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Final-State Effects in Photoemission from Metal-Semiconductor Interfaces
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In this Letter we stress the importance of final-state eAects in photoelectron spectroscopy. In particu-
lar, we address the problem of Schottky-barrier formation, as studied via core-level shifts in photoemis-
sion. We have calculated the shift of the core-level distribution when a semiconductor surface is covered
with a metal, using a wave-vector-dependent image-screening model. We conclude that final-state
eftects, which are generally neglected in this context, are in fact quite important. This conclusion is sup-
ported by experimental observations reported in the literature.

PACS numbers: 73.30.+y, 79.60.Eq

After decades of intensive studies, the mechanism
behind the Schottky-barrier phenomenon remains a sub-
ject of debate. On the experimental side, much of the re-
cent information is derived from studies of core-level pho-
toemission. At an early stage it was found that barrier
heights deduced from core-level shifts are practically the
same as those observed by electrical methods [1]. Conse-
quently, photoemission has been accepted as a method for
investigation of the microscopic details of Schottky-
barrier formation. It is worthwhile to note, however, that
this conclusion was based on results with submonolayer
metal coverages, i.e., before it was realized that the final
Fermi-level pinning is modified at the formation of a me-
tallic overlayer [2-7]. As the great majority of studies so
far have been made on nonideal interfaces, it is justified
to question the experimental support for detailed
equivalence between photoemission and electrical mea-
surements. On the contrary, in the few cases when well-
defined (i.e., atomically abrupt and crystallographically
ordered) metal-semiconductor interfaces have been
formed, significant differences were reported [8-10].

According to the textbook treatment of the rectifying
metal-semiconductor junction [11],the barrier can be di-
vided into two parts. One part is related to the interface
Fermi-level pinning, and the other to the image potential.
For n-type semiconductors the two contributions have op-
posite signs, so the effective barrier peaks typically 50 A
from the image plane (i.e. , away from the metallic re-
gion). Further away from the interface the band bending
dominates, but closer to the interface the image potential
becomes important. Recalling that the photoemission
method probes essentially the first 10 A or so from the in-
terface, it is crucial to examine the influence of the image
potential on photoemission results —this eA'ect is general-
ly neglected when extracting the barrier height. In this
Letter we discuss the efIects of nonlocal metal-induced
screening on a localized charge, such as the core hole in
the final state of the photoemission process. It should be
stressed that the point of our interest is equally relevant
whether the actual interface states responsible for the
Fermi-level pinning are defect states [1] or metal-induced

gap (MIG) states [12].
We have modified our earlier calculations [13] to take

into account the wave-vector dependence in the model
dielectric function, for both the semiconductor and the
metal. This implies that the image potential saturates at
the interface. The model consists of two semi-infinite
dielectric media, described by dielectric functions e~(q)
(semiconductor) and s2(q) (metal or vacuum) [14]. The
core hole is approximated with a static point charge Q sit-
uated at a distance zo inside the semiconductor. We cal-
culate the induced (image) potential energy in the semi-
conductor, p~, for both the semiconductor/vacuum and
the semiconductor/metal systems. Using space-transla-
tional invariance and time independence we solve

—V'yD =4nga(r+z, z),
y(q) =y (q)/~(q),

subject to the boundary conditions

P~ (q, z =0) =$2(q, z =0),

(2)

(3)

z=0
(4)

The potentials p and p correspond to the D and E fields,
respectively. For the semiconductor we use [15]

s)(q) = I+k(/(c+q'), (s)

and for the metal

s2(q) = 1+k p/q ',
where k[ ' and k2 are the Thomas-Fermi screening
lengths in the semiconductor and the metal, respectively.
All dielectric matrices used have in common that local-
field eff'ects are neglected. Inclusion of local fields would
require the use of dielectric matrices of the form ~(q
+G,q+G'), where G, G' are reciprocal-lattice vectors.
The eAect of a nondiagonal dielectric matrix is to put the
screening charge in the bond regions. Using a diagonal
dielectric matrix implies spherical averaging of the
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(7)

where

screening charge in the bond regions. Using a diagonal dielectric matrix implies spherical averaging of the screening
charge density. Local-field effects are known to be important [16]. However, in this case we consider quantities aver-
aged over q and are thus less sensitive to details in the dielectric matrix. We then find the following for p~..

I 2 I 2 12 920
g

2 II2 20I —gi2+20i
M, v( ) BM, v e + ~ + 2rrg

e( 2x)(x) —q) q 2x)(x&+q) x, (x~2 —q2) 8]

x, =(e+k'+q') '"
x, =(k,'+q') '/',

(8)

ei = I+A(/c (10)

is the static dielectric constant.
The indices M and V refer to semiconductor-metal and semiconductor-vacuum systems, respectively. Using the

boundary conditions [Eqs. (3) and (4)], the coefficients B are

2+Q [q/x~ I/&i+ (q/x~ ) (I —I/e~ )]e "—2(q/x~ ) (1 —I/e~)e
2+ I /e~ + (q/x~ ) (1 —I/e~ ) +q/x~

2zg 1 (I +q/x ~ )e ' —2(q/x ~ )e

q ei 3+ I/e)+ (q/x))(1 —I/e, )

The electrostatic image potential p, in the semiconductor region is the part corresponding to B~ t':

eg2
(P )= q BM' + I — I+. e ' e'q

(2') ' 8] K']

(12)

(13)

WM y(0, —zp) =

In order to compare with the experiment, we also calcu-
late the photoelectron distribution intensity according to

lM, v(E) —Xe

The electrostatic image energy at the core hole is ob-
tained by building up the charge Q from infinitesimal For the following calculations we used the screening
charges dg: lengths k~

' =3.3 A. and kq ' =0.5 A for the semicon-
ductor and the metal, respectively, and a bulk dielectric

dgy, (0, —zp) . (14) constant e~ =12.34. The result for the (induced) poten-
tial in the semiconductor region is shown in Fig. 1. For
the photoelectron distribution intensity, the total
broadening y is taken to be 0.7 eV. %'e did not include

y/2x the Ga(3d) spin-orbit splitting, since we only want to ex-
[p —p —WM ~(0 —z, )]2+(&/2)~ ' amine the size of the shift due to final-state screening.

15
Figure 2 shows the result for l=8 4, which is a typical
probing depth in UV photoelectron spectroscopy. With

where E, is the binding energy of the core level, z; are the
positions of the emitting atoms, l is the mean free path,
and y is the total broadening of the core level.

As a numerical example, we apply Eq. (15) to Ga(3d)
emission from a metallized GaAs(100) surface [3], in
which case we imagine as a model a Ga-terminated sur-
face touching a sharp metal interface. The distance from
the first Ga layer to the image plane in the present model
is therefore taken as z~ =1.4 A. The screening length
k] is a measure of the characteristic distance beyond
which the core hole is completely screened. We believe
that reasonable screening lengths for ionic semiconduc-
tors are —2-5 A. The core shifts are not very sensitive
to screening lengths in this range, but will of course de-
crease with decreasing screening length (in this range of
k~

' we obtain core shifts between 0.10 and 0.15 eV).
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FIG. 1. The electrostatic image energy for semiconductor/
vacuum (Wp) and semiconductor/metal (WM) systems.
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FIG. 2. The photoelectron energy distribution for the
semiconductor/vacuum (Iv) and semiconductor/metal (IM) sys-
tems.

FIG. 3. The core-level shift h, as a function of the mean free
path I.

these parameters our calculation gives a shift (A) of 0.13
eV. To examine the eAect of varying surface sensitivity
we also calculate h, as a function of l. The results are
shown in Fig. 3. We notice that the shift increases with
increasing surface sensitivity (small l). Clearly, the effect
is by no means negligible for studies of the Schottky-
barrier problem. As pointed out before, our model as-
sumes that the local (on-site) screening is not perfect
when the core hole is created. By "perfect" we mean that
the screening charge (inside the atomic sphere) is less
than one electron when the hole is created. The poor on-
site screening of the core hole is due to lack of states for
the screening charge. This efI'ect has been seen in calcu-
lations on semiconducting CuO compounds [17] where
the d band is nearly filled. When local empty states are
available (e.g. , in the case of Mn impurities) the core
hole can actually be slightly overscreened [18]. The im-
portance of on-site screening has also been investigated
for adatoms on a metal (jellium) surface [19]. It was
found that the screening is large only if the valence shell
of the adatom can accommodate the extra charge sup-
plied from the metal.

At this point we consider a couple of cases where we
believe that the screening efI'ects are actually observed.
We have already mentioned the deviation between photo-
emission and electrical results on epitaxial Pb/Si(111)
contacts. Leaving aside the problem of explaining the re-
ported dependence of the Schottky-barrier height upon
the interface geometry [8-10,20], we note that the bar-
rier, as deduced from photoemission data, is larger than
that obtained via I-V or C-V measurements. It has been
suggested that this difI'erence could be due to a structural
modification at the interface when a thick metallic over-
layer is formed [21]. However, there are indications that
this is not the case [22]. An alternative explanation can
be the above discussed metal-induced core-hole screening.
The energy of the final state should be lowered by 0.1-0.2
eV. This would be observed via an increased kinetic ener-

gy of the photoelectron, implying a larger Schottky bar-

rier.
One might suspect that details like the ones discussed

here would only be distinguishable for ideal systems.
However, in a series of studies of reacted rare-earth/
GaAs(110) interfaces Prietsch et al. [4] could identify
spectral features from the reacted overlayer as well as
from the unreacted substrate. Following the development
of the core-level binding energies with metal deposition,
these authors observed distinct shifts accompanying the
appearance of metallicity in the overlayer. It was found
that all core-level energies were reduced in approximately
the same manner, sho~ing that the shifts are not of
chemical nature. Two eAects were considered which
could explain the observed shifts, namely, final-state
screening and M IG-state Fermi-level pinning. The
screening mechanism was regarded as less likely, mainly
because Schottky-barrier heights deduced from the pho-
toemission data coincided with results from electrical
measurements. In view of the above-mentioned discrep-
ancies for more ideal interfaces, this criterion is rather
dubious. On the contrary, assuming that the shifts are
due to MIG states, we would expect a dipole associated
with occupation of these states (noting that the rare-earth
elements are strongly electropositive relative to Ga and
As), and consequently, opposite core-level shifts in the
substrate and in the overlayer.

Other types of experiments also indicate the impor-
tance of imperfect screening in ionic semiconductors. By
combining photoemission and inverse photoemission it
has been inferred [23] that the relatively poor screening
in GaAs may increase the total energy (relative to a well
screened system) by 0.4 eV.

The model calculation discussed above treats only one
specific aspect of the photoemission process, namely,
final-state screening of the core hole. A full description
of the measured core-level shifts in principle has to be
based on ab initio band-structure calculations. The ini-
tial state shifts can then be obtained from the diAerence
between core-level eigenvalues for the semiconductor/
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vacuum and semiconductor/metal systems. The effect of
relaxation is given by total-energy calculations on systems
with and without the core hole (ASCF). To our
knowledge no such extensive calculations have been pub-
lished so far.

We conclude that extreme care should be exercised
when extracting information about Schottky barriers
from core-level shifts in photoemission. EA'ects of final-
state screening may be of the order of 0.1-0.2 eV accord-
ing to the present model calculation.

Peter Apell, Olle Gunnarsson, Per Olof Nilsson, and
Goran Wendin are thanked for stimulating discussions.
The work has been supported by grants from the Swedish
Natural Science Research Council.

[I] P. W. Chye, I. Lindau, P. Pianetta, C. M. Garner, C. Y.
Su, and W. Spicer, Phys. Rev. B 18, 5545 (1978).

[2] F. Schafller and G. Abstreiter, J. Vac. Sci. Technol. B 3,
1184 (1985).

[3] J. Kanski, S. P. Svensson, T. G. Andersson, and G.
LeLay, Solid State Commun. 60, 793 (1986).

[4] M. Prietsch, C. Laubschat, M. Domke, and G. Kaindl,
Phys. Rev. B 38, 10655 (1988).

[5] C. Laubschat, M. Prietsch, M. Domke, E. Weschke, G.
Remrners, T. Mandel, 3. E. Ortega, and G. Kaindl, Phys.
Rev. Lett. 62, 1306 (1989).

[6] K. Stiles and A. Kahn, Phys. Rev. Lett. 60, 440 (1988).
[7] R. Ludeke, G. Jezequel, and A. Taleb-lbrahimi, Phys.

Rev. Lett. 61, 601 (1988).
[8] G. Le Lay, K. Hricovini, and J. E. Bonnet, Appl. Surf.

Sci. 41/42, 25 (1989).
[9] H. H. Weitering, T. Hibma, D. R. Heslinga, and T. M.

Klapwijk, in Proceedings of the Eleventh European
Conference on Surface Science, 1990, edited by 3. L.
Segovia and F. Flores [Surf. Sci. (to be published)].

[10] K. Hricovini, G. Le Lay, A. Kahn, A. Taleb-lbrahimi, J.
E. Bonnet, L. Lassabatere, and M. Dumas, in Proceedings

of the Eleventh European Conference on Surface Science,
1990 (Ref. [9]).

[11] E. H. Rhoderick, Metal Sem-iconductor Contacts (Clar-
endon, Oxford, 1978).

[12] J. Tersoff, Phys. Rev. Lett. 52, 465 (1984); Hererojunc
tion Band Discontinuities: Physics and Device Applica-
tions, edited by F. Capasso and G. Margaritondo (El-
sevier, Amsterdam, 1987).

[13] K. Karlsson, O. Nyqvist, and G. Wendin, Solid State
Commun. 67, 339 (1988).

[14] More correctly, the real experimental situation should be
modeled by two interfaces. However, as the fields decay
very rapidly within the metal (kz —0.5 A), even a
monatomic metallic overlayer is well represented by a
semi-infinite system. The two-interface problem was
treated in Ref. [13], where it was pointed out that the
metal-layer thickness is irrelevant as long as the metal
behaves as a perfect conductor.

[15] F. Bechstedt and R. Enderlein, Phys. Status Solidi (b) 94,
239 (1979); 95, 185 (1979).

[16] R. W. Godby, M. Schluter, and L. J. Sham, Phys. Rev. B
37, 10159 (1988); 35, 4170 (1987); 36, 6497 (1987).

[17] K. Karlsson, O. Gunnarsson, and O. Jepsen (to be pub-
lished).

[18] O. Gunnarsson, O. K. Andersen, O. Jepsen, and J.
Zaanen, Phys. Rev. B 39, 1708 (1989).

[19] N. P. Lang and A. R. Williams, Phys. Rev. B 16, 2408
(1977).

[20] D. R. Heslinga, H. H. Weitering, D. P. van der Werf, T.
M. Klapwijk, and T. Hibma, Phys. Rev. Lett. 64, 1589
(1990).

[21] G. Le Lay and K. Hricovini, Phys. Rev. Lett. 65, 807
(1990).

[22] H. H. Weitering, D. R. Heslinga, T. Hibma, and T. M.
Klapwijk, Phys. Rev. Lett. 65, 808 (Io90).

[23] B. Reihl, K. O. Magnusson, J. M. Nicholls, P. Perfetti,
and F. Salvan, in Proceedings of rhe lVATO Advanced
Research 8'orkshop on Metallization and Metal-Semi-
conductor Interfaces, Garching/Mu nchened'ited by, I. P.
Batra, NATO Advanced Study Institutes, Ser. B, Vol.
195 (Plenum, New York, 1988).

239


