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Abstract

:

Zinc germanium phosphide (ZGP) crystals have garnered significant attention for their nonlinear properties, making them good candidates for powerful mid-IR optical parametric oscillators and second-harmonic generators. A ZnGeP2 single crystal was treated by deep magnetorheological processing (MRP) until an Angstrom level of roughness. The studies presented in this article are devoted to the experimental evaluation of the influence of deep removal (up to 150 μm) from the surface of a ZnGeP2 single crystal by magnetorheological polishing on the parameters of optical breakdown. It was shown that the dependence of the ZnGeP2 laser-induced damage threshold on MRP depth is a smooth monotonically decreasing logarithmic function. The obtained logarithmic dependence indicates the thermal nature of optical breakdown and the dependence of the ZnGeP2 laser-induced damage threshold on the concentration of surface absorbing defects.
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1. Introduction


Pulsed-periodic sources of powerful coherent mid-infrared (IR) radiation are widely used in many areas of science and technology. In particular, frequency converters operating in the 3.5–5.0 μm wavelength range and in the 8.0 μm region are promising for organizing optical communication in the atmosphere within the framework of global 6G information transmission systems [1]. Sources of coherent mid-IR radiation are also used for processing materials (glasses, ceramics, or semiconductors) by scribbling and thermal cracking [2,3] in medicine, including in the diagnosis of diseases [4,5,6]. Sources of coherent radiation with powerful pulsed radiation in the 3.5–5.0 μm wavelength range are relevant for the creation of lidar techniques for monitoring the emission of greenhouse gases [7,8,9]. One of the most efficient solid-state sources of coherent radiation in the mid-IR range is optical parametric oscillators (OPOs).



The most powerful OPOs in the 3.5–5.0 μm wavelength range are currently created based on ZnGeP2 (ZGP) nonlinear optical crystals [10].



This type of OPO can generate radiation up to 160 W or pulse energy of up to 200 mJ at a pulse duration of 20–60 ns and a repetition rate from units of Hz to 100 kHz [11,12,13]. It should be noted that ZGP OPO lifetime is limited by the laser-induced damage threshold (LIDT). Thus, OPO application prospects in the mid-IR range are inextricably linked with an increase in their LIDT.




2. Estimation of the Influence of Various Parameters on the Magnitude of Optical Breakdown


ZGP optical breakdown by 1.064 μm to 10 μm laser radiation was studied in [14,15,16,17,18,19,20]. There is a significant difference in the LIDT for 1.064 μm and 2.1 μm irradiation [14]. It was established via dynamic visualization that thermal effects are initiated by ZPG optical breakdown under 2.1 μm laser radiation. Local melting due to a sharp increase in temperature leads to the formation of an optical breakdown track along the laser beam. The hardening process of the molten material leads to the diffusion of free charge carriers from the heated region of the crystal in a direction perpendicular to the laser beam and is accompanied by the appearance of a glowing region at the output optical surface in the volume of the crystal due to the recombination of the formed non-equilibrium charge carriers, as well as the subsequent movement of this glowing region towards the input optical surface, i.e., in the direction opposite to the propagation of laser radiation [15]. The authors of [16] registered ZGP LIDT increasing when pumping pulse duration was decreasing that "supports the thermal nature of the breakdown for nanosecond pulses due to anomalous infrared absorption". Ref. [17] reported 1.5–3 times the LIDT increase up to 9 J/cm2 under -60 °C crystal cooling for 2.091 μm irradiation and 10 kHz pulse repetition rate. This effect was manifest [17] in the temperature relationship of the filling numbers of phonons that, conjointly with optical quanta, take part in nonlinear absorption from the valence band to the impurity level’s indirect transitions.



In [18], ZGP LIDT of about 9.5 J/cm2 under 142 MW/cm2 incident beam, 85 ns pulse duration, and 1 Hz repetition rate was determined. The authors of [17] established direct dependence of the LIDT on the growth technology and optical quality of crystals. In [21], it was shown that Mg and Se diffusion doping results in LIDT increasing for 2.1 μm irradiation. Reduced conductivity was detected on Mg- and Se-doped ZGP samples. This means that there is a correlation between the LIDT and the electrophysical parameters of ZGP single crystals.



Regarding the effectiveness of using antireflective interference coatings, the authors of [20,22,23] draw completely opposite conclusions. In [22], it was reported that the LIDT values decreased by 1.5 times for coated samples. On the contrary, in [20], it was registered by LIDT increasing by two times. The authors of [23] came to the conclusion that it is necessary to focus on the coating quality improving for 3–5 μm spectrum ZGP crystals.



According to [20,22], the application of interference coatings with varying thicknesses, chemical compositions of materials, and deposition methods significantly effects ZGP LIDT and its use in OPO.



The LIDT increasing dramatically depends on the quality of the polishing and removing of the cracked under layer [17,20]. In [20] ~500 μm total material removal via mechanical polishing using water-based and diamond powder suspension was applied, which led to a two-fold improvement in Rq and a five-fold improvement in PV parameters. As a result, the energy density increasing by two-fold up to 2 J/cm2 was observed for the ZGP-coated sample under 2.05 μm irradiation and 10 kHz repetition rate.



Ref. [17] presented the results of the investigation of the influence of Rz, Rq, and Ra individual roughness parameters on the LIDT value. With a constant Rz parameter, a change in the Rq parameter up to four times and Ra up to five times did not register a change in LIDT. This means that the Rz parameter of roughness directly affects the LIDT. This fact can be explained by the prevalence of field effects at high surface peaks (Rz) under 2.091 μm irradiation.



In [24], magnetorheological polishing (MRP) was, for the first time, utilized to superfinish the ZGP single crystal. As a result, working surfaces without scratching with an angstrom level of roughness were produced. MRP, due to intelligence removal of the material from the surface, allowed for small size bulk structural defects (0.5–1.5 μm) to be characterized more correctly. It was established for non-coated ZPG surfaces that the LIDT value was limited primarily by nano- and microsized structural defects, not by the quality of MRP with an angstrom level of roughness. A similar conclusion was reached by the authors of [25], who put forward the assumption that the concentration of dislocations in a ZGP crystal has a predominant effect on LIDT.



An analysis of the sources [17,20,24] also showed that there are no studies describing the influence of the amount of material removal using various methods of ZGP crystal surface polishing on the value of LIDT.



The studies presented in this article are a logical continuation of the results obtained in [24], and they are devoted to the experimental evaluation of the influence of deep removal (up to 150 μm) via MRP from ZGP single-crystal surfaces on the parameters of optical breakdown.




3. Investigated Samples and Their Parameters


For the research, 4 ZGP single crystal samples 6.1 × 6.1 × 20 mm3 in size were pre-pared. The investigated samples were cut at angles θ = 54.5° and φ = 0° from the same ZGP monocrystalline boule (LOC, Tomsk, Russian Federation) with regard to the optical axis (Figure 1). The scheme of the nonlinear crystals is shown in Figure 1. A two-temperature approach was applied in the primary synthesis of the polycrystalline compound [26]. The Bridgman method in the vertical direction on an oriented seed was utilized to grow the ZGP monocrystalline boule through the molten polycrystalline compound. After growth, the boule was annealed at a temperature of 600 °C. Before polishing, all 4 samples were irradiated by fast electrons under 5 MeV energy and 2.2 × 1017 electrons/cm2 flux density beam. The absorption of radiation for all samples was 0.03 cm−1, taking into account multiple reflection effects at a wavelength of 2.097 μm under room temperature conditions.



The ZGP raw material (boule) was tested using the X-ray method for phase composition. After that, 4 samples were cut on a STX-202AQ wet wire cutting machine (Kejing, Shaanxi, China), using a cutting speed of 0.4 mm/min, a diamond-coated wire with a diameter of 0.3 mm, and a rotation speed of the wire drum of 200 rpm.



The study was conducted on a MiniFlex 600 X-ray diffractometer (Rigaku, Tokyo Japan) with a copper anode tube at a wavelength of 1.541862 Å. The PDF 4+ database and the POWDER CELL 2.4 full-profile analysis program were used to analyze the phase composition. The scan was performed in the 3–60° angular range with 0.02° step. The sample for X-ray structural analysis was milled to a powder media.



The percentage content of the ZnGeP2 phases for all of the investigated samples was confirmed by X-ray analysis with crystal parameters a = 5.4706 Ǻ and c = 10.705 Ǻ detection.



Removal during grinding was 30 μm. Samples 2 and 3 were not subjected to conventional polishing. Conventional treatment of samples 1 and 4 was carried out on a 4-PD-200 lapping machine (SZOS, Minsk, Belarus). Under processing, the working surfaces were polished on a batiste polisher using diamond abrasive. The material removal was ~50 μm from each side. Further, samples 1 and 4 were additionally polished on a batiste polisher using diamond abrasive. Further, the samples were finished on a resin special polisher using diamond abrasive.



Further, samples 2–4 were treated by magnetorheological processing (MPO). MPO was realized on a 5D CNC machine (HMTI, Minsk, Belarus) using nonaqueous polishing magnetic media with nanodiamond abrasive. Two-stage MPO with working gap variation was used. On the machine, the samples were fixed in a holder made of fluoroplastic. The material removal from both polished sides using MPO was as follows: 150 μm for sample 2, 38.15 μm for sample 3, and 17.8 μm for sample 4.



The topography of all samples was registered on a MicroXAM-800 3D profiler (KLA-Tencor, Austin, TX, USA) using a Nikon 50× objective with 116 × 152 μm view. The VSI mode was used to diagnose the roughness parameters of ground surfaces, and the PSI phase mode was utilized for polished surfaces. The Rq, Ra, and Rz parameters were extracted under ref. [27] recommendations.



After the final polishing, dielectric coatings were deposited on the working sides of samples 1–4.



As this study is a logical continuation of ref. [24], for comparison of the results of this work with the previously completed work [24], we used the data obtained in ref. [24] and collectively represented them as sample 5. Sample 5 underwent conventional treatment and then MPO polishing. It should be noted that the MPO conditions for sample 5 completely coincided with the modes for samples 2–4. The amount of material removed from each working side of sample 5 was 9.5 μm. An interference coating was not applied to the surface of sample 5 for LIDT testing. It is necessary to take into account that samples 1–4 were cut from one boule and sample 5 from another.



Additionally, if we compare the LIDT of sample 1 in this work and the LIDT of a sample polished only using classical technology in ref. [24], we can see that the LIDT of the sample in ref. [24] was 2.7 J/cm2 and exceeded the LIDT of sample 1, which was equal to 2.08 J/cm2. Since the polishing parameters of sample 1 and the sample in ref. [24], polished using classical technology, were completely identical, differences in radiation resistance can be attributed to the different structural perfection of the single crystal. In connection with this, when analyzing the results obtained in this work and in ref. [24], it is necessary to take into account the different qualities of the structure of the tested samples.




4. Parameters of the Setup and Methodology for Determining the LIDT of the Studied Samples


To study the LIDT, a Ho:YAG laser was used, which generated radiation at a wavelength of 2.097 µm with pumping by a continuous-wave thulium fiber laser. The Ho:YAG laser was operated in the mode of active Q-switching with a pulse duration of τ = 35 ns and a repetition rate of 10 kHz. The measured diameter of the laser beam at the input aperture of the studied samples was d = 340 ± 20 µm in all experiments at the 1/e2 level of maximum intensity. The maximum average power of the radiation generated by the Ho:YAG laser was 20 W in a linearly polarized Gaussian beam (M2 parameter ≤ 1.2). More detailed information about the setup and its parameters presented in Figure 2 is given in ref. [24].



According to the international standard ISO 21254, the effective area of a Gaussian beam is defined as S = πd2/4 [27]. The laser energy density was determined using the following Equation (1) [27]:


E = 8 Pav/(fπd2),



(1)







The laser power density was determined using the following Equation (2) [27]:


P = 8 Pav/(fτπd2),



(2)




where d is the diameter of the laser beam at the 1/e2 level, measured using the knife-edge method; f is the repetition rate of the pulses; and τ is the duration of the laser pulses.



To determine the LIDT of the samples, the “R-on-1” method [28], which has proven itself well in practice, was used.



For each series of measurements, after which optical breakdown was observed, the average value of the threshold energy density Wav and the root-mean-square error of its determination <ΔWav2> were calculated using the following formulas [28,29]:


    W   a v   =    ∑    W   i     n   i       N   ,  



(3)






  <   Δ W   a v   2   > =    ∑    ( <   W   a v   > −   W   i   )   2     n   i       N ( N − 1 )   ,  



(4)




where N is the total number of damaged areas, Wi is the threshold energy density value in one of the irradiated areas, and ni is the number of areas with an LIDT of Wi.



To find the confidence interval of the LIDT (WD) value [28,29], the following equation was used:


WD = Wav ± k<ΔWav2>1/2,



(5)




where k is the Student’s t coefficient, and the Student’s t distribution was used for the confidence probability [28,29].


  F   k , N   =   Γ (   N   2   )    π   N − 1    Γ     ( N − 1 )   2         ∫  − k   k      ( 1 +     z   2     N − 1   )   − N / 2     d z ,  



(6)




where Г is the gamma function.




5. Experimental Results and Discussion


A set of 2D holograms for the internal volume of the studied samples was obtained using a DHC-1064 digital holographic camera (manufactured by LLC “LOC”, Russian Federation) (an example of a restored multiple holographic image is shown in Figure 3). The obtained digital 2D holograms were restored into a single multiple hologram in order to characterize the 3D volumetric defects. The resolution of the method was 3 μm according to ref. [30]. In all 4 samples used in this work, no volumetric defects were visualized.



The results of the roughness measurements of the samples are presented in Table 1 and Figure 4. (In Figure 4, the roughness profiles of sample 2 before and after MPO are presented as an example.). The values were obtained by 1040 profiles averaging 1360 points each. The standard deviation was 0.01 nm for Ra and Rq and 0.05 nm for Rz.



Based on the results presented in Table 1, it can be seen that MPO was able to reduce the surface roughness level by more than 3 orders of magnitude when magnetic rheological polishing of the samples was performed immediately after grinding. This makes it possible to exclude the technological operations of polishing, fine polishing, and finishing. Accordingly, the equipment for performing these operations would not be used, which can significantly reduce the number of technological operations required to obtain an angstrom level of surface roughness of the element.



Figure 5 and Figure 6 and Table 2 show the results of the study of the LIDT of ZGP using the R-on-1 method. Table 2 shows the values of the energy density (    W   0 d   E    ) and power density   (   W   0 d   P   )   at a probability of optical breakdown of 0, the average values of the energy density     ( W   D   E   )   and power density   (   W   D   P   )   with the measurement error, the Student’s t coefficient (k) at a confidence probability of 0.98, and the number of measurements (N).



Based on the data presented in Figure 4 and Figure 5, as well as in Table 2, it can be established that the depth of MPO polishing significantly affects the LIDT of the ZGP crystal. With a material removal depth of more than 30 µm, a significant decrease in the LIDT of the ZGP surface was observed. In addition, with a depth of MPO polishing from 30 µm to 17.8 µm, an increase in the LIDT was observed compared to the ZGP crystal with standard polishing. At the same time, in ref. [24], MPO polishing with a depth of 9.5 µm did not lead to an increase in the LIDT compared to classical polishing.



The approximating lines in Figure 5, corresponding to the optical breakdown of samples after different surface treatments, converge at a probability of optical breakdown of 1 in approximately one point at about 3.5 J/cm2. This may suggest that there is an optical strength limit of the material, which is determined by volumetric defects and the perfection of the crystal lattice, which can be achieved by a surface treatment that excludes the formation of surface defects that reduce the surface radiation resistance.



The dependence of the LIDT on the depth of MPO polishing is shown in Figure 7.



Using the available experimental data and Excel mathematical software, the logarithmic dependence of the LIDT value on the depth of MPO polishing of the surfaces of ZGP crystals was obtained. The dependencies of the average values of the breakdown power density for each sample and the LIDT by power density on the depth of MPO polishing, obtained by the least squares method, were smooth monotonically decreasing logarithmic functions:


    W   D   P     z   = − 7.406   ln  ⁡    z     + 107.52 ,  



(7)






    W   o d   P     z   = − 17.34   ln  ⁡    z     + 120.23  



(8)







The coefficients of determination of the approximation for the average values of the breakdown power density and the LIDT were R2 = 0.9926 and R2 = 0.9982, respectively.



In ref. [31], studies were conducted to determine the effect of the depth of material removal during MPO polishing of fused silica (Corning 7980) on the LIDT. The samples were processed with an aqueous polishing slurry using cerium oxide CeO2 particles with a dispersion of ~0.2 µm. In addition to determining the LIDT in ref. [31], the concentration of absorbing centers on the polished surfaces of the samples was determined using photo-thermal common path interferometry (PCI). Thus, in ref. [31], the following fact was established: with an increase in the depth of material removal during MPO polishing, an increase in the concentration of surface absorbing centers was observed, which led to a decrease in the LIDT.



Thus, if we assume that, as in ref. [31], the density of absorbing centers on the surface of the crystal increases with increasing MPO removal depth when analyzing the approximations obtained in this work, then the obtained logarithmic dependencies obviously indicate the thermal nature of optical breakdown. Since, in general, the absorption of radiation in a material is determined by an exponential function of the exponent according to Lambert–Beer’s law (I = I0 × e−αx), and the logarithmic function is the inverse of the exponential function, it can be assumed that the obtained approximations indicate a direct dependence of the LIDT of ZGP during MPO polishing on the magnitude of local absorption at surface defects either generated during MPO polishing or “exposed” bulk defects that come to the surface during polishing.



Based on the results obtained, it can be assumed that MPO processing can affect the density of surface defects. There is an optimal depth of removal of~several microns at which the density of surface defects decreases, and with an increase in the depth of polishing relative to the optimal depth, new absorbing defects are introduced, contributing to a decrease in the LIDT. A similar effect was observed in ref. [31] for MPO polishing of fused silica; when the depth of material removal was more than 2 µm, the LIDT decreased. At the same time, in the work in ref. [31], the surface roughness RMS was a half order of magnitude greater than that of our MPO processing and was 1.11–1.19 nm.



Figure 8 shows the results of measuring the diameter of the laser beam using a Foucault knife, which acted on the surface of ZGP during the determination of the LIDT of experimental samples.



To compare the diameter of the laser beam and the size of the characteristic surface damage of ZGP, the results of measuring the diameter of the beam using a Foucault knife and the diameter of the breakdown spot obtained from the analysis of images obtained in microinterferometry mode with the MicroXAM-800 profilometer (KLA-Tencor, Austin, TX, USA) are presented in Figure 8. It can be seen that, due to the Gaussian shape of the laser beam intensity profile, material destruction occurred due to the intensity concentrated in the central part of the beam (the diameter of the crater on the surface of the sample was 77 µm with a laser beam diameter of 340 µm at the 1/e2 level).



Figure 9 shows a generalized dependence of the values of removal, roughness parameters, and damageability of samples 1–4. Above the values of the depth of removal for each sample, the values of surface roughness parameter Ra are given.



As can be seen from Figure 9, when comparing the polishing results of samples 1 and 3, replacing traditional polishing of the sample on a resin polisher after grinding with MPO polishing with a comparable depth of material removal (50 μm was removed during classical polishing of sample 1, 38 μm was removed during polishing of sample 3 using MPO polishing), approximately the same LIDT values were observed. This indicates that it is possible to completely replace the stage of classical polishing with finishing on a resin polisher with MPO polishing, in principle, since no decrease in the LIDT was observed and the surface roughness values were reduced by 1.3 times.



Analysis of the data obtained for sample 2 showed a multiple increase in the depth of material removal during MPO polishing, with 150 μm removed from the surface immediately after grinding, which led to a decrease in the LIDT by 1.6 times compared to standard material removal of ~50 μm for sample 1.



The use of MPO after traditional polishing with a removal of 17.8 μm for sample 4 increased the LIDT of sample 4 by 1.18 times compared to that of sample 1.



When analyzing the data on the LIDT of all samples studied, we can see the following pattern regardless of whether preliminary polishing was performed by the classical method before MPO polishing: with a decrease in the depth of MPO polishing to less than 40 μm, an increase in the LIDT is observed compared to samples that have not undergone MPO polishing.



The experimental dependencies indicate that, in practice, taking into account the productivity and efficiency of using MRO when processing ZGP crystals, it is recommended to remove not more than 20 μm. In the future, it is advisable to study in more detail changes in the LIDT for the range of removal from 0 to 20 μm during MRO.



It is clear from the presented results that the use of MPO for polishing ZGP crystals can improve the LIDT and reduce surface roughness under certain polishing process conditions.




6. Conclusions


	
A comprehensive assessment of the influence of various parameters on the magnitude of optical breakdown was carried out during deep removal (up to 150 μm) from the surface of a ZGP single crystal by magnetic rheological polishing.



	
Experimental studies of the influence of MPO polishing parameters on the LIDT of ZGP crystals were carried out. It was shown that the depth of MPO polishing has a significant effect on the LIDT of a ZGP crystal. With MPO removal of material from the surface of the crystal of more than 30 μm, a significant decrease in the LIDT of the ZGP surface was observed, whereas for the depth of MPO polishing of 17.8 μm, an increase in the LIDT was observed compared to a ZGP crystal with standard polishing. With a depth of material removal of 17.8 μm, the LIDT increased by 1.18 times.



	
It was shown that the dependence of the LIDT of ZGP on the depth of MPO polishing is a smooth monotonically decreasing logarithmic function. It is assumed that the obtained logarithmic dependence indicates the thermal nature of optical breakdown and the dependence of the LIDT of ZGP on the concentration of surface absorbing defects. The obtained dependencies predict that a decrease in the depth of MPO polishing to several microns will lead to a further increase in the LIDT. However, these theoretical assumptions require experimental confirmation.



	
It is recommended that, in practice, MRO processing of ZGP crystals be carried out with material removal from the surface of no more than 20 μm.
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Figure 1. Single sample of ZGP nonlinear optical crystal: (a) dimensions, crystallographic directions, and crystal planes; (b) general appearance of the crystal. 
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Figure 2. (a) Photo of the setup; (b) Schematic diagram of the setup: 1—Ho:YAG laser, 2—attenuator based on a half-wave plate and polarizer, 3—lens with a focal length of 200 mm, 4—studied sample in a holder, 5—Ophir power meter. 
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Figure 3. An example of a reconstructed multiple holographic image of the volume of a ZGP single crystal that does not contain volumetric defects. 
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Figure 4. Surface topography and roughness profile of sample 2: (a) after fine grinding (before MPO), (b) after MPO. 
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Figure 5. Dependence of the probability of the optical breakdown of samples on the energy density of the incident laser radiation, data on LIDT of sample 5 are taken from [29]. 
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Figure 6. Dependence of the probability of the optical breakdown of samples on the power density of the incident laser radiation, data on LIDT of sample 5 are taken from [29]. 
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Figure 7. Relationship between the LIDT and average breakdown power density for ZGP with different MPO polishing depths. 
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Figure 8. The ratio of the breakdown spot diameter and the intensity profile of the test laser beam on the surface of the sample. 
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Figure 9. Generalized histogram of the values of removal, roughness parameters, and damageability of samples 1–4. 
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Table 1. Surface roughness parameters of samples 1–4.
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Roughness Parameter (×50 Lens), nm

	
Sample 1 (Traditional Polishing)

	
Sample 2

	
Sample 3

	
Sample 4




	
Fine Grinding

	
MPO

	
Fine Grinding

	
MPO

	
Traditional Polishing

	
MPO






	
Rz

	
1.67

	
2204.0

	
1.16

	
2175.0

	
1.140

	
1.28

	
1.13




	
Ra

	
0.212

	
274.0

	
0.168

	
262.0

	
0.163

	
0.184

	
0.16




	
Rq

	
0.294

	
355.0

	
0.213

	
341.0

	
0.207

	
0.233

	
0.204











 





Table 2. Results of determining the LIDT for ZGP samples.
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	Sample
	MPO Removal Depth, µm
	k
	     W   D   E     , J/cm2
	     W   0 d   E     , J/cm2
	     W   0 d   P     , MW/cm2
	     W   D   P     , MW/cm2





	1
	0
	2.8
	(2.9 ± 0.5)
	2.08
	59
	(88 ± 15)



	2
	150
	2.8
	(2.5 ± 0.7)
	1.22
	34
	(70 ± 22)



	3
	38.15
	2.8
	(2.8 ± 0.5)
	1.96
	56
	(81 ± 15)



	4
	17.8
	2.8
	(3.0 ± 0.5)
	2.45
	70
	(87 ± 11)



	5
	9.5
	2.8
	(3.2 ± 0.2)
	2.9
	82
	(90 ± 5)
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