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We present results of a detailed microscopic study of an evolving rare-earth—compound-
semiconductor interface. High-resolution synchrotron-radiation plfotoemission results for Ce cover-
ages in the range 0.08—30 monolayers (ML) (0.25—90 A) on cleaved GaAs(110) show that three new
and distinct As environments are produced by disruption of the surface. The As 3d core lines in
these Ce-As configurations are shifted to lower binding energy relative to GaAs. They reflect
surface-bonded As and two different Ce-As bulk configurations. These As configurations have very
different growth and attenuation behaviors, as revealed by line-shape decomposition at each cover-
age and component-specific attenuation studies. The attenuation of substrate As is very rapid be-
cause of semiconductor disruption and growth of the reacted phases. The first reacted phase
reaches its maximum near 1.3 ML and is replaced by a second, fully reacted phase. Above 3.2 ML,
this second reacted phase is also attenuated by a developing Ce overlayer. The final surface-
coordinated As signal appears when the metallic Ce overlayer starts to form. Arsenic is then visible
in small quantities to high coverage, representing 0.7% of the initial As concentration at © =30 ML.
Ga 3d core studies indicate that Ga forms a Ce-Ga intermetallic of variable composition (total core
shift 1.78 eV to lower binding energy). Likewise, Ga is much more mobile than As at the reacted in-
terface (7% of initial signal at 30 ML). Valence-band studies at 30 and 60 eV show dominant As-
derived p states for the intermixed region and provide evidence for strong ionic bonds. Comparison
to single-crystal CeAs shows that the local environment of the bulk-coordinated As at the reacted
interface is CeAs-like, having similar valence-band and 4f emission with differences which can be
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explained by disorder.

INTRODUCTION

Studies of the electronic and structural character of
metal-semiconductor interfaces have shown that inter-
faces need not be atomically abrupt, as was once en-
visioned.!'? Instead, interdiffusion is the norm and the re-
sulting intermixed region can have novel interface-
stabilized properties where bonding is dominated by local
chemistry. Quite recently, experimental investigations
have examined the behavior of interfaces at monolayer
and submonolayer coverages, and these have shown that
intermixing appears to be spontaneous in some instances
but is triggered only after well-defined coverages in oth-
ers.

At the moment, it is not possible to predict the onset of
reaction, the moving species, the spatial scale over which
reaction occurs, the reaction product(s), or the likelihood
of surface segregation, although phenomenological rules
of thumb have been suggested.! Studies which reveal the
morphology of an evolving interface are then crucial if
any predictive capability is to be achieved.

In this paper we present high-resolution synchrotron-
radiation photoemission studies of Ce overlayers on
GaAs(110). These are the first such studies of interac-
tions between a rare-earth metal and a compound semi-
conductor. While this work should be viewed in the
broader context of reactive metal overlayers on GaAs, the
rare-earth studies offer a special opportunity to assess ion-
ic bonding at an interface—the extremely large electro-
negativity difference of Ce and As suggests that Ce-As
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bonding with substantial charge transfer might modify in-
terface diffusion and segregation.!

EXPERIMENTAL DETAILS

The photoemission experiments were done at the Syn-
chrotron Radiation Center using the Tantalus ring and a
toroidal grating monochromator. To obtain the resolution
necessary for identification of the different interface
species, the commercial electron-energy analyzer was
operated at 10—15-eV pass energy and the monochroma-
tor slits were adjusted to provide overall resolution (elec-
trons plus photons) of 250—400 meV. The experimental
system was optimized for in situ cleaving and metal depo-
sition at operating pressures in the low-10~!'-Torr range.*
GaAs(110) samples were obtained from Crystal Specialties
(n type with Si doping at 4x10'® cm™3). Mirrorlike
cleavage surfaces measuring 4 X4 mm? were routinely ob-
tained, and their microscopic quality was checked with
valence-band and core-level photoemission studies to as-
sure flat-band conditions. Deposition of high-purity
Ames Laboratory Ce was done from resistively heated W
coils at pressures of less than 2% 107!° Torr. An Inficon
thickness monitor was used to adjust the deposition rate
to ~1 A/min. Thicknesses are reported here in mono-
layers where 1 ML =8.9 X 10'* atoms/cm?=3 A of Ce.

In the following paragraphs, we first discuss the core-
level results taken at 85 and 60 eV to show the stages of
reaction. These energies were chosen to give approximate-
ly the same high surface sensitivity for both Ga and As
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core studies [ ~6 A (Ref. 5)]. Having shown the unique-
ness of the species which form and identified their growth
and attenuation behaviors, we use valence-band informa-
tion derived from interface and bulk CeAs studies at 30
and 60 eV to discuss the character of the reaction prod-
ucts. These photon energies make it possible to distin-
guish the Ce-derived character of the valence bands and to
follow changes in bonding configurations, most notably
with the 4f emission feature.

RESULTS AND DISCUSSION

Core-level results

In Fig. 1 we show the behavior of the As 3d core emis-
sion as a function of Ce coverage. As demonstrated by
Eastman et al.,’ the total 3d core emission for the clean
surface is broadened by a surface component shifted by
0.37 eV to lower binding energy relative to the bulk. With
coverage, however, we find increased broadening to low
energy as a shoulder grows and becomes clearly visible by
0.6 ML. As the reacted component grows, the unshifted
As component diminishes rapidly. Most interesting, how-
ever, is that a dramatic line-shape change occurs between
6.4 and 9.6 ML, with a doublet shifted back toward the
initial position. This component grows in relative intensi-
ty as the fully shifted one disappears. By 19.2 ML it is
the only As feature observed. The total shifts are 0.65 eV
and 1.00 eV, as noted in Fig. 1.

This intriguing arsenic behavior suggests that the inter-
mediate coverage range might be characterized by the
growth of reacted As species and the high coverage range
could have an As species of lower (surface) coordination.
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FIG. 1. As 3d core emission for the Ce/GaAs interface as a
function of Ce coverage, ©. The spectra have been corrected for
changes in band bending totaling 750 meV. The spectra on the
right-hand side show the decomposition of the core EDC into
substrate, reacted, and surface As contributions, as discussed in
the text. Core EDC’s at all coverages could be fitted with only
three sets of spin-orbit-split doublets with only variations in
their relative weights.

Hence, the spectra could be described as superpositions of
distinct As species characterized by unique binding ener-
gies so that intensity variations would reveal the morphol-
ogy of the surface region. Line-shape analysis indicates
that such an interpretation is indeed correct. On the
right-hand side of Fig. 1 we show the deconvolution of
representative As 3d energy distribution curves (EDC’s)
into three sets of spin-orbit-split doublets. As-1 corre-
sponds to As in the original GaAs configuration, As-3 is
the species which is shifted the greatest amount, and As-2
is the species which dominates at highest coverage. We
will discuss these in terms of fully reacted (As-3) and
surface-segregated (As-2) species. At the same time,
within our uncertainty in line-shape analysis, we must
also introduce an As component at low coverage which
has the same binding energy as the As-2 configuration.
Its identification is the most difficult, but we will term it
a partially reacted specie. The reason for such terminolo-
gy will be made clear in later paragraphs.

To obtain the fittings shown in Fig. 1, we adopted the
following procedure. First, the clean surface spectrum
was decomposed into surface-shifted and bulk com-
ponents. The resulting branching ratios, spin-orbit split-
tings, and surface shifts were found to be in excellent
agreement with the higher-resolution results of Eastman
et al.® Subsequent fitting of the reacted line shapes was
based on the line shape of the clean surface using doublets
which are shifted a fixed energy relative to the unreacted
line and with variation in full width at half maximum
(FWHM) of less than 0.1 eV. Self-consistency was sought
in which the entire coverage range was fitted with the
same doublets, allowing only their relative intensities to
vary. For the highest coverage, we note that the As 3d
line was sharper than for the clean surface. With these
approximations, the EDC’s could be fit quite well, as
shown in Fig. 1.

Guided by these line-shape decompositions we see that
the partially reacted As component labeled ‘“2” is already
strong by Ce coverage of 0.6 ML and that it is the dom-
inant species by 1.3 ML. This behavior is indicative of a
highly reactive interface with no evidence for a reaction
threshold or a weakly interacting precursor stage. By 1.6
ML the fully reacted As component labeled “3” must be
introduced to fit the experimental line shape. With fur-
ther coverage, the contribution of the first reaction prod-
uct is reduced as the second product grows. Another re-
versal occurs near 3.2 ML as the relative intensity of the
fully reacted species diminishes and the final component
appears. This final component then dominates the spectra
for all further coverages.

The best way to follow the relative growth and attenua-
tion of the different As contributions is to consider their
integrated intensities as a function of coverage. In the
lower panel of Fig. 2 we show the integrated intensities of
the total emission and each of the deconvolved As emis-
sion features, In[I(©)/I(0)]. The different symbols
represent different cleaves and coverages and the scatter is
indicative of our experimental reproducibility. As shown,
the attenuation of the total As content of the probed re-
gion is not exponential, as would have been expected if a
uniform metal layer were growing on a nonreacting GaAs
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FIG. 2. Attenuation curves for the Ga and As 3d core emis-
sion In[1(©)/I(0)] plotted for the total emission in the upper-
most curve in each panel. Deconvolution of the core emission of
Fig. 1 allowed component-specific growth and attenuation plots,
as shown. For As, the solid line connecting open squares is the
attenuation of the substrate component, the short dashed line
with open circles is the first reacted component, the solid line
with open triangles is the fully reacted component, and the dot-
dashed line is the final As component which persists to high
coverage. For the Ga core, the total emission was deconvolved
into substrate (dashed line with solid circles) and reacted com-
ponents (solid line with solid triangles). Note that the coverage
scales are different for Ga and As.

substrate. Instead, the total attenuation exhibits structure
near 4-ML coverage and has a decay rate which is far too
slow. In contrast, if only the unreacted or substrate As
component is considered, then we see a more nearly ex-
ponential decay with characteristic 1/e length of 4 A.
This length is smaller than expected for As 3d electron
propagation through GaAs (A~6 A at this kinetic ener-
gy’) and is consistent with the retreat of the overlayer-
GaAs boundary away from the surface as reaction con-
verts As-1 to As-2. By ©=4 ML the unreacted com-
ponent accounts for only ~2% of the initial signal.

The first reacted As component behaves quite different-
ly from As in the substrate. As shown by its growth and
attenuation curve in Fig. 2, it increases in relative intensi-
ty to a maximum at ~1.2 ML (dashed curve through
open circles). This rapid growth indicates strong reaction,
but subsequent peaking at such a low coverage and the ap-
pearance of a more fully reacted As component indicates
that the first product is not the stable configuration. Its
rapid decrease after the fully reacted component grows
(6>1.3 ML, A=4—5 A) parallels that of As in GaAs
and is consistent with the conversion of partially reacted
to fully reacted As in the surface region. The growth of
the fully reacted As-3 component can be seen from Fig. 2
to reach a maximum near 3.2 ML (solid line through open
triangles). The slower decay of this component at higher
coverage shows that As out-diffusion into the surface re-
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gion continues (characteristic decay length ~ 10 A). Ap-
parently, the Ce-rich overlayer which forms over the reac-
tion products does not produce an abrupt interface.

The behavior of the last component is also significant
for modeling the interface (dot-dashed curve). As noted
above, its binding energy is indistinguishable within our
modeling approximations from that of the partially react-
ed As component which appears at lowest coverage.
However, analysis of the growth and attenuation curve for
this doublet shows a distinct kink near 3.2 ML, i.e., the
coverage at which the Ce-rich film starts to form. The
very slow decay above 3.2 ML suggests that there are
indeed two different Ce-As configurations which have
similar binding energies. The first is the partially reacted
product and the second is the component which segregates
to the near surface region of the Ce overlayer. The per-
sistence to very high coverage (characteristic decay length
~26 A, total contribution 0.7% at © =30 ML) and inter-
mediate binding energy indicates a lower coordination
than the fully reacted, fully shifted As component.

Examination of the magnitude of the binding-energy
shifts to lower energy shows that all of the As reaction
products are more ionic than GaAs. In contrast, the bind-
ing energies reported for covalently bonded As overlayers
on GaAs (100) (Ref. 6) or elemental As (Ref. 7) are greater
than for As in GaAs. Hence, there is no evidence from
our results of arsenic clusters on the surface. Instead, the
ionic content of the bond is consistent with the highly
electropositive character of Ce, a conclusion supported by
comparisons between the valence-band emission for the
reacted phases and bulk CeAs, to be discussed shortly.

Core-level studies for Ga show that Ga behaves quite
differently from As, as seen in Fig. 3. For Ga, attempts
to fit the core EDC’s with doublets shifted by fixed
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FIG. 3. Ga 3d core emission showing the steady progression
of the reacted component (tic marks) to lower binding energy as
the nominal overlayer thickness increases (total shift 1.78 eV).
The spectra were corrected for changes in band bending. It was
not possible to fit the Ga line shape with a set of spin-orbit-split
doublets. Extra low-energy broadening of the Ga core is ob-
served for © > 10 ML because of overlap with the Ce 5p emis-
sion.
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amounts relative to the clean surface were unsuccessful.
Instead, there is a steady variation in energy for the react-
ed component, starting at lowest coverage and saturating

at about 9.6 ML (total binding-energy shift 1.78 eV). The

total chemical shift exceeds that observed for Ga droplets®
and, instead, indicates that Ce-Ga bonding is important in
the interface region. The steady shift with coverage indi-
cates that Ga senses a continuously changing environment
as the relative Ce concentration increases, i.e., Ce-Ga
bonding is unable to stabilize a unique local chemical en-
vironment or stoichiometry. At high coverage, however,
the local bonding of Ga becomes better defined, as indi-
cated by the sharpening spin-orbit doublet. It should be
noted that previous studies of interface reactions for
Ti/GaAs and Cr/GaAs (Refs. 3 and 9) have suggested
the formation of transition-metal intermetallics, based on
observations analogous to ours.

The rate at which the total Ga signal is attenuated by
Ce deposition is shown in the upper panel of Fig. 2. Al-
though detailed line-shape fitting was not possible, it was
straightforward to assess the relative contribution of un-
shifted and shifted Ga. The behaviors of unshifted Ga
and unshifted As were similar, as they must be since they
represent the GaAs substrate (note that the coverage
scales are different for Ga and As in Fig. 2). On the other
hand, from the attenuation of the reacted components we
see that Ga diffuses more easily at this interface than As.
Indeed, when the As concentration has been reduced to
~0.7% of its starting value at 30 ML or 90 A, Ga is still
present at ~7% of its starting value. Since Ga and As
exhibit such different growth and attenuation behavior,
we conclude that ternary Ce-Ga-As compound formation
is not significant at room temperature.

It is interesting to compare the present results with
those for an interface like Cr/GaAs (Ref. 3) where the
ionic contribution to the bond in the reacted region is far
less important. Both Ce and Cr are highly reactive on
GaAs, but the interfaces differ at lowest coverage in that
Ce induces reactions immediately while Cr exhibits a de-
layed reaction (6~2 ML). Quantitative comparisons of
the attenuation of the semiconductor atoms shows that
Ga has very similar concentration profiles at the two in-
terfaces, with attenuation of the total Ga emission to e ~>
at coverages corresponding to about 20 ML for both Ce
and Cr (coverages normalized to the atom density of
GaAs instead of angstroms to make comparisons mean-
ingful). Likewise, the reacted components behave analo-
gously, with similar Ga core line shapes but greater
overall shift for Ce-Ga than for Cr-Ga because of the
greater ionic content of the bond. The similarities in the
Ga behavior are consistent with Brillson’s conclusion that
Ga diffusion is relatively insensitive to the metal species
within the group of reactive metal overlayers.! However,
examination of the arsenic behavior at the two interfaces
shows dramatic differences. For Ce/GaAs, we have
shown in Figs. 1 and 2 that As is attenuated rapidly and
Ga is more persistent. Hence, the surface is richer in As
than Ga below 6.4 ML but a crossover occurs at higher
coverage. For Cr/GaAs, we found? that the surface was
always richer in As than Ga and that for coverages of 45
ML the As content was still ~20% of that of the initial
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surface. These results clearly suggest that the out-
diffusion of As is radically different for the two systems.
Furthermore, if we characterize the width of the interface
as the coverage at which the combined Ga and As emis-
sion falls to 1/e of the starting value, then the Ce/GaAs
interface is 8 ML wide while that for Cr/GaAs is 27 ML
wide. The difference is almost entirely due to the out-
diffusion of As.

Brillson et al."'° recently related the width of an inter-
face to the chemical reactivity of the overlayer, dividing
reactive (Ti, Al, Ni) and nonreactive (Au, In, Zn) over-
layers and considering heats of formation. The results
presented here point to the need to further distinguish the
abruptness of the interface according to the details of the
chemical bonding. We find that chemical trapping of As
will be substantially greater for highly electropositive met-
als like Ce than for transition metals like Cr. (Studies are
presently underway to compare other reactive metals, in-
cluding Ti, V, and Sm.)

Valence-band results

Insight into the character of the compounds which
form can be gained by following the evolution of the
valence bands, particularly when results are available for
bulk samples of the probable reaction products. For the
present studies, we can profit from prior electronic struc-
ture studies of Ce metal'' and CeAs.!? Furthermore, by
exploiting the variability of the 4f photoionization cross
section, we can obtain the 4f fingerprint for comparison
to bulk compounds.!!~!* In this paper we will then use
the 4f fingerprint for that purpose, deferring a discussion
of the origin of the double 4f peaks to a paper on final-
state, many-body interactions in Ce photoemission.'*
With guidance from calculations of the electronic struc-
ture of CeAs, it is possible to assess the ionic content of
the bonds of CeAs. !

In Figs. 4 and 5 we show valence-band energy distribu-
tion curves for Av=30 eV and 60 eV as a function of
overlayer coverage. These results have been corrected for
changes in band bending and are drawn in arbitrary units
to emphasize variations in spectral features. Photon ener-
gies of 30 and 60 eV were chosen because previous work
with a- and y-Ce,!! the cerium pnictides including
CeAs,'? and other Ce compounds'® showed that 4f contri-
butions to valence-band emission could be distinguished
by comparing EDC’s at these energies. In particular, the
EDC’s at 30 eV emphasize Ced—derived states while
EDC’s at 60 eV include substantial 4f character. Differ-
ence curves obtained by subtracting the two then highlight
the 4f character.

Comparison of EDC’s for Av=30 to those at 60 eV
shows substantial differences at all coverages as the d and
f character is alternately emphasized. Below about 2.5
ML, the results for hv=30 eV show gradual growth of
emission within ~2 eV of Ep and the loss of GaAs sub-
strate emission. The results for Av=60 eV reveal greater
Ce-induced changes in that a double structured emission
feature is visible at coverages as low as 0.1—-0.2 ML.
Indeed, at the bottom of Fig. 5 we show the result of sub-
tracting representative low coverage EDC’s. The Ce-



5294 WEAVER, GRIONI, JOYCE, AND del GIUDICE 31
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FIG. 4 Valence-band energy distribution curves for Ce/GaAs
as measured with a photon energy of 30 eV. As discussed in the
text, the prominent features for © <6.5 ML is Asp derived.
The emergence of emission at Er at ~3.2 ML occurs long after
reaction has occurred and is associated with the covering up of
the reacted region by a Ce-rich film. By ~ 10 ML, the valence
band is dominated by Ce-derived emission near Ep.

induced doublet has a splitting of 2.6 eV and apparent en-
ergies of 1.25 and 3.85 eV. This doublet grows with cov-
erage. However, at 3.2 ML a new structure can be seen at
—2.5 eV and there is emission at Er indicative of the
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FIG. 5. Valence-band EDC’s measured with Av=60 eV to
emphasize the 4f-derived character of the valence-band emis-
sion. The incremental difference curves shown at the bottom
demonstrate that this 4f character can be seen even at ultralow
coverage (0.1 ML) such that reaction is triggered at the lowest
Ce coverage.

o

transition to a metallic overlayer. The feature at —2.5 eV
(Fig. 5) subsequently grows, sharpens, and shifts to a final
position at —2.1 eV. Simultaneously, the emission at Ep
(Fig. 4) sharpens and grows to dominance as all other
features are lost. By 19 ML, the resulting EDC’s resem-
ble Ce metal. Clearly, these valence bands exhibit com-
plex evolution. Without insight gained from the core-
level studies discussed above, they might be impossible to
interpret at intermediate coverage. At high and low cov-
erage, the 4f emission reflects its environment in a
manner analogous to the d cores of Ga or As since it does

Ce on GaAs (110)

—— 60eVv
—— 30eV
—————— Difference

curve
19.2

Intensity (Arb. Units)

Photoemission

0.6

Bulk CeAs

Relative Energy (eV)

FIG. 6. Comparison of selected valence-band EDC’s for
hv=30 and 60 eV from Figs. 4 and 5. Difference curves ob-
tained by subtracting the 30-eV results (long-dashed line) from
the 60 eV (solid line) highlight the Ce 4f emission. Normaliza-
tion of the results followed the procedures discussed in Refs.
11—13. At low coverage these difference curves resemble those
for CeAs (bottom curve, see Ref. 12) indicating the Ce-As-like
configuration of As at these coverages. At high coverage, the
results converge to Ce metal.
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not participate in bonding and can be used to identify the
Ce atomic configuration.

In Fig. 6 we show representative EDC’s from Figs. 4
and 5 drawn normalized near 2.5 eV for the low coverage
(reacted) regime and near 1 eV for the high coverage (Ce-
like) regime, following procedures discussed in Refs. 11
and 12. Again, difference curves obtained by subtracting
these two EDC’s highlight the 4f character of the valence
bands. From Fig. 6 we see that these difference curves
vary substantially from low to high coverage. At lowest
coverage, a doublet structure appears with the leading
feature at —1 eV. Between 0.6 and 3.2 ML, the splitting
changes from 2.8 to 2.4 eV, but there is no systematic
variation in the relative heights of the two features. The
existence of two 4f-derived features is extremely unusual,
but can be understood by analogy to bulk CeAs.!? Com-
parison indicates that the low coverage Ce-As reaction
products identified above by core-level shifts are locally
coordinated Ce-As systems, both of which possess strong
4f-ligand hybridization. We conclude, therefore, that at
low coverage both species have Ce coordinated with
nearest neighbors of As. For the partially reacted com-
ponent, the 4f doublet is split more than that for the fully
reacted component. By 3.2 ML, wheén the fully reacted
component is dominant, we see that the atomic configura-
tion is close to that of CeAs, as judged by comparison to
the results for bulk CeAs. The differences in the relative
peak heights can be attributed to deviations from the
NacCl structure of CeAs and the absence of long-range or-
der.

Band-structure calculations'® for CeAs show substantial
charge transfer from Ce to As. The resulting semimetal-
lic compound has nearly empty Ce d states but dominant
As-derived states centered 2 eV below Ef, consistent with
the results discussed above for the reacted regime. Indeed,
the “fingerprinting” of the reaction products explains the
relatively unchanging character of the valence bands stud-
ied at low photon energy: since the Ce d states are effec-
tively empty, one should not expect the growth of
Ce d —derived emission. Instead, Ce-As reaction produces
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a compound whose arsenic p states are centered where
strong GaAs emission occurred. In contrast, the results
for hv=60 eV do show major Ce-derived emission, but it
is 4f related as in CeAs.

The results of Figs. 4—6 show that for coverages above
~9.6 ML the probed region increasingly resembles a ceri-
um overlayer. The Ce d states near Ep, the well-defined
4f emission at —2 eV, and even the smaller 4f feature at
Er at high coverage are all consistent with the results
from the core studies which showed covering up of the
reacted phase and diminishing Ga or As content. The Ga
or As atoms present in the surface region at these high
coverages emit too weakly to be observed in valence-band
studies and are obscured by the stronger metal emission,
analogous to what was found for surface segregated Si on
silicides.!®

In summary, we have shown that the reactions which
occur at the Ce/GaAs interface are triggered by the ar-
rival of the first Ce atoms—that the heats of formation or
large electronegativity differences are sufficient to disrupt
the surface. The Ce/GaAs system is then quite different
from Ce/Si where cluster formation was observed® at low
coverage and reaction was not detected before 0.6 ML.
We have then shown that well-defined As species can be
identified from core-level and valence-band analysis, and
we have modeled the developing complex interface. Galli-
um was shown to form an intermetallic of variable com-
position. Ongoing studies will examine the systematics of
compound formation and diffusion of the semiconductor
atoms as a function of the character of the overlayer.
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