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Si doped amorphous silica films were prepared by rf magnetron sputtering technique.
As-deposited films which had relatively low Si dopant were annealed in inert atmosphere,
and spectroscopic analyses were performed for as-deposited and all the annealed samples
by infrared (IR) absorption, X-ray fluorescence analysis, X-ray photoelectron spectroscopy
(XPS) and 2°Si magic angle sample spinning nuclear magnetic resonance spectroscopy
(*®*Si MAS-NMR). When the sample was annealed at 800 °C, the IR absorption peak located
at 1080 cm~" shifted to slightly higher wave number. On the other hand, the decrease of Si
clusters or Si-Si bonds in as-deposited film was deduced from X-ray fluorescence and XPS
spectra for the sample annealed at 800°C. These annealing characteristics of the films
prepared in this study were discussed based on the random bonding model of SiO, film,
and the spectral variations with thermal annealing were interpreted by the rearrangement
of Si and O atoms in as-deposited films, rather than the simple clustering of excess Si
atoms. © 1999 Kluwer Academic Publishers

1. Introduction The origin of this phenomenon is still unclear. Sev-
A silicon dioxide film on silicon has been a very useful eral authors have suggested that the blue photolumines-
device for a surface-protective layer, a good insulatoicence originates from the inside of smaller Si clusters
and an antireflecting coating. Silica films prepared viathan those in red luminescent PS [6, 7]. However, other
vapor phase by various methods are highly pure anéactors such as defects in a silica glass [9] or the surface
widely used in the electronics and optoelectronics in-states of silicon clusters [10] cannot be ruled out. Re-
dustries. On the other hand, non-stoichiometric silicorgardless of the exact origin of the photoluminescence, it
oxide films (SiQ, 0 < x < 2), which are called silicon- may be related to the existence of Si—O chemical bonds
rich oxide films, are known to be interface layers be-or the oxygen-related Si microstructure. The character-
tween silicon substrates and silica films. Sifims  ization of SiQ, films which have various distribution
with various chemical compositions can be preparedf Si-Si bonds and Si—O bonds will be more important
by some deposition methods [1-5], and it is possiblgfor detailed investigations of the above Si derivative
that the variation of x values causes the change in elegnaterials.
trical and optical characteristics for Si@lms. Since In this study, Si doped amorphous silica films were
SiO films are generally annealed in the course of theirsuccessfully prepared by the rf sputtering technique.
processing, it is of interest to investigate the preparaFor as-deposited and annealed samples, spectroscopic
tion process and the annealing characteristics of SiOanalyses were performed by infrared (IR) absorp-
films. tion, X-ray fluorescence analysis, X-ray photoelec-
Recently, Si derivative new materials, such as porougron spectroscopy (XPS), arfdSi magic angle sam-
silicon and Si low-dimensional materials are of muchple spinning nuclear magnetic resonance spectroscopy
interest for new optical devices. A new controversial(>*Si MAS-NMR). The variations of these spectra with
phenomenon is blue photoluminescence from porouthermal annealing were discussed in terms of the
silicon after rapid thermal oxidation [6—8], which is at- change in arrangement of constituent Si and O atoms
tractive for displays and fast optoelectronics devicesin the films.
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TABLE | Sputtering conditions

Sputtering gas Ar (100%)
Gas pressure 0.67 Pa
Rf power 200W —~
Substrate material Si wafer, AD3, Cu S
Substrate temperature About 100D S
Substrate-target distance 60 mm @
Target Si chips on Si@glass 8 i
Number of Si chips 9 © i
Sputtering time 40 min, 5h E !
n '
c !
g :
. (= -
2. Experimental ;
Si doped amorphous silica films were prepared with B as-deposited v, ! 7
rf magnetron sputtering equipment (ULVAC SH-350). L silica glass film 1/ 4
The target was a pure Si(ylass plate of 4 inches T
in diameter on which 9 Si single-crystal chips (20 1400 1200 1000 800

10x 0.65 mn?) were placed symmetrically with re-
spect to the center. The co-sputtering was performed
under the conditions of Table I. Sample films wereg e 1 the
deposited on Si single-crystal wafers for IR and XPStemperature.
measurements, on polycrystalline alumina plates for
X-ray fluorescence analysis and on copper substrates
for 29Si MAS-NMR measurement. The film thickness diffraction measurements. As-deposited samples were
was controlled by sputtering time, and it was deter-1.3 um and 9um in thickness for 40 min and 5 h
mined from a steplike change of film edge, which sputtering, respectively.
was detected by a surface texture measuring instru- Fig. 1 shows the variation of IR transmission spec-
ment (Surfcom 112B Tokyo Seimitsu Corp.). For as-tra with annealing temperature. The samples were an-
deposited samples, an annealing treatment was carrigwaled in N atmosphere for a constant annealing time,
out under N 3 x 107 Pa atmosphere after five gas sub-3 h. A spectrum for silica glass film is also displayed
stitutions in a vacuum furnace, which was evacuated tin the figure. This silica glass film was prepared on a
about 3 Pa. Si wafer by the same sputtering condition. The IR ab-
IR transmission spectra were recorded using @orption peak around 1100 crhregion is related to the
Fourier transform IR spectrophotometer (Horibamode of Si-O-Si stretching vibration, and a small peak
FT-310). The contribution from the silicon substratearound 800 cm? is due to the Si-O-Si bending vibra-
was removed from the data using a differential methodtion [11, 12]. With the increase of annealing tempera-
For an X-ray fluorescence analysis for Si Kne, an  ture, the main peak attributed to the Si—O-Si stretching
electron probe micro analyzer (Shimadzu EMX-SM) vibration mode shifts to a slightly higher wave number.
was used, and Si Kemission spectra were excited The wave number of the main peak for the silica glass
by means of an electron beam (accelerating voltagélm is 1080 cnt®. For as-deposited Sicfilm, IR ab-
and sample current were 20 kV andidA, respec- sorption maximum is located at 1065t From the
tively). XPS measurements were performed by arrelationship between IR peak position and x in giO
X-ray photoelectron spectrometer (ULVAC PHI Inc.) [1], the x value in the SiQfilm was roughly estimated
using a Mg K, X-ray source (300 W) at a constant an- at 1.7.
alyzer pass energy of 35.75 eV. The calibration of the
binding energy of Si2p core level was made by fix-
ing C 1s core level. For an NMR measurement, free3.2. X-ray fluorescence analysis
standing films were prepared by stripping the filmsFig. 2 shows the X-ray emission spectra of illte for
from copper substrates. 2Si MAS-NMR spectrum  a thicker sample on an alumina substrate. The thicker
was measured at room temperature on a JEOL JNMsample on the alumina substrate was employed for the
GX400 spectrometer operatingat 79.3 MHz forif@i  sake of excluding the effects of the substrate. The sput-
resonance. The spinning rate waé kHz. The short tering conditions for a sample preparation are identical
pulses (Jus) were used with a 40 s time delay betweenwith that for the sample shown in Fig. 1 except for the
pulses, and the spectrum was accumulated 8086 timesubstrate material and sputtering time. For comparison,
Chemical shifts of°Si relative to TMS (tetramethylsi- X-ray emission spectra of SiKline for a bulk silica
lane) were determined by using the peak- 8% ppmof  glass and a Si wafer are also shown with them. gi K
PDMS (polydimethylsilane) as an external reference. spectra for a silica glass and a Si wafer represent elec-
tronic transitions from the valence band of silica glass
to Si 1s core level and from the valence band of Si
3. Results crystal to Si 1s core level, respectively [13]. The differ-
3.1. IR absorption properties ence between Si Kspectrum for as-deposited sample
No diffraction peak of Si microcrystals was observedand that for the bulk silica glass is clearly observed
for as-deposited and all the annealed samples by X-raground the higher energy shoulder. It would be due to

-1
Wavenumber /cm

variation of IR transmission spectra with annealing
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silicon atoms that are less electronegative than oxygen
atoms, the Si 2p core level will shift to lower binding
energy. Rochett al. [14] reported that the binding en-
ergy of the S state corresponding to Si atoms having
no oxygen neighbors was about 99 eV, and that of the
Si** state corresponding to Si atoms having four oxy-
gen neighbors was about 103.5 eV.

The dashed lines in Fig. 3 represent the Gaussian
curves corresponding to the*Sistate, where Si atoms
are surrounded by four oxygen atoms. A slight peak
1 of the SP state is observed for the as-deposited sam-
800°C 3h ple. Thermal annealing at 80@ makes the intensity of
| this peak smaller, and the profile of the spectrum asym-
metric, resulting from the decrease of 8omponents

— and the increase of Si atoms in the intermediate oxida-
1825 18|30 ' 18|35 ' 18|40 1845 tion states, such as&iand S¥". However, annealing
at 1000°C causes the increase of the signal intensi-
ties at lower binding energies, which corresponds to
the increase of 8iand St* components. This anoma-
lous change of the XPS spectrum on annealing will be
discussed later.

Intensity (a.u.)

Photon energy /eV

Figure 2 X-ray emission spectra of SiKlines.

Si clusters or Si—Si bonds in the film. The shoulder
of spectrum after thermal annealing is a little smaller
than that of as-deposited sample. This result show8.4. 22Si MAS-NMR measurement
that thermal annealing makes the number of Si clusterkig. 4 shows théSi MAS-NMR spectrum for free
or Si-Si bonds in as-deposited sample decrease, butséanding films. The sputtering conditions are identi-
small number of Si-Si bonds are still present even aftegal with those for other samples with the exception of
thermal annealing. copper substrates. Sample films on copper substrates
were peeled off and annealed at 8@for 3 h. The
293i MAS-NMR chemical shift has been known to be

3.3. X-ray photoelectron spectroscopy very sensitive to the change in the first coordination
Si 2p core level spectra are shown in Fig. 3. The samSPhere of the Si atom. Philipp [1] proposed that SiO

: Fg. ; d a structure made up of Si tetrahedral units, Cn
ple shown here is the sample as shown in Fig. 1. Si 2[5]‘?l s 1
deeper core level energy depends greatly on the near-(OnSia—n), where ntook avalue among 0, 1, 2, 3and

est neighbors of Si atoms. If some oxygen atoms of él, and that each Si tetrahedral unit was distributed ran-

stoichiometric Si@ glass network, where all Si atoms domly in a statistical sense. From this random bonding

re s by ot ygensoms, e rpaced TS, Dpreet L 1] it e pak rstr

formed?°Si MAS-NMR measurements for three com-
mercial SiO powders, and carried out a least-squares
fit of their spectra to a sum of five Gaussians. As the
result, they found that chemical shifts with the least

T —
1000°C 3h

-
| caneanaae®®t R ety - 1 C C C, G C, free standing films
800C3h | l l l l l annealed at 800°C for 3h

L conescssconsane®t = _______ 1 ______Ttes ] Tetrahedral units, C,
600°C 3h SiO,Si,.)

Intensity (a.u.)

98 ' 100 102 104 106 40 -80 -120 —160
Binding energy /eV Chemical shift /ppm

Figure 3 The variation of Si2p core level spectra with annealing Figure 4 2°Si MAS-NMR spectrum obtained at 79.3 MHz, 8086 s cans,
temperature. 1 us pulses, 40 sec delay. Chemical shifts referenced to TMS.
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uncertainty were-67 and—109 ppm. Referring t6°Si  of the number of gunits, compared with that for the as-
chemical shifts of vitreous SiKand a-Si, it was deter- deposited sample. However, the Si 2p core level spec-
mined that these values corresponded to the chemicium for the sample annealed at 10@indicated the
shifts of G and G tetrahedral units. Taking these val- increase of the components with lower binding energy
ues as fixed points and assuming a linear variation ofs compared with the sample annealed at"&0rhis
chemical shifts, the peak position of the central Si atonfesult supports that the change of the XPS spectrum by
in each tetrahedron was estimated. These peak poghermal annealing must be explained not only by the
tions are indicated in the figure. It is found that the phase separation but also by the rearrangement of Si
sample annealed at 806G has G or C; units in which and O atoms in as-deposited film, which includes the
Si atoms are in the intermediate oxidation states, but dissolution of small Si clusters. Probably, depending
quantitative discussion is difficult for very weak signal 0n annealing conditions and on excess Si content in
intensity. the film, either the phase separation or the dissolution
would be dominant through the thermal annealing pro-
cess. In this study, thermal annealing at temperatures
below 1000°'C would cause the dissolution of small Si
The change of spectra for IR absorption, X-ray quores-CIus.terS’ insftea_ld of the phase separa;ion into the for-
_mation of Si microcrystals. For annealing at 1000

cence and XPS upon thermal annealing will be inter - .
preted based on the random bonding model mentioned the other hand, a small amount of S|I!con clu'stenng
above. IR peak shift to higher wave number by armealyvould take precedence over the dissolution of Si cluster

ina h lai the following t -_mentioned above. The increase_qf@hd G units by
![?ognsalii:)setll(;}/ ntﬁzpn? ;;2?3 s?(;pi cer e(;:t\i’(\;': g two SUppos annealing at 1000C as observed in Fig. 3 also supports

a small amount of clustering of excess silicon atoms
in as-deposited films.

Based on the random bonding theory, Si€im
] is composed of five different tetrahedral units,, C
by thermal annealing can be expectedtotake place. Thisi.(q,Si,_,) (n = 0, 1, 2, 3, 4). The rearrangement
phase separation has already been proposed [3, 14] § Sj and O atoms can be defined as the exchange Si

take place on SiQfilm with x <1.5in the absence of atoms and O atoms between different tetrahedral units
oxidation. As the result of this reaction, various kindsithout changing the ratio of O to Si atoms. This is

of Si tetrahedral units in the film ultimately turn into eypressed by the equilibrium reaction,
Co and G units, that is to say, Si-(§i and Si-(Q).
Needless to say, Qunits don’t contribute to Si—O-Si
stretching vibration mode, thus IR peak position of this
mode shifts to higher wave number. The second suppo- . .
sition is the oxidation of the film on thermal annealing. ©" the other hand, the elementary reaction of the dis-
The oxidation of the film transforms Si tetrahedral unitsS°lution process would be assumed by the following
with small n values into the units with larger n values "€action between five tetrahedral units,
because of the intrusion of oxygen atoms in the film.
That causes the peak shift of Si—-O-Si stretching mode.Co+4Cy —> C1+Ch1+3C, (n=3,2).  (3)
In this experiment, the annealing treatment was per-
formed under N 3 x 10? Pa atmosphere after five gas If the equilibrium reaction of Equation 2 é3) pro-
substitutions. Although the possibility of oxidation is ceeds to the right and the reaction of Equation 3 takes
not excluded blindly, the influence of oxidation can beplace, the increase ofsQinits and the decrease 0§ C
almost neglected. Additionally, the anomalous changeunits by annealing are achieved simultaneously. If only
in the XPS spectrum by annealing cannot be explained small number of gunits exist in the as-deposited
by the oxidation process. Therefore, IR peak shift tofilm, this rearrangement will be the origin of the IR
higher wave numbers by annealing would be caused bgeak shift to higher wave number for the sample an-
the increase of £units through the phase separationnealed at 800C. The rearrangement into the dissolu-
process. However, IR spectra do not directly indicateion of small Si clusters (Equation 3) would cause the
the variation of the number ofdnits with annealing, depression of the shoulder for the X-ray fluorescence
and Si-Si vibrations cannot be detected by IR specspectrum by annealing at 800 and the decrease of’Si
troscopy. The variation of the number of Gnits with  and St+ components by annealing at the temperature
annealing will be discussed below by using the othetbelow 1000°C as shown in Figs 2 and 3. This model
spectroscopic data. for the rearrangement of Si and O atoms gives a satis-
The results of X-ray fluorescence and XPS showedactory explanation for the spectral variation of the film
the decrease of the number of Ghits by annealing at  with fewer excess Si atoms by annealing.
800°C. Without being affected by the oxidation pro-  Surely, this supposition based on a simple model
cess, this decrease would originate not from the phaseill not be perfectly consistent with the real structural
separation but from the dissolution of small Si clus-change of the sample. However, this is a possible mech-
ters. The dissolution means that@its in as-deposited anism of an annealing process for Si doped amorphous
samples turn into the units with larger n values becaussilica films with fewer excess Si atoms. The result of
of their instability. The Si 2p core level spectrum for the the?%Si MAS-NMR measurement, where the existence
sample annealed at 800 also indicated the decrease of C, units rather than gunits were observed, also

4. Discussion

2Si0; — XSiO, + (2 — X)Si (1)

2G = Cr1+Crin (=321, (2)
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shows that thermal annealing at 8@for this sample XPS measurements, and Prof. F. Horii, Ms. K. Omine
does not cause the macroscopic phase separation. Thad Dr. H. Kaji of Institute for Chemical Research in
phase separation and the dissolution process by thermigloto University for?°Si MAS-NMR measurements.

annealing successfully account for annealing charac-
teristics of Si doped amorphous silica films. For more

guantitative understanding of the annealing characteiReferences

istics of SiQ films with x value approaching 2, theo- 1.
retical calculations and thermodynamic studies will be 2

required.

5. Conclusion 5.

Si doped amorphous silica films were prepared by the

rf magnetron sputtering technique, using 9 Si chips
on a silica glass target. For as-deposited and annealed

samples, spectroscopic analyses were performed by IR

absorption, X-ray fluorescence, XPS a#{®i MAS- 8.

NMR. When the sample was annealed up to 1GDAR
absorption peak shifted to a slightly higher wave num-

ber. On the other hand, the binding energy of the Si 2pg.

core level varied anomalously with annealing temper-

ature. These spectral variations of the films on thermall.

annealing were interpreted by the rearrangement of Si
and O atoms in as-deposited films. For Si doped amor-

phous silica films with fewer excess Si atoms, thermaks,
14.

annealing at temperatures below 10@0would cause
the dissolution of small Si clusters, rather than the phase
separation into the formation of Si microcrystals.
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