PHYSICAL REVIEW RESEARCH 2, 033308 (2020)

Influence of deposition parameters on the optical absorption of amorphous silicon thin films
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Amorphous silicon (aSi) is a promising material for application in mirror coatings with low thermal noise
in future gravitational-wave detectors. However, the optical absorption of aSi is currently too high to meet
the requirements of these instruments. Previously measured absorption values vary significantly for different
deposition methods and postdeposition treatments. To investigate the absorption of aSi, we systematically varied
key deposition parameters using pulsed laser deposition. Varying the deposition temperature resulted in a spread
in mobility gap energy of the aSi; however, no clear correlation of temperature and mobility gap could be
observed. Varying the pulse energy and repetition frequency altered the deposition rate of the coating and

produced a correlated change in the absorption.
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I. INTRODUCTION

The first detection of gravitational waves in 2015 [1]
opened a new window for astronomical observation. Several
signals from binary black-hole mergers [2] as well as a
binary neutron-star merger [3] were detected in the first two
observing runs of the Advanced LIGO [4,5] and Advanced
Virgo [6] gravitational-wave detectors. These detectors, based
on Michelson interferometers, measure the relative separation
between test masses, coated to form highly reflective (HR)
mirrors. Gravitational waves induce changes in this separa-
tion. Thermal noise associated with the HR mirror coatings
will limit the achievable sensitivity of the current detectors
when they reach their design sensitivity [5,7]. Thermal noise
arises from Brownian motion of the atoms in the coating,
and the magnitude increases with the mechanical loss of the
coating materials and the temperature of the mirror.

HR coatings are generally made from alternating layers
of high- and low-refractive-index materials. Advanced LIGO
and Advanced Virgo currently use silica (SiO;) as the low-
index material, and titania-doped tantala (TiO, : Ta,Os) as the
high-index material. Both materials possess exceptional opti-
cal properties such as low absorption and low scattering [8].
However, the mechanical loss of these coatings is relatively
high [9] (dominated by the TiO, : Ta,Os layers), resulting
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in a significant level of thermal noise [10,11]. The Japanese
KAGRA detector—currently under construction [12]—and
the proposed European Einstein Telescope (ET) [13] will be
operated at cryogenic temperatures to reduce thermal noise.
However, there is evidence for an increase in mechanical loss
of the currently used coatings at low temperature [14—16] and
therefore new coating materials are required. In addition to
low mechanical loss, low optical absorption of a few ppm
(107%) or below is required to maintain the desired cryogenic
operating temperature of the mirror.

Amorphous silicon (aSi) shows a very low mechanical loss
at cryogenic temperatures [17,18] and appears to be a promis-
ing candidate for an alternative high-refractive-index coating
material. However, the optical absorption of aSi is high at
the currently used detector laser-wavelength of 1064 nm
[19]. Future cryogenic detectors such as ET are likely to use
crystalline silicon, which is not transparent at 1064 nm [20],
for the mirror substrates [13]. Therefore, the wavelength will
likely need to be increased. At 1550 or 2000 nm, the optical
absorption of aSi has been shown to be significantly lower
than at 1064 nm, but still needs to be reduced [19,21,22].

The optical absorption of aSi coatings reduces with post-
deposition heat treatment, with a minimum value occurring
at 400-500°C [19,21,22], and is highly dependent on the
deposition process used. Commercial HR aSi/SiO, coatings
deposited by ion-beam sputtering (IBS) can have an absorp-
tion as high as several thousand ppm at 1550 nm and at
room temperature (RT) [19]. The contribution of the SiO,
layers to the total absorption is negligible. An aSi/SiO, HR
stack deposited using an ion-plating technique has been found
to have a significantly lower absorption of ~350 ppm [22].
In this technique, the substrate reaches a temperature of

Published by the American Physical Society


https://orcid.org/0000-0003-4622-1215
https://orcid.org/0000-0001-7300-9151
https://orcid.org/0000-0003-0618-6793
https://orcid.org/0000-0003-2896-4218
https://orcid.org/0000-0002-1510-3075
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.033308&domain=pdf&date_stamp=2020-08-26
https://doi.org/10.1103/PhysRevResearch.2.033308
https://creativecommons.org/licenses/by/4.0/

LUKAS TERKOWSKI et al.

PHYSICAL REVIEW RESEARCH 2, 033308 (2020)

approximately 200 °C during deposition (compared to ~90 °C
for IBS). Even lower absorption—of 7.5 ppm for an
HR aSi/SiO, stack—has been obtained for aSi films de-
posited using a modified IBS method relying on a newly
developed type of electron cyclotron resonance (ECR) ion
source [21]. This absorption level is still above the require-
ment for future gravitational-wave detectors and not always
reproducible.

To further reduce the absorption and to transfer the process
to other deposition systems, a study of the effect of deposition
parameters on the coating properties is required. For the
ECR-IBS coatings, the absorption has been shown to be pos-
itively correlated to the dangling-bond density (i.e., unpaired
electrons), which reduced with heat treatment. A correlation
of the absorption and the mobility gap energy E, has also
been observed, with the absorption at 1550 and 2000 nm
decreasing towards higher E;. Both of these attributes are a
well-known source of optical absorption in aSi [23]. It has
been suggested that the low deposition rate and the high ion
energy used in this deposition process may be responsible for
the low absorption [21]. While it is clear that the deposition
technique and postdeposition treatment have an important role
in determining the absorption of the film, these effects are not
fully understood.

Here, we report on aSi coatings produced using pulsed
laser deposition (PLD). We carried out a systematic inves-
tigation of the effect of laser-pulse energy, pulse repetition
rate, and substrate temperature on Ey, and on the real and
imaginary parts of the complex refractive index n = n + ik.

II. COATING DEPOSITION AND ANALYSIS METHODS

In this section we introduce the thin-film deposition
method and the characterization techniques used.

A. Pulsed laser deposition

PLD was used to produce aSi coatings at the University of
Hamburg. This method allows for low deposition rates, due to
the very small volume of target material vaporized with each
laser pulse. In addition, it is a “clean” technique which does
not use other atomic species, unlike, e.g., IBS, which relies on
energetic ions to sputter the target material.

In PLD, a pulsed laser beam is focused onto a target. In
our setup, the laser wavelength was 248 nm and the pulse
width was 20 ns. The focused laser beam was scanned over
the target, covering a rectangular area as large and uniform as
possible. The scanning speed varied slightly between similar
coatings due to different alignment. For higher laser-pulse
frequencies, the scanning speed was increased. This scanning
routine maintained a large enough distance between succes-
sive ablation points, ensuring a uniform ablation of material
and preventing dents forming in the target. With each laser
pulse, some of the target material is vaporized, expands into
a plume, and is deposited onto a substrate mounted about
10 cm from the target. A rotating-vane velocity filter was
used between the target and the substrate to remove slower-
moving, larger pieces of material. The substrate temperature
was controlled via laser heating of the back surface, with

the temperature monitored by an infrared pyrometer [24]. A
thorough description of our PLD setup can be found in [25].

The coatings were produced in three series, in which one
deposition parameter per series was systematically varied: the
laser-pulse repetition frequency f, the laser-pulse energy E,
and the substrate temperature 7. The depositions were carried
out at a pressure of approximately 107 mbar. For the first
two series, Corning 7980 fused silica was used as a substrate
material. At 1550 nm the absorption of Corning 7980 silica
is negligible compared to the absorption of our coatings.
However, at 2000 nm, the absorption of Corning 7980 silica
was too high to allow the separation of the coating absorption
from the substrate background. Therefore, for the third series
we moved to Corning 7979 silica, which has lower absorption
at 2000 nm and allowed measurements to be carried out at this
wavelength.

B. Transmission spectra

Optical transmission spectra in the wavelength region be-
tween 200 nm and 3 um were measured for each coating [26].
The spectra were analyzed with the software tool SCOUT [27].

By utilizing a modified version of the so-called OJL model
[28], sCOUT is able to simulate the transmission spectra of our
samples. This model describes the distribution of electronic
states in amorphous semiconductors to determine the optical
absorption due to interband transitions which in turn defines
the imaginary part of the electric susceptibility yxoj.. The
modification of the model consists of adding a decay term to
reduce the electron state density and therefore the imaginary
part of xoy at high energies down to zero. This makes it
possible to calculate the real part of xoy, by exploiting the
Kramers-Kronig relations [29]. Furthermore, SCOUT adds an
electronic harmonic oscillator to approximate the influence
of high-energy interband transitions. Although the energy
gap between the eigenstates of the oscillator is outside of
the considered region, the real part of its susceptibility xpo
is still nonzero at higher wavelengths. Both susceptibilities
xoi. and xgo are added and define the dielectric function
of the amorphous silicon thin films from which the complex
refractive index can be derived.

The transmission spectra can now be calculated and fit to
the measurements. It was necessary to include a scattering
term to obtain good fits to the measured spectra, as scattering
was caused by the microcrystals present in the coatings (see
Sec. IID and Fig. 2). The term describes the total scattering
effect as it is not relevant to know more details of scattering
mechanisms to obtain the relevant parameters of the coatings
in this paper.

To begin with, the measured transmission spectra of both
types of uncoated fused silica substrates were modeled. The
aSi layer on top was then modeled by fitting simulated
spectra to the measurements. From the complete model,
a number of different parameters for the aSi film can be
derived, including the thickness ¢, the mobility gap energy
E,, and the wavelength-dependent complex refractive index
n = n + ik. Throughout this paper we will refer to the real
part n as the refractive index and to the imaginary part k, to
which the absorption is proportional, as the extinction coef-
ficient. k describes the attenuation of electromagnetic waves
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FIG. 1. Examples for transmission spectra (red, solid lines), fits
made with SCOUT (blue, dashed lines), and their difference (orange,
solid lines). (a) Spectrum of coating F1. The large dip around
2700 nm and the smaller dips at 2200 and 1400 nm originate from
OH in the Corning 7980 substrate. (b) Spectrum of coating T3, which
was deposited on Corning 7979, which has lower OH content. The
green, dotted lines show the modeled transmission spectra without
scattering.

propagating through a medium, i.e., the absorption normal-
ized to a distance. While it is proportional to the absorption,
it is thickness independent and can therefore be compared
for the different coatings. At the relevant wavelengths, k is
too low to be determined accurately from the transmission
spectrum and is therefore measured separately (see Sec. II C).
Figure 1 shows examples of measured coating transmission
spectra (red lines), fits obtained from the SCOUT software
(blue, dashed lines), and the difference of both spectra (or-
ange, solid lines). The green dotted line shows the same fit
with the scattering term set to zero. In Fig. 1(a), where a
Corning 7980 substrate was used, transmission dips (equal to
absorption peaks) arising from the OH content can be seen at
about 1400, 2200, and 2700 nm. These absorption peaks are
not present in low-OH Corning 7979 substrates [Fig. 1(b)].

C. Photothermal common-path interferometry

The optical absorption of the coatings was measured by
photothermal common-path interferometry (PCI) [30]. This
method uses two laser beams: a high power, small diameter
pump beam and a low power, large diameter probe beam.
The beams cross at a small angle on the surface of the test
substrate. Power from the pump beam absorbed in the coating
heats the substrate. This leads to a change of the refractive
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FIG. 2. Example of a microscopic image revealing microcrys-
tals. Shown is an area of 0.60 x 0.45mm? in the center of the
coating F1. The images were used to analyze the amount and size
of microcrystals on each coating.

index, resulting in the formation of a thermal lens. Part of
the probe beam passes through the thermal lens and interferes
with the remaining, unaffected part of the probe beam. The
interference pattern is imaged onto a photodiode, producing
a signal proportional to the absorption. Comparison to the
signal from a calibration sample of known absorption allows
the coating absorption to be found.

D. Microcrystal analysis

A Leica DM4000 M microscope was used to image the
samples, revealing microcrystals in every coating (see Fig. 2).
This is a transmission microscope and therefore allows all
crystals within the volume of a sample to be seen. An image
of the center of each sample was recorded. The number
of microcrystals in a 0.60 x 0.45 mm? area, and the Ccrys-
tals’ average diameter, were analyzed using the program
IMAGEJ [31]. This information was used to exclude possible
correlations between the microcrystals and other parameters
investigated.

For the coatings discussed in this paper, no correlations be-
tween the number or size of microcrystals and the parameters
k, E,, or n were found. However, some further coatings were
excluded from our analysis, for which the target showed a
deep dent after deposition, caused by the laser scanning not
having been well aligned. These coatings showed an unusu-
ally high number of crystals and also a high k. However, as we
did not observe such a correlation for all of the other coatings,
we conclude that the high number of crystals is unlikely to be
the origin of the high k. We assume it to be rather an indicator
that other reasons, e.g., a high deposition rate resulting from
an irregular material ablation, caused a high k. For all the
remaining coatings >85% of the area was amorphous; for the
majority of coatings >90% was amorphous.

III. OPTICAL ABSORPTION

The silicon targets used for the coatings of all three series
were made from the same (undoped, float zone) crystal and
the laser alignment on the target was kept as constant as
possible.
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TABLEI. List of coatings discussed in this paper and the relevant deposition parameters and measurement results. For some of the coatings
an additional comment points out irregularities during the deposition procedure (see Sec. III B). The data of these coatings are marked in green

in all plots.

kx 1073 i
Name E(ml]) fMHz) N x 10° T (¢C) 1550nm 2000nm ¢ (nm) rate (pm/s)  Eg(eV) 1550 nm® Comment?
Frequency series
F1?* 550 5 150 RT* 1.51 300 10.0 1.78 2.80
F2? 550 10 150 RT 1.32 260 17.4 1.85 2.86
F3?* 550 20 150 RT 2.09 248 33.1 1.83 2.95
F4* 550 30 150 RT 1.80 101 20.4 2.44 2.68 High pressure
F5* 550 40 150 RT 2.52 142 37.9 1.75 3.11
F6* 550 50 150 RT 3.00 94 31.4 1.87 3.10 Possibly hit clamp
Energy series
E1* 400 10 150 RT 1.01 285 19.0 1.80 2.85
E2* 550 10 150 RT 1.31 400 26.6 1.79 2.89
E3* 550 10 150 RT 1.23 353 23.5 1.82 2.79
E4* 650 10 150 RT 1.47 298 19.9 1.83 2.90
E5* 750 10 150 RT 2.06 499 333 1.80 3.04
E6* 850 10 150 RT 2.82 535 35.7 1.79 3.04
Temperature series
T1P 550 15 200 RT 2.06 0.60 291 21.8 1.82 2.99
T2P 550 15 200 100°C 3.13 1.02 176 13.2 1.50 341
T3P 550 15 200 200°C 2.39 0.85 196 14.7 1.73 3.60
T4> 550 15 200 300°C 3.10 1.23 148 11.1 1.58 3.65
T5P 550 15 200 400°C 2.18 0.61 178 134 1.82f3434 3.65
T6" 550 15 200 470°C 2.67 2.55 122 9.1 1.82t332 3.57 Unusual ¢ distr.
T7° 550 15 200 500°C 2.08 0.39 131 9.9 2.47 3.53 silver foil melted,

unusual ¢ distr.

2Corning C7980 substrate.

®Corning C7979 substrate.

‘Room temperature, about 25 °C.

4Data for coatings with comment are marked green in all plots.

€At 2000 nm, 7 is slightly lower but within 1% of the 1550-nm value for all coatings.

In Sec. IITA, we present k of all coatings discussed in
this paper. Section III B discusses some coatings with unusual
features for which the results have to be considered with some
care.

A. Absorption as a function of deposition parameters

In the first series, six coatings were produced using differ-
ent laser-pulse frequencies between 5 and 50 Hz. The laser-
pulse energy was 550 mJ, N = 150000 laser pulses per coat-
ing were used, and the substrate being coated was kept at RT.

The thickness ¢ of the coatings was determined from trans-
mission spectra using SCOUT (see Sec. II B) and used to calcu-
late k from the absorption measured using PCI. Table I shows
the deposition parameters and main measurement results for
all of the coatings discussed in this paper. It is interesting to
note that ¢ decreased as the pulse frequency increased (for
N = const).

Figure 3(a) shows k measured at 1550 nm as a function
of laser-pulse frequency. The absorption of each coating was
measured multiple times at different positions and the stan-
dard deviation arising from averaging of the results was calcu-
lated. For each individual absorption measurement an error of
approximately 10% was assumed due to the calibration of the

measurement. The error bars represent the 10% error or the
standard deviation for coatings where it exceeded 10%. For
all six coatings, k is between 1 x 1073 and 3 x 1073 with an
increasing trend towards higher frequencies. This is the same
order of magnitude as previously observed for other aSi films
which had not been heat treated after deposition [21,22]. For
explanation of the points marked in green, see Sec III B.

In the second series, the laser-pulse energy was varied be-
tween 400 and 850 mJ for a constant frequency of 10 Hz. For
these coatings, ¢ increased with deposition energy. k as a func-
tion of pulse frequency is shown in Fig. 3(b). It has the same
magnitude as for the frequency series and shows an increasing
trend with pulse energy. Two coatings were made at 550 mJ to
check reproducibility, and showed a difference in k of ~7%.

Figure 3(c) shows k for the third series of coatings in
which the temperature of the substrate was varied between
RT and about 500 °C. These coatings were also deposited at a
laser-pulse energy of 550 mJ, but at a frequency of 15 Hz. A
higher number of N = 200000 pulses per coating was used.
On average, k is slightly higher than for the other two series
and seems to be rather constant (or oscillating) with no clear
increasing or decreasing trend towards higher temperatures.
For this series also two points are marked green and are
discussed in more detail in Sec. III B.
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FIG. 3. Extinction coefficient k at 1550 nm for varied deposition
parameters: (a) for a varied laser-pulse frequency (changed time
between pulses), (b) for a varied laser-pulse energy, and (c) for
a varied temperature of the substrate on which the coating was
deposited. The green points represent coatings for which we noticed
irregularities during deposition (see Sec. I1I B).

These results show that varying the deposition parameters
can have a significant effect on the absorption of our PLD aSi
films. In Sec. IV, we present further investigations into the
origins of these absorption changes.

B. Discussion of abnormalities during coating depositions

A small number of the coating deposition runs had slightly
unusual features. While we had no evidence to justify exclud-
ing these coatings from our analysis, these points should be
considered with care. Therefore they were marked in green in
all of the figures throughout this paper.

In the frequency series, during deposition of the 30-Hz
coating (F4 in Table I), the pressure in the deposition system
increased from ~107> to ~0.4 mbar, resulting in the coating
being thinner than expected. It is unclear if the rising pressure
had any effect on other coating parameters, but it represents a

potentially significant change in the deposition environment.
During the deposition of the coating produced at 50 Hz (F6),
the laser beam possibly hit the clamp holding the target in
place. While k of this coating follows the trend, we observed
previously that hitting the clamp increases the coating absorp-
tion. Therefore this point also has to be considered with care.

In the temperature series, the coatings deposited at about
470°C (T6) and 500°C (T7) were observed to have a thin
area in the middle, surrounded by a thicker ring-shaped area.
All other coatings presented in this paper are thickest in the
middle, with the thickness decreasing towards the sample
edges. The reason for this unusual thickness distribution is
unknown. Furthermore, for the 500 °C point, we observed
that some silver foil, used to ensure thermal contact at the
back side of the substrate, had been partly melted during
deposition. While the absorption of this coating is within the
average range, we cannot entirely exclude contamination of
the coating, and so we also consider this point with some care.

IV. FURTHER ANALYSIS OF COATING PROPERTIES

In addition to the correlation of k£ with the direct deposition
parameters, we investigated correlations with the deposition
rate and with the mobility gap energy. Furthermore, we inves-
tigated how the refractive index of the coatings changed with
deposition parameters.

Literature shows that the thicknesses and mobility gaps
provided by SCOUT using the OJL model are in good agree-
ment with values obtained by other methods [32-34]. By
looking at the goodness of the transmission fits, we also
conclude the presented refractive indices to be valid.

A. Deposition rate

It has been speculated that a low deposition rate may result
in low absorption in aSi [21]. In our frequency series, the
deposition rate changed directly as more pulses per second
mean that more material per second is ablated, so that the
coating grows faster. Increasing laser-pulse energy means that
each pulse can potentially ablate more material, which would
also result in a faster coating growth. Therefore, it was of
interest to examine if the similar trends observed for the pulse
frequency and pulse energy (see Fig. 3) could be explained by
both parameters increasing the deposition rate.

Throughout each coating run, the deposition rate decreased
due to the window through which the laser couples into the
vacuum system getting coated (unintentionally) with aSi. The
coated window absorbs some of the laser power, resulting in
less material per laser pulse being ablated from the target.
Therefore, here we look at the average deposition rate, which
was calculated from the measured film thickness ¢ and from
the total deposition time and is given in Table I.

Figure 4(a) shows the measured k£ at 1550 nm plotted
against the deposition rate with a maximum rate of about
38 pm/s. The deposition rate is found to increase with fre-
quency. This increase is not linear, resulting in a decreasing
total coating thickness. Coatings with a higher deposition rate
tend to have a higher k. The green points (F4 and F6; for
more detailed explanation see Table I and Sec. IITA) are
exceptions to the increasing deposition-rate and absorption
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FIG. 4. k at 1550 nm as a function of average deposition rate.
(a) k for a varied laser-pulse repetition frequency. (b) The series with
varied laser-pulse energy was added. (c) All three coating series.
(For the temperature series a higher number of pulses was used
than for the other series, which is indicated by the x-error bars. See
main text for more details.) The points are labeled with the relevant
deposition parameter to relate points to Fig. 3 (for the green points
see Sec. III A).

trends. Without these points, the trend of the remaining points
becomes even more clear.

Figure 4(b) shows k at 1550 nm versus deposition rate
for the pulse-energy series, compared to the frequency series.
All coatings except the one deposited at 650 mJ (E4) show
an increase in deposition rate with energy and an increase
in k£ with deposition rate. At low deposition rates, k appears
to converge to a level of 1-1.5 x 1073, This trend confirms
the observations from the frequency series and suggests that
the changes in k originate from the changing deposition rate,
rather than from any other effect associated with the pulse-
energy change.

In Fig. 4(c), the k data of the temperature series are added
to the comparison. While for the energy and frequency series
N = 150000 laser pulses per coating were used, N = 200 000

pulses were used for the temperature series.! The temperature
series shows an increase in k towards low deposition rates—
when excluding the green points representing coatings de-
posited at about 470 and 500 °C (T6 and T7, see Sec. IIl A)—
which is the opposite from what we observed on the frequency
and energy series. For higher deposition temperatures, the
total coating thickness decreased, as can be seen in Table 1.
However, this overall decrease is not linear but oscillating.
The oscillation together with the inverted k trend indicates that
changing the substrate temperature has a different effect than
changing the frequency or pulse energy. It seems likely that
more than one process contributes to changing the coating
properties.

It is interesting to note that the temperature series was
deposited onto substrates made from Corning 7979 silica
rather than the Corning 7980 used for other measurement
series. This is discussed further in Sec. V.

B. Refractive index

From the analysis of the transmission spectra, n as a
function of wavelength was obtained. Figure 5(a) shows n as a
function of laser-pulse frequency. The blue points show a clear
increase in n with increasing frequency. The green points (see
Sec. III B) form exceptions to this trend.

Figure 5(b) shows n as a function of laser-pulse energy. For
an increase in pulse energy, an increasing trend in n can be
observed, at a similar level to that of the frequency series. The
point at 10 Hz in Fig. 5(a) and the 550 mJ points in Fig. 5(b)
had similar deposition parameters resulting in very similar ».
For both series, n is rather low compared to values for aSi
found in literature [35].

Figure 5(c) shows n for the temperature series. While for
the coating deposited at RT 7 is similar to the other two
series, a large increase from 3.0 to 3.4 can be observed for
deposition at 100°C. Towards 200 °C, n further increases,
forming a plateau between 200 and 400°C at about 3.65.
The refractive-index range between 3.4 and 3.65 agrees much
better with literature than the lower values observed from
the other two series [35]. This seems to be consistent with
coating-deposition temperatures of around 100 °C being quite
common.

The two green points (T6 and T7) show a slight decrease in
n towards 500 °C. It is unclear if they form exceptions due to
the irregularities observed during deposition (see Sec. IIIB)
or if this change is real. It is well known that postdeposi-
tion heat treatment improves the optical absorption and also
the mechanical loss of aSi up to temperatures between 400
and 500 °C (varying for coatings made by different vendors
and/or with different deposition methods) before the proper-
ties get worse again [19,21,22]. Therefore, it is possible that
the change in refractive index at high temperatures is real, e.g.,
caused by the coatings starting to crystallize.

!"To make the deposition rate of this series comparable to the other
two series, we have added error bars on the deposition rate. The lower
end marks the case of a continuous layer growth for N = 200 000
pulses, while the upper end marks the case of no coating growth
beyond N = 150 000 pulses.
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FIG. 5. Refractive index n at 1550 nm as a function of (a) laser-
pulse frequency, (b) laser-pulse energy, and (c) substrate temperature
during deposition. For better comparability, an identical range was
chosen for the y axes. The green points correspond to the green points
in Fig. 3 (see Sec. III B for details).

The very smooth trend of the temperature series is interest-
ing as it is the only clear correlation between the deposition
temperature and a coating property we observed. This sup-
ports the hypothesis that the change in temperature causes two
(or more) different processes affecting the coating properties,
which interfere and consequently hide some correlations.

C. Mobility gap energy

It has been observed previously that aSi films with a higher
mobility gap energy E, tend to have a lower k at 1550 nm
[21]. To investigate this correlation for our coatings, E, was
determined from the transmission spectra using SCOUT (see
Table I and Sec. II B).

1. Mean value and variation of the mobility gap energy

Figure 6 shows k as a function of the E| for all three coating
series. The energy and frequency series show only a small
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FIG. 6. k as a function of E, for all three coating series. While
for the energy and frequency series E, groups around 1.8 eV, for
the temperature series there is more variation, mainly towards lower
energies. For two coatings multiple solutions were found indicated
by the single-sided error bars (see main text for explanation). For
green points, see Sec. IIIB.

variation in E,, with the exception of one green point (F4,
see Sec. III B). All the remaining points cluster within £3%
around the mean value of 1.8 eV. This very small change in E,
for a change in k by more than a factor of 3 indicates that the
mobility gap energy is unlikely to be the responsible factor for
the change in absorption for these two coating series.

The temperature series shows more variation in E, than the
other two series. For two coatings, T5 and T6, the resulting
E; was dependent on the starting parameters of the fit. The
points mark the result with the closest agreement between fit
and measurement. For T6, a second result for £, was found
located at the end of the dashed, single-sided error bar. For
T5, three more results were found, one of which is located at
the end of the dashed, single-sided error bar, and two more
results are located at 1.60 and 1.61 eV.

The coating deposited at a temperature of 500 °C shows a
high mobility gap energy of E; = 2.5¢eV. This is the coating
deposition run during which the silver foil at the back side
of the glass substrate melted, which makes contamination a
possibility. A temperature of 500 °C is also above the tem-
perature at which minimum absorption occurs for some aSi
and may lead to significant structural changes. This would be
consistent with the decrease in refractive index at the highest
temperatures (see Sec. IV B). However, this does not exclude
contamination as a possible origin.

When excluding the green points from the temperature
series, the mean mobility gap energy is E; = 1.69¢V, varying
by +8/ — 11% for a change in absorption of less than a factor
of 2. The significantly larger variation of E, in this series
compared to the other two series indicates that some effect
during deposition of the temperature series affected the band-
gap energy—although there is no direct correlation between
E; and T (see Fig. 6).

2. Correlation of k with the mobility gap energy

For the temperature series, a significant spread in E, was
observed—with no clear correlation between deposition tem-
perature and E,. This series was deposited on Corning 7979
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FIG. 7. k at wavelengths of 1550 and 2000 nm as a function of
mobility gap energy for the temperature series. The green points (see
Sec. III B) were excluded, making the trend of decreasing k with
increasing E, more clear.

fused silica to allow absorption measurements at a wavelength
of 2000 nm in addition to 1550 nm.

Figure 7 shows k at both wavelengths as a function of E,
for all coatings from the temperature series except coatings
T6 and T7 (green points). It is interesting to note that T6 is
the only coating for which the absorption at 2000 nm is not
significantly lower than at 1550 nm, while at 1550 nm it is in
the normal range (see Table I). The reason for this is unknown.
At both wavelengths, a decreasing trend of k with increasing
E, can be observed. For coating T5, the single-sided error
bar indicates multiple fit solutions (see previous section). The
solution with the best fit to the measurements follows the
decreasing trend of the remaining points. Both effects, the
decreasing trend of k with increasing E, and the lower k at
higher wavelengths, confirm the observations made in [21].

V. DISCUSSION

Besides a discussion of the absorption correlations pre-
sented in the previous sections, here we will discuss a possible
effect of the substrate material on the absorption.

A. Absorption processes

Birney et al. [21] observed a particularly low absorption
for aSi deposited by a new technique—which, amongst other
unique features, uses a significantly lower deposition rate
than used for most commercial coatings. The decrease in
k with decreasing deposition rate shown in Figs. 4(a) and
4(b) provides direct evidence for the hypothesis that the low
deposition rate is one of the factors responsible for the low
absorption.

Furthermore, in [21], two different absorption processes in
aSi films are discussed: (1) absorption due to the density of
dangling bonds and (2) absorption due to the mobility gap
energy of the material. Our frequency and energy series show
little change in E; but significant changes in absorption, as
shown in Fig. 6. This suggests that these parameters mainly
change the dangling-bond density, which in turn affects k.

For the temperature series, a larger spread in mobility gap
energy can be observed. We find a decrease in k with increas-
ing mobility gap energy for the majority of these coatings. A

similar trend between k and mobility gap energy was observed
by [21], although our k values have a higher magnitude.

While E, somehow seemed to get affected for the temper-
ature series, no clear correlation of Eg, or k, and deposition
temperature could be observed. &, as well as the coating thick-
ness and deposition rate, seem to oscillate as the deposition
temperature increases. However, the refractive index shows a
very smooth trend, increasing up to 200 °C and then forming a
plateau. This indicates that the change in temperature possibly
causes different processes affecting the coating properties,
which cannot be separated.

B. Influence of the substrate material on the coating properties

Another interesting observation is that k is rather high
for the temperature series compared to the other two series,
which can be seen best in Fig. 4. While this could have
various reasons, one difference is that the temperature series
was deposited on Corning 7979 substrates, while the other
coatings were deposited on Corning 7980. The geometry and
surface quality of all samples were identical. One of the major
differences is the OH content, which is at least 800 times
lower for 7979 compared to Corning 7980 fused silica.

Figure 4 in [21] shows that k correlates with electron-spin
density (dangling bonds per volume), with a general trend
of decreasing k with decreasing spin density. Their coatings
were deposited on two types of substrate—Corning 7979
and JGS-1, with higher OH content.”> Coatings on the two
substrate types showed similar trends, but shifted with respect
to each other. Coatings on Corning 7979 seemed to have a
dangling-bond density that is below the expected values for
the observed k (i.e., the trend is shifted left on the graph).
Alternatively, it could be said that the high k cannot be
explained by the given number of dangling bonds.

Figure 5 in [21] shows a trend of decreasing k with in-
creasing mobility gap energy E,. However, it is notable that
E, was lower for the coatings deposited on Corning 7979,
and higher for the coatings deposited on JGS-1. A lower E,
appears to explain the higher than expected absorption for a
certain number of dangling bonds. This is in agreement with
the data we present in Fig. 6: For the coatings deposited on
Corning 7979, on average, E, is about 0.11 eV lower than for
the coatings made on Corning 7980 (green points excluded).

These observations may imply that Corning 7979 causes
a slightly different material structure in the coating than
Corning 7980 and JGS-1, which results in a higher k. Further
investigations are required to identify if this is due to the lower
OH concentration, or to some other reason.

VI. CONCLUSION

We have studied the influence of deposition rate and de-
position temperature on the properties of aSi films produced
using PLD. When the deposition rate is directly varied by
changing the laser-pulse energy or the pulse repetition rate,

2JGS-1 and Corning 7980 have similar absorption at 1550 and
2000 nm. As the absorption is dominated by OH, this indicates a
similar OH concentration in both these glasses.
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we find that lower optical absorption is obtained at lower
deposition rates. No significant change in the mobility gap en-
ergy was observed when varying the energy or the frequency,
suggesting that these aSi coatings all have a similar structure.
We conclude, based partly on previous measurements, that the
change in absorption with deposition rate is most likely due
to dangling bonds, with a higher concentration of dangling
bonds arising at higher deposition rates. These systematic
studies have verified the hypothesis made by Birney ez al. [21]
that low deposition rate is an important factor in obtaining low
optical absorption in aSi films.

The effect of varying the substrate temperature was more
complicated. No clear correlation between temperature, depo-
sition rate, and absorption was found, but a very smooth trend
of refractive index with deposition temperature was observed.
Coatings produced at different temperatures did show a spread
in mobility gap energies, and coatings with lower mobility gap
energy had higher absorption. We hypothesise that changing
the deposition temperature results in a change in structure of
the aSi film, but that more than one process is responsible for
the observed changes.

Furthermore, we found evidence that the aSi absorption
may be very different when the film is deposited on substrates
of differing OH content. Further work to understand this
effect would be of interest to improve the comparability of

aSi coating performance and the interpretation of the results.
Also the ability to use coatings on different substrates of
varying purity with predictable performance is of interest as
the material selection depends on the application, e.g., the
laser wavelengths.
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