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~Received 23 July 1996; accepted for publication 18 September 1996!

We introduce visible photoluminescences~PL! of violet ~432 nm! and yellow~561 nm! at room
temperature from thermally treated silicon dioxide thin films. These luminescences were very strong
with a near infinite degradation time. At an oxide layer thickness less than 200 nm, these
luminescences were not seen, even with high temperature annealing at about 1000 °C. As a result
of photoluminescence, x-ray photoelectron spectroscopy, Fourier transform infrared, and
high-resolution transmission electron microscopy measurements, we conclude that the violet PL
originates from the nanocrystalline silicon formed in the silicon oxide film by the thermal strain
effect between the silicon substrate and the silicon dioxide film, while the yellow PL originates from
the radiative decay of self-trapped excitons that are confined to oxygen sufficient structures.
© 1996 American Institute of Physics.@S0003-6951~96!03248-2#
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Despite the superiority of III–V and II–VI compoun
materials in optoelectronic devices, the application of silic
materials to optical devices has been very energetic du
the past few years. One of these efforts is the study for
rous silicon that emits visible luminescence~600–800 nm! at
room temperature. The mechanism for this light emission
been the subject of some controversy and several mo
have been suggested. Recently, the observation of blue
red emission from porous silicon annealed in an oxygen
bient was reported.1 According to previous reports, the vis
ible emission in porous silicon came from the nanocrys
line silicon and oxygen-related complexes.2–6 However, the
origin of the blue emission from oxidized porous silicon
not clear yet. Also, Zhaoet al. observed a luminescenc
band at 2.8 eV, which is ascribed to the size effect by
formation of nanocrystalline silicon~nc-Si! in amorphous
silicon ~a-Si! thin films during the rapid thermal annealin
~RTA! process.7 It is known that some bulk SiO2 ~such as
high-purity silica glasses! can exhibit a 2.7 eV band at low
temperatures, but the 2.7 eV band was not seen in the
mal dioxide.8 Also, Liao et al. recently reported that a fairl
stable blue emission~;2.7 eV band! was observed from
Si1-implanted SiO2 films thermally grown on a Si substra
under an ultraviolet excitation of 5.0 eV at roo
temperature.9

In this letter, we report the observation of violet a
yellow luminescence bands at wavelengths of 432
~;2.87 eV! and 561 nm~;2.21 eV! at room temperature
from silicon dioxide~SiO2! thin films that were annealed b
the RTA method. Without thermal treatment, the lumin
cence from the oxide layer is very weak and fades du

a!Also at Department of Physics, Sungkyunkwan University, Suwon 4
746, Korea.

b!Author to whom correspondence should be addressed. Electronic
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laser illumination. On the other hand, the luminescenc
from thermally treated silicon dioxide films were very stron
and stable despite laser illumination and long air exposu
times. Also, the color of luminescence from oxide layer
depended on the thickness of the silicon dioxide films, th
temperature, and the time of the annealing process.

The structure of samples used was silicon oxide thin fil
grown by thermal oxidation at 1100 °C with a wet method o
a ~100! silicon substrate. The thickness of the silicon oxid
thin films ranged from 10 to 500 nm. The thermal treatme
for prepared samples was performed by the rapid therm
annealing method in a nitrogen ambient. The temperatu
and time of the thermal treatment were in the range of 500
1000 °C and 1–20 min, respectively. Before and after t
RTA process, the samples were studied using photolumin
cence~PL! spectra, Fourier transform infrared~FTIR! spec-
trometry, and high-resolution transmission electron micro
copy ~HRTEM! measurements. The PL measurements we
carried out using a 364 nm line Ar ion laser as the excitatio
source at room temperature. The PL spectra were detec
using a photomultiplier and a GaAs detector.

Figure 1 shows the dependence of the PL spectra w
respect to the temperature of thermal treatment with a silic
oxide layer thickness of 350 nm. In our PL measuremen
two dominant peaks were observed at 432 and 561 nm in
samples. At temperatures below 700 °C, the luminescen
were very weak and faded during laser illumination. How
ever, at temperatures higher than 800 °C with an anneal
time of 10 min, the luminescences were very strong and d
not degrade for a long time. Also, with increasing therm
treatment temperature, the 432 nm peak showed minimal
crease in intensity while the relatively smaller 561 nm pea
showed a dramatic increase, eventually surpassing the
nm peak. In other words, the color from the sample varie
from blue to yellow with increases in temperature and tim
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of thermal treatment. More specifically, at 800 °C, the co
from the sample was blue, while at 1000 °C, the color fro
the sample was yellow. With the change of oxide film thic
ness, the peak positions were unchanged while the rela
intensities of the two peaks showed change. However, w
the thickness of the oxide layer was thinner than 200 n
these luminescences were not seen under any conditions~an-
nealing temperature and time, etc.!. On the other hand, the
samples annealed by a furnace at the same condition
those of RTA showed also a similar trend in the PL sign
~not shown here!. This suggests that the effect of the therm
strain between the silicon substrate and silicon oxide film
correlated with the origin of the luminescence phenomena
our samples.

Recently, the origin of the 2.2 eV emission was report
by Itoh et al.10 They ascribed this emission to the radiativ
decay of self-trapped excitons ina-SiO2 that was irradiated
by an electron pulse. A self-trapped exciton is considered
be an interstitial–vacancy pair, of which the interstitial tak
the form of an O2 molecule, and the interstitial–vacancy pa
is confined to a SiO2 tetrahedron. Also, the Si–O–Si bridg-
ing bond angle between the SiO4 tetrahedra is largely re-
duced. That is, silicon atoms neighboring an oxygen vaca
are asymmetrically relaxed by thermal treatments. In
thermally treated oxide layer, the evidence of the structu
deformation of the SiO2 layer was confirmed by x-ray pho
toelectron spectroscopy~XPS! analysis~Fig. 2!. After ther-
mal treatment, the O 1 s~532.33 eV! peak originating from
the SiO2 structure decreased, while two peaks, an oxyg
sufficient structure~;533 eV! and an oxygen deficient struc
ture ~;531 eV!, were newly generated.11 With increasing
temperature, the oxygen sufficient peak increases causing
oxygen deficient peak to decrease. In comparison with
data, these results indicate that the oxygen sufficient st
tures were related to the origin of yellow luminescence.
other words, due to thermal strain, oxygen sufficient str
tures become the dominant structure rather than SiO2. Fur-
thermore, these results are also consistent with the resul
an infrared transmission experiment as shown by Fig. 3.

Figure 3 shows FTIR spectra measured at room temp

FIG. 1. PL spectra of samples annealed for 10 min at 800, 900,
1000 °C, respectively.
Appl. Phys. Lett., Vol. 69, No. 22, 25 November 1996

Downloaded 17 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstr
lor
m
k-
tive
hen
m,

s as
al
al
is
in

ed
e

to
es
ir

ncy
the
ral
-

en
-

the
PL
ruc-
In
uc-

ts of

era-

ture on as-grown silicon oxide film@Fig. 3~a!# and on an
annealed silicon oxide film at 900 °C@Fig. 3~b!# and 1000 °C
@Fig. 3~c!#, respectively. This spectra display the presence
two types of bonded oxygen. The strong peak at 107
cm21 indicates the Si–O–Sistretching mode while the weak
peak at 460 cm21 shows the Si–O–Si bending mode. After
10 min of thermal treatment at 1000 °C, the number of Si
O–Si bending modes~460 cm21! rapidly increased, while
the Si–O–Sistretching mode~1070 cm21! did so only
slightly. This FTIR result indicates that the deformations o
the Si–O bond occurred in the silicon oxide film during ther
mal treatment. Furthermore, the increase in the Si–O–Si
bending mode is comparable with that of the 561 nm~yel-
low! band in the PL spectra~Fig. 1!. Also, we observed that
the position of the Si–O–Si stretching mode shifts to a
higher energy by about 30 cm21. the reason for this shift of
the peak position is not clear and further studies are need
to clarify this phenomenon.

Results obtained by Tohmonet al. using as-
manufactured silica glass showed a 460 nm~2.7 eV! emis-
sion peak from oxygen-deficient glass and defined the orig

andFIG. 2. XPS spectra of samples before and after thermal treatment for
min at 1000 °C.

FIG. 3. FTIR signals of the SiO2 thin film that was~a! as-grown,~b! an-
nealed at 900 °C, 10 min, and~c! annealed at 1000 °C, 10 min.
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of this emission as that from a neutral oxygen-vacancy def
~wSi—Siw!.12 However, in our PL measurement, a slightl
higher emission~in comparison with oxygen-deficient glass!
of 432 nm was obtained. Figure 4 shows the TEM micr
graph of a 10 min thermally treated sample at 1000 °C. Th
shows Si nanocrystals distributed randomly throughout t
amorphous silicon oxide layer with an average size of 2 n
in diameter and the size distributed within a range of 1–
nm. The calculation of the exciton energy from the avera
nanocrystal size was done using the pseudopoten
method13 and empirical tight binding with a variety of im-
plicit bases.14 Comparison of this calculation and that of th
calculated exciton energy from measured photoluminesce
energy~432 nm! is very reasonable.

From these results, we can consider the following:~1!
The 432 nm emission is from nanocrystalline silicon that
formed in the silicon oxide layer by thermal energy and the
mal strain. The intensity of the 432 emission is gradual
increased with temperature and seems to be saturated
1000 °C, with a new luminescence band appearing in t
range of 450–530 nm. At 800 °C, the neutral oxyge
vacancy defects are generated by thermal strain and form
ultrafine crystallites in the oxide layer. By increasing th
temperature of the thermal treatment, the number of oxyg
sufficient structures is increased and the correlation amo
the neutral oxygen-vacancy defects~wSi—Siw! is very ac-
tive. Therefore, the size of the silicon crystallites is large
~2! The 561 nm light emission is from the radiative decay o
self-trapped excitons. A self-trapped exciton is considered
be an interstitial–vacancy pair that is confined to oxyge
sufficient structures such as SiO3 or a SiO4 tetrahedron. The

FIG. 4. Cross-sectional HRTEM micrograph showing ultrafine crystallit
of the annealed SiO2 thin film at 1000 °C, 10 min.
3404 Appl. Phys. Lett., Vol. 69, No. 22, 25 November 1996
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oxygen sufficient structures are formed at an interfacial r
gion between nanocrystalline silicon and amorphous silic
oxide by thermal energy and thermal strain. By increasin
the temperature of the thermal treatment, the number
nanocrystalline silicon increases causing the interfacial
gion to increase while the change of structure from amo
phous SiO2 to oxygen sufficient structures is accelerate
Thus, the intensity of this emission is rapidly increased wi
increasing temperature.

In summary, we introduced visible photoluminescenc
that was obtained from thermally grown silicon dioxide film
followed by thermal annealing. Two dominant lumines
cences at 432 and 561 nm, were measured. The relative
tensity of the two luminescences varied with respect to t
change of the thickness of the silicon dioxide film, temper
ture, and the time length of thermal treatment. By increasi
the temperature above 800 °C, a new luminescence cen
was generated between a wavelength range of 450–530
Thus, we can consider the 432 nm emission to be fro
nanocrystalline silicon formed in the oxide layer by therm
energy and thermal strain and the 561 nm light emission
be from the radiative decay of self-trapped excitons confin
to oxygen sufficient structures.

This work was supported by the Endowment Proje
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