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Several oxide-GaAs heterostructures were fabricated usingin situ multiple-chamber molecular
beam epitaxy. The oxides include SiO2, MgO, and Ga2O3~Gd2O3!, all evaporated by an electron
beam method. The SiO2 and Ga2O3~Gd2O3! films are amorphous while the MgO films are crystalline
and part of the films are epitaxially grown on GaAs~100!. Among these heterostructures, the
Ga2O3~Gd2O3!–GaAs shows a photoluminescence intensity comparable to that of Al0.45Ga0.55As–
GaAs, and forms accumulation and inversion layers as measured from capacitance voltage
measurement in quasistatic and high frequency modes. ©1996 American Vacuum Society.
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I. INTRODUCTION

One of the key challenges in compound semiconduc
device technology is to deposit dielectric films on the co
pound semiconductors1,2 that provide a low interface stat
density and a low surface recombination velocity, and
thermodynamically stable. Efforts of fabricating such hete
structures were taken as early as in 1965.1 The most inten-
sively studied and widely used compound semiconducto
GaAs. Thermal, anodic, photochemical, and plasma oxi
tion of the GaAs surface produced highly resistive films, b
could not provide the oxide-GaAs interfaces with a low i
terface state density.1,3Approaches of using various dry, we
and photochemical surface treatments prior to the deposi
of dielectric films produced limited success,1,4–6since major
sources of interface states such as nonstoichiometry, s
tural defects, and surface contamination still exist.

In this article, a fabrication process has been developed
depositing oxide filmsin situ on freshly grown GaAs~100!
surfaces in a multichamber molecular beam epitaxy~MBE!
system.7,8 Three different oxides were e-beam evaporat
MgO, SiO2, and Ga2O3~Gd2O3!. The oxide-GaAs hetero-
structures with intrinsic interface properties were produc
and investigated. Only the Ga2O3~Gd2O3!–GaAs structures
show a photoluminescence~PL! intensity close to that of a
reference structure Al0.45Ga0.55As–GaAs that has a measure
midgap interface state density in the mid 109 eV21 cm22

range.9 The formation of inversion and accumulation laye
in both n- and p-type GaAs has been clearly demonstrat
by quasistatic and high frequencyC–V measurements. The
apparent midgap interface state density inferred from a co
bined quasistatic and high frequency technique is in
range of 1010 eV21 cm22. Furthermore, the Ga2O3~Gd2O3!–
GaAs interfaces exhibit virtually flat bands in thermal equ
librium. In contrast to the results obtained on th
Ga2O3~Gd2O3!–GaAs interfaces,in situ fabricated MgO–
GaAs and SiO2–GaAs interfaces are intrinsically pinned
midgap, as demonstrated by capacitance voltage (C–V) and
PL measurements.

a!Present address: Motorola PCRL, 2100 East Elliot Rd., Tempe, AZ 852
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II. EXPERIMENT

GaAs was grown in a solid source GaAs-based III–
MBE chamber. The freshly grown film with an As-stabilize
~234! surface was transferred under a vacuum of 6310211

Torr to another chamber for oxide deposition. Prior to oxi
deposition, the authors have achieved using this technique
atomically ordered surface@observed byin situ reflection
high energy electron diffraction~RHEED!# and a low GaAs
surface chemical contamination. A typical GaAs surface e
posure in the III–V chamber, the transfer modules, and
oxide evaporation chamber before the deposition are sho
in Fig. 1. Note that before the oxide evaporation, the Ga
surface was exposed to a vacuum with pressure lower t
10210 Torr during the transfer and heating of the substrates
350–620 °C. For the last 2 min, the e beam was turned on

84.

FIG. 1. Pressure~solid line! and surface exposure~dashed line! measured
between completion of GaAs epitaxial growth (tc) and start of oxide depo-
sition (ts). Cooling down usually takes about 8 min in the III–V chambe
Transferring samples from the III–V chamber to the oxide chamber take
min. Heating the sample to a desired substrate temperature in the o
chamber generally takes 10–15 min before oxide deposition. One Langm
is defined as 1026 Torr for 1 s.
2297/14(3)/2297/4/$10.00 ©1996 American Vacuum Society
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heat the oxide targets. Only then did the GaAs surface be
to experience the pressure from 10210–1027 Torr. The pres-
sure rise was caused by oxygen decomposed from
e-beam evaporation of oxide targets. The low GaAs surf

FIG. 2. RBS for~a! MgO, ~b! SiO2, and~c! Ga2O3~Gd2O3! on GaAs.
J. Vac. Sci. Technol. B, Vol. 14, No. 3, May/Jun 1996
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exposure to impurity gases~in particular, oxygen! may be
necessary to achieve the low interface state density, since the
surface was pinned at the midgap for a GaAs~110! cleaved
surface exposed to 1026 Torr of oxygen for 103–104

seconds.10

Note that during the sample transfer, a short pressure burs
of ,1029 Torr may occur due to the transfer mechanism. The
authors have measured the possible contamination of the
GaAs surface caused by the transfer of the samples between
the chambers by preparing fresh GaAs films, transferring
them through the modules, moving them back to the III–V
chamber, and overgrowing another layer of GaAs. Secondary
ion mass spectrometry~SIMS! analysis of this interface re-
veals no oxygen or silicon, and only a very slight carbon
contamination of 931010 cm22 in areal density. This con-
tamination may not be typical, since in other samples of
similar exposure in the transfer module, SIMS analysis could
not detect the carbon signal. A separate study is needed to
investigate the effect on the surface states by the carbon con
tamination at such a small level.

The sample fabrication was comprised of 1.5-mm-thick
GaAs n-type ~1.631016 cm23! or p-type ~4.431016 cm23!
layers grown on Si- or Zn-doped~100! GaAs substrates, re-
spectively. Three different oxide films of MgO, SiO2, and
Ga2O3~Gd2O3! were deposited by e-beam evaporation from
single-crystal source materials of MgO, SiO2, and
Gd3Ga5O12

11 at substrate temperatures ranging from room
temperature to 620 °C. Reference samples of Al0.45Ga0.55As–
GaAs were also prepared. Single crystal source materials,
instead of the compact powder, were chosen for achieving
high purity oxide films.

Note that the authors intended to deposit Ga2O3, not
Ga2O3~Gd2O3! films. The reason that Ga2O3~Gd2O3! films,
with Gd2O3 as a minor phase, were produced is explained as
follows: the Gd3Ga5O12 target was chosen because no single
crystal Ga2O3 was available for e-beam evaporation. The
Gd3Ga5O12 source material represents a chemical combina-
tion of the relatively covalent oxide Ga2O3, which volatilizes
near 2000 K, and the pretransition oxide Gd2O3, which has a
boiling point of 4000 K. The compound Gd3Ga5O12 decrepi-
tates during heating by the e beam, slowly releasing Ga2O3.
Therefore, if the deposition is kept low, one would expect the
majority of the films to be Ga2O3, with Gd2O3 as a minor
phase.

Structural properties and compositional profiles of the ox-
ide films were studied by RHEED, transmission electron mi-
croscopy~TEM!, and Rutherford backscattering spectrom-
etry ~RBS!. Electronic interface properties were investigated
by quasistatic and high frequencyC–V measurements and
by steady-state PL measurements.

III. RESULTS AND DISCUSSION

RBS results for MgO, SiO2, and Ga2O3~Gd2O3! on GaAs
are shown in Figs. 2~a!–2~c!, respectively. For MgO and
SiO2 films, the compositional profiles for Mg and Si are uni-
form, and the ratios with oxygen are approximately 1:1 and
1:2, respectively. It is known that SiO2 films with low trap
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density cannot be easily obtained by simple e-beam eva
ration. There may be a 5% uncertainty in the dermination
the Si-to-O ratio using RBS. It is very likely that the re
composition is SiOx (1,x,2). For Ga2O3~Gd2O3! films,
however, the distribution of Gd is not uniform, as shown
Fig. 2~c!. At the oxide-GaAs interface, Gd is deficient, whi
there is more Gd on the oxide film surface. Gd distribution
the films depends on the substrate temperature.12 The non-
uniform Gd distribution may also affect some of theC–V
measurements, as will be discussed.

SiO2 and Ga2O3~Gd2O3! films are amorphous for substrat
temperatures from room temperature to 500 °C, as obse
from TEM and RHEED studies. Part of the MgO films, how
ever, is epitaxially grown on GaAs13 with substrate tempera
tures around 275–350 °C. MgO films grown at lower su
strate temperatures tend to be randomly oriented po
crystalline. Figure 3 shows a RHEED pattern of 28.5-n
thick MgO grown on GaAs. The orientation relationship b
tween MgO and GaAs is MgO~100! on GaAs~100! with the
in-plane epitaxial relationship being MgO@001#iGaAs@100#.
Notice that there is a large lattice mismatch~25.4%! between
MgO and GaAs. MgO has a NaCl crystal structure with
lattice constant of 4.213 Å. The ring pattern in the RHEE
indicates that certain part of the film is polycrystalline, a
though the intensity of the ring pattern is not as strong as
of the epitaxial streaks~Fig. 3!. This is consistent with the
TEM observation.12

Among in situ fabricated oxide-GaAs structures, th
Ga2O3~Gd2O3!–GaAs structures show a GaAs PL intens
as high as that of the corresponding Al0.45Ga0.55As–GaAs
reference structure. Figure 4 shows the steady-state PL r
inferred from the measured PL peaks of Ga2O3~Gd2O3!/
n-GaAs and Al0.45Ga0.55As/n-GaAs structures normalized t
the measured PL peak of a corresponding bare GaAs sur
The excitation power density (P) and wavelength~l0! are
580 W/cm2 and 514.5 nm, respectively. Since PL ratios mu
be determined for identical light intensity entering the sem
conductor structure, alterations in sample reflectivity we
taken into account. For Ga2O3~Gd2O3!/ n-GaAs ~solid
circles! and Al0.45Ga0.55As/n-GaAs structures, typical PL ra
tios of 440–550 and 570 were obtained for substrate te
peratures of 360–620 and 660 °C, respectively. In orde
determine the interface recombination velocity, PL rat
have been measured as a function of power density (P) for
20<P<5000 W/cm2. Interface recombination velocities o

FIG. 3. Reflection high energy electron diffraction~RHEED! for MgO on
GaAs ~100!. Note that besides the epitaxial streaks, there are faint r
RHEED patterns indicative of randomly oriented polycrystals.
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7000–45000 cm/s and 800 cm/s have been inferred fo
Ga2O3~Gd2O3!/n-GaAs and the reference Al0.45Ga0.55As/
n-GaAs structures, respectively, using a self-consisten
model based on Poisson’s ratio and continuity equations.14,15

The formation of inversion and accumulation layers in
both n- andp-type GaAs has been clearly demonstrated by
quasistatic~Cqs! and high frequency~Chf! C–V measure-
ments. Figure 5 shows typical high frequency~100 kHz! and
quasistatic characteristics measured on 2 in.~a! n-type and
~b! p-type wafers. The oxide thicknesst i is 46.2 and 59.4
nm, and the substrate temperatures during depositionTs are
620 and 590 °C, respectively. AlthoughCqs andChf are not
identical for~a! positive bias and~b! negative bias, accumu-
lation is observed since~i! Cqs andChf scale correctly with
t i ; ~ii ! Chf is independent of frequencyf and GaAs doping
concentration forf.10 kHz; and~iii ! inversion occurs inp-
and n-type samples, respectively. The origin of frequency
dispersion in accumulation belowf510 kHz ~not shown!
may be due to the inhomogeneous oxide properties as me
sured by the RBS compositional profile@see Fig. 2~c!#. Al-
terations in oxide composition, in particular an enhanced in
corporation of Gd with increasing film thickness, were also
demonstrated by x-ray photoelectron spectroscopy.12 The
midgap interface state density inferred from a standard qua
sistatic and high frequency technique16 is in the mid 1010

eV21 cm22 range.15 Furthermore, the Ga2O3~Gd2O3!–GaAs
interfaces exhibit virtually flat bands in thermal equilibrium
~not shown!.

In sharp contrast to the results obtained on the
Ga2O3~Gd2O3!–GaAs interfaces, the MgO–GaAs and
SiO2–GaAs interfaces are intrinsically pinned at midgap, as
demonstrated byC–V ~not shown! and PL~Fig. 4! measure-
ments. The PL intensity of the MgO–GaAs and SiO2–GaAs
is almost the same as that of the bare GaAs surface.

The authors have recentlyin situ deposited Al2O3–GaAs
and have observed that the Al2O3–GaAs interfaces are also

ing

FIG. 4. Measured PL ratios of oxide-GaAs as a function of substrate tem
perature. Also included is the PL ratio from the Al0.45Ga0.55As–GaAs refer-
ence sample.
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intrinsically pinned at midgap, as demonstrated by P
measurements.12

It should be noted that Ga2O3~Gd2O3! in situdeposited on
Ga-stabilized~436! GaAs ~100! surfaces in another of our
recent experiments was found to produce a high intensity
PL as well, compared to those on the As-stabilized~234!
surface presented in this article.

Thermodynamic and photochemical stability has bee
studied by exposure to temperature and laser excitation,

FIG. 5. Quasistatic and high frequency capacitance as a function of volta
measured on~a! n-type and~b! p-type samples.
J. Vac. Sci. Technol. B, Vol. 14, No. 3, May/Jun 1996
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spectively. Degradation of PL intensity has not been ob-
served after temperature exposure of 800 °C, indicating com-
pletely preserved interface properties.15

IV. CONCLUSIONS

This article has shown that a low interface state density
and a low surface recombination velocity were achieved in
the Ga2O3~Gd2O3!–GaAs heterostructure. It is not clear,
however, that a low interface density was not observed in the
other oxide-GaAs heterostructures, even though they were
all fabricated usingin situ multichamber MBE. Additional
studies on the chemical bonding and the atomic arrangement
between the oxide and GaAs are needed to understand the
interfaces and to further reduce the interface state density.
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