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ABSTRACT

The knowledge of the optical properties of coating materials at high temperatures is important for understanding the dynamic process of high-power laser-material
interactions. In this paper, the variations of refractive index and physical thickness of single layer coatings were studied by ellipsometric spectroscopy at different
temperatures. From 23 °C to 320 °C, a decrease and then an increase of the refractive index of SiO,, and HfO, single layer was observed, while the thickness
of these layers increased first and then decreased. The inflection points of different coating materials occurred at different temperatures. Water evaporation
processes, densification and hydrophilicity of films were used to explain the temperature dependent properties of the dielectric coatings. Results of the variation
of refractive index and thickness of single layer coatings at different temperatures in the vacuum proved the mentioned theory. Moreover, HfO, single layer shows
better resistance to both temperature change and vacuum change, indicating that it is promising for high-reflective coatings in photoelectric devices. Besides, the
formation of transient defects during high power laser irradiation was interpreted considering the optical properties variation with temperature. Three confusing

and debated issues concerning laser-coating interaction are interpreted and explained.

1. Introduction

Optical coatings, such as high-reflective coatings [1,2], anti-
reflective coatings [3], and polarizers [4], are essential components
in laser systems. Besides, optical films are the most fragile parts in
high-power laser system for their low laser-induced damage threshold
(LIDT) [5]. Therefore, laser induced damage [6] or thermal distortion
of films [7] under high-power laser irradiation limits the development
of high-power laser technology.

Although laser-induced damage of optical coatings has been studied
over the past five decades [7-11], researchers still encounter several
confusing problems both in pulse laser system and continuous-wave
(CW) laser system. First, the UV LIDT of the coating deposited by
electron-beam technique is much lower than the infrared LIDT [12].
For example, when a 200 nm-thick alternative HfO,/SiO, film, for
which the thickness of HfO, layer is 40 nm and that of SiO, layer is
57 nm, is exposed to a 1000-shot laser pulse with a duration of 12 ns
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and a diameter of 195 pm, the laser fluence of LIDT at the irradiation
wavelength of 355 nm is only 10 J/cm?, and that at 1064 nm can
reach >150 J/cm?2. The photon energy at 355 nm is three times that
of 1064 nm, but the LIDT at 1064 nm is much larger than 3 times
the LIDT at 355 nm. Second, the coupling mechanism of substrate and
coating is not clear. The LIDTs of the same optical coating deposited on
different substrates are different, and lower than that of the uncoated
substrate. For example, when illuminated by an ultrashort femtosecond
(fs) laser pulse with a duration of 500 fs, a wavelength of 1030 nm, and
a diameter of around 70 pm, the laser fluence of LIDT of fused silica is
4.6 J/cm?2 [13], and the laser fluence of LIDT of a 247 nm-thick TaO,
single layer film on the fused silica is 1.0 J/cm? [14].

For a CW regime with a wavelength of 1064 nm and a spot size
of 20 pm, the power density of LIDT of a fused silica substrate with
the exposure time of 6 s was 250 kW/cm?, while that of LIDT of a 60
nm-thick titania deposited on the fused silica substrate with the same
6 s-exposure time is 80 kW/cm? [15]. Third, the LIDT of coatings
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in the vacuum is lower than that in the atmosphere. When irradiated
by a 7.6 ns duration laser pulse with a wavelength of 355 nm and a
diameter of 1.0 mm, the laser fluence of LIDT of a 5 cm diameter fused
silica substrate in the vacuum of 10~° Torr is 20 J/cm2, which is 10
J/cm? lower than the value of 30 J/cm? in the air [16]. Therefore, it is
important to deeply study what changes occur in the coating and on the
substrate during the laser irradiation process, so as to fundamentally
reveal the damage mechanism.

The laser-coating interaction involves a thermal process, no matter
in a continuous-wave laser system or a pulse laser system [7,17-19].
The irradiated optical coatings absorb laser energy, and the tempera-
ture of the irradiated region increases, leading to the change of optical
constants and thickness of coatings. The change of parameters of a film
will make it exposed to an external force, which is a key to the laser-
induced damage of coatings. Therefore, understanding and measuring
the variation of optical properties and physical properties of coatings
with temperature is important to reveal the dynamics of the laser
damage process.

Ellipsometry with ultra-high sensitivity is an effective way to de-
termine the optical constants and thickness of thin films. Recently,
with the development of variable-temperature ellipsometry technol-
ogy, the temperature dependence of optical constants has attracted
considerable attention [20,21] due to its wide application in studies
of thermal expansion, electronic band structures [22,23] and phase
transitions [24-26]. Therefore, measuring parameters of coatings by
ellipsometry can be accurate and with high sensitivity.

In this paper, we reported on a study of the variation of the
refractive index and the physical thickness of SiO,, and HfO, single
layer films, and the BK7 substrate with temperature and vacuum. These
two kinds of representative optical dielectric materials, SiO,, and HfO,
with different hydrophobic and hydrophilic performance, are widely
used in high-power laser systems [27]. The changes of refractive index
and optical thickness of these layers with temperature both in the
atmosphere and in the vacuum were measured, and the changes in the
optical properties of the coatings were analyzed. The optical constant
of the BK7 showed a low variation with temperature. It was also
observed that the refractive index of SiO,, and HfO, single layer films
decreased firstly and then increased was observed, while the thickness
of these layers increased first and then decreased. Water evaporation
processes, densification and hydrophilicity of films are used to elucidate
the different inflection points of SiO,, and HfO, single layer films. In
order to fully prove the proposed explanation, the property change of
films with temperature in the vacuum was also studied. In the vacuum,
it was found that a drastic decrease of the refractive index of SiO, and
HfO, at the wavelength of 532 nm and an increase of thickness when
the atmospheric pressure changed into the vacuum pressure. It results
from the water loss in the pores and adhering of escaping water and
organic contaminants. The measurement in the vacuum can be also
used to study the laser-coating interaction in the vacuum, which can be
applied to the space science. Based on these results, the formation of
transient defects in optical coatings during high power laser irradiation
was revealed, and the dynamic of laser damage process was discussed.
The laser-coating interaction was discussed and interpreted by three
examples, including alternative SiO,/HfO, multilayer layers, coating-
substrate coupling and the lower LIDT of film in the vacuum. Different
behaviors of different films and substrate with temperature lead to a
stress in the interface of alternating SiO,/HfO, multilayer layers, and
in the interface of the coating and the substrate. This reveals that the
laser-induced damage easily forms in the interface, and the lower LIDT
of a coating than the uncoated substrate. In the vacuum, an abrupt
and different change of SiO, and HfO, single layer films, leading to
a stress in the interface of multilayer coatings, and vacuum organic
contamination are essential to the lower LIDT of film in the vacuum
than in the atmospheric pressure [16].
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2. Materials and methods
2.1. Film preparation

In the experiment, SiO, and HfO, single layer with a thickness
of ~200 nm were deposited on the BK7 substrate by electron beam
evaporation (EBE), which is a common preparation technique of di-
electric coatings for laser applications. The sources are SiO, powders
(Umicore, 99.99% purity) and Hf granules (Merk KGaA, 99.99% pu-
rity), respectively. The diameter of the substrate was 30 mm and its
thickness was 3 mm. Prior to deposition, substrates were submitted
to a cleaning procedure in acetone and isopropyl alcohol. Samples
were fabricated by a Leybold Syrus Pro e-beam deposition system. The
deposition temperature is 200 °C, and the Oxygen partial pressures
are 1.4 x 1072 Pa for HfO, single layer, and 5 x 10~3 Pa for SiO,
single layer, respectively. The distance between the substrate and the
evaporator is 70 cm. The deposition rates are 0.14 nm/s for HfO,, and
0.6 nm/s for SiO, single layer, respectively. During the coating time,
the substrate of HfO, was kept still, while the substrate of SiO, rotated
at a low rate of 0.1 rpm. After deposition, the atom contents were
measured by X-ray photoelectron spectroscopy (XPS) to prove that films
were fully stoichiometric.

2.2. Experimental setup and theoretical calculation

The experimental setup is shown in Fig. 1. In order to measure
the variation of the thickness and the optical constants of coatings
at different temperatures under atmospheric pressure or in the vac-
uum, a Horiba UVISEL-2 ellipsometer was used. The heating stage of
Linkam THMS350V System was used to heat the samples to different
temperatures, in the range from 23 °C to 320 °C. A pump on one
side of the heating stage was used to change the ambient pressure
from the atmosphere to 0.1 Pa. The windows of the sealing cover were
perpendicular to the linearly polarized light beam, so the direction of
the incident light beam was not changed. The ellipsometry measuring
angle was 70°. The humidity was controlled to ~40%.

Ellipsometric parameters ¥ and 4 are defined by a complex ratio

(p) of the p- and s-polarized Fresnel reflection coefficients r, and ry,
respectively, which is given by,

r )

L = tan ) e (€8]

s
the refractive index n and the thickness d of the singer layer are
calculated from the ¥ and 4.

During the experiment, the heating stage was in contact with the
back of the sample, as shown in Fig. 1. In order to keep the temperature
at the surface of the coating stable, the heating system continued work-
ing for 30 min after reaching the preset temperature. The temperature
range was set from 23 to 320 °C, wavelength range was set from
400 nm to 800 nm, and the dielectric layer was modeled using the

(es—sw)-wrz

classical dispersion formula [28]: &(w) = ey + , where

£, = 1 eV is the high frequency dielectric constant, ¢, = 2.5 eV is
the static dielectric function at a zero frequency, I'y = 5 eV is the
damping factor of the single Lorentz oscillator, w, = 12 eV is the
resonant frequency of the oscillator whose energy corresponds to the
absorption peak. The optical constants of the coatings were obtained
by modeling the spectral dependences of ¥ and 4, and minimizing the
z? values [29]. As shown in Fig. 2, the y? value is a comparison of
theoretically calculated pairs (¥,,, 4,,) and experimentally determined
pairs (¥, Aexp)s

n

(Wth - l/’cxp)lz (Alh - Acxp)?

2 .
X~ =min +
; F\I/J Iy

(2

i

where 'y ; and I',; are the standard deviations of experimental ellip-
sometric parameters ¥,, and 4,,, respectively. The goodness of fit is
determined by the y? value which should be as low as possible. In this
experiment, y2 was less than 0.5.
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Fig. 1. Optical path to measure ellipsometric parameters of thin films under heating at different temperatures.
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Fig. 2. Experimental and theoretical ellipsometric parameters of (a) ¥ and (b) 4 of the SiO, single layer under atmospheric pressure at 23 °C.
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Fig. 3. Variation of refractive index of the BK7 glass substrate with temperature (a) under atmospheric pressure and (b) in vacuum environment.

3. Results
3.1. Variation of substrate optical constants at different temperatures

The refractive index of the BK7 glass substrate was measured at
different temperatures. Ellipsometric measurements were made at in-
crements of every 50 °C from 23 °C to 320 °C. The measuring re-
sults are shown in Fig. 3, which shows that temperature and pressure
changes have a small effect on the refractive index of the BK7 glass in
the selected temperature range.

3.2. Variation of the thickness and the refractive index of coatings at
different temperatures under atmospheric pressure

Figs. 4-5 show the variation of the refractive index and the thickness
of SiO, and HfO, single layer films with temperature ranging from
23 °C to 320 °C under atmospheric pressure. In Fig. 4, the refractive
index of the SiO, coating at 532 nm decreases by 3.2% with tempera-
ture changing from 23 °C to 270 °C and then increases by 0.4% from

270 °C to 320 °C. The thickness of the SiO, coating increases by 4.1%
firstly and then decreases by 4.0% from 170 °C to 320 °C.

As shown in Fig. 5, the variation of the refractive index and the
thickness of the HfO, coating with temperatures shows the same trend.
But the temperature of the turning point of the SiO, coating is higher
than that of the HfO, coating. For the HfO, coating, the temperatures of
the turning points of the refractive index and the thickness are 220 °C
and 120 °C, respectively. The refractive index at 532 nm decreases by
2.9% in the temperature range from 23 °C to 170 °C. From 170 °C
to 320 °C, the refractive index increases by 0.4%. Corresponding to
the variation of refractive index, the thickness rises by 0.5% as the
temperature increases from 23 °C to 120 °C, and decreases by 1.0%
from 120 °C to 320 °C. Overall, the two kinds of materials are ranked
by the temperature turning points of the refractive index and the
thickness as follows: SiO, > HfO,. According to the change amount in
refractive index and thickness, they are also sorted in the same order.
The HfO, single layer is more resistant to the change of temperature.

In the first stage of the heating process, the decrease of refractive
index is mainly because of the water loss in the films, and the increase
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of the thickness is greatly due to the expansion of water adhering on
the surface of the films. The film microstructure consists of columnar
structures, with voids between columns [30]. The refractive index of
the air in the void is 1.0, but it changes to 1.333 when the void is
filled with water after moisture absorption. Therefore, in the heating
process, the water vaporizes from the liquid to gas continuously as the
temperature rises, and therefore the refractive index of SiO, and HfO,
coatings decreases [31]. The optical thickness of films can be expressed
as [30],

n-d -d 3)

= nlayer : dlayer + nvapor vapor

where n,,,, is the refractive index of a film without adsorbate, d,,,, is
the thickness of a film without adsorbate, n,,,, is the refractive index
of adsorbate vapor, and d,,,, is the thickness of the adsorbate vapor. It
has been confirmed that the Si-OH groups are abundant on the surface
of the SiO, coating, and that the water is chemically bonded with
the SiO, coating [32,33]. The water vapor, which evaporates from the
voids, accumulates on the surface of the film and constantly expands
upon heating, which leads to the increase of the film thickness.

The densification of annealing is regarded to dominate the second
stage of the heating process with the refractive index increasing and the
thickness decreasing. As the temperature increases, water remaining
in the void decreases. When the remaining water is negligible, the
densification of annealing plays a vital role. The surface energy of voids
is larger than that of grain boundary [34]. Therefore, the voids tend
to shrink, and the films become denser. So the refractive index begins
increasing and the thickness decreasing.

SiO, is hydrophilic due to the surface OH groups [35], while HfO,
is usually hydrophobic [36]. Water vapor is more tightly attached to
the surface of the SiO, film. Therefore, the temperature of the turning
point and the change amount of the SiO, film is higher than that of
HfO, films.

3.3. Variation of the thickness and the refractive index of coatings at
different temperatures in the vacuum

In order to further verify the influence of water loss, densification
and hydrophilicity on refractive index and thickness of coatings, the

variation of the refractive index and thickness of SiO, and HfO, coat-
ings with temperature were measured also in a vacuum. Figs. 6 and
7 show the variation of the refractive index and the thickness of SiO,
and HfO, single layer films with temperatures ranging from 23 °C to
320 °C in the vacuum. When the ambient pressure changes from the
atmosphere to 0.1 Pa, the refractive index of SiO, and HfO, at 532 nm
decreased by 2.0% and 1.6%, respectively, while the thickness in-
creased by 3.4% and 0.3%, respectively. As the temperature continues
to increase at 0.1Pa, the refractive index of SiO, and HfO, continues to
decrease by 0.3% and 1.1%, respectively. While the thickness of SiO,
decreased by 0.8%, the thickness of HfO, firstly increases by 0.2% from
23 °C to 220 °C and then decreases by 0.5% from 220 °C to 320 °C.
It suggests that the ambient pressure change plays a more vital role
in the variation of the thickness and the refractive index of coatings
than the temperature change. Overall, when the pressure changes, the
variation amount of refractive index and thickness are orderly sorted
by SiO, > HfO,, respectively. The pressure has a larger effect on the
SiO , film. When the temperature rises, the order of change amount
of refractive index is HfO, > SiO,. When it comes to the thickness of
films, the two materials show a different trend. The thickness of SiO,
decreases, and that of HfO, increases and then decreases. The order of
the temperature of the turning points can be seen as HfO, > SiO,. They
are listed in order of the change amount is thickness as SiO, > HfO,.
It suggests that the HfO, single layer is more stable when the pressure
changes.

When the pressure changes from the atmosphere to 0.1 Pa, the water
in the pores of the coating escapes during the pumping process, and the
refractive index of the pores changes from 1.33 to 1.0, which causes the
refractive index of the coating to drop rapidly. However, the effect of
air-vacuum is still related to the hydrophilicity of the material. SiO,
is hydrophilic, while HfO, is hydrophobic. The SiO, coating is filled
and bonded with more water than the HfO, coating, so the refractive
index of SiO, coating is strongly affected by vacuum. The air-vacuum
change also results in the adsorption of organic contaminants [37],
such as di-butyl-phthalate (DBP) and Paraffin-oil. These contaminants
come from steel parts and mechanical parts of the vacuum chamber.
The escaping water and organic contamination adhere to the surface
of films by hydrogen bonding with the OH group [38,39], leading to
the sharp increase of thickness of films. The moisture of SiO, single
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layer makes it more attractive to the organic contaminants, which is
the reason that the thickness of SiO, increases more obviously [40].

As the temperature continues to increase at 0.1 Pa, it is suggested
that the distance between organic molecules increases, resulting in
the decrease of refractive index and the increases of the thickness
of the HfO, coating. When the temperature is high enough to break
Hf-OH bonds, the organic contaminants release from the surface and
the densification of films plays a vital role, so the thickness of HfO,
films decreases. However, the energy of the Si-OH bond is smaller,
and therefore, the constitutional water and organic molecules in SiO,
can be easily removed and the thickness decreases as the temperature
increases. There is no airflow in the vacuum so that the organic
contamination remains on the surface [37]. This is the reason why the
thickness of SiO, and HfO, in the vacuum decrease more slowly than
that in the atmospheric pressure.

4. Discussions

As described above, SiO, and HfO, single layer films, and the
glass substrate have different behaviors with temperature and vacuum.
As shown in Eq. (4), the variations of optical constants of coatings
generates a stress.
emdl o

“ %" F “@

where ¢ is the strain, o is the stress, E is the Young’s modulus, I is the
original length, dI is the change of length. When an optical multilayer
coating used in the high-power laser system, such as lenses and the
mirrors, it is inevitably involved in a thermal process, and generates a
thermal stress. Therefore, the different behaviors of two kinds of layers
like SiO, and HfO, in the multilayer coating led to a stress in the
interface, which is vulnerable to the laser irradiation. It is the same
for a single layer coating evaporated on a stable substrate.

4.1. Laser-induced defects at/near the interface of different coatings

For a multilayer (HL)!OH4L coating, where H denotes the HfO,
layer with a thickness of 134.0 nm, and L denotes SiO, layer with a

Fig. 8. The cross-sectional SEM micrograph of laser induced damage in a HfO,/SiO,
stack, irradiated by a laser pulse. The bright pattern is the HfO, layer, the dark pattern
is the SiO, layer, and the bottom dark part is the BK7 substrate.

thickness of 183.4 nm, as shown in Fig. 8. When exposed to a 1064 nm
laser with a duration of 8 ns and a fluence of ~23.5 J/cm?, most of
nano-holes are formed at the interface. The curve at the damage site
proves that there exists tensile stress. Therefore, a damage precursor is
easier to be formed at the interface of the two different coatings, due
to the different behavior of the two layers while they are irradiated by
high-power laser. These defects become the precursor of laser induced
damage. The formation of point damage at or near the interface prove
that transient defects could be formed during laser-material interaction.
About the fact that the IR LIDT is much larger than 3 times the UV
LIDT [12], the transient defects should also be considered. Due to the
different behavior of the high-index coating, low-index coating and
the substrate at high temperature, transient defects form during high
power laser irradiation. Transient defects have a band gap smaller than
the photon energy of UV laser, but larger than the photon energy
of IR laser [41,42]. Therefore, damage happens easier during the UV
radiation.
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Fig. 9. Bulging of a Au-SiO,-Au coating under laser irradiation.

4.2. The different behavior between coatings and substrate with laser irra-
diation

About the coupling mechanism of the substrate and the coating
during high power laser irradiation, the large different behavior of the
substrate and the coating material at different temperature should be
considered. According to our experimental results, when the temper-
ature increases, the properties of some substrate changes very little,
while the thickness and refractive index of the coating change a lot.
There is a tensile stress between the coating and the substrate. When
the coating is irradiated by laser, the temperature at the irradiation
area on the coating is Gaussian distributed. The center of the irradiation
area reaches the highest temperature. The largest change in the optical
constants occurs in the center of the irradiated area, so a bulge will
form during the irradiation of the laser pulse, which affects the optical
properties of the coatings and the quality of the far-field beam. As
shown in Fig. 9, the sample is the Au-SiO,-Au coating. The thickness
of Au layer is 45 nm, and that of SiO, layer is 30 nm. The wavelength
of laser irradiating on the sample is 520 nm, the pulse width is 360
fs, the fluence is ~0.8 J/cm?. The formation of the bulge proved the
tensile stress formed during laser irradiation. The tensile stress results
from the different change in the optical constants of the substrate and
the coatings during the laser irradiation.

4.3. Defects formation at/near the interface of different coatings in the
vacuum

As for the fact that the LIDT in the vacuum is obviously lower
than that in the atmosphere [16], the difference of the changes of
thickness and refraction index from atmosphere to vacuum results to
stress and defects at the interface of coatings. Defects easily form in
coatings in the vacuum, which makes coating easier be damaged by
laser irradiation. As discussed above, when the pressure changes from
the atmosphere to vacuum, the refractive index of SiO,, and HfO,
decreased by 2% and 1.6%, respectively, and the thickness changed
by 3.4% and 0.3%, respectively. The different change of thickness and
refraction index of coating layers cannot be ignored from atmosphere
to vacuum, resulting to the stress at the interface and defects forming
before the laser radiation, and organic contaminations which lowers
the LIDT of coatings in the vacuum [43].

5. Conclusions

The refractive index and thickness of SiO, and HfO, single layer
as a function of temperature were measured in the range from 23 °C
to 320 °C. For all the layers, a rapid decrease at first and then a
slow increase was observed for the refractive index, while the thick-
ness of the layers first increased and then decreased. These results
can be explained by the combination of water loss, densification and
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hydrophilicity in the films. The variation of the refractive index and
thickness parameters of SiO, and HfO, single layer with temperature
in the vacuum were measured to verify the proposed theory. These
results help to understand the change of the coating during the laser
damage process, to interpret the formation of transient defects based on
the modification of the optical properties of coatings with temperature,
and to explain the phenomenon that LIDT of coatings in the vacuum is
lower than that in the atmospheric pressure.
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