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An As"stab111zed A1076a03As(100) surface gro%n by molecular-beam epltaxy %'as studied us-

ing photoemission techniques. Core-level shifts and relative emission intensities at the surface
~ere used to deduce the surface structure. High-energy-electron-diffraction and surface-

contamination-rate measurements mere also made. The results indicate that this surface is very

similar to the As-stabilized GaAs(100)-c(2 & 8) surface in structure with complete depletion of
Al at the surface,

Using photoemission techniques, we have studied
an A107Ga03As(100) surface grown by molecular-
beam epitaxy (MBE). Al„Gat „As is an important
material used in the electronic and optoelectronic in-
dustries, and its (100) surface is usually the device
face. Studies of the intrinsic properties of this sur-
face are important steps toward understanding the
physics and chemistry of interface formation involv-

ing Al„6ai „As. There have been in the past many
investigations of pure elemental and binary com-
pound semiconductor surfaces, such as those of Si
and 6aAs. ' 3 But much less has been done for com-
pound semiconductor alloys such as Al„6ai „As.
This is largely related to the complexities involved in

preparing well-characterized samples suitable for ul-

trahigh vacuum studies. Using MBE techniques we
have been able to prepare in situ atomically smooth
surfaces of A1„6ai „As. This system is fundamental-

ly more complex than GaAs and AlAs. It is known
that GaAs(100) has many surface phases with the
As-stabilized c (2 x 8) structure being one of the
most stable and easiest to prepare. On the other
hand, the related AlAs(100) surface usually shows a
(3 x 2) reconstruction. ' Our aim is to study the
surface structure and composition of the alloy system

A10,76a03As Using photoemission tcchniqucs.
Core-level binding energies associated with surface

atoms are usually shifted relative to the bulk due to
differences in the atomic environment. This effect
has been observed before Using the photoemission
techniques for many systems including the cleaved
GaAs(100)-(1 x 1) surface. ' ' These shifts are relat-

ed to the surface structure, but the actual determina-
tion of surface structure from the measured shifts is

rather difficult. In the present investigation, the
measured shifts are used as fingerprints to deduce

structural information. Furthermore, the relative
photoemission intcnsltics from thc bUlk and surface
are used to deduce the surface composition. Our
results show that a stable A10~6a03AS surface grown
under high As partial pressure has a structure very
similar to the GaAs(100)-c(2 x 8) surface, with a
complete depletion of Al in the surface atomic layer,

The experiment was done at the Synchrotron Radi-
ation Center at Stoughton, Wisconsin. A1„6ai „As
samples about 2000 A thick were grown on
GaAs(100) substrates in a MBE chamber. The sam-
ple growth was monitored and the resulting surfaces
were characterized using high-energy-electron-
diffraction (HEED) techniques. After growth, the
samples werc ti'ansfcrrcd Undci Ultrahigh vacuum
conditions to a photoemission chamber in which the
care-level measurements were made. Many samples
of Al Ga~ „As(100) were prepared with different
x 's under high As partial pressure —10 6 torr. The
growth rate was typically about 1 A/sec, and the
growth temperature was about 520—700'C depending
on x. The growth was terminated by turning off 6a
and Al beams simultaneously and leaving the sample
annealed in As vapor before cooling down. No
changes in HEED patterns were observed during an-
nealing. All samples with 0 & x ( 1 sho~ed a fuzzy
(2 x 8) pattern nearly identical to that observed for a
somewhat disordered GaAs(100)-c (2 x 8) surface. '
This fuzzlncss was rcprodUciblc and most likely in-
trinsic duc to disorder by alloying. For simplicity, we
will discuss only the results in detail for x = 0.7. At
this relatively large x value, the (2 x 8) phase was in-

variably produced with the quarter-order reconstruc-
tion relatively fuzzy and barely discernible in the
HEED pattern. The growth was quite stable with a
substrate temperature of about 570'C. A few at-
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tempts to prepare other surface phases by using lower
or higher substrate temperatures were not successful,
and the surface became rough or faceted after growth
of a thick layer ( & 500 A).

Photoemission spectra from core levels of the
A12p, Ga 3d, and As 3d core levels for
Alo 7Gao 3As(100) are shown in Figs. 1—3, respective-
ly. These three figures are presented differently in
order to emphasize different points. Two different
photon energies are used in each case. The lower
(higher) photon energy was chosen to emphasize the
bulk (surface) contribution: the photoeiectron kinet-
ic energy is —5(40) eV, and the escape depth is—20(6) A. ' These spectra will be referred to as
bulk sensitive (lower photon energy) and surface
sensitive (higher photon energy) in the following.
Since the chemical environments of Al and Ga atoms
are nearly identical for this alloy semiconductor, the
core-level shifts for surface Al and Ga atoms should
be similar for similar sites. The relative photoemis-
sion intensity ratios between different atomic species
and between surface and bulk contributions can be
used to deduce the composition. The deconvolution
of photoemission spectra into bulk and surface con-
tributions were done with a nonlinear least-squares
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FIG. 2. In (a) and (b) the solid lines are photoemission
spectra far Ga3d care levels of A107Ga03As(100) taken
with h v -28 eV (bulk sensitive) and 60 eV (surface sensi-
tive), respectively. The decomposition into the surface (S)
bulk (B), and total (T —=S+8) contributions is shown by
the long dashed lines. The centers of gravity for these two
spectra are indicated by the vertical short dashed lines. The
binding energy is referred to the Fermi level EF.
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FIG. 1. (a) Solid lines are photoemission spectra for A12p
core levels of A107Ga03As(100) taken with h v = 82 eV
(bulk sensitive) and 112 eV (surface sensitive), respectively.
Closed and open circles are the results of theoretical fitting.
(b) Solid and dashed lines are the spectra in (a) with back-
ground subtracted and normalized to have the same peak in-
tensity. The binding energy is referred to the Fermi level EF.

fitting procedure taken into account the instrumental
Gaussian broadening, inhomogeneous broadening
due to alloying, lifetime broadening, spin-orbit split-
ting, branching ratios, and the background (approxi-
mated by a third-order polynomial). Details will be
published elsewhere, and the main results are sum-
marized in Table I. Here by surface atoms, we mean
those atoms near the surface whose chemical en-
vironments are sufficiently different from the bulk
such that the differences should be readily detectable
whether these atoms are on or just below the surface.

The solid curves in Fig. 1(a) are the experimental
A12p core-level spectra. The bulk-sensitive spectrum
(h v = 82 eV) clearly shows the spin-orbit splitting.
The surface-sensitive spectrum (h v = 112 eV) is
broader not due to any surface shift but because of
larger instrumental broadening (the instrumental
broadening is -0.28 and 0.49 eV at h v = 82 and 112
eV, respectively, determined from measured Fermi-
edge widths). The results of a theoretical fit assum-
ing no surface shifts are shown as closed and open
circles in Fig. 1(a). The data, after background sub-
traction and proper normalization to give the same
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FIG. 3. The solid and dashed lines are photoemission
spectra for As 3d core levels of A1Q76aQ 3As(100) and

GaAs{100)-c(2 x 8), respectively, taken with hv 50 eV
(bulk sensitive) and 80 eV (surface sensitive) as indicated.
The binding energy is referred to the Fermi level EF, and

the two scales are relatively shifted such that the bulk peaks
are lined up vertically.

peak intensity, are shown in Fig. 1(b). The centers of
gravity for these two curves almost coincide with a
small shift due to about 10% change in the spin-orbit
branching ratios. ~ The theoretical fit shown in Fig.
1(a) is excellent, and indicates two possibilities: (1)
there are no surface Al atoms (complete surface de-
pletion during growth), or (2) the surface Al atoms
happen to show little core shifts. The second possi-
bility is ruled out since surface Ga atoms (which
should show similar shifts) do show large shifts.

Figures 2(a) and 2(b) show the experimental spec-
tra (solid curves), fit (closed circles), and theoretical
decompositions into bulk (8), surface (S), and total
(T—= B+S) contributions for Ga 3d core levels in the
bulk- and surface-sensitive regimes, respectively. In
the fit, the surface contribution was allowed to have a
wider width (Table 1) to account for possible extra in-

homogeneous broadening due to the possible pres-
ence of different sites. This seems to work well and
does illustrate that there is a surface shift —0.22 eV
to a higher binding energy (the centers of gravity for
the two spectra in Fig. 2, indicated by short dashed
lines, differ by 0.11 eV). The intensity ratio between
surface and bulk contributions R is 2.6 for the
surface-sensitive spectrum, much larger than expect-
ed for homogeneous systems. ' %e have also per-
formed similar analysis for GaAs(100)-c (2 x g), and
found that the same surface core shift and a much
smaller value of R =0.78 fit the surface-sensitive
spectrum well (not shown here). 'c The ratio between

TABLE I. Physical quantities for A1Q76aQ 3As(100) determined from theoretical fit unless other-
wise noted. B and S refer to the bulk and surface core levels, respectively. E is the binding energy
of 3d5~2 (for Ga and As) or 2py2 (for Al} referred to the Fermi level. 6 is the spin-orbit splitting.

BR is the branching ratio (d3/2/i/5/2 for Ga and As and pi/2/p3/2 for Al) for the bulk-sensitive (BS)
or surface-sensitive (SS) spectra. SE is the Gaussian width (most likely due to crystal field; the in-

strumental width is not included). I' is the Lorentzian width (due to lifetime; negligible for Al).
1(S)//(8) is the intensity ratio between surface and bulk contributions.

Ga 3d As3d Al 2p

E(B) (eV)
E(S) (eV}
a (ev)
BR(BS)
BR(SS)
SE(B) (eV)
SE(S) (eV)
I"(B,S) (eV)
I (S)/1 (B)(BS)
i {S)/i(B)(SS)

19.46
19.68
0.44b

0.62b

0.62b

0.26
0.69
0.29b

0.29
2.58

41.23
~ ~ o

070
0.57b

0.57b

0.25
~ ~ ~

0.40b

0.26
1.66

73.82

0 42c

0.44
0.50
0.36

0d

0
0

'Complex, at least two surface components.
bReference 3.

'Reference 7.
~Reference 8.
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the two R values 0.78/2. 6=0.3 equals the value of
atomic percentage of Ga in A107Ga03As! From all
of the above evidence, we conclude that the
A1076a03As(100) surface is very similar to
GaAs(100)-c (2 x 8) in structure and composition.
Evidently, the deposited Al atoms tend to diffuse
from the surface into the subsurface region during
growth. Furthermore, the depletion of Al is confined
only to the surface layer, and this accounts for the
observed R value larger (3.3 times) in A1076a03As
than in GaAs(100).

The results on As core levels (Fig. 3) also support
our conclusions. The As core levels show significant
surface components shifted to both lower and higher
binding energies (the deconvolution is not shown
here)'0 for GaAs(100)-c(2 & 8) and
A1076a03As(100). In Fig. 3, the bulk peaks for
these two crystals are lined up by shifting the energy
scales as shown, and this can be seen clearly by ex-
amining the two bulk-sensitive (upper) spectra. The
two surface-sensitive (lower) spectra then appear
very similar, except that the spectrum for
Ala. 7GaQ 3As is somewhat broader (most likely due to
broadening introduced by alloying). " Therefore the
two surfaces are very much alike as far as As core
shifts are concerned.

Residual gas contamination rate for the sample sur-

face is also a good qualitative probe for surface com-
position. The AlQ76a03As(100) surface is as inert as
the GaAs(100) surface (no detectable contamination
in several days), while the related AlAs(100)-(3 & 2)
surface, with Al atoms on the surface, is considerably
more reactive (similar to the metallic Al surfaces)
with contamination detectable in about an hour. This
is consistent with the conclusion of an absence of Al
atoms on the A1076a03As(100) surface.

In summary, the As-stabilized A1Q76a03As(100)
surface is very similar to GaAs(100)-c (2 && 8) in
structure and composition. The depletion of Al on
A1076a03As(100) surface is not extended into the
bulk. The above conclusions are based upon mea-
surements of (I) HEED, (2) surface core-level shifts
and relative photoemission intensities, and (3) con-
tamination rates. This is also consistent with the fact
that sharp GaAs-A1, 6a~ „As interfaces can be
formed by MBE.~
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