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The low refractive index layers in the mirror coatings of the room-temperature laser interferometer
gravitational waves detectors are silica deposited by the ion beam sputter method. However, the silica film
suffers from the cryogenic mechanical loss peak, hindering its application for the next generation detector
operated at cryogenics. New low refractive index materials need to be explored. We study amorphous
silicon oxy-nitride (SiON) films deposited using the method of plasma-enhanced chemical vapor
deposition. By changing the N,O/SiH, flow rate ratio, we can tune the refractive index of the SION
smoothly from nitridelike to silicalike of ~1.48 at 1064 nm, 1550 nm, and 1950 nm. Thermal anneal
reduced the refractive index down to ~1.46 and effectively reduced the absorption and cryogenic
mechanical loss; the reductions correlated with the N—H bond concentration decrease. Extinction
coefficients of the SiONs at the three wavelengths are reduced down to 5 x 107 ~ 3 x 1077 by annealing.
Cryogenic mechanical losses at 10 K and 20 K (for ET and KAGRA) of the annealed SiONs are
significantly lower than the annealed ion beam sputter silica. They are comparable at 120 K (for LIGO-
Voyager). Absorption from the vibrational modes of the N—H terminal-hydride structures dominates over
the absorption from other terminal hydrides, the Urbach tail, and the silicon dangling bond states in SION at

the three wavelengths.
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Introduction.—Since the first detection of the gravita-
tional waves by the LIGO-Virgo Collaboration in 2015 [1]
and the successive detections of more than 90 gravitational
wave events until the end of the third observation run [2],
development for the next generation detectors is moving
toward cryogenics operation to reduce the thermal noise for
higher sensitivity [3,4]. Brownian coating thermal noise
(CTN) is one of the primary noise sources for the detectors
at the most sensitive range, around 100 Hz for LIGO-A™ [3]
and 60 Hz for LIGO-Voyager [4,5]. Brownian CTN is
proportional to the mechanical loss angle of the coatings
based on the fluctuation-dissipation theorem [6]. A stringent
requirement on the absorption, at ~1 ppm level [3,7,8], for
the mirror coatings is required as well to avoid thermal
loading of the mirrors.

The dielectric mirror coatings are composed of a high
refractive index layer (H) and a low refractive index
layer (L). Each has a quarter-wave optical thickness and
is stacked alternately to form the highly reflective multi-
layer coatings. CTN increases with total coating thickness;
increasing the refractive index contrast between the H and
L layers can effectively reduce the number of HL pairs
required for a specific transmittance and reduce the CTN.
The coating materials for current detectors operated at room
temperature and 1064 nm wavelength are Ti: Ta,Os5 for the
H layer and silica for the L layer. Both were deposited by
using the ion beam sputter (IBS) method [9,10] with good
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optical qualities and low room-temperature mechanical
loss [11,12]. However, both materials have a mechanical
loss peak at the cryogenics temperature range [13,14];
therefore, directly applying these materials to the coatings
of the cryogenic detectors that were designed to operate at
10 K for the Einstein Telescope (ET) [7], 20 K for the
KAGRA [8], and 120 K for the LIGO-Voyager [3] are
hindered. There are reports for exploring new high refrac-
tive index films for the cryogenics coatings such as
amorphous silicon (aSi), n~ 3.4, [15] and amorphous
silicon nitride (aSiN), n ~ 2.0-2.6, [16-18], but little on
the low refractive index cryogenic coatings with a refractive
index as low as that of silica.

Motivation.—The cryogenic mechanical loss peak of
silica is believed to be due to the asymmetrical bond angles
of the Si—O—Si in the amorphous SiO, network [19-21].
On the other hand, it was found that the cryogenic
mechanical losses of the aSiN deposited by the chemical
vapor deposition (CVD) method correlated positively with
the N—H bond concentration and were relatively low and
flat compared to that of the IBS silica [15]. Therefore, we
were motivated in this study to break the structure of
Si—O—Si partially in silica and replace it with Si—N—Si. In
other words, to mix aSiN and SiO, to form the silicon
oxy-nitride (SiON) to reduce the cryogenic mechanical loss
and control the refractive index of the mixture as close to
that of silica. Meanwhile, the absorption of SiON needs to
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be closely studied and kept as low as possible. This Letter
reports the deposition method, results, and analyses empha-
sizing the refractive index and extinction coefficient and the
cryogenic mechanical loss of the SiION films. The temper-
ature and wavelength range of the studies are those for the
ET, KAGRA, and LIGO-Voyager, i.e., 10 K, 20 K, and
120 K for the temperature and 1064 nm, 1550 nm, and
2000 nm for the wavelength, respectively [3,7,8].

Deposition.—Mirror coatings for the laser interfero-
meter gravitational waves detectors used to date were
deposited by the IBS method [9]. In this Letter, the SION
films were deposited using the plasma-enhanced chemical
vapor deposition (PECVD) method. The advantage of the
CVD coating is that a large area of uniform coatings is
easier to achieve for the large mirror, ~45 cm in diameter,
of the LIGO-Voyager and ET. In addition, the CVD
method is more flexible in tuning the material composition
than the IBS method by simply changing the reaction gases
or the gas flow rate ratio rather than by changing the solid
sputter targets. In our PECVD process for depositing
SiON, the precursor gas was silane (SiH,;) and nitrous
oxide (N,O) with a carrier gas of N,. By varying the
N,0/SiH, flow rate ratio from small to large, we tuned the
composition of the films from nitridelike with higher
refractive index and higher nitrogen content to silicalike
with lower refractive index and higher oxygen content. The
chemical formula of the film is expressed as SiO.N,H..
The deposition parameters in our process were 1 Torr for
the total pressure, 300°C for the substrate temperature,
1500 scem for the N, flow rate, and 20 W for the plasma-
generating rf power.

Measurement.—The concentration of the terminal-
hydride bonds N—H, Si—H, and O—H was measured by
the Fourier transform IR spectroscopy; the detection limit
was ~10%°/cm?3. Silicon dangling bonds (DB, Si-) were
measured by using the electron spin resonance with a
detection limit of ~10'8 /cm?. Atomic concentrations were
measured by using x-ray photoelectron spectroscopy and
deduced by the aids from the mass density measurement
and the bond concentrations of the films. The exact
measurements method and concentration deductions were
carried out following the methods given in Ref. [16]. The
refractive index at 1064 nm, 1550 nm, and 1950 nm
thickness and energy band gap, i.e., the electronic mobility
gap, were measured using the spectroscopic ellipsometer
with the Tauc-Lorentz model [22]. Extinction coefficients
at 1064 nm, 1550 nm, and 1950 nm were measured using
the photothermal common-path interferometer [23].

The cryogenic mechanical loss was measured by meas-
uring the ring-down time of a silicon cantilever double-side
coated with the SiON films. The cantilever was clamped in
a cryogenic chamber and excited at the resonant frequen-
cies, and the mechanical loss angles of the coatings were
deduced from the ring-down time. Details of the measure-
ments and data deductions are also given in Ref. [16].

Results for the as-deposited films.—Samples were de-
posited with N,O/SiH, flow rate ratios varied at 1, 3, 5, 9,
18, 27, and 90, respectively. Figure 1(a) shows the
refractive index (@ 1064 nm, 1550 nm, and 1950 nm)
and the band gap (Eg) vs N,O/SiH, ratio. Figure 1(b)
shows the atomic concentrations of Si, O, N, and H vs
N,0O/SiH, ratio. It is clear that the films are changing
smoothly from “nitridelike,” i.e., higher refractive index,
lower band gap, lower oxygen content, and higher nitrogen
content, to “silicalike” with the parameters in reversed
order from that of the nitridelike films. The refractive index
at the three wavelengths is close and decreasing sharply
from ~2.0 to ~1.48. The band gap increased from 2.40 eV
up to approaching 6.85 eV. The chemical formula of
the films changed from SiOy47Ng,1Hps¢ for ratio 1 to
Si04 63N g2Hp g5 for ratio 90, as can be obtained from
Fig. 1(b).

For the subsequent studies on the mechanical loss
and annealing effect, we chose to study two films: the
nitridelike film with flow rate ratio 3 (SiOg9;Ng-7Hy 50,
n = 1.65) and the silicalike film with flow rate ratio
27 (Si01A50N0.04H0.13, n= 148)

Cryogenic mechanical loss angles for four modes of
these two samples are shown in Figs. 2(a) to 2(d), green
for the silicalike and blue for the nitridelike samples,
respectively. The red and orange curves are for the silica
deposited by the standard PECVD process of the Taiwan
Semiconductor Research Institute (TSRI) [24] and a silicon
nitride deposited by PECVD published previously [17] for
comparison purposes. The trend of the cryogenic mechani-
cal loss changed from silica to silicalike, with a profound
peak, to that of nitridelike and then to silicon nitride, with a
lower and flatter loss curve.

Thermal annealing.—Annealing is an effective
method to reduce the mechanical loss of IBS silica and
Ti:TayOs5 [25,26]. For the silicalike sample shown in
Fig. 2, the Si—H bond density was low, 4 x 10?°, and
the band gap was high at 5.92 eV; the absorption so
produced by the excessive silicon DB created by the
annealing should be limited and inhibited by the large
band gap. Therefore, we chose to anneal the silicalike SION
at a high temperature of 900°C. On the other hand, the
nitridelike SiON has a higher Si—H bond density,
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FIG. 1. (a) Refractive index n at 1064 nm (green), 1550 nm
(red), 1950 nm (black), band gap (Eg). (b) Concentrations of
O, Si, H, and N vs N,0O/SiH, flow rate ratio.
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FIG. 2. Cryogenic mechanical loss angle of the silicalike SION
(green), the nitridelike SiON (blue), the TSRI standard silica
(red), and the silicon nitride (orange) at four different frequencies:
(a) 0.68 kHz, bending mode; (b) 1.25 kHz, torsion mode;
(c¢) 1.90 kHz, bending mode; and (d) 3.85 kHz, torsion mode.

1.22 x 10??, and a lower band gap, 3.09 eV; therefore, we
chose to anneal the nitridelike SiON at a lower temperature
of 500°C.

Annealing results for the nitridelike SION.—As shown in
Figs. 3(a) and 3(b), the variations of the refractive index at the
three wavelengths and the band gaps are relatively small,
while the variations of the extinction coefficients at the three
wavelengths, the DB concentration, and the N—H bond
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FIG. 3. Annealing results of the nitridelike SiON. (a) Refractive
index and extinction coefficients at 1064 nm, 1550 nm, and
1950 nm. (b) Band gap, silicon dangling bond, and N—H bond
concentrations vs annealing time at 500°C. (c¢) Cryogenic
mechanical loss of the four modes for the as-deposited and
the annealed.

concentrations dropped drastically during the first hour of
annealing and the variations are well-correlated. The lowest
extinction coefficients for the three wavelengths through
annealing are 1.05 x 107® at 1064 nm, 2.88 x 1076
1550 nm, and 4.85 x 107 at 1950 nm.

The cryogenic mechanical loss angle of the four modes
for the nitridelike sample annealed at 500°C for 6 h is
shown in Fig. 3(c), together with that of the as-deposited
from Fig. 2. It is clear that a significant reduction in loss
angle was obtained through 500°C annealing.

Annealing results for the silicalike.—As shown in
Figs. 4(a) and 4(b), the refractive index at three wave-
lengths dropped down from ~1.48 to ~1.46, close to that of
silica. Extinction coefficients dropped down to the low end
of 107 at 1950 nm and into the low end of 107 at 1550 nm
and 1064 nm. The band gap remained relatively constant,
the N—H bond dropped from 0.35 x 10?*> to 0.02 x 10?2,
and the DB increased and then decreased with the increas-
ing annealing time. Variation of the extinction coefficients
correlated with the N—H bonds but not with the DB.
The lowest extinction coefficients of the annealed samples
are 3.3 x 10~7 at 1064 nm, 5.8 x 1077 at 1550 nm, and
2.6 x 107¢ at 1950 nm.

Cryogenic mechanical loss angle of four modes annealed
at 900 °C for 6 h is shown in Fig. 4(c) together with that of
the as-deposited from Fig. 2. It is clear that the loss angle
was reduced significantly through 900 °C annealing.

Absorption mechanisms.—Vibration modes of the
terminal-hydride structure in SiON, i.e., O—H, Si—H
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FIG. 4. Annealing results of the silicalike SiON. (a) Refractive
index and extinction coefficients at 1064 nm, 1550 nm, and
1950 nm. (b) Band gap, silicon dangling bond, and N—H bond
concentrations vs annealing time at 900°C. (c) Cryogenic
mechanical loss of the four modes for the as-deposited and
the annealed.

081403-3



PHYSICAL REVIEW LETTERS 130, 081403 (2023)

and N—H, may contribute to the absorption at the three
wavelengths of interest. For the O—H bond, stretching
mode exists at ~3600 cm™! (2.78 um) [27,28]; the funda-
mental and its overtones do not cover any of the three
wavelengths. For the Si—H bond, resonant frequencies and
their overtones (up to the second overtone) of all the
vibration modes are mostly in the mid-IR [29]; only the
second overtone of the stretching modes of —SiH, —SiH,,
and —SiH;, at ~2180 cm™! (4.59 um) [30,31], are
near 1550 nm. For the N—H bond, the stretching modes
of N—H and N—H, are in the vicinity of ~3300 cm™!
(3.03 um) [28,30] and extended to ~2900 cm™! (3.45 um)
by the hydrogen bonding between the H in the N—H bond
and lone-pair electron on nearby N atoms [30,32], the first
overtone of which covers the 1550 nm and the second
overtone covers the 1064 nm. In addition, the fundamental
frequency of the combination modes of N—H, (stretching
plus bending) is in the vicinity of ~5050 cm™" (1.98 yum)
[33,34], which covers 1950 nm and up to 2000 nm. Since
the absorption strength of the vibration modes should be the
strongest for the wavelength that coincides with the
fundamental resonance and weaker with the first overtone
and then the second overtone; therefore, we can qualita-
tively conclude that, first, the vibration modes of the N—H
structures dominate the absorption of the terminal hydrides
in SiON, and second, among the absorption by the various
N—H modes at the three wavelengths, absorption at
1950 nm is the highest due to the fact that the absorption
comes from the fundamental resonance of an N—H mode;
absorption at 1550 nm is the second highest that includes
the first overtone resonance, and absorption at 1064 nm is
the lowest that comes from only the second overtone
resonance. This argument is qualitatively consistent with
the observed order of the N—H dependent absorption
level between the three wavelengths, as shown in Figs. 3(a)
and 3(b) and Figs. 4(a) and 4(b).

Photon-induced electronic transition in the Urbach-tail
states [35-37] of the amorphous material in general and
silicon dangling bonds (DB) in the hydrogenated amor-
phous silicon [38] also contributes to optical absorption in
amorphous semiconductors. The neutral dangling bond
state lies in the middle of the band gap with the positive and
negative charged DB states closely spaced in energy [39];
therefore, the absorption strength of the DB in the near IR is
smaller for larger band gap materials than for smaller band
gap materials, e.g., silica vs amorphous silicon. Therefore,
for the silicalike SiON with band gap ~5.8 eV and
~6.26 eV before and after annealing, Fig. 4(b), the DB
is likely to contribute insignificantly to absorption. The
Urbach absorption is known to follow a linear exponential
photon-energy dependence [37], while another linear
exponential photon-energy dependent function [38,39]
describes the DB absorption at lower photon energy and
with a smaller slope than the Urbach tail. Both absorptions
increase with increasing photon energy. However, the order

of the absorption levels among the three wavelengths in
Figs. 3 and 4 is opposite to this trend but rather consistent
with that of the N—H-dependent absorption as previously
discussed. This implies that the absorption of SiON at the
level of our observation is dominated by the vibrational
modes of the N—H terminal-hydride structures rather
than the absorption from the electronic transitions of the
Urbach-tail and DB states.

Mechanical loss mechanism.—The mechanical loss of
silica glass is known to have a peak at cryogenics temper-
ature, attributed to thermally activated switching between
two asymmetrical Si—O—Si bond angles [18,19] and the
associated rotation of a group of atoms [19]. An asym-
metrical double-well potential model (a two-level system)
is commonly accepted and used to analyze the phenomenon
[40]. The broadened peak in the silica thin films reflects a
wide distribution of the related parameters in the glassy
state, such as the bond angle, asymmetry of the double well,
and activation energy. The peak narrowing and reduction
upon thermal anneal [25] imply a narrowing in the
distribution of the related parameters. On the other hand,
for the amorphous silicon nitride deposited by the PECVD
process, a lower and flatter loss distribution was observed,
and the cryogenic loss angle correlated positively with the
N—H bond concentration [16]. It was then postulated that
the switching between the position of the H' and the lone-
pair electron associated with the N—H bonds by phonon-
assisted tunneling is counted for the loss mechanism. It is
expected that decreasing N—H concentration through
thermal annealing should reduce the cryogenic mechanical
loss of SiN. Trends in Figs. 2, 3(c), and 4(c) suggest that the
loss mechanism in the as-deposited and the annealed SiON
should contain contributions from that of silica and SiN and
some combined mechanisms that are to be explored; the
narrowing and reduction of the loss angle in Fig. 4(c)
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FIG. 5. Cryogenic mechanical loss of 600°C annealed IBS
silica at 1.6 kHz [25] (red), 900°C annealed silicalike

SiON at 1.9 kHz (blue), and 500 °C annealed nitridelike SiON
at 1.9 kHz (black).
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TABLE L

Comparison of the refractive index, extinction coefficients (at 1064 nm, 1550 nm, and 1950 nm), and cryogenic mechanical

loss (at 10 K, 20 K, and 120 K) for the IBS-silica with anneal, silicalike SiION with anneal, and nitridelike SION with anneal.

Cryogenic mechanical

Refractive index Extinction coefficient (1077) loss (107%)

Material 1064 nm 1550 nm 1950 nm 1064 nm 1550 nm 1950 nm 10 K 20 K 120 K

IBS SiO, with 1.44~147 144~1.46 NA 0.36 [45] 0.8 [41] NA 5.3 [25] 6.2 [25] 0.3 [25]
anneal [12,44] [12]

SiON (ratio 27 1.4621 1.4609 1.4588  3.30 +£1.67 5.80 +3.21 26.0 £5.72 3.31 £0.01 3.60 £ 0.02 0.49 4+ 0.01
silicalike)

SiON (ratio 3 1.6496 1.6478 1.6439  10.5+1.65 28.8 +2.43 48.5+6.61 0.63+0.05 0.75£0.05 0.16 +0.04
nitridelike)

implies that the dominant loss mechanism in the silicalike
SiON should be that of the two-level system origin of the
silica, and the large reduction with the relatively flat loss
distribution in Fig. 3(c) implies that the dominant loss
mechanism in the nitridelike SiON should be the N—H
related as was postulated.

Comparison and conclusion.—Figure 5 and Table I show
the comparison of the annealed IBS silica [25] with the
annealed silicalike SiON and the annealed nitridelike
SiON. The loss angle is compared for the similar frequency
at 1.9 kHz and 1.6 kHz. First, a refractive index of ~1.46
for the SiON, close to that of silica, is achievable. Second,
for ET and KAGRA at 10 K and 20 K, the mechanical loss
of the SiONs is significantly lower than that of the IBS
silica and comparable to the IBS silica for LIGO-Voyager at
120 K. Third, the absorption of the SiONs is in the range of
mid-10~° to the low end of 10~ for the three wavelengths,
higher than that of the IBS silica. It is concluded that N—H
bonds are the major sources of absorption. Methods for
further reducing the N—H bonds, such as higher temper-
ature or prolonged annealing, high temperature-low dep-
osition rate CVD, such as the low-pressure CVD, are
plausible. Multimaterial configurations [41-43] containing
both SiON and silica for low mechanical loss and low
absorption mirror coatings could be adopted for the next-
generation cryogenic detectors. The H-free IBS deposition
method is an alternative method to deposit SiION films,
although not trivial. One of the difficulties for the IBS is to
prepare the sizeable solid sputter target with the correct
composition, and our results on the optimal SiON films
could help solve the problem.
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