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Tecnologia de materiales y dispositivos
Programa

Fabricacion de materiales masivos
1.2. Métodos de crecimiento cristalino. Los diagramas de fases

1.1. Técnicas de sintesis.

1.3. Método Bridgman.
1.4. Método Czochralski.

1.5. Método THM.

1.6. Método de transporte en fase gaseosa.

1.7 Otros métodos.
1.8 Algunos ejemplos
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Tecnologia de materiales y dispositivos
Programa

-
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Fabricacion de capas delgadas

2.
2.1. Evaporacion en vacio.
2.2. Pulverizacion catédica.
2.6. Deposicidon quimica en fase gaseosa mediante organometalicos

2.3. Ablacion laser.
2.4. Epitaxia en fase liquida.
2.5. Epitaxia por haz molecular.
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Tecnologia de materiales y dispositivos
Programa

-
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B 87
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Técnicas de caracterizaciéon

3.
3.1. Difraccién de rayos X.
3.2. Microscopia electrénica.

3.3. Microandlisis.
3.4. Microscopia 6ptica.

3.5 Otras microscopias
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Crecimiento cristalino
(Crystal Growth)

Viene del griego: congelado por el frio

Implica una transformacién de fase

Transformacion de fase ordenada y controlada

Vamos a “mejorar” la naturaleza

VICENTE MUNOZ SANJOSE




=i = AL

£} Single Crystals

Single crystal: lattice extends the edges of the material, e.g.
a diamond

Single crystals are possible

Above their melting points, metals are liquids. The atoms
are randomly arranged and relatively free to move

On cooling to below the melting point, the atoms rearrange
forming the ordered, crystalline solid structure
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@ CE Polycrystalline

In most cases, solidification begins from multiple sites,
each of which can produce a different orientation

The result is a “polycrystalline”
material consisting of many small
crystals of “grains”

Each grain has the same crystal lattice, but the lattices
are misoriented from grain to grain
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Meétodos de Crecimiento

A partir de la fase liquida
— Transicion liquido — solido
A partir de la fase gaseosa

solido

— Transicién gas
A partir de la fase sélida

— Transicion so6lido — sdélido

VICENTE MUNOZ SANJOSE




&%  Dos opciones basicas

Crecimiento en Volumen Crecimiento de capas delgadas
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Estimated share of world production of bulk

506 3% B Semiconductors
10% 0 970

@ Scintillation crystals
10%
O Optical crystals

12% 60% O Acoustic optics crystals

OLaser &nonlinear crystals

OJewelry & watch industry
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8 & Métodos a partir de la fase
liquida

Con crisol
Bridgman vertical y horizontal
Czochralski
Sin crisol
Zona flotante
Verneuil
Skull
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@ 35 Métodos a partir de la fase

liquida

Métodos a partir de disolucion

Disolucién acuosa

Otros disolventes (THM y CTHM)
Métodos de flujo

Método hidrotermal

VICENTE MUNOZ SANJOSE
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@5 Métodos a partir de la fase
gaseosa

Transporte fisico PVT

Transporte quimico CVT

Metodos a partir de la fase solida

Recristalizacion

VICENTE MUNOZ SANJOSE




“ | Métodos a partir de la fase

Gaseosa

Sélida

Liquida

PVT
CVT

Sin crisol

Recristalizacion

Con crisol

: En disolucion
Bridgman [ Czocralski } THM
Zona flotante

VICENTE MUNOZ SANJOSE

En disolucion

Hidrotermal

Flujo

Otros
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Diagramas de Fase

Permiten un predisefio de la experiencia

Permiten una explicacion inicial de los resultados y/o
indican los caminos para modificarlos

Los diagramas de fases pueden ser :
Temperatura - Composicion ( en general a p.atm.)

Temperatura - Presion
Presion - Composicion

VICENTE MUNOZ SANJOSE
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Equilibrius tesperature

melting point
clepents

From Other Sources:

T4 ¢ Range

el
st Source
/

w,::l

ly welting:

liquid-selution: vange -

nonsigichiometric n.Lt
~flys - o

“low=T.: seluuem-

Couposu:.on-

N
“IMono- or Multicomponent

‘cangruent: ox~ineongruent=
melting and/or- vaporizati

solid- state-transitions

solubility 'in fluxes and

Vapor pressure

Growth:

e o ook =

o

solvents - Interface Kinetics ———

Interface Stability

/ Contsine: é

Grovt.h -Atposphere—+—-

’/

Heat-Mazss-Transfer é_____—— Viscosity (&,v)

Thermzl Stabilicy (v,2}

;;-”,Surface tension. (L)

Density change (s,t,v)

[T Chenical properties.
—-""——_ ~

Theml::onduér.‘i‘.vity (s,t,v)

Optical pr:zéer ies. (s,2).

Diffusion: coefficients: (s,2,
(bulk-and’ interface)

l—— Entropy of transition
T —————Interfacial free energy

F1q 4.1. Matama] parameters important for the selection of a crystal growth method, and their relation to growth

meters (center column) (s:

solid, ¢: hquld, viovapor) —

Disponibilidad e infraestructura disponible

VICENTE MUNOZ SANJOSE

16



i
s -
N VRN

e
ngPa
1200 11930
2
%0
1000 Lig.+8-zn P, asor. gt T .o
8-ZagP,ea-ZoP,
880° e g
300)
Lig.wanzng?,
60
wongp, winr,
419°
4o
Znvazn,?,
200
0% 75 5
n
Figure t: Disgramme de phase du syaceme Zn-P obcenu par Berak /4/.

VICENTE MUNOZ SANJOSE

17



T T T
. Hex BaTiOy 33 + Liguid
1618 )(- 600" 2
1600
4
1583° |- !
i Hex BaTidy 55
/
1500 | _tubic BaTiOy 33 Liquid

+

o, T
.

Liguid

o
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E ]
= ]‘ Cubic BaTidy 55 + Liguid
= i
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Fig.4.15. Section of phase diagram of 8a0-Ti0, system.
mission of Pergamon Press
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TEMPERATURE, °C

Diagramas de Fase

T y 1 r
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2500t 24‘0330'1 7541 4

50t 229028°
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i o
! gt o Hflr_ tHfir

I
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Figure 12. Phase diagram for the system Hf-Ixr
illustrating tvpes of compounds
(from Rudy, 1969).
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L | Crecimiento cristalino y caracterizacion
LB as de materiales semiconductores

Laboratorio de crecimiento

de materiales semiconductores

Cristales en volumen '
Preparacion de muestras '
Cristales en capas delgadas '

VICENTE MUNOZ SANJOSE
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firebrick
_Airebrick

—asbestos board

olatinum—_|
wire

aluminivm
cover

resistance
thermometer
fer temo. =7
ontrol

crystal -
sichrome

wencing cn
cent

thermoccuple-{~
for termp
measurement

Fig. 1.k, The Bridgman technique, Apparatis of the type shown has been used

with 2 wide range of materials with melting points up to about 1200 C. For

higher melting materials, other crucivles and furnace windings can be used.
Typical rates of lowering are in the range 5 to 100 mm hr-'.
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5‘“" Controladores y alimentacion
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Sistema de evacuacion de ampollas
ylo
control de presion

VICENTE MUNOZ SANJOSE
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Grafitado

VICENTE MUNOZ SANJOSE
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Sistema de desplazamiento

VICENTE MUNOZ SANJOSE

27



Isotermas y flujos de calor

i

)( \iluxdochlllur
/isotherme h_’&
Direction de 1 T othemes
i \\ . s e
croissance D 2ol
\ntarface /
liquide-solide
i Fig. A-IN-11

si dT/dr > 0, l'interface est convexe,
si dT/dr = 0, l'interface est plane, et

si dT/dr € 0, l'interface est concave.
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Método de Bridgman

Configuracion vertical

firebrick
_Airebrick

——_ashestos board

olatinum—_|
wire

B aluminiem
B {“cover
resistance : | asbestos flock
ihermomster. - = |Tinsuiater
for termo. . |
zontrol |- rnoten charge
i
crystal -

thermoccuple-|
for termp
measurement

sillca 7

Fig. 1.k, The Bridgman technique, Apparatis of the type shown has been used

with 2 wide range of materials with melting points up to about 1200 C. For

higher melting materials, other crucivles and furnace windings can be used.
Typical rates of lowering are in the range 5 to 100 mm hr-'.

VICENTE MUNOZ SANJOSE
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Método de Bridgman

Configuracion Horizontal

Desplazamiento del horno

VICENTE MUNOZ SANJOSE
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) _..f.\-_":'i - d-r.",!'_.:_!.:;
_~_.: :F': , .
‘@ #° Método de Bridgman
v
Configuraciéon Horizontal
Desplazamiento del gradiente de temperaturas

Figura 12.12. Sisrema de crecimiento para ¢/ 4sGa en barquilla horizontal, mosirando el
As,

perfil de temperarura: (1. 2, 3) elementos calefacrores. (4) fundide, (3) cristal. (6) exceso de

VICENTE MUNOZ SANJOSE
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9. Método de Bridgman
Configuraciéon Horizontal

Desplazamiento del gradiente de temperaturas

VICENTE MUNOZ SANJOSE




& H Control de la presion
en las
experiencias de crecimiento

sompie B i i

= < £ oy -

(a} (b)

Fig.4.38. Vapor composition control by the two-temperature wethod in (a) closed
and {b) open systems

VICENTE MUNOZ SANJOSE
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E®°  seed sublimation
(schematic)

Fig. 2.2: A typical 4H SiC

crystal grown with seeded

sublimation technique. The
flat growth front is clearly

seen on top of the crystal.

VICENTE MUNOZ SANJOSE
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Metodo Czochralski
(basic steps)

CEMS ANPCRC—UNIVERSITY OF MINNESOTA
CZOCHRALSKI CRYSTAL GROWTH OF SILICON
BASIC STEPS
PULL ROD i
CRUCIBLE  gggp < n™ <g>

N N wrtr
S, meLr L
MEL;I'ING CONTACT SHOULDERING
op™ 4

i i

L )

s

GROWTH WITHDRAWAL COOLING

F.de Almeida—ORNL, Chem. & Energy Res. Sec. of Chom, Tech, Diision

15008 2
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Metodo Czochralski
schematic)

Figura

Tdn " de um tipe C, 1) elemenic
agermenes. (3} germen, (4) criseal, (3) fundide, (8) crisol.

VICENTE MUNOZ SANJOSE
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Meétodo Czochralski

6 BASIC CONCEPTS [cu. 1,52

1 1o rotaticn ond hydroulic
i puiling mechanisms

LN

anoises
.5 | |
Y| 1
| g [ J———
i » H
7 i —— Pyrex
arephite crucisie ¥l
~ Il A
tronstucent .
sitica radiation by 3
e A
B bicis 1 coit
control thermocouple —
water-conling
[

Fig. 12, A pulliog appacatus of the type widely used 1o grow semiconductor
=
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B Zona flotante
(esquema)

i -
| - - &
N

Fig. 1.4. The floating zone method.
In this method a molten zone is main-
tained by surface tension in the rod of
solid and is moved slowly (usually up-
wards at a rate of a few cm hr=!).
Symmetry is maintained by rotation
of either or both the solid parts of the
rod. The method is most easily applied
to materials with large surface
tensions — silicon and a variety of
metals.
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Zona flotante
(esguema)

VICENTE MUNOZ SANJOSE
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e
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%
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- -+
=
%3 2 S

(esquema)

oxygen~-fj'

hydr‘ogen—:jr
L=
i _t seed crystal
lirebrick- cemented to
,\‘\D rod
L
l “alumina rod
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Método Verneuil

g 130 The Verncuil method. A
fine dry powder ol the malerial to be
srown s siaken througi the wire mesh

Ulatls through the oxy-hydrogen
ne inowhich it melts. A film ol
dauid s Tormed on top of the seed

stal. This freezes progressively as
e erysial s slowly lowered (a few
nun he™'), To maintain symmetry the
seed Js rotated fusually at about 10
r.pay) The art of the method is to
Galance the rate of powder feed and
the rate of lowering to maintain a
constant growlh rate and diameter.
The method is used extensively for the
production of ruby crystals.
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Metodo Verneull
(esquema)

ol (pe wojen caly wug o Buse (e ek ponje

Toy e Enf et e (€ (0 IIELGIEG (16 IIIGIGL I[N GACT]|0M
e e geflnzice: (p) (o a0 BLomp of (e ueck [Lour 3 (o
ongo apnmig g | pe bomeges anbbph aug s phagroBeu-oxiBey
rpoIgIe: (4) (DLIBHON O] 2IIEL CONG S couiL] welf quobjer
LIR 1 piukee of guwe-praion Bromip of piEp-weimE oxiez

&

Pt =

bOMGEL
LI MY 660
hqobeu-guhBen

Figure 12 The relatively .sin
(Rerirged- froors 2. T ¢
Part A, C
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Modificaciones del principio de
Verneull
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Técnica de disminucion de la
temperatura

"
AL

8 —
%
2
2
2

o4
7

Figura 12.1. Técnica dz crecimientg por descenso de lg temperatura: (1) elemento calefacic

(2) cubeta de crecimiento, (3) germen. (4) capa aislance de parafina. (5) termdmeiro
conracto, (6) agitador. (7) tapas de mergcrilaco, (8) aisiance lateral de fieltro. (9) cudera
baro.
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X &
T

Técnica de gradiente de la
temperatura

Figura 12.3 Técnica de crecimiento mediante gradiente de temperarura: (1) calefactor. (2)
cuverg de crecimienio, (3) germen, (4) cermdmetro de contacto. (5) agitador doble, (8) tapa de
metacrilato, (7) capa dé parafina. (8) arrollamienta de agua, (9) aislance de freliro.
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g ﬂ Técnica de evaporacion a
“C.®  temperatura constante

P

= AL =

[

ANTEN

Figura 12.2 Modificacidn de la técnica de crecimiento mediante evaporacion a temperacurc
consrante: (1) desecance, (2) aislante, (3) germen, (4) cudeta de crecimiento.
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Figura 12.4 Dispasitivo de crecimiento en gel: a) tudo de ensayo, b) wbo en «(w, ¢) modelo
de tres capas. (1) componente 4, (2) componente 8, (3) componente B+gel, (4) gel.

VICENTE MUNOZ SANJOSE
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Método PVT

Figura 12.5. Teonice de crecimianta medienee FYD: (1) criztal. (1) ampaoila de crecimignre
genergiments d¢ cuzo. (1) nuiriente, (4) elementos calefaciores. (5} cierre o topdn, (6)
ampolla sxternc. generaimence de alimina, (7) extracier de caler

VICENTE MUNOZ SANJOSE
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Método CVT

w

Figurz [2.3. Téemica de crecimienio CVD zn un sist
verios elementos celefactores. (2) perrli e cemper
() criswal.

2mas o) con germen, ¥ &) six garmen, (i
uritizado. (3) autrience, (4) germen.

Graphite
wall

VICENTE MUNOZ SANJOSE
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Control de la presion
& ﬂ en las

experiencias de crecimiento

A

o

H

=5 sample __ igg,;t
(a)

(b)

Fig.4.38. Vapor composition control by the two-temperaturc method in {(a) closed
and (L) open systems

VICENTE MUNOZ SANJOSE

49



LT
B
4,

-
%

a3 = Al

et
- a
Lo %

i

A2
Wim "

#F

i -
| - &
AR

Control de la presion
en las

experiencias de crecimiento

S/)P
_ ___ vocuum /inert gas

§ — BU({) boiling

T TP

*somple

Fig.4.39. Vah Doorn - method for heating materials in vapors of externally
controlled pressure. Temperature profile and experimental scheme
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_:“fb ""’-:1 ,
') Método Skull
_‘:“"B '..-S:
-
-
2
7/ | \ 577 7|
A __s
c

o
L=}

Vs //
‘/, s
a i
Erapes en ¢l _crecimiento por of método Sikull. a: imciglmente lg carga sin
i

Fundir, b: erapg iniermesis con iona fundide. y cr ¢rgpa final. (1} carga. (2) jundide, (3]
cristales, (4) crisol, (J) elementn calefaceor.

Figura 12.9.

VICENTE MUNOZ SANJOSE




."“'?' = AL ;

X
-

FiA LITy
*

u
&

b

g a;

R

7
"""h “Hn

Metodo de flujo

]
3. V’//'s-%‘;: 7
2z

Figura 12.16. Equpo pare crecimient gor méode de flujo, mediante descenso lenro de
remperacura: (1} wermopares de medide. (2) slemento calefocror, (3) aistentes. (<) (ermopar de
control. (3} crisel, (6} cristaler.
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Meétodo hidrotermal
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Figura 12.17. Méiods Hidrorermal: (1} disolucidn del mingralizader v of maceriat a crece
(3} germean, [3) elementos calefactores, (4) aurociave.
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Hydrothermal Crystal Growth

= KTP High Pressure Autoclaves
S = Growth temperature ~600°C.
* Pressure up to 25,000 psi.
= Growth time up to 10 weeks.
= Continuous power and
temperature monitoring
required.
= Advantages:
= High gray-track resistance.
= Superior material quality.
= Gold Crucibles
= 5-9's pure gold required.
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