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Experimental results of the visible photoluminesceri®.) from nanocrystalline Si(nc-Si)
embedded in a SiDmatrix, prepared by plasma Chemical vapor deposition and a subsequent
post-treatment, are reported here. Scanning electron microscopy, transmission electron microscopy,
x-ray diffraction, and Fourier transform infrared are used to characterize the morphology, crystallite
size, and the composition and structure of nc-SiSiltns. The visible PL can be finely tuned from

1.3to 1.75 eV by changing annealing time and temperature. The effect of high temperature (870 °C)
forming gas(FG) annealing on the visible PL can be divided into three stages. In the first stage, the
visible PL blueshifts from 1.3 to 1.55 eV, and the PL intensity increases. In the second stage, the
peak energy shows a small shift, and the PL intensity continues increasing. In the last stage, the peak
energy blueshifts te-1.75 eV, but the PL intensity decreases. The visible PL shows a maximum
intensity around 1.50.05 eV. For a PL obtained after a high temperature anneal, a subsequent low
temperature FG annealing (400 °C) will lead to a redshift of peak energy and an increase in PL
intensity. In particular, for a PL around 1.75 eV, a kinetic oscillation of the spectral shift and the PL
intensity has been observed upon this annealing. Detailed analysis indicates that the most probable
candidates for the visible PL are two oxygen thermal donor-like defect gfaixs (Si-NL8 and
Si-NL10) generated during annealing. The effect of annealing temperature and time on the spectral
change and the kinetic oscillation of the spectral change can be explained by the formation and
decay kinetics of these two oxygen TDs-like defect states. On the one hand, these experimental
results verified the Si—O bond related origin for the visible PL in this system; on the other hand, they
also pointed out that apart from the common features of Si—O related visible PL, the detailed
configuration and composition of this PL center by different synthesis methods may be different and
possess some features of their own.2802 American Vacuum SocietjDOI: 10.1116/1.1490389

[. INTRODUCTION odic etching of a Si wafer in solutions containing HF and

Following the report of Canham about strong visible pho_nonbiased chemical etching in HF/HN®©onditions. The re-

toluminescencéPL) from porous siliconP9,! much effort ~ Sulting PL features depend on the etching conditf3ypi-
has been directed toward the understanding of the PL mech&&lly: @ broad, featureless emission is observed at room tem-
nism in order to develop the applications of Si-based deviceBerature .centezroed.at 550-800 nm with 200 nm full width at
in optoelectronics, displays, and sensors. Up to now, twd@lf maximum:™ Since nanometer-sized Si structures in PS
models have been suggested for the source of th&®fine  Were believed to play an important role in the visible PL of
model is a pure quantum size effect, i.e., the luminescencBS, nc-Si particles produced by various dry chemical tech-
resulting from the radiative recombination of quantum-niques have also been studied in order to understand the PL
confined electrons and holes in PS.A competing model Mechanisnf~?°Si nanocrystallites produced by using these
for the source of the luminescence is surface-related defeéty chemical techniques exhibit visible PL as well. In addi-
structures, such as siloxef@olysilanes’ SiH,,° Si band-  tion, solvent effects and complex electrochemical process are
tail states'! interfacial oxide-related defect centéfspon-  avoided in these dry chemical techniques. Although the sys-
bridging oxygen hole cente\\BOHCs,*® and oxyhydride- tematic blueshift of the visible PL with the decrease of crys-
like emitterst After 10 yr of research, a consensus about thetallite size in PS has rarely been mentioded’ it has been
origin of visible PL has been reach&t8Either PS itself or  observed in nc-Si/Si©films produced by some dry chemi-
the Si—O surface state can be the source of the visible Plcal methods due to the easy control of nanocrystalliog Si
depending on the size of PS and on the interfacial chemicadize?®~° The majority of the researchers ascribe this to the
environment. A detailed mechanism was recently describedquantum size effecfQSBE since the blueshift of the visible
by Wolkin et al1® PL is accompanied by a decrease in crystallite size due to

The most common method of fabricating PS films is an-oxidation treatment.

The red PL around 1.5 eV in nc-Si/SiG@ilms, produced

dElectronic mail: x.wu@fkf.mpg.de by plasma chemical vapor depositigBVD) and the subse-
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guent post-treatment, has been reported in detail béfdte. TaeLE I. Weight film thickness, preoxidation time, and oxidation time.
shows similar PL behavior to PS. Defect studies using the ——
Film thickness

electron spin resonanoﬁESR) techniqug in this system after-_ Sample (um) Preoxidation time (350°) Oxidation time (870°)
ward showed the correlation of the integrated PL intensity

with the concentration of oxygen thermal dondiEDs)- A g ;2 —
related defect states, |nd|c§t|ng that this kind of oxyzgen— c 58 72 h 20 min 1 min
related defect was responsible for the observed red?PL. p 28 05h _

Recently, we further extended our investigations to the ef=
fects of annealing temperature, atmosphere, and time on the

spectral change of the visible PL between 1.5 and 1.7%eV. Step 3: The oxidation of the preoxidized film at 870 °C in

It was found there that the spectral charige spectral shift pure oxygen. High temperatures lead to the crystallization of

and the PL intensityshowed a strong and systematic depen-, )
dence on annealing conditions and that the PL was actuallthe amorphous films, Oxygen atmosphere leads to further

dxidation of the film. Step 3 can be merged with Step 4 since
composed of two PL centers. the film has already adsorbed enough oxygen in step 2
In this article, apart from adding neexperimental results '

: ing i 9% ni 0
of the visible PL, we will give a detailed description of the Step°4. Heating in F.@SA) hitrogen and 5% hydrogen
source and the spectral shift of the visible PL in this s stemat 870°C for a chosen time.
u P ! VIS] in this sy " The advantages of this technique atB: Similar to other

Scanning electron microscog$EM), transmission electron dry chemical techniques, it is compatible with modern mi-

?:;%gziﬁp?ngigc){%ﬁlrRa)ya(rjeI:ﬁlrjigéo?o(i:(r?a[r);c:tzrr]igelztzznriror- croelectronic technology2) The synthesis conditions are
asy to control. Thus, the changes of the visible PL can be

pholqu_, cry_stallite size, and_the composition and structure Oﬁnely tuned and show a good reproducibility.
nc-Si/SiG films. The experimental results can be summa- H . . .
. ) N . ere, the visible PL from four samples is shown. Weight
rized as follows:(1) the visible PL can be finely tuned from film thickness. preoxidation time. and oxidation time are
1.3 to 1.75 eV by a careful control of annealing time and y - ' P . R . )
. given in Table I. FG annealing conditions are given in the
temperature(2) According to the observed PL features, the corresponding figures
effect of high temperature (870°C) forming gésG) an- '
nealing can be divided into three stages. In the first stage, t o
visible PL blueshifts from 1.3 to 1.55 eV, and the PL inten—hg' Structural characterization and spectroscopy
sity increases. In the second stage, the peak energy shows aThe surface morphology was observed with a SE#i
small shift, and the PL intensity continues to increase. In théachi S-800. ATEM (JEOL 4000FX was used to obtain the
last stage, the peak energy blueshifts~+d.75 eV, but the size of nc-Si and its distribution. One piece of nc-Si/SiO
PL intensity decreases. The visible PL shows a maximuniilm was scratched off the wafer and ultrasonically dissolved
intensity around 1.50.05 eV. (3) For a PL obtained after a in ethanol. Grids were prepared by depositing the obtained
high temperature anneal, a subsequent low temperature Felloidal solution onto a 400 mesh copper grid and dried in
annealing (400 °C) will lead to a redshift of peak energy ancgir. XRD (Siemens D-5000 powder diffractometevas used
an increase in PL intensity. In particular, a kinetic oscillationto obtain the average particle size and the fraction of nc-Si in
of spectral shift and PL intensity in the third stage has beeithe film. The FTIR spectrometer was a Perkin Elmer FTIR
observed upon this annealing. In agreement with our previl760X. All FTIR spectra were recorded at 4 chresolution
ous results:~*these experimental results can be explainedand averaged using 40 scans. Laser PL measurements were
by the formation and decay kinetics of oxygen TD-like de-done by illuminating the sample using the 325 nm line of a
fect states. In addition, the relation between the nc-Si an#le—Cd laser(Omnichrome series 36with a maximum
oxygen TD-like defect states is also discussed. Finally, thump power density of 0.4 W/chn(100% laser intensity
structure and PL features of nc-Si/Si@ilms have been Except for the laser intensity dependence experiment, all
compared with those of oxygen-terminated PS. other PL spectra were measured at 100% laser intensity. The
obtained PL signals were collected and focused into a mono-
chromator(Spex Model 1681Band detected by a Si diode
II. EXPERIMENT in the lock-in mode. A PC controlled data collection. A tung-
sten standard lamp was used to calibrate of the spectral sen-
sitivity of whole measuring system. PL excitation spectra
(PLE) were measured using Perkin Elmer LS 50B fluoro-
The synthesis consisted of the following four steps: meter. All measurements were done at room temperature.
Step 1. The growth of an amorphous silicon film by
plasma CVD. The film was further annealed under 0.03 mbaHl. RESULTS
gfezyi?lr(t)ﬁee?ill;lrs.w at660°C to decrease the amount of hydroA. Structural characterization of nc-Si  /SiO,, films
Step 2: The preoxidation of the amorphous silicon film in1- XRD characterization
a resistance-heating oven under a flow of pure oxygen at Figure 1 shows the effect of FG annealing time on the
350°C. XRD patterns for sample A. It is a representative evolution

A. Synthesis of nc-Si /SiO, films by plasma CVD and
post-treatment

JVST B - Microelectronics and Nanometer Structures
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Fic. 1. Evolution of XRD diagrams of sample A upon 870 °C FG annealing: o o _
(@ 24 min, (b) 2 h 36 min,(c) 3 h 36 min,(d) 5 h 36 min,(e) 7 h, and(f) Fic. 2. SEM topographic image of nc-Si/Si@lm after 15 min FG anneal-
7 h 30 min. ing at 870 °C.

of XRD diagrams of nc-Si/Si@films upon high temperature
FG annealing. The appearance of three main diffractiofice fringes corresponding to th@1l)-lattice planes of Si.
peaks of Si{111), Si(220), and Si(311) in Fig. 1(a) indicates However, due to the little amount of nc-Si in the films, we
the existence of Si nanocrystallites. The broad diffractiondid not succeed in obtaining the nc-Si size for samples with
peak around 22° belongs to amorphous SiGherefore, the longer FG time that show a strong visible PL around 1.5 eV.
film consists of nc-Si and amorphous $iOWith increasing Therefore, the sizes of nc-Si for PL samples were obtained
FG time [Figs. 1b)—1(f)], the particle size and amount of from XRD data.

nc-Si in the film decreases. The average particle size was
obtained from the measured integral half width of the Bragg
reflections using the Scherrer formula. It decreases from 4
nm of Fig. 1a) to below 2 nm of Fig. id). The relative
amount of nc-Si in the films has been determined from the
XRD pattern®*3® It decreases from over 40% of Fig(al to
about 6% of Fig. (d). Due to too weak signals for nc-Si in
Figs. Xe) and Xf), we did not evaluate the size and amount
of nc-Si for these two annealing times.

2. SEM and TEM measurements

Figure 2 is a SEM topographic image of one sample,
which was annealed at 870°C for 15 min. The obtained
nc-Si/SiG film is a porous film. Figure 3 is the TEM images
of the same sample. The bright field imdgég. 3 (a)] shows
many isolated particles with an average size around 10 nm.
The corresponding dark field imagEig. 3 (b)] shows many
isolated particles with a smaller average size around 5 nm.
Since our film is a composite material and is composed of
amorphous Si@and nc-Si, the difference between the bright
field image and the dark field image indicates that nc-Si par-
ticles are covered with an amorphous gifayer. Because
dark field image is more sensitive to the crystalline phase,
the size of nc-Si obtained from the dark field image therefore
iS more accurate in our system. It is a little larger than the
average particle siz&.3 nm calculated from XRD patterns
[not shown here, similar to Fig.(d]. From the dark field
image, it can be seen that the crystallites are distributed i 3. TEM images for the sample of Fig. @) bright field image(b) dark
size. High resolution TEM imagFig. 3(c)] exhibits the lat- field image, andc) high resolution lattice image.
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Fic. 5. Evolution of visible PL spectra with increasing time upon 870 °C FG
annealing for sample A@) 24 min, (b) 2 h 36 min,(c) 3 h 36 min,(d) 5 h
36 min, (e) 7 h, and(f) 7 h 30 min.

Wavenumbers (cm™')

Fic. 4. Evolution of FTIR absorption spectra at different steps of post-
treatment procesga) before preoxidation(b) after preoxidation, andc)

after 1 h of FGannealing at 870 °C.
of visible PL spectra upon increasing annealing times for

. sample A. The corresponding change in XRD patterns is

3. FTIR absorption spectra shown in Fig. 1. In the first stage, the visible PL blueshifts
Figure 4 shows a typical change of FTIR absorption specfrom 1.3 to 1.6 eV[Figs. 5c)-5(d)], and the PL intensity

tra during the post-treatment process. The assignment of thacreases. In the second stage, the peak energy shows a small
main vibrational features is as follow87**the double-peak shift, and the PL intensity continues increasfifgs. 5d)—
structure between 900 and 1200CThis the Si—O-Si 5(g)]. In the last stage, the peak energy blueshifts from 1.6 to
stretching vibration; 810 cm' is Si-O-Sibending vibra-  ~1.75 eV[Figs. §e)-5(f)], but the PL intensity decreases.
tion, and 460 cm' is a Si—O-Sirocking vibration; the  The visible PL shows a maximum intensity around 1.6 eV
650 cm ! band is composed of SiH and Silending vibra-  for this sample.
tions; 870 cm ! is SiH, scissors vibration; and 2250 crhis
H-SiOx stretching vibration. Figure(d) is the FTIR spec-

trum of one film before preoxidation. Since the film is porous _ o
and adsorbs oxygen easily from air, the vibrational bands Figures 6a)—6(c) shows the blueshift of the visible PL for

related to Si—O bonds are also observed before the preox§@mple B in the first stage. With more FG annealing, the

dation. After preoxidation, the vibration absorbance intensiVisible PL gradually blueshifts, and its PL intensity increases.
ties related to Si—O bonds increase, whereas those of Si—At the same time, the size and amount of nc-Si decreases
bonds decrease due to the substitution by Si—-0O b@ﬁ[@ﬁ upon FG anneal|ng:|g. 6 |nsel. Similar to the observations

4(b)]. After 1 h of FG annealing at 870 °C, the vibrational

2. Blueshift of the visible PL in the first stage

bands related to Si—H bonds further decrefSig. 4(c)].
More FG annealing leads to the further enhancement of N 8
Si—0O vibration absorbance modes. 80000 |- A,AA LR ot A
From SEM, TEM, XRD, and FTIR characterizations, it k£ k}. :‘2‘ !\
can be seen that the prepared nc-SiLSiins are porous ‘1 Xx 3 4o / 1°
films and are composed of nc-Si and amorphous, Sidpon ~ 60000 | N \ % 0.8 ’V\__/
FG annealing, the size and amount of nc-Si in the film de- & 11 b \ & of A .
creases due to the oxidation process. £ 10000 L \_ 02 S A g
5 R4 %, x 0055253040 50 60 70
£ i . 20
B. Visible PL features of nc-Si /SiO, films = ‘A.,’ LY ‘x\
1. Visible PL features upon high temperature 20000 - £ .ﬁ. N
FG annealing I m "»,. A\ﬂ
The red PL centered around 1.5 eV has been discussed i ol M T P, YOO
detail in this system befor&.We found out here that by a 12 14 16 18 20 22 24 26
Energy (eV)

careful control of annealing times upon high temperature FG
anneallng, t.he. visible '.DL Can be fmely tuned_ f_rom :!"3 to 1'75F|G. 6. Blueshift of visible PL of sample B in the first stage upon 870 °C FG
eV. The variation of this visible PL can be divided into three zpnealing:(a 2 h 20 min,(b) 6 h 20 min, andc) 9h 20 min.(Insey XRD
stages. Figure 5 is one example, which exhibits the evolutiodiagrams afte2 h 20 min and 9 h 20 min aealing.

JVST B - Microelectronics and Nanometer Structures
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Fic. 7. (a) Evolution of peak energyleft side and PL intensity(right side ) 1 i* 'luu...._...,.._._.

vs annealing times upon 400 °C annealing for three samples with different 1.6 1.8 20 22 24
initial peak energies(1) 1.44 eV,(2) 1.59 eV, and?3) 1.75 eV. The lines are Energy (eV)

guides to the eygb) Evolution of visible PL spectra upon FG annealing at

400°C.

Fic. 8. Spectral shift of the visible PL on laser intensity for sampl@Band

for sample Qb) with /14 (%): (a) 100, (b) 30, (c) 17.4,(d) 10, (e) 1.74, and

(f) 0.525.(1¢ is 100% laser power(Inse) Dependence of the integral PL
by other researchers mentioned ab&/&° the systematic intensity on the excitation powddots and linear fitting(lines).

blueshift of the visible PL with the decrease of nc-Si size is

also observed here. Sample B afteh 20 min of FGanneal-

ing has 3.5 nm of average particle size and about 36% osamples with different initial peak energies upon a further
nc-Si amount in the film. This sample af@h 20 min of FG 400 °C FG anneal. After 120 min of annealing, the visible PL
annealing has an average particle size of less than 2 nm aiig all three samples demonstrates at least 0.1 eV of redshift
the nc-Si amount below 4%. According to the theoreticalin peak energy and a different magnitude of increase in PL
calculation®® 3.5 and 2 nm nc-Si particles should have bandintensity. XRD and FTIR measurements show no observable
gaps of around 2 and 2.8 eV, respectively. The PL peak erchange upon this annealing procedure. Therefore, this red-
ergy shifts from 1.41 eV of Fig.(@) to 1.57 eV of Fig. &c). shift has no direct correlation with the variation of crystallite
The peak shift is below 0.2 eV, i.e., much smaller than thesize. Figure ) shows the evolution of visible PL spectra
blueshift of the nc-Si band gap with the decrease of crystalwith increasing annealing time for one sample. The peak
lite dimension based on the theoretical calculatithié? energy redshifts from 1.75 to 1.59 eV after 110 min anneal-
ing. The increased rate of the PL intensity at the lower en-
ergy side(1.44 eV) is much larger than that at the higher

3. Redshift of the visible PL upon FG annealing energy sida1.75 eV} [Fig. 7(b) inset

at 400 °C

It was found that the visible PL, obtained after a high . ) )
temperature anneal, exhibited a redshift in peak energy ant Dependence of the visible PL on laser intensity
an increase in PL intensity upon a subsequent low tempera- Since the nc-Si/Si©films show a strong visible PL in the
ture annealing. Figure(@) displays the spectral shift and the second stage, the dependence of this PL on laser intensity by
PL intensity variation versus annealing time for threedecreasing laser intensity is further measured. Fig(agis

J. Vac. Sci. Technol. B, Vol. 20, No. 4, Jul /Aug 2002
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1.80 fluorometer. Figure 1@) shows laser PL spectra of sample C
175k * @ before (referred to as C1 herand after(referred to as C2
3 ::z 3 herg a 400°C FG anneal. After 150 min annealing at
& 160k 2 400°C, the PL shifts from 1.59 to 1.44 eV, a 0.15 eV red-
& 1ss) shift, and the PL intensity obviously increases. Arrows in
3 150} Fig. 1@ indicate the positions of emission wavelengths of
I A 720 and 830 nm. Figure 1) shows the PLE spectra for C2
at different emission wavelengths, with the normalized PLE
40000¢ ®) spectra at emission wavelengths of 830 and 710 nm are
%;‘ 30000 - shown in the inset. The feature around 390 nm is due to the
% 20000 | ¥ instrument. The PL intensities show a gradual increase with
8 the increase of excitation energy. This indicates that nc-Si
= ON0000FE T NP R LD still remains the features of an indirect band-gap semicon-
oL® e ductor. In addition, PS normally shows monitoring-
1] 20 40 60 80 100 1200 140 160 180

wavelength-dependent PLE spectra, which was considered as
coming from the inhomogeneous structure of S°In our

case this dependence is not obvious as shown in the Fig.
gTO(b) inset. Since at different PL emission wavelengths the
PLE spectra have no obvious change, this indicates that in
our case the effect of nc-Si size distribution is not a dominate
factor to the spectral distribution of the PL. Figure(d0

for sample B, which emits PL with a peak energy of 1.57 eV.shows a comparison of PLE spectra for C1 and C2, with the
Figure 8b) is for sample C, whose peak energy has rednormalized PLE spectra at emission wavelengths of 720 nm
shifted from 1.59 to 1.44 eV after a further 400°C FG an-for C1 and 830 nm for C2 shown in the inset. Although the
nealing. The curves are normalized and shifted for comparipeak energy of PL spectra has a 0.15 eV shift between C1
son. Decreasing laser intensity, both samples show thgnd C2, their PLE spectra are nearly the same. This suggests
redshift of the peak energy. It redshifts from 1.57 to 1.49 eVthat the redshift of the PL upon low temperature FG anneal-
for sample B and from 1.44 to 1.39 eV for sample C. Figureing is not due to the variation of nc-Si size.

8(b) (insed shows the dependence of integral PL intensities

Ip. On excitation powers? and their approximation by a |V. DISCUSSION

power-law function [ ~P?). For the convenience of com- -

parison, the PL intensities for both samples are normalizef SOUrce of the visible PL

by their PL intensities at 0.525% of the maximum excitation  Our previous studies showed that oxygen TD-like defect
power. The dependence for both samples deviates from lirstates were the most likely candidates for the visible PL in

Annealing Time (h)

Fic. 9. Spectral shif{a) and PL intensitiegb) vs accumulation annealing
times upon a 400 °C FG annealing process for sample D: a demonstration
spectral oscillatory behavior.

ear relationship ¢=1), with y=0.75 for sample B and
=0.82 for sample C.

5. Spectral oscillatory behavior of the visible PL

An interesting spectral oscillatory behavior in the third

stage (between 1.75 and 1.5 @\has been observed upon
400 °C FG annealing For a PL around 1.75 eV, at shorter
annealing times, it gradually redshifts t61.5 eV, accompa-

our system and that the visible PL is composed of two oxy-
gen TD-like defect states with different thermal stabifity>*
Here we further analyze the following two experimental re-
sults, which exclude the nc-Si itself as the source of the
visible PL in our system.

For the QSE model, both the excitation and emission pro-
cess comes from nc-Si itself. Therefore, a redshift of the PL
should be accompanied by a similar redshift of the band gap
due to the increase in nc-Si size. This effect will be exhibited

nied by an increase in intensity. At longer annealing times, it . . o : .
blueshifts, accompanied by a decrease in intensity. One ofnore obviously in excitation spectra than in absorption spec-
’ ) tra since only those nc-Si particles that contribute to the PL

X_
mple is shown for sample D in Fig. 9. It clearl mon- . o .
ample 1s sho or sampie n g 9 t'cea Y de 1or are counted in excitation spectra. Figure(@Oshows the
strates that both the spectral shift and the intensity variation ™.~
. . . i . excitation spectra of 1.59 eV PL and those of 1.44 eV PL that
versus accumulation annealing times exhibit temporal oscil

latory behavior. Each oscillation is composed of two time
segments, i.e., a shorter time segment with a redshift of the
peak energy and an increase in intensity and a longer timF
segment with a blueshift of the peak energy and a decrease{

intensity.

6. Source of photoexcitation process PLE spectra

In order to obtain some information about the light exci-

tation process, the PLE spectra of nc-Si/Sifdms have
been measured. The PLE spectra have been corrected by

JVST B - Microelectronics and Nanometer Structures

were obtained after a further 150 min 400 °C annealing. If

we assume that the PL around 1.59 eV is due to the smaller
c-Si particles and that the PL around 1.44 eV is due to the
arger ones, according to the QSE model, the excitation spec-
ra of the latter should show at least 0.15 eV redshift com-
pared with those of the former. The experimental results,
however, show no shift of excitation specfiéig. 10c) in-

sef. They, on the contrary, support the surface state model,
where the excitation and emission processes come from dif-
ferent entities. If we assume that the excitation process
tbemes from the nc-Si itself while the PL comes from the

n
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defect state energy levels within the band gap of nc-Si, then
the change of PL energies has no necessary connection with
the size of nc-Si.

The kinetic oscillatory behavior shown in Fig(® indi-
cates that both the lower energy PL centers and the higher
energy PL centers exhibit the oscillatory behavior. In addi-
tion, as shown in Fig. 9 points 1, 2, and 3, the regrowth of PL
centers can be initiated at different peak energies. This indi-
cates that the oscillatory behavior observed here is purely
kinetic. This excludes the possibilities of the structural phase
transition, by considering 1.5 eV PL as one structure of nc-Si
and 1.75 eV PL as another structure of nc-Si, or the size
variation of nc-Si itself as the source of the oscillation. This
therefore rules out nc-Si itself as the source for the visible
PL.

The assumption of two oxygen TD-like defect states can
explain the visible PL in our system. Oxygen TDs widely
exist in oxygen-enriched crystalline silicon under low tem-
perature annealing<(550 °C)>! From ESR measurement,
mainly two signalgSi NL8 and Si NL10 centejsare related
to oxygen TDs. The formation process of the Si NL8 center
is normally faster than that of the Si NL10 center. The Si
NL8 center is less stable at longer annealing times and at
higher annealing temperatures compared with the Si-NL10
cente?? The concentration of oxygen TDs in crystalline Si
from ESR measurements upon low temperature annealing
first increases with annealing times, then reaches a maxi-
mum, and finally decreasés$lt can be seen from Fig. 9 for
each oscillation that the intensity variation of the visible PL
with annealing time shows the same trend with the concen-
tration variation of oxygen TDs with annealing time. Accord-
ing to the variance in thermal stability of the two PL centers,
the PL around 1.75 eV was ascribed mainly to the Si NL10-
like defect state while the PL around 1.5 eV was ascribed to
both Si NL8- and Si NL10-like defect statésThe Si NL8
center contributes to the lower energy side of the visible PL
while the Si NL10 center contributes to the higher energy
side.

In the first stage, due to the high temperature oxidation of
nc-Si by adsorbed oxygen in the film, on one hand the size
and the fraction of nc-Si in the film decreafeigs. 1a)—
1(d)]; on the other hand, oxygen TDs form. During this
stage, the color of the film changes from brown to gray, and
the structure of nc-Si/Siofilms changes greatly. In the sec-
ond stage, since the amount of residual oxygen in the film is
small, the oxidation reaction is very sldwigs. 1(d)—1(e)].

This stage corresponds to the continuing growth process of
oxygen TDs before they reach their saturation concentra-
tions, as shown in Figs.(8)-5(e). In this stage, we observe

the strongest visible PL. The detailed peak energy of this
strong PL is determined by the relative amount of these two
TDs. In the third stage, the PL intensity obviously decreases.

"Becrease in the PL intensity. Since the stability of the Si
NL10 center is higher than that of the Si NL8 center and
both centers contribute to the visible PL, after a certain time



1375 Wu et al.: Structure and photoluminescence features of Si  /SiO, 1375

the Si NL8 centers are completely damaged, while some SE. Spectral shift and intensity variation
NL10 centers still remain. These Si NL10 centers give &of the visible PL

visible PL around 1.75 eV with a low intensity. Further an- The visible PL obtained after a high temperature anneal

nealing at high temperature W?" al_so lead _to the _Completeshows a redshift of the peak energy and an increase of the PL
damage of Si NL10 centers. This will result in the d|sappear-m,[ensi,[y upon a subsequent 400 °C anneal. This is due to the
ance of the visible PL in this range and the appearance of

: . faemperature dependence of the saturation concentrations of
new PL around 2.8 e.v’ Wh'C.h has been d|scusseq.bé’fore. oxygen TDs>® The saturation concentrations of oxygen TDs
In our case, we did not find the PL from nc-Si itself al-

though it can give PL. Due o the effective trap of photoin—at 400 °C are higher than those at higher annealing tempera-

duced carriers to the oxygen TD-like defect states, the PI;ures since oxygen TDs have a higher decay rate at higher

from nc-Si itself was quenched. This agrees with experimen_emperatures. For a visible PL obtained after a higher tem-

) . .Aaerature anneal, the subsequent lower temperature anneal
tal results from oxygen-terminated PS and nc-Si formed vi Liill lead to the rearowth of oxvaen TDs. As the arowth rate
the implantation of Si into SiO, %1718 g Y9 ' 9

of the Si NL8 center at lower temperature for shorter time is
higher than that of Si NL 10 centers, this will lead to a larger
B. Origin of blueshift upon high temperature increase in the concentration of Si NL8 centers compared
FG annealing with that of Si NL10 centerfsee Fig. Tb) insefl. Because Si
Wolkin et al. have made a detailed investigation of the NL8 centers contribute to the low energy side of the visible
visible PL in P815 They classified PS into hydrogen- PL, this WI” lead to the redshift O.f the visible PL. Due to the
terminated PS and oxygen-terminated PS. They found thdf¢ré@se in the total concentration of oxygen TDs, the PL
for hydrogen-terminated PS, recombination is via the fredNtensity also correspondingly increases. _
excitons states for all sizes. The PL energy is equal to the 1h€ laser-power dependence of spectral changes is also
free exciton band gap and follows the QSE model. Forelated to these two celznters.. The suphn_ear character md!cates
oxygen-passivated PS, depending on the size of the Si cludhe saturation of PL intensities. Thls is due to the Ilmlte.d
ter, three recombination mechanisms are suggested. At tgimbers of PL centers. The blueshift of the peak energy with
large size, recombination is via free excitons since the bantfSer intensity suggests that the Si NL8 center is a more
gap is not wide enough to stabilize the=SD surface state. €ffective trap center as compared to the Si NL10. With the
At the medium size, recombination involves a trapped elecincrease of laser power, Si NL8 centers trend to saturate, and
tron and a free hole. As the size decreases, the PL emissic NL10 centers are more effectively populated. Since PL
energy still increases, but not as fast as predicted by the QSEOM Si NL10 centers is at the higher energy side of the
model, since the trapped electron state energy is size ind&isible PL, this will lead to the blueshift of the peak energy
pendent. At quite a small size, recombination is via trappedVith the increase of laser power. As already known from
excitons (S=0 surface stae As the size decreases, the above, low temperature annealing can effectively increase
PLE remains constariaround 2 eV. In our case, the spectral the concentrations of the two PL centers, with more increase

shift from 1.3 to 1.75 eV can be divided into two ranges. Theln Si NL8 centers. Due to this increase in the total concen-
blueshift from 1.3 to 1.55 eVFigs. §a)—6(c)] is similar to tration of the PL centers, the saturation effect will decrease.
the case of medium size since the blueshift of the PL accomIhe increase o from 0.75 of sample B to 0.82 of sample C
panies the decrease of the nc-Si size, but is smaller than ttrified this. Due to the larger increase of Si NL8 centers
blueshift predicted by the QSEFigs. §a)—6(c) insef. The  than that of Si NL10 centers, the degree of the blueshift with
spectral change from 1.5 to 1.75 eV corresponds to the cad@aser intensity should also decrease. This is also justified by
of quite small size, i.e., recombination is via trapped exci-sample C. The spectral blueshift of 0.05 eV in sample C is
tons. However, in our case, the PL energy does not remaigmaller than that of 0.08 eV in sample B.
constant due to the coexistence of the two PL centers with Spectral oscillatory behavior between 1.75 and 1.5 eV can
different emission energies in one PL and to their variance i€ interpreted by two oxygen TD models as well. The red-
annealing temperature and time dependence. shift from 1.75 to 1.5 eV corresponds to the growth process
In the first stageéfrom 1.3 to 1.55 eV, the explanation of of oxygen TDs while the blueshift from 1.5 to 1.75 eV cor-
spectral change is more complicated since the formation ankgsponds to the decay process of them. Oxygen TDs at
decay of oxygen TDs and the oxidation of nc-Si take place400 °C have a much faster growth rate compared with their
concurrently, but have different kinetics. In addition, as dis-decay rate. This can be seen from shorter annealing times
cussed above, the visible PL is composed of two oxygenequired for the increase of the PL intensity and from longer
TDs. The change in the concentration ratio of these two oxyannealing time required for the decrease of the PL intensity.
gen TDs upon annealing time also contribute to the spectralVe can explain the spectral shift and intensity variation upon
shift. All these will lead to a complex dependence of spectrahnnealing time as follows: Low temperature annealing first
shift on the QSE. In the second and third stages, the size déads to the growth of oxygen TDs. Since the growth rate of
nc-Si does not change due to the completion of oxidatior5i NL8 centers are faster than that of Si NL10 centers, the
reaction of nc-Si. Therefore, we can well explain the ob-increase in PL intensity at the lower energy side is larger
served spectral changes between 1.5 and 1.75 eV using tltean that at the higher energy side. This leads to a redshift of
formation and decay kinetics of oxygen TDs. the peak energy, accompanied by an increase in PL intensity.

JVST B - Microelectronics and Nanometer Structures
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8000 metric visible PL. After a long time annealing, nc-Si particles
/50 were totally oxidized, and the visible PL disappeared. A sub-
°xv9ef'1(;%0°0) sequent FG annealing at 400 °C cannot lead to the reappear-
6000 L ’ ance of the visible PL. This agrees with the observation that
3?3‘?"1(27&?:,@ oxygen TDs have only been observed in crystalline Si in
3 —e— 57 min ‘ bulk. On the other hand, the existence of nc-Si is not a suf-
S 000l —O—21h35min ficient condition for the appearance of the visible PL. The
£ FG (400°C) sample whose TEM imagé=ig. 3(b)] demonstrated the ex-

8 o 28 2:: istence of many isolated, several nanometer-sized Si particles
= ' i gives no visible PL. The reason is that oxygen TDs have not
2000 | formed due to the very short FG annealing tifd® min at

870°0. The PL normally appears aft® h of 870°C FG
annealing, although there exists certain time differences

among different samples. Therefore, the existence of nc-Si is

0 i e ana AT '
0 12 14 16 18 20 22 24 26 a prerequisite, but not a sufficient condition for the visible
Energy (eV) . PL.

Fic. 11. Effect of annealing temperature and atmosphere on visible PL spec-

ra: the dependence of the visible PL on nc-Si. E. Relation of the visible PL in nc-Si to the visible PL
in oxygen-terminated PS

After reaching their maximum concentrations, oxygen TDs As stated in Sec. |, Si-O related surface species have
begin to decay. Since the decay rate of Si NL8 centers i®een recognized as one source of the visible PL in PS and
faster than that of Si NL10 centers, the decrease of PL interrc-Si related materiafst>~**However, the understanding of
sity at the lower energy side is larger than that at the highethe structure and composition of Si—O related surface spe-
energy side. This leads to a blueshift of peak energy, accongies is still in the early stage. For example, the visible PLs
panied by a decrease in intensity. In one word, the variancwith peak energies from 1.5 to 2.1 eV have been ascribed to
in the growth and decay kinetics of Si NL8 and Si NL10 Si—O related surface species without detailed structure infor-
centers leads to the observed spectral changes. Thus, thtion. According to theoretical calculation, Wolkét al.
shorter time segment corresponds to the growth process sfiggested that a special=SO surface state is responsible
oxygen TDs while the longer time segment corresponds tdor the 2.1 eV visible PL in very small, oxygen terminated
the decay process of oxygen TDs. PS!® However, this Si=O bond has not been verified ex-
Apart from the intensity at the peak energy, the intensitiegperimentally up to now. Based on time-resolved FTIR stud-
at 1.75 and 1.46 eV versus annealing time are also displaygds, Wanget al. established the correlation between visible
in Fig. 9b). Si NL8 centers and Si NL10 centers exhibit PL and Si—O bond related surface species in their aged PS
similar growth and decay processes. Both the growth ratsamples® Among various Si—O related species, NBOHCs
and the decay rate of Si NL8 centers are faster than those @fe probably the only one with a defined structure. Prokes
Si NL10 centers. Since this oscillatory behavior is purelyet al. first showed the direct connection of the visible PL in
kinetic, it means that the oscillatory elements are metastableged PS with oxygen TDs and linked them to NBOHEs.
species. This agrees with the intermediate-state characters 8BOHCs have been observed in silica fibers irradiated by
oxygen TDs. An autocatalysis process drives the regrowth ofarious rays, and they have various types with different PL
oxygen TD-like defect states during their decay process anéfficiency and PL peak positio:>®In our nc-Si/SiQ film,
gives rise to this spectral oscillatory behavior. At present, théased on the following arguments, it is more proper to use
source for this autocalysis is however unclear. oxygen TD-like defect states to describe the visible PL fea-
tures.(1) The observation of visible PL is dependent on the
existence of crystalline Si, whereas the existence of NBO-
HCs does not depend on that of crystalline silic®). The
Since oxygen TDs are observed only in bulk crystallinevisible PL can be adjusted from 1.3 to 1.75 eV in our case.
Si, the existence of nc-Si is a prerequisite for the formationThis range is much larger than the spectral range of visible
of oxygen TDs. The dependence of oxygen TDs on nc-Si iL from NBOHCs.(3) The observed spectral change can be
shown in Fig. 11. Annealing at 700 °C under oxygen atmo-well explained using the formation and decay kinetics of
sphere has a great influence on the visible PL. After a shordxygen TDs. Since the studies of oxygen TDs have only
time anneal, the PL blueshifts from 1.44 to 1.68 eV, and thébeen restricted to bulk crystalline Si, the effects of nc-Si
PL intensity decreases greatly. The asymmetric PL aroundimension and interfacial environment around nc-Si on oxy-
1.44 eV also becomes a more symmetric PL around 1.68 e\den TDs have not been involved. However we can imagine
These indicate that both the higher energy PL centers and that in nc-Si/SiQ system the formation and decay, the struc-
lower energy PL centers are damaged. Due to the highdure of oxygen TDs are much more complex due to the dis-
decay rate of the lower energy PL, the higher energy Pliribution of nc-Si size and that of the interfacial
centers dominate the visible PL. This leads to a more symenvironment? Up to now, since the consensus about the

D. Relation of the visible PL to nc-Si
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structure and composition of oxygen TDs in bulk crystallinethe visible PL on annealing conditions in this system has not

Si has not been reached, we will not speculate on the poseen reported in PS or in other nc-Si systems. This indicates

sible structure of oxygen TDs in the nc-Si systems here. that apart from the common features of Si—O related visible
Based on the obtained results, the core structure for Si—®L, the detailed configuration and composition of this PL

related surface species in different systems should be similaenter by different synthesis methods may be different and

and include Si—O bonds. The core structure provides thpossess some features of their own.

common features: the visible PL with microsecond lifetimes

at room temperature. The detailed structure, however, can be
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