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Abstract: Optical coatings deposited by the dual ion beam sputtering (DIBS) method usually
show high compressive stress, which results in severe wavefront deformation of optical elements.
Annealing post-treatment has been widely used to control the residual stress of optical coatings.
However, the effect of annealing on the stress of Ta;Os films deposited by the IBS method has not
been reported in detail. In this study, different thicknesses of TapOs films were deposited by IBS
and annealed at different temperatures from 473 to 973 K in air, and the effect of annealing on the
stress of TapOs films was investigated. The as-deposited Ta,Os films deposited by IBS show high
compressive stress, which are about 160 MPa. The compressive stress decreases linearly with the
increasing temperature, and the wavefront deformation of Ta;Os films increases linearly with film
thickness (within 20 pm) at the same annealing temperature. When the temperature rises to 591 K,
Ta,Os films with zero-stress can be obtained. TapOs films show tensile stress instead of compressive
stress with further increasing annealing temperature, and the tensile stress increases with increasing
temperature. Meanwhile, with the increasing annealing temperature, the refractive index of Ta;Os
film decreases, indicating the decreasing packing density. The atomic force microscope (AFM) test
results show that surface roughness of Tay;Os films slowly increases with the increasing of annealing
temperature. Moreover, X-ray photoelectron spectroscopy (XPS) analysis shows that the Ta in TayOs
films can be further oxidized with increasing annealing temperature, namely, the absorption of Ta;Os
film can be reduced. X-ray diffraction (XRD) analysis shows that the annealing temperature should
be below 923 K to maintain the amorphous structure of the Ta;Os film.

Keywords: dual ion beam sputtering; residual stress; annealing treatment; TayOs film

1. Introduction

The residual stress introduced during optical thin film deposition [1-3] has been paid great
attention in past decades, and many efforts have already been made on the research of the
relationship between the residual stress and process parameters of different deposition methods [4-6].
The performance of optical coating elements is affected greatly by the residual stress in thin films,
such as spectroscopic and mechanical reliability [7,8], and the surface figure. Taking dense wavelength
division multiplexing (DWDM) filters (more than 150 layers in all) as an example, the multi-layers
will suffer the surface distortion of optics, even layers flaking or fracturing due to the residual stress
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accumulation [4,9]. Therefore, residual stress must be finely controlled in many frontier optical
application fields.

It is well known that dual ion beam sputtering (DIBS) technology is an effective coating deposition
method to fabricate optical films with ultra-low loss, high packing density and a high laser-induced
damage threshold (LIDT) [4,10,11]. The high-quality optical coating elements fabricated by IBS have
been widely applied in many important engineering projects, such as the National Ignition Facility
(NIF), Laser Interferometer Gravitational-wave Observatory (LIGO), etc. [12-15]. However, the main
drawback of IBS technology is the high compressive stress of films generated in the deposition
process [15,16], which result in severe surface distortion of optical elements. In order to attain a high
quality of optical coating elements with a good surface figure and good optical performance, it is very
necessary to study the stress behavior of single layers, including the relationship between the residual
stress and process parameters [17].

Due to good optical properties in the visible and near-infrared regions, thermal and chemical
stability, and high refractive index, Ta;Os has been widely used as a high refractive index material in
fine optical coatings [18,19]. Many studies show that Ta,Os films fabricated by IBS exhibit high
compressive stress [20,21]. Annealing treatments are an effective method to reduce film stress
considerably, which has already been employed to control the deformation of the HfO, films [22].
Yoon reported that annealing treatments can reduce the stress of Tay;Os films deposited on silicon
substrate when the annealing temperature is below 673 K [23]. However, the effect of annealing on the
stress of TapOs films deposited on a quartz substrate has not been systematically investigated and the
annealing temperature point for zero-stress has been rarely obtained.

In the present work, the effect of annealing treatments on stress behaviors of Tap,Os films
deposited by IBS technology was systematically investigated. Firstly, the crystalline structure
of the Tap,Os films was analyzed by X-ray diffraction (XRD). Given the boundary defect effect,
annealing temperature should be below 923 K to maintain the amorphous structure of the TayOs
film. Secondly, the stress behavior of TayOs films with different annealed thicknesses at different
temperatures is studied in detail and a relationship among the stress, layer thickness, and annealing
temperature is obtained. Then, the optical properties and microstructure of the Ta,Os films annealed
at different temperatures were investigated. Finally, surface chemistry analysis was carried out
by X-ray photoelectron spectroscopy (XPS). This work will demonstrate that the residual stress of
TayOs layers can be successfully manipulated by annealing treatments. At the same time, annealing
treatments can guarantee Ta;Os layers with smooth surfaces and even improve the optical properties
and stoichiometry. The results obtained in this study can offer technical feasibility for residual stress
control and compensation of Ta;Os films.

2. Experimental Details

Ta,O5 films were deposited by a dual ion beam sputtering system equipped with a 16 cm primary
ion beam source and a 12 cm assisted ion beam source. The target material is tantalum (99.99%).
The base pressure was up to 8 x 10~7 Torr. The deposition temperature was maintained at 353 K
during the deposition process. The target O, gas was introduced on the target surface and the gas flow
was 30 sccm. The beam voltage and current of 16 cm primary ion beam source were set at 1250 V and
600 mA, respectively, and at 250 V and 200 mA for the 12 cm RF assisted ion source. Ar (25 sccm) and
O, (25 sccm) gas were introduced into the primary and assisted ion source. The deposition rates were
0.20 nm/s for TapOs film. All samples were deposited on ® 25.4 mm X 1 mm fused silica substrates
(synthetic fused silica glass AQ series, manufactured by Asahi Glass Co., Ltd., Tokyo, Japan.

The annealing experiments were performed in a Nabertherml oven (Lilienthal, Germany) at
temperatures from 573 to 973 K [17,24,25]. For all cases, the annealing treatment was performed for
10 h in air. The ramp-up rate was controlled at 2 °C/min and then the samples were free-cooled in the
furnace. Detailed experiment results after annealing treatment are shown in Table 1.
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Table 1. The refractive index (1¢) and the extinction coefficient (k) at a wavelength of 550 nm of Ta,Os
films were obtained by fitting the spectra. The packing density (P) was calculated by Equation (1) [26]
and surface roughness (Rs) was determined by AFM microscopy.

Sample Temperature/K ng k103 14 Surface Roughness (Rms)/nm
#1 as-deposited 2.10 0.7 0.96 0.17
#2 573 2.09 0.5 0.95 0.17
#3 673 2.09 0.27 0.95 0.19
#4 773 2.08 0.1 0.94 0.24

The transmission spectra were measured by a Perkin Elmer Lambda 950 spectrophotometer
(Waltham, MA, USA). Based on the transmission spectra, the refraction index was obtained by fitting
the spectra according to the Lorentzian multioscillator model [27]. The accuracy in n determination is
of the order of £0.005 [16]. The packing density (P) was related to refractive index of TayOs film and
calculated by the following equation [26]:

ng = Png+ (1 — P)ny (1)

where n¢ and ny are the refractive indices of the solid part of the film and the vacancies, respectively.
Assuming an empty pore (1, ~ 1), the packing density can be obtained and shown in Table 1.

X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Waltham, MA, USA)
was used to determine the surface chemistry of the films. The X-ray radiation was the monochromatic
Al K« line; the X-ray spot size and the take-off angle were 0.8 mm and 45°, respectively. The survey
spectra were recorded with pass energy of 187.85 eV and an energy step of 0.8 eV. The crystalline
structure of the films was measured by X-ray diffractometer (XRD, PANalytical, Empyean, Almelo,
The Netherlands) with scanning angles from 20° to 80°. The measured data were analyzed by
HighScorePlus Software (version 3.0.5).

An interferometer (Fizeau, GPI-XP, Zygo, Middlefield, CT, USA) was employed to measure the
reflective wavefront deformation (RWD) before and after deposition and annealing treatments. Then
the residual stress of films can be calculated by the Stoney formula [28]:

Est?

77 6(1—ve)KR @
where o is the residual stress of the film; Es and vs are the elastic modulus and Poisson ratio of the
substrate, respectively. For fused silica substrates, Eg = 71.7 GPa and vs = 0.17 were used in the
calculation [29]; R is the radius of curvature of the substrate; Ds is the diameter of the substrate; £5 is the
thickness of the substrate; and ¢; is the thickness of the film. Figure 1 shows the schema of the substrate
surface. Since 0 is small enough due to the flat surface, the following equation can be deduced from
the geometry:

D =~ 2R6 (©)]

PV =h = R(1 —cos0) = 2Rsin’ (9) ~ D @)
o B 2’7 8R

The power value change (APV), which represents the variation of the RWD, meets the following
equation. APV is the value of the surface figure change which can be measured by an interferometer:

D2(1 1)
APV =PV; — PV = — [ — — — 5
1 =35\ & & )

Thus, the Stoney equation can be written as follows:

4E;  t2 APV

T 31 —0,) D2 K

(6)
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I n

Figure 1. Schema of the substrate surface.

In the present study, negative and positive stress values represent tensile and compressive stress,
respectively. The accuracy in the PV value determination is of the order of 0.05 (1/20A, A = 632.8 nm, is
the detector wavelength).

A scanning atomic force microscope (AFM, di Digital Instruments, D3100, Veeco Metrology
Group, Plainview, NY, USA) was utilized to characterize the surface morphology. The scanning mode
was configured as contact, with a scanning rate of 1 Hz and high vertical resolution of +0.025 nm.
A region with the size of 2.5 ym x 2.5 pm was selected for the characterization of the specimen.
The obtained images were processed to remove background signals and to extract results, such as
surface roughness (Rms) and topographic profiles. The accuracy in Rys roughness determination is of
the order of +0.025 nm.

3. Results and Discussion

The XRD patterns of Ta,;Os films are shown in Figure 2. It can be seen that there are no identifiable
diffraction peaks in TapOs films annealed below 923 K and the peak intensity varies slightly with
the increase of the annealing temperature. Namely, TayOs films annealed below 923 K all stay in
amorphous structure. When the annealing temperature rises to 933 K, the Ta,Os film is no longer
amorphous and crystallizes to a hexagonal phase. Consequently, the temperature for phase conversion
is between 923 and 933 K. It is a common view that a better laser-induced damage threshold (LIDT)
could be obtained for amorphous optical films because it is easier to realize diffusion of the impurities
in crystalline structured films, and this causes a local impurity region which is a grain boundary defect
in the structure [11]. We also know that stress in the thin films can be introduced after phase conversion
because of the boundary defect. Thus, according to the above results, it can be concluded that the
annealing temperature should be below 923 K to maintain the amorphous structure of the Ta;Os film.
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Figure 2. XRD patterns of TapOs film with a thickness of 500 nm; the crystal phase of Ta;O5 films
annealed at different temperatures in the range of 873 to 973 K. When the annealing temperature rises
to 973 K, TapOs film converts from an amorphous to a hexagonal crystalline phase.
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Figure 3a gives the relationship curve between RWD and the thickness of Ta;Os films annealed
at different temperatures. As can be seen from Figure 3a, the RWD and film thickness exhibited a
linear relationship within 20 um at all annealing temperatures, which is in accordance with previous
reports [6]. The RWD caused by the Ta,Os films are all negative when annealed below 573 K. With the
increase of the annealing temperature, the RWD value increases. When the annealing temperature
rises to a certain point, the TapOs films without wavefront deformation can be obtained. With a further
increase in the annealing temperature, RWD converts to be positive and become larger and larger with
increasing annealing temperature. We use the linear regression mode to fit the experimental data and
the relationship between RWD and the layer thickness (t;) can be summarized as follows:

RWDrt = ktt; + Ct )

where kt is the slope of the function, which is related to the annealing temperature. As can be seen
in Figure 3a, for different annealing temperatures, k1 is completely different. Cr is the constant term.
We list the linear regression fitting results for each of the annealing temperatures in Table 2.

Table 2. The linear regression fitting results for each of the annealing temperatures.

Annealing Temperature/K kr/10~4 Cr/10~3
473 —-54 -91.9
523 -3.1 —38.8
573 —-0.7 —-0.7
673 44 335.2
773 9.0 829.5

In order to make the relationship clear between the annealing temperature and the RWD of Ta;O5
films with different thicknesses, the data shown in Figure 3a is redescribed in Figure 3b. As can be
seen from Figure 3b, all the curves with different thickness intersect at a certain annealing temperature
point. This means that the negative RWD of TayOs films with different thicknesses all convert to
positive RWD after a certain temperature threshold. This temperature threshold can be predicted as
show below. Figure 4 shows the surface figures of substrate and Ta;Os film on fused silica before
and after annealing treatment (annealed at 773 K). Before deposition, the substrate was polished to
have a good plane of small surface tolerance. The as-deposited Ta;Os films show high compressive
stress, whereas the annealed Ta;Os films have high tensile stress, as is presented in Figure 4 (more
details in Supplementary Materials, Figure S1). According to the Stoney formula, the residual stress
of the TayOs films are calculated and shown in Figure 3c. As can be seen in Figure 3c, the final stress
of the TayOs films strongly depend on the annealing temperature, and the residual stress decreases
with the annealing temperature linearly between 473 and 773 K. At a certain temperature threshold,
zero stress of TapOs films can be obtained, and with further improving the annealing temperature,
compressive stress of TayOs films begins to convert to tensile one. This interesting result agrees with
Martin Bischoff’s report on HfO, film [16]. Packing density represents the porosity of thin films. In this
study, the varied packing density (see Table 1), as well as the surface roughness, is related to the
modification of the microstructure of the Ta;Os film due to annealing, which is furthermore connected
with a release of the film stress.

For further study, according to Figure 3a and Table 2, the relationship between kr and the
annealing temperatures is plotted in Figure 3d. It can be seen that k at different annealing temperatures
exhibits a linear relationship. Thus, a zero-stress temperature point for Ta,Os films with different
thicknesses can be predicted. We also fit the slope curve using the linear regression mode and the
relationship between the slope (k1) and the annealing temperature (T) can be summarized as follows:

kr = —2.84 +4.85 x 1073T (8)
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On the basis of calculation, the zero-stress temperature point is 591 K. Consequently, it can be
concluded that the compressive stress of TayOs films with different thicknesses converts to tensile
stress when the annealing temperature is 591 K.
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Figure 3. (a) The relationship curve between RWD and thickness of TayOs film annealed at different
temperatures; (b) the relationship between temperature and the RWD of TayOs films with different
thicknesses; (c) the stress of the TayOs films with thicknesses of 500 nm annealed at different
temperatures; annealing temperatures are set at 473 K, 523 K, 573 K, 623 K, 673 K, 723 K, and 773 K,
respectively; and (d) the relationship between kt (slope) and annealing temperature. kt, which is

related to the annealing temperature, is the slope of Equation (7) and described using Equation (8).
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Figure 4. Surface figure of Ta;Os film on fused silica before deposition (substrate), after deposition

(as-deposited), and after annealing treatment (annealed at 773 K).
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Considering the application in optical systems, Ta;Os films after annealing treatments should
not only have low residual stress, but also have good optical properties. In order to investigate the
effect of annealing temperature on the refractive index and microstructure, the TayOs films with
thicknesses of 500 nm annealed at different annealing temperatures were characterized. Figure 5 shows
the transmittance curves of the Tap,Os films with thicknesses of 500 nm annealed at different annealing
temperatures. As shown in Figure 5a, the transmittance spectra of the Ta;Os films shift toward
the long-wavelength region and the minimum value increases with the increase of the annealing
temperature, which indicates that the optical thickness of Tay;Os films increases and the refractive
index decreases with the increase of the annealing temperature. This would mean the physical
thickness of films increase. The same results have been discussed in [25]. The change of coating
thickness and index after annealing mainly results from the rearrangement of the microstructure.
Figure 5b shows the refractive index of the 500-nm TayOs films annealed at different temperatures.
As can be seen, the refractive index obviously decreases after annealing treatments. According to the
relationship between the refraction index and the packing density, this means that the packing density
decreases with the increase of the annealing temperature. These results are in agreement with the
commonly-reported relationship between the optical constant and annealing temperature [16].
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Figure 5. Optical properties of TapOs films with a thickness of 500 nm annealed at various temperatures
in the range from 573 to 773 K. (a) Transmittance spectra of annealed samples, the wavelength ranging
from 250 to 900 nm; and (b) the refractive index of annealed samples, the wavelength ranging from 300
to 1400 nm.

Figure 6 shows the AFM images of the as-deposited TayOs films with a thickness of 500 nm
annealed at different temperatures. The measurement results are listed in Table 1. From Table 1,
we conclude that the surface roughness of Ta;Os films slowly increases with the increase of the
annealing temperature. When the annealing temperature rises to 773 K, the surface roughness of the
Ta,Os films increase to 0.24 nm. The probable reason for the increased Rpys roughness after annealing
is that annealing treatments offer the atoms enough activation energy to diffuse to the site with the
lower surface energy in the horizontal direction. The atoms’ rearrangement leads to a rougher surface.
In this experiment, it shows that the Ta;Os film annealed at 773 K still has a small Rpys roughness,
indicating that annealing treatments can lead to few structural defects on the surface of the film.

X-ray photoelectron spectroscopy (XPS) was carried out upon TayOs film surfaces and the Ta
4f spectra with constituent satellite peaks are illustrated in Figure 7. Each oxidation state of Ta is
represented by a Ta 4f7/, to Ta 4f5,, doublet. The energy separation of the doublet lines is always
fixed to 1.9 eV and the area ratio is about 1.33. As for as-deposited film, Ta 4fy,, to Ta 4f5,, peaks
located at 25.94 and 27.83 eV are observed. Deep oxidation of TayOs film is also certified in the oxygen
XPS spectra (Supplementary Materials, Figure S2-54) and oxygen peaks also shifted to higher binding
energy with the increase of the annealing temperature. Qualitatively from XPS spectra (Figure 7),
the binding energy of the Ta 4f;,, to Ta 4f5,, doublet moves to the higher energy side when the
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annealing temperature increases, which indicates the Ta is oxidized more deeply. It can be concluded
that a moderate annealing can repair oxygen vacancies that exist within TapOs amorphous films.
Optical films benefit from this process demonstrating the significant reduction of optical adsorption
(see Table 1 and Table S1).

as-deposited

pm

5.0

Figure 6. AFM image of the as-deposited TapOs films with thickness of 500 nm annealed at different
temperatures; the scanning range is 2.5 um X 2.5 um. Scale bar of the Z range is 2 nm.

Intensity ( arb.units)
n

Binding energy (eV)

Figure 7. Surface chemistry observation of TapOs samples with thickness of 500 nm; XPS patterns of Ta.
(a) as-deposited TayOs samples; (b) TayOs samples annealed at 573 K; (c¢) TapO5 samples annealed at
673 K; and (d) Ta,O5 samples annealed at 773 K.

4. Conclusions

TapOs5 films with different thicknesses were deposited by IBS and annealed at different
temperatures from 473 to 973 K in air. After annealing, the wavefront deformation of Tay;Os
films linearly increases with film thickness (within 20 um) at the same annealing temperature.
The compressive stress linearly decreases with the increasing temperature. When the temperature rises
to 591 K, TayOs films with zero stress can be obtained. To further increase the annealing temperature,
TayO5 films show tensile stress instead of compressive stress. The tensile stress increases with the
increasing temperature.
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Meanwhile, annealing treatments can improve the film stoichiometric ratio leading to the
reduction of absorption. XRD results show that in order to avoid grain boundary defects, the annealing
temperature should be below 923 K to maintain the amorphous structure of the Ta;Os film. Annealing
treatment is in favor of reducing the refractive index and increasing the surface roughness. However,
the films after annealing treatments still maintain the high surface quality and optical properties,
and meet the requirements in optical applications, even with a little change in the refractive index and
the surface roughness.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-6412/8/4/150/s1,
Figure S1: The surface figure of Ta;Os films on fused silica before deposition, after deposition, and after annealing
treatments at various temperatures, Figure 52: XPS survey spectra of TapOs films under various annealing
temperature, Figure S3: XPS spectra of oxygen (O 1s) with satellite peaks under various annealing temperature,
Figure S4: The surface figure of TapOs films on fused silica before deposition, after deposition, and after annealing
treatments at various temperatures, Table S1: O/Ta ratio of Tap,Os films based on XPS survey spectra.
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