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aloB, HeB3Hpas Ha yclexu B obracTh co3zma-

HUA HaHopasMepHBIX 0D-2D cTpyKTyp, oOCTa-
eTC OJHMM H3 CaMbIX CJIOKHBIX H yIHUBHUTEIbHBIX
TOCTHKeHHUI B 00/1acTH MaTepHasioBefieHUs. Hampu-
Mep, KPeMHHM 3JIeKTPOHHOIO Ka4deCTBa, BHIpa-
IIeHHBI MeTOoAOoM YOoXPanbCKOro, SIBISETCS OSHHUM
M3 CaMBbIX YHKCTBIX M CaMBIX COBEpPLICHHBIX MaTe-
pHaIoB, Koraa-nubo CO3MaHHBIX UeI0BeUeCTBOM.
CoBpeMeHHasl TEeXHOJIOTHs IIPOM3BOACTBA MOHOKPHU-
CTA/THYECKHX CIUTKOB AHMaMeTpoM CBhimie 300 MM
1 Macco¥ 6onee 200 Kr I103BOJISIET JOCTUIATh YPOBHS
npuMecert <0,05 ppba, 3TH KpHCTa/IBl IIOTHOCTBIO
CBOOOIHBI OT JUC/IOKALIMH, a paclpelnesneHe MHKPO-

P oCcT 06beMHBIX (3D) KPUCTUIIMYECKHX MaTepH-
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espite any progress in the creation of
D nanoscale 0D-2D structures, the growth of

bulk (3D) crystalline materials remains one
of the most comprehensive and amazing achieve-
ments in the field of materials science. For example,
the Czochralski-grown electronic grade silicon is
one of the purest and most advanced materials ever
made by the mankind. Modern production technol-
ogy for the single-crystal ingots with a diameter of
more than 300 mm and a weight of more than 200
kg can achieve an impurity level of <0.05 ppba. Such
crystals are completely free from dislocations, and
distribution of the microdefects, such as vacancies
and interstitial atoms, is efficiently controlled. Due
to their optical and electronic properties, single
crystals of semiconductors A"-BY, (GaAs, CaN, InP,
InSb), A'-BV! (CdTe, ZnCdTe, ZnSe), etc., are applica-
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nedeKToB, TaKHUX KaK BAaKAaHCUH K MeXK0y3e/lbHble
aToMbl, 3pPeKTHUBHO KOHTPOIUPYeTcs. Biaromaps
CBOMM OIITUYEeCKHMM H 3JIeKTPOHHBIM CBOMCTBAM
MOHOKPHUCT//IBI I10JMyIpoBogHKUKOB Al-BV  (GaAs,
GaN, InP, InSb), A'-BV! (CdTe, ZnCdTe, ZnSe) u apy-
rue MPUMEHHUMBl MJIsI PA3THYHBIX 3IeKTPOHHBIX
M OITOJIeKTPOHHBIX YCTPOHMCTB M KOMIIOHEHTOB,
TaKHUX KaK CBeTOAHOABI, pOTONPHEMHHUKH, MOIIHbIE
Nasepsl, A5 BOJIOKOHHO-OIITHYECKOH, 6ecripoBof-
HOH U CIIyTHUKOBOM CBSI3H U JI/IL MHOTOr0 Apyroro (1]
(Tabn. 1). BBICOKHM CITPOC Ha Pa3IMYHble MOHOKPH-
CTAIMYeCKHe MaTepHuasbl 06ycIoBUI HeobXomu-
MOCTb COBEpIIEHCTBOBAHHUS TEeXHOJOTHMH BBIPAIIH-
BaHMUSI, KOTOpbIe HCIIO/NB3YIOTCSI B HACTOsIIee BpeMs,
a Takke pa3paboTKU HOBBIX UM YCOBEPIIEHCTBOBAH-
HBIX TeXHOJIOTUHM BBIPAIIMBAHHUS MOHOKPHCTAJIIOB.
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ble for various electronic and optoelectronic devices
and components, such as LEDs, photoelectric detec-
tors, high-power lasers, applications in the field of
fiber-optic communications, wireless and satellite
communications, and much more [1] (Table 1). The
high demand for various single-crystal materials has
stipulated the improvement of growth technologies
that are currently used, as well as the development
of new or improved single-crystal growth technolo-
gies. This paper is devoted to a review of the current
situation in Russia in relation to a certain, very
small part of optoelectronics and photonics crystals
obtained by the directed melt crystallization meth-
ods. However, in our opinion, the given develop-
mental problems are typical for preparation of other
photonics materials [1, 2].

Ta6nuua 1. Mpumepsbl BbipalLeHHbLIX KPUCTANIOB 415 MUKPO- U ONTO31EKTPOHUKM
Table 1. Examples of crystals grown for micro- and optoelectronics

Mpumep kpucTanna (pasmep)

0O6nacTb NpUMeEHEHUS
Kpucranna
(mons pbiHKa, %)

O61acTb NpUMEHEHUS MeTon

nonyvyeHus

MUWKPO3/1eKTPOHNKA, MoH0-Si (300 Mm), Ge (150 Mm),

NHTerpanbHbie cxembl (MC), CZ,VG/VGF, FZ

Y3Al;0i,(YAG)

OMNTO3/1eKTPOHMKA, GaAs (200 Mm), InP (150 mMm), GaSb (50 mm), doTonpremMHble ycTponcTaa (PNY),

conHeyHas sHepretuka | GalnSb (50 Mm), InSb (100 mm), CdTe, ZnCdTe = TpaH3MCTOPbI, CBETOANOAbI U Ap.

(94%) (125 MMm), U T. 4.

onTuyeckune Candup (720 kr), CaF, (375 mm), BaF,, JIMH3bI, 3epKana, NnpusmMbl, KY, CZ, VG/VGF
KpucTanibl MgF,, MgO, Quartz, Si, Ge, ZnSe, ZnS, nonsipu3aTopbl U T. 4.

(2%) CaCo0s3, YVO,, LiNbO,, BaB,O, (BBO),

HennHenHasa onTumka
M na3epHble KpUCTanibl

YAG, KH,PO,(KDP), Bi,SiO,(BSO),
KTiOAsO, (KTA), 0-BBO, LiB,05 (LBO),

CZ, PocT
13 pacTBopa

Jla3epHble NpUMeHeHUs, onTn4yecka
ACBA3bLUT.M..

(1%) KTiOPO,(KTP), AgGas,, ZnGeP,, Mg:LiNbO;, (pacnnasa)-TSSG
Nd:YVO, Nd:YAG, Nd:GdVO, Ti:Sapphire

AKyCTUYeckune LINDO; (100 Mm), LiTaO5(100 mm), MAB-GUALTPbI, AAaTHYUKU U T. M. CZ,VB

KpUCTanbl La;GasSiQ,, (100 mm)

(1%)

CUMHTUANALNOHHDIE Bi,Ge;0i, (125 Mm), Lu,SiO: (LSO), BaF,, PagvauoHHbIe JeTeKTopbI, Cz,VB/VGF

KpUcTanibl CaF,, PbWO, TI:Csl, Na:Csl, Nai, CdTe, NMO3UTPOHHO-3MUCCUOHHAs

(2%) ZnCdTe Tomorpadus (M3T)

tOBenupHble Candwp, py6uH, (200 mm), MgAI,O,, CaCO, KOBenupHble BCTaBKMU CZ, meTop

(<1%) BepHenns

IIpumeyaHue: CZ - MeTof Yoxpanbckoro; CCZ - Iony-HempepsIBHBIN MeTog, Yoxpanbckoro; LEC liquid encapsulated Czochralski - meTton Yox-

PabCcKOro C repMeTH3aliMel paciiasa; KY - meton Kupomnonyca; Edge-defined, film-fed growth (EFG) technique - meTon CTennaHoBa, BBITS-

ruBaHMe yepe3s dunbepy; CVD chemical vapor deposition - xumudeckoe ocaskieHHe 13 ra3oBoi da3sel; PVT physical vapor deposition - prsude-

CKoe ocask/leHue 13 ra3oBor dpaser; CVT chemical vapor transport - XuMuYecKre TPaHCIIOPTHEIE PeaKIIMH; VB - «BepTUKaIbHEIH BpHIKMeH”;

HB - «ropu3soHTanbHbIN Bpumskmen»; FZ -float zone - 6ecturensHas soHHas mnaska; HPVB high-pressure vertical Bridgman - «BepTukanbHbIH

BpUISKMeH» IIPU BBICOKOM AaBaeHHH; Bridgman LP - MeTon BpuaskMeHa Ipy HHU3KoM AaBiaeHuH; HZM horizontal zone melting - ropuson-

TanbHas 30HHas m1aBKka; HPVZM high-pressure vertical zone melting - To ke mpu BeicokoM faBneHuu; GF gradient freezing - HanpaBneHHas

kpuctannusanus; VGF vertical gradient freezing - BepTuxansHas HampaBiaeHHas Kpuctaanu3sanus; TSSG Top Seed Solution Growth - pocT

M3 pacTBOpa/pacIiaBa ¢ 3aTpaBiuBaHUeM cBepxy; THM travelling heater method - MeTon mBYIKyIIerocst HarpeBarens
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Hacrosimas paboTa mocBsimeHa 0630py COCTOSIHMS
Ien B PoccMU 10 HEKOTOPOM, BecbMa He3HAUYHTesb-
HOHM YacCTH KPHCTA/JIOB OIITOYIEKTPOHUKH H (OTO-
HHUKH, [I0/Iy4aeMBbIX METOAAMH HaIlpaBJIeHHOMN KpPU-
CTA/ZIM3alMU U3 pacmnaBa. OgHAKO OTMedeHHBIe
mpobieMbl Pa3BUTHS, SBISIOTCS, Ha Hall B3IV,
TUIIMYHBIMU U JISI [IOJIyYeHUs IPYTUX MaTepHaloB
doroHUKYU [1,2].

METO/AbI MOJIYHEHNA
MOHOKPUCTANJTOB-OBLLAA
KNACCUPUKALNA
OcCHOBHBIE CT10c06bI BEIPALTUBAHUS KPUCTALIOB (PHC. 1):
* M3Ta3oBoU dasml;
* M3 PacIljIaBa;
* M3 PacTBOpa;
* U3 TBepHou $askl.

BbIPALLUBAHUE U3 PACITJIABA:
COCTOSAHUE U NPOBJIEMbDI

B HacTosIee BpeMs 0K0JIO 70% TeXHHUYECKHM BasKHBIX
KPUCTA/UIOB BHIPAIIMBAIOT M3 paciviaBa. K HHUM IIpe-
JKAe BCEro OTHOCATCA HeOpraHHYeCKHe (I)YHKLII/IOHa}II:‘
Hble MaTepHa/Ibl CPABHUTEIBHO IIPOCTOr0 COCTaBa:
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SINGLE CRYSTAL PREPARATION METHODS -
GENERAL CLASSIFICATION

The main crystal growing methods are as follows

(Fig. 1):
+ gas phase;
« melt;
o solution;

« solid phase.

MELT GROWTH - STATUS AND PROBLEMS
At present, about 70% of technically significant crys-
tals are grown from a melt. Such crystals primarily
include the inorganic functional materials with a rela-
tively simple composition: elementary semiconduc-
tors and metals, oxides, halides, chalcogenides, sili-
cates, germanates, borates, molybdates, tungstates,
vanadates, niobates, etc. The main condition is their
congruent melting, absence of polymorphic transi-
tions. The sufficient chemical inertness is desirable.
To date, various techniques have been developed for
growing crystals from melts:
a) under the conditions of temperature change
with a stationary crucible (Kyropoulos tech-
nique, etc.);

MeTobl KPUCTAIIU3AL MU

l |

| l

-

BHK, 30HHasg
THK IJIaBKa

Puc. 1. PasauyHbie memodbl noay4eHust Kpucmannos
Fig. 1. Various methods for crystal preparation

U3 pacriaBa W3 pacTBopa M3 ra3oBoi ¢passl U3 TBepAon $passl
Y3 TUIS BecTHTrebHEIe -~ | Pacreop/ | DVT TeepAodastas SSCG
pacmias
| Kuporomnyca B3Il -
| Tmmporep | CVT PeKpUCTAIIH3ALIHS
MaJIBHBIH
| CreraHoBa BepHensa
L L, | W3 BOOHBIX L. | pvT
| Yoxpambckoro Ha «mmbefectane» [DLEEBODOB
LI:
| BpumkMmeHa i
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3/leMeHTapHble IIOJYIPOBOAHMKU M  METaJlIh,
OKCHbI, TaJIOT€HUIBI, XaJIbKOIe€HUIbl, CHUIHUKATHI,
repMaHathbl, OopaTel, Monu6aTel, BONIbOPAMATEHI,
BaHaJaThl, HHOOATHl M Ap. OCHOBHOE YCJIOBHEe — HMX
KOHTPY3HTHOE IUIaBJIeHHe, OTCYTCTBHE IIOJIHUMOpPd-
HBIX I1ePeXOZ0B M >KeaTe/lbHO — AOCTATOYHAas XMMU-
yeckast HHepPTHOCTb
K HacTosimeMy BpeMeHH pa3paboTaHbl pasiHUuHbIe
TeXHHUYeCKHe IIPHeMBbl BBIpAIIMBaHHA KPHCTAJIOB
M3 PaCIlyIaBOB:
a) B YCIOBHSIX M3MeHEHHs TeMIIepPaTypsl IIpHU
HemoABMXKHOM Turiae (MeTof Kupomyoca
M 1p.);

6) Ipu IepeMelleHUU KpPHUCTalaa B TeMIIepaTyp-
HOM rpasueHTe (MeTos, Y0XpalbCKOro);

B) IPU IepeJBIKeHUH TUIJIS UM IeYd B TeMIle-

paTypHOM IrpafueHTe (MeTof BpumskMeHa);

r) GecTUrenbHBIe METOBI (MeTON BepHerist, MeTox,

6.3.mu 1p.);

1) MeTOZbl 30HHOH KPHUCTa/UIM3aLUH.

Mertozs! YoxpanbcKoro v bpumkmeHa (puc. 2) siB/s-
I0TCSI Hauboslee MCIIOIB3yeMBIMH MeETOZAMH POCTa
M3 pacmiaaBa. PocT MOHOKPHMCTA/UIOB M3 pacIliaBa
[103BOJISleT U3TOTaB/IMBATh KPYIIHbIe MOHOKPHCTAJL/IBL
BBICOKOI'O KaYeCTBa 33 OTHOCUTEIBHO KOPOTKOe BpeMs
II0 CpaBHEHHUIO C APYTMMH MeTOJaMH BhIpalllyiBa-
Hus [1-4]. OmHAKO MeToz BhIpallMBaHUS U3 pacIlaBa
TakKe HMMeeT psf, HeZOCTaTKOB. K HHM OTHOCATCH
TPYOHOCTH B IOAJEPKAaHHUHU CTAOMIBHON TeMIlepa-
TYPBL B IIPOLIECCe POCTa KPUCTA/UIOB U B JOCTMKEHUU
OYeHb BBICOKMX TeMIIepaTyp IUJIaBJIeHHS [AJisi HeKOo-
TOPBIX MaTepUajoB, TPYAHOCTHU HOCTHMKEHUS XUMH-
YecKOM OJHOPOAHOCTU (3TO 0COOeHHO 3aMeTHO B CIIy-
4Jae, Korjia B KpHCTa/lle IIPUCYTCTBYeT MHOXKECTBO
37IeMeHTOB), PeaKLMOHHAasI CIIOCOOHOCTh PaCIlIaBIeH-
HOro MaTepHajia C TUIJIEM, a TaKKe BBICOKHE 3aTPAThI
Ha IIPOU3BOJICTBO U 060pyIOBaHUE.

CemMenCcTBO MeToA,0B HoXpanbCckoro

Meton, Yoxpanbsckoro (Cz) BaskeH B IIPOM3BOJCTBE
MOHOKPHUCTA/UIOB /ISl 3JIeKTPOHHOIO U ONTHYECKOTO
IIpUMEHEHHsI, TaKUX KakK, HaIlpUMep, MOHOKpPH-
CT/UIBL KpeMHHsI U repmanus, AU-BY (CaAs, GaN,
InP, InSb), AU-BV! (CdTe, ZnCdTe, ZnSe), a TakKxke
HEeKOTOphble [pyrhe MOHOKPUCTA/IBL (QTOPHIOB
M OKCHUAOB. MeTOH OTHOCUTCS K THUIeJIbHBIM MeTO-
JaM HaIlpaBIe€HHOM KPUCTUUIM3ALUH U 3aK/IIova-
€TCS B BBITITMBAHUU M3 PACIl/IaBa 3aTPaBKU BMe-
CTe C PacTyLIMM Ha Hel MOHOKPUCTAIZIOM. PacriiaB
HaxOOMUTCS B THUIJIe. HCIIONB3YIOTCS Pe3UCTUBHBIN
unyu BY-HarpeBaTenb, IOACTaBKA ISl THUIJISL H3TO-
TOBJEHA U3 rpaduTa, a TEIUIOBBIE SKPAHBI — U3 MaTe-
pHAIOB Ha OCHOBe rpaduta (1, 2]. OgHO U3 Ipeu-

=

b) when moving a crystal in a temperature gradient
(Czochralski method);

c) when moving the crucible or furnace in a tem-

perature gradient (Bridgman method);

d) crucibleless methods (Verneuil technique, float

zone melting method, etc.);

e) zone crystallization methods.

The Czochralski and Bridgman methods (Fig. 2) are
the most used melt growth methods. The growth of
single crystals from a melt makes it possible to pro-
duce the large high-quality single crystals in a rela-
tively short period of time compared to other growth
methods [1-4]. However, the melt growth method
also has a number of disadvantages. Such disadvan-
tages include the difficulties in maintaining a stable
temperature during the crystal growth process and in
achieving very high melting points for some materi-
als, the difficulties in obtaining chemical homoge-
neity (this is especially noticeable in the case of a lot
of elements in the crystal), reactivity of the molten
material with the crucible, as well as high production
and equipment costs.

Family of Czochralski Methods

The Czochralski method (Cz) is important for the
single crystal production for electronic and optical
applications, such as single crystals of silicon and ger-
manium, AI-BY (GaAs, GaN, InP, InSb), AI-BVI (CdTe,
ZnCdTe, ZnSe), as well as some other single crystals
of fluorides and oxides. The method belongs to the
crucible directional crystallization methods and con-
sists in pulling the stub from the melt together with
the single crystal growing on it. The melt is located
in the crucible. The resistance-type or RF heater is
used, the crucible support is made of graphite, and
the heat shields are made of graphite-based materi-
als [1,2]. One of the advantages of this method is abil-
ity to obtain the dislocation-free single crystals with
a given orientation, an ordered crystalline structure,
certain optical and electrical parameters, and a high
purity of a single crystal. These features have ensured
the continuous development of the method over the
entire period of its industrial application (Fig. 2) (3,
4].
The pulling speed depends on the physical and
chemical specifications of the crystallized substance
and on the crystal diameter (most often it ranges
from 1to 80 mm/hour). The upper limit of the growth
rate is limited by the maximum allowable intensity of
heat extraction through the crystal into the external
environment. The traditional Czochralski method is
characterized by the temperature gradients of tens
and hundreds of degrees per cm, when the crystal-
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MYyILIeCTB MeToa — BO3MOXKHOCTBb
IoydyeHUs: 6e3qyCI0KAIMOHHBIX
MOHOKDPHCTA/UZIOB C 33aJaHHOU
OpHeHTallueH, YIOpsSLO4YeHHOU
KPUCTA//INYeCKON CTPYKTYpoOH,
onpefeleHHBIMH ONTHYECKUMHU
U 3JeKTPUYeCKUMM IIapaMe-
TpaMH, BBICOKOM UMCTOTOM MOHO-
Kpuctaia. ITto obecrmeduniio
HeIlpepeIBHOE Pa3BUTHE MeTOoIa
32 BCe BpeMsi ero IIPOMBIIITIEHHOTO H
npuMeHeHus (puc. 2) [3,4].
CKOpOCTb BBITSATHBAHUS 3aBU-
CUT OT (UIHUKO-XUMHUYECKHX
XapaKTePUCTUK KpHCTAJIIH3ye-
MOTO BemecTBA U OT AHaMeTpa
KpucTanna (4ame BCEro COCTaB-

MeTop YoxpasbCKOro

Puc. 2. Cxemamuyeckoe uszobpakeHue memo0os 4oxpanbckoz2o u bpudkmeHa
Fig. 2. Schematic representation of the Czochralski and Bridgman methods

P

Metopn bpumkMeHa

nser or 1 go 80 mm/4ac). Bepx-
HUH Ipefiel CKOPOCTH PpoCTa
TUMHUTHPYeTCs] MaKCHUMaJIbBHO IOIMYCTHMOM HHTEH-
CHBHOCTBIO OTBOJIa TEIUIOTHI dYepe3 KPUCTA/L B OKpY-
sKarollee ITPOCTPAHCTBO. [T TPAAUIIMOHHOTO MeTOA
YoXpaTbCKOTO XapaKTePHbI IPAHEHTHl TeMIIepPaTyphl
B JeCSITKH U COTHH TIPaZlycOB Ha OAMH CaHTHMETP,
IIPU KOTOPBIX popMa PpPOHTA KPHUCTALIHU3ALUU IIPaK-
THYeCKU [0BTOpsieT dopmMy H30TepM. IIpH TakUX rpa-
OYeHTax IIOBEPXHOCTb Pasjiesia KPUCTA/UL — PaCIlaB
CTAHOBHUTCS aTOMHO-II€POXOBATOM, POCT IIPOMCXOAUT
10 HOPMAJbHOMY MeXaHH3MYy, IIOAABJIEHO IIpOsiBie-
HHe IPaHel Ha OKPYr7IoM GpoHTe KPUCTAIM3ALUHU,
IIPUBOISIINX K BO3HUKHOBEHHIO HEOLHOPOMHOCTEL
B KpHUCTa/LIe [6].

JIOCTOMHCTBOM TakoKe SIBJISeTCS OTCYyTCTBHE HeIo-
CPelCTBEHHOIO0 KOHTaKTa KPHCTa/Ia CO CTeHKaMHU
THUIJIS, YTO II03BOJISIET IIOy4aTh 60jiee COBepIIeHHBIE
06pasipl; IIpU HEo6XOAMMOCTH - HU3BJIeUYeHHe KpH-
CTa/lsIa Ha JIlobOM 3Talle BBIPAalMBAHKS; BO3MOKHOCTD
yIpaBleHUs TeoMeTpHUUeCcKor GOpMOM KpPHUCTasIa
IIpU U3MeHEeHUH TeMIIepaTyphl paciliaBa U CKOPOCTH
BBITSTUBAHUS.

Bce 3TH KadecTBa CII0COBCTBOBAIM LIMPOKOMY pac-
IIPOCTPAaHEHUI0 MeTola YOXPanabCKOTO IIPH BhHIPa-
IIMBAHUK MOHOKPHCTA/JIOB KPeMHHs, TepMaHUf,
nenkocandupa, HUTTPUH-ATIOMHHHEBOrO TIpaHaTa,
HHobaTa MUTHS, Gocdraa U apCeHUAA Fa/UTUS U MHO-
TUX APYrMX MaTepHuanoB. Ha ceromHs B Poccuu MeTo-
oM YoXpabCKOIO II0Y4aloT (CIIMCOK HEeIIOMHBIN):

» KkpemHuH: «Conap KpeMHUeBble TeXHOJOIHK»
(ITomonbck), «KPUT» (MockBa), «KpeMHHUI»
(3enenorpan);

» repmanui: «T'epmaHun» (KpacHospck), «T'epMma-
HUH U npuaokeHus» (Mocksa), «OKB AcTpoH»
(JIBITKapUHO);
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lization front-line shape almost follows the shape
of isotherms. In the case of such gradients, the
crystal-melt interface becomes atomically rough, the
growth process is performed according to the stan-
dards mechanism, and the occurrence of planes on
the rounded crystallization front-line leading to the
inhomogeneities in the crystal is suppressed [6].

Another advantage is the absence of direct crystal
contact with the crucible walls that makes it possible
to obtain more perfect samples; if necessary, extrac-
tion of a crystal at any stage of growth; the ability to
control the crystal geometric shape when changing
the melt temperature and the pulling speed.

All these qualities have contributed to the wide-
spread use of the Czochralski method in the single
crystal growth of silicon, germanium, leucosapphire,
yttrium-aluminum garnet, lithium niobate, gallium
phosphide and arsenide, and many other materials.
At present, the following substances are obtained in
Russia by the Czochralski method (non-exhaustive
list):

 silicon: Solar Silicon Technologies (Podolsk),
KRIT (Moscow), Kremniy (Zelenograd);

« germanium: Germanium (Krasnoyarsk), Ger-
manium and Applications (Moscow), Mechano-
optical Design Bureau “Astron” (Lytkarino);

« indium antimonide, gallium arsenide, other
AMBV: Ciredmet (Moscow);

+ yttrium-aluminum garnets YAG: Exciton (Stav-
ropol);

» GGG, YAG, GSGG and AMBY : Research Institute of
Materials Science (Zelenograd);

« La;GasSi0y,, lithium tantalate and niobate:
Fomos Materials (Moscow);
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* QAHTHMOHMJ, HHAHWS, apCeHU] Ta/ulud H Op.

A"BV: Tmpenmet (MockBa);

* UTTPHUH-aJIIOMHHHeBble TpaHaThl YAG: «3KcH-
ToH» (CTaBPOIIOJIE);

+ GGG, YAG, GSGG u Al'BV: HUMMB (3eneHorpas,
MockBa);

¢ La;GasSiO,,, TaHTAIAT U HUO0bAT nuTHs: “PoMOC
MaTepuaic» (Mocksa);

* HeJIMHeHHO-ONTHYecKHe MaTepuanbl: UIIM CO
PAH (HoBoCu6UPCK).

CymecTByeT psag MoAUPHUKALHUK MeToda Yox-
PaJIbCKOTO B 3aBHCHMOCTH OT pellaeMBbIX 3afad. s
IOCTIDKeHUST 6ojlee PaBHOMEPHOIO PpacIIpele/leHUs
[IpUMeceH II0 [JIMHe U CeYeHHIO KPHUCTaI/Ia HCIIOJIb-
3yeTcsl MeTOZ, IIJIaBAOIIero TUIJIS. IIpy 3TOM B OCHOB-
HOM THUTIe/lb C PaCIlJIaBOM IIOMeIllaeTcs KOHTeHHep
MeHBIIero pasMepa, U3 KOTOPOro M IIPOM3BOJMTCS
BbIpAllMBaHMe KpHCTalaa. Manbiil obbeM pacriaBa
coob11aeTcst ¢ OCHOBHBIM 06beMOM PpacILIaBa, obecrie-
YMBasl AOIOJHHUTE/NbHbIe MMOPLMU pacIllaBa C 3aJaH-
HOM KOHIleHTpallheH JIeTHPYIOIHUX [IPUMecen.

1Sl yBelIHUYeHUS! IIPOHM3BONUTENIBHOCTH PacXomye-
MBIF IIPU KPUCTA/UIM3ALMK 06beM pacIlyiaBa MOXKET
IIOIIOIHATBCS 33 CUeT MOAMNMTKHU IIOCTelleHHbIM II0f-
II/IaB/IeHHeM B IleprudepryecKkor 0671acTy TUIIS (MK
BHe IUIABalOIIero THUIJS) IIOTHKPUCTAIIMYECKOro
CTepP>KHSI MJIM 3aCBIIIKOM TpaHy/ld. Takke IPaKTHUKY-
IOTCS U IIPOMEXKYTOUHBIE [03arpy3KH — BRIPAllleHHBIE
MOHOKPHCTA/UIBl BBIBOOSTCS 4epe3 CIeLHa/IbHEIe
ITI0O30BBIe YCTPOMCTBA, a B TUTeNlb J0OaB/IseTcs: ode-
pendHasi MOPLMS LIMXTHI IJ1S1 BHIPALIUBAHUS ClIelylo-
Ilero KpucTa/uia. B maHHON pabore meTon Yoxpais-
CKOTO BMeCTe CO BCEMH ero BapHaHTaMu (Tabm. 2)
paccMaTpHBaeTCs Kak eIHuHOe 1ieloe.

CemencTBo MeToa0B bpna)kmeHa
(BpupxxmeHa-Ctok6aprepa)
IIpu HampaBlAeHHOH KPHUCTAIIHM3ALHKU QPOHT Mef-
JIEHHO nepeMeLuaeTCH B OJIb PaCH}IaBHeHHOI;I CHCTEeMBI,
a 32 $pOHTOM pacTeT MOHOKPMCTaI. B pesynprarte
HPEI/IMYH_IECTBGHHOI‘O OTBOIAa TeIllla B OOJHOM HanpaB-
JIEHU N HPOI/ICXO,ELI/IT HaHpaB)‘IeHHaH KpI/ICTaHJ'II/ISaL[I/IH
pacnnaBa. METO,II TeXHHU4YeCKUu CpaBHI/ITEHbHO HpOCT
U II03BOJIsIEeT BpraH_II/IBaTb KPI/ICTaJIJ'IbI 3aJaHHOTI'O
nHaMeTpa HOJ_I6OPOM COOTBeTCTBYIOIJ_IEI‘O THUIJISA. HPO‘
I1ecc Mo’XeT OCYH.IQCTBJ'IHTBCH B BepTI/IKaJ'[bHOM H ropu-
30HTAaJIBHOM BapI/IAHTaX U OTHOCHUTCA K I‘PYHHE MeTO-
[IOB, IJIS1 KOTOPBIX XapaKTepHO Ha/JIMYHe B IIpoliecce
KpI/ICTaJ'UII/ISaLlHI/I TOJIBKO O,ZLHOfI I“pa.HI/ILIbI pa311ena
SKUIKOM U TBEpIOM das.

MeTOLI BPI/IIL)KMeHa HaI/I6OJIee qacTo I/ICHOJII:ByeTCH
JJISL HO)'[Y‘-IQHI/IH MeTaJI/ITNYeCKHX, OpI‘aHI/I‘IeCKI/IX,
a TakKKe psma JII/I3J'IEKTPI/I‘-IQCKI/IX MOHOKPI/ICTa}UIOBZ

=

« various non-linear optical materials: Sobolev
Institute of Geology and Mineralogy of the Sibe-
rian Branch of the RAS (Novosibirsk).

There are a number of modifications of the Czo-
chralski method depending on the tasks to be solved.
In order to achieve a more uniform distribution of
impurities along the crystal length and cross section,
the floating-crucible technique is used. In this case,
a smaller container is placed in the main crucible with
the melt, from which the crystal is grown. A small
melt volume is connected with the main melt volume,
providing the additional portions of the melt with
a given concentration of dope additives.

To increase efficiency, the volume of melt con-
sumed during crystallization can be replenished by
feeding using the gradual melting in the peripheral
area of the crucible (or outside the floating crucible)
of a polycrystalline rod or by filling granules. The
intermediate additional loads can also be applied. The
grown single crystals are removed through the special
linking devices, and the next furnace-charge portion
is added to the crucible to grow the following crystal.
In this paper, the Czochralski method, together with
all its versions (Table 2), is considered as a whole.

Family of Bridgman (Bridgeman-
Stockbarger) Methods

In the case of directed crystallization, the front-line
slowly moves along the molten system, and a single
crystal is grown behind the front-line. As a result of
preferential heat removal in one direction, the direc-
tional crystallization of the melt occurs. This method
is technically relatively simple and makes it possible
to grow the crystals with a given diameter by selecting
an appropriate crucible. The process can be performed
in vertical and horizontal versions. It belongs to the
group of techniques that are characterized by only one
available interface between the liquid and solid phases
during the crystallization process.

The Bridgman method is most often used to obtain
metallic, organic, and also a number of dielectric
single crystals, such as oxides, fluorides, sulfides,
halides, etc. However, the method has a number of
disadvantages:

» the method is based on a crucible; therefore, the
single crystals take the form of a crucible. There-
fore, the stresses in them are inevitable that
sometimes lead to their decrepitation;

 the thermal-expansion coefficients of materials
of the crystal and the container in the crystal
may lead to the significant internal stresses;

« itis impossible to directly observe the shape and
position of the crystallization front-line;
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Tabnumua 2. HekoTopble pa3HOBUAHOCTU MeTOAa YOxanbCKoro
Table 2. Some versions of the Czochalski method

Ne  PasHOBMAHOCTU MeTOoAa HoxpanbCKoro

1 B MarHuTHOM none MCzB T.4.:

magnetic liquid encapsulated Czochralski (MLEC), transverse

magnetic Czochralski growth (TMCZ),
axial magnetic Czochralski growth (VMCZ), inhomogeneous
(CUSP) magnetic Czochralski growth

2 MonyHenpepbiBHbLIN (C go3arpyskon) CCz
3 HuskorpagneHTHbIN LTG-Cz, (MOHX CO PAH, 1992 T.)

4 Cnocob «X0N0A4HOMO TUMNAY, MU TaPHUCCAXKA.
CrnpeccoBaHHas MCXOA4HAA WNXTA NAABUTCS NOA LeNCTBUEM
WHAYKLMOHHbLIX TOKOB, NMPY 3TOM B NepndepuinHom crioe,
KOTOPbI CONPUKACALTCS C XONOAHbIM KOHTENHEPOM, 0CTa-
€TCS TaK Ha3bIBAEMbI 2dPHUCCAX, HE MPOHULAEMbIV A5
pacnnasa.

5 BblpalymBaHue 13 «naaBaroLLero Turna»

6 BbipawmeaHue ns-nog patoca, Hurle 1987
Liquid Encapsulated Czochralski— LEC

7 BblpallmBaHue «c nbegectana» (no XopHy)

lMpumevaHue

B 1966 r. [Chedzey n Utech et al] nepsbii kpucTann InSb
BblpaLleH B BepTUKA/IbHOM NOCTOSSHHOM MarHUTHOM Mone.
B 1970 r. [Witt] BolpacTu InSb B ropr3oHTaNbHOM MArHUT-
HOM none. B 1980 . BbipalleH nepBbiv KpucTann Si

Mpumepst: Si («Conap Cuctemc» MNoaonsLek)
Mpumep: BbipawmeaHue BGO, HoBocnbumpck

MeToq pa3paboTaH (1970 T.) 4Na KpUCTANNO0B ANMOKCUAA LMp-
KoHus B ®UAH (Mocksa).

B OCHOBHOW TUre/b C pacnaaBoOM NOMELLAETCS KOHTeNHep
MEeHbLLUEro pa3mepa, N3 KOTOpOro NpoM3BOAMTCS BbIpaLLM-
BaHWe kpucTanna. Manbiv 06LEm pacniasa coobLiaercs

C OCHOBHbIM 06BLEMOM pacnnaea, obecneynsas 4OMNONHU-
TeNbHble MOPLMIM pacniaBa C 3alaHHOM KOHLeHTpaLmen
Nernpyowmx npumecen

Mpumep: BbipawwmeaHue GaAs, lmpeamet, Pocatom

LHPG-laser heated pedestal growth —ecan nnasneHne npo-
W3BOAMTCS Iy4OM nasepa

OKMC/I0B, GTOPUAOB, CynbPUIOB, FAIOTEHUAOB U IP.
Ho meTorn MMeeT psili HeIOCTATKOB:

e MeTOoJ, THUIe/JbHBIH, CIel0BaTeIbHO MOHOKDHU-
CTJIIBl IPUHHUMAIOT QopMmy THUIIL. IlosTOMY
B HUX Heu30esKHbI HAIIPSSKEHUSs, KOTOpble HHO-
I1a IPUBOIST K UX PACTPECKHBAHUIO;

¢ KOGOUIIMEHTH TepMHUYECKOr0 PACHIMPEeHHUS
MaTepHaIoB KPUCTA/UIA M KOHTeHHepa B KpHU-
CTaJl/le MOTYT BO3HHKATh 3HAYHTe/bHBlE BHY-
TPeHHHUe HAIIpSDKeHHS ;

* HEBO3MOXXHO HEIOCPeACTBeHHO HabaonaTth
3a GopMoIl U Io0KeHHeM QPOHTA KPHCTAJIIH-
3aLlUH;

e B Tpyb4aTOM KOHTeHHepe CIO0XKHO BBIPAIIHBAThH
KPUCTAIIBL OOJIBIIOrO AHaMeTpa, HaIpUMep,
6oiee 200 MM;

e mpobyieMa KOHTPOJISI OPUEHTALIMH KPUCTALIA.

Co3paTensiMU MeTOJa BepPTHUKQIBHOM HaIlpaB-

neHHOM KpUcTa/nu3zauuu (BHK/VCF) sBasioTcs
JI.B. llly6HuKOB U M. B. O6perimoB (1924 rox), a TakKe
Tammann (1914 rox) u Stober (1925 rox). I1. BpumkmeH
BHec B 1923 rony n3meHeHus B MeTor BHK. KoHTelHep
IepeMeInaeTcss OTHOCUTENIBHO GUKCHPOBAHHOTO TeM-
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it is difficult to grow the crystals with large
diameter in a tubular container, for example,
more than 200 mm;

« the problem of crystal orientation control.

The authors of the vertical directional crystalliza-
tion method (VGF) are L.V.Shubnikov and I.V. Obre-
imov (1924), as well as Tammann (1914) and Stober
(1925). In 1923, P.Bridgman made changes to the VCF
method. The container is moved relative to a fixed
temperature gradient (as the crystal grows, the con-
tainer is descended and gradually exits the heated
furnace, being cooled by the environmental air). The
difference between the Bridgman method and the
Obreimov-Shubnikov method is that in the first case
the capsule with the melt is moved in a temperature
gradient, while in the Obreimov-Shubnikov tech-
nique the melt is cooled in a temperature gradient.
D. Stockbarger (1936) proposed new changes in the
VCF process. In the Stockbarger technique, the heater
is divided into two areas. A heat shield is installed
between these areas to increase the temperature gra-
dient. At present, the VCF method, together with all
its versions, is considered as a whole [5, 6].
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[IepaTypHOro rpajreHTa (IIo Mepe
POCTa KPHCTAJIa KOHTEKHep OIly-

CKaeTCsl BHU3 U IIOCTEIIeHHO BBIXO- 0

OUT HAapyXy H3 HarpeToM IIe4H, 400 -
OXJTIaXKAAsICh OKPYKAIOIUM BO3- 350 L
oyxoMm). Pasnudue Mexxay MeTo-

ooM BpumskMeHa U MeTOLOM 300 -
ObpermoBa-lllybHHUKOBA COCTOUT 250 1
B TOM, 4TO B “BpHUI’KMeHe» Ipo- 200

- -

HCXOIUT IlepeMelleHHe aMIIy/Ibl
C pacIiaBOM B rpafiieHTe TeM- 150 [

IepaTypel, TOrAa Kak B MeTofe . InP
00 -
O6peumoBa-llybHHKOBa ocy- -,
nse
IIeCTB/IAeTCS OXJIaXKAeHHe pac- 50 - —, /
[I/1aBa B rpaHHeHTe TeMHepaTypr’ 0 L L L L L L L L L L L L L L L L L L L L L L
Il. CToxbaprep (1936 rom) mpen- 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014

JIOKWJT HOBble HM3MEHEeHHs B IIpO-
ecce BHK. B meTtoze CTokbaprepa
HarpeBaTe/llb pasfelleH Ha [Be
30HBI. MeKIy STUMHU 30HAMH yCTa-
HaBJIMBAeTCA TeIJIOBOU 3KPaH /IS
yBe/IHYeHHs TpaZijieHTa TeMIlepa-
Typ. B HacToslnee BpemMs MeTO[

domoHuku [5]

tals (source - [5])

Puc. 3. Vicmopus pazsumus Mmemoda Yoxpanbckozo 0As HeKomopbix KpUCmanios

Fig. 3. History of the Czochralski method development for some photonics crys-

BHK BMecTe CO BCEMH €ro BapHaH-
TaMHM pacCMaTpHUBaeTCs Kak efyHoe 1ienoe [5, 6].
CerogHs B Poccuu MmeTonoM BpuIsKMeHa I10/1y4aioT
(CITMCOK HeIIOJIHBIH):
« (CaFk,, BaF,, MgF, u ip. : «JeKTpocTeK10o» (MOCKBa);
*  KaAMHH-LUHUHK-Tel1yp: [npenmMeT(MocKBa);
e AUBVI: UOTT (YepHOr0/I0OBKA);
» LICAF-kpucTa/ipl: Ka3aHCKHH TIOCyJapCTBeH-
HBIM yHUBepcuTeT (Ka3aHs);
« GaAs:«Jaccapza» (O6GHHHCK);
e KpHUCT/UIB rajmorenuzaos KPb,Hgl: - KPC-5 u ap.:
T'upenmet (MockBa);
* HeJMHeMNHO-OIITHYecKHMe MaTepHasbl, KpH-
CTa/UIBl ABOMHBIX rajoreHumos: UM CO PAH,
(HoBocHOHPCK).

HEKOTOPDLIE BAXXHbIE ACINEKTDbI
COBPEMEHHOI'O COCTOSAHWNA
TEXHOJ/IOr M B POCCUN

KputnyeckUM MOMEHTOM, IIPeICTaBISIOUIMM HeOT-
JIOKHYIO 3afiavuy JJIsl POCCHECKOIO IIPOMBIIIIEHHOTO
IIPOM3BOACTBA KPHUCTA/VIOB QOTOHUKHU, SBISIOTCA
obecrieyeHre MCXOOHBIMH OTeUYeCTBEHHBIMH 0C060
YHCTHIMH MaTepHa/laMHu Ha ypoBHe 7N-8N c cOOTBeT-
CTBYIOLIEl aHA/IMTHUKOH.

B Poccuu CyliecTBYeT JLOCTAaTOUHO MOIIHAs IIPOH3-
BOZICTBeHHas 6a3a Iyisi U3rOTOBJIEHHUS POCTOBOrO 060-
PYAOBAaHHUS COBPEMEHHOIO ypoBHS. IIPOM3BOIACTBEH-
Hble MOIIHOCTH CYyIIeCTBYIOT B YepHOTolI0BKe Ha 6a3e
E3AH, B BpsiHcKe Ha 6a3e OO0 «HIIO TKMII», B CaHKT-

At present, the following substances are obtained
in Russia by the Bridgman method (non-exhaustive
list):

« CaF,, BaF,, MgF,, etc.: Electrosteklo (Moscow);

e cadmium-zinc-tellurium: Giredmet (Moscow);

« AU-BVL: Institue of Solid State Physics (Chernogo-

lovka);

« LICAF-crystals (Kazan University);

» GaAs: Lassard (Obninsk);

 crystals of halides KPb,Hgl; - KRS-5, etc.: Gired-
met (Moscow);

« nonlinear optical materials, double halide crys-
tals (Sobolev Institute of Geology and Mineralogy
of the Siberian Branch of the Russian Academy of
Sciences, Novosibirsk).

SOME IMPORTANT CONSIDERATIONS

OF THE CURRENT STATE-OF-THE-ART

IN RUSSIA

The critical moment being a pressing challenge for the
Russian industrial production of photonics crystals,
is the provision with initial domestic high-purity
materials at the level of 7N-8N with the appropriate
analytics.

In Russia, there are fairly powerful production
capacities for the manufacture of the current-level
growth equipment. The production facilities are
available in Chernogolovka on the basis of the
Experimental Plant of Scientific Instrumentation,
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ITetepbypre Ha 6aze OO0 «Amekc»,
B Bosrorpaze Ha 6a3ze OOO Cristars
u ap. IlpencraBisercs BO3MOXK-
HBIM M3IOTOBJIeHHE POCTOBBIX
YCTAHOBOK B JJOCTATOYHO KOPOTKHE
CPOKH B HE06XOIMMOM KOITHYEeCTBe
B COOTBETCTBUHU C HWHIUBUIYaJlb-
HBIMU OCOO@HHOCTSIMH HeoOXOoH-
MBbIX GOTOHHBIX MaTepuanoB. Cie-
IyeT OTMETHUTb CBOEBPeMEeHHOCTb
npoexkTa «JIucroman» - mo 3aga-
HHUI0 MUHIOpPOMTOpPra KOMIIAHHS
000 «Jlaccapm» c 2021 roma pas-
pabaTeiBaeT yCTaHOBKY /IS IIONY-
yeHHs1 GaAs metomoM VGF.

EcTb KOMIIaHHMH, KOTOpBIE IIPO-
HU3BOASAT MaTepHAJIbl [JISI U3TOTOB-
JIeHUS Pa3TMYHON OCHACTKH,

BBICOKOUMCTBIN TpadUT IIPOH3-
BoguTCca B Pocatome (HUU I'pa-
éut, Mockea), OOO «ITajoH-
netans?, OO0 «JloHKapb ['paput»

(Yensgbuuck), «KPUT» (MockBa).
YpOBeHb UMCTOTHL [OCTAaTOUYeH
IJIS  HW3TOTOBJIeHHS  3JIeMeH-

TOB TeIIOBBIX Y3JI0B YCTaHOBOK
BBIpAIIMBaHus  (HarpeBaTesH,
3KPaHbI), HO YaCTO OKAa3bIBAETCS
He[0CTATOYHBIM J[JI H3TOTOBJIe-
HUS THUIJIeH, KOHTAaKTHPYIOUIHUX
C pPaCIlIaBOM.

BBICOKOUMCTBIN KBapLI [J151 U3r0-
TOBJIEHHS TUIJIeH, JIOfO4YeK, TPyb
(ocobeHHO € TPenU3HOHHBIMU
pasmepamu) U IIp. B IPOMBIILLIEH-
HBIX MacmTabax POU3BOLUTCS
TOJIKO M3 MPUPOJHOM KBaplie-
BOM KPYIKH C YPOBHEM YMCTOTBHI
2N-4N. TIpou3BOJACTBO CHHTETHYE"
CKOTO 0CODOYHCTOro KBapLa IJIst
OIITUKH C ypPOBHEM YMCTOTHI /N
U BBIIIe OTCYTCTByeT. PaspaboTaH-
Hasg B CoBerckoM Corose (ITomoib-
CKUH XM3) TexHOJI0rusg 101y~
YeHHS! CHHTETHYeCcKOoro KBaplia,
6asupyromascs Ha BBICOKOTEMIIe-
PaTypHOM THJpOJIKM3e TeTpaxJio-
PHMAA KpeMHHUs, II03BOJISIeT IIOJIY-
YaTh 3TOT MaTepuaa C YpOBHEM
CYMMAapHOIO COZepsKaHUs IIpUMe-
ceit He 6omee 104-107 (1o macce).
TakoH KBapL, IIPUMepHO Ha OJHH-
[iBa IIOPs/Ka 4MIlle KBapLa, IOIy-
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Puc. 4. MoHOKpUCMAAAbI: a) MOHOKpUCManabl kpemuus, CCz, 2200 mm (Micmou-
HuK: «CoAap cucmems»); b) moHokpucmanabl zepmanusl, Cz, 8100 mm (Mcmou-
HUK: «OKB «ACmpoH»); ¢) Huo6am aumus, d)AdHmaHzaanuesbili cuaukam, Cz
(McmouHuk: «@omoc Mamepuanc»); e) MoHokpucmana GaAs, LEC, (McmouHuk:
[upedmem); f) moHokpucmana InAs, LEC (McmouHuk: M'upedmem)

Fig. 4. Single crystals of: a) silicon single crystals, CCz, with a diameter of 200
mm (source: Solar Systems); b) single crystals of germanium, Cz, with a diameter
0f 100 mm (source: Mechano-optical Design Bureau «Astron»); c) lithium niobate;
d) lanthanum gallium silicate, Cz (source: Fomos Materials); e) single crystal of
GaAs, LEC (source: Giredmet); f) single crystal of InAs, LEC (source: Giredmet).
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YeHHOr0 M3 IIPUPOSHOro Ceipbsi. Heobxomuma paspa-
O0TKa IPOLIeCCOB IONTyYeHUsI KpeMHe3eMa 110 MeTOAy
rapoda3Horo BEICOKOTEMIIEPaTyPHOIO THAPOIK3A ISl
CO3laHHS MPOMBIIIJIEHHBIX ITPOU3BOACTB H3LENTHUHU
M3 KBapLIeBOTO CTeK/IA CTerleHU YKUCTOTh 8N - 10N,

OTCYTCTBYIOT OTe4eCTBEHHbIe TUIIK U3 ITHPOIHUTH-
yeckoro HUTpUAa 6opa BBICOKOM UMCTOTHI AJIS BBIpA-
muBaHUug GaAs.

IKCIUTyaTallMsl TUIJIeH IJ1s BbIpalllBaHHUS TYyro-
IIJIaBKMX KPHCTA/UIOB M3 IUIATUHEI, MPHAMS H IIPO-
YMX [PArOLIeHHBI. METAJIOB SIBJISeTCS CKOpee YHCTO
3KOHOMHYECKOM mpobieMoN [ CPaBHUTENIbHO
HeKPYIIHBIX YaCTHBIX IPeAIIpUSTHH, 0CODEHHO IpHU
pa3paboTKe TEeXHOJIOIHI BbIPAIlMBaHUS KPUCTA/IOB
bonpiIoro guamMeTpa. [ocymapcTBeHHasl IOAJEPsKKa
B 3TOM C/Iy4ae MOXKeT 3aK/IF0YaThCs B CO3JaHUM MeXa-
HH3Ma apeH/Ibl ParMeTal/IoB THO0 yBeTHYeHUH 060~
POTHBIX CPeACTB IJIsI IPeApUATUH [7].

COBPEMEHHOE COCTOAHUE NMNOJIYHEHUA
MOHOKPUCTAJIZIOB A'''BY B POCCUA

HA NMPUMEPE GaAs

BelpalmyBaHHe KPHUCTA/LUIOB M3 PacIlIaBa BHI3BIBAET
PsII TPYAHOCTEM, CBSI3aHHBIX C BBICOKOHM TeMIIepa-
TYpoH IUIaB/leHHUs coenuHeHUM AUBY u 3HauuTens-
HBIMHU [JaBIeHHUSIMHU [OHCCOLIMALIMK STHUX COeIHHe-
HUM IIpU TeMIIepaType IIIaBIeHHUs, 3aCTaB/ISIONINX
HCIIONIb30BAaTh B KaMepe POCTa BBICOKHE [aBIeHHUS
HMHEePTHOIO ra3a WIM KOMIIOHEHT C LIeJIbIO «3a/laB/IH-
BaHUS» JUCCOLIMALIUM COeIMHEHUS, CO CJIOKHOCTBIO
nofbopa MaTepHana KOHTeHHepa, He 3arpsI3HSIOIIEro
BBIpAIlliBaeMble MOHOKPHCTA/UIBl HEKOHTPOTHPY-
eMBIMH IIPUMeCSIMHU. ITO TpebyeT HCIIONb30BAHUS
CTIOSKHOTO TEeXHOJIOTMYeCKoro 060pyfOoBaHMS: KaMep
BBICOKOTO JJaB/IeHH s, MeXaHH3MOB BPallleHUs U Iepe-
MeIleHHs], BBICOKOTEMIIEPATYpPHBIX THIJIEH KU Harpe-
BaTe/IbHBIX 3/leMeHTOB. K [JOCTOMHCTBAaM MeTOJOB
POCTa M3 pacilyiaBa MOXKHO OTHECTH BBICOKHE CKOPOCTH
pocTa, MO3BONSIOMIME II0OTy4aTh KPyIIHBIE 06beMHBIE
MOHOKPHUCTA/UIBl ITPAKTHYECKU JIOObIX COeJMHEHUH
AUBV. O6BIYHO HCITIOIb3yeMBble CKOPOCTH POCTa COCTaB-
JISIFOT HEeCKOJIBKO MM /Yac.

[Ipy IOBBINIEHHUM TeMIIEPaTyphl BoO3pacTalolee
IaBjeHHe I1apOB BBIPAIIMBAEMOI0 COeTHUHEHHUS Haf,
PacIUIaBOM ITPEMSTCTBYET ero AaTbHeMIIer AHUCCOLIH-
anuu. [IBH>KeHHe PeakTopa B IPafiieHTe TeMIIepaTyp
B XOJIOHYIO 30HY CO3JjaeT YCTI0BHS [JIs KPUCTA/LIHU3a-
LIMU pacriasa [7, 8].

B HIpOMBINIIEHHOM ITPOM3BOACTBE MOHOKPHCTAI-
noB GaAs HCIIONB3YIOTCS ABA MeTOJA BBIPAIIMBAHUS:
MeToZ, YOXPa/NbCKOTO C >KUAKOCTHOM TIepMeTH3a-
IIMel paciuiaBa cnoem 6opHoro anruapupa (Liquid
Encapsulated Czochralski - LEC) u Meron BepTH-

=

in Bryansk on the basis of the Scientific and Produc-
tion Association “Croup of Companies for Mechani-
cal Engineering and Instrumentation Engineering”
LLC, in Saint-Petersburg on the basis of Apex LLC, in
Volgograd on the basis of Cristars LLC, etc. It seems
possible to produce the growth facilities in a fairly
short period of time and in the required quantity in
accordance with the individual specifications of the
required photonic materials. The timeliness of the
Listopad project should be noted. On the instruc-
tions of the Ministry of Industry and Trade of the
Russian Federation, Lassard LLC has been develop-
ing a GaAs production facility by the VGF method
since 2021.

There are companies that produce materials for the
manufacture of various equipment.

The high-purity graphite is produced by Rosatom
(Research Institute “Craphite”, Moscow), Etalon-
detal LLC, Donkarb Crafit LLC (Chelyabinsk), KRIT
LLC (Moscow). The purity level is sufficient for the
manufacture of the heating unit elements of growth
setups (heaters, shields), but is often insufficient for
the manufacture of crucibles being in contact with
the melt.

The high-purity quartz for the manufacture of
crucibles, boats, pipes (especially with the precision
dimensions), etc. on a commercial scale is produced
only from natural quartz grits with a purity level of
2N-4N. There is no production of synthetic high-purity
quartz for optics with a purity level of 7N and higher.
The synthetic quartz production technology, developed
in the Soviet Union (Podolsky Chemico-Metallurgical
Plant) and based on the high-temperature hydrolysis
of silicon tetrachloride, makes it possible to obtain
this material with a total impurity content of no more
than 10 -10" (by weight). Such quartz is about one
or two orders cleaner than quartz obtained from the
natural raw materials. It is necessary to develop the
silica production processes by the vapor-phase high-
temperature hydrolysis technique to provide for the
industrial production of devices made of the quartz
glass with a purity of 8N-10N.

There are no domestic crucibles made of high-purity
pyrolytic boron nitride for GaAs growth.

Operation of crucibles for growing the hard-melt-
ing crystals from platinum, iridium, and other pre-
cious metals is rather a purely economic issue for
the relatively small private enterprises, especially
when developing the growth techniques for the large-
diameter crystals. In this case, the state support may
consist in establishment of a rental mechanism for
precious metals or increase in the working capital for
enterprises [7].
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Tabnumua 3. HekoTopble pa3HOBUAHOCTN MeToAa bpna)xmeHa

Table 3. Some versions of the Bridgman method
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PasHoBMAHOCTU MeToha bpunaxxmeHa MpumMeyaHne

1 Top130oHTaNbHbLIN HB
2 | BepTtukanbHbiv VB

VB B MarHMTHOM nose

C HanoXeHnem Ha pacnnae Y3-konebaHnm

4 Bridgman LP — meToa bpuaXXmMeHa npu HU3KOM AaBNEHUN

7  GFgradient freezing — HanpaBAeHHas KpUCTaNAM3aLUS

CBpaweHmem Turna ACRT accelerated cruicible rotation technique

5 | HZM horizontal zone melting — ropu3oHTasbHas 30HHas NAaBKa

6 | HPVZM high-pressure vertical zone melting — TO ke NP1 BbICOKOM AaBAEHUM

8 | VGFvertical gradient freezing — BepTukanbHag HanpaBaeHHas KpUCTanAM3aums

Kanuua, 1928 .

Mo bpuaxxmeny n Ctokbaprepy

Scheel, 1972 T.

Ramsberger n Malvin 1927,
Tammann 1914 /Stober 1925

O6penmos-LUy6HMKOB, 1924 T.

KaJbHOM HaIpaBIeHHON KpucTa/uiusauuu (BHK)
wiu Vertical Gradient Freeze (VGF), TakKe H3-IIO[
diroca.

BaskHelmed ocobeHHOCThIO MeToma LEC gBig-
eTCsl TO, YTO BBRIpalllMBaHKMe MOHOKPHCTAJ/IIa OCY-
IIeCTBISIETCS IIPU [LOCTATOYHO OOJBIIUX OCEBBIX
U pafiMaJbHBIX IPaJHeHTax TeMIIepaTyphl BOIH3U
bpoHTa KpHCTA/UIHM3ALKHU, T.e. B 00JIacTH MaKCH-
MajbHOM IUIAaCTUYHOCTH MaTepuasa. CleAcTBHEM
pocTa KpuCTa/Ula IIPU BBICOKMX IpajHeHTaX TeM-
nmepatypel B TexHojaoruu LEC sBisieTcs BBICOKas
IUIOTHOCTb JUCIOKALMH., TUINHMYHBIE 3HaUueHHUS Np
B HeJleTUPOBAHHBIX MOHOKpHUCTa/1aX LEC-GaAs
cocTaBiasaioT 0o (1-2)-105 cm™2 IIpYU OraMeTpax CJIMTKa
100-200 mm. Matepuan LEC obnanmaer 6onee onHO-
POOHBIM pacHopeneleHHeM YA. CONPOTUBIEHUS
[0 IUIOWAAH IUIACTHHBI. MaTepHan, MOIy4eHHBIH
metomoM VGF, mMmeer 6osee HHU3KYIO IUIOTHOCTh
JUCIOKALlMI, HO HUX paclpefeleHHe II0 IJIOIIALU
IIJIACTUHEI Dolee HeomHOpoAHOe. IIpUCYTCTBHE AHC-
JIOKALIMM B aKTUBHBIX 00JIaCTSX CBETOM3/IyYAIOIIHX
CTPYKTYyp He>KeJIaTeJIbHO, II0CKOJIbKY IIPUBOAUT
K OBICTpPON [erpafaliuM XapaKTepUCTHUK mpubopa.
CoOTBeTCTBEHHO, TpeboBaHME HHU3KOU IIJIOTHOCTH
nucinokauus (Np) sIBIseTCs OCHOBHBIM TpeboBaHKeM
MaTepuajny, HCIO0Jb3yeMOMY B KauecTBe ITOJJIOXKKH.
Ha mnpakTuKe CHIOKHIACh C/lIefyollas Ipagaliys:
B IIPOM3BOJACTBE CBETOAHOLOB HCIIONB3YIOTCS KpHU-
ctamnbel ¢ Np<5,103 - 1,10 cM™, a B IIPOU3BOACTBE
na3epoB - ¢ Np< 5,102 cm™2,
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CURRENT SITUATION IN THE PRODUCTION
OF A!'BV SINGLE CRYSTALS IN RUSSIA ON
THE EXAMPLE OF GAAS

The crystal growth from a melt causes a number
of difficulties related to the high melting point of
AUYBY compounds and significant dissociation pres-
sures of these compounds at the melting point,
forcing to use the high inert gas pressures or com-
ponent in the growth chamber in order to suppress
the compound dissociation, the complicated selec-
tion of the container material, not contaminating
the grown single crystals with uncontrolled impu-
rities. It requires an application of comprehen-
sive process equipment, such as the high-pressure
chambers, rotation and displacement mechanisms,
high-temperature crucibles and heating elements.
The advantages of melt growth methods include the
high growth rates that make it possible to obtain
the large bulk single crystals of almost any AlBY
compounds. The commonly used growth rates are
a few mm/hour.

As the temperature rises, the growing vapor
pressure of the compound being grown above the
melt prevents its further dissociation. The reac-
tor movement in the temperature gradient to
the cold area provides the conditions for melt
crystallization [7, 8].

During the industrial production of GaAs single
crystals, two growing methods are used: the Czo-
chralski method with liquid encapsulation of the
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Tabnuua 4. TexHONOrMs NOAyYeHUss MOHOKpUCTannoB GaAs
Table 4. Preparation process for GaAs single crystals

Kpuctann Cbipbe PaduHmnpoBaHue OcHacTka BbipalimeaHune YCTaHOBKMN
KpucTanna BblpaLlBaHNA

GaAs Ga—99,9% MmpeameT (Mockea) Ao 6N Tvrnm - LEC - OTeyecTBEHHbIe
npomseoacTBo | OcTpo TpebyeTcs noBblWeHWe — nupoanTuyeckmn | AO MmpegmeT
Pycan [0 ypoBHS 7N-8N HUTpMAaa 6opa (Pocatom)
(10-15T/rog SKcnopT (PBN)
As — He OcTpo TpebyeTcsa JKCnopTt VGF - OTeyecTBEeHHbIE —
nNpouM3BOANTCS | COBCTBEHHAs TeXHOM0rns 00O «/laccapa» | BCTaamm paspaboTkum

ypoBHs 7N-8N (NpoexkT MuHNpomMTOpra
«J/luctonan»)

OueHka ++ +/- = + +

COCTOAHUSA

(ycnoBHo)

OcobeHHOCTBIO ITPOM3BOACTBA OIITO3MeKTPOHHBIX || melt with a boric anhydride layer (Liquid Encapsu-
npubopoB B cpaBHeHHH C Ipou3sBogcTBoM CBY HMC || lated Czochralski - LEC) and the vertical directional
SBISETCSL TO, 4TO IIpeobnamaromas dacTb cebectom- || crystallization method (VDC) or Vertical Cradient
MoCTH Ipubopa IPUXOLUTCS HA OIepaluH, Bhimoi- || Freeze (VGF), also the flux growth.

HsleMble I10C/Ie pa3fie/leHus CTPYKTYpPhl Ha OTJe/IbHbIe The most important feature of the LEC method
yumbl. COOTBETCTBEHHO B ITPOM3BOACTBe OmTo3eK- || is that a single crystal is grown at the sufficiently
TPOHHBIX ITPHOOPOB He CTO/Nb aKTyaJbHO HapamuBa- || large axial and radial temperature gradients near
HHe IUIOLIANU IUIACTHH. BoiencTBue 3Toro B Mupo- || the crystallization front-line, i.e. in the area of
BOM IIPOM3BOJCTBE CBETONHOMOB M JIa3epoB [0 CHX || maximum material plasticity. In the case of LEC
nop B GonpmKxX obbeMax HCIIONB3YIOTCS ILIACTHHBI || technique, a consequence of crystal growth at the
nuameTrpoM zmo 100 MM, HecMoTpst Ha To, 4yTto mpo- || high temperature gradients is a high dislocation
MBIIIVIEHHOCTBIO OCBOEHO ITPOM3BOACTBO MOHOKpH- || density. Typical N, values in the undoped LEC-
CTaJUIOB C HH3KOH IUIOTHOCTBIO JUCIOKALME Auame- || GaAs single crystals are up to (1-2)-10° cm™ for the

ACTRPOH

OnTHKO-MEXaHWYBCKoe
KOHCTpYKTOpCKDE Bopo

140080, MO, r. NurkapuHo, yn. Napkosan, g.1; Ten: +7 (495) 215-13
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TpoM 200 MM. BaskHO OTMETHUTh, YTO MOHOKPHCTAJI/IHI,
BhIpalleHHble MeTomoM BHK, mumeror 6ojiee BBICO-
Kyl0 cebecTOMMOCTh, UeM BBIpallleHHble MeTOLOM
LEC. 3Tto obycnoBneHo B 4-5 pa3 MeHBIIEH CKOPO-
CTBIO KPHUCTA/IM3ALIMKU M HUCKIIOYEHHeM OIepaliuu
IIOBTOPHOTO 3aTpaBjieHHs. CpaBHHBAs COBOKYIIHOCTb
XapaKTepUCTHUK, MPUCYIIHMX Pa3IUYHBIM MeTOLaM
BBIPAIIMBAHMUS, MOXKHO BHIETb, UTO [Js OONBLIMH-
crBa CBUY-IpUMeHEeHU I IIpefIIOUYTUTeNbHO (II0 Kpak-
Hel Mepe 3KOHOMHYECKH) HcIoab30oBaHKne LEC-GaAs,
B TO BpeMs KakK Ijis usrotosineHus Cl, a Takke O
BCEX OIITOMIEKTPOHHBIX IIPUMEHEHHUM HCII0/Ib30Ba-
Hue GaAs, mony4yeHHOro MeTofom BHK, 6e3am>TepHa—
THUBHO. [103TOMY 062 MeToza ITPHUCYTCTBYIOT Ha PHIHKE,
HO C CYILIeCTBEHHBIM npeo6nanaHHeM BHK. Cutyanus
B POCCHU 110 371eMeHTaM TeXHOJIOTHYEeCKON HeITOYKH
IIpuBesieHa B Tabil. 4.

3AKJ/TIOMEHUE

MeskyHapofiHOe pasfielieHHe TpyJa B 06J1acTH BbIpa-
IIMBaHMS KPHUCTA/UIOB BBICOKO Pa3BUTO, YTO HEYAH-
BUTE/IBHO: OOJNBIIME H3IepKKHM Ha Ppa3paboTKy Tex-
HOJIOTUM M OpraHM3allMI0 IIPOM3BOACTBA HOBBIX
MaTepHajioB 4acTO He I103BOJISIOT OCYIIEeCTBHUTh IIPO-
eKTbl CHIaMH OTHe/bHOM KOMMePUeCKOH CTPYKTYPBHI.
[Tomo6HbIe MIPOEKTHl CErofiHsl peanr3yITCs KpyIIHeH-
UMK KOPIOPALIUSIMHU JHO0 HCCIe0BaTeTbCKIMU
LIeHTpaMH C IIpUBJIEYEHHEM ILIeJIoro psAfa JIbIOT
M HaJIOTOBBIX IpedepeHLHH CO CTOPOHBI IOAAEPIKH-
BAIOIIMX [IPOEKTHI HALIMOHA/IbHBIX [IPABUTE/IbCTB.

Ob1mee cocTosiHHE flel B 06JIaCTH ITPOMBIIIEHHOTO
IoJy4eHUs: OObeMHBIX “TPafIMLIMOHHBIX» KPHUCTAJ-
710B GOTOHUKM CErofHs B POCCUMM MOXKHO OXapakTe-
pH30BaTh KaK «yIOBJIETBOPHUTE/IBHOE C OTHAeIbHBIMHU
CyILIeCTBeHHBIMH HeJOoCTaTKaMu». (MBI He obcyskmaem
B JJAHHOM CTaThe ITPo6eMbl OTCYTCTBHS BBIPALIHBA-
HHS KPeMHHUS «3JIeKTPOHHOI'O KayecTBa» JHAMeTPOM
6onee 100 MM). IIpakTHYeCKH BCe METO/BI IIOTy4YeHUSs
06beMHBIX KPHCTAJ/UIOB, pa3paboTaHHble B 60-80-e
ToJbl IIPOIIJIOrO BeKa, COXPAaHMIMCh U Pa3BHUBAJIKChH
Ha JOCTAaTOYHO COBpPeMEHHOM YypOBHE, YTO IOBOPUT
0 BBICOKOM YDOBHE 3aJI0’KeHHOH B Te TOJbl HAay4YHOMU
Y MH>XeHepHOMU ILKOJIBI.

YTo KacaeTcs Pa3paboTKU TeXHOJOTHMH “HOBBIX”»
0bBeMHBIX MaTepuanoB GoToHUKK (Hanpumep Ga,0s,
KaK MaTepuaJ [Jis CO3JaHHS COJHEYHO-CIeIlbIX
Y®-gaTYMKOB), TO CKOPOCTb Pa3paboTKU TaKUX TEXHO-
JIOTUH CerOHA COBePIIeHHO HelOCTaTOYHA.

YCoBUs B OTpac/i, CJIOKUBIIMeECS Ilocie 24 ¢es-
pasis cero roga, TpebyIOT pellMTeNbHBIX AEeHCTBHH.
HecmoTps Ha mpuaaraemele B IIOCIeAHUE TIOIBI
YCHUIMSL 110 BOCCTAHOBJIEHHIO POCCHHCKOM OIITO3-
JeKTPOHHOMN IPOMBIIUIEHHOCTH, HAJIMIO Ha/lIHU4He
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ingot diameters of 100-200 mm. The LEC material
has a more uniform impact resistance distribu-
tion across the plate area. The material obtained
by the VCF method has a lower dislocation density,
however, their distribution over the plate area is
more inhomogeneous. The availability of disloca-
tions in the active areas of light-emitting structures
is undesirable, since it leads to a rapid degradation
of device specifications. Accordingly, the require-
ment for a low dislocation density (Np) is a basic
requirement for the material used as a substrate. In
practice, the following gradation has developed: the
crystals with Nj<5.103-1.10* cm2 are used in the
production of LEDs, and the crystals with N<5.10?
cm™2 are used in the production of lasers.

The production feature of the optoelectronic
devices in comparison with the production of SHF
integrated circuits is that the predominant part
of the device cost falls on operations performed
after the structure is divided into individual chips.
Accordingly, it is not so important to increase the
plate area during the production of optoelectronic
devices. As a result, the plates with a diameter of
up to 100 mm are still heavily used in the world pro-
duction of LEDs and lasers, despite the fact that the
industry has mastered the production of single crys-
tals with a low dislocation density and a diameter of
200 mm. It is important to note that the single crys-
tals grown by the VDC method have a higher cost
than those grown by the LEC method. This is due to
a 4-5 times lower crystallization rate and prevention
of the repeated etching operation. When compar-
ing the set of characteristics inherent in various
growth methods, it can be seen that it is preferable
(at least economically) to use LEC-GaAs for the most
SHF applications, while the use of GaAs obtained by
the VDC method has no alternative for production of
LEDs, as well as for all optoelectronic applications.
Therefore, both methods are available on the market,
but with a significant predominance of VDC. The
situation in Russia with indication of the process
chain elements is shown in Table 4.

CONCLUSION

The international labor differentiation in the
field of crystal growing is highly developed that
is not surprising, since the high costs of process
development and arrangement of new material
production often do not allow the projects to be
implemented by a separate commercial entity.
Such projects are now being implemented by
major corporations or research centers with the
use of a number of benefits and tax preferences
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Hay4YHO-TeXHHUYECKUX IIpPobeM C psAfoM BaskHEHIIHUX
MaTepHhaJoB MHUKPO- H OIITO3IeKTPOHUKU. OCHOB-
HBIe YYaCTHHUKU PBIHKA MaTepHUaioB POTOHHUKU: IOCY-
OApCTBeHHble Kopropanus llIBabe, xoprmopauus
[0 aTOMHOM 3Heprumn «PocaTom» (AO «l“HpeLLMET»),
MHCTUTYTH PAH, 4YacTHble CTPYKTypsl - ob1amaioT
obmrpHOM 62301 TaHHBIX ¥ 3HAYHUTEIbHBIMU KOMIIe-
TeHIUSIMU B 00/1aCTH CO3MAHUS ONTHYECKHX U HOTO-
YYBCTBUTEBHBIX MaTepHajaoB, TeXHUKH KU TeXHOJIO-
THUH U UX [IPOM3BOJCTBA X MOTYT PelIUTh ITpobiemy
OpPraHH3aLMK MaJIOTOHHA’KHOI'O IIPOM3BOACTBA MaTe-
pHIOB OINTHUYeCKOro KauecTBa. Ho pemreHue 3ToH
IpobseMbl BO3MOSKHO TOJIBKO IIPHU CO3JAHHUH TEXHO-
Joru4eckoro 6asuca, MMo3BOJISIONIEr0 IPeIIpHUITHIM
OTe4YeCTBEHHOU IPOMBIIIJIEHHOCTH BBIIYCKAaTh MarTe-
pHasbl, COOTBETCTBYIOIIYIO MEPOBOMY YPOBHIO.

B uacmu 2 bydem nposeden aHaAu3 npeumyuiecms u Hedocmam-
K08 ImeX UAU UHbLX Memodos sbipaususanus. 3adaqa docmuskerus
napumema ¢ MUPOBbIM YposHeM, 4 MAKKe CO30AHUA HAY4HO-
MeXHUMECK020 U MexXHoA02U4ecko20 3adeAos 04 passumus
MeXHOAO2ULL NoAY4eHUA 00BeMHbIX KpUCMAAA08 mo2ym bbimb
peuieHbl nposedeHuem KoMNAekca mMeponpusmuil mexHU4eckoo,
(PUHAHC0B020 U Op2aHU3ALUOHHO20 Xapakmepa 8 pamkax bonee
CMeA020 UCNOAb308AHUS MEXAHU3MA 20CY0apCmBeHH0-4ACMHO20
napmuxepcmea.
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from the national governments supporting the
projects.

At present, the general situation in the field of
industrial production of bulk traditional photonics
crystals in Russia can be characterized as “satisfac-
tory with some significant shortcomings” (we do
not discuss the lack of growth of electronic grade
silicon with a diameter of more than 100 mm in
this article). On a practical level, all methods for
preparing bulk crystals developed in the 60s-80s of
the last century have been preserved and developed
at a fairly modern level that indicates the high level
of the scientific and engineering school built up in
those years.

As for the process development for new bulk pho-
tonics materials (for example, Ga,0;, as a material
for manufacturing the solar-blind UV sensors), the
current development speed of such technologies is
completely insufficient.

The industrial conditions occurred since February
24, 2022 require decisive actions. Despite the efforts
made in recent years to restore the Russian opto-
electronic industry, there are obvious scientific and
technical issues with a number of important materi-
als for micro- and optoelectronics. The main market
participants in relation to the photonics materi-
als are the Shvabe State Corporation, the Rosatom
Atomic Energy Corporation (Giredmet JSC), insti-
tutes of the Russian Academy of Sciences, private
entities that have an extensive database and signifi-
cant competencies in the field of optical and photo-
sensitive materials, equipment, technologies and
their production and are able to solve the problem
of arranging the small-tonnage production of opti-
cal quality materials. However, this problem can be
solved only with the establishment of a technologi-
cal capability that allows the domestic enterprises to
produce the world-class materials.

Part 2 will provide the analysis of advantages and disadvantages of
certain growing methods. The task of achieving parity with the world
level, as well as doing the scientific, technical and technological
groundwork for the bulk crystal preparation technology, can be solved
by performance of a set of technical, financial and organizational
measures within the framework of a more daring use of the public-
private partnership mechanism.
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