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Verneuil Method

One of the first crystal growth methods

• 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)
• Hard to avoid defects since cooling rate of 

the molten layer at the droplet – seed 
surface is not controlled and has large 
fluctuations

• Some oxide crystals: Al2O3
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Czochralski • 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) is 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 
1mm/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 ΔHm

= 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: Si, GaAs, Y3Al5O12 (YAG)

Crystal pulling from congruent melt
Standard method for Si wafers for devices

Melt crystallizes epitaxially on the seed
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Liquid encapsulated CZ growth: layer of B2O3
above the melt helps prevent volatile loss

From Yu and Cardona: Fundamentals of Semiconductors
Springer Verlag 1996
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MnSi <110> seeded growth

Czochralski pulling furnace

CEA Grenoble (courtesy of Gerard Lapertot)
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Bridgeman and Stockbarger
Crystal pulling from congruent melt

Temperature Gradient

T gradient (ΔT) 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

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

Bridgeman
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Zone melting

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

Crystal pulling from congruent melt
Peaked temperature profile

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
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Floating Zone Purification of (Si) crystals

• Most atoms are more soluble in liquid 
than in solid

• Segregation coefficient is ratio of 
equilibrium concentrations of atom A:

KA = cA(solid)/cA(liquid) 

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

• For dillute limit of A in Si segregation 
coefficient is:

KA = sL/sS
where sL and sS are slopes of liquidus
and solidus curves

0.00 0.02 0.04 0.06 0.08 0.10
0.5

0.6

0.7

0.8

0.9

1.0

(L) + (S)

Solid (S)T

concentration of A

Tm Liquid (L)

Most impurities have K < 1 – if there is impurity with c0 in the solid rod, the first melted portion of the rod
will have Kc0 < c0. Concentration of impurities is higher in end parts, but molten zone can be remelted and
it will have c ~ Kc0 << 1
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Floating Zone Crystal Growth

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

• Main source of impurities is therefore 
eliminated

• Starting material is a polycrystalline rod 
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 
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 
surface tension forces

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

• Impurity level usually 100 times less than 
CZ growth

Crystal pulling from congruent melt
Peaked temperature profile

RF based

Lamp based
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Traveling solvent floating zone

TSFZ Furnace at BNL Courtesy of Genda Gu
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Starting the growth Starting the growth ……

Pushing up the rod toward the hot spot …
>> hemispherical melt
Lowering down the feed rod 
>> hemispherical melt
Contact ………Wait for thermal equilibrium Wait for thermal equilibrium ……
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Solid

Solid

Liquid

CCW rev.

CW rev.

Polycrystalline feed rod

Growth speed ≈ 10mm/h
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TheThe realreal lifelife ……

CEA Grenoble, courtesy of G. Lapertot
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ISU - Ames

http://www.aist.go.jp

TSFZ Furnaces
Two mirror, four mirror
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High pressure – 15 MPa (2200 PSI)
High precision pulling drives
> 0.1 mm/h, pressure independent

In situ control of lamp x-y-z position

Temperature up to 3000°C (5400 F)
Xe arc lamp 3 – 5 – 7 kW

In situ scan of zone temperature

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

IFW Dresden, Germany, Courtesy of Günter Behr

High pressure floating zone
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Micropulling

Optical Materials 30, 6 (2007)

Avoids large consumption of material (~ 1g)

Considerable crystalization speed (1mm/min.)

Crucible used as a shaper of material

Resistive, RF and other types of heating

Small diameters of grown crystals are possible
So that there is small ΔT in the core and periphery\

High temperatures and gas environments are 
possible

Device – size shaping is possible
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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

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, I

Inorganic (often complex) compounds 
InS, Sb2S3, Bi2O3, SnF2, KF, Na2B4O7….

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

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 Goal: to extract crystals appropriate for particular 
measurement + free of secondary phase influencesmeasurement + free of secondary phase influences

Making incongruently melting compound AB: X = Y, not AB
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Pr. H Le Chatelier 1850-1936

New Fe-As superconductors are made using this method

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

Crystal CeFe2 ≠
Ce0.33Fe0.66

Starting from Ce0.65Fe0.35

Tmax = 1050°

Tspin = 650°

Tantalum crucible

Molten Metallic Fluxes
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Step III : Open or closed ampoule: vapor pressure = f (T)

ZrZn2

SmRu4P12

MgB2

Yb, Eu....

Vapor Pressure
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Holding inside pressure ..........or not !

CEA Grenoble Courtesy of Gerard Lapertot
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The material choice depends on 
relative compatibility between
flux/crucible

Al2O3 90%    

Al2O3 [rare earth] ≤ 10%

Ta, Mo, W, Pt     5%

Y2O3, MgO, ZrO2 5%

Yb vapors may react with quartz wool

CeFe2 ⇒ Ta crucible

Step IV: crucible choice

Crucibles
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Al2O3/metal open
«CeIn3

»
Welded Ta crucible

«CeFe2
»

hybride cera-metal
«ZrZn2

»

initial final

Various quartz ampoule assembly
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poor chemical compatibility between materials

AluminumZinc, Zirconium

Chemical Compatibility

GdFe2 crystals and Ho9Mg34Zn57 quasicrystals from Ta crucible
I. R. Fisher and P. C. Canfield, 
Journal of Crystal Growth 225 (2001) 155–161

CEA Grenoble Courtesy of Gerard Lapertot
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- 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 (13$ for Al2O3 or MgO).

- possibility to discover new phases - EXPLORATORY

- quick to start an experiment.

- possibility for solid solutions, isotope.
drawbacks :

- better RRR compared all T >Tf methods like CZ, Bridgman, Zone melting
MnSi (140), YbRh2Si2 (130), YbCu2Si2 (120), 

- Tmax quartz 1200° (1500°, H.F.) 2 steps.

- Chemical compatibility issues.

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

- Annealing is ‘dangerous’

Advantages of flux growth :

Advantages and Disadvantages of Flux Method
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Al2O3 RRR 300-2K = 15
MgO RRR 300-2K 
a axis = 171
c axis = 212

CEA Grenoble Courtesy of Gerard Lapertot

1 10 100
0.01

0.1

1

 Zn
 In

ρ(
T)

/ρ
(3

50
K

)

T(K)

 

YbRh2Si2

Flux and crucible interference
J. Cryst. Growth 304, 114 (2007)
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Example of Flux removal

J. Cryst. Growth 304, 114 (2007)

RRR = 10

RRR = 100

Zr

CEA Grenoble Courtesy of Gerard Lapertot
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Preferential solubility of components in crystals
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Flux crystal growth laboratory

CEA Grenoble Courtesy of Gerard Lapertot Petrovic lab at BNL

Petrovic lab at BNL Petrovic lab at BNL
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Incongruent AND congruent melters

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

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

Growth of MgB2 crystals: J. Karpinski et al., 
Physica C 385, 42 (2003)
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High Pressure Crystal 
Growth

Growth of MgB2 crystals: J. Karpinski et al., 
Physica C 385, 42 (2003)
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High Pressure Crystal Growth
Growth of MgB2 crystals: J. Karpinski et al., 
Physica C 385, 42 (2003)

High TC cuprate oxides: Super.Sci.Technol. 12 R153 (1999)
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Hydrothermal Crystal Growth
Chemical precipitation where solution-phase reaction occurs resulting in insoluble (sometimes crystalline) precipitate

Example: Synthesis of AgCl in aqueous solution

AgNO3 (aq.) + NaCl(aq) → AgCl(s) +NaNO3(aq)

Solvents are more effective in supercritical state – applied above (Tcr, Pcr) 
In the state where liquid and gaseous phase are indistinguishable solvent properties are enhanced

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

Hydrothermal bomb

T2

ΔT = T2 - T1 > 0

T1

Material is dissolved at the bottom
and transferred to the top by convection
Solution becomes supersaturated and
crystallization occurs on the seeds

Advantage: synthesis of materials at low T
Disadvantage: mineralizer source of impurities
Oxide, sulfide materials, aluminosilicate zeolites (porous solids) ~ few Å cavities
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Hydrothermal Crystal Growth Example
Growth of KTiOPO4 crystals: used in optical devices (lasers)

C. Zhang et al., J. Cryst. Growth 292, 394 (2006)
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Basics of Electrochemical Methos

Electrochemical cell example for LaOOH crystal growth
Zirconium crucible holds solution of La2O3 in electrolyte NaOH
Electrochemical deposition at T ~ 400ºC in 0.4V potential for 96h.

La2O3 + 2NaOH → 2NaLaO2 + H2O
NaLaO2 + H2O → La(OH)3 + NaOH
La(OH)3 → La3+ + 3OH-

La3+ cations are attracted to cathode. OH- are attracted to cathode by cations so

La3+ + OH-→ LaOOH + H2O

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

J. Cryst. Growth 304, 448 (2008) In general 3 methods of electrochemical crystal growth are possible:

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 K2Mo2O7 at 600ºC
K2Mo2O7 (l) → K2Mo4 (l) + MoO2 (C) + O (g)

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

Preparation of NaxWO3 (0≤x≤1)
Na2W2O7 (l) → (2/(2-x))NaxWO3 (C) + ((2-2x)/2-x)Na2WO4 (l) +(x/(4-2x))O2 (g)

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.
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Chemical vapor transport reactions
Phase1: Heterogeneous reaction on the starting solid

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

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

Two types of vapor transport reactions:

Endothermic ΔT = T2 - T1 > 0
Synthesis of PtO2: Pt (s) + O2 (g) ↔ PtO2 (g) (at 1200ºC)

Exothermic ΔT = T2 - T1 < 0
Cr purification: Cr (s) + I2 (g) ↔ CrI2 (g)

A reacts with a gas to form AB Reverse reaction at different place
(sublimation) results in reformation of A

Two transport mechanisms of AB: 
1. gas stream in open tubes (when the reverse reaction proceeds rapidly)
2. thermal convection in closed tubes (all other cases)

Gas flows (2-10 cm3/h) through ΔT, space where gas can stay for a long time is useful for sublimation
Surface exposure to gas flow enhances reaction at T2 (loose powders) – example PtO2 reaction.

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

Reactions with (quartz) tube
wall need  to be considered
(eg. Al transport in quartz).
Sometimes quartz needs to be
Protected  by alumina, coating.

Flow methods:

Thermal diffusion:

Consider endothermic reaction: 
Zn (l) + S (l) → ZnS (s) at 800ºC, but faster with I2 present
(0.5-5mg/cm3 volume of tube)

Other transport agents: Br2, NH4Cl, TeCl3 or K2PbCl6 (for Cl), 
HCl (using extra capilaries and valves)
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Chemical vapor transport mechanism basics

1. Flow method with carrier gas   iA(s,l) + kB(g) = jC(g)

Amount of A deposited at T1 is 
(difference between concentrations at 2 and 1):

nA/nB0 =  (i/j)[nC2/nB0 – nC1/nB0] =  iΔnC/jnB0 → nA = (i/j)[ΔPCnB0/PB0]

Where n ~ P. PC is equilibrium pressure

Can be adjusted with variable pressure gradient

T2 T1

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 ΔT=const. rate of diffusion decreases with increasing total P

At even higher P thermal convection contributes

10-3atm           ≤ P         ≤ 3atm.
molecular flow  diffusion     diffusion + convection

2. Most applications: closed tubes, P where diffusion dominates

nA = (i/k)nB = (i/j)nC

For PC<<PB
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