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Abstract
Thermal annealing plays a key role in optimizing the properties of amorphous
optical coatings. In the field of gravitational wave detection (GWD), however,
the effects of annealing protocols on the interferometry mirror coatings have
been explored primarily by ex post analysis. As a result, the dynamics of the
coatings properties during annealing is still poorly known, potentially lead-
ing to suboptimal performance. Here, using real-time, in situ spectroscopic
ellipsometry (SE) we have tracked the refractive index and thickness of a
titania-tantala coating during controlled annealing. We have tested the mater-
ial and the annealing protocol used in current GWD mirrors. The annealing
cycle consisted of a heating ramp from room temperature to 500 ◦C, followed
by a 10-h plateau at the same temperature and the final cooling ramp. SE
measurements have been run continuously during the entire cycle. Significant
variations in the thickness and refractive index, which accompany the coating
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structural relaxation, have been recorded during the heating ramp. These vari-
ations start around 200 ◦C, slightly above the deposition temperature, and show
an increased rate in the range 250 ◦C–350 ◦C. A smaller, continuous evolu-
tion has been observed during the 10-h high-temperature plateau. The results
offer suggestions to modify the current annealing protocol for titania-tantala
coatings, for example by increasing the time duration of the high-temperature
plateau. They also suggest an increase in the substrate temperature at depos-
ition. The approach presented here paves the way for systematic, real-time
investigations to clarify how the annealing parameters shape the properties of
optical coatings, and can be leveraged to define and optimize the annealing
protocol of new candidate materials for GWD mirrors.

Keywords: thermal annealing, spectroscopic ellipsometry, optical coatings,
real-time, GWD mirrors

1. Introduction

Thermal annealing is a process commonly used to enhance the performance of amorphous
optical coatings [1–3]. It can increase the transmittance [4] and stability [5], and reduce the
absorptance [6] and the stress which might result from optical coatings deposition [7, 8]. For
these reasons, thermal annealing is mandatory for high-performance amorphous coatings, such
as the ones used as mirrors in gravitational wave detectors (GWD) [9–12]. Thermal anneal-
ing is defined by a few parameters, such as the heating rate, the maximum temperature, the
time spent at the maximum temperature, and the cooling rate. Finding the optimal annealing
parameters for an optical coating in GWD applications is no easy task. For instance, one has
to balance the advantages of a high-temperature annealing with the risk of inducing undesired
crystallization, which must be avoided in mirror coatings for GWD applications [10, 13].

The search for the optimal annealing parameters is often based on ex-post analysis, which
in this context means to probe the coating before and after the annealing [14–19]. Within the
GWD community, educated trial-and-error procedures and ex-post analysis [11] have guided
the definition of a standard annealing protocol for the amorphous mirror coatings. But since
no information was recorded about the evolution of coatings properties during the annealing,
such protocol might not be based on optimal parameters.

On the other hand, a real-timemonitoring of the annealing would clarify the dynamics of the
key coatings properties [20–22] as a function of annealing time and temperature. Moreover, it
would provide experimental data to support theories about the temperature-induced relaxation
in amorphous materials, and would help to understand threshold effects such as blistering or
delamination [23]. Indeed, real-time monitoring of the annealing is a powerful tool to facilitate
the optimization of the annealing parameters for optical coatings.

In this work, we present a real-time, in situ monitoring of the thermal annealing of an
amorphous TiO2:Ta2O5 (titania-tantala) coating by means of spectroscopic ellipsometry (SE).
Titania-tantala is employed as the high-index material used in current GWD mirror coatings,
which consist of alternating layers of amorphous SiO2 and TiO2:Ta2O5 fabricated by means
of ion beam sputtering (IBS) [11, 24, 25]. Enhancing the properties of the high-index layer
would positively affect the performance of the whole mirrors [26], and the optimization of the
annealing process is a valuable tool to this end. SE is a powerful technique to study optical
coatings and monitor in real time the evolution of optical properties during thermal processes
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on a variety of thin and ultrathin films due to its high sensitivity to parameters such as thickness,
refractive index, and morphology [27–32].In this investigation we elected to test the anneal-
ing protocol that has been used on current GWD mirrors. By means of real-time, in situ SE,
we track the optical response of a titania-tantala coating during the whole annealing process
in a wide spectral range, determining the evolution of its refractive index and thickness as a
function of temperature and annealing time. By providing access to the dynamics of optical
coatings properties during the annealing, the method proposed in this paper can be applied to
tune the annealing parameters of amorphous titania-tantala coatings, or of any other coating for
GWD applications. It can even provide useful feedback on the choice of growth parameters,
such as the substrate temperature at deposition.

2. Materials and methods

2.1. Materials

The optical coating considered in this work consists of a thin layer of nominal thickness equal
to 475 nm, made of amorphous titania-doped tantala. The nominal cation ratio is Ti/(Ta+Ti)
= 25%, the same used in the actual GWD mirrors. The coating was deposited by IBS at the
Laboratoire des Matériaux Avancés (http://lma.in2p3.fr/) using a custommade coater machine
(Grand Coater), developed to deposit the large high-reflective mirrors for GWDs [10, 33].
During the deposition, the substrate temperature was approximately 150 ◦C.

The coating was deposited on a single-side polished Silicon wafer manufactured by
Siltronix with the following characteristics: P-doped, resistivity ρ: <1 Ω·cm, orientation:
(100)+/−0.5◦, nominal thickness: 0.5mm. In the context of the SE measurements and data
analysis of this work, single-side polished Si is perhaps the best substrate because it guaran-
tees a high optical contrast with respect to the titania-tantala coating [34], together with the
absence of unwanted backside reflections [35].

2.2. Experimental methods

A scheme of the experimental setup for real-time ellipsometry during thermal annealing is
shown in figure 1. The sample was annealed using a Linkam THMS600 temperature con-
trolled stage, which allows heating up to 600 ◦C with stability better than 0.01 ◦C. The heating
element of the THMS600 cell is composed of a pure silver cylinder crossed by a heating wire.
Temperature is read on the side of the cylinder by means of a Pt sensor. The lateral size of the
sample was 1× 1 cm2. The stage is equipped with a top cover with two windows for ellip-
sometric access, which set the SE angle of incidence to 70◦. The windows do not alter the
polarization state of the incident light, an important aspect that was verified before acquiring
the measurements reported in this work [27]. Thermal annealing was performed in air, fol-
lowing the standard post-deposition protocol for GWD coatings produced by LMA, that is, a
heating ramp at 100 ◦Ch−1 up to 500 ◦C followed by a 10-h plateau at 500 ◦C and finally a
cooling ramp at 100 ◦Ch−1 [9, 11, 36].

SE data were acquired using a J A Woollam Co., Inc. M2000 ellipsometer. Spectral range
was between 0.7 and 5.1 eV (245–1685 nm, 0.18–1.22 × 1015 Hz). The beam diameter was
approximately 4mm. SE data were analyzed with WVASE software by J A Woollam Co.,
Inc.. SE data were acquired during the whole annealing process. The acquisition time for a
single SE spectrum was below 3 s.
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Figure 1. Scheme of the experimental setup. The titania-tantala coating, deposited on
a 1× 1 cm2 silicon wafer, is placed on top of a cylindrical heater, whose temperature
varies between 20 and 500 ◦C. The heater stage has a top cover equipped with windows,
thus allowing the SE beam (red line) to probe the sample in real time during the thermal
annealing. To allow a clear view of the inner part of the heating cell, the top cover has
been cut in half in the scheme. Analysis of real-time SE data yields the temperature-
and time-dependent refractive index n(T,t) and thickness d(T,t) of the coating. The panel
on the right describes the annealing protocol used in this work: from left to right, the
three segments correspond to the heating ramp, the high-temperature plateau, and the
cooling ramp. The coating material and the annealing protocol in this work match those
employed in current GWD mirrors.

SE spectra consist of two values, conventionally labeled Ψ and∆, which are related to the
complex Fresnel coefficients rp,rs of the sample under investigation:Ψ = arctan(|rp|/|rs|) and
∆= δp− δs, where |rp,s| and δp,s are the modulus and the phase of rp,s, respectively [37]. The
nature ofΨ and∆ implies that SEmeasurements do not need any reference beam, thus making
SE a particularly well suited tool for real-time, in situ investigations where the temperature of
the sample is varied [27, 28, 31, 38, 39]. The quantities of interest, such as the refractive index
and thickness of a coating, are extracted from Ψ,∆ by means of a model-based data analysis
[37].

Before and after the annealing, the sample was characterized by AFM and Raman spec-
troscopy to evaluate possible variations induced in the surface and structural properties by
annealing. AFM images were acquired with a Veeco Dimension 3100 instrument in tapping
mode and processed with the open-source software Gwyddion [40]. Raman spectroscopy was
performed bymeans of a JascoNRS-4100 confocal Raman spectrometer with excitation source
at λ= 532 nm focused to a ∼1µm spot size using a 100× , 0.9 NA objective.

The results of AFM and Raman investigation are reported in figure 2. AFM indicates a
relatively low RMS roughness of 0.3 nm over a 10× 10 µm2 area (figure 2(a)), a value which
does not significantly change when the size of the image is reduced to 1× 1 µm2 (figure 2(b)),
and even more importantly, after the annealing (figures 2(b) and (c)). In this way, we determine
that the surface quality of the sample has not been altered by the thermal treatment. Raman
spectroscopy shows that no new peaks arise after the thermal annealing, thus indicating that
the coating has remained amorphous throughout the process [29].
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Figure 2. Panels (a), (b): AFM images pre-annealing; panels (c), (d): AFM images post-
annealing). The color scale spans from 0 to 3 nm in panels (a), (c) and from 0 to 2 nm in
panels (b), (d). Panel (e): Raman spectra pre- and post-annealing, which indicates that
no crystallization peaks arise as a consequence of the annealing. The two spectra are
vertically shifted for clarity.

3. Results and discussion

To study the evolution of the coating properties upon annealing it is first necessary to identify
and isolate the contribution of the substrate on which the coating has been deposited. In this
work silicon has been chosen as substrate because it is ideal for SE measurements and data
analysis, however its optical response varies significantly with the temperature [41–45]. We
determined the temperature-dependent optical properties of the silicon substrate by means of
an independent measurement, where we performed a thermal annealing on silicon with the
same parameters used for the titania-tantala coating sample, and recorded with real-time SE
the evolution of its optical response.

The resulting SE data have been modeled by means of a multiparametric dispersion relation
developed by J A Woollam Co., Inc. [46], whose parameters were tailored by us to match the
optical properties of the Si used in this work. Figure 3 reports the temperature-dependent SE
data (panels (a) and (b)) when heating the substrate from room temperature to 500 ◦C, as well
as the refractive index (panel (c)) and extinction coefficient (panel (d)) obtained by means of
SE data analysis. It is important to note that all the variations reported in figure 3 are reversible,
meaning that the optical properties of Si are restored to the initial values once the annealing is
over.

Once obtained the necessary information on the substrate, we performed real-time SE on
the sample composed of titania-tantala coating on silicon during the heating ramp, the high-
temperature plateau, and the cooling ramp. We report in figure 4 the Ψ spectra of the sample
at four relevant steps of the annealing profile, namely, before the annealing, at the end of
the heating ramp at 500 ◦C, at the end of the high-temperature plateau, and at the end of the
cooling ramp. Difference spectra located below each panel in figure 4 highlight the magnitude
and spectral position of differences between the corresponding Ψ spectra; in all cases, the
difference is calculated by subtracting the first spectrum from the second spectrum in the graph
legend. In figure 4(a) we compare the Ψ spectra before the annealing (grey curve) and at the
end of the heating ramp (blue curve). Here, the difference between the two spectra are caused
by irreversible variations in the titania-tantala coating as well as by reversible variations in the
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Figure 3. Temperature-dependent ellipsometry data (Ψ and ∆ in panels (a) and (b),
respectively), refractive index (panel (c)) and extinction coefficient (panel (d)) of the Si
substrate determined from room temperature to 500 ◦C.

silicon substrate. In figure 4(b) we report the Ψ spectra of the sample upon reaching 500 ◦C
(blue curve) and after 10 h at 500 ◦C (red curve). Since the temperature is constant in this
case, the differences observed between the two spectra in figure 4(b) are exclusively due to the
coating. Finally, in figure 4(c), we report the Ψ spectra of the sample before (grey curve) and
after (green curve) the annealing. The data in this panel correspond to an ex post analysis. We
can safely attribute the variations in figure 3(c) to permanent, annealing-induced modifications
in the properties of the titania-tantala coating.

TheΨ data reported in figure 4 are characterized by broad oscillations in the spectral region
up to∼3.5 eV, followed by a smooth and featureless curve at higher energies. The broad oscil-
lations are determined by interference effects in the titania-tantala coating, and indicate that
the coating is transparent in that spectral region. Variations in the intensity and spectral pos-
ition of these oscillations can be linked to variations in the refractive index and thickness of
the coating by means of SE data analysis [34]. On the other hand, in the region where Ψ is
smooth, the coating is absorbing. Since Ψ spectra can be so easily interpreted for this sample,
we choose to show and discuss them in figure 4; similar considerations could be made on the
∆ spectra. Both Ψ and ∆ are necessary in order to extract the refractive index and thickness
of the coating from SE data.

In this work we consider the refractive index at 1064 nm (1.17 eV), since this wavelength
is currently used in GWD, and also at 1550 nm (0.80 eV), because future envisioned GWD
might operate at that wavelength or anyway further in the near infrared (NIR) [47]. Thickness
is best evaluated by considering the spectral region where the coating is transparent, which for
titania-tantala is the NIR. We analyze the SE data in the NIR (1000–1685 nm) by modeling
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Figure 4. (a):Ψ pre-annealing and at 500 ◦C (grey and blue curve, respectively); (b)Ψ
at 500 ◦C at the beginning and at the end of the high-temperature plateau (blue and red
curve, respectively). (c):Ψ pre- and post-annealing (grey and green curve, respectively).
Below each panel is reported the difference between the two corresponding Ψ spectra.
Note that the scale of the difference spectrum in panel (b) is ten times smaller than those
in panels (a) and (c).

the coating with a Cauchy layer, and modeling the substrate as detailed earlier. This model
allows to decouple the reversible temperature-dependent variations in the substrate, already
characterized in figure 3, from the irreversible temperature- and time-dependent variations in
the coating, which constitute the main result of this work. To determine the Urbach energy,
which will be discussed later, we adopted a Cody–Lorentz model across the whole available
spectral range (245–1685 nm), following an approach described in previous works [48].

The results of the SE analysis are reported in figure 5. According to these data, the first sub-
stantial variations in the thickness and refractive index of the coating occur between 200 and
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Figure 5. Refractive index (left axes) and thickness (right axes) of the titania-tantala
thin film recorded during the heating (left panel), the 500 ◦C plateau (middle panel) and
the cooling (right panel). The colored bands around points indicate the error bar.

300 ◦C in the heating ramp, while the maximum rate of variation is observed around 350 ◦C.
After reaching the maximum temperature of 500 ◦C, the sample undergoes further yet smal-
ler modifications during the 10 h plateau. Finally, the reduction in thickness as well as in the
refractive indexwhen cooling the sample from 500 ◦C is ascribed to the reversible temperature-
induced effects on the titania-tantala coating [21, 49]. Overall, the thickness increases by
∼2.3%, while the refractive index decreases by ∼1%. In accordance with previous ex-post
reports [14], the increase in thickness dominates, and as a result, the optical thickness of the
coating is increased after annealing [48, 50, 51]—a feature that is potentially beneficial for
GWD mirrors.

We attribute the observed variations to a complex interplay of physicochemical mechanisms
intrinsically related to the release of compressive stress, which is caused the IBS deposition
method [51, 52]. These mechanisms, which improve the optical and mechanical properties in
amorphous transition metal oxides, can be best understood within an atomistic view on the
coatings. The atomic structure of amorphous titania-tantala is composed of Ti-based and Ta-
based oxygen-sharing polyhedra [53–55]. Polyhedra can be linked by a vertex, an edge or a
face [56], and annealing can significantly affect the way in which polyhedra are interconnec-
ted. In particular, an increase in the corner-sharing to edge-sharing ratio has been observed in
amorphous mixed zirconia-tantala films following annealing, along with variations in the Ta
coordination number and variations in the size, shape and distribution of the interstitial nano-
voids [57, 58]. Furthermore, thermal annealing has been reported to increase themedium-range
order in amorphous tantala-based films [59–61]. The release of Argon embedded in the film at
deposition (an undesired effect of IBS) can be also at play [62], though likely greatly attenu-
ated by annealing in atmospheric conditions [22]. Another mechanism that has been proposed
to explain the enhancement of the coating properties during annealing in air is the removal of
a slight oxygen deficit, that has been reported in the as-deposited coating [63]. Untangling and
tracking the above mechanisms at work during annealing by means of optical measurements
solely appears to be an arduous and probably inaccessible task. In the following, we indicate
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how the reported real-time data can provide suggestions to promote a further enhancement of
the coatings properties by means of a different choice of annealing parameters.

During the heating ramp (left panel in figure 5) we note that the variations begin once the
temperature of the coating is raised above the deposition temperature, which in this case is
much lower than the maximum annealing temperature. We recall that the deposition temperat-
ure is a key parameter to define the ‘initial’ state of the coating, including the stress [17, 64–66].
A higher deposition temperature might lead to coatings with a more relaxed initial state and
enhance their medium-range order in a way which is more efficient that the one accessible via
postdeposition annealing [67]. Therefore, increasing the deposition temperature is desirable
in coatings for GWD applications.

Once the coating reaches the maximum-temperature plateau, the evolution of its observed
properties is still underway even after 10 h. This clearly indicates that the current anneal-
ing protocol leaves room for further modifications in the coatings properties, which can be
probed for example by increasing the time duration of the plateau. A further element of ana-
lysis is provided by the Urbach energy, a parameter whose decrease has been correlated to
an increase in the medium-range order of the amorphous coating structure [68]. The Urbach
energy depends not only on the structural and compositional ordering of the material, but also
on its thermal disorder [69]. Therefore during the heating ramp, the variations in the Urbach
energy are due not only to the structural modifications in the coating, but also to the increasing
temperature. Disentangling the structural contribution in this case would require new exper-
iments which could be considered in future works. On the other hand, any variations in the
Urbach energy recorded during the high-temperature plateau, when the temperature is con-
stant, can be directly related to the structural and compositional order of the coating. In this
work, we found that the Urbach energy of the coating during the high-temperature plateau
decreased by 4± 1meV, while we previously reported that the overall decrease of the Urbach
energy after the whole annealing process is around 45 meV [36]. This result further proves
that most of the variations in the titania-tantala coating occur during the heating ramp, with
comparatively smaller changes recorded during the high-temperature plateau. In summary, the
real-time data reported in this work suggest the current annealing protocol for GWD mirrors
leaves room for further modifications in the properties of the titania-tantala coatings, which
might be achieved for instance by increasing the time duration of the 500 ◦C plateau, while
monitoring the variations of Urbach energy at constant temperature.

4. Concluding remarks and perspectives

By applying real-time, in situ SEmeasurements we have tracked the refractive index and thick-
ness of an amorphous, mixed titania-tantala coating during an entire annealing cycle. The
coating material and the parameters of the annealing process have been chosen to test those
employed in current GWD mirrors. Results indicate that the largest variations, in the range of
1% or more, occur during the heating ramp from room temperature to the maximum temperat-
ure of 500 ◦C.Variations start occurring above∼200 ◦C, just above the deposition temperature.
A comparatively smaller evolution of the optical thickness, in the range of 0.1%, is observed
during the following 10-h long plateau at 500 ◦C. The evolution of the tracked properties is
still well underway upon reaching the maximum temperature, and also at the end of the 10-h
plateau, indicating that the current annealing protocol leaves room for further evolution of the
titania-tantala coatings properties, possibly leading to an enhancement of their performance for
GWD applications. Indeed, the results of this work suggest increasing the maximum anneal-
ing temperature and the time duration of the high-temperature plateau. The method described
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here could be usefully employed to test new annealing protocols involving rates, durations and
maximum temperature. The upper boundary in the choice of the latter remains set by the onset
of crystallization, which must be avoided anyway.

This work also indicates that the evolution of the tracked coating properties starts slightly
above the deposition temperature, with a maximum recorded variation rate around 300 ◦C.
Raising the deposition temperature at least to up that value might further promote the medium-
range order in the coating, which is known to be beneficial for GWD applications. A different
deposition temperature would most likely determine a different evolution in the coating prop-
erties during the annealing. In this respect, a promising strategy for enhancing the properties
of optical coatings could be to consider deposition and annealing as two complementary pro-
cesses to be optimized in synergy.

The real-time optical analysis during the annealing can be of use in the ongoing research
effort to find, screen and validate new materials and even new designs [70, 71] for GWD mir-
rors. Nowadays, titania-Germania coating is being intensively studied to replace titania-tantala
in future upgrades of GWD mirrors due to its low thermal noise [17]. Titania-Germania—or
any other choice of coating material—must be annealed after deposition and the annealing
protocol has to be optimized. The task of finding the optimal parameters, which are expected
to change from one material to the other, could be greatly helped by real-time investigation
tools, such as the one reported in this paper. In this respect, we already initiated an experimental
campaign applying the real-time SE analysis to different amorphous mixed oxide coatings and
new annealing protocols, which we aim to present in future dedicated works.
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