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Silicon is a potential substrate material for the large-areal-size mirrors of the next-generation laser
interferometer gravitational wave detector operated in cryogenics. Silicon nitride thin films uniformly
deposited by a chemical vapor deposition method on large-size silicon wafers is a common practice in the
silicon integrated circuit industry. We used plasma-enhanced chemical vapor deposition to deposit silicon
nitride films on silicon and studied the physical properties of the films that are pertinent to application
of mirror coatings for laser interferometer gravitational wave detectors. We measured and analyzed the
structure, optical properties, stress, Young’s modulus, and mechanical loss of the films, at both room and
cryogenic temperatures. Optical extinction coefficients of the films were in the 107> range at 1550-nm
wavelength. Room-temperature mechanical loss of the films varied in the range from low 10~ to low 1073
within the frequency range of interest. The existence of a cryogenic mechanical loss peak depended on the
composition of the films. We measured the bond concentrations of N—H, Si—H, Si—N, and Si—Si bonds in
the films and analyzed the correlations between bond concentrations and cryogenic mechanical losses. We
proposed three possible two-level systems associated with the N—H, Si—H, and Si—N bonds in the film.
We inferred that the dominant source of the cryogenic mechanical loss for the silicon nitride films is the
two-level system of exchanging position between a H' and electron lone pair associated with the N—H
bond. Under our deposition conditions, superior properties in terms of high refractive index with a large
adjustable range, low optical absorption, and low mechanical loss were achieved for films with lower
nitrogen content and lower N—H bond concentration. Possible pairing of the silicon nitride films with other

materials in the quarter-wave stack is discussed.
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I. INTRODUCTION

With the first detection of gravitational waves by
the advanced Laser Interferometer Gravitational Wave
Observatory (advanced LIGO) [1], development of the
detector technologies is now focused on increasing the
sensitivity of the current detectors by a factor of approx-
imately three in the coming three to five years [2] and
to develop the technologies toward the next-generation
detector operated in cryogenics.

Brownian thermal noise of the mirror coatings is the
dominant noise source in the current detector at frequencies
near 100 Hz, where the detector is the most sensitive.
Thermal noise is related to mechanical dissipation through
the fluctuation-dissipation theorem [3]. Reducing the room-
temperature and cryogenic mechanical loss of the coating
materials is therefore crucial for enhancing the sensitivity
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of the current and future detectors. The detector’s mirror
coatings are composed of two thin-film materials with high
and low refractive indices alternately deposited on a
substrate; each layer has one quarter-wavelength optical
thickness. The diameter of the mirror is 34 cm for the
current detector [4] and is likely to be ~40 cm [2] or larger
[5] for the next-generation detector. Uniformly depositing
thin films on a large-area substrate is challenging. Ion-beam
sputter (IBS) has been used to deposit coatings on fused
silica substrates 34 cm in diameter for the current detector
because of its capability of producing denser and hence
higher-refractive-index films, but the line-of-sight imping-
ing nature of the deposited atoms causes uniformity
problems, and sophisticated deposition techniques must
be employed [6,7] to achieve the stringent thickness
uniformity requirement. Amorphous Ti:Ta,O5 and SiO,
thin films deposited by the IBS method were used as the
high- and low-index materials for the coatings of the
current detector [4]. However, both materials suffered from
mechanical loss peaks at cryogenic temperatures that
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hinder their application as the coatings of the next-
generation detector operated in cryogenics [8,9].

Silicon, because of its low cryogenic mechanical loss, is
a potential candidate for the mirror substrate of the future
detector [10]. Current semiconductor integrated circuit (IC)
technology is sufficiently mature for processing large-size
silicon wafers up to 18 inches in diameter, which is larger
than the mirror size of the next-generation detector. Thin-
film materials such as silicon nitride have been developed
for coatings on large-size silicon wafers for various
purposes in IC applications. The chemical vapor deposition
(CVD) method is the most common thin-film deposition
method for silicon IC applications, and good uniformity of
the CVD coatings on large-size wafers is more easily
achieved than the physical vapor deposition methods such
as IBS because of its nature of gas-phase interaction and
condensation. It was reported that the cryogenic mechani-
cal loss of the silicon nitride film deposited by the low-
pressure CVD (LPCVD) method was particularly low [11].
However, the measured frequency was ~1.5 MHz, which is
far beyond the frequency range of our interest. Therefore,
we were motivated to study the silicon nitride film deposited
by the CVD method for the purpose of low mechanical
loss mirror coatings of the laser interferometer gravitational
wave detector. An immediate foreseeable advantage is that
the CVD process is favorable for achieving good uniformity
on large-size silicon mirror substrates.

In this paper, we report the results of measurements and
analysis of physical properties, in particular, the room-
temperature and the cryogenic mechanical loss, which are
pertinent to the application for coatings of the gravitational
wave detector for the amorphous silicon nitride films
deposited by using the plasma-enhanced CVD (PECVD)
method. Two-level systems (TLS) in the silicon nitride film
are proposed and analyzed with respect to the cryogenic
mechanical loss. Possible materials that can be paired with
the silicon nitride films for the mirror coatings of the future
detector are also discussed.

II. FABRICATION AND COMPOSITION

A. Fabrication

We used the PECVD method to fabricate silicon nitride
films on silicon substrates. In this method, chemical
reactions between the precursors are activated near the
heated substrate surface, and the product condenses on the
substrate to form the film. Radio frequency (RF) power is
introduced to generate plasma of the precursors so that the
chemical reactions can proceed between the free radicals of
the precursors at a lower substrate temperature to avoid the
drawbacks of high-temperature processes such as LPCVD.
A schematic of our deposition chamber is shown in Fig. 1.
The precursors were silane (SiH,) and ammonia (NH;)
gases; nitrogen was used as the carrier gas. RF power at
13.56 MHz was fed into the chamber.

RF power
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substrate
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i
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FIG. 1. Schematic diagram of plasma-enhanced chemical vapor
deposition chamber.

The silicon nitride condensate in the PECVD process is
seldom stoichiometric, and usually contains hydrogen. It is
conventionally represented as SiN,H,. The composition of
silicon nitride and hence its physical properties depend in a
complicated way on various process parameters as well as
the deposition rate [12—14]. In our experiment, NH; and
SiH, were fed in at various flow-rate ratios to produce films
with different compositions. The nitrogen carrier gas was
fed in at a constant flow rate of 980 sccm. The total pressure
in the chamber was held constant at 1 Torr. The RF power
was fixed at 20 W and the substrate temperature was held
at 300°C.

The substrates were (100) silicon in the form of a
cantilever or other shapes. To avoid edge effects that
produce uneven plasma distribution and hence uneven
thickness and composition of the films, the substrates
were mosaicked in a large silicon wafer during the
PECVD process.

B. Composition

Five samples of different NH5 to SiH, flow-rate ratios
(15:45, 22:38, 30:25, 45:15, and 48:8 in units of sccm)
were fabricated. The atomic ratio of nitrogen to silicon,
Nn/Nyg;, in the films was determined by using x-ray
photoelectron spectroscopy (XPS). Bond concentrations
were determined by using Fourier transform infrared
spectroscopy (FTIR). The FTIR absorption spectra of the
five samples are shown in Fig. 2. Notice that the Si—O bond
existed only on the surface but not in the film, as was
revealed by the XPS depth profile; therefore, it is dis-
regarded from the following discussion. The bond con-
centration, N, is given as [15]

N:A/fdw,
w
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FIG. 2. IR absorption coefficient for Si—N, Si—O, Si—H, and
N—H bonds of the silicon nitride films.

where « is the absorption coefficient, w is the wave number,
and A is the proportional constant for the particular bond,
which can be obtained from the calibrated values in the
references. The A values for the Si—H and N—H bonds
from independent references were consistent at 1.4 x 10%°
and 2.8 x 10%, respectively [16—-18]. The concentration of
Si—H and N—H bonds, Ng;_y and Nn_y, can therefore be
obtained confidently. However, the A values for the Si—N
bond varied by 1 order of magnitude in the literature [ 18-20];
thus, it must be obtained by other reliable means, described
as follows.

Because hydrogen is connected only to either Si or N, the
hydrogen atomic concentration can be expressed as

Ny = Nsi—n + Nn-n-
The mass density of the film p is given as
p = MgiNg; + MNNN + MyNy,

where Mg;, My, and My are the mass of the silicon,
nitrogen, and hydrogen atoms, respectively. We obtained

the mass density of the film by measuring the difference
in weight before and after coating and dividing by the
volume of a film with known thickness and area.
With the Si-to-N atomic ratio from XPS, the absolute
value of Si and N concentration, Ng; and Ny, can thus be
obtained.

The nitrogen concentration can be expressed as

1 1 2 1
Ny = §NSi—N +§NN—H +§NN—N +§NN—7

where Ny_n and Ny_ are the concentration of the N—N
bond and nitrogen dangling bond, respectively. It was
reported that the bonding energy of the N—N bond is
much lower than that of the Si—N and N—H bonds [21],
and the concentration of the N—N bond was reported to be
much lower than that of the Si—N and N—H bonds for
films deposited by various CVD methods and conditions
[22]; therefore we believe that Ny_y can be neglected in
our case. It was also reported that Ny_ and concentration
of Si dangling bond, Ng;_, in films deposited by various
methods were 3—4 orders of magnitude lower than that of
the Ng;_n and Ny_y [18,21,23]; therefore, Ny_ can also
be neglected in the equation. The concentration of Si—N
bonds, Ng;_n, can therefore be obtained through the
previous equation by substituting in the known Ny and
Nn_g values.
The silicon concentration can be expressed as

1 1 2 1
Ngi = ZNSi—N +ZNSi—H +ZNSi—Si +ZNSi_'

Ng;— is negligible according to the argument in the
previous paragraph. Therefore, the concentration of Si—Si
bonds, Ng;_g;, can be obtained by substituting the known
Ns;, Nsi—p, and Ng;_n values in the equation.

The results of the atomic concentrations of Si, N, and H,
and bond concentrations of Si—N, Si—H, N—H, and Si—Si1
for the five silicon nitride thin films are listed in Table I
and plotted in Fig. 3.

TABLE 1. Atomic concentrations of Si, N, and H, and bond concentrations of Si—N, Si—H, N—H, and Si—Si for
the five silicon nitride films with different compositions and densities fabricated by varying the NH; /SiH, flow-rate
ratio.

NH;/SiH, Density Ns; Ny Ny Nsin  Nsin Nnon Ngisi
(sccm) Composition (g/cm?) (10*' /em?)

15/45 SiNg.40Hp 79 2.00£0.03 3490 13.96  27.51 39.69 25.32 2.19 37.30
22/38 SiNg49Ho 68 2.18£0.03  36.79 18.03  24.83 50.68 21.43 3.40 37.52
30/25 SiNy 6sHo 60 2.134+£0.02 3397 22.08 2029 59.13 13.18 7.11 31.78
45/15 SiNp79Hp 62 2.144+0.03 3238 25,58 20.00 62.83 6.08 13.92 30.31
48/8 SiNy g7Hp 03 2.10+£0.03 30.67 26.68 28.63 53.51 2.09 26.54 33.54
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FIG. 3. Bond concentration for Si—N, Si—Si, N—H, and Si—H
bonds (upper plot) and atomic concentration for Si, N, and H
(lower plot) versus NH;/SiH, flow-rate ratio for the five samples
in Table L.

III. MATERIAL PROPERTIES OF THE
SILICON NITRIDE FILMS

A. Structure

Figure 4 shows transmission electron microscope (TEM)
images of the silicon nitride films of different composi-
tions. It is clear that the structure of the films was
amorphous as confirmed by the diffused electron diffrac-
tion patterns in the insets of Fig. 4. Similar results were
reported [24,25] for the PECVD silicon nitride films.

B. Optical properties

We used an ellipsometer (J. A. Woollam model M2000)
to measure the dispersion of refractive index and extinc-
tion coefficient of the films. The Tauc-Lorentz model,

Si substrate

developed for amorphous semiconductor materials, was
used for fitting [26,27], and the energy band gap was
also obtained. Figure 5 shows the results of the refractive
index and extinction coefficient for the silicon nitride
films of five different compositions. Energy band gaps
are shown in Fig. 6. It is clear that both the refractive
index and extinction coefficient decreased and the energy
band gap increased with increasing nitrogen content.
Above ~600 nm, the extinction coefficient of all films
dropped below the detection limit of the instrument,
which is ~1073.

A photothermal common path interferometer (PCI,;
SPTS Model PCI-03) [28] was then used to measure the
low-level absorption of the films at a wavelength of
1550 nm. The films were coated on the fused silica
substrate for PCI measurement. Absorbance of the samples
was measured and the extinction coefficients « of the films
were obtained by using thin-film interference software to fit
the measured absorbance with the known refractive indices
and thicknesses of the films, assuming that the optical
scattering was negligible. The absorption coefficient @ was
obtained from x by the simple conversion a = 4zk/A.
Films with five different compositions were measured by
PCI; the results are shown in Table II, and the extinction
coefficients are plotted in Fig. 6.

Figure 6 shows the refractive index for 1064 and
1550 nm wavelength, energy band gap, and extinction
coefficient for 1550 nm versus NH; /SiH, flow-rate ratio of
the silicon nitride films. The former wavelength is the laser
wavelength of the current advanced-LIGO detector, and the
latter is the candidate wavelength for the next-generation
detector. The refractive index of the silicon nitride varied
from 2.30 to 1.78 for 1064 nm and from 2.28 to 1.78 for
1550 nm, indicating that the films could be served as either
a high- or low-index layer in the multilayer high reflector
structure. Extinction coefficients were in the 107> range
and increased with increasing energy band gap, which
implies that the PECVD silicon nitride films with larger
energy gaps must have long band tails extended deeper
into the band gap. The long band tail is likely to be of the

Si substrate

FIG. 4. TEM images and electron diffraction patterns for silicon nitride films with different compositions.
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silicon nitride films measured by ellipsometer.
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Urbach type for an amorphous structure [29-31] and
originated from various electronic trap states deep in the
band of the film material. The optical absorptions of the
as-deposited silicon nitride films reported here are much
lower than those of the IBS as-deposited amorphous silicon
films [32,33], which is a potential high-index film for the
coatings of the future detector.

C. Stress

An optical curvature meter (KLA Tencor model
FLX-2320) was used to measure the curvature of a warped

TABLE II. Thickness, absorbance, extinction coefficient x, and
absorption coefficient a at 1550 nm for silicon nitride samples.
Thickness Absorbance K a

Samples (nm) (ppm) (1079) (ecm™")

SiNg4oHo79  492.6 46.7 3.1 1.51 +£0.09 1.22 £0.08
SiNg49Hpes  380.0 53.6+32 1.704+0.10 1.38 + 0.08
SiNpesHoeo  495.0 103.0£4.6 2.69+0.11 2.18 £0.09
SiNg79Hpeo 416.6 151.8 £9.0 4.62+0.27 3.74 £0.22
SiNgg7Hpozs  486.5 210.8 +£14.7 5.47 £0.38 4.43 +0.30
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FIG. 7. Tensile stress of the silicon nitride films versus
NH;/SiH, flow-rate ratio.
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Young’s modulus of the films versus NH3/SiH, flow-

substrate with coating. The Stoney equation [34] was then
applied to deduce the stress of the films. Figure 7 shows
the stress versus gas flow-rate ratio. The stress was tensile
stress, 1.e., the coated surface was on the concave side.
It ranged from 120 to 410 MPa and increased with
increasing NH;/SiH, flow-rate ratio. The stresses were
smaller than those of the silicon nitride films, ~2 GPa,
produced by the thermally grown LPCVD method [35],
which was a high-temperature process above 700°C.
Silicon nitride films are well known to be stressed under
various deposition methods and conditions. It was observed
and reported that the stress was increased by increasing
the flow-rate ratio of NH;/SiH,, consistent with our
observation [36,37]. It was also reported that the stress
was diminished by increasing RF power [36,38], implying
that a higher deposition rate decreases the stress. The most
dominant factor on the stress should be the temperature.
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TABLE III. Summary of the optical and mechanical properties of the silicon nitride films.
NH;/SiH, Composition n' . Eg Stress Y
(sccm) (1075) (eV) (MPa) (GPa)
15/45 SiNg40Ho.79 2.28 £0.01 1.51 +£0.09 2.20 1202+ 15.5 103.7+ 5.6
22/38 SiNg 4oH 68 2.12 £0.01 1.70£0.10 241 143.8 £ 13.2 107.0 £ 10.8
30/25 SiNy 6sHo 60 1.924£0.01  2.69+0.11 271 2567466 131.6 £48
45/15 SiNg70Ho 62 1.81£001 4624027 425  3822+213 137.7 £ 9.7
48/8 SiNy g7 Ho o3 1.78£001 5474038 483  412.7£200 137.0£9.2
*Wavelength at 1550 nm.
High-temperature deposition always produces high-stress O(f) = 1 (1)
film when the thermal expansion coefficients of the film Q0 #fr

and substrate differ significantly [39,40]. It was also
reported that high RF frequency, 13.56 MHz, produced
tensile stress, whereas low RF frequency, 380 kHz, pro-
duced compressive stress [36,38,39,41].

It is important, therefore, when pairing silicon nitride
with other films for the high reflector stack, that the pairing
layer have stress at approximately the same level but
opposite in sign to avoid accumulating stress in the
multilayer stack of the high reflector coatings.

D. Young’s modulus

Young’s modulus of the films is related to the thermal
noise formulation via the fluctuation-dissipation theorem
[42]. Young’s modulus of silicon nitride films was mea-
sured by using a nanoindenter. The thickness of the films
was ~500 nm so that the surface roughness effect and
substrate effect of the nanoindentation measurement were
avoided.

Figure 8 shows Young’s modulus versus the gas flow-
rate ratio. Young’s modulus increased from 103 to 137 GPa
with increasing NH;/SiH, flow-rate ratio. Similar quali-
tative results were also reported elsewhere [43].

Young’s modulus of PECVD silicon nitride films was
reported to vary in a wide range, from 85 to 210 GPa, with
varied process parameters [35]. Increasing process temper-
ature and RF power can produce films with higher Young’s
modulus [25].

The aforementioned results are summarized in Table III.
It is notable that trends of these quantities are closely
correlated with the trend of the nitrogen-to-silicon atomic
ratio of the films.

IV. MECHANICAL LOSS ANGLE
MEASUREMENT

A. Room-temperature ring-down system

We used the cantilever ring-down method to measure
the mechanical loss angle. In this method, the cantilever is
excited at its resonant frequency f, and the damping time ¢
is measured to obtain the loss angle ¢ and the quality
factor Q,

The cantilever is held by a clamp. An electrostatic driver
is used to excite the cantilever at its resonant frequencies.
A laser beam is reflected from the tip of the oscillating
cantilever and impinges on a quadrant photodetector.
The time-varying oscillation amplitude is then recorded
to obtain the time constant of the free damping. The
advantage of using the quadrant photodetector is that
bending and torsional modes of the cantilever can be
distinguished and measured independently [44].

The cantilever was fabricated by using the photolitho-
graphic method [45,46]. KOH etching was applied on
one surface to thin the cantilever and left a thick pad for
clamping. A thicker pad can reduce energy coupling from
the cantilever to the clamp [47,48].

Energy coupling between the cantilever and the clamp
is the major error source in loss measurement. Given a
clamp design, we observed that some modes showed larger
coupling than other modes, and the coupling was sensitive
to alignment between the cantilever and the clamp, i.e.,
some modes showed particularly large uncertainty in loss
angle upon reclamping. The observation was verified by
our simulation result by using COMSOL [49]. In view of
this, measurement of those modes was disregarded.

B. Cryogenic ring-down system

We used a closed-loop cryogenic system, a modified
Janis SHI-4XG-15, for cryogenic loss measurement [50].
Liquid helium was recycled between the compressor and
the cryostat. A bellows was used to isolate the sample
stage from the vibration of the compressor and the
displacer. With the bellows design, the root mean square
of vibration on the stage was ~0.1 ym below 40 Hz. The
ring-down measurement setup was the same as that of the
room-temperature setup, except that the monitor laser was
replaced by a 1550-nm laser so that optical absorption by
the silicon cantilever was negligible to avoid temperature
disturbance [50,51].

For our system, we observed that false loss peaks
occurred within the temperature range from =150 to
300 K. These peaks could disappear upon reclamping.
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For temperatures below =100 K, however, no false peaks
were ever observed, i.e., the measurements were repeatable
below 100 K. The false peaks seemed to be caused by small
misalignment and the energy coupling between the clamp
and the cantilever. Therefore, we show cryogenic loss data
only for the temperature range below 100 K [52].

C. Loss angle deduction and elastic constant
of substrate and films

The loss angle of the substrate ¢, (f) and the coated
substrate ¢coacq(f) were measured, and the loss angle of
the film ¢, (f) can be deduced as follows:

For bending mode [53,54],

Yt

¢ﬁlm (f ) 3 Yf tf

[¢coated (f) - ¢sub (f)] (2)

For torsional mode [55,56],

GS tS

bsim(f) = 3G,1,

[¢c0ated (f) - ¢sub (f)]’ (3)

where Y, Y, are the Young’s moduli, G, G are the shear
moduli, and 7, 7, are the thickness of the substrate and the
film, respectively. These equations are valid only when the
elastic energy of the substrate is much larger than that of
the film, i.e., substrate is much thicker than the film.
Notice that Y, and G, are 169 and 79.6 GPa for (100)
silicon, respectively [57,58]. Yf was obtained from
Table III. Because the silicon nitride films are amorphous,
i.e., homogeneous and isotropic, the shear modulus of the
film G can therefore be obtained by [59]

Y
G = 2(1—7[’/7‘) 4)

where Poisson’s ratio vy was taken to be 0.25 from the
literature [60].

Because silicon nitride films are stressed, the coated
cantilever warps and the measured loss is inaccurate.
Therefore, we coated the silicon cantilever on both sides
with identical coating thickness to balance the stress of the
sample. The radius of curvature of the double-side coated
cantilever was nearly equal to that of the uncoated sub-
strate. The loss angle of the coated cantilever ¢ yyeq 10
Egs. (2) and (3) was modified for the double-side coating
accordingly [61].

V. RESULTS OF MECHANICAL LOSS
MEASUREMENT

A. Room temperature

Figure 9 shows the room-temperature loss angles of the
silicon nitride films versus frequency. The first two modes
were bending mode and the rest were torsional mode. Losses
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FIG. 9. Room-temperature loss angle of silicon nitride films
versus frequency.

were near or below the low-10"* range. At ~100 Hz, the
loss decreased with increasing nitrogen content and reached
1.3 x 10_5 for SiN0.87H0_93.

The high-index coating for the mirror of the current
detector is Ti:Ta,O5 film, and the room-temperature loss
angles of this film were reported to be 2 x 10~ at 55-989 Hz
[8] and 2 x 10~* at 601100 Hz [62]. Loss angles of the
silicon nitride films are lower than or nearly equal to that
of the Ti:Ta,Os5 films.

B. Cryogenic

Figure 10 shows the cryogenic loss angle of the films for
two bending modes, 664 and 1854 Hz, and two torsional
modes, 1269 and 3845 Hz, respectively. Profound features
are clearly observed: SiNg4oHg 79 and SiN ¢sHg 6o did not
show loss peaks, and the losses were relatively flat and low;
in particular, 5.5 x 1073 for SiN; 4H, 79 at low frequency.
On the Contrary, SiNO.87H0.93 and SiNO.’]gHO.()Q showed a
loss peak at approximately 35 K.

The Ti:Ta,Os film for the current detector was reported
to have a cryogenic loss peak at 20 K [8], which hinders
the application of the film to the next-generation detector
operated at cryogenic temperatures. The SiN40Hg 79 and
SiNyesHpgo silicon nitride films are promising in this
aspect.

VI. DISCUSSION

A. Cryogenic loss

One significant aspect, to our purpose for the next-
generation cryogenic detector, of silicon nitride films with
various compositions is that the cryogenic mechanical loss
peak may or may not exist. In Fig. 11(a), we show the loss
angle at 40 K versus NH;/SiH, flow ratio extracted from
Fig. 10. Figures 11(b) and 11(c) are copies of Fig. 3 for ease
of comparison.

022004-7



HUANG-WEI PAN et al.

PHYS. REV. D 97, 022004 (2018)

124 (a) Bending ~ 664 Hz

12 4

(b) Bending ~1854 Hz = SiNjs7Hg o3

11 1 * SiNg79Hg 6
= x = -~ Y
' {1 s 101 - x * SiNgesHo 60
= °1 - s ] » » " SiNg4Hg 79
PR T .. ®1
g) 7 4 . 7 1 =
o 64 6] Leswee..,
17 o
c 5] =rexmmaxa 5] =5,
= ]
e 4] e, 4] .-I§
- .3,
'cv 34 - 31 L ieaes
“Yoo2d L Leaaenmac 2 exewenma=iE feevi Lo
R . : Tt e
1 R - 1
0 T T T T T 0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Temp. (K) Temp. (K)
205 (¢) Torsional ~ 1269 Hz 20— (d) Torsional ~ 3845 Hz
18 4 18 - .t
. .
. = « x
e 16 . d 16 4 = =
IS -
= 144 . 14 4
L -
T 124 ° 12
=
<
2 107 eeiaaa.., . 10] eeeeecen, .
L 8 Sea, 8 Te..
af LIS .'.
g 6 " 6 4
g
© 49 Klssemasnscercsacey 44 ceesescesnrosentzey
2 = o o = = " 2] o & ="
0 T T T T T 0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Temp. (K) Temp. (K)

FIG. 10. Cryogenic loss angle of silicon nitride films from 10 to 100 K for bending modes at (a) 664 and (b) 1854 Hz, and torsional

modes at (c) 1269 and (d) 3845 Hz.

The bonds between the atoms, rather than the relative
number of atoms, are more relevant to the mechanical loss.
Figure 11 shows that the increasing cryogenic loss is
correlated with increasing N—H bond concentration and
decreasing Si—H bond concentration, but is less correlated
with the Si—N and Si—Si bond concentration variation.
We address the effects associated with the N—H, Si—H,
and Si—N bonds to the cryogenic mechanical loss in the
following discussion.

We postulate an asymmetrical TLS that associates with
the N—H bond and propose that the TLS is the origin of
the loss peak at ~35 K for SiNgg;Hg 93 and SiNg79Hg ¢5.
Figures 12(a) and 12(b) show the molecular structure of
NH; and SiH,, which are the precursors in the PECVD
process. Free radicals of these molecules were produced by
the RF power to form the plasma in the PECVD process.
Consider two possible configurations, referred to as single
replacement and double replacement, of the free radical
combinations in the solid condensate: a single H of the NH;
is replaced by a Si tetrahedron that is connected to the rest
of the amorphous network as shown in Fig. 13(a), and each
of two H atoms of the NH; replaced by a Si tetrahedron that
is connected to the rest of the amorphous network as shown
in Fig. 14(a). The remaining H and the electron lone pair
attached to the nitrogen could exchange position, as shown

in Figs. 13(b), 13(c) and 14(b), through phonon-assisted
tunneling of the H', i.e., a single-proton tunneling, thus
forming a TLS. The phonon-assisted transition consumes
energy of the mechanical oscillation in the amorphous
solid and therefore contributes to the mechanical loss. The
phonon-assisted proton tunneling was reported for the
transitions in the solid of benzoic acid dimer [63,64] and
porphine [63,65]. The asymmetrical nature of the TLS
arises from the asymmetrical local amorphous environment
and the nearby atomic arrangements. The nearby atomic
arrangements as viewed along the direction of the N—Si
bond are shown in the side plots of Figs. 13(a)-13(c), 14(a)
and 14(b). The atoms on the three vertices of the tetrahe-
drons, shown as (x,y,z) and (p, g, r), could be Si, N, H,
and the silicon dangling bond. The arrangement is asym-
metrical unless occupancy of all vertices is of the same
kind, which is the least likely scenario. It is obvious that the
effect is profound for the film possessing high concen-
tration of N—H bonds. Similar to the TLS of the amorphous
Si0, [66,67], the asymmetrical double-well potential of
the N—H system can be expressed schematically as shown
in Fig. 15, where V refers to the average barrier height.
Following the analysis procedure of [8] for Ta,Os, we
identified the location in temperature of the Debye peaks
for SiNjg7Hg ;3 at different frequencies from Fig. 10 by
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FIG. 11. (a) Loss angle at 40 K for four samples, (b) bond
concentration, and (c) atomic concentration versus NH;/SiH,
flow-rate ratio.

polynomial fitting the peaks; the result is shown in Fig. 16.
The activation energy of the TLS associated with the N—H
bond, i.e., exchanging position between the H" and the
electron lone pair, was found to be 34.9 &= 3.4 meV. The
peaks for SiHy,9Hg ¢, are relatively flat and could not be
located accurately.

On the other hand, the samples with low NH;/SiH, flow
ratio, i.e., SiNg4oHp79 and SiNg ¢sHg g9, showed low and
flat cryogenic loss with high concentration of Si—H bonds
and low concentration of N—H bonds, as shown in Figs. 10
and 11(b). For samples that contain high concentrations

(@) (b) .
J

-s’ ,\ ~ ‘\

Q Electron lone pair @ N atom @ Siatom D Hatom

FIG. 12. Molecular structure of (a) NH; and (b) SiH,.

of Si—H bonds, we speculate that yet another kind of
asymmetrical TLS could exist and contribute to the
cryogenic mechanical loss. In Figs. 13(a) and 14(a),
H and Si-dangling bonds each could occupy any of the
three vertices, (x,y,z) and (p, g, r), of the Si tetrahedron.
They are singly connected to the silicon. It is possible
that exchanging position of the H atom and the dangling
bond through phonon-assisted tunneling of the H atom
could occur in this system. Tunneling of the hydrogen atom
was reported in hydrogen abstraction reactions in low-
temperature solids [68]. However, it was reported that the
concentration of the silicon dangling bond Ng;_ is approx-
imately 3 orders of magnitude lower than that of the Si—H
bond in the PECVD silicon nitride film [18,23]. Therefore,
this mechanism is likely to have a minor effect on the
cryogenic mechanical loss when there is another mecha-
nism that dominates.

Yet there is a third possible TLS that is analogous to
the well-known ammonia inversion phenomenon [69]; the
nitrogen atom together with the lone pair, referring to
Figs. 13(a) and 14(a), could also tunnel through the base
plane of the nitrogen pyramid, forming a TLS with
asymmetrical double-well potential, and the transition is
accompanied by the rotation of the nearby Si tetrahedrons
similar to what occurs in the transition of the TLS in
amorphous SiO, [66,70]. The potential barrier of the TLS
should be high because the ammonia inversion occurs at
microwave frequency and the rotation of the nearby Si
tetrahedrons adds up to the required energy for the
transition. The level of asymmetry, referring to A in
Fig. 15, should be high because of the rotation of the
nearby tetrahedrons. Therefore, within the frequency range
of our interest, this TLS should have little contribution to
the cryogenic mechanical loss.

Rigorously speaking, the existence of three-level sys-
tems (3LS) cannot be ruled out. For example, a 3LS could
exist with the N—H associated exchanging of H* and
electron lone pair when (x, y, z) are all different, referring to
Figs. 13(a)-13(c). It could also exist in the Si—H associated
exchanging of the H and Si dangling bond when two of the
three vertices have the same occupancy that differs from
the third, referring to Fig. 14. Exploring the existence and
the effects on the mechanical loss of the 3LS is not a trivial
task and it relies on loss measurements of higher resolution
in temperature and rigorous theoretical modeling [66,71].

In summary, we have proposed three possible TLSs with
asymmetrical double-well potential in our material system.
The TLSs are associated with N—H, Si—H, and Si—N
bonds. The observed cryogenic loss peaks of SiNgg7Hy 93
and SiN(,9H(4, are believed to be caused by the high
concentration of N—H bonds in the film with which an
asymmetrical TLS 1is associated: position exchange
between the H™ and the electron lone pair through
phonon-assisted tunneling of the single proton associated
with the N—H bond forming the TLS. Other TLSs
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FIG. 15. Schematic of the asymmetrical double-well potential.

associated with the Si—H and Si—N bonds have minor
effects on the cryogenic mechanical loss. Experimental
evidence in Fig. 11 shows that variation of the cryogenic
mechanical loss is highly correlated to the variation of
the N—H bond concentration, supporting this hypothesis.
We speculate that annealing could be a possible means
to change the concentration of the bonds and affect
the mechanical loss as well as the optical extinction
coefficients.

(©

y
X X
® Siatom ™ Hatom

(a) Single replacement where a single H of the NHj is replaced by a Si tetrahedron. [(b) and (c)] Configurations of exchanging

(b)
-
z
X ’ P
ar
y | S
q
Y @z
q p
™ Hatom

(a) Double replacement where each of two H atoms of the NH; is replaced by a Si tetrahedron. (b) Configurations of
exchanging positions between the H" and the electron lone pair.

10.0 - .
\ E, = slope x Kz = 34.9 meV
9.5 AN
] N
E o904 e
8.5
] “
T T T T T T T T T T
0.026 0.027 0.028 0.029 0.030 0.031

1/Tpeak (K-l)

FIG. 16. Arrhenius plot of In(w) versus 1/T,e, for the loss
peak of the SiN0_87H0.93 film.

B. Multilayer high reflector stack

High reflector coatings are composed of a quarter-wave
(QW) stack with high and low refractive index thin films
alternately deposited on the substrate. The requirements
for the coatings relevant to the application for the laser
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(red squares), extinction coefficient at 1550 nm (hollow circles),
and mechanical loss angle at room temperature (green symbols)
and 40 K (black symbols) of silicon nitride films versus
NH;/SiH, flow-rate ratio.

interferometer gravitational wave detector are (1) low
optical absorption and scattering, (2) low mechanical loss,
(3) large contrast in refractive index, (4) stress match (equal
but opposite in sign) between the two thin-film materials,
(5) all layers being deposited by the same method in a
continuous fashion, and (6) good thickness uniformity for
large-area deposition.

We rearranged the data from the previous figures for
refractive indices, extinction coefficients, and mechanical
loss angles, then replotted them in Fig. 17. The figure
clearly shows that the films with low NH;/SiH, flow rate,
e.g., SiNg4oHp79, have high refractive indices, a large
tuning range of refractive indices, low optical extinction
coefficients, and low mechanical loss angles, and, in
particular, no cryogenic loss peak. The refractive index
is higher than that of the Ti:Ta,Os film [72], which is
used as the high index layer for the coatings of the current
advanced-LIGO detector. A higher index implies thinner
film and fewer layers are required, hence lower thermal
noise, to achieve the same reflectivity. Low cryogenic
mechanical loss without a peak outperforms the Ti: Ta,O5
film that is less suitable for cryogenic applications
because of its cryogenic loss peak [8]. Furthermore, the
internal tensile stress of films with low NH;/SiH, flow
rates ranges from +100 to 4150 MPa, as shown in Fig. 7,
which matches that of the SiO, film, approximately
—150 MPa in compressive stress, deposited by the same
PECVD method [73]. The silicon nitride and SiO,
films could be deposited in a continuous load-lock two-
chamber PECVD system [74]. These advantages make
the SiNg4oH79/S10, QW stack promising for room- and
cryogenic-temperature mitrror coatings.

Assuming that the specification for the end-test mass
(ETM) of the advanced LIGO at 1064-nm wavelength

holds for future detectors at 1550 nm, i.e., 5 ppm for
transmittance and <0.5 ppm for absorption [75], we
estimated that 14 pairs of SiNg4oHg79/SiO, in a QW
stack would satisfy the transmission requirement, and
the optical absorption loss of the 14-pair QW stack would
be 31.4 ppm. There is still room for optical absorption
reduction. Thermal annealing could be a direction to
reduce the optical absorption of the silicon nitride film
in the future. Alternatively, multimaterial coatings [76]
could be designed that incorporate the film with high
optical absorption and low mechanical loss with the film
with low optical absorption but high mechanical loss
into the QW stack. It is notable that the optical absorption
of the SiNg40Hp79 film is lower than that of the IBS-
deposited amorphous silicon film [32,33] that is a poten-
tial candidate material for the high index layer in the
coating of the future detector.

VII. CONCLUSION

We showed that amorphous silicon nitride films with
different compositions could be deposited by using the
PECVD method. Thorough investigations were performed
to study the physical properties of the films that are pertinent
to the application of the mirror coatings for the laser
interferometer gravitational wave detector. We measured
the refractive index, optical extinction coefficient, energy
gap, stress, Young’s modulus, room-temperature and cryo-
genic mechanical loss of the films and found correlations of
these quantities with the composition and bond concentra-
tions variations of the films. Optical extinction coefficients of
the as-deposited films were in the 107> range at 1550 nm,
lower than that of the IBS as-deposited amorphous silicon
film [32,33]. Room-temperature mechanical loss values were
in the low-10"* to 10~ range, lower than the Ti:Ta,Os
of the current coating for the gravitational wave detector.
SiN0_40H0_79 and SiN0_65H0.60 ﬁlmS, which had low N—H
bond concentration, did not show cryogenic loss peaks, a
promising feature in contrast to the Ti: Ta,O5 coating for the
current detector. TLS of exchanging positions between the
H™ and the electron lone pair associated with the N—H bond
is the source of the observed cryogenic loss peak for the
silicon nitride films that contain high concentrations of N—H
bonds. It is feasible that amorphous silicon nitride films
deposited by the PECVD method, with its range of refractive
index and stress, could be used to pair with either high or low
refractive index films, such as amorphous silicon [77,78] or
Si0,, to form the QW stack of the high reflector by the all-
PECVD deposition method.
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