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Abstract: Crystallization following thermal annealing of thin film stacks 
consisting of alternating nm-thick titania/silica layers was investigated. 
Several prototypes were designed, featuring a different number of 
titania/silica layer pairs, and different thicknesses (in the range from 4 to 40 
nm, for the titania layers), but the same nominal refractive index (2.09) and 
optical thickness (a quarter of wavelength at 1064 nm). The prototypes were 
deposited by ion beam sputtering on silicon substrates. All prototypes were 
found to be amorphous as-deposited. Thermal annealing in air at 
progressive temperatures was subsequently performed. It was found that the 
titania layers eventually crystallized forming the anatase phase, while the 
silica layers remained always amorphous. However, progressively thinner 
layers exhibited progressively higher threshold temperatures for 
crystallization onset. Accordingly it can be expected that composites with 
thinner layers will be able to sustain higher annealing temperatures without 
crystallizing, and likely yielding better optical and mechanical properties 
for advanced coatings application. These results open the way to the use of 
materials like titania and hafnia, that crystallize easily under thermal anneal, 
but ARE otherwise promising candidate materials for HR coatings 
necessary for cryogenic 3rd generation laser interferometric gravitational 
wave detectors. 
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1. Introduction 

Thermal annealing is a common practice to improve features of optical coating quality like 
absorption [1] and internal stress [2]. The requirements of laser interferometric detectors of 
gravitational waves (henceforth GW), has given progressively more importance to the thermal 
noise figure of merit in dielectric mirror coatings [3–5]. It was found that thermal annealing 
also reduces coating mechanical losses, and hence thermal noise [6]. However, excessive 
thermal annealing eventually leads to crystallite growth [7]. Mechanical losses due to friction 
among crystallites, as well as scattering from the grain boundaries, make the coatings 
unsuitable. This is notably true for TiO2 (n = 2.32 @ 1064nm) and HfO2 (n = 1.58-1.85 @ 
1064nm) [8,9] that in their amorphous state have low mechanical losses down to 10K [10–
12], and have been indicated as prime choice materials for the next generation of cryogenic 
GW interferometers [13,14]. This is a significant advantage over presently used SiO2 and 
Ta2O5 whose performance is spoiled by a mechanical loss peak in the cryogenic regime 
[15,16]. Finding ways to raise the crystallization temperature (and/or dwell time) in titania 
and hafnia is therefore an urgent issue. 
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Alloying these materials with glass formers like silica or alumina in the deposition phase 
(co-sputtering) has been proved to be effective [10,17–19]. Notably, silica doping does not 
spoil the nice cryogenic properties of hafnia [20]. Pioneering work by Sankur and Gunnig 
[21] has shown that thin-film stacks consisting of alternating nm-scale titania/silica layers can 
be annealed to fairly large temperatures without significant crystallite growth. Similar 
findings have been more recently reported for thin film stacks consisting of alternating nm-
thick hafnia/alumina layers [22]. Layered composites are easier to model than co-sputtered 
materials, and may be intrinsically less noisy, as suggested by a simple effective-medium 
theory [23]. 

We present a detailed study of the crystallization threshold temperature in silica/titania 
nm-layered composites as a function of sub-layer thickness. All films tested have the same 
nominal refraction index (2.09) and optical thickness (a quarter of wavelength at 1064 nm) 
but sub-layer thicknesses ranging from 4 to 40 nm for the titania, the thickness of the silica 
sub-layers and the number of sub-layers following from the prescribed index and optical 
thickness. 

2. Thin film structure 

The nm-layered thin film structure is shown schematically in Fig. 1. A homogeneous quarter 
wave layer with n = 2.09 is replaced by an optically equivalent stack of layers composed by 
pairs of nm-thick titania/silica layers (with titania being the first layer on top of a silicon 
substrate). We designed several prototypes with the number of layers ranging from 1 to 19. 
The corresponding layer thicknesses are shown in Table 1. All structures have the same total 
thickness of 127nm i.e. a quarter-wave optical thickness at 1064nm wavelength. The 
thickness ratio ρ  of titania to silica is determined from Drude’s formula: 

 
2 2

2 2

H eff

eff L

n n

n n
ρ

−
=

−
 (1) 

The optical thickness z of the composite film (in units of the local wavelength), together with 
the minimum feasible thickness, also determines all optically equivalent composite designs 
differing for the number of nano-layers and their thicknesses ,L Hδ  via 

 0( ) z /L H effN nδ δ λ+ =  (2) 

The layer thicknesses were measured from cross-sectional images of a transmission electron 
microscope. 

 

Fig. 1. Schematics of the nano-layer prototypes. 
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Table 1. Thickness of the nano-layer prototypes. 

Prototype Designed thickness  Measured thickness 
TiO2(nm) SiO2(nm)  TiO2(nm) SiO2(nm) 

1-layer 127.27 –  121.90 – 
3-layer 42.56(x2) 42.15(x1)  40.93(x2) 40.70(x1) 
5-layer 28.37(x3) 21.07(x2)  27.09(x3) 19.83(x2) 
7-layer 21.28(x4) 14.05(x3)  20.63(x4) 12.50(x3) 
11-layer 14.19(x6) 8.41(x5)  13.68(x6) 7.44(x5) 
15-layer 10.64(x8) 6.02(x7)  9.83(x8) 4.80(x7) 
19-layer 8.51(x10) 4.68(x9)  7.36(x10) 4.32(x9) 

3. Deposition 

The substrate was a double-side-polished 10mm x 10mm square silicon chip, 500um in 
thickness with surface normal in the (100) direction. The silicon chip has a 2 nm thick native 
(glassy) oxide on the surface. We used a 2.5cm Kaufman type ion beam sputter apparatus for 
deposition. The deposition parameters are [24]: 1000V beam voltage, 50mA beam current and 
200V accelerator voltage. A plasma bridge neutralizer was used to neutralize the ion beam. 
The sputter targets were high purity Ti and SiO2 disks, 4” in diameter. They were thermally 
attached to either side of a water-cooled flat holder that could be flipped to face the incoming 
ion beam alternately, for depositing the titania and the silica layers. The coating chamber was 
pumped down to 10−6 torr for deposition. Oxygen gas was fed in the chamber with partial 
pressure of 10−4 torr for reactive sputtering. The angle of incidence of the ion beam was 45° to 
the target normal. The substrate holder was rotating on its axis. The surface normal of the 
substrate was perpendicular to the ion beam. The thickness uniformity of the coatings for both 
titania and silica was better than 96% within 5cm in diameter from the rotation axis. The 
thicknesses of the films were controlled by deposition time. Deposition rates for titania and 
silica films were calibrated in advance and appropriate deposition time were determined 
according to the design thickness. All samples were prepared and deposited under the exactly 
same rigorously controlled process conditions producing several prototypes for each type of 
geometry in Table 1. The prototypes were annealed in batch, and all prototypes with the same 
geometry gave consistent results in terms of their morphological and crystallization 
properties. 

4. Thermal anneal 

The samples were thermally annealed in air at different temperatures. During the anneal 
process, the temperature was initially ramped up at a rate of 3°C/min up to the desired level, 
and kept constant for 24 hours before the heating was turned off. The samples were then 
naturally cooled in the oven to room temperature. The time needed for cooling was 
approximately 24 hours. The temperatures chosen for our experiment were 225°C, 250°C, 
300°C and 350°C. Based on our previous results with silica doped titania [1], we do not 
expect the loss angle to reduce dramatically upon further increasing the annealing 
temperature. 

5. Transmission electron microscope 

We used focused-ion-beam apparatus, model NOVA600 by FEI, to cut the nano-layer 
samples into ~50nm thick slices. A transmission electron microscope (TEM) was used to 
study the cross-section of the multi-layered slices. Electron diffraction patterns as well as high 
resolution images for the multi-layer stack were obtained. Thicknesses of the layers were 
measured from the TEM images because in the nano-meter scale TEM is more precise and 
reliable than conventional optical means such as ellipsometry, optical transmission spectrum 
or surface profile-meter. 
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6. X-ray diffraction 

We used grazing angle x-ray diffraction to explore the crystal structures in the films. In this 
configuration, the x-rays were incident on the sample at an angle of 0.5°. Total external 
reflection occurs at the air-film interface because the refractive indices of the materials are 
smaller than that of air at the x-ray wavelength. X-rays propagate in the material only as an 
evanescent wave, and are scattered or diffracted by the near-surface layer structure. Therefore, 
most of the signal is from the films and little from the substrate. The detector scanned in the 
plane of incidence to record the diffracted and the scattered x-ray intensity as a function of 2θ 
where θ is the Bragg angle. For single crystal samples, such as the silicon wafer, only 
diffraction peaks that fall in the plane of incidence will be recorded. For poly-crystal samples, 
such as those forming in the multi-layers after anneal, full diffraction peaks will be recorded 
in the plane of incidence. The diffractometer we used was an X’Pert Pro MRD operated at the 
copper Kα line (1.5418A). 

7. Results and discussion 

7.1 Grazing angle X-ray diffraction results 

The bare silicon substrates were checked first in order to reveal the background x-ray 
intensity distribution from the substrate and the instrument. The result is shown in the first 
pattern of Fig. 2(a). The other XRD patterns in Fig. 2(a) are for all samples before anneal. 
These patterns show only the characteristic broad peak of amorphous SiO2 around 20° due to 
the amorphous silica layers and the background silicon signal. We conclude that the as-
deposited titania layers in the nm-layer were amorphous in structure. This observation is 
consistent with previously reported results for pure titania films deposited on soda lime glass 
substrates under the same deposition condition [1,7]. 

Figure 2(b), 2(c), and 2(d) show the XRD patterns for the samples after annealing at 
225°C, 250°C and 300°C, respectively. Figure 2(e) shows the XRD pattern of the 19-layers 
sample annealed at 350°C. On top of each figure, the standard XRD distribution of the 
crystalline anatase phase of TiO2 from the JCPDS 84-1286 database is shown. The observed 
XRD patterns match that of the standard database. It is clear that the titania layers in the nm-
layer structure crystallized into anatase phase of TiO2 upon annealing. 

The strongest diffraction peak (101) of the anatase phase for 5-layer sample annealed at 
225°C and for the 19-layer sample annealed at 300°C were faint, they can barely be seen in 
Fig. 2(b) and 2(d). We have fitted these two faint peaks to a Gaussian distribution and the 
close-up results of the fittings are shown in Fig. 2(f) and 2(g). The amplitudes of the (101) 
peaks are small but, however, distinguishable from the background noise as shown in the 
figures. If we define the criterion for onset of crystallization as the amplitude of the (101) x-
ray diffraction peak starts to be distinguishable from the rms background noise, then the 
threshold temperatures for the 5-layer and the 19-layer samples should be near 225°C and 
300°C, respectively. 

Table 2. Summary of the crystallization results of Fig. 2. 

Prototype Before 
annealing 

225°C 
24hr 

250 °C 
24hr 

300 °C 
24hr 

350 °C 
24hr 

1 layer No No Yes Yes – 
3 layer No Yes Yes Yes – 

5 layer No Thr* Yes Yes – 
7 layer No No Yes Yes – 

11 layer No No Yes Yes – 

15 layer No No No Yes – 
19 layer No No No Thr* Yes 

* Thr: threshold, see Fig. 2(f) and 2(g) with the preceding statements. 
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Table 2 summarizes the pictorial results of Fig. 2. As-deposited amorphous titania layers 
ultimately crystallized after thermal annealing, and that the XRD patterns of the crystallites 
coincide with that of the anatase TiO2 phase. The general trend is that there is a threshold 
annealing temperature for the onset of crystallization, which increases with increasing number 
of layers, or equivalently, with decreasing the (titania) layer thickness. 

 

Fig. 2. Grazing angle x-ray diffraction pattern of all samples subjected to anneal at various 
temperatures (a) before anneal, (b) 225 °C, (c) 250°C, (d) 300 °C, (e) 350 °C for 19-layer 
prototype, (f) 225 °C for 5-layer prototype and (g) 300°C for 19-layer prototype. 

Contrary to the general trend in Table 2, crystallization in the 1-layer (a single titania layer 
with 127 nm thickness) samples occurred at a higher temperature, compared to the 3-layer 
samples. A basic difference between the monolayer and the multilayers is that in the former 
titania is deposited on crystalline silicon, while in the latter all titania layers, except for the 
bottom one, are deposited on silica. Silicon has a much larger thermal conductivity than silica, 
apt to rapidly quench the localized temperature pulses due to impinging atoms/clusters in the 
deposition stage. Fast quenching depresses the diffusion processes at the base of nucleation. 
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We speculate that reduced nucleation in the deposition stage due to rapid quenching may 
leads to retardation of the crystallization in the post-deposition annealing, and that explains 
the observed anomaly for the 1-layer sample. Single layer titania film, with thickness of 
380nm, deposited on soda-lime glass substrates (75% SiO2) under the same deposition and 
annealing conditions as in this experiment [1,7], however, did crystallize at lower temperature 
of 200°C~225°C that is consistent with the general trend of this observation. 

7.2 TEM investigation 

Figure 3 shows cross-sectional images and electron diffraction patterns of the 1-, 3-, 15-, and 
19-layer samples before and after annealing at 300°C. The lighter, structure-less layers are the 
silica layers that are amorphous in all samples both before and after anneal. The darker layers 
in the 1-, 3-, and 15-layers samples before anneal, and in the 19-layers sample before and after 
anneal are also structure-less, i.e. titania in the amorphous state. As an added confirmation, 
these layers produced diffused electron diffraction patterns. Note that onset of crystallization 
for the 19-layer samples at 300°C, as revealed in the x-ray diffraction, did not produce 
noticeable changes in the electron diffraction and direct image of the amorphous phase. 
Close-up view of the images for 1-, 3-, and 15-layers samples after 300°C anneal clearly 
reveal both the lattice structure of the anatase crystallite and the electron diffraction patterns 
of the poly-crystals. 

 

Fig. 3. TEM images and electron diffraction patterns of the samples. 

The observed behavior (namely, that nm-layered silica/titania composites with thinner 
layers crystallize at higher annealing temperatures) is fully consistent with known results 
[21,22]. This has been related to the increasing role of surface energy with decreasing film 
thickness. In our nm-layered samples, the glass-forming silica layers help suppressing the 
growth of nuclei into crystallites at the interfaces, with increasing effectiveness as the area-to-
volume ratio increases with decreasing titania film thickness. 

8. Conclusion 

A thickness dependent threshold temperature for the crystallization of the titania films is 
observed in multi-layer stacks of nm-thick titania/silica pairs deposited by ion beam sputter 
method. Thinner titania layers show higher threshold temperature of crystallization. The 
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amorphous high index layers of HR optical coatings could be thus replaced by a nano-layer 
composite. The optical index of the composite can be finely tuned in the range 1.46 to 2.32 
between the indexes of the two materials. The higher temperature anneal possible is expected 
to produce lower mechanical losses, and hence lower thermal noise. It is expected that this 
advantage will persist in the cryogenic regime where 3rd generation laser interference 
gravitational wave detectors will operate. 
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