OPEN ACCESS

10P Publishing Classical and Quantum Gravity

Class. Quantum Grav. 41 (2024) 095005 (12pp) https://doi.org/10.1088/1361-6382/ad35a1

Non-stoichiometric silicon nitride for future
gravitational wave detectors

G S Wallace!’, M Ben Yaala'’-*(®, S C Tait?>, G Vajente’®,
T McCanny*, C Clark’, D Gibson®, J Hough?, | W Martin’>®,
S Rowan’ and S Reid'

! SUPA, Department of Biomedical Engineering, University of Strathclyde,
Glasgow, United Kingdom

2 SUPA, Institute for Gravitational Research, University of Glasgow, Glasgow,
United Kingdom

3 LIGO Laboratory, California Institute of Technology, Pasadena, CA, United States
of America

4 SUPA, Department of Physics, University of Strathclyde, Glasgow, United
Kingdom

5 Helia Photonics Limited, Livingston, United Kingdom

 SUPA, School of Computing, Engineering and Physical Sciences, University of
the West of Scotland, Paisley, United Kingdom

E-mail: marwa.ben-yaala@strath.ac.uk

Received 20 November 2023; revised 19 February 2024

Accepted for publication 19 March 2024 @
Published 2 April 2024

CrossMark
Abstract

Silicon nitride thin films were deposited at room temperature employing a cus-
tom ion beam deposition (IBD) system. The stoichiometry of these films was
tuned by controlling the nitrogen gas flow through the ion source and a process
gas ring. A correlation is established between the process parameters, such as
ion beam voltage and ion current, and the optical and mechanical properties of
the films based on post-deposition heat treatment. The results show that with
increasing heat treatment temperature, the mechanical loss of these materials
as well as their optical absorption decreases producing films with an extinction
coefficient as low as k = 6.2(£0.5) x 10~7 at 1064 nm for samples annealed
at 900 °C. This presents the lowest value for IBD SiN, within the context
of gravitational wave detector applications. The mechanical loss of the films
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was measured to be ¢ = 2.1(40.6) x 10~% once annealed post deposition to
900°C.

Keywords: silicon nitride, gravitational wave detectors, ion beam deposition,
thermal noise, optical absorption

1. Introduction

Interferometric gravitational wave detectors (GWDs) rely on highly reflecting mirror coatings
with high optical performance (99.999% reflectivity with < 0.5 ppm absorption and < 2 ppm
scatter) and low levels of mechanical loss which defines the level of coating Brownian thermal
noise (CTN) [1]. At present, the sensitivity of detectors such as Advanced LIGO (aLIGO) are
limited by the CTN associated with the alternating layers of titania-doped tantalum pentoxide
(TiO,:TayOs) as the high index and silica (SiO;,) as the low index materials [2]. With the next
iterations of room temperature detectors (e.g. LIGO A+, LIGO A#) aiming to increase their
sensitivity by at least a factor 2, new coating materials must be investigated to facilitate this
increase in sensitivity.

Silicon nitride (Si3Ny4) has emerged as a promising high index material due to its low mech-
anical loss both at room temperature [3—-6] and cryogenic temperatures [7, 8]. Its high crys-
tallisation temperature [9] also offers the potential to further reduce both mechanical loss and
optical absorption, critical factors for enhancing detector sensitivity, while minimising scatter
as the coating is still amorphous. Si3Ny4 boasts a refractive index around 2 at 1064 nm [10],
giving a suitable index contrast for a GWD HR mirror stack with a low index material such as
SiO; at both 1064 nm and 1550 nm. However the optical absorption of SizNy is too high for
A+ requirements [11].

The optimisation of the deposition process of SiNx has been extensively explored across
various methods such as chemical vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), magnetron sputtering, and atomic layer deposition(ALD) [12, 13].
While beam deposition (IBD) offers precise control over film stoichiometry and thickness,
as well as dense films with excellent mechanical and electrical properties, it is not commonly
used for the fabrication of silicon nitride. This is primarily due to limitations concerning its low
deposition rate, complex maintenance, high cost and limited scalability for industrial applic-
ation. Few studies investigated the impact of different process parameters including the ion
beam energy [14—16], deposition temperature [17] and nitrogen partial pressure [18] on the
optical and electrical properties of the silicon nitride film however none of these studies focuses
on the coatings properties that relevant to GWDs research (i.e mechanical loss and optical
absorption).

Non-stoichiometric silicon nitride (SiN,) has been shown to exhibit low absorption at
1064 nm and 1550 nm while providing an increase in refractive index [8]. This paper presents
a systematic study of SiN, deposited by ion IBD for GWD research. This study uses a custom
IBD system to investigate the effects of deposition process parameters, as well as the effects
of post deposition heat treatment on the key properties of interest for GWDs.

2. Experimental methods

The SiN, films were fabricated using the IBD process in a custom-built system presented in
figure 1. This process utilises a beam of positively charged particles impingent on a defined
surface to eject material from the target and coat adjacent substrates.
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Figure 1. Schematic of radio frequency IBD system utilised in this research. Shown are
target and substrate configuration relative to the ion source.

The beam is produced by a 16 cm Veeco radio frequency (RF) ion source [19]. An RF
neutraliser is also mounted to ensure no charge build up occurs on surfaces downstream to the
plasma. Inside the chamber, a Si target (99.999% purity) is mounted on a custom-built rotat-
ing stage that enables the flexibility to mount the target at different angles while maximising
film uniformity. Substrates were then mounted on a rotational stage holder that ensures good
uniformity across the substrates. All deposition processes here used a fixed target angle (60°
relative to the substrates) to maximise the deposition rate [20] and three thermocouples moun-
ted between the stage and target were used to monitor temperature changes during deposition.

Each deposition run included multiple witness substrates consisting of 20 mm diameter
1 mm thick JGS1, JGS3 [21] and 25.4 mm diameter 5 mm thick Corning 7979 fused silica
samples for the optical characterisation, 50 mm diameter 0.5 mm thick Corning 7980 fused
silica disks for mechanical loss measurements [22], and 20 mm diameter 1 mm thick silicon
samples for structural and elemental analysis. Each substrate was cleaned in an ultrasonic bath,
using first acetone, then isopropyl alcohol and dried with a N, gun prior to coating deposition.

For the deposition process, the vacuum chamber was pumped down to a pressure lower
than 1 x 10~° mbar using a cryopump to remove background water. All deposition runs were
performed at room temperature and fixed working gas pressure of 2.4 x 10~* mbar.

In order to assess the impact of the process parameters on the stoichiometry of the final
deposited films, two key parameters of the ion source were varied. The beam current was
varied in the range 100 mA-300 mA and the ion energy between 0.4 keV—1.2 keV at 200 mA.
The Ar gas flow was fixed to 15 sccm (standard cubic centimeter per minute) and 5 sccm to
the ion source and neutraliser respectively. Nitrogen (N;) was introduced as a sputtering gas
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through the RF ion source and/or as a reactive gas in the background using a process gas ring—
a circular pipe surrounding the ion beam as shown in figure 1. Both gases are at least 99.998%
pure (Grade N4.8). The deposition time was between 1-2 h to avoid target overheating.

The transmittance (T') and reflectance (R) of the deposited coatings were measured between
185-5000 nm using a PhotonRT spectrophotometer (from EssentOptics). The measured values
were then implemented in an optical fitting software SCOUT [23] to calculate the refractive
index n and the extinction coefficient k. The model here is based on the O’Leary, Johnson, Lim
(OJL) model for inter-band transitions [24]. The OJL model has been shown to work well for
coatings with high disorder such as the amorphous SiN, material presented in this study where
tail states can exist between the conduction and valence band which decrease exponentially
into the band gap [25]. Additionally, an oscillator is used at UV wavelengths (180-300 nm)
to simulate O—H bond absorption characteristics that can be incorporated into coatings during
the deposition process. To assess the optical absorption characteristics of the SiN, coatings,
photothermal common-path interferometry (PCI) was used [26]. This technique employs a
pump-probe setup with two laser beams (high-power, small-diameter pump beam and lower-
power, larger-diameter probe beam) intersecting at the material surface. By modulating the
pump-beam’s intensity at a specific frequency, we directly relate the phase difference in the
recovered probe beam to the sample’s optical absorption.

To understand their mechanical loss characteristics, the SiN, films were measured using
the gentle nodal suspension (GeNS) method [27-29]. This method measured the free oscil-
lating decay of resonant modes from a 75 mm diameter, 1 mm thick silica disk before and
after coating [30]. Both the shift in resonant mode frequency and change in free decay time
is dependent on the mechanical properties of the films such as Young’s modulus and Poisson
ratio. These properties can be used to model the elastic energy distribution in the coated disk,
which allows the mechanical loss of the coating to be estimated from the difference in loss
before and after coating.

3. Results and analysis

3.1 Molecular nitrogen dissociation for stoichiometric silicon nitride

The silicon nitride thin layers can be produced from a silicon target and N, gas in the IBD
process either by:

e Dissociation of nitrogen prior to reaching the target surface and the implantation of the
atomic nitrogen which is then sputtered bonded or not to silicon by the subsequent ion bom-
bardment from the ion beam.

e Adsorption of molecular nitrogen on the substrate surface (on the forming coating itself)
which reacts after with the sputtered Si atoms from the target.

Previous studies [14, 18, 31, 32] showed that the sticking probability of molecular nitrogen on
the growing film is negligible due to the high stability of the nitrogen in its molecular form.
This suggests that the formation of Si3N4 depends on the target nitridation process and on the
presence of nitrogen in the process in its reactive (atomic) form.

In this study, the impact of reactive nitrogen flux on film stoichiometry was investigated by
introducing nitrogen gas through the RF ion source and the process gas ring. As nitrogen is
an inherently unreactive gas this study was to evaluate how the delivery method of nitrogen to
the process (either as gas backfilled into the chamber volume or ionised nitrogen from the ion
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Figure 2. Summary of refractive indices and extinction coefficients for SiN, coatings
with variation of gas partial pressure (PP) through source and process gas ring. Also
shown is a reference value of refractive index for stoichiometric Si3Ny4 taken from [33].

source) effects the film composition. The stoichiometry of each film was assessed through dir-
ect measurements of the refractive index parameters, n and k, revealing which method is more
effective at creating stoichiometric SiN, coatings while maintaining low optical absorption.

A constant total working pressure was maintained, meaning if more gas was introduced
through the source, the partial pressure from the process gas ring was decreased. The idea
of using the process gas ring is to inject the gas directly into or the closest possible to the ion
beam with the aim of increasing the reactivity of the nitrogen species. With the aim of isolating
the effects of the nitrogen gas on these films all deposition runs for this experiment had the
same ion source beam parameters (600 keV beam energy, 200 mA beam current). The total
gas pressure was also fixed, with the only variation being the percentage of N, used expressed
in gas partial pressure from the total pressure.

The data in figure 2 shows that by increasing the concentration of N, through the ion source,
the refractive index is closer to that of SizNy4 (n = 2.04) in addition to attaining a lower extinc-
tion coefficient (k = 6.43 x10~*). The likely explanation for the process gas ring being less
effective in generating coatings with suitable refractive index likely arises from the energy
required to break the diatomic bond in N;. As the bond energy is 9.7 eV for N, [34], sufficient
energy is needed to break this and create reactive atomic nitrogen. Using the process gas ring
to backfill the chamber with gas relies on the energy of Ar ions from the source being suffi-
cient to both break the N, molecule efficiently and scatter towards the Si target. This would
seem plausible however from the results presented here it can be seen that this method does
not create the same quantity of reactive nitrogen as the ion source itself. By discharging the
N, within the quartz chamber of the ion source as part of the gas feed mixture, the atomic
nitrogen created has sufficient kinetic energy to react on the Si target creating SiN, which is
subsequently sputtered towards the substrate to form the final thin film. This is confirmed by
the results of figure 3 showing the impact of the ion source parameters including energy and
current on the final composition of the coating indirectly expressed by the refractive index.
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Figure 3. Refractive indices at 1064 nm (black) and 1550 nm (blue) for SiNj films with
varying (left) beam energy (0.4 keV-1.2 keV) at 200 mA current and (right) varying the
ion current at fixed beam energy 0.6 keV. Also shown is a reference value of refractive
index for stoichiometric SizNy taken from [33].

The results in figure 3 show an increase in refractive index of the films as both the ion
energy and ion current increase. Using higher beam current in an IBD deposition process
increases the ion flux of nitrogen atoms impingent on the Si target which at 300 mA reaches
the highest refractive index. The beam energy is another factor related to the efficiency of the
N, dissociation to create reactive nitrogen for the Siz;N4 formation.

3.2. Optical absorption of SiNy coatings

Annealing SiN, coatings has proven to decrease both the optical absorption and the mechanical
loss of the deposited thin films [3, 7]. In this study, produced coatings were annealed in air in
steps from 500 °C to 900 °C (in 100°C steps) using a Carbolite Gero 30-3000 C RHF anneal-
ing furnace. Each annealing run consisted of a 5°C min~! ramp in temperature to a set point
which the samples were held at for 1 hour before passively cooling (at around 1°Cmin~!) to
25 °C. The upper limit of 900 °C was imposed due it being close to the crystallisation temper-
ature of IBD SiO, coating (7. = 1000 °C [35]) which would be used in a GWD HR coating
design as the low index material.

One key step that needs to be done before studying the optical properties of the films is to
check that they are amorphous as deposited and that annealing did not introduce any crystallin-
ity that can induce optical losses through scattering. For that, all coatings were scanned using
a Bruker D8 Advance x-ray Diffration (XRD) system. Using both coupled theta and grazing
incidence XRD measurements [36], scans were taken between 25° and 60° in order to capture
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Figure 4. XRD scans for SiN, coating on SiO; at 1.2 keV beam energy and 200 mA
beam current. Data is offset on y-axis to highlight each scan separately. All scans were
done using grazing incidence at an angle of 0.5°.
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Figure 5. Absorption with coating thickness dependence (left) and calculated extinction
coefficient (right) from PCI at 1064 nm with thickness independence for SiN, samples
of varying beam energy and current.

the strong Si3Ny crystalline peaks [37, 38]. Figure 4 shows the scan results for SiN, at 1.2 keV
beam energy as deposited and annealed to 600 °C and 900 °C.

Figure 4 show that as deposited and annealed SiN, samples up to 900 °C have no crystalline
sharp peaks and that the samples are fully amorphous. The trailing edge of the scan from 25°
to 45° is a result of the JGS grade SiO, substrate.

Figure 5 represents the absorption measurement measured by PCI. The k values were cal-
culated from the measured PCI absorption (in parts per million (ppm)) to assess the absorption
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Figure 6. Refractive indices at 1064 nm (black) for SiN, films with varying beam energy
(left) and beam current (right) annealed in steps between 500 °C-900 °C. Also marked
is a reference refractive index for LPCVD Si3Ny [33]. Error bars are calculated from the
R? deviation of the plotted R and T spectra.

characteristics of the coatings, irrespective of their thickness. For that, the imaginary compon-
ent of the materials refractive index is calculated as following:

2ra\ 1

k_)\( E)\ )47r7 M
where ¢ represents the layer thickness, « the optical absorption and E the electric field intens-
ity. This allows the attenuation of light by the coating material to be expressed through the
total absorbed light power and the normalised electric field intensity (E) in the layer [39].
The accuracy of the final k produced by this analysis is directly related to how accurately the
coating’s thickness and refractive index are known.

The results presented in figure 5 show that annealing leads to a reduction in optical absorp-
tion, consequently decreasing the extinction coefficient across all samples. The shift in the
sequence of ion energies from optical absorption to the k values primarily arises from differ-
ence in coating thicknesses (as indicated in equation (1), where k depends on both absorption
and thickness). Annealing is shown to reduce the k value of the sample deposited at 300 mA
to 1.3(#0.5) x 10~%. While low, this value still does not meet the requirement for A+. The
lowest value shown is that of the 0.4 keV sample where k = 6.2(40.5) x 10~7, currently the
lowest measured value of k for IBD SiN, in a GWD application.

Figure 6 shows the calculated refractive index for each temperature step at 1064 nm for the
SiN; films with reference to stoichiometric SizN4. Increasing the ion beam energy resulted in
a gradual increase of refractive index in the films towards stoichiometric SizNy. The film with
the highest index is that deposited at 1.2 keV where n = 2.01 at 1064 nm. Increasing the beam
current leads to an increase in refractive indices of the films with 300 mA producing an as
deposited index at 1064 nm of n = 2.00, very close to stoichiometric Si3Ny. This suggests that
this film is the most stoichiometric film produced which when annealed to 900 °C produced
the highest index of all SiN, films deposited, n = 1.95.
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Figure 7. Oxygen concentration in SiN, coatings produced by varying beam energy
(0.4 keV-1.2 keV) as a function of annealing temperature up to 900 °C measured by
EDS.

The decrease of the refractive index for annealed coatings can be caused by a structural
change of the material and/or an increase of oxygen concentration with annealing. To verify
that, the sample’s composition was measured by EDS after each annealing step. The results are
shown in figure 7. Even in the absence of oxygen being introduced into the vacuum chamber
during the procedure, all the coatings manufactured display a significant oxygen content in the
range of 13%—17%. This percentage includes the native oxide layer on the surface that forms
after exposing the substrate to air (during the transfer from the coating chamber to the EDS
measurements), the interstitial O, that gets trapped in the coatings in a form of bubble due to
the IBD process [40, 41] as well as the dissociated oxygen that gets bonded to the nitrogen
and silicon atoms. For fixed beam energy, the oxygen concentration is almost invariable up
to 800 °C and increases from 800 °C to 900 °C for all samples suggesting that the refractive
index change for temperature below 800 °C is mostly due to the structure change of the silicon
(oxy)nitride. It is well know that the IBD method manufactures thin films with high com-
pressive stress. The annealing procedure applied to the SiN, samples might have relaxed the
stress within the film, leading to a reduction in the packing density and consequently causing a
decrease in the measured refractive index. Lv ef al reported similar effect of annealing on the
refractive index of ion beam deposited Ta;Os [42]. Further mechanical stress measurements
need to be conducted to confirm this.

3.3. Mechanical loss of SiNx coatings

The study of the mechanical loss of the SiN, coatings is key to understanding the thermal
noise when constructing a HR mirror for a GWD. It has been shown that annealing SiN,
films will reduce the measured mechanical loss [3, 7]. Each coating was measured using the
aforementioned GeNS system and annealed after each measurement up to 900 °C. Multiple
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Figure 8. Coating loss of SiN, annealed up to 900 °C using 0.6 keV beam energy, 100
300 mA current (left) and 0.4-1.2 keV keV beam energy 200 mA current (right) during
deposition. Data points are an average of coating loss across multiple resonant modes.
Error bars are shown as the standard deviation of measurements.

resonant modes were measured simultaneously up to 32 kHz for each temperature step and
averaged to estimate the upper limit of coating loss.

The results presented in figure 8 highlight that increasing the beam current used in the
IBD process reduces the mechanical loss of the films produced. Particularly at 300 mA the
mechanical loss reduces to 2.1(£0.6)x 10~* at 900 °C. The increased current density of the
beam will result in films with increased packing density which in turn has shown to lead to
lower mechanical loss in Si based films [43].

By increasing the beam energy the mechanical loss of the films decreases towards a min-
imum at 0.7 keV (¢ = 2.3(£0.5)x10~%) at 800 °C before increasing at higher energies of
deposition. This implies an optimum sputtering energy for SizN4 coordination.

The steep increase in loss for some films at 900 °C is still within the error bars of meas-
urements and can therefore be considered not statistically significant enough to highlight an
issue. This is also confirmed by the XRD measurements mentioned previously which show no
crystallisation in the films.

4. Conclusion

IBD was utilised to deposit silicon nitride coatings for GWD mirrors application. The fine-
tuning of stoichiometry was achieved through manipulation of nitrogen gas flow within the
ion source and the utilization of a process gas ring. The ion source demonstrated superior
efficiency in achieving the desired stoichiometry by generating highly reactive nitrogen spe-
cies. The optimisation of the optical and mechanical properties of IBD non-stoichiometric
amorphous silicon nitride film was studied by varying the ion source beam energy and current.
Additionally, post-deposition thermal annealing was employed to further enhance the optical
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and mechanical characteristics of the fabricated coatings, all while preserving their amorphous
structure.

The study included a comprehensive analysis of optical absorption across different process
parameters. The lowest recorded optical absorption value was observed in the sample deposited
with a 0.4 keV beam energy and annealed at 900 °C , where k reached 6.2(+0.5) x 1077 cur-
rently standing as the lowest measured & value for IBD SiN, within the context of GWD applic-
ations. Furthermore, the study showed a refractive index decrease with annealing which can
be attributed to an increase in oxygen content for annealing temperatures exceeding 800 °C
as well as to a stress relaxation during thermal processing for the full temperature range.
Additional mechanical stress analysis is required to validate this hypothesis.

The mechanical loss of these films was shown to decrease with increasing beam current. The
lowest recorded value in this study was shown to be ¢ = 2.1(£0.6) x 10~* (when deposited
using 300 mA beam current with a beam energy of 0.6 keV) and annealed to 900 °C.
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