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Experimental evidence for luminescence from silicon oxide layers in oxidized porous silicon
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A systematic study of the dependence of photoluminescence from porous $M8oon oxidation extent
and measurement temperature is given. Oxidation of PS samples at room temperature up to 200 °C results in
photoluminescence spectra with maxima centered around 1.7 eV. The photoluminescence maxima shift with
temperature 10-300 K always toward the 1.7-eV position. These results conflict with predictions of the
guantum confinement model for PS luminescence, but can be explained by assuming that several types of
luminescence center outside nanoscale Si units in PS are responsible for the luminescence, and that their
relative contributions to luminescence change with oxidation extent and measurement temperature. The lumi-
nescence centers with luminescence wavelength around 700 nm ji&8@s, covering the nanoscale silicon
particles or on the interfaces of nanoscale SiSI®OPS, dominate after sufficient oxidation and their lumi-
nescence depends on measurement temperature to a lesser extent than other types of luminescence center do.
[S0163-18296)08127-1

[. INTRODUCTION that nonbridge oxygen hole centers are the only type of LCs
contributing to red light emission before and after
Porous siliconPS has been widely studied as a potential oxidation?® while Qin and Jia believe nanoscale Si is very
optoelectronic material, since its visible emission at roomimportant for PS luminescence, and that nonbridge oxygen
temperature was fouridHowever, the luminescence mecha- hole centers are just one of several types of LCs in oxidized
nism of PS is still a controversial problem. Several types ofPS.
models have been suggested for PS luminescence. In one The investigations of Culligt al!® show that crystalline
type of model the quantum confinement effect is considere®i nanostructures remain in heavily oxidized PS, and they
necessary, while luminescence materials other than pure ®elieve this accounts for the-750-nm red luminescence,
are not necessary? in another type of model, on the con- and that the luminescence properties of silicon oxides are of
trary, luminescence materials other than pure Si are neceparamount importance in interpreting the many additional
sary, while the quantum confinement in nanoscale silicon igshorter wavelengthemission bands observed. Lat al*
not necessary.® A third type of model, called the quantum reported that after oxidation promoted kyray irradiation,
confinement/luminescence cent€CLC) model? postulates  there were three sharp peaks in PL spectra of Sm-doped PS,
that electron-hole pairs are mainly excited inside the nanoswith wavelengths near to those of Sm-doped Sitey be-
cale Si and then recombine at luminescence centeCs) lieve this indicates that luminescence takes place in the
outside the nanoscale Si; for as-prepared PS, LCs are ads@iO, layers in oxidized PS. The origin of blue light emission
bates at the surfaces of nanoscale Si, and for oxidized P&om oxidized PS has been attributed to Si@yers in PS by
LCs are impurities, defects, or self-trapped excitons in,SiO a number of researchet$>-28
layers covering the nanoscale Si. On the other hand, the temperature dependence measure-
When PS is oxidized by different methods—for example,ment of the photoluminescence is generally considered as an
native oxidation>!' oxidation at high temperatufé;** important method to reveal the luminescence mechanism of
rapid thermal oxidatiod®>*® laser’®?! and y-ray- PS. A number of researchers have investigated the behavior
irradiation-enhanced oxidati%—photoluminescence(PL) of PL from PS as a function of measurement
energies show a complicated evolution, and results from diftemperatur&:?-34 zheng, Wang, and Chéh found an
ferent authors sometimes seem contradictory. Qin antl Jimnomalous temperature dependence of PL characteristics of
and Prokes and co-workéf$® have independently sug- PS: the emission intensity increases with decreasing tem-
gested that nonbridge oxygen hole centers in, J&yers or  perature until reaching an intensity maximum at about 100—
on the interfaces of nanoscale Si particles and,J&yers 200 K, and then decreases at lower temperatures; the emis-
are a possible source of PS luminescence. The distinctiosion energy shift with temperature has no fixed trend, and
between their explanations is that Prokes and GlemBdcki varies with sampling point. Xu, Gal, and Gr8sdso found
think PS luminescence does not need any nanoscale Si, athiat different PS samples show dissimilar PL temperature

0163-1829/96/5@1)/25488)/$10.00 54 2548 © 1996 The American Physical Society



54 EXPERIMENTAL EVIDENCE FOR LUMINESCENCE FR® . .. 2549

dependences. Neither of these results supports the quantum
confinement(QC) model for PS luminescence. Fang, Li,
and Ma* pointed out first that, from liquid-nitrogen tempera-
ture to room temperature, the PS photoluminescence spectra
blueshift when their peak wavelength is longer, and redshift
when their peak wavelength is shorter; however, they pro-
vided no demarcation lines for the peak wavelength and no
definite explanation for this result. As far as we know, a
systematic knowledge about the temperature dependence of
PS luminescence is still lacking up to now, and few have

investigated the oxidation effect on the temperature depen- r —— —
dence of luminescence from PS. M ‘J\%A/
In this paper, we report experimental results in two re-
spects:(1) The peak energy evolution rule of PL spectra
from PS as a function of the oxidation extent is studied, and
statistical results from numerous PS samples are reported . . .
which clearly show a focusing of PL peak energies on a | 'C: 1. FTIR absorption spectra evolution i@ one sample in
small range centered around 1.7 eV during oxidatignThe group A Stc.’r?d In air at room Otemperature ayl one sample in
peak energy evolution of PL spectra from PS samples witl? P B oxidized in air at 200 °C.
various PL peak positions at 10 K as functions of measure
ment temperatures, and the oxidation effect on th
temperature-dependence relation, are studied. We will e
plain all the experimental results based on the QCLC mbddel.
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age in air and after one year of storage in air, and for one in
roup B, for an as-prepared sample after 40 h of oxidation
and after 200 h of oxidation at 200 °C, are shown in Figs.
1(a) and Xb), respectively. No oxygen-related vibration ab-
sorption can be found within the detection limit of the instru-
Il. EXPERIMENT ment for the as-prepared samples in both groups A and B,
A. Sample preparation which is consistent with our previous repdttHowever, a

reat increase of absorbance for the Si-O-Si asymmetry

~ PS samples were prepared by the electrochemical anodyretching mode located at 1068 choccurs after the PS
ization method. Czochralski-growaiSi wafers, with a resis- samples were stored in air at room temperature for half a

tivity of ~10 O cm and(lll) orie_nted, were used_as host year [Fig. 1@)], or thermally oxidized at 200 °C for 40 h
crystals. The front sides of the Si wafers were polished SUIFFig. 1(b)]. After thermal oxidation at 200 °C for 200 h, the
faces. Ohmic contacts were made on the back side by evapg;.o.gj vibration absorbance exceeds that for one year of
rating thin aluminum films and subsequently alloying in @g4orage in air. Therefore, thermal oxidation at 200 °C is an

N, environment at 530 °C for 5 min. In order to obtain PS gffective and convenient oxidation method. According to the
samples with PL peak positions in a wide range of 1.4-2.3neasured FTIR spectra, we conclude that PS oxidation pro-
eV, anodization processes were carried out with a currenfteeqs continuously during at least one year of storage in air
density in the range of 40—-200 mA/&nfor 0.5—-10 min in or 200 h of thermal oxidation at 200 °C.

hydrofluoric-acid solutions with deionized water, ethanol, or  gayeral typical PL spectra for as-prepared PS samples in
methanol as solvents. Most samples are formed in ”at“r%lroup B, and for these PS samples after being thermally
light, some are anodized under illumination of a 500-W in- . idized at 200 °C for 200 h. are shown in Figga)zand
frared lamp. Three groups of PS samples(4s pieces B () regpectively. We see that, after thermal oxidation, as-
(102 pieces and C, with PL peak positions in a wide range prepared samples with PL energies of 1.42, 1.58, and 1.68
of 1.4-2.0, 1.4-1.9, and 1.4-2.3 eV, respectively, were fabgy pjyeshift, and an as-prepared sample with PL energy of
ricated. The samples in group A were stored in air at roomy g» e\ redshifts. Finally, most of these PL peaks tend to be

temperature for half a year or one year, and those in group &, 5 small range centered around 1.70 eV, as can be seen in
were oxidized in air at 200 °C for 40 or 200 h accumula—Fig. Ab).

tively. In fact, the above phenomena hold for all PS samples in
_ _ groups A and B. The statistical results of PL energy evolu-
B. Measuring technique tion for samples in groups A and B are shown in Figs. 3 and

All the PL spectra reported have not been corrected foft: respectively. Using 1.0 eV as the energy interval, Fig) 3
spectral response of the instrument. The Fourier transforrihows a distribution of PL peak energies in a range of 1.4—
infrared (FTIR) spectra were measured on a Nicolet 7199B,2-0 eV for group-A samples in the as-prepared state. How-
in order to monitor the oxidation extent of the PS samples@Ver, storage in air for one year results in a narrower distri-
During the measurement of the PL against the temperatur@ution centered around 1.70 eV, as shown in Fig) 3an
the PS sample was enclosed in the vacuum chambdpterval of 0.5 eV is used We use a PL energy focus to

(<1072 Torr) of a closed-cycle He cryostat. describe this phenomenon, which can be more obviously
seen for the samples in group B as shown in Fig. 4. In Fig. 4,
Il RESULTS using an interval of 0.5 eV, because of the greater number of

samples in group B, the PL peak energies of the as-prepared
The FTIR absorption spectra for one typical sample insamples are seen to be distributed in the range 1.4-1.9 eV,
group A, for an as-prepared sample, after half a year of storduring 200 °C oxidation for at least 200 h, the PL peak en-
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FIG. 2. PL spectra of five typical PS samples in group B ther- PL Peak Energy (eV)
mally oxidized in air at 200 °Ca) as-prepared antb) after oxida-
tion at 200 °C for 200 h. FIG. 4. The statistical distribution of PL peak energies for PS

samples in group B oxidized in air at 200 °@) as-preparedb)
ergies for the samples in group B continuously focus towardhfter oxidation for 40 h, anéc) after oxidation for 200 h.
1.70-1.75 eV. Even after 40 h of thermal oxidation, the PL
peak energy distribution shows a focus toward 1.70—1.75pectra for the as-prepared sampl&s2 andC3-5 at differ-
eV, as shown in Fig. @); this is a more concentrated distri- ent temperatures are shown in Fig. 5. San@82 was fab-
bution than that shown in Fig.(8) for group-A samples ricated in a solution of HF:KHO=1:2 with a current density
which had been stored in air for one year. An even sharpesf 30 mA/cn? for 4 min, and sampl€3-5 was fabricated in
distribution is obtained for group-B samples which havethe same solution with a current density of 150 mAfcfor
been oxidized at 200 °C for 200 h, and, from Figc)477% 0.5 min. At 10, 200, and 300 K, the PL peak for sample
of the samples have PL energies in a range of 1.70-1.75 e¥3-2 is located at 840, 800, and 770 fifig. 5a)], and that
and there are no samples with PL peak energies lower thalor sampleC3-5 is at 570, 600, and 630 nffrig. 5b)],
1.65 eV or higher than 1.8 eV. respectively. Figure 6 shows the temperature dependence of
PL spectra of PS usually shifts in peak position andPL peak wavelengths for the as-prepared PS samples with
changes in intensity with increasing temperature. Typical PLPL peak wavelengths distributed in a range from 540 to 860
nm at 10 K. As can be seen, if the PL peak wavelength is
longer (>720 nm at 10 K, it will blueshift with increasing
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FIG. 3. The statistical distribution of PL peak energies for PS
samples in group A stored in air at room temperatue: as- FIG. 5. PL spectra at 10, 200, and 300 K for two as-prepared PS
prepared andb) after storing in air for one year. sampleg@) C3-2 and(b) C3-5.
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FIG. 8. The temperature dependence of PL peak positions of

0 PS sample€2-9 andC5-4 when as prepared and after stored

FIG. 6. Temperature dependence of the PL peak wavelength qtﬁlair for three months

as-prepared PS samples in the temperature range of 10-300 K.

mA/cm? for 0.5 min, are shown in Fig.(B). At 10 K, there
measurement temperature; if the PL peak wavelength ifs a shoulder around 680 nm in addition to the strongest band
shorter (<680 nm at 10 K, it will redshift with increasing peaking at a shorter wavelength of 580 nm. The shoulder
temperature. When the peak wavelength is around 700 nnpeaked at 680 nm increases relatively at 77 K; at 300 K it has
or much longer or shorter than 700 nm, such as 860 and 548 intensity comparable to the band around 580 nm. Briefly,
nm, the PL peak shift with temperature increasing is quitein a PL spectrum with a multiband structure, the lumines-
small. cence band around-700 nm will become stronger and

In the above, we show only the temperature dependencgronger with respect to other bands when the temperature
of the PL peak position for the usual luminescence spectra ghcreases from 10 K to room temperature.

PS, which have no obvious structures but a Gaussian-like The effects of native oxidation and |0w-temperature oXi-
shape. It is well known that a small fraction of PS samplesgation on the temperature dependence of PL spectra for PS
have PL spectra with multiband structures. In the following,have been studied. Figure 8 illustrates the temperature de-
let us check some of these spectra and see how they changendence of PL spectra for two sampl€g-9 andC5-4, in

with increasing temperature. In Fig(aJ, there are several the as-prepared case and after storage in air for three months.
luminescence bands in the PL spectra of one PS samplgampleC2-9 was prepared in a solution of HF;B=1:1
C4-3, fabricated in a solution of HF.C{CH, OH=1:1 with  with a current density of 50 mA/cfnfor 5 min, and sample

a current density of 60 mA/cffor 4 min. At 10 K, band 5.4 was formed in a solution of HF:GJ)€OCH,=1:1 with

No. 1 peaked at 810 nm is visible, and band No. 2 at 780 nng current density of 200 mA/cfnfor 0.5 min. It is clear that

is the strongest one; at 77 K, band No. 1 declines to be 8torage in air for three months brings about a weaker tem-
shoulder, while band No. 3 at 720 nm arises relatively; alperature dependence of PL spectra of PS as well as a shift of
300 K, band No. 3 becomes the strongest band and thep| peaks toward medium wavelength. Figuréa) @nd 9b)
makes the whole PL spectrum blueshift. The spectra at difshow the PL spectra at 10, 200, and 300 K for samples
ferent temperatures for another PS samPlé-6, formed ina  ¢3-2 andC3-5 oxidized in air at 200 °C for 200 h. Very
solution of HF:H,0=1:2 with a current density of 120 different from the as-prepared cases shown in Fig. 5, these
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FIG. 7. PL spectra with multiband structure measured at 10, 77, FIG. 9. PL spectra at 10, 200, and 300 K for two PS sam(ales
and 300 K for two as-prepared PS samples C4-3 and (b) C3-2 and(b) C3-5, mentioned in Fig. 5, after being oxidized at
C3-6. 200 °C in air for 200 h.
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tions of Shihet al? and Maruyama and Ohtdniare differ-

£ 900 = Cszasprep ent from those of Proké$and us. Kumar, Kitoh, and Hara

£ i T S carried out a 1-min isochronal annealing from 300 to

£ 800 “"H"*-\.i.ffi’:'d'j‘_. 1000 °C; the initial peak position was at 878 nm, and shifted

S to 806 nm after 1000 °C annealing; the PL peak position

% 700 | 4o ottt evolution tendency is consistent with ProKésind ours, but

S the final peak position is not. To sum up, PL peak evolution

§ 600 .._._.a-/‘/ tendencies for PS during oxidation reported in various papers

j— I including this one are consistent with each other; however,

o 500 - , , the final PL peak positions after oxidation vary. We consider
0 100 200 300 that experimental factors such as the resistivity of crystalline

Temperature (K) Si, anodization conditions including the composition of the
electrolyte, current density and anodization time, oxidation
FIG. 10. The temperature dependence of PL peak positions dnethods, and excitation wavelength in PL experiments have
two PS samplega) C3-2 and(b) C3-5, mentioned in Figs. 5 and 9, important effects on the PL peak energies for oxidized PS
when they are as-prepared and oxidized in air at 200 °C for 200 hsamples; thus it is not difficult to understand the differences
in final PL peak energies. We will discuss the origin of these
PL peak positions remain almost the same at different temdiscrepancies further below.
perature. Figure 10 compares the temperature dependence forjt js well known that oxidation of PS will cause a nano-
as-prepared and thermally oxidized cases for these twgcaje Sj shrinkag® Using either the quantum confinement
samples. With increasing temperature, their PL peak posimodel of Canhamor the Si surface-state model of Koch

tions exhibit blueshift and redshift when as-prepared, andy 412 \who suggested an energy difference of about 0.3 eV
fixed values around-690 nm after thermal oxidation in air . 53 a\s2=0 6 eV between light excitation in nanoscale

at 200 °C for 200 h. Si and emission in the Si surface states, the PL peak energies
should blueshift continuously during oxidation. Neither of
these models can explain why the PL spectra focus on a
There are a number of studies on individual PSdefinite and a small energy interval centered around 1.7 eV,
samples0-13.15-17.192% comparison of our statistical results but this can be explained by the QCLC model.
with individual cases is meaningful but difficult. When we  The QCLC model suggests that the luminescence of PS
compare our results with others, we find consistency in mostriginates from the radiative recombination of electron-hole
cases, but contradiction in a few cases. For examplepairs, excited in nanocrystal Si particles and tunneling out-
Prokes? carried out a series of 1-min isochronal annealingwards, at the luminescence centers outside the nanocrystal Si
from 600 to 1100 °C for PS samples, and found a blueshifunits, as shown schematically in Fig. 11. The main LCs are
of the PL peak between 600 and 800 °C, and then a pinningome adsorbates on nanoscale Si particle surfaces in as-
of the PL peak at about 1.7 eV above 800 °C. éwal??  prepared PS, which change to some types of LCs in,SiO
reported that aften-ray-irradiation-enhanced oxidation, the layers in fully oxidized PS. We consider the reason that most
PL peak located at 820 nm for an as-grown PS sample shifgghotoexcited electron-hole pairs tunnel outside the nanoscale
to 750 nm. Batstone, Tischler, and Colfifiseported that a Si particles instead of recombining with themselves is the
PL peak shifted from 820 to 720 nm after rapid thermalpoor radiative efficiency in zero-dimensional nanostructures
oxidation at 950 °C for 2 min. Cullist alX° reported that the due to intrinsic effects, i.e., mainly the orthogonality of elec-
PL peak position of a PS sample fabricated from 0.01—0.04ron and hole states combined with slowed-down relaxation,
Q cm crystalline Si with its initial PL peak position at 1.36 as pointed out in Ref. 36. Our different fabrication conditions
eV shifts to 1.59 eV after one year storage in air. In all thelead to different density distributions among various adsor-
above four cases, the PL peak position evolution tendenciggates, and result in different PL spectra, so that the PL peak
are consistent with that described in this paper, and the fing&nergies of as-grown PS samples can be controlled by fabri-
peak positions in Refs. 13, 16, and 22 are very near to ougation conditions. When oxide layers are fully grown outside
central PL peak position of 730 nfr-1.7 eV) after oxida- nanoscale Si, the LCs in SiQayers become the main LCs.
tion. In the paper by Culligt al.1° after one year storage in The focusing of PL peak energies into a range centered
air, the final PL peak position was at 1.59 eV, which is in ouraround 1.7 eV can be explained by the presence of one or
range of 1.55—-1.9 eV for statistical results for one year stormore types of LCs in the SiQlayers covering nanoscale Si
age in air as shown in Fig. 3, though deviating from ourthat have light-emission energies around 1.7 eV, and these
statistical central PL peak position. Shéh al!? studied the ~LCs dominate in luminescence. If more than one type of LCs
PL peak position evolution as a function of oxidation time, is responsible for the red light emission from oxidized PS,
and found a PL blueshift for a PS sample with its initial PL then the differences in final PL peak positions of oxidized PS
peak located at 740 nm, followed by a pinning at about 640eported in the literature and stated above can be explained
nm. Maruyama and Ohtdifound a pinning of the PL peak as follows: the type of LC in the SiQlayers in PS samples
of PS samples with a water rinse at about 660 nm. In ouwhich dominates in red light emission is determined by the
experiments, we find many cases of PL peak position pinfabrication conditions and oxidization methods, and can be
ning at positions near the central position of 730 nm duringdifferent in different laboratories.
the later stage of oxidation. However, the PL pinning posi- A relationship between the variation of energy dap

IV. DISCUSSION
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sity of the ~700 nm luminescence band from 10 to 300 K
than those of other bands with shorter or longer wavelengths,
as shown in Fig. 7. We agree with the point of view of

~| ~| Narasimhanet al,®! and extend their interpretation to the

] [ X T following form to explain the complicated evolution of PL
7 \ tunnel peak energies vs temperature. There are usually several types
= of LCs in a PS sample, and one type of LC corresponds to
‘ one basic luminescence band. This implies that PL spectra of
=

as-prepared fully oxidized

PS are multicomponent in nature. The energy position of a
> PL peak is determined by the relative intensities and peak
energies of the various basic luminescence bands contained
in the PL spectrum, and the temperature dependence of the
PL peak energy is determined by the variation of intensities
and peak energies of various basic luminescence bands vs
) o 1 3 temperature. Provided that the intensity of at least one basic
~ ~ luminescence band with light emission around 700 nm in Si
| oxide layers covering the nanoscale Si particles decreases to
nanoscale Si Si oxide a lesser extent than those of all the other basic luminescence
bands from 10 to 300 K, and that the peak positions of vari-
FIG. 11. Schematic illustration of the luminescence process thadus basic luminescence bands depend weakly on tempera-
electron-hole pairs are excited in nanoscale silicon, and then reconture, experimental results for the “as-prepared” @sfact,
bine at luminescence centers to emit visible light. The left sidethe PS has already oxidized in a certain extent; see helow
denotes the main LCs are some adsorbates on nanoscale Si partictgsn be accounted for, in which the PL peak blueshifts if its
surfaces for as-prepared PS, while the right side denotes that thgavelength is longer thamn-720 nm, and redshifts if its
main LCs are some types of LC in SjQayers for fully oxidized  wavelength is shorter than 680 nm at 10 K, with increasing
PS. temperature from 10 to 300 K. The observed very weak PL
. . peak shift with temperature for the as-prepared PS samples
with te_r97peratureT for semiconductors was proposed by with PL peak wavelengths much shorterg.,~540 nmj or
Varshni: much longer(e.g.,~860 nm than 700 nm, as shown in Fig.
_ 2 6, may be explained by the fact that LCs with light emission
Eg=Eo—aT/(T+5). @ wavelengths around 700 nm are few in these samples.
According to Figs. 8-10, oxidation will decrease the
slope of the PL peak position vs temperature, and the higher
dEy/dT=—(aT?+2aBT)/(T+p)>% (2)  the oxidation extent the lower the slope. These experimental
facts can be explained by the fact that the type of LC in Si
From (2), both the sign and value afEy/dT at a definite  oxide layers with a luminescence energy around 1.7a\d
temperature are determined byand 8 and should be defi- a wavelength of-700 nm) plays a more and more important
nite. If the PL of PS is caused by the band-to-band transitiomole in the oxidation process.
in nanosilicon particles as claimed by the QC model, it is There is experimental evidence that the peak positions of
very difficult to explain the extremely different trends, red- various basic luminescence bands depend weakly on tem-
shift or blueshift or pinning, of PL peak energies against theperature. Narasimhaat al3! reported that the position of
increasing temperature observed for different PS samples. every luminescence components in the PL spectrum of PS
In order to explain the observed blueshift of the PL peakdoes not depend drastically on temperature. Joeseai3®
with increasing temperature, Narasimhetral 3! pointed out  proved that the luminescence peak does not change with
that PL spectra of PS can be fitted as a sum of three Gausgmperature for one type of LC, the self-trapped exciton, in
ians centered around 0.66, 0.74, and Qu8@ with different  SiO,. Prokes and GlembodXi reported that there is no
temperature dependences of the intensity from each othetemperature dependence of the PL peak position in
and the authors thought that different components dominatexygen-stabilized PS. From Fig(af, we can also see that
in different temperature ranges. We consider the reason thatarious luminescence peak positions of t8d-3 sample
they did not observe a PL redshift with increasing temperado not change obviously with temperature in the range of
ture is that no PS with a luminescence peak wavelengti0—300 K.
shorter than 700 nm has been studied in their work. In fact, There are contradictory reports as to whether as-prepared
PL spectra of PS do not consist only of those Gaussians witRS is oxidized or not: Buureet al3® and Schuppleet al*°
peak wavelengths reported by Narasimhetral; for ex-  reported that there is no detectable oxygen in the as-grown
ample, it is clear in Fig. (b), in which there is obviously a PS samples. Murakoshi and Uogakfound that an as-
luminescence band with a shorter wavelength than 0.6@repared PS layer, which is formed by anodic oxidation of
pum. silicon in an ethanolic HF solution, is covered with Si oxide.
We think that the following two facts are connected to Tsybeskov and co-worke¥s*® observed obvious Si-O-Si
each other: with increasing temperature from 10 to 300 Kjnfrared-absorption peak in as-prepared PS, and it was veri-
the redshift and blueshift of the PL peak toward00 nm, as fied that anodization with light assistance leads to an accu-
shown in Fig. 6; and that there is a slower decrease in intermulation of oxygen on the nanocrystallite surface. These

From Eq.(1),
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controversies can be realized if we consider that the oxidizedf PL peak energies for oxidized PS samples can be ex-
speed of PS is very fast when the samples are taken out froplained by supposing that luminescence is carried out at lu-
the hydrofluoric-acid solutions, and that the time durationminescence centers in the Si@yers covering the nanoscale
from then to the beginning of detection and the sensitivity ofSi in oxidized porous Si, and that the energy focus range
the devices to detect the oxidation are very different for dif-centered around 1.7 eV corresponds to light-emission ener-
ferent authors. In our case, we cannot avoid exposure of P§ies of one or, most possibly, more types of luminescence
to air, although only for times shorter than 10 min; more-centers in the SiQlayers in porous Si. There is a lack of a
over, under illumination with a laser, our PS in a low common temperature dependence rule for PL peak energies
vacuum system has to be oxidized further. Consequently, owf as-prepared PS samples. With increasing temperature
as-prepared PS samples already have a thin oxide layer odtom 10 to 300 K, the PL peak of PS will blueshift, redshift,
side nanocrystalline Si during the PL measurement. or almost not shift, respectively, while its wavelength is
Cullis et al? suggested that nanoscale crystalline Si carlonger than~720 nm, shorter thar 680 nm, or around 700

account for the~750-nm (~1.65-e\) red luminescence nm at 10 K. After thermal oxidation in air at 200 °C for 200
from PS, and that luminescence in silicon oxides is veryh, no remarkable photoluminescence peak shift with tem-
important in interpreting the shorter-wavelength emissiorperature and pinning near 700 nm is observed. These ex-
bands. In fact, for sufficiently oxidized PS, the/50-nm red  perimental facts can be explained in that the type of LC in Si
luminescence also comes from the Silayers according to oxide layers with a luminescence energy around 1.7 eV
what is reported in this paper. Together with reported result$wavelength~700 nm has a lower decrease of lumines-
that blue luminescence from PS originates from $SiO cence intensity with increasing temperature from 10 to 300 K
layers?2°-2" we conclude that both blue and red lumines-than other types of LCs do, and that it dominates in lumines-
cence from sufficiently oxidized PS originates from lumines-cence in fully oxidized PS. We conclude that luminescence
cence centers in SiQlayers. with various wavelengths including red and blue from suffi-

ciently oxidized PS originates from luminescence centers in

V. SUMMARY the SiQ, layers covering nanoscale silicon.

To summarize, PL peak energies for as-prepared PS
samples show a dependence on anodization conditions; fur- ACKNOWLEDGMENT
thermore, storage for one year or thermal oxidation at 200 °C
for 200 h in air focuses the originally scattered PL peak This work was supported by National Natural Science
energies in a small range centered around 1.7 eV. This focusoundation of China.
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