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We introduce visible photoluminescenc@l) 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 PhysidsS0003-695(96)03248-3

Despite the superiority of IlI-V and II-VI compound laser illumination. On the other hand, the luminescences
materials in optoelectronic devices, the application of siliconfrom thermally treated silicon dioxide films were very strong
materials to optical devices has been very energetic duringnd stable despite laser illumination and long air exposure
the past few years. One of these efforts is the study for potimes. Also, the color of luminescence from oxide layers
rous silicon that emits visible luminescen@0-800 nmat  depended on the thickness of the silicon dioxide films, the
room temperature. The mechanism for this light emission hagemperature, and the time of the annealing process.
been the subject of some controversy and several models The structure of samples used was silicon oxide thin film
have been suggested. Recently, the observation of blue arglown by thermal oxidation at 1100 °C with a wet method on
red emission from porous silicon annealed in an oxygen amgy (100) silicon substrate. The thickness of the silicon oxide
bient was reported According to previous reports, the vis- thin films ranged from 10 to 500 nm. The thermal treatment
ible emission in porous silicon came from the nanocrystalfor prepared samples was performed by the rapid thermal
line silicon and oxygen-related complexe$.However, the annealing method in a nitrogen ambient. The temperature
origin of the blue emission from oxidized porous silicon is gnq time of the thermal treatment were in the range of 500—
not clear yet. Also,_ Zh_acet aI._ observed a luminescence 1000 °C and 1-20 min, respectively. Before and after the
band at 2.8 eV, which is ascribed to the size effect by thexTa process, the samples were studied using photolumines-
formation of nanocrystalline silicoiinc-Si) in amorphous cence(PL) spectra, Fourier transform infraréBTIR) spec-
silicon (a-Si) thin films during the rapid thermal annealing ometry, and high-resolution transmission electron micros-
(RTA) proces. It is known that some bulk SiD(such as copy (HRTEM) measurements. The PL measurements were

high-purity silica glassgscan exhibit a 2.7 eV band at low carried out using a 364 nm line Ar ion laser as the excitation

tempe.rat'ur%s, but the 2.7 eV band was not seen in thg the§'c>urce at room temperature. The PL spectra were detected
mal dioxide? Also, Liao et al. recently reported that a fairly

ble bl o 27 &V b b qf using a photomultiplier and a GaAs detector.
Stﬁ '€ biue em|_ssp|ﬁ 7 eV band was o Served from Figure 1 shows the dependence of the PL spectra with
Si"-implanted SiQ films thermally grown on a Si substrate

d ltraviolet itati £ 50 eV at respect to the temperature of thermal treatment with a silicon
;Jenmetrara?l?réu raviolet - excitation o 0 €Voal Toom . ide layer thickness of 350 nm. In our PL measurements,
perature. . . two dominant peaks were observed at 432 and 561 nm in all

In this letter, we report the observation of violet and

yellow luminescence bands at wavelengths of 432 nmsamples. At temperatures below 700 °C, the luminescences
(~2.87 eV} and 561 nm(~2.21 eV} at room temperature were very weak and faded during laser illumination. How-

from silicon dioxide(SiO,) thin films that were annealed by ﬁver, ?tltgmper?;urles hlgher than 800 °C W|thtan a””zagf‘(f
the RTA method. Without thermal treatment, the lumines- Ime o min, the fluminescences were very strong and di
ot degrade for a long time. Also, with increasing thermal

cence from the oxide layer is very weak and fades during{] - :
reatment temperature, the 432 nm peak showed minimal in-

crease in intensity while the relatively smaller 561 nm peak

dAlso at Department of Physics, Sungkyunkwan University, Suwon 440'showed a dramatic increase eventually surpassing the 432
746, Korea. ’ .
YAuthor to whom correspondence should be addressed. Electronic mailIM peak. In other words, the color from the sample varied

ekkim @kistmail.kist.re.kr from blue to yellow with increases in temperature and time
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FIG. 1. PL spectra of samples annealed for 10 min at 800, 900, andFIG. 2. XPS spectra of samples before and after thermal treatment for 10
1000 °C, respectively. min at 1000 °C.

of thermal treatment. More specifically, at 800 °C, the colorturé on as-grown silicon oxide filfiFig. 3] and on an
from the sample was blue, while at 1000 °C, the color from@nnealed silicon oxide film at 900 {€ig. 3(b)] and 1000 °C

the sample was yellow. With the change of oxide film thick-[Fig- 3(©)], respectively. This spectra display the presence of
ness, the peak positions were unchanged while the relati\}é"o_ltYPe_S of bonded oxygen. The strong peak at 1070
intensities of the two peaks showed change. However, wheh™ mdmates_t[\e B-O-Sistretching mode while the weak
the thickness of the oxide layer was thinner than 200 nmP€ak at 460 cm™ shows the 8-O—Sibending mode. After

these luminescences were not seen under any cond{fions 10 min ol thermal treatment ?tl 1000°C, .the number OT Si-
nealing temperature and time, ¢tdOn the other hand, the O-Si bending modet460 cm ) rapidly increased, while

. - . 71 -
samples annealed by a furnace at the same conditions Q%e S'_O_,S' stretching mod_e(lO?O cm °) did so qnly
those of RTA showed also a similar trend in the PL signal® ightly. This FTIR result indicates that the deformations of

(not shown here This suggests that the effect of the thermalthelst'_ot boncti OISCLf[rhred n thetilllcpn oxide fl'Imt(r:ihurclxrlg_]Sther-
strain between the silicon substrate and silicon oxide film i{"2 d_rea meorll - mur ermorbei, _?hl?ﬁrfasfethln 56? II
correlated with the origin of the luminescence phenomena i ending mogde 1S comparable wi atotthe tyel-
our samples. low) banq in the PL spectréflg. D. A_Iso, we obseryed that

Recently, the origin of the 2.2 eV emission was reporte hehgfirt:g: OL th;b0833_()8:;—,«?-.”?;?:225;]0%? tihslﬁssh'f‘?o?
by Itoh et alX® They ascribed this emission to the radiative '3 gy by abou ' 'S Shi

decay of self-trapped excitons @SiO, that was irradiated the pegk pgsmon is not clear and further studies are needed
to clarify this phenomenon.

by an electron pulse. A self-trapped exciton is considered to : :
be an interstitial-vacancy pair, of which the interstitial takes Results obtained by ~Tohmonetal. using as-
. manufactured silica glass showed a 460 (¥ eV) emis-

the form of an @ molecule, and the interstitial—vacancy pair sion peak from oxygen-deficient glass and defined the origin
is confined to a Si@tetrahedron. Also, theiSO-Si bridg- P 9 9 9

ing bond angle between the Sj®etrahedra is largely re-

duced. That is, silicon atoms neighboring an oxygen vacancy

are asymmetrically relaxed by thermal treatments. In the Si0, (350nm)/si

thermally treated oxide layer, the evidence of the structural

deformation of the Si@layer was confirmed by x-ray pho-

toelectron spectroscopXPS) analysis(Fig. 2). After ther-

mal treatment, th O 1 s(532.33 eV peak originating from

the SiQ structure decreased, while two peaks, an oxygen

sufficient structuré~533 e\) and an oxygen deficient struc-

ture (~531 e\), were newly generateld. With increasing

temperature, the oxygen sufficient peak increases causing the

oxygen deficient peak to decrease. In comparison with PL

data, these results indicate that the oxygen sufficient struc-

tures were related to the origin of yellow luminescence. In

other words, due to thermal strain, oxygen sufficient struc- 00 00 800 71000 1200

tures become the dominant structure rather than, . SKor- Wavenumber (cm'1)

thermore, these results are also consistent with the results of

an infrared transmission experiment as shown by Fig. 3. Fig. 3. FTIR signals of the Sipthin film that was(a) as-grown,(b) an-
Figure 3 shows FTIR spectra measured at room temperaealed at 900 °C, 10 min, ar(d) annealed at 1000 °C, 10 min.

Transmission (a.u.)

$i-O-Si bending

sio,
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oxygen sufficient structures are formed at an interfacial re-
gion between nanocrystalline silicon and amorphous silicon
oxide by thermal energy and thermal strain. By increasing
the temperature of the thermal treatment, the number of
nanocrystalline silicon increases causing the interfacial re-
gion to increase while the change of structure from amor-
phous SiQ to oxygen sufficient structures is accelerated.
Thus, the intensity of this emission is rapidly increased with
increasing temperature.

In summary, we introduced visible photoluminescence
that was obtained from thermally grown silicon dioxide films
followed by thermal annealing. Two dominant lumines-
cences at 432 and 561 nm, were measured. The relative in-
tensity of the two luminescences varied with respect to the
of this emission as that from a neutral oxygen-vacancy defeathange of the thickness of the silicon dioxide film, tempera-
(=Si—Si=).*? However, in our PL measurement, a slightly ture, and the time length of thermal treatment. By increasing
higher emissior({in comparison with oxygen-deficient glass the temperature above 800 °C, a new luminescence center
of 432 nm was obtained. Figure 4 shows the TEM micro-was generated between a wavelength range of 450—-530 nm.
graph of a 10 min thermally treated sample at 1000 °C. ThiShus, we can consider the 432 nm emission to be from
shows Si nanocrystals distributed randomly throughout thé@anocrystalline silicon formed in the oxide layer by thermal
amorphous silicon oxide layer with an average size of 2 nnenergy and thermal strain and the 561 nm light emission to
in diameter and the size distributed within a range of 1-3be from the radiative decay of self-trapped excitons confined
nm. The calculation of the exciton energy from the averagdo oxygen sufficient structures.
nanocrystal size was done using the pseudopotential This work was supported by the Endowment Project
method® and empirical tight binding with a variety of im- through Contract Nos. 2E13620 and 2E14067 in KIST.
plicit bases:* Comparison of this calculation and that of the
calculated exciton energy from measured photoluminescencé};l';ggegésuy T. Futagi, T. Matsumoto, and H. Mimura, Phys. Re¥9B
energy(432 nn) is very reasonable. . . M. S. éranc?t., H. D. Fuchs, M. Stutzmann, J. Weber, and M. Cardona,

From these results, we can consider the followi: Solid State Commurg1, 307 (1992.

The 432 nm emission is from nanocrystalline silicon that is 3J. C. Vial, A. Bsiesy, F. Gaspard, R. Herino, M. Ligeon, F. Muller, and R.
formed in the silicon oxide layer by thermal energy and ther—4$°{ﬂ”et5tai”7tPh}'rS-FRteV-_BEi 1|\j|‘_ 171(1992-Y Canemitew. Phve. Reg
mal strain. The intensity of the 432 emission is gradually 5 S?GS(TQS;’ - Futagi, H. Mimura, and Y. Kanemitsu, Phys. Re4¢7B
increased with temperature and seems to be saturated ab.w. Cooke, B. L. Bennett, E. H. Farnum, W. L. Hults, K. E. Sickafus,
1000 °C, with a new luminescence band appearing in the J. F. Smith, J. L. Smith, T. N. Taylor, P. Tiwari, and A. M. Portis, Appl.
range of 450-530 nm. At 800 °C, the neutral oxygen- SjPhys. Lett68 1663(1996.

. L. Tsybeskov, Ju. V. Vandyshev, and P. M. Fauchet, Phys. Re49,B
vacancy defects are generated by thermal strain and form the;g,; (1994,

ultrafine crystallites in the oxide layer. By increasing the 7x. zhao, O. Schoenfeld, S. Komuro, Y. Aoyagi, and T. Sugano, Phys.
temperature of the thermal treatment, the number of oxygen Rev. B50, 18 654(1994.

sufficient structures is increased and the correlation among’ - Stanie f‘,\;‘dB“gbA)'('fgsg‘ﬁgn:hﬁs'?i‘i’?] 2972(198. Appl. Phys
t_he neutral oxygen-vacancy defet_ﬁ;_s&—SE) is very ac- Lett. 68, 850(1996.

tive. Therefore, the size of the silicon crystallites is larger.i°c. itoh, T. Suzuki, and N. Itoh, Phys. Rev.4, 3794(1990.

(2) The 561 nm light emission is from the radiative decay ofB. Lamontagne, F. Semond, and D. Roy, Surf. Se7, 371 (1995.
self-trapped excitons. A self-trapped exciton is considered to Eé;‘;h’gﬂ;'sYé?\?'?é’t%gcgg';'(gggno' Y. Ohki, K. Nagasawa, and .
be an interstitial—vacancy pair that is confined to OXygens| . wang and A. Zunger, J. Phys. Che@@ 2158(1994.

sufficient structures such as SiOr a SiQ tetrahedron. The !4C. Delerue, G. Allan, and M. Lannoo, Phys. Rev48 11 024(1993.

FIG. 4. Cross-sectional HRTEM micrograph showing ultrafine crystallites
of the annealed Sitxhin film at 1000 °C, 10 min.
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