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Ar/H2 sputtering of a SiO2 a target can produce thick silicon oxide films with significantly reduced
internal stresses compared with those of conventional films prepared by an Ar/O2 sputtering method.
As an origin of the stress reduction, we proposed previously the structural relaxation model of the Si-
O-Si network via partial Si-H termination.  This model is experimentally supported here by the Raman
spectroscopy measurements which show a large decrease of planar three- and four-fold ring-type
defects in the hydrogenated Si-O-Si network structure.      1996 American Institute of Physics.
[S0021-8979(96)05504-8]

The problem of internal film stresses has been investigated to
improve the mechanical stability of multilayered devices.  In some
optical devices, this problem is severe because films and
multilayers with thicknesses greater than the light wavelength (λ
= 1.55 µm) are generally required.  The authors previously re-
ported the use of an Ar/H2 sputtering gas mixture as a means to
obtain stress-reduced silicon oxide films from a conventional SiO2

target material.1  These Ar/H2 films exhibited less than half the
compressive stress of films prepared by Ar/O2 sputtering, and
were successfully applied to the 250-µm-thick multilayered op-
tical polarizers.2  As a reason for the stress reduction, the authors
proposed the structual relaxation model for the Si-O-Si networks
of the films via partial introduction of hydrogenated silicon (Si-
H).  This idea was based on the fact that stress reduction of the
Ar/H2 films cannot be explained by the generally known phe-
nomenon of Ar trapping in films, and that the Fourier-transform
infrared (FTIR) spectroscopy measurements detected clear Si-H
peaks in the Ar/H2 films.  However, the relation between the
hydrogenation and the structural relaxation of the films has not
yet been confirmed by experiments.  In the present study, the
results of Raman spectroscopy measurements for the Ar/H2 films
are presented to support our assumption of the structural relax-
ation of the films by the hydrogenation.  In such films, specific
peaks due to three- and four-fold ring-type defects on the Si-O-
Si network structure decreased significantly compared with those
of the conventional Ar/O2 sputter-deposited films.

The 1-µm-thick film samples were prepared on 3 in.
Si{100} substrates for the present experiment and for con-
firmation of the repeatability of the previous results: i.e.,
the internal film stress reduction.  Fused SiO2 was used as
the target material for a rf magnetron sputtering method with
a sputtering gas of an Ar/H2 gas mixture (total flow rate:
120 sccm).  The H2 content and supplied rf power were
changed from 0 to 30 vol % and from 200 to 600 W.  The
sputtering pressure was kept at 0.2 Pa, and the substrates
were not heated during the deposition process.  The internal
film stresses measured, according to the method reported by

Mack and Reisman,3 are shown in Fig.1 as functions of the
rf power and the H2 gas ratio.  The internal film stresses
decreased with both the decreasing rf power and the increas-
ing H2 gas flow ratio.  In the IR measurements of the Ar/H2

films, a peak at 880 cm-1 attributed to the Si-H bending mo-
tion was observed.  The relative intensity ratios of Si-H: bend-
ing/Si-O: bending at 820 cm-1 in the IR spectra of Ar/H2 films
increased with the increasing H2 raio in the sputtering gas:
0.21 for the film deposited at rf of 400 W with Ar/H2 (10%)
gas, 0.26 for Ar/H2 (20%), and 0.36 for Ar/H2 (30%), indi-
cating that the internal film stresses were smaller with the
increasing Si-H content in the film.  On the other hand, the
internal stresses of the films prepared by Ar/O2 sputtering
were larger than those of Ar/H2 films and did not depend on
Ar/H2 ratios.  These results are consistent with the previous
ones, indicating repeatability of the process.

Figure 2 is a plot of the variation of the refractive index at 633
nm determinded by prism coupler measurements for the films
indicated in Fig.1.  The refractive index of the films prepared
with only Ar gas tended to increase with increasing rf power of
the deposition.  This was probably due to densification of the
films by the higher rf power: A high rf power provides an envi-
ronment assisting byproduct removal leading to the formation of
denser films.4  It is well known that a film with less density ex-
hibits smaller stress.5  Therefore, the power applied during sput-
tering is one of the important parameters for the stress reduction
of films as well as the H2 content in the sputtering gas.  On the
other hand, it was apparent that the refractive indices of the Ar/
H2 films increased with both the decreasing rf power and the
increasing H2 content in the sputtering gas.  The increase in the
refractive index of the Ar/H2 films was related to the amount of
Si-H bonds, as confirmed by the previous IR measurements.  The
authors inferred that the increase in the refractive index of the
Ar/H2 film was mainly caused by the replacement of Si-O bonds
with Si-H bonds.  From the results of Figs. 1 and 2, it seems that
the decrease in the internal film stresses corresponded to the in-
crease in the refractive indices of the films.  Such a result sup-
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ported the belief that both behaviors, the stress and the index of
the Ar/H2 films, depended on the Si-H content in the films.

The film compositions and mass densities of the films were
measured by an elastic recoil detection method (ERD) and by
Rutherford backscattering spectroscopy (RBS) accompanied with
the HIPRA simulation program.6  The energy and dose of the
He++ incident beam in both measurements were 2.275 MeV and
50 µC.  The details of the measurements were reported elsewhere.7

Figure 3 shows the ERD depth profiles of the hydrogen contents
in the 0.3-µm-thick films deposited on Si wafers with rf 400 W
under (a) Ar/H2 (20%) and (b) Ar/O2 (10%) sputtering.  The cor-
responding spectrum for a Si wafer is also shown in Fig. 3 to
estimated hydrogen amounts due to surface contamination.  The
hydrogen content of the films was calculated under the assump-
tion that surface hydrogen contents of the samples were equiva-
lent to that of the Si wafer surface.  The compositions obtained
at a depth of 0.25 µm and the mass densities of these films are
listed in Table I.  Ar contents of both films were almost the same,
while the Ar/H2 film (a) was denser, suggesting that the amounts

of incorporated Ar and the film density were not dominant ori-
gins of the internal stress reduction of the Ar/H2 film (a).  As the
stress reduction mechanism, the Si-O-Si network of the Ar/H2

films was partially broken and relaxed by the formation of the
Si-H bonds, which was proposed in our previous article.1  In
order to confirm this consideration, a structural change of the
films was investigated by Raman spectroscopy measurements.

Figure 4 shows Raman spectra of the 1-µm-thick films depos-
ited at rf of 400 W under various sputtering gas compositions.
An aluminum substrate was used here, instead of the silicon wa-
fer, in order to detect only the species combining with the Si
atoms of the film.  No Raman peak due to (Si)-OH bonding
(~3650 cm-1) was detected in any of the samples.  In Fig. 4, it
was noted that two Raman peak intensities at 490 and 600 cm-1

changed systematically depending on the sputtering gas compo-
sition: i.e., these peak intensities decreased with an increase in
the Si-H content of the films.  Such peaks were the D lines due to
the planar four-fold ring structure (D1 at 490 cm-1) and the planar
three-fold ring structure (D2 at 600 cm-1), which were reported
by Galeenar,8 suggesting the existence of ring-type defects in the
Si-O-Si network.  It was anticipated that the reduction of film
density was generated by the planar ring type defects, as shown
in the present study.  As seen in Fig. 4, the D-line intensities
were significantly reduced in the higher hydrogenated films.  This
can result from the partial break up of the Si-O-Si network by the
formation of the Si-H bond in the films: Structures of the Ar/H2
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FIG. 2.  The optical index of refraction at 633 nm determined by prism
coupler measurements for the films indeicated in Fig. 1.  Solid circles
show the results of Ar/O2 films.
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FIG. 3.   The ERD depth profi les of  hydrogen content  in the f i lms
deposited at 400 W under (a) Ar/H

2
 (20%) gas mixture and (b) Ar/O

2

(10%) gas mixture.  The spectrum of the Si wafer is also shown in order
to estimate hydrogen amounts due to surface contamination and to
calculate hydrogen content of the films.
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TABLE I.  The composition and mass densities of the films.

FIG. 1.  The dependence of internal film stress on the both rf powers and
H

2
 gas flow ratios.  The films were deposited at 0.2 Pa and ambient

temperature with rf of (�) 200 W,  (�) 400 W, and (�) 600 W.  Solid
circles show the results of the Ar/O

2
 films deposited at 0.2 Pa and ambient

temperature with rf power of 400 W.
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films are considered to be loose compared with those of conven-
tional SiO2 films.  Such structures provide low film stresses, even

incorporated Ar in the films applies some distortion (stress) to
the sputtered films.

 In the present study, it was verified experimentally that our
model is adequate for the mechanism of stress reduction of the
Ar/H2 films.  The mechanism responsible for the decrease in de-
fects is also to be clarified from the viewpoint of film growth.
An improved surface migration of hydrogenated silicon species
is thought to be one of the reasons that undesirable silicon oxide
clusters, which form the defects, are avoided on a growing film
surface.  The chemical and physical stability of each bonding
species (Si-H, Si-O-Si network, ring, etc.) must be considered.
In addition, the estimation of bonding angles around the Si at-
oms in the hydrogenated films is in progress.

1 H. Takahashi, N. Nagata, H. Kataoka, and H. Takai, J. Appl. Phys. 75,

2667 (1994).
2 H. Takahashi, N. Nagata, and H. Kataoka, Jpn. J. Appl. Phys. 33, 4978

(1994).
3 L. M. Mack and A. Reisman, J .Electrochem. Soc. 136, 3433 (1989).
4 S. V. Hattangady, R. G. Alley, G. G. Fountain, R. J.  Markunas, G.

Lucovsky, and D. Temple, J. Appl. Phys. 73, 7653 (1993).
5 J. C. G. de Sande, C. N. Afonso, J. L. Escudero, R. Sema, F. Cataline,

and E. Bernabeu, Appl. Opt. 31, 6133 (1992).
6 HIPRA, Charles Evans & Associates Co., Ltd., presented in the technical

report of Foundation for Promotion of Material Science and Technology

of Japan, 1994 (in Japanese).  This simulation program is based on the

following reference: W.-K. Chu, J .  W. Mayer,  and M. A. Nicolet ,

Backscattering Spectroscopy (Academic, New York, 1989), Chaps. 2

and 3.
7 H. Takahashi, A. Nishiguchi, H. Nagata, H. Kataoka, and M. Fujishima,

presented at the 13th International Vacuum Congress 9th International

Conference on Solid Surfaces, 25-29 Sepetember 1995, Yokohama,

Japan, abstract no. TFO-009.
8 F. L. Galeener, J. Non-Cryst, Solids 49, 53 (1982); F. L. Galeener, Solid

State Commun. 44, 1037 (1982).
9 F. L. Galeener, Phys. Rev. B 19, 4292 (1979).

FIG. 4. Raman spectra of the films deposited at rf of 400 W under the H
2

gas flow ratio of 0 to 30 vol %.  The spectrum of Ar/O
2 

 (10%)  film
deposited at rf of 400 W is also shown.  Peaks around 450, 800, and
1050 cm-1 are identified quantitatively in terms of the continuous random
network (CRN) model (Ref. 8).  Additional peaks at 490 (D

1
) and 600

(D
2
) cm-1 correspond to the planar four- and three-fold ring structures in

the Si-O-Si network (Ref. 9).
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