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I.  INTRODUCTION

In the integration of various optical components, a
technique of direct insertion of optical devices into opti-
cal fibers has attracted attention.1, 2  In such cases, these
devices must be small in size.  A miniaturized optical
isolator, including multilayered polarizers, is proposed
by Siraishi and Kawakami to fabricate laser modules.3

They also reported that multilayers composed of a-Si : H
and SiO2 films prepared by a sputtering method, which
are named “Laminated Polarization Splitters (LPS)”, can
be applicable to such polarizers.3  In the fabrication of
LPS, to ensure ease of adjustment of its position, it is
desirable to increase the total thicknesses of the LPS-
multilayers.  However, thick multilayers are mechanically
weak and fracture easily due to their large film stresses.
Therefore, in the fabrication of multilayers, a reduction
of film stresses is the key technique in the achievement
of mechanically strengthened structures.

In the present study, the relation between stresses of
sputtered Si : H films and their deposition conditions was
investigated in order to obtain thick LPS multilayers.  As
a result, the conditions resulting in fabrication of stress-
free films were determined.  Further, origins of the sput-
tered Si : H film stresses are discussed in terms of the
film composition and structure.

II.  EXPERIMENTAL

The Si : H films were prepared in a magnetron rf-
sputtering chamber.  A nondoped crystalline Si was used
as a sputtering target with a distance to the substrate of
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120 mm.  An Ar/H2 mixture at the flow rate of 120 sccm
was used as the sputtering gas.  The sputtering condi-
tions (sputtering pressure, rf-power and substrate tem-
perature) are listed in Table I.  Internal stresses of the Si :
H films were measured for 1-µm-thick samples depos-
ited on 3 inch Si(100) wafers, according to the method
reported by Mack and Reisman.4  Ar contents and Si den-
sities in the films were determined by a Rutherford back
scattering spectroscopy (RBS).  Bonded H contents in
the films were estimated by an elastic recoil detection
(ERD) method using incident He++.  In the present study,
the amounts of H determined by the ERD method were
taken to be the concentration of bonded H, because the
amounts of H forming into H2 molecules in Si : H films
are less than 1 at. %.5  Carbon plates were used as sub-
strates in both RBS and ERD measurements.  Densities
of dangling bonds (Nd ) in the films, with coplanar alu-
minum electrodes on the top surface, were measured us-
ing a constant photocurrent method (CPM).  The value
of the calibration constant of CPM was taken to be 1 �
1016 cm–2.6  Si network structures of these films were in-
vestigated by both Raman and Fouriertransform infrared
transmission (FTIR) spectroscopies.

TABLE I.  Sputtering conditions of the Si : H films.
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III.  RESULTS

The internal stresses, Ar and bonded H contents,
densities of Si atoms, and Nd values of the samples
prepared under various deposition conditions (only the
sputtering pressure was kept at 0.67 Pa) are shown in
Fig. 1. No Si–OH bonds around 3650 cm–1 were de-
tected by the FTIR measurements in any of the
samples.  The internal stresses of the films deposited
at 200; were smaller than those of the films depos-
ited at ambient temperature and were changed from
compressive to tensile at an H2 flow ratio of 15% [Fig.
1(a)].  Further, we found the film deposited at lower
pressure, 0.2 Pa, exhibited a large compressive stress
of 1000 MPa (Table II).  The amounts of Ar in the
films were not influenced by changing the substrate
temperature from ambient temperature to 200;, when
other deposition conditions were kept unchanged [Fig.
l(b)].  Films included large amounts of bonded H, re-
sulting from the conditions under lower substrate tem-
peratures and rf powers, as observed at an H2 gas flow
ratio of 5% [Fig. l(c)].  However, Nd values in the films
deposited at Ts = 200; were small compared to those
deposited at ambient temperatures.  Unfortunately, the
Nd values of the films prepared at ambient tempera-
ture were not measured, because of large amounts of
Nd in the films which made it impossible to be deter-
mined by CPM.  The densities of Si atoms in the films
increased with both the increasing substrate tempera-
ture and the rf power, and decreased with the increas-
ing H2 gas flow ratios [Fig. l(d)].

The Raman spectra of the samples are shown in Fig.
2.  A Raman spectrum for Si consists of four bands, TA,
LA, LO, and TO.7  It is well known that a TO band (main
peak) is about 520 cm–1 for crystalline Si (c-Si), while it
shifts to about 480 cm–1 for amorphous silicon (a-Si).8

In addition, a FWHM of the TO band (∆TO) is varied by
changing the distribution of the Si–Si bond angle, and it
increases with an increase in the deviation of the bond
angle distribution (∆θ).9, 10  In our samples, the TO band
was about 480 cm–1 for all films, indicating that the struc-
tures of the samples were amorphous.  ∆TO values of
these films, however, were varied so that the samples
had different degrees of structural disorders (Table II).

IV.  DISCUSSION

In the present study, we found that the internal stresses
of sputtered a-Si : H films depend heavily on the deposi-
tion conditions.  The film stresses were changed from a
large compressive stress of 1000 MPa to an almost stress-
free (slightly tensile) one.  We fabricated a 350-µm-thick
multilayer with a film-thickness period of 70 nm with no
fractures.11  This multilayer was composed of the stress-
free Si–H film obtained in the present study and hydro-

FIG. 1.  (a) Relation between the stresses of the Si : H films sput-
tered at various deposition conditions (only sputtering pressure was
fixed at 0.67 Pa) and the H2 gas flow ratios in Ar/H2 mixture (120
sccm) : (�) Ts = 200; and rf 750 W, (�) Ts = ambient temperature
and rf 750 W, and (�) Ts = ambient temperature and rf 375 W.  Re-
lation between the film composition (b) Ar, (c) bonded H, and (d) Si
concentration in the films and H2 gas flow ratios.  Values inside pa-
rentheses in (c) indicate the densities of dangling bonds (Nd ) in the
films.
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genated silicon oxide film with a compressive stress of
100 MPa.  It is also confirmed that such a 200-µm-thick
multilayer could not be achieved using an a-Si : H film
with a compressive stress of 160 MPa.

We discuss origins of film stresses of the sputtered
a-Si : H film, in conjunction with other previously re-
ported results.  First, the intrinsic stress of a-Si : H film
deposited at 200; on an Si wafer is estimated.  Next,
factors that influence the film stresses are described.

A.  The intrinsic stress of a-Si : H film

It is necessary to know the intrinsic film stresses in
order to determine the mechanisms of film stress induc-
tion.  The internal stress (σt ) of a film is the sum of the
intrinsic stress (σi ) and the thermal stress (σth ): thermal
stress originates from the differential thermal expansion
between the film and the substrate,

σt = σi + σth

= σi + (α s – α f) [Ef / (1 – vf )] (Ts – Tm),

where α s and α f are thermal expansion coefficients of
the substrate and the Si : H film, respectively.  Ef  is
Young’s modulus of Si : H, vs is Poisson’s ratio of Si : H,
and Ts and Tm are deposition and measurement tempera-
tures.12 In the estimation of thermal stress of the Si : H

film deposited at 200;, the values used in calculations
were vf = 0.28, Ef = 4.4 � 104 MPa, as = 4.6 � 10–6 ;–1,
af = 4 � 10–6 ;–1, Ts = 200;, and Tm = 25;.13  From
these calculations, the thermal stress of the films was es-
timated to be 6 MPa (tensile).  Therefore, the intrinsic
stresses of the films deposited at 200; were smaller than
those of the films deposited at the ambient temperature.

B.  Influence of Ar contents in films on sputtered film
stresses

Many investigators have reported that internal
stresses of sputtered films depend on the Ar content in
films which is included during the deposition processes.14,

15  This is known as the peening effect; the inclusion of
Ar in the film results in the occurrence of structural dis-
tortion.  Such distortion induces the internal stress of thin
films. Amounts of Ar included in sputtered films tend to
increase with deposition at lower pressures.16, 17  We con-
firmed the large 1000 MPa of the internal stress of the Si
: H film deposited at 0.20 Pa; this condition allows the
inclusion of an about 10 times larger Ar amount into the
film compared to those deposited at 0.67 Pa.  On the other
hand, lowerdensity films are generally known to exhibit
small stresses.18, 19  Internal stresses of sputtered Si : H
films are, therefore, decreased with decreasing Ar and Si
densities of films.  Concerning the films deposited at
200;, in the present study, the relations between stresses
and Ar concentration and, similarly, between stresses and
Si densities of the films, are in good agreement with the
earlier reports.14, 15

In order to verify that film stresses arise from the
above expected distortion of the structural network, the
relation between the stresses and structural disorder of
the Si : H films was investigated.  Using the ∆TO values
obtained from the results of the Raman spectroscopy
measurements, the ∆θ of the Si–Si bond angles were es-
timated according to the method reported by Beeman et
al.20 (Table II).  In Table II, the ∆θ values increased with
the increase in both film stresses and Ar contents in the
films.  These results experimentally demonstrated that
variations of the ∆θ were related to the degree of the dis-
tortions in the Si network and support the mechanism of
the film stress induction suggested in earlier reports.14, 15

However, it is noted that the stresses of the films depos-

TABLE II.  Internal stresses and characteristics of Raman-TO peak of the Si : H films.  The negative sign of the stress values means that
measured internal stress is compressive.

FIG. 2.  Raman spectra of the Si : H films deposited at (a) rf 750 W,
0.20 Pa, Ts = ambient temperature, and H2 = 5%, and at rf 750 W,
0.67 Pa, Ts = 200;, and H2 = 15%.  The spectra were all normalized
by the TO peak.
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ited at 200; were small compared with those of the films
deposited at ambient temperature, although the film de-
posited at 200; was denser and indicated almost the same
amount of Ar as the films deposited at ambient tempera-
ture (see Fig. 1).  Hence, only Ar included in the films
did not lead to distortion of the Si network, as discussed
later.

C.  The role of bonded H for reduction of
Si : H film stresses

Bonded H in Si : H films probably breaks and re-
laxes the Si network.  Therefore, a reduction of film stress
is expected by the formation of Si–H bonds, although
incorporated Ar in the films applied excessive distortions
(stresses) to the films.  In our previous study, stress-re-
duced hydrogenated silicon oxide films prepared by an
Ar/H2 sputtering method were achieved by taking the
above consideration into account.21  In the present study,
however, although the films deposited at ambient tem-
perature included large amounts of H compared to those
of the films deposited at 200;, the stresses of the films
deposited at ambient temperature were larger than those
of the films deposited at 200;.  These results indicated
that the increase in the amount of bonded H simply led to
the reduction of the Si : H film stresses.  This inconsis-
tency, with the case of the stresses of the hydrogenated
silicon oxide films mentioned above, can be explained in
terms of distribution of Si–H bonds in the films.

Table III shows the (SiH2)n amounts.  These struc-
tures are formed due to crowd distributions of bonded H
in films.22  The (SiH2)n amounts are presented as the peak
area ratios of the IR spectra at 845 cm–1 for (SiH2)n to the
one at 890 cm–1 for SiH2 + (SiH2)n.  The film deposited
at rf 375 W, ambient temperature, and H2 = 5% (film A)
included almost the same amount of bonded H as the one
deposited at rf 750 W, 200;, and H2 = 15% (film B).
However, film A included larger amounts of (SiH2)n com-
pared with those in film B.  Considering that film A ex-
hibited large stress compared to that of film B (which
exhibited the smallest film stress), the bonded H form-
ing (SiH2)n structures did not contribute to a relaxation
in the distortion of the Si network.  It is also noted that

the IR peak assigned to Si–H3 stretching mode appeared
at 2140 cm–1 in film B (Fig. 3).  Such a peak was not
found in other films.  The Si–H3 bond of film B was prob-
ably due to the formation of a homogeneous distribution
of bonded H in the Si network, because film B included
smaller amounts of (SiH2)n structures, suggesting that
the degree of distribution of the Si–H bonds in the film is
one of the important factors affecting a reduction of the
film stress; homogenous Si–H bond distributions are de-
sirable to achieve less stress in films.  Such differences
of the distribution of Si–H bonds are caused mainly by
changing the substrate temperatures.  The distribution of
Si–H bonds in the films deposited at low temperatures
tends to be inhomogeneous.  This is accepted by many
investigators.22, 23

D.  The effect of film-growth processes on
film stresses

The substrate temperature also affects the degrees of
distortions in the film network structures; such distor-
tions are induced during film-growth processes.  Reac-
tive sputtering processes by an Ar/H2 mixture for prepa-
ration of Si : H films produce hydride species, SiHx, in
plasma.24  The SiHx species absorbed on a grown film
surface diffuse and settle down to the sites that are stabi-
lized from an energy point of view.  Consequently, the
films are grown, keeping the same Si bond distance and
angle as c-Si.  Actually, the microcrystalline Si : H films
prepared by a reactive sputtering method using an Ar/H2

mixture were reported in Ref. 25.  On the other hand,
where the species were insufficiently diffused on the film
surface, the grown films became amorphous.  The previ-
ous structural studies of a-Si and a-Si : H films pointed
out that the nearest-neighbor bond distance r1 of amor-
phous silicon is not changed compared to that of c-Si,
and the difference between c-Si : H (c-Si) and a-S : H (a-
Si) is found in the second neighbor bond distance r2.26–28

This difference is due to a deviation of the Si bond angle.
The distortions are easily accumulated in the amorphous
network, because freedom of a tetrahedral-structure with
a deviation of bond angle is subject to a large restric-
tion.29, 30  One of the reasons for the origins of dangling
bonds (Nd ) is because of the structural relaxation of the
films, as pointed out by Shimizu.31  He reported that
widths of Raman-TO bands of Si1–xMx : H (M = N and C)
films, prepared by both reactive sputtering and glow dis-
charge decomposition methods, increase with the increas-
ing Nd values of these films.  He concluded that the dan-
gling bonds of the films are produced by a relaxation of
the local strains caused by differences of both Si–Si and
Si–M bond distances.  Crystalline Si : H films should
exhibit small stresses because they include less distor-
tions in the film network.  Therefore, in order to achieve

TABLE III.  Amounts of (Si : H2)nn chain in the Si : H films.  The
(Si : H2)n amounts are presented as the ratios of IR peak area at 845
cm–1 for (Si : H2)n to that of 890 cm–1 for SiH2 + (SiH2)n.  FH means
a flow ratio of H2 gas in sputtering gas.
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films with less distortion, it is desirable that the substrate
temperatures be high, because the surface mobility of the
Si : Hx species are proportional to exp (–E/kT ), where E
is the activation energy of the species for the diffusion, k
is the Boltzmann constant, and T is substrate tempera-
ture.  Amounts of the bonded H in films, however, de-
creased with an increase in the substrate temperature as
confirmed by the present work and other reports.15, 16

Thus, the possibility of a reduction of the stress-relax-
ation effect caused by homogeneously distributed H can
be promoted at excessively high substrate temperatures.
In Fig. 1, although the films included almost the same
amounts of Ar, the large difference of the film stresses is
shown [between (�) and (�)].  This is probably due to
the variation in the degree of the distortions; these dis-
tortions are caused by the deviation of the bond angle

and the difference of H-distribution in the films, which
are affected by substrate temperature changes.

V.  CONCLUSIONS

The relation between the stresses of the sputtered Si
: H films and the film deposition conditions was investi-
gated.  Further the film composition and the deviations
of Si bond angle were measured.  From these results, it
was confirmed that the  sputtered Si : H film stresses are
affected by the amounts of Ar included in the films.  The
structural disorders, such as deviation of Si bond angle,
also affect the film stresses.  On the other hand, homoge-
neous distribution of the bonded H in the films contrib-
uted to the reduction of Si : H film stresses.  The extent
that these factors contribute to film stresses can be influ-
enced by changing the substrate temperatures.
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