39
EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 3.39-45 (2020) DOI:10.26565/2312-4334-2020-3-05

PACS: 81.10.-h

PRODUCTION OF HIGH-PURITY CADMIUM SINGLE CRYSTALS BY VERTICAL
DIRECTED CRYSTALLIZATION METHOD

Alexey P. Shcherban®*, \©’Gennadiy P. Kovtun®’, \“'Dmitriy A. Solopikhin?,

Yuri V. Gorbenko?, ““Igor V. Kolodiy?, Vladimir D. Virich?
“National Science Center “Kharkiv Institute of Physics and Technology”
1, Academichna str., 61108 Kharkiv, Ukraine
bV.N. Karazin Kharkiv National University, 4 Svobody Sq., 61022 Kharkiv, Ukraine

*Corresponding Author: shcherban@kipt.kharkov.ua
Received March 30, 2020; revised May 8; accepted May 12, 2020

The process of producing high-purity Cd crystals by the vertical directed crystallization (VDC) from a melt according to the
Bridgman method is investigated. Single crystals with the preferred growth direction [11.2] and [10.3] were produced. The angles
of deviation of the growth direction relative to the axis of the samples are o = 27.2° and a = 0.5°. The crystal perfection,
microstructure and microhardness of the grown crystals are determined. As shown by x-ray diffraction analysis, in this VDC variant
of high-purity cadmium, a perfect single-crystal structure is not reached. In the start section there are separate grains with different
orientations, the amount of which decreases in the end section of the single crystal. This results in the formation of a more perfect
single-crystal structure with a preferred orientation, which occupies the entire cross section of the crystal. The microhardness of the
upper and lower sections of single crystals was determined. The more contaminated end sections of the crystals have lower
microhardness than the initial parts. The impurity composition of the start and end sections of single crystals produced from cadmium
of various grades purity was studied. The efficiency of impurity elements redistribution along single crystals is the same for different
grades of cadmium. The developed VDC process can be used for growing single crystals of low-melting metals, such as Zn, Pb, Te,
In, Bi, Sn, etc.

KEY WORDS: cadmium, vertical directed crystallization, single crystals, growth direction, microstructure, microhardness, impurity
composition

Recently, the need for single crystals of metals for practical and research purposes has been increasing. For this
reason, a new industry has increased - single crystal growing. Single crystals of metals and semiconductors are
produced by growing from a melt mainly in three ways: vertical directed crystallization (VDC) — the Bridgman
method [1]; pulling from a melt onto a seed — the Czochralski method [2, 3] and crucibleless melting — the Pfann
method [4].

The history of the development of technique for single crystals growing by the VDC method totals about 100 years.
The first papers on the growth of VDC crystals were those of Tamman (1923) [5]. In 1924, L.V. Obreimov and L.V.
Shubnikov implemented the VDC method in which single crystals were grown in a vertical fixed tubular container
cooled by compressed air [6]. P. Bridgman in 1925 made constructive changes to the proposed VDC method. In this
method the container became movable. D. Stockbarger in 1937 introduced additional design changes to the Bridgman
VDC process. A two-section heater with a diaphragm in its middle was proposed here to provide a larger temperature
gradient at the crystallization front. In 1925, Bridgman prepared single crystals of Sn, Cd, Zn, Sb, Bi, and Te by the
VDC method. Since then, researchers have been working both on improving technological methods for growing single
crystals, and on achieving a perfect structure and quality of the producing single crystals.

The advantage of the VDC method is that it allows one to grow large sizes single crystals of square, rectangular or
round cross sections. The cross section of a single crystal is determined by the shape of the container. A significant
drawback of this method is that the crystallization front is not visible during solidification process. This drawback can
be partially overcome by installing thermocouples in a container for measuring temperatures and thus determining the
position of the crystallization front and the temperature gradient at the crystallization front.

Goals of article is to study the process of producing high-purity bulk cadmium single crystals by the VDC method
without use of seed.

MATERIALS AND METHODS

Two grades of metal were used as the initial material for producing high-purity cadmium single crystals by the
VDC method: cadmium of initial purity > 99.99%, which corresponds to the technical grade CdOA, and cadmium of
high-purity > 99.999%, which corresponds to a cadmium grade of Cd0O high-purity. High-purity cadmium was
produced by the complex method of distillation in vacuum [7, 8]. The directions of growth orientation were determined
for the produced Cd single crystals, their structural perfection was studied, changes in the microhardness and impurity
composition of the start and end parts of single crystals were determined.

Diffractometric studies of the samples were carried out on a DRON-2.0 X-ray diffractometer with cobalt Co-Ka
radiation applying a Fe selectively absorbing filter. Diffracted radiation was detected by a scintillation detector.
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Analysis of crystallographic orientation (CGO) and crystal perfection was carried out from the butt-end of the rods by
the rotating crystal method. Samples for X-ray and microstructural studies were cut by electrospark cutting
perpendicular to the axis of the rods (see Fig. 1). The surfaces of samples were prepared by grinding and polishing
according to a standard technique followed by etching in a reagent of the following composition: chromic anhydride —
10 g; hydrochloric acid — 1 ml; water — 100 ml.

Microhardness was measured according to the Vickers method on a PMT-3 instrument with a load of 10 g. The
microstructure was studied using an MMP-4 light microscope.

The impurity composition of single crystals was determined by laser mass spectrometry using the EMAL-2 type
mass spectrometer.

EXPERIMENTAL SECTION

The process of growing single crystals by the Bridgman VDC method is carried out in special facilities in vacuum,
inert atmosphere, hydrogen and in air. The Bridgman method is suitable for metals with a relatively low melting point
and small chemical activity. These limitations arise due to the difficulty in selecting the material of the crucible-
container. Typically, crucibles made of graphite, quartz, aluminum oxide are used.

The study of the process of producing cadmium single crystals was carried out in a facility, the heat unit and
mounting of which were modernized for the process of single crystals growth by the vertical Bridgman method. A
special device was manufactured, the scheme of which is given in paper [9]. A container with molten cadmium was
pulled down from the heater to a cold region, where, as it was pulled, a single-crystal structure of arbitrary orientation
was formed.

To carry out the processes of cadmium directed crystallization, a special container was made of high-purity dense
graphite of MPG-7 grade. The impurity composition of such graphite is given in paper [10]. The container had a conical
shape at the bottom with an apex angle of 40°. Before use, the container was annealed at ~ 1000 °C in a vacuum of
1 ... 3 Pa for half an hour. The crystals were grown with a crystallization rate of 0.37 to 0.24 mm/min under a pressure
in the facility chamber within 1.7...1.9 atm of pure argon. The temperature gradient at the crystallization front ranged
from 14.4 to 15.0 °C/cm.

RESULTS AND DISCUSSION
Figure 1 shows the external view of A and B cadmium single crystals produced by the described above method of
vertical directed crystallization.

Figure 1. External view of single crystals of cadmium A and B with marked places of cutting samples for research

Figure 2 shows the diffraction patterns of the start a) and end b) sections of the single crystal A, recorded according
to the «8-20» scanning scheme. It can be seen that low-intensity diffraction lines are present on the diffraction patterns.
The lines (11.2) are with the maximum intensity, that is, the crystallographic planes (11.2)are oriented parallel to the

plane of the end face of the crystal. The presence of other lines in the diffractogram indicates the presence of grains in
the sample with a different orientation.

An analysis of the crystallographic orientation (CGO) and the degree of perfection of the single crystal (Figure 3)
showed that the deviation of the crystallographic direction from the normal to the butt-end part is a = 27°. Also, from
the start side a) the presence of a block with a misorientation angle Ao = 0.5° from the main maximum was revealed. In
addition to the main maximum, additional maximums were also revealed at the angles of 3.3° and 0.6° with the start
side a) (indicated by the arrow) and 3.0° with the end side, which also indicates the presence of grains with a different
orientation.
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Figure 2. Diffraction patterns of the start a) and end b) sections of single crystal A
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Figure 3. The plot of the diffraction pattern of sample A (determination of orientation)

Figure 2, 3 shows that the main direction of orientation of the lower and upper parts of the single crystal is retained,

and hence it is hold over the entire length of the sample.

Similarly X-ray diffraction analysis was performed for single crystal B. The diffraction patterns of the starting
a) and end b) part of the single crystal B are shown on Figure 4.
It can be seen that the lines (10.3) have the maximum intensity, i.e., the crystallographic planes (10.3) are

oriented parallel to the plane of the crystal butt-end.
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Figure 4. Diffraction patterns of the starting a) and end b) part of the single crystal B

The presence of other low-intensity lines in the diffractogram indicates the presence of grains with a different
orientation. The determination of CGO and the analysis of the degree of perfection of single crystal B were performed
by the upper part of the single crystal. Diffractometric studies showed that the deviation of the crystallographic
direction from the normal to the end part is o = 0.5°. The presence of a block with a misorientation angle of 0.8° relative
to the main maximum was revealed. Thus, the studied crystals A and B are the single crystals with an imperfect
structure. The development of grains with a different orientation in the initial stage of growth is a characteristic feature
in seedless directed crystallization of low-melting metals [11].

During growth process, due to the preferential orientation of the crystal, the fine grains disappear, which leads to
the formation of a more perfect single-crystal structure which occupies the entire cross section of the crystal. In the
above variant of VDC of the high purity cadmium, as X-ray diffraction analysis shows, the complete disappearance of
small grains does not occur nevertheless. The reason for this may be possibly a low gradient at the crystallization front.
Metallography does not reveal the presence of grains in the upper section of the grown crystals (Figure 5).

Table 1 shows the microhardness of the starting and end section of cadmium single crystals A and B. The
measurements were performed at the indenter load of 10 g. The Table 1 shows that the microhardness of cadmium
crystals in the end section decreases compared with the starting section for both crystals, which does not correlate with
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the overall purity of these parts. Reference data on microhardness values are H, = 29+1 kg/mm? [12]. Microhardness
measurements were performed on polycrystalline cadmium of the 99.8 % purity at a load of 10 g, as in our case.
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Figure 5. The microstructure of a high-purity cadmium single crystal B

Table 1
The microhardness of cadmium crystals H,, kg/mm? and their degree of purity, %
Crystal A Crystal B
start section end section start section end section
24+ 1 21+£2 21+£3 18,5+2
>99.995 >99.98 >99.999 >99.998

Table 2 shows the impurity composition of the start and end sections of cadmium single crystals A and B produced
from a metal of various initial purities.

Table 2
The impurity composition of cadmium single crystals, x 10 wt. %
Crystal A Crystal B
Element start section end section start section end section

Na 0.08 0.1 0.05 0.2
Mg 0.2 0.05 0.1 0.04

Al <0.01 0.05 0.02 0.05

Si <0.1 <0.1 <0.1 <0.1

S 0.1 0.5 0.2 04

Cl 0.03 04 0.08 0.2

K 0.05 0.04 0.1 0.1
Ca 0.4 0.5 0.2 0.4

Fe <0.1 <0.1 <0.1 <0.1
Cu 30 80 3 7
Zn 1 3 0.7 2
Ag 7 6 <0.2 <0.2
Te 4 4 <0.3 <0.3

Pb 5 80 <0.6 7.5

Cd, % >99.995 > 9998 > 99,999 > 99,998

The content of the remaining 58 impurities from Li to U is below the detection limit of laser mass
spectrometry - < (0.7...0.07)-10"* wt. %.

The Table 2 shows that there is a slight redistribution of impurities along the crystals in accordance with the
equilibrium distribution coefficients of impurities in cadmium. Most of the analyzed impurity elements in cadmium
have equilibrium distribution coefficients ko < 1 and they displace to the end of the ingot. The exception is Mg and Ag
impurities for which ko > 1: Komg = 1.9 1 Koag = 2.73 [13]. Therefore, redistribution of impurities to the start and end part
of single crystals should occur, depending on the sign of ko, which is confirmed by the data in Table 2. The cleanest part
of the crystals will be the middle those. The degree of distribution of impurity elements along the length of the crystals,
with the exception of Pb, is insignificant.
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In continuation of this work, it is proposed to develop and manufacture a device for growing more perfect and
oriented single crystals of cadmium and other low-melting metals.

CONCLUSIONS
1. The process of production of high-purity Cd single crystals by the VDC method from a melt without using
monocrystalline seeds was investigated. As the crystal grows, an increase the perfection of the single-crystal structure is
observed.
2. By the X-ray diffraction method the orientations of the studied Cd single crystals were determined, the growth
direction of which is [11.2] and [10.3] The angles of deviation of the growth direction relative to the axis of the

samples are o= 27.2° and o = 0.5°.

3. The microstructure and microhardness of the start and end parts of the grown crystals were determined. The
microhardness of the end part is lower compared to the microhardness of the start cleaner part of the crystal.

4. The content of impurities in the start and end parts of the grown cadmium single crystals of various degrees of
purity was determined. It was revealed that the redistribution of impurity elements at VDC is insignificant along the
length of the grown cadmium single crystals.
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OTPUMAHHS BUCOKOUYUCTUX MOHOKPHUCTAJIIB KAJIMIIO METOAOM
BEPTUKAJILHOI CIIPSIMOBAHOI KPUCTAJII3ALIIT
O.IL. Llllep6anw?, T'.I1. KosTyn®?, 1.0. Cosonixin®, ¥0.B. F'op6enko?, I.B. Kosonii?, B.. Bipuu?
“Hayionanenuil Haykosuti yenmp XapKisCoKuil Qizuxo-mexHiunuLl iHCmumym
eyn. Akademiuna, 1, 61108, Xapkis, Ykpaina
bXapxiscoxiii nayionanvnuii ynieepcumem iv. B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
Jocnimkennii mporec OTpUMaHH BUCOKOUYUCTHX CIIPAMOBaHUX KpucTaiiB Cd BepTHKAIBHOIO CIPSIMOBaHOIO KpucTtamizaniero (BCK)
o Metoay bpumkmena 3 po3mwiaBy. OTpUMaHO MOHOKPHCTANH 3 epeBaxHuM Harpsimkom pocty [11.2] i [10.3]. Kyru Bimxunenus

HaTpsIMKY POCTY BiTHOCHO OCi 3pa3KiB CKIamatoTh o = 27,2° 1 o = 0,5°. BuzHaueHO KpUCTAIIYHy JOCKOHAIICTH, MIKPOCTPYKTYpPY i
MIKpPOTBEpAICTh BHPOIIEHUX MOHOKPHCTAIIB. SIK MOKa3ye peHTIeHOCTPYKTypHHI aHami3, B AaHoMmy BapianTi BCK BHcokoumcToro
KaaMiro, JOCKOHAIAa MOHOKPHCTANiYHA CTPYKTYpa HE JOCATae€ThcsA. Y TOYATKOBiM YaCTWHI NPHCYTHI OKpeMi 3epHa 3 Pi3HOI0
Opi€HTAaIi€I0, KIIBKICTD SIKMX 3MEHIIYEThCS B KIiHIIEBil 4acTHHI MOHOKpHUCcTana. L{e mpu3BoauTh 10 GopMyBaHHS OLIBII JOCKOHAIOL
MOHOKPHCTAJIIYHOI CTPYKTYpH 3 TIEPEBaKHOIO Opi€HTAIli€l0, siIka 3aliMae Bech Iepepi3 KpHcTanta. Bu3HaueHa MIKpOTBEPIICTh
BEPXHBOI 1 HIDKHBOI YaCTHH MOHOKpHCTaNIB. Bijbl 3a0py/HEHI KIHIEBI YaCTHHH KPUCTAIIB MAIOTh OLIBII HU3bKY MIKPOTBEPIICTh,
HIDK TI0YaTKOBI 4acTWHH. J[OCTIMIKEHO MOMIIIKOBHN CKJaJl MOYATKOBOI i KiHIIEBOI YaCTHH MOHOKPHUCTATIB, OTPUMAHUX 3 KaaMii0
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pi3Hoi umctoTH. E(EKTHBHICTD MEepepo3mnoiny MOMIIIKOBUX EJIEMEHTIB B3/I0BXX MOHOKPHCTANIIB OJHAKOBA [UIS PI3HUX MAapok
kaaMito. Po3pobiennii mpouec BCK moxke OyTH BUKOPUCTaHU#T 1Sl BUPOLIYBaHHS MOHOKPUCTAIIIB JICTKOIUIABKUX METAJIB, TAKUX SIK
Zn, Pb, Te, In, Bi, Sn Ta iH.

KJIFOYOBI CJIOBA: kanmiif, BepTUKaJbHa CIPSIMOBAaHA KPHCTAJi3alis, MOHOKDHCTAIM, HAMPAMOK pOCTY, MIKpPOCTPYKTYpa,
MiKpPOTBEPAiCTh, JOMIIIKOBHI CKIIaJl

MNOJYYEHUE BBICOKOUUCTbBIX MOHOKPUCTAJJIOB KAIMUSA METOJAOM
BEPTHKAJIbHOW HATIPABJIEHHOM KPUCTAJIAZALIAA
A.IL Illep6ann?, I.I1. KopTyn®P?, JI.A. Cononuxun?, }0.B. I'opoenko?, U.B. Koaxoanii®, B.JI. Bupuu?®
“Hayuonanvwiil Hayunwlll yenmp XapoKoecKuil usuKo-mexHuyecKuil uHCmumym
ya. Akademuueckas, 1, 61108, Xapvkos, Yxpauna
b Xapvrosckuii nayuonanonwiii ynusepcumem um. B.H. Kapasuna
n1. Ceo600wi, 4, Xapvkos, Ykpauna
HccnenoBan mpomnecc IMOIy4eHHs! BRICOKOUUCTHIX MOHOKpHCTaIOB Cd BepTHKaIBHON HampasieHHOH kpuctamum3anueid (BHK) mo
merony bpumxmMena n3 pacmiaBa. [lodyueHbl MOHOKPHCTAILIB ¢ IPEMMYIIECTBEHHBIM HanpasienueM pocta [11.2]u [10.3]. Yrasr

OTKJIOHCHHS HANPABICHHUS POCTa OTHOCUTEIBHO OCH 00pa3loB cocTaBILOT o = 27,2° u o = 0,5°. OnpenerneHbl KpHCTAUINIECKOES
COBEPUICHCTBO, MHUKPOCTPYKTYpPa M MHKPOTBEPAOCTh BBIPAIIEHHBIX MOHOKpHCTaIOB. Kak moka3piBaeT pPEHTTEHOCTPYKTYPHBIH
aHayu3, B gaHHoM Bapuante BHK BbICOKOUMCTOro Kajamusi, COBEpIICHHAsh MOHOKPUCTAJIMUECKasi CTPYKTypa He jpocturaercs. B
HAYaJbHOW YaCTH IPUCYTCTBYIOT OTJIEJIbHBIC 3€pHA C PA3JIMYHON OpUEHTAlMEeH, KOJIMYECTBO KOTOPBIX YMEHbBIIAETCS B KOHEYHOH
YacTH MOHOKpHUCTa/UIa. OTO TPHUBOAUT K (HOPMHPOBAaHHMIO Oojee COBEPLICHHOH MOHOKPHCTAJUINYECKOH CTPYKTYpHl C
MPEeUMYILECTBEHHON OpueHTaIMel, KOTopas 3aHMMaeT Bce cedeHue Kpucramia. OmnpeneneHa MUKPOTBEPIOCTh BEPXHEH U HIKHEH
yacTeil MOHOKpHCTAIIOB. boylee 3arps3HEHHbIE KOHEYHBIE YacCTH KPHCTAJUIOB HUMEIOT Oojiee HU3KYID MHKPOTBEPIOCTb, YEM
HavanpHble 4yacTd. MccienoBaH MPUMECHBIH COCTaB HAYaJbHOW M KOHEYHOM yacTed MOHOKPHUCTAUIOB, MOJYYEHHBIX U3 KaIMUs
pa3iu4HOi YUCTOTHL. D()HEKTUBHOCTH HepepacipeeieHUs] IPHMECHBIX 3JIECMECHTOB BJIIOJb KPUCTAILIOB OAMHAKOBA JJISI Pa3TUYHBIX
Mapok kagmus. PaspaGorannbiii mpomecc BHK MokeT OBITH HCHONB30BaH U BBHIPAIIMBAHHS MOHOKPHCTAJUIOB JICTKOTLIABKHIX
METAaJJIOB, TakuX Kak Zn, Pb, Te, In, Bi, Sn u np.

K/IIOYEBBIE CJIOBA: xanmuii, BepTUKaJbHas HalpaBleHHas KPUCTAIM3aLlUs, MOHOKDUCTAJIbI, HAlpaBJICHUE pPOCTa,
MHUKPOCTPYKTYpPa, MUKPOTBEPAOCTh, IPUMECHBIN COCTaB





