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Synchrotron-radiation photoemission studies of Xe-atom physisorption at 35 K on cleaved GaAs(110)
surfaces reveal the presence of a single first-layer adsorption site, followed at increasing coverage by the
formation of a close-packed Xe second layer incommensurate with the substrate. Sizable binding-energy
shifts of the Xe 4d and 5p levels from first to second adsorbed layer suggest non-negligible final-state
screening of the photoemission-induced core hole by the GaAs substrate. Results for Xe atoms adsorbed
on HgTe(110) and Hg,_,Cd,Te(110) cleaved semiconductor surfaces show a similar initial adsorption
site on all such surfaces, corresponding to an identical Xe 4d ionization energy of 66.31+0.1 eV. We as-
sociate this common behavior to initial Xe adsorption at the high-coordination, fourfold-hollow site

formed by anions on the (110) cleavage plane.

INTRODUCTION

Photoemission from physisorbed Xe atoms has been re-
cently employed to probe electrostatic potential varia-
tions across various metal and semiconductor sub-
strates,! !0 identify and titrate different adsorption
sites,>>%% and, in studies of thin films, gauge film mor-
phology and metallicity.*>%!%!! For example, this tech-
nique revealed the existence of three inequivalent adsorp-
tion sites on the Si(111) 7X 7 surface,>> and identified is-
land size, work function, and coalescence coverage dur-
ing Yb-Hg,_,Cd, Te interface formation.” We present
here synchrotron-radiation photoemission studies of Xe
atoms adsorbed on zinc-blende semiconductor surfaces
cleaved in situ, with the goals of determining the corre-
sponding adsorption sites, monitoring the development of
a rare-gas solid film, and investigating the influence of the
semiconductor surface on the ionization energy of the Xe
electronic levels.

We examined in detail the coverage dependence of the
Xe 4d and Sp photoemission line shapes for adsorption on
GaAs(110) surfaces. We find, in contrast with the Si(111)
7X7 case,”?® a single adsorption site within the first Xe
adsorbed layer. Xe 4d ionization energies for submono-
layer amounts of Xe on cleaved HgTe(110),
Hg,_,Cd, Te(110), and n- and p-type GaAs(110) were
found to be the same to within 0.1 eV, as expected for
similar adsorption sites. We propose that for all of the
compound semiconductor surfaces examined, Xe adsorp-
tion occurs initially at the anion-coordinated fourfold-
hollow sites. The common Xe ionization energy at these
sites is 0.6 eV greater than that observed for Xe adsorbed
on metal substrates,* due to weaker final-state screening.
Formation of a second Xe layer on GaAs(110) corre-
sponds to a 0.5-eV increase in the apparent binding ener-
gy of the Xe 4d and 5p levels, due to a further reduction
in the final-state screening, which involves primarily the
valence orbitals of the outward-shifted anion first neigh-
bors. The variation with Xe coverage of the Xe 5p line
shape suggests the formation of a loosely packed first lay-
er, commensurate with the substrate lattice, followed by
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the establishment of a close-packed, incommensurate
second layer.

EXPERIMENTAL DETAILS

Single-crystal posts 4X4X 10 mm? in size of HgTe, p-
type Hg, 13Cd, 5, Te, n-type GaAs, and p-type GaAs were
cleaved in a photoelectron spectrometer at operating
pressures in the low to mid 10~ ''-Torr range to expose
mirrorlike (110) surfaces. Most GaAs(110) cleaved sam-
ples were in flat-band conditions at room temperature,
and even in the worst cases the defect-induced band
bending did not exceed 0.1-0.2 eV. Band bending was
monitored in situ from the energy positions of the Ga 3d
and As 3d core-level emission relative to the Fermi level.
Cleaved HgTe(110) and Hg, ,3Cd, ,,Te(110) surfaces
were generally n type as a result of cleavage-induced,
Hg-related point defects.'>!* The samples were cooled to
35+5 K by attaching the holder to the cold head of a
helium closed-cycle refrigerator by means of a short Cu
braid. The temperature was monitored by a Au-
Fe/chromel thermocouple at the end of the braid. The
sample temperature was calibrated by mounting a Si di-
pole on test samples in the same geometry. Xe exposures
in the 1-24 L range (1 L=10"° Torr sec) were produced
by backfilling the spectrometer with research-grade (puri-
ty 99.995%) Xe at pressures in the 10~ ®-Torr range.

Synchrotron-radiation photoemission measurements
were performed using a commercial hemispherical energy
analyzer operating in the angle-integrated mode. The
photon source was the 800-MeV electron storage ring
Aladdin at the Synchrotron Radiation Center of the Uni-
versity of Wisconsin-Madison. Photons were mono-
chromatized by either a six-meter toroidal grating or a
grasshopper Mark V grazing-incidence monochromator,
with a measured overall experimental resolution
(electrons-+photons) varying from 0.2 to 0.4 eV for pho-
ton energies in the 40—-130-eV range. Care was taken to
select similar energy resolutions on different monochro-
mators.  Photoelectron  energy-distribution  curves
(EDC’s) were normalized to the photon flux monitored
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using a Ni or W mesh. We used the Xe 4d and semicon-
ductor core photoemission intensities to determine the
Xe coverage via the photoelectron escape depth A in Xe.
The procedure involved the determination of relative es-
cape depths in the 20-70-eV kinetic-energy range
through studies of multilayers of Xe on a variety of metal
substrates.'* From the observed plots of substrate and
Xe core emission intensities as a function of Xe exposure,
we obtained an escape depth increasing linearly as a func-
tion of logarithmic kinetic energy, in the kinetic-energy
range examined. A linear extrapolation was therefore
used to estimate the escape depth at higher kinetic ener-
gies.

Absolute values of the escape depths (in A) at selected
photon energies were determined by three methods, pro-
ducing consistent results: (1) we decomposed15 the Xe 4d
high-resolution spectra of a thick (=50 A), homogeneous
Xe film into bulk-related and surface-shifted contribu-
tions.!® Comparison of surface- and bulk-derived emis-
sion intensities yielded the escape depth; (2) we used the
published values of the attenuation of first-layer Xe
features on metals due to adsorption of a second Xe layer
(Ref. 16 at Av=90 eV) to determine the photoelectron es-
cape depth; (3) we compared the coverage dependence of
the Xe 4d emission intensity for first- and second-layer
Xe adsorption at T=12 K on high work-function met-
als!’ to the results of Monte Carlo simulations, assuming
unity sticking coefficient and no Xe surface diffusion.
The escape depth A was used as an adjustable parameter,
and the best fit condition determined A.!” These three
methods yielded consistent photoelectron escape depths
in Xe; A=5.5+0.5 and 8.5+1 A at kinetic energies of 23
and 105 eV, respectively.

Analysis of the Xe 4d and 5p photoemission line shapes
was performed to determine the number of line-shape
components, their energy position, and relative intensity.
EDC’s for the 4d levels were approximated by one or two
spin-orbit-split doublets; least-squares fits of the compos-
ite line shape were obtained using a superposition of
Voigt functions, one for each branch of a given doublet.
The values of spin-orbit splitting and Lorentzian half-
width at half maximum (HWHM) were fixed at values ob-
tained previously,**>!> while the position, intensity,
Gaussian full width at half maximum (FWHM), and
branching ratio were used as fitting parameters. For the
Xe 5p line-shape analysis, individual S5p,,, S5p;,,
(m;==%1), and 5p;,, (m;==%3) components were also
approximated by Voigt functions. Here, position, intensi-
ty, and Gaussian FWHM of each component, and a com-
mon Lorentzian HWHM for all components, were treat-
ed as fitting parameters. The secondary electron back-
ground was included in all fitting procedures as a third-
order polynomial with coefficients determined together
with the line-shape parameters through the fit.

RESULTS AND DISCUSSION

In Fig. 1 we present representative EDC’s for the Xe
4d emission as a function of Xe coverage for Xe con-
densed at T'=35%5 K onto n-type GaAs(110), with
hv=90 eV (solid circles). The binding-energy scale is
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referenced to the spectrometer Fermi level. Xe coverages
© are shown to the right of each spectrum, increasing
from 0.3 to 2.0 monolayers (ML) (bottom to top). We
determined the coverage from the observed attenuation
of the substrate core emission upon Xe adsorption. For
example, the topmost spectrum in Fig. 1 was obtained
after exposure to 16 L of xenon; the corresponding at-
tenuation of the Ga 3d core emission was 65-70 %. For
a photoelectron escape depth of 8.5+1.0 A, appropriate
for a Ga 3d photoelectron kinetic energy of 105 eV
(hv=130 eV), this attenuation corresponds to a Xe thick-
ness of about 7 A i.e., 2 ML. Such a coverage was also
found to be the saturation coverage on the GaAs(110)
surface at 3515 K, since further exposure to Xe resulted
in no detectable increase in the Xe emission or decrease
in the substrate emission, to within +2%. The implica-
tion is that at a substrate temperature of 35+5 K only
two monolayers of Xe on GaAs(110) are stable at

p~10"" Torr.'?

T T T T 1 T T T
Xe on .
ntype GaAs .,
~~~~~ Xell
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hv=80eV

Photoemission Intensity (arb. units)

Binding Energy (eV)

FIG. 1. EDC’s at hv=90 eV for the Xe 4d emission from Xe
atoms physisorbed at 35+5 K on cleaved n-type GaAs(110)
(solid circles). Each spectrum was selected to represent a quali-
tatively different range of 4d line shapes as a function of increas-
ing Xe coverage (bottom to top) in ML. Photoemission intensi-
ty is plotted in relative units and the binding-energy scale is re-
ferred to the spectrometer Fermi level. We also show superim-
posed to the data the result of a least-squares best fit in terms of
a superposition of Lorentzian lines convoluted with a Gaussian
broadening function (Voigt functions). The resulting individual
Xe 4d doublets (dashed and dot-dashed line) are denoted Xe I
and Xe II and correspond to Xe atoms in the first and second
adsorbed layer, respectively.
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The Xe 4d photoemission intensity in Fig. 1 is plotted
in relative units. Each spectrum in Fig. 1 was selected to
represent a qualitatively different range of 4d line shapes.
The bottommost spectrum (©=0.3 ML) is representative
of the initial range of exposures at which a single, spin-
split Xe 4d doublet is apparent. The second bottommost
spectrum (©=0.6 ML) is representative of the coverage
range at which a second 4d doublet becomes visible to the
left of the initial doublet. The third spectrum (6=1.6
ML) is representative of the coverage range at which the
second doublet becomes dominant. The topmost spec-
trum (©=2.0 ML) is representative of the Xe saturation
coverage. The results of best fits of the Xe 4d line shape
in terms of a superposition of Voigt functions are shown
in Fig. 1 (solid line) and contain either one (at 0.3 ML) or
two 4d doublets (at higher coverages).!” The individual
doublets resulting from the fitting procedure are also
shown, displaced downward for clarity. We will indicate
with Xe 4d I the doublet with lower apparent binding en-
ergy (dashed line) and with Xe 4d II the doublet with
higher apparent binding energy (dot-dashed line). We
find that all Xe core features in Fig. 1 have the same
Voigt linewidth at all Xe coverages. The Xe 4d5,, bind-
ing energy relative to the Fermi level is 62.09+0.02 eV at
©=0.3 and 0.6 ML, while at ©=1.6 and 2.0 LM it has
shifted rigidly to 62.02+0.02 eV. The Xe 4d II doublet
(dot-dashed curve) has a 4d5,, binding energy of
62.51+0.03 eV.%°

Since the Xe 4d II emission becomes dominant and the
Xe 4d I emission intensity decreases as the Xe coverage
approaches two monolayers, the simplest interpretation
would associate the Xe 4d II features with Xe atoms
within the second adsorbed layer. This interpretation is
quantitatively consistent with the observed 4d 1/4d II ra-
tio for ©=2 ML. In the topmost EDC of Fig. 1 the ratio
of the integrated emission intensities is 0.3410.03, and
with a photoelectron escape depth of 5.5 A, condensation
of a Xe(111) monolayer (3.54 A) would be expected to
yield a first layer to second layer emission intensity ratio
of 0.40£0.03. We therefore identify the Xe 4d I and Xe
4d 11 features with first and second Xe layer emission, re-
spectively. The 0.07-eV shift of the Xe 4d I component
to lower binding energy upon the appearance of a large
Xe 4d 1I component?' mirrors what has been observed
during studies of Xe condensation on single-crystal met-
al'® or graphite substrates,”> and associated with in-
creased dielectric screening in a Xe bilayer relative to a
single layer.

In photoemission studies of the Xe 5p,,, emission from
Xe adsorbed on Si(111) 7X7 surfaces,”’ three Xe emis-
sion features separated by up to 0.45 eV were observed at
submonolayer coverages, and associated with ine-
quivalent sites in the 7X7 unit cell, having different Xe
adsorption energies. Highest-coordination sites would fill
first,>> as has been seen for Xe on metal surface.” In Fig.
1 we observe only Xe 4d emission features associated
with first- and second-layer Xe atoms, indicating that
most of the first-layer adsorption sites on GaAs(110) are
equivalent within experimental uncertainty.

We propose that Xe atoms within the first layer adsorb
preferentially at the high-coordination, fourfold-hollow
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sites,”® where a Xe atom would be coordinated with four
outwardly displaced As atoms,?® which form a rectangle
4.00X5.65 A in dimension. These are known to be the
preferred chemisorption sites for metal atoms on
GaAs(110) when the adatom-substrate interaction is rela-
tively weak and surface mobility is high.?#?% These sites,
which exist prior to Xe adsorption, are also present after
Xe adsorption, since upon Xe condensation the Ga 3d
and As 3d core line shapes, comprised of two 3d doublets
associated with emission from atoms in the bulk and sur-
face (buckled) regions, remain unchanged.!” We rule out
that any of the Xe features observed in Fig. 1 might be
related to Xe atoms adsorbed at cleavage steps, since a
defect density large enough to yield detectable Xe
features in Fig. 1 (1-5%) would pin the Fermi level at
midgap,?® and this was not observed at 300 K.

An observation which is fully consistent with our
identification is that the onset of second-layer Xe emis-
sion is seen in Fig. 1 at Xe coverages ©=~0.6 ML. The
number of fourfold-hollow sites is 4.42X10* cm ™2, or
72% of the surface atomic density in close-packed
Xe(111). Since the coverages in Fig. 1 were calculated in
terms of the Xe(111) planar density (see preceding sec-
tion), we expect that most of the fourfold-hollow sites are
occupied for ©~=0.7 ML. 27 The large size of the Xe
atom (4.33 A diameter) should inhibit accomodation of
additional first-layer adatoms at other sites, and the onset
of second-layer emission should be observed exactly in
this coverage range.

Another quantity that should, in principle, reflect the
number of first-layer sites relative to second-layer sites
would be the Xe 4d 1/4d 1I ratio at the saturation cover-
age of 2 ML in Fig. 1. The experimental value of
0.34+0.03, as explained earlier, is to be compared to the
escape-depth-derived ratio of 0.4010.03, expected if the
first and second layers have the same planar atomic den-
sity. If the first layer is comprised only of the fourfold-
hollow sites, then the planar density of the first layer
would be only 72% that of a close-packed second layer,?’
and the expected ratio would be 0.29+0.03. Unfor-
tunately, both predicted values are consistent with the ex-
perimental ratio within the quoted uncertainties, which
derive from the uncertainty on the measured integrated
intensity ratios (+10%) and the measured escape depth
(10%). The overall uncertainty in the Xe coverage is
+0.3 ML at a nominal coverage of 1.0 ML, and £0.4
ML at 2.0 ML. The magnitude of the latter uncertainty
makes it impossible to distinguish with certainty between
a 2.0-ML or 1.7-ML equivalent close-packed coverage us-
ing solely the relevant intensity data.

The energy separation between first- and second-layer
Xe 4d doublets implies differences in the initial- or final-
state interaction with the substrate electrons. We believe
that final-state effects are the main factor behind the ob-
served shift. Initial-state effects, which include chemical
interactions, and possible perturbations of the vacuum-
level alignment,?® are unlikely on the basis of several con-
siderations. Chemical interactions are, in general, negli-
gible for a physisorbed inert gas.”’ Perturbations of the
vacuum-level alignment would likely be associated with
the overlap of Xe valence orbitals and substrate regions
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of varying potential,?® or physisorption-induced polariza-
tion of first-layer Xe atoms.>® The first effect would have
as a consequence that the reference for Xe energy levels
would no longer be the local vacuum level, but rather a
value between the vacuum level and the mean electrostat-
ic potential inside the substrate.”® This would shift the
first-layer (Xe I) energy levels to higher binding energy
relative to the vacuum-level referenced second-layer (Xe
II) emission. We rule out this effect here by noting that
the observed Xe 4d I binding energy is, in fact, lower
than that of Xe 4d II. The other mechanism of perturba-
tion in vacuum-level alignment, namely a strong
physisorption-induced polarization of first-layer Xe
atoms, would yield a dipole layer that would reduce the
net work function, so second-layer Xe energy levels
would be shifted (relative to first layer) to higher binding
energy.’® We rule out also this type of initial-state effect
by noting that Xe-semiconductor interactions are known
to be weaker than Xe-metal interactions"? and, in the
latter case, Xe polarization-induced shifts are typically
only =0.1eV.%°

Possible final-state contributions to layer-dependent en-
ergy shifts include long-range screening by substrate con-
duction electrons*'®* and/or short-range screening by
bound valence electrons.! Only the latter may be
significant here, since the number of conduction electrons
in the doped samples used (10'® cm ™3, at least four orders
of magnitude less than in metals) is not large enough to
provide the metallic image-charge screening commonly
observed on metals.*'®* We propose that screening of
the final-state 4d hole on the first-layer Xe atoms occupy-
ing the fourfold-hollow sites on GaAs(110) predominant-
ly involves the valence electrons of the four outward-
shifted As atoms.’! Such a screening would be negligible
for second-layer atoms and explains the observed Xe 4d
I-Xe 4d 1I shift.

In their study of Xe adsorbed on Si(111) 7X7 surfaces,
Demuth and Schell-Sorokin? observed a 0.5-eV increase
in 5p, , binding energy in comparing the dominant first-
layer component and a ‘“‘condensed” Xe component seen
at ©=2.5 ML. A mechanism was not proposed by these
authors, but final-state screening by (localized) substrate
valence electrons seems to us the only plausible explana-
tion. This effect thus would appear to be significant for
both compound and elemental semiconductors. We ex-
pect it to be weaker on many metal surfaces investigat-
ed,*163% since the large size of Xe atoms, relative to the
metal substrate corrugation, restricts the Xe orbitals to a
region beyond the spatial extent of substrate valence or-
bitals.?’

Results for Xe condensation on a number of cleaved
compound semiconductor surfaces are shown in Fig. 2.
Xe 4d EDC’s for 0.3-0.5 ML of Xe adsorbed at
T=35%t5 K on HgTe(110), p-type Hg, ,Cd, Te(110),
and n- and p-type GaAs(110) (top to bottom) are present-
ed, at a photon energy of 130 eV (solid circles). The
EDC'’s in Fig. 2 are plotted as a function of ionization en-
ergy, i.e., the zero of the energy scale was referenced to
the vacuum level. This was done by adding the most reli-
able published values of photoemission threshold energies
(HgTe: 5.9 eV, Ref. 32; Hg, 13Cd, 5,Te: 6.0 eV, Ref. 33;
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GaAs: 5.56 eV, Ref. 34) to binding energies measured rel-
ative to the substrate valence-band maximum.’® The
latter was estimated from a least-squares linear extrapola-
tion of the leading valence-band edge. A single Xe 4d
doublet is observed at this Xe coverage on all semicon-
ductors, with an average 4d 5/, peak position of 66.3+0.1
eV (solid vertical line in Fig. 2) relative to the vacuum
level in the series. The result of a fit in terms of Voigt
functions is also shown in Fig. 2 (solid line) superimposed
with the data.’® The compelling similarity in 4d position
and line shape suggests that the same type of adsorption
site is present for Xe on all of these semiconductors, and
that only this site is populated at coverages of 0.3-0.5
ML on HgTe(110) and Hgy ,3Cd, ,,Te(110), as found for
GaAs(110).Y

We propose that on the (110) surface of cleaved zinc-
blende semiconductors the fourfold-hollow site formed by
anions is, in general, the preferred site for adsorption.
Whether at higher coverages other sites are populated on
HgTe and Hg, ;3Cd,, ,,Te remains to be seen. The densi-
ty of the fourfold-hollow sites on these surfaces is only
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FIG. 2. EDC’s at hv=130 eV for the Xe 4d emission from
submonolayer coverages of Xe (0.3-0.5 ML) on various semi-
conductor (110) cleavage surfaces at 35+5 K (solid circles). The
binding-energy scale was referenced to the vacuum level by add-
ing published values of the substrate photoemission threshold
energies to binding energies measured relative to the substrate
valence-band edge. We also show superimposed the result of a
least-squares best fit of the data in terms of a superposition of
Voigt functions.
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56% of the atomic density of Xe (111), but the accomoda-
tion of additional first-layer Xe atoms would probably re-
quire a film reconstruction. The resulting value of the Xe
4d ,, ionization energy (66.310.1 eV) on the surfaces of
the semiconductors in Fig. 2, is 0.6 eV higher than that
(65.71£0.1 eV, Ref. 4) observed for Xe atoms adsorbed on
a variety of polycrystalline metal surfaces. The implica-
tion is that image charge screening by conduction elec-
trons in a metal is significantly more effective than the
short-range screening by semiconductor anion surface or-
bitals.

In order to compare Xe-level ionization energies for
the semiconductors considered here directly with those
for Xe condensed on ZnO (Ref. 1) and Si(111) 7X 7 (Refs.
2 and 3), we need to examine the Xe 5p levels, the only
Xe levels accessible to the authors of Refs. 1-3. In Fig. 3
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FIG. 3. EDC’s at hv=280 eV for incremental Xe 5p emission
from atoms physisorbed at T=35t5 K on cleaved n-type
GaAs(110) (solid circles). The photoemission intensity is plot-
ted in relative units. The bottommost spectrum was obtained by
subtracting the valence emission from data taken with a Xe cov-
erage of 0.3 ML. The second, third, and fourth spectra from the
bottom were obtained by subtracting the normalized valence
emission at 0.3, 0.6, and 1.6 ML from that at 0.6, 1.6, and 2.0
ML, respectively. The incremental coverages are indicated to
the right of the corresponding spectra. The bottom two spectra
correspond to emission from the first layer of Xe atoms, while
the top two result predominantly from second-layer emission,
and display a splitting of the j=% branch characteristic of
close-packed Xe atoms. The splitting is designated approxi-
mately by tick marks, and the j =% branch FWHM by horizon-

tal bars.
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we present incremental EDC’s for the Xe 5p emission for
Xe on GaAs(110) in relative units, with the incremental
Xe coverage shown to the right of each, using Av=280eV.
Binding energies are measured relative to the spectrome-
ter Fermi level. To obtain the bottommost spectrum in
Fig. 3 we subtracted the clean GaAs valence-band emis-
sion from data taken at a Xe coverage of 0.3 ML. The
second, third, and fourth difference curves from the bot-
tom in Fig. 3 were obtained subtracting the normalized
raw data at coverages of 0.3, 0.6, and 1.6 ML from those
at coverages of 0.6, 1.6, and 2.0 ML, respectively. The 5p
doublets in Fig. 3 clearly display a broadened j=3
branch relative to the j =1 branch. For the bottommost
two spectra, mostly reflecting the Xe first-layer emission,
the broadening is relatively slight, while for the two top-
most spectra, mostly reflecting the Xe second-layer emis-
sion, it is quite dramatic (note the FWHM markers, hor-
izontal arrows, in Fig. 3), and a shoulder appears on the
low-binding-energy side of the j =3 branch (see vertical
bars).

The first-layer Xe 5p,,, emission appears (bottommost
difference curves in Fig. 3) at a binding energy of 8.1 eV
relative to the Fermi level, corresponding to an ionization
energy of 12.1 eV.3® For the second-layer emission (top-
most difference curves in Fig. 3) the corresponding ion-
ization energy is 12.5 eV. The latter is in good agreement
with the results of Gutmann et al.,! who observed a 5p, /,
line shape centered at an ionization energy of 12.4+0.1
eV at Xe coverages =1 ML on three different faces of
ZnO. The former is also in qualitative agreement with
observations on ZnO since, at low coverage on the
anion-terminated surface, the 5p, ,, ionization energy was
reduced by 0.5 eV relative to the multilayer value.! The
influence of ZnO(0001) surface oxygen atoms and
GaAs(110) outward-shifted arsenic atoms on the Xe
ator}r;s adsorbed at ‘““deep” sites appears, therefore, simi-
lar.

In the two reports available on Si(111) 7X7 (Refs. 2
and 3), Xe 5p, ,, binding energies are given relative to the
Fermi level, for p-type? and n-type® substrates. The 5p
positions for the two minority Xe first-layer sites relative
to the dominant first-layer sites (which account for
65-76 % of the total 5p intensity) are 0.10 and 0.45 eV to
lower binding energy in the report by Demuth and
Schell-Sorokin,?> while Markert et al.® report binding en-
ergies 0.17 and 0.30 eV lower than that of the dominant
feature. The disparity is probably due to uncertainties in
extracting the precise location of these weak features.
We therefore concern ourselves only with the S5p position
for Xe atoms occupying the majority first-layer sites. To
convert binding energies to ionization energies we add
the Si photothreshold energy (5.10 eV, Ref. 40) to the Xe
5p,,, binding energy referenced to the valence-band max-
imum. The latter quantity is obtainable only for the data
of Demuth and Schell-Sorokin,? where valence-band pho-
toemission spectra show explicitly the position of the Fer-
mi level at the valence-band maximum, indicating flat-
band conditions.*! This method yields a Xe 5p; ,, ioniza-
tion energy of 12.45 eV for the dominant first-layer 5p
component, and implies a =~12.95-eV 5p ionization ener-
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gy for the condensed component, seen at ©=2.5 ML.
Such values are some 0.5 eV larger than those observed
on GaAs(110) and ZnO, possibly implying a qualitatively
different adsorption configuration for Xe on elemental
and compound semiconductor cleavage surfaces. Further
comparative photoemission studies of Xe physisorption
on polar and nonpolar surfaces of elemental and com-
pound semiconductors, as well as reconstructed versus
unreconstructed surfaces, are necessary to shed light on
the origins of these differences.

The Xe 5p emission can also be used to gain informa-
tion on the coverage-dependent formation of the Xe band
structure. The Xe 5p-related bands have been studied for
Xe atoms physisorbed on single-crystal metal (see Mari-
ani, Horn, and Bradshaw®® and Refs. 30 and 42) and
graphite substrates.*> As nearest-neighbor Xe-atom dis-
tances decrease, the Xe 5p;,, branch broadens. A com-
plete close-packed Xe(111) layer displays a two-
dimensional band structure containing three bands, cor-
responding to the 5p,,, 5p;, (m;==x3), and 5p;,,
(m;==13) branches.’®3424 The qualitative change in
Xe 5p;,, level between first- and second-layer emission in
Fig. 3 reflects the splitting of the j =2 branch, and sug-
gests the formation of a close-packed second layer. The
approximate positions of the m;=+; and +3 com-
ponents are designated by vertical bars for the two spec-
tra, at binding energies of 6.6 and 7.2 eV, respectively.

A decomposition of the 5p line shape in terms of the
different m;-related branches is included in Fig. 4. On
the left-hand side we show EDC’s at Av=280 eV in rela-
tive units (solid circles) after subtraction of the compara-
tively weak GaAs(110) valence-band emission, with bind-
ing energies referenced to the Fermi level. In Figs. 4(a)
and 4(b) we show the results of a best fit of the data (solid
line) in terms of individual j=J and $ Voigt functions
(dashed lines) at Xe coverages where only the Xe 5p I
(first layer) emission is observed. For the higher Xe-
coverage spectra in Figs. 4(c) and 4(d), we subtracted the
Xe 5p I contribution using the computer-generated line
shape [Fig. 4(b), dashed line], normalized to the corre-
sponding Xe 4d I intensity in Fig. 1. The remaining Xe
5p II (second-layer) contribution is shown on the right-
hand side of Fig. 2. The 5p II line shape clearly contains
more than one component in the j =3 branch. A super-
position of three Voigt functions (dot-dashed lines) yields
a very good fit (solid line) of the experimental data (solid
circles).* The separation of the Sp,, and 5p;,
(m;==7) components is 1.31+0.05 eV, and the splitting
between the two j =3 branches (m;=+1 and *3) is
about 0.65-0.7 eV. Both values are consistent with
those expected for a close-packed Xe layer. Angle-
resolved photoemission experiments by Mariani, Horn,
and Bradshaw?® and Mandel, Domke, and Kaindl* yield-
ed a 5p,,, and 5p;,, (m;==]) separation of 1.25-1.35
eV, and a splitting between the two j=3 branches
(m; =24 and +3) 0f 0.55-0.7 V.*

The evolution of the 5p line shape in Fig. 4 strongly in-
dicates that the second-layer emission (Xe II in Fig. 4),
unlike the first-layer emission, reflects close packing of
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Xe atoms, so that the second-layer Xe atoms are neces-
sarily out of registry with substrate adsorption sites. We
mention that Hong and Birgeneau,*’ during studies of Xe
condensation on graphite (T <55 K), have also observed
a commensurate first layer, followed by incommensurate
second and third layers. How general this type of growth
mode is for Xe on semiconductors remains to be ascer-

T T T T T T

Xe on n-type GaAs

Xe 5p emission components

Photoemission Intensity (arb. units)

Binding Energy (eV)

FIG. 4. EDC’s at hv=280 eV for the Xe 5p emission from
atoms adsorbed at T'=35+5 K on cleaved n-type GaAs(110)
(solid circles). The photoemission intensity is plotted in relative
units, and binding energies are referenced to the spectrometer
Fermi level. Data on the left are shown following the subtrac-
tion of the GaAs(110) valence-band emission. Xe coverages in
monolayers (ML) are shown in the center of the figure. The
data (solid circles) are shown superimposed with the result of a
least-squares fit in terms of Voigt functions. The fit line shape at
®=0.6 ML has been reduced in intensity (following the Xe 4d
fit) and subtracted from the data at ®=1.6 and 2.0 ML, produc-
ing the data at the upper right (solid circles). Superimposed on
these spectra are similar fits containing three singlets (dot-
dashed lines), corresponding to emission from second-layer
atoms. (a) Xe 5p emission at ®=0.3 ML reflects the j=1 and
% branches (dashed line) of the Xe first-layer emission. (b) Xe
5p emission at ®=0.6 ML is also well reproduced by two first-
layer Voigt functions (dashed line). (c) Xe 5p emission at
®=1.6 ML (left, solid circles) after subtraction of the first-layer
contribution (left, dashed line) yields the second-layer contribu-
tion (right, solid circles) which is well reproduced by three
Voigt functions (right, dot-dashed line), corresponding to the
j=7 and % (m;=+1 and *3) branches of close-packed Xe. (d)
Xe 5p emission at ® =2 ML (left, solid circles), after subtraction
of the first-layer emission (dashed line), also shows (right) the
three branches characteristic of close-packed Xe.
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tained, since very few experiments sensitive to Xe-Xe dis-
tances have been conducted so far on these intriguing sys-
tems.

CONCLUSIONS

Photoemission studies of Xe atoms physisorbed on
cleaved GaAs(110) 1 X1 surfaces reveal a single first-layer
adsorption site, in contrast to results for Si(111) 7X7,
where three sites have been reported. Additional results
for Xe on HgTe(110) and Hg, _,Cd, Te(110) surfaces are
compellingly similar to those for Xe on GaAs(110), at
least in the low-Xe coverage regime examined, and sug-
gest the presence of a common type of adsorption sites on
this class of surfaces. We propose that Xe adsorption
occurs at the fourfold-hollow sites on all such surfaces.
The apparent 4d ionization energy for Xe atoms adsorbed
on these sites is about 0.6 eV larger than that found in
studies of Xe on metals, as a result of the reduced final-
state screening of the Xe 4d core hole by the semiconduc-
tor states. We attribute to the anion-derived semiconduc-
tor valence orbitals a primary role in screening the Xe
core hole. Condensation of a second Xe layer on
GaAs(110) produces Xe 5p spectral features characteris-
tic of the formation of a close-packed second Xe layer,
necessarily incommensurate with the substrate lattice.
Correspondingly, the ionization energies of 5p and 4d lev-
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els in second-layer Xe atoms become 0.4-0.5 eV greater
than those observed for the first-layer atoms, due to the
reduction is screening from the relatively localized
anion-derived orbitals. Earlier Xe physisorption results
on the anion-terminated ZnO surfaces yielded Xe 5p ion-
ization energies in good agreement with those found here.
In contrast, reported S5p ionization energies on Si(111)
7X7 are about 0.5 eV larger. Studies in progress will
clarify how generally different Xe adsorption is on com-
pound versus elemental semiconductors by examining po-
lar versus nonpolar surfaces, as well as reconstructed
versus unreconstructed surfaces.
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