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The main idea of the work is the development of a cheap and easy method for the manufacture of nanostructured
systems based on the Chemical Vapor Deposition (CVD). Beginning with a new class of materials for interference
optics in the infrared (IR) range of the spectrum, the evaporation of composites of systems germanium-metal
chalcogenide (oxide), in particular, of the Ge-ZnS and Ge-SbySes systems was studied. They evaporate in vacuum
congruently, and upon condensation on substrates form nano-structured thin-film coatings. In the first of these
systems, the coating has an X-ray amorphous nature: the formation of a nano-dispersed composite in a Ge-ZnS film
is confirmed by the absence of characteristic peaks of Ge and ZnS in X-ray diffraction patterns, but the formation of
a characteristic halo takes place. At the same time, upon evaporation and condensation of a sample of the Ge-ShSe;
system, a glassy structure is formed; this is confirmed by high-resolution transmission electron microscopy (TEM),
where no crystalline regions were found. The energy-dispersive X-ray (EDX) spectroscopy measurements of the
coating (about 10 at.% of Ge, 40 at.% of Sb and Se, respectively) indicate a certain deviation from the stoichiometry
compared to the initial sample of the system. This may indicate a slightly lower volatility of germanium selenides
compared to antimony selenides. The EDX line scans along the cross-section of the coating exhibited strong
Sfluctuations in the concentration of elements, and, consequently, the heterogeneity of the coating in terms of
composition. Both coatings have high mechanical strength (group 0). At the same time, their optical properties differ
significantly: the refractive indices are 3.00 and 3.66 for the Ge-ZnS and Ge-SbSe; systems, respectively. It is
believed that nano-structuring in the above systems is due to the high capability of germanium to amorphize upon
condensation on a glass substrate.

Keywords: CVD-mechanism, composite, amorphous nano-structured coating, optical properties, mechanical
durability

INTRODUCTION vacuum, ie. they behave as compounds, for

The main idea is to invent a cheap and example:

simple way to manufacture nanostructured
composite materials based on the germanium-
metal chalcogenide (oxide) system, which will
contribute to the creation of a new class of

Ge(sy+ ZnS(s) > GeS1 + Zn1 1)

Ge(s)+SbaSes(s) s GeSe1+2SbSet. (2)

materials for interference optics in the infrared Thus, CVD-composites have  higher
(IR) spectral range. volatility compared to individual components. At

CVD-composites are a new class of a sufficiently high temperature (900 K and 600 K
materials based on germanium-metal for the above-mentioned systems, respectively),
chalcogenide (oxide) systems, such as Ge-ZnS, the starting components react with each other
Ge-Sb,Ses, Ge-GeO,, efc. They are named so with the formation of more volatile compounds
due to the peculiarities of the evaporation and substances. During the condensation on a
mechanism: their characteristic feature is the substrate, there is the regeneration of the starting
almost congruent nature of evaporation in components, for example, in reaction (1) in the

form of a nanostructured composite (completely
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or partially). Alternatively, in some cases, for
example in reaction (2), the amorphization of the
components occurs at the stage of preparation of
the  CVD-composite.  Therefore, volatile
components in such systems can store
themselves for a long time. One of the reasons
for this behavior is the extremely high capability
of germanium to amorphize in the thin-film
state: in fact, the germanium coating exhibits a
pronounced “blue” (hypsochromic) shift of the
transmission region in the short-wavelength
range. Based on this, the average size of
germanium nanoparticles in the coating was
estimated as 5.7 nm [1].

EXPERIMENTAL

Experimental methods such as thermal
evaporation in vacuum with measurement of
optical and operational properties of the films,
XRPD (X-Ray Powder Diffraction), TEM
(Transmission Electron Microcopy), EDX
(Energy-Dispersive X-Ray) spectroscopy were
used in this work. Tests of samples of the
systems studied were performed by thermal
evaporation in vacuum (resistive version) on the
installation ~ VU-1A  from  molybdenum
evaporators (shuttles) at a heating current up to
130 A at a residual gas pressure up to 107 Pa
with a coating rate of 40-250 nm/min. Thin-film

coatings of evaporating materials were applied to
substrates of different materials (optical glass
K8, quartz, germanium) and shapes (plane-
parallel and wedge-shaped plates). The optical
(refractive index) and operational (mechanical
durability, climatic stability) parameters of the
coatings applied to the substrate were also
determined. The value of the optical thickness
nd, where n is the refractive index, d is the
physical thickness of the coating was 1.5—
2.5 um. The determination of n of the coatings
was performed on a micro-spectrophotometer
MFSU by studying the reflection on wedge-
shaped plates coated with it. The mechanical
durability was determined on an SMS55
installation by the number of rotations of the disk
before scratches on the thin-film coating appear.
The X-ray diffraction was performed on an
automated DRON-3M installation with Cuk,
radiation (4=0.15418 nm) by the powder
method.

The nano-structuring of the composite
Ge-ZnS during the evaporation and subsequent
condensation on the substrate is confirmed by
X-ray diffraction (Fig.1a): the diffraction
pattern of sintered composite Ge-ZnS clearly
shows peaks corresponding to its original
components.

M%
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Fig. 1.

At that moment the diffraction pattern of the
coating is an unstructured curve with a halo over
the entire range of Bragg angles (Fig. 1 b). We
observe the same picture both in the case of the
initial sample of the Ge-Sb,Se; system and for
the coating made of it.

The structure of the Ge-Sb,Ses layer
additionally was studied by the TEM [2] using a
JEOL JEM-2200FS [3]. The high-angle annular
dark field detector (HAADF) used in TEM
scanning mode mainly collects Rutherford
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Patterns of diffraction spectra of a CVD-composite Ge-ZnS (a) and coating (b) manufactured of it

scattered electrons and therefore exhibits
elemental contrast. Fig.2 shows the -cross-
section of the sample, which reveals layers of
several tens of nanometers with different
elemental compositions due to variations in the
contrast. However, changes in concentrations
could not be resolved by EDX measurements
(Fig.3). The line scanning showed strong
fluctuations in Ge, Se and Sb concentrations,
even though the measurement time was chosen
sufficiently high for individual spectra to have a
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good signal to noise ratio. High-resolution TEM compared to the starting material (about 17 at. %)
confirmed the amorphous nature of the coating indicates a higher volatility of the antimony
obtained by thermal evaporation in vacuum of selenides compared to GeSe [5, 6].
the CVD-composite Ge-SboSe;, where no The results of studying the properties of
crystalline regions were found. coatings [6] indicate the following values:
The elemental composition of the coating is refractive indices n (500 nm)=3.00 and =n
~40 at.% for Sb and for Se, and about 10 at.% (940 nm) = 3.66, short-wavelength limits of the
for Ge, and practically does not change within its optical transparency region A;=430nm and
thickness (Fig. 3 b). A1=890nm for Ge-ZnS and Ge-Sb,Ses,
Only when reaching the surface of the glass respectively, and the mechanical durability —
substrate, there is a characteristic leap in the group 0. As can be seen from the Table, the value
content of Si and a decrease to zero in the content of the relative volatility /= d/zF’ for the system
of the above-mentioned components. As for the Ge-Sb,Ses is much (8.6 times) larger than that
elemental composition, according to the data [4], for the Ge-ZnS system.

the coating should be glassy. In addition, a
significant decrease in the Ge content in the coating

Fig. 2. TEM image of a CVD-composite Ge-Sb,Ses coating on a glass substrate
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Fig.3. TEM image (a) and corresponding EDX line scan (b) for coating deposited from Ge-Sb,Ses
CVD—composite on a glass substrate

Table. Evaporation regimes and optical and operational properties of the coatings from the CVD-composites

Evaporation regime

Mechanical
System . f10° n(}) A,nm  Adhesion durability,
LA 7, min d, nm rot/group
Ge-ZnS 130 20 793 2.35 3.00 ~430 + 8000/0
Ge-Sb,Ses 110 2 493 20.2 3.66 890 + 7000/0

ISSN 2079-1704. CPTS 2021. V. 12. N 4 303



V.F. Zinchenko, I.R. Magunov, O.V. Mozkova et al.

Qualitative correlation between the values of
the short-wavelength limits of the optical
transparency region (4;) and the refractive

on a glass substrate have different degrees of
amorphization — from X-ray amorphous (Ge-ZnS
system) to glassy (Ge-SboSe; system). The

content of elements in the coatings qualitatively
corresponds to the content of the original
composite, but there is a certain deviation from
the stoichiometry.
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A new method for obtaining nanostructures
from germanium-metal chalcogenide composites
has been proposed. Coatings produced by
thermal evaporation in vacuum and condensation

AMOpP(}Hi HAHOCTPYKTYPOBAaHI MOKPUTTSH, BUTOoTOBJIeHI 3 CVD-KOMIO3UTIB
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OcHosHa ides pobomu — ye po3podka Oeuie6o20 ma NPocmoz0 Cnocody 6UcOoMoeieHHs HAHOCMPYKMYPOBAHUX
cucmem, wo 6a3yeEMbCa HA BUNAPOBYBAHHI KOMNO3UMIE CUCIeM 2epMaHill — XanvkozeHio (oxcud) memany 3a CVD
(Chemical Vapor Deposition) — mexanizmom i3 3ano4amKy8aHHsIM HO8020 KAACY Mamepianie 0jis inmep@hepenyitinoi
onmuxu 149 (ingppauepsonozo) dianasony cnekmpa. Ak npukiaou docuioxceno cucmemu Ge-ZnS ma Ge-SbSes, sxi
BUNAPOBYIOMbCSL Y 6AKYYMI KOHZSDYEHMHO, 4 Npu KOHOeHcayii Ha NiOKIaoyi ymeoprooms HAHOCHMPYKMYPOGAHI
MOHKONNIEKOGI nokpumms. Y nepwiil 3i cucmem NOKpUMMS MAE PEHMEHOAMOPQHULL Xapakmep: YMEOpeHHs
HanooucnepcHozo komnosumy y niaieyi Ge-ZnS niomeeposicyemucs siocymuicmio enacmueux onsi Ge ma ZnS nixie Ha
PEHMEEHIBCHKIL OUDPAKMOSPAMMI, HAMOMICb MA€E Micye YMEOPeHHs XapakmepHoz2o 2ano. Y moi dce uac npu
sunaposyganni ma Konoencayii 3paszka cucmemu Ge-ShrSes ymeoproemvca cKk10nodibHa cmpykmypa, ye
nIOMBEPOAHCYEMbC MEMOOOM NPOCEiuYIouoi enekmpornoi mikpockonii (IIEM) eucokoi po30inbHoi 30amuocmi, SKor
He 8usAgieHo obnacmi Kpucmaniynocmi. Buicm xomnonenmis y nokpummi, 8U3HA4EHO MeMOOOM eHepeoOUCnePCIliHOl
peumeeniecwvkoi (EJIP) cnexmpockonii (6ina 10 am. % Ge, no 40 am. % ona Sb i Se, 6ionogiono), éxasye Ha nesHe
8i0XUNeHHs 6i0 cmexiomempii, enacmueoi 01s 8UXioHo2o 3paska cucmemu. Lle mooce cgiouumu npo dewo HUI*CHy
JIemKICMb  Celeniole 2epManilo y nopisHanHi 3 cenenioamu cmubiro. Cranyeanms 630060ic neenoi ninii (E/[P) 3a
MOGWUHOIO NOKPUMMSL 6KA3Y€E HA CUNbHI (DIYKmyayii KOHyeHmpayii elemenmis, a omoice — HeOOHOPIOHICMmb
nokpumms 3a ckaadom. Obuosa NOKpumms MaiOme 6UCOKY Mexaniyny miynicmo (cpyna 0). YV moii sce uac ixui
ONMUYHI 61ACMUBOCTI CYMMEBO PIZHAMbBCA. NOKAZHUKY 3AN0MIEeHHs cmanogisamy 3.0 ma 3.66 ons cucmem Ge-ZnS
ma Ge-SbySes, 6i0nosiono. Beaswcaembvcs, wo HAHOCMPYKMYDYBAHHS Y 3A3HAYEHUX GUUJE CUCHEMAX 3VMOBNEHO
BUCOKOIO 30aMHICIMIO 2EPMAHII0 00 amopghizayii npu KoHOeHcayii Ha CKAAHIT NIOKIAOYI.

Knrouoei cnosa: CVD-mexarnizm, komnosum, amop@He HAHOCMPYKMYPOB8aHe NOKPUMMS, MEXAHIYHA MIYHICMD,
ONMUYHI G1ACMUBOCMI
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