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Volume filamentary inclusions in ZnGePy have been visualized using the digital holography method. The
chemical composition of the filamentous volume inclusions ZnsP; and Ge have been determined using the
method of X-ray diffraction analysis. It is shown that the presence of volume inclusions in the ZnGeP; single-
crystal leads to an increase in the reflection coefficient in the region of 12.5 pm. The dispersion dependences
of the refractive index and the absorption coefficient of the studied ZnGeP; samples at wavelengths of 300-1000
pm in the region of non-fundamental absorption have been obtained. It has been shown that the presence of

volume inclusions in a single-crystal leads to an increase in the refractive index in the entire THz range under
study by the value of Anpyax = 0,0008. The difference between absorption coefficients for the studied samples
varies from Aa = 0.1 cm™! to Aa = 0.15 cm ™! depending on the wavelength.

1. Introduction

The progress in development of coherent radiation sources today is
largely related to mastering of the terahertz range of wavelengths, as
well as the improvement of systems operating in the infrared region of
the spectrum. Development of powerful parametric generators of the
mid-IR range (2-8 pm) based on ZnGeP, with an average power of
generated radiation of ~100 W and a pulsed energy of ~10 mJ at a pulse
repetition rate of ~10 kHz [1], with the possibility of spectral tuning in a
wide range of wavelengths, is an intensively developing direction in this
field [2]. Another focus of the research is generation at the difference
frequency of radiation in the terahertz region of the spectrum with an
average power of ~2 mW [3-5]. ZnGeP; has a high coefficient of
nonlinear susceptibility () and an indicator of nonlinear optical

quality (M = )é_z)’ high thermal conductivity and low absorption ~ 0.04

em ~! at pump wavelengths (A ~ 2 pm) and generation in mid-IR and
THz ranges. However, a feature of ternary compounds (including

ZnGeP,) with a chalcopyrite-type crystalline lattice structure is that the
synthesis of a ternary compound occurs as a result of several interme-
diate reactions. Depending on the temperature and time of the synthesis,
in addition to the expected final result (the ternary compound), syn-
thesized ingots have a predetermined number of second phases formed
at the mentioned intermediate stages. In particular, the presence of such
components as ZnsPs, Ge, GeP, and ZnP; in the synthesized material
during synthesis of the ZnGeP, compound can be assumed [6]. De-
viations from the stoichiometry of the ZnGeP, compound can be insig-
nificant. However, they appear as an inclusion [7] into the matrix
medium with characteristic volume sizes reaching tens and sometimes
hundreds of micrometers [8]. Volumetric defects significantly differ in
optical properties (refractive index and absorption coefficient) [9,10]
from the matrix medium. In this regard, volume defects in a nonlinear
crystal lead to violation of phase-matching conditions, which either
excludes the possibility of using these elements in optical systems or
significantly impairs the efficiency of radiation conversion in such
nonlinear media. Such defects destroy the phase synchronism of the
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propagation of interacting optical waves and reduce the efficiency of
nonlinear conversion of the pump frequency to almost zero. This is
especially pronounced at a high energy density of the pump radiation of
about 2-5 J/cm?. In addition, inclusions can act as initializers of an
optical breakdown of the material.

In [11], using THz spectroscopy methods, it has been shown that
absorption of ZnGeP, in the terahertz region of the spectrum of
300-1000 pm is of diffuse nature, that is, it does not have pronounced
resonances in a wide frequency range. By virtue of this fact, an
assumption has been made about the decisive role of free carriers in
formation of dielectric losses in this frequency range. Studies performed
with a variable concentration of free charge carriers under the effect of
fast electrons and varying temperature conditions [12,13] have shown
the absence of a noticeable effect of temperature (from 300 K to 20 K) on
optical parameters of crystals and the absence of a pronounced corre-
lation with post-growth processing conditions (annealing at 600 °C).

In a semiconductor crystal, the interface between the matrix medium
and the inclusion of the second phase can manifest itself as a source of
free charge carriers. Therefore, spectral effects associated with the
presence of second-phase inclusions in ZnGeP, may appear in the ter-
ahertz range. It can be assumed that characteristics of the dispersion
spectra of the refractive index and the absorption coefficient in the
terahertz region of wavelengths (300-1000 pm) can serve as a basis for
identifying the composition of inhomogeneities in the crystal, which can
be used for qualitative express determination of the presence and even
quantitative estimation of volume defects that affect the generation
potential of the crystal in mid-IR and THz ranges. The obtained infor-
mation can be used to adjust temperature-time parameters of growth
and synthesis of the compound in order to increase optical characteris-
tics of nonlinear crystals.

The aim of the paper is to test the aforementioned hypothesis on the
dominant effect of second-phase inclusions on quasi-optical character-
istics (refractive index and absorption coefficient) in the wavelength
range of 300-1000 pm.

2. Experimental samples

The experimental samples used in the work were cut from a ZnGeP;,
single-crystal with geometric dimensions of @30 x 150 mm (Fig. 1). The
single-crystal was grown vertically according to the Bridgman method in
the vertical version from a compound previously synthesized using the
two-temperature method [7] onto a seed crystal with the orientation
(100).

The samples (Fig. 2, a and b) for experimental measurements were
cut out along the ingot in the shape of plane-parallel plates oriented
parallel to the plane (001) in order to exclude the possible effect of
birefringence.

Both plates underwent optical polishing of working surfaces. The
thickness of the samples (d) was 3600 = 1 pm. Measurements of the
sample thickness were carried out using a micrometric stand with a
measurement error of +£1 pm. Thickness control is necessary for a correct
measurement of the refractive index.

3. Research techniques

Experimental samples were investigated using digital holography
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camera (DHC) and X-ray diffraction analysis for the presence of second
phases. Using Fourier spectroscopy, the dependence of the reflection
coefficient on the wavelength of the test radiation was obtained in the
range of 2-13 pm. The dependences of the absorption coefficient and the
refractive index on the wavelength were obtained using terahertz
spectroscopy. A digital holographic camera (DHC 1.064), manufactured
by Laboratory of Optical Crystals, Tomsk, was used for a detailed
characterization of samples and visualization of volume defects of the
ZnGeP, single crystal. This camera allows recording holograms and
restore the holographic image of the object, which corresponds to a 9 x
12 mm aperture (the limitation is related to final dimensions of the
digital camera matrix and its field of view). To register objects that
exceed these dimensions, it is necessary to scan the sample using a
positioning system, record a set of holograms and their gluing.

The recorded hologram represents the interference field of the
reference and object waves transmitted through the sample. This dis-
tribution is used as an input in the numerical calculation [14] of the
diffraction integral (1) to calculate U (x2Y2) — the distribution field in
the plane(xyy>), located at a distance Z from the plane of the camera
matrix(; y1):

) ©

1
U(Xz,)’z):%/ /U X1.)1

where A is the wavelength. Thus, images of crystal layers with an
interlayer interval chosen by the operator are numerically restored
(calculated), in our case, an interlayer interval of 100 pm). Such a
technique can be called a virtual microscope, since the process of dis-
playing the obtained information is similar to the process of longitudinal
focusing of a microscope for sharpness. The operation principle, the
optical scheme of the DHC, and the visualization technique are exam-
ined in detail in Ref. [9,15]. The described method is used to scan the
entire crystal volume and perform visualization and presumptive clas-
sification of volume defects, determination of their characteristic di-
mensions and location in three-dimensional space. Currently, this
method is successfully used for determination deferent volumetric de-
fects such as cracks, surface scratches, growth striates, needle shaped,
drop shaped and comet-shaped inclusions with dimensional sizes from 4
pm [15].

The phase composition of the studied samples was determined at the
next stage of the work using X-ray diffraction analysis. The samples were
studied on a Rigaku MiniFlex 600 X-ray diffractometer with a Cu X-ray
tube at a radiation wavelength of 1.541862 A. X-ray tube maximum
power is 600 W. The diffractometer was equipped with a vertical
goniometer with a scanning rate of 10°/min. The minimum goniometer
step on a 20 scale was 0.005°. The measurements were carried out at a
voltage on the x-ray tube of 40 kV and a current of 15 mA. The phase
composition analysis was carried out using PDF 4+ database contains
more than 444,100 entries of inorganic diffraction data from crystals, as
well as the POWDER CELL 2.4 full-profile analysis program. The
shooting was carried out in angles of 3° - 60°, in increments of 0.02°.

After determining the phase composition of the samples under study,
the spectra of their reflection coefficient in the mid-IR range, as well as
the absorption coefficient and the refractive index in the THz range were
measured. A Fourier spectrometer FT-801 manufactured by Simex was

P ((A] —x2)2+(n ,yz)z)
ere dx,dyy, @

Fig. 1. ZnGeP; single-crystal (30 x 150) grown using the Bridgman method in a vertical version.
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Fig. 2. IR photographs of ZnGeP, single-crystal plates with printed crystallographic axes (the dot indicates the direction to the reader): the plate with detected

defects in the central part (a); the plate without defects (b).

used to record the reflection spectra of the samples under study in the
mid-IR region (wavelengths 2-13 pm).

Spectral dependences of the samples in the THz region were obtained
using a terahertz spectrometer STD-21. The setup scheme is shown in
Fig. 3. The main elements of the system have included THz radiation
sources: backward wave tubes (BWT), Mach-Zehnder interferometer,
and the Golay cell as a receiver of the system (the setup scheme is
described in detail in Ref. [16]). The diameter of the beam of the ter-
ahertz emitter collimated using lenses was 10 mm.

All measurements performed in the work were carried out during the
propagation of radiation in open space, without the use of waveguides
and cooled chambers. Transmission of samples T was determined using
formula (2) as the ratio of the power transmitted through the sample
Pggmple to the input power Py (radiation in the absence of the sample):

Pumple
T= Py (2)

A typical transmission spectrum T has periodic oscillations associ-
ated with high transparency of the sample in the terahertz range. These
oscillations are associated with multipath interference inside a plane-
parallel sample.

In case when the sample under study is sufficiently transparent and
periodic oscillations are observed in the transmission spectrum, the
main optical characteristics of the material (absorption coefficient and
refractive index) can be calculated using formulas of the Fabry-Perot
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Fig. 3. Schematic representation of the quasi-optical spectrometer STD-21:
backward wave tubes (BWT) (1-3); the information processing unit (4-6);
fluoroplastic/polyethylene lenses (7, 7a); a set of thin-film attenuators (8); the
amplitude modulator (9); the Golay cell (10); the mesh polarizer (11); the mesh
analyzer (12); the sample holder (13); the phase modulator (14); the phase
compensator (15); the beam splitter (16,16a); the test sample (17); the absorber
(18); the absorbing diaphragm (19); the absorber, blocking the second arm of
the interferometer (20).

interferometer theory [17]. The distance Av between adjacent peaks
in the transmission spectrum of the sample is determined by the
refractive index of the material, which can be calculated busing formula

3):

(V) s

Aod 3

and the absorption coefficient a is related to the maximum trans-
mittance amplitude Tymax by the following relation (4):
_In(T,

). @

where, d is the thickness of the sample.

4. Results and discussion

Fig. 4 exhibits a shadow IR image, as well as a hologram and a ho-
lographic image reconstructed from a part of a plate that contains vol-
ume defects of a filiform shape — sample No. 1.

A shadow IR image (Fig. 4, a) in the ZnGeP, sample was used to
discover regions in which volume inclusions had been observed. Then,
based on this data, a hologram of the central part of the plate, where
these defects had been detected, was recorded. Since the plate had
geometrical dimensions exceeding the field of view of the DHC, the
required aperture was synthesized by recording several holograms, one
of which is shown in Fig. 4, b. The reconstructed image of the plane,
located at a depth of 1.2 mm from the surface of the test plate, is shown
in Fig. 4, c. Filaments of inclusions with a thickness of 10 pm and a
length of several mm can be observed. Thus, the use of digital holog-
raphy methods has allowed detecting volume defects inside the ZnGeP ;
crystal plate as well as determining their exact location in the sample
and characteristic dimensions.

The procedure for recording holograms and their subsequent
reconstruction was applied to another plate in which volume defects had
not been detected — sample No. 2. The shadow IR image (Fig. 5, a) of the
plate, the hologram of its central part (Fig. 5, b), and the reconstructed
holographic image (Fig. 5, ¢) are shown in Fig. 5.

It shall be noted that shadow IR images of both test plates contain a
reflection of the lens that is not related to the internal defective structure
of the sample. As in the previous experiment, several holograms of the
plate No. 2 were recorded using the DHC, and then, holographic images
of the plate layers were reconstructed. The reconstructed images (one of
which is shown in Fig. 5, ¢) have shown that there are practically no
volume defects in plate No. 2. Only a single local defect with dimensions
of ~10 pm has been found in the entire sample volume (in Fig. 5, band ¢
circled by the red line).

Thus, two samples have been studied using the digital holography
method. One of the samples contained a region with a high concentra-
tion of filament-like volume defects, and the second sample did not
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Fig. 4. The shadow IR image of the central part of the investigated plate, in which areas with defects were detected (a); the hologram of a part of the plate obtained
with the using DHC (b); the reconstructed image with volume defects in the shape of phosphide filaments located at a depth of 1.2 mm (c).

b.."""ﬁbnn;.
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Fig. 5. A shadow IR image of the central part of the investigated plate, in which no defects were detected (a); the hologram of the central part of the plate (b); the

reconstructed holographic image (c).

contain accumulation regions of such defects.

Then, an X-ray diffraction analysis of samples No. 1 and No. 2 was
carried out. The results of X-ray diffraction analysis are shown in Fig. 6,
a, as well as in Table 1. Table 1 exhibits 2-theta (deg) shooting angles,
the intensity height (cps), the interplanar spacing d (ang.), and a com-
pound whose reflexes coincide with sample reflexes (last column).
Initially, X-ray reflexes of single-crystal samples No. 1 and No. 2 were
recorded. Since the shooting was performed from a single-crystal sam-
ple, the reflex of one of the crystalline faces of ZnGeP; had the maximum
intensity. As a rule, reflexes obtained from a single-crystal are much less
informative than those from a powder sample, because in the latter case,
it is possible to fix reflexes from a larger number of crystalline faces.
However, despite this fact, reflexes not related to the ZnGePy matrix
compound were recorded in the sample No. 1. The results of the X-ray
diffraction analysis did not reveal any extraneous phases in the single-
crystal sample No. 2. Then, a part of the sample was ground to a pow-
der state. However, recordings of reflexes of the powder sample did not
reveal any extraneous phases as well (Fig. 6, b, Table 1).

Reflexes 4 and 6 from sample No. 1 belong to the ZnGeP; compound
from the PDF 4+ database; the remaining reflexes belong to ZnsP,, GeP
and Ge compounds. The results of the X-ray diffraction analysis has
shown that reflexes from the second phases of the intrinsic component,
namely, zinc and germanium phosphides were not found in sample No.

2. A comparison of the spectral peaks with the PDF 4+ database has
shown that they all belong to the ZnGeP5 compound.

Further studies of samples No. 1 and No. 2 were carried out using
methods of IR Fourier spectroscopy and terahertz spectroscopy. Using
the IR Fourier spectroscopy method, one of the sides of plane-parallel
plates was ground to exclude possible contribution of reflection from
the second face of the samples when measuring the reflection coefficient
on an IR Fourier spectrometer.

Then, measurements of the IR spectra of the reflection coefficient of
samples No. 1 and No. 2 were carried out using a Simex Fourier spec-
trometer (Fig. 7).

Five measurements have been performed for each sample, average
values have been calculated, and measurement errors have been ob-
tained. As can be seen from Fig. 7, the curves of the reflection spectra for
samples No. 1 and No. 2 are almost identical in the range of 2-12 pm. A
noticeable difference in the reflection spectra is observed in the region of
12-13 pm. A sharp change in the reflection coefficient can be observed
in sample No. 2 (Fig. 7, curve 2), as compared to sample No. 1 (Fig. 7,
curve 1). In Ref. [18] it was shown that the absorption spectrum of the
ZnGeP, compound contains a resonance absorption band with a wave
number of 800 cm ™! (12.5 pm), which causes a change in the absorption
coefficient and the refractive index. Since the refractive index is related
to the reflection coefficient by the relation (5):
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Fig. 6. The X-ray spectrum of the sample No. 1 containing needle-shaped in-
clusions (a); the X-ray spectrum of the sample No. 2 without needle-shaped
inclusions (b).

2
n —m

R= (m) , (5)
its change is indirectly reflected in the spectrum of the reflection coef-
ficient (curve 2). Indeed, a sharp change in the refractive index is
observed in the region of 12.5 pm due to the resonance absorption band
in ZnGePy, and the graph of the dependence of R on the wavelength for a
“pure” sample (curve 2, Fig. 7) also exhibits a sharp change in the curve.
Since volume defects differ in the value of the refractive index from the
matrix medium, in sample No. 1 in the region of 12-12.5 pm we have a
different behavior of the spectral curve of the reflection coefficient
(there is no sharp decline).

Curve 1 in Fig. 7 characterizes the behavior of the reflection spec-
trum of the sample containing volume defects. The spectrum of the given
sample is characterized by the fact that it decreases monotonically in the
region of 12-13 pm wavelengths, but there is no sharp decrease in the
reflection coefficient associated with the resonance absorption band.
Thus, the resonance absorption band of ZnGeP; in the region of 12-12.5
pm can serve as an informative marker for the absence of volume in-
clusions of ZngPs and Ge. However, it is important to note that the ab-
sorption band of 12-12.5 pm is weak enough to detect small
accumulations of volume defects.

The absorption dispersion, according to Ref. [18], in the wavelength
range of 100-1000 pm has the shape of a monotonically decreasing
curve, and this region includes a region of non-fundamental absorption
with no resonances in the spectral curve. The measured transmittance
values of the studied samples in the terahertz region of the spectrum
(300-1000 pm) on a THz installation STD-21 were used to calculate the
refractive index and the absorption coefficient in the T-scan software
according to formulas (3), (4), and the approximation of the calculated
points with lines were made on the basis of the Sellmeier formulas (6),
(7) [19]:

1.490854*
22— 662.55

5.265761°

2(1) =4.47330 +
n,(2) 22— 0.13381

(6)
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Table 1
The interpretation of the X-ray spectrum peaks of sample No. 1 and sample No. 2
sample N2  2-theta d Height (cps) Phase name
(deg)
Ne1 1 20.67 (6) 4.294 (13) 1686 (119) Zinc Phosphide
(1,1,-1)
2 21.124 4.202 (3) 4756 (199) Zinc Phosphide
14) (2,0,0)
3 24.559 3.6219 11,225 (306) Zinc Phosphide
12) a7) (2,1,0)
4 29.71 3.005 (12) 7542 (251) Germanium Zinc
13) Phosphide (1,1,1)
5 33.10 (6) 2.704 (5) 869,214 Zinc Phosphide
(2691) (2,2,0)
6 33.3633 2.68346 32,906,254 Germanium Zinc
(8) 6) (16,560) Phosphide (2,0,0)
7 34.07 2.630 (8) 84,183 (838) Zinc Phosphide
an (2,2,-1), Germanium
Phosphide (2,1,1)
8 35.8 (8) 2.51 (5) 17,233 (379) Zinc Phosphide
(0,2,2)
9 42.256 2.1370 (6) 6240 (228) Zinc Phosphide
(13) (1,3,1), Germanium
Phosphide (3,0,0)
Ne2 1 18.301 4.844 (3) 700 (26) Germanium Zinc
12) Phosphide (1,0,1)
2 28.539 3.1251 (3) 156,985 Germanium Zinc
2 (396) Phosphide (1,1,2)
3 32.8199 2.72663 18,929 (138) Germanium Zinc
(15) (12) Phosphide (2,0,0)
4 33.527 2.6707 (2) 6084 (78) Germanium Zinc
3 Phosphide (0,0,4)
5 47.0676 1.92917 50,752 (225) Germanium Zinc
(10) “@ Phosphide (2,2,0)
6 47.5945 1.90903 98,848 (314) Germanium Zinc
) 2 Phosphide (2,0,4)
7 55.9401 1.64239 74,641 (273) Germanium Zinc
(15) @ Phosphide (3,1,2)
8 56.8591 1.61801 28,042 (167) Germanium Zinc
13) 3) Phosphide (1,1,6)
9 58.978 1.56482 7261 (85) Germanium Zinc
2) 5) Phosphide (2,2,4)
10 68.7072 1.365051 13,586 (117) Germanium Zinc
) 16) Phosphide (4,0,0)
11 70.3417 1.33728 4787 (69) Germanium Zinc
13) @ Phosphide (0,0,8)
12 75.9825 1.251414 14,552 (121) Germanium Zinc
12) a7) Phosphide (3,3,2)
13 76.7626 1.24063 26,448 (163) Germanium Zinc
(15) 2) Phosphide (3,1,6)
14 78.217 1.22115 2943 (54) Germanium Zinc
3) 3 Phosphide (4,2,0)
15 78.611 1.21603 2848 (53) Germanium Zinc
3 (@) Phosphide (4,0,4)
16 79.770 1.20124 1925 (44) Germanium Zinc
) 9) Phosphide (2,0,8)
17 87.787 1.11102 26,406 (162) Germanium Zinc
[©)] )] Phosphide (4,2,4)
18  89.36 (7) 1.0955 (7) 11,503 (107) Germanium Zinc
Phosphide (2,2,8)
53421577 1.45795)°

n(1) =4.63318 + (7

7014255 1 — 66255

Fig. 8 exhibits spectra characterizing the dispersion of the refractive
index of the studied plates of the ZnGeP, single-crystal with (1) and
without (2) detected inclusions. The spectra of refractive indices for both
samples have a monotonically decreasing nature with increasing
wavelength of the radiation incident on the sample. From the side of the
short-wavelength region of the obtained spectral characteristic, the
difference in values of the refractive index between curves 1 and 2 is
equal to An = 0,0008. With an increase in the wavelength from up to
1000 pm, the difference is equal to An = 0.0006. The average values of
the refractive index obtained during the experiment, as well as the shape
of dispersion curves, correlate with the data obtained in Ref. [20].
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Fig. 7. Sample reflection spectra obtained using a Fourier spectrometer: the sample containing volume inclusions (curve 1); the “pure” ZnGeP, sample without

inclusions (curve 2).
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Fig. 8. The dependence of the refractive index on the wavelength: for the plate

with detected volume inclusions (curve 1); for the “pure” ZnGeP, plate
(curve 2).

Formula (3) has been differentiated to analyze the measurement
error in the refractive index, and formula (8) has been obtained:

1 ¢ Ad
An=sma ®)
where Av is the distance on the frequency curve between interference
maxima, c is the speed of light, d is the nominal thickness of the sample,
Ad is the deviation from the nominal thickness. Given that d = 3.6 mm
(3600 pm), and Ad is the value + 1 pm, we obtain %d = 0,0003. Thus, a
change in the plate thickness by 1 pm entails a change in the refractive
index of the plate by An = 0.0003. The difference in refractive indices
for spectra 1 and 2 is An from 0.0006 to 0.0008, depending on the
selected wavelength region, and exceeds the measurement error from
the thickness by a factor of 2. Consequently, the presence of volume
defects of the second phase Zn3P5, as well as Ge that did not react during
synthesis in the sample, causes a difference in average refractive indices
of the presented spectra. A change in the composition of the substance in
the irradiated region, namely, the presence of ZnsP, and Ge in the
sample, leads to an increase in the refractive index of the single-crystal
compound ZnGeP,, as shown in Fig. 8. A similar effect was demon-
strated in Ref. [21], where it was shown that impurities can significantly
affect the value of the semiconductor refraction index.

Absorption coefficient spectra of the studied samples (presented in

Wavenumber, cm'1

32 30 28 26 24 22 20 18 16 14 12 10
— .

L T x T Y T % T X T 4 T T T Ll T X T '3
_ 16] e
1 —_—
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(0]
G 1,34 11,3
nq:)
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[$]
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o .
B 1,04 e, 1,0
o e
2 0.9- L 0,9
o e
< 0,8 “I\. i 0,8
\.\v\
0,7 ; . . . ; —= 107
300 400 500 600 700 800 900 1000

Wavelength, pm

Fig. 9. Absorption coefficient spectra of the studied samples: for the plate with
detected volume inclusions (curve 1); for the “pure” ZnGeP; plate (curve 2).

Fig. 9) have been obtained in the wavelength range of 300-1000 pm.
Curves 1 and 2 characterize the dispersion of absorption coefficients
[22] of sample No. 1, and sample No. 2, respectively. It can be seen from
the obtained data that volume inclusions ZnsP5 and Ge make an addi-
tional contribution to the absorption of the sample in the wavelength
range of 300-1000 pm (curve 1). The difference in absorption co-
efficients for the two samples reaches Aa = 0.15 em . In the
short-wavelength region of wavelengths (<350 pm), the difference in
absorption coefficients of sample No. 1 and No. 2 decreases, Ax becomes
<0.1 cm ~!, which, apparently, is related to approaching the wavelength
region that contains a resonance absorption band (closest with A = 83.3
pm). Thus, the range of 300-1000 pm wavelengths is a characteristic
range where these inclusions show a noticeable effect on the spectrum.

5. Conclusion

Volume filamentary inclusions in ZnGeP; have been visualized using
the digital holography method. Their characteristic dimensions and
their location in the sample volume have been determined.

The chemical composition of the filamentous volume inclusions
ZngP, and Ge have been determined using the method of X-ray
diffraction analysis.

The fact of the effect of second-phase inclusions (ZnsP, and Ge) on
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quasi-optical characteristics (refractive index and absorption coeffi-
cient) in the resonance absorption band (12-12.5 pm) has been estab-
lished. The presence of volume inclusions in the ZnGeP, single-crystal
leads to an increase in the reflection coefficient in the region of 12.5
pm. It has been shown that the spectral dependence of the reflection
coefficient in the resonance absorption band of ZnGeP, in the range of
12-12.5 pm is an informative marker for the presence of volume in-
clusions ZnsP; and Ge. However, the relative difference between the
obtained spectral characteristics at a wavelength of 12.5 pm is about 5%
therefore, this method has low detection ability.

The dispersion dependences of the refractive index and the absorp-
tion coefficient of the studied ZnGeP, samples at wavelengths of
300-1000 pm in the region of non-fundamental absorption have been
obtained. It has been shown that the presence of volume inclusions in a
single-crystal leads to an increase in the refractive index in the entire
THz range under study by the value of = 0,0008. This fact also indirectly
confirms the assumption that the presence of volume defects in a crystal
can lead to a failure of phase matching conditions when generating THz
radiation with a wavelength of ~100-1000 pm at a difference frequency
(the wavelength range where the maximum average power of the
generated THz radiation in a nonlinear ZnGeP; crystal was obtained).
Moreover, a dispersion of the absorption coefficient has been obtained in
this spectral range. The difference between absorption coefficients for
the studied samples varies from Ao = 0.1 cm™! to Ax = 0.15 cm™?
depending on the wavelength. A decrease in the difference between
average values on the spectral curves is associated with an approach to
the anomalous dispersion region — resonance absorption bands with A
= 83.3 pm.

The obtained experimental results confirm the assumption about the
decisive role of free carriers in formation of dielectric losses in the
wavelength range of 100-1000 pm. The hypothesis that the interface
between the matrix medium and the inclusion of the second phase is one
of the main sources of free carriers in ZnGeP; has been confirmed. The
effect of second-phase inclusions on quasi-optical characteristics
(refractive index and absorption coefficient) in the non-fundamental
absorption region for wavelengths of 300-1000 pm has been
established.

The described methods based on a comparison of spectral charac-
teristics in mid-IR and THz ranges can be used for non-contact rapid
diagnostics of single-crystals for the presence of volume inclusions ZnzP5
and Ge and a preliminary and non-destructive assessment of the optical
strength of the material, which requires an integral characterization of
all inclusions due to the probabilistic nature of the optical breakdown.

The technique described in this work by the example of a ZnGeP,
single crystal for visualizing volumetric defects and determining their
location in the sample volume using the digital holography method and
simultaneous determination of the chemical composition using X-ray
diffraction analysis can be used to determine volumetric inclusions not
only ZnGeP; but also other new multicomponent single crystals such as
BaGasSe;, BaGayGeSeg, LinZnGeS, [23,24] in order to increase their
optical quality. At the moment, the issues of defect formation and an
increase their optical breakdown threshold of these single crystals are
being intensively studied [24-26].
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