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Abstract:In this work, the parameters of antireflection interference coatings based on alternating
layers of ZnS/Al:Os on the laser-induced damage threshold (LIDT) of ZGP crystals under the action
of Ho:YAG laser radiation at a wavelength of 2.097 um were determined. The coating deposition
was carried out using the ion-beam sputtering method. The LIDT of the sample with a coating
based on alternating layers ZnS and AlOs was equal to WE = 3.45 J/cm?, and the LIDT of the
uncoated sample was equal to W,f =2.23 J/cm2. An increase in the optical breakdown threshold by
~ 55% was observed after the deposition of an AR coating based on ZnS and Al2Os materials. An
assumption was made about the absence of local fluctuations in the composition and mechanical
stresses in the case of the coated sample, namely that this leads to good adhesion of the multilayer
coating to the polished surface of the crystal, and as a result to an increase in the optical breakdown
threshold as compared to theuncoated sample due to closure of the dangling chemical bonds and
bulk defects emerging onthe polished surface.

Keywords: single crystal; ZnGeP»; laser-induced damage threshold; crystal structure;
optical coatings

1. Introduction

The middle infrared (mid-IR) range (2-8 um) contains a large quantity of
fundamental absorption lines on resonant vibrational transitions of the molecules of
most liquids, gases, and non-metals [1-3]. Therefore, laser systems operating in the IR
range remain the most in-demand today for innovative applications in industry, science,
healthcare, and environmental monitoring [4-6]. Conventional laser sources based on the
principle of creating a population inversion between the upper and lower laser levels in
the active medium are currently not able to reliably cover the indicated wavelength
range. One of the currently well-established methods for producing coherent radiation in
the mid-IR range of 2-8 um is optical parametric oscillation (OPO) based on nonlinear
optical crystals. The ZnGeP: crystal (hereinafter ZGP) is the most efficient crystal capable
of generating radiation in the range of 3-5 um [7,8]. The main advantage of ZGP over
other nonlinear crystals is the record-breaking coefficient of nonlinear susceptibility and
the index of nonlinear optical quality, which provides it with the maximum efficiency
forradiation conversion [9]. The crystal is also characterized by high thermal
conductivity, a high laser damage threshold, and low absorption ~ 0.04 cm™ at pumping
(A~ 2 um) and lasing wavelengths in the mid-IR range (A~ 3-8 um) [9]. However, at the
pumping and lasing wavelength, this crystal has a high refractive index n~3.14, which
causes significant reflection from the working faces of the sample (R = 25%), and
consequently a decrease in the lasing efficiency due to pump radiation losses in the
reflection. Antireflection coatings are applied to the working surfaces of the crystal to
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significantly increase the efficiency. Strict requirements in terms of the optical strength
and light transmission are imposed on such coatings.

Currently, there are many film-forming materials such as sulfides, fluorides, oxides,
tellurides and other experimental hybrid materials capable of covering a wide range from
UV to mid-IR. Several materials, such as Ta20s, Nb20s, SiO2, HfO2, YbFs, ZnS, and Al2Os,
have high transparency and low absorption coefficients in the near and mid-IR region of
the spectrum [10-12]. However, not all pairs of materials can be used to design an optical
coating for a specific substrate with the required optical strength, which should be no
lower than the optical strength of the crystal itself. In search of the most suitable
high-strength coating for ZGP crystals, we came to the conclusion that the different
structures of the coatings and the methods of their deposition onto a substrate, as well as
the choice of film-forming materials, significantly affect the optical strength of nonlinear
elements and the efficiency of their use in parametric light generators. In our work, we
used the ion beam sputtering (IBS) method, which is mainly used for sputtering metal
oxide films and is characterized by a high density of sputtered films and the high optical
stability of the sputtered films. Today, there are few papers [13] dedicated to depositing
sulfide, fluoride, and telluride targets using the IBS method, since the high energy of the
ions can lead to dissociation of the binary compound, which will inevitably cause
nonstoichiometricity of the deposited film and a significant deterioration of its
parameters. Having tried a significant number of film-forming oxide materials to
produce an AR coating for ZGP, we concluded that oxide films with a high refractive
index have low optical strength. Therefore, we chose the most transparent material in the
mid-IR region, namely zinc sulfide (ZnS), as a highly refractive layer. We used aluminum
oxide (Al20s) as the low refractive layer, being the most optically strong material,
according to our previous studiesand literature data [14,15]. It should be noted that
silicon oxide is the most durable in terms of its optical stability. However, it proved to be
worse than aluminum oxide in terms of its deposition onto a ZGP substrate, so we opted
for the latter [14].

According to the above information, the goal of our work was to develop an AR
coating for two ranges, namely 2.097 pm for the pump wavelength, and for the signal
and idler wave generation range 3.5-5 um, sputtered using the IBS method forhigh
optical strength based on alternating ZnS and AlOs layers for a ZGP single crystal
operating in the mid-IR range.

2. Experimental Samples and Their Parameters

Two samples of a ZGP single crystal with dimensions of 6 x 6 x 20 mm? were used
for research. They were cut from a ZGP single-crystal boule (manufactured by LLC
“LOC”, Tomsk) at angles of 8 = 54.5° and ¢ = 0° relative to the optical axis. The
single-crystal ZnGeP: boule was grown using the Bridgman method in the vertical
direction onto an oriented seed; the growth was performed from a molten polycrystalline
compound preliminarily synthesized using the two-temperature method [16]. The
absorption of radiation at a wavelength of 2.097 um for the samples was 0.03 cm™".

The phase composition of the samples under investigation was determined using
X-ray diffraction analysis prior to the beginning of the study. According to the results of
the X-ray diffraction analysis, no foreign phases were detected in any ofthe samples
under investigation (Table 1).
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Table 1. Results of the X-ray diffraction analysis of the samples under investigation.

Phase Content, . £
Sample Detected Phases ase Lonten Lattice Parameters, A
Mass%
a=>5.4706
ZGP ZnGeP: 100 ¢ =10.7054

Holograms of the internal volume of the samples under investigation (Figure 1)
were obtained using aDHC-1.064 digital holographic camera manufactured by LLC
“LOC”. The resulting digital holograms were reconstructed to characterize bulk defects.
The limiting resolution of the method was 3 um (a detailed description of the digital
holography technique, including the visualization of defects in the ZGP and a description
of the holographic camera used, is given in [17-19]). No volume defects were detected in
any of thethree samples used in this work.

/

IR image

Reconstructed
image

Figure 1. Anexample of an IR shadow image of the sample volume (a), adigital hologram (b), and
(c) a reconstructed image of the volume of the ZGP sample under investigation.

The polishing of the working surfaces of the samples under investigation was
carried out on a 4-PD-200 polishing and finishing machine. The initial treatment of the
working surfaces of all samples consisted of polishing on a cambric polishing pad using
ACM 0.5/0synthetic diamond powder (average grain size of 270 nm). The material
removal size was ~50 um, which allowed the removal of the cracked layer formed when
cutting the crystal into oriented plates and during their preliminary grinding. Further,
the samples were additionally polished on a cambric polishing pad using ACM 0.25/0
synthetic diamond powder. The samples were then polished on a resin polishing pad
made from polishing resin using ACM 0.25/0 synthetic diamond powder. The control of
the profile of the working surfaces of the samples under investigation before applying
the interference coatings was carried out using a ZYGO NewView 7300 profilometer
operating based on white light interferometry (Figure 2). Surface areas of 110 pm x 110
um in size were studied for each experimental sample and the following parameters
were estimated: the maximum difference in the height and depth of inhomogeneities on
the surface (PV); the root mean square depth of roughness (RMS). As an example, Figure
2 shows asurface image of one of the samples under investigation obtained using a
ZYGO NewView 7300 profilometer. As can be seen from Figure 2, the polished surfaces
of the samples have low roughness, but there are “hollows”, the depth of which reaches
several tens of nm. We assume that these surface defects are not caused by the polishing
process but are caused by the emergence of bulk defects to the surface of the ZGP crystal
itself. For example, these defects can be caused by dislocations.
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PV 48 nm

RMS 0.355 nm (4
Ra 0.149 nm

Figure 2. Surface profile of the ZGP samples under investigation.

3. Technique for the Deposition of Interference Antireflection Coatings

To create multilayer antireflection coatings, we used the IBS method of sputtering
targets of pure materials. The deposition of dielectric layers was carried out using an
Aspira-200 vacuum deposition machine. An ion source with an annular beam was used
in the setup. To create an ion discharge, the gas supply was carried out directly through
the annular ion source. The advantage of such a gas supply scheme is a lower residual
pressure in the chamber than with reactive gas spraying into the chamber volume. This
entails an increase in the film deposition rate, since particles knocked out from the target
reach the substrate region with a minimum probability of collision with gas molecules. It
also leads to formation of denser films, which contributes to an increase in their optical
stability due to there being fewer pores into which water and other contaminants can
penetrate. The sprayed targets were discs of pure ZnS material with a purity of 99.999%
(4N) and a metal target Al with a purity of 99.999% (5N). The diameter of each sputtered
target was 101.6 mm, and the thickness of the target disc was 6 mm. The diameter of the
ion beam focused on the target was about 25 mm. The targets were fixed onto a
water-cooled swivel base. The compensation for the positive charge on the target, created
by the ion beam, was carried out viathe thermal emission of electrons using a filament
tungsten thermal cathode. Gaseous argon (Ar) of high purity 99.995% and technical
gaseous oxygen (O2) of 99.7% purity were used as the working gases in the system.
Heating of the substrates was performedin the sputtering chamber, with subsequent
maintenance of the set temperatures up toabout 300 °C.

Prior to loading into the vacuum chamber, the substrates were cleaned using
high-purity acetone and subsequently washed with bidistilled water. Inmediately before
coating in a vacuum chamber, the substrates were additionally cleaned with an auxiliary
ion source at a source power of ~40 W and with an ion energy of ~150 eV for 10 minutes.

The vacuum chamber was evacuated using a turbomolecular pump to a residual gas
pressure in the chamber at the level of 5-x 10 Pa. The operating residual pressure in the
chamber during the deposition of layers was as follows: 2-x 102 Pa for the ZnS layer; 4.8-x
102 Pa for the Al2Os layer. The average layer deposition rate was 0.4 A/s for the ZnS layer
and 0.8-1 A/s for the Al:Os layer.

The low sputtering rate of the ZnS target was associated with the fact that it was
necessary to reduce the energy of the ions emitted from the source to the target to values
of 500-700 Ev to prevent the dissociation of the compound. On the one hand, the high
energy of the ions during the sputtering of sulfide targets is a negative factor. On the
otherhand, the optimization of the deposition mode allows dense films with a
stoichiometric composition to beobtainedwith characteristics that are practically
unattainable when sputtered using other methods, such as ion-assisted electron beam
sputtering (IAD) or magnetron sputtering.

The first step in the development and application of any interference antireflection
coating is obtaining information about the dispersion of the refractive and absorption
index values of the sputtered materials included in the coating design. We carried out
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studies on obtaining the optical characteristics of ZnS and AlOs monolayers. The
thickness of the monolayers was about 1 pum for their correct description in a wide
spectral region (0.4-10 um). The monolayers were deposited onto substrates made of
pure silicon (refractive index ~3.4) and Asahi optical glass. The control of the deposition
thickness involvedsingle-wavelength opticalcontrol, with a selected wavelength of 610
nm, in which the maximum transparency of the witness chip was observed. The
deposition process forboth monolayers and the final AR coating was carried out at a
substrate temperature of 120 °C to improve the film adhesion to the substrate, as well as
to evaporate possible water residues from the surface.

The spectral dependence of the transmittance of the ZnS monolayer was measured
on a Shimadzu UV-3600 Plus spectrophotometer (operating wavelength range of
180-3300 nm) and a Simex IR Fourier spectrometer (operating range 1.6-13 um). The
resulting characterization of the ZnS monolayer is shown in Figure 3.
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Figure 3. ZnS monolayer datacalculated in the 0.4-10 um wavelength spectral range. The black
curve is the refractive index (R(n)) of the monolayer, while the red curve is the absorption
coefficient.

The black curve in Figure 3 is the refractive index dispersion of ZnS, which was
deposited. The red dispersion curve is the absorption, which increases sharply in the
region of short wavelengths of 0.4-0.55 nm, and then from 0.6 to 10 um the absorption
drops to almost 0. Both of these dispersion curves indicate the presence of a strong
absorption line above the wavelength of 400 nm (the sharp change inthe refractive index
also indicates this). The characteristics of the material are in good agreement with the
results obtained using the IAD method in [20]. Thus, the calculated dispersion of the ZnS
refractive and absorption index values presented in Figure 3 showed the possibility of the
deposition of zinc sulfide using the IBS method and was subsequently used to calculate
the antireflection optical coating for the required range.

Aluminum oxide Al2Os was used as a low refractive material, since it has proven
itself to betransparent in the IR region, with high radiation strength and excellent
adhesion to the ZGP substrate. A detailed description of this material is given in our
previous work [14].

The calculated dispersions of the initial ZnS and Al:Os layers were used to construct
an antireflection coating on a ZGP single-crystal substrate. It was necessary to make an
antireflection coating for two ranges, namely 2.097 um fort he pump wavelength, and the
standard range of its parametric generation of 3.5-5 pum.
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4. Optical Characteristics of the Developed AR Coating

The calculation of the coating using the obtained data on the dispersion of the
refractive index was carried out using Optilayer software. The developed coating
consisted of 3 layers according to the LHL scheme (where L is the low refractive layer
(Al20s) and H is the high refractive layer (ZnS)), with a total thickness of 825 nm. The
reflection spectrum of the resulting coating is shown in Figure 4. The design of the
developed coating was transferred to the control computer of the IBS machine and
deposited onto a ZGP test plate. The test plate wasmatted on one side to exclude
reflection from the second face of the sample during the measurement. Further, the
reflection spectrum was measured on an IR-Fourier spectrometer for compliance with
the declared parameters. The spectrum is shown in Figure 4.
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Measured coating reflectance
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Figure 4. Spectrum of the developed AR coating based on ZnS and Al2Os on the ZnGeP2substrate.

The black curve is the reflection spectrum of the calculated AR coating, and the red curve is the
measured reflection obtained using an IR-Fourier spectrometer.

The discrepancy with the calculated spectrum in terms of the reflection value is up
to 0.5%, which apparentlyappears due to the contribution of the residual reflection from
the second face of the sample to the measured spectrum.

It is known that the optical strength of the dielectric coatings is strongly affected by
the mechanical stress in the film, which is determined both by the properties of the
material itself and by its thickness. The properties of the material can be controlled by
optimizing the gas modes and energy of the ion flow. The layer thickness and final
coating thickness can be controlled by coarsening the optical characteristics in favor of
the coating thickness. We found the optimal ratio of the final coating thickness and
satisfactory optical characteristics. The coating thickness in our case was 825 nm, and the
thickness of the highly refractive layer was 317.67 nm. Thus, we reduced the coating
thickness as much as possible and expected good results in terms of the coating strength.
The resulting antireflection coating was applied to both working sides of ZGP sample no.
2.

The morphology of theinterferencecoatinglayer ofthe sample under study
wasanalyzed using a scanning electron microscope with a Tescan MIRA 3 LMU Schottky
cathode (TESCAN ORSAY HOLDING, Brno, Czech Republic) equipped with an Oxford
Instruments Ultim Max 40 energy-dispersive X-ray spectrometer (Oxford Instruments,
High Wycombe, UK). The scanning was performed at an accelerating voltage (HV) of 20
kV. The samples were coated with a carbon-conductive coating in a Quorum
Technologies EMITECH K450X setup (Quorum Technologies, Laughton, UK).No defects
in the interference antireflection coating were found in the sample. The results are
presented in Figure 5.
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The optical breakdown threshold of ZGP samples with and without an antireflection
coating was determined using the R-on-1 method [21] by irradiating them with Ho:YAG
laserradiation at a wavelength of 2.097 pm and pumped by a continuous thulium fiber
laser. The Ho:YAG laser operated in the active Q-switched mode with a pulse duration T
=35 ns and a pulse repetition rate of 10 kHz. The diameter of the testing laser beam in all
experiments was d = 350 = 10 um in terms of the e level from the maximum intensity.
The maximum average radiation power generated by the Ho:YAG laser was 20 W in a
linearly polarized Gaussian beam.

The scheme of the experimental setup is shown in Figure 5. The power of the
incident laser radiation was changed using an attenuator consisting of a half-wave plate
(A/2) and a polarizing mirror (M1). A Faraday isolator (F.I.) was used to prevent the
reflected radiation from entering the laser, which prevented an uncontrolled change in
the parameters of the acting radiation. The average laser power was measured before
each experiment with an “Ophir” power meter. In the irradiating process of the sample
with test radiation, the power meter was behind the sample, and the decrease inthe
transmission to 0 was indicated as an optical breakdown in the crystal. After the
breakdown occurred, the examined sample was removed, the power meter was replaced
in its plane, and the power of the testing radiation was measured.

D1 =459.31 nm

D2 = 317.67 nm

Figure 5. Morphology of the interference coating of the sample.

The essence of the “R-on-1" technique is that each individual region of the crystal is
irradiated with laser radiation, with a successive increase in the intensity of the laser
radiation until an optical breakdown occurs or a predetermined energy density value is
reached.

The study was carried out with an exposure time of tex = 5 5. The sample under
investigation was exposed to packets of laser pulses with a fixed level of energy density,
which did not cause damage to the surface of the crystals. Further, the energy density
was increased with a step of ~ 0.1 J/cm?2. The experiment was terminated when visible
damage appeared on one of the surfaces of the nonlinear element. Then, the sample was
moved by 0.5 mm in height or width using a two-coordinate shift; the experiment was
repeated 5 times. The optical breakdown probability was obtained by plotting the
cumulative probability as a function of the optical breakdown energy density. The value
of the optical breakdown threshold was taken to be the energy density corresponding to
the approximation of the probability of optical breakdown to zero.

5. Experimental Data on the Determination of LIDT and a Discussion

Scheme of the laser facility for carrying out work on the study of LIDT is shown in
Figure 6. The optical breakdown threshold values of samplesno. 1 (without antireflection
coatings) and no. 2 (with a coating based on alternating ZnS and AlOs layers) were
determined based on theenergy density and power density (Figure 7) according to the
R-on-1 method using the experimental stand shown in Figure 6.
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Figure 6. Optical layout of the experimental setup: 1 is the Ho:YAG laser; F.I. is the Faraday
isolator; A/2 is the half-wave plate; M1 is the polarizing mirror; L is the lens; P.M. is the “Ophir”
power meter.
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Figure 7. (a) The dependence of the optical breakdown probability on the energy density of the
testing laser radiation. (b) The dependence of the optical breakdown probability on the power
density of the testing laser radiation. The results were obtained at a pulse repetition rate of 10 kHz
and a pulse duration of 35 ns.

Thus, the optical breakdown threshold of sample no. 1 (without antireflection
coatings) was W,F = 2.23 J/cm? in terms of the energy density and W = 64 W/cm? in
terms of the power density. The optical breakdown threshold of sample no. 2 (with an
antireflection coating based on alternating ZnS and Al2Os layers) was W =3.45 J/cm? in
terms of the energy density and W,” =99 W/cm? in terms of the power density. As can be
seen, an increase in the optical breakdown threshold by 1.5 times wasobserved after
applying an antireflection coating based on alternating ZnS and Al20s monolayers. Both
samples had low absorption rates at the exposure wavelength, which indicated a low
concentration of point defects that affect the absorption intensity. The presence of binary
phosphides, impurity elements, and bulk defects was not detected in the samples under
investigation, which indicatedthe good quality of the crystalline structure of the single
crystal. The polishing of the optical surfaces of sample no. 1 and sample no. 2 was carried
out using the same technology. Thus, the obtained differences in the optical breakdown
threshold can only be explained by applying an antireflection interference coating to
sample no. 2. In our opinion, the selected pair of materials has physicochemical
properties that promote good adhesion of the multilayer coating to the polished crystal
surface and minimal mechanical stresses between the layers and at the substrate—film
interface, which as a result lead to an increase in the optical breakdown threshold as
compared to an uncoated sample due to the "closure" of dangling chemical bonds and
bulk defects emerging onthe polished surface.

In our earlier work [14], we studied ZGP samples with antireflection coatings based
on alternation of the SiO2/Nb20s monolayers and based on the alternation of Al203/Nb20s
monolayers with similar spectral transmission ranges. The optical breakdown threshold
of the sample with a coating based on the alternation of Nb20s and SiO: layers was W =
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1.8 J/cm?2. The optical breakdown threshold of the sample with a coating based on the
alternation of Nb20s and ALOs layers was Wf = 2.35 J/cm2. The presence of silicon
conglomerates in theantireflection interference coating based on the alternation of
Si02/Nb20s monolayers was found, which ledto a decrease in the optical breakdown
threshold of a nonlinear crystal due to local mechanical stresses and the scattering of the
incident laser radiation, even in the absence of volumetric and linear defects of the crystal
itself, as compared to the uncoated crystal sample. From the above, we can conclude that
LIDT ZGP is directly limited by the quality of the execution surface and the selection of
film-forming materials

6. Conclusions

During the research, the designs for a three-layer interference coating with a total
layer thickness of 752 nm based on ZnS and Al:Os materials for ZGP single crystals used
in parametric light generators that generate radiation in the wavelength range of 3-5 pm
when pumped by laser radiation at a wavelength of ~ 2.1 um were developed. The
technology of ZnS sputtering using the IBS method, which excludes the dissociation of
the ZnS molecule, was developed. The optical breakdown threshold at a wavelength of
2.097 um of the acting laser radiation at a pulse repetition rate of 10 kHz and a pulse
duration of 35 ns of ZGP single crystals manufactured by LLC “LOC” was determined,
which without antireflection coatings was W,f =2.23 J/cm?in terms of the energy density
and W, =64 W/cm? in terms of the power density. The optical breakdown threshold of
the sample with an antireflection coating based on the alternation of ZnS and Al:0s layers
was W,F =3.45J/cm? in terms of the energy density and W,/=99 W/cm? in terms of the
power density. An increase in the optical breakdown threshold by 55%was observed
after the deposition of an antireflection coating based on ZnS and AlOs materials. An
assumption was made about the absence of local fluctuations in the composition and
mechanical stresses in the case of the coated sample, namelythat this leads to good
adhesion of the multilayer coating to the polished surface of the crystal, and as a result to
an increase in the optical breakdown threshold as compared to theuncoated sample due
to closure of the dangling chemical bonds and bulk defects emerging onthe polished
surface.
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