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Vitreous silica (v-SiO,) shows anomalous temperature dependence of velocity, including positive
temperature coefficient of velocity (TCV) and velocity minimum around 70K. The former
characteristic allows its application in acoustic-resonator devices as a temperature compensating
material. In this paper, we study the temperature dependence of velocity of fluorine-doped v-SiO,
(v-Si0,_,F,) thin films using picosecond ultrasonic spectroscopy. To correct the temperature
increase caused by irradiation with light pulses, we calculated the steady temperature increase in
the measuring volume with a finite volume method, considering the temperature dependence of
thermal conductivity, and find that temperature in the measurement region remains high even when
the back surface is cryogenically cooled. Using the corrected temperature, we determine TCV of
v-Si0,_,F, thin films for 0 < x < 0.264, which increases as x increases and is smaller than reported
bulk values by a factor of 0.5 — 0.7. The velocity minimum is absent for the film with x =0, but it
is clearly observed at 70K for the film with the highest fluorine concentration of x =0.264. These
temperature behaviors are attributed to the change in the Si-O-Si bond angle caused by the fluorine

doping. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4923353]

I. INTRODUCTION

Temperature behaviors of acoustic properties of vitreous
silica (v-SiO,) have been studied in wide temperature and
frequency ranges, because they are different from usual crys-
talline materials. While most materials, including crystalline
SiO, (a-quartz), show negative temperature coefficients of
velocities (TCV),"? v-SiO, shows a positive TCV. Sound
velocity v of v-SiO, monotonically increases with increasing
temperature between 100 and 1800K.>® Many studies
appear for studying the cause of positive TCV, and this
anomaly has been related with the unique structure of
v-Si0,; Krause and Kurkjian measured temperature depend-
ence of v of five types of glasses (SiO,, GeO,, BeF,,
Zn(POs),, and B,03) and observed positive TCVs for mate-
rials showing tetrahedrally coordinated structures, whereas
B,0O; showed a negative TCV because of its planar triangle
structure, insisting the importance of tetrahedral structure for
positive TCV.? Molecular dynamics (MD) simulations indi-
cate that the Si-O-Si bond angle, denoted as ¢, is reduced'’
and the bulk modulus increases'' as temperature increases.
Our previous result shows that the reduction of ¢ causes the
stiffened structure in v—SiOz.12 Therefore, the structural
change governed by change in ¢ should be highly attributed
to the positive TCV.

Previous studies showed that the sound velocity takes a
minimum around 70 K, at which attenuation shows a maxi-
mum,'*% and the velocity change is attributed to thermally
activated relaxation (TAR) of structural defects.'*?'"27 This
velocity minimum is depressed by densification,®**° where
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the averaged ¢ becomes smaller, yielding the compact
membered-ring structure.*”

Therefore, temperature behavior of sound velocity of
v-SiO;, significantly relates to the structure, especially, to the
Si-O-Si bond angle ¢. It has been reported that doping fluo-
rine affects the bonding structure of SiOy tetrahedron®! and
enhances the positive TCV.*> The F-doped vitreous-silica
(v-SiO,_,F,) thin film is then expected for the temperature-
coefficient compensation material in acoustic devices.*> The
positive TCV of v-SiO; is, for example, important for sur-
face acoustic wave filters and film-bulk acoustic resonators
to achieve stable operation in a wide temperature range.
Therefore, it is important to accurately obtain TCVs of
v-SiO,_F, thin films for designing acoustic resonators.
Because deposited thin films are often composed of non-
uniform structures with defe:cts,33 temperature behavior of
v-SiO,_F, thin film should be different from that of the
bulk. Thus, we have to measure their TCVs directly.

In this study, we develop picosecond-ultrasound-spec-
troscopy optics for cryogenic measurements and measure the
longitudinal-wave velocity v and TCV of v-SiO,_.F, thin
films between 10 and 300K. We use a pure bulk v-SiO,
specimen (150 um thick), for comparing its TCV with the
thin film, and three v-SiO,_,F, thin films (2—4 um thick) for
0 < x < 0.264. At room temperature, we measure the refrac-
tive index n as well as v of the specimens using the multiple-
angle picosecond ultrasonics.**

In the low temperature measurement, we consider the
temperature increase near the specimen surface due to the
steady irradiation with light pulses: v-SiO, has low thermal
conductivity k at room temperature, and it further decreases
as temperature decreases. Because the temperature gradient
in the specimen is inversely proportional to x (Fourier’s

© 2015 AIP Publishing LLC
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law), the heated surface remains hot when the specimen is
thick. Thus, temperature in the measurement region in pico-
second ultrasound near the surface remains higher than the
back surface, causing significant difference between the
apparent (measured) temperature and actual temperature.
Therefore, we perform numerical simulations to calculate
the temperature field caused by steady heating with light
pulses using a finite volume method, taking account of the
temperature dependence of x, and corrected the as-measured
temperature to deduce accurate TCV.

We found that the pure v-SiO, thin film shows a
smaller TCV than the bulk. Importantly, it exhibits no ve-
locity minimum although the actual temperature is lower
than 30K, indicating that the thin film has a high-energy
structure like densified v-SiO,. By doping F, TCV of
v-SiO,_,F, thin film increases and the velocity minimum
appears. We consider that the bond angle ¢ represents the
“structural temperature,” which governs acoustic properties
of v-SiO,_,F, thin films.

Il. EXPERIMENTAL METHODS

We used a 150-um thick bulk v-SiO, (DAICO MFG
CO., LTD.) and synthesized three v-SiO,_.F, thin films on
(100) Si substrates by the chemical vapor deposition
method.>? Their fluorine content ratios x are 0, 0.114, and
0.264, and their film thicknesses are about 4 um (x =0 and
0.114) and 2 um (x = 0.264).

We constructed optics for normal-incident picosecond
ultrasonics at cryogenic temperature measurements™ and the
multi-angle-incident picosecond ultrasonics to measure re-
fractive index n and longitudinal-wave velocity v simultane-
ously at room temperature as shown in Fig. 1. We used a
titanium/sapphire (Ti/S) femtosecond pulse laser, whose rep-
etition rate and wavelength are 80 MHz and 800 nm, respec-
tively. The source light pulse was divided into pump and
probe pulses by a polarization beam splitter (PBS). The
pump light pulse is modulated by 100 kHz using an acousto-
optic crystal modulator (AOM), and the wavelength A of the
probe light is converted into 400nm using a second har-
monic generator (SHG). The delay line was mechanically
controlled by corner reflectors on a stepping motor set in the
pump light path. The probe light pulse was further divided
by a beam splitter (BS) to obtain a reference signal for the
balanced detector. The pump and probe light pulses pass the
same way after the dichroic mirror (DM), and enter a speci-
men through a 20x objective lens, and their powers were
about 30 and 20 mW, respectively.

The pump light pulse is absorbed in a 10-nm aluminum
thin film deposited on the specimen, exciting a high-
frequency strain pulse. The time-delayed probe light reflects
and transmits at the surface, and the transmitted light is dif-
fracted by the strain pulse based on Bragg’s condition. The
reflected and transmitted lights interfere each other, causing
the periodic reflectivity change as the strain pulse propa-
gates.'>?® This is called Brillouin oscillation, and its fre-
quency fp is expressed as

2v
fo=—
A

n® — sin0, (D
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FIG. 1. Multiple-incident optics developed here. Dashed and solid lines rep-
resent 800- and 400-nm wavelength lights, respectively. The specimen plane
is adjusted using a marker located far away from the specimen.

where 0 is the incident angle of the probe light. n and v are
simultaneously obtained by measuring fy of different inci-

dent angles™
)L 2 2
UZZSinB fo = 1o 2)

L Josing_ 5

N

where f; and fy are the Brillouin-oscillation frequencies of
normal (0 =0) and oblique (0 # 0) incidences, respectively.

It is important to measure and maintain the incident
angle for accurate measurements of n and v. To determine
the 0 value, we measured f and fy using a reference speci-
men of (100) SrTiO5; whose refractive index is measured by
the ellipsometry method®’ using instrument M-2000 pro-
duced by J. A. Woollam Co. We then obtain 6 from Egs. (2)
and (3) with known n value. To maintain the incident angle,
we normally entered 800-nm alignment light to the specimen
as shown in Fig. 1 and adjusted the specimen plane using a
marker located far away from the specimen.

lll. RESULTS AND DISCUSSION
A. Room temperature measurement

We show measured Brillouin oscillations and corre-
sponding fast Fourier transformation (FFT) spectra for the
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SrTiO3 reference crystal, the bulk pure v-SiO, specimen,
and thin-film v-SiO, specimens in Fig. 2. The standard
deviation (SD) of frequency measured at different points was
0.03%. From the two frequencies measured at different
angles, we obtained v=5966 £4m/s and n=1.4737
*0.0002 for the bulk v-SiO,. These values agree with
reported values listed in Table I, confirming reliability of
developed optics here. (The static-heating effect discussed in
Sec. IIIC is corrected for our values in Table I, although
their differences are within 0.3% at room temperature.)

We performed the measurement for the v-SiO,_F, thin
films. The results are shown in Table I and Fig. 3. v and »
of the v-SiO, ,F, thin films monotonically decrease as x
increases, but v is more sensitive to the doping effect; it
decreases by 14% at x=0.264, while n decreases by 2%.
Significant differences appear in the velocity between thin
films and reported bulk for v-SiO, . F, as displayed in
Fig. 3, highly indicating that we cannot adopt acoustic prop-
erties of a bulk specimen for its thin film even with the same
chemical contents.

B. Transient temperature increase by a pump light
pulse

First, we estimate the transient temperature increase by
a pump light pulse. A pump light pulse is absorbed in the 10-
nm Al thin film and its temperature increase AT in the film is
estimated by*”

(1-R)Q

AT =
AlpC

; “4)

where O, A, and ( are power, irradiation area, and penetration
depth of the pump light pulse; and R, p, and C are reflectivity,
mass density, and specific heat of the Al film, respectively. In
this study, we used the laser spot size of 80 um in diameter.
We assumed the uniform laser intensity and { value to be the
Al-film thickness (=10nm), leading to AT ~ 0.4K at room

= (a-1)
=] SrTiO; z
£ 2
S, 3
o [l 5
I 1
%0 2000
_ (b-1)
Ell s - Bglk v-SiO, &
=i
% L , 71.5° -
0 . 2000
Time [ps]
- (c-1)
=1 " Thin film v-SiO
g 0L 2 )
~ 72.4° =
Il Il
%0 0 2000
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temperature. However, we have to consider the temperature
dependent specific heat to estimate the actual temperature
increase in the Al film because specific heat significantly
decreases at low temperatures.41 Then, we assumed that the
pump light pulse has a Gaussian-shape duration with the half
width of the duration time of pulse laser (200 fs) and numeri-
cally calculated the temperature increase as follow:

ar= | u

—R)Q(1)
o Alp ;

0

where ¢ denotes time (note that C is a function of time).
Thus, obtained temperature dependence of AT are shown in
Fig. 4(a). Actually, AT may not be neglected at temperatures
below 10K, but this temperature increase occurs in the Al
thin film, the hottest region, and thermal diffusion into v-
SiO, is much slower than the ultrasound: Thermal-
penetration depth within a time ¢, is estimated by +/4Dty,
where D = k/pC is thermal diffusivity. On the other hand,
penetration depth of the ultrasound can be determined by vz,
which are shown in Fig. 4(b). We found that ultrasound
propagates much faster than heat above 10K. We used
Brillouin oscillation data after 50 ps in determining its fre-
quency, and the ultrasonic wave exists near 300 nm from the
surface at this time, whereas thermally affected region is re-
stricted within 30nm from the surface even at 10K (Fig.
4(b)), indicating that the transient temperature increase will
fail to affect our experiments. Therefore, the dynamical tem-
perature increase can be neglected.

Thermal diffusivity also affects the adiabaticity of meas-
urable sound velocity: Usually, elastic deformation by sound
occurs adiabatically because thermal diffusion length within
a period of the sound wave 1/f is much shorter than the
sound-wave wavelength, that is,

®)

4Df

— <1 (6)
1%
(a-2)
T T T T T
71.5° 0°
| I N
95 100 105
Frequency f[GHz]
(b-2)
71.5° I I0° FIG. 2. Observed Brillouin oscillations
and corresponding FFT spectra of (a)
SrTiOs, (b) bulk v-SiO,, and (c) thin-
film v-SiO, specimens at room temper-
P EPPETET e ature. Arrows in (c-1) indicate the film/
35 40 45 substrate interface.
Frequency f[GHz]
(c-2)
TTrrTTTTT T T
72.4° 0°
PERTER I BTN I
35 40 45
Frequency f[GHz|
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TABLE 1. Measured refractive index n, longitudinal-wave sound velocity v
(m/s), and temperature coefficient of sound velocity TCV (ppm/K) of bulk
and thin-film v-SiO,_,F, at room temperature.

Specimen X n v TCV
This work
Bulk 0 1.4737 = 0.0002 5966 + 4 112+3
Film 0 1.4730 £ 0.0032 5967 + 13 70 =10
Film 0.114 1.4585 +0.0039 5830+ 16 86+ 4
Film 0.264 1.4368 = 0.0027 5107 £ 10 164 =24
Reference
Bulk?® 0 1.4701
Bulk® 0 1.4741
Bulk® 0 6049 98
Bulk® 0.018 5959 120
Bulk® 0.027 5945 118
Bulk® 0.102 5457 157
Bulk! 0 5969 114
Bulk® 0 5943 96
Bulk" 0 5982 108
Bulk® 0 5929 111
Bulk" 0 5953 123
Bulk' 0 5926 129
Bulk! 0 5955 91
Bulk! 0 5976 92
Bulk® 0 5916 93
Bulk' 0 5969 102
Bulk™ 0 5975 101
“Reference 38.
"Reference 39.
“Reference 19.
YReference 4.
“Reference 5.
fReference 6.
#Reference 7.
f‘Reference 8.
'Reference 15.
JReference 18.
kReference 20.
'Reference 24.
"MReference 29.
6000
r 11.48 =
= L x
> 5500 3
2 E
R3) 11.46 o
< =
o » 5
5 5000 &
= F | O v:Bulk (Hirao eral) 44 2
o ® v : Thin film (This work)
2 A : Thin film (This work) —>
4500~ 1.42

L | n |
0 0.1 0.2
Fluorine content ratio x

FIG. 3. Fluorine-concentration dependence of sound velocity v and refrac-
tive index 7 at room temperature. Open and solid circles denote v of bulks'®
and thin films, respectively. Solid triangles denote the refractive index at
400 nm.
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Isothermal approximation is then applicable when
2 > 1. (7

We calculate 4Df /v? for v-SiO, between 0 and 300K (f and
v are constant to be 43.9 GHz and 5970 m/s, respectively) as
shown in Fig. 4(c). Although we observed high frequency
ultrasound, the 4Df/ v? value is much smaller than unity and
the measured velocity is the adiabatic velocity rather than
the isothermal velocity even at 10K.

C. Temperature correction with the static heating
effect

The static-heating effect by the repeated light-pulses
irradiation was usually neglected in picosecond ultrasonic
measurements because of lower laser power and higher ther-
mal conductivity x of a specimen. However, v-SiO, shows
extremely low «, and the static-heating effect would cause
non-negligible temperature rise in the measurement region
near the heating surface. Especially, this effect becomes re-
markable at low temperatures because k of v-SiO, decreases
markedly with decreasing temperature (it decreases by a fac-
tor of 0.1 at 10K from room temperature).

We then performed numerical simulations to estimate
this effect quantitatively for correcting the apparent (back-
surface) temperature T, The axial-symmetric 2D (r, z)
equation of heat conduction was numerically solved by the
finite volume method.*>** The heat fluxes at the finite vol-
ume surface were evaluated by the 2nd-order central differ-
ence scheme, where we incorporated the temperature
dependent thermal conductivity reported previously.** A
local area with radius o on the front surface (z = 0) was
heated by uniform or Gaussian heat-flux distribution, and the
temperature on the back surface was kept constant. The
remaining surface was set to be adiabatic. The radius r of the
computation domain was set to 400 um for the specimens
whose thicknesses are 2 and 4 um. It was, however, 750 um
for the 150-um thick specimen. The grids to express the 2D
domain (radius x height) were 300 x 60 for 2 and 4 um thick
specimens and 600 x 120 for the 150-um thick specimen.
The steady state was well confirmed by the fact that the
absolute discrepancy between the heat input at a local area
on the front surface heated by the irradiation and the heat
output on the back surface is less than 107°%.

Figure 5(a) shows the half side of the obtained axial-
symmetric temperature fields for 150- and 4-um thick
v-SiO, specimens, when the surface area of ry=40 um
(laser-spot radius) is uniformly heated with 10 mW energy
and the back surface is kept at 50 K. The surface temperature
of the 150-um v-SiO, specimen exceeds 150K, and it
reaches 66 K for the 4-um thin-film specimen, indicating that
we should calculate the actual temperature 7’ in the meas-
uring volume considering the static-heating effect.

First, to estimate the effects of the heating distribution
and temperature dependence of x, we performed numerical
calculations for following 3 cases for ro =25 um. (We used
the radius smaller than that used in the experiments to empha-
size these effects.) (i) Uniform heated area and temperature-
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FIG. 4. (a) Temperature increase in
10-nm Al thin film caused by a 30-mW
pump light pulse, where we considered

--—--Ultrasound
—— Thermal

the temperature dependent heat-
capacity change during heating with
the pulse laser. (b) Temperature

Penetration

—
S
T

dependences of thermal (solid lines)
and ultrasonic (dashed lines) penetra-
tion depths. (c) Temperature depend-

L ' ence of the adiabaticity index 4Df /v

1 10

100

Specimen temperature 7 [K]

independent thermal conductivity (x = 0.27 W/mK at 50K),
(ii) uniform heated area and temperature-dependent thermal
conductivity, and (iii) Gaussian distribution on the heated area
and temperature-dependent thermal conductivity. The total
heat energy, back-surface temperature 7, and thickness were
set to be 10 mW, 50K, and 150 um, respectively. Figure 5(b)
shows the change of the temperature averaged in the area
with ry =25 pum along the depth z direction. Note that the tem-
perature dependence of k have to be involved to estimate the
correct temperature distribution, otherwise the temperature
increase would be overestimated. The heat-energy distribution
little affects the temperature field. We, therefore, performed
the numerical calculations considering the temperature de-
pendence of x with uniform distribution.

We thus calculated the averaged temperature within the
actual measurement volume with =40 um caused by the
static-heating effect. We omitted the Brillouin-oscillation
data less than 50 ps (~300nm), because resonance signal of
the Al film superimposes there. The Brillouin oscillation
from the bulk v-SiO, is, for example, observed for 1600 ps,
leading to the penetration depth z of about 10 um. We then
averaged the calculated temperature in the cylindrical vol-
ume with 80-um-diameter face between 0.3 and 10 um in
this case. We set the input power to be 6.8 mW, which is cal-
culated from pump and probe light’s powers and their reflec-
tances to aluminum.

Figures 5(c) and 5(d) show the relationships between the
apparent and actual temperatures for the three thickness
cases. For the 150-um v-SiO,, T’ is significantly higher than
T,, and it exceeds 100K at T),= 10 K. On the other hand, T’
of thin films is nearly the same as 7, because of small

thicknesses. (Si shows much higher x than v-SiO, by a factor
of ~10000 at 30 K,* making it possible to assume that the
temperature of Si substrate is the same as the temperature
measured on the heat exchanger (7},), where the thermometer
is attached.)

D. Cryogenic temperature measurement

We show the measured v of bulk v-SiO, in Fig. 6 with
previously reported values. We used a reported temperature
dependence of 7 to calculate v.** (The restriction of the mea-
surement setup prevented us from using the 6 value large
enough to deduce a reliable set of v and 7 in the cryogenic-
temperature measurements.) The velocity minimum should
appear near 70 K, but our measurement failed to find it with
the uncorrected temperature T}, (solid circles), because the
actual specimen temperature did not lower below 100K
(open circles). Thus, we would have misunderstood the ma-
terial properties without the proposed temperature correc-
tion. We calculated the TCV of the bulk v-SiO, between
200 < T <330K and obtained 112 * 3ppm/K, which is
comparable with reported values in Table 1.

Figure 7 shows temperature behaviors of v of v-SiO,_,F,
thin films with reported bulk values measured by Brillouin
scattering,'® and Fig. 8 compares thin-film TCVs with corre-
sponding bulk TCVs. There are three important observa-
tions: (i) The sound-velocity minimum, which normally
appears near 70K for bulk v-SiO,, is absent for the film with
x=0, it seems to be present near ~30K for the film with
x=0.114, and it is clearly observed at 70K for the film with
the highest F concentration of x =0.264 (Fig. 6). (ii) TCV of
a v-SiO,_F, film is smaller than the corresponding bulk
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FIG. 5. (a) 2D temperature distributions of 150-um thick v-SiO, (left) and
4-um thick v-SiO, (right) at the back-surface temperature 7, =50 K when
the uniform heat energy of 10 mW is applied on the surface in a 80-um-di-
ameter area. The temperature dependence of thermal conductivity x is
involved. The contour lines are shown every 20K. (b) The thickness distri-
bution of the in-plane averaged temperature in the 50-um diameter for the
150-pm thick v-SiO, with three cases: (i) uniform heat source neglecting
temperature dependence of x (rhomboid), (ii) uniform heat source consider-
ing temperature dependence of « (circle), and (iii) Gaussian heat-source dis-
tribution considering temperature dependence of k (square). The back-
surface temperature is set at T, = SOK. (c) Relationship between the actual
temperature T’ and the apparent (back-surface) temperature T}, for the three
specimens with different thicknesses. (d) The temperature increment
T —Tp.

value by ~50% as shown in Table I and Fig. 8. (iii) TCV
increases as the doping concentration increases (Fig. 7).

We intend to explain these observations by high-energy
membered-ring structures and averaged Si-O-Si bond angle
¢ in thin films. Depositing atoms are quenched on the sub-
strate, resulting in high-energy structures, corresponding to
be at high temperature or densified: Polian et al. measured v
of bulk v-SiO, between 300 and 2200 K and showed that the
TCV decreases as temperature increases.® Doring ef al.?® and
Rat et al.*® measured v of densified v-SiO, below room tem-
perature, and their TCV values (24 and 58 ppm/K, respec-
tively) are considerably smaller than usual bulk values

J. Appl. Phys. 118, 014307 (2015)

6000F i T i T ' A
- ®-- This work( 73 )
—O— This work( 7") o
*— Lin et al. '/’,
—+— Tielbiirger ef al. /
—&— Vacher et al.
3950r | o Vacher et al. ]
g
-
2
e 5900+ 7 ¢ .
) o)
=
=
3
9]
58501 .

0 100 200 300
Temperature 7 [K]

FIG. 6. Comparison of the longitudinal-wave velocity v of bulk v-SiO,
measured in this work with previously reported values. Solid and open
circles are our data plotted with the back-surface temperature 7}, and the
actual temperature 7', respectively. Note that the specimen cannot be cooled
down to the velocity-minimum temperature with the picosecond ultrasound
measurement. Reference data are from Lin er al.,’ Tielbiirger et al.**
Vacher et al.,"® and McSkimin.*

(~100 ppm/K). Furthermore, Doring et al. observed weak-
ened velocity minimum around 100K, and Rat et al. found
disappearance of the velocity minimum for their densified
v-SiO, specimens. Our TCV value (70 ppm/K) for the pure
v-SiO, thin film corresponds to that of bulk at 900 K,8 indi-
cating that the thin film stays in a high-energy structure. An
ab-initio calculation predicts that the energy increases with

----Bulk (Vacher et al.)

OF| o Thin film (x=0)

| A Thin film (x=0.114)
O Thin film (x=0.264)

-501 , ]

“100F 50 -

Sound velocity change Av [m/s]

0100 200
Temperature 7' [K]

300

FIG. 7. Temperature dependence of sound velocity v of v-SiO, ,F, thin
films measured in this work. Solid and open symbols are plotted against for
the back-surface temperature 7}, and the actual temperature 7", respectively.
Circle, triangle, and square symbols denote the thin films of fluorine content
ratio x=0, 0.114, and 0.264, respectively. The dashed line represents a
reported bulk value measured by Brillouin scattering.'®
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0 0.1 0.2
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FIG. 8. Fluorine-concentration dependences of TCV and Awy of v-SiO,_,F,.
Open and solid circles denote TCV of bulks'® and thin films, respectively.
Solid triangles denote Awy of v-SiO,_F, thin films.

the reduction of the number of the membered ring,*® corre-
sponding to the reduction in ¢, and an MD simulation shows
that the averaged ¢ decreases with increasing temperature.'®
Therefore, the thin-film structure will consist of smaller
number of the membered rings with lowered ¢. The densi-
fied v-SiO, is also composed of lowered ¢ structures,”® and
the velocity minimum failed to appear. This may be under-
stood by the higher structural temperature: The structural
temperature of the thin film v-SiO, as well as the densified
v-SiO, is high and the cooling them cannot reach the TAR
temperature to cause the velocity minimum.

Doping F divides Si-O-Si bonds, making membered
rings and ¢ larger.’’ We measured the absorption peak of
so-called w, mode*’*® by Fourier transform infrared spec-
troscopy for the v-SiO, _,F, thin films as shown in Fig. 8. w4
increases with the amount of fluorine, indicating increased ¢
with doping F.* Increase in ¢ is consistent with decrease in
v; in our previous report, we measured v of v-SiO, thin films,
which decreases with increase in qb.lz Furthermore, MD sim-
ulations show that ¢ increases as temperature decreases,'®
which is related to the decrease of v because of the positive
TCV. The increase in ¢ is also consistent with increase in
the TCV: As described above, the larger ¢ structure corre-
sponds to the lower structural temperature, and the TCV
increases.® Cooling such a material will then cause the TAR,
showing the velocity minimum. Therefore, our observation
are consistently explained with the change in the Si-O-Si
bond angle ¢, related to the structural temperature.

IV. CONCLUSIONS

We developed multi-angle-incident optics to measure
the sound velocity v and refractive index n of bulk v-SiO,
and thin-film v-SiO,_,F, by picosecond ultrasound spectros-
copy. To measure the temperature coefficient of sound veloc-
ity, TCV, we performed numerical simulations to obtain the
temperature field statically heated by sequential light pulses
considering temperature dependence of thermal conductivity
x, and found that laser absorption significantly increases
temperature in the measurement region, which exceeds
100K for 150-um v-SiO, even when back-surface tempera-
ture is less than 10K because of low k of v-SiO,. This

J. Appl. Phys. 118, 014307 (2015)

prevents us from observing the sound velocity minimum
around 70K by picosecond ultrasound spectroscopy. Using
the actual temperature in the measurement region, we deter-
mined v-SiO,_.F, thin films and found that their TCVs are
smaller than the corresponding bulk values by more than
30%. The velocity minimum is absent for the pure v-SiO,
thin film indicating that the film remains the high-energy
structure with smaller Si-O-Si bond angle ¢ even at cryo-
genic temperatures, where thermally activated relaxation
fails to occur. By doping F, however, ¢ becomes larger and
the structural temperature lowers, resulting in enhanced TCV
and appearance of velocity minimum around 70 K.
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