www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Reduction of absorption of

Ta,O. monolayers through the
suppression of structural defects
by employing an appropriate ionic
oxygen concentration

Lin Wang¥?, Weili Zhang®>"*, Ruijin Hong'", Kun Wang?, Menglei Wang?, Qinmin Wang?,
KuiYi%* & Jianda Shao?3*>

Ultralow-absorption laser films have critical applications in high-power continuous-laser and
gravitational-wave-detection systems. During film deposition, the ionic oxygen concentration
significantly affects the absorption loss of the film. In this study, Ta,0, monolayers were deposited
using an ion-assisted electron beam evaporation technique, and the weak absorption at 1064 nm,
temperature rise, optical band gap, element content, and binding energy were tested and analyzed.
The band structure and microdefects of the Ta, O, films were characterized, and their correlation
with the absorption properties was established. The analyses revealed that the primary mechanism
responsible for reducing the absorption loss inTa,O, films was an appropriate ionic oxygen
concentration, which improved the optical band gap and stoichiometric ratio and reduced oxygen
vacancy defects. For Ta,O, monolayers deposited with the optimal ionic oxygen concentration, the
weak absorption was approximately 7.2 ppm and the temperature rise was approximately 0.6 °C, 1/4
and 1/3 of the values of those deposited with an excessive concentration, respectively—an important
finding in the preparation of ultralow-absorption laser films.
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With the continuous development of laser technology, the absorption performance of film components within
laser systems has become increasingly important. During a long period of high-power continuous laser
irradiation, a weak absorption loss causes the conduction and accumulation of heat from the light energy in
a film. Thus, the surface temperature of the film rises, which can cause a certain degree of melting or changes
in the material characteristics and optical properties, ultimately resulting in damage to the film components.
Furthermore, heat deposition from absorption can distort film components, resulting in poor beam quality.
Therefore, laser films with ultralow absorption are crucial for high-power laser systems such as laser weapons!~,
laser inertial confinement fusion (ICF) systems™®, and high-precision measurement systems, including
gravitational wave detection’!! and laser gyroscope systems'>!>.

Ta,O,, generally deposited using electron beam evaporation, ion beam sputtering, and ion-assisted deposition
(IAD)%‘*‘ZO, is a high-refractive-index material commonly used in laser systems, particularly for ultrahigh
reflectivity and ultralow absorption applications. Among these methods, IAD and bombarding a film with an
oxygen ion beam improve the structural defects in the film and better replenish the oxygen loss of the source
material, thus reducing the oxygen vacancy defects in the film, which plays an important role in decreasing its
absorption loss.
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APS O, flow rate (sccm) | Actual thickness (nm)
25 1448
30 1465
35 1483

Table 1. Ta,O, film actual thickness.

Group | APS O, flow rate (sccm) | Discharge current (A) | Bias voltage (V) | Kr #1 flow rate (sccm) | Kr #2 flow rate (sccm)
A 25 50 130 2 8
B 30 50 130 2 8
C 35 50 130 2 8

Table 2. Ta,O process parameters.

The absorption loss of a film is mainly due to absorption during the deposition process, considerably
influenced by process parameters such as the ion source voltage and current, oxygen flow rate, auxiliary gases,
and substrate temperature. In particular, the oxygen flow rate directly affects the stoichiometric ratio of an
optical oxide film. Zhang et al.*! used an JAD method to control the absorption of Ta,O, films by adjusting the
oxygen flow rate and substrate temperature, which produced films with reasonable optical properties in the near-
infrared region. Liu et al.>* investigated the effects of the process parameters on the optical band gap of Ta,Oj
films and found that the oxygen flow rate had the most effect on the forbidden bandwidth. A higher oxygen
flow rate improved the forbidden bandwidth of the films—the key to preparing ultralow-loss films. Chen et al.?*
used two different molecular oxygen flows and four different ionic oxygen flows to study the effect of the ionic
oxygen concentrations and oxygen flow rates on the optical properties of Ta,O, films. With an increase in the
ionic oxygen concentration, the refractive index first increased and then decreased. The extinction coeflicient
of Ta205 films with 25sccm 02+ were much higher than those of TaZO5 films with 30, 35, and 40sccm 02”.
The extinction coefficient of the last three groups of samples exhibited little difference. In IAD, an ion beam
is emitted by ionizing pure oxygen in the ion source, known as ionic oxygen. This process significantly affects
the properties of ultralow-absorption films. Although ionic oxygen can increase the oxidizing capacity and
reduce the oxygen vacancy defects, bombarding films with an ion beam stream may also selectively sputter out
the oxygen in the films, leading to new oxygen vacancy defects. Thus, when using different IAD processes for
dielectric films, the absorption performance is not positively correlated with the oxygen concentration; hence,
an optimal concentration exists, which has not been extensively studied. Thus, conducting absorption studies of
films deposited with the assistance of different ion-source oxygen flow rates is necessary.

In this study, Ta,O, monolayers were deposited via ion-assisted electron-beam evaporation, and the effects of
the oxygen flow rate in an advanced plasma source (APS) on the absorption and structural properties of Ta,O,
films during deposition were investigated. The optical band-gaps of the Ta,O, films deposited at different ionic
oxygen concentrations were calculated using Tauc curve fitting. The O and Ta contents of the Ta,O, films were
determined by X-ray photoelectron spectroscopy (XPS), with the binding energies and relative contents of the
adsorbed oxygen peaks obtained by fitting the elemental O split peaks. The temperature rise under continuous
laser irradiation and the weak absorption at 1064 nm of the Ta205 films were tested, and a correlation with the
microstructure was established. The absorption properties of the films were elucidated based on microscopic
mechanisms, with the coating process optimized accordingly. Using the optimal ionic oxygen concentration
parameters for film deposition can enhance the absorption performance of the films and facilitate the preparation
of laser films with ultralow absorption loss in optical systems.

Experiments

Ta,O monolayers were deposited using ion-assisted electron-beam evaporation. The film samples were coated
using a Syrusprol1110DUYV coating machine (Leybold Optics, Germany). The coating source material consisted
of high-purity Ta,O, solid particles, and the films were deposited on JGS1 fused silica substrates. The initial
vacuum pressure used for the film deposition was approximately 9x 10~* Pa, while that for the coating was
approximately 2x 1072 Pa. The substrate baking temperature was 140 °C, and the evaporation rate of the
material was 0.4 nm/s. The film thickness was set to 1500 nm and was monitored using a crystal. The actual
film thicknesses for the different APS oxygen flow rates were fitted by Essential Macleod 11.0 software?* and
are listed in Table 1. An Advanced Plasma Source (APS, Leybold Optics) was used as an auxiliary ion source
and charged with two channels of krypton (Kr) gas as the working gas: Kr1 at a flow rate of 2 sccm and Kr2 at 8
sccm, while oxygen (O,) with purity better than 99.999% was filled in the ion source at a flow rate varying from
25 to 35 sccm. The ion source discharge current was 50 A, and the ion source bias voltage was 130 V. Finally, the
deposited films were annealed in an atmospheric environment for 12 h at an annealing temperature of 250 °C.
Tonic oxygen refers to the emission of an oxygen ion beam generated when pure oxygen passes into the APS, with
its concentration controlled by the oxygen flow rate through the APS. The process parameters for the different
APS oxygen flow rates are listed in Table 2.
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A spectrophotometer (Perkin-Elmer Lambda 1050 UV/VIS/NIR) with a resolution of 0.1 nm and
measurement accuracy of 0.08% was used to test the transmission spectra of the films at an incidence of 0°. The
refractive index and extinction coefficient of the film material were obtained by fitting the transmission spectral
data using the envelope method?® based on the Essential Macleod 11.0 optical design software?!. The refractive
index at either wavelength could be obtained using the Cauchy formula:

n(A)=A+B/A*+C/A%,

where n(}) is the refractive index at the corresponding wavelength; A is the wavelength; A, B, and C are the
coeflicients to be fitted. The weak absorption of the films at 1064 nm was measured using a self-made system
based on the surface thermal lensing technique?®?”. The test environment temperature was 23.5 °C, relative
humidity was 35%, and the incidence angle was 0°. A total of 12 measurement points were randomly selected on
the sample surface, with their average value obtained. The temperature rise of films irradiated with a continuous
1064 nm laser was measured, and the surface temperature was monitored using an infrared thermal imager
before and after irradiation. The optical band gap of the films was calculated using the Tauc equation®3:

Eg = hv — (ahv)/? /A,

whereh, v, a, A, and Eg represent Planck’s constant, the frequency of incident light, the absorption coefficient,
the band-edge parameter, and the optical band gap, respectively. The chemical composition of the Ta,O, films
was analyzed using an X-ray photoelectron spectrometer (XPS, Thermo Scientific K-Alpha) equipped with a
monochromated Al-Ka (energy: 1486.6 eV) X-ray source. To remove any water and oxygen adsorbed on the
surface of the films, the surface was etched using 1 KeV argon ions for two cycles, each lasting 8 s, before
scanning. The binding energy of the tested element was calibrated through translation based on the disparity
between the binding energy values of the Cls fine spectrum and standard peak (284.8 eV)%.

Results and discussion

Optical constants of Ta, O, films

Figure 1 shows the transmission spectra of Ta,O; films deposited on quartz substrates at different APS oxygen
flow rates. Figure 2(a) and (b) show the refractive indices and extinction coefficients of the Ta, O, films deposited
at different APS oxygen flow rates, respectively. As the APS oxygen flow rate of groups A-C gradually increased,
the refractive index showed a slight and insignificant decrease, while the extinction coefficient initially decreased
and then increased. To visualize the correlation between the refractive index and extinction coefficient of Ta,O,
films and the APS oxygen flow rates, the refractive index and extinction coefficient at 532 nm were selected,
and accordingly, their trends with the change of the APS oxygen flow rates were plotted, as shown in Fig. 3. The
extinction coefficient of the group B samples deposited at the optimum ionic oxygen concentration was smaller
than that of the group C samples deposited at a higher ionic oxygen concentration. These findings indicated that
a higher ionic oxygen concentration increased the absorption of the Ta, Oy films.

Absorption loss and temperature rise of Ta,O, films

The weak absorption values at 1064 nm in the group A-C samples were measured using the surface thermal
lensing technique?®?’. Figure 4 shows the relationship between the weak absorption at 1064 nm and the APS
oxygen flow rate of the Ta,O, films. The figure shows that the group B samples exhibited the smallest absorption
values, lower than those for groups A and C, consistent with the extinction coefficients shown in Fig. 2(b). The
absorption values of the Ta,O, films decreased from 10 ppm to 7.2 ppm as the APS oxygen flow rate increased
from 25 sccm to 30 sccm, and the absorption increased significantly to 31.3 ppm when the APS oxygen flow rate
increased to 35 sccm. These results indicated no positive correlation exists between the absorption performance
and oxygen concentration, suggesting the presence of an optimal concentration.

The surface temperature increases for the samples in groups A-C were tested using continuous laser
irradiation, where the laser parameters are listed in Table 3. A thermal imaging camera was used to monitor
the surface temperature distributions of the samples in groups A-C—irradiated with a laser power density of
35kW/cm?, as illustrated in Fig. 5. The figure clearly shows that the change in the surface temperature within the
laser-irradiated region was significantly greater for group C than for groups A and B.

Figure 6 shows the temperature rise values of the samples in groups A-C irradiated with different laser
power densities. When the laser power density was low, the surface temperature of the films did not change
significantly; in contrast, when the laser power density increased, the surface temperature continued to increase.
The samples in group C had the highest temperature increase values, followed by those in group A. The samples
in group B had the lowest values, consistent with the results of weak absorption at 1064 nm shown in Fig. 4. The
temperature increase reflected the heat absorption capacity of the film, where a higher temperature increase
indicated a greater absorption loss. The temperature rise values of the Ta,O, films irradiated using a laser power
density of 35 kW/cm? decreased from 0.9 °C to 0.6 °C as the APS oxygen flow rate increased from 25 sccm to
30 sccm, and increased significantly to 2.0 °C when the APS oxygen flow rate increased to 35 sccm. Therefore, a
higher ionic oxygen concentration increased the absorption loss of the Ta, O film.

In addition, increasing the temperature in the area of continuous laser irradiation distorted the film surface,
leading to a deterioration of the beam quality. Theoretical simulations were performed using the COMSOL
Multiphysics 6.0 software’® to fully understand the thermal distortion of the group A-C samples under
continuous laser irradiation. Figure 7 shows the simulated surface morphology distribution of the group A-C
samples irradiated using a laser power density of 35 kW/cm?. The figure shows that the maximum surface
deformation of the samples in group C was 2.26 nm, significantly larger than the values of 0.97 and 0.46 nm for
groups A and B, respectively. These results were consistent with the results of the temperature rise test. Therefore,
a higher ionic oxygen concentration increased the temperature rise of the Ta,O, films under continuous laser
irradiation, with a higher temperature rise causing a higher absorption loss and more serious thermal distortion.
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Fig. 1. Transmission spectra of Ta,O films.

Microstructure of Ta,O, films

To understand the differences in the absorption losses of the Ta,O films prepared under different processing
conditions, thoroughly studying the microstructure of each film, linked to the macroscopic absorption properties,
was necessary. The coating process was then optimized to improve the absorption properties of the films.

XPS tests were performed on films deposited at different ionic oxygen concentrations to study the
stoichiometric ratios and oxygen vacancy defects in the films. Figure 8(a)-(c) show the fine spectra of Ta 4f,
where the split-peak fitting can be separated into two peaks, 4f, , and 4f, ,, with binding energies of approximately
28.4-28.7 eV and 26.4-26.8 eV, respectively, suggesting that the composition of the Ta in the films was mainly
Ta%+31:32, Figure 8(d)-(f) show the fine O 1s spectrum, which consists of an asymmetric Gaussian-type curve
with a distinct tail toward the high-binding-energy side. Thus, the O 1s peak decomposes into two Gaussian
peaks, where the lattice oxygen peak located near 531 eV corresponds to the Ta-O bond and the typical XPS peak
located near 532.5 eV can be attributed to adsorbed oxygen?®®. The O/Ta ratios were obtained from the integrated
areas of the two elements in the XPS spectra and the sensitivity factors. The results showed that when the APS
oxygen flow rate was 30 sccm, the area percentage of the adsorbed oxygen peak of the Ta,O, films was 8.93%,
and the O/Ta ratio was 2.499. As the APS oxygen flow rate was increased to 35 sccm, the area percentage of the
adsorbed oxygen peak of the Ta,O, films increased to 9.93%, and the O/Ta ratio decreased to 2.469, indicating
that an excessive ionic oxygen concentration was detrimental to the full oxidation of the films. Meanwhile, the
binding energy of the adsorbed oxygen peak in the Ta,O, films shifted from 532.38 to 532.48 eV as the APS
oxygen flow rate increased from 30 to 35 sccm. The binding energy of the adsorbed oxygen peak shifted toward
a higher binding energy®>-%, suggesting an increased presence of oxygen vacancies at higher APS oxygen flow
rates. More oxygen vacancy defects created defect energy levels in the forbidden band, leading to an increase
in the absorption loss of the film; therefore, the ionic oxygen concentration could not be excessively increased.
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Fig. 2. Optical constants of Ta,O, films: (a) refractive index and (b) extinction coefficient.

To study the energy band structure of the Ta,O, films deposited with different ionic oxygen concentrations,
the optical band gap, E,, was determined using the Tauc mapping method?®. The optical band gap is an important
parameter for characterizing the short-wave absorption limit and evaluating film absorption. Figure 9 shows
the (ahv)? and hv spectra of Ta,O, films deposited at different APS oxygen flow rates. Compared to the films
deposited with an APS oxygen flow rate of 30 sccm, the optical bandgap of the deposited films decreased from
the initial value of 4.20 eV to 4.17 and 4.14 eV with APS oxygen flow rates of 25 and 35 sccm, respectively. These
decreases in the optical band gap were attributed to the increase in oxygen vacancy defects and the decrease
in the stoichiometric ratio of the Ta,O, films**~, Therefore, an appropriate ionic oxygen concentration could
increase the oxidizing ability of the films, decrease the imbalance of the stoichiometric ratio, and decrease the
oxygen vacancy defects in the films, which play an important role in the preparation of ultralow-absorption
optical thin films.

Conclusion

Ta,O, monolayers with different ionic oxygen concentrations were prepared using ion-assisted electron-
beam evaporation. The effects of different ionic oxygen concentrations on the elemental content, binding
energy, energy band structure, weak absorption at 1064 nm, and temperature increase of the Ta,O, films were
investigated. The ionic oxygen concentration affected the optical bandgap of the Ta,O, films, and an appropriate
ionic oxygen concentration could produce films with a larger optical bandgap. XPS tests and Ta and O elemental
split-peak fitting results showed that Ta,O, films deposited with an appropriate ionic oxygen concentration had
fewer oxygen vacancy defects, better stoichiometric ratios, and better oxidation, resulting in less absorption and
temperature rise. In addition, the link between the macroscopic absorption properties and microstructure of the
Ta, O, films was explained from the microstructural perspective. The primary reason for the reduced absorption
loss in the Ta,O films was the appropriate ionic oxygen concentration, which improved the optical bandgap,
refined the stoichiometric ratio, and reduced the oxygen vacancy defects of the films. For Ta,O, monolayers
deposited with an appropriate ionic oxygen concentration, the weak absorption at 1064 nm was approximately
7.2 ppm, and the temperature rise during 1064 nm continuous laser irradiation at a power density of 35 kW/
cm? for 60 s was approximately 0.6 °C, 1/4 and 1/3 of the values for monolayers deposited with an excessive ionic
oxygen concentration, respectively. This study showed that regulating the ionic oxygen concentration during
the evaporative deposition of the film layer could improve the film absorption characteristics. The optimal ionic
oxygen concentration was beneficial for compensating for the loss of oxygen in the film material during the
evaporation process, whereas an excessively high ionic oxygen concentration increased the film layer loss. Thus,

these results provide a reference for the development of ultralow absorption loss multilayer laser films for optical
systems.
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Fig. 4. Weak absorption at 1064 nm of Ta,O; films with different APS oxygen flow rates.

Wavelength (nm) | Irradiation time (s) | Spot area (mm?) | Laser power (W) | Laser power density (kW/cm?)
78 8
157 16
1064 60 1 236 24
316 32
346 35

Table 3. Laser parameters for surface temperature rise testing.
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Fig. 5. Thermal camera monitoring results for the surface temperature distributions of Ta,O films with
different APS oxygen flow rates: (a) 25, (b) 30, and (c) 35 sccm.
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Fig. 7. COMSOL simulation results for the surface morphology distributions of Ta,Oy films with different APS
oxygen flow rates: (a) 25, (b) 30, and (c) 35 sccm.
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