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Strong chemical reactivity at the early stages of Yb overgrowth on GaP(110):
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The GaP(110)/Yb interface was studied with use of synchrotron radiation to excite the Ga 3d and
the P 2p semiconductor core levels, the quasiatomic Yb 4f states together with the valence-band re-
gion, and the P L, ; V'V Auger line shape in Yb coverages ranging from 0.2 to 5 monolayers. Strong
reactivity was found at the interface region with semiconductor surface disruption and the forma-
tion of intermixed Yb-Ga-P products distributed on the substrate surface from the lowest coverage
range investigated up to about 1 monolayer. Ga surface segregation with Yb-Ga alloying and Yb
phosphide-like product trapping at the interface are dominant in the highest coverage range, result-
ing in a strong gradient concentration of the substrate chemical species, along a direction normal to
the semiconductor surface. The reacted contributions in the Ga 3d, the P 2p, and the Yb 4f levels
suggest a highly heterogeneous character of the growing interface with the presence of a multiplici-
ty of atomic sites for each of the reacted atoms. Primarily divalent character of Yb atoms was
found over all the coverage range investigated, as derived by Yb 4f spectroscopy. From the
changes shown by the P L, ; V'V line shape it was possible to model the evolution of the local density
of states in Yb—P bonds in terms of Yb 5d- and P 3p-derived states mixing. The results are com-

pared with the growth mechanisms of other I1I-V-semiconductor-rare-earth-metal interfaces.

INTRODUCTION

In recent years the overgrowth of rare-earth (RE) met-
als on semiconductors has attracted increasing atten-
tion. !

The growing interest in these systems may be interpret-
ed first as an extension of the long-standing problem of
semiconductor-metal interfaces.>? The second reason
may be found in some specific properties of these systems,
such as their very low Schottky-barrier heights, which
make them particularly appealing for electronic-device
technology.

Another good motivation for this kind of research re-
sides in the fundamental aspects of RE 4f electronic
states in solids as mixed-valence, Kondo-like behavior
and bulk-to-surface valence transitions. *

However, few cases of RE-semiconductor interfaces
have been reported so far and these are confined to a very
restricted set of RE’s species grown on top of Si,! Ge,>
GaAs,® 1% InP, 112 InSb, 2 and CdTe.!? More explicitly
the formation of GaP-RE interface systems has not yet
been reported in the literature to our knowledge. '3

On the other hand, recent investigations on GaP-metal
interfaces'*!® seem to show a still open controversy as far
as the behavior of their Schottky-barrier heights is con-
cerned, calling therefore for a wider study of GaP-metal
contacts.

This work reports the first experimental study of the
GaP(110)/Yb interface, performed at room temperature.
The early stages of the interface formation were studied
via core-level photoemission tuned in a high-surface sen-
sitive mode, allowed by the unique tunability of synchro-
tron radiation. We have followed, in the coverages rang-
ing from 0.2 to 5 monolayers, the evolution of the Ga 3d
and the P 2p semiconductor core levels and the quasi-
atomic Yb 4f states. Photoemission measurements were
combined with the P L, ; ¥V Auger line shape to give a
deeper understanding of the valence states redistribution
versus coverage. Our main goal is to focus on the chemi-
cal characterization of the growing interface, with partic-
ular attention to the electronic states modifications ex-
perienced versus coverage, by the atomic species. Two
regimes of strong chemical reactivity can be singled out
as a function of Yb coverages. In the submonolayer
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range the Ga and P dislodged atoms tend to alloy with
deposited Yb in binary and/or ternary forms with uni-
form average composition, whereas the higher coverages
explored show the presence of a concentration gradient
resulting in a pronounced tendency to anion trapping at
the interface with formation of Yb phosphide-like com-
pounds and cation segregation with consequent Yb-Ga
alloying. Yb atoms appear in a basically divalent
configuration. P 3p- and Yb S5d-derived orbitals hybridi-
zation is the basis of Yb—P bonding, as derived from the
P L, V'V Auger data analysis.

EXPERIMENTAL

Lightly doped n-type GaP bars (E,=2.26 eV;
n =3X10'% cm™?3) were cleaved in situ, with the standard
knife-anvil technique, to produce mirrorlike (110) faces.
The base pressure during the measurements was lower
than 6X10~!" mbar. High-purity Yb metal was
evaporated with a pressure lower than 7X 10~ '° mbar.
Evaporation rates of about 0.5 A/min were monitored
with a quartz microbalance. The coverages are presented
in monolayers (ML), where 1 ML is defined as one ad-
atom per substrate surface atom (1 ML=9.52X10"
atoms/cm?=3.92 A).

All the measurements were performed at the Synchro-
tron Radiation Source in Daresbury (United Kingdom)
on the beam line 6.1.'

The photon energy used was hv=2_80 eV for Ga 3d and
160 eV for P 2p, producing photoemitted electrons with
kinetic energies (KE’s) of about 55 and 25 eV, respective-
ly.

The overall instrumental resolution, in terms of full
width at half maximum (FWHM), was 0.42 eV at hv=2380
eV (Ga 3d and Yb 4f),0.73 eV at hv=160¢V (P 2p), and
0.5 eV for the Auger measurements.

Each coverage studied is a result of a Yb evaporation
on a freshly cleaved surface. Soon after each evaporation
and immediately before a new cleavage, the
trivalent—to—divalent signal intensity ratio of the Yb 4f
levels was derived, at hv=280 eV and Av=181.5 eV (Yb
4d —4f resonance'’). In both cases, for every coverage
the trivalent signal was confined to a tiny fraction of the
divalent emission.

RESULTS

In Figs. 1 and 2 the Ga 3d and the P 2p core-level spec-
tra are respectively shown, at different Yb coverages,
after a linear background subtraction and intensity nor-
malization to their maximum height. We have per-
formed a line-shape analysis of the Ga 3d and the P 2p
core-level emission using spin-orbit split doublets corre-
sponding to surface, bulk, and reacted contributions.
The optimized parameters found for the as-cleaved
GaP(110) surface are given in Table I. They are in excel-
lent agreement with previous results reported in the
literature.'>!®1 In addition to the experimental data
(dotted) in Figs. 1 and 2, the total fit (solid line), together
with the surface (S) and bulk (B) emissions, when detect-
able, are given. The remaining part of the fit is presented
as “reacted” R. Since both the surface and the reacted
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FIG. 1. Ga 3d (hv=280 eV) intensity normalized and linear
background subtracted spectra (dots) as a function of Yb thick-
ness. The solid line is the total least-squares fit; bulk, B; surface,
S; and reacted contributions are also indicated. For the position
range of the as-cleaved GaP(110) spectrum see text.
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FIG. 2. P 2p (hv=160 eV) spectra (all as indicated in caption
of Fig. 1).



3480 LAMBERTO DUO et al. 42

TABLE 1. The values of the Lorentzian linewidth (full width
at half maximum), the Gaussian linewidth, the spin-orbit (s.0.)
splitting, the surface-to-bulk (SB) core-level binding-energy
shift, the spin-orbit branching ratio, and the surface-to-bulk in-
tensity ratio determined by a least-squares optimization for the
Ga 3d and the P 2p core levels on as-cleaved GaP(110), as
shown in Figs. 1 and 2, respectively.

AE,/eV AEg/eV AE.,/eV AEsg/eV R., Rg

1.53 0.49
1.85 0.48

Ga 3d
P 2p

0.17 0.42 0.45
0.185 0.73 0.88

+0.38
—0.46

components of the P 2p core level fall within the same en-
ergy range, they are shown together. Most probable,
however, the signal from the surface is strongly damped
just from the very early stage of the interface formation
as it is clear from the Ga 3d analysis. Therefore we can
consider this mixed contribution as primarily reacted,
even from the lowest coverage analyzed.

For the as-cleaved samples, the Fermi-level (FL) posi-
tion inside the gap was not reproducible, in different
cleaves,'®?° and varied from about 0.9 to 1.4 eV above
the valence-band maximum. Those spectra, shown in
Figs. 1 and 2, obtained from a clean surface, have there-
fore to be considered just as a possible case, being in Figs.
1 and 2 indicated the extreme situations found during the
experiment (for a total of 8 cleaves). Nevertheless, as
soon as some Yb atoms are evaporated onto the GaP sur-
face, the KE’s of the spectra become independent of the
initial band bending and are therefore well reproducible
in different cleaves, already from the lowest coverage ex-
plored here, similarly to the case of Tm overlayers onto
n- and p-type GaAs. !°

In Fig. 3(a) the attenuation curves of bulk and surface
components for both Ga 3d and P 2p core levels are
given, as obtained from Figs. 1 and 2. Their intensity
I1(©) has been normalized, for each coverage, to the cor-
responding bulk and surface signal I(0) of the as-cleaved
GaP measured before the Yb depositions. With the same
procedure, in Fig. 3(b), the intensities of the total and the
reacted contribution I(©) are normalized to the total
core-level area I(0) of the as-cleaved GaP.

Spectra of the so-called valence-band (VB) region, tak-
en at photon energy of 80 eV are shown in Fig. 4. Di-
valent character of the deposited Yb atoms, variously in-
volved in different chemical interactions, is dominantly
found. In fact, the spectra display strong Yb 4 f emission
lying near the FL and corresponding to divalent contri-
butions with 4f '3 final-state configurations, whereas the
intensity in the trivalent region of the Yb 4f states from
about 4 to 14 eV below the FL, as due to 4f 2 final-state
multiplets, is negligible. Metallic Yb is shown as a refer-
ence. Its 4f emission is totally divalent and the feature at
4-6 eV below the FL is due to plasmon losses.

Higher-resolution Yb 4f2" measurements were also
performed: the experimental spectra (dotted), after an in-
tensity normalization and an integral background sub-
traction, are shown in Fig. 5 (hv=80 eV) together with
the total fitting obtained (overlapped solid line). In the
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FIG. 3. Ga 3d (hv=80¢V)and P 2p (hv=160 eV) core-level
attenuation curves as obtained from the fittings shown in Figs. 1
and 2, respectively; (a) bulk and surface contributions I(6) nor-
malized to the corresponding as-cleaved GaP(110) emission I(0);
(b) total and reacted contributions I(6©) normalized to the as-
cleaved GaP(110) total emission I(0).
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FIG. 4. Valence-band intensity normalized spectra (hv=_80
eV) for the GaP(110)/Yb interface as a function of Yb coverage.
The divalent (4f'*—4f"®) and the trivalent (4/"*—4f'2) emis-
sion regions are shown.
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FIG. 5. Yb 4f?" intensity normalized and integral back-
ground subtracted spectra (dots) with hv=280 eV. The over-
lapped solid line is the total line-shape (LS) fit. The intermixed
Yb-Ga-P (T), the surface Yb-Ga (S), and the bulk Yb-Ga (B)
compounds are also indicated. The metallic Yb is shown as a
reference.

submonolayer coverage range the spectra have similar
shape and are well fitted with a single broad doublet with
spin-orbit splitting of 1.27+0.02 eV (indicated as T in
Fig. 5). From 2 ML up to the highest coverage, two oth-
er doublets have to be considered in the fitting, narrower
than the previous one and with the same spin-orbit split-
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FIG. 6. Intensity normalized photon excited P L, ; V'V Auger
line shapes (displayed in the integral mode) for the as-cleaved
GaP and for the interface with © =5 ML Yb, taken at hv=165
eV. At 5 ML the Yb 5s peak is present.
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ting. The metallic Yb 4f fitting gave good agreement
with 2tlhe parameter values already reported in the litera-
ture.

Finally, Fig. 6 shows the two intensity normalized
spectra of the photon excited P L, ; V'V Auger line shape
for the as-cleaved GaP surface and for the interface with
5 ML of Yb, taken with Av=165 eV. A quantitative and
more detailed analysis of the GaP/Yb P L, ; ¥V Auger
line at different Yb coverages, on the basis of recently
published electron-excited experiments addressing the Si
L, 3 VV Auger line in Si-RE intermixed systems,**~ > will
be reported elsewhere.2°

DISCUSSION

The great changes exhibited by the Ga 3d and P 2p
core-level spectra, as displayed in Figs. 1 and 2 give rise
to a series of observations.

(i) At 0.2 ML there is a strong intensity attenuation of
the surface with respect to the bulk component of the Ga
3d signal. This clearly points toward a surface disruption
occurring over an extended substrate area, thus confining
metal clustering, if any, to minor levels. In this coverage
range the growth mode can therefore be regarded as basi-
cally two-dimensional. Moreover, 0.2 ML of Yb onto
GaP causes the appearance of a reacted emission on the
low-binding-energy (BE) side for both of the core lines,
suggesting a removal of Ga and P atoms from their pris-
tine locations. These reacted components cannot be sim-
ply interpreted in terms of a single spin-orbit split dou-
blet, suggesting a multiplicity of atomic sites for the
dislodged atoms and a complex heterogeneous character
for the morphology of the grown interface already occur-
ring from the lowest coverage.

(ii) An increase of Yb deposition confirms the tenden-
cy toward a strong disruption, with a progressive rein-
forcement of the reacted Ga 3d and P 2p components rel-
ative to the emission coming from the unperturbed sub-
strate atoms. Furthermore, the line-shape evolutions in-
duced in the two core lines show an initial broadening (at
0.5-1 ML) and subsequently tend toward a progressive
narrowing, especially for P 2p.

(iii) At 5 ML the P 2p line is fitted with a single doublet
thus indicating a rather uniform chemical environment
around the P sites.

(iv) All these points indicate the presence of strong
concentration gradients, along a direction normal to the
surface, for the chemical species involved in the interface
formation, as in the case of other III-V-compounds—Yb
interfaces. %1011

(v) The decreasing trend of the Ga 3d and P 2p bulk at-
tenuation curves [Fig. 3(a)] can be approximated by two
1/e decays with different attenuation lengths: 1.5 A up
to 0.5 ML, and 5-6 A in the range 0.5 up to 2 ML. In
the first region this value is clearly much smaller than the
photoelectron ED (=5.6 A, see results) suggesting that at
the very early stages of the interface growth a strong
modification of the chemical environment takes place for
semiconductor atoms at the surface with consequent con-
version into reacted forms. At higher Yb thicknesses, the
similarity between the 1/e length and the ED indicates
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instead that saturation of the surface disruption has been
reached.

(vi) In the submonolayer range, the Ga 3d and P 2p
reacted and total components [Fig. 3(b)] attenuate with a
similar rate versus coverage indicating a uniform average
spatial distribution for the reacted atoms. This could
correspond to the formation of a ternary, even though
nonstoichiometric, Yb-Ga-P compound, or to more com-
plicated morphologies with a variety of chemically non-
equivalent small islands.

(vil) In contrast, from 1 ML on, the attenuation curves
clearly indicate a sort of discontinuity: the Ga 3d de-
creasing trend is inverted, while the P 2p maintains
monotonic. These results suggest the existence of two
chemically and spatially distinct pseudophases: a Yb
phosphide-like compound trapped at the interface and
Yb-Ga alloyed forms on top of it, due to the segregation
of Ga atoms diluted in the Yb overlayer.

(viii) The continuous BE shifts of the reacted Ga 3d at
increasing coverages are related to differing local coordi-
nations for Ga atoms. The final position of this peak
(BEx~18.1 eV at 5 ML) seems to rule out the possibility
of purely elemental character for the segregated Ga. The
3d BE of metallic Ga is, in fact, about 18.4-18.7 eV as
quoted in Ref. 27, thus suggesting a Yb coordination for
the Ga atoms.

(ix) The line-shape evolution of the reacted P 2p and
the trend of the attenuation curves, coherently with indi-
cations emerging from the Yb 4f and P L, ; V'V analysis
(see below), suggest the presence of a nonstoichiometric
Yb-P intermixed system characterized by a pronounced
gradient in its average composition in a direction normal
to the sample surface.

The analysis of the Yb 4f levels in their divalent region
(Fig. 5) shows a shift, of about 1 eV, toward the FL, in
the coverage range 0.2—-1 ML, without significant line-
shape changes. A fraction of this shift (=0.6 eV) can be
associated with band-bending effects (see Figs. 1 and 2)
due to the semiconductor-overlayer interactions, consid-
ering the nonmetallic character of the system in this cov-
erage range. The remaining part of the 4f movements
has a chemical origin and indicates an increased Yb local
coordination. Consistently with the evolution of the
reacted Ga 3d and P 2p core-level signals and the P
L, ;VV line shape, the large doublet which fits the Yb 4f
line shape between 0.2 and 1 ML could imply chemical
alloying between Yb and both Ga and P atoms in a
variety of Yb-Ga and Yb-P combinations. In this respect
we found strong similarities with previously reported re-
sults on other III-V-semiconductor—Yb interfaces,®!%!!
at variance with the overgrowth of Yb on elemental semi-
conductors’>?> where the Yb 4f line shape in the sub-
monolayer range points toward a very weak interaction
of deposited atoms with the substrate. At higher Yb
thicknesses (from 2 ML up) three Yb doublets are singled
out in the Yb 4f analysis . Taking into account the pro-
nounced tendency of reacted P atoms to be trapped near-
by the GaP substrate and the general trend displayed by
Ga atoms to efficiently segregate to the topmost interface
layers, these 4f components are assigned as follows:

(a) Progressively buried Yb-Ga-P products with strong
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decreasing intensity relative to the total 4f area versus
coverage (indicated as T in Fig. 5). Coherently with the
Ga 3d and P 2p core line behavior in the same coverage
range this doublet suggests the formation of an inter-
mixed variously bonded Yb—Ga—P system.

(b) Segregated contributions of Yb-Ga alloyed systems.
Considering the Yb thicknesses involved at these stages
of the interface growth it is reasonable to expect both sur-
facelike (S in Fig. 5) and bulklike (B in Fig. 5) emissions.
In particular at 3.5 and 5 ML, the relative intensities of
these Yb components indicate the tendency toward a
more bulklike situation with metallic asymptotic behav-
ior for Yb atoms. The slight but monotonic decreasing
versus coverage of the surface-to-bulk energy shift of the
two components from 0.79 eV at 2 ML to 0.61 eV for the
pure metal (passing through 0.73 eV at 3.5 ML and 0.66
eV at 5 ML) suggests an increasing dilution of Ga atoms
into the deposited Yb in the highest coverages.

The generally recognized bandlike nature of the P
L, ;VV Auger feature, allows us to follow the evolution
of the P 3(sp) derived valence electron states projected
onto the P sites.?® The information derived from the P
Auger line shape is important even because the strong Yb
4f emission in the VB region rules out the possibility of
directly measuring the valence states by photoemission.
The P L, ; V'V Auger spectra show an increased loss of
asymmetry and a progressive and parallel narrowing of
the total line shape moving from the clean substrate up to
the highest Yb thicknesses (Fig. 6). On the basis of the
strong similarities emerging when comparing these trends
with those observed in the case of the Si(111)/Yb inter-
face,>?° we are led to interpret the spectra in terms of an
increasing sampling, within the low-depth sensitivity of
the Auger electrons (KE=115 eV), of P atoms chemically
bonded with a sizeable amount of deposited Yb
atoms.?®'> Further exploitation of the GaP-Yb versus
Si-Yb analogies allows us to model out the chemical bond
resulting in the Yb-rich phosphides as a mixing effect be-
tween the Yb 5d- and the P 3p-derived states. These con-
clusions are in agreement with recent electron state cal-
culations performed for stoichiometric YbP.%

The results obtained from the Yb 4f spectra are in
close analogy with other III-V-semiconductor-Yb inter-
face studies,®!®!! and particularly show a qualitative
similar shift, at low coverages, of the photoemission
structures toward the FL. The same trend in the energy
position of the 4f levels can be seen in the Si/Yb (Refs. 1
and 25) and Si/Eu (Ref. 30) interfaces in which the RE
species mostly show divalent character. On the other
hand they are in opposite directions to other reported
GaAs/RE interfaces® '° with more pronounced trivalent
character of the RE involved. On the basis of a thermo-
chemical approach,’! Prietsch et al.'® pointed out the
valency dependence of the involved RE atoms shown by
these two different trends in GaAs interfaces. In particu-
lar for divalent Yb atoms on GaAs they estimated a shift
0.9 eV to lower BE, with respect to the value of the ele-
mental metal, very similar to the shifts we measured of
about 1 eV. All of these similarities seem to suggest a
sort of common description, even from a thermodynami-
cal point of view, of the reactivity processes occurring at
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the GaAs/Yb and GaP/Yb interfaces.

The divalent 4f shift of Yb atoms toward the FL
reaches its shallowest position at 5 ML, with the 41,
derived peak at about 0.6 eV below FL. This suggests the
presence of a precursor condition toward valence-
fluctuation phenomena. A tiny amount of trivalent emis-
sion is detected at about 1 ML (Fig. 4). Most probably
this has to be ascribed to a fraction of Yb atoms in stable
trivalent configuration. On the other hand, the almost
complete bulk trivalency of nearly stoichiometric YbP
(Ref. 32) suggests the formation of Yb—P bonds. Subse-
quent Yb deposition would then tend to bury this

trivalent pseudophase, resulting in a decreased
Yb3*/Yb?" emission ratio.
Recent photoemission studies on reactive

GaP—transition-metal interfaces!’ seem to indicate that
once the semiconductor surface disruption initiates, due
to the metallic-overlayer dislodging effects, the behavior
of Ga and P atoms released from the sample surface are
the same independent of the particular semiconductor
substrate. The general conclusions of Ref. 19 find a
confirmation in our experimental results, after a compar-
ison with GaAs/Yb and InP/Yb interface studies.®'%!!
In particular, in both GaAs/Yb and GaP/Yb interfaces,
the mechanisms responsible for the spatial separation, in
a direction normal to the semiconductor surface, between
anionic and cationic Yb pseudophases, are basically the
favorable energetics of Ga segregation and the formation
of Yb—P or Yb—As bonds acting as a diffusion barrier
against further anionic outdiffusion. The InP/Yb case
displays a more accentuated metallic character for segre-
gated In atoms!'! consistent with a weaker In solubility
and a weaker tendency to form bonds compared with Ga.
Similar results can be found comparing other transition-
metal reactive interfaces involving GaP, GaAs, and InP
[e.g., the case of Ti (Refs. 19, 33, and 34)], with the only
substantial difference that, in the InP/Yb case, In segre-
gation seems to be much weaker.!! As a consequence, in
the case of InP/Yb there are no evidences of the above-
mentioned spatial separation between Yb-In and Yb-P
compounds. From this point of view a unified interpreta-
tion of RE interfaces onto III-V semiconductors appears
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to be more difficult than in the case of transition metals, '°
and a more systematic study of these systems is desirable.

CONCLUSIONS

Strong chemical reactivity is found at the early stages
of formation of the GaP(110)/YDb interface. Disruption
and outdiffusion of P and Ga atoms are already active in
the submonolayer range, with the appearance of reacted
Yb-Ga-P pseudophases. At higher coverages, surface
segregation of Ga results to be steadily efficient, while P
atoms chemically reacted to form Yb phosphide-like
products are preferentially trapped in a thin layer, subse-
quently buried by Ga ions diluted in the Yb overlayer.
The differing behaviors of Ga and P result in a spatial
separation between Yb-Ga and Yb-P compounds in a
direction normal to the GaP surface. The Yb atoms have
basically divalent character with 4f'* configuration, with
small trivalent contributions at about 1-2 ML, mainly
attributed to Yb trivalency in the Yb phosophide-like
compounds. Analysis of the P L, ; V'V line shape suggests
a mixing of the Yb 5d- and P 3p-derived states to be at the
basis of the chemical bond in the Yb phosphide-like prod-
ucts. A comparison with other III-V-semiconductor-Yb
interfaces shows strong similarities in the observed trends
apart from the reacted character of cation segregation for
Ga in the GaP/Yb and GaAs/YDb cases compared to the
more metalliclike situation of the segregated In atoms in
InP/Yb interface.
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