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Structural modifications of the Gd2O3„110… films on GaAs„100…
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We report an fcc structure for the epitaxial Gd2O3 films grown on GaAs~100!. This fluorite-derived structure
appears to be stabilized by epitaxy with the substrate and has a great similarity to the GaAs structure. A model
calculation supports this finding. Our secondary-electron imaging studies of these nanometer-thick films reveal
that the films are cubic as deposited, and this structure can be derived from the stablea-phase of the Gd2O3 by
a mild Ne1-ion bombardment and a subsequent anneal. These epitaxial Gd2O3 films have great importance
because of their excellent surface passivation properties.
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Recently, it was discovered that thin films of crystallin
gadolinium oxide (Gd2O3) grow epitaxially on the
GaAs~100! substrate in a cubic structure that is isomorphic
a-Mn2O3,1,2 with its @110# axis oriented along the surfac
normal. Despite a large mismatch of 3.9% in lattice consta
at the interface and grossly different crystal structures, th
films were found to be thermodynamically very stable. Ho
ever, the exact nature of the interface structure and the
istry of the film atoms with respect to the GaAs substr
could not be extracted unambiguously from the x-ray diffra
tion data.

Secondary-electron imaging~SEI! is a powerful real-
space probe,3 which is an ideal tool to study this problem.
has a depth resolution of several atomic layers and is par
larly sensitive to relative displacements of atoms in crys
line structures. In this work, we have exploited this probe
order to bring a better understanding to the nature of epit
at the interface. The Gd2O3 layers and their stability are stud
ied by SEI, after exposing the surface to air for prolong
times as well as after heating and bombarding it with nob
gas ions. We found that the crystal structure of the film s
face remains stable during heat treatment up to 800 K,
disorders upon sputtering with Ne1 ions. Subsequent annea
ing re-establishes the crystallinity in the gadolinium-oxi
layer, however, in a fluorite-based cubic structure with
@100# direction parallel to that of the GaAs substrate. S
reveals that the atomic orientation of the recrystallized film
in registry with the substrate. We have also perform
electron-scattering calculations on model structures
simulate experimental results and find good agreement
our measurements.

Crystalline Gd2O3 exists in cubic, monoclinic, or hexago
nal phases.4 The cubic modification has the space gro
Ia3̄(Th

7) with a lattice constant of 10.812 Å and 80 atoms p
unit cell.5 This space group implies the existence of twofol
threefold-, and fourfold-symmetry axes, while the structu
is distantly related to the fluorite type. It can be viewed as
oxygen-vacancy ordered supercell of the fluorite structu
By contrast, GaAs grows in zinc-blende structure with a l
tice constant of 5.654 Å.
PRB 620163-1829/2000/62~16!/10614~4!/$15.00
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A 35-Å-thick single-crystal Gd2O3 film was grown epi-
taxially on a GaAs~100! substrate, using ultrahigh-vacuum
~UHV! electron-beam evaporation.1 It was found that the
@110# direction of Gd2O3 is aligned parallel to the@100# di-
rection of the underlying GaAs. In addition, the~001! plane

of the Gd2O3 cell is parallel to the (01̄1) plane of the GaAs
substrate.1,2,6 The total area of the sample surface inves
gated here, exposing the~110! plane of Gd2O3, is approxi-
mately 737 mm2. The samples were fabricated and e
posed to air for several months before insertion into vacuu

Structural investigations are performed by SEI in an UH
chamber with a total pressure in the lower 10210 mbar re-
gion. In SEI, an electron beam of 2 keV is directed onto
sample surface to excite secondary electrons. Those elec
which are quasielastically backscattered are registered
display-type collector system, which is concentric with t
sample. Since electron-atom scattering at 2 keV concentr
the electron intensity in the forward-scattering direction a
the secondary electrons scatter at surface atoms before
ing the sample, the recorded electron intensity shows
hancements corresponding to the atomic rows. Thus,
secondary-electron images carry information on the lo
atom arrangement in the sample in the form of a cen
projection of the crystallographic directions. Hence, the re
tive orientations of the symmetry axes in a given struct
can be observed in direct space. In the recorded patte
bright patches which are closely spaced form a band, sig
ing the presence of a crystallographic plane. In SEI, thr
dimensional views of structures can be acquired by rota
the sample. The patterns originate from a sample depth
about 25 Å under the surface, given by the mean free pat
2-keV electrons.7 In the patterns presented here, the cen
portion of the screen represents the zero polar angle, w
its outer edge corresponds to a polar angle of 5561°.

In addition to SEI, low-energy electron-diffractio
~LEED! experiments with the same sample were perform
by lowering the primary-electron energy while maintainin
all other experimental parameters. Auger-electron spect
copy ~AES! was used to determine the chemical composit
of the sample.
R10 614 ©2000 The American Physical Society
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FIG. 1. SEI patterns of the
~110! surface of the Gd2O3 film.
~a! The surface normal coincide
with the display axis,~b! and ~c!
the sample is rotated through 35
around the indicated axis in bot
directions. The symmetry axes ar
marked as follow:L 5 twofold;
n 5 threefold;3 5 fourfold.
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Figure 1~a! shows the SEI pattern of the untreated, a
received sample oriented such that its surface normal is
allel to the direction of primary-electron incidence. The o
served orthogonal symmetry confirms that the twofo
symmetric @110# direction is at the center of the patter
covered by the shadow of the electron gun. Few low-ind
directions are indicated. The pattern contains several blu
bands, representing different (hkl) planes. In particular, two
mirror planes are found, crossing each other at the cen
one going from bottom left to top right, the other one fro
top left to bottom right. The former, the (110̄) plane, con-
tains two patches, each at a polar angle of 35° represen
the @111̄# and @111# directions. The latter represents th
~001! plane and contains two fourfold-symmetry axes, ea
at 45°, the@100# and@010# directions. The symmetry in elec
tron intensity around these patches becomes more appar
the sample is rotated through a horizontal axis. Thus, a
rotation in one direction results in the pattern shown in F
1~b!. Here, the horizontal central band is the (011)̄ plane and
the patch at the top, located on the (10̄1) plane represents th
@101# direction. In this view, the fourfold symmetry aroun
the @100# direction and the threefold symmetry around t
@111# are clearly detectable. A rotation in the opposite dire
tion produces the pattern in Fig. 1~c! where the@011̄# direc-
tion becomes visible at the bottom of the pattern. The h
zontal central band is the~101! plane, containing the fourfold
symmetric@010# direction on the right and the threefold sym
metric @111̄# direction on the left.

These patterns are obtained from the sample without
surface treatment. Although the SEI patterns show good d
nition, no LEED spots can be observed from the sam
implying that one to two top atomic layers are disorder
with prevailing crystalline order in the layers underneath.
attempt to clean the surface by annealing at 800 K nei
changed the SEI results nor crystallized the top few dis
dered layers.

In a previous study,8 a metastable fcc phase of Gd2O3 was
grown on an NaCl substrate. Upon heating to 250° C, it w
found that this fcc phase irreversibly transformed to the
phase ofa-Gd2O3. Our findings extend this thermal stabilit
range up to 800 K. We have next sputtered the surface w
Ne1 ions at an energy of 1 keV for 30 s at an ion-curre
density of 531028 A/mm2, while maintaining the sample a
750 K. The diameter of the ion beam at half-maximum
tensity was 2 mm with an incidence angle of 60° relative
the sample normal. We estimate that, in these conditio
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atoms corresponding to about 0.3 monolayers~ML ! are re-
moved from the surface.9 Thus, upon partial removal of the
top disordered atom layers, blurred LEED patterns could
observed. Using these patterns, an approximate surface
tice constant of the surface film was derived as 11 Å, wh
indicates that the structure is indeed cubica-Gd2O3. Scan-
ning the primary-electron beam over the entire surface b
in the SEI and LEED modes did not induce noticeab
changes in the quality of the patterns. AES indicated
presence of C and N contamination on the untreated surf
beside Gd and O. No signal of Ga or As could be detec
before or after sputtering, because the escape depth o
proximately 5 Å for the Auger electrons was considerab
less than the thickness of the remaining film. Moreover,
Ne1 ions were not embedded into the crystal surface at
evated temperatures and the structure remained intact.
SEI patterns were compared with the single-scattering ca
lations ~SSC! applied on the cubic structure of the Gd2O3
crystal. This was constructed using the average value
different rare earth oxides.5 The computed patterns repro
duced all the low-index directions at their expected positio
but not all the bands.

Interestingly, the bands forming the triangles around
threefold-symmetry axes~cf. Fig. 1! did not appear in the
calculated results. In the course of searching for a be
reproduction of the secondary-electron images, we h
found that the simulations did not differ appreciably wh
certain atomic positions were displaced as much as 0.
around their average value. However, the calculatio
showed a sensitive dependence on the oxygen content in
structure. Several calculations were performed using mo
structures with successive oxygen reduction at random s
of the crystal. The best agreement between calculation
experiment was achieved with a Gd-to-O ratio of 1:1. Usi
this composition, all the bands could be reproduced satis
torily. Calculated patterns based on this model along
twofold-, threefold-, and fourfold-symmetry axes are sho
in Fig. 2. Besides the major symmetry directions,^100&,
^110&, and ^111&, there can also be found patches that re
resent directions or planes with higher indices. Some of th
and their equivalents are indicated in the figure.

One possible explanation for these observations is
regular oxygen sites in thea-Gd2O3 lattice already exhibit a
broad distribution, and small displacements are not expe
to change the calculated patterns. By the same token, rem
ing oxygen atoms would only help define the atomic plan
better. One can imagine a thin film ofa-Gd2O3, where some
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FIG. 2. Results of SSC calculations of the Gd2O3 crystal with a reduced amount of oxygen~Gd:O5 1:1!. Different views are shown~a!
along the threefold-,~b! the twofold-,~c! and the fourfold-symmetry axes.
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of the O atoms are forced to more symmetric sites by
epitaxial conditions. An actual composition change occurr
by the loss of oxygen is very unlikely since Gd can on
exist in the~13! valent state. An earlier electron-diffractio
experiment has suggested that Gd2O3, when annealed in the
presence of metallic Gd, transforms into GdO,10 which is
now believed to be unlikely.

Significant changes in the SEI pattern were found a
the sample was sputtered at room temperature for 15 s
current density of 531027 A/mm2, corresponding to re-
moval of 1.5 ML. Neither LEED nor SEI pattern could b
observed, signaling the disappearance of the long-rang
well as the short-range order in the top few monolayers. T
destruction of the crystalline order upon mild sputtering h
been encountered in several other ionic crystals and is du
the noble-gas ions implanted into the surface structure. T
observation shows that not only shallow surface layers
affected by this treatment, but the disorder prevails at le
throughout the escape depth of secondary electrons. Ou
the sputtered area the twofold-symmetric pattern could
be observed, because the diameter of the neon-ion beam
smaller than the dimensions of the sample. Hence, the
struction of the surface crystallinity is a local effect and o
dered and disordered phases coexist next to each other a
surface.

The crystalline order of the film is partly restored by a
nealing at 750 K for 10 minutes. An SEI pattern could
observed with reduced contrast, however, LEED patterns
mained absent. Figure 3~a! displays a pattern obtained from
the film, with the surface normal of the sample aligned alo

FIG. 3. ~a! SEI of fourfold-symmetric surface film,~b! com-
pared with a pattern obtained from the GaAs~100! substrate after
removal of the film.
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the display axis. The bands of increased electron inten
and the patches due to interatomic directions are arrange
fourfold-symmetry revealing that the recrystallization of t
film produced a cubic structure aligned with its@100# axis
parallel to the display axis.

AES performed on the disordered film before annealing
well as on the recrystallized surface after annealing indica
the presence of Gd and O with some C contamination,
not Ga and As. Hence, the observed pattern, shown in
3~a! cannot originate from the GaAs substrate.

On Fig. 3~b!, the secondary-electron pattern obtain
from GaAs~100! is displayed. The surface is prepared
extensive sputtering and heating the sample. The ove
fourfold symmetry together with the details of the electro
intensity distribution in the pattern are characteristic of
~100! surface of the zinc-blende structure. An SSC calcu
tion for the GaAs structure produces a pattern which clos
resembles that shown in Fig. 2~c!. There is also perfect align
ment between the gadolinium-oxide and GaAs structures
dicating that it is the GaAs substrate which dictates the
crystallization mode of the once disordered gadoliniu
oxide film.

The cubic Gd2O3 structure is closely related to the fluorit
structure with two anions per one cation, shown in Fig. 4~a!.
The cations form an fcc lattice, while the anions fill all th
tetrahedral sites. Therefore, each cation has eight a
neighbors and each anion has four cation neighbors.
sesquioxide structure is derived by removing two oxyg
anions out of the unit cell, thus reducing the number of a
ions and doubling the lattice constant.2,11 This change in the
anion content in the structure leaves the cations in an o

FIG. 4. Comparison of the~a! fluorite and~b! zinc-blende crys-
tal structures.
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hedral coordination with some disorder and vacancies in
occupied tetrahedral sites.

Gadolinium oxide in the fluorite structure with the mod
fied oxygen atoms would have a lattice constant compar
with that of GaAs. Therefore, we conjecture that, upon
nealing the disordered film, the Gd and O atoms reorgan
in the fluorite structure. The formation of this structure
assisted by the GaAs substrate that acts as a structura
chemical template. Consequently, Gd2O3 films in this struc-
ture are arranged in an epitaxial orientation with the~100!
surface of the GaAs substrate.2,6 It is essential that the laye
be disordered all the way to the interface upon ion bomba
ment. Only then does the substrate influence the growth
passivation layer with fourfold-symmetry, as observed.
explanation for the reordering might be that the open a
complicated structure of Gd2O3 causes the Gd and O atom
to assemble in a simpler and more densely-packed struc
Both unit cells lie congruently on each other, with paral
@100# directions. Probably, the lattice constant of the ga
linium oxide in the fluorite structure has to be modified
order to match the underlying oxygen-terminat
GaAs~100!.

Figure 4~b! illustrates the zinc-blende structure. Bi
et al.10 have suggested the formation of GdO in the zin
blende structure with a lattice constant of 5.24 Å, upon
nealing Gd2O3 in the presence of Gd metal. This is the nati
structure of GaAs, with Ga atoms in the tetrahedral As
ordination. Structurally, this phase is the closest one that
account for the fourfold-symmetric films developed upon a
.
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nealing the disordered film. However, GdO is not an a
cepted oxide phase of gadolinium.12 Yet, a comparison be-
tween Figs. 4~a! and 4~b! shows the close relation betwee
the fluorite and the zinc-blende structures: the latter is
tained by removing every second oxygen atom in each di
tion.

The Gd2O3 passivation film investigated here is isomo
phic with a-Mn2O3 and grows in an epitaxial orientatio
with the GaAs~100! substrate, aligning its@110# axis with the
surface normal. The structure of this film is stable to h
exposures as high as 800 K. In contrast, a mild bombardm
with noble-gas neon ions at room temperature comple
destroys the crystalline structure. The disordered film recr
tallizes in a cubic phase, however, in a structure, unknown
native Gd oxides. We also have found that some of the
received gadolinium-oxide films displayed fourfold
symmetric structures.13 This unexpected phase observed
SEI patterns was not distinguishable from the zinc-blen
structure of the GaAs substrate. Apparently, the thin (,25
Å! Gd2O3 films have a tendency to grow in a fourfold
symmetric structure on the GaAs~100! surface, both during
the initial growth and during the after-growth treatment. W
believe that it is the ambient oxygen pressure that ke
a-Gd2O3 stable in the form of atomically thin films.

The authors are thankful to A. Atrei for the phase shifts
Gd, required as input to the SSC, and for his valuable s
gestions. This work was supported by the Schweizerisc
Nationalfonds.
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