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Abstract: The effect of doping Mg, Se, and Ca by diffusion into ZnGeP; on the optical damage
threshold at a wavelength of 2.1 um has been studied. It has been shown that diffusion-doping
with Mg and Se leads to an increase in the laser-induced damage threshold (LIDT) of a single
crystal (monocrystal), ZnGeP;; upon annealing at a temperature of 750 °C, the damage threshold
of samples doped with Mg and Se increases by 31% and 21% from 2.2 4- 0.1]/cm? to 2.9 £ 0.1 and
2.7 + 0.1 ]/cm?, respectively. When ZnGeP; is doped with Ca, the opposite trend is observed. It has
been suggested that the changes in the LIDT depending on the introduced impurity by diffusion
can be explained by the creation of additional energy dissipation channels due to the processes of
radiative and fast non-radiative relaxation through impurity energy levels, which further requires
experimental confirmation.
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1. Introduction

Today, nonlinear optical frequency converters are considered as efficient coherent radia-
tion sources in the mid-IR wavelength range equally with CO,, CO, and HF gas lasers. ZnGeP;
(ZGP) is a high-efficient nonlinear crystal for parametric oscillations in mid-IR radiation.

The ternary compound, ZGP, crystallizing in the chalcopyrite structure with a 42 m
point-group [1,2] has a high thermal conductivity of 0.35 W/cm-K and a birefringence
sufficient for phase-matching [3-5]. These advantages have made ZGP an effective material
for non-linear optical devices and high-power optical parametric oscillators (OPO). The
maximum potential of nonlinear optical ZnGeP; crystals is realized in OPO that convert laser
radiation with a wavelength near 2.1 pm into radiation tunable in the region of 3-8 um [6,7].

The authors in [8-15] reported that OPOs based on ZnGeP2 crystals generate radiation
(with optical conversion efficiency of ~70%) with an average power of ~200 W or pulsed
energy up to 200 m]J at pulse repetition rates from 1 Hz up to 100 kHz and pulse duration
between 15-50 ns. However, as mentioned in [9-12], the reliable operation of these systems,
under these extreme generation modes, is limited by the effects of thermal accumulation
and optical damage, which limits the operating time of the systems in the range of several
seconds. In this regard, these highly efficient sources of coherent radiation in the mid-IR
range are only used when the powerful short-term pulse trains are required.

The problem of ZGP optical damage at a wavelength of ~2.1 um and the technological
methods that allow an increase in the optical damage threshold were studied. In particular,
a direct correlation of the optical damage threshold on the technology of growth and the
optical quality of crystals was illustrated in [16,17]. Comprehensive studies were carried
out on the effect of the polishing quality of the working surfaces of the crystal on the
LIDT of ZGP [17,18]. In [18], it was shown that the complete removal of the near-surface
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cracked layer during polishing allows an almost twofold increase in the optical damage
threshold and in [17], it was shown that the irregularities of the polished surface peaks and
troughs are seeds of hetero-homogeneities, which cause optical damage due to field effects.
In [19], an angstrom level of surface roughness was obtained using magnetorheological
polishing of the ZGP crystal surface. It has been shown that the LIDT at the angstrom level
of surface roughness is determined by the concentration of dislocations or volume defects
“outcropping” on polished surfaces and not by the level of surface roughness. In [20], it
was shown that the measured damage threshold for ZGP samples with an antireflection
coating are much lower than for uncoated ones. While in [18], it was shown that the optical
damage threshold is increased by two times when the deposition of anti-reflection inter-
ference coatings are used. Studies [21-23] were carried out to determine the composition
and parameters of the anti-reflection coating that have an effect on the optical damage
threshold of the ZGP crystal. Dynamic visualization of the damage, which occurs using
laser radiation at a wavelength of 2.1 um in the ZGP volume, showed that the temperature
sharply increases in the emerging path inside the nonlinear optical element [24,25]. In [17],
a significant correlation of the LIDT of ZGP on the crystal temperature was observed. As the
temperature decreases from 0 °C to —60 °C, the energy density of the threshold is sharply
increased by 1.5 times. An increase in the LIDT with a decrease in the temperature of ZGP
is demonstrated by the dependence of the temperature of the phonon occupation numbers,
which together with optical quanta take part in indirect transitions to the impurity level
from the valence band.

In [19], an increase in the damage threshold of ZGP with a decrease in the duration
of pump radiation pulses was explained by the thermal nature of the breakdown by
nanosecond pulses due to anomalous absorption in the mid-IR range [20,21]. In [16], it was
reported that a decrease in the dislocation concentration inside a ZGP sample by an order
of magnitude allows an increase in the LIDT by more than three times.

Thus, the responsible mechanisms for the optical damage of ZGP by nanosecond
pulses of laser radiation with a wavelength of 2.1 um are not entirely clear. Currently, the
technological methods of synthesis, growth, and post-growth processing that contribute to
the increase in the LIDT of ZGP are actively studied.

The doping is a quite evident way to increase the LIDT of optical materials and this
approach was well-studied in the 70-80s of the 20th century. Today, research is being actively
carried out on doping various optical and nonlinear materials to modify their optical,
mechanical, and nonlinear properties, and to increase their optical damage threshold.

In [26], an increase in the optical damage threshold of GaSe by five times, a decrease
in absorption in the mid-IR and THz ranges by three times, neutralization of two-photon
absorption, and a significant increase in the nonlinearity of the crystal due to controlled
doping during growth with Te, Al, Er, and In were achieved. In [27], the mechanisms of
optical damage of Ga-As-Sb-S chalcogenide glass doped with Tm ions under the action
of femtosecond laser radiation were studied. In [28], the results of the studies of the LIDT
of sapphire and Ti:sapphire under the action of pulsed laser radiation in the visible and
IR ranges with a variable pulse duration from fs to ns are presented. An explanation for
the increase in the LIDT of Ti-doped sapphire samples can be due to the additional energy
dissipation channels during doping by radiative and fast non-radiative relaxation processes.

Despite the existing successful experience in increasing the LIDT of crystals by modify-
ing their properties as a result of controlled doping by atoms of various chemical elements,
there are no devoted works for studying the effect of diffusion-doping with various chem-
ical elements on the LIDT of ZGP. In [29], ZGP was doped with the chemical element
Mn during which a new ferromagnetic material, Zn,Mn;_,GeP,, was obtained; however,
studies on the effect of doping on the optical damage threshold have not been carried out.
In addition, studies were carried out in [30] on the effect of diffusion-doping with a Cu
impurity on the electrical properties of ZGP crystals. As shown by these studies, doping
Cu by diffusion-annealing is an effective way to vary the concentration of holes within



Crystals 2023, 13, 440

30f9

1012-10'® ¢cm—3 in ZGP due to the acceptor nature of Cu defects; however, studies of the
doping effect on the LIDT have also not been carried out.

The aim of the work presented here is to elucidate the effect of diffusion-doping with
such chemical elements as Mg, Se, and Ca on the optical damage threshold of ZGP when it
is radiated using a wavelength of 2.1 um.

2. Sputtering Technique

For studies, a single crystal ZGP was used from which 8 samples were cut with
(100) orientation and dimensions 5 x 5 x 2.45 mm?®. Polishing of the working surfaces
of the studied samples was carried out on a 4-PD-200 polishing and finishing machine.
The initial processing of the working surfaces of all samples consisted of polishing on
a cambric-polishing pad using the synthetic diamond powder, ACM 0.5/0 (average grain
size 270 nm), followed by polishing with the synthetic diamond powder, ACM 0.25/0.

Mg, Se, and Ca were thermally sputtered onto the pre-polished faces of the samples
(the thickness of the sprayed film was 1 um). After that, the ZGP samples with deposited
films and two control samples without deposition were annealed in a sealed evacuated
ampoule into which a weighed amount of ZGP powder was added at temperatures of
650 °C for one set of samples and at 750 °C for another similar set for 180 h. After diffusion-
doping, the working surfaces of the test samples were re-polished according to the method
described above.

The optical damage threshold was measured for the processed ZGP samples. The
radiation source was a Ho:YAG laser, generating radiation at a wavelength of 2.097 um and
pumped by a CW thulium fiber laser. The Ho:YAG laser operated in the active Q-switched
mode with a pulse duration, 7, of 35 ns and a pulse repetition rate of 10 kHz. In all the
experiments, the laser beam diameter, d, at the input aperture of the studied sample was
350 & 10 um at the e 2 level of maximum intensity. The maximum average radiation power
generated using the Ho:YAG laser was 20 W.

Figure 1 shows the experimental setup scheme. An attenuator consisting of a half-
wave plate (A/2) and a polarizing prism (BSC) was used to change the power of the incident
laser radiation. Additionally, a Faraday isolator (F.I.) was used to prevent the reflected
radiation from entering the laser and an uncontrolled change in the parameters of the acting
radiation. Before each experiment, the average laser power (P,y) was measured using
an Ophir power meter (P.M.).

Ho:YAG laser

Figure 1. Optical scheme of the experimental setup: 1—Ho:YAG laser, F1.—Faraday insulator,
A/2—half-wave plate, BSC—Glan prism, PM.—Ophir power meter.

In accordance with the international standard, ISO11146 [31], the laser radiation energy
density was calculated by the following equation:

W = 8 Poy/ (frd?), 1)
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where d is the laser beam diameter and f is the pulse repetition rate.

The “R-on-1” method was used to determine the optical damage threshold. The R-on-1
method requires less space on the sample surface in comparison with the S-on-1 method,
which is used with a limited aperture although is considered rougher [32]. The brief of
this method is that the laser radiation with a sequential increase in its intensity irradiates
each individual area of the sample until an optical damage takes place or a pre-determined
value of energy density is reached. The study was conducted with an exposure duration
(Tex) of 5 s. The studied sample was exposed to packets of laser pulses with a fixed level of
energy density where no damage was recorded on the surface of the crystals. Subsequently,
the level of energy density was raised with a step of ~0.1]/cm?. When a visible damage
appeared on one of the surfaces of the nonlinear sample, the experiment was stopped.
Next, the sample was moved using a two-coordinate shift in height or width by 0.5 mm;
the experiment was repeated 5 times. The probability of optical damage was obtained
by plotting the cumulative probability as a function of the energy density of the optical
damage. The optical breakdown threshold (W0d) was considered to be the energy density
corresponding to the approximation of the probability of optical breakdown to zero.

Further, the specific conductivity of the ZGP samples was measured by the van der
Pauw method [33].

The transmission of the studied samples in the wavelength range of 0.6-12 ym was
recorded using a Shimadzu UV-3600 spectrophotometer and a Simex Fourier spectrophotometer.

3. Experimental Results and Discussion

The measurements of the optical damage threshold of ZGP samples annealed at
temperatures of 650 °C and 750 °C without doping and with doping with Mg, Se, and Ca
using the R-on-1 method are shown in Figure 2.
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Figure 2. Dependence of the probability of optical damage on the energy density of the incident laser
radiation with a wavelength of 2.1 um in undoped samples (a) and in doped samples with Mg (b),
Se (c), and Ca (d). Approximate plots in black and red correspond to ZGP samples annealed at
750 °C and 650 °C, respectively.
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In the undoped samples (Figure 2a), there were no significant changes in the optical
damage threshold (the detected changes were within the measurement error) depend-
ing on the annealing temperature, which corresponds to the results of [17]. At the same
time, in the samples doped with magnesium and selenium by diffusion, after annealing at
a temperature of 650 °C, the optical damage threshold increased by 15% and 17%, respec-
tively. When annealing at a temperature of 750 °C, the damage threshold of the samples
doped with Mg and Se increased by 31% and 21%, respectively. An inverse dependence
was observed for the sample doped with Ca. When annealing at a temperature of 650 °C,
no changes in the damage threshold were found and when annealing at a temperature of
750 °C, the damage threshold decreased by 14%. The presented results indicate a qualita-
tive tendency for the optical damage threshold to decrease or increase depending on the
concentration of the doped material. It should be noted that for the samples doped with Mg
and Se, there was a tendency for the LIDT to increase with increasing dopant concentration
(since samples annealed at 750 °C have a higher optical damage threshold than samples
annealed at 650 °C). An inverse dependence was observed for the samples doped with Ca
by diffusion. The best results were the results of the single crystal ZGP doped with Mg at
a temperature of 750 °C.

In most experiments (about 85% of the total number of measurements), optical damage
started appearing at the exit surface of the sample forming a breakdown path ending at the
entrance surface.

From the results of measuring the LIDT and electrical conductivity (Table 1), a quali-
tative dependence can be seen. Doping with chemical elements causing a decrease in the
electrical conductivity of the samples (o) leads to an increase in the LIDT and vice versa,
doping with chemical elements causing an increase in the electrical conductivity of the
samples leads to a decrease in the LIDT. For example, when ZGP is doped with calcium, o
increases by about an order of magnitude while when ZGP is doped with Mg and Se, on
the contrary, o decreases by about an order of magnitude.

Table 1. Conductivity and optical damage threshold of the studied samples.

Optical Damage Optical Damage
Dopant o, 1/Q-cm Threshold during Threshold during
Annealing 650 °C, J/cm? Annealing 750 °C, J/cm?
Mg (542 +0.01) x 10~ 2.6 +0.1 29 +0.1
Se (4.16 +0.01) x 107 2.64 £0.1 27+0.1
Ca (1.25 4+ 0.01) x 107> 228 +£0.1 1.9+0.1
7ZGP (1.24 £ 0.01) x 10~ 226 £ 0.1 22+0.1

From the presented data in Table 1, the diffusion-doping with various chemical ele-
ments leads to an increase or a decrease in the optical damage threshold.

Figure 3 shows the dependence of the absorption spectrum in ZGP samples on the
wavelength. The single crystal element (monocrystal) without annealing (indicated by the
number, 1, in Figure 3) has the highest absorption in the short-wave infrared region among
all samples. The group of curves located in the center (indicated by the number, 2) of the
figure corresponds to elements annealed at a temperature of 650 °C. It can be noticed that
the curve of one of the samples is a little far from the absorption level of the group in the
range of 750-1350 nm. It corresponds to the undoped ZGP element. The difference in the
absorption spectrum in this case can be explained by the absence of absorption centers in
the used impurities in this spectral range and as a consequence, by a decrease in absorption
by the doped surface of the single crystal elements.

The group of curves indicated by the number, 3, in Figure 3 corresponds to the
samples annealed at 750 °C. Noticeably, diffusion-doping does not significantly change
the IR absorption spectrum of ZGP; except for the sample doped with Ca, there is a slight
increase in the absorption spectrum in a range of approximately 740-880 nm. The obtained
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result indicates that calcium, and not the defects of the single crystal, is responsible for the
decrease in the radiation resistance of ZGP doped with Ca (Figure 2.)
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Figure 3. The dependences of the absorption coefficients for undoped and doped samples on the
wavelength in the range of 0.6-12 pm at temperatures of 650 °C and 750 °C. Curve 1—sample after
growth; group of curves 2—samples after annealing at a temperature of 650 °C; group of curves
3—samples after annealing at a temperature of 750 °C.

Optical damage in semiconductor materials at a nanosecond pulse duration of the
acting laser radiation can be a consequence of thermal processes and processes associated
with the generation of electron-hole plasma. It was suggested in [34] that there is a signifi-
cant localized increase in temperature near small crystalline defects and inclusions under
the action of pulsed radiation from a Ho:YAG laser, which leads to optical damage. Indeed,
point-defects in a lattice of crystal enhance additional electronic sublevels, which lead to an
increase in the multi-photon absorption at 2.09 um and a sharp increase in temperature.
A number of point-defects and inclusions accumulate in the dislocation regions located
inside the ZGP, especially close to the surface, which leads to an increase in temperature to
a critical value. On the other hand, the local electric field at the dislocation point is stronger
than in a homogeneous lattice, which causes a decrease in the damage threshold enhanced
by the electric field [16]. Thus, it becomes obvious that the decrease in the conductivity of
ZGP doped with Mg and Se should lead to an increase in the optical damage threshold of
ZGP crystals.

4. Effect of Dopants on the Quasi-Optical Properties of ZnGeP2 in the THz Range of
the Spectrum

Absorption in the terahertz range was measured using a pulsed terahertz spectrometer
in the time domain. The operating principle of this spectrometer is presented in detail
in [34,35]. A Beam splitter plate (BS) is used to split a femtosecond laser radiation with
a duration of 100 fs at a central wavelength of 780 nm, which using the Mai Tai SP laser
(Spectra Physics, USA), generates a laser pulse in proportions of about 97% of the power to
the pump beam and 3% of the power to probe beam. Terahertz pulses were generated in
a GaSe crystal with a thickness, d, of 790 pm using the eee type of transformation [34,35].
An electro-optical ZnTe crystal with a thickness, d, of 1100 um was used to detect the pulse
passed through the studied ZGP sample.

According to [36], the absorption dispersion in ZGP in the range from 100 pm to
1000 pm monotonically decreases, and in a part of this range there is a non-fundamental
absorption without resonances on the spectral curve.

It was shown in [37] by THz spectroscopy that the absorption of ZGP in the terahertz
range of the spectrum (from 300 pm to 1000 pm) has a diffuse character; based on this fact,
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the decisive role of free carriers in the formation of dielectric losses in this frequency range
was assumed. This assumption was confirmed in [38] where it was indicated that one of
the main sources of free carriers in ZGP is the interface between the matrix medium and
the inclusion of the second phase. Since doping has an obvious effect on the conductivity
of ZGP, it should have a significant effect on the absorption dispersion in the wavelength
range (150-1000 pm).

The measurements of transmission of the studied sample in the terahertz spectrum
(from 150 to 1000 pm), which were obtained using THz installation, allow for the calculation
of the absorption coefficient. The measurement results of both doped samples using
diffusion-doping and undoped samples annealed at temperatures of 650 °C and 750 °C are
presented in Figure 4.
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Figure 4. Dependence of linear absorption of ZGP samples on the wavelength in the THz range at
annealing temperatures of 650 °C and 750 °C for 180 h (a), with diffusion-doping at temperatures of
650 °C and 750 °C with the following chemical elements: Mg (b), Se (c), Ca (d).

In the wavelength range of 150-1000 um, the spectra of the absorption coefficient of
samples doped with Mg, Se, and Ca were obtained, which are shown in Figure 4. From
the obtained data, it can be seen that after doping the samples with Mg and Se atoms,
a decrease in absorption is observed in the entire measured spectral range at annealing
temperatures of 650 °C and 750 °C by ~1.5 cm ™. After diffusion-doping with Ca atoms,
no significant change in the absorption of the sample was revealed. As shown by the
performed studies, the doped samples with Mg and Se exhibit a decrease in the specific
conductivity in comparison with the undoped ZGP sample, which leads to a decrease in
absorption in the THz range.

5. Conclusions

It is shown that the LIDT increases by diffusion-doping the ZGP single crystal with
Mg and Se; upon annealing at a temperature of 750 °C, the damage threshold of samples
doped with Mg and Se increases by 31% and 21% from 2.2 + 0.1 ]/cm? to 2.9 & 0.1 and
2.7 £ 0.1]/cm?, respectively. When ZGP is doped with Ca, the opposite trend is observed.
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A correlation is observed between the optical damage threshold and the electrophysical
parameters of the crystals after doping, in particular with the conductivity of the sam-
ples. A decrease in conductivity is observed when the ZGP samples are doped with Mg
and Se; when doped with Ca, the ZGP conductivity increases compared to the undoped
annealed sample.

The conducted studies have shown that the technological possibility of increasing
the LIDT of ZGP crystals can be achieved by reducing the conductivity of the samples by
controlled doping.

The absorption spectra of the ZGP samples doped by diffusion with Mg, Se, and Ca
atoms were measured in the THz range of the spectrum (100-1000 pm). The assumption
that the absorption spectrum of ZGP in this range is determined by the concentration of
free-charge carriers is confirmed. As shown by the performed studies, the samples doped
with Mg and Se exhibit a decrease in specific conductivity compared to the undoped ZGP
sample, which leads to a decrease in absorption in the THz range.
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