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ABSTRACT

Vitreous silicon oxide (v-SiO,) shows anomalous phonon properties such as the positive temperature coefficient of velocity (TCV). Variation
of the Si-O-Si bond angle between SiO, tetrahedrons has been recognized to be the key, but the origin of TCV still remains unclear. In this
study, we controlled the bond angle by doping nitrogen and measured TCV of vitreous silicon oxynitride thin films with various nitrogen
concentrations using picosecond ultrasonics. TCV significantly decreases by adding a small amount of nitrogen, and it shows positive to
negative values as the nitrogen concentration increases. We evaluated the bond-angle change by Fourier-transform infrared spectroscopy,
which decreases with the increase in the nitrogen content. We also find that the temperature rise in nondoped v-SiO, decreases the bond
angle, leading to an increase in the sound velocity. We then reveal theoretically that the bond-angle change dominates the origin of the posi-
tive TCV. This study indicates the existence of a zero-TCV single material, and we discover that the specific content of v-SiO; 7Ny 19

achieves this.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5098354

Usually, heating a material causes volume expansion due to the
anharmonicity of lattices, and the mass density decreases, resulting in
softening of the material. The elastic constants thus decrease as tem-
perature increases, and because this contribution is more significant
than the mass-density decrease, the sound velocity also decreases. This
behavior appears commonly in most materials, including metals and
semiconductors. On the other hand, vitreous silicon dioxide (v-SiO,)
exhibits a positive temperature coefficient of velocity (TCV)' near
room temperature despite positive thermal expansion.” This unusual
characteristic is applied to many applications to compensate the
sound-velocity change with temperature variation. For example, v-SiO,
thin film is often deposited on acoustic-wave filters to improve their
temperature stability.

The positive TCV of v-SiO, has been well known since the
1950s."** This material exhibits negative TCV below 100K, but it is
caused by structural relaxation and anharmonic damping effects, and
it was estimated that v-SiO, would exhibit positive TCV even at low
temperatures without these effects.”” Thus, the positive TCV is an
essential characteristic of v-SiO,. Krause and Kurkjian® found that
vitreous materials [SiO,, GeO,, BeF,, and Zn(POs3),], showing the

tetrahedral structure, commonly exhibit positive thermal expansion
coefficient and positive TCV, while B,O;, showing the planar triangle
structure, exhibits negative TCV, indicating the importance of the
tetrahedral structure in achieving the positive TCV. In the 1970s, the
gigahertz-range measurement with the Brillouin scattering method”
was performed, which confirmed the identical positive TCV value
near room temperature even at very high frequencies. Kulbitskaya and
co-authors postulated that structural inhomogeneities in glass softened
the material and its effect would decrease with the temperature
increase, leading to positive TCV.*” However, this model could not
explain the TCV behavior of some tetrahedron-structure glasses.’
Even in the 1990s, many authors mentioned that the origin of positive
TCV has not been understood,'”'" although they recognize that the
lateral vibration of O'*'"* and the SiO, tetrahedron structure'' are
important factors. In glassy materials, two or more amorphous states
could coexist and their proportions are dependent on temperature,
and Huang and Kieffer performed molecular dynamics simulations
and concluded that the unusual sound velocity change can be caused
by spontaneous Si-O-Si bond rotations in the o—f amorphous phase
transition.'° Moreover, they mentioned that the reduction of
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Si-O-Si angle 0 could not be the direct reason for the positive TCV,
although their calculation predicted a decrease in the bond angle with
the temperature increase.

It is therefore unambiguously important that the bond angle
between the tetrahedron units will dominate the unusual properties of
v-SiO,. However, there is no systematic study on the correlation
between TCV and the bond angle. In this study, to reveal the origin of
the positive TCV, we measure sound velocity of vitreous silicon oxyni-
tride (v-SiO,N,) films between 10 and 300 K by picosecond ultrasonics
and evaluate the bond-angle change by Raman spectroscopy and
Fourier-transform infrared (FT-IR) spectroscopy. Since nitrogen
atoms can have three bonds to Si atoms, while oxygen atoms have two
bonds, the Si-N-Si bond angle becomes smaller than the Si-O-Si
angle 0, so that we can control 0 by doping N into v-SiO,. Because vit-
reous silicon nitride, v-SizN,, exhibits negative (usual) TCV,'” by
increasing the N atoms, we will observe a positive-to-negative change
of TCV, which provides us with important information on the positive
TCV mechanism. Furthermore, this approach will reveal a zero-TCV
single material. (Note that achieving the zero-TCV required a compos-
ite consisting of a positive TCV material such as v-SiO, and negative
TCV materials.)

We synthesized v-SiO,N,, films on (100) Si substrates by a reac-
tive sputtering method with a Si target under an Ar/N,/O, atmo-
sphere.'” We controlled the composition by changing the flow rates of
Ar, N, and O, gases; it was determined by the X-ray photoelectron
spectroscopy (XPS) method as follows: The binding energy of the
Si(2p) bond changes with the content ratios of N and O between 101
and 103 eV,"” and we determined the content ratios of O and N to Si
from the spectrum-area ratios of O(1ls) and N(1s) to Si(2p), respec-
tively (Fig. SI in the supplementary material). Here, we define N, as
the nitrogen ratio N, =N/(O + N). The mass density p of the thin
film was determined by the X-ray reflectivity method™’ (Fig. S2). The
measured p values are shown in Table I and Fig. 1(a). Despite smaller
atomic mass of N than that of O, p increases as the nitrogen ratio N,

TABLE I. Determined mass density p, sound velocity v, longitudinal elastic constant
Cy, TCV, and w4 of each film with reference values. N, denotes the nitrogen ratio
[N, =NI(O +N)].

scitation.org/journal/apl

increases, indicating that the averaged bond angle becomes smaller.
We confirmed that these films do not show any crystalline phases with
X-ray diffraction (XRD) spectra as shown in the supplementary mate-
rial (Fig. S3), where only the Si (100) peaks for Co-Ko and Co-Kf X-
ray appear except for noise signals.

We measured the longitudinal-wave sound velocity v by picosec-
ond ultrasonics,”"** which is the pump-probe laser ultrasonics with a
femtosecond pulse laser. We used a titanium/sapphire pulse laser
whose wavelength and repetition rate were about 800nm and
80 MHz, respectively. The light pulse was divided into pump and
probe light pulses by a polarization beam splitter. The pump light path
was controlled by corner reflectors and a stage controller, and we
modulated the pump light at 100 kHz for the lock-in-amplifier detec-
tion. The wavelength of the probe light was converted into 400 nm by
a second harmonic generator. Both light normally entered a specimen
in a cryostat through an objective lens and a glass window.”

We deposited Al thin films on the specimens as the transducer,
which absorbed pump light pulses and excited strain pulses. The strain
pulse diffracts the probe light backward, whose wave vector satisfies
Bragg’s condition. The diffracted light interferes with reflected light
from the surface, and therefore, total intensity is modulated with
strain-pulse propagation as the frequency of f = 2nv//, where 1 is the
wavelength of the probe light and 7 is the refractive index of the speci-
men.”* This oscillation is called Brillouin oscillation. We measured n
of the v-SiO,N, films and 4 by ellipsometry and a spectrometer,
respectively.

We show waveforms observed at room temperature in Fig. 2(a).
The strain pulse generated at the surface propagates in a v-SiO,N,,
film, causing the Brillouin oscillation, and reaches the Si substrate
around 100-180 ps. The transmitted strain pulse causes the Brillouin
oscillation in Si. The reflected strain pulse propagates in the v-SiO,N,,
film backward, reflects at the surface, and reaches the Si substrate again
as shown in Figs. 2(b)-2(d). At room temperature, we determined the
sound velocity from the Brillouin-oscillation frequency by applying

Specimen N, p v Cr TCV Wy
(kg/m3) (km/s) (GPa) (ppm/K) (em™)
SiNy /3 1 3020°  10.206" 314.5™° —21.0*"
Si0p13N; g0 0.891 2940  10.083 2983  —153  886.1
SiOp36Noos 0.726 2910  9.877 2826 —144 8982
SiOpeNogs 0.552 2810  9.401 2483  —241  960.5
Si0posNpgs 0.402 2680  8.823 208.6 —142 9744
SiO; 24Ngas 0260 2690 8342 1872  —8.14  996.7
SiO; ;1 Npjo 0.101 2510  7.496 141.0 —0.64 1030.9
SiO;;7Np,; 0.059 2390  7.124 1213 11.8 10414
SiO;05Npgy 0.035 2370  6.837 1108 56.5  1048.1
SiO, 0 2220 59677 79.0° 6997 1064.5"

*Reference 17.
PReference 27.
“Reference 25.
dReference 26.
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FIG. 1. (a) Dependence of mass density p (black solid symbols) and sound velocity
v (green open symbols). (b) Dependence of the temperature coefficient of velocity
TCV (red solid symbols) and temperature coefficient of the bond angle d0/dT (blue
open symbols). Circles are the measured values in this work, and squares and
triangles are the reported values for v-8i0,”**° and v-SiN, 3, *" respectively. The
lines are guides to the eye. The arrow indicates the axis to be referred.
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FIG. 2. (a) Observed acoustic signals in v-SiO,N, thin films at room temperature.
Brillouin oscillation of v-SiO,N, first appears, and the following large-amplitude and
high-frequency signals are those of the Si substrate. We evaluated the round trip
time by using the second Brillouin oscillation at the Si substrate denoted by the
arrows in (b)—(d).

fast Fourier transform and obtained the longitudinal-wave elastic
constant C; = pv?, which is shown in Table I. The sound velocity is
depicted in Fig. 1(a), together with reference values.””” " As the
nitrogen ratio increases, the mass density increases because of reduc-
tion of the bond angles between polyhedrons (angles of O-Si-O, O-Si-
N, and N-Si-N), leading to the decrease in the averaged atomic
distance. This causes the significant increase in the elastic modulus.
We here focus on the O-Si-O bond angle, because it is a representa-
tive characteristic related to changes in those bond angles, and it is
accurately obtainable by the FT-IR and Raman spectroscopy.

In measuring TCV, we determined the sound velocity change Av
by the pulse-echo method not by the Brillouin oscillation,” because
the temperature coefficient of 1 (~8 ppm/K)”” is larger than thermal
expansion coefficient o, (~0.4 ppm/K)” and it is difficult to accurately
measure the temperature dependence of #n. On the other hand, the
thickness change is suppressed because of the cancelation between
thermal expansion and Poisson’s effect of the film, and its influence on
the velocity measurement is negligible;”* the thermal expansion coeffi-
cient o, of a thin film deposited on a substrate is modified as o; —
2C1 (2" — o) /Cyy by assuming the biaxial stress condition, where
Ci, and Cy; are the isotropic elastic constants of the film and ocf“b is the
thermal expansion coefficient of the substrate. This evaluation, for
example, estimates the film-thickness change of 0.03% or less for a v-
SiO, film on Si caused by a 100-K temperature variation, which is only
one twentieth of the velocity change. Therefore, we propose to measure
the velocity in v-SiO,N,, films thanks to a time-of-flight measurement.

The arrow in Figs. 2(b)-2(d) indicates the second arrival time to
the Si substrate. (We chose a clearly visible peak of the signal to deter-
mine the arrival time. A small difference in the sampling point has a
negligible influence in determining TCV because it is derived from the
relative velocity change.) We then measured the one-and-half round
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FIG. 3. Sound velocity change ratios Av/vy of v-SiO,N, films from the room-
temperature values determined by the pulse-echo method. Values of pure v-SiO,
were obtained from our previous work.””

trip time and determined Av from room temperature as shown in Fig. 3.
A pure v-SiO, film shows positive TCV,”® but TCV of the v-SiO,N,, film
decreases as the nitrogen ratio N, increases. We determined TCV using
data between 200 and 300 K, which are shown in Table T and Fig. 1(b).
As the nitrogen content increases, the TCV value changes from positive
to negative as expected. However, the zero-TCV film is achieved at a
very low N, value (N, ~ 0.1), which is unexpected behavior because the
absolute value of TCV of v-SiO;, is three-times higher than that of v-SiN
[Fig. 1(b)], and a large amount of nitrogen was expected to achieve the
zero TCV. TCV is, thus, highly affected by the addition of nitrogen
atoms near N, =0, and we attribute this unusual TCV behavior to the
bond-angle temperature coefficient as shown below.

To reveal the origin of the positive TCV of v-SiO,, we measured
the Raman spectrum of a bulk v-SiO, between 77 and 373 K (Fig. S4).
Tetrahedral glasses have four representative phonon modes (w;, w,,
w3, and ®,), which significantly depend on the bond angle 0.
Among them, we used the w; and w, modes to evaluate the bond-
angle change: the m; mode is close to a defect line D; which arises
from the symmetric stretch and irregular planar glass network, and
the , peak overlaps on the broad w, peak’** (Fig. S4). The frequen-
cies of w3 and w4 modes are given by

1 0 4
cU3_\/C( + cos )+ C, )
mo 3mSi
0 = \/C(l —cos0) n 4C ’ 2)
mo 3m51

where mgo and myg; are the mass of O and Si atoms, respectively, and C
is the spring constant for the Si-O bond stretching.”’ Both w3 and
peaks exhibit transverse-optical (TO) and longitudinal-optical (LO)
modes.”"*” We determined their phonon frequencies for the c»; mode
using the double-peak function-fitting method. On the other hand, the
TO and LO modes of the w, peak are clearly separated, and we
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measured the phonon frequency of the TO-w, mode. With the temper-
ature increase, phonon frequencies of the w; and @, modes increase
and decrease, respectively, as shown in Fig. 4(a). We inversely calcu-
lated the bond angle () and the spring constant C from the measured
phonon frequencies of the TO-w; mode (lower w3 mode) and TO-w,
mode as shown in Fig. 4(b), which agree with those reported with ~5%
or less.”” We find that they decrease as temperature increases. The
spring constant, thus, decreases as temperature increases as like usual
materials, and, therefore, the decrease in 0 should cause the sound-
velocity increase with the temperature increase.

In our previous study, we made several v-SiO, films with
different sputtering powers and found that v increases as 0
decreases.”” Importantly, the bond-angle change caused by tem-
perature and sputtering power leads to an identical sound-velocity
change: In the previous measurement, dv/dw, is estimated to be
—0.29 m?*/s.”” On the other hand, the reported TCV (dv/dT)*° and
the temperature dependence of the w, frequency dw,/dT yield the
dv/dwy value of —0.25 m?/s. They well agree with each other, indi-
cating that the sound velocity change is principally governed by
the change in the Si-O-Si bond angle.

We consider that this structural change governs TCV of the
v-SiO,N,, film. To evaluate the bond-angle change, we measured the
FT-IR spectra of the films. We observed superimposed spectra of Si-N
and Si-O absorption peaks around 1000cm ™' and determined the
peak frequency of the w, mode by the multipeak function-fitting
method [Figs. S5(a) and S5(b)]. With an increase in the nitrogen ratio
N,, the peak frequency linearly decreases [Fig. S5(c)], which corre-
sponds to a gradual decrease in the bond angle 0. We reveal that the
unexpected nitrogen-ratio dependence of TCV is explained by the
temperature coefficient of the bond angle d0/dT: by differentiating 3
[Eq. (2)] with respect to T, d0/dT becomes

) T

wy (cm!)

———————+———+—3469
468
467

1200 466

Spring constant C' (N/m)

200 300
Temperature 7' (K)

100

FIG. 4. (a) Temperature dependence of the Raman shift for the w3 (blue triangles)
and TO-w4 modes (red circles) in v-SiO,. (b) We determined the temperature
dependence of the Si-O-Si bond angle (purple diamond) and the spring constant
C of the Si-O bond (green square) from the measured w; and w,. The arrow
indicates the axis to be referred.
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and we calculated d0/dT values of v-SiO,N,, films using dC/dT and
dw,/dT values of pure v-SiO, in Fig. 4. (These temperature coeffi-
cients were determined using experiments between 190 and 340K.)
We show the calculated d0/dT values in Fig. 1(b). TCV and d0/dT
show a similar dependence on the nitrogen ratio N,, and they show a
good correlation (inset in Fig. 5).

The bond angle in the v-SiO.N,, film is expected to decrease with
the temperature increase as seen in v-SiO,, which contributes to an
increase in v. However, when the bond angle is already small enough
due to the existence of N atoms, the absolute value of its temperature
coefficient |d0/dT| becomes small, whereas the interatomic bond
length becomes larger because of thermal expansion, which contrib-
utes to the decrease in v. Therefore, the TCV value is determined by
the trade-off between the two conflicting mechanisms: the bond-angle
change and thermal expansion. The zero-TCV v-SiO,N,, film can then
be realized by the exact balance between the two factors. The most
important point is that TCV of vitreous SiO,-base materials does not
seem to depend on the doped atoms but only on the bond angle tem-
perature coefficient: we show the w,-frequency dependence of TCV of
v-SiO,N,, and v-$i0,_,F,”° films in Fig. 5. With an increase in the pho-
non frequency, TCV of the film increases. This behavior can be
explained by the temperature coefficient of the bond angle as shown in
the inset, where the d0/dT value shows a linear correlation with TCV
even involving the F-doped films.

To conclude, we synthesized v-SiO.N,, films and measured their
sound velocity between 10 and 300K using time-of-flight measure-
ments using the picosecond ultrasonic technique. Doping N atoms
caused an increase in sound velocity and a decrease in TCV. We evalu-
ated the structural change from the TO-w, phonon frequency, which
corresponds to the Si-O-Si bond angle. We conclude that the change
of the bond angle is the most important parameter for governing TCV
of v-SiO,N, and v-SiO, F, (z<0.264). The temperature increase

_ O
1500 ’ T2
Q [ 300 "': %
éloo'_%zoo 1 I %
=g I S 100F : ¢ IO | %
o = MG
; s, > ° F 1428
> 500 ’ S
~ i E
o 4.4 =
. 4.6

900 1000
Phonon frequency (cm'!)

FIG. 5. Phonon-frequency dependence of TCV (blue open symbols) and d0/dT
(red solid symbols) of v-SiO,N, (circle), v-Si0,?® (square), and v-Si0,_F,” films
(diamond). The lines are guides to the eye. The inset shows the relationship
between d6/dT and TCV, where the solid line is the least squares line. The arrow
indicates the axis to be referred.
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leads to a decrease in the bond angle, resulting in positive TCV.
However, if it already becomes small enough, it cannot become smaller
even with temperature increase, and usual thermal expansion causes a
decrease in mass density and sound velocity. Thus, the TCV of
v-SiO,N,, is determined by the trade-off between the two conflicting
factors: the change in the bond angle and thermal expansion. The zero
TCV single material can then be realized by adjusting the doping
quantity, and we reveal it to be v-SiO; 71Ny ;0.

See the supplementary material for XPS, x-ray-reflectivity, XRD,
Raman, and FT-IR measurements.
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