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Influence of bulk doping type on the Li adsorption site on S{111)-(1X1):H
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The model surface 8i11)-(1x1):H is used as a substrate for the adsorption of submonolayer amounts of
Li. For n-doped substrates a peak right at the conduction band minimum is found in photoemission spectra.
The peak is absent if the experiment is conductegdype substrates. Density functional theory calculations
for different adsorption sites correlate this peak in the conduction band with Li adsorption in a H3 site of the
Si(11D)-(1x 1):H surface. Experiment and theory show that the binding energy of the spectral feature is
independent of the Li coverage. The absence of the structune-figpe substrates suggests a doping depen-
dence of the adsorption site for Li on($11)-(1x1):H.
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I. INTRODUCTION is the following: Does hydrogen remain adsorbed, or does it
react with the metal atom¥?'2 Several groups have already

Silicon is a simple semiconductor; all the native Si sur-addressed alkali metal adsorption or{1$i)-(1x1):H. de
faces are, however, heavily reconstructed and therefore poRenzi and co-worket$used the unpinned Fermi level of the
sess a large number of electronic surface stafédsese sur- Substrate to investigate its inhomogeneous pinning for very
face states pin the Fermi level within the band gap, and theitow potassium coverage, while Grupp and Taleb-lbrakimi
existence complicates the study of the pinning behavior ofivestigated the pinning behavior over a larger range of al-
the Fermi level at these surfaces as a function of metal cokali metal coverage. They found a position of the Fermi level
erage. Schottky barrier formation has thus often been invednside the conduction band for some coverages. This had
tigated through metal adsorption on tii#10 surface of been seen before for Cs adsorption on I#A§) by Aristov
compound semiconductors, where the surface states are oftéfd co-workers:** Hakansson and Johanssbuleposited K
located in, or very close to, the bulk ban@se, for example, 0n the As-terminated §i11)-(1x1) surface and found a
the Introduction of Ref. 2 The hydrogen-terminated ($iL1) K-induced surface state located at the Fermi level. In mo-
surface, with its “unreconstructed” character and its semi-mentum space this peak is found in a pocket aroundvthe
conducting surface without electronic surface states in th@oint of the surface Brillouin zone. They interpreted this
electronic band gap, has attracted a number of researchgseak as population of a surface resonance by electrons from
following the discovery of the wet chemical preparationthe K adsorbate. Recently, Biagt al® published a high-
method® This method allows the preparation of highly per- resolution photoemission study for K and Cs adsorption on
fect surfaces with very low defect densities. In combinationthe hydrogen-terminated 11) surface ofn-doped Si, where
with the small unit cell of the surface reconstructior a  they investigated the dispersion of the peak, confirming its
semiconductor surfagethis suggests its use as model systemorigin as electron transfer into the Si bulk conduction band
for semiconductor surfaces. The formation of metal-to-minimum at theM point. The nature of this peak is identified
semiconductor contacts can thus be studied with Si as sulas due to electron confinement in the surface layer. Earlier,
strate without the complication of surface states in the ban@iagi and co-worker€ discussed the two-dimensional elec-
gap. One unexpected complication arises from the fact thaton gas due to K adsorption on the hydrogen-terminated
the Si 2p core level spectra from this surface display moreSi(111) surface by electron energy loss spectroscopy. Similar
components than expected from the geometric arrangemetgap states” are also observed for various alkali metals on
of the Si atoms in the unit celiWhile several models have different I1I-V semiconductor surfacé$. These gap states
been proposetf;® no final conclusion has been drawn so far, are, however, not located at the conduction band minimum.
as core level photoemission from this system appears to be This is the background on which we present experimental
complex. Several groups have addressed the electronic strugata as well as results ab initio density functional theory
ture in the valence regioh’ The basic idea here was that calculations with the full-potential linear augmented-plane-
the simple geometric arrangement and the small number afave (FLAPW) method® to interpret the experimental re-
inequivalent atoms in the surface unit cell render the chemisults for Li adsorption on a §i11)-(1x 1):H surface(com-
cal and electronic processes simple enough to obtain accepare also to Ref. 19
to the details of the surface electronic structure for a proto-
typical semiconductor surface.

The S{11D-(1X1):H surface is obviously not as simple
as experimentalists had anticipated. Because of the role of The spectra shown here were taken at the BES&el-
the hydrogen in the adsorption process, metal adsorption diner Speicherringgesellschaft “rfu Synchrotronstrahlung
this surface is also far from being simple. One of the mainmbH) monochromator PM-5 with a Scienta SES 200 elec-
questions regarding the chemistry in the adsorption processon spectrometer in the angle integrating mode. Li was

Il. EXPERIMENT

0163-1829/2004/68)/03531@6)/$22.50 69 035310-1 ©2004 The American Physical Society



J. J. PAGGELet al. PHYSICAL REVIEW B 69, 035310(2004

A) & B) | % e=030

LUSi(111)-(1x1):H £ LiSi(111)-(1x1):H 5 5
-‘% rr:/typ:;:ug;/trate 55— g ;‘»/typ:fug;/trate if "'s. FIG. 1. (a) Valence band spectra for Li on
g -, ; : w *-‘-w--— n-doped Si(11}-(1x1):H. Li coverage as in-
z JN "'5,‘ — . s !'\ 2 4 0 1 ferred from the work function change is indicated
= ~ ! Binding Energy (ev) | £ /J A Sincing Energy (V) on the individual traces. The inset shows the Li-
£ /\'\2= 0.34 ig ,f \v ©-0.30 induced narrow structure right at the Fermi level.
= /-\J\- (_*g //,A\ ‘/L (b) Similar Li coverages as ifa), but now with
2 0=010]"%2 ! WJi ©=0.15 p-doped substrates. The previously pronounced
§ / k g /J ,\; structure is now barely visibléf present at all.
5 /”-/ ©-004)2 i ©=0.10 The conduction band minimum is enlarged in the
& \ & ___/’-’ inset and shows a possible, very small structure

©-0.00 22000 about 0.6 eV above the Fermi level.
L [ PRNPUEN S S NP N Y | P ST S RN N S R R S Rt
-15 -10 -5 0 -15 -10 -5 0
Binding Energy (eV) Binding Energy (eV)

evaporated from commercial getter sour¢8AES Getters of p-type (right) andn-type (left) doped substrates. The bot-
SA) onto n-type (phosphorus and p-type (boron doped tom traces show spectra for the clean surfaces. Since the
Si(111) wafers(Virginia Semiconductopswith a specific re-  samples are prepared using the wet chemical preparation
sistance of 5-10) cm. The wafers were oriented within 0.5° method, the quality of the-type substrates is not as high as

of the (111) direction. Sample preparation followed the pub- that of the p-doped sample®. Both surface modifications
lished procedures for wet chemical preparation dfLB)-  show the surface state at about 5 eV below the valence band
(1X1):H surfaces. After insertion into the vacuum system, maximum? The surface state from the-doped surface is

the samples were annealed briefly to remove volatile specig$,qe pronounced and sharper than the surface state on the
from the surface, which initially pin the Fermi level. Sample n-doped samples, indicating a higher amount of disorder and

qﬁailty and cleanliness Werte rotu':(lnelﬁ/ Mghgggeﬂlu?nq *Yower level of perfection for the latter surface. Both surfaces,
photoemission Survey spectra takenhat= ev, by In- however, display an unpinned Fermi level. The amount of

s_p_ectlon of_t_he Sip core_level spectrum under SWface Ser]'fiisorder on then-doped substrate is thus not high enough to
sitive conditions, and using the valence band signature. All. . . .
H_:!sturb the surface electronically. SpZeatures(to be dis-

three methods allow a reliable assessment of the samp
quality. Experimental resolution of the spectrometer/CUSSEd latgrare well structured and sharp for both sets of

monochromator combination was set to about 60—120 me\?amples, such that laterally inhomogeneous pinning of the
suitable for the experiments presented here. All spectra werlermi level cannot explain the broader features in the va-
taken at a sample temperature of about 100 K, measured B§nce band spectra of thredoped substrates. '

a thermocouple located at the sample holder.[Scare level Exposing then-type andp-type substrates to a flux of Li
spectra were taken at photon energies of about 112 eV ar@foms causes changes in the valence band spectra of both
130 eV in order to keep track of the position of the bulk samples: the surface state at 5 eV binding energy with re-
valence band maximum and to assess the possibility of inhgspect to the valence band maximum is suppressed, and the
mogenous Fermi level pinning at the surface. Bispectra  Spectra from both samples show a rigid shift to higher bind-
taken at 112 eV photon energy are not extremely bulk sensild €nergies.

tive and some surface information is left in the data. Ex- Since all spectra presented here are taken at a temperature
tremely bulk sensitive spectra should show only a singledf about 100 K, surface photovoltéde(SPV) in principle
spin-orbit pair. We will observe, however, an additional com-has to be considered. Both SPV and band banding lead to
ponent. Lowering the photon energy even further will Changéhifts of the spectra. In the present case, the balance between
the electron escape depth as a function of the Fermi |evé}arrier mOblllty and electron-hole pair generation is such that
position in the band gap as the kinetic energy of the cordelow a critical Li coverage of abo@ =0.7-1.0 monolay-
level photoelectrons changes. The relative change in kinetiers(ML) no surface photovoltage is observed under the con-
energy is smaller for a slightly larger kinetic energy. TheditiOﬂS used(For details of the SPV and its dependence on
photon energy used here is a safe compromise, yielding simgxperimental parameters, see Ref.)22.this critical cover-

lar surface sensitivity at the same photon energy for boti®ge, a sudden jump of the spectral features and valence band
doping types. The valence band spectra were recorded at 1epission from energies above the reference Fermi level of
eV photon energy. Using h|gh photon energy reduces matriwe metallic Sample holder are observed. This clear onset of
element variations and the angle-integrated spectra represéhe SPV effect at higher Li coverage indicates that, for the

the density of states in the valence band more closely. low coverage to be discussed here, the Fermi level position
in the electronic band gap is known.

Expanding the/-axis scale in Fig. 2, one sees that already
for 1/25 of a monolayer of Li on thae-doped surface a tiny

Figure 1 shows a comparison of valence band spectra fastructure at the Fermi level appears. This feature becomes
increasing coverage of Li on the ($11)-(1X1):H surface  more pronounced with increasing Li coverage and develops

Ill. RESULTS AND DISCUSSION
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FIG. 2. Detailed view of the narrow peak structure at the Fermi
level of then-doped samples in the coverage range from 0.04 ML to 1 ) ) ) 1 1 1 1 1
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into a genuine peak in the photoemission spectrum as indi- FIG. 3. Si 2 core level spectra taken at about 112 @ft) and
cated in the inset of Fig.(&) and the upper traces in Fig. 2. 130 eV (right) photon energy. Dots denote data framdoped
The peak develops right at the bottom of the conductiorsamples, solid lines data froprdoped sample. Spectra from clean
band and is similar to what has been observed by other aigamples on the bottom, Li-covered samples stacked with Li cover-
thors in different system%?:g‘lE’The peak is smaller than in 2age as indicated. The left panel shows mainly effects of the Fermi
the spectra published in Ref. 15, since here we show ang|ée_vel position i_n the electronic _band gap, while _the right panel also
integrated data and the peak is localized in one specific areH/es information on the chemical reactions taking place at the sur-
of reciprocal space. face.

Direct comparison with the spectra from thedoped sub-
strates gives an entirely different picture for the latter. Thenot mask the effect. Since the angular acceptance of the
valence band maximum is close to the Fermi level for thespectrometer used and the photon energy employed guaran-
clean surface, as it should be for an unpinpetype surface, tee the observation of the entire Brillouin zone in our experi-
and moves to a midgap position for small Li coverage. Theranents, the peak cannot be explained as filling of a surface
are no additional features in the fundamental band gap of theesonance, and an alternative explanation for the peak is
substrate with increasing Li coverage. The Fermi level posineeded. This alternative explanation is given in Ref. 15 as
tion never approaches the conduction band minimum ang@opulation of a quantized state. In this way the width of the
always remains at a midgap position. In general, the Li filmpeak is indeed not limited by band filling, but by the splitting
does not seem to inflict a change on the structure of thef subbandsgminibandg in a quantum well structure. The
valence band of the substrates surface. A donation of a Lguantum well nature of the peaks essentially leads to an un-
electron into a Si surface resonance or the bulk conductionhanged peak width with Li coveragéror details, refer to
band minimum as proposed by Biagi and co-worket8is  Ref. 15)
thus unlikely for the Li adsorption on the-type substrate. For discussion of the pinning position of the Fermi level
The donation of electrons should work for both doping typesjn the electronic band gap at the surface, it is much more
since the adsorption of a sizable fraction of a monolayer ofippropriate to discuss core level spectra than the valence
Li overrules by far the bulk doping of the material in terms band emission. Figure 3 therefore shows bulk sensitive spec-
of carrier density. It should be noted that Biagfial. used tra taken at 112 eV photon energy in the left panel, while the
n-doped substrates only. Close inspection of the close-up ofght panel shows surface sensitive spectra taken at 130 eV
the valence band maximufmset of Fig. 1b)] reveals a tiny photon energy. Spectra from both doping types are shown at
peak appearing-550 meV aboveEg . This peak is what is similar Li coverage. The bottom traces show the spectra from
seen on the-type surfaces, but the peak intensity is muchthe clean surfaces. The solid lines indicate the spectra from
smaller. the p-doped samples. Dots mark the spectra frordoped

Figure 2 investigates the coverage dependence of theamples. The offset in the position of the spectra from the
small peak at the Fermi level. A broadening of the peak is notlean surfacegbottom tracekjust corresponds to the differ-
observed, even if the Li coverage is tripled. An increasingent positions of the Fermi level in the band gap of the un-
carrier density in the proposed surface resonance should legihned surface. The difference in the binding energies for the
to an increased bandwidth, provided the filled band is noSi 2p core level in the two cases is 0.85 eV and close to the
entirely flat and the instrumental broadening of the peak doeexpectation of roughly 1 eV for the doping levels and sample
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temperature used hef&@Upon Li adsorption, for samples of same peak in the valence band, that is also well behaved and
both doping types, the Fermi level moves toward the bottormallows analysis in terms of a quantum well structgcem-
of the conduction band. For thetype surface, the Fermi pare to Ref. 15 From the sample with a narrow valence
level seems to even move slightly into the conduction bandand peak, we observe broader core level spectra. From the
itself (compare to Fig. R—just as previously reported in samples with better-defined core level spectra, we observe no
Refs. 12, 15, and 16. In the-doped case, the Fermi level peak in the valence band. If the correlation between core
moves only to a midgap position. The difference of the twolevel and valence level spectra were reversed, disorder would
Fermi level positions with respect to the Si band edges is 32be a good candidate for the explanation of the effect, i.e., in
meV. For the coverage range investigated here, the Ferntihis case the less perfect sample with increased disorder
level position is fixed after the deposition of sub-ML would cause the small peak to disappear. In the present con-
amounts of Li. For thicker films this will chang@ot shown figuration, the narrow peak in the valence band indicates a
herg, but up to about 0.5 ML coverage the position of therather low disorder with an apparently stronger chemical re-
Fermi level does not depend on the amount of Li depositedaction observed at the Sip2core level.
The bulk sensitive spectra fropy andn-doped samples look The conclusion to be drawn from the surface sensitive
similar with respect to the line shape. Also, the $i @ore  core level spectra is thus that the chemical reactivity of the
level lines are relatively narrow, demonstrating that thetwo different doping types toward Li adsorption is different.
Fermi level pinning is rather homogenous at these surfacep-doped samples show smaller chemical shifts in the core
An inhomogenously pinned Fermi level increases the widthevel spectra than do-doped samples.
of the core level spectra. Irrespective of other details that Support for a meaningful interpretation of these results
might differ between samples of the two doping types, thecan be drawn from calculations using the framework of den-
electrostatics in both cases is similar, and neither of the twaity functional theory(DFT). Only recently have such codes
sample types shows signs of an inhomogenous Fermi levsfielded reasonable band gaps for semiconductors without in-
position. The bulk sensitive core level spectra in the lefttroducing additional adjustable parameters. The present cal-
panel of Fig. 3 change with Li coverage, since the photorculations were performed with therFLAPw code?* a mas-
energy used does not deliver extremely bulk sensitive datasively parallel implementation of the FLAPW meth8tThis
Considering the surface sensitive spectra in the rightpecially designed code allows treating complex surface
panel, the change of the pinning position is again evidentstructuregas well as bulk systemérom first principles. The
but now the line shape changes noticeably with Li coveragelpwer right panel of Fig. 4 shows the total density of states,
and one observes a difference in the line shapenfdoped  with a well-developed band gap of 0.85 d¥xperimental
and p-doped samples. Since inhomogeous Fermi level pinvalug® of 1.153 eV at 0 K. The upper part of Fig. 4 shows
ning was ruled out by the bulk sensitive spectra, only chemithe density of states for a>85 (right) and a 3x3 (left)
cal shifts can be responsible for the changed spectral lingupercell calculation of Li on the @il1)-(1Xx 1):H surface
shapes. These chemical shifts are more pronounced in thie a H3 adsorption site. Clearly, the development of Li-
case of then-type sample than in the case of tpetype induced density of states at the Fermi level is seen, while the
sample. The latter shows a well-separated spin-orbit pair urband gap of the semiconductor remains unaffected. Not
til 0.15 ML Li coverage. The individual components increaseshown are the projected results, which indicate the densities
in width, but no drastically shifted components are observedf states aEr to be entirelys-state {=0) dominated. Ad-
in the spectra. In the case of thetype sample, a large sorbing Li instead in a substitutional site, replacing a hydro-
chemical shift of about 300—-400 meV is found. This shiftedgen atom, produces a new structure in the valence band with
component fills the valley between thez, and the D,,  a binding energy of about 250 meV relative to the valence
components and actually produces a peak in the line shape band maximum(lower left panel of Fig. # and puts the
this location(arrow). After an initial change from the clean Fermi level in the center of the band gap.
surface to a coverage 6f=0.10 ML, the shape of the Si2 Three features of calculation and experiment show excel-
emission is again nearly unchanged for a coverage betwedant agreement(a) Li induces a density of states at the bot-
©®=0.16 and® =0.34 ML. The line shapes of the core level tom of the conduction band, which is actually occupiédj.
spectra are not structured enough to allow a meaningfulhe density of states at the Fermi level is not influenced
analysis in terms of surface core level shifts and/or chemicainuch by the coverage with the alkali metal. When going
shifts, as the number of components needed to describe thiem 5X5 to 3X 3, the coverage is increased by a factor of
data is neither known nor easily extractable from the spectrabout 2.8. The density of states at the Fermi level is nearly
The difference in the appearance of the $i @re level unchanged. These two observations match the experimental
might be due to either the difference in doping type or theresults for then-doped substrates, together with the position
above mentioned difference in surface quality with increaseaf the Fermi level right at or in the conduction band mini-
disorder in the surface of the-doped samples. The peak mum. Looking into the details of the electron distribution
observed in the valence band of theype sample is the one provided by the DFT calculation, we find that the Li atom
also observed by Biagt all® It is very narrow. Both facts nearly completely loses its valence electron to the Si sub-
render a possible origin from disorder in our samples unstrate, thus supporting the picture of doping the surface layer.
likely, since(a) disorder leads to inhomogenously broadenedThe donated electrons are not located in the topmost layer,
peaks in spectra ang) it is not likely that Biagiet al. have  but in a backbond type configuration in the atomic plane just
the exact kind of defects in their samples, generating théeneath the surfacé.
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The third feature that is similar between experiment andnaterials. Adding one more electron to this system will thus
theory concerns the interpretation of the spectra from the&hange the total electronic energy by a different amount. Dif-
p-doped samples, which so far do not seem to be reflected iferences in chemical reactivity for different doping types and
the calculations. The calculation for the substitutional siteeven doping levels are well known in the area of microfab-
puts the Fermi level in a midgap position. Also, no staterication, where they are efficiently used as etch stépsm-
density at the conduction band minimum is introduced. Thigare, for example, to Ref. 27.
agrees with the situation found in the experiment for the This electronic difference might well tip the energy bal-
p-doped samples. Since the sample quality is higher for thance between two electronically inequivalent but energeti-
p-doped than for then-doped samples, defects as a reasorcally similar adsorption sites. This difference in the elec-
for the missing structure can be safely excluded. On the othdronic structure of the adsorption site after the adsorption of
hand, defects are an unlikely cause of the structure observede Li atom can also be inferred from the different core level
for the n-doped case anyway, since the H3 adsorption sitehifts observed in surface sensitive spectra from theSi 2
calculation reproduces the experimental result. The compueore level. It should be mentioned that up to now no detailed
tation for the substitutional site predicts a narrow peak in thgyuest for the optimized adsorption site of Li on(1il)-(1
valence band for a binding energy of0.3 eV below the  x1):H hasbeen performed. For the two sites tried so far, the
valence band maximum. This is not observed in the experigeometries were optimized with respect to the total energy of
ment. Possibly the real adsorption site is not a simple substthe system.
tutional site. In order to obtain more information about the local prop-

By comparison of the experimental results to the theoreterties of adsorbed Li on this surfac8;NMR experiments
ical calculation, we therefore propose a doping dependencgere performed on Li adsorbed at a coverage of about 0.01
of the adsorption site for Li adsorption on the(BiD)-(1 ML and 0.25 ML on the SiL11)-(1x 1):H surface. Surpris-

X 1):H surface. In then-doped case Li atoms of the first ingly enough, no difference if; times was observed.
fraction of a ML adsorb in the H3 adsorption site, while in

the p-type case the first Li atoms adsorb in a different—

possibly substitutional—adsorption site. Doping dependence IV. CONCLUSIONS

of the adsorption site is an unusual concept in surface phys-

ics and to our knowledge has not been observed before. The In summary, the adsorption of Li on the model semicon-
calculation itself is not doping dependent, i.e., the slab in theluctor surface $111)-(1x 1):H hasbeen investigated using
DFT calculation is electrically neutral and the unit cell is too photoelectron spectroscopy and DFT calculations. We find a
small to include dopants for a reasonable doping concentranarked difference in Fermi level pinning for this system be-
tion. An investigation for the doping type dependence of theweenp- andn-type substrates and observe an occupied sur-
adsorption site on the basis of the density functional theoryface state near the conduction band minimum only gype
albeit highly desirable, can thus not be given. Since the dopsubstrates. This suggests that the adsorption site of Li on this
ing type influences the electrochemical potential at the surmodel surface is strongly influenced by the type of doping of
face, one in fact could expect such behavior at a semicorthe silicon substrate. For thredoped substrates, good agree-
ductor surface without electronic surface states in thement between calculated electronic structure and our valence
electronic band gap. The electrochemical potential differs bypand data was found for the H3 adsorption site. The differ-
about 1 eV at the unpinned Si surface betweeandp-type  ence in the observed photoemission spectra is explained by a
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bulk doping type dependence of the adsorption site of the Limaybe also doping levebn the adsorption site is thus not
atoms on the $111)-(1x1):H surface. A doping depen- totally unexpected and might also be present in other cases.
dence of the Si @ core level line shape—which is generally
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