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Abstract

We have studied the effects of irradiation of D, lamp on the
films prepared by Dz—lamp—photo—CVD with/without! F-doping. The
irradiation was done by exposing the films to thé lamp in vacuum
at the same substrate temperature used in the process. It was
found that the point defects such as =Si-H , =Si-Si=, and the
defect related to the 880 cm_l peak in IR spectra were gradually
decreased by the irradiation. The E' centers which were observed
in the as-deposited films without F-doping were almost
extinguished after the long UV exposure, whereas the films with F-
doping originally had no E' centers, even héving some point
defects. Results were discussed on the conceptsjof the optical

and the chemical annealing.
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Introduction

Photochemical vapor deposition (photo-CVD) has a potential as
low-temperature and ion-damage free process on amorphous silica
(a—SiOz) films in, for instance, very-large-scale integration
technology [1]. However, the photo-CVD has its inherent problems
due to a low-temperature process; structural imperfections
including point defects sucu as =Si-H, =Si-0H, and =Si-Si:z
(oxygen-deficient centers; ODC) tend to remain in the films and
may affect reliability in the electronic uses. Thus further
development of the process will demand not only electronic but
also structural characterization on the films. Recently, we have
developed fluorine(F)-doped a—SiO2 films using a deuterium(Dz)-
lamp CVD [2] and shown that the as-deposited films without
fluorine have E' centers of the order of 1018 ém'3, slowly
decaying at room temperature, whereas the films with F-doping had
substantially E' centers under detection 1limit [3]. In bulk
silica glasses, it is known that the point defects have relation
to the occurrence of paramagnetic centers induced by high energy
excitation [4] and by VUV (vacuum ultraviolet) irradiation [5-8].
There 1is apprehensions that UV irradiation involved in photo-CVD
itself might be responsible for the high density of E' centers
observed.

In this paper, we have studied structural stability of the
films after preparation on the effects of the D2—lamp irradiation

and F-doping.

Experimental
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The procedure for preparation of the films has been described
in detail [2]. In brief, amorphous SiO2 films were deposited from
SizH6 and 0, using the D,y-lamp photo-CVD method at 200 *C on
S$i(100) wafer. The VUV light from the Dz—lamp .was irradiated
perpendicular to the substrate. A small portion of fluorine (F)
was incorporated into the film by admixing SiZFG With the source
gases. The deposition conditions for each film including the film
thickness are listed in Table I along with the characteristics of
the films such as impurities and fluorine content estimated mainly
from infrared spectra of the films (see Fig. 1). : The films thus
prepared could be categorized as follows:

A. Slowly-deposited without F.
B. Slowly-deposited with F.

C. Fast-deposited without F.
D. Fast-~deposited with F.

In order to investigate the effect of direct irradiation of
VUV light on the film, the films were exposed to the D2—1amp
irradiation. The experimental set up was the same as that of the
film deposition except that there was no gas introduction into the
reaction chamber. Before the irradiation experiment, the films
had been left at room temperature till their EPR signal intensity
decayed almost to a constant value.

The 1infrared (IR) spectra of the films were taken by a
Fourier transform IR spectrometer (DIGILAB FTS-60). The VUV
absorption spectra were taken by a VUV spectrometer with a D2
lamp.

The EPR spectra of the films were measured: at the 1liquid

nitrogen temperature using an EPR spectrometer (Bruker ESP 300).
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The films were deposited on Si wafer of high resistivity of 7000-
20000 Qcm in order to keep the Q-value of the cavity within a
right level for the measurement. After deposition, the sample was
cut into pieces (5X 3 mm on the average) and placed in a silica
sample tube (5 mm ¢ ) as soon as possible and kept at 1liquid
nitrogen temperature to prevent paramagnetic centers of a short
life time, if existed, from decaying at room temperature. The
sample tube was set in the microwave cavity so as to make the
magnetic field perpendicular to the film surface. Non-saturating

microwave power of 0.2 mW was applied for evaluation of the spin

density of the resonance. Pure hydrous copper sulfate,
CuSO4-5H20, whose total spin number was estimated to be 3.16
X 1019, was used as a standard to estimate the absolute values for

the spin density of the samples.
Results

Figure 1 shows the IR spectra of the film C before and after

D2—lamp irradiation. As-deposited film as absorption peaks due to

point defects at 3650 em 1 1

em ! which we tentatively assigned to a pair of =Si-H [2], besides

(=Si-OH), 2270cm — (=Si-H), and 880

=8i-0-Si= vibrational modes at 1070-1090 cm"l, 810 cm_l, and 450
em L. It 1is observed that the =Si-H and the 880 cm * peaks
decrease with the irradiation. In fig. 2, the irradiation-time
dependence of the peak height of the 880 cm_1 band and the defect
densities of =Si-H and =Si-OH in the films C are plotted. The
=ZSi-H and the 880 cm_l defect rapidly decreases, while =Si-OH does

not change at all. It is noted that without irradiation the
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effect 1is negligible at 200 °C ( see fig. 2) and' therefore the
irradiation plays an essential role in reducing the point defects
rather than the thermal effect. For other samples, the bands due
to defects, if existed, more or less decreased in a similar way.

We also measured the VUV spectra of the films before and
after the D2—lamp irradiation. Figure 3 shows the VUV spectra of
the film C. Before the irradiation, the spectra had an absorption
band at 7.6 eV, which is due to ODC (=Si-Si=) [2,9], but after 1-
hour irradiation it disappeared. For the film D, we had similar
results.

For the films without F (i.e., A and C), we observed E’
centers (occasionally along with Pb centers) as shown in Fig. 4.
where the densities of the centers were estimated to be ~1 x 1018

018 cm‘3, respectively. The spectral feature for the

em 3 and 2x 1
film A corresponds to that of E' centers of the usual type,
whereas the shape of the peak for the film C is broadened,
indicating a broad distribution of the bonding structures around
the paramagnetic centers.

The 1intensity of the peak in EPR spectra for the fiim C
decreased at room temperature as shown in Fig. 5(a). The absolute
values for t=0 were not strictly equal to those of as-deposited
films because it needed more than 10 minutes to take the films out
of the deposition chamber and the films thus underwent a thermal
annealing at about 200 °C before they were cooled down to the
liquid nitrogen temperature. The decay curve for each film was
featured as a double-exponential with a constant term. The E'

centers in the films had at least two kinds of lifetime, 2-3 hours

and 30-50 hours estimated through the curve fitting. The similar
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double exponential decay features were obtained for both films A
and C, irrespective of the difference in spectral shapes. For the
film A, the peak intensity at t=0 after 1-hour irradiation was
about one order smaller than that of the as-deposited film and
after 2-hour irradiation the signal 1level became below the

16 spins cm‘3). It is noted that for the

detection 1limit (=3 x 10
films with F (i.e., B and D), no signal above the detection 1limit
was observed elther before or after irradiation.

Figure 5(b) shows a decay curve of the peak intensity in EPR
spectra for the film C after 1-hour Dz—lamp irradiation at 200 " C.
The peak intensity was nearly recovered to that of the as-
deposited film at t=0, then decayed with the same feature as shown
in Fig. 5(a). However, after 3-hour irradiation the signal
intensity was remarkably decreased as shown in fig. 5(d). With

the decrease of the signal intensity , the shape of the peak

became more alike that shown in fig. 4(a).
Discussion

The effects of the Dz—lamp exposure of the films shown in
figs. 1-5. indicate that VUV light can remove the point defects
such as =Si-H, =Si-SiZ, and the defect related to the 880 cm 1
peak, accompanying the E' centers generation, and finally can make
the film stable to the irradiation. Since without exposure almost
no effect was observed, the effect is attributable to the photo-
effect rather than the thermal effect. The effects induced were
larger in the fast deposited film (C) which had the larger amount

of point defects, suggesting that the instability of the films is
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partly attributable to the imperfection in the film structure due
to incompleteness of the photochemical reaction in such photon-
flux 1limited CVD process. The VUV light may cause additional
photo-reactions in the films (including the reaction between
partly unreacted SizH6 and residual O2 as an extreme case) to make
more complete 8102 network without any other point defects, since
there was no change in =Si-OH content after irradiation. The
effect will be called "optical annealing"”.

The E' centers are most likely to be generated by the Dz-lamp
irradiation during the photochemical reaction both in the
preparation and in the irradiation. The number . of the points
defects decreased by the irradiation was greater by two to three
orders of magnitude than that of E' centers generated and the E'
centers were finally reduced below the detection . 1limit, whereas
the point defects like =Si-H still remained in ‘the density of
order of 1019 cm_l. Although =Si-H-related defect 1is one of
possible canidates of the precursors of E' centers under the
irradiation [9], only a part of them, being more unstable, tend to
turn to E' centers under irradiation.

As for the films B and D (containing F), as-deposited films
showed substantially no E' centers and after irradiation ESR
signal 1level of E' centers still remained below the detection
limit. that is F-doping suppressed the E' center generation in‘the
films. On the other hand, the film B has only a:trace of =Si-H-
related defects and the film D has reduced but comparable amount
of the defects to that for film A as seen in table 1. Thus the
incorporation of F into the film seems to have selectively removed

the more unstable =Sji-H-related defects in the films, which we
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mentioned above. Such effect of F-doping will be called "chemical
annealing”. It is noted that the films with F-doping were more
resistant to the electron beam than the undoped films or even
thermally oxidated films [10]. The microscopic picture of
"chemical annealing" is not yet clear but probably related to the
chemical reactiveness of F-containing radicals which may occur
during the photo-CVD [2]. Another possible explanation to the F-
doping effects might be due to an relaxation .of 8102 network
induced by introducing the bond terminators such as =Si-F or due
to a special role of electronegative nature of F, which could not

be ruled out.
Summary

We have studied the effects of the D,-lamp irradiation on the
films prepared by the Dz—lamp photo-CVD with/without F-doping.
The irradiation was done by exposing the films to the lamp in
vacuum at the same substrate temperature used in the process. It
was Tfound that the point defects such as =Si-H, =Si-SiZ, and the

defects related to the 880 cm +

peak in IR spectra were gradually
"optically annealed”, suggesting incompleteness in the
photochemical reaction in the CVD process. The E' centers which
were observed in as~deposited films without F-doping were almost
extinguished after the long VUV exposure, whereas the films with
F-doping originally had no E' centers, even having some point
defects, suggesting that F works in forming glass network during

deposition as removing the precursors of E' centers, that is,

"chemical annealing”. The concepts of the optical and the
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chemical annealing will help us optimize the photo-CVD processing.
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Table 1 Characteristics of the films

Film Si,Hg Si,Fg thick- growth {oH] [H] [F] 880

ness rate em 1

/sccm /scem /upm /Amin Y mol.% at.% at.% /ecm 1
A 0.5 0 1.0 50 0.7 0.5 --- 8
B 0.5 1.9 1.3 100 <0.1 ~0 2.2 ~0
C 2.4 0 1.3 342 1.1 0.8 --- 54
D 2.4 2.4 1.1 629 <0.1 0.5 2.3 33

(a)

(b)

!

Si-OH Si-H

Transmittance (arb.units)

4000 3000 2000 1000 400
Wavenumber (cm'1)

Figure 1. IR spectra of the film C before and after Dz— lamp
irradiation; (a) as-deposited, (b) and (c¢) after 1-hour and 2-
hour irradiation, respectively, where @ indicates the 880 cm_1

peak.
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Figure 2. Irradiation-time dependence of the peak height of 880
cm™! band ([]) and the defect densities of =Si-H (Q) and =Si-OH
(A) for the film C, where filled marks (i.e., I, @® ,and A)
indicate the data for heat treatment without irradiation. Line

are only for guides to the eye.
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" Figure 3. VUV absorption spectra of the film C before and after

1-hour D2~1amp irradiation.



241

1 I ! [

3434

Figure 4.

films of the films A (a) and C (c);

estimated to be ~1X 1018 cm 3 and 2Xx 1018 cm v, respectively.
.18 1 el 4 el ]
:‘2‘55%)0 1  1sef g 150; 4
glm e | e \ i C |
¥e %\q\_&»
j Wy
\g s %\4\6\4 sof car B
>
- .
)
Ak ; d

| SOSNS S N NN WA T—

- 18 2 33 4 58 o8 ] 2 30 48 50 60 ] 2 3 4@ 58
= TIME (hour) TIME (hour) TIME (hour)
Figure 5. The decay curves for the density of Ef centers as a

function of time at room temperature for the film C;
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