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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 

-5 

-8 

-7 

-8 

-9 

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 (FTO-H29SO)/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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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. 
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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-

-1 

[ 10-15 BAR O2 ) 

-3 
Zn "'" 

-5 

a:: e -7 

§ 
-9 

-11 

-13 

BOO 1000 1200 

T (1<) 

FIG. 57. ZnO vaporization in 10- 15 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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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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Consider Evaporation of PbO 



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.�
H. Freller and K.G. Günther, “Three-temperature method as an 
origin of molecular beam epitaxy,” Thin Solid Films 88 (1982) 
291–307.



3-Temperature Technique 

K.G. Günther, “Aufdampfschichten aus halbleitenden III-V Verbindungen,” 
Zeitschrift für Naturforschung A 13 (1958) 1081–1089.�

Die Temperatur 7\ des In-Tiegels wird so vorgege-
ben, daß ein beliebiger, für den Aufdampfprozeß gün-
stiger In-Dampfdruck entsteht. Dann ist die Temperatur 
T^ des As-Tiegels derart zu wählen, daß in der Dampf-
phase ein gewisser, das stöchiometrische Verhältnis über-
steigender As-Überschuß vorliegt. An die Auffänger-
temperatur T3 werden schließlich die folgenden Forde-
rungen gestellt: 

a) Ts liegt niedriger als die dem vorgegebenen In-
diumdampfdruck zugeordnete Gleichgewichtstemperatur 
[ r , < 7 " ( I n ) ] . 

b) T3 liegt niedriger als die dem zugeordneten Arsen-
dampfdruck zugeordnete Gleichgewichtstemperatur, be-
zogen auf den Bodenkörper InAs [J 3 <C T* (InAs) ] . 

c) T3 liegt höher als die dem vorgegebenen Arsen-
dampfdruck zugeordnete Gleichgewichtstemperatur, be-
zogen auf den Bodenkörper As ; [Ts > F * ( A s ) ] . 

Eine Kondensation von reinem Arsendampf ist nicht 
möglich. Bedingung a) sorgt für die Kondensation von 
In-Dampf auf dem Auffänger. Auf Grund von Bedin-
gung b) wird eine fortschreitende Dissoziation und Wie-
derverdampfung der auf dem Träger gebildeten InAs-
Moleküle vermieden. Wegen Bedingung c) werden 
schließlich sämtliche überschüssigen As-Partikel in den 
Dampfraum remittiert, so daß auf dem Auffänger nur 
die stöchiometrische Verbindung InAs zurückbleibt. 

P, Uorr) 
W 

nr 
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VT* 

w* 
7 8 3 W 11 12 

(15) (16) (17) (13) (13) (20) 

W*/Tl'k-1 — 
Abb. 1. Gleichgewichtsdrucke verschiedener Metalle. Kurve 1: 
Dampfdruck von In über In 11; Kurve 2 : Dampfdruck von As 
über As 12 {bezogen auf die eingeklammerten Abszissenwerte); 

Kurve 3 : Dampfdruck von As über InAs 13. 

Aus A b b . 1 geht beispielsweise hervor, daß sämt-
liche der drei Bedingungen erfüllt sind, wenn sich 
bei vorgegebenen Dampfdrucken P d ( A s ) = 5 " 1 0 _ 1 

Torr , p o ( I n ) = 1 0 - 1 T o r r die Auffängertemperatur 
T 3 in dem Intervall 3 5 0 . . . 8 6 0 ° C bewegt (entspre-
chend 1 0 4 / F = 16 . . . 8 ,8 ° K _ 1 ) . 

Bei näherer Betrachtung stellt sich allerdings her-
aus, daß noch einige weitere Gesichtspunkte zu be-
rücksichtigen s ind: zunächst haben Untersuchungen 
der sog. Grenztemperatur F g für fortschreitende 
Kondensation gezeigt, daß in den meisten Fällen für 
die Kondensation aus der Dampfphase eine beträcht-
liche Unterkühlung der Auffängerf läche notwendig 
ist. Schließlich ist auch im Bereich der fortschreiten-
den Kondensation nur mit der dauernden Bindung 

eines gewissen Bruchteils der einfallenden Dampf-
teilchen zu rechnen. Beide Effekte verschieben das 
genannte Temperaturintervall für F 3 in Richtung 
kleinerer Werte. So findet man für die übliche Auf-
dampfgeschwindigkeit im Falle des InAs einen Be-

r e i c h r 3 = 2 0 0 . . . 7 0 0 ° C 
und T3 = 4 0 0 . . . 5 3 0 ° C 

im Falle des InSb, in dem die Kondensation der ge-
wünschten Verbindung möglich ist. Bei InSb ist die 
obere Grenze durch den Schmelzpunkt der gewünsch-
ten Verbindung vorgegeben. Mit zunehmender Kon-
densationstemperatur erhöht sich die Oberflächen-
beweglichkeit der einfallenden Moleküle und damit 
gleichzeitig die Wahrscheinlichkeit für die gewünschte 
Reaktion der beiden Partner. Außerdem wird da-
durch ein spannungsfreies Kristallitwachstum, d. h. 
die Ausbi ldung eines möglichst hohen Ordnungs-
grades begünstigt. Es ist daher im allgemeinen vor-
teilhaft. im oberen Gebiet der genannten Tempera-
turbereiche zu arbeiten. 

1.2 Versuchsanordnung 

An eine Vorrichtung zur Durchführung des genann-
ten Aufdampfverfahrens sind folgende Anforderungen 
zu stellen: 

Die 2 Tiegel zur Aufnahme der beiden Ausgangs-
komponenten sind so anzuordnen, daß der von ihnen 
emittierte Dampfstrom die Kondensationsfläche in etwa 
dem gleichen Winkelbereich trifft. Durch die Art der 
Heizvorrichtung ist außerdem dafür zu sorgen, daß die 
Einstellung der 3 kritischen Temperaturen mit der ge-
wünschten Genauigkeit erfolgen kann, ohne daß durch 
Erhitzung benachbarter Apparateteile die Emission stö-
render Fremddämpfe verursacht wird. Zur Vermeidung 
von Störstellen muß natürlich auch der erzielbare Rest-
gasdruck innerhalb des Vakuumbehälters so niedrig lie-
gen, daß der Anteil der in die Schicht eingebauten 
Fremdgasmoleküle nicht mehr ins Gewicht fällt. Schließ-
lich dürfen die innerhalb der Anlage, insbesondere an 
erhitzten Stellen befindlichen Werkstoffe, nicht zur Kor-
rosion unter dem Einfluß der verdampfenden Kompo-
nenten neigen. 

Um die genannten Anforderungen nach Möglichkeit 
zu erfüllen, wurde der für den Aufdampfvorgang vor-
gesehene Vakuumbehälter in Form eines zylindrischen 
Quarzkolbens ausgeführt, der mit 2 konzentrisch über-
einanderliegenden angeschmolzenen Tiegeln zur Auf-
nahme der zu verdampfenden Substanzen ausgerüstet 
ist (Abb. 2 ) . 

11 S. DUSMAN, Scientific Found of Vac. Technique, J. Wiley & 
Sons, New York 1949, S. 748. 

12 D. R. STULL, Ind. Eng. Chem. 39, 540 [1947]. 
13 J. VAN DEN BOOMGARD U. K. SCHOL, Phil. Res. Rep. 12, 127 

[1957]. 

ijffängcr 

Hochvakuum-Pumpe 

Abb. 2. Anordnung zum Aufdampfen dünner Schichten aus 

III — V-Verbindungen. 

Die Trägerplättchen zur Aufnahme der Verbindungs-

schichten werden in einer Molybdänschablone gehalten 

und können über einen von außen magnetisch betätigten 

Schieber so bewegt werden, daß jedes einzelne der ein-

gelegten Plättchen nacheinander der Bedampfung aus-

gesetzt wird. Die Erhitzung von Tiegel und Konden-

sationsfläche erfolgt durch je eine beheizte Widerstands-

spirale, die von außen über das Quarzrohr geschoben 

wird und mit einer Asbestwicklung isoliert werden kann. 

Damit sind die dem Vakuum und der erhöhten Tempe-

ratur ausgesetzten Werkstoffe auf Molybdän, Quarz und 

die für die Kondensation vorgesehenen Trägerplättchen 

beschränkt. Mit Hilfe einer Quecksilberdiffusionspumpe 

und 2 vorgesetzten, mit flüssiger Luft beschickten Kühl-

fallen kann der Restgasdruck während des Betriebes 

auf etwa 2 . . . 5 • 10~6 Torr gehalten werden. 

Als Trägersubstanzen wurden sowohl Quarzplättchen 

wie auch dünne Platten aus Sinterkorund (A1203) und 

ausgewähltem Hartglas verwendet, welches mit seinem 

thermischen Ausdehnungskoeffizienten demjenigen der 

aufzubringenden Verbindungsschichten angepaßt ist. Zur 

Aufdampfung dienten als Ausgangssubstanzen hochge-

reinigtes Indium (Amalgam-Elektrolyseverfahren) und 

entsprechend gereinigtes Antimon bzw. Arsen (Chlorie-

rungsverfahren) *. 

Bei Inbetriebnahme werden zunächst Quarzkolben 

und Trägerplättchen auf Temperaturen um 700 °C er-

hitzt und im optimalen Vakuum entgast. Gleichfalls er-

fahren die mit den Ausgangssubstanzen beschickten Ver-

dampfertiegel eine kurzzeitige Überhitzung zur Desorp-

tion der stets vorhandenen Oxydschichten. Erst dann 

werden die gewünschten Temperaturen von Träger und 

Tiegel eingestellt und mit Hilfe der eingebauten Thermo-

elemente laufend kontrolliert. Im allgemeinen wurde 

mit Einfallsdichten von 1016 —1018 In-Teilchen je cm2 

und sec und mit einem 2- bis 10-fachen Überschuß der 

leichtflüchtigen Komponente Sb bzw. As in der Dampf-

phase gearbeitet. Die Trägerplättchen wurden nachein-

ander mit gleichmäßiger Vorschubgeschwindigkeit durch 

die Bedampfungszone bewegt und nach Abschluß des 

Prozesses im Hochvakuum auf Temperaturen unterhalb 

von 100 °C abgekühlt. 

* Für die Überlassung dieser Substanzen sei Herrn Dr. G. 

IWANTSCHEFF vielmals gedankt. 

** Abb. 3 und 4 auf Tafel S. 1084 a. 

2. Schichteigenschaften 

2.1 Schichtstruktur 

Wie sich durch RöNTGEN-Aufnahmen nachweisen 

läßt, werden tatsächlich Schichten der gewünschten 

Verbindung InAs bzw. InSb erhalten, sofern sich 

die Kondensationstemperatur innerhalb der oben 

genannten Bereiche bewegt und durch geeignete Er-

hitzung der Verdampfert iegel für den geforderten 

Überschuß der leichtflüchtigen Komponente in der 

Dampfphase gesorgt wird ( A b b . 3 ** ) . 

Ändert man innerhalb dieses Bereiches die Träger-

temperatur von niedrigen in Bichtung höherer Werte, 

so wächst in gleicher Weise auch die mittlere Kanten-

länge der bei der Kondensat ion sich bi ldenden Kri-

stallite. Während bei Auffängertemperaturen um 

2 0 0 C diese Kantenlänge noch im submikroskopi -

schen Bereich liegt, überschreiten die mittleren Kri-

stallitabmessungen bei 4 0 0 C bereits die 1 /^-Grenze 

und können lichtoptisch beobachtet werden. Dieses 

Anwachsen der Kristall itgröße ist eine Folge der mit 

steigender Auffängertemperatur erhöhten Oberflä-

chenbeweglichkeit adsorbierter Dampfmoleküle . In 

gleichem Sinn erhöht sich die Geschwindigkeit der 

Rüdeverdampfung, so daß die Bildung einer gerin-

geren Zahl von Kondensationskeimen und damit ein 

Wachstum größerer Kristallite resultiert. 

Im Gebiet um 6 0 0 ° C beobachtet man im Falle 

des InAs das Auftreten eines dichten Gewirres nadei-

förmiger Kristallite, deren Bildung offensichtlich auf 

gerichteter Wachstumsgeschwindigkeit beruht (Den-

dritenwachstum). Bei weiterer Erhöhung der Kon-

densationstemperatur geht diese Anisotropie der 

Wachstumsgeschwindigkeit wieder zurück und führt 

zu annähernd gleichmäßigen Kristalliten zunehmen-

der Kantenlänge mit Werten von maximal 2 0 — 30 ju. 
Bei Trägertemperaturen von 7 5 0 ° C ist schließlich 

die obere Bereichsgrenze überschritten, so daß die 

Bildung einer stöchiometrischen Schicht nicht mehr 

möglich ist. Die auftretenden In-Ausscheidungen las-

sen sich bereits unter dem Mikroskop erkennen (s. 

A b b . 4 ) . 

Die Vernetzung der einzelnen Kristallite unterein-

ander wird naturgemäß mit steigender Kantenlänge 

immer schlechter bzw. läßt sich nur bei entsprechend 

hoher Schichtdicke erreichen. Im allgemeinen liegt 

die minimale Schichtdicke für eine ausreichende Ver-

netzung im gleichen Gebiet, in dem sich die mittlere 

Kantenlänge der Kristallite bewegt. Da die Konden-

sationsgeschwindigkeit mit Ausnahme der Nadel-

As 

In In 

2 InAs
(s)  ß

à
 

2 In
(ℓ)  + As

2 (g) 

InAs 
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Verbindungen,” Zeitschrift für Naturforschung A 13 (1958) 
1081–1089.�
H. Freller and K.G. Günther, “Three-temperature method as an 
origin of molecular beam epitaxy,” Thin Solid Films 88 (1982) 
291–307.

• 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).



UHV Seals—Varian Conflat® 

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. 
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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. 



Evolution of MBE 
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Al Cho at Bell Labs, 1972

Production
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(courtesy of TRW)
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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.A. Joyce, P.J. Dobson, J.H. Neave,�
K. Woodbridge, J. Zhang,�
P.K. Larsen, and B Bölger,�

Surface Science 168 (1986) 423-438.

Incident 
beam 

Fluorescent 

9 

Specular beam spot 

01 

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 0.040 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. 

Gated I Gated -A-p.-rt-.. - 'I': Scan delay l, : Scan delay I 

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. 

RHEED patterns 1364 

Downloaded 06 Mar 2011 to 128.253.71.195. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

-• 

110 

110 

• 

e Q25 , ' 

e o. """' 
• 

e . .75 

1 b • • • • 
V) 
c: 
Q) 

e 1.25 L 
......, 

7 
• • 

• 

1.5 

e 1.75 

8 2 

e number of time 

B. Bölger and P. K. Larsen�
Review of Scientific Instruments 57 (1986) 1363-1367.



What is MBE? 
(a) Molecular-Beam Epitaxy 

(b) Mega-Buck Evaporator  

(c) Many Boring Evenings 

(d) Mainly Broken Equipment 

(e) All of the above 



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

Lecture #1—Greatest hits of MBE 

• How to grow your favorite oxide by MBE? 
Lectures #2-4—Nuts and bolts of oxide MBE 

• Detailed Examples of Oxide MBE  
Lectures #5,6—Case studies Sr2RuO4 and ZnO 

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



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

W.P. McCray, Nature Nanotechnology 2 (2007) 259-261.
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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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Figure 7. (a) Temperature dependence of µ for recent generations of MgZnO/ZnO heterostructures. Data 
is representative samples of refs 11, 30 and 31. (b) Low temperature (T <  20 mK) magnetotransport of a high 
mobility sample.
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Transport of SrRuO3 Films 
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Best PLD Film 
ρ300 K / ρ10 K = 14.1 

~20 nm SrRuO3 / (110) NdGaO3 

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.
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Best MBE Film 
ρ300 K / ρ10 K = 115 
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Material Best MBE Figure of Merit  Best non-MBE Figure of Merit  References 
ZnO µe = 230,000 cm2/(V·s) at 1 K µe = 5,500 cm2/(V·s) at 1 K 1,2 

SrTiO3 µe = 53,200 cm2/(V·s) at 2 K µe = 6,600 cm2/(V·s) at 2 K 3,4 

SrRuO3 R300 K / R10 K = 115 R300 K / R10 K = 14 5,6 

Sr2RuO4 superconducting Tc,midpoint = 1.8 K superconducting Tc,midpoint = 0.8 K 7,8 

SrVO3 R300 K / R5 K = 222 R300 K / R5 K = 2 9,10 

EuO Metal-insulator transition 
∆R/R=1011 

Metal-insulator transition 
∆R/R=5×104 

11,12 



Ability to Customize Oxides 
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2 nm 
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Red = Ru     Teal = Ti 
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Harter, D. Shen, B. Burganov, D.A. Muller, D.G. Schlom, 
and K.M. Shen, Nature Materials 11 (2012) 855-859.c axis 
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Examples of Oxides we Grow 
BaSr6Ti6O19 

α-Bi2Sn2O7 
(352 atoms/unit cell) 

Sr2RuO4 

LuFeO3 

Sr7Ti6O19 

today’s record 
transparent transistors 

today’s record 
room-temperature 

multiferroic 
(superlattices) 

today’s record 
tunable microwave dielectric  

BaSnO3 

LuFe2O4 

leading 
candidate 
odd-parity 
topological 

superconductor 



MBE Summary 

•  Extreme Flexibility  

•  Independent Growth 
Parameters  

•  Compatible with wide range 
of in situ Diagnostics  

•  Clean  

•  Gentle 

•  Precise Layering Control 
at the Atomic Level 

•  Extreme Flexibility 
(uncontrolled flexibility 
= chaos!)  

•  High Cost   

•  Long Set-up Time 

•  MBE (the other 
meanings…)  

Advantages Disadvantages 



Your friend wants to deposit a 
YBa2Cu3O7 film with the highest 
critical current density; what 
technique do you recommend? 

(a)  MBE 

(b)  Pulsed-laser deposition (PLD) 

(c)  Sputtering 

(d)  Metal-Organic Chemical Vapor 
Deposition (MOCVD) 

(e)  Chemical-Solution Deposition 
(Sol-Gel) 

Y 

BaO 

BaO 

CuO 

CuO2 

CuO2 

YBa2Cu3O7 


