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We present a method for evaluating the spatial inhomogeneity of adsorbate-induced band bending on
semiconductors from the substrate core-level lineshape. As a case study we consider the first stages of accu-
mulation layer formation due to K adsorption on the Hi3il) surface at 300 K. The observed Si 2p core-level
lineshape variation is accounted for considering each randomly distributed adatom as a source of a screened
Coulomb potential. We determine the coverage dependence of the band-bending distribution, and the param-
eters characterizing the local K-induced potential.

In recent years, several works have pointed out the impority. As we shall see, the adsorption of K atoms produces,
tance of taking into account the band-bending inhomogeneitgven for the lowest coverages, a huge broadening of the Si
in the study of Schottky potential barrier formati@hat is,  2p lineshape.
upwards band bendingt metal/semiconductor interfaces. In - We introduce a model which considers a random distribu-
particular, Tung has shown that inhomogeneity of the tion of adatoms, each treated as a source of a screened Cou-
Schottky barrier heightSBH) can strongly affect the elec- lomb potential. The core-level lineshape analysis is per-
tron transport properties at these interfaces, while a diredormed taking into account the distortion of each component
measurement of SBH fluctuation has been performed bybulk- and surface-relatediue to the spatially varying band-
Palm et al? by means of ballistic electron emission tech- bending potential. At variance with the work of Ref. 3 which
nique. Moreover, Cimincet al® have qualitatively shown treated the spatial dependence of the band-bending potential
that SBH fluctuation can deeply affect the substrate corein the Schottky approximation, we explicitly take into ac-
level photoemission peak lineshape. In this paper we addregsunt the local character of the potential and the electronic
the issue of a quantitative determination of the band-bendingcreening. The output of this analysis is a description of the
potential distribution in the case of accumulation layer for-spatial variation of the band-bending potential on the meso-
mation. In fact, the occurrence of a huge downward bandscopic scale for each K deposition step, along with an evalu-
bending(of almost 1 eV at specific metafi-type semicon- ation of the local potential parametefise., charge transfer
ductor interfaces has been reported for coverages as low asd effective screening length of the K-derived electyons
0.1-0.2 ML#~® at variance with the cases of depletion layer The spatial variation of band bending results to be quite rel-
formation onn-doped semiconductors, for which maximum evant at this interface, confirming our initial statement on the
band-bending usually occurs at the monolayer. Obviously irinfluence of overlayer disuniformity on the band-bending in-
these cases the approximation of a laterally uniform adlayehomogeneity. Besides, this work demonstrates the impor-
is rather poor and the band-bending potential inhomogeneitjance of band-bending inhomogeneity in the analysis of the
could play a major role in the determination of the barrierevolution of core-level lineshape during interface formation.
properties. It is therefore relevant for the study of accumula- The experiments were performed in the ultrahigh-vacuum
tion layer formation to be able to determine the band-chamber of the SuperEsca beamline at the ELETTRA Syn-
bending inhomogeneity at these interfaces. Here we descrilhrotron radiation facility in Trieste, Italy. Core-level pho-

a quantitative method for the evaluation of the distribution oftoelectron spectra were obtained at a photon energy of 247
the local band-bending value from the substrate core-levetV, collecting the electrons at the emission angle of 38° with
lineshape, in the case of accumulation layer. As a case studyg, double-pass 150 mm hemispherical electron analyzer and
we present the analysis of the lineshape modification of than overall resolution of about 50 meV. The Si crystal was
Si 2p core-level upon K adsorption on the H:Si(111)(1n-doped and nondegenerata=4x10'° cm~3). The hy-

X 1) surface in the submonolayer regime. The H:Si(111)(1drogenated $111) surfaces were prepareex-situ by a

X 1) surface is particularly suitable for this kind of investi- proper chemical treatméhand introduced in the experimen-
gation because of its high intrinsic homogeneity and lowtal chambewia a fast entry lock. Surface quality and clean-
defects density, which is reflected in the sharpness of the Siness were checked by ultraviolghv(Hel)=21.218 e\]

2p core-level photoemission spectra, besides its high stabilralence band and x-ray photoemission measurements. The K
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0.0 4 sake of clarity therefore in the following we consider the
2 10 simpler two-component best-fit as a starting point for the
Ca ¢ analysis. In fact, while the compone8ts clearly related to
%-2-0-_;_. the Si atoms of the surface, the origin of the third component
3.0+ I’ LI S, is not yet unambiguously determined, so that its unknown
0.00204 0608 1.0 evolution as a function of K coverage would introduce some

K coverage (ML) degree of arbitrariness in the analysis.

& The evolution of the Si 2p core level with K coverage is
shown in Fig. 1 together with the work function char(ge-
ported in the inset As can be observed from the shift to-
wards higher binding energy of the whole spectrum, the po-
tassium deposition induces a downward surface band
bending that reaches the largest value of about 0.55 eV
around 0.2 ML, in agreement with the literat(r& More-
over, the Si 2p core-level shape changes dramatically upon K
adsorption already for depositions of few hundredths of a
monolayer, and in such a low coverage regime, this change
cannot be reasonably explained by the local interaction be-
tween Si and K adatoms. In fact, an attempt to fit the core-
level peaks introducing components related to K-bonded Si
atoms leads to unrealistically high values of their intensity.
On the other hand, it is known from high-resolution electron
energy-loss measuremetitshat K adsorption does not af-
fect the long range order of the hydrogenated surface, nor
— e induces H atoms desorption. It is therefore necessary to in-
106 107 108 troduce a different mechanism to explain the Si 2p lineshape

Binding energy(eV) change. In the following, the observed evolution of the Si 2p
core-level is quantitatively reproduced considering the inho-

FIG. 1. Si 2p core-level peakéilled circles as a function of K mogeneity of the band-bending potential due to the sparse
deposition along with their best-fit curvésolid line). Spectra are  adatom distribution. We calculate the spatial variation of the
taken with a photon energy of 247 eV and an angle of emittance oband-bending potential induced by the randomly deposited
38°. For the clean surface, the surfa& shadowedand bulk(B)  adatoms and attribute to each Si atom in the photoemitting
Voigt-doublet components are also shown. The values of the spingolume the value of the potential energy at its site. The core-
orbit separation and of the branching ratio are 0.602 eV and 0.5%yg| lineshape is then built up summing the contribution of
*+0.01, respectively. The Lorentzian width is 37 meV for both 5| Sj atoms in the photoemitting volume, each shifted in
components, while the_Gaussi_an Wic_zlth _is of 110 meV for B and 18qenergy by the local value of the band bending. As a first step
meV for S. Numbers in the figure indicate K coverage in mono-i, thig analysis we find a proper expression for the spatial
layer. Spectra are vertically shifted for convenience and normal'zegjependence of the adatom-induced potential. The bonding
tc_> the photon current_. In the inset the change of the work function isoetween K and surface Si atoms is known to be strongly
displayed as a function of K coverage. ionic,>*® with a net electronic charge transfer from the ada-
coverage calibration were performed considering the evolutoms to the substrate. In the low coverage limit, each K atom
tion of the work function, of the mean band bending and ofcan thus be treated as an almost completely ionized donor
the K 3p core-level intensity. We refer to a monolagéil)  impurity, partly screened by the surrounding electrons. We
as the saturation coverage of potassium on the (H13) therefore associate to each adatora screened Coulomb
surface at room temperattfte. potential

The Si 2p core-level lineshape of the clean H:Si(111)(1
x 1) surface has been studied by several gréapswhich, Ae Vlo=p)*+ (2t 207k
in order to reproduce its asymmetric shape, have proposed di(p,2)= J > 5
different deconvolutions, each involving several compo- (p=pi)"+(2+2)
nents. We performed a best-fit analysis of the clean surfac@here (p,z) is the position vector of the Si atoms of the
Si 2p core-level doublet in two different ways. First, we con-crystal, p; is the bidimensional vector of the surface adatom
sidered a best-fit with two Voigt doublet components, obtainposition andzy is its vertical distance from the surface, as-
ing the curve shown in Fig. 1, where the two components argymed to be 3 AA is a constant related to the value of the
related to bulk(B) and surfaceS) Si atoms, respectively. adatom positive charge, and is the electronic screening
Then, following the indication of Ref. 12, we added a further|ength. As the Si sample is nondegenerate, the screening
component,. For both procedures the energy shift betweenength of the dopant electrons is of several hundred$ A,
bulk and surface components results to M&gs=0.17  having therefore a negligible influence on the spatial depen-
+0.05 eV, while the energy difference betweBpand B dence of the potential. On the other hand, the screening of
(AEgs) is0.4520.05 eV, in substantial agreement with the the K-derived electrons can be more relevant. In fact, even if
literature®***2 By introducing the third component only a its exact evaluation deserves a full quantum-mechanical cal-
small improvement in the best-fit quality is obtained. For theculation, a rough estimate of an effective screening length
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FIG. 2. Left panels: random distribution of adatoms, represented 8
as black dots, on the (400 2400 A) surface mesh, correspond-
ing to a K coverage of 0.03 Mlal) and 0.2 ML(a2). Right panels:
corresponding distribution of the band-bending potential values on
the surface layer, for 0.03 M{b1) and 0.2 ML(b2). Darker regions
correspond to higher values of the potential.
can be obtained calculating the value of the Bohr radius as-
sociated with the donor state lewg)= e7i?/e?m* .1’ Taking ‘w’ 6001
m* =0.2m, ande=(€,+1)/2=6.5(Ref. 18 a value of 15 A |"1!|||ﬂllllmuumm AR
is obtained, which is more thgn one order of magnitude 00 02 04 06 08 1.0
smaller than the dopant screening length. e® (eV)

The following step in order to reproduce the observed ) o

core-level lineshapes is to introduce the distribution of K FIG. 3. Panel(@): Histograms of the distribution of the total
adatoms on the surface. As far as we know, no morphologipand-bendlng potential on the surface Iayer,_ for successive K cov-
cal study of the alkali/H:$L11) system has been performed €'29es- Paneb): The same, for each of the five bulk layers of the
yet. LEED observations, showing a progressive reduction o?l.ab‘ at the fixed coverage=0.2 N_”" Histograms are vertically
the (1x 1) pattern sharpness upon K deposition, without ap_dlsplaced for convenience. Pare): _Value of the parameter eA

f any superstructure, suggest that potassium grogleﬂ scalg and of the (_:harge transf@lght scale as a function of K'
gies?)rr?jgiﬁl%n tﬁ/e H-$111) Surfaycel.“ In absence of a more - erage, as determined by the fitting procedure and assuening
direct knowledge of the surface morphology, we therefore
consider a random distribution of K-adatoms on the surfaceband-bending energ§(p,z) in that site. Furthermore, the
A squared mesh of 400400 A? (corresponding to T0Si intensity of the contribution of atoms coming form th&
unitary surface cellsis introduced, on which the K adatoms |ayer is weighted by a factor accounting for the electron es-
are randomly distributet, as shown in the left panels of Fig. cape depth.=7A.?! In order to reproduce the experimental
2 for two different coverages. We then consider the effect ojata we only vary, for each coverage, the proportionality
the randomly deposited adatoms on a crystal slab constitutefgictor A and the screening length in Eq. (1). The best-fit
by six (400<400 A?) layers, which represents the effective curves obtained for each coverage with this procedure are
photoemission volume. Each layer is defined by the value ofompared with the experimental data in Fig. 1, showing a
z=a, -h, wherea, is the mean distance between layers andgood agreement in both lineshapes and energy positions. The
h=0,...,5. Foreach adatom distribution, the total band- small discrepancy on the lower binding energy side of the
bending potential energy in each point,£) of the crystal spectra could be explained by the presence of a further com-
slab is given byE(p,z)=e®(p,2z) =€, ¢i(p,z), where the ponent, already reported in literatureprobably caused by a
sum runs over all the adsorbed adatoms on the squared megmall amount of K-induced surface defects. In pafaglof
The results of this calculation for the surface layer and forFig. 3 is reported the distribution of potential energy values
two different coverages are shown in the right panels of Figover the surface layer, as determined by the fitting procedure:
2 as image plots, where darker regions correspond to high&the histograms are built up by counting the number of Si
band-bending potential energy values. The distribution oftoms for each potential energy value. In the first stage of
potential energy values thus obtained is the main ingredierdeposition the distribution is peaked around zero, indicating
for calculating the Si 2p experimental lineshapes. For eackhat most of the surface is unaffected by the adatoms induced
coverage, in fact, the Si 2p core level is built up summing thepotential, while for coverage greater than 0.03 ML the num-
contributions of all the Si atoms of the crystal slab. Eachber of atoms unaffected by the band bending vanishes. The
atom contribution is given by the clean crystal surféiteh mean value of the band bending potential energy distribution
=0) or bulk (if h=1,...,5) component, shifted in energy increases with coverage, reaching almost 0.55 eV for 0.2
relative to the clean surface position by the value of the totaML, while its width remains of~0.3 eV. The distributions
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of potential energy in the bulk layers, shown in pat®lof  sensgli.e., replacing each adatom by a dimer and renormal-
Fig. 3 for 0.2 ML, are narrower and centered on lower valueszing the coverage accordinglys also consistent with the
relative to that of the surface, indicating that bulk layers areexperimental data and leads the value of charge transfer back
more homogeneous than the surface and less affected by thea more physical range. The best-fit valuexat of 15 A
band bending. for the lower coverages, increasing to 25 A far

The factoreAis related to the amount of charge transfer=0.2 ML, in substantial agreement with the Bohr radius
from the K-adatoms to the substrate. As shown in Fig. 3gstimate. The increase in the screening length with coverage
panel(c), left scale, it decreases from 4.5 eV A at the lowestpoints towards a progressive delocalization of the donated
coverage to 0.3 eV A for 0.2 ML, probably due to the cov- electrons due to the increase in the mean band-bending value
erage dependent adatom depolarization. This effect is corand the formation of a bidimensional electron gas inside the
firmed by the coverage dependent shift towards lower bindaccumulation layet®
ing energy of the K 3p core levehot shown here The In conclusion, we propose a method for evaluating the
corresponding decrease @f(p,z) is not in contradiction band-bending potential inhomogeneity from the substrate
with the total band bending increase, as this last is given bgore-level lineshape, in the case of accumulation layer for-
the progressively increasing overlap between the potentialsation. This analysis provides the distribution of potential
induced by the adatoms. This observation shows the imporalues at the interface, as well as the values of the significant
tance of taking into account the surface inhomogeneity in thgparameters characterizing the local band-bending potential.
evaluation of band bending evolution, especially in the subAs a case study we investigated the K deposition on the
monolayer regime. Assuming the realistic valueesf6.5, H:Si(111) surface, and treated the local band bending as a
the initial charge transfer would be of about two electronsscreened Coulomb potential originated from the partially
per adatom, decreasing to 0.14e at 0.2 \#ig. 3, panel(c) ionized adatoms, randomly distributed on the surface. The
right scalé. This anomalous initial value could indicate that spatial variation of band bending, due to the overlayer dis-
already at very low coverage the adlayer is formed by Kuniformity, results to be quite relevant at this interface, with
atom dimers rather than by isolated adatoms. This hypothes& mean value increasing with K coverage and an almost con-
is not in contrast with the ionic character of the adsorbatesstant width of~0.3 eV. The relevant parameters character-
as it is well known that alkali metals on 11I{10) semicon- izing the local band-bending potential are the charge transfer
ductor surfaces, for example, form long dimer chains at exand the electronic screening length. The latter plays a funda-
tremely low coverage, despite their long range repulsivamental role in the determination of the potential inhomoge-
interaction??® Even if a precise treatment of the island neity and it would be therefore extremely interesting to com-
nucleation process is clearly beyond the scope of the presepare the effective value determined in this work with the
work, we observe that a modification of the model in thisresults of a full quantum-mechanical calculation.
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