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Surface 3d and 4d core-level binding-energy shifts have been resolved in photoemis-
sion from GaAs(110) and GaSb(110), which yield new information on semiconductor sur-,
face reconstruction. The shifts (~0.3 eV) are toward higher (lower) hinding energies for
the surface cations (anions), in agreement with a simple model involving the known sur-
face relaxation of GaAs(110) with a geometry-dependent initial-state charge transfer.
Surface core-excitation binding energies, core-level widths, escape depths, etc., are

reevaluated.

PACS numbers: 71.70.Ms, 73.20.Cw, 79.60.Eq

We have observed shifts in the 3d and 44 core-
level photoemission binding energies of surface-
layer atoms relative to bulk atoms for the (110)
cleavage surfaces of GaAs and GaSb. Recently,
such shifts have been reported for several 5d
metals.!”® These surface binding-energy shifts,
which measure the change in the electrostatic po-
tential at the core, yield new information on
charge redistribution in the surface layer which
accompanies the large reconstruction and/or re-
laxation that invariably occurs for semiconduc-
tors.? GaAs(110) is the prototype surface since
its atomic structure is the best understood of any
semiconductor; there is general agreement that
surface As atoms move outwards and surface Ga
atoms move inwards, with a ~25° bond-angle ro-
tation®*® and a charge transfer from Ga to As sur-
face atoms.” For GaAs(110), we find that the sur-
face Ga 3d level is shifted to larger binding ener-
gy by AEz=+0.28 eV, while the As 3d level is
shifted to smaller binding energy by AE 5 =- 0.37
eV relative to their bulk counterparts. Compara-

ble binding-energy shifts are observed for GaSb
(110): AEZ(Ga 3d)=+0.30 eV and AE;(Sb 4d)
=-0.36 eV.

To our knowledge, the only calculations of such
geometry-dependent binding-energy shifts for
semiconductors are ab initio valence-band calcu-
lations using small clusters which have been used
to study the reconstruction and/or relaxation and
oxidation of GaAs(110).* Barton, Goddard, and
McGill* have reported core-level shifts of AE ;(Ga
3d)=-0.19 eV and AE 5(As 3d)=+0.24 eV for re-
laxed surface atoms (25° bond-angle rotation) rel-
ative to unrelaxed surface atoms. However,
these shifts (of opposite sign) cannot be directly
compared to our experimental shifts, which are-
measured relative to bulk atoms. Semiconductor
surface core-level shifts relative to bulk atoms
have not been calculated using ab initio self-con-
sistent methods for lack of experimental data.
However, tight-binding calculations have esti-
mated that the surface relaxation is accompanied
by a charge transfer from Ga to As surface
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atoms,” and that the charge transfer for the ideal
(110) surface is reduced by about a factor of 2 by
a 25° bond-angle rotation. Under the assumption
that initial-state charge-transfer effects are pre-
dominant, this result together with the relaxation-
dependent shift calculated by Barton, Goddard,
and McGill® is consistent both with the observed
directions and magnitudes of surface Ga and As
core-level shifts relative to the bulk.

The observation that Ga 34 surface core-level
binding energies are ~0.3 eV larger than bulk
values implies that Ga 3d surface core-exciton
binding energies are larger than previously esti-
mated.? Namely, Ga 3d surface-exciton binding
energies are 20.8 eV, for GaAs and GaP, or
about an order of magnitude larger than the cor-
responding bulk Ga 3d exciton binding energies.®
Recent surface core-exciton calculations by Al-
tarelli, Bachelet, and Del Sole'® for a simple
model show good agreement with these results.

The photoemission data were taken with a dis-
play spectrometer' and a toroidal grating mono-
chromator at the Synchrotron Radiation Center at
Stoughton. The combined system resolution (mon-
ochromator and spectrometer) in the photon en-
ergy range 20-80 eV was about 0.15 eV, as de-
termined from the Fermi-level edge of a metal
substrate. The samples used were lightly Zn-
doped p-type single crystals of GaAs, GaSb, and
GaP with freshly cleaved (110) surfaces. The
working pressure in the vacuum chamber was
better than 107!° Torr.

Figure 1 shows several angle-integrated photo-
emission spectra for Ga(3d), As(3d), and Sh(4d)
core levels in GaAs and GaSb; results for GaP
are very similar (not shown). Since the escape
depth for photoelectrons depends strongly on kine-
tic energy, surface-to-bulk core-level emission
intensity ratios can be varied by using different
photon energies. Two spectra for each core lev-
el are displayed in Fig. 1: one with a photon en-
ergy ~10 eV above threshold, which shows main-
ly the bulk emission (large escape depth); the
other at a photon energy ~ 40 eV above threshold,
which shows significant surface core-level emis-
sion (small escape depth). At the lower photon
energies, emission from the spin-orbit-split
core-level pair (d;/,,d,/,) from the bulk is clear-
ly observed; at the higher photon energies, an
additional set of surface core levels separated
by the same spin-orbit splitting which is shifted
relative to the bulk levels is observed. The sur-
face and bulk d;,, core-level positions for As and
Sb as well as the surface and bulk d,/, core-level
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FIG. 1. Photoemission spectra for 3d and 4d core
levels in GaAs(110) and GaSb(110). Spectra for low
photon energies (~10 eV above threshold) show mainly
bulk emission (B) while spectra for higher photon en-
ergies (~40 eV above threshold, small escape depth)
show additional surface core-level emission (S). BG
denotes the inelastic secondary-electron background.

positions for Ga are indicated in Fig. 1 (to be
discussed).

After subtracting smooth secondary-electron
backgrounds from the spectra in Fig. 1, the core-
level spectra (primary emission) shown in Fig. 2
(circles) are obtained. Each curve is numerical-
ly fitted with four Lorentzians, two for the bulk
and two for the surface, with the same d;,-d;/,
spin-orbit splittings, the same d,/,-d;/, intensity
branching ratios, and the same spectral widths
for the bulk and surface contributions. The fitting
results are shown as solid and dashed curves in
Fig. 2 for the total, bulk, and surface contribu-
tions. The agreement between experiment and
this simple theoretical fit is excellent, thus jus-
tifying the assumption that there is primarily on-
ly one significant surface core-level shift involved
in each case. Since the core-level lifetime broad-
enings are much larger than the experimental
resolution, it is justified to use Lorentzian line
shapes for fitting.'? The results of the above
analysis, including the binding energies, surface
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FIG. 2. Photoelectron 3d and 4d core-level spectra
with secondary-electron backgrounds (BG) subtracted
(circles) and fitting results shown as solid and dashed
curves for the total (T), bulk (B), and surface (S) con-
tributions (see text).

core-level shifts, spin-orbit splittings, spectral
widths, escape depths, etc., are listed in Table
I, where we have taken the Ga 3d,,, binding ener-
gies to be 18,60, 18.70, and 18.40 eV, referred
to the valence-band maximum for GaAs, GaSb,
and GaP, respectively.? The escape depths !
were calculated from the measured surface- to
bulk-intensity ratios R using the relation® I/d

=[2V21n(1+R)] ", where d is the cubic lattice
spacing (5.65 and 6.10 A for GaAs and GaSb, re-
spectively). The measured ratios for final-state
energies of about 40 eV above threshold were R
=0.40 for Ga and As in GaAs and R =0.52 for Ga
and 0.72 for Sb in GaSb (see Fig. 2). We tenta-
tively attribute the larger surface contributions
for GaSb and their asymmetry to a larger inelas-
tic scattering cross section for Sb relative to As
and Ga. The escape depth for GaAs at ~40 eV
final energy is about 6 10\, in good agreement
with our earlier photoemission measurements.®
The observed surface core-level shifts reflect
initial-state changes in the electrostatic potential
in the atomic core region due to charge transfer
(configurational and chemical shifts) as well as
changes in final-state relaxation shifts.!* We
-consider the final-state relaxation shifts first.
For the long-range part, a core hole localized
at the surface experiences only half-space dielec-
tric screening as compared with the full-space
dielectric screening in the bulk; therefore differ-
ential surface core-level shifts are expected to
be negative. On the other hand, the existence of
empty surface states with large excitonic binding
energies with the surface core holes®!® implies
more effective dielectric screening for a surface
core hole than for a bulk core hole; therefore
this should lead to positive surface core-level
shifts. It is difficult to calculate these final-
state shifts quantitatively; yet they might be ex-
pected in general to be of the same sign for the
cations and the anions. Experimentally, the ob-

TABLE I. Summary of measured and deduced bulk and surface quantities. These include bulk and surface binding
energies referred to the valence-band maximum for the d;;, component of each core level, and their difference
(surface core-level shift). Spectral widths and spin-orbit splittings for surface and bulk core levels are deduced
from the numerical fit shown in Fig. 2. The escape depths depend on the photoelectron final energies (E) which
are shown in the square brackets. All energy values are in units of eV.

GaSb GaAs GaP

Ga(3d) Sb(4d) Ga(3d) As(3d) Ga(3d)

Bulk binding energies Ez(ds/,) 18.70 31.67 18.60 40.37 18.40

Surface binding energies Eg(d;/,) 19.00 31.31 18.88 40.00 18.68

Surface core-level shifts AEz =Eg —Ep 0.30 ~0.36 0.28 -0.37 0.28

3d and 4d spectral widths (FWHM) 0.32 0.44 0.33 0.43 0.33

dy/y-ds, spin-orbit splittings 0.43 1.25 0.44 0.70 0.43
Escape depths (R) [E (eV)] 19 19] 19 [10] e
4.5+ 0.6 [40] 5.9 [41] 5.9 40] e

Ga(3d;/,) ~surface exciton transition energies 19.37 : 19.68 s 19.69

Ga(3d) —~surface exciton spectral widths ~0.20 ~0.3 ~0.25
Lower bounds of surface exciton binding energies 0.72 0.8 0.8

2Relative to indirect edge at X, L.
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served surface core-level shifts are positive for
the cations and negative for the anions with com-
parable magnitudes; therefore, the differential
final-state relaxation shifts are probabdbly less im-
portant than initial-state shifts in the present
case. Such bidirectional shifts are in fact consis-
tent with a simple interpretation invoking initial-
state charge transfer as previously mentioned.

The Ga 3d;/,-3d,/, spin-orbit splittings in Table
I are consistent with those obtained via partial-
yield spectra for the Ga 3d to empty—surface-
state excitonic transitions.® These excitonic tran-
sitions have measured full widths of 0.2-0.3 eV
(slightly instrument broadened) which are signifi-
cantly smaller than the corresponding widths de-
duced from the core-level photoemission data
(Table I). This is possibly due to excitonic screen-
ing effects which could increase the lifetime of
the excitation (i.e., viewed crudely as an “excited
neutral localized excitation”) relative to that of
the usual 34 core-hole excitation. The measured
surface core-exciton transition energies and Ga
3d surface core-level binding energies have been
used to deduce lower bounds for the surface exci-
ton binding energies (Table I), since bounds on
lowest energies of the single-particle empty sur-
face states are known from surface Fermi-level-
pinning experiments.® The large surface exciton
binding energies (0.8 eV for GaAs and GaP) com-
pared with the bulk values (~0.1 eV)° are consis-
tent with the results of a simple model calcula-
tion'® by Altarelli, Bachelet, and Del Sole.

In summary, we have observed surface core-
level shifts for GaAs, GaSb, and GaP. Such
shifts should provide a critical test for various
theoretical models for the surface relaxation of
GaAs, GaSb, etc. Similar measurements for re-
constructed Si(111)-7x7, Si(111)-2x1, and Si(100)-
2X1 surfaces should provide new information
concerning many long-standing questions about
these surface geometries.® For example, Chadi
et al.'® have recently proposed an interesting
model for the Si(111)-7X7 surface which is buck-
led (2X1)-like in nature with ringlike arrange-
ments of positively and negatively charged sur-
face atoms with a charge transfer up to 0.3 elec-
tron. According to this model, both positively
and negatively shifted surface core levels should
be observed with intensity ratios given by the

corresponding numbers of surface atoms, etc.
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