 kcal/mol~158 nm! above the
ground-state singlet. These calculated energies suggest
the silylene moiety is unlikely to be involved in the observ
PS luminescence unless there are pathways for conve
between the silylenes and the silanones.

Summary of energetics and substituent effects.We have
found that the substitution of SiH3 for H has only a small
effect on the singlet-triplet transition energies for tho
model silicon oxyhydride compounds we have considered
much larger effect results when H~or SiH3! are replaced by
an OH or OSiH3 group leading to a significant blueshift fo
the singlet-triplet transition and a predicted adiabatic tran
tion energy that~1! is very similar for each of the compound
and ~2! is quite consistent with the observed peak in t
porous silicon excitation~PLE! spectrum.

C. Frequencies

The calculated vibrational frequencies for Si~O!H2 are
given in Table VII. The assigned SivO stretch is evaluated
t the

TABLE VII. Vibrational frequencies~n in cm21! and infrared intensities~I in km/mol! for the ground

state of Si~O!H2 at the MP2/DZP and DFT/TZVP levels and the excited-state triplet and singlet a
MP2/DZP level.

Ground state

Sym n I n I
Approximate
assignments

DZP/MP2 DFT/TZVP

a1 2345 53 2127 23 Si-H sym str
1182 55 1197 67 SivO str
1065 61 977 31 H-Si-H bend

b1 2354 166 2132 102 Si-H asym str
706 70 676 41 H-Si-H in-plane rock

b2 728 80 693 35 out-of-plane bend

Excited states
triplet ~DZP/MP2! singlet ~DZP/MP2!

a8 2275 38 2297 44 Si-H sym str
929 84 930 88 H-Si-H bend
860 122 854 139 SivO str 1H-Si-H bend
745 25 760 24 out-of-plane bend~inversion!

a9 2311 134 2330 120 Si-H asym str
534 42 691 80 H-Si-H in-plane rock
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12 010 57JAMES L. GOLE AND DAVID A. DIXON
as 1182 cm21 at the DZP/MP2 level and as 1197 cm21 at the
DFT/TZVP level. These values compare favorably with t
frequencies measured by Withnall and Andrews46 suggesting
that only a minimal correction factor should be applied.

The SivO stretching frequencies for the substituted s
anones are given in Table VIII and all of the frequencies
the model compounds Si~O!~OH!~SiH3! and
Si~O!~OSiH3!~SiH3! are given in Table IX. The frequencie
for the remaining compounds are reported in the supplem
tary material~see Ref. 71!. The substitution of OH for H
leads to an increase of 62 cm21 in n(SivO) to 1244 cm21 at
the MP2/DZP level. When a second OH replaces hydrog
this raises the SivO stretching frequency by anothe
32 cm21 to 1276 cm21. The replacement of H with SiH3 in
Si~O!H2 leads to a decrease of 30 cm21 in the SivO stretch,
yielding a value of 1150 cm21. The substitution of the hy-
droxyl H with SiH3 in Si~O!H~OH! to yield Si~O!H~OSiH3!
also does not change the SivO stretch by more than a few
cm21; however, the substitution for the H on Si to yield th
isomer, Si~O!~OH!~SiH3!, lowers the SivO stretch by
22 cm21. Substitution of the H on the OH in
Si~O!~OH!~SiH3! by SiH3 leads to only a very small chang
in the SivO stretching frequency, an increase of 3 cm21.
Thus the changes in the ground-state SivO stretch fre-
quency upon substitution are modest and we expect to
serve a reasonably intense SivO stretch in the range o
1150– 1275 cm21.

As we compare the excited-state frequencies for Si~O!H2
given in Table VII with those of the ground state, we fin
only small differences between the frequencies of the trip
and excited-state singlet. We thus consider only the chan
between the ground-state singlet and the excited-state tr
in the following discussion. The Si-H stretch in the excite
state triplet is predicted to decrease by between 50
75 cm21 from that of the ground state. Most importantly, th
SivO stretch decreases significantly in the excited s
from 1182 to 860 cm21, consistent with the formation of a
much longer Si-O excited state bond. The HSiH in-pla
rock decreases by almost 200 cm21. The only frequency tha
does not show a significant change is the out-of-plane be
Similar comments can be made regarding the remaining
anones.

The silylene frequencies are given as supplementary
terial ~see Ref. 71!. The simplest silylene, HSiOH has a

TABLE VIII. Vibrational frequencies~n in cm21! and infrared
intensities~I in km/mol! for the ground-state SivO stretches in the
substituted silanones at the MP2/DZP and DFT/TZVP levels.

Molecule

n I n I

DZP/MP2 DFT/TZVP

Si~O!H2 1182 55 1197 67
Si~O!H~OH! 1244 135 1245 147
Si~O!~OH!2 1276 173 1275 194
Si~O!H~OSiH3! 1247 197 1245 185
Si~O!~OH!~SiH3! 1222 85 1224 117
Si~O!H~SiH3! 1150 26 1178 67
Si~O!~SiH3!2 1125 17 1165 62
Si~O!~SiH3!~OSiH3! 1225 126 1220 175
-
r

n-

n,

b-

t
es
let
-
d

te

e

d.
il-

a-

Si-O stretch at 860 cm21 comparable to that of the excite
triplet state of Si~O!H2. This stretching frequency change
very little in the excited triplet~;40 cm21 increase!. When
OH groups form the silylene, the symmetric component
the Si-O stretch combines with the H-O-Si bend yielding
splitting close to 80 cm21, the resulting bands being 904 an
824 cm21. The asymmetric Si-O stretch combination is th
at 881 cm21, within the same frequency range as that fou
for HSiOH.

IV. DISCUSSION

The silanone-based oxyhydrides and the PS photolu
nescence.The calculations outlined above provide significa
insight into the electronic properties of the silanones a
silylene-based oxyhydrides, their excitations, and their
tential behavior as fluorophors, bound to a PS surface, wh
can be associated with the photoluminescence from po
silicon. We have broadly covered the types of substitue
expected at an SivO center on a silicon surface and we ha
included other potential types of molecular emitters such
silylenes and silyl radicals. Those ‘‘best-fit’’ silanone-bas
oxyhydride structures, the transitions of which are summ
rized in Table V, which contain either an OSiH3 or OH
group bound to an SivO functionality, all display adiabatic
singlet-triplet separations in the range very close to 400 n
Coupled with the large shift in the excited-state triplet vers
ground-state singlet SivO bond distances~outlined in Table
II and diagrammed schematically in Fig. 3! and the expected
similar character of the corresponding singlet-coupled
anone excited state, which lies only slightly higher in ener
these calculations predict that the maxima in the PLE sp

FIG. 3. Schematic diagram of silanone ground-state singlet
excited-state singlet and triplet potentials showing the origin of
substantial difference in photoluminescence excitation~PLE! and
subsequent photoluminescence~PL! emission energies.
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trum corresponding to a vertical excitation at room tempe
ture, from the lowest levels of the ground electronic sing
state to relatively higher vibrational levels of the low-lyin
triplet state, will be shifted to considerably shorter wav
length than the;400-nm wavelength corresponding to th
adiabatic energy separation. The peaking of the PLE~exci-
tation! spectrum at;350 nm, which has been observed
several researchers,12,27 is therefore completely consisten
with the expected behavior of the silanone-based oxy
dridelike fluorophors of the form OvSi~OH!- or
OvSi~OSiH3!- bound to the PS surface. Further, the lar
shift in the excited triplet state should result in vertical tra
sitions in emission that lead to a considerable redshift of
PL emission spectrum~;500– 550, 600–800 nm! relative to
the excitation wavelength, again completely consistent w
observation.5~a! The calculated properties for the ground a
low-lying triplet states of the silylenes are in distinct co
trast. Not only are their singlet-triplet absorption spec
shifted to considerably longer wavelength but also they
dergo ~relatively! much smaller changes in bond length
the process of transition. Therefore, their absorption
emission spectra should be in very similar wavelength
gions. We again emphasize that the locations of the silano
based unsaturated silicon oxyhydride excited triplet sta
and the known peak wavelength of the porous silicon~PLE!
excitation spectrum (;350 nm) ~Ref. 27! both bear a clear
resemblance to the known singlet-triplet splittings of t
low-lying silicon monoxide intercombination ban
systems.28

The fluorophors that we suggest as possible sources o
porous silicon PL can represent localized centers that wo
be similar in form to the localized surface defects~or centers!
associated by Prokes and co-workers3,47 with the region of
the PS surface from which the ‘‘orange-red’’ PL originate
Prokes and co-workers have considered and modeled the
of interfacial oxide-related defects in the form of nonbrid
ing oxygen-hole centers~NBOHC’s!. These luminescen
sources have also been suggested, more recently, by
researchers.48

The close coincidence of the geometries of the triplet
citon and the slightly higher-lying singlet-coupled configur
tion for the silanone-based silicon oxyhydrides suggests
a feasible explanation of the PL pumping mechanism m
involve either a direct pump to a strongly mixed triplet~sin-
glet! state or an intersystem crossing from the pumped
glet to the triplet.5a Whichever mechanism is operative, th
formation of the excited-state triplet as monitored by ODM
~Refs. 16–18! will result in a significant change in the SivO
bond length. Further, we expect and have obtained evide
for a rapid nonradiative relaxation within the excited-sta
manifold.5a,24 As emission from the excited triplet to th
ground-state singlet occurs from regions more representa
of the minimum-energy structure of the triplet, this emissi
will be significantly redshifted from the PS absorption regi
as the significant change in geometry leads to a termina
of the vertical transition much higher up the ground-st
singlet curve~Fig. 3!. Whereas the present calculations de
onstrate a significant change in the excited-state bond
relative to the ground state, localized largely in the SivO
bond, for the model compounds considered, changes in
Si-Si bond distance~Table III! ~Ref. 24! are of much smaller
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order~0.005–0.03 Å! and will produce a much smaller shi
in the observed emission spectrum. However, this does
preclude the observation of short progressions in the gro
and excited state Si—Si stretching frequencies.

There are additional striking trends that can be infer
from the data in Tables II and V and experimen
observations.5a,24Porous silicon displays a ‘‘green’’ lumines
cence during the early and intermediate stages of the etc
process. The transformation from green to orange-red lu
nescence is easily followed.4,5 The green and orange emitte
appear to be distinct surface entities that are selectively
cited by a variety of light sources.5,24 Before drying, a
freshly etched sample appears green under Hg lamp ex
tion but orange-red when excited by a KrF or ArF las
After the PS sample matures in air for a considerable per
its transformation to an orange-red emitter is complete
all illuminated regions bear the orange-red luminescencere-
gardless of the uv excitation wavelength. This suggests a
chemical~oxidative! transformation.5,24

The green and orange-red emissions have been previo
assigned to interlocking exciton fluorescence and phosp
rescence emissions, respectively.6,7 However, a series ofin
situ pump excitation experiments with nitrogen and KrF l
sers and a Hg lamp5,24 again suggest that the green a
orange-red luminescence are related by chemical transfo
tion and that the green emission emanates from a precu
state that is chemically transformed to the final orange-
emitter.5 An intersystem crossing process between a sh
lived singlet and a long-lived triplet, which correlate wit
these two emitters, as suggested by others,6 does not corre-
late well with these recent experimental observations.
though the overlap of the emission ranges for the green
orange-red emitters prevents a ready evaluation of the ra
tive lifetime of the green emitter, its emission rate appe
comparable to that for the long-lived orange-red emiss
feature.5,24

From Table II, we note that whenever an OH or OSi3
group is bound to the silicon involved in the silanone bon
the change,Dr (SiO), is consistently of order 0.17 Å. Fur
ther, an additional OH group does little to affect this diffe
ential change in bond length accompanying the singlet-trip
transition. In the absence of an -OH or -OSiH3 group this
change is notably smaller, decreasing from 0.155 Å
Si~O!H2 to 0.121 Å for Si~O!~SiH3!2. Thus, there are distinc
differences associated with an -OR versus -R group bon
to the silicon. Further, we note~see Table V! the very similar
adiabatic energy differences,DE'3.05 eV, which character
ize those singlet-triplet transitions where an OH or OR gro
is bound to the SivO bond. Contrast these virtually identica
energy increments to the much lower and decreasing a
batic energy differences associated with the series Si~O!H2
(Dr 50.155 Å), Si~O!H~SiH3! (Dr 50.142 Å), and
Si~O!~SiH3!2 (Dr 50.121 Å) where the smaller chang
Dr (SiO), in the SiO bond length will lead to a smaller re
shift of the PL emission feature. These results thus indic
that the oxyhydrides with bound -OR ligands will produce
much larger redshift of the PL emission spectrum relative
the peak of their PLE excitation spectrum than those fluo
phors having only -R group ligand binding. We postula
that the magnitudes of these changes may be relevant to
correlation of the mechanism for PS formation with the a
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signment of the transforming green and final orange-red p
toluminescence emissions.15 We suggest that the green em
ter is associated with an R group bound fluorophor and
orange emitter with the oxidative insertion into one or mo
SiH (uSiOH) or Si—SiHx (SiOSiHx) bonds.

Surface bound versus absorbed fluorophors. As we con-
sider that the oxyhydride fluorophors are bound to the
surface, they are to be distinguished from surface adsorb
Sailor and co-workers20,49–51 have obtained evidence for
wide diversity of effects as a PS surface is treated with s
eral materials. While they have observed ‘‘hole transfe
quenching of the PL from PS by ferrocene20 and the irrevers-
ible quenching due to aromatic hydrocarbons and redox
tive solutes,49,50 they have also demonstrated51 the reversible
quenching of the PS luminescence in air due to trace le
of NO and NO2 adsorbates. This suggests, as we have
observed,5 a wide diversity of absorbant effects. The acti
of an adsorbate on a PS surface must be carefully dis
guished from the creation or derivatization of a photolum
nescent source.52,53

Colloidal silicon suspensions. The silane-based oxyhy
dride fluorophors that we consider not only are constitu
from similar building blocks to those of ‘‘annealed’’ silox
ene but also would appear to correlate with the photolu
nescence from colloidal silicon particles in solution. He
glein and co-workers54,55 have studied luminescent colloida
silicon particles prepared from HF-etched oxide-coated c
talline silicon ‘‘nanoparticles’’ formed in a manner similar t
that outlined by Littauet al.56 in the combustion of silane
These authors find that the orange-red PL can be activate
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~or traces of water vapor—
under argon there is no luminescence! in these solution phas
studies appears to indicate that the oxide layer created in
combustion of silane does not promote luminescen
Rather, as Fojtiket al. note,54,55 the development of the
orange-red. PL in nonpolar cyclohexane suggests that
original oxide layer must first be removed by HF. The silic
particles, with a nonpolar surface, are created in the cy
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. This result is quite con
tent with the formation of a silicon oxyhydride constituen
with a required OH or OR ligand.

Infrared signatures. The calculated infrared frequencie
for the silanones~Tables VII, VIII, and IX! are quite consis-
tent with the range of infrared features observed by X
et al.,12 Dubin, Ozanam, and Chazalviel,57 Hory et al.,58 and,
most recently, Mawhinney, Glass, and Yates.59 All of the
infrared studies indicate an oxidation signaling SivO stretch
region and the development of a feature in t
870– 890 cm21 range.12,57–60 The silanones catalogued i
Table VIII display calculated SivO stretch regions in the
range 1125– 1247 cm21 ~see Ref. 46 for experimental data!
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and a dominant 870– 900 cm21 mode ~see supplementary
material71!, which in the presence of an OH or OSiH3 ligand
appears to be associated, at least in part, with a comb
SivO stretch1H—Si-O ~H-O-Si! bend, consistent with nu
merous observations.12,21,57–59However, we must note tha
Zacharias, Dimova-Malinouska, and Stutzmann60 have stud-
ied the behavior of the 880-cm21 band in hydrogenated
amorphous silicon suboxide alloys. Based upon their find
a minimal dependence on deuteration, they ascribe the
ture to a nonhydrogen-related origin. The assignment of
mixed mode feature has been reassessed by Mahwin
Glass, and Yates,59 and is clearly complex. Finally, we not
the significant number of low-frequency modes associa
with the exemplary silanones in Table IX~see also supple
mentary material71!. We are especially drawn to th
;130– 150 cm21 features, which not only are effectively as
sociated with an Si-SivO bend, likely present in an oxidiz
ing PS environment, but also lie very close in energy to
transverse-acoustical~TA! phonon mode in bulk silicon.61

Tricoordinated silicon and the silylene isomers. It is clear
from the calculated results that a tricoordinated silicon wit
dangling electron cannot account for any of the uv-visib
excitation and emission features that are associated with
surface. We have also considered the silylenes, which h
an O bonded to the Si center. Here a direct singlet-trip
excitation is possible in the observed region but the oscilla
strength of this transition will be extremely small. No dire
excitation to an excited-state singlet can be correlated w
the observed features as the singlet states lie at conside
higher energy and are therefore not accessible. Furtherm
we find that there are only two geometry changes on exc
tion to the triplet~see supplementary material71!. The first
involves a significant increase in the angle,XSiY and the
second is a torsion of;90° about the Si-O single bond. Th
latter has some energetic consequences but will not acc
for an observed significant redshift in emission. The on
possible silylene geometry change that could account for
redshift is the 20–25° change in the angle,XSiY, but this
has a much smaller energetic consequence than does
elongation of the SivO bond in the silanone. Thus, it i
quite unlikely that a silylene fluorophor corresponds to t
moiety giving rise to the spectral features.

Theab initio electronic-structure calculations that we ou
line in this study point to another important general cons
eration, namely, that the characteristic absorption and em
sion features observed for porous silicon, if they are to
associated with a surface~moleculelike! based constituency
must involve unsaturated bonds. Dangling electrons as w
as saturated bonding would be expected to produce spe
whose absorption and emission spectra lie in the deep u
violet. With this enjoinder, it would seem difficult to observ
the emission features common to porous silicon from a co
pletely hydrogen- or oxygen-passivated surface.

The question of quantum confinement. Recent studies of
the photoluminescent emission from porous silicon as
function of excitation energy24 support the conclusions o
Kanemitsuet al.,62 Prokes and Glembocki,47 and Macauley
et al.63 that no obvious relationship exists between the
spectrum and either the PLE spectrum or the evaluated
ticle size distribution on the PS surface. Kanemitsuet al., in
examining the relationship between particle size and PL p
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TABLE IX. Vibrational frequencies~n in cm21! and infrared intensities~I in km/mol! for the ground-state
silanones Si~O!~OH!~SiH3! and Si~O!~OSiH3!~SiH3! at the MP2/DZP and LDFT/TZVP levels of theory.

Sym n I n I Approximate assignmentsa

DZP/MP2 DFT/TZVP

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 SivO 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

Si~O!~OSiH3!~SiH3!

a 2370 131 2198 47 ~SiH3!-Si ~Si-H! str
2365 67 2186 88 ~SiH3!-O ~Si-H! str
2364 136 2178 85 ~SiH3!-O ~Si-H! str
2359 78 2177 71 ~SiH3!-O ~Si-H! str
2347 70 2172 53 ~SiH3!-Si ~Si-H! str
2335 55 2167 28 ~SiH3!-Si ~Si-H! str
1225 126 1220 175 SivO str
1061 14 1031 382 Si-O-Si asym str
1013 102 910 287 SiH3O ~inv! bend
1011 211 898 34 SiH3O ~inv! bend
1006 571 895 37 SiH3O ~inv! bend
987 50 892 28 SiH3-Si bend
986 37 889 15 SiH3-Si bend
909 674 803 253 SiH3 ~inv! bend
755 63 691 39 SiH3~O! rock
745 60 677 39 SiH3~O! rock
635 3 619 5 Si-O-Si sym str
551 13 507 4 SiH3~Si! wag
547 7 483 21 SiH3~Si! wag
473 32 452 30 Si-Si str1Si-O-Si bend
296 42 280 33 O-Si-O bend
261 34 260 26 inversion at SivO
133 8 128 6 Si-Si-O bend
83 0 110 1 Si-O-Si inversion
65 4 95 2 SiH3-Si torsion
54 1 22 2 SiH3-O torsion
49 0 14 6 Si-O torsion

aAssignments based on DFT normal modes.
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energy, have used optical absorption, Raman spectrosc
and transmission electron microscopy to assess the pa
size and photoluminescence. They find a blueshift in the
tical absorption spectrum for particles decreasing in s
py,
cal
p-
e

from 9 to 2 nm but observe no change in the correspond
PL peak energy. This result conclusively demonstrates
the PL peak emission energy is not correlated with the p
ticle size. Time-dependent laser excitation studies have s
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gested the manifestation of a pumping sequence betwe
ground state and a strongly shifted excited state as
pumped excited-state levels, high in the excited-state m
fold, undergo nonradiative relaxation.24 This cascade proces
leads to a redshifting of the PL emission spectra as a func
of increasing time following optical excitation.5,24,64We also
find that the behavior of the PL in air is quite similar regar
less of the manner in which a sample is properly prepar5

These studies, in concert with the work of Prokeset al.47 and
Macauleyet al.,63 strongly argue against quantum confin
ment as a source of the PS photoluminescence.

Schuppler and co-workers10,11 have performed an exten
sive study in which they establish a consistent structural
ture of the species responsible for the PL from hydrog
passivated PS and oxidized Si nanocrystals. These au
establish the silicon coordination and suggest that the a
age structures in PS are particles and not wires and tha
relationship between peak luminescence energy and ave
particle size~strongly correlated with shape modeling! for
the PS samples is very similar to that for Si nanocryst
The authors demonstrate a lack of~Si-O! related x-ray ab-
sorption in freshly etched PS samples, which suggests
presence of little SiO2 in distinct contrast to the SiO2-coated
nanocrystals produced in silane combustion.56 This certainly
appears to be consistent with the observations of Fo
et al.54,55 which suggest that the combustion-prepar
coated, nanocrystals must first be treated before they lu
nesce as colloidal suspensions.

By using near-edge x-ray-absorption fine structu
~NEXAFS!, Schuppler and co-workers10,11 have established
the coordination of silicon nearest neighbors, determin
that the average number of first-nearest-neighbor Si ato
NSi in PS is notably less than the value of 4 establish
concurrently for amorphous and crystalline silicon. The
authors suggest that the decrease in silicon nearest-neig
coordination is due exclusively to hydrogen passivati
however, NEXAFS is unable to detect hydrogen direc
and, thus, conclusively eliminate other possible coordi
tions to silicon. In correlation with the observations of Fojt
et al.54,55 and others,21,22,24 the possibility that these lowe
coordination numbers are associated with oxyhydride form
tion must be considered. Further, the very interesting co
lations demonstrated by Schuppler and co-workers, if t
are associated with a surface bound entity, might be ass
ated not with particle size~modeled but not directly mea
sured! but with an enhanced surface curvature and tensio

A number of researchers have recorded a blueshift in
PS photoluminescence emission spectrum that appea
parallel increasing etch effectiveness. The blueshift has b
attributed to the creation of quantum-confined silicon p
ticulates that decrease in size with increasing etch time; h
ever, 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, Unagami65 has measured the intrinsic stress in poro
silicon layers formed from in the aqueous HF etch, findin
macroscopic stress that extends from the compressive to
sile. Friedersdorfet al.66 have observed the influence o
stress on the PL of PS structures, correlating the blueshi
PL peak energy with surface microstructure. These auth
conclude that the characteristic cellular structure occurrin
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high porosity films is due to high surface stresses. This c
lular structure is not formed during the etching process its
but occurs during electrolyte evaporation after removal
the PS from solution. Enhanced surface tensions assoc
with increased curvature appear to be operative. Finally
close agreement, Kanecko, French, and Wolffenbuttel67 have
very recently noted that, while an enhanced etching cy
leads to a blueshift in the PL spectrum, the high poros
structure created is clearly strained. Whereas these aut
note that the observed blueshift suggests quantum effects
surface state of the porous layer also is suggested to pla
important role. This is certainly consistent with a surfa
bound silanone-based oxyhydride source for the PS lumin
cence as the oxyhydride is influenced by surface tension

The replicates of phonon structure that have been repo
for PS samples at 2 K by Calcott and co-workers6–8 and most
recently by Collins, Fauchet, and Tischler,48 when exciting
the PS surface over the wavelength range commensu
with the photoluminescence from PS, are certainly intrigu
and may indicate the signature for bulklike crystallites ex
tent on a PS surface at low temperatures. Only Suem
et al.68 have observed any semblance of this structure at t
peratures exceeding 6 K~dependence of absorption edg
structure at 78 K!. However, the direct correlation of th
suggested phonon structure observed at 2 K with the absorp-
tion edge recorded by several researchers and the photol
nescence that dominates the emission from PS at room
perature is tenuous. In fact, Rosenbaueret al.,69 in carrying
out an extensive study of the resonantly excited PL spect
of PS, have suggested that two separate luminesce
mechanisms are operative in PS. The very efficient proc
that dominates the usually observed~room-temperature! PL
excited at energies generally in excess of 3 eV may well
distinct from that which is associated the phononlike str
ture that can be seen only at low temperatures when
commonly observed efficient mechanism is suppressed
excitation at energies lower than 2 eV.

Additional consideration of the long-wavelength phon
replicates observed at low temperatures reveals further d
culties. The arguments that Calcott and co-workers6–8 have
used to prove that quantum confinement accounts for
phonon replicates in PS relies on the observation of onlytwo
~momentum conserving! phonon replicates in the low-
temperature spectrum, these features being attributed t
transverse-optical~TO! phonons. However, several autho
have observed a significantly richer structure in the lon
wavelength spectrum. Suemotoet al.68 have reported three
or more phonon structures having an energy spacing clos
56 meV. It has also been shown by Rosenbaueret al.69 that a
minimum of four equally spaced phonon steps~including the
zero-phonon line! all separated by 56.1 meV can be mon
tored in all of the samples that they have studied. This ca
doubt on the proof of quantum confinement as espoused
Calcott and co-workers,6,7 and makes more feasible the po
sibility of a surface bound or defect-related emission.

It is also worth noting that alternate explanations might
invoked to explain what appear to be features similar to
~TO! ~Ref. 61! and transverse-acoustical~TA!61,62 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
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D,6–8 which increases with excitation frequency.70 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.24,70 This, of course, introduces a clear uncertainty in
the measure of the frequency shifts from an exciting la
line as well as the meaning of onsets. However, even if
accept the application of this correction factor to the P
spectra generated at 2 K, we are intrigued by the n
matchup of the relevant silanone frequencies recorded
Table IX ~and as supplementary material, see Ref. 71! and
the frequency separations for the broad phonon features
corded by Calcott et al.7 Specifically, the anticipated
Si-SivO bending frequency given in Table IX
;130– 150 cm21 is close to the TA-phonon frequency o
bulk silicon. The Si-Si stretch frequency is of the ord
450 cm21 for the ground states of Si~O!~OH!~SiH3! and
Si~O!~OSiH3!~SiH3), changing little for the excited-stat
triplet. Not surprising is the close agreement between
frequency and that of the TO- (;511 cm21) phonon mode
frequency of a bulk silicon crystallite. Note also that t
small change in the Si-Si bond distance is consistent with
nd

L.

M

D

hy

.
L.

P

.

.

-

.
i-
.

ed
A,
.

-

r
e

ar
in

re-

r

is

e

observations by several authors.6–8,68,69of only a few ‘‘pho-
non satelites’’ in their photoluminescence emission spectr
2 K. This structure might simply be ascribed to a short p
gression in a ground-state Si-Si stretch, thus rendering
arguments presented by Calcottet al.6 concerning momen-
tum conserving phonons extremely tenuous. The obser
phonon replicates clearly require considerable further stu
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