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MBE = Atomic Spray Painting




When GaAs Is Heated ...

J. Phys. Chem, Solids Pergamon Press 1967. Vol. 28, pp. 2257-2267. Printed in Great Britain.
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Abstract-—Mass spectrometric and weight loss measurements of the species effusing from a
Knudsen cell containing GaAs were used to obtain vapor pressures over the temperature range
900-1200°K. The Asg[As, ratio was observed in these measurements to be substantially larger than --3r-— -

previously reported(?-® when precautions were taken to prevent the buildup of arsenic vapor in the -
mass spectrometer ionization chamber. A third law treatment of the data gave enthalpies for the Q
reactions: 0 —al-
GaAs(,) - Ga(.)+§A82(,) AHgggo = 449 kcal 1
GaAs, > Gay+$Asawy  AHzes® = 294 keal 8
2As3¢) —> Asyiny AHj44° = —62-5 keal -4
GaAsq) > Gagy+Asp AHj9° = 155 keal -5 —
These results were used to correct Thurmond’s calculations of vapor pressures and activity coeffi-
cients along the GaAs liquidus.®?
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F1G. 5. Equilibrium vapor pressures of As, Asp, Asq and

Ga along the binary liquidus as a function of 71,

Pressures of As; and As, over pure solid and liquid As
are also shown.




Consider Evaporation of PbO
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R.H. Lamoreaux and D.L. Hildenbrand, 0 e e e
“High-Temperature Vaporization Behavior of Oxidesl. Oxides of Be, Mg, Ca,
Sr, Ba, B, A|, Gaq, In, T|, Si, Ge, Sn, Pb, n, Cd, and Hg,” FIG. 55. PbO vaporization in 0.2 bar O,.

J. Phys. Chem. Ref. Data 16 (1987) 419-443.



Key Enablers of MBE

e “3-Temperaturaufdampfverfahren™
for Growth of IlI-V Semiconductor Films by
Vacuum Evaporation
K.G. Gunther, “Aufdampfschichten aus
halbleitenden I11-V Verbindungen,” Zeitschrift fir
Naturforschung A 13 (1958) 1081-1089.

e Reliable UHV Sealing Technology
W.R. Wheeler and M. Carlson, “Ultra-High Vacuum
Flanges,” Transactions of the Eighth National
Vacuum Symposium, edited by L.E. Preuss
(Pergamon, New Y ork, 1962), pp. 1309-1318.
M.A. Carlson and W.R. Wheeler, “Metal Vacuum
Joint,” U.S. Patent #3,208,758 (Sept. 28, 1965).



Epitaxial GaAs by

3-Temperature-Technigue
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Fic. 1. GaAs film evaporation system: (A)
Pirani gauge; (B) electrical contact to diode
structure; (C) thermocouple; (D) metal
flanges and viton gaskets as an entrance port
for loading system; (E) particulate valve;
(F) circular Ta plate; positive electrode in
diode structure; {G) quartz rods which ex-
tend the length of the envelope and which
guide the substrate carrier.

J.E. Davey and T. Pankey, “Epitaxial GaAs Films Deposited by Vacuum Evaporation,”

Journal of Applied Physics 39 (1968) 1941-1948.



UHV Seals—Varian Conflat®

M.A. Carlson and W.R. Wheeler, “Metal Vacuum Joint,” U.S. Patent #3,208,758 (Sept. 28, 1965)



Evolution of MBE
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MBE production tool performance data

HIGH YIELD

UNIFORMITIES /7 Wafer Thickness < +0.5%
Composition < += 0.5 %
Doping < 1 %
REPRODUCIBILITY  Source material: supply consistency
Stable process and monitoring: < 2%

HIGH THROUGHPUT

VERY HIGH UPTIME > 94%, run 6 to 9 months, 7 days/wk, 24/24
RUN CAPABILITY 13x2"° or5x3’'’,4x6" " or 9x4’' ', (4x8’ ") 7x6’’
RUN SWITCHING less than 2 minutes (platen exchange)

10 May ‘03



Reflection High-
Energy Electron
Diffraction (RHEED)

Oscillations

Specular beam spot

Flucrescent
screen

Incident
beam

FIG. 1. Schematic diagram of RHEED geometry showing the incident beam
at an angle & to the surface plane; azimuthal angle ¢. The elongated spots
indicate the intersection of the Ewald sphere with the 01, 00, and 01 rods.

B.A. Joyce, PJ. Dobson, J.H. Neave, K. Woodbridge,
J. Zhang, PK. Larsen, and B Bolger,
Surface Science 168 (1986) 423-438.

B. Bolger and P. K. Larsen, Review of Sientific
Instruments 57 (1986) 1363-1367.



Quantum
Cascade Laser

Yanbo Bai
http://www.yanbobai.com



What i1s MBE?

(a) Molecular-Beam Epitaxy
(b) Mega-Buck Evaporator

(c) Many Boring Evenings

(d) Mainly Broken Equipment

(e) All of the above
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MBE for Science /7 Technology

e 1998 Nobel Prize in Physics—
Fractional Quantum Hall Effect

e Horst Ludwig Stormer
e Daniel Chee Tsul
e Robert B. Laughlin

e 2000 Nobel Prize in Physics—
Semiconductor Optoelectronics

e /hores Ivanovich Alferov
e Herbert Kroemer



Modulation Doping

R. Dingle, H.L. Stérmer, A.C. Gossard, and W. Wiegmann, Applied Physics Letters 33 (1978) 665-667.

W.P. McCray, Nature Nanotechnology 2 (2007) 259-261.



Modulation Doping

<+—— Si-doped AlGaAs > < Undoped GaAs ———»

Figure 1. Band diagram showing the formation of a two-dimensional electron gas (2DEG)
at a Si-doped AlGaAs—GaAs heterojunction. More. E¢ is the value of the Fermi energy, and
E. gives the energy of the conduction band edge.

J. Mannhart, D. H. A. Blank, H. Y. Hwang, A. J. Millis, and J.-M. Triscone,
“Two-Dimensional Electron Gases at Oxide Interfaces,” MRS Bulletin 33 (2008) 1027-1034.




Mobility Achieved with MBE
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J. Falson, Y. Kozuka, M. Uchida, J. H. Smet, L. Pfeiffer and K.W. West, Physics E 20 (2003) 57-64.
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Scientific Reports 6 (2016) 26598. D.G. Schlom and L.N. Pfeiffer,
Nature Materials 9 (2010) 881-883.



Mobility Achieved with MBE

J. Falson, D. Maryenko, B. Friess, D. Zhang, Y. Kozuka, A. Tsukazaki, J. H. Smet, and M. Kawasaki,
Nature Physics 11 (2015) 347-351.
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/ (SrTiO;3 ).

Superlattice

MBE of Quantum Mater

Teal = Ti

E.J. Monkman, C. Adamo, JA. Mundy, D.E. Shai, JW. Harter,
D. Shen, B. Burganov, D.A. Muller, D.G. Schlom, and K.M. Shen,
Nature Materials 11 (2012) 855-859
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Transport of SrRuO, Films

Best PLD Film Best MBE Film
Psook ! P1ok = 14.1 P3ook /! Pax =76

32 nm SrRuQO; / (100) SrTiO,

~20 nm SrRuO; / (110) NdGaO, H.P. Nair, Y. Liu, J.P. Ruf, N.J. Schreiber,S-L. Shang,
D.J. Baek, B.H. Goodge, L.F. Kourkoutis,
Z K. Liu, K.M. Shen, and D.G. Schiom,

D. Kan, R. Aso, H. Kurata, and Y. Shimakawa, _
APL Materials 6 (2018) 046101.

J. Appl. Phys. 113 (2013) 173912 .
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Nuts and Bolts of Oxide MBE

= Mean Free Path (maximum P )
e MIinimum POZ’ need for POB’ Optimal T,
e MBE System, Sources, and Crucibles

e Composition Control
eAdsorption-Controlled Growth
Flux-Controlled Growth

e Substrates



Maximum O,, Pressure for MBE
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D.G. Schiom and J.S. Harris, Jr., “MBE Growth of High T, Superconductors,” in:
Molecular Beam Epitaxy: Applicationsto Key Materias, edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), pp. 505-622.

5 B P P P P P
- - (@) o o O (@) o
N = o - N w IS o1




O, Needed to Oxidize Constituents
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O, Needed to Oxidize Cuprates
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D.G. Schlom and J.S. Harris, Jr., “MBE Growth of High T, Superconductors,” in:
Molecular Beam Epitaxy: Applicationsto Key Materials, edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), pp. 505-622.




Superior Oxidants
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D.G. Schlom and J.S. Harris, Jr., “MBE Growth of High T, Superconductors,” in:
Molecular Beam Epitaxy: Applications to Key Materials,
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Oxygen vs. Ozone

Oxygen:
o Easy to use — directly from the cylinder

 Depending on material, films are oxygen-
deficient

Ozone from ozone generator:
e Around 15 wt% O4 in O,

* As O, easily decomposes, one O, is similar to
one O radical

* Higher wt% not achievable, saturation of O,
concentration

Distilled ozone:
e Can provide 80-100 wt% pure O,
« Better film oxidation, wider process window

e But: Gas is explosive above 10 Torr (absolute),
liquid is explosive and shock-sensitive




Vapor Pressure Oxygen vs. Ozone

Temperature T (K)
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. FIG. 4. Va'po_r pressure of ozone and oxygen as a function of temperature.

S. Hosokawa, and S. Ichimura, “Ozone Jet Generator as an Oxidizing Reagent Source for
Preparation of Superconducting Oxide Thin Film,” Review of Scientific Instruments 62 (1991) 1614-1619.



Ozone Safety Concerns

A.C. Jenkins, “Laboratory Techniques for Handling High-Concentration
Liquid Ozone,” in: Ozone Chemistry and Technology, Vol. 21 of
Advancesin Chemistry Series, (American Chemical Society,
Washington, D.C., 1959) pp. 13-21.



Ozone Safety Concerns

OZONE FOR ROCRKRETS
Concentrated liquid ozone has been pro-
posed as a rocket fuel by Prof. Clark I
Thorp of the Illinois Institute of Tech-
nology, who recently disciosed advances
made at the Institute by which ozone can
be handled with safety. Ozone is a {form
of oxygen with three atoms to the mole-
cule mstead of two as i ordmary life-
supporting oxygen. By demonstrating that
it can be safely manufactured, Professor
Thorp stated, the door has been opened
for tonnage production. During World
War II, German scientists worked over-
time on an ozone-propelied rocket de-

signed to bombard New York City from

European launching platforms. But they
were unable to discover the secret of
handling ozone without spontaneous deto-

nation.

“Ozone for Rockets,”
Ordnance: The Journal of the Army
Ordnance Association 36 [187]
(July-August 1951) pp. 108-110.



Ozone Distillation (U. Minnesota)
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FiG. 1. Ozone-production and storage apparatus. During production of
ozone, the still heater is off and the outer test tube surrounding the still is
filled with liquid nitrogen.

D.D. Berkley, A.M. Goldman, B.R. Johnson, J. Morton, and T. Wang,
“Techniques for the Growth of Superconducting Oxide Thin Films Using Pure Ozone Vapor,”
Review of Scientific Instruments 60 (1989) 3769-3774.



Ozone In Silica Gel—Union Carbide

Separation of Ozone from Oxygen
by a Sorption Process |

G. A. COOK, A. D. KIFFER, C. V. KLUMPP, A. H. MALIK, and L. A. SPENCE

Research and Development Laboratory, Linde Co., A Division of Union Carbide Corp.,

Tonawanda, N. Y.
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Figure 7. Simpliﬁed flow diagram for two-stage transfer process

G.A. Cook, A.D. Kiffer,, C.V. Klumpp, A.H. Madlik, and L.A. Spence,

L _ AIR_STREAM

Ozone .is separafed from oxygen by adsorption on
refrigerated silica gel, followed by desorption, either
in pure form at reduced pressure, or diluted by air,
nitrogen, argon, or other gas not strongly adsorbed
on silica gel. This is a practical method, free from
hazard when correctly performed.

“Separation of Ozone from Oxygen by a Sorption Process,” in: Ozone Chemistry and Technology,
Vol. 21 of Advancesin Chemistry Series, (American Chemical Society, Washington, D.C., 1959) pp. 44-52.



Ozone In Silica Gel—Union Carbide

Safety Tests

An electric spark was passed between tiwvo tungsten electrodes within the gel bed.
No explosions took place at —105° C. with loadmgs as high as 21 grams of ozone per

100 grams of gel.

A piece of fine iron wire was placed in the bed of gel and ignited by passing an
electric current through 1t. With a loading of 9 grams of ozone per 100 grams of gel,
a test was made at —78° C. After ignition of the wire, a glow in the vessel was
observed, but no explosion took place. With a loading of 20 grams of ozone per 100
agrams of gel at —105° C., a dull pop was heard when the wire was ignited, most of the
ozone changed to oxygen, and the gel was extensively pulverized. ThLe glass container

was broken but not shattered.

G.A. Cook, A.D. Kiffer,, C.V. Klumpp, A.H. Madlik, and L.A. Spence,
“Separation of Ozone from Oxygen by a Sorption Process,” in: Ozone Chemistry and Technology,
Vol. 21 of Advancesin Chemistry Series, (American Chemical Society, Washington, D.C., 1959) pp. 44-52.



Ozone In Silica Gel
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D.G. Schlom and J.S. Harris, Jr., “MBE Growth of High T, Superconductors,” in:
Molecular Beam Epitaxy: Applicationsto Key Materials, edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), pp. 505-622.



Process Control

« Safety committee requirements led
to development of fully integrated
process controller

 Controller monitors all process
equipment and parameters

e Countermeasures if close to critical
limit

« Self-test of equipment before
process start

 Fully automated operation

* No need to manually watch ozone
process, user can focus on MBE
growth!!!




Ozone System Passivation
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Fig. 4. Relationship of ozone concentration with thickness of pas-
sivated film formed at atmospheric pressure and 20°C. '

K. Koike, G. Inoue, T. Takata, and T. Fukuda,
Ozone Passivation Technique for Corrosive Gas Distribution System,”
Japanese Journal of Applied Physics 36 (1997) 7437-7441.



Pros and Cons of Ozone

e Pros

- Excellent Oxidant
(about 1000x more powerful than O,)

- 80% Ozone (+20% O,) Delivery Possible to the
Substrate

- No Energetic Species (thermal ozone beam)
- Inexpensive (if you make it yourself)

e Cons
- Safety (Ozone still issues)
- Safety (Pump issues)

- Need Ozone-Compatible UHV Leak Valve
- Need to Passivate Ozone System



Nuts and Bolts of Oxide MBE

Optimal T,
e MBE System, Sources, and Crucibles

e Composition Control
eAdsorption-Controlled Growth
Flux-Controlled Growth

e Substrates



Surface vs. Bulk Diffusion

Assuming growth rate of
0.1 monolayer/sec

=T,,, for smooth epitaxial films
(growth by step propagation)

=T, for epitaxy

Thax = Optimal Growth Temperatures

0.55< & < Q.7 for semiconductors

melt

0.35< & < 0.4 for metals

melt

0.1< Ton < 0.4 for smple ceramics

melt

M.H. Yang and C.P. Flynn,
Physical Review Letters 62
(1989) 2476-2479.



Universal Diffusion Behavior of Metals

D=D e "

C. Peter Flynn, Point Defects and Diffusion (Oxford, 1972) pp. 783-785.



Determining Surface Diffusion from

RHEED Oscillations

J.H. Neave, P.J. Dobson, B.A. Joyce, and J. Zhang,
Applied Physics Letters 47 (1985) 100-102.

Incident
beam

FIG. 1. Schematic illustration of the principle of the method, showing the
change in RHEED information as the growth mode changes from *'step
flow” to 2-D nucleation. Steps lie along [100].



Surface vs. Bulk Diffusion

Assuming growth rate of
0.1 monolayer/sec

=T,,, for smooth epitaxial films
(growth by step propagation)

=T, for epitaxy

Thax = Optimal Growth Temperatures

0.55< & < Q.7 for semiconductors

melt

0.35< & < 0.4 for metals

melt

0.1< Ton < 0.4 for smple ceramics

melt

M.H. Yang and C.P. Flynn,
Physical Review Letters 62
(1989) 2476-2479.



Surface Energy Considerations

K.-N. Tu, JW. Mayer, and L.C. Feldman,
Electronic Thin Film Science for Electrical Engineers and Materials Scientists (Macmillan, 1992).



Thermodynamic
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Fig. 8343 —Pseudobinary system AlAs-GaAs.

K. Y. Ma, S. H. Li, and G. B. Stringfellow, ‘‘P, As, and Sb
Phase Diagrams’’, Special Report to the Standard Reference
Data Program, National Institute of Standards and Technol-
ogy; Gaithersburg, Maryland (1987).
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K. Y. Ma, S. H. Li, and G. B. Stringfellow, ‘‘P, As, and Sb
Phase Diagrams’’, Special Report to the Standard Reference
Data Program, National Institute of Standards and Technol-
ogy; Gaithersburg, Maryland (1987).



TEM of MBE-Grown Superlattices

AlAs / GaAs

PLTiO, / SrTiO,

o v\ OGS \:_\'. ‘q

D
»

- A
}\': N

A\

'y
Li- quv~~
AR

.:.:.

SR R

AN lll

OO0 R

o ~\‘-\ o

U
S y‘f¢¢/’ . .\\\ \\
4 AN RN - aZ\\\\ "
5.;0. LS \\. _:“.\ \“\ \\.\\_ DRI \; A SONEN
. \::\ mEASASARA AR R AR RS AR s
..... e s aa sl .-...“t.‘.ﬁ“‘\‘hok-\!\\l.\!.h - -

C.D. Theis
(1% Generation Schlom Group)

A K. Gutakovskii et al .,
Phys. Stat. Sol. (a) 150 (1995) 127.

D.G. Schlom et al .,

ol

N . RS S \‘A- \\%::;\1
A \-‘&‘ Q-“\:"\Q} N N R NN
.;st@e > :§§§§:§HNRS$:§§ \\\} s :Sss\‘\\v;3§;;\sigﬂz 3 .

BaTiO4 / SrTiOq

cese U
.o CEBEEBIREIERIN .
senes

sssesmesnes
seesssvssnes
*sEsrNen

J.H. Haeni
(2nd Generation)

HRTEM—Pan Group (Michigan)
Mater. Sci. Eng. B 87 (2001) 282.



From the observed
morphology,
which likely has the
higher surface energy?

(a) GaAs
(b) AlAs

(c) They appear to have the same
surface energies



Increased Interface
Roughness and
Clustering at
Non-Optimal
Growth Conditions e e s o epae ame

W. Barvosa-Carter, M.E. Twigg, M.J. Yang, and L.J. Whitman, Physical Review B 63 (2001) 245311.



Nuts and Bolts of Oxide MBE

e MBE System, Sources, and Crucibles

e Composition Control
eAdsorption-Controlled Growth
Flux-Controlled Growth

e Substrates



Oxide MBE System




Oxide MBE at Brookhaven Nat. Lab.




Oxide MBE + ARPES

Collaboration with Kyle Shen (Cornéell, Physics)



Automated Veeco GEN10 Oxide MBE
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Sources for Oxide MBE

o Effusion cell
(resistively heated
thermal evaporators, up
to 2000 °C), material in
crucible

e Ti-ball source
titanium sphere with
resistive heater inside

* e-gun evaporator
for extremely low vapor
pressure materials (W,
Ru, etc.)
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sources; the TiBall® developed by Harra and Snouse(42)
and a smaller, radiantly heated source developed by Welch.

CAPTURE PUMPING
TECH NO LOGY KIMO M. WELCH

An /n tro d ue tl- on Brookhaven National Laboratory, Upton, NY, USA



MBE Effusion Cells




Arrhenius Plot of Vapor Pressure

P =P, exp(-AH /k;T)

NP =Inp (AH )( 1) so plot log(P) vs 1/T : straight line if AH is constant
=InP,-[ ==

T (note small or no change in slope at melting point)
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Binary Alloy Phase Diagrams,
edited by T.B. Massalski (ASM International, 1990).



Binary Alloy Phase Diagrams,
edited by T.B. Massalski (ASM International, 1990).



Binary Alloy Phase Diagrams,
edited by T.B. Massalski (ASM International, 1990).



What crucible would you use
for Pb in MBE?

(a) Ti
(b) Mo

(c) W



Kurt J. Lesker, Co. Catalog
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Kurt J. Lesker, Co. Catalog
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C-V, Sr-V, Ti-V, and W-V Phase Diagrams
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What crucible would you use
for V in MBE?

(a) C
(b) Sr
(c) Ti

(d) W



