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Nuts and Bolts of Oxide MBE 
How to grow your favorite oxide by MBE? 

 

• Lecture #2—Growth Conditions, Sources, and 
Crucibles 

• Lecture #3—Composition Control and 
Calibration 

• Lecture #4—Epitaxy, Substrates, and 
Crystal Growth 



Nuts and Bolts of Oxide MBE 

• Mean Free Path (maximum PO2
) 

• Minimum PO2
, need for PO3

 

• Optimal Tsub  

• MBE System 

• MBE Sources 

• Crucibles 



Maximum O2 Pressure for MBE 

D.G. Schlom and J.S. Harris, Jr., in Molecular Beam Epitaxy:  Applications to Key 
Materials, edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), pp. 505-622. 
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O2 Needed to Oxidize Constituents 
2 Bi + O2 ↔ 2 Bi2O3
2 Pb + O2 ↔ 2 PbO

4 Ta + 5 O2 ↔ 2 Ta2O5
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O2 Needed to Oxidize Constituents 
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Si + O2-> SiO2

2 Sb2O3 + O2 -> 2 Sb2O4

2 Mn2O3 + O2 -> 4 MnO2

4 Fe3O4 + O2 -> 6Fe2O3

2 Pb + O2 -> 2PbO

2Pb + O2 -> 2PbO gas

6 PbO + O2 -> 2 Pb3O4

2 Cu2O + O2 -> 4 CuO

4Ag + O2 -> 2 Ag2O

4/3 Bi + O2 -> 2/3 Bi2O3

2 Pd + O2 -> 2 PdO

Pt + O2 -> PtO2 gas

PO3 1e-10PO3 1E-8
PO3 1E-6

6 CoO + O2 -> 2Co3O4

2Sb2O4 + O2 -> 2Sb2O5

2Ti4O7 + 02 -> 8TiO2

4Mn3O4 +O2 -> 6Mn2O3

4/3 Sc + O2 -> 2/3 Sc2O3

4/3 Al + O2 -> 2/3 Al2O3

4/3 Ga + O2 -> 2/3 Ga2O3

 Ru + O2 -> RuO2

Ir + O2 -> IrO2

4/3Au + O2 -> 2/3Au2O3

2Fe + O2 -> 2FeO
6FeO +O2 -> 2Fe3O4

4/3Cr + O2 -> 2/3Cr2O3

2Cr2O3 + O2 -> 4 CrO2

2CrO2 + O2 -> 2CrO3

W+O2 -> WO2

2WO2+ O2 -> 2WO3

Ir + O2 -> IrO2 gas

4/3 Sb + O2 -> 2/3 Sb2O3

2 V2O4 +O2 -> 2V2O5

 2V2O3 + O2 -> 2V2O4

 4VO + O2 -> 2V2O3

 2Zn + O -> 2 ZnO 2Mg + O -> 2 MgO

4In + O2 -> 2In2O gas

4/3 In + O2 -> 2/3 In2O3

Ge + O2-> GeO2

2Sn + O2 -> 2SnO gas

2 Ni + O2 -> 2NiO

PO3 6E-6
★(SrFeO3, Hong et al, APL, 2017)

plot by Jake Sun 
 
data from 
I. Barin, 
Thermochemical 
Data of 
Pure Substances, 
3rd Ed., Vol. I and Vol. II (VCH, Weinheim, 1995).  



SrFeO3–x Example with Ozone 

Thin films of SFO with a nominal stoichiometry of
(1:1:3) are unstable, and the resistivity can change an order of
magnitude in air at room temperature in one day, as reported
by Enriquez et al.18 Our samples also decay with time but
more slowly as shown in Fig. 3(a). We have measured the
resistivity of the SFO film under different ageing/annealing
conditions. For one of the films, metallic behavior with a
small upturn around 50 K can be seen when an extra in-situ
anneal (650 !C and 6:0 " 10# 6 Torr for 2 h) was carried out a
day after growth, keeping the film under vacuum. After age-
ing for a week or longer (11 days) in ambient conditions, the
resistance increases slowly at room temperature and is still
metallic above the 60 K transition point, while the upturn
at low temperatures becomes increasingly pronounced. To
speed up this process, we heated the film up to 100 !C in
the PPMS cryostat in a rough vacuum with $ 5 Torr of He
exchange gas. After 1 h’s annealing, there is a jump of resis-
tivity to 1150 lX cm and further to 1500 lX cm after 2 h
where the sample became totally insulating. We note that for
the insulating samples, the resistivity shows a change in the
slope towards less insulating behavior at the lowest tempera-
tures. Furthermore, while the room temperature resistivity of
our films did not increase much over several annealing steps,
there are large increases in the low temperature resistivity as
the film becomes progressively more insulating. As shown in
Fig. 3(a), after a 2 h0s PPMS vacuum anneal at 100 !C, the

resistivity at qð300 KÞ increases by a factor of two, while the
resistivity at qð10 KÞ increases by nearly 104.

To revert from the insulating to the metallic state, we re-
annealed the PPMS annealed film in the 6:0 " 10# 6 Torr
ozone atmosphere at 500 and 200 !C. As shown in Fig. 4(a),
prior to ozone annealing, the films are insulating. We first
annealed the SFO film at 500 !C, 6:0 " 10# 6 Torr ozone for
1.5 h. We note that this annealing condition is close to the
one used for in-situ annealing one day after growth, shown
in Fig. 3(a), after which the room temperature resistivity
only increased slightly, along with an upturn at low tempera-
ture. The result at 500 !C, 6:0 " 10# 6 Torr ozone suggests
that the ozone uptake is relatively slower than losing oxygen
under these conditions. To slow down the reduction process,
we further annealed this highly insulating film at 200 !C,
6:0 " 10# 6 Torr ozone for 4 h. The film reverts to a metallic
state with two transitions clearly visible, as shown in the
green curve of Fig. 4(a). Presumably, the lower temperature
of 200 !C slows down the reduction process, and the pressure
of ozone at the surface is sufficient to drive O atoms into the
film. Compared to the reported high-pressure annealing, our
annealing procedure can be carried out in the growth cham-
ber which may be more convenient. However, we find that
the “regenerated” films are less stable and lose oxygen more
readily (resistivity increases substantially in hours vs days of
ageing for the as grown film).

FIG. 2. (a) Resistivity versus temperature during cooling (black curve) and warming (red curve). Two transition points at 110 and 60 K can be clearly seen,
with hysteresis around 60 K between cooling and warming. (b) MR ¼ (R(H)/R(0)) # 1 at various temperatures with the field perpendicular to the film. We add
MR offset for clarity, and MR is 0 for each curve at H ¼ 0 T. The scale bar range is 2%.

FIG. 3. (a) Resistivity versus temperature and (b) XRD curves around the LSAT (002) peak after growth (650 !C and 6:0 " 10# 6 Torr), 2-h in-situ ozone
anneal (650 !C and 6:0 " 10# 6 Torr), 7 and 11 days in air, 1- and 2-h PPMS anneal (100 !C and rough vacuum with He exchange gas).

232408-3 Hong et al. Appl. Phys. Lett. 111, 232408 (2017)

Thin films of SFO with a nominal stoichiometry of
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magnitude in air at room temperature in one day, as reported
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more slowly as shown in Fig. 3(a). We have measured the
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evidence of residual C phase. A noteworthy additional
anomaly of the susceptibility is observed at 115 K for the
three compositions containing the metallic C phase. This fea-
ture has no obvious counterpart in the Mössbauer spectra,
and its microscopic origin is presently unknown. With a fur-

ther increase of the oxygen deficit, the 70 K feature is broad-
ened for !=0.19 and shifted toward a lower temperature in
the !=0.23 sample. In addition, the small inflection point in
the susceptibility near 230 K and the slight upturn below
50 K are consistent with what is known of the orthorhombic
phase.33 The former feature reflects the antiferromagnetic or-
dering of the Fe3+ sites near 230 K, whereas the latter is
associated with the Fe4+ sites which remain magnetically dis-
ordered. It is emphasized that the 230 K transition in
SrFeO3−! samples corresponds to the well-known magnetic
phase transition of the orthorhombic phase. It is not a new
and unexpected feature as has been claimed recently.43

2. Magnetoresistance

Figures 14 and 15 summarize the magnetoresistance
!MR" properties of the SrFeO3−! system. The temperatures
corresponding to anomalies in the MR are also included in
Table III. In agreement with an earlier work,9 the tempera-
ture dependence of the resistivity of SrFeO3.00 #Fig. 14!a"$
indicates that the C phase is metallic. A precipitous decrease
of the resistivity by a factor of 2 is observed at 52 K !ZF

FIG. 13. Magnetic susceptibility of SrFeO3.00, SrFeO2.95,
SrFeO2.85, SrFeO2.81, and SrFeO2.77 single crystals, measured in
field cooling and subsequent field heating runs at B=1 T. The
curves for the latter four samples were shifted by the amounts in-
dicated in the legend.

TABLE III. Summary of the temperatures Tm and T" corre-
sponding to anomalies in the magnetic susceptibility #!T" !Fig. 13"
and zero-field electrical resistivity "!T" !Fig. 14" curves. The Tm
and T" values were obtained from the derivatives d ln # /dT, and
d ln " /dT, respectively. The first value corresponds to the cooling
mode, the values in parentheses to the heating mode data.

Compound Tm !K" T" !K"

SrFeO3·00 131.9 !132.0"
114.9 !116.1"
60.9 !70.1"

110 !112"
52 !62"

SrFeO2.95 131.8 !131.1"
115.8 !115.5"
69.8 !74.1"

114 !115"
63 !73"

SrFeO2.85 131.1 !131.1"
115.1 !115.1"
71.0 !74.1" 70 !74"

SrFeO2.81 50.9 !62.1"
229.4 !230.0"

50 !62"

SrFeO2.77 47.9 !50.2, 62.2"
225 !226"

48 !52" !60"

FIG. 14. !Color online" Resistivity in zero-field cooling and
heating runs !black" compared to field cooling and heating runs
with a 9 T field !red" for !a" SrFeO3.00, !b" SrFeO2.95, !c" SrFeO2.85,
!d" SrFeO2.81, and !e" SrFeO2.77. As the absolute value of the resis-
tance measurements !lines" was influenced by microcracks, these
data were normalized around room temperature to IR data extrapo-
lated to zero frequency !see Ref. 29".

MAGNETORESISTANCE EFFECTS IN SrFeO3−!:¼ PHYSICAL REVIEW B 73, 094451 !2006"

094451-11

P. Adler, A. Lebon, V. Damljanović, C. Ulrich,�
C. Bernhard, A. Boris, A. Maljuk, C. Lin, and B. Keimer, 

Physical Review B 73 (2006) 094451. 

SrFeO3.00 
single crystal 

annealed 
5000 atm O2 

at 400 °C 

SrFeO2.95 
single crystal 

annealed 
750 atm O2 
at 400 °C 

D. Hong, C. Liu, J. Pearson, and A. Bhattacharya, 
Applied Physics Letters 111 (2017) 232408.

As-grown (by 
MBE) ~SrFeO3 
film.  Grown 
and cooled in 
6×10–6 Torr of 
distilled ozone 



O2 Needed to Oxidize Cuprates 
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D.G. Schlom and J.S. Harris, Jr., in Molecular Beam Epitaxy:  Applications to Key 
Materials, edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), pp. 505-622. 



Superior Oxidants to O2 

D.G. Schlom and J.S. Harris, Jr., in Molecular Beam Epitaxy:  
Applications to Key Materials, edited by R.F.C. Farrow �

(Noyes, Park Ridge, 1995), pp. 505-622. 
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O3 Activity by Thermodynamics 

Y. Krockenberger, J. Kurian, A. Winkler, A. Tsukada, M. Naito, and L. Alff, 
“Superconductivity Phase Diagrams for the Electron-Doped Cuprates R2-xCexCuO4�

(R=La , Pr, Nd, Sm, and Eu),” Physical Review B 77 (2008) 060505. 

Activity of O3 is ~1012 
higher than O2 at 

typical Tsub 



Oxygen vs. Ozone 
Oxygen: 
•  Easy to use – directly from the cylinder 
•  Depending on material, films are oxygen-

deficient 

Ozone from ozone generator: 
•  Around 15 wt% O3 in O2 

•  As O3 easily decomposes, one O3 is similar to 
one O radical 

•  Higher wt% not achievable, saturation of O3 
concentration 

Distilled ozone: 
•  Can provide 80-100 wt% pure O3 

•  Better film oxidation, wider process window 
•  But:  Gas is explosive above ~10 Torr (absolute), 

liquid is explosive and shock-sensitive 



Vapor Pressure Oxygen vs. Ozone 
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FIG. 4. Vapor 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 Advances in Chemistry Series�

(American Chemical Society, Washington, D.C., 1959) pp. 13-21. 

Figure 4. Ozone system 

UO!SOldxa Jauo ·s am6!:1 



Ozone Safety Concerns 

“Ozone for Rockets,”�
Ordnance:  The Journal of the Army Ordnance 

Association 36 [187]�
(July-August 1951) pp. 108-110. 

with no damage to either aircraft or crew. 

OZONE FOil UOf::KETS 
Concentrated liquid ozone has been pro-

posed as a rocket fuel by Prof. Clark E. 
Thorp of the Illinois Institute of Tech-
nology, who recently disclosed 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 instead of two as in ordinary life-
supporting oxygen. By demonstrating that 
it can be safely manufactured, Professor 
Thorp stated, the door has been opened 
for tonnage production. During \Vorld 

ORDNANCE 

New Developments 

Vv' ar II, German scientists worked over-
time on an ozone-propelled rocket de-
signed to bombard New York City from 
European launching platforms. Bl!t they 
were unable to discover the secret of 
handling ozone without spontaneous deto-
nation. 

.-.UlACIIUTE 



Ozone Distillation (U. Minnesota) 

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. 
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Ozone in Silica Gel (Union Carbide) 

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

“Separation of Ozone from Oxygen�
by a Sorption Process,” in: �

Ozone Chemistry and Technology,�
Vol. 21 of Advances in Chemistry Series, (American 

Chemical Society, Washington, D.C., 1959) pp. 44-52. 

Se.paration 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. 

Ozone. is separated from oxygen by adsorption on 
refrigerated silica gel r followed by desorption, either 
in pure form at reduced pressurer or diluted by airr 

nitrogen,' argon r or other gas not strongly adsorbed 
on silica gel. This is a practical method r free from 
hazard when correctly performed. 
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Figure 7. Simplified flow diagram for two-stage transfer process 



Ozone in Silica Gel (Union Carbide) 

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

“Separation of Ozone from Oxygen�
by a Sorption Process,” in: �

Ozone Chemistry and Technology,�
Vol. 21 of Advances in Chemistry Series, (American 

Chemical Society, Washington, D.C., 1959) pp. 44-52. 

Safety Tests 

Both small and larger scale safety tests were made on silica gel loaded with 
adsorbed ozone. By using in each case a few grams of ozone-containing gel in the 
laboratory, the following experiments were carried out. 

An electric spark was passed bet\veen two tungsten electrodes within the gel beel. 
No explosions took place at -105 0 C. with loadings 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 it. vVith a loading of 9 graII).s of ozone per 100 grams of gel, 
a test was made at -78 0 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 
grams of gel at C., a dull pop was heard when the wire was ignited, most of the 
ozone changed to oxygen, and the gel was extensively pulverized. The glass container 
was broken but not shattered. 
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Ozone in Silica Gel 

D.G. Schlom and J.S. Harris, Jr., in Molecular Beam Epitaxy:  Applications to Key 
Materials, edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), pp. 505-622. 
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Process Control 
•  Safety committee requirements 

led to development of fully 
integrated process controller 

•  Controller monitors all process 
equipment and parameters 

•  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 

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 
•  Pros 

–  Excellent Oxidant 
(>103 (experiment) to <1012 (thermo) more powerful 
than O2) 

–  80% Ozone (+20% O2) delivered to the Substrate 
–  No Energetic Species (thermal ozone beam) 
–  Clean (lower in contaminants than plasma beam) 

•  Cons 
–  Safety (Ozone still issues) 
–  Safety (Pump issues) 
–  Need Ozone-Compatible UHV Leak Valve 
–  Need to Passivate Ozone System 



If you want to grow EuO by MBE, 
what oxidant should you use? 
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observed in any of the glasses, and it was assumed that P,O, 
suppresses the liquid immiscibility of the CaO-B,O,. The existence 
of the ternary compound, CaBPO,, was confirmed. The sharpness 
of separation between the Alkemade triangle containing BP, C,BP, 
and C,P and that containing C,P, C,P, and C,BP suggests little 
variability in the Ca/P ratio of the compound. 

However, on other runs some evidence was observed6 for solid 
solution of excess boron in the ternary compound. The 2-phase tie 
lines defining equilibrium between the boron-rich liquid and crys- 
talline phases show that single crystals of BP, C,BP, and C,Pcan be 
grown from borate melts at -900°C. 

Difficulty was encountered in defining the equilibrium phases in 
the high-CaO portion ofthe diagram. This difficulty results from the 
inability to distinguish between various Ca phosphates by the regu- 
lar X-ray powder diffraction methods. Interpretation of the evi- 
dence for the coexistence of CB with C,P was straightforward. The 
compound C,B coexists with a phase that has an X-ray powder 
diffraction pattern virtually identical with that of C,P: C,B coexists 
with the same phase, with C,P, and with small (=  10 wt%) amounts 
of C,B. Analysis showed only one phase whose diffraction pattern 
resembles that of hydroxyapatite. There appear to be 4 possible 
explanations of a single phase at point B’: a borapatite of composi- 
tion Ca,,(BO,)(PO,),, in which 2 OH- vacancies neutralize the 
B3+=p5+ substitution; a B-for-P substitution in a polymorph of 
C,P neutralized by the addition of a Ca ion in a vacancy; a BO, 
substitution in C,P coupled with the formation of oxygen vacancies; 
or a combination of these. Detailed structural analysis would be 
necessary to resolve the issue. 

Oxygen-Fugacity-Temperature Diagram for the Eu-0 
System 

GREGORY J .  McCARTHY 

AN OXYGEN- fugacity-temperature ( foz (T) )  diagram presented by 
McCarthy and White’ for the Eu-0 system proved useful for pre- 
dicting under what conditions Eu,O, could be heated without being 
reduced to the lower oxides, Eu,O, and EuO. (One current 
application is hot-pressing of Eu,O, in graphite dies to produce 
nuclear reactor control rods. ,) Recent thermodynamic data 
for the europium oxides3 will be used in this note to update the dia- 
gram of McCarthy and White. 

The free energy change per mole 0, as a function of temperature 
(AGo(T)) for the oxidation reactions of Eu to EuO, EuO to Eu,O,, 
and Eu,O, to Eu,O, was calculated from the free energy of forma- 
tion (AGO,) data of Gschneidner et al.,.* Oxygen fugacity was 
derived from the relation logfg= AG0(T)/4.576T. Figure 1 is a 
plot of logf,,, as a function of T for these oxidation reactions. Also 
included are thefo2(T) curves for the oxidation of C to CO calcu- 
lated from the ACo,(T) data in Ref. 4 and for hydrogen gas with 1 
part/lOOO impurity H,O as calculated by Porter., The former is the 
reaction relevant to Eu,O, in contact with graphite, and the latter is 
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-30-  
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BOO 1000 1200 1400 1600 
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Fig. 1. Plot offo,(T) for oxidation reactions of Eu, EuO, and 
Eu,O, and for C to CO and H 2  with 1 part/1000 H 2 0 .  

a typical composition to be expected from tank hydrogen used in 
synthesis experiments. 

The error limits on the AGofvalues for EuO, Eu,O,, and Eu203 
varied from 2 to 6 kcal/mol; since the AGO calculations for the 
oxidation reactions involve the differences of multiples of these 
errors, the estimated errors in the logfo, values could be as high as 
& 1 for Eu oxidation, & 3 for EuO oxidation, and ? 6 for Eu,O, in 
the extreme case. A more reasonable average error in  logfa, at a 
given temperature to be used in applying the curves in Fig. 1 is * 1.5 
for EuO oxidation and * 2 for Eu,O, oxidation. 

Despite moderate uncertainties, thefon(T) curves in Fig. 1 are 
consistent with several experimental observations. RauG reported 
that !he most reliable method for preparing single-phase Eu,O, was 
hydrogen reduction of EuzO, or Eu(OH), at 1650°C. In Fig. 1 
the 1 H,0/1000 H2 curve is in.the Eu,O, field at 1650”. EuO 
vaporizes rapidly at elevated temperatures: thus the minimum 
temperatures at which complete reduction of Eu,O, takes place are 
important. A ~ h a r d , ~  using a solar furnace, found complete reduc- 
tion of an Eu,03-C mixture to EuO at 1600” to 1700°C. Thefot 
curve for C oxidation to CO is well into the stability field of EuO at 
1600” to 1700°C. Because of uncertainties in thefo,(T) curves 
arising from uncertainties in the thermodynamic data used to derive 
them, the crossing points should not be too rigidly applied. For 
example, the temperature at which the C oxidation curve crosses 
into the Eu,O, field has an uncertainty of = ? 150°C. 

In  summary, Fig. 1 can be used as a guide to the oxidation- 
reduction stability among the europium oxides if allowance is made 
for the stated uncertainties info,(T). 
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Wiedemann-Franz-Lorenz Relation in Highly 
Electronic-Conducting Oxides 

MORRIS E. FINE and NlNG HSlEH 

MANY oxides exhibit metallic electrical conduction, with conduc- 
tivities ranging from those comparable to the best metallic conduc- 
tors to those comparable to the highest-resistance alloys. This 
subject has been reviewed in e.g. Refs. 1 and 2. Since the conduc- 
tion electrons carry thermal energy as well as electrical energy, 
these oxides also have high thermal conductivities. The theoretical 
-___ 
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Surface vs. Bulk Diffusion 

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

Tmin for smooth epitaxial films 
(growth by step propagation) 

Tmax 

Tmin for epitaxy 

Assuming growth rate of 
0.1 monolayer/sec 

€ 

0.55 <
Tsub
Tmelt

< 0.7 for semiconductors

0.35 <
Tsub
Tmelt

< 0.4 for metals

0.1<
Tsub
Tmelt

< 0.4 for simple ceramics

Optimal Growth Temperatures 



Universal Diffusion Behavior of Metals 

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

Reflection high-energy electron diffraction oscmations from 
surfaces-a new approach to surface diffusion measurements 

J. H. Neave, P. J. Dobson, and B. A. Joyce 
Philips Research Laboratories, Redhill, Su"ey, RH J 5HA, England 

Jing Zhang 
Department of Physics, Imperial College of Science and Technology, Prince Consort Road, London SW7, 
England 

(Received 25 March 1985; accepted for publication 30 April 1985) 

A simple extension of the reflection high-energy electron diffraction oscillation technique to 
vicinal surfaces provides a means of studying surface diffusion during molecular beam epitaxial 
growth. The basis of the method is described and some preliminary results for Ga diffusion during 
the growth of GaAs films with (00 1) 2 X 4 and 3 X 1 reconstructed surfaces are presented. 

The mechanisms involved in the growth ofIII-V com-
pounds by molecular beam epitaxy (MBE) have received 
rather less attention than might have been expected in view 
of the compatibility of the process with the analytical tech-
niques available in surface physics and chemistry. Early 
work using modulated beam mass spectrometryl.2 went 
some way towards establishing the chemistry of growth of 
GaAs from beams of Ga and either AS2 or As4. Much more 
recently, temporal intensity oscillations in the features of the 
reflection high-energy electron diffraction (RHEED) pat-
tern from a growing GaAs surface have been used to estab-
lish that growth occurs in a two-dimensionallayer-by-layer 
mode.3.4 Implicit in the models of both the surface chemistry 
and the growth mode is a mobile population of adatoms, Ga 
and AS i (i = 1,2, or 4), and this has also been built into the 
theoretical growth models developed by Madhukar and co-
workers.5 Only two attempts have been made, however, to 
determine the surface diffusion parameters of either group 
III atoms or group V species. Nagata and Tanaka6 used a 
shadowing method to determine Ga surface diffusion dis-
tances in the growth of(OOI) oriented GaAs films under both 
Ga- and As-stable conditions. For a growth temperature of 
550°C they found diffusion lengths of <200 A under As-
stable conditions, but the value for Ga-stable growth was 
1900 A. In each case the arsenic species was As4. Their meth-
od is at best indirect, however, and contains an implicit as-
sumption that any transport observed beyond the shadow 
edge occurs only by surface diffusion, which cannot easily be 
justified for the sample geometry and growth temperatures 
involved. Foxon and Joyce 1 indirectly derived a value of 0.25 
eV for the activation energy of surface diffusion of AS4 on 
GaAs, but the measurements were made at temperatur-
es <200 0c. 

We report here our initial resulits using a more direct 
method based on an extension of the RHEED oscillation 
technique to vicinal surfaces. The principle is very simple 
and is iUustrated in Fig. 1. The substrate is cut slightly misor-
iented by a known about from a low index plane in a specific 
direction, and by assuming that its surface will break up into 
monatomic steps with precise low index (minimum energy) 
terraces and edges, an average terrace width I, which is free 
of steps is defined.7 If the diffusion length of the growth 
determining species on the surface iSA, for A>I the step edge 
will act as the major sink for diffusing adatoms and there will 

be no two-dimensional (2-D) nucleation on the terrace. Since 
RHEED intensity oscillations occur as the result of 2-D nu-
cleation,3.4 they will be absent from this growth mode. If, 
however, growth conditions are varied to the point where 
A<I, 2-D nucleation will occur on the terraces and oscilla-
tions will be observed. It should therefore be comparatively 
simple to study A. as a function of any growth condition. 

Specifically, we have studied GaAs growth on a GaAs 
substrate oriented 2.25° from (001) towards (011) but we have 
also used a sample misoriented similarly by 0.4° to confirm 
the validity of our approach. The orientation was deter-
mined initially by the back reflection Laue technique, but it 
was also checked in situ by RHEED as explained below. The 
surface preparation did not follow conventional practice, 
but instead we used Ne+ ion bombardment (5J.lA cm- 2 at 3 
ke V for 30 min with a substrate temperature of 220°C on a 
chemicomechanically polished substrate, to avoid problems 
which may have arisen from chemically polishing a stepped 
surface. The substrate was then brought to the growth tem-
perature in a fl.ux of AS2 and well developed RHEED pat-

Time 

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 [100J. 

100 Appl. Phys. Lett. 47 (2), 15 July 1985 0003-6951/85/140100-03$01.00 © 1985 American Institute of PhYSics 100 Downloaded 10 Mar 2011 to 128.253.71.195. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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Tmin for smooth epitaxial films 
(growth by step propagation) 
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Tmin for epitaxy 

Assuming growth rate of 
0.1 monolayer/sec 
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Surface Energy Considerations 

K.-N. Tu, J.W. Mayer, and L.C. Feldman,�
Electronic Thin Film Science for Electrical Engineers and Materials Scientists 

(Macmillan, 1992). 



TEM of MBE-Grown Superlattices 

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

AlAs / GaAs PbTiO3 / SrTiO3 BaTiO3 / SrTiO3 

            C.D. Theis                                 J.H. Haeni
(1st Generation Schlom Group)             (2nd Generation)

HRTEM—Pan Group (Michigan)
D.G. Schlom et al., 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 



Thermodynamic Considerations 

Phase Diagrams for Ceramists, Vol. 9, edited by G.B. Stringfellow�
(American Ceramic Society, Westerville, 1992). 

As-AI-Sa (cont.) 

90 
AI 

92 94 96 
Mol % 

Fig. 8342-System As-AI-Ga. Calculated solidus isocon-
centration lines for AlAs in the solid at the Ga-rich corner. 

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). 

The solidus isoconcentration lines [x (in mol %) in 
AlxGal-xAs] in the Ga-rich region of the As-AI-Ga phase 
diagram have been calculated using the solution models and 
thermodynamic parameters described in Fig. 8341. The calcu-
lated lines agree with the experimental data (±3 % in liquid 
composition) in Refs. 1-4 where the liquid phase epitaxial 
(LPE) growth technique and electron microprobe analysis 
were used. 

1. M. Ilegems and G. L. Pearson; p. 3 in Conf. Ser. - lust. 
Phys., No.7. Dallas, TX, 1968 (Pub. 1969). 

2. W. G. Rado and R. L. Crawley, J. Electrochem. Soc., 119 
[12] 1779-1780 (1972). 

3. A. Leonhardt, K. Buchheiser, and G. Kuhn, Krist. Tech., 
9 [3] 197-203 (1974). 

4. L. Mayet, B. Montegu, and M. Gavand, J. Cryst. Growth, 
39, 362-364 (1977). 
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Fig. 8343-Pseudobinary system AIAs-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). 

The experimental data shown for the AIAs-GaAs pseudobi-
nary phase diagram were obtained eJther from differential 
thermal analysis (DTA)l or the quenching method with either 
microprobe characterization of solid composition2 or physi-
cochemical analysis. 3,4 The solid lines were calculated as 
described in Fig. 8341. 

No miscibility gap is expected for this system.s 
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ogy; Oaithersburg, Maryland (1987). 



Thermodynamic Considerations 

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

thermodynamic in origin, being driven either by phase sepa-
ration of InSb and GaSb or the well-known strain-driven
instability predicted theoretically34–36 and observed
experimentally.37 In either case, clustering should become
increasingly manifest at higher temperatures when lateral
segregation is less inhibited by the diffusion kinetics.
We find that several noteworthy defects occur even in the

superlattices grown at the optimal temperature. As observed
in Figs. 2!a", 7, and 8, the AlSb layers also exhibit some sort
of contamination that appears as a series of topographically
higher atoms in the XSTM, particularly near the AlSb-on-
InAs interface. The most likely source of this contamination
is In segregation into the AlSb layer associated with the
MEE technique: each InAs layer was terminated with a
monolayer of In, followed by an Sb soak to force this inter-
face to be InSb-like. Other possible sources of contamination
could be As from the interface, or the transient As back-
ground pressure, or excess Ga from the InGaSb floating on
the surface of InAs.
In filled-state STM images of the #110$ surfaces, one im-

ages only the anion sublattice, and image contrast primarily

arises from two sources: anion identity and projected bond
lengths perpendicular to the surface. It has been shown both
experimentally12,22 and theoretically38 that the local III-V
bond-length dominates the contrast for point defects. For ex-
ample, As residing on a GaSb anion sublattice !a local
‘‘GaAs’’ defect" appears topographically lower than Sb,19 so
it is extremely unlikely that the source of the contrast is due
to As cross contamination in the AlSb layer. If the observed
features were due to misplaced cations in the AlSb, the local
bond length would be slightly shorter for Ga, but longer for
In !as observed". Similarly, we expect that local InSb struc-
tures should also appear topographically higher than both
InAs and AlSb in empty-state images, as observed %Fig.
7!a"&. Therefore, we conclude that In contamination is the
only type consistent with the XSTM contrast observed.
The In segregation creates discontinuous InSb layers up to

about 4-ML thick sandwiched between the InAs and AlSb
layers. The primary function of the AlSb layer is to separate
out the superlattice periods to prevent the formation of un-
desirable extended three-dimensional electronic states be-
tween neighboring InAs layers. Therefore, this type of defect
would not generally be expected to have a large impact on
the electronic properties of the material. However, if the
InSb layers locally perturb the symmetry of the superlattice,
causing slightly different electron energy levels in the adja-
cent InAs layers, it could increase the width of the photolu-
minescence peak and reduce the total luminescence.

FIG. 5. Dark-field XTEM images of optimal temperature
samples imaged using !a" a '004( refection and !b" a '220( reflec-
tion. Because the strain effects due to clustering are visible only
using the latter imaging conditions, it is clear that composition un-
dulations are parallel to the growth plane. The diffraction vector g is
indicated.

FIG. 6. XSTM images and average-height profiles for InGaSb-
alloy layers in an !a" optimal- and !b" high-temperature sample. !a"
!2.0 V, 50 pA and !b" !2.5 V, 0.5 nA.

BARVOSA-CARTER, TWIGG, YANG, AND WHITMAN PHYSICAL REVIEW B 63 245311
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Oxide MBE System 



Oxide MBE + ARPES 
Collaboration with Kyle Shen (Cornell, Physics)



Automated Veeco GEN10 Oxide MBE 

Leybold 
MagLev 

Turbo Pump 

Quartz Crystal 
Microbalance on 
Motorized Arm 

Cryopump 

e-Beam 
Evaporator 

Transfer/Storage 
Chamber 

Transfer Robot 
Drive 

Ion 
Pump 

Load Lock/Sample 
Bake 

10 Source 
Ports (9 

Effusion Cells 
+ Ozone/
Oxygen) 

RHEED 
Camera 

RHEED 
e-Gun 

Storage Shelf 
Drive 

SiC Substrate 
Heater 

and Rotation  
LN2 Supply/Return  

for Cryo Shroud 



Oxide MBE at Brookhaven Nat. Lab.  



Sources for Oxide MBE 
•  Effusion cell 

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

•  Ti-Ball™ source 
titanium sphere with 
resistive heater inside 

•  e-gun evaporator 
for extremely low vapor 
pressure materials 
(W, Ru, etc.) 



Ti-Ball™ Source 

• 

23.3 mm 
TITANIUM 

"BELL" 

TUNGSTEN _ 
HEATERS 

• 

. . . . , . 

MOLYBDENUM 
SUPPORT RODS 

HOLDER 

• 

. HOLDER 

• 

Figure 3.4.4. Two varieties of radiantly healed sublimation 

and a sIllaller, radiantly heated source developed by Welch . 
• 

CAPTURE PUMPING 
TECHNOLOGY 

An Introduction 

-

KIMO M. WELCH 
Brookhaven National Laborl/ory. Upton. NY. USA 

I 

• 

K.M. Welch�
Capture Pumping Technology:  An Introduction (Pergamon, 1991). 



MBE Effusion Cells 
for Different Temperatures  

These 62 colored elements are allowed in the PARADIM MBE 



MBE Effusion Cells 



Arrhenius Plot of Vapor Pressure 

so plot log(P) vs 1/T:  straight line if ΔH is constant 

(note small or no change in slope at melting point) 

P = P0 exp(−ΔH / kBT )

ln P = ln P0 −
ΔH
kB

⎛
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What Vapor Pressure Needed? 

Crucible 
Pi = ??? 

Substrate (growth rate = 0.1 monolayers/s) 

From kinetic theory of gases: 

for Sr, m = 87.6 amu 
and T ≈ 1000 K 

Above is maximum evaporation rate.  For free 
evaporation (as in MBE where wide-mouth 
(Langmuir) sources are used) 

α ≈ 0.1 
(coefficient of evaporation) 

Vapor pressure Pi needs to be larger by ratio of 
surface area of substrate to surface area of 
crucible 

for SrTiO3 



Crucible 
for Pb 
Source 

Pb 



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 to use for Pb? 

Ti, Mo, 
or W? 



Lanthanum Hexaboride Target 

Gold Pellets 

Temp. (0 C) for Given 
Vap. Press. (Torr) 

Material Symbol MP (0 C) SID g/cm3 10-8 10.6 10.4 

Kanthal FeCrAI 7.1 
Lanthanum La 921 6.15 990 1,212 1,388 
Lanthanum Boride LaB6 2,210 D 2.61 
Lanthanum Bromide LaBr3 783 5.06 
Lanthanum Flu07"ri_de_-----c-La--cF:;=.-3 _ 1 ,490 S -6.0 900 
Lanthanum Oxide La203 2,307 6.51 1,400 
Lead Pb 328 11 .34 342 427 497 
Lead Bromide PbBr2 373 6.66 -300 
Lead Chloride PbCI2 501 5.85 -325 
Lead Fluoride PbF2 855 S 8.24 -400 
Lead Iodide Pbl2 402 6.16 -500 
Lead Oxide 
Lead Selenide PbSe - ::;-1 0:;------ -500 
Lead Stannate PbSn03 1,115 8r-670 780 905 
Lead Sulfide PbS 1,114 S 7.5 500 
Lead Telluride PbTe 917 8.16780910 1,050 

Indium Tin Oxide Pieces 

Lead Shot Hafnium Target 

Evaporation Techniques 
Thermal Sources • Boat Coil Basket Crucible Sputter Comments 

__ --""W'----------'-W'---------'W 
Ex W,Ta 
G 

Ta 
G Ta, Mo Ta 
G W,Ta 
Ex W, Mo W W,Ta 

Pt 
W,pt,Mo 

pt 

DC, RF 

RF 
RF 
RF 
RF 

A1203, Q DC, 

AI203 RF 
Beo- - R-F-

Q 

Films will burn in air if scraped 

n= 1.94. Hygroscopic 
No decomposition. n -1.6 

Loses oxygen. n-1.73 
RF Toxic 

Little decomposition 
n = 1.75 

pt Q, AI203 RF-R No decomposition. n -2.6 
W, Mo W Gr, AI203 RF 

P - -;;pt:;-----pt AI203 RF Disproportionates 
W W, Little decomposition. n = 3.92 

-----cMO""7o-,=pt-::, T;=-a- --- A1203, Gr RF Vapors toxic. Deposits aretellurium rich. Sputtering 
preferred or co-evaporate from two 

Lead Titanate PbTi03 7.52 Ta 
Lithium -----;L7'i -=--- 181 0.53 227 307 407 G Ta, SS 

RF 

Lithium Bromide LiBr 550 3.46 -500 Ni RF 
Lithium Chlo.:..::rid:.::e __ _----.:6:..:0.=..5 ___ -=2c..::.0-'-7 ______ 4c..::0.=..0 ____ ...:N::..i ___________ ----'--'R:..F_ 
Lithium Fluoride LiF 845 2.64 875 1,020 1,180 G Ni, Ta, Mo, W - AI203 RF 

Lithium IOdic=.de=--__ --=L:::.il __ .....:4..:..;49=---_ 4.08 400 Mo,W RF 
Lithium Oxide Li20 > 1,700 2.01 850 pt, lr 
Lutetium TU 1,663 9.84 1,300 Ex Ta 
Lutetium Oxide LU203 9.42 1,400 Ir 

Metal reacts Quickly in air 
n = 1.78 

Preheat gently to outgas. n = 1.66 
Rate control important for optical films. 

Preheat gently to outgas. n = 1.39 
n = 1.96 
n = 1.64 

Decomposes 

n =-::s --n 
Q) --::s 
0' 
3 
Q) 
r+ --o ::s 

Kurt J. Lesker, Co. Catalog 

c o --...., 
ca 
E 
c --ca 
(.) 

c .c 
(.) 

Key of Symbols: * influenced by composition; ** Cr-plated rod or strip; ***all metals alumina coated; C = carbon; 
Gr = graphite; Q = quartz; Incl = Inconel; VC = vitreous carbon; SS = stainless steel; Ex = excellent; G = good; 

• Material Deposition 
F = fair; P = poor; S = sublimes; D = decomposes; RF = RF sputtering is effective; RF-R = reactive RF sputter is 
effective; DC = DC sputtering is effective; DC-R = reactive DC sputtering is effective 

Aluminum 
Aluminum Antimonide 
Aluminum Arsenide 
Aluminum Bromide 
Aluminum Carbide 

Aluminum Fluoride 
Aluminum Nitride 

Aluminum Oxide 

AI 
AISb 
AlAs 
AIBr3 
AI4C3 

AI2%Cu 
AIF3 
AIN 

Aluminum Phosphide AlP 
Aluminum, 2% Silicon AI2%Si 
Antimony Sb 
Antimony Oxide Sb203 
Antimony Selenide Sb2Se3 
AntimonYSu1fic18 Sb2S3 
Antimony Telluride Sb2 Te3 
Arseni-c -- As 
Arsenic Oxide -As203 
Arsenic Selenide AS2Se3 
Arsenic Sulfide AS2S3 
Arsenic Telluride AS2 Te3 
Barium --- Ba 
Barium Chloride BaCI2 
Barium Fluoride BaF2 
Barium Oxide BaO 
Barium BaS 
Barium Titanate BaTi03 

Beryllium 

Beryllium Carbide 
Beryllium Chloride 
Beryllium Fluoride 
Beryllium Oxide 

Bismuth 

Be 

Bi 

Bismuth Fluoride BiF3 
Bismuth Oxide Bi203 
Bismuth Selenide Bi2Se3 
Bismuth Sulfid::..::e'----_---..:::.Bi2S3 

660 2.70 
1,080 __ ----'4.:.::..3_ 
1,600 3.7 

97 2.64 
-1,400 

640 ___ --=2=.82 
1,291 S 2.88 

2,072 3.97 

2,000 2.42 
640 2.69 

677 

410 

630 S 6.68 279 
656 S-s2 
611 
550 4.64 
629 6.50 
817 s-s:73 107 
312 3.74 
- 360 
300 ---3.43 
362 
725 3:51 545 
963 3.92 

1,355 S 4.89 
1,918 5.72 
1,200 4.25 

o 6.02 

821 1,010 Ex TiB2,w W 

- 1,300 
- 50 Mo 
- 800 

490 700 P Mo, W, Ta 

Sputter Comments 
W TiB2-BN, ZrB2' BN RF, DC 

RF 
RF 

Gr RF 
RF 
RF, DC 

Gr RF 

Alloys & wets, Stranded W is best 

n = 2.7 
Wire feea&llash. Difficult from dual sources 

--- "'-1 RF, RF-R Decomposes. Reactive evap 

345 

150 

627 

1,550 Ex W W 

1,010 TiB2-BN 
425 P Mo,*** Ta***Mo, Ta Mo, Ta BN, C, AI203 

- 300 G Pt Pt - BN, AI203 
Ta C 

- 200 G MO,Ta 
600 
210 --P- C 

-400 Mo 
Flash 

735 F W, Ta, Mo W 
- 650 Ta, Mo 
- 700 G 

-1 ,300 P 
1,100 

Mo 
Pt 

Mo 

MO,Ta AI203 
----C 

W --- Metals 

RF-R 

RF 

in 10-3 T N2 with glow discharge 
Sapphire excellent in E-beam; 

forms smooth, hard films. n = 

RF, DC Wire feed & flash. Difficult from dual sources 
RF, DC Toxic. Evaporates well 
RF-R Toxic. Decomposes on W. n = 2.09, 2.18, 2.35 

RF Stoichiometry variable. 
decomposition. n=3.19, 4.06, 4.3 

RF Decomposes over 7500 C 
Toxic. Sublimes rapidly at low temp. 

RF 
RF ---n = 2.4, 2.81 , 3.02 

JVST. 1973;10:748 
RF --wetS without alloying reacts with ceramics 

RF Preheat gently to outgas. n = 1.73 
RF n = 1.47 

RF, RF-R 
RF 
RF 

Decomposes slightly. n = 1.98 
n = 2.16 

Gives Ba. Co-evap. from 2 sources or 
___ s=putter. n = 2.40 

1,278 1.85 710 878 1,000 Ex W,Ta W W BeO, C, VC RF, DC Wets W/Moffa. Powder & oxides toxic. 

>2,100 0 1.90 
405 1.90 - 150 
800 S 1.99 - 200 G 

2,530 3.01 1,900 G - W- --

271 9.80 330 410 520 Ex W, Mo, Ta W 

727 S 5.32 - 300 
860 8.55 - 1,400 P Pt Pt 
710 0 6.82 - 650 G 
685 0 7.39 

RF 

RF, RF-R 

DC, RF 

Gr RF 

Gr, O 

Evaporates easily 

Toxic. n = <1.33 
Toxic. No decomposition from 

E-beam guns. n=1 .72 
Toxic vapor. Resistivity high. 
No shorting of baskets 

___ ----.:n=1.74 
Toxic vapor. n = 1.91 

Co-evaporate from two sources or sputter 
n = 1.34, 1.46 

Bismuth Telluride Bi2Te3 573 7.7 - 600 W, Mo Gr, O 

RF, RF-R 
RF 
RF 
RF 
RF 

Co-evaporate from two sources or 
Sputter or co-evaporate from two 

sources in 10-2 Torr oxygen 
Bismuth Titanate Bi2Ti207 0 

Boron B 2,300 2.34 1,278 1,548 1,797 Ex C 

Boron Carbide 
Boron Nitride 

B4C 
BN 

Boron Oxide B203 
___ fid=-e ___ 

Cadmium Cd 
Cadmium Antimonide Cd3Sb2 
Cadmium Arsenide Cd3As2 
Cadmium Bromide CdBr2 
Cadmium Chloride CdCI2 
Cadmium Fluoride 
Cadmium Iodide Cdl2 
Cadmium Oxide CdO 
Cadmium Selenide CdSe 
Cadmium Sulfide CdS 

2,350 2.52 2,500 2,580 Ex 
- 3,000 S 2.25 -1 ,600 P 

- 450 
310 
321 

1.81 
1.55 
8.64 

456 6.92 
721 6.21 
567 5.19 
568 4.05 

1,100 6.64 
387 5.67 

>1,500 
> 1,350 S 5.81 
1,750 S 4.82 

- 1,400 G Pt, Mo 
800 

64 120 180 P W, Mo, Ta 

- 300 
- 400 
- 500 
- 250 
- 530 
540 
550 

G MO,Ta 
W, MO,Ta 

C,VC 

Gr 
W, Mo, Ta A1203, ODC, 

o 

W 

RF 

RF 
RF, RF-R 

RF 

Explodes with rapid cooling. 
Forms carbide with container 

Similar to chromium. 
Decomposes under sputtering; 

Reactive preferred 
n = 1.48 

RF Bad for vacuum systems. Low sticking coefficient 

RF 

RF 

RF-R 
RF 
RF 

n = 1.56 

Disproportionates. n = 2.49 
Evaporates easily. n = 2.4 

Sticking coefficient affected by substrate 
temp. Stoichiometry variable. n = 2.51 ,2.53 



Crucible 
for V 
Source 

V 



What Crucible to use for V? 

c Weight Percent Carbon c-u 
10 12 

U-C 
Struktur-

Composition, Pearson Space bericht 
Phase at.%C symbol grou2 designation PrototY2e 
(yU) 0 el2 Im3m A2 W 

1£ (j3U) 0 tP30 P4imnm Ab j3U 
a 1700 b 47 to 66 cF8 Fm3m B1 NaCl e 
(l) 62 to 65.5 tI6 14/mmm Clla CaCz 0.. 
E 1500 60 el40 143d D5c Pu,C3 

1300 Binary Alloy Phase Diagrams, 2nd ed., T.E. Massalski, H. Okamoto, P.R. 
Subramanian, and L. Kacprzak, ed., ASM International, Materials Park,OH, 
892-893 (1990) 

U Atomic Percent Carbon 

Weight Percent Carbon c-V 
0 10 20 30 40 50 60 70 80 90100 

5000 

4500 
V-C 

Struktur-
Composition, Pearson Space bericht 

Phase at.%C symbol grou2 designation PrototY2e 
(V) o to 4.3 el2 Im3m A2 W 

1£ aVzC 31 to 33 oP12 Pbcn 
j3VzC 27 to 34 hP3 P6Jmmc L'3 FezN 
j3'VzC 27.5 to 31.5 hP9 P31m 

25. V4C3,x 40 hR20 R3m E 
VC 37.4 to 48 cF8 Fm3m Bl NaCl 

(C) V6CS 43 to 46 mB44 B2 
47 to 48 cP60 P4132 

cP60 P4332 
(C) 100 hP4 P6Jmmc A9 C (graphite) 

1000 

H. Okamoto, 1. Phase Equilibria, 12(6), 699 (1991) 

10 20 30 40 50 60 70 80 90 100 

V Atomic Percent Carbon C 

Weight Percent Carbon c-W 
10 20 30 40 50 70 100 

3422'C 

3300 W-C 
Struktur-

3100 Composition, Pearson Space bericht 
Phase at.%C symbol grou2 designation PrototY2e 
(W) OtoO.7 el2 1m 3m A2 W 

2900 yWzC 25.6 to 34.5 hP3 P6Jmmc L'3 FezN 
a 2776'C j3WzC 29.6 to 32.7 oP12 Pbcn 

aWzC 29.6 to 32.5 hP3 P3m1 
WC1•x 37.5 to 39.5 cF8 Fm3m B1 NaCl 
WC 49 to 50 hP2 P6m2 Bb WC 

2500 (C) 100 hP4 P6J..mmc A9 C (graehite) 

(C) 
S.V. Nagender Naidu, A.M. Sriramamurthy, and P. Rama Rao, Phase Diagrams of 

2300 Binary Tungsten Alloys, S.V. Nagender Naidu and P. Rama Rao, ed., Indian 
Institute of Metals, Calcutta, India, 37-50 (1991) 

10 20 30 40 50 60 70 80 90 100 

W Atomic Percent Carbon C 
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Sr 

a) 

S 

o 
llOO 

1000 

900 

800 

769'C 

700 

600 
o 10 

Sr 

0 10 20 
1000 

900 

700 

600 

et 547'C 

500 

& 450'C 

E 400 

300 

200 
(aSr) 

100 

0 
0 10 

Sr 

o 
3000 

et 

2500 

2000 

.a 1500 S 1380'C 

S 
1000 

769'C 

S47'C 
500 

o 

...-G 

...-L1 

o 10 

Sr 

10 

20 

30 40 

L 

20 

10 

20 

Weight Percent Titanium 
60 20 30 40 50 70 80 90 100 

Sr-Ti 

Sr-Ti 
Struktur-

Composition, Pearson Space bericht 
Phase at.%Ti grouE desiS!!ation 

0 cI2 1m 3m A2 W 
882'C (aSr) 0 cF4 Fm3m Al Cu 

99.9941 to 100 el2 Im3m A2 W 
(aTi)-, (aTi) 99.981 to 100 hP2 P6J..mme A3 Mg 

J.L. Murray, Phase Diagrams of Binary TztaniumAlloys, J.L. Murray, ed., ASM 
International, Metals Park, OR, 300-301 (1987) 

30 40 50 60 70 80 90 100 

Atomic Percent Titanium Ti 

Weight Percent Thallium Sr-Tl 
50 60 70 80 90 100 

Sr-Tl 
Struktur-

Composition, Pearson Space bericht 
Phase at.%TI grouE designation 

a el2 1m 3m A2 W 
(aSr) a cF4 Fm3m Al Cu 
Sr3T1 25 
SrSTl3 37.5 t132 14/mcm D8[ CrSB3 
SrTl 50 cP2 Pm3m B2 CsCl 
Sr2T13 60 
SrTl2 66.7 hP6 P6Jmmc Caln2 
SrTl3 75 

? to 100 cI2 Im3m A2 W 
(aTI) 95.5 to 100 hP2 P6,1mmc A3 Mg 

12 
I;Il I;Il I;Il 

Binary Alloy Phase Diagrams, 2nd ed., T.B. Massalski, H. Okamoto, P.R. 
Subramanian, and L. Kacprzak, ed., ASM International, Materials Park, OR, 
3422-3423 (1990) 

30 40 50 60 70 80 90 100 

Atomic Percent Thallium TI 

Weight Percent Vanadium Sr-V 
20 30 40 50 60 70 80 90 100 

G+Lz 
Lz-)o Sr-V 

Struktur-
Composition, Pearson Space bericht 

1910'C Phase at.%V grouE designation 

G+(V) (V)-.. 
0 el2 1m 3m A2 W 

(aSr) 0 cF4 Fm3m Al Cu 
{Vi 100 eI2 Im3m A2 W 

Ll + (V) J.E Smith and KJ. Lee, Bull. Alloy Phase Diagrams, 9(4), 466-469 (1988) 

+ (V) 

(aSr) + (V) 

30 40 50 60 70 80 90 100 

Atomic Percent Vanadium V 
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U Weight Percent Zinc 
0 10 20 30 40 50 60 70 80 90100 

1300 

L1 +Lz 

1050'C 

942'C 

724'C 

400 

(Zn) 

300 
0 10 20 30 40 50 60 70 80 90 100 

U Atomic Percent Zinc Zn 

Weight Percent Zirconium 
0 10 20 30 40 50 60 70 80 90100 

2000 

18SS'C 
1800 

L 
1600 

1400 

e[ 
::3 

1200 8. 113S'C 

e 
1000 

863'C 

722'C,30 
47 

57 
659'C 
615'C 64 

400 
0 10 20 30 40 50 60 70 80 90 100 

U Atomic Percent Zirconium Zr 

Weight Percent Tungsten 

o 10 20 30 40 50 60 70 80 90 100 

v Atomic Percent Tungsten w 

U-Zn 

U-Zn 
Struktur-

Composition, Pearson Space bericht 
Phase at.%Zn S!0uE designation 
(yU) 0 el2 1m 3m A2 W 

0 tP30 P4imnm Ab 
(aU) 0 oC4 Cmcm A20 aU 
I3UzZn i7 89 to 90 hP38 P6Jmmc 
aUzZn i7 89 to 90 hR19 R3m ThzZnl7 
UZn1Z 9004 to 92 hP45 P6/mmm 
{Zn} 100 hP2 P6:!.mmc A3 Mg 

P. Chiotti, Bull. Alloy Phase Diagrams, 1(2),110-113 (1981) 

U-Zr 

U-Zr 
Struktur-

Composition, Pearson Space bericht 
Phase at.%Zr symbol S!0uE designation PrototYEe 
(yU,j3Zr) o to 100 el2 Im3m A2 W 

Ot02 tP30 P4z1mnm Ab j3U 
(aU) Oto 1 oC4 Cmcm A20 aU 

64 to 85 hP3 P6/mmm C32 AlBz 
(aZr) 99.6 to 100 hP2 P6Jmmc A3 Mg 

H. Okamoto, J. Phase Equilibria, 14(2), 267-268 (1993) 

v-w 

V-W 
Struktur-

Composition, Pearson Space bericht 
Phase at.%W symbol grouE designation PrototYEe 
(V,W} o to 100 el2 1m 3m A2 W 

S.V. Nagender Naidu, A.M. Sriramamurthy, M. Vijayakumar, and P. Rama Rao, 
Phase Diagrams o/Binary Vanadium Alloys, J.F. Smith, ed., ASM International, 
Metals Park, OH, 313-317 (1989) 
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Ti Weight Percent Vanadium Ti-V 
0 10 20 30 40 50 60 70 80 90 100 

2000 

1910·C 

1800 L 

Ti-V 
1600 Struktur-

Composition, Pearson Space bericht 
1400 Phase at. % V symbol groue desiS!!ation Prototyee 

e[ (f3Ti,V) Oto 100 el2 Im3m A2 W 

1200 (uTi) Ot02 hP2 P6J!.mmc A3 Mg 
(flTI,V) 

H. Okamoto,l. Phase Equilibria, 16(2), 202-203 (1995) 
1000 

800 

600 

400 
0 10 20 30 40 50 60 70 80 90 100 

Ti Atomic Percent Vanadium V 

Weight Percent Tungsten Ti-W 
o 1020 30 40 50 60 70 80 90 100 

3500 
3422·C 

3000 

L 
Ti-W 

2500 Struktur-
Composition, Pearson Space bericht 

Phase at.%W symbol group desiS!!ation Prototype 
e[ (f3Ti,W) o to 100 el2 1m 3m A2 W 

2000 (uTi) OtoO.2 hP2 P6J!.mmc A3 Mg & 
l16700 C J.L. Murray, Bull. Alloy Phase Diagrams, 2(2),192-196 (1981) 

1500 

1000 
882·C 

740·C 

500 
0 10 20 30 40 50 60 70 80 90 100 

Ti Atomic Percent Tungsten W 

Weight Percent Yttrium Ti-Y 
10 20 30 40 50 60 70 80 90 100 

1700 
1670'C 

1600 
Ti-Y 

1500 Struktur-
Composition, Pearson Space bericht 

1400 Phase at.%Y symbol group desiS!!ation Prototype 
(f3Ti) Oto 1 el2 1m 3m A2 W 

1300 (uTi) Oto 0.01 hP2 P6Jmmc A3 Mg 
.a (f3Y) 99 to 100 el2 Im3m A2 W e 1200 

(uY) 99 to 100 hP2 P6J!.mmc A3 Mg 

1100 
J.L. Murray, Phase Diagrams of Binary Titanium Alloys, J.L. Murray, ed., ASM 

1000 International, Metals Park, OH, 333-335 (1987) 

70·C 

800 (uTi) 

700 
0 10 20 30 40 50 60 70 80 90 100 

Ti Atomic Percent Yttrium Y 
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Yttrium Fluoride Pieces 
Temp. (0 C) for Given 

\lap. Press. (Torr) 
Material Symbol MP (0 C) SID g/cm3 .--!-9·8 10-6 10.4 

Thulium Tm 1,545 S 9.32 461 554 680 

Zinc Oxide Tablets 

Thulium-'--O::..:.x.::..::id'-=-e __ ----'T-'-'.m':!=2-"-'03"----_ 
Tin Sn 232 

8.9=-=.0_---,-_-----c 1,500=----:= __ --::-'-'-__ 
7.28 682 807 997 Ex W 

Tin Oxide 

Tin Selenide 
Tin Sulfide 
Tin Telluride 
Titanium 

SnSe 
SnS 
SnTe 

Ti 

Titanium Boride TiB2 
Titanium Carbide TiC 
Titanium Nitride TiN 

Titanium (II) Oxide TiO 
Titanium (III) Oxide Ti203 
Titanium (IV) Oxide Ti02 

Tungsten W 
Tungsten Boride WB2 

S 6.95 - 1,000 

6.18 - 400 
-450 

1,630 

861 
882 
780 

1,660 
o 6.48 - 450 

4.5 1,067 1,235 1,453 

2,900 
3,140 
2,930 

1,750 
2,130 0 
1,830 

4.50 
4.93 
5.22 

4.93 
4.6 
4.26 

3,410 19.35 2,117 2,407 
- 2,900 10.77 

- 2,300 

-1 ,500 

-1 ,300 

2,757 

Ex W 

G 

Ex W 

P 

G Mo 

G W,Mo 
G--W 
F W, Mo 

G 
P 

W 

Tungsten Carbide W2C 2,860 17.15 1,480 1,720 2,120'---_Ex=--_---'-C __ _ 
Tungsten Disulfide WS2 
Tungsten Oxide W03 

1,250 -::-0_ -=7-':'.5'='-__ _ 
1,473 S 7.16 

Tungsten Selenide WSe2 
Tungsten Silicide WSi2 
Tungsten Telluride WTe3 
Uranium U 
Uranium Carbide UC2 
Uranium Fluoride UF4 
Uranium (III) Oxide U203 
Uranium (IV) Oxide U02 
Uranium Phosphide UP2 
Uranium (II) Sulfide US 
Uranium (IV) Sulfide US2 
Vanadium V 

>900 

1,132 
2,350 
960 

1,300 0 
2,878 

>2,000 
>1,100 
1,890 

Vanadium Boride VB2 2,400 
Vanadium Carbide ------vc 2,810 
Vanadium Nitride ------vN 2,320 
Vanadium QV) Oxide V02 1,967 S 
Vanadium Oxide V205 690 0 
Vanadium Silicide VSi2 f,7oO 
Ytterbium --Y- b 819 S 
Ytterbium Fluoride YbF3 1,157 

9.0 
9.4 
9.49 
19.05 1,132 1,327 
11.28 
6.70 
8.30 
10.96 
8.57 
10.87 
7.96 
5.96 1,162 1,332 

5.10 
5.77 
6.13 
4.34 
3.36 

4A2 
6.96 520 590 

Ytterbium Oxide Yb203 -----.:2?-,3::-:4c::-6_ -'S'---_9:;-:.-;-:17=----=:::-----::-:=_ 
Yttrium __ -==-Y __ -,1,522 4.47 830 973 
Yttrium Aluminum 

Oxide Y3A15012 
Yttrium Fluoride YF3 4.01 

980 

1,582 
2,100 
300 

1,200 

1,547 

G W, pt 

G Mo,W W 

Ni 
W --W 

___ Ta 

W 
Ex W, Mo 

- 1,80-"-0 ______ _ 

- 575 
-500'---______ _ 

690 
- 800 

- 1,500 
1,157 

G Ta 
Mo 
Ir 

Ex W,Ta W 

G W 

Yttrium Oxi=de'---__ -'-Y""'20:.>t3 
Zinc Zn 

1,990 
1,387 
2,410 
420 

__ -:=:5.:.::..0.:..1 _--,--:-:-_---:::-:--_--=2,000 
7.14 127 177 250 

G W 
Ex MO,W,Ta W 

Zinc Antimonide 
Zinc Bromide 
Zinc Fluoride 
Zinc Nitride 
Zinc Oxide 

570 
394 
872 

6.33 
4.20 
4.95 
6.22 
5.6-1--

- 300 
- 800 

W 
pt, Ta 
Mo 

W 

W 

W 

W 

W 
W 

W 

W 

W 

Zinc Selenide 
Zinc Sulfide 

ZnF2 
Zn3N2 

ZnO ------znse 
ZnS 

1,975 
>1,100 
1,700 

5.42 
3.98 

-1 ,800 
660 
- 800 

Ta, W, MoW, Mo W, Mo 
S G Ta, Mo -

Zinc Tellu ... rid""e ___ -'Z:::,:n""Te'---_ 1 ,239 __ --:6:-:.:.3:-::4_ -;-::::::::;----;-:= _ -;-- .::60:::=0:---=_ ---'M.:..:;0C!-:, 1-,-,=a,,-
Zirconium Zr 1,852 6.49 1,477 1,702 1,987 Ex W 
Zirconium Boride ZrB2 - 3,200 6.09 G 
Zirconium Carbide 3,540 6.73 
Zirconium Nitride 7.09 
Zirconium Oxide Zr02 - 2,700 5.89 

Zirconium Silicate ZrSi04 
Zirconium Silicide 

2,550 
1,700 

4.56 
4.8-:.::::8 ____ _ 

- 2,500 

- 2,200 G W 

Q, AI203 RF, RF-R 

Q 
Q 
Q 

TiC 

RF 
RF 
RF 

DC, RF 

RF, DC 
RF, DC 

Tungsten Oxide Target 

Decom oses 
Wets molybdenum 

Use tantalum liner in E-beam guns 
Films from tungsten are oxygen defiCient, 

oxidize in air. n = 2.0 

Alloys with refractory metals; evolves 
gas on first heating 

RF, RF-R, DC Sputtering preferred. Decomposes 
with thermal evaporation 

VC RF Preheat gently to outgas. n = 2.2 
RF Decomposes 

RF, RF-R Suboxide, must be reoxidized to rutile. Tantalum 
reduces Ti02 to TiO and titanium. n = 2.616, 2.903 

RF, DC Forms volatile oxides. Films hard and adherent 
RF 

RF, DC-
RF 

RF-R Preheat gently to outgas. Tungsten 

RF 
RF, DC 

reduces oxide slightly. n = 1.68 

RF 

C RF 
Films oxidize 
Decomposes 

RF 
RF-R 
- R-F-

RF 

Disproportionates at 1 ,300° C to U02 
Tantalum causes decomposition 

Decom oses 

RF Slight decomposition 
DC, RF Wets molybdenum. E-beam-evaporated 

RF, DC 
RF, DC 

RF, RF-R, DC 
RF, RF-R IT --RF-

RF 
DC, RF 

RF 

films n = 3.03 

Sputtering preferred. 
n = 1.46, 1.52, 1.76 

RF, RF-R 
RF,DC 

Loses oxygel) 
High tantalum solubility 

RF 
RF 

Films not ferroelectric 

---c-_'-CRF-,=" R,-,,:F=-=-R-,---Loses oxygen, films smooth and clear. n = 1.79 
A1203, Q DC, RF -- Evaporates well under -

wide range of conditions 
RF 

C RF Decomposes. n= 1.545 
Q RF 

RF Decomposes. 
RF-R n = 2.008, 

- Q RF Preheat gently to outgas. Eva orates well. n = 2.89 
RF Preheat gently to outgas. Films partially decompose. 

Sticking coefficient varies with substrate temp. 
n = 2.356 

RF 
RF, DC 
RF, DC 
RF, DC 

RF, RF-R, DC 

RF 
RF, DC 

Preheat to outgas. n = 3.5_6 __ 
Alloys with tungsten. Films oxidize readily. 

Reactively evaporates in 10.3 Torr 
Films oxygen deficient, clear and hard. 

n = 2.13, 2.19, 2.20 
n = 1.92-1.96; 1.97-2.02 
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Key of Symbols: * influenced by composition; ** Cr-plated rod or strip; ***all metals alumina coated; C = carbon; 
Gr = graphite; Q = quartz; Incl = Inconel; VC = vitreous carbon; SS = stainless steel; Ex = excellent; G = good; 

• Material Deposition 
F = fair; P = poor; S = sublimes; D = decomposes; RF = RF sputtering is effective; RF-R = reactive RF sputter is 
effective; DC = DC sputtering is effective; DC-R = reactive DC sputtering is effective 

Aluminum 
Aluminum Antimonide 
Aluminum Arsenide 
Aluminum Bromide 
Aluminum Carbide 

Aluminum Fluoride 
Aluminum Nitride 

Aluminum Oxide 

AI 
AISb 
AlAs 
AIBr3 
AI4C3 

AI2%Cu 
AIF3 
AIN 

Aluminum Phosphide AlP 
Aluminum, 2% Silicon AI2%Si 
Antimony Sb 
Antimony Oxide Sb203 
Antimony Selenide Sb2Se3 
AntimonYSu1fic18 Sb2S3 
Antimony Telluride Sb2 Te3 
Arseni-c -- As 
Arsenic Oxide -As203 
Arsenic Selenide AS2Se3 
Arsenic Sulfide AS2S3 
Arsenic Telluride AS2 Te3 
Barium --- Ba 
Barium Chloride BaCI2 
Barium Fluoride BaF2 
Barium Oxide BaO 
Barium BaS 
Barium Titanate BaTi03 

Beryllium 

Beryllium Carbide 
Beryllium Chloride 
Beryllium Fluoride 
Beryllium Oxide 

Bismuth 

Be 

Bi 

Bismuth Fluoride BiF3 
Bismuth Oxide Bi203 
Bismuth Selenide Bi2Se3 
Bismuth Sulfid::..::e'----_---..:::.Bi2S3 

660 2.70 
1,080 __ ----'4.:.::..3_ 
1,600 3.7 

97 2.64 
-1,400 

640 ___ --=2=.82 
1,291 S 2.88 

2,072 3.97 

2,000 2.42 
640 2.69 

677 

410 

630 S 6.68 279 
656 S-s2 
611 
550 4.64 
629 6.50 
817 s-s:73 107 
312 3.74 
- 360 
300 ---3.43 
362 
725 3:51 545 
963 3.92 

1,355 S 4.89 
1,918 5.72 
1,200 4.25 

o 6.02 

821 1,010 Ex TiB2,w W 

- 1,300 
- 50 Mo 
- 800 

490 700 P Mo, W, Ta 

Sputter Comments 
W TiB2-BN, ZrB2' BN RF, DC 

RF 
RF 

Gr RF 
RF 
RF, DC 

Gr RF 

Alloys & wets, Stranded W is best 

n = 2.7 
Wire feea&llash. Difficult from dual sources 

--- "'-1 RF, RF-R Decomposes. Reactive evap 

345 

150 

627 

1,550 Ex W W 

1,010 TiB2-BN 
425 P Mo,*** Ta***Mo, Ta Mo, Ta BN, C, AI203 

- 300 G Pt Pt - BN, AI203 
Ta C 

- 200 G MO,Ta 
600 
210 --P- C 

-400 Mo 
Flash 

735 F W, Ta, Mo W 
- 650 Ta, Mo 
- 700 G 

-1 ,300 P 
1,100 

Mo 
Pt 

Mo 

MO,Ta AI203 
----C 

W --- Metals 

RF-R 

RF 

in 10-3 T N2 with glow discharge 
Sapphire excellent in E-beam; 

forms smooth, hard films. n = 

RF, DC Wire feed & flash. Difficult from dual sources 
RF, DC Toxic. Evaporates well 
RF-R Toxic. Decomposes on W. n = 2.09, 2.18, 2.35 

RF Stoichiometry variable. 
decomposition. n=3.19, 4.06, 4.3 

RF Decomposes over 7500 C 
Toxic. Sublimes rapidly at low temp. 

RF 
RF ---n = 2.4, 2.81 , 3.02 

JVST. 1973;10:748 
RF --wetS without alloying reacts with ceramics 

RF Preheat gently to outgas. n = 1.73 
RF n = 1.47 

RF, RF-R 
RF 
RF 

Decomposes slightly. n = 1.98 
n = 2.16 

Gives Ba. Co-evap. from 2 sources or 
___ s=putter. n = 2.40 

1,278 1.85 710 878 1,000 Ex W,Ta W W BeO, C, VC RF, DC Wets W/Moffa. Powder & oxides toxic. 

>2,100 0 1.90 
405 1.90 - 150 
800 S 1.99 - 200 G 

2,530 3.01 1,900 G - W- --

271 9.80 330 410 520 Ex W, Mo, Ta W 

727 S 5.32 - 300 
860 8.55 - 1,400 P Pt Pt 
710 0 6.82 - 650 G 
685 0 7.39 

RF 

RF, RF-R 

DC, RF 

Gr RF 

Gr, O 

Evaporates easily 

Toxic. n = <1.33 
Toxic. No decomposition from 

E-beam guns. n=1 .72 
Toxic vapor. Resistivity high. 
No shorting of baskets 

___ ----.:n=1.74 
Toxic vapor. n = 1.91 

Co-evaporate from two sources or sputter 
n = 1.34, 1.46 

Bismuth Telluride Bi2Te3 573 7.7 - 600 W, Mo Gr, O 

RF, RF-R 
RF 
RF 
RF 
RF 

Co-evaporate from two sources or 
Sputter or co-evaporate from two 

sources in 10-2 Torr oxygen 
Bismuth Titanate Bi2Ti207 0 

Boron B 2,300 2.34 1,278 1,548 1,797 Ex C 

Boron Carbide 
Boron Nitride 

B4C 
BN 

Boron Oxide B203 
___ fid=-e ___ 

Cadmium Cd 
Cadmium Antimonide Cd3Sb2 
Cadmium Arsenide Cd3As2 
Cadmium Bromide CdBr2 
Cadmium Chloride CdCI2 
Cadmium Fluoride 
Cadmium Iodide Cdl2 
Cadmium Oxide CdO 
Cadmium Selenide CdSe 
Cadmium Sulfide CdS 

2,350 2.52 2,500 2,580 Ex 
- 3,000 S 2.25 -1 ,600 P 

- 450 
310 
321 

1.81 
1.55 
8.64 

456 6.92 
721 6.21 
567 5.19 
568 4.05 

1,100 6.64 
387 5.67 

>1,500 
> 1,350 S 5.81 
1,750 S 4.82 

- 1,400 G Pt, Mo 
800 

64 120 180 P W, Mo, Ta 

- 300 
- 400 
- 500 
- 250 
- 530 
540 
550 

G MO,Ta 
W, MO,Ta 

C,VC 

Gr 
W, Mo, Ta A1203, ODC, 

o 

W 

RF 

RF 
RF, RF-R 

RF 

Explodes with rapid cooling. 
Forms carbide with container 

Similar to chromium. 
Decomposes under sputtering; 

Reactive preferred 
n = 1.48 

RF Bad for vacuum systems. Low sticking coefficient 

RF 

RF 

RF-R 
RF 
RF 

n = 1.56 

Disproportionates. n = 2.49 
Evaporates easily. n = 2.4 

Sticking coefficient affected by substrate 
temp. Stoichiometry variable. n = 2.51 ,2.53 





MBE ≈ Atomic Spray Painting 




