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Gallium oxide films 20 Å in thickness were deposited onto GaAs substrates in ultra high vacuum
~UHV! via e-beam evaporation from a monolithic high-purity source. The substrates were prepared
by molecular-beam epitaxy and transferred to the oxide film deposition site in a wholly UHV
environment. The Ga2O32x films were probed by x-ray photoelectron spectroscopy~XPS!.
Chemical states were identified and stoichiometry was estimated. Metallic layers were deposited by
e-beam evaporation in UHV after XPS analysis as caps and for future work. Film morphology and
structure were probed by cross-sectional high-resolution transmission electron microscopy. The
films were found to havex<0.3 and a metal/oxide interface roughness,1 Å. © 2002 American
Vacuum Society.@DOI: 10.1116/1.1469011#
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I. INTRODUCTION

Ultrathin films of Ga2O3 have attracted interest for use
applications including spin-dependent magnetic tun
junctions1 and compound semiconductor passivation.2,3 Fab-
rication of these and similar Al2O3 films has been accom
plished by oxidation of metallic layers in air4 and by
plasma.5 Difficulties such as interlayer coupling6 arising
from substrate surface roughness and reduction of junc
magnetoresistance because of underoxidation7 have compli-
cated the deployment of devices utilizing this technology.
present here a method for deposition, which exploits the h
surface quality obtainable by molecular-beam epitaxy~MBE!
as well as the reactivity of species deposited by electr
beam evaporation in ultrahigh vacuum~UHV! to obtain flat
films with good stoichiometry. The depositions of Ni and A
cap layers are performed to demonstrate the suitability of
technique for two common overlayers.

In this work we describe our fabrication and characteri
tion techniques for ultrathin Ga2O32x films and analyze our
results. We use high-resolution cross-sectional transmis
electron microscopy~XTEM! and x-ray photoelectron spec
troscopy ~XPS! for analysis as these techniques are w
suited for structural and chemical studies of layers of t
type. Section II outlines the sequence and details of M
deposition, e-beam evaporation, metal capping, and
analysis. Section III describes our measurements of ox
metal interface roughness with XTEM and stoichiometry a
film thickness with XPS. In Sec. IV we examine the role t
surface structure of the GaAs substrate plays in the resu
oxide film chemistry as well as compare our results to p
vious work in the literature. Section V reiterates our findin
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II. EXPERIMENT

Commercially availablep-GaAs wafers~GaAs:Zn, NA

5531018 cm23! were In bonded to Mo blocks for MBE
growth. Oxides were desorbed at 600 °C in UHV.~See Fig. 1
for a schematic of our system.! Layers of additional GaAs
were grown on these wafers in a Perkin–Elmer 430 M
chamber. All growths were performed in an excess flux
cracked As and Be was used as thep-type dopant instead o
Zn.

Three growths were performed~see Table I!. These were
monitored by reflection high energy electron diffractio
~RHEED! during growth and were found to have brigh
streaky patterns during postgrowth cooling to room tempe
ture. The difference in reconstruction arose due to the
that sample I was removed from the As flux during coolin
while sample II was kept in the As flux down to lower tem

il:FIG. 1. Schematic of relevant elements of the UHV system used in this w
and their base pressures.
8092Õ20„3…Õ809Õ5Õ$19.00 ©2002 American Vacuum Society
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perature (150 °C). The stoichiometry of the surface reg
of these buffer layers is summarized in Table II where it
seen that sample I, having a (234) surface, is As rich,
whereas sample II, having a (434) surface, is As poor.

After growth, these samples were transferred in UH
conditions to a Physical Electronics~Phi! Model 5600 Mul-
tiTechnique analysis chamber for XPS. The chamber
equipped with MgKa and monochromated AlKa emission
sources; both were used in this study. Angle-resolved sc
are possible only with the Mg anode due to chamber ge
etry. The chamber uses a Phi Model 10-360 hemispher
analyzer and position-sensitive detector~minimum resolution
0.6 eV!. The pass energy was 187.85 eV and the step size
eV regardless of anode.

After preliminary XPS analysis, the samples were tra
ferred in UHV to the e-beam evaporation chamber for ox
film deposition. The e-beam evaporation chamber is a c
tom model equipped with two 3 kW Thermionics guns. T
wafers were heated to 300 °C prior to activation of the
beam.

The sources for growth were high-purity~99.995% metals
basis! sintered lumps of Ga2O3, obtained commercially. No
oxygen was provided during evaporation of Ga2O3 except
that liberated by evaporation of the source, which was su
cient to elevate chamber pressure to 231026 Torr. This is
very similar to that reported by Honget al.8 who utilized
e-beam evaporation from a Gd3Ga5O12 source.

During evaporation the source did not seem to melt,
rather seemed to decompose in a localized manner as
electron beam was seen to bore holes into the source. D
sition rates were controlled by adjustment of the e-beam
rent and were in the range 0.1– 0.2 Å/s. Film thickness w
controlled by a quartz crystal monitor~QCM!, according to
which the oxide growths were 22 Å thick.

Following evaporation, the chamber pressure was see
decrease below 531029 Torr within minutes as the substra

TABLE I. GaAs buffer layers.

Sample
Growth

temperature (°C) Doping
Final

reconstruction

I 575 none (234)
II 550 Be, 3310218 cm23 (434)

TABLE II. Results of XPS probing of GaAs buffer layers prior to oxide fil
deposition. Elemental intensities are obtained by dividing observed 3d peak
areas by atomic sensitivity factors.

I
Mg Ka

I
Al Ka

II
Mg Ka

II
Al Ka

I Ga 29 672 8889 42 749 10 133
FWHMa ~eV! 2.4 2.3 2.5 2.4

I As 35 173 10 535 41 462 9465
FWHM ~eV! 2.6 2.5 2.6 2.5

Observed As:Ga ratio 1.185 1.185 0.970 0.934

aFull with half maximum.
J. Vac. Sci. Technol. A, Vol. 20, No. 3, May ÕJun 2002
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cooled. The specimens were returned in UHV to the analy
chamber, where XPS was used to probe the surface che
try of the oxide film. Multiple scans of each film were com
pleted, and these are discussed in Sec. III.

Following XPS, both samples were capped with meta
layers in the e-beam evaporation chamber. The substr
were at room temperature. Sample I was capped with 17
of Au; sample II was capped with 1000 Å of Ni.

At this point, the samples were removed from UHV a
cleaved to obtain portions for XTEM. These were thinned
polishing, dimpling, and low-voltage, low-angle ion millin
and examined in a Philips EM430 TEM with a LaB6 crystal
operating at a voltage of 300 kV.

III. EXPERIMENTAL RESULTS

A. XTEM

Figures 2 and 3 show samples I and II at a lower mag
fication. The polycrystalline metal caps and the epitax
nearly defect-free nature of the GaAs buffer layers are e
dent. The metallic layers appear to evidence a large num
of grain boundaries and other defects typical of metals
posited onto substrates at room temperature. At higher m

FIG. 2. XTEM photomicrograph of sample I. The bottom layer is the intr
sic GaAs buffer layer. The topmost layer is the 175-Å-thick Au cap. B
tween these layers, the 20-Å-thick Ga2O32x layer is seen to be distinct and
fairly smooth.

FIG. 3. XTEM photomicrograph of sample II, 1000 Å Ni/20 Å
Ga2O32x /p-GaAs.
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nification, atomic-level features are readily evident~Figs. 3
and 5!. Limited interdiffusion appears to have occurred b
the outlines of the layers are still distinct.

Visual analysis of Figs. 3 and 5, followed by fitting poin
on the metal/oxide interface to a sinusoidal function usin
Texas Instruments TI-86, yielded root-mean-square~rms!
roughness,0.5 Å. Roughness wavelengths were 66 and
Å, respectively. Analysis of other images confirmed that
rms roughness of the interface is,1 Å. The values of wave-
length obtained are somewhat arbitrary given the low rou
ness values.

An attempt was made to collect selected-area
transmitted-electron diffraction data, but due to the la
sampling area~0.5 mm diameter! of our smallest aperture
the signal from the oxide layer cannot be isolated with c
tainty from those of the GaAs buffer layer and the multip
metal grains in each cap or diffusion of the transmitted be

B. XPS

Precise identification of the chemical states in the G
As–O system with XPS has been difficult with similar b
ambiguous reports emerging from the literature.9–15 Much of
this is due to variance in instrument resolution and sens

FIG. 4. High-magnification XTEM photomicrograph of sample I. Some
terdiffusion between the oxide and Au layers is evident. This sample app
to have no long-range order but non-negligible short-range order.

FIG. 5. High-magnification XTEM photomicrograph of sample II. The initi
adatoms of the oxide appear to exhibit a preference for a particular site
subsequent layers seem to have no long-range ordering and little short-
order. Sample I appears to have better bonding between the oxide and
layers~see Fig. 4!, likely due to its greater concentration of oxygen.
JVST A - Vacuum, Surfaces, and Films
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ity. Our deposition of relatively large amounts of Ga a
oxygen on the surface restricts the likely number of co
pounds considerably, simplifying analysis.

The 3d transition in Ga is preferred for chemical sta
identification due to smaller offsets in the more promine
2p3/2 transition. Figure 6 shows the 3d transitions in both As
and Ga before and after oxide film deposition. Data in t
figure were not processed for background noise reduct
The As peak is suppressed without shift while the Gad
transition undergoes a dramatic change in area and sh
This is consistent with the addition of Ga in the Ga2O3 state
as the transition in this state is approximately 1.2 eV hig
than that of Ga in the GaAs state.15

An angle-resolved scan of sample II was performed
four angles for careful identification of Ga bonding state
The fit was performed for two peaks. These are believed
be the binary oxide and arsenide states of Ga. The o
Ga-bearing compounds listed by Hollingeret al.15 are very
oxygen rich and are thus very unlikely to be formed in t
deposition events described here. The fits are seen in Fi
The values ofx2 are listed in Table III. The peak offse
varied from 1.0 to 1.2 eV.

It is possible to use these data to estimate the thicknes
the oxide film. Using the method of Tanuma,et al.16 the
inelastic mean-free pathL of electrons at 1230 eV~the en-
ergy of the MgKa transition minus a binding energy o
roughly 20 eV! inside Ga2O3 is most nearly 24.2 Å. Peak
area data are summarized in Table III. These data were fi
the linear attenuation equation

I ~u!5I 0 expS 2
d

L sin~u! D , ~1!

whereu is the take-off angle~the angle between the detect
axis and the plane of the sample surface! andd is the surface
layer~in this case, Ga2O32x! thickness. The linear regressio
yieldedd519.6 Å with R250.807, which is in accord with
both the QCM and the XTEM photomicrographs.

rs

ut
nge
As

FIG. 6. XPS scans of sample I before and after e-beam evaporatio
Ga2O3 . The dashed line represents the GaAs surface prior to evapora
the solid line the sample surface after oxide film deposition.
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To measure the stoichiometry of the film, peak areas w
measured from full spectral scans. Background noise
removed with a Shirley algorithm. Measured peak areas w
divided by atomic sensitivity factors obtained from Phi f
our specific instrumentation to obtain atomic concentratio
See Table IV for the results of this analysis.

IV. DISCUSSION

The XTEM photomicrographs suggest a smooth ox
film layer with an indeterminate structure. The thinness
the layer makes both x-ray and electron diffraction stud
difficult. In situ measurement using RHEED would be
considerable value in structural studies but the absenc
this tool on our e-beam evaporation chamber would not p
mit such examination during growth. An amorphous stru
ture was claimed by Honget al. for ~Ga,Gd!2O3 films8 using
RHEED and TEM for characterization and this is eviden
the case here as well. Given the differences in symmetry
unit cell size between GaAs~F4̄3m, a55.65 Å! and the
stable phase of Ga2O3 ~b-Ga2O3, C2/m, b5103.7°, a
512.2 Å, b53.04 Å, c55.80 Å!, it is unlikely that epitaxy
of Ga2O3 would be realized under these conditions.

As seen in Figs. 4 and 5, bonding between GaAs a
Ga2O32x at their interface seems to be uniform and cons
tent. There appears to be some site preference for the in
adatoms of the evaporated material, which is in accord w

FIG. 7. Deconvolution of the Ga 3d transition in sample II measured by a
angle-resolved scan using a MgKa source; see Table III. The rightmos
~lower-energy! curves are presumed to originate from Ga bonded to
while the leftmost~higher-energy! curves are presumed to originate from G
bonded to O.

TABLE III. Angle-resolved intensity data obtained from the curves in Fig.

Take-off
angle

GaGa2O3
GaGaAs

x2

IGaAs

I GaGa2O3

Area
~arbitrary!

FWHM
~eV!

Area
~arbitrary!

FWHM
~eV!

44° 1009 1.55 317 2.02 1.170 0.3141
53° 923 1.53 291 1.96 1.362 0.31528
64° 839 1.61 312 1.93 1.371 0.37187
90° 714 1.51 322 1.96 1.487 0.45098
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the hypothesized interface predicted by Honget al.17 Several
factors point to the likelihood that these are predominan
oxygen adatoms attaching to Ga. The standard-state G
free energy of formation at 300 °C for GaAs
2110 kJ/mol; that of12Ga2O3 is 2570 kJ/mol.18

Since we see that both films are slightly underoxidize
we conclude that most likely the structure consists of clus
of Ga with adsorbed oxygen similar to that of underoxidiz
Fe ona-Al2O3 as described in Fig. 3~d! of Chambers’ re-
view of thin-film oxide epitaxy.19 Given that XPS apparently
reports the presence of Ga in the Ga2O3 chemical state
(GaGa2O3

), we thus speculate that the short-range struct
seen by Ga atoms in the oxide film is similar to that
b-Ga2O3 ~Ga in four- and six-oxygen complexes,15 along
with some free Ga!, with no long-range structure that may b
positively identified from our data. Sample I~Fig. 4! appears
to evidence more short-range order than sample II, likely d
to the smaller value ofx for sample I. The difference in
stoichiometry is possibly due to the different surface rec
structions of the substrates~Table I!. Tentatively, it seems a
As-terminated (234) reconstruction may give a better film

The values of roughness and wavelength calculated
Sec. III would seem to compare favorably to the rms roug
ness of 7.3 Å and wavelength of 94 Å estimated by Sch
et al.;6 however, those workers used a measurement of
Néel coupling field for quantitative analysis and direct com
parison may be misleading.

It is seen from the data in Table IV that the amount of
in the XPS sampling region is considerably less than the
assumed to be in a Ga–As bond (GaGaAs). Thus it seems
apparent that As is being lost from the upper layers of Ga
during oxide deposition possibly by surfactant action, g
phase desorption, or both. Instead of a GaGaAs state, the
lower energy peak in the deconvolutions of the Ga 3d tran-
sition may represent free Ga. This would appear to contra
the XTEM photomicrographs; Figs. 2–5 imply that a nea
pristine GaAs layer persists up to the oxide/GaAs interfa
Inspection of the photomicrographs implies some small
crease in the defects in the substrate monolayers close
the interface, but it is uncertain if this would account for t
dramatic nonstoichiometry observed with XPS. Further
vestigation is required.

Exact determination of the energy shift would aid in t

,

.

TABLE IV. Intensities of Ga, As, and O peaks for stoichiometry estimatio

Transition
I

Mg Ka
I

Al Ka
II

Mg Ka
II

Al Ka

GaGa2O3
3d 61 298 10 988 64 193 9819

GaGaAs3d 34 431 8533 33 724 6807
As 3d 5316 1967 4052 988
O 1s 90 153 16 367 87 321 13 570

2IO

I GaGa2O3

2.9415 2.9791 2.7206 2.7639

I As

I GaGaAs

0.1544 0.2305 0.1201 0.1451
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solution of this problem. Unfortunately, it is difficult to de
termine the shift using the traditional C 1s transition since a
Ga Auger emission (L3M23M45) nearly coincides with and in
some cases overlaps the C 1s peak whenever nonmonochro
mated MgKa x rays are used, and the C 1s peak is almost
undetectable for most of our samples due to the clean na
of the UHV process. There does not seem to be any As
compound formation as the O 1s– As 3d separation is 490.0
eV for both samples I and II when scanned with monoch
mated AlKa x rays. This is>3.5 eV larger than the sepa
ration seen in any of the As–O or Ga–As–O compoun
studied by Hollingeret al.15 Therefore, the chemistry of th
substrate layers nearest the oxide film remains to be exa
resolved.

There was some concern regarding diffusion of the me
lic overlayers into the Ga2O32x films, as it is necessary to
briefly ~approximately 5 min! heat the samples to the meltin
point of In (157 °C) to debond them from the Mo block
after exiting from the vacuum. As mentioned above, limit
interdiffusion does seem to occur, but this does not mean
fully compromise the integrity of the oxide film. Th
Ga2O3 /GaAs interface seems to be robust.3

It has been suggested that optimal tunneling proper
may be found with thinner junctions and upon annealing1,7 in
ferromagnet/insulator/ferromagnet structures. This is due
competing effects, namely oxidation of the neighboring la
ers and the formation of metallic paths in the junction lay
As these would also be expected to be difficulties in str
tures involving a semiconductor in place of a metal, it
expected that future investigations of these parameters
be of importance. Both the XTEM and XPS techniques
well suited for materials studies of such ultrathin films.

V. CONCLUSION

We have fabricated Ga2O32x films with x<0.3 in UHV
by e-beam evaporation from a high-purity monolithic sour
Deposition on epitaxial GaAs buffer layers yields ve
smooth films suitable for the growth of metallic overlaye
JVST A - Vacuum, Surfaces, and Films
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with rms interface roughness,1 Å. Film properties have
been examined qualitatively and quantitatively with XPS a
XTEM. This deposition technique seems to be extendabl
numerous applications utilizing oxide tunnel junctions.
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