Article

Crystallization in Zirconia film nano-layered with Silica

Brecken Larsen '*, Christopher Ausbeck !, Timothy F. Bennet 2, Gilbert DeSalvo 3, Riccardo DeSalvo %4, Tugdual
LeBohec !, Seth Linker 24, Marina Mondin 2 and Joshua Neilson 4>

Citation: Larsen, B.; Ausbeck, C.;
Bennet, T.; DeSalvo, G.; DeSalvo, R.;
LeBohec, T.; Linker, S.; Mondin, M.;
Nielson, J. Crystallization in
Zirconia film nano-layered with
Silica. Nanomaterials 2021, 1, 0.
https:/ /doi.org/

Received:
Accepted:
Published:

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors.
Submitted to Nanomaterials for pos-
sible open access publication under
the terms and conditions of the
Creative Commons Attribution (CC
BY)
mons.org/licenses/by/ 4.0/).

license  (https:/ /creativecom-

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

1 University of Utah, Department of Physics and Astronomy, 115 South 1400 East, Salt-Lake-City, UT
84112-0830, USA

2 (alifornia State University, LA, 5151 State University Drive, Los Angeles CA 90032, USA

3 RicLab, 1650 Casa Grande Street, Pasadena, CA 91104, USA

University of Sannio at Benevento, C.so Garibaldi 107, Pal. dell’Aquila Bosco-Lucarelli, I-82100 Benevento

(Italy) and INEN, Sezione di Napoli Gruppo Collegato di Salerno, Italy

Gran Sasso Science Institute, Viale Francesco Crispi, 7, 67100 L’ Aquila AQ, Italy

Correspondence: brecken17@gmail.com

Abstract: Gravitational waves are detected using resonant optical cavity interferometers. The
mirror coatings” inherent thermal noise and photon scattering limit sensitivity. Crystals within the
reflective coating may be responsible for either or both noise sources. In this study we explore
crystallization reduction in zirconia through nano-layering with Silica. We use X-ray Diffraction
(XRD) to monitor crystal growth between successive annealing cycles. We observe Crystal forma-
tion at higher temperatures in thinner zirconia layers, indicating that silica is a successful inhibitor
of crystal growth. However, thin silica barriers break down at high temperatures allowing crystal
growth beyond each nano-layer.
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1. Introduction

The LIGO [1], Virgo [2], KAGRA [3] and GEO600 [4] gravitational wave detectors
perform some of the most precise interferometric measurements across a wide band of
frequencies [5]. The quantum statistics of light [6] and the reflective optical coatings of
the test masses [7,8] primarily set the noise budget in the mid-range frequency of these
detectors. The optical coatings contribute noise in two major ways:

1. Millions of sub-wavelength sized objects within the dielectric coating layers
scatter a few parts per million of the interferometer’s laser light power. We can observe
these objects through off-axis imagining of the end test mass coating surfaces illuminated
by the Fabry Perot stored beams. [9]. Substrate figure defects and coating defects
contribute to the remaining scatter. The light scattered out of the interferometer reduces
the circulating power and degrades the squeezed vacuum performance [10]. If this light
was simply lost it would amount to a relatively modest noise contribution. However, a
small fraction of this scattered light is diffused back from the vacuum tank and onto the
mirrors, and from there re-scattered into the beam with a random phase, thus injecting a
significant phase noise [11,12]. Sufficiently effective optical baffles, which are difficult to
install, can moderate this secondary re-scattering noise contribution [13-15]. However,
it would be preferable to eliminate the primary scattering in the first place. Even a
modest reduction of scattering could be significant as it can enter twice in the phase
noise generation process.

2. The Brownian motion of the coating surface results in the thermal noise, in
proportion to the mechanical loss. This noise can be reduced through a number of
strategies [16,17]. The dielectric mirror coatings on the current test masses are made
from alternating layers of silica and titania-doped tantala, two materials with respectively
low and high indices of refraction. Silica and titania-doped tantala were selected to
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reduce mechanical loss, however this can be improved [18]. The high refraction index
material, which is more prone to crystallization, was observed to contribute most of
the mechanical loss responsible for the thermal noise [19]. To improve reflectivity and
suppress thermal noise, the pair of materials chosen, their respective thicknesses, and
the number of doublet layers have thus far been collectively optimized [20,21]. The
development of high refraction index materials with lower mechanical loss is needed to
further reduce the thermal noise. Progress towards achieving this goal is being made
through various approaches such as experimentation with doping, different deposition
and annealing methods, and novel high index material candidates [22-24]. One such
material is Zirconia, which has been shown to have potential as a promising replacement
for current coatings [25]. Nano-layering is a technique to produce structured materials
that are observed to crystallize at higher temperature and can be implemented either
alone or associated with other methods [26].

1.1. Thermal processing leads to crystallization

Once the dielectric layers are deposited, they need to be thermally processed. An-
nealing in air is observed to monotonically improve stoichiometry, as well as reduce
optical and mechanical losses in dielectric mirrors [27]. Unfortunately, the annealing pro-
cess also gives atoms the freedom to diffuse and collect into progressively more ordered
regions within the amorphous matrix. Crystal growth is observed when a threshold
temperature is exceeded during annealing [28] and the film’s optical and mechanical
qualities are degraded. This happens because zirconia glass is a metastable state and
crystals are an energetically more favorable state. It is believed that crystallization starts
from “seeds”, microscopic glass defects consisting in partially ordered regions that
randomly form in various concentrations and shapes during deposition.

When the seeds are below a critical size, they are unstable and even tend to dissolve
in the amorphous glass due to the competition between the energetic gain in the crystal-
lized volume and the energetic cost of its surface. Above the critical size however, these
defects grow into crystals, provided there is sufficient atom mobility in the glass during
annealing [29].

1.2. Optical scattering and thermal noise may be related to crystals

Crystals have dielectric properties different from the amorphous phase in the
layer and, if present in sufficient numbers and sizes, they can cause significant light
scattering. The fluctuation-dissipation theorem relates the thermal noise arising from
the coating films to the mechanical quality factors [7,30]. The mechanical losses may be
described in terms of two-level systems, which can be expected to be more frequent in
the strained environment at the interface between the ordered crystallized regions than
in the amorphous bulk [31].

If these suppositions are correct, the suppression of crystal formation during depo-
sition and thermal processing can be expected to reduce both thermal noise and light
scattering in mirror coatings [26,32]. Here, we pursue the idea that material interfaces
constitute obstacles to the growth of crystals. Therefore, the segmentation of optical
dielectric layers into thinner nano-layers may suppress crystal formation. While nano-
layered segmentation of titania with silica has already been observed to mitigate the
formation of titania crystals [26], we engage in a more systematic program of explo-
ration, with the aim of identifying material pairs and optimal segmentation designs that
suppress crystal formation. If successful at repressing the formation of crystals, these op-
timized nano-engineered dielectric materials may enable the creation of high-refraction
materials with improved optical and mechanical properties. In this paper, we report
on a study of zirconia nano-layered with silica characterizing crystal formation in the
course of annealing cycles.
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1.3. Nano-segmentation with silica as a performance benchmark

At first sight, silica, a low refraction index material, might seem like an unexpected
choice to engineer a high refraction index meta-material. However, silica is a good
glass former with extremely low crystal-forming tendencies and has a high melting
temperature, which makes it resistant to alloying. Its measured mechanical quality factor
at room temperature (> 10% in highly pure molten glass form [33,34]) exceeds that of all
other glasses. In the deposited glass form the quality factor of silica is less than 10°, but
still greater than other materials [20]. Conversely, virtually all candidates for high index
materials (metal oxides such as titania, zirconia, tantala, etc.) typically have smaller than
10* quality factors, lower melting points, and tend to crystallize easily, some even during
deposition. Because of these properties, silica provides an optimal nano-segmentation
material benchmark to compare with the performance of other higher refractive index
materials.

1.4. Key findings & Outline

From our results, we confirm that zirconia crystal formation starts at higher anneal-
ing temperatures in thinner nano-layers. Also, the formation of crystals during annealing
does not happen as a step function at a fixed temperature; Instead, it progresses over
a ~100° C wide transition interval until saturation occurs after using only a fraction
of the available amorphous material. These observations taken together suggest that
the number of seed crystallites statistically occurring during deposition are limited in
number, the size of the crystals that they prime is limited, and that, in absence of seeds,
the amorphous material may be unable to form crystals.

This article is organized as follows; Section 2 briefly presents the methodology from
sample fabrication and annealing to X-Ray Diffraction (XRD) observations. Section 3
presents the observations of the segmented zirconia coating samples. Section 4 provides a
summary of findings, a discussion of their possible implications, and identifies directions
for future research aiming at improving the sensitivity of Gravitational Wave detectors.

2. Methodology
2.1. Sample fabrication by electron-beam evaporation

The nano-layered coating samples are fabricated using an OptoTech OAC-75R
coater in the Thin-Film Laboratory of the "Waves Group" of the University of Sannio
in Benevento, led by prof. Innocenzo M. Pinto [35]. The coater uses electron-beam
evaporation with a quartz crystal monitor to measure the deposition rate and terminate
the layer deposition upon achieving the desired thickness. An ion gun (ion assist)
operating in an atmosphere with 2 uTorr of argon and 8 uTorr of oxygen compactifies
the layers during deposition while ensuring the best stoichiometry of the deposited
oxide. A rotating carousel switches between oxide targets in molybdenum crucibles for
the production of nano-layered coatings with alternating materials. The coating sample
substrates used in the present study are 25 mm in diameter, 1 mm thick, polished fused
silica wafers. Each coating, starts (base) and ends (cap) with a 2nm nominal protective
layer of silica.

2.2. Annealing sequence and XRD characterization

Coating samples are annealed in air, with the coated side up, in individual stainless-
steel petri dishes. Annealing is done in a programmable kiln with temperatures increas-
ing at a rate of 3° C/min. Once the nominal temperature is reached, it is kept constant
for 24 hours, after which the temperature control program ends, allowing the samples
to cool down to room temperature inside the kiln. Annealing is performed in 50° C
increments for all samples. To monitor the formation of crystals the samples are XRD
scanned after each annealing cycle. A Bruker D2 phaser with a copper tube X-ray source
emitting radiation from the K-alpha shell with a wavelength Ax = 0.15406 nm is used to
obtain XRD data.
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X-rays probe the sample to a depth of ~100 pm, while the coating film has a total
thickness of ~300 nm (See Table 1). Consequently, most of the XRD signal comes from
the underlying amorphous silica substrate. In the uncoated side this appears as a ~5°
wide feature centered on ~21° in 20, constituting a smooth "background" profile. The
coating reveals itself as features above the slightly attenuated background profile at
the single digit percent level in surface commensurate to the relative thickness to the
X-ray probing depth. For this reason, both the front (coated) and back (uncoated) of the
substrates are scanned so that the silica background profile can be subtracted.

Since the coated film is thin compared to the X-ray attenuation length, the amount
of crystallization is taken to be proportional to the number of X-ray counts constituting
a crystallization signature peak, henceforth referred to as the “peak-count”. We use the
same methodology for the measurement of the amorphous components other than silica.

Films before crystallization produce a wide peak similar to the silica substrate
background but centered around a characteristic value with an amplitude proportional
to the amount of coating material. The presence of crystals manifests itself as narrower
peaks at angles characteristic of the crystal inter-atomic distances. Thus, a sample is
considered fully glassy if the amplitude of a fitted, suitably narrow, Gaussian function
centered on the crystal characteristic 26 angle is compatible with zero up to statistical
errors.

3. Results

The coating samples fabricated for this study consist of zirconia nano-layered with
silica, with their respective thicknesses listed in Table 1.

Si02 Zr02

Layer Overall Number Layer Sum of Number Layer Sum of
count  Thickness of Thickness  Layers of Thickness Layers
(nm) Layers (nm) (nm) Layers (nm) (nm)

14 200.2 7 1.7£0.2 11.9 7 26.9+0.1 188.3
28 226.8 14 1.8+0.1 252 14 14.4+0.2 201.6
50 247.5 25 1.8£0.1 45.0 25 8.1+0.1 202.5
84 277.2 42 1.7+0.1 71.4 42 49+0.1 205.8
126 346.5 63 1.9+£0.2 119.7 63 3.6£04 226.8
168 319.2 84 1.9£0.1 159.6 84 1.9£0.2 159.6
200 340.0 100 1.9+0.1 190.0 100 1.5+£0.2 150.0
224 358.4 112 1.9£0.1 212.8 112 1.3£0.2 145.6

Table 1: Increasing numbers of thinner zirconia layers interleaved with fixed thickness
silica designed to determine the crystallization temperature threshold for zirconia. The
Layer Thicknesses for both zirconia and silica are average individual thicknesses.

XRD scans are initially performed on each sample as deposited to check that no
crystallization occurred during deposition and to establish a reference. The range extends
from 26=21° to 26 = 39° in steps of 0.02° spending 2 seconds per step. Additional XRD
scans are performed after each annealing step from 300° C to 900° C in increments of
50°C. These scans range from 20 = 16.5° to 20= 42° in steps of 0.02° spending 1 second
per step. At each annealing temperature step, the uncoated back side (back-scan) of one
sample is scanned to provide data for background subtraction.

As an example, the XRD scans of the 28-layer coating sample (14 layers of 14.4 nm of
zirconia) are shown after annealing at 300° C on graph A of Figure 1 and after beginning
of crystallization at 400° C on graph B. The back-scan is scaled (grey dots in Figure 1)
to match each of the sample front scans in the region extending from 26= 21° to 20=
24°, and then subtracted with a coefficient to eliminate the contribution from the fused
silica substrate. In the residual, before crystallization, there remains only a broad peak
centered near 30° due to the amorphous zirconia (black dots in A panel of Figure 2).
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Figure 1. The scan of a sample’s uncoated backside (grey points) is scaled and compared to the
scan of a sample’s coated front side (black points). On graph A, crystallization has not started, and
the noticeable broad feature is attributed to the bond length and amorphous nature of the material
in the coating film. Graph B reveals crystallization in the same coating sample. This crystallization
is highlighted by peaks centered at values governed by the crystal lattice constants and Bragg’s
law. The amorphous component has diminished but has not disappeared.

Once zirconia starts to crystallize, two additional narrower peaks arise around 30° and
35° respectively, growing to the expense of the broader peak (black dots in graph B of
Figure 2). These peak locations correspond to those known for crystallized zirconia [36].
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Figure 2. For each XRD-scan, the coating film contribution is obtained as the subtraction of the
uncoated backside from the profile. On graph A, only the amorphous component is visible while,
on graph B, it has reduced surface to the benefit of narrower peaks revealing the crystallization.
An overall slope, due to the deposited coating slowly changing the x-ray attenuation, is accounted
for in the fit with a first-degree polynomial in addition to the Gaussian functions describing the

individual peaks.

The fitting of a Gaussian function (solid curves in Figure 2) provides a measurement
of the peak-count and width. In the fitting procedure, the positions of the peaks are forced
to their established values (from a strongly crystallized sample) to reduce the number
of degrees of freedom. In order to compensate for possible instrumental throughput
drifts, each peak-count is normalized to the number of X-ray counts in the region also
extending from 26= 21° to 20 = 24°, where zirconia does not contribute any feature in
addition to the silica substrate signal. The normalized X-ray peak-count is then regarded
as a quantifier for the amount of material that has crystallized.
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The same analysis is carried out for the broad peak due to amorphous zirconia. In
this case, both the position and the width of the peak are determined from a fit of the
scan of an “as-deposited” fully glassy sample. The position and width are then imposed
on all other fits leaving the peak-count as the only free fit parameter. The normalized
X-ray peak-count of the wide peak is then regarded as a quantifier for the amount of
material that has not crystallized.
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Figure 3. The normalized peak-counts (defined in the text) for the crystallization and amorphous
components are shown as a function of the annealing temperature for the sample with 14 layers
x 14.4nm of zirconia. This demonstrates the increase in crystallization at the expense of the
amorphous material without reaching full crystallization of the available zirconia.

Figure 3 shows the full evolution of the 30° and 35° crystallization normalized
peak-counts compared to the amorphous material peak count (25-35°) as a function of
the annealing temperature for the 28-layer sample, taken as an example. We observe that
the amount of crystallization increases over a range of 100° C and plateaus past 450° C.
At the same time, the amount of amorphous material (25-35°) decreases, and plateaus at
~50% of its initial X-ray peak-count over the same temperature range. This indicates the
transfer of material from the amorphous phase to the crystalline phase. Crystallization
is thus not complete, and part of the zirconia remains in the amorphous phase.

Essentially, all samples display similar trends, but with a marked shift in the
crystallization threshold towards higher temperatures for thinner nano-layers of zirconia,
as illustrated in Figure 4.

It can be noticed that the height of the crystallization plateaus observed in Figure
4 tends to increase with the decreasing zirconia nano-layer thickness from 26.9 nm to
3.6nm while the accumulated thickness of zirconia decreases from 226.8 nm to 188.3nm
(cfr. Table 1). This suggests that while the segmentation frustrates crystallization, it
also increases the number of seeds from which crystallization grows during annealing
at a sufficiently high temperature and crystallization only extends for a limited lateral
distance from the seeds.

Something different happens in samples with the thinnest zirconia nano-layers (less
than 3nm) which all start to crystallize at 800° C and for which a plateau is not observed.
We will come back to this when discussing the crystal sizes.

We define the crystallization temperature for each sample as the temperature at
which the X-ray normalized crystallization peak-count passes the 50% level of their
plateau value. The plateau level is not well defined, so it is estimated by visual inspection
of each curve. The crystallization temperature is shown as a function of nano-layer
thickness in Figure 5; it ranges from 300° C in the 26.9 nm thick zirconia nano-layers to
over 800° C for less than 1.9 nm thick zirconia nano-layers. This clearly demonstrates the
quenching of crystallization resulting from the segmentation.
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Figure 4. The increase of the amount of crystallization is shown as a function of the annealing
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1.9nm sample.
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Figure 5. The crystallization temperature is shown as a function of the zirconia nano-layer
thickness. Up-arrows indicate that crystallization onset is observed with crystal sizes exceeding
the nano-layer thickness, as the result of a breakdown of the silica layers.

We can clearly see the effect of segmentation on crystallization from the size of the
crystals obtained by applying the Scherrer relation, with a shape factor of unity, that links
the vertical size of crystal grains to the width of their diffraction peaks [37]. The Scherrer
relation assumes that there is no strain on the crystal. The effect of this strain is very
small relative to the observed variations, so this is a reasonable approximation. Figure
6 shows the crystal sizes as a function of the annealing temperature for the different
zirconia nano-layer thicknesses. The crystal size increases rapidly with temperature
until it reaches a plateau value that follows the nano-layer thickness for several samples
(8.1nm, 4.9nm, and 3.6 nm). For the two samples with the thickest zirconia nano-layers
(26.9nm and 14.4nm), the crystal size saturates well below the nano-layer thickness [38].
This indicates some mechanism that quenches the crystal growth in the bulk [39].

Above 800° C, in the 4.9 nm and 3.6 nm samples, the crystal size exceeds the zirconia
nano-layer thickness, indicating a breaking-down of the ~1.7 nm silica layers and some
lateral segregation [40]. The three samples with the thinnest zirconia nano-layers (1.3 nm,
1.5nm, and 1.9nm) crystallize directly to sizes exceeding the respective nano-layer
thicknesses. The observed punch through effect indicates that for $2nm thick silica
nano-layers in zirconia sufficient mobility for crystallization to expand through multiple
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Figure 6. Zirconia crystal size as a function of annealing temperature. The crystal size is calculated
from the crystallization peak width, with error bars representing statistical errors in the peak fits.
Here we can clearly see the break down of the silica barrier at 800° C as the crystal size is larger
than the zirconia layer size.

layers happens around 800° C. This suggests the crystallization would start at even
higher temperatures with thicker and more stable silica nano-layer. This indicates the
necessity of a dedicated study to establish the thickness of silica nano-layers required to
block against crystallization as a function of temperature.

4. Summary and discussion

Most importantly, we observed that the zirconia crystallization temperature in-
creases from ~370° C to above 800° C with increasing segmentation, indicating that, as
expected, nano-layering suppresses crystal formation, also in zirconia segmented by
silica. This is indicative that, if thermal noise and optical scattering noise are related to
the presence of crystals in mirror coatings, nano-layering could be an effective mean of
noise reduction.

We noticed that crystallization saturates while a significant fraction of the amor-
phous material remains. At the same time, and as expected, up to 800° C, the crystal
size measured along a direction perpendicular to the nano-layer remains inferior to the
nano-layer thickness. But the fact crystallization saturates suggests a mechanism is at
play to quench the crystal growth from seeds within the nano-layer. It is also noted that,
in the thicker nano-layers, the crystal sizes do not even reach the nano-layer thickness.
This crystal growth quenching can be described as a function of the crystal size in the
bulk in terms of a fourth power term in the free energy driving the crystallization [39].
The saturation of both the amount of crystallization and crystal size together suggest
that the amorphous phase is meta-stable in absence of “crystallization seeds”, the crystal
growth is quenched also within the thickness, and that there is a limited number of these
seeds. The fact that the relative plateauing amounts of crystallized material increases in
thinner nano-layers suggests some of the crystallization seeds are associated with the
nano-layers interfaces.

Above 800°C, the crystal sizes exceed the nano-layer thickness indicating that
the 1.9 nm silica nano-layers fails to confine crystallization. It is worth noting that the
~1700°C melting point of fused silica would impede diffusion at higher temperatures.
The high surface-to-volume ratio of thin layers reduces the melting temperature and
the starting of diffusion. This suggests we should investigate the effectiveness of silica
layers at blocking crystallization growth as a function of their thickness. Here, silica
is used as separator while high refraction indices are desired. Additional studies are
needed to establish to which extent an alternation of high refraction materials results in
a similar resistance to crystallization.
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We also observed that the transition from amorphous material to crystals as a
function of the annealing temperature is progressive, taking place over a ~100° C wide
interval. It is likely that the same is true in the titania-doped tantala coatings used in
LIGO. The typical procedure used to choose the annealing sequence in dielectric mirrors
is to increase the annealing temperature on witness samples to find the temperature
of the onset of crystallization with XRD scans. Then the actual mirror is annealed at
a temperature ~100° C lower together with more witness samples to check that no
crystallization occurred. XRD can be used to detect only relatively large fractions of
crystallized materials. Therefore our observation suggests that even if the mirrors are
annealed at a temperature 100° C below the crystallization threshold, a limited number
of crystals may be present. Those crystals could constitute the observed optical scatterers.
It was previously found that a density of 100-1000 femto-light scatterers per layer, per
cm? in LIGO Hanford mirrors is present [9,42]. Assuming that optical scatterers are
crystals similar to those observed in this work, they are in such a low concentration
that XRD scanners would be completely insensitive to their presence. They collectively
scatter at large angles 10 to 50 ppm of the reflected light. Yamamoto reports [41] that
perhaps ten times more scatterers are present in the Caltech 40 m interferometer mirrors,
and other mirrors have different scatterer densities. In both cases, this is a much lower
number than the crystals that form at saturated crystallization (~10'°/cm? based on the
fraction of crystallized material and crystal sizes measured in the present study).

The amount of light a crystal scatters in a glassy matrix is difficult to calculate [43].
The refraction index of small crystals is not well defined due to the large surface-to-
volume ratio and resonant conditions may apply. The ~10 nm crystal size falls close to
the first peak of the Mie-Rayleigh theory [44,45]. However, for scatterers much smaller
than a wavelength, the scattered power falls with the Rayleigh tail. The sixth power in
the Mie-Rayleigh formula enters twice in the phase noise generated by scattering in the
interferometer [11]. Nano-layering could reduce both the number of scatterer and more
importantly the size and their individual contribution to noise.

This exploration of nano-layered materials for optical coatings needs to be com-
plemented with correlated measurements of the coatings mechanical quality factor as
a function of segmentation and formulation. In order to test the effectiveness for ther-
mal noise reduction, XRD monitoring of crystallization will test the effectiveness of
nano-layered designs for scattering noise reduction, the XRD measurements need to be
complemented and correlated with optical scattering measurements akin to those used
to detect the scatterers on the LIGO mirrors, illuminating and directly measuring the
optical scattering in microscope inspections with techniques pioneered in the Cal State
LA labs [42].
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