
PHYSICAL REVIEW B VOLUME 49, NUMBER 11 15 MARCH 1994-I

Charge transfer and electronic screening at the As/Si(100)-(2x1) and
As/Si(111)-(1 x 1) surfaces
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As and Si Auger parameters for As terminated Si(100) and Si(111)surfaces have been measured
and analyzed in terms of ground state charge transfer across the interfaces and core hole screening
e%ciency. Our results indicate a small electron transfer ( 0.05 electrons per atom) from Si to As
at these interfaces. We find that for the As/Si(100) system core holes in atoms in the interface
layers are much better screened than in bulk Si, due to high polarizability in the As-As bond. The
screening is more bulklike at the As terminated Si(111)surface, consistent with the unreconstructed
"bulk-terminated" surface structure of this system.

I. INTRODUCTION

Arsenic termination of Si surfaces yields very low en-

ergy and chemically passivated surfaces that can be
used to manipulate epitaxial growth modes. ' As on
Si systems also features in attempts to integrate GaAs
and Si semiconductor technology. ' The study of the
charge transfer and relaxation energy shifts at semicon-
ductor surfaces and interfaces is now attracting increas-
ing interest. '

In our earlier work, s Auger parameter (AP) shifts for
the As terminated Si(100) surface with respect to the
bulk elemental solids were reported. In the present work
the measurements are repeated for the As/Si(111)-(1x1)
system, and AP shifts for both systems are interpreted
in terms of ground state charge transfer and the local
dielectric properties of the interfaces.

II. EXPERIMENT

As/Si(111) samples were grown on a p-type (0.75—
1.25 Acm B-doped) Si substrate using a VG Semicon
VSOH molecular beam epitaxy (MBE) reactor. The Si
wafer was HF etched followed by an HCl: H202. H20
(1:7:1)reoxidation routine~ and then introduced into the
MBE reactor. The oxide layer was desorbed by anneal-
ing at 850 C for 30 min, after which the substrate
was allowed to cool to 120 C in an incident As4 Qux of- 5 x 10' molecules cm s '. Following the epitax-
ial growth of an As monolayer, the specimen was held
at low temperature (( 15'C) in the As4 flux for about 1
h. Post-growth reflection high energy electron diffraction
(RHEED) observations suggested the As overlayer to be

amorphous in nature. Deposition of this cap provided a
protective layer for the underlying As/Si interface, allow-

ing removal of the specimens from the MBE apparatus
and transfer into analysis spectrometers without expos-
ing the interface. In addition, the cap allowed the mea-
surement of core level photoelectron and core-core-core
Auger electron energies for bulk As.

A sample was transferred to an electron spectrometer
and the As cap was cleaned by resistive heating to

300 C for periods of a few seconds. As L3M45M45
Auger spectra were excited using x rays &om an Mo
anode, operating the electron analyzer in fixed trans-
mission mode at a resolution of 0.07 eV. Photoelectron
spectra obtained using a monochromated Al x-ray source
with 0.5 eV resolution were also recorded. No Auger or
photoelectron lines were observed from the Si substrate
which, considering electron escape depths, indicates a
cap thickness greater than 200 A.

The As cap was then desorbed by heating to 400'C
for 60 min, leaving only the As mom. olayer termination
of the Si(111) surface. Scanning tunneling microscopy
studies have shown this procedure to produce an atom-
ically smooth As termination of the Si(ill) surface. A
very sharp characteristic 1x1 low energy electron diffrac-
tion pattern was observed, and x-ray photoelectron spec-
troscopy (XPS) showed the specimen surface to be free of
contamination. The 2p photoelectron spectra of Si and
As and the As L3M45M45 and Si KL2qL23 Auger spectra
of the As terminated Si(111)surface were then measured.
Although the Si spectra contain contributions from both
the interface and bulk sites, the large escape depth [) 25
A (Ref. 9)] for the KLL Auger electrons causes the bulk
component to dominate. In order to enhance the inter-
face signal and subsequently allow separation of bulk and
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interface contributions, Si KLI spectra were taken using
eight different electron emission angles 8, ranging from
0 to 70 &om the surface normal.

(0)

III. RESULTS
75

A. Arsenic spectra

Comparison of the As valence band photoelectron
spectrum with the work of Ley et aI,. suggested the cap-
ping layer to be amorphous in nature. This conclusion is
in agreement with the post-growth RHEED observations
and with the results of Raman spectroscopy performed
on identical specimens.

The As 2p3i~ photoelectron and L3M45M45 Auger
spectra of the cap and the As/Si(111)-(1x1) system are
shown in Figs. 1(a) and 1(b), respectively, and the photo-
electron and Auger chemical shifts are tabulated in Table
I.
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B. Silicon spectra

Using synchrotron radiation, Olmstead et al. have
obtained a surface sensitive and high resolution (0.3 eV)
Si 2p spectrum of the As/Si(111) system which shows an
interface component 0.75 +0.01 eV more bound than the
bulk contribution. The corresponding Si KL23L23. D2
spectrum for 8 = 0' (normal emission) is shown by the
crosses in Fig. 2. To establish the presence of a chemi-
cally shifted Auger interface component we first sought to
fit this spectrum to a single Lorentzian. This produced
the simulated curve shown by the solid line in Fig. 2
with peak position 1611.54 eV. The fit is relatively poor
and the Lorentzian width was required to be 1.10 eV,
larger than the previously determined lifetime broaden-
ing of the bulk component. The discrepancy between the
experimental data and the single component fit becomes
progressively worse as 8 is increased. This is clearly illus-
trated by the experimental spectrum for 8 = 60 plotted
as circles in Fig. 2. We conclude that the Si KLQ3L23
spectrum includes an interface component with lower ki-
netic energy than that of the contribution from the bulk
sites.

Assuming an exponential photocurrent attenuation
with distance from the sample surface, the fractional in-
tensity I,(8) derived &om the Si interface layer is given
by

I, (8) = 1 —exp( —d/(icos 8)),
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FIG. 1. (a) Arsenic 2ps~2 and (b) arsenic LMM Auger spec-
tra of the As/Si(111) interface (dashed curve) and of bulk As
(solid curve). The spectra in Figs. 1—3 are referenced to the
spectrometer vacuum level.

where d is the thickness of the Si interface layer and A is
the electron escape depth. To facilitate the separation of
bulk and interface Auger components we first used the Si
2p photoelectron spectrum with 8 = 60' obtained in the
present work to determine d/A. This spectrum was mod-
eled using two spin-orbit split doublets, each consisting
of two Lorentzians with lifetime broadening 0.08 eV,
intensity ratio 2:1, and spin-orbit splitting 0.6 eV. Using
the interface chemical shift determined by Olmstead et
al. ~s we found I, = 0.18, and from Eq. (1) we obtained
d/A = 0.10.

Auger spectra for 8 = 0,10,20, . . . , 70 were then
each modeled by two Lorentzian components each with
a full width at half maximum of 1.0 eV. The eight spec-

TABLE I. Measured arsenic chemical shifts AEq aud EEI„and Auger parameter shifts b,( and
AP for As/Si(111)-(1 x 1) and As/Si(100)-(2 x 1) relative to bulk As. All measurements are in eV.
The difference in work function between bulk As and the As terminated Si specimens introduces
an additional uncertainty in the determination of b,P as discussed in Sec. IV A.

System
As/Si(111)
As/Si(100)

DEI,(LMM)
—0.60 + 0.04
—0.52 + 0.04

b,Eg(2p)
—0.40 + 0.04
—0.12 + 0.04

—0.94 + 0.06
—0.62 + 0.06

EP
—1.80 + 0.06
—0.88 + 0.06
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FIG. 2. Si KL&3L&3. Dz spectra from the As(Si~111~ inter-
f f r 0 = 0' (crosses) and 60' (circles). The solid curve is
a numerical Gt to the 0' spectrum using a sing. e comp

50 '-

tra were simultaneously fitted, constraining I, (8) accord-
~1~ 'th d, A = 0.10. In this procedure the

only &ee parameters are the kinetic energy o t e in-
f d b lk contributions. Optimum fits were ob-

at 1611.59tained with bulk and interface components at 16
and 1611.14 eV, respectively, as shown in Fig. 3. ince
the escape eph e de th for the Si KLL Auger electrons is ex-
pected to be 10% greater than for 2p photoelectrons
excited by 1487 eV photons, the fitting procedure was
also per orme wif d 'th d/A as a &ee parameter. Allowing

t of the Si
cant improvement in the fit quality.

Althou h the interface component o
KL23L23 .'D2 l'ne is not resolved experiment y,

oug
tall this si-

multaneous fitting proce ure idure in which the peak positions
are t e ony eeh l & parameters imposes strict constraints
on the line shape analysis. The success in fitting a eig
spectra shows that AEI, given in Table II is reliably an
accurately determined.

0
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Kinetic energy (eV)

1614

and bFIG. 3. Si KLssLqs. D2 spectra for (a) e = 60' aud
8 = 20'. The experimental data are shown y cron b crosses with

Bulk and interface components are also shown.

AP = M,Es+ AEi,

and

h k is the potential per valence charge, and U
is the extra-atomic contribution. Shifts in core po e
AVcant en ereaeh b l t d to ground state charge trans er

E and AEI,4q, although the experimental quantities AEb an
are determine y o~ b b th AV and changes in the dynamic

lAR We now consider initial and finarelaxation energy
state Auger parameter shifts, defined by

IV. DISCUSSION respectively.

We write the core potential V for an atom in some
chemical environment as

A. Initial state Auger parameter

V = V, „+kq+U,
V is the contribution &om the nucleus and thew»ere ~~« is

withcore electrons, q isl the valence charge associated

The initial state AP shift for an atom in two inherent
16chemical environments may be written

AP = 24q(k —M),

AP
1.80 + 0.04
1.58 + 0.04

System
As/Si(111)
As/Si(100)

ifts A andn chemical shifts g anAE d AE and Auger parameter s i4
— 1 b lkS All t VAP for As/Si(111)-(1 x 1) aud As/Si(100)-(2 x 1) relative to u i.

AEg(KLL) b,Eg(2p)
—0.45 + 0.04 0.75 + 0.01 0.05 + 0.04
023+004 0 45 + 0.01 0.52 6 0.04

Reference 13.
Reference 14.
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where M represents the Madelung potential. While DP
provides a direct measurexnent of the ground state charge
transfer, estimates of b, q determined from Eq. (5) may
carry quite large errors for a nuxnber of reasons. First,
Eq. (5) relies on the approximation that the relaxation
energy for a two hole state is four times that for a one hole
state and the assumption that all core levels suffer equal
chemical shifts. Also k and M have similar magnitude
so that modest uncertainties in deterinining k (Ref. 16)
or M (due to relaxation of the atomic positions at the
surface) lead to large errors in their difFerence. Finally,
in measuring P the experimental errors can be large com-
pared with b,P since b,Es and AEg must be accurately
referenced. Nonetheless, we expect AP to provide a use-
ful first approximation of Aq.

B. Final state Auger parameter

~'(""=~ 'dN +dN'"" '
dN ~+dN

dk(j) dq ( . dk(j)) dU

(8)

which is equivalent to (6) provided that the k parameter
appropriate to the shallower core level j is used. The eval-
uation of the atomic potential parameters k and dk/dN
has been described at soxne length in earlier work '

and values have been obtained for As and Si.6 In this ear-
lier work we found that k and dk/dN for Si are 11.5 and
—3.3 eV, and for As are 11.2 and —2.8 eV, respectively.

It should also be noted that the final state AP's n and
g are determined by spectral separations of Auger and
XPS lines, rather than absolute Auger and photoelectron
binding energies, and so are independent of reference en-
ergy.

While to first order An is twice the change in dynamic
relaxation energy, expanding XPS and Auger energies as
Taylor series of V in core occupancy N, Thomas and
Weightman have derived the expression

V. ANALYSIS

A. Analysis of initial state AP shifa;s

~ =~ 'dN+dN'" 'dN'+dN
dk dq ( dk i dU

dN dN I, dN& dN (6)

((ijj )= EI,(ij j) + 2Eb(j ) —Eg(i)

= E~(hajj) + (2 —1/f) Es(&). (7)

In metallic systems core hole screening is extremely lo-
cal and (6) takes a particularly simple form in which
only the first term is nonzero. AP shifts are therefore
a direct measure of charge transfer in metals. In semi-
conductors the core hole screening eKciency is much re-
duced, and consequently AP shifts must be understood
in terms of charge transfer screening (dq/dN) and po-
larization (dU/dN), as well as charge difFerences in the
initial state.

Implicit in the derivation of Eq. (6) is the assumption
that i, j, k, and t all experience the same potential shift
due to changes in valence charge distribution. Chemical
shifts of the 18 and 2p levels of Si atoms in a variety of en-
vironments can be found in the literature, and in general
one finds that b,Eg(ls) ) AEb(2p). i Sodhi and Cavell22
have noted that the ratio AEs(j )/AEs(i) has a well de-
fined value f, and compiling data from the literature
Riviere et al.2i have found fs; = bEg(2p)/DEg(ls) =
0.74 + 0.02 and f~, = EEg(3d)/b, Es(2p) = 0.93 + 0.01.
For this reason it is useful to consider the more general
final state AP ( of Lang and Williams, given by

Values of APs; for the Si interface layers at the As
terminated surfaces are given in Table II. The Madelung
terms were calculated by the Evjen method giving values
of 8.3 and 5.7 eV for the top Si layer in the As/Si(111)
and As/Si(100) structures, respectively. Application of
Eq. (7) suggests the interface Si atoms have positive
charges, losing 0.28 electrons per atom and 0.16 electrons
per atom in the (111)and (100) systems, respectively. A
similar quantitative analysis cannot be carried out for the
As AP measurements since the spectra for bulk As and
As on Si have different reference energies, and P is not a
reference free quantity. Nevertheless, the sign of SPA, is
consistent with a negative charge on As in both systems.

Despite the uncertainties in both measuring and ana-
lyzing the initial state AP shifts, our results unaxnbigu-
ously give the direction of electron transfer to be &om Si
to As at As terminated (111)and (100) surfaces.

B. Dielectric screening model
of Snal state AP shifts

Here we adopt a simple dielectric screening model'
in which we consider an atoxn at the center of a spherical
cavity embedded in a medium of dielectric constant e.
Equation (8) becomes

(9)

Although the chemical shift of the Si ls level at the As/Si
interfaces could not be obtained experimentally, Ef was
obtained using the second equality in Eq. (7). Values
of b,$~, and E(s; for the two As/Si systems are given in
Tables I and II, respectively.

The difference in ((ijj ) between two chemical environ-
ments is given by

showing that in semiconducting systems dielectric diEer-
ences can dominate b,$ —a positive value of b( indi-
cating an increased screening eKciency, and a negative
value a poorer screening environxnent. Although here we
use the cavity model beyond its intended range of appli-
cation, we find justification for this in the fact that for
no~metallic systexns local polarization and screening ef-
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fects are dominated by the nearest neighbors. Since all
atoms at the As/Si interfaces are fully coordinated we
expect that the dielectric model is not an unreasonable
one, despite the lack of spherical symmetry. Inserting
values for k and dk/d% into Eq. (9), we obtain for Si

As Si / 5 w tcmCnt, 1.C. , Cinterface = 6interface (= Cinterface) the mean
efFective" screening model. Denoting the mean effective
dielectric constant of the As/Si(100) and As/Si(111) in-
terfaces by ezoo and eiii, respectively, Eqs. (10) and (11)
become

&(s = —3.286qs; —18.074(1/es;),

and for As,

(10) A(ioo ———3.284qioo —18.07
~

100
(12)

A(A, = —2.836qA, —16.836(1/eA, ). +(ioo = —2.83hqsoo 16.83 (13)

Equations (10) and (11) give two equations in four un-
knowns, namely, Aq and b, (1/e) for each element. The
imposition of charge conservation across the interfaces
(bqA, = —Aqs;) reduces the problem to two equations
in three unknowns.

The dielectric constant of bulk Si is 12 and bulk As, as
a semimetal, can be assumed to have ~ oo. In order to
determine the extent of charge transfer across As/Si in-
terfaces it is necessary to make sensible assumptions con-
cerning the screening eKciency of core holes for As and Si
atoms at the interfaces. In the language of Eq. (11), this
amounts to ascribing appropriate effective dielectric con-
stants for the interface layers. Since dielectric response is
essentially determined by the amount of mobile charge,
and this may be different at bulk and interface sites, we
assume that the local dielectric properties at the interface
may be described in terms of a "local effective dielectric
constant" ~,.„~,f „,where Z can be As or Si. One may
expect a priori that the effective dielectric constants at
the As and Si atoms at As/Si interfaces have values be-
tween those of the respective elemental solids.

f. Simple screening models

Equations (10) and (11) impose quite powerful con-
straints on the value of the screening contributions to
the environmental dependence of the elemental Auger
parameters. This can be seen by considering several sim-

ple screening models. If we assume an "unperturbed"
model in which the screening at the As and Si interface
sites is the same as in the respective elemental solids, i.e. ,

A(1/e) = 0 for both As and Si atoms, we obtain charge
distributions at the two interfaces given by Si As+
for As/Si(100) and Si ' As+ ' for As/Si(111), results
which are not compatible with charge conservation. Simi-
lar problems are encountered using other extreme screen-
ing assumptions. For example, if the interface As and Si
layers are assumed to be metallic in nature, i.e., ~ oo,
we obtain Si+ sAs+o 2 for As/Si(100) and Si+ As+
for As/Si(ill), while if it is assumed that the interface
layers are screened as in bulk Si we find Si As for
As/Si(100) and Si o As for As/Si(111). These re-
sults are clearly unsatisfactory and demonstrate the sen-
sitivity of the 6nal state AP shifts to the interface dielec-
tric properties, and hence the need for a more realistic
treatment of the screening at the interfaces.

g. "Mean effective" screening

We now adopt the assumption that the As and Si in-
terface layers have the same effective screening environ-

with corresponding equations in Agiii, Aqiii, and xiii.
Imposing the constraint of charge conservation at the in-
terface, Eqs. (12) and (13) can be solved for e]pp and
Aqipp. At the As/Si(100)-(2x 1) interface we find a trans-
fer of 0.05 electrons per atom from Si to As and a mean ef-
fective dielectric constant eiop = 22. For the As/Si(ill)-
(1x 1) interface we find ei i i ——15 and a charge transfer
of 0.07 electrons per atom from Si to As. As expected,
the mean effective dielectric constant at the interface in
both systems is found to be between the values of bulk
Si and As.

It should be noted that experimental errors in mea-
suring b,( correspond to 15'Pp uncertainty in b, q and

3% uncertainty in e; i„r„in these systems.

8. "Differential" screening

In reality, one expects on the basis of the availability
of screening charge that the mean effective model is an
exaggeration and that the As atoms at the interface are
better screened than the atoms in the Si interface layer,
1.C. )

As As si Si
E Q 6interface + 6interface + 6interface +

Thus the physical situation lies between the "unper-
turbed" and "mean effective" screening models. Gener-
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FIG. 4. Solution of Eqs. (15) aud (16), the differential
screening model for As/Si(100). The dielectric constant of
the As overlayer e~p'p (dashed curve) and the charge transfer
Aqypp (solid curve) are plotted as functions of E'happ the di-
electric constant of the Si interface layer. The dotted vertical
lines indicate the range of E'goo permitted by the difFerential
screening model.
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FIG. 5. Solution of Eqs. (17) and (18), the difFerential
screening model for As/Si(111). The dielectric constant of
the As overlayer eii'i (dashed curve) and the charge transfer
Eqiii (solid curve) are plotted as functions of xiii, the di-
electric constant of the Si interface layer. The dotted vertical
lines indicate the range of ez&z permitted by the differential
screening model.

ative to their bulk values indicates electron transfer from
Si to As across the interfaces in both systems. Quan-
titative estimates of the charge transfer consistent with
charge conservation and with the known screening prop-
erties of the bulk elemental solids deduced from the ob-
served final state shifts b,( confirm this. The mean effec-
tive screening approach suggests a transfer of 0.05 elec-
trons per atom from Si to As in both systems, consistent
with the greater electronegativity of As. Although we ex-
pect the mean efFective dielectric constants t;„q„g„to be
indicative of both As and Si interface screening environ-
ments, adopting the more realistic difFerential screening
model in which core holes on As sites are better screened
than on interface Si sites (i.e., allowing the divergence

charge transfer estimates are reduced. We therefore con-
clude that 0.05 electrons per atom is an upper bound
on the ground state electron transfer from Si to As across
the As/Si(100) and As/Si(111) interfaces.

alizing Eqs. (12) and (13) to allow for differential screen-
ing, and again imposing charge conservation, we obtain
the relations

B. Core hole screening efBciency

In terms of the mean efFective screening model, we find
that

1,71 19 5/eipp + 18 1/eipp E' ~ 6].&& g 6&pp g 6
sj g As (19)

0 99:3 286qipp + 18 1/&imp (i6)

2.56 = 19.5/eii'i + 18.1/xiii, (i7)

1.47 = 3.285,qi,', + 18.1/xiii. (i8)

If we use the relation City] ) city] Q 6 indicated by the
vertical lines in Fig. 5, we find that E]]y ( E'gyes ( 20
and the charge transfer from the Si to the As across the
interface is less than 0.07 electrons per atom.

VI. CHARGE TRANSFER
AND SCREENING EFFICIENCY

AT As TERMINATED Si SURFACES

The solution set 6'ygp vs Cypp is given by the dashed line in
Fig. 4, while the solid curve indicates the corresponding
charge transfer as a function of esipp. Taking the condition
eipp ) eipp ) e ' (delimited in Fig. 4 by the vertical
dotted lines), we find that eipp ( eipp ( 100, and the
charge transfer from Si to As is constrained by —0.15 (
Aq ( 0.05.

Solution of the differential screening model for the
As/Si(111) system is shown in Fig. 5. The effective di-
electric constants and the charge transfer at the interface
are related by

In other words, the core hole screening efficiency at
the As/Si(100) interface is much better than at the
As/Si(111) interface. This can be clearly seen in Figs.
4 and 5. Even given the spread of values of e, '~„& „and
'Ej g gf~c permitted by the differential screening model
the As/Si(100) system clearly has the more favorable
screening environment.

We also note that eiii 2', and the differential
screening approach allows little divergence of esiii and
eii'i from eiii. This result implies that As termination
of the Si(111)surface gives an almost bulk-Si-like screen-
ing environment at the surface. This seems wholly rea-
sonable since As terminates the Si(111) surface giving
an unreconstructed bulk terminated surface geometry.
The tetrahedral bonding is preserved with each As atom
bonding to three interface Si atoms and the As lone pairs
replacing the Si-Si bonds in the (111)direction. Although
As-Si bonds may be expected to be more polarizable than
Si-Si bonds, the screening environment of the Si interface
atoms is not significantly improved with respect to a bulk
lattice site.

At the 2xl reconstructed As terminated Si(100) sur-
face, one may expect the As dimers to form an efFective
screening reservoir. We may then attribute the fact that
our results indicate a better screening environment at the
As/Si(100) interface to the formation of readily polariz-
able As-As dimer bonds.

A. Charge transfer VII. CONCLUSIONS

Analysis of the initial state AP shifts for As and Si
atoms at As terminated Si(100) and Si(111)surfaces rel-

Initial state and final state Auger parameters of As
and Si for As terminated Si(100) and Si(ill) surfaces
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have been measured and related to the charge transfer
and the screening properties at the interfaces. Estimates
of charge transfer based on initial state AP shifts indicate
electron transfer &om Si to As in both systems. Analysis
of final state AP shifts confirms this, but suggests that
the charge transfer is small ( 0.05 electrons per atom).
The improved screening environment at the As/Si(100)-
(2xl) surface indicated by the final state AP shifts is
attributed to the formation of polarizable As-As dirner
bonds. The almost bulk-Si-like screening environment
at the As/Si(111)-(1xl) surface is consistent with the
tetrahedral surface structure.

We point out that interpretation of XPS shifts alone
may give a very misleading picture of the charge transfer
at interfaces. AP analysis, on the other hand, allows the
separation of ground state and relaxation energy shifts.

The measurement of AP shifts provides a local probe
of surfaces and interfaces, and the present study indi-
cates the wealth of electronic structure information they
can supply. An understanding of the charge transfer and
dielectric properties of semiconductor interface layers is
relevant to device fabrication and performance. AP anal-
ysis of the kind presented here should prove useful in this
area.
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