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In this work the samples of ZnSe zinc selenide crystal grown from the melt by Bridgman method from high-purity (chemical
and radio) raw materials were studied for further use in experiments on the search for neutrinoless double beta decay. The
microstructure of the test samples was studied. Chemical selective etching, first of all, has allowed to determine the nature of
distribution and sizes of area twinning, as well as the etch pits along twins boundaries. It is shown the figures found by chemical
etching are the dislocation exits to the studied crystal surface. The dislocation density was estimated by counting the dislocation etch
pits on the plane perpendicular to the growth direction and was 10* cm™. As a rule, thermophysical conditions of ZnSe crystal
growth, as well as high concentration of foreign inclusions and impurities in the crystal significantly affect the formation of twins and
growth dislocations and are the cause of the optical, electrical, and mechanical heterogeneity of the material. The optical and
electrical characteristics of the samples were measured. The absorption bands observed in the optical transmission spectra of the
visible and IR ranges gave important information about the presence of local defects and impurities in the crystal, namely in 470+550
nm and 580650 nm regions — absorption by point defects and in 3+15 pm region — Fe?*, CSe and CSe, absorption. The total
transmission level in the visible range reached 60 %, which is lower than the theoretical one and due to scattering by defects. The
phonon thermal conductivity of ZnSe sample was measured in the temperature range 5+298 K. Based on the approximation of
obtained temperature dependences of the thermal conductivity, it was shown that the phonon mean free path at low temperatures is
comparable with the distance between twins’ boundaries in the sample.
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MOKJIUBICTh OTPUMAaHHS KPUCTaJIIB ZnSe 3 BUCOKOIO CTPYKTYPHOIO

JOCKOHAJTICTIO JIJIsi KPIOT€HHOT O0JIOMETPUYHOT TEXHIKU
LA. PI/I6aHKa1’2, LA. TyHiIII/IHal’z, b.B. FpI/IHBOBl’Z, P.B. BOBKl, M.B. KI/ICJ’II/IIISII,
I.s. Xaszaﬁl, 10.1. Boiiko'

1 Xapxiscoruil nayionanvhui ynisepcumem imeni B.H. Kapaszina, m. Ceéo600u 4, 61022, Xapxkis, Yxpaina
2 Incmumym cyunmunayiunux mamepianie Hayionanvnoi akademii nayx Yxpainu, np-m Hayxi, 60, Xapxie 61072, Vkpaina

B poboti mocmijkeHO 3pa3KdM KPHUCTaly CeNleHiqy IUHKY ZnSe, IO BHUPOIIEHO 3 pO3IUIaBy MeTonoM bpimkmena 3
BHCOKOYHNCTOI (XIMIYHO Ta pamialiifHO) CHPOBUHH, JUIS ITOJAIBIIOT0 BUKOPUCTAHHS B €KCIIEPUMEHTaX 3 MOIIYKy Oe3HeHTPHHHOTO
MoJBiifHOTO OeTa-po3many. BUBYEHO MIKPOCTPYKTYPY JAOCHIKYBAaHHX 3pa3kiB. XiMidyHe BHOIPKOBE TpaBICHHS, B IEPIIY YEpry,
JIO3BOJIMJIO BHSIBUTH XapakTep pO3MOJTY Ta PO3MipH ABIHHMKOBHMX oOjacTedf, a Takok (irypum TpaBieHHS B3JIOBXK TI'DaHUIb
nBiitukiB. [loka3aHo, 110 BHABJICHI 3a JOTMOMOTO XiMIYHOTO TpaBieHHS (GIrypH € BHUXOJaMHU IHCIOKAIi Ha JOCTIKYyBaHY
noBepxHio Kkpuctany. OIiHEeHa NIUIBHICTh AWCIOKALifd HUIIXOM MipaXyHKy AWCIOKAlidHAX SMOK TpPAaBJICHHS Ha IUIOLIMHI,
TepIeHANKYIAPHill HAPAMKY pocTy, sika ckmama 10* cm™. Sk mpaBmio, TemmodisuuHi yMOBH BHpOIIyBaHHA KpucTany ZnSe, a
TAKOXK BHCOKA KOHIIGHTpAIliss CTOPOHHIX BKJIIOYEHb Ta JOMIIIOK Yy KPUCTalli CYTTEBO BIUIMBAIOTH Ha (hopMyBaHHs IBIMHHKIB i
POCTOBHX AWCIIOKAIiil Ta € MPUINHOIO ONTHYHOI, eIeKTPHIHOI, MeXaHIYHOI HEOJHOPIAHOCTI MaTepiany. IIpoBeeHO BUMipIOBaHHS
ONTHYHUX Ta €IEKTPUIHHUX XapaKTePUCTHK 3pa3KiB. CMyTH MOTIIMHAHHS, IO CIIOCTEPIraIrcs B CIEKTPaxX ONTHYHOTO MPOIMYCKAHHS y
puauMoMy Ta [Y miama3oHax, Jaid BaXIUBY iH(GOPMALIO MPO HASBHICTH JOKAIBHUX Ae(EKTIB i JOMIIIOK B KPHCTAli, a came, B
obmactsx 470+550 am it 580+650 HM — MOTJIMHAHHS TOYKOBUMH Jedekramu, Ta B o0yacTi 3+15 MKM — MOTJIMHAHHS Fcz+, CSe u
CSe,. 3aranpHuil piBeHb MPOIYCKaHHS Yy BHIMMOMY jiama3oHi jgocsraB 60 %, 110 HIDKYE TEOPETHYHOro, W Iie MOB’S3aHO 3
po3scitoBanHsIM Ha Aedekrax. [IpoBeneHo BUMiproBaHHS (POHOHHOT TEIUIONPOBIAHOCTI 3pa3ka ZnSe B iHTepBaii Temmeparyp 5+298 K.
3a pesynbTaTaM anpoKCUMALil OTPUMAaHUX TEMIIEPATYpPHUX 3aJEKHOCTEH TEMIOMPOBITHOCTI MOKAa3aHO, L0 JAOBXKHMHA BUIBHOTO
npoOiry GOHOHIB IIPU HU3bKUX TEMIIEpaTypax € MOPIBHAHOIO 3 BIACTAHHIO MK I'PaHUIISIMU ABIHHUKIB B 3pa3Ky.

Kawuosi cioBa: kpucran ZnSe, ABIMHUKY, AUCIOKAILli, ONTHYHE MPOITYCKAHHS, TCIUIONPOBIIHICTb.

© Rybalka I.A., Tupitsyna I.A.,Grynyov B.V., Vovk R.V., Kislitsa M.V., Khadzhai G.Ya.,
Boyko Yu.l., 2019


mailto:ruslan.v.vovk@univer.kharkov.ua
https://www.scopus.com/redirect.uri?url=http://www.orcid.org/0000-0003-1700-0173&authorId=6701662112&origin=AuthorProfile&orcId=0000-0003-1700-0173&category=orcidLink

I.A. Rybalka, I.A. Tupitsyna, B.V. Grynyov, R.V. Vovk, M.V. Kislitsa, G.Ya. Khadzhai, Yu.l. Boyko

B03M0XHOCTh OTy4YE€HUSI KPUCTAIIIOB ZnSe ¢ BBICOKUM CTPYKTYPHBIM

COBEPIIICHCTBOM JIJISI KPUOT€HHON 00JI0METPUYECKON TEXHUKH
h.A. PBI6aJ'IKal’2, N.A. TyrII/IHI/IHal’Z, b.B. FpI/IHéBl’z, P.B. BOBKI, M.B. KchHual,
.. Xazmcaﬁl, [O.U. Boiiko'

1 Xapvrosckuii nayuonanvuwlil ynusepcumem umenu B.H. Kapasuna, m. Céoboou 4, 61022, Xapvkos, Yrpauna
2 Uncmumym cyunmunisyuonnvix mamepuanoé Hayuonanvhoti akaoemuu nayx Yxpaunel, np. Hayxu, 60, Xapvros 61072, Yxpauna

B pabote uccnenoBansl 00pa3nbl KpUCTAINIa CeleHHua IMHKa ZnSe, BRIPAIIEHHOTO M3 paciiaBa METoxoM bpumkmena u3
BBICOKOYHCTOTO (XHMHYECKH M paJHallMOHHO) CHIPbs, Ul JAIBHEHIIEro WCIONb30BAaHMS B JKCIEPHUMEHTaX II0 IIOHCKY
Oe3HEUTPUHHOTO JBOHHOro Oera-pacmanga. l3ydyeHa MHKpPOCTPYKTypa HCCIEAYyEeMBIX 0O0pas3loB. XHMHUYECKoe H30MpaTenbHOe
TpaBJICHUE, B IIEPBYIO OUEpPe]Ib, IIO3BOJIMIO BEIIBUTH XapaKTep paclpeeleHus 1 pa3Mephl IBOHHUKOBBIX 00IacTell, a Takoke (QUryphl
TpaBJCHHS HA TPaHULAX JBOWHHMKOB. [I0Ka3aHO, YTO BBIABICHHBIC C IOMOLIBIO XHMMHYECKOTO TPaBICHHS (HUIYpHI SBISIOTCS
BBIXOZIAMU JIUCIIOKAIMil Ha MCCIEAyeMyl IOBEPXHOCTh Kpucramia. OLeHeHa IUIOTHOCTh AMCIOKAIMiI IyTeM Mojacyera
JHCTOKAIIMOHHEIX IMOK TPABJICHMS HA IUIOCKOCTH, MEPICHIMKYIAPHOM HAMPABICHHMIO POCTa, KoTopas cocrasmma 10% cm? Kax
MPaBUIIO, TEINIOGU3MYECKHE YCIOBHS BBIpALMBaHUSA KpUCTaIa ZNSE, a TakKe BBICOKas KOHIEHTPALUS HHOPOJHBIX BKIIOUECHHH U
IpUMecell B KPHCTaUIe CYIIECTBEHHO BIMSIOT Ha (popMHpOBaHHME IBOHHHUKOB M POCTOBBIX THUCIOKAIMH W SIBISTIOTCS NPUYHUHOM
ONITHYECKOH, INEKTPUIECKOH, MEXaHHIECKOH HEOJAHOPOJHOCTH Marepuaia. [IpoBeneHsl H3MepeHUs] ONTHYECKUX H IJIEKTPUISCKHUX
XapakTepucTUK o0pa3noB. Habmromaemple B CIIEKTpax ONTHYECKOrO Ipomyckanus B BuauMoM u MK nuamasoHax mHoJocCh!
TIOTJIOIICHNUS Tl BOKHYIO MH(OPMAIMIO O HAJIMYMH JIOKAJIBHEIX Ne()eKTOB M IpHMeceil B KpHUCTajUle, a HMEHHO, B O0JaCTIX
470+550 am 1 580+650 HM — MOTJIOIICHHE TOYEYHBIMHU JeeKTaMH, U B 00JacTd 3+15 MKM — IMOTJIOIICHHE Fe?*, CSe u CSe,.
OOmwuii ypoBeHb MPOITyCKaHUS B BUIUMOM AnanasoHe gocturan 60 %, 4To HmKe TEOPETHIECKOTO, M 9TO CBA3aHO C PACCESTHUSIM Ha
nedexrax. IIpoBemeHBl M3MepeHUS (OHOHHON TEMIONMPOBOAHOCTH oOpasma ZnSe B wuHTepBasie Temmeparyp 5+298 K. Ilo
pe3ysbTaTaM alnpOKCHMAIUH ITOJYYSHHBIX TEMIICPAaTYPHBIX 3aBUCHMOCTEll TEIUIONPOBOIHOCTH MOKA3aHO, YTO JUIMHA CBOOOIHOTO

Hpo6era (bOHOHOB IIpHU HU3KUX TEMIIEpATypax CONOCTaBUMa C paCCTOSIHUEM MEXKIY I'PaHULIaMU JIBOWHHUKOB B 06pa3L[e.
KiroueBsble ciioBa: KpUucTaul ZnSe, HBOﬁHHKH, JUCIIOKauu, ONTUYECKOC MPOITYCKaHUE, TEIUIONPOBOAHOCTD.

Introduction

One of fundamental problems of high-energy physics
today is study of rare events processes (double beta decay
and other rare nuclear decay events). Whatever of the
nature of such processes, the general conditions for their
experimental proof are: development of the conditions for
obtaining detectors which guarantee an extremely low
(ideally zero) radiation background; creation of detectors
with extremely high sensitivity. For the construction of
new highly sensitive detectors, very often crystals are
used as for the cryogenic bolometric technique. The
cryogenic bolometric technique is one of the promising
experimental approaches in neutrinoless double beta
decay (OvDBD) experiments because of the achievable
excellent energy resolution and high detection efficiency
[1]. The crystals what used in this case, in addition to low
concentration of radioactive impurities must have a
perfect crystal structure to provide high sensitivity of the
detector.

In recent years, zinc selenide ZnSe has been
considered as the most promising material for use in
scintillation bolometers in double beta decay experiments
[2]. Today, the first part of the obtained ZnSe enriched
crystals with %2Se selenium isotope is successfully
undergoing bolometric tests in the underground
Laboratori Nazionali del Gran Sasso (Italy) [3] as part of
LUCIFER project [4], that opens up prospects for the
further widespread use of this material as scintillation
detector in OvDBD experiments. However, the questions
of influence of defect various types in these crystals on
phonon and scintillation signals at low temperatures

remain unexplored. The solution of these problems will
optimize the technology for producing crystals and
increase the cryogenic detectors sensitivity.

This article reports on the possibility to obtain high
purity ZnSe crystals with high degree of structural
perfection for use in scintillation bolometers and study of
neutrinoless double beta decay.

Experimental methodology

ZnSe crystals were grown from the melt using the
vertical Bridgman technique in the graphite crucibles with
a diameter of 50 mm under inert gas of argon at a pressure
up to 15-10° Pa; the crystallization speed was 1 mm/h; the
temperature in the melt zone — up to 1850 K; the melt
overheating value AT was varied in 30200 K range. The
crystals were grown from stoichiometric ZnSe powder,
which we synthesized in [3] by gas-phase synthesis from
elemental Zn and Se with high chemical and radio purity.
Chemical purity and radio-purity analysis of Zn and Se
elements and ZnSe crystal were performed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) and High-
resolution gamma-ray spectrometry with  cooled
hyperpure germanium (HPGe) at Istituto Nazionale di
Fisica Nucleare (ltaly) and at Laboratori Nazionali del
Gran Sasso (ltaly) and were shown in the work [3].
Chemical purity of ZnSe crystal was 9,5 ppm, radio purity
was 14,56 mBg/kg.

Microstructure defects were studied with an optical
microscope. The fine structure of the crystal was
investigated using chemical selective etching method. The
effect of various etchants on the test ZnSe crystals was
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studied. The composition solution: HNO; (1 part), CrOs
(2 parts) and H,O (3 parts) under the etching mode
T=368K and t=10min, was optimal for chemical
polishing; and the composition solution: HCI (2 parts) and
CrO;z (1 part) under the etching mode T =293 K and
t=10 min — the most effective etchant for dislocation
detecting.

The transmission spectrum in the visible region was
measured using Shimadzu uv mini-1240
spectrophotometer operating in the range 200+1100 nm
with 1 nm resolution. The transmission spectrum in the IR
region was measured using Shimadzu Fourier Transform
Infrared spectrophotometer IR Affinity-1 operating in the
range  7800+350 cm™  (1,3+28,5 um) with 2cm™
resolution. ZnSe sample with size 10x10x2 mm was
optically polished on parallel planes 10x10 mm.

The electric resistivity of ZnSe sample with
10x10x2 mm dimensions were measured by classic 4
probes method. The current and the voltage were
measured with a VV7-35 electronic voltmeter at the room
temperature. The electric resistivity value was calculated
by the formula: p 7 200sU/I, where s is the distance
between sensitive contacts. ZnSe electric resistivity was
measured in the range from 10 Q-cm to 10'? Q-cm at the
supply voltage of the current circuit from 5V to 300 V
and at the sensitivity of the VV7-35 voltmeter of the current
1 nA and the voltage 1 pV.

The thermal conductivity of a sample 60x3x3 mm in
size was measured by the stationary uniaxial heat flow
method in the temperature range 5+298 K. The heat flow
was directed along the crystallographic direction [100].

Results and discussion

In this work we have studied samples cut from a ZnSe
undoped crystal 50 mm and 1=2100 mm in size,
obtained by the technology described in [3]. The crystal
structure was a single crystal ingot with the presence of
large twin regions oriented at 45° angle to the growth
axis.

It is known [5] that ZnSe is a compound with
tetrahedral atomic coordination, which may have the
structure of sphalerite (S) or/and wurtzite (W). The type
of structure for ZnSe is determined by many factors:
crystallometric stability criterion [5] and degree of
ionicity [6], deviations from stoichiometry [7] and
equilibrium crystallization conditions [8], and the doping
of controlled impurities [9, 10]. It is known [11] that
during the growth of undoped ZnSe crystals from the melt
a wurtzite-sphalerite (W—S) phase transition proceeds,
which temperature is 1693 K at heating and 1683 K at
cooling. Due to the incompleteness of the W—S phase
transition one-dimensional disordering of the crystal
lattice S occurs, which leads to the formation of the twins
and packing defects of twinning type.

Obvious evidence of the presence of twins in the
studied crystals associated with the polymorphic
transformation in the solid phase, first of all, is the
presence of characteristic inclined bands on the side
surface of the grown ingots [12]. This is explained by the
different orientations of the reflective surfaces (110) and
microcavities due to thermal etching. Such bands, which
we have observed by an optical microscope at low
magnification, are shown in Fig. la during thermal
etching of the side surface and in Fig. 1b during chemical
etching of the cross section crystal. The width of a single
band can be from 1 um to several millimeters.

Chemical selective etching, first of all, has allowed to
determine the nature of distribution and sizes of area
twinning. In Fig. 1b and Fig. 2a the microstructure of
sections perpendicular to the growth direction of ZnSe
crystal are shown, on which a clear block twin structure is
visible. The bands of the twins are characterized by
change in the contrast of the image, since the reorientation
of the crystal lattice in the twin (and the possible change
in the density of atoms on its surfaces) causes the deviate
of the light beam reflected from the crystal surface in
microscope. The boundaries of twins are areas of
segregation of chemical impurities, which in turn lead to
generator of new structural defects. So, we have observed
the formation of etching figures along the boundaries of
twins, as shown in Fig. 2b.

(a) (b)
Fig. 1. Twinning bands — boundaries of twin blocks in ZnSe:
a — during thermal etching on the side surface of the crystal
( T 1 mm); b — during chemical etching on the cross
section crystal (I 50 pm).

(b)

Fig. 2. Structural defects on the cross section ZnSe crystal,

detected by chemical selective etching method
( D50 pm): a — during chemical polishing; b — during
chemical etching of dislocations.
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The figures found by chemical etching are the
dislocation exits to the studied crystal surface [13].
Dislocation etching is based on change in the local
chemical potential near structural inhomogeneities caused
by crystal lattice deformation. Significant internal stresses
appearing in the crystal bulk near the inclusions of excess
phases can be a source of generation of such dislocations.

In Fig. 2b it is seen that the dislocation etch pits have
a triangular shape. The dislocation density, estimated by
counting the dislocation etch pits on the plane
perpendicular to the growth direction, is 10* cm™? and
substantially depends on the concentration of foreign
inclusions and impurities in the crystal, as well as on
thermophysical growth conditions. In the places of the
greatest accumulation of dislocations their density reaches
~2:10°cm™ As a rule, defects of this type in ZnSe
crystals are the cause of the optical, electrical and
mechanical heterogeneity of the material.

For each scintillation crystal, the optical transmission

is fundamental to minimize the reabsorption of
scintillation light and, as a result, increase the overall light
output. In the case of ZnSe scintillation bolometer the
transmission in combination with the luminescence
spectrum [14] can be used as an indicator for bolometric
and scintillation characteristics. Also, the study of optical
characteristics will help to optimize the growth conditions
and obtain crystals with higher structural perfection. The
possible absorption bands observed in the transmission
spectra can give important information about the presence
of local defects and impurities in the crystal.
In Fig. 3a it is shown the transmission spectrum of ZnSe
crystal in the visible region, measured along the twinning
plane. In the region of fundamental absorption band edge
of 470+550 nm as well as in the range of 580+650 nm the
absorption bands due to point defects are observed. In the
range of 650+800 nm there are no obvious absorption
bands associated with defects that form local trapping
centers in the band gap. The total transmission level in
this range reaches 60 %, which is lower than the
theoretical one and due to scattering by defects.

Study of optical characteristics of the test sample in
the IR spectral region has showed the presence of an
absorption band of uncontrolled iron impurity in the range
2,5+5 pm (Fig. 3b). This is due to the contamination of
the crystal with furnace construction materials when
grown from the melt. The iron impurity is easily included
in Zn sublattice (Fe** and Zn®* have close radiuses) and,
as shown in [3], degrades ZnSe bolometric signal due to
strong resonance phonon scattering by Fe?* ions [15]. The
maximum Fe concentration in the crystal should not
exceed 1 ppm to provide satisfactory bolometric
characteristics. Also, impurity defects, such as carbon and
oxygen compounds, can affect ZnSe bolometric
characteristics and their presence in the crystal can be

determined from the oscillatory absorption bands in the
IR spectra. In Fig. 3b (insert), they are given harmonic
atomic bond frequencies, characteristic of ZnSe crystal
[16], for the main impurity defects: C-O — 2138 cm™
(4,68 um), C-C — 1641 cm™ (6,09 um), O-O — 1580 cm™
(6,33 um), C-Se — 1036 cm™ (9,65 pm).
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Fig. 3. Optical transmission spectra of ZnSe crystal in the
visible (a) and IR (b) spectral ranges.

The presence of impurities in the crystal can be a
source of free charge carriers, which, in turn, can degrade
the bolometric signal. Based on the IR transmission
spectrum of the test sample the absorption by free
electrons was not observed. An indirect estimate of the
free charge carriers concentration in ZnSe sample was
carried out by the value of the measured electrical
resistivity, which was about 10 Q-cm. Note that
optimum bolometric characteristics were obtained for
crystals with electrical resistivity of the order of 10® Q-cm

3.
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In order to obtain a more complete understanding of
the mechanisms of phonon scattering in ZnSe the phonon
thermal conductivity of ZnSe crystal was measured in the
temperature range 5+298 K. The temperature dependence
of the thermal conductivity (1) of ZnSe test sample is
shown in Fig. 4. The temperature dependence of 1 was
measured along the twinning plane (110) and is consistent
with the data of [17].

The experimental data were approximated using an
equation, which describe low- and high-temperature
mechanisms of phonon scattering [18]

A7NT) = %T‘?’ + AT 2e AT 1)

1000 1 .

00

*, Wm K"

100

T
10 100
T, K

Fig. 4. The temperature dependence of the thermal
conductivity of ZnSe crystal measured along the twinning
plane (110). Points — experiment, line — approximation by
formula (1)..

When fitting the coefficients A;-A; were varied. The
first term describes phonon scattering at the boundaries,
and parameter A; has the physical meaning of the mean
free path of the phonons at the lowest temperatures, where
phonons with long wavelengths predominate [19]. The
second term describes phonon-phonon scattering in the
high temperature region [20]. According to the results of
approximation of the obtained temperature dependences
of A, the mean free path of the phonons at the low
temperatures is about 20 um, which is comparable with
the distance between twins’ boundaries in the crystal.

Conclusion
1. The paper shows the possibility to obtain a large-
block ZnSe crystal from the melt from high-purity
(chemical and radio) raw materials synthesized by the
gas-phase method. It is shown that the crystal structure is
a single crystal ingot with the presence of large twin
regions oriented at 45° angle to the growth axis. The

width of a single band can be from 1 um to several
millimeters.

2. It is determined that the dislocation density,
estimated by counting the dislocation etch pits on the
plane perpendicular to the growth direction, is 10* cm™
and substantially depends on the content of foreign
inclusions and impurities in the crystal, as well as on the
thermophysical growth conditions.

3. Optical and electrical characteristics of the
samples were studied. It is shown that in the region of
fundamental absorption band edge of 470+550 nm as well
as in the range of 580+650 nm the absorption bands due
to point defects are observed. While, in the range of
650+800 nm the transmission level reaches 60 %, which
is lower than the theoretical one and due to scattering by
defects. It is shown that in the IR spectrum of optical
transmission there are absorption bands of uncontrolled
impurities (Fe?*, CSe, and CSe,) in the range of 3+15 pm,
which impair the bolometric characteristics of ZnSe.

4.  Phonon thermal conductivity of ZnSe sample
was measured in the temperature range 5+298 K. Based
on the approximation of obtained temperature
dependences of the thermal conductivity, it was shown
that the phonon mean free path at low temperatures is
comparable with the distance between twins’ boundaries
in the crystal.
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