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Stabilized electronic state and its luminescence at the surface of oxygen-passivated porous silic
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Photoluminescence~PL! spectra of as-made porous Si samples were obtained in a wide peak-wavelength
range. After exposure to air or coupling with C60 molecules, the PL peak shifts to a pinning wavelength within
the range of 610–630 nm. This pinning wavelength is almost independent of the size of the original porous Si
nanocrystallites and both redshifting and blueshifting can occur for different sizes. A self-consistent effective-
mass calculation shows that the SivO binding states are responsible for the radiation of this pinning wave-
length and the blueshift for the large nanocrystallites is due to the additional potential modulation within the Si
nanocrystallite by the long-range Coulomb interaction of oxygen ions.
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Porous Si~PS! has attracted considerable interest over
past nine years because of its applications in optoelectr
integration.1–4 Its photoluminescence~PL! mechanism has
been the subject of numerous experimental and theore
investigations and intense controversy has appeared.3 Several
models have been proposed to describe the origin of
spectra, mainly involving quantum confinement,1,5 surface
states,6,7 and interfacial oxide-related defects.8 However, the
microscopic details of PS are complicated and the obtai
results usually depend on the experimental conditions. T
it seems difficult to contrive a unified model that can expla
all the experimental results. So far, the commonly accep
theory is that the band gap is widened as a result of
quantum confinement of Si nanocrystallites, which pus
the PL peaks into the visible range for crystallite sizes be
5 nm. For naturally oxidized PS, it has been reported9–14 that
the PL peak in the red regime is gradually blueshifted w
increasing the storage time in air and finally stays at ab
620 nm ~2.0 eV!. The corresponding PL intensity was r
ported to decrease in some cases and increases in othe

Recently, Wolkinet al.15 reported that after PS sample
with initially blue-to-orange emission were stored in air f
24 h, the PL peak was redshifted to about 590 nm~2.1 eV!.
No PL shift was observed for the samples with initial em
sion in the red~the crystallite sizes being 3 nm! whether the
samples were stored in Ar or aged in air. This observatio
not in agreement with those reported previously. A mo
with new energy level, which appears in the gap of sma
~3 nm! crystallites and is attributed to the SivO bond states
at the surface of nanocrystallites, is proposed in Ref. 15
can explain very well the redshift of samples with initial
blue-to-orange PL. However, for samples with initially re
PL, this model cannot predict the blueshift of PL peaks,
cause the spacing of levels corresponding to SivO bond
states is larger than the gap.15 Similarly, this model can only
explain the huge Stokes shift observed for the smaller~2 nm!
nanocrystallites. In fact, similar phenomenon was obser
for the larger~3 nm! nanocrystallites.11,16,17Therefore, it is
necessary to further examine the shift of PL spectra fr
PRB 620163-1829/2000/62~12!/7759~4!/$15.00
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experiments and to seek a more comprehensive explana
for its origin. In this paper, we present the results of P
measurements in PS samples with different porosities b
stored in air and coupled with C60 molecules. The experi-
mental results indicate that the oxygen-related surface st
play an important role in the recombination mechanism.
self-consistent effective-mass calculation shows that
SivO binding states are responsible for the radiation at
pinning wavelength and the blueshift for the large nanocr
tallites is due to the additional potential modulation with
the Si nanocrystallite by the long-range Coulomb interact
of oxygen ions.

The PS samples were prepared from^100&-orientedp-type
Si (;5 V cm) wafers by anodization in a C2H5OH:HF
51:2 solution with a current density of 15–25 mA/cm2. The
PS layers with different porosities were obtained under
anodization time of 15–40 min. To change the surface che
istry, some samples were exposed to air for more th
three months and the others were chemically coup
with C60 molecules through a coupling age
@(CH3O)3Si(CH2)3NH2#. One end of the coupling agent i
NH2, which easily combines with the C60 molecule by nu-
cleophilic addition reaction, and the other end is Si(OCH3)3,
which has an affinity for hydrolysis treated Si. The coupli
experiments were as follows: The as-made PS samples
first immersed in ethanol for 24 h to prevent the samp
from oxidization in air followed by the application of th
coupling agent~3–4 drops! dropping onto the sample sur
face, so the coupling agent molecules were combined w
the PS through SivO bonds. Second, the remaining uncom
bined coupling was washed away by toluene and the tre
samples were then immersed in a solution of
31022 mg/ml C60/toluene for 24 h. In this process, som
carbon-carbon double bonds in the C60 molecules were bro-
ken and combined with NH2 groups@see Fig. 1~a!#; Finally,
the free uncombined C60 molecules in the pores of PS wer
fully washed away by toluene.

C60 introduction into the surface of PS should not lead
a reduction of the Si crystallite sizes but change the surf
R7759 ©2000 The American Physical Society
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structure. A typical Fourier-transform infrared~FTIR! ab-
sorption spectrum of the C60-coupled samples, taken from
Nicolet 170SX spectrometer, is shown in Fig. 1~b!. This
spectrum mainly displays the following vibrational bands18

The 694 and 779 cm21 bands are connected with polysilox
anes and the 1328, 1358, 1486, and 1569 cm21 bands with a
resin containing2NH3

1 2HCO3. The 2871 and 2931 cm21

bands correspond to CHn (n51 –3) symmetric and asym
metric stretching vibrations and the 3292 cm21 band is from
the NH2 group. The 3348 cm21 band comes from OuH
stretching vibration and the 460 and 1080 cm21 bands from
the SiuOuSi vibrations. A sharp feature of this spectrum
that the SiuOuSi vibrations are largely strengthened aft
C60 molecules are coupled, similar to the situation in t
naturally oxidized samples.11,15 In addition, the SiuHn (n
51 –3) vibrations at 2000–2200 cm21 are weak, implying
that the originally hydrogen-terminated surface has co
pletely been modified due to the coupling with C60.

Figure 2~a! shows the PL spectra of a series of as-ma
PS samples, taken from a Hitachi 820 fluorescence ph
spectrometer. The peak positions are at 590, 630, 660,
and 710 nm, respectively. After these samples were store
air, the 590-nm peak redshifts, while the others gradu
blueshift. These peaks finally saturate at about 620 nm~2.0
eV! after air exposure for more than three months@see Fig.
2~b!#, and in the meantime their intensities slightly decrea
The greater the deviation from this saturating waveleng
the greater the shift. In view of the present results and
previous reports,9–15 we conclude that the PL from th
samples exposed to air has a pinning wavelength at a
620 nm.

To understand the origin of the characteristics in PL sp
tra, the PL excitation~PLE! spectra of as-made and the ox
dized samples were examined and a large Stokes

FIG. 1. ~a! Schematic diagram and~b! a typical FTIR spectrum
of the PS/C60 coupling system.
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(;1.1 eV) was observed@see Fig. 3~a!#. If one sample was
used and the data were taken with different air storage
tory, the PL peaks obviously shift toward the pinning wav
length with storage time, but no noticeable peak shift w
observed for the corresponding PLE spectra, as sho
previously.11,16,17These observations suggest that the abso
tion peak is from a special excitation in the band with qua
tum confinement (;3.1 eV), while the radiative recombina
tion occurs via relaxed electronic states, possibly oxyg
related surface states.15,16 Koch et al.6 and Kanemitsuet al.7

have suggested such surface state models. In their mo
the photogeneration of carriers takes place in the quan
confinedc-Si core, but the radiative recombination occurs
states localized at the surface of PS, or in a interfacial reg
between the Si and an oxide. These models can easily

FIG. 2. PL spectra of~a! as-made and~b! naturally oxidized
~more than three months! PS samples.

FIG. 3. PL and PLE spectra of~a! as-made PS sample,~b!
C60-coupled PS sample, and~c! C60-coupledc-Si wafer.
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plain the redshift of blue-to-orange PL in small crystall
samples and the blueshift of red PL in the large crystal
ones, because the PL peak energy is not dependent upo
size of thec-Si core but the surface passivation.19 Therefore,
the surface state mechanism is a suitable candidate for th
origin.

To disclose the influence of the surface passivation on
PL, we further investigate the PL spectra of C60-coupled PS
samples, as shown in Figs. 4~a! and 4~b!. For as-made
samples, the PL peaks are observed at 590, 620, 650,
and 730 nm, respectively. After they are chemically coup
with C60 molecules for 24 h, the 590-nm PL peak redshi
and the others consistently blueshift to;610 nm, almost at
the pinning wavelength for the naturally oxidized sampl
and their intensities are slightly increased. Obviously,
coupling of C60 molecules only modifies the surface chem
try of the PS samples. To explore the origin of the photo
cited carriers in this kind of C60-coupled sample, the PLE
spectra monitored at 610 nm were examined and a typ
result is shown on the left side of Fig. 3~b! @the right side of
Fig. 3~b! shows the corresponding PL spectrum#. The PLE
spectrum clearly shows an excitation peak at 480
(;2.58 eV) with large intensity. Since it has a narrow li
shape compared to the 400-nm PLE peak observed in
naturally oxidized samples, it should not be from thec-Si
core but the coupling agent/C60 system. The coupling system
is a source of the photoexcited carriers.

To verify the origin of the carriers, we used ac-Si wafer
to replace the PS sample for fabricating a C60/c-Si coupling
system. The PLE measurements found that the 480 nm p
still has a large intensity, but in the meantime another P
peak with low intensity can be observed at about 400 nm
shown in Fig. 3~c!. The corresponding PL spectrum on
displays a noisy signal. Further, we dropped the coup
agent into a C60/toluene solution and then measured the
and PLE spectra. The results obtained are similar to th
from the C60/c-Si coupling system. These experimental r
sults indicate that the photoexcited carriers are from the c
pling agent/C60 system, while the radiative recombinatio
occurs at the PS surface modified by the C60 coupling. The
carrier transfer from the C60 system to the PS surface can
further examined by measuring the corresponding Ram

FIG. 4. PL spectra of~a! as-made and~b! C60-coupled PS
samples.
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spectra. The most characteristic C60 Raman mode related to
the carrier transfer is theAg(2) pentagonal pinch mode a
1464 cm21.20 In the Raman results, the mode shifts up
1478 cm21 in our samples, indicating a charge transfer of
least two electrons per C60 molecule to the surface. Thus fo
the naturally oxidized and C60-coupled PS samples, althoug
the photoexcited carriers come from different part, the
has a similar origin related to the surface states. Moreo
we also dipped the PS samples for 15–30 s in the NH4OH
solution which acts as an oxidant and found that the PL p
also shifts to the similar wavelength range.21 Meanwhile the
SiuOuSi vibration at 1070 cm21 in the FTIR spectra also
shows large intensity. This result further confirms that s
face oxygen passivation plays an important role in the
combination mechanism.

According to the consistency of the FTIR feature and
pinning wavelength in naturally oxidized, C60-coupled, and
NH4OH-treated PS samples, we believe that the PL pea
closely related to oxygen-related surface states. When
nanocrystallites are oxidized in air or by an oxidant, surfa
SiuSi or SiuOuSi bonds are likely to weaken or break
form a SivO double bond because of the large stress at
Si/SiO2 interface and thus stabilize the interface.15

In the calculations of Ref. 15, it is found that the radiati
at energy near 2.0 eV in the Si nanocrystallite passivated
oxygen arises from a stabilized electronic state formed on
SivO covalent bond. The peak in PL spectrum before
oxygen passivation comes from the free electron in
nanocrystallite, which is determined from the model of qua
tum confinement. As the nanocrystallite size decreases,
PL energy increases, as predicted by the calculation of
energy gap from the quantum confinement. Thus if
nanocrystallite size is smaller~shown in zone III of Fig. 3 in
Ref. 15!, the energy of the free exciton is larger than t
excitation energy of the SivO state, a redshift of the PL
peak occurs from the oxygen passivation. However, if
size of nanocrystallites is larger~zone I of Fig. 3 in Ref. 15!,
the SivO state is outside the gap which cannot be shown
the PL spectrum. As a result, the blueshift of the PL peak
larger nanocrystallites due to the oxygen passivation can
be explained from this theory. In the present experiments,
observe a clear blueshift of the PL peak from the oxyg
passivation for larger nanocrystallites. This can be explai
as follows: When the oxygen passivation is deeper, not o
one or two silicon atoms on the surface of one nanocrys
lite, but a finite fraction of the surface Si atoms, are attach
by oxygen ions to form a dilute shell of oxygen. Due to t
negative charge of this oxygen shell, the electrons in a
shell near the surface feel a strong increase of the elec
static potential. The thickness of this Si shell is determin
by the screening effect of the electrons in this compos
system. This reduces the effective size of the Si nanocrys
lites and enlarges the gap for the free excitons. Therefore
blueshift of the larger nanocrystallites due to the oxyg
passivation becomes possible. By the effective-m
approximation22 the eigenenergiesE and eigenstatesc in a
spherical nanocrystallite can be solved from the Schro¨dinger
equation

2
\2¹2

2me(h)
c1V~r !c5Ec,
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with me(h) being the electron~hole! effective mass andV(r )
the spherical potential produced by the charge.V(r ) can be
self-consistently determined from the charge density
tained from the occupied hole eigenstates by using the P
son equation. At the same time, since the SivO bonds are
isolated from each other the SivO bond states can be re
garded as the local ones with a weak coupling to the crys
lite, like the bound states on a dot weakly coupled to

FIG. 5. The gap edges of Si nanocrystallites as functions of
nanocrystallite size from a self-consistent effective-mass calc
tion. Dashed-dotted and dotted lines are for the situations be
and after oxygen passivation, respectively. In the passivation, 4
surface atoms are attached by the oxygen ions. The two solid
are for the energy levels of the SivO bound states.
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leads.23 Thus the excitation energy of the local SivO bond
states is almost unchanged by the variation of the crysta
size and the degree of the oxygen passivation. We show
results of the self-consistent effective-mass calculation
Fig. 5 for the electronic states of Si nanocrystallites of d
ferent sizes before and after oxygen passivation, resp
tively. There are 40 surface Si atoms being attached by
oxygen ions in the passivation. It can be seen that both
redshift for the smaller nanocrystallites and the blueshift
the larger nanocrystallites can occur. If the passivation is
light, that is, the number of the oxygen ions is too small, t
blueshift cannot occur because the screening potential in
crystallites is too weak.

In conclusion, the PL spectra of as-made PS, natur
oxidized PS, and C60-coupled PS were examined. For th
oxidized and coupled samples, the PL peak shifts to a p
ning wavelength in the range of 610–630 nm. This pinni
wavelength is almost independent of the size of the origi
porous Si nanocrystallites and both the redshift and blues
can occur for different sizes of the nanocrystallites. A se
consistent effective-mass calculation shows that the SivO
binding states are responsible for the radiation of this pinn
wavelength and the blueshift for the large nanocrystallite
due to the additional potential modulation within the
nanocrystallite by the long-range Coulomb interaction of
oxygen ions.

This work was supported by a grant for the Key Resea
Project of No. 59832100 and for Research Programs N
19674024 and 69876020 from the National Natural Scie
Foundation of China. Partial support was also from t
RFDP.

e
a-
re
Si
es
-

v.

e,

.

te
1L. T. Canham, Appl. Phys. Lett.57, 1043~1990!.
2Z. C. Feng and R. Tsu,Porous Silicon~World Scientific, Sin-

gapore, 1994!.
3A. G. Cullis, L. T. Canham, and P. D. Calcott, J. Appl. Phys.82,

909 ~1997!.
4K. D. Hirschman, L. Tsybeskov, S. P. Duttagupta, and P.

Fauchet, Nature~London! 384, 338 ~1996!.
5V. Lehman and U. Gosele, Appl. Phys. Lett.58, 865 ~1991!.
6K. Koch and V. Petrova-koch,Porous Silicon, edited by Z. C.

Feng and R. Tsu~World Scientific, Singapore, 1994!, p. 133.
7Y. Kanemitsu, H. Uto, and Y. Masumoto, Phys. Rev. B48, 2827

~1993!.
8S. M. Prokes and O. J. Glembocki, Phys. Rev. B49, 2238~1994!.
9S. Shihet al., Appl. Phys. Lett.60, 633 ~1992!.

10L. T. Canham, inOptical Properties of Low Dimensional Silico
Structures, edited by D. C. Bensahel, L. T. Canham, and
Ossicini, Vol. 244 of NATO ISI Series~NATO, 1993!, p. 81.

11X. M. Bao, X. W. Wu, X. Q. Zheng, and F. Yan, Phys. Stat
Solidi A 141, K63 ~1994!.
.

.

12T. Maruyama and S. Ohtani, Appl. Phys. Lett.65, 1346~1994!.
13Th. Dittrich, H. Flietner, V. Yu. Timoshenko, and P. K. Kash

karov, Thin Solid Films255, 149 ~1995!.
14Y. H. Zhang, X. J. Li, L. Zheng, and Q. W. Chen, Phys. Re

Lett. 81, 1710~1998!.
15M. V. Wolkin, J. Jorne, P. M. Fauchet, G. Allan, and C. Deleru

Phys. Rev. Lett.82, 197 ~1999!.
16Y. H. Xie et al., J. Appl. Phys.71, 2403~1992!.
17X. Q. Zhenget al., Solid State Commun.87, 1005~1993!.
18A. L. Smith, Spectrochim. Acta16, 87 ~1960!; L. J. Bellamy,The

Infrared-Red Spectra of Complex Molecules~Chapman and
Hall, London, 1975!, 3rd ed., Chap. 20.

19X. L. Wu, G. G. Siu, S. Tong, Y. Gu, X. N. Liu, X. M. Bao, S. S
Jiang, and D. Feng, Phys. Rev. B57, 9945~1998!.

20J. Winter and H. Kuzmany, Solid State Commun.84, 935~1992!.
21X. M. Bao, X. He, T. Gao, F. Yan, and H. L. Chen, Solid Sta

Commun.109, 169 ~1999!.
22G. Fishman, I. Mihalcescu, and R. Romestain, Phys. Rev. B48,

1464 ~1993!.
23Shi-Jie Xiong and Ye Xiong, Phys. Rev. Lett.83, 1407~1999!.


