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A B S T R A C T

Nano- and micro-structuring of transparent glass for IR or visible spectrum applications is challenging due to low
yield and slow processes, especially while maintaining high surface quality. The method proposed in this work
involves the structuring and subsequent thermal oxidation of a thin metallic layer on a glass substrate. Annealing
of the structured metal layer produces a transparent fully inorganic oxide surface with periodic patterns,
avoiding the subtleties of glass structuring. A new method for the formation of sub-micrometer non-absorbing
gratings with 750 nm periodicity is presented by direct laser interference patterning (DLIP) of thin tantalum
layers on fused silica substrates followed by thermal oxidation by annealing. This method aims to improve the
field of laser optics by providing a scalable and efficient method for the creation of precise metal-oxide photonic
structures.

1. Introduction

The manipulation of external structure of thin films by periodic
structural modifications represents a frontier in science and technology.
This technology holds the perspective for fabricating innovative optical
elements such as photonic crystals [1–3]. Photonic crystals, character-
ized by periodic dielectric or metal-dielectric nanostructures, can con-
trol light propagation similarly to electron motion, which is controlled
by periodic potentials in semiconductor crystals. One-dimensional
photonic crystals have found widespread applications in the optical
coating industry, particularly in terms of planar multilayer interference
coatings, offering applications based on their anti-reflective (AR) or
highly reflective (HR) properties [4]. Moreover, the scientific commu-
nity is exploring two- and three-dimensional photonic crystals [5,6].
Demonstrated advancements include the formation of two-dimensional
photonic crystals through physical vapour deposition on pre-patterned
substrates [7,8]. Such dielectric structures, featuring periodic modula-
tion of optical constants, exhibit angular selectivity of light, which can
be used for spatial filtering [9] and polarization control [10].

The photonic crystal structures, designed for laser optics applica-
tions, have to be compatible with strict requirements necessary for high-

power lasers. The most crucial criteria for optical elements designed for
high-power laser optics applications are to be non-absorbing and dura-
ble, which requires the complete inorganic composition of all constitu-
ent materials. Elements made from polymers or hybrid-polymer
materials are known to exhibit lower resistance to laser fluence
compared to fully inorganic elements [11]. Furthermore, variations in
resistance to laser radiation among inorganic materials based on their
band gap introduce an additional consideration [12]. These re-
quirements are set for both: coating materials and substrates. This means
that photonic crystals constituent parts such as optical glasses or various
oxides used in optical coatings have to be inorganic and non-absorbing
for the target wavelengths.

Direct microstructuring of glass, while keeping the surface roughness
sufficiently low is a challenging issue, particularly if the microstructure
is needed for the infrared or visible spectrum. However, various oxides
used in the optical coatings can be used to make this challenge easier.
Instead of microstructuring a glass surface the thin metallic layer
deposited on it can be structured. Subsequent annealing of the modu-
lated metal layer promotes metal oxidation, resulting in a fully inor-
ganic, transparent, and periodically modulated surface. A similar
approach was shown in the recent work by Okatani et al. [13],
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demonstrating the fabrication of reflective meta lens for the visible
spectrum by thermal oxidation of silicon nanopillars. Such an alterna-
tive approach of microstructuring metal layers and annealing helps to
avoid the complexities of glass modification, offering a promising
avenue for achieving precise periodic patterns. Moreover, periodic
structures such as seed layers for 2D photonic crystal formation can be
formed on fused silica and other glasses or crystal surfaces.

There are several patterning techniques, described in the scientific
literature, that can be used for thin metal film patterning. However, in

the fabrication of sub-micrometer size gratings, which are needed for
VIS and IR range optical elements, it is difficult to find a technique
suitable for high-volumemanufacture while providing sufficient quality.
UV lithography and subsequent etching through the mask is a well-
established method capable of producing sub-micrometer metal pat-
terns, however, the residue of photoresist reduces the damage threshold
of the structure. Moreover, nanoimprint technologies are still searching
for high laser-induced damage threshold photoresists [14]. Ion beam
milling is too slow and expensive for large-scale production. Therefore,
ultrashort laser processing, and more accurately direct laser interference
patterning (DLIP), was selected for the task, described in this paper.

DLIP technique can enhance the fabrication speed of periodic pat-
terns compared to conventional direct laser writing. Obtaining sub-
micrometric gratings in tens of mm2 area using direct laser writing is
challenging due to the need for a high NA objective, precise control of
the distance from the objective to the sample, and stability of laser and
positioning setup parameters over a long processing time. DLIP allows to
avoid these problems. Interference patterning uses the distribution of

Table 1
Annealing process parameters.

ID Annealing temperature, ◦C Heating rate, ◦C/min Annealing duration, h

1 500 2 1
2 600 2 1
3 700 2 1
4 600 3 1
5 600 4 1

Fig. 1. (a) 2-beam DLIP setup: A – optical attenuator, SHG – generation of second harmonics, L3 and L4 telescope, L1 and L2 objectives of the 4f interference setup,
M – beam mask, W – transparent window, S – sample; (b) illustration of grating fabrication in a thin film on a transparent substrate using a 2-beam interference spot
scan; (c) manufacturing steps to form metal-oxide submicron gratings from metallic thin film.

Fig. 2. Typical surface morphologies of (a) 120 nm and (b) 200 nm physical thickness tantalum thin films as deposited and annealed at various temperatures using a
2 ◦C/min heating rate.
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irradiation energy over a large fabrication area and produces small
features in this area with a single exposition. It also has a much higher
focal depth than a laser beam focused using a high NA objective. The
spatial period of the interference pattern can be defined by controlling
the number of interfering beams, angle between the beams and the laser
wavelength. Periods of <200 nm were obtained at 244 nm wavelength
[15]. DLIP is widely tested for wetting applications [16], structural color
generation [17], fabrication of plasmonic structures [18,19]. DLIP also
has potential as a method enabling fast laser microstructuring [20]. To
fabricate high-quality submicrometric period linear grating in the bulk
material using DLIP is quite a challenging task due to the redeposition of
material ejected from the ablation spot, which causes instability of the
depth of the grating grooves and corrugations due to heated particles,
sticking to the top of the grating. One of the solutions to improve pro-
cessing quality is to use a thin film deposited on the non-absorbing
substrate, which absorbs laser radiation. In this way, the uniform
depth of the structure can be much more easily retained by removing

material from the top of the substrate. Furthermore, when working with
the thin film of high thermal conductivity material deposited on the low
thermal conductivity substrate, the film may be heated to the melting
temperature. The surface tension of the melted metal depends on its
temperature [21] and is higher in the interference minima (cold zones)
than in the interference maxima (hot zones). Therefore, molten material
flows to the low-temperature sites, corresponding to the minima in the
interference pattern due to the Marangoni convection effect [22]. In this
way, the grating surface can be more smooth than simply using local
material removal.

Therefore, in this work, the technique for forming sub-micrometer
metal-oxide gratings using DLIP patterning of metallic tantalum thin
film, deposited on fused silica substrate, and subsequent oxidation
through thermal annealing was investigated.

2. Materials and methods

2.1. Sample preparation

Tantalum pentoxide is known for its high refractive index and
negligible extinction coefficient across a broad spectrum, including
visible and infrared regions. This makes it a suitable material for high-
performance dielectric metasurface optics in these spectral regions
[23]. In this work, we have chosen tantalum material film deposited on
UV-Grade Fused Silica (UVFS) substrates for a proof-of-concept. Thin
tantalum films of two different physical thicknesses (~120 nm and
~200 nm) were formed on fused silica (UVFS) substrates by ion beam
sputtering technology (IBS). To evaluate optimal annealing conditions,

Fig. 3. Transmission spectra of (a) 120 nm (d) 200 nm thick tantalum layers, annealed at various temperatures. Refractive index and optical losses dispersion of (b)-
(c) 120 nm (e)-(f) 200 nm thickness tantalum layers, annealed at various temperatures.

Table 2
Structural and optical properties of annealed tantalum thin films.

As grown thickness, nm → 120 200 120 200 120 200

Annealing temperature, ◦C ↓ Annealed
film
thickness, nm

Refractive
index @ 600
nm

Roughness Rq

after annealing,
nm

500 163 – 2.19 – 0.5 0.5
600 177 399 2.10 2.14 0.62 0.65
700 186 418 2.07 2.07 0.69 1.2
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which would later be used for structured film samples, the as-grown thin
film samples were thermally annealed in an ambient atmosphere in
various conditions, summarized in Table 1. The annealing temperature
ranged from 500 ◦C to 700 ◦С to achieve optically transparent tantalum
oxide thin films still in an amorphous phase. Afterwards, samples were
slowly cooled in the furnace to the room temperature. Before and after
any processing, samples were characterized for structural and optical
properties.

2.2. Gratings fabrication by ultrashort pulse laser

For the production of gratings in the tantalum thin film ultrashort

pulse laser CYRA DUO (AMPLIGHT KG) was used. The pulse duration of
the pulses was set to 7 ps, and the laser was working at a 1000 Hz pulse
repetition rate and produced 6 mJ energy pulses. The experiment used
an externally generated second harmonic (wavelength 515 nm). A laser
beam was split into two using a diffractive optical element (DOE). The
first diffractive order beams were collected and overlapped on the
sample using a 4f lens setup with a magnification of 4, consisting of two
objectives with effective focal lengths of 150mm (L1) and 37.5 mm (L2).
Zero order and not needed high order beams emanating from the DOE,
were blocked by a metal mask positioned between the 4f lenses. To
avoid plasma generation in air at the focal position of the objective L1, a
200 mbar vacuum was formed between a transparent window W (both
sides of which were coated with an anti-reflective coating) and an
objective L2 (Fig. 1a). The two beams interfering on the sample formed a
line intensity pattern, which was used to produce gratings in the
tantalum thin film by translating the sample along the direction of the
interference lines, as shown in Fig. 1b. The sample was translated using
PLT165 300 DLM-L (Steinmeyer Mechatronik GmbH) translation stage.
The translation direction was parallel to the polarization vector of the
linearly polarized laser beam. The laser spot size diameter on the sample
at 1/e2 level was 1.36 mm. The period of the linear interference pattern
on the sample was 750 nm. The depth of the produced gratings was
varied by changing the pulse energy (irradiation fluence) and trans-
lation speed.

After forming the gratings by DLIP, the last step was to anneal the
fabricated metallic structure to complete oxidation to form non-
absorbing gratings (Fig. 1c). The structured films were annealed using
the optimal parameters obtained from the investigation of as-grown
films.

2.3. Surface and structure characterization

Atomic force microscopy (AFM). The surface morphology of thin films
before and after annealing as well as grating structure were character-
ized by an atomic force microscope (Dimension Edge, Bruker). The AFM
tip Tap300DLC was used, which has a truncated cone shape with a tip
radius of <15 nm and a half cone angle at the apex of 10◦ These mea-
surements were performed in tapping mode in two different 10 µm × 10
µm surface areas.

X-ray photoelectron spectroscopy (XPS). The surface of the thin
tantalum films was analyzed before and after thermal treatment using
XPS. The KRATOS ANALYTICAL XSAM800 spectrometer with non-
monochromatized Al Kα radiation (hν = 1486.6 eV) was utilized. The
energy scale of the system was calibrated based on the Au 4f7/2, Cu 2p3/
2, and Ag 3d5/2 peaks positions. Detailed spectra in the Ta 4f and O 1 s

Fig. 4. Refractive index and optical losses dispersions of (a) 120 nm (b) 200 nm thick tantalum layers, annealed using various heating rates.

Table 3
Calculated surface atomic concentrations of tantalum metal thin films before
and after annealing.

Sample Nr. Phys. thickness,
nm

Annealing
temperature, ◦C

O, at.
%

Ta, at.
%

1 200 – 65.54 34.46
2 200 500 72.97 27.03
3 200 600 75.76 24.24
4 200 700 76.11 23.89
Theoretical
Ta2O5

– – 71.4 28.6

Fig. 5. XPS spectrum of Ta film made by IBS before and after annealing at
various temperatures.
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regions were obtained using a 20 eV pass energy with a 0.1 eV energy
increment, and the analyzer was set to the fixed analyzer transmission
(FAT) mode.

Spectrophotometric measurements. Optical transmittance and reflec-
tance were evaluated within the 200 – 1200 nm spectral range for an
unpolarized light at an 8◦ incidence angle using a Photon RT spectro-
photometer (Essent Optics, Lithuania).

3. Results and discussion

3.1. Planar thin film annealing

The initial investigation aimed to estimate the optimal annealing
temperature for oxidation of as-grown tantalum thin films avoiding
formation of polycrystalline structure. Fig. 2 shows AFM surface
roughness images of non-annealed and annealed at 500 ◦C, 600 ◦C and
700 ◦С temperatures samples. Samples annealed at 500 ◦C and 600 ◦C
had surface morphology similar to the as-grown samples, with insig-
nificant surface roughness changes. After treatment at 700 ◦C for 1 h,
surface morphologies indicated structural changes such as cracks/de-
fects formation, significantly increased surface roughness for 200 nm-
thick film. Structural alterations at 700 ◦C annealing temperature
must be caused by the amorphous material reorganization into (poly)

crystalline structure, showing contouring grains boundaries, which
correlate with the results demonstrated in [24–26].

Correspondingly, as shown in spectrophotometric measurements in
Fig. 3(a, d), transmission spectra of thin films annealed at 700 ◦C have
decreased in transmission, which can be attributed to increased light
scattering from the rough surface and the polycrystallinity of Ta2O5. The
refractive index of film oxidized at 700 ◦C (n ≈ 2.07) is lower compared
to the film oxidized at 600 ◦C (n≈ 2.14) at 600 nmwavelength (Fig. 3b).
This tendency has been observed in similar material science papers:
annealing at temperatures above 650 ◦C can initiate a polycrystalline
state of the material, with a lower refractive index due to the reduced
density [25,27] (Table 2).

Both 200 nm-thick and 120 nm-thick samples annealed at 600 ◦C and
120 nm-thick sample annealed at 500 ◦C showed high transparency with
minimal optical losses (Fig. 3(a-f)). On the other hand, as-grown 200 nm
thick tantalum thin film annealed at 500 ◦C still had substantial optical
losses in the whole spectrum as shown in Fig. 3(d, f) and remained
visually “metallic” to the naked eye. 600 ◦C temperature for thermal
oxidation showed the most promising results since samples of both
thicknesses were optically transparent with minimal optical losses.

The earlier used heating rate of 2 ◦C per minute is a safe value for
most optical samples, although only the ramp-up stage up to 600 ◦C
takes almost 5 h. To optimize the treatment procedure, faster heating

Fig. 6. AFM surface morphology images of the one-inch diameter sample with a series of periodic submicron structures formed by two-beam interference ablation of
200 nm thickness tantalum film. The insets indicated by the arrows (a)-(d) show 2D surface morphologies and 1D surface profiles of the periodic structures formed
with the corresponding DLIP power and scanning speed parameters; (e) planar surface of the film.

Fig. 7. (a) Fill factor and (b) modulation depth of ablated gratings dependencies on pattering parameters (fluence and scanning speed).
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rates (3 ◦C/min and 4 ◦C/min) were tested. Fig. 4 shows the comparison
of optical characteristics of the samples annealed at 600 ◦C with various
heating rates. As can be seen, refractive index values do not change with
the heating rate for both sample thicknesses. However, the optical losses
tended to slightly increase, when higher heating rates were used. For
both film thicknesses the optical losses increased in the 400 – 900 nm
spectral range when using 3 and 4 ◦C/min rates, compared to the 2 ◦C/
min rate.

3.2. Planar thin films’ chemical composition before and after annealing

XPS measurements were carried out to investigate the observed
decrease in optical losses and to evaluate the absence of suboxides or
metallic inclusions at optimum annealing temperatures. Tantalum thin
films were characterized by XPS before annealing and after annealing at
500 ◦C, 600 ◦C, and 700 ◦C under ambient conditions using 2 ◦C/min
annealing rate. Surface atomic concentrations for different samples are
shown in Table 3.

The surface atomic concentrations for all samples appeared to be
similar to those of stochiometric tantalum pentoxide, except for the
sample before annealing. This could be explained by the fact that the
deposited tantalum metal film oxidizes in the ambient atmosphere,
forming a natural oxide film (approximately one or two nanometers)
before any annealing procedure. This means that before annealing, the
deposited Ta film has a higher metal content and is not stoichiometric
(Table 3). During the annealing procedure, the oxygen diffuses into the
depth of the metal film, thus forming a thicker oxide layer. This results in
an increased amount of oxygen on the surface of the film for all annealed
samples (Table 3).

For a more detailed analysis of the Ta oxidation state, the detailed
XPS spectra in the Ta 4f region were scanned and compared for 200 nm

thick films before and after the annealing procedure (Fig. 5). The posi-
tions of the Ta 4f7/2 peaks for different tantalum oxidation states,
indicated in this picture, are explained in detail by Li et al. [28]. The
comparison results showed a decrease in the concentration of tantalum
suboxides after the annealing processes. This decrease of suboxides
(Ta2O, TaO, Ta2O3) is correlated with increased transmittance
(decreased optical losses). This finding aligns with prior research, indi-
cating that suboxides tend to absorb visible light and pure stoichiometric
Ta2O5 is transparent for the wavelength range 400–2500 nm [29].

Investigation of the structural, optical, and chemical characteristics
of various annealing procedures applied to tantalum thin films offered
insights into the optimal parameters for thin film thermal oxidation. To
avoid high optical losses and reach the purest Ta2O5 composition, 600 ◦C
annealing temperature and 2 ◦C/min heating rate were used in thin film
structuring experiments.

3.3. Structured thin film annealing

According to the procedure, described in Section 2.2, tantalum thin
films were patterned by DLIP. Figs. 6–8 summarize the morphological
characteristics of submicrometer linear gratings formed in 200 nm-thick
tantalum film. Four different fluence values and 8 different scanning
speed values were used in these experiments.

Periodic gratings with surface modulation on a wavelength scale:
spatial period ~750 nm, fill factor ~50 %, and 260 – 300 nm modula-
tion depth were fabricated. The filling factor was calculated at half
maxima of modulation depth (red dotted line in a sketch in Fig. 7a). The
variation of grating characteristics and their dependency on fabrication
parameters (fluence and scanning speed) are shown in Fig. 7 The
modulation depth surpassed the initial film thickness (200 nm) in all
cases. This shows that the melting of Ta film was an important factor in

Fig. 8. The comparison of 2D surface patterns before and after thermal oxidation.
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the grating formation. The fill factor was practically independent of the
scanning speed and tended to reduce from 60 % to 40 % when fluence
increased from 1.1 to 1.4 J/cm2. The molten metal was more efficiently
pushed to the low-intensity areas when fluence was high. This is also
confirmed by the increased modulation depth when using high fluence.

The patterned tantalum thin film sample was annealed using earlier
estimated parameters: 2 ◦C perminute heating rate up to 600 ◦C, held for
an hour, and cooled down to room temperature along with the furnace
pace. Afterwards, captured surface morphologies of structured areas
showed increased modulation depths and fill factor (Fig. 8). As it is
inevitable during the oxidation process, attachment of oxygen atoms to
metal causes material volumetric expansion. Generally, the modulation
depth average has increased from 280 nm up to 420 nm, and the fill
factor has increased by approximately 10 % (from 50 % to 60 %).

This method could be expanded for fabrication of different period-
icity or even 2D structures, such as metasurfaces, at least to IR spectral
band. Slightly smaller periodicities can be relatively easily achieved and
much smaller (i.e. by factor of 10) periodicities cannot currently be
easily fabricated using this method. DLIP can provide 2D patterns [30],
therefore, this method can be used for 2D non-absorbing gratings.
However, if large area (square centimeter or more) is needed, 1D grating
pattern is less technologically challenging, since the interference spot
can be simply translated in the direction parallel to the grooves to
pattern long area (Fig. 1b), so the stitching of the pattern is required only
in one direction. Furthermore, DLIP does not provide much flexibility in
pattern shape, although the flexibility can be somewhat increased using
phase or polarization control for each of the beams [31,32]. Another
possibility to produce required pattern shape is to reposition the sample
between the laser expositions. This can be done by rotating the sample
or by moving the sample in steps, smaller than the pattern period [33,
34]. One more issue would be ensuring the variable fill factor, which is
often needed in metasurfaces. To achieve this, some kind of beam
shaping or manipulation of the Gaussian beam would be needed.

4. Conclusions

The new method for nano-structuring films on glass substrates has
been successfully demonstrated. It allows to efficiently fabricate fully
inorganic periodic photonic structures on larger scale. Direct laser
interference patterning of metal layer followed by thermal oxidation by
annealing has been proven to be an effective method for obtaining the
sub-micrometer (750 nm period) non-absorbing gratings. No absorption
has been detected by spectrophotometric measurements, which allows
to use the developed nanostructures for high intensity laser optics ap-
plications. The findings show that this method can overcome the prob-
lems associated with traditional glass microstructuring and is a
promising route for the development of advanced optical elements.
Future work should focus on improving the DLIP process to increase the
uniformity in large areas and quality of the grating, as well as investi-
gating its applicability to other materials such as silicon, hafnium, etc.
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[7] L. Grinevičiūtė, et al., Nanostructured multilayer coatings for spatial filtering, Adv.
Opt. Mater. (2021), https://doi.org/10.1002/adom.202001730.
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thin-metal-film patterning using laser beam interference and direct ablation,
J. Micromechanics Microengineering 23 (9) (2013) 095034, https://doi.org/
10.1088/0960-1317/23/9/095034. Aug.

[34] A. Peter, A.H.A. Lutey, S. Faas, L. Romoli, V. Onuseit, T. Graf, Direct laser
interference patterning of stainless steel by ultrashort pulses for antibacterial
surfaces, Opt. Laser Technol. 123 (2020) 105954, https://doi.org/10.1016/J.
OPTLASTEC.2019.105954. Mar.

J. Nikitina et al. Applied Surface Science Advances 24 (2024) 100660 

8 

https://doi.org/10.1063/1.2139834
https://doi.org/10.1364/AO.51.006498
https://doi.org/10.1016/S0040-6090(03)00027-0
https://doi.org/10.1016/j.tsf.2006.05.047
https://doi.org/10.1016/J.APSUSC.2018.11.153
https://doi.org/10.1016/J.APSUSC.2018.11.153
https://doi.org/10.1364/AO.24.000490
https://doi.org/10.2961/JLMN.2011.03.0002
https://doi.org/10.2961/JLMN.2011.03.0002
https://doi.org/10.2351/1.4976679
https://doi.org/10.2351/1.4976679
https://doi.org/10.1515/aot-2015-0060
https://doi.org/10.1088/0960-1317/23/9/095034
https://doi.org/10.1088/0960-1317/23/9/095034
https://doi.org/10.1016/J.OPTLASTEC.2019.105954
https://doi.org/10.1016/J.OPTLASTEC.2019.105954

	Submicron periodic structures in metal oxide coating via laser ablation and thermal oxidation
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation
	2.2 Gratings fabrication by ultrashort pulse laser
	2.3 Surface and structure characterization

	3 Results and discussion
	3.1 Planar thin film annealing
	3.2 Planar thin films’ chemical composition before and after annealing
	3.3 Structured thin film annealing

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	datalink4
	References


