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Verneuil Method

| One of the first crystal growth methods |

O, + Powder

Stream of powder mixed in high T flame
(Hydrogen — Oxygen torch)

* Melts, forms droplets and falls on seed
crystal which is held by support rod

Crystal growth by solidification
High crystal growth rates (10mm/h)

-:—OZ-J-HE.

@ Flame

® Liquid » Hard to avoid defects since cooling rate of
Droplets the molten layer at the droplet — seed
Crystal surface 1s not controlled and has large
m boule fluctuations

* Some oxide crystals: Al,O;

Support
‘/ PP
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Czochralski

Crystal pulling from congruent melt
Standard method for Si wafers for devices
Melt crystallizes epitaxially on the seed

4
2-50 rpm

Si seed

Si single
crystal

Simelt—_| | 1| sio,
= a1 | crucible
Heater — B Susceptor
Inert gas(Ar) —{_
e

From Yu and Cardona: Fundamentals of Semiconductors
Springer Verlag 1996

Liquid encapsulated CZ growth: layer of B,O,
above the melt helps prevent volatile loss

Cylindrically shaped boules pulled from a bath
of molten Si contained in silica crucible under
Ar atmoshpere. Crucible is kept at T slightly
above melting point.

Seed (small crystal of Si) 1s inserted in a bath,
then rotated. Once inserted, thermal shock
generates dislocations on the crystal
Dislocations are eliminated by necking — high
pull rate is introduced (4-6mm/min) which
reduces diameter of the growing crystals to 25
— 30% of the seed size. High pull rates
introduces growth velocity greater than
velocity of dislocation motion

Pulling rod and crystal are oppositely rotated
few tens rpm’s (homogeneity x,T)

After necking, usual growth rates are 0.1 to
Imm/min. Both growth rates and temperature
of the bath are adjusted

Si crystals is oriented the same way as seed
crystal (melt crystallizes epitaxially)

Solid — liquid interface very important.

Solidification of Si releases heat of fusion AH
= 50.21 kJ/mole Si

Axial and radial temperature gradients can
introduce defects and dislocations

Impurities oxygen and carbon
Inert atmoshpere, high P help compounds
Materials: S1, GaAs, Y;Al;0,, (YAG)

m
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Czochralski pulling furnace

it MnSi <110> seeded growth

Bulk Synthesis in CMMP CEA Grenoble (courtesy of Gerard Lapertot)



Bridgeman and Stockbarger

Crystal pulling from congruent melt
Temperature Gradient

e
— e + Temperalure gradient
? S Temperature gradient - - oy
" -\.H'\- '.-I-.
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g A R PR E ~ _ . Pulling
- Boal e B Ty e ' N L
o Mell Crystal  Original Boat Meit Crystal Original
et seed
Bridgeman

T gradient (AT) along crucible is kept constant T of the furnace is reduced with time

\

Crystallization front (melting T) moves progressively along the length of the crucible

/ N\

Stockbarger method: crucible is moved relative to furnace in which both AT and T are constant
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Zone melting

Crystal pulling from congruent melt
Peaked temperature profile

1 I Temperature profile

o) m

2

o

@

D’. p -

E Boat — Pulling

= S direction
Crystal or  Melt Crystal Original

powder seed

Temperature profile along the crucible is peak shaped, with T
exceeding Tm only in narrow region. Crucible is translated
relative to the heater and the hot zone, material melts and
crystallization front moves along the crucible

Horizontal Zone Melting/purification/growth cold copper boat — RF
CEA Grenoble (courtesy of Gerard Lapertot)

Floating zone refinement — purification of rod like crystals:
Solubility of impurities will be higher in the hot molten region than in cooler part surrounding this region.
Impurities prefer to dissolve in molten zone and are removed out of the crystal as the heater is translated

Bulk Synthesis in CMMP



Floating Zone Purification of (S1) crystals

« Most atoms are more soluble in liquid
than 1n solid

» Segregation coefficient is ratio of m -
equilibrium concentrations of atom A:

0.9
K, = c(solid)/c,(liquid)

0.8 Solid (S)

« Estimate of K, is possible from
equilibrium phase diagrams: solutes A,
that depress melting point of Si have K,
<1, those that increase have K, > 1

«  For dillute limit of A in Si segregation ~ %°7
coefficient is:
K =g /S 05 ) 1 ) 1 ) 1 ) 1 ) ]
AT OLSS o 0.00 0.02 0.04 0.06 0.08 0.10
where s; and sg are slopes of liquidus concentration of A

and solidus curves

Most impurities have K < 1 — if there is impurity with ¢, in the solid rod, the first melted portion of the rod
will have Kc,, < ¢,. Concentration of impurities is higher in end parts, but molten zone can be remelted and

. . N <<
it will have KCO 1 Bulk Synthesis in CMMP



Floating Zone Crystal Growth

Crystal pulling from congruent melt
Peaked temperature profile

Holder

RF based l

[

Growth from the liquid phase which is not
in the contact with any container

Main source of impurities is therefore Heater—»g
eliminated i

Starting material is a polycrystalline rod ‘

_~Molten zone

mounted vertically and held at both ends
under vacuum or gas in contact with a
seed crystal. Small crystal is placed at the
other end to initiate the growth, necking Pulling direction
procedure is used to eliminate dislocations

Only a short section of the rod is locally
heated by lamp (mirrors) or radio !
frequency coils. It is kept in place by SSp——
surface tension forces 18],

Molten zone is rotated to promote
uniformity and slowly pulled to create
grown crystal

Impurity level usually 100 times less than

fFEmosE pric g ptled

Rota sletic rmiires
Waterial iod

CZ gI'OWth il g e A bl 0 ipern lairg
BN srretel A 1i] %\'\ce
Lamp based | .0, _ (=N P sairesa
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Traveling solvent floating zone

TSFZ Furnace at BNL Courtesy of Genda Gu
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The real life ...

CEA Grenoble, courtesy of G. Lapertot
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High pressure floating zone

Temperature up to 3000°C (5400 F)

High pressure — 15 MPa (2200 PSI) Xearc lamp 3 8 [l

High precision pulling drives
> 0.1 mm/h, pressure independent

il 2> >
In situ temperature measurement by
two color pyrometer using a light shutter

In situ control of lamp x-y-z position

IFW Dresden, Germany, Courtesy of Giinter Behr
Bulk Synthesis in CMMP



Micropulling

Melt

Insulator

Avoids large consumption of material (~ 1g) Quarts tube
|
Considerable crystalization speed (1mm/min.) O Crucible
. . O Alter heater
Crucible used as a shaper of material | A
O = (TOWN Crysial
Resistive, RF and other types of heating O B Induction coil
) ) — Slage
Small diameters of grown crystals are possible L Seederystal
So that there is small AT in the core and periphery\ G _—
1 arowth direction
High temperatures and gas environments are Optical Materials 30, 6 (2007)

possible

Device — size shaping is possible

Bulk Synthesis in CMMP



Crystal growth from melts

Starting state is (often) homogeneous solution with fast atomic diffusion
Synthesis occurs at lower temperatures than Tm
Suitable for exploratory synthesis

Ta

Tj- Liquid

a |

-

m

= &

EE_-, quiwd A

fl ! i

| i Liguid

A+B

@A X E B () A AB Y E B
Composition Composilion

Making incongruently melting compound AB: X =Y, not AB

Reduce melting point of pure solute by forming solution (Flux)
Consider a system where A is solute and B is solvent:
With addition of B, melting point of A-B mixture decreases.

Slow cooling of composition X between TX and TE will make
crystals of A + some liquid (‘flux”) whose composition C=C(T)

At TE solid eutectic mixture of large A crystals and small B crystallites

Goal: to extract crystals appropriate for particular

Material is dissolved (solute) in suitable non — reactive solvent
Crystallization driven by reducing solubility of solute (lower T)
or by increasing solute concentration in the solution (evaporation

Solvent may coexist with the crystal on many length scales:
Atomic substitution or interstitial, grain inclusion, surface blobs
Some measurement techniques may be affected but some are not

Solvents can be low melting point metals with low vapor pressure:
Ga, In, Sn, Sb, Pb, Bi, Al,

Elements with higher vapor pressure
Zn, Cd, Te, Se, S, As, 1

Inorganic (often complex) compounds
InS, Sb,S;, Bi,0;, SnF, KF, Na,B40.,....

Other solvents using advanced high T, P techniques and methods
Cu, Ce, Ni, Co, Si, Ge, N

measurement + free of secondary phase influences Bulk Synthesis in CMMP



ACADEMIE DES SCIENCES. I SEANCE DU 10 JANVIER 1910,

-
-

CHIMIE MINERALE. — Sur deuzx nouvequz phosphures de nickel. Note

de__ M. Pierne Jorisors, présentée par M. H. Le Chatelier,,

Mes essais ont porté sur le nickel. Pour effectuer la réaction je suis parti
d’un alliage de nickel et d’étain & 5 pour 100 de nickel. J'ai vérifi¢ que I'on
pouvait isoler de ce dernier le composé NiSn déja décrit par Vigoilrouxa(’.)
et par Guillet (*). En enfermant dans des tubes en verre d’Iéna \'1d‘es d air
21 d’alliage avec des quantités de phosphore variant de 1% a 48 apres avoir
chauffé le tube & 700°, j'ai isolé au moyen de ’acide chlorhydrique conccfn.tre
et chaud de petits eristaux prismatiques trés bien formés. Leur composition
est voisine de NiP?.

Pr. H Le Chatelier 1850-1936

New Fe-As superconductors are made using this method

pree iy b PHILOSOPHICAL MAGAZINE B, 1992, VoL. 65, No. 6, 1117-1123
© Elsevier Science Publishers B.V., 1989 * ot 4
+ T
o o
=
Chapter 81
GROWTH OF SINGLE CRYSTALS FROM MOLTEN Gl'ﬂ“"tl'l ﬂf Single Cr}fslals frum m Etﬂ“ic ﬂ“xeﬁ
METAL FLUXES
Z. FISK Bv P. C
Los Alamos National Laboratory, Los Alamos, NM 87545 USA ¥y r.oo. CANFIELD and Z. Fisk
J.P. REMEIKAT Los Alamos National Laboratory,
AT&T Bell Laboratories, Murray Hill, NJ 07974 USA Los Alamos, New Mexico 87545, USA

Other references:
I. R. Fisher and P. C. Canfield, Journal of Crystal Growth 225 (2001) 155-161
M. G. Kanatzidis, R. Pttgen and Wolfgang Jeitschko, Angew. Chem. Int. Ed. 2005, 44, 6996 — 7023
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High Temperature Intermetallic Solutions

I. R. Fisher and P. C. Canfield, Journal of Crystal Growth 225 (2001) 155-161

Single crystal samples allow for the measure-
ment of the intrinsic properties of materials. In
specific, they generally provide samples with less
strain, higher purity, fewer grain boundaries, and
natural growth habit. For basic studies of the
electronic, magnetic, thermodynamic and structur-
al properties of new or exotic materials the size of
single crystals required rarely exceeds a cubic
centimeter and often (with the exception of

inelastic meutron scattenng) crystals with dimen-
stons of several mm on a side are more than

adequate. Given that the majority of materials are
incongruently melting, a technique that can grow a
wide wvariety of congruently amd incongruently
melting materials with equal ease, with relatively
simple equipment, in rather short tme scales, 15 of
great desirability. Growth from high-temperature
metallic solutions 15 just such a techmigue. In
addition 1t uses relatively small amounts of
materials, making it much more economic than
technigues such as Bridgman or Czochralski (CZ)
growth, both of which mquire more substantial
quantities raw material.

Growth of single crystals from metallic solutions
requires very simple equipment: box and vertical
tube furnaces. a glass bench for evacuating and
sealing quartz tubes, crucible materials and, in
some cases, an arcmelter for pre-alloying elements
and for working with Ta. Many of these details
have been covered in the earlier two articles [1,2]
and will not be reviewed here.

Given the reactivity of certain elements with
Al.O; (excessive Ce and Mg for example), a Ta
crucible is sometimes needed. So as to allow for
the decanting of the excess melt from the grown
cryvstals a sealed Ta crucible with a built-in strainer
is used. A simple, but effective version of such a
crucible is referred to as a *3-cap crucible™ because
it can be made from a length of Ta tubing and
three Ta caps, made of Ta sheet that have been
machined to just fit inside of the Ta tube. One of
the caps is arc-welded into the tube, closing it and
creating a crucible, then the material is placed into
the bottom of the crucible and the second cap.,
with holes drilled through it, is crimped into place
just above the level of the solid material. Finally,
the third cap is arc welded into place, sealing the
crucible. Once the growth is completed the crucible
can be inverted for decanting.

Bulk Synthesis in CMMP



Molten Metallic Fluxes

Metallurgical phase diagrams allow us to determine step I - (stochiometry) and II - (T profile & final T)
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Vapor Pressure

I Step II1 : Open or closed ampoule: vapor pressure = f (T) I
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CEA Grenoble Courtesy of Gerard Lapertot
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Soye PROPERTIES AND PRINCIPAL APPLICATIONS OF
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Parcebsin (mullite) 3A1:05-05i0; 1850 G2 (80°C) | B4 (950°C) 20 X 10° (1000°C}
e | 532014300
Sour Prorenties axp Prixcrear ArveLicarions or
A Coeflicient of Theemal Electrieal
Refraclory Compoditiva Poiat o | Thermal Expan- | Conductivity, Resistivity,
oL siva X 104, °C | Colfiec/em/"C X 104|  cbmafom®
Syrex glasa 0% 50y a0t 3.0 (20-800°C) 232 (200°C) 104 ot RT
125 BaOs
3% AliDa
£ Has0 :
illies 50z 1715 0.40-0.48 455 (100°0) 15X 1017 (25°0)
(Tused quarls) 100 60-1000°C 45,8 (1300°C) 20X 104 (300°C)
ilicon carbide SC 2700 £3 (80°C) 362 (850°C) 4.1 (1000°C)
1es0 * are (980°C)
390 (1540°C)
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Tvincipal Applications fn
the Laboratary’

Commercial Shapes '

Crociblea Recommended

for Melting

Trads Narcs, Manulscturers

Pilfing elestrie resistance
furnace cores, melting

Melting metals
Meiling metals

Trwatation In furnaces

Miseellaneous

Crscibles, molds, special
machined shapes

Melting metala

+ seitdes, pawder for backs
+z erucibles and for bigh-|
temiperature insulation

ey elevated tempera-
s (e Steatite)

Fien for vacwum or con-
el atmospbere work

rads, plates, ete.

Crucitles, powder,
‘ricks, all shapes
made to acder

Crucibles

Pasder, brick

ehapes

parts.

Tubes, bricks, crusibles, | AL Sb, Bi, C4, Co, Cu, Ga, | 1, “Alundum,” Nortan Co, Woecester,

Au, In, Fe, Pb, Ni, Pd, | Masm

Pe, Ag, T, 8n, Zn

Carborundum Ca., Niogara. Falla, N. Y.
“Triangle RR," Morganite Inc, Long
Tsland City, N. Y.,

3

Baush Desyllivm Co., Clevelsnd, Ohio
Cliftoa Prodicts, Inc, Paynesville, Obio
. Beryllium Corp. of America, Reading, P

AL Sb, Di, Cd. Cu, Ga. | I Joseph Dixon, Jerscy City, N.J.
Au, Ta, Pb, Tl Az, &0, | 2. American Crucible Co., Nerth Haves,

20, e

Kot wsed a5 o erurible

Conn.

“SI.0-Cel” C3, "Sil-0-Cel,” Johns Maa-
wille, New York, N. Y.

Driek, crucibles, furnace | Not recsmmended for 7e- | 1. Bahcock and Wilcox, New York, N. ¥.
pacts

taining bigh puwity in | 2. Genoral Refractories Co., Philadelphia,

melting

Reds, tubes, blocks | Same metals indicated for

clay-graphite

platinum melting.

Po
3. Harbisoo-TValker Refractocies, Fittaburgh,
Pa.

‘Acheson” Graghits, Natianal Carban
Ca., New York

2. Stackpale Carbon Co,, St. Marys, Pa

3. Great Lakes Cacbon Co., Niagara Fally,
N.Y.

Noae Has po obvisas advastage | New England Lime Co., Adnms, Mass,
over MgO. Could be
used fof melting metals
Was used with torch for

Crucibles, brick, athers | Metala Endicated for AlOa| 1. The Norton Ca,, Worcester, Mass,

plus Mn, and rare carihs| 2. Gsneral Electrie Co., Pittsfield, Mass,

Plates, red, melded Mot used for crucililes

3, Lava Crucible Co., Pittsburgh, Pa. .

4, Westvaco Chemical Division, Food Ma-
chinery s0d Chemicals Carp., New York,
Y.

1. “Myealer," Myealos Coep. of Amerien,
4 Clifton Blvd., Clifton, N. J.

For molded parts—GE Chomieal Dogt.,
Taunton, Masa,

»

Tubes, bricks, furance [ Net ardinarily available | 1. Coors Porcelaia Co., Golden, Calo.
an erueiblen.  May be

)

“Shamwa” mullite, Mullite Refractories

mada in plnce wing mul|  Ca., Sheltan, Coun.

Tlite cement.

Cenasic MaTerIALS Iv T MeTars Lavonatony

Frinciral Applications in Crusibles Tecommended Sy
S ety Commercial Shapes o Mting “Trade Komes, Manufacturers
Too mumcrons to mention. | All thapes B, C4, In, Fis, S, Ta, Cs | “Pyrex.” Corning Glass Co., Corning, N, ¥,

Caa Le used a3 crucible
fur law melting metals,

Tabes foc vacuum or con-
trolied atmamhbere work

Fureace parts, harths

Vaeaun-tube insulators,

ekeetrosic parts of low di-
+otrie Joss, machinabla
releactory far apylica-

tinna up to about 1000°C
Mylting noo-ferrous matals | Prineipally erucibles | Same metals indieatod for
clay-graphite
Fernace shells Flates, pipe Mot used foc crucibles
Mebiing metals Hone Ir, B, Rh

Fumace tubes for vasuom | Tubes, special shapes

o¢ eantzolled atmospbere
wark

vaeuum of cantrolled at-
masphere work

Meling, metals, tubes for | Crucibles, briek, furnace|
parts

Tubes, rods, plates, | &

apecial shapes
Maflles, brick ot ordinarily wsed for
erucibles (res Tercod)
Rods, blocks, machined | Not recommended for
ports melting

2 high-melting met- | Crucibles, insulating | Cr,

powder, fubes

ot recommended for
melting

Al Co, Cu, Fo, Ni, P4, Fe

Co, Au, Tr, Fe, NI, d,
. Th

L “Vitreosil” Thermal Syndicate, New
Yok N. Y.
2. “Amersil,” Amersil Co., Hillside, N. J.

1. “Crystalan,” Norton Co, Woeeeater,

Mass,
2. “Carbolrax,” Carberundum Co., Niaga
Falls, N. 7.

“Alsimag,” "Lavs,” American Lava Corp.,
Chattanoog, Tean,

"Tercod" Electro Refractories and Alloys
Corp., Bufalo, M, Y.

“Transite,” Jobes Manvile, New York,
N.Y.

Lindssy Light aed Chemieal Co., West Chi
g,

“Vyeor,” Coreing Glss Works, Corsing,
N.Y.

1, Titanium Afloy Mg, Dir., National Lesd
Ca., Nisgarm Falls, X. Y.

Fircofrax (Zircon<hy parcelaia), Carbo-
rundiia Co., Niagasa Falls, N, ¥,

1. The Norton Ca., Worcester, Masa,
2. Titanium Allay Mfg. Div., National Lead
Ca,, Niagars Falls, X, Y.

Bulk Synthesis in CMMP

Crucibles

I Step IV: crucible choice

The material choice depends on
relative compatibility between
flux/crucible

Al,O; 90%

Ta, Mo, W, Pt 5%
Y,0;, MgO, ZrO, 5%
Al,O; [rare earth] < 10%

CeFe, = Ta crucible

Yb vapors may react with quartz wool




Various quartz ampoule assembly

Al O5/metal open Welded Ta crucible hybride cera-metal

«CeIn3 »
“CeFe,” “ZrZn,”

1nitial final
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Chemical Compatibility

Fig. 1. Singlk crystak of GdFez in mmains of 15mm O Ta
crucible. The larger facet edges are approximately 5 mm.

A
Fig. 3. Single grain of icosahedral HogMg,@ne; on a .
mm-grid [7].
CEA Grenoble Courtesy of Gerard Lapertot
GdFe, crystals and HoyMg,,Zns, quasicrystals from Ta crucible . .y f v .
L R. Pisher and P. C. Canfisld poor chemical compatibility between materials

Journal of Crystal Growth 225 (2001) 155-161 Bulk Synthesis in CMMP




Advantages and Disadvantages of Flux Method

Advantages of flux growth :

better RRR compared all T >Tf methods like CZ, Bridgman, Zone melting
MnSi (140), YbRh,S1, (130), YbCu,Si, (120),

Size depends on material but are ok lots of physics measurments (R, Cp...)
- Save money (low [rare earth, Rh, Pd, Ir], isotope - 100mg) / melts for CZ (10grs)
- resistive furnaces, relatively cheap crucible (135 for A1203 or MgO).
- possibility to discover new phases - EXPLORATORY

- quick to start an experiment.

- possibility for solid solutions, isotope.
drawbacks :

- Annealing is ‘dangerous’
- Tmax quartz 1200° (1500°, H.F.) 2 steps

- Chemical compatibility issues.

- No control/prediction of volume and direction of growth.

Bulk Synthesis in CMMP




Flux and crucible interference

MgO RRR 300-2K

) J. Cryst. Growth 304, 114 (2007)
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Fig. 5. Heat capacity of YbRh:Si» grown from Zn melts. Open symbols

Température (K) . .
are obtained on samples grown from In flux [8].
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Example of Flux removal
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Preferential solubility of components in crystals
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Flux crystal growth laboratory

Petrovic lab at BNL

CEA Grenoble Courtesy of Gerard Lapertot Bulk Synthesis in CMMP Petrovic lab at BNL



Incongruent AND congruent melters

1405 Figure 1. Peritectic reactions in the binary systemn Co-Sn. Top: the phase
diagram of the Co-Sn system. By rapidly cooling a melt (liguidus, ) of the
approximate composition Co:S5n=1:3 (large black arrow) crystals of compo-
sition CoSn are obtained first. Since these erystals have a higher Co content
than the original melt, the liguid phase changes its composition on cooling
along the red liquidus line. At 571°C the crystals of CoSn start to react with
the remaining mel, thereby forming & microcrystalline envelope of the com-
pound CoSn;. During this reaction, the liquid phase changes its composi-
tion along the blue line. After further cooling, at 345 °C, the melt, now with
a 5n content of approximately 98 atom 3%, starts to react with CoSn; and
ferms another microcrystalline ervelope this time of micrecrystalline
CoSny. Thereby the melt changes its composition along the green line.
Finally, at 229°C it solidifies, to form the eutectic, which consists of a
matrix of a solid solution of Co in -Sn with heterogeneous inclusions of a-
CoSn,. Bottom: A micrograph of 2 corespoending sample (with the slightly
different overall composition Co:Sn=1:4) "1t is clear that well developed
large crystals of a- or FCoSny cannot be grown by such a cascade of peri-
tectic reactions. This sample has been cocled at the relatively slow rate of
100°Ch . Nevertheless, it has not reached thermodynamic equilibrivm. In
its center it contains the remains of a primarily crystallized grain of CoSn,
embedded in grains of CoSn,. Before reaching equilibrium the sample had
cooled to 345°C, thus forming -CoSn,.

M. G. Kanatzidis, R. Pttgen and Wolfgang Jeitschko,
Angew. Chem. Int. Ed. 2005, 44, 6996 — 7023
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High Temperature Intermetallic Solutions

Ternary compounds from quaternary melts

LighayoPr typa
¥CogPy roa

l{..I::.J._I:"E Ty

5m B0 i 44 20 Co

ZraFaqaPy ype

VLo v

Hal oy Py tyns

Tm &0 a1 40 20 Co

atom % Tm

Figure 7. Sample compositions for the preparation of ternary Sm (top)
and Tm (bottern) cobalt phosphides from a tin fluc. All samples were
prepared with 75 atom % tin as a flux The diagrams indicate the ratio
of the remaining 25 % of the elements samarium, thulium, cobalt, and
phosphorus. The phase diagrams contain several ternary phosphide
phases. Only the sample compesitions resulting in ternary phosphides
with ZrFe Prtype ™ ¥ CosPytype M and HoCo,Potypel™™ struc-
tures are shown. The compositions of the ternary phosphides are indi-
cated by large colored dots. All samples were equilibrated for two
weeks at B50°C and the tin-rich matrix was dissolved in diluted hydro-
chloric acid '™

M. G. Kanatzidis, R. Pttgen and Wolfgang Jeitschko,
Angew. Chem. Int. Ed. 2005, 44, 6996 — 7023
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High Pressure Flux
Growth

to be studied on single crystals. Soon after the
discovery of superconductivity in MgB,, several
laboratories started to work on single crystal
erowth. Unfortunately, conventional methods of
crystal growth, ike a growth from high tempera-
ture solutions in metals (Al, Mg, Cu, etc.) at am-
bient pressure, used for other borides, did not work
for MgB.. Since MgB, melts non-congruently, it is
also not possible to grow crystals from a stoichio-
metric melt. MgB, crystals can be grown from a
solution in Mg at high pressure, or from the vapor
phase. Two methods result n submillimeter size
smgle crystals: high pressure growth using an anvil
technique [4-7] and heating of a mixture of Mg and
B in closed metal contamer [8-10]. Larger crystals
have been obtained using the first method. The
solubility of MgBs m Mg is extremely low at tem-
peratures below the boiling temperature of Mg
(1107 °C) at ambient pressure (Fig. 1(a)), therefore
crystals have to be grown at much higher temper-
ature or by using another solvent. At higher tem-
peratures at ambient pressure, Mg does not exist as
a condensed phase, and therefore, in order to grow
crystals from a solution in Mg, the pressure has
to be increased. According to the calculated P-T
phase diagram [l11] (shown in Fig. 1(b)), crystal
growth from a solution has to be performed in
pressure and temperature conditions above the
boiling line of Mg, which is the border between two
regions in Fig. 1(b): hquid + MgB, and gas+
MgB,. However, for the stabilization the MgB;
phase at temperatures above 1000 °C, not only high

Growth of MgB, crystals: J. Karpinski et al.,
Physica C 385, 42 (2003)
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High Pressure Crystal

Growth

Growth of MgB, crystals: J. Karpinski et al.,
Physica C 385, 42 (2003)

partial pressure of Mg vapor is necessary, but also
high hydrostatic pressure. There are several major
problems, which have to be solved in order to grow
crystals:

(a)

(b)

The reactvity of the crucible material: at T >
1000 *C, molten Mg is very aggressive towards
all materials and destroys the crucible after a
few hours.

All metals used as a solvent form mixed com-
pounds with Mg or MgB,, which makes crys-
tal growth of pure MgB, impossible from any
solvent other than Mg.

(c) The solubility of MgBs in Mg s very small at

(d)

low temperatures and therefore high tempera-
ture is necessary. However, the partial pressure
of Mg vapor above molten Mg increases with
temperature and at 1500 °C is of the order of
50 bar.

MgB: decomposes above 1000 *C, at ambient
pressure.

For experiments at Ar pressure, a mixture of
Mg and B has been placed in a BN crucible in a
high pressure furnace. The experiments have been
performed at Pa, = 1 kbar, at temperatures from
1450 up to 1700 *C. The experiment at Py, = 14
kbar was done at 1250 °C. As a result, hexagonal
black crystals of the new nitride MgNBy were
obtained, but no MgB, appeared. The source of
nitrogen was the BN crucible. The growth of
MgB: crystals at Ar pressure was also impossible
from solutions containing Cu and Al, because Cu,
used as a solvent, forms mixed compounds with
Mg, while Al substitutes Mg in MgB,.

Crystal growth experniments, using the anvil
system, have been performed in the pressure range
of 10-30 kbar. A muxture of Mg and B was put
mto a BN container of 6 mm internal diameter and
7 mm length. First, pressure was applied using a
pyrophylite cube as a medium, then the tempera-
ture was mcreased during 1 h, up to the maximum
of 1700-2200 °C, kept for 1-3 h, and decreased
during 1-2 h. The result of a typical cubic anvil
growth experiment is displayed in Fig. 2(a), show-
mg a collection of MgB; and BN crystals, sticking
together. MgB; plate like golden crystals (see Fig.
2(b) for example) were up to 1.5 x 0.9 = 0.2 mm’
m size and up to 230 pg in weight. In some ex-
periments, hexagonal black crystals were obtained
from the crystal growth process. Structural X-ray
studies showed those to be a new nitride phase,
namely MgNB, (Fig. 2(c)). The structure of this
compound consists of two kinds of boron poly-

Bulk Synthesis in cMmp  edra separated by Mg and N atoms [7,15].



High Pressure Crystal Growth

. . (a
Growth of MgB, crystals: J. Karpinski et al., ) B
Physica C 385, 42 (2003
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Hydrothermal Crystal Growth

I Chemical precipitation where solution-phase reaction occurs resulting in insoluble (sometimes crystalline) precipitate I

Example: Synthesis of AgCl in aqueous solution

AgNO; (aq.) + NaCl(aq) — AgCl(s) +NaNO;(aq)

Solvents are more effective in supercritical state — applied above (7, P,,)
In the state where liquid and gaseous phase are indistinguishable solvent properties are enhanced
(L] @ l-;'
: =7

T, HYDROTHERMAL METHOD
\ Supercritical water + catalyst (ions from mineralizer that enhance solubility of the solute)

Material is dissolved at the bottom
and transferred to the top by convection

~ ‘ o Solution becomes supersaturated and
*1:‘3 \ crystallization occurs on the seeds

)
5
yara

: “i

Nutriant

N

\
.

- Advantage: synthesis of materials at low T

\ T, Disadvantage: mineralizer source of impurities

\\\\\\ Oxide, sulfide materials, aluminosilicate zeolites (porous solids) ~ few A cavities

Hydrothermal bomb

Bulk Synthesis in CMMP



aydrothermal CryStal Growtn Example

Growth of KTiOPO, crystals: used in optical devices (lasers)

C. Zhang et al., J. Cryst. Growth 292, 394 (2006)

KTP single crystals were grown in an autoclave (Fig. 1)
at a temperature range of 400-340°C and a pressure range
of 120-150 MPa. A “floating” closed gold liner is essential
for preventing impurity incorporation from the autoclave
inmer surface and growth of high-quality KTP single
crystals. The gold liner with a volume about 2400 ml is

divided into two chambers by a baffle. The nutrition i
chamber contains solid nutrients (crushed flux KTP L]
c'lr}sLdL'-'.} and .Lhclg.mmng chdmbcr {'}'.unltdms-s?cd EE}S- Auto clave body
tals((0 11} orientation or point  crystal) which  were Cirorwi E
suspended by Au wires. A solution of KHPOy (2.0 mol/ rYing ~ Need L-::.-sulx
I, KH,PO, (0.1 mol/) and H.0, (1 wt%) with a filling chamber T
grade about 65-70% was used as the transporting media = floating gold liner
for dissolved nutrients. Suitable quantity of distilled water
was supplied into the volume between the autoclave and % ———— Faif]e
the Au liner for pressure balancing. A

The furnace produces the necessary temperature gradi- [ Mineralizer
ents which is about 50-70°C between the two chambers, so

Dizzolving

as to create a convection current for the transportation of
dissolved nutrients to the crystal seed located in the lower chamber
temperature chamber. Fig. 1 shows the schematic diagram
of autoclave and crystal growth system and Table 1 shows
the growth conditions of KTP single crystals grown by —_—

hydrothermal method.

The experiments have shown that growth rates along the \
[011] are about 0.15-0.17 mm a day. The size of the biggest iy
grown crystal was 14.5 x 28 x |7mm’. Fig. 2 shows the
grown KTP crystals which were just taken out from the
sutoclives after 3 run.

f——— Mulrienls
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Basics of Electrochemical Methos

Passage of electric current through conducting liquid
Isothermal and irreversible (noneqiulibrium) process at constant temperature

DC power supply

anode cathode

JiEs:

o
| 23
L
rm
o

alumina powder

N

electric furnace

J. Cryst. Growth 304, 448 (2008)

Kanthal heater

crystals

molten NaOH solution
zirconium crucible

stainless-steel container

Electrochemical cell example for LaOOH crystal growth
Zirconium crucible holds solution of La,O; in electrolyte NaOH
Electrochemical deposition at T ~400°C in 0.4V potential for 96h.

La,0; + 2NaOH — 2NaLaO, + H,0
NaLaO, + H,0 — La(OH); + NaOH
La(OH), — La** + 30H"

La’" cations are attracted to cathode. OH- are attracted to cathode by cations so

La*" + OH — LaOOH + H,O

AN

In general 3 methods of electrochemical crystal growth are possible?

L 1. Direct electrochemical decompositon of flux to yield product

2. Decomposition of compound dissolved in an inert solvent to yield product
3. Electrochemical transport

Electrolytic decomposition of K,Mo,0, at 600°C
K,Mo,0; (1) — K,;Mo, (1) + MoO, (C) + O (g)

Melt composition changes as crystals are created;
if there is a width of formation crystals will have P(x)

Preparation of Na, WO, (0<x<1)

N\

Synthesis of metal crystal — product is already in electrolyte

One electrode is desired product itself, the other inert or seed crystal
When current is applied, polycrystalline material is dissolved,
transported via flux and precipitates on the seed crystal. Current
controls the growth rate. Used for metal purification.

Na,W,0, () — (2/(2-x))Na,WO, (C) + ((2-2x)/2-x)Na,WO, (1) +(x/(4-2x))O, (g)

Bulk Synthesis in CMMP



Chemical vapor transport reactions

Phasel: Heterogeneous reaction on the starting solid
Phase 2: Gas motion
Phase 3:Heterogeneous reverse reaction where the solid is formed

/_ Glass tube Two types of vapor transport reactions:
T AB(ans) —  ( Crystals Endothermic AT =T, - T, > 0
(gas) ) . o
T R idle sy AR ANg_“ Synthesis of PtO,: Pt (s) + O, (g) « PtO, (g) (at 1200°C)
y
7, T, .
A reacts with a gas to form AB Exothermic AT=T, - T, <0

Reverse reaction at different place
(sublimation) results in reformation of A

Cr purification: Cr (s) + I, (g) < Crl, (g)

Vapor phase transport of a solid substance A via gaseous
intermediate AB formed by reaction with vapor transport agent B

Two transport mechanisms of AB: Thermal diffusion:

1. gas stream in open tubes (when the reverse reaction proceeds rapidly)

i Consider endothermic reaction:
L 2. thermal convection in closed tubes (all other cases)

Zn (1) + S (I) — ZnS (s) at 800°C, but faster with I, present
(0.5-5mg/cm? volume of tube)

Other transport agents: Br,, NH,Cl, TeCl; or K,PbCl (for Cl),
HCI (using extra capilaries and valves)

Reactions with (quartz) tube

Flow methods: wall need to be considered
Gas flows (2-10 cm®/h) through AT, space where gas can stay for a long time is useful for sublimation (cg. Al. transport in quartz).

. . Sometimes quartz needs to be
Surface exposure to gas flow enhances reaction at T, (loose powders) — example PtO, reaction.

Protected by alumina, coating.

Gas B can be added at high T, depending on its properties, or it can be added to A in solid form initially.

Bulk Synthesis in CMMP



Chemical vapor transport mechanism basics

Low P: mean free path of molecules is comparable with tube length — no collisions, material transported ~ charge surface area
Higher P: Gas motion determined by diffusion, for AT=const. rate of diffusion decreases with increasing total P
At even higher P thermal convection contributes

103atm < P < 3atm.
molecular flow diffusion diffusion + convection

| tnart pos
TZ

Tl
——‘—:,q__,,a—-u—,\_ ————x 1. Flow method with carrier gas iA(s,) + kB(g) =jC(g)
_r___\_ 0=, ]
Reoction gos @ mﬁﬁ?i’?"g f’fcl" for Amount of A deposited at T1 is

(difference between concentrations at 2 and 1):

For P_<<P,

ny/ngy = (V))[Neo/npy — Ney/ngy] = 1Anc/ngy — 1, = (V/))[APcng/Py]

Can be adjusted with variable pressure gradient

Where n ~ P. P is equilibrium pressure

E—,_: 7 ~—- 1 2.Most applications: closed tubes, P where diffusion dominates
LN Ll / B LS A
‘ W | _ | A

gy | o e | = (g = (il
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