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Amorphous silicon (a-Si) is a promising material with a high refractive index that shows great potential
in the development of low-thermal-noise, highly reflective coatings for gravitational-wave detectors due to
its low mechanical loss. However, its high optical absorption has hindered its practical use. The primary
objective of this paper is to investigate the effects of hydrogen incorporation into a-Si on its optical
properties and mechanical loss with ion-beam sputtering (IBS) technology, which is widely used to
produce coatings with low absorption and scattering loss. It is demonstrated that hydrogenation can
effectively reduce the optical absorption of a-Si, with the concentration of hydrogen proving to be a crucial
factor. Optimal annealing temperature can further enhance the coating quality, in which silicon atom
rearrangement also contributes to the improvement. Overall, using the process combination can reduce the
extinction coefficient of a-Si coatings by 16-fold at 1064 nm and 85-fold at 1550 nm, while simultaneously
reducing mechanical loss by a factor of 12. The degree of mechanical loss reduction is closely related to the
order present in the atomic structure of the silicon network. To our knowledge, this study represents the first
comprehensive analysis of coating mechanical loss in hydrogenated a-Si deposited via IBS.
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I. INTRODUCTION

Ultrastable optical cavities are crucial for performing
high-precision measurements using laser interferometers,
including gravitational-wave (GW) detectors [1], femto-
second optical atomic clocks [2], laser gyroscopes [3], and
cavity ring-down spectroscopies [4]. Among these, GW
detectors have garnered extensive attention as one of the
most cutting-edge tools in astrophysics ever since the first
detection of a GW signal in 2015 [5]. However, the
Brownian motion of atoms in the coatings of ultrastable
optical cavities results in thermally driven fluctuations in
the separation between the optical resonator mirrors, which
limits the achievable sensitivity of these applications.
This phenomenon is known as coating thermal noise
(CTN) [6,7]. According to the fluctuation-dissipation
theorem [8], the power spectral density of CTN is propor-
tional to the mechanical loss of the coating materials, the
thickness of coating, and the temperature of the mirror,

SCTN ∝
kBTd
2πfω2

φcoatingðfÞ; ð1Þ

where kB is the Boltzmann constant, T is the temperature of
the mirror, d is the thickness of coating, φcoatingðfÞ is the

mechanical loss of the coating materials, f is the frequency,
and ω is the laser beam radius.
Highly reflective (HR) coatings are usually thickness-

optimized stacks composed of alternating layers of coating
materials with high and low refractive indices, forming the
core of optical cavities. And the high-refractive-index
materials used in HR coatings generally have higher
mechanical loss angles than the low-refractive-index mate-
rials, which dominate the overall mechanical loss of the
HR coatings [9–11]. To reduce the mechanical loss of HR
coatings designed for the operating wavelength of 1064 nm
at room temperature, titania-doped tantala (TiO2∶Ta2O5)
has been chosen as the high-index material in Advanced
LIGO [12] and Advanced Virgo [13]. Nevertheless,
the TiO2∶Ta2O5 material used in present GW detectors
displays a noticeable peak in mechanical loss at low
temperatures [14,15], limiting its application in future
GW detectors in low-temperature environments, such as
KAGRA [16,17] and the European Einstein Telescope
[18–21]. To address this challenge, several ongoing research
works aim to identify a substitute for the TiO2∶Ta2O5 high-
index material, characterized by higher refractive index,
lower mechanical loss, and comparable low absorption
properties.
Amorphous silicon (a-Si) demonstrates high potential as

a high-index material due to its higher refractive index and*jinlong@tongji.edu.cn
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lower mechanical loss when compared to TiO2∶Ta2O5.
This makes it easier to reduce the CTN of HR coatings by
decreasing both the mechanical loss and thickness
of the coatings. Additionally, a-Si features low mechanical
loss at room temperature and even lower loss at colder
temperatures [22,23], which makes it particularly well-
suited for low-temperature applications in future GW
detectors. Despite its advantages, a-Si has a significant
drawback as its optical absorption is notably higher than
that of TiO2∶Ta2O5 at the wavelength of 1064 nm [24,25],
which the present GW detectors are illuminated at.
Although its absorption can be smaller at 1550 nm, which
is a possible and appealing working wavelength for future
GW detectors, the present absorption level still exceeds
requirements [25–28]. To prevent the heating and thermal
deformation of mirrors in ultrastable optical cavities, the
optical absorption level of HR coatings must be less than
several ppm. Several strategies exist to enhance the
absorption performance of a-Si, including different coating
preparation techniques [26–28], postdeposition heat treat-
ment [25–27], or introducing hydrogen into a-Si [29–32].
Additionally, multimaterial coating designs can reduce the
impact of unsatisfactory absorption by using other low-
absorption materials to replace the upper layers of HR
coatings [33–35]. By doing so, the absorption requirements
of silicon-based mirror coatings can be prominently
relaxed, making the use of a-Si in future GW detectors
more feasible.
In applications with strict requirements for coating

performances, researchers typically utilize ion-beam-
sputtering (IBS) technology to achieve excellent optical
properties, including low absorption and low scattering
loss, similar to the process used by the Laboratoire des
Matériaux Avancés (LMA) in producing HR coatings for
Advanced LIGO and Advanced Virgo [36,37]. The IBS-
deposited coatings have almost no inherent film roughness,
leading to reduced scattering loss and allowing for a lower
noise level and improved resolution in GW detectors.
Developing an IBS process that effectively reduces
a-Si absorption is a worthy pursuit as it can build upon
the current successes of IBS technology, seamlessly inte-
grate with low refractive index materials deposited through
established IBS techniques, and eliminate engineering
challenges commonly associated with other methods.
The hydrogen incorporation into a-Si during IBS deposi-
tion has been attempted to alter optical properties of
a-Si [30–32]. And previous researches have indicated that
hydrogen can significantly reduce the mechanical loss of
a-Si, even by several orders of magnitude at low tempera-
tures [38–40]. Nonetheless, to the best of our knowledge,
none of these investigations have explored the effects of
hydrogen on coating mechanical loss of a-Si deposited by
IBS. It can be expected that depositing a-Si with hydrogen
(i.e., hydrogenated amorphous silicon) by IBS will improve
both its optical absorption and mechanical loss, and the

processes involved in introducing hydrogen are worth
exploring and studying.
In this paper, we propose IBS deposition processes to

prepare high-quality a-Si coatings achieved by incorporat-
ing hydrogen, resulting in reduced absorption and mechani-
cal loss, and maintaining low surface roughness. By
feeding hydrogen gas to the surface of a silicon target or
an ion source during deposition, we can decide whether to
introduce hydrogen as molecules or high-energy ions. We
have conducted a systematic examination and comparison
of the effects of these two ways to incorporate hydrogen
into a-Si on its optical properties, surface morphologies,
and mechanical loss, as well as the influences of annealing
on these characteristics of a-Si and hydrogenated a-Si
coatings. The optical constants at the wavelength of
1064 nm and mechanical loss at room temperature are
the main concerns in our work, which is the operating
condition of the present GW detectors. The extinction
coefficient at 1550 nm is also presented, which is an
important wavelength of more interest in the future GW
detectors such as Einstein Telescope [20,21] and Cosmic
Explorer [41]. The short-range order (SRO) and medium-
range order (MRO) of the silicon atomic structures of a-Si
and hydrogenated a-Si coatings have been characterized to
gain a better understanding of the mechanisms of coating
mechanical loss at the atomic scale. To our best knowledge,
we show the mechanical loss measurements of a series of
hydrogenated a-Si coatings deposited by IBS for the
first time.

II. SAMPLE PREPARATION

All a-Si and hydrogenated a-Si coatings were produced in
our institute. Single thin layers of a-Si and hydrogenated
a-Si coatings were deposited on germanium substrates
(ϕ 100, 1 mm thick) to measure their Fourier transform
infrared (FTIR) transmission spectroscopy, on fused-silica
substrates (ϕ 100, 5 mm thick) to measure their optical
properties, surfacemorphologies, and atomic structures, and
on fused-silica substrates (ϕ 300, 1 mm thick) for mechanical
loss measurements. All coatings were deposited by a
commercially available IBS coater (SPECTOR-HT,
Veeco) with a 16 cm Kaufman-type ion source and a
12 cm one. An argon ion beam with a diameter of 16 cm
was used to sputter the material from the crystalline silicon
target. To prepare the hydrogenated a-Si coatings, two
alternative conditions to incorporate hydrogen were used:
(a) when 12 cm ion source was inactive, variable flow rates
of hydrogen gas were fed to the surface of silicon target;
(b) 12 cm ion source was active with a gas mixture of
hydrogen and argon fed. The feeding position of hydrogen
gas determined whether hydrogen was introduced into
silicon network as molecules or as ions. For the 16 cm
ion source, the beam voltage, beam current, and accelerator
voltage were 600 V, 300 mA, and 400 V, respectively. And
for 12 cm ion source, those were 300 V, 150 mA, and 400 V,
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respectively. In the case of 12 cm ion source inactive, 0 sccm,
10 sccm, 20 sccm, 50 sccm, and 75 sccm of hydrogen flow
rates were chosen to modify the hydrogen content in
hydrogenated a-Si coatings. For the mixed gas to the active
12 cm ion source, the flow rates of hydrogen ranged from
10 sccm to 50 sccm, with keeping 8 sccm of argon gas. The
mixingwith 8 sccmof argon gaswas used tomake the 12 cm
ion source work normally and stably. The base pressure was
2 × 10−6 Torr, while the working pressure was kept in the
level of 10−4 Torr during deposition. The details and
preparation parameters of as-deposited a-Si and hydro-
genated a-Si coatings are summarized in Table I. In this
paper, we name the kind of samples with hydrogen intro-
duced to silicon target as series T and the others with
hydrogen fed into 12 cm ion source as series I, which means
hydrogen is introduced as molecules in series Tand as high-
energy ions in series I. The numbers in the names represent
the corresponding flow rate of hydrogen during the depo-
sition process. In order to obtain a sufficient number of
samples for different treatments or tests on the same type of
coatings, a batch of samples, with a certain quantity, were
deposited in the same chamber of an IBS coater at the same
time, which are called “companion samples”. Different
types of coatings have different batches of companion
samples. The coatings on the same batch of companion
samples can be considered identical.
To investigate the effects of postdeposition heat treat-

ment temperature on optical and mechanical properties of
coatings, three annealing temperatures were chosen. Some
companion samples were annealed, respectively, at 300 °C,
400 °C, and 500 °C in air for one hour, while other samples
with no heat treatment are referred to as the “as-deposited”
samples in this paper. After heating, samples underwent
naturally cooling in the environment where they had been
annealed. No matter whether samples were annealed or not,
all samples were not sealed or otherwise specially treated
for storage. Rather, a layer of native oxide was allowed to
form, which was estimated to be less than 2–3 nm [42] and
effectively prevented our samples from further absorbing
oxygen and water.

III. EXPERIMENTAL METHODS

Respective companion samples of all types of a-Si and
hydrogenated a-Si coatings were examined by the follow-
ing measurement techniques.
The FTIR transmission spectra were measured in the

wavenumber range of 500–2300 cm−1 by a FTIR spec-
trometer (INVENIO S, Bruker) with a resolution of
2 cm−1 to estimate hydrogen concentration contained in
hydrogenated a-Si coatings. The reflectance and trans-
mittance spectra of each sample were measured from 400
to 2600 nm by a spectrophotometer (Cary 5000, Varian).
Based on fitting the experimental data of spectra, the
refractive index, extinction coefficient, and thickness of
the samples were derived by Optichar, an optical charac-
terization module from Optilayer (OptiLayer GmbH) [43].
The precision of deduced refractive index and extinction
coefficient was estimated at �0.01 and �0.0001,
respectively [44]. The surface morphologies were
obtained by atomic force microscopy (Dimension Icon,
Bruker) and were evaluated by surface root mean square
(RMS) roughness. The size of scanning area was
20 μm × 20 μm, and consisted of 512 × 512 sampling
point matrix. We also observed the surface of our samples
through the optical microscope (DM 4000 M, Leica) to
determine whether there were obvious defects, such as
cracks. To probe the SRO and MRO of atomic structures,
cross section samples of a-Si and hydrogenated a-Si
coatings were prepared by a dual beam system focused-
ion-beam scanning electron microscope (Helios 5
DualBeam, FEI) and were then characterized by a trans-
mission electron microscope (Talos F200X, FEI) to collect
selected-area electron diffraction (SAED) data at an
accelerating voltage of 200 kV. Reduced density functions
(RDF) were directly computed from electron diffraction
intensities to describe atomic structures of amorphous
coatings.
Mechanical loss can be analyzed from the free expo-

nential decay of vibration amplitude of samples’ resonant
modes, by measuring the corresponding resonant frequency
and characteristic decay time. For the resonant frequency f

TABLE I. List of the relevant deposition parameters and measurement results of as-deposited a-Si and hydrogenated a-Si coatings.

k × 10−3 n

Name Destination of H2 Flow rate of H2 (sccm) Thickness (nm) 1064 nm 1550 nm 1064 nm 1550 nm φm × 10−4a

A00 / 0 797 66.0 22.4 3.84 3.68 2.43
T10 Target 10 746 30.7 10.5 3.58 3.43 1.19
T20 Target 20 747 16.5 3.91 3.44 3.32 1.69
T50 Target 50 708 6.51 1.06 3.40 3.30 1.51
T75 Target 75 718 5.99 1.90 3.03 2.95 1.54
I10 Ion source 10 795 47.1 10.6 3.83 3.67 1.69
I20 Ion source 20 741 5.76 0.989 2.93 2.86 1.29
I50 Ion source 50 775 9.64 2.44 3.20 3.11 1.72

aThe measurement results of mechanical loss were averaged on different resonant modes for better comparison.
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and decay time τ, the measured mechanical loss is
φ ¼ ðπfτÞ−1. A gentle nodal suspension (GeNS) design
in a vacuum chamber was used to achieve a clamp-free
condition and minimize the effect of systematic damping
from suspension and residual gas pressure [45]. With
GeNS, mechanical loss measurements of disk-shaped
samples were performed. We excited four resonant modes
of each sample at room temperature by an electrostatic
actuator, detected the vibration motions with an optical
lever system, and then obtained the mechanical loss angles
at resonant frequencies. These resonant modes we selected
were of the same family, namely pure butterfly modes, in
order to better compare the changes of coating mechanical
loss with different preparation processes and treatments.
Coating mechanical loss can be calculated from the differ-
ence between the measured mechanical loss angles of disc
samples before and after coating [46], according to the
relation written as

φcoating ¼
φcoated þ ðD − 1Þφsubstrate

D
; ð2Þ

where φcoating, φcoated, and φsubstrate are, respectively, the
mechanical loss angles of the coating, the coated sample,
and the bare substrate. Each substrate’s loss angle was
measured before coating and was usually assumed to
maintained unchanged during the deposition process. D
is the frequency-dependent dilution factor, defined as [47]

D ¼ Ecoating

Ecoating þ Esubstrate
; ð3Þ

where Ecoating is the elastic energy stored in the coating
while Esubstrate is the one stored in the substrate. This factor
D can be calculated by finite element analysis software. In
our work, we used COMSOL Multiphysics finite element
analysis program [48] to obtain the elastic energies stored
in the coating and substrate, respectively.

IV. RESULTS AND ANALYSIS

A. Hydrogen concentration

The FTIR transmission spectra of as-deposited samples
are shown in Fig. 1. We also plot the data of Ge substrate
we used for comparison. There are three typical absorption
regions related to hydrogen in hydrogenated a-Si coatings.
The absorption region centered around 640 cm−1 is
related to wagging mode of monohydrogen complexes
(Si─H) [49,50], while the region around 800–900 cm−1 is
related to doublet bending and scissor modes of poly-
hydride complexes (Si − H2 and ðSi − H2Þn) [51,52]. And
the absorption band approximately at 1900–2200 cm−1 is
associated with stretching modes corresponding to Si─H
and ðSi − H2Þn [53,54]. The absorption peak around

950 cm−1 indicates some degree of oxygen contamination
was contained in the samples [32,55].
To estimate the hydrogen concentration, the absorption

coefficient is calculated from FTIR transmission spectra,
following Maley’s method [56]. The FTIR absorption
spectra are shown in Fig. 2. The total hydrogen concen-
tration CH bonded to silicon is proportional to the absorp-
tion band of wagging mode around 640 cm−1, which is
independent of the bonding configurations. CH can be
calculated by [57]

CH ¼ 100%×
A640 ×

R
αðωÞω−1dω

A640 ×
R
αðωÞω−1dωþ NSi

; ð4Þ

FIG. 1. FTIR transmission spectra for various H2 flow rates and
different ways to incorporate hydrogen.

FIG. 2. FTIR absorption spectra for various H2 flow rates and
different ways to incorporate hydrogen.
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where αðωÞ is the absorption coefficient, ω is the wave-
number in cm−1, A640 ¼ 2.1 × 1019 cm−2 is proportional-
ity constant, and N ¼ 5.0 × 1022 cm−3 is the atom density
of silicon film. The calculation results of as-deposited
samples are shown in Table II. For feeding hydrogen to
silicon target, it is obvious that CH increases with the
increasing hydrogen flow rates. It can be understood that
the more hydrogen molecules near the target or in the
chamber, the higher the probability that hydrogen can be
bonded to silicon atoms. This increases the hydrogen
contents contained in coatings. For feeding hydrogen into
12 cm ion source, CH increases first and then decreases
with more hydrogen fed. It might be explained by the bond
breaking action of high-energy hydrogen ions, including
the breaking of Si─Si bond and Si─H bond. Since the
average bond energy of Si─Si is less than that of Si─H, the
probability of high-energy hydrogen ions breaking Si─Si
bond is greater than that of breaking Si─H bond. At first,
the increase of hydrogen flow rates leads to the increase of
Si─H bonding probability. Whether Si─H bonding is
caused by direct bonding of Si atoms and hydrogen ions
or by high-energy hydrogen ions breaking Si─Si bonds, it
leads to the increase of CH in the coatings. Then, with the
further increase of the flow rates, more and more high-
energy hydrogen ions begin to break partial Si─H bonds
and extract hydrogen from the forming surface of hydro-
genated a-Si coating to produce hydrogen molecules during
deposition process, so CH decreases from sample I20 to
I50. The role of high-energy hydrogen ions in breaking
Si─H bond can be outstanding when we compare the two
ways of incorporating hydrogen. The samples T10 and T50
contain more hydrogen than those with the same hydrogen
flow rates to ion source. For the sample I20, the maximum
CH may result from the additional increase of hydrogen
molecules near the forming surface of hydrogenated a-Si
due to breaking function.
After annealing hydrogenated a-Si coatings, all FTIR

transmission spectra have similar changes. Taking sample
T50 as an example, we show the representative influences
of postdeposition heat treatment temperature in Fig. 3.

With the increase of annealing temperature, the infrared
absorption around 640 cm−1 changes gradually, and after
annealing at 500 °C, a new absorption peak appears near
875 cm−1, which corresponds to Si─OH bond [58]. The
results of CH after annealing are also listed in Table II. It
can be found that CH decreases with the increasing
temperature for samples T50, T75, I20, and I50 with
high CH, while CH first increases slightly and then
decreases for low-CH samples T10, T20, and I10. After
annealing at 500 °C, most of hydrogen elements escape
out of hydrogenated a-Si coatings. Since hydrogen dif-
fusion is a thermally activated process, at an annealing
temperature of 500 °C, hydrogen obtains sufficient ther-
mal activation energy, resulting in a high diffusion
coefficient and a great evolution from coatings. We
observed that for samples with high CH, the trends of
CH variation were similar to those shown in Ref. [59],
despite the fact that they were prepared by different
technologies for hydrogenated a-Si coatings. It is known
that annealing can also result in the diffusion, relocation,
and rebinding of hydrogen [59–63], accompanied by
hydrogen evolution. Due to the delicate process, there
is no clear rule for determining the reduction proportion of
CH or residual CH. However, it can be observed that the
amount of CH reduction caused by postdeposition heat
treatment appears to be greater if the CH contained in
corresponding as-deposited samples is higher. The greater
reduction in samples with higher CH may be related to
nanovoids [61,64], low mass density [61], and hydrogen
chemical potential [63]. These factors can result in a
higher hydrogen diffusion coefficient and greater hydro-
gen evolution. For samples with lowCH, a little increase in
CH after annealing at 300 °C or 400 °C may be attributed to
hydrogen molecules in the nanovoids diffusing into the
silicon structure and forming Si─H bonds during heat

TABLE II. The total hydrogen concentrations of as-deposited
and annealed samples.

Total hydrogen concentration (at.%)

Name
As—

deposited
Annealed
at 300 °C

Annealed
at 400 °C

Annealed
at 500 °C

A00 0.0 0.0 0.0 0.0
T10 10.84 11.22 6.60 3.64
T20 15.47 15.85 9.38 6.43
T50 22.23 18.53 11.96 9.32
T75 22.88 17.00 11.84 9.15
I10 7.76 8.12 8.33 4.43
I20 24.17 19.73 14.05 8.63
I50 19.39 19.30 14.93 9.16

FIG. 3. Representative changes of FTIR transmission spectra
after annealing.
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treatments, while the rates of hydrogen evolution are not
high at these temperatures.

B. Optical properties

1. Refractive index

Figure 4 illustrates the refractive index n of our as-
deposited samples in series Tand I. The results indicate that
all processes of hydrogen incorporation reduce n of a-Si in
the as-deposited samples. In series T, we observe a gradual
decrease in n with increasing hydrogen flow rates. In series
I; however, we observe an initial decrease in n followed by
a slight increase with higher H2 flow rates. If we focus
solely on the relationship between the H2 flow rates and n
in series T or I, we can see that this in fact corresponds to
the relationship between CH and n. In Fig. 4, we also
include the CH results of the as-deposited samples. It is
shown that there is a decrease in n as theCH increases in the
respective series of series T or series I. The changes in
the flow rates correspond to variations in the CH of the
coatings. Furthermore, nmay be related to the mass density
of the material [65]. It suggests that a higher CH leads
to a less dense coating. This is likely due to an increased
propensity for hydrogen atoms to bond with silicon
atoms, as compared to silicon atoms bonding with other
silicon atoms. This phenomenon results in the “hydrogen
substitution” for silicon atoms, which can lead to changes
in the mass density of coatings. The changes in mass
density with CH can be described by a combination of
the monovacancy model and divacancy model [64].
Furthermore, as shown in Ref. [64], hydrogenated a-Si
coatings may contain nanovoids and the presence of
nanovoids may increase with higher CH. Additionally,
excessive hydrogen exposure on the forming coating
surface may result in the breakage of weak Si─Si bonds,
a phenomenon known as “hydrogen etching” [66,67].

This could also lead to an increase in the fraction of
nanovoids in coatings with higher CH, further contributing
to the reduction in refractive index.
Upon comparison of the hydrogen content and refractive

index data for all samples in series T and I, it becomes
apparent that there is an inverse relationship between n and
CH for most samples. However, this relationship does not
hold true for samples T50 and I50. This implies that the
hydrogen ions in series I have additional functions. In
general, the ions from the 12 cm ion source can further
provide kinetic energy to produce denser films. However,
due to that the average bond energy of Si─Si is less
than that of Si─H and hydrogen makes the energy barrier
lower [68], high-energy hydrogen bombardment may break
the weak Si─Si bonds in addition to transferring kinetic
energy. This is similar to “hydrogen etching”, but more
likely to result in more nanovoids formation and lower
mass density. It may explain the abnormal situation that the
two samples T50 and I50 deviate from the relationship
between CH and n. Comparing the two ways of incorpo-
rating hydrogen into a-Si coatings, the function of energetic
hydrogen ions to reduce mass density is more obvious
than the function to produce denser films, due to that the
samples I20 and I50 have lower refractive index, compared
with those with the same flow rates in series T. It means that
the role of high-energy hydrogen ions in breaking Si─Si
bond is also outstanding. For the case of 10 sccm H2,
feeding to 12 cm ion source results in relatively higher
refractive index, which may be because argon ions of
8 sccm from 12 cm ion source can assist deposition and
reduce the etching impact of hydrogen ions of similarly low
flow rate.
Since n of all samples at both 1064 nm and 1550 nm

wavelengths shows synchronous changes with the increase
of annealing temperature, we present the changes in n at
1064 nm here to highlight the influences of different heat
treatment temperatures on n of a-Si and hydrogenated a-Si
samples, as shown in Fig. 5. For a-Si coatings, n keeps

FIG. 4. Refractive index n and hydrogen content CH for
as-deposited samples.

FIG. 5. Refractive index n at 1064 nm as a function of heat
treatment temperatures for a-Si and hydrogenated a-Si samples.
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decreasing with treatment temperatures increasing. For
hydrogenated a-Si, it is found that, in series T, n decreases
with the increase of annealing temperature until the flow
rate is 20 sccm. When the flow rate is greater than 20 sccm,
n decreases first, and then increases with the increase of
annealing temperature. A similar phenomenon exists in
series I, except that the cutoff of flow rate is 10 sccm.
Annealing relaxes the network structure of a-Si coatings
and increases the thickness, thus reducing the refractive
index and mass density. In regards to hydrogenated a-Si
coatings, the effects on refractive index caused by
annealing need to be explained from two aspects: network
relaxation of silicon and behavior of hydrogen evolution.
The former refers to the process of relaxation and
reconstruction resulting in low refractive index and mass
density, as presented by a-Si coatings. The latter means
that, due to postdeposition heat treatment, Si─H bonds
break and Si─Si bonds are rebound, which reduces the
amounts of “hydrogen substitution” and nanovoids to a
certain extent, thus increasing refractive index and mass
density. According to the results of the hydrogen content in
Table II, the cutoff of flow rate with different trends can also
be considered as the cutoff of hydrogen content. When CH
is low, coatings experience some “hydrogen substitution”
and nanovoids, and the effect of hydrogen evolution is less
obvious than that of silicon network relaxation. This is also
applicable to the case where CH is high but hydrogen
diffusion and evolution is small, that is, the heat treatment
temperature is low. When CH is high and heat treatment
temperature is high, a large amount of bonded hydrogen is
released out of films, and the influence of hydrogen
evolution is dominant. Through silicon network relaxation
and hydrogen evolution behavior, the variation of n with
respect to annealing temperature can be separately under-
stood for each sample, but n of all annealed samples has no
obvious overall relationship with the initial CH or residual
CH. This is not only due to the opposite effects of network
relaxation and hydrogen evolution on refractive index and
mass density, but also because annealing cannot completely
eliminate the initial structural defects [69]. In addition, after
annealing, n of the samples in series T is generally higher
than that in series I with the same flow rate, except T10 and
I10, which is the same as the phenomenon in as-deposited
samples. In terms of maintaining the advantage of high
refractive index, it is better to introduce hydrogen as
molecules.

2. Extinction coefficient

The extinction coefficient k of as-deposited a-Si and
hydrogenated a-Si coatings is presented in Fig. 6. The as-
deposited a-Si coatings we fabricated have similar k to
commercial a-Si coatings [27]. When hydrogen has been
introduced, a distinct trend of decreasing k with increasing
hydrogen flow rates is found in series T, while k decreases
first and then increases with the increase of flow rates in

series I. Comparing these trends with the results of CH,
we can find that k decreases with the increase of CH.
According to the relationship between absorption coeffi-
cient α and extinction coefficient k (α ¼ 4πk=λ, λ is the
wavelength), it can be concluded that the absorption is
reducing with the increasing CH. This law can be explained
by the crucial role of hydrogen. Hydrogen can passivate the
dangling bonds in a-Si coating, which reduces density of
defect states [70–72]. Hydrogen also reduces the density
of gap states and moves the valence band down, which
increase the optical bandgap [73].
Figure 7 shows how extinction coefficient k changes

with increasing heat treatment temperatures. First of all, k
of a-Si coatings decreases with the increase of temperature
and reaches the minimum at 500 °C, which is consistent
with the work of Ref. [26]. Postdeposition heat treatment
has an effect on the structure of silicon network. The
absorption can be reduced by atom rearrangement, stress
elimination, and defect reduction. Then, effects of heat
treatment on k of hydrogenated a-Si coatings also should be
considered from two aspects: network relaxation of silicon
and behavior of hydrogen evolution. The former has a
positive effect on reducing absorption, while the latter has
the opposite effect. We can find that k of all hydrogenated
a-Si coatings reduces when the temperature is 300 °C,
except I20. Considering the data in Table II, after annealing
at 300 °C, the combination of the role of hydrogen and the
positive impact of heat treatment on the silicon structure
would lead to a decrease in k for samples with increased
CH. For samples with decreased CH, the amount of
hydrogen evolution is not significant, thus the positive
impact of heat treatment on Si network is more pronounced
and k still decreases. After that, with the increase of
annealing temperature, k of T10, T20, and I10 keep
decreasing while there are almost increases for T50,
T75, and I50. This may be because the negative effect
of large hydrogen evolution of coatings with higher CH

FIG. 6. Extinction coefficient k and hydrogen content CHk for
as-deposited samples.
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after annealing has exceeded the positive effect of
annealing on Si network. For the sample I20, the trend
of k is difficult to explain, which may be related to the
possible existence of the most nanovoids caused by
energetic hydrogen ions and the highest hydrogen content.
Finally, compared with series T and I, the introduction of
hydrogen as molecules at the same hydrogen flow rate
basically has lower k.
Comprehensively comparing the optical properties of all

as-deposited and annealed samples, it can be concluded that
sample T50 has the advantages of high refractive index and
low k without heat treatment, and its absorption can be
further improved after annealing at 300 °C or 400 °C for
1 hour. Compared with of as-deposited a-Si, a reduction by
1 order of magnitude can be achieved via introducing a
hydrogen flow rate of 50 sccm to the surface of silicon
target. And though the combination of this hydrogenation
process with heat treatment at 400 °C for 1 hour, we are able
to achieve k of 4.16 × 10−03 at 1064 nm and 2.62 × 10−04
at 1550 nm, approximately lower by about a factor of 16 at
1064 nm and 85 at 1550 nm than k of as-deposited a-Si.

C. Surface morphologies

IBS deposition technology is highly reliable in replicat-
ing substrate morphology, which means the intrinsic film
roughness can be negligible. This is evident in all of the
a-Si and hydrogenated a-Si coatings deposited on super-
polished substrates, which all exhibit extremely low RMS

roughness. Figure 8 illustrates the typical surface morphol-
ogies of as-deposited and annealed a-Si and hydrogenated
a-Si coatings. RMS of as-deposited samples A00, I10, and
T50 is 0.109 nm, 0.104 nm, and 0.111 nm, respectively.
Interestingly, it is found that hydrogen incorporation does
not appear to impact the advantage of IBS in terms of
intrinsic thin film roughness, despite significant changes to
the refractive index. The low scattering loss caused by such
low roughness can be expected, which helps to improve the
sensitivity and resolution of GW detectors.
Sample T50 provides an example of the moderate effects

that postdeposition heat treatment can have on the surface
roughness of hydrogenated a-Si coatings. Surface mor-
phologies of companion samples of T50 annealed at
300 °C, 400 °C, and 500 °C are depicted in Figs. 8(d–f),
respectively. Corresponding RMS values for these samples
are measured to be 0.113 nm, 0.132 nm, and 0.159 nm,
respectively. With the increase of annealing temperature,
the surface roughness shows a slight increase trend.
Although the surface roughness does not change sig-

nificantly, some cracks appear on sample T50 after
annealing at 500 °C, whereas such cracks does not appear
on a-Si coatings. These cracks can be observed via optical
microscope, as shown in Fig. 9.

D. Mechanical loss

For the measurements presented in this paper, we excited
four resonant modes of each sample at room temperature,

FIG. 7. Extinction coefficient k as a function of heat treatment temperatures for a-Si and hydrogenated a-Si samples.
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which were approximately 1136 Hz, 2604 Hz, 4550 Hz,
and 6920 Hz. These resonant modes belong to the same
family, namely pure butterfly modes. The test results for
mechanical loss of as-deposited a-Si and hydrogenated a-Si
coatings at four resonance frequencies are shown in Fig. 10.
Since these frequencies are close to each other, we average
the mechanical loss values across these frequencies and
depict the average values as dashed lines in Fig. 10, in order

to better compare the effects of the deposition processes on
mechanical loss. As-deposited a-Si coatings in our work
have an average mechanical loss of 2.43 × 10−04, which is
consistent with the previously reported mechanical loss of
a-Si prepared by IBS technology, ranging from 2.2 × 10−04
to 4.5 × 10−04 [22,27]. It is evident that hydrogen incor-
poration can reduce the mechanical loss of a-Si, with a
maximum reduction by 51% achieved via introducing
10 sccm H2 to the target. The mechanical loss of other
hydrogenated a-Si samples is comparable. However, the
underlying reasons for this phenomenon are not yet fully
understood and could be attributed to the competition of
three mechanisms: passivation of dangling bonds, improve-
ment of silicon atomic network structure, and variation of
mass density. Hydrogenation can effectively passivate
dangling bonds and alleviate the stress of the network
structure, thereby reducing the coating mechanical loss.
However, the incorporation of hydrogen could also lead to
a decrease in mass density and the formation of nanovoids,
which is not conducive to improving mechanical loss.
Due to the delicate balance of these mechanisms, there
is no clear relationship or rule governing the relationship
between CH and mechanical loss. We speculate that the
variation in mechanical loss appears to be more closely
related to the changes in silicon atomic network structure
induced by hydrogenation, as hydrogenated a-Si exhibits
similar levels of mechanical loss, despite having signifi-
cantly different CH. Certainly, the achievement of reducing

FIG. 8. Typical surface morphologies of a-Si and hydrogenated a-Si coatings. (a) Sample A00 as-deposited, (b) Sample I10
as-deposited, (c) Sample T50 as-deposited, (d) Sample T50 annealed @ 300 °C, (e) Sample T50 annealed @ 400 °C, and (f) Sample T50
annealed @ 500 °C.

FIG. 9. Surface cracks on sample T50 after 500 °C heat
treatment.
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mechanical loss through the incorporation of hydrogen
in IBS deposition is remarkable and deserving of
acknowledgement.
Annealing proves to be a highly effective method to

improve the mechanical loss of the coatings. We used A00
and T50 as representative examples of a-Si and hydro-
genated a-Si coatings, respectively, to demonstrate the
effect of different heat treatment temperatures on mechani-
cal loss, as shown in Fig. 11. The reason we selected
sample T50 is that it exhibits the best optical properties,
while hydrogenated a-Si coatings almost have similar
mechanical loss. We observe that for A00 and T50, the
mechanical loss initially decrease and then increase with
increasing annealing temperature, with the lowest mechani-
cal loss observed after heat treatment at 400 °C. Following
annealing, the mechanical loss of a-Si is reduced by up to
85% at its minimum, while the hydrogenated a-Si was
reduced by 87% at its minimum. CH in the hydrogenated
a-Si has varied greatly with heat treatment, but the
proportion of decrease in mechanical loss is similar to that
of a-Si. This may also indicate that the silicon atomic
network structure, rather than the hydrogen element, has a
greater impact on mechanical loss. Through the combined
process of hydrogenation and postdeposition heat treat-
ment, the mechanical loss of a-Si can be further reduced
by up to 12-fold. The average mechanical loss of sample
T50 annealed at 400 °C was measured to be 2.03 × 10−5,

which is 1 order of magnitude lower than that of
TiO2∶Ta2O5 [74]. The variations in mechanical loss of
a-Si and hydrogenated a-Si due to heat treatment appear to
be primarily linked to the relaxation of the silicon network
structure, as evidenced by similar trends in the mechanical
loss changes observed in both materials with increasing
annealing temperature. Additionally, despite substantial
hydrogen evolution, hydrogenated a-Si still exhibits a
decrease in mechanical loss. This further reinforces the
connection between silicon network structure relaxation
and mechanical loss variations in these materials. It is worth
noting that the mechanical loss of T50 annealed at 500 °C
should have been lower, but due to the presence of surface
cracks (as shown in Fig. 9), there was additional loss
incurred.

E. Atomic structures

By analyzing the electron diffraction pattern with the
eRDF Analyser software [75], we obtained the atomic
structure information of the amorphous coating and
described it using RDF as shown in Fig. 12. Since electron
diffraction is not sensitive to hydrogen element, the RDFs
in this paper reflects the atomic structural information of
the silicon network. That is acceptable, as the analysis
outlined in Sec. IV. D suggests that mechanical loss
variations are most likely linked to the atomic structure

FIG. 10. Coating mechanical loss of as-deposited samples as a function of frequencies. The red dashed line indicates the average
mechanical loss value for the corresponding sample. Shaded regions represent error bands.
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of the silicon network. Similarly, using samples A00 and
T50 as representatives of a-Si and hydrogenated a-Si
coatings, it can be seen that both a-Si and hydrogenated
a-Si have four peaks within 10 Å, which are labeled as P1,
P2, P3, and P4. For the as-deposited a-Si, the RDF shows

one peak at 2.36 Å, 3.81 Å, and 5.81 Å, and a bifurcated
peak at 7.38 Å. For the as-deposited hydrogenated a-Si, the
RDF shows one peak at 2.36 Å, 3.85 Å, and 5.78 Å, and a
bifurcated peak at 7.48 Å. The peak positions of a-Si and
hydrogenated a-Si are consistent with other researches, and
the RDFs are also similar [76,77]. The positions of peaks
also indicate that P1 and P2 offer insights into the SRO
of the silicon network, while peaks P3 and P4 reflect the
MRO. After annealing, each peak position of hydrogenated
a-Si shows slight variation, while its intensity and full
width at half-maximum (FWHM) also change significantly.
Additionally, peak P4 changes from a bifurcated peak to a
trifurcated peak gradually. The main variations of the four
peaks in the RDF are magnified and shown in the insert of
Fig. 12. In order to highlight the relevant atomic structural
changes that contribute to variations in mechanical loss, we
compare the intensity and FWHM of specific peaks, as well
as the average mechanical loss. However, we must note that
the mechanical loss value of sample T50 annealed at 500 °C
is not sufficiently accurate due to the presence of cracks.
Additionally, peak P4 is a furcated peak, and therefore, we
only compared the intensity and FWHM of three peaks P1,
P2, and P3 across four samples A00, T50, T50 annealed at
300 °C, and T50 annealed at 400 °C.
Figure 13 depicts a comparison of peak intensity and

average mechanical loss. It is evident that for as-deposited
a-Si and hydrogenated a-Si, the presence of hydrogen

FIG. 12. RDFs of as-deposited sample A00 and as-deposited
and annealed samples T50. The four peaks are magnified in the
insert to highlight the changes caused by hydrogenation and
annealing and are labeled as P1, P2, P3, and P4.

FIG. 11. Coating mechanical loss of as-deposited and annealed samples A00 and T50 as a function of frequencies. The red dashed line
indicates the average mechanical loss value for the corresponding sample. Shaded regions represent error bands.

HIGH-PERFORMANCE HYDROGENATED AMORPHOUS SILICON … PHYS. REV. D 108, 062002 (2023)

062002-11



causes an increase in the intensity of peaks P1 and P2,
while the intensity of P3 remains mostly unaffected,
accompanied by a decrease in average mechanical loss.
Similarly, after annealing hydrogenated a-Si at different
temperatures, comparable trends are observed, with an
increase in the intensity of P1 and P2 and a decrease in
average mechanical loss. As the increase in intensity
implies an increase in order, it suggests that both

hydrogenation and annealing can enhance the optimization
of the silicon atomic structure in the short range. Upon
comparing data from the four samples, it becomes obvious
that the decrease in average mechanical loss can be
correlated with an increase in SRO.
In Fig. 14, a comparison of FWHM of peaks and average

mechanical loss is presented. It can be observed from
as-deposited coatings that the FWHM of all three peaks,

FIG. 13. Peak intensity and average mechanical loss for a-Si and hydrogenated a-Si coatings. The bar chart shows the peak intensity,
and the black line indicates average coating mechanical loss.

FIG. 14. FWHM of peaks and average mechanical loss for a-Si and hydrogenated a-Si coatings. The bar chart shows the peak
intensity, and the black line indicates average coating mechanical loss.
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P1, P2, and P3, decreases after hydrogen incorporation,
resulting in a decrease in the average mechanical loss. As
the decrease in FWHM also suggests an enhancement in
order, the hydrogenation process positively influences both
the short and medium range structures. In terms of annealed
hydrogenated a-Si, the decrease in average mechanical loss
is accompanied by a reduction in the FWHM of P3,
indicating that annealing enhances the structure in the
medium range. Furthermore, based on a comprehensive
analysis of data obtained from the four samples, it appears
that the decrease in average mechanical loss is invariably
accompanied by a decrease in the FWHM of P3, which
suggests that enhancing the structure in the medium range
of the material and increasing the MRO is effective in
reducing coating mechanical loss. In addition, there is a
general trend indicating an increase in the SRO with the
average mechanical loss decreasing, even though there is a
deviation in the FWHM of P1 and P2 observed in sample
T50 annealed at 300 °C, which does not decrease.

V. CONCLUSION

We have decreased the optical absorption and mechani-
cal loss of IBS a-Si coatings by introducing hydrogen
during coating deposition. With IBS technology, all a-Si
and hydrogenated a-Si coatings have good surface quality.
We have investigated the influences of different ways to
introduce hydrogen into silicon network and postdeposition
heat treatment temperature on the properties of a-Si and
hydrogenated a-Si coatings.
Different hydrogen introduction processes can lead to

different CH, but a higher hydrogen flow rate generally
results in an increased CH in the coatings. When hydrogen
is introduced as a molecule, CH steadily increases with the
increase of hydrogen flow rate. When hydrogen is intro-
duced as a high-energy ion, its role in breaking Si─H and
Si─Si bonds causes a drastic change in CH. Annealing also
leads to significant changes in CH, which is difficult to
explain due to the delicate balance of diffusion, relocation,
and evolution of hydrogen. However, it can be observed
that the initial CH and heat treatment temperature are
important influencing factors.
The trend of refractive index decreasing with increasing

CH is obvious. This can be explained by “hydrogen
substitution”, and nanovoids contained in hydrogenated
a-Si coatings may increase with higher CH. A large amount
of high-energy hydrogen ions can also reduce the refractive
index by breaking Si─Si bond and forming more nano-
voids. The effects of annealing on the refractive index
depend on two aspects: network relaxation of silicon and
behavior of hydrogen evolution, with the former reducing
the refractive index and the latter increasing it. When CH
changes little, the relaxation of the silicon network domi-
nates, and the refractive index decreases. When the amount
of hydrogen evolution is significant, the influence of

hydrogen evolution dominates, and the refractive index
increases.
Hydrogenation significantly reduces optical absorption

of a-Si by passivating the dangling bonds of a-Si, and the
extinction coefficient decreases with the increase of CH.
The influences of heat treatment on extinction coefficient
also can be considered from two aspects: network relax-
ation of silicon and behavior of hydrogen evolution, with
the former reducing absorption and the latter increasing
absorption. When CH changes little, the relaxation of the
silicon network becomes the dominant factor, leading
to a decrease in the extinction coefficient. However, when
a significant amount of hydrogen evolution occurs, the
influence of hydrogen evolution becomes the primary
factor, resulting in an increase in the extinction
coefficient. The beneficial effects of silicon atom rear-
rangement and network relaxation on absorption improve-
ment can outweigh the negative effects of hydrogen
evolution, provided that the annealing temperature is
appropriate.
Since high-energy hydrogen ions possess the ability to

break Si─Si and Si─H bonds, it is better to introduce
hydrogen as a molecule on improving the optical properties
of a-Si by feeding hydrogen gas to surface of the silicon
target. The total concentration of hydrogen is a key factor
in determining the changes in optical properties of as-
deposited coatings. Hydrogenated a-Si coatings prepared
by introducing a hydrogen flow rate of 50 sccm to the
surface of silicon target exhibit the best optical properties,
with the extinction coefficient lower by 1 order of
magnitude than that of a-Si coatings. And subjecting the
coatings to proper heat treatment can further reduce
absorption. Through hydrogenation and heat treatment at
400 °C for 1 hour, the extinction coefficient of a-Si can be
reduced by about a factor of 16 at 1064 nm and 85 at
1550 nm.
Hydrogenation improves the coating mechanical loss of

a-Si, and the highest reduction in mechanical loss can reach
up to 51% with appropriate hydrogenation processes.
Annealing can also reduce mechanical loss of a-Si, with
a maximum reduction of 85% by annealing at 400 °C for
1 hour. Combining appropriate postdeposition heat treat-
ment with the best hydrogenation process for optical
properties, coating mechanical loss of a-Si can be reduced
by a factor of 12, which is 1 order of magnitude lower than
that of TiO2∶Ta2O5. The effects of hydrogenation or
annealing on the coating mechanical loss seem to be more
closely related to changes in the silicon network structure.
We can gain insights into the mechanism underlying the
decrease in coating mechanical loss at the atomic scale by
examining changes in the atomic structure of the silicon
network. It can be seen that hydrogenation and annealing
increase the short-range order and medium-range order of
the silicon network, resulting in a decrease in mechani-
cal loss.
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Hydrogenation and annealing are effective methods for
enhancing the optical and mechanical properties of IBS
a-Si coatings. Combining these two processes is expected
to be utilized in future a-Si coating preparation, leading to
further improvements in the potential application of a-Si in
gravitational wave detection with IBS technology.
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