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%'e present high-resolution synchrotron-radiation core-level photoemission results which show
that the room-temperature deposition of Co onto GaAs(110) induces limited substrate disruption,
leading to Ga and As intermixing with the metal overlayer. High-energy Auger electron diffraction
and low-energy electron diffraction measurements indicate that Co orders weakly to form a metasta-
ble, epitaxial bcc matrix with principal crystallographic axes parallel to those of the substrate.
Angle-dependent x-ray photoemission results show that the distribution of Ga and As in the Co
overlayer varies with, and is dependent on, the Co thickness. Together, these results show that the
amount of dissociated Ga and As in the overlayer decays exponentially away from the Co/GaAs in-

0
terface (1/e length 3 A); that As surface segregates and its concentration profile is exponential away

0
from the vacuum into the Co overlayer (surface concentration 5.8 at. % at 150-A Co thickness, 1/e
decay length 5 A); and that the As solubility in the Co film far from either boundary is 0.26 at. %.
This paper demonstrates that substrate disruption and epitaxial growth are not mutually exclusive
provided that the disruption is not too severe and that conditions necessary for epitaxy exist.

INTRODUCTION

The typical boundary regions formed between
transition-metal overlayers and semiconductor substrates
are characterized by disruption of the semiconductor ac-
companied by atomic interdiffusion and compound for-
mation. The spatial extend of this boundary region and
its heterogeneity depend on the details of the system. '

Likewise, fundamental electronic properties such as the
Schottky-barrier height are influenced by defects related
to the morphological and chemical conditions at the inter-
face. Unfortunately, there is as yet no clear way to
predict the morphology, species profile, and stability of
this region. At the same time, the control of interface
properties is increasingly important for microelectronic
engineering as increased levels of integration are attempt-
ed and devices shrink in size. For these applications, the
identification of metals that produce highly ordered,
stable interfaces is of great importance.

In this paper, we report studies of the room-
temperature formation of Co overlayers on cleaved
GaAs(110) and on sputter-annealed GaAs(100)-c(8 && 2)
substrates (both n type with Si doping at 4 X 10' cm ).
We have used high-resolution synchrotron radiation
photoemission, angle-resolved Auger electron spectros-
copy, low-energy electron diffraction, and angle-
dependent x-ray photoemission to probe the evolving in-
terface as a function of overlayer thickness. The goal of
this study was to examine the chemical interactions at the
interface, determine the character of the compounds
which form (if any), and assess the spatial distribution of
the Ga and As atoms which are disrupted from the sub-
strate following Co deposition (if such disruption occurs).
Since earlier studies had shown epitaxial bcc Co growth

on GaAs, ' we were also interested in characterizing
the structure of the Co overlayer at very low coverage.
Co/GaAs was felt to be an optimal system in which to
combine chemical and structural mapping of the boun-
dary region because disruption of the substrate should be
minimal and the profile of the semiconductor atoms in
the metal overlayer could be determined. ' '

In this paper, we will show that Co does induce limited
disruption of the substrate, and thereby promotes Ga and
As out-diffusion, but that a template suitable for epitaxy
is left intact. The result is the formation of weakly or-
dered bcc Co. The interface between the undisrupted
GaAs surface and the growing Co layer is characterized
by an exponentially decreasing amount of Ga and As. At
the same time, there is segregated As at the vacuum sur-
face and a characteristic concentration profile away from
that surface. The amount of the surface segregated As
decreases with Co thickness as the As is dissolved in the
increasingly thick Co layer.

EXPERIMENTAL TECHNIQUES

The high-resolution synchrotron radiation photoemis-
sion studies were conducted at the Wisconsin Synchrotron
Radiation Center using the Grasshopper Mark II
beamline + monochromator and a photoelectron spec-
trometer described in detail elsewhere. ' For those stud-
ies, we used cleaved GaAs(110) and emphasized the
developing chemical nature of the interface by following
the Ga and As 3d core emission as a function of metal
overlayer thickness. These measurements optimized sur-
face sensitivity, using photon energies which gave pho-
toelectron kinetic energies of -36 eV and mean free paths
of -4 A. These results therefore gave insight into the

35 2375 1987 The American Physical Society



2376 F. XU et aI. 35

0

properties of the outermost —12 A of the overlayer.
To gain complementary structural information about

the evolving Co overlayer, we undertook angle-resolved
Auger electron spectroscopy and low-energy-electron dif-
fraction (LEED) studies. The experimental system al-
lowed measurement of Co IMM Auger emission as a
function of solid angle of detection, ' as well as LEED
I-V curves at a fixed scattering angle in any desired az-
imuthal plane. The angular resolution for these measure-
ments was b, Ob, /=2'X4'. For these experiments, we used
GaAs(100) wafers which were Ar+-ion sputtered and an-
nealed in situ to obtain the c(8X2) surface reconstruc-
tion. The cleaning procedures for these experiments in-
volved ultrasonic rinsing in acetone and methanol, etching
in a solution of H2SO4. HzOz. H20 (5:1:1by volume), and
rinsing in methanol and water to remove organic contam-
inants. The wafers were then dried and mounted on the
sample goniometer. Once in UHV, we cleaned the surface
by cycles of Ar+ sputtering at 500 eV and simultaneous
annealing ( -400'C) during Ar+ bombardment ( —150
V). Finally, the sample was annealed at 490'C for 30 min
to form the Ga-rich GaAs(100)-c (8 X2) surface.

A third set of measurements was undertaken using
angle-dependent x-ray photoelectron spectroscopy with a
photon energy of 1486.6 eV. These studies sought to
determine the spatial distribution of the Ga and As atoms
in the evolving overlayer, with emphasis on the profile
near the surface. For these measurements we again used
wafers, following the cleaning procedures described in the
previous paragraph. The x-ray photoelectron spectros-
copy (XPS) measurements were performed using a Surface
Science Instruments SSX-100-03 x-ray photoelectron
spectrometer appended to a dual chamber UHV spectrom-
eter designed for in situ interface preparation and polar-
angle-resolved spectral measurements. ' All XPS data
were obtained with a 300-pm monochromatized x-ray
beam diameter and a pass energy of 50 eV. The half angle
of the analyzer cone of acceptance was 15 .

Each of the three spectrometers had an operating pres-
sure of —5 X 10 "Torr. Cobalt was evaporated resistive-
ly from tungsten boats placed —30 cm from the GaAs
targets. Extensive degassing of the Co sources made it
possible to form the interface at pressures better than
2)&10 ' Torr, consistent with the need to maintain ultra-
clean conditions. Typical deposition rates were —1 A per
minute, as measured with calibrated Inficon quartz oscil-
lators placed near the samples. All depositions and stud-
ies were conducted at room temperature. In this paper,
we use angstrom units for the nominal Co coverage; 1.4
A= 1 monolayer (ML) of Co in a structure commensurate
with the GaAs(100) substrate since the Co atom density is
twice that of the template. The surface atom density is
6.26 X 10' atoms/cm for GaAs(100) and 8.9 X 10'
atoms/cm for GaAs(110).

RESULTS AND DISCUSSION

A. Interface chemistry

In Fig. 1 we show representati ve Ga and As 3d
core-level energy distribution curves (EDC's) for

Co/GaAs(110). These synchrotron radiation photoemis-
sion spectra have been background subtracted and nor-
malized to highlight changes in line shape induced by the
deposition of Co. Photon energies of 60 and 85 eV were
chosen for the Ga and As cores, respectively, to give max-
imum surface sensitivity (95% of the signal comes from
within 3A, of the surface where k is the photoelectron
mean free path of —4 A). Band-bending-induced shifts
of both the Ga and As core levels have been removed by
aligning the substrate core-level components. The bot-
tommost EDC's of Fig. 1 are for the clean surface where
emission from surface atoms (labeled s) is shifted 0.28 eV
to higher binding energy for Ga and 0.38 eV to lower
binding energy for As. ' The overall experimental resolu-
tion (photons plus electrons) was 208 meV for Ga and 262
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FICr. 1. Representative Cia and As 3d core-level energy dis-
tribution curves showing the line-shape evolution with Co cover-
age. These photon energies result in very high surface sensitivi-

0

ty (-4 A photoelectron mean free path). The bottom pair of
curves are for the clean surface showing both substrate (0) and
surface shifted (s) emission. For Cxa, a chemically shifted
feature, labeled 1, appears at lower binding energy and shifts
away from the substrate line with increasing coverage (total
shift —0.9 eV). For As, the Co-induced components, labeled 1

and 2, have distinct binding energy shifts of —0.45 and + 0.25
eV relative to the substrate. For both Ga and As, component 1

corresponds to dissolved atoms in the Co matrix. For As, corn-
ponent 2 corresponds to atoms which are incompletely coordi-
nated with Co on the Co surface.
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meV for As.
Room temperature intermixing of Ga and As with the

as-deposited Co overlayers is evident from Fig. 1 through
examination of the evolving 3d core-level emission. For
Ga, a shoulder appears at subangstrom metal coverages on
the lower binding-energy side of the Ga 3d line opposite
the surface-shifted component (not shown, but see Ref. 13
for low-coverage results for Fe/GaAs). At the same time,
the surface component diminishes rapidly. From the re-
sults for coverages of 2, 5, and 10 A shown in Fig. 1, we
see that the chemically shifted feature moves to lower
binding energy with increasing metal coverage, stabilizing
at 0.9 eV lower binding energy than Ga in GaAs. Even
for coverages as low as 2 A the chemically shifted com-
ponent is dominant, indicating that disruption of the sub-
strate has produced significant amounts of intermixed Ga
in the overlayer. Analysis of the total Ga 3d emission
normalized to that of the cleaved surface shows that the
Ga content of the probed region attenuates quickly with
coverage. By the time that 20 A of Co have been deposit-
ed onto GaAs(110), it is no longer possible to detect Ga
within the probe depth (outermost —12 A). At somewhat
lower coverages, the results show that all of the Ga is in
an intermixed environment and is fully dilute. There is no
evidence for surface segregated Ga.

Ga 3d line-shape decompositions were undertaken to
investigate the changing chemical environment of the Ga
atoms, and typical decompositions are shown as dashed
lines in Fig. 1. To obtain these fits, we performed com-
puter decompositions of the total emission using Voigt
functions. For all Ga spectra, the spin-orbit splitting was
held at 453 meV and the branching ratio was 0.61. The
fixed Lorentzian width of 155 meV was determined by
self-consistent calculations of the spectra for the cleaved
surface and is in excellent agreement with those obtained
by Miller and Chiang. ' A Gaussian linewidth of 208
meV was used for the substrate to represent the total in-
strument response. This resolution was in excellent agree-
ment with design parameters for the monochromator
(based on slits widths, grating line density, and grating ra-
dius of curvature) and the electron energy analyzer (pass
energy 10 eV). For the reacted component the Gaussian
width and the binding energy were allowed to vary to ac-
count for inequivalent G-a sites and the observed steady
shift in binding energy. The smooth variation in energy
of the Ga 3d core level indicated, moreover, that a Co-Ga
solution formed rather than a specific bonding configura-
tion, and the analysis indicated a line shape sharpening
for the reacted Ga component as the metal thickness in-
creased. This Ga behavior is analogous to that observed
for several other transition-metal —GaAs systems (Refs. 1,
3—5, 7, 8, 13, and 19). In the discussion of the angle-
resolved XPS results, we will show that the Ga concentra-
tion decreases approximately exponentially with distance
from the GaAs surface (1/e length —3 A).

Comparison of the results of Fig. 1 for Co/GaAs with
those for Fe/GaAs (Ref. 13) shows that the substrate
component attenuates more rapidly for Co overlayers,
consistent with thermodynamic predictions of greater
Co-Ga interaction compared to Fe-Ga. As a result,
there appears to be a greater tendency for substrate dis-

ruption. Examination of the Ga 3d core-level behavior
for many other metal-GaAs systems shows that the total
Ga core-level binding-energy shifts vary directly with the
Pauling electronegativity difference between the overlayer
and Ga. '

In Fig. 1 we also show representative As 3d core-level
EDC s and their decompositions. For the fitting, we used
Lorentzian widths of 172 meV, a spin-orbit splitting of
695 meV, and a branching ratio of 0.63. The Gaussian
widths for the substrate and the chemically shifted corn-
ponents were initially allowed to vary, but consistently
converged to 262 meV. This Gaussian width is again in
excellent agreement with the predicted resolution at 85-eV
photon energy. For As decomposition, the surface As
core level at —0.38 eV overlaps with the chemically shift-
ed component at —0.45 eV and, at submonolayer cover-
age, it is difficult to unambiguously separate the diminish-
ing surface atom contribution from the increasing
reacted-As contribution. Indeed, we observed little or no
line-shape change for 0.5-A coverage. Insight into the
rate of loss of surface contribution could be gained, how-
ever, by comparing with the submonolayer behavior for
Ga where the surface shift was + 0.28 eV. By 1- and 2-A
Co coverage, emission grew on the low binding-energy
side of the substrate component, labeled 1 in Fig. 1, and
provided clear evidence for intermixed As. At higher cov-
erage this shifted component dominated the EDC's.

In line-shape analysis of these families of curves we
found that adequate fits could not be obtained with only
two components. Inspection of the raw data at high cov-
erage shows that this might have been expected because of
the anomalous As 3d branching ratio. When a third com-
ponent is introduced, labeled 2 in Fig. 1, the agreement is
excellent and internally consistent. The binding energies
for the two chemically shifted components were —0.45
and + 0.2 eV. The component at higher binding energy
can be associated with As atoms on the Co surface, while
the component shifted to lower binding energy corre-
sponds to As in solution within the Co matrix and coordi-
nated by Co. Depending on the coverage, the XPS results
detect the dissolved atoms at the interface (low coverage)
or near the surface (high coverage). Analogous surface
atom emission had, in fact, been observed for Fe/GaAs
but, because of the way the decompositions were done, the
distinction was not sufficiently clear. ' Previous angle-
dependent XPS and Auger studies of Fe/GaAs did pro-
vide evidence for As enrichment of the surface region but
again could not distinguish As atoms on the surface from
those dissolved within the Co matrix. The present polar-
angle-dependent XPS results make it possible to determine
the surface concentration of these atoms and the exponen-
tial decay of As concentration into the Co film.

In Fig. 2 we show attenuation curves for Ga and As 3d
emission intensities as a function of cobalt thickness, de-
fined as In[I (a)/l(0)], where a is the coverage. The total
intensities are shown as solid lines, and the dashed curves
for the different components were obtained from the
core-level decompositions. The total rate of attenuation is
much faster for Ga than for As and the As emission per-
sists to high coverage. Component-specific profiles show
that the rates of attenuation of substrate Ga and As are
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the intermixed and surface segregated components, which
have distinct binding energies, persists with little attenua-
tion as the Co overlayer grows. Since there is no evidence
of extended disruption of the substrate after it is covered
up, we propose that our surface sensitive measurements
reveal As atoms which have been disrupted at the early
stages of deposition and are only partially trapped at the
interface. These atoms form weak bonds with Co and can
be displaced by Co atoms in favor of the formation of ep-
itaxial bcc Co. They could also be incorporated into the
Co matrix, although the solubility of As in Co is low (but
not zero). Most are therefore displaced to the surface
where they are only partially coordinated with Co (chemi-
cal shift + 0.2 eV). The concentration profile near the
surface is not a step function and, instead, the amount of
As decays into the bulk. The As atoms in the Co matrix
are fully coordinated with Co (chemical shift —0.45 eV).
This process continues as the Co layer is built up. The
angle-dependent XPS studies at high coverage make it
possible to quantitatively determine the As profile.

B. Structure of the overlayer

10 15 20
Co coverage (A)

25
I
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FIG. 2. Normalized attenuation curves using the results of
Fig. 1 to show the rate of change of the As and Ga content of
the probed region as a function of Co coverage. For Ga, the
substate emission diminishes rapidly due to disruption at low

coverage and covering up at higher coverage (open triangles).
The amount of Ga dissolved in the Co matrix likewise dimin-

0

ishes exponentially after —5 A coverage, indicating very limited
out-diffusion. For As, the substrate emission is the same as that
for Ga. The solid triangles correspond to As on the free surface
and the solid circles correspond to As coordinated with Co in

solution near the interface (at low coverage) and in the segregat-
ed region close to the free surface (at high coverage). The +
symbols are predicted total intensities based on the atomic pro-
file shown in Fig. 8.

0

equal with 1/e values of —1 A at the earliest stages of
formation because substrate disruption has the effect of
increasing the distance from the undisturbed substrate and
the surface. By —3 A, the decay is slower (1/e value of
-4 A), consistent with photoelectrons propagating
through an epitaxially growing overlayer (basically layer-
by-layer formation discussed in the following section).
Further, Fig. 2 shows that for coverages exceeding 5 A,
the emission from the disrupted atoms also diminishes ex-
ponentially with the same 1/e length as the substrate.
From Fig. 1 we therefore see that the environment of the
disrupted Ga atoms becomes increasingly dilute as Ga
enters the Co-derived overlayer in solution form. The re-
sults of Fig. 2 show that Ga is unable to diffuse away
from the interface, and is covered up by further metal
deposition.

Our photoemission results reveal that the As behavior
is very different from that of Ga because emission from

In order to investigate the structure of the overlayer, we
have employed Auger electron diffraction and low-energy
electron diffraction (LEED). The purpose here was to
determine the extent to which epitaxial bcc Co could form
while accommodating the disrupted Ga and As atoms. In
Fig. 3 we show LEED I- V curves at a fixed scattering an-
gle of 138' (180 —42') in two high-symmetry azimuthal
planes separated by 45'. The (010) plane is arbitrarily as-
signed as /=0' and (110) is at /=45'. Using the Bragg
condition, we can assign elastic peak intensity maxima to
particular diffracted beams. The intense peak in the clean
surface curve at /=0' is assigned to the (21) beam from
the unreconstructed GaAs substrate. Similarly, the
lowest-energy peak in the clean surface curve at /=45' is
assigned to the (11) substrate beam. The additional
features in the latter curve result from the c (8 X 2) recon-
struction. Upon the addition of 0.7 A (one monolayer) of
Co, the diffracted beams from the substrate weaken
significantly and remain weak at higher coverages. At 3.5
A, a peak appears at 48 eV and /=0 which is assigned to
the (10) beam of bcc Co. The appearance of this beam in
the (010) azimuthal plane indicates that bcc Co patches
oriented parallel to the substrate surface have grown by a
coverage of 3.5 A (2.5 ML). However, the background is
high and the two other LEED beams expected from bcc
Co [the second-order (10) beam at 168 eV in (010) and the
first-order (11) beam at 84 eV in (110)] are very weak.
Thus, the LEED data suggest that a weakly ordered bcc
phase of Co has grown. These results are in contrast to
analogous data for the Fe/GaAs(001) system, ' which in-
dicated the formation of a well-ordered bcc Fe overlayer
by a coverage of 1.5 ML of bcc Fe.

In Fig. 4 we present Co L3M4 &M4 q Auger diffraction
curves in which the polar angle is varied in the (010) az-
imuthal plane for a range of coverages. In all cases the
diffraction curves are qualitatively similar to those which
were observed and analyzed in detail for the
Fe/CxaAs(001) system. ' However, the present anisotro-
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FIG. 3. LEED I-V curves for the Co/GaAs(001) interface in

various stages of development. The scattering angle was held
fixed at 138, the sample was oriented for normal electron beam
incidence, and I- V curves were collected in two high-symmetry
azimuthal planes. The appearance of weak beams associated

0
with the formation of bcc Co at a coverage of 3.5 A (the
equivalent of 2.5 ML of bcc Co) demonstrates that weakly or-
dered Co clusters grow in registry with the substrate.

pies are much weaker, providing additional evidence for a
lower degree of structural order in the Co overlayer rela-
tive to the Fe overlayer. For both systems, diffraction
maxima occur along the [101]and [001] directions, corre-
sponding to forward scattering along chains of atoms.
However, in the case of Fe/GaAs(001), the strength of the
peak along [101] could not be fully accounted for with a
pure bcc Fe structure. Rather, it was necessary to postu-
late the presence of impurity atoms in face-centered sites
of the bcc structure to provide sufficiently strong scatter-
ing along [101]. Indeed, kinematical scattering calcula-
tions of the polar-angular distribution in (010) for 10 ML
of Fe on GaAs(001) showed excellent agreement with ex-
periment only when additional scatterers were placed at
the face-centered sites. We concluded that those atoms
were outdiffused Ga and As. The qualitative similarities
between the Fe/GaAs results and those presented here
lead us to believe that a similar phenomenon is occurring,
although the intensity of the feature along [101] relative
to that along [001] is lower in the present case than for
Fe/GaAs(001). This result may indicate a smaller num-
ber of substrate atoms in face-centered sites per unit

FIG. 4. Co L3M4&M~5 polar angular distributions in the
(010) azimuth for the Co/GaAs(001) interface as a function of
coverage. The weak diffraction induced features at 45' and 90'
indicate that weakly ordered Co clusters have formed with lim-
ited amounts of substrate atoms occupying face centered inter-
stitial sites. The excitation energy was 5 kV.

volume for Co/GaAs than for Fe/GaAs.
Our results show that weakly ordered bcc Co forms,

quite possibly in the form of similarly oriented crystallites
separated by low-angle grain boundaries. The formation
of the overlayer is not strictly layer-by-layer since we
found evidence for the existence of second-layer atoms be-
fore the first layer was complete. [The (21) substrate
LEED beam persisted up to a coverage of 2.8 A or the
equivalent of 2 ML of bcc Co.] The result of the coalesc-
ing of the patches is that there are two means by which
Ga and As can be accommodated in the overlayer near the
substrate, namely in the grain boundaries and in the inter-
stices. In the next section, we determine the equilibrium
concentration of Ga and As in the matrix.

The structural regularity of the Co overlayer on the
(100) face of GaAs is not as high as that reported by
Prinz' on the (110) surface. The difference may be due
to the extensive c(8)&2) reconstruction of the (100) sur-
face. Although the structure of this surface is not yet
known, it is believed that covalent bonding between dan-
gling sp surface bonds causes significant distortions in
the surface layer and that this affects the structure of the
next few deeper layers. Such a reconstructed surface may
not provide a template suitable for driving the Co into a
metastable bcc phase as well as does the relaxed (110) sur-
face. As Prinz has shown, the lattice parameter versus
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composition curve for the Co-Fe system predicts that
metastable bcc Co would have a lattice constant of -2.82
A, which is within 0.02% of that of GaAs. ' Therefore,
the (110) surface with its minimal distortion from the
ideal bulk GaAs structure evidently induces the formation
of a bcc Co phase which is highly ordered. The inability
of the (100)-c(8 X2) to do the same way may be a result
of the more extensive atomic displacements in the first
several layers.

C. Distribution of As and Cxa atoms in the Co overlayer

In order to quantitatively determine the spatial distribu-
tion of Ga and As normal to the interface, we performed
angle-dependent x-ray photoelectron spectroscopy mea-
surements in which the polar angle was varied from graz-
ing to normal emission. By changing the polar angle of
emission 0, it was possible to vary the thickness of the re-
gion which was sampled, —3A, sinO, where X=17 A for
photoelectrons of these kinetic energies.

In Fig. 5 we show Ga and As 3d XPS spectra at two
different polar angles for a 30-A Co coverage. The
dashed curves show decompositions of the total emission
based on the line shape of the clean surface. For these
decompositions, the overall resolution was about 0.9 eV
and it was not possible to distinguish the subtle chemical
shifts discussed above. Instead, each spectrum has been
fit to a pair of doublets corresponding to the substrate and
outdiffused species. For As this procedure was most reli-
able at coverages for which the substrate could no longer
be detected. The results of Fig. 5 demonstrate that the
amount of substrate material within the profiling depth of
the measurement increases relative to the quantity which
has outdiffused as the polar angle is increased from 45' to
90. These results, and those taken at other coverages
(15—150 A) and other angles (10'—90'), form the basis

IO
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for assessing the distribution of outdiffused Ga and As
atoms in the Co overlayer, as described below.

In Fig. 6 we present reduced total Ga and As 3d emis-
sion intensities which are analogous to the surface sensi-
tive results of Fig. 2. These results show the difference of
attenuation rates due to the change in sampling depth.
For Ga the intensity detected at any angle decreases rapid-
ly with coverage. For As the rate decreases only slightly
with increasing coverage, indicating the persistence of
segregated As. These high-coverage, long-mean-free-path
data are in agreement with, and are complementary to, the
synchrotron radiation results. (The solid lines drawn in
Fig. 6 are predicted attenuation curves to be discussed
shortly. )

In Fig. 7 we plot the normalized Ga 3d emission rela-
tive to the total detected intensity (the sum of the As 3d,
the Ga 3d, and the Co 3p emission) as a function of polar
angle O for several coverages. Each intensity is an in-
tegration of the appropriate core-level photoelectron peak
after background subtraction. Normalization of the emis-
sion intensities has been done by determining the Co 3p
emission for a thick Co film and the Ga and As 3d emis-
sion for the GaAs(100) surface under identical measure-
ment conditions (spot size, x-ray intensity, pass energy of
the analyzer, detection geometry). This procedure takes
into account the photoionization cross sections and the
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FIG. 5. Polar-angle-dependent x-ray photoemission spectra
0

for the Ga and As 3d core levels after the deposition of 30 A of
Co onto GaAs(100). The changes in line shape reflect variations
in the probe depth, given by ksinO, for angles of 45 and 90.
For these spectra, the mean free path is far greater than that of
Fig. 1 (17 A vs 4 A).

FICx. 6. Ga and As 3d emission intensities obtained from the
polar-angle-dependent XPS spectra showing the variation in
atom concentration sensed as a function of probe depth. The
angle of emission of each family of points is indicated. The
solid lines were calculated from the distribution function of Fig.
8. For As, the results show surface segregation; for Ga, they
show rapid decay with distance from the interface.
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analyzer response function and eliminates the reliance on
calculated cross sections or results from other experimen-
tal systems. As shown in Fig. 7, the relative amount of
Ga in the near-surface region is much less than that closer
to the interface, as evidenced by the decrease in the ratio
at shallow angles. These results confirm that gallium
atoms are concentrated close to the interface where inter-
mixing occurs and that the diffusion length of Ga into the
overlayer is short.

In Fig. 7 we also show the polar-angle-resolved total in-
tensity of As 3d emission relative to the total Ga, As, and
Co intensities at high coverages where the Ga content is
negligible and there is no contribution from the substrate.
A strong As 3d signal is easily detected at coverages as
high as 150 A. The percentage of As increases as 0 de-
creases, indicative of segregation of As in the surface and
near-surface region, in contrast to the Ga case.

We have fit the data points in Figs. 6 and 7 to a simple
continuum model in which the overlayer is treated as a
uniform slab which attenuates the photoelectron intensity
from atoms contained therein. The photoemission inten-
sity resulting from element 2 distributed within this slab
detected at an angle 0 with respect to the surface is given
by

p„ is the density distribution function of element A; cr„ is
its photoionization cross section; k is the inelastic mean
free path for the photoelectrons; S is the spot size of the
incident x-ray beam; Io(0) is the intensity detected at an
angle 0 of a pure material with both yield and density
equal to one; and z is the distance measured relative to the
free surface.

To extract distribution information from polar-angle-
resolved photoemission intensities, it is necessary to as-
sume a particular form of p(z). The model we present
here requires that the reaction between the deposited Co
and the substrate is fully completed by the coverage of in-
terest. Hence, Co deposition does not change the quanti-
ties of disrupted Ga or As in the Co overlayer. From the
above discussion, we know that this coverage is very low,
1—2 A, and does not significantly restrict the model. In a
first approximation, we assume that the GaAs substrate
acts as an infinite source of Ga and As and that Co does
not diffuse into the substrate.

The density distribution that leads to the most satisfac-
tory fitting of the Ga profiles of Fig. 7 is shown in Fig. 8
and can be written as

Ig(8) =ogIO(8)S p'„(z)e ' ""dz =cr„I~(0) .
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FIG. 7. Normalized Ga 3d intensity, I~, /(IG, +IA, +IC ) as
a function of detection angle 0 for Co coverages of 15, 30, and

0
45 A. The solid lines are the fits based on Eq. (4). Correspond-
ing results for As are shown at coverages of 80, 100, and 150 A,
with fits based on Eq. (7).

FIG. 8. Distribution functions for Ga and As at coverages of
0

45 and 150 A. For Ga, the assumed form is given by an ex-
ponential decay into the Co overlayer from the GaAs substrate

0

(1/e length corresponding to b~, ——3 A j. For As, the results in-
dicated the need for surface segregation. The concentration on
the free surface decreased with coverage. At any coverage, its
decay into the Co layer from the free surface could be character-
ized by another exponential function. Far from either boun-
dary, the As solubility is 0.26 at. %%uo.
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Q

pG, e ' for z &a,
pG. (z)= '

op, for z)a,

where a is the thickness of Co overlayer, bG, is a fitting
parameter which is the characteristic decay length for the
Ga density into the overlayer, and pz, ——0.022 18
atoms/A is the Ga bulk density in GaAs. The Ga inten-
sity can be obtained from Eq. (1) as

Io, (0)=crG,IG, (0)=oG,Io(0)S f po, (z)e ' ""dz

=cro,Io(0)SA, singPo, [[bo, /(A, sing —bo, )][e 'r "" —e ']+e
0

To model the As distribution, we assumed the profile shown in Fig. 8 for 150 A coverage and given by

seg
—z/&As sol 0 (z —a) IbAs

pA~ '+pA+pA ~

p~, (z)= '
o

pAs for z )a. (4)

Here, pz, is the As density in GaAs. The term p~, exp[(z —a)/b~, ] again describes the intermixed region near the inter-
face. pA', exp[ —z/cA, ] describes the profile decaying into the Co layer from the vacuum surface, starting with a surface
concentration p&, . The constant p&, represents the small amount of dissolved As far from either boundary. For high
coverages, we impose the condition that the total quantity of As segregated to the surface and in solution in Co be con-
stant for all the coverages, i.e.,

f a
(p&,'+p~, e ' )S dz =A =const, (5)

so that in the limit of a »cA, and a »b~, (thick Co film with thin intermixed boundary regions) we have

p~f =(2 /S —pz,'a)/c~, . Using the distribution function of Eq. (4), we obtain from Eq. (1)

IA~ ——o~ Ip,~(0) =cr~ Ip(0)S f pA, (z)e ' ""dz

=o~,IO(0)SAsingI [p~,sc~, /(A, sing+c~, )][1—e ' ]+p~,(1—e ' ""
)

+ [(p~,b~, )/(X sing —b~, )][e ' "" —e
' ']+pe, e (6)

As noted above, we can take the overlayer Co layer to have the density of bulk Co, pc, ——pc, ——0.0889 at./A . Thus,
the intensity of Co is

Ico(0)=o'cgco(0)=ocdco(0)S f pc,e ' ""dz =orcgo(0)Sksingpc, (1—e ' ""
) .

By using Eqs. (3), (6), and (7), we can determine the normalized intensities DG, and D~, of Ga and As at an angle 0:

Do, (0)= [IG,(0)]/[Io, (0)+I~,(0)+Ic,(0)]

and

D, (0)=[I',(0)]/[I', (0)+I',(0)+I',.(0)],

(7)

where I~ (0)=I~ (0)/o q for each element. This corresponds to the measured intensity of Fig. 7.
For the clean surface where the densities of As and Ga were equal, the ratio of their cross sections, ~A, /o. z„was equal

to their measured intensity ratio at any angle, the mean value of which is 1.32 for our experimental conditions. Similar-
ly, the Co signal at the highest coverage and various angles was used to determine the ratio

o /c,o=o[IC,(a = oo, 0)/Io, (a =0, 0)][(po,/pc, )]=0.45 .

At the same time, the reduced intensity for each element relative to the emission of that element for the clean surface, as
plotted in Fig. 6, is

and

in[I&, (a, g)/IG, (a =0, 0)]= in[ho, /(A, sing —bo, )[e 'r~"" —e o']+e 'r~""e} (10)

in[I~, (a, g)/I~, (a =0, 0)]= ln[(pX, /pA, )[c~,/(A. smg+c~, )][1—e "' ]

+p~", /p~, (1 —e ' "" )+e 'r "" +[b~, /(k, sing —bA, )][e 'r "" —e ']] .
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In Figs. 6 and 7 we show the fittings of the normalized in-
tensities [Eqs. (8) and (9)j and the reduced intensities [Eqs.
(10) and (11)] to the experimental results. For Ga optimal
agreement between experimental results and the fitting
was found for the characteristic decay length bG, ——3 A.
The same value for bG, was used for fitting all the pro-
files. These results indicate that the total quantity of
reacted Ga is 0.067 at./A or the equivalent of 1.1 ML of
the GaAs(100) surface. Further, the small magnitude of
bo„supports the observation that epitaxial growth of Co
can occur (the Co/GaAs interface sustains a sharp con-
centration gradient).

For the As fittings, the characteristic decay distance
from the free surface of Eq. (4), cA„ is the same for all
the coverages and the quality of fit is very sensitive to the
choice of cA„our best fit is obtained by using c&, ——5 A.
With increasing thickness, the magnitude of p&, decreases
as more surface As is dissolved into the bulk
(p~s ——0.0084 at./A or 9.5 at. % at 80 A; 0.0075 at./A
or 8.4 at. '% at 100 A; and 0.0052 at./A or 5.8 at. %%uoat
150 A). However, Eq. (9) is not very sensitive to the
choice of bA, which characterizes the thin intermixed re-
gion at the buried interface (the contribution from these
atoms is very small at these high coverages). Since the
surface sensitive photoemission results of Fig. 2 showed
that the amount of dissociated As within the probe depth
changed very little as the overlayer was completed, we es-
timate that the value of bA, for As is approximately the
same as for Ga. The fact that cA, is a constant indicates
that the decay profile of As at the vacuum surface does
not change even though the surface concentration of As
diminishes with increasing film thickness.

The optimal value of pA', from the fit is found to be
0.00024 at./A . If we assume that it represents the solu-
bility of As in polycrystalline Co, then this corresponds to
about 0.26 at. % of the overlayer. This is a reasonable
solubility for a polycrystalline overlayer.

The fitting for films of thickness 15 A is not as good as
for the thick films, but this can be easily understood in
terms of the simplicity of the model: It is not surprising
that a film only 15 A thick with a complex interface and
vacuum surface can have a profile different from that ex-
pected for bulk system in equilibrium. Likewise, for in-
termediate coverage, the As content at the surface need
not be either the value of the substrate or the solubility
limit of As in bulk Co. Finally, the approximation that
the overlayer thickness equals the nominal Co coverage is
poor for very thin films because of the disruption of the
substrate.

SUMMARY

In summary, we have found that Co overlayers weakly
order as a metastable bcc phase and at the same time pro-
mote outdiffusion of both Ga and As. The chemical envi-
ronments for As and Ga in Co overlayer change with both
coverage and distance from the interface. Gal1ium atoms
are concentrated near the interface. Arsenic atoms exhibit
a double decay profile, away from the buried interface and
from the free surface, and only a small quantity remains
dissolved in the Co matrix. These results are similar to
those for Fe/GaAs(001), although the latter system
possesses a higher degree of structural regularity while
also promoting substrate out-diffusion and surface segre-
gation of As. We also expect analogous profiles to appear
near the Fe/GaAs(110) surface, consistent with the per-
sistence to high coverage of As emission for that sys-
tem. "

In general, the results presented here suggest that
Co/GaAs and Fe/GaAs differ from most other
transition-metal —GaAs systems. ' ' ' For the others,
there is evidence of reaction-induced disruption and the
formation of As-based compounds or interface phases. In
these cases, the energetics of reaction favor the formation
of As-based phases at the interface —not the simpler dis-
solving of disrupted As atoms in the overlayer matrix as
observed here. When that is the case, the density profile
is more complicated, but is presently under investigation.
For Co/GaAs and Fe/GaAs, we find that epitaxy is
favored, even in the presence of limited substrate disrup-
tion. At the same time, the behavior observed here for Ga
is very similar to that observed for other GaAs interfaces,
and we suggest that analogous Ga profiles will be ob-
served away from the buried interfaces for those systems.
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