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When GaAs is Heated … 

2264 ]. R. ARTHUR 

evaporation may be congruent, i.e. the tempera-

ture at which FGa = 2FAS.+4PAs4' is decreased 
slightly to 9100 K from Thurmond's estimate of 
933°K. 

While the absolute Ga pressure could not be 
established accurately from the Ga + ion current, 

in X As' and since aGa -J> 1 as X AS -J> 0 it is un-
likely that aGa is different from unity below 
1200oK, the upper limit of our experiment. The 

YGa calculations using equation (12) support this 
contention. 

The log Y vs. X AS data in Fig. 4 are qualitatively 
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FIG. 5. Equilibrium vapor pressures of As, As2 , As. and 
Ga along the binary liquidus as a function of T - '. 
Pressures of AS2 and As. over pure solid and liquid As 

are also shown. 

there was other evidence that P Ga = pGao, the 

pressure over pure Ga. In the temperature range 
of our data the arsenic atom fraction in liquid Ga 
increased from -10- 3 to 4 x 10 - 2(6) yet no de-

parture from linearity is evident in either arsenic 
or gallium pressure data in Fig. 3. Furthermore, 

the temperature dependence of (IGa + T) indicated 
a second law heat of vaporization !:lHTo = 63·6 
kcal/mole, in agreement with value obtained 
by Munir and Searcy for pure Ga. Thus 

aGa = PGa/PGao is constant for a 40-fold increase 

similar to Thurmond's results except that the 

minimum in log YAs which Thurmond found near 
X As = 0·03 is absent. Since 

I1Fl e !:lDl I1Sl e 

lnYAs = RT = RT - R (13) 

where !:lFl e and !:lSI e are the partial molar excess 

free energy and entropy of mixing, respectively, 
and !:llil is the partial molar heat of mixing, 
Thurmond pointed out that the minimum in 
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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 
900-1200oK. The As2 /As4 ratio was observed in these measurements to be substantially larger than 
previously reported(2.3) 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 
reactions: 

GaAs(.) ->- Ga(.) + tAs2(,) 
GaAs(.) ->- Ga(s) + tAs4 (,) 

2As2(,) ->- As4 (,) 

GaAs(S) ->- Ga(,) + As(,) 

ilH29SO = 44'9 kcal 
ilH29So = 29·4 kcal 
ilH29SO = -62·5 kcal 
ilH29So = 155 kcal 

These results were used to correct Thurmond's calculations of vapor pressures and activity coeffi-
cients along the GaAs liquidus. (1) 

INTRODUCTION 

THURMOND(l) has constructed the P-T curves 

along the binary GaAs liquidus using mass 
spectrometric information by DROWART and 
GOLDFINGER(2) and by GUTBIER, (3) total pressure 

measurements near the GaAs m.p. by RICHMAN,(4) 
and solubility data by KOSTER and THOMA (5) and 

HALL. (6) Thurmond noted that the pressure 

measurements of Drowart and Goldfinger were 
inconsistent with the high temperature measure-

ments of Richman; furthermore the considerable 

disagreement in the values for decomposition 
enthalpy obtained by mass analysis of decomposi-

tion products (see Table 1) made further studies 
of low temperature decomposition seem desirable. 

values for the free energy function (F
T
O-H

29S
O)/T 

from GaAs heat capacity data, (7) standard enthalpies 

were calculated by a Third Law treatment for the 
reactions: 

We have used a mass spectrometer to determine 

the temperature dependence of the pressure of 

As2, As4 and Ga over GaAs as well as the As2/ As4 
ratio. Using weight loss measurements to cali-

brate mass spectrometer sensitivity, vapor pres-
sures for the three species were determined from 

GaAs(s) -'?- Ga(S) +!As2(g) 

IlH29S0 = 44·9 ± 0·5 kcal (1) 

GaAs(s) -'?- Ga(S) +lAs4(g) 

IlH29so = 29·4 ± 0·7 kcal (2) 

2As2(g) -'?- AS4(g) 

IlH29SO = - 62·5 ± 1·5 kcal (3) 

GaAs(5) -'?- Ga(g) + AS(g) 

IlH29SO = 155 ± 2 kcal (4) 

Using the new data, the pressure-temperature 
curves along the Ga-As liquidus were recalculated 

and found to be completely consistent with Rich-
man's high temperature data. 

900-1200oK. When care was taken to prevent the EXPERIMENTAL 
buildup of arsenic in the ionization chamber, the Figure 1 shows the Knudsen cell and mass 
As2/As4 ratio was found to be much larger than spectrometer ionization chamber. The EAr Quad 
that observed by previous workers.(2.3) Using new 200 quadrupole mass spectrometer was equipped 
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Consider	Evaporation	of	PbO	

438 LAMOREAUX, HllDENBRA",D, AND BREWER 

-1 

-3 

-5 

-7 

-9 

-11 

-13 

T (K) 

FIG. 53. PbO vaporization in 10-15 bar O2 below 905 K and vaporization of 

Ph-PbO mixture above 905 K. 
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FIG. 54. PbO congruent vaporization. 

-5 

a:: e3 -7 

-13 

I 

I 

I 

i..-Pb2 

/ 

1000 1200 1400 1600 1800 

T (K) 

FIG. 55. PbO vaporization in 0.2 bar 02' 
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FIG. 56. PbO maximum vaporization rates. A_IO- 15 bar 02; B-Ph-PbO 

equilibrium; C--congruent vaporization; D-D.2 bar O2 , 

value seems somewhat large, calculations using the resulting 

thermodynamic properties are in excellent agreement with 

Drowart's gas phase equilibria over the temperature range of 

measurements. Equilibrium data are available for PbsOs and 

Pb60 6 at only one temperature, 1200 K. The entropy at 298 

K for these two species was estimated by extrapolating the 

values for the monomeric through tetrameric species, and 

the estimated value C;IR = 3.0 was used to calculate val-

ues of the Gibbs energy functions. The gas phase equilibria at 

1200 K were then used to derive values of the enthalpies of 

formation. 

o. Zn-O System 

The stable solid phase is ZnO. Vaporization takes place 

predominantly by dissociation into gaseous Zn and O2, and a 

much smaller amount ofZnO(g). Figures 57-60 show cal-

culated partial pressures for vaporization of ZnO. The 

Gibbs energy function of gaseous ZnO was calculated using 

the estimated internuclear distance of Brewer and Rosenb-
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FIG. 57. ZnO vaporization in 10- 15 bar 02' 
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value seems somewhat large, calculations using the resulting 

thermodynamic properties are in excellent agreement with 

Drowart's gas phase equilibria over the temperature range of 

measurements. Equilibrium data are available for PbsOs and 

Pb60 6 at only one temperature, 1200 K. The entropy at 298 

K for these two species was estimated by extrapolating the 

values for the monomeric through tetrameric species, and 

the estimated value C;IR = 3.0 was used to calculate val-

ues of the Gibbs energy functions. The gas phase equilibria at 

1200 K were then used to derive values of the enthalpies of 

formation. 

o. Zn-O System 

The stable solid phase is ZnO. Vaporization takes place 

predominantly by dissociation into gaseous Zn and O2, and a 

much smaller amount ofZnO(g). Figures 57-60 show cal-

culated partial pressures for vaporization of ZnO. The 
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value seems somewhat large, calculations using the resulting 

thermodynamic properties are in excellent agreement with 

Drowart's gas phase equilibria over the temperature range of 

measurements. Equilibrium data are available for PbsOs and 

Pb60 6 at only one temperature, 1200 K. The entropy at 298 
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values for the monomeric through tetrameric species, and 

the estimated value C;IR = 3.0 was used to calculate val-

ues of the Gibbs energy functions. The gas phase equilibria at 

1200 K were then used to derive values of the enthalpies of 

formation. 

o. Zn-O System 

The stable solid phase is ZnO. Vaporization takes place 

predominantly by dissociation into gaseous Zn and O2, and a 
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culated partial pressures for vaporization of ZnO. The 
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Key Enablers of MBE 
•  “3-Temperaturaufdampfverfahren” 

for Growth of III-V Semiconductor Films by 
Vacuum Evaporation 
K.G. Günther, “Aufdampfschichten aus 
halbleitenden III-V Verbindungen,” Zeitschrift für 

Naturforschung A 13 (1958) 1081-1089.

• 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 York, 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-Technique 

J.E. Davey and T. Pankey, “Epitaxial GaAs Films Deposited by Vacuum Evaporation,”�
Journal of Applied Physics 39 (1968) 1941-1948. 
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FIG. 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. 
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area. The remainder of the surface was reserved for 

RED and optical examination to ensure no deviation 

from stoichiometry or significant structural changes. 

As indicated in previous work,8,9 for the geometry of 

this deposition system, there is an optimum condensa-

tion rate above which free Ga may be observed on 

deposited films. Therefore, condensation rates were 

held to values well below 120 A/min to minimize the 

possibility of free Ga as an uncontrolled parameter. 

For these lower rates, the Ga source was held at 910°C, 

the As source at 295°C, the main oven at 150°C, and 

the substrate temperature was varied as required. 

III. EXPERIMENTAL RESULTS 

A. Normal Structure 

Figure 2 shows RED patterns for films deposited 

simultaneously on Ge, GaAs, and AbOa substrates at a 
substrate temperature of 375°C. (In view of the fact 

that certain reflections in the experimental RED pat-

terns may be in reproduction, or at best difficult to 
observe, RED patterns are reproduced in the line 

drawings associated with each figure.) The deposits in 

Fig. 2(A) and 2(B), on the Ge and GaAs, respectively, 

are polycrystalline films with a strong [100J texture. 

This texture is one which has been observed for, and 

which is expected for, films deposited on amorphous 

glass substrates at the same temperature. This tempera-

ture of 375°C is the low-temperature limit at which, and 
below which, GaAs films deposited on single-crystal 

substrates will be textured polycrystalline deposits with 
the same properties as films deposited on amorphous 
substrates. 

The film deposited on the AI20 a, substrate in Fig. 
2 (C), demonstrates the effect of substrate-surface 
disorder on the properties of the film. Using standard 
etching techniques on the AbOa, the surface disorder, 
normally inherent as a residual from the polishing 

8 J. E. Davey and T. Pankey, J. App!. Phys. 35, 2203 (1964). 
9 T. Pankey and ]. E. Davey, ]. App!. Phys. 37, 1507 (1966). 

operations, could not be completely removed, resulting 

in residual scratch densities up to 108/cm2. Such 

"scratches" presented preferential nucleation sites for 

Ga and the films deposited on such surfaces always 

exhibited RED with many extra rings (Ga is ortho-

rhombic with no extinctions) which could not be in-
dexed either as zinc blende or wurtzite GaAs; such a 

RED is shown in Fig. 2(C). This film was deposited 

simultaneously with those of Fig. 2(A) and 2(B). In 

view of the difficulty in producing Ab03 substrates with 

surface perfection approaching that for Ge and GaAs, 

the Al20 3 substrates were not investigated further in 

this work. lO 

Films deposited above 375°C became more ordered 

with increasing temperature until at 400°C GaAs films 

which exhibited little or no randomness in RED could 

be deposited on both Ge and GaAs substrates. However, 

the films deposited at 400° to 425°C show diffraction 

patterns with twinning on all (111) planes. Figure 
3(A) shows a RED pattern for a GaAs film deposited 

on a (100) Ge surface at 400°C and Fig. 3 (B) shows 

a diffraction pattern for a GaAs film deposited on the 
(111) face of a Ge substrate held at 410°C. Both RED 

show extensive twinning, and reflections characteristic 

of double-diffraction effects but no reflections which 

cannot be indexed as characteristic of the zinc blende 

structure. The same behavior is observed for GaAs 

films deposited on the b face of both semi-insulating 

(SI) GaAs substrates and those with different impurity 

dopings. This type of deposit prevails for both substrate 

materials up to 425°C. 
At substrate temperatures between 425° and 450°C, 

highly ordered twin-free deposits of GaAs have been ob-

served on Ge substrates and on the (111) (b faces) and 
(100) surfaces of both SI GaAs and doped GaAs sub-
strates. Figure 4 shows a typical twin-free film of 
GaAs on a Zn-doped (1018/cc) GaAs (100) substrate; 

10 In a recent private communication, Dr. H. M. Manasevit 
informed us that very high-quality, scratch-free, surfaces of 
AI20 3 may be prepared by high-temperature firing in H2, and under 
special circumstances in inert gases. 

r -- -- MAIN OVEN 

! 

I OVEN As 

I J 

E 

TO TRAPS. PUMPS, 

H 1-PURITY ARGON 

FIG. 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. 



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 

1st MBE
Al Cho at Bell Labs, 1972

Production
MBE

Today�
(courtesy of TRW)
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University 
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Cornell, 

1978
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MBE production tool performance data 

HIGH YIELD 
 

   UNIFORMITIES / 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’’ or 5x3’’, 4x6’’ or 9x4’’, (4x8’’) 7x6’’ 

              RUN SWITCHING  less than 2 minutes (platen exchange) 



Reflection	High-
Energy	Electron	

Diffraction	(RHEED)	
Oscillations	

B. Bölger and P. K. Larsen, Review of Scientific 

Instruments 57 (1986) 1363-1367.
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FIG. 1. Schematic diagram ofRHEED geometry showing the incident beam 

at an angle 8 to the surface plane; azimuthal angle 'P. The elongated spots 

indicate the intersection of the Ewald sphere with the 0 I, 00, and 0 T rods. 

very uppermost layers (for which there is experimental evi-

denceI4
). This results in a nearly two-dimensional con-

dition with the reciprocal lattice points drawn out into lat-

tice rods perpendicular to the surface. The intersection of 

these with the Ewald sphere will lie on semicircles. In prac-

tice, the rods are broadened, resulting in elongated and/or 

broadened streaks and their shape can be related to disorder, 

domains, etc.4 

The detection system shou]d be able to resolve fine fea-

tures in diffraction patterns like that shown in Fig. 2. The 

distance d)/4 between two adjacent streaks is given by 

d)/4 = LglI/k, (1) 

where L is the distance between the substrate and the phos-

phor screen, k = (2mE /fi2)1/2 is the wave vector of the pri-

mary beam of energy E, and gil = Gil /4 is the smallest lattice 

vector of the 2 X 4 surface Brillouin zone. Here Gil = (217"/ 

ao)(O,l,l), where ao is the I.attice constant. For the condi-

tions of Fig. 2 (E = 12.5 keY, L = 280 mm) we find 

d)/4 = 1.9 mm. Perpendicular to the streaks we, therefore, 

need a resolution of at least 0.2 mm (corresponding to an 

angular resolution of 0.04
0 

or 0.7 mrad). Along the streaks 

the angular resolution 8e (i.e., system linewidth) deter-

mines the maximum measurable correlation length W, 

where W = 1T/k{je sin e. It is, therefore, important to mini-

mize 8e as much as possible. There are several other require-

ments. As mentioned above, the streak intensity may be 

highly modulated and greatly dependent on the angle of inci-

02 01 00 01 02 

FIG. 2. Diffraction pattern from the GaAs(OOI )·2X4 surface, in the [TlOl 
azimuth, taken at an electron energy of 12.5 keY and an incident angle of 

3.1'. 
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dence. In fact, intensity variations exceeding 103 are found. 19 

This necessitates a large dynamic range and high stability 

and reproducibility of the angular setting. Further require-

ments related to MBE growth are the need for fast simulta-

neous detection of two or more beams for establishing phase 

relationships and rapid successive measurements ofline pro-

files. After presenting a few selected results we shall return to 

this point in Sec. III. 

II. SYSTEM DESCRiPTiON 

In order to ensure fast data acquisition we relied on pro-

cessing the video signal from a television camera imaged on 

to the RHEED screen. The camera was equipped with a 

sensitive silicon vidicon tube and a wide-aperture lens with 

calibrated diaphragm. The horizontal TV line scan was ad-

justed so as to be parallel to the diffraction streaks and per-

pendicular to the substrate's rotation axis defining the angle 

of incidence. The fluorescent screen was made with a com-

merciaUy available phosphor with a grain size of about 0.1 

mm (this determines the ultimate resolution of the system). 

It is, however, possible to produce phosphor screens having 

a resolution of - 30 flm. Such screens are used for medical 

applications. 

The video signal was processed by two different systems 

each having its own merits. The first system, shown in Fig. 3, 

used a two-channel boxcar integrator. Each channel had a 

time aperture over which the signal was averaged. Proper 

triggering of the boxcar could place this aperture anywhere 

on the video signal (TV picture). We used the TV frame-

and line-synchronization pulses (F.S. and L.S.), taken from 

the video monitor, to trigger two pulse-delay generators for 

scanning purposes. Their output pulses pass through an AND 

gate which triggers the boxcar. The horizontal delay is thus 

referenced to the preceding horizontal synchronization 

pulse. The delayed frame synchronization pulse has to have 

the duration of a line sweep (i.e., 60 fls) for triggering on a 

single line. The aperture of the boxcar can now be swept 

linearly over the screen along any direction wanted. The po-

sition of the two apertures are made visible by adding the 

Phosphor 
Screen \----, 

U H V I ' TV: VIdeo I ' J @ 
---j' 

system, 1, camera dIS"I' -- 'I 
. I amp_ , r g. 

'----.Ji ' 
I '- I VIdeo I -------- --l monitor I 

I : (M;'-ker) I . 

s.! 
Boxcar I" sync". sync. 
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Inl Int and sweep: . 

... ,-L B \ l. i Trig, 

l,v 1 -1 Y2 -J-'0-0-n-s r.1-L r= X __ _ 
I 

. 

FIG. 3. Layout of video signal processing system employing a boxcar inte· 

grator. 
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What is 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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Greatest hits of MBE 

• How to grow your favorite oxide quantum 
material by MBE? 
Nuts and bolts of oxide MBE 

• Oxide MBE growth of quantum materials 
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• How can I gain access to an oxide MBE 
if I don’t have one?  
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MBE for Science / Technology 
• 1998 Nobel Prize in Physics— 

Fractional Quantum Hall Effect  
•  Horst Ludwig Störmer 
•  Daniel Chee Tsui 
•  Robert B. Laughlin 

• 2000 Nobel Prize in Physics—
Semiconductor Optoelectronics 

•  Zhores Ivanovich Alferov 
•  Herbert Kroemer 



Modulation Doping COMMENTARY

260 nature nanotechnology | VOL 2 | MAY 2007 | www.nature.com/naturenanotechnology

BUILDING NEW NANOSTRUCTURES

Throughout the 1960s, researchers 
grappled with the challenge of 
making new crystalline materials for 
semiconductor applications. A good 
deal of the most significant work was 
done at the IBM Thomas J. Watson 
Research Center in Yorktown Heights, 
New York, and at Bell Laboratories in 
Murray Hill, New Jersey, between 1968 
and 1973. At Bell Labs, for example, 
John R. Arthur Jr published a paper in 
July 1968 that described construction of 
epitaxial gallium arsenide layers using 
molecular beams of these elements8, 
and he filed a patent application for his 
work in the same year. Managers at Bell 
and IBM viewed GaAs, with its wide 
bandgap and high electron mobility, 
as a good candidate for high-speed 
electro-optical devices, and researchers 
liked the fact that the lattice constant of 
GaAs closely matches that of aluminium 
arsenide, another III–V semiconductor. 
Consequently, structures built of 
alternating layers of AlAs and GaAs 
would figure prominently in early 
MBE studies.

Alfred Y. Cho, an ambitious Chinese 
scientist who is sometimes called the 
‘father of MBE’, started working with 

John Arthur soon after he joined Bell 
Labs in 1968 (Fig. 1). Together they 
blended basic science with instrumental 
engineering as they improved their 
fabrication technique and studied the 
properties of the new materials they 
made. Cho had previously worked 
on ion-beam propulsion for space 
applications, which, he later explained, 
was the reason why his “MBE systems 
all look like ion engines!”9. At first, 
however, they could only produce a few 
hundred angstroms of GaAs per day, 
grown in layers that were too thin to 
accurately characterize.

Over at IBM, meanwhile, Leo Esaki and 
Ray Tsu were grappling with a theoretical 
concept known as a superlattice. 
Whereas the heterostructures proposed 
by Kroemer contained just two layers of 
different materials, superlattices could 
be made of many very thin layers of 
two or more different semiconductors. 
Moreover, if a superlattice could be built 
with layers that were shorter than the 
mean free path of the electrons, a series 
of allowed and forbidden energy bands 
would be created in the device. Esaki and 
Tsu argued that this could prove to be 
“a valuable area of investigation in the 
field of semiconductors”10. However, 
when they submitted their first paper on 

this topic to a journal, it was rejected on 
the grounds that it was too speculative 
with “no new physics”. (The first paper 
on the STM was rejected for similar 
reasons2.) Luckily for Esaki and Tsu the 
Army Research Office thought differently 
and supported their superlattice research 
for several years.

Around this time Leroy Chang 
returned to IBM from a sabbatical at the 
Massachusetts Institute of Technology, 
and he and Esaki started to build their 
own MBE equipment, partly as a way 
to explore superlattices further. Esaki’s 
work, both theoretical and experimental, 
encouraged both IBM and Bell Labs 
to explore the use of MBE to make 
semiconductor structures, and when he 
shared the Nobel prize in physics in 
1973 for earlier work on tunnelling 
in semiconductors, his influence 
increased further.

Like Cho and Arthur, the IBM 
group built their first MBE systems 
from scratch and had to master various 
engineering issues, such as developing 
ways to monitor epitaxial growth in situ 
and control the shutters that allow the 
atoms into the vacuum chamber. The 
IBM and Bell groups also had to convince 
lab managers and outside colleagues that 
MBE had genuine potential for what 
we now call nanofabrication. However, 
the need for pure elemental sources and 
ultrahigh vacuums led some observers to 
joke, according to Cho, that the acronym 
really stood for “mega buck equipment”11. 
Others saw it as a threat to established 
(but less precise) fabrication techniques 
rather than an opportunity.

AN MBE COMMUNITY EMERGES

By 1975, both IBM and Bell Labs 
funded several groups that were 
actively working to improve the MBE 
technology and study the new materials 
they could produce. As interest in MBE 
grew, experienced researchers began 
to consider how the technique could 
be used to build real semiconductor 
nanostructures, including lasers and 
diodes. Kroemer, for instance, started 
to experiment with an MBE machine 
donated by the US Army once he moved 
to the University of California, Santa 
Barbara in 1976.

Meanwhile, other researchers in 
the US, Japan and Europe (where the 
German physicist Klaus Ploog played a 
central role) began to experiment with 
the new degrees of freedom offered by 
MBE. Often working in competition 
with each other and colleagues in 
academic labs, the IBM and Bell groups 

Figure 2 Four pioneers of modulation doping gather around an early MBE machine at Bell Labs in 1978: 
(left–right) Willy Wiegmann, Art Gossard, Horst Störmer and Ray Dingle. Störmer and his Bell Labs colleague 
Daniel Tsui shared the Nobel prize for discovering the fractional quantum Hall effect in devices made by 
Gossard and co-workers with MBE.
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Abstract
Two-dimensional electron gases (2DEGs) based on conventional semiconductors

such as Si or GaAs have played a pivotal role in fundamental science and
technology. The high mobilities achieved in 2DEGs enabled the discovery of the
integer and fractional quantum Hall effects and are exploited in high-electron-mobility
transistors. Recent work has shown that 2DEGs can also exist at oxide interfaces.
These electron gases typically result from reconstruction of the complex electronic
structure of the oxides, so that the electronic behavior of the interfaces can differ from
the behavior of the bulk. Reports on magnetism and superconductivity in oxide
2DEGs illustrate their capability to encompass phenomena not shown by interfaces
in conventional semiconductors. This article reviews the status and prospects of
oxide 2DEGs.

Two-Dimensional
Electron Gases at
Oxide Interfaces

J. Mannhart, D.H.A. Blank, H.Y. Hwang, 
A.J. Millis, and J.-M. Triscone

Introduction
Today, the operation of almost any

semiconducting device relies on the use of
interfaces. Although semiconducting tech-
nology started to utilize interfaces more
than 50 years ago, an analogous develop-
ment is taking off today. Advances in the
heteroepitaxy of complex oxides now pro-
vide the possibility of fabricating inter-
faces in oxides, including oxides with
strongly correlated electrons, with atomic
precision. Such interfaces can generate
electron systems that nature does not pro-
duce in the bulk. The electrons interact
and order at the interfaces in unique ways,
so that, for example, field-effect transistors
using phase transitions, novel types of
quantum Hall systems, and unique super-
conductors can be obtained. Well-
 controlled interfaces based on oxide
materials have been fabricated and are
being used for a possible new generation
of oxide electronic devices. They comple-
ment the interface-based bulk oxide
capacitors and varistors that have been a
great commercial success for many
decades. The defining property of inter-
faces—the simple fact that they connect
different  materials—creates new possibili-
ties for generating novel electronic phases.

The challenges to the materials scientists
and physicists are enormous. Yet, by offer-
ing tremendous flexibility, such interfaces
create emerging possibilities in designing
new electronic systems. Herein, we pro-
vide an overview of a particularly interest-
ing development that recently occurred in
this field: the generation of ultrathin, or
even two-dimensional, electron gases at
oxide interfaces.

Fundamentals: Electronic
Properties of Interfaces

The realization of two-dimensional elec-
tron gases (2DEGs) in semiconductor inter-
faces based on Si or on III–V compounds
has led to tremendous developments and
successes in both understanding funda-
mental physics and developing new
devices. As a fruit of efforts that started in
the 1960s, 2DEGs with typical carrier den-
sities ranging from 1010/cm2 to 1012/cm2

can be generated at a single heterojunction
(interface between two different materials)
or in doped heterostructures that form
superlattices (periodic arrays of interfaces).

As shown in Figure 1 for a single het-
erojunction, electron gases are formed in
quantum well structures with typical
widths on the order of 10 nm. The poten-
tial well perpendicular to the interface
causes quantization of the electronic
states. Along the plane, the carriers can
move with a high mobility. Whereas these
mobilities reached only ~104 cm2/(V s) in
early III–V heterostructures, their top val-
ues now exceed 107 cm2/(V s) at low tem-
peratures.2 High mobilities and long mean
free paths are essential to generate quan-
tized Hall resistances according to the
integer3 or fractional4 quantum Hall
effects (QHEs) or to use the electron gases,
for example, in high-electron-mobility
transistors (HEMTs).

The concept invented to attain the high
mobility is to spatially separate the dop-
ing layer from the mobile carriers and
thereby suppress scattering at the ionized
dopants.5 The spatial separation of the
conduction layer and the charge-generation
layer is a principle that also offers great
potential for oxide heterostructures. We
note in passing that a spatial separation of
dopants from conducting layers occurs in
high-temperature superconductors6,7 and
might be essential for their high transition
temperatures.

+ + +
+

Si-doped AlGaAs Undoped GaAs

EF

EC

2DEG

Figure 1. Band diagram showing the formation of a two-dimensional electron gas (2DEG)
at a Si-doped AlGaAs–GaAs heterojunction. Note: EF is the value of the Fermi energy, and
EC gives the energy of the conduction band edge.
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follow the periodic nature of the crystal, 
impede the flow of electrons and thus 
decrease their mobility.

In the cleanest semiconductors, the 
achievement of high mobilities has been 
accompanied by the observation of new 
phenomena — first the integer quantum 
Hall effect, and later, in even cleaner 
samples, the fractional quantum Hall 
effect (FQHE). These discoveries were 
the subjects of the 1985 and 1998 Nobel 
Prizes in physics, respectively. In this issue 
of Nature Materials, Atsushi Tsukazaki 
and colleagues1 report ZnO-based single-
crystalline heterostructures with record 
mobility and find clear evidence of the 
FQHE. Zinc oxide thus joins GaAs (ref. 2), 
AlAs (ref. 3), SiGe (ref. 4), GaN (ref. 5) 
and graphene6, which show a clear FQHE, 
and silicon7, which shows the effect only 
weakly, to become the first oxide having the 
requisite impeccable cleanliness needed to 
show FQHE.

Zinc oxide exists in nature as the 
mineral zincite. The best synthetic ZnO 
single crystals exhibit peak mobilities8 of 
about 2,000 cm2 V–1 s–1). This record has 
been left in the dust after just a few years of 
tremendous work by a talented team led by 
Atsushi Tsukazaki from Tohoku University. 
They applied to ZnO the same techniques 

found to yield the highest mobilities in 
conventional semiconductors. The trick is 
to keep the mobile electrons, for which high 
mobility is desired, away from all potential 
scattering centres.

In bulk crystals there are limits, however, 
to how well this can be done. Defects 
such as impurities and dislocations can be 
minimized in high-quality crystals, but 
dopants are needed to provide the mobile 
electrons and those dopants themselves 
severely limit the mobility. After they 
provide (or donate) the desired mobile 
electrons, these dopants are charged, making 
them very effective at scattering the mobile 
electrons at low temperatures, and causing 
the mobility to plummet.

In thin films it is possible to get 
around this problem and create a two-
dimensional electron gas (2DEG) where 
mobile electrons are spatially separated 
from ionized dopants or other scattering 
sites. Three different approaches have been 
used with conventional semiconductors to 
make 2DEGs sufficiently clean for FQHE 
observation: ‘modulation-doping’, the 
route to GaAs (ref. 2), AlAs (ref. 3) and 
SiGe (ref. 4) 2DEGs, ‘field-effect’ doping 
as applied to silicon7 and graphene6, and 
‘polarization doping,’ which produces 
the 2DEG in GaN (ref. 5). Using 

these techniques in combination with 
improvements in crystalline perfection 
and purity of epitaxial ZnO films, the 
mobilities achieved by the Tohoku group 
have skyrocketed in the past several 
years. In 2007, with peak mobilities of 
5,500 cm2  V–1 s–1 in polarization-doped 
heterostructures, the ZnO films were clean 
enough to show the quantum Hall effect9. 
The current record of 180,000 cm2 V–1 s–1 
was achieved in even cleaner ZnO 2DEGs 
using a combination of polarization and 
field-effect doping.

The upward mobility history of ZnO 
is shown in Fig. 1a in comparison to that 
of GaAs (Fig. 1b). Although the present 
record mobility of ZnO-based 2DEGs pales 
in comparison to the 36,000,000 cm2 V–1 s–1 
record of GaAs-based 2DEGs (held by 
one of us, L.N.P., and comparable to that 
achieved by Umansky et al.10), the rate of 
progress in ZnO is staggering. Further, the 
effective mass of electrons in ZnO is over 
four times higher than in GaAs, requiring 
ZnO samples to be substantially cleaner than 
their GaAs counterparts to achieve the same 
mobility. Yet there are lots of similarities 
in the route to upward mobility — 2DEG 
heterostructures, the use of molecular-beam 
epitaxy as the thin-film growth method 
of choice to achieve unparalleled purity 
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Figure 1 | A historical view of the upward mobility of electrons in ever-cleaner ZnO and GaAs heterostructures and the steps leading to this improvement. 
a, The mobility progress achieved by Tsukazaki et al. for ZnO over the past three years up to their record mobility of 180,000 cm2 V–1 s–1 reported in this issue1. 
The highest mobility reported for a bulk single crystal of ZnO is also shown for comparison (ref. 8). b, The mobility progress achieved at Bell Labs for GaAs over 
the last three decades up to the present mobility record of 36,000,000 cm2 V–1 s–1. The curve labelled ‘bulk’ is for a GaAs single crystal doped with the same 
concentration of electrons as the 2DEGs. MBE, molecular-beam epitaxy; UHV, ultra-high vacuum; LN2, liquid nitrogen; ‘undoped setback’, an undoped layer 
prior to the modulation doping to further separate the ionized impurities from the 2DEG. Data from ref. 12 and L.N.P.
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follow the periodic nature of the crystal, 
impede the flow of electrons and thus 
decrease their mobility.

In the cleanest semiconductors, the 
achievement of high mobilities has been 
accompanied by the observation of new 
phenomena — first the integer quantum 
Hall effect, and later, in even cleaner 
samples, the fractional quantum Hall 
effect (FQHE). These discoveries were 
the subjects of the 1985 and 1998 Nobel 
Prizes in physics, respectively. In this issue 
of Nature Materials, Atsushi Tsukazaki 
and colleagues1 report ZnO-based single-
crystalline heterostructures with record 
mobility and find clear evidence of the 
FQHE. Zinc oxide thus joins GaAs (ref. 2), 
AlAs (ref. 3), SiGe (ref. 4), GaN (ref. 5) 
and graphene6, which show a clear FQHE, 
and silicon7, which shows the effect only 
weakly, to become the first oxide having the 
requisite impeccable cleanliness needed to 
show FQHE.

Zinc oxide exists in nature as the 
mineral zincite. The best synthetic ZnO 
single crystals exhibit peak mobilities8 of 
about 2,000 cm2 V–1 s–1). This record has 
been left in the dust after just a few years of 
tremendous work by a talented team led by 
Atsushi Tsukazaki from Tohoku University. 
They applied to ZnO the same techniques 

found to yield the highest mobilities in 
conventional semiconductors. The trick is 
to keep the mobile electrons, for which high 
mobility is desired, away from all potential 
scattering centres.

In bulk crystals there are limits, however, 
to how well this can be done. Defects 
such as impurities and dislocations can be 
minimized in high-quality crystals, but 
dopants are needed to provide the mobile 
electrons and those dopants themselves 
severely limit the mobility. After they 
provide (or donate) the desired mobile 
electrons, these dopants are charged, making 
them very effective at scattering the mobile 
electrons at low temperatures, and causing 
the mobility to plummet.

In thin films it is possible to get 
around this problem and create a two-
dimensional electron gas (2DEG) where 
mobile electrons are spatially separated 
from ionized dopants or other scattering 
sites. Three different approaches have been 
used with conventional semiconductors to 
make 2DEGs sufficiently clean for FQHE 
observation: ‘modulation-doping’, the 
route to GaAs (ref. 2), AlAs (ref. 3) and 
SiGe (ref. 4) 2DEGs, ‘field-effect’ doping 
as applied to silicon7 and graphene6, and 
‘polarization doping,’ which produces 
the 2DEG in GaN (ref. 5). Using 

these techniques in combination with 
improvements in crystalline perfection 
and purity of epitaxial ZnO films, the 
mobilities achieved by the Tohoku group 
have skyrocketed in the past several 
years. In 2007, with peak mobilities of 
5,500 cm2  V–1 s–1 in polarization-doped 
heterostructures, the ZnO films were clean 
enough to show the quantum Hall effect9. 
The current record of 180,000 cm2 V–1 s–1 
was achieved in even cleaner ZnO 2DEGs 
using a combination of polarization and 
field-effect doping.

The upward mobility history of ZnO 
is shown in Fig. 1a in comparison to that 
of GaAs (Fig. 1b). Although the present 
record mobility of ZnO-based 2DEGs pales 
in comparison to the 36,000,000 cm2 V–1 s–1 
record of GaAs-based 2DEGs (held by 
one of us, L.N.P., and comparable to that 
achieved by Umansky et al.10), the rate of 
progress in ZnO is staggering. Further, the 
effective mass of electrons in ZnO is over 
four times higher than in GaAs, requiring 
ZnO samples to be substantially cleaner than 
their GaAs counterparts to achieve the same 
mobility. Yet there are lots of similarities 
in the route to upward mobility — 2DEG 
heterostructures, the use of molecular-beam 
epitaxy as the thin-film growth method 
of choice to achieve unparalleled purity 
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Figure 1 | A historical view of the upward mobility of electrons in ever-cleaner ZnO and GaAs heterostructures and the steps leading to this improvement. 
a, The mobility progress achieved by Tsukazaki et al. for ZnO over the past three years up to their record mobility of 180,000 cm2 V–1 s–1 reported in this issue1. 
The highest mobility reported for a bulk single crystal of ZnO is also shown for comparison (ref. 8). b, The mobility progress achieved at Bell Labs for GaAs over 
the last three decades up to the present mobility record of 36,000,000 cm2 V–1 s–1. The curve labelled ‘bulk’ is for a GaAs single crystal doped with the same 
concentration of electrons as the 2DEGs. MBE, molecular-beam epitaxy; UHV, ultra-high vacuum; LN2, liquid nitrogen; ‘undoped setback’, an undoped layer 
prior to the modulation doping to further separate the ionized impurities from the 2DEG. Data from ref. 12 and L.N.P.
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detailed I −  V characteristics, as well as an understanding of the spin susceptibility of the 2DES, perhaps through 
rotation and/or electron spin resonance techniques. This opens the exciting avenue to study highly correlated 
electron physics in an rs regime previously inaccessible with heterostructures of this quality level.

Methods
Samples have been grown using an Epiquest RC2100 MBE chamber of base pressure 1 ×  10−8 Pa when the liquid 
nitrogen jacket is filled. Single crystal Zn-polar [0001] ZnO substrates supplied by Tokyo Denpa of resistivity 
ρ ≤  4 Ωcm were utilised. Low resistivity substrates were exclusively used due to their lower residual Li content 
resulting from their growth via hydrothermal method. These are prepared by dipping in HCl:H2O =  7:200 solution 
as described in ref. 17 and then heated to 200 °C within the MBE load-lock chamber (of pressure ∼1 ×  10−5 Pa).  
This temperature was increased from 150 °C used in previous studies after replacing the heating apparatus with 
a more efficient tungsten coil. Once inside the growth chamber, the substrate is gradually heated to Tg over a 
30 minute time span and then held for 30 minutes under high vacuum before flux is introduced. The power dis-
sipation of the heating unit is roughly 250 W. Two Zn (7N5) and two Mg (6N) conventional effusion cells are 
equipped and provide metallic flux from opposing directions within the growth chamber. The typical working 
temperatures for all cells is about 270 °C with a power dissipation of roughly 40 W. For the Zn flux, both cells are 
adjusted to be equal and used simultaneously whereas for Mg only one cell is opened. A Zn flux of 1.6 ×  10−4 Pa 
resulted in a measured deposition rate of 1 Å/s of metal, corresponding to a flux of 6.5 ×  1014 atoms/cm2 s. Liquid 
ozone is generated by a Meidensha MPOG-104A1-TH pure ozone generator and fed into the MBE chamber 
via a PID controlled piezoelectric leak valve (Oxford Applied Research PLV1000) where the pressure is read by 
a capacitive baratron and a feedback loop is established. O3 is delivered to the vicinity of the substrate through 
a Veeco low temperature gas cell set at T =  80 °C encased within a water cooled jacket. The exact purity of O3 
reaching the substrate is unknown but should be close to 100% while within the gas lines. The substrate is rotated 
at a speed of 7 rpm during growth to enhance the uniformity of the sample35. The substrate temperature is mon-
itored by both a thermocouple located at the centre of the heating coil and an infrared camera (detecting 8 µ m 
wavelength radiation) located outside the chamber, which monitors the local substrate temperature, which we 
define as Tg, through a BaF2 viewport. The thickness of films is determined by a surface profiler, as the dilute Mg 
content in most films prevents an analysis via X-ray diffraction36. The exact Mg content for each film has not been 
investigated for similar reasons, but may be estimated through the relationship n =  1.5 x ×  1013 cm−2 (ref. 10). 
Electrical measurements were performed using the van der Pauw method, where raw samples were cut into 
roughly 3 ×  3 mm chips and then indium electrodes soldered at the corners. The high uniformity of Mg as a result 
of rotation during the growth allows the study of such large samples35. These were performed at temperatures 
T ≤  500 mK in 3He and dilution refrigerators.
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of the compressively strained film (on the NGO substrate) is
lower than that of the tensilely strained film (on the GSO
substrate). Furthermore, the residual resistivity ratio (RRR)
qxx(300 K)/qxx(10 K) for the compressively strained film is
14.1, whereas the RRR for the tensilely strained film is 1.7.
The observations indicate that the metallic conduction in
SRO is preferred under the compressive strain. The ferro-
magnetic transition temperature, which is observed as a
hump in the qxx-T curve in Fig. 4, also depends on the
substrate-induced strain. For the compressively strained film,
the transition temperature TC is 155 K. This is higher by 5 K
than that of SRO films on (001) STO substrates, which are
under the !0.6% and have a TC of 150 K.14,15 The TC for the
tensilely strained films is much lower, i.e., 100 K. One possi-
bility could be that the crystal field splitting modified by the
strain-induced octahedral deformation, which leads to
changes in the electron occupation in the t2g orbitals of the
Ru4þ ion,27–29 has strong influence on electronic properties
of the tetragonal SRO films.

To further investigate the substrate-induced strain effect
on the properties of the films, we have measured the trans-
verse Hall resistivity qxy, which consists of the ordinary and
anomalous parts. For the ordinary part RoH, where Ro and H
are, respectively, an ordinary Hall coefficient and a magnetic
field, the coefficient Ro is inversely proportional to the
charge density n. The anomalous part qAHE is associated
with the magnetization M. Figures 5(a) and 5(b) show the
magnetic field dependence of qxy at various temperatures
below Tc for the films on NGO and GSO substrates, respec-
tively. The data were obtained with a current applied along
the [001]SRO direction and a magnetic field applied along the

[010]SRO direction. For both films, the ordinary parts of qxy

are found to be negative in the temperature regions studied
here. The carrier densities 1/eRo (e is the electronic change
of the single electron) and the Hall mobility Ro/qxx were cal-
culated from the slopes of the ordinary part (in the field
range from 1 to 3 T for the NGO case and from 5 to 8 T for
the GSO case) and are shown in Figs. 5(c) and 5(d), respec-
tively. It is seen that irrespective of the substrate, the carrier
number (Fig. 5(c)) is 2–3# 1022 cm!3 and is less independ-
ent of temperature, while the Hall mobility (Fig. 5(d)) shows
significant dependence on the substrate-induced strain. For
the compressively strained film (on the NGO substrate),
the Hall mobility increases at low temperature and reaches
10 cm2/V s at 10 K. On the other hand, the mobility for the
film under tensile strain remains constant at $0.8 cm2/V % s.
The difference in the mobility would explain why the com-
pressively strained films exhibit the metallic behavior with
the low RRR value.

We also see a profound strain effect on the anomalous
part qAHE. The film on the NGO substrate (Fig. 5(a)) shows
the square-shaped hysteresis, confirming the ferromagnetic
ordering and the magnetic moment having a component
along the [010]SRO (out-of-plane) direction. On the other
hand, the film on the GSO substrate (Fig. 5(b)) shows no hys-
teresis in the qxy-H curve, indicating that the magnetic
moment aligns along the in-plane direction of the film. It is
also interesting to point out that the sign of qAHE for both
films remains unchanged against the temperature variations.
This is in stark contrast to what is seen with the orthorhombic
film on a STO substrate,10,30,31 where the sign of qAHE

changes from positive to negative as the temperature
decreases. The temperature dependence of the qAHE possibly
depends on the crystal structure that changes the Fermi sur-
face morphology.

FIG. 4. Temperature dependence of longitudinal resistivities of the tetrago-
nal SRO films on NGO and GSO substrates. The ferromagnetic transition
temperature Tc determined by the derivative of the curve is denoted by the
arrows.

FIG. 5. (a) and (b) Magnetic field dependence of the transverse Hall resistiv-
ity for the tetragonal SRO films grown on (a) NGO and (b) GSO substrates.
(c) Carrier density of the films as a function of temperature. (d) Hall mobil-
ity of the films as a function of temperature.

173912-4 Kan et al. J. Appl. Phys. 113, 173912 (2013)

Best MBE Film 
ρ300 K / ρ4 K = 76 

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. Schlom, �

APL Materials 6 (2018) 046101. 

32 nm SrRuO3 / (100) SrTiO3 



Outline 
• What is MBE and what is it good for? 

Greatest hits of MBE 

• How to grow your favorite oxide quantum 
material by MBE? 
Nuts and bolts of oxide MBE 

• Oxide MBE growth of quantum materials 
Case studies—including Sr2RuO4 

• How can I gain access to an oxide MBE 
if I don’t have one?  
Use PARADIM’s oxide MBE (+ ARPES + ...) 



Nuts and Bolts of Oxide MBE 

• Mean Free Path (maximum PO2
) 

• Minimum PO2
, need for PO3

, Optimal Tsub  

• MBE System, Sources, and Crucibles 

• Composition Control 
• Adsorption-Controlled Growth 
• Flux-Controlled Growth 

• Substrates 



Maximum O2 Pressure for MBE 

D.G. Schlom and J.S. Harris, Jr., “MBE Growth of High Tc Superconductors,” 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 
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O2 Needed to Oxidize Cuprates 

D.G. Schlom and J.S. Harris, Jr., “MBE Growth of High Tc Superconductors,” 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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Superior Oxidants 
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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 

Figure 4. Ozone system 

UO!SOldxa Jauo ·s am6!:1 

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. 



“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 Safety Concerns 



Ozone Distillation (U. Minnesota) 
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FIG. 1. Ozone-production and storage apparatus. During production ot 
. . 

ozone, the still heater is off and the outer test tube surrounding the still is 
filled with liquid nltrogen. 

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 

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. 

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. 



Ozone in Silica Gel 
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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 
(about 1000× more powerful than O2) 

–  80% Ozone (+20% O2) Delivery Possible to the 
Substrate 

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

•  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 

• Mean Free Path (maximum PO2
) 

• Minimum PO2
, need for PO3

, Optimal Tsub  

• MBE System, Sources, and Crucibles 

• Composition Control 
• Adsorption-Controlled Growth 
• Flux-Controlled Growth 

• Substrates 



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 
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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 

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

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



Surface vs. Bulk Diffusion 

M.H. Yang and C.P. Flynn, 

Physical Review Letters 62 
(1989) 2476-2479.
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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). 



Thermodynamic Considerations 
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. 
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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 composition
2 

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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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 



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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Growth	Conditions	



Nuts and Bolts of Oxide MBE 

• Mean Free Path (maximum PO2
) 

• Minimum PO2
, need for PO3

, Optimal Tsub  

• MBE System, Sources, and Crucibles 

• Composition Control 
• Adsorption-Controlled Growth 
• Flux-Controlled Growth 

• Substrates 



Oxide MBE System 



Oxide MBE at Brookhaven Nat. Lab.  



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



Automated Veeco GEN10 Oxide MBE 

Leybold 
MagLev 

Turbo Pump 

Quartz Crystal 
Monitor on 

Motorized Arm 

Cryopump 

e-Gun 
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 



•  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.) 

Sources for Oxide MBE 
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IIA

IIIB IVB VB VIB VIIB VIIIB IB IIB

IIIA IVA VA VIA VIIA
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H
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W
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O

S
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F
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I
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Ne
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Xe

Rn

Sn
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Effusion Cell
Temperatures

> 2000 °C (e-beam)

1350 – 2000 °C

750 – 1350 °C

100 – 750 °C

25 °C (gas)
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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 

• 



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) 

0

0

exp( / )

1ln ln

B

B

P P H k T

HP P
k T

= −Δ

⎛ ⎞Δ ⎛ ⎞= − ⋅⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠
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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 



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 
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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 

n 
::::T 
::::s --n 
m --::::s 

0' ... 
3 
m 
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 



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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C-V, Sr-V, Ti-V, and W-V Phase Diagrams 

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) 

Desk Handbook: Phase Diagrams for Binary Alloys 775 

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 
& 
l1670

0

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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What crucible would you use 
for V in MBE? 

(a)   C 

(b)   Sr 

(c)   Ti  

(d)  W 


