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Low coverages of lithium on S{001) studied with STM and ARUPS
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We have used scanning tunneling microsc@gfffM), scanning tunneling spectroscopy, and synchrotron
based angle-resolved ultraviolet photoelectron spectros@@RYPS to study the initial stages of the adsorp-
tion of lithium onto the Si001)-2Xx1 surface. Our STM study shows that the half-missing dimer deféxts
defect$ act as sites for Li adsorption on this surface. Once these are occupied the Li adsorbs on top of the
dimer atoms and forms small clusters, which stabilize the dimer buckling seen by the STM into areas of
c(4X2) symmetry. This is observed with ARUPS as a peak at the Fermi level, originating from partial
occupation of an empty surface band associated witle & 2) reconstruction. Op-type Si substrates, STM
shows that small amounts of Li cause further dramatic changes to the electronic structure of the surface. We
observe negative differential conductan@®DC) on both Li sites and clean Si dimers, as well as digital
switching in the tunnel current over the Li sites. We propose that this trapping noise is caused by electrons
emptying and filling thermally activated traps close to the Fermi level and that the NDC has its origin in
coulombic repulsion by occupied traps on the surface.

INTRODUCTION of <3%x10 ! mbar. The UHV chamber is equipped with
LEED and Auger-electron spectroscopy systehisr deter-
Adsorption of alkali metalfAM’s) onto semiconductor mination of surface order and cleanliness. The STM has, in
surfaces has been the subject of extensive studies in the pagldition to ordinary constant current topographs, an opera-
decadé. Because of their relatively simple electronic struc- tional mode forl -V measurements using the current imaging
ture, the alkali metals are used as model systems for adsorgmne"ng spectroscopyCITS) method. We normally take
tion studies, providing information about, for example, the average over spectra acquired at locations with similar
metal-semiconductor contacts and metallization processegpographic characters, within the same measurement, in or-
One of the most investigated surfaces in this context is th@ler to reduce noise and spurious artifacts in the tunneling
technologically important $001) surface, but, despite a spectra. The photoemission measurements were performed at
large number of investigations, studies involving the lightestheamline 52 of the MAX-Lab synchrotron radiation facility,
of the alkali metals, lithium are rafe™ Recent studies with [ und University, Sweden, which is equipped with a 1-m
low-energy electron diffractiodLEED) (Refs. 8 and 1land  normal-incidence monochromator working in the photon en-
photoemissioff,have shown that submonolyaer coverages ofergy range 5-30 eV, and a Vacuum Generators ADES 500
Li have a dramatic effect on the surface reconstruction on gpectrometer.
long length scale. The substrates used for the experiments were cut from
With a scanning tunneling microscog8TM), even very  (001)-oriented silicon wafers* We have used different meth-
small amounts of an adsorbate are accessible for studieggds of preparation before transfer into vacuufy: degreas-
which is not the case for most surface science techniquesng in methanol(2) degreasing and etching in HF,®{solu-
The STM study presented here is concentrated on the verjon, and(3) a wet etching treatment described by Ishizaka
initial stages of the adsorption of Li on(8D1), addressing and Shirakit® Pretreated samples where then transferred into
the question whether the Li tends to sit on defects and steghe UHV chamber, outgassed at 300—400 °C for 12 h and,
edges or on top of the dimer atof®ur results show that finally, repeatedly flashed at 1150—1200 °C for 5-10 s by
the half-missing dimer defe¢C-type defectacts as the first direct current resistive heating until a well-ordered and clean
adsorption site. Once th€-type defects are occupied, Li surface was obtained. After each flash the temperature was
adsorbs on top of the dimer atoms, in agreement with earlieflecreased rapidly to 800 °C, and finally the sample was
STM studies’,” and forms small clusters. cooled to room temperature over a period of about 5 min. No
The Li atoms and clusters stabilize the buckling of theyariance in the final result due to different pretreatments was
dimers, resulting in a local(4x2) periodicity. This leads to  discerned. Bothp-type S{001) (B, 0.02—0.03Q cm) and

the occupation at the Fermi level of an empty surface statey-type S{001) (P, 0.2—0.4Q cm) have been used for the
associated with the(4Xx2) reconstruction, which we ob- measurements.

served with angle-resolved ultraviolet photoelectron spec- The evaporation of Li was performed with a well-
troscopy(ARUPS. outgassed getter sour¢BAES Getters S.p.A. During the
evaporation the pressure in the chamber never exceeded
3% 10 '°mbar. The coverage was estimated by measurement
of the change in work function determined by secondary
The STM experiments were performed with a UHV- electron cutoffs in the photoemission experiment, and by in-
scanning tunneling microscoffeoperated at a base pressure spection of the STM topographs in the STM experiment.

EXPERIMENTAL DETAILS

0163-1829/96/53)/13626)/$06.00 53 1362 © 1996 The American Physical Society



53 LOW COVERAGES OF LITHIUM ON S{001) STUDIED WITH . .. 1363

atoms appears to be missing, resulting in the observation of
protrusions in empty states topographs. The metallic charac-
ter of the C defect was established HyV measurements
made by Hamers and H¢er!® showing drastic changes be-
tween the tunneling spectra acquired on and close tdCthe
defect. Figure 1 shows a filled-states topograph of a clean
Si(001)-2x 1-reconstructed surface with defect types denoted
as mentioned above. Patches of stabilized asymmetric dimers
in the vicinity of defects and outside step corners are present,
as previous reports have showh.

The STM measurements presented here of the Li-
adsorbed $001) surface is concentrated to a coverage of
about 0.005 ML(1 ML here is defined as the Si-atom density
of a full monolayer, i.e., 6.810'* atoms/crf). Applying a
negative tip bias with respect to the sample immediately re-
sulted in a transfer of Li atoms from the sample to the tip and
the loss of clean tunneling conditions. This behavior has
been reported for K/8001),'° and is very likely due to the
electropositive character of Li. Therefore only topographs
and tunneling spectra of the filled states are possible.

FIG. 1. Filled states topograph of the (@1)-2Xx1- Figure Za) shows a typical filled-states topograph of an
reconstructed surfac®/s=—1.8 V, 1;=0.3 nA, 20<20 nnf). De-  Lj-adsorbed SD01) surface. The typé: defect and its de-
noted in the figure are the defect typesgmissing dimer defegtand  rivative multiple-vacancy defects are still present, but the
C (half-missing dimers type-C defects seems to have disappeared. A careful inspec-

tion shows that th& defects are not missing, but they now
appear as protrusions in the topograph, indicating that they
now have a higher density of filled states. We interpret this to
be due to Li occupying the defect. Different types of Li
clusters and a second adsorption site on top of the dimer
RESULTS AND DISCUSSION atoms(as proposed_ in Ref.)Gare clearly observed in Fig.
2(a). An enlarged view of two types of small clusters, de-

Early STM studies of the clean ®0D1)-2x1- notedK, andK,, is shown in Fig. ). Taking into account
reconstructed surfat&8showed the presence of character-the metallic radius of Li(1.52 A), these two clusters are
istic defects on the surface, denotkd B, andC, where the likely to be two successive stages of Li clusters, with
type-A and B defects are single- and double-dimer vacancyhaving one more Li atom thag; . A highly buckled dimer is
defects, respectively. In this study we turn our attention toseen next to the smallest clust€f, which is incorporated
the typeC defect, a vacancy type where one of the dimerinto the larger clustei{,. Hasegawat al® reported that Li

FIG. 2. STM topograph of
Si(001)-2x1 with a coverage of
0.005 ML of Li. (8 Vs=—1.5V,
1,=0.2 nA, 47x47 nnt, n type.
(b) Ve=—1.5V,1,=0.25 nA, 87
nm?, n type. (c) Vo=—1.2 V,
1;=0.1 nA, 11x11 nnt, p type.
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, , , , , , surface. The intensity of peak reached a maximum at a
B b) STS Li/Si(001) j“’u ] coverage of 0.1 ML, and then decreased with further Li
o - deposition, and could not be observed for coverag@s4
g?" ML. It should be emphasized that peAkwas observed in
[ 0.005ML oo the same coverage regime on bgthand n-type samples.
y Duu s Our ARUPS measurements revealed thatAhmeak is highly
E"%g” n localized (to within a few degrees of normal emissjon
g around thel” point in k; space, which implies that this state
~ O Dimer o is somewhat delocalized in real space.
m Lisite "y Figure 3b) shows tunneling spectroscopy form a Li site
' _2'0 _1'5 _110 _0'5 i’zﬂo and a Si_ dimer at a Li coverage of O.(_)05 ML. Both spectra
Sample Voltage (V) ' are dominated by a peak at 0.6 V, which corresponds to the
m-bonding dimer stat& seen in ARUPS. However, there is a
— r T T T clear difference between the spectra at voltages between
a) ARUPS Li/si(001) —1.0 and—1.5 V, where the Li site has a higher local density
hv =21eV s of states. We would not expect to observe the difference in
_-.+. the ARUPS spectra because the extra intensity only occurs at
L the Li adsorption site, and the Li concentration is too low.
WY ) + Analogous observations were made eaffiét on clean,
) highly n-doped Si001), where a state appeared at the Fermi
- .- level as a result of excess electrons on the surface that par-
- . tially filled an empty surface state. Similarly, an inverse pho-
m?' ) . — toemission stud¥ showed that existence of two dispersive
. empty surface bands in the band gap, one of which had a
‘* +,.L\\~ minimum close to the Fermi level &t. It was argued that
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this state was associated with areas of correlated, asymmetric
dimers which formed &(4X2) reconstruction. Calculations
. of this S{001)-c(4%2) structuré>?*do indeed show a mini-
~ . mum in the empty surface-state band at theoint. On the
~ other hand, in a STM stud¥it was suggested that the peak
e S in Refs. 20 and 21 originates directly from states localized on
[ Clean the C defects.
. Our results suggest that a combination of the two inter-
. pretations is appropriate. THe defects induce or stabilize
PN DR S - buckling of the dimers around them, and thus create a patch
2.0 -1.0 0.0 of c(4x2)-reconstructed Si. All the Li adsorption sites and
ENERGY BELOW Eg (eV) clusters have a similar effect, although their influence ex-
tends over a larger area, as would be expected for an adsor-
bate which actively injects charge into the surface. We sug-
€gest that peald appears when the Li density is sufficiently
high that a substantial proportion of the surfacec{dx2)
rreconstructed, and sufficient charge has been transferred
‘jrom the Li atoms to the substrate. If this is the case, similar
effects would be expected upon adsorption of low concentra-
tions of other alkali metals, as has indeed been observed in
stabilizes the buckling of the dimers into small patches ofstudies of K/S(001) (Refs. 25 and 26and Cs/Si001).%”
c(4X2) and p(2x2) symmetries around the Li clusters, = We therefore interpret peak as originating from a stabi-
which is also observed here. @ntype samples topographs lization and partial occupation of an empty surface band by
tended to have much lower resolution than artype the Li. Unfortunately it is not possible to say how much the
samples, and a characteristic trapping noise could be olappearance of the(4x2) state is due to charge injection
served when the tip was over the Li sites, as shown in Figfrom the alkali metal, and how much it is due to localized
2(c). This will be discussed in greater depth below. stresses around the adsorption site, but a satisfactory theo-
Figure 3a) shows ARUPS normal-emission spectra of theretical explanation should consider both effects.
Si(001) valence band for increasing Li deposition. Here we The effects discussed above were observed on tatid
have defined the coverage corresponding to a work-functiop-type substrates. However, gatype silicon, further inter-
change ofA®=-1.8 eV as 1 ML, following earlier photo- esting electronic effects were observed in the STM experi-
emission studie$.® The peak denote8 corresponds to the ments. This includes the trapping noise seen over the Li sites
filled dangling-bond state. This peak shifted downward inin Fig. 2(c), as well as negative differential conductance seen
energy and became broader with increasing coverage, as rig tunneling spectra taken on both the Li sites and clean Si
ported earlief. In addition, an extra peak, denotédin Fig.  dimers.
3(a), became visible at the Fermi level on the Li-adsorbed Figure 4 shows differential conductance curyd$/dV)

INTENSITY (ARB. UNITS)

FIG. 3. (a) Normal-emission ARUPS spectra measured on th
Li-deposited Si001)-2x1 surface for increasing Li coveragéh)
Normalized conductivity curves on the Li-exposed0Bil) surface
at a coverage of 0.005 ML. The dimer spectra are averaged ov
542 individuallV curves, and the lithium spectra are averaged ove
135 individuallV curves.
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FIG. 4. Differential conductivity curvesdl/dV) acquired on ; B ]
Li-Si(001)-2x1. The dimer and lithium spectra are averaged over % .
92 and 72 individual -V's, respectively. qE> B o |
EL i
acquired at different positions on thetype surface. The 5 | | | | . | .
region of negative differential conductan@¢DC), centered 03 04 05 06 07 08 09

at —2.0 V, is very clear for the spectrum taken with the tip Gap voltage (V)

directly over a Li site. However, the second curve in Fig. 4

shows that a weak region of NDC also occurs when tunnel-

ing out of a Si dimer. Such NDC was observed for all the FIG. 5. (@ Current trace for a typical trapping event with the tip

dimers on thep-type surface, even those outside the patch ofositioned above a Li siteth) Ayerage time analysis for.the Flme.

asymmetric dimers surrounding the Li site. spent out of a t_rap VS th(_e applle_d gap yoltage. The straight line is a
Earlier STM studies have reported NDC for systems sucheast-squares fit to a Poisson distribution.

as  oxidized  silicod®  boron-S{111,2°%°  and

germanium-S001),3! where it was either explained in terms localized on the Li adsorption site.

of the filling of electron traps by tunneling electréhsor When the STM tip is over a Li site, the trapping noise
resonant tunneling between localized states on the tip anskeen in Fig. &) occurs. If the tip is held stationary the tun-
surface?®-3! nel current is seen to jump suddenly, as shown in Fig).5

We believe that the NDC observed here cannot be exBoth STM of oxide trap$3* and macroscopic investi-
plained by tunneling between localized states. Because thgations of metal-oxide-semiconductor field-effect transistor
NDC is observed when the tip is over a silicon dimer, any(MOSFET) device$® show a similar switching, where the
explanation involving localized states must explain why wecurrent flow in the vicinity of the trap is reduced when the
do not observe NDC when using the same tip and samgap is filled, as the occupying electron repels nearby conduc-
silicon sample before any Li is deposited. Also, we havetion electrons.
observed NDC using several different tips and several differ- In the case of thermally activated oxide traps close to the
ent samples, so an explanation involving a particular tip gefermi level, the probability of the trap being occupied could
ometry, as has been proposed to explain the B13)  be varied by applying an electric field and thus changing the
results®? also seems unlikely. potential of the trap with respect to the surface Fermi level.

Our results are similar to those obtained on oxidized sili-In the STM this results in a change in the average time taken
con, where both NDC and trapping noise have been observed fill and empty the trap, and the traps’ occupation statistics
when the STM tip is positioned above a trapping site in thefollow a Poisson distribution as a function of tip bi#sin
oxide. In that case the trapping noise results when neaf~ig. 5b) we plot the logarithm of the mean time that a typi-
Fermi level traps are filled by thermally excited electrons,cal Li trap remains empty as a function of tip bias. The data
whereas the NDC is associated with the filling of differentfit a straight line well, which is good evidence of thermal
traps, 1 eV or more away from the Fermi level, by electronsactivation of traps whose energy with respect to the Fermi
tunneling from the tif® In contrast, on this surface both level varies with the electric field in the tunnel gap.
effects seem to be caused by a single, long lifetime trap Unfortunately, the precise mechanism by which the trap
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energy changes is not clear. It is possible that a state assoaitibstrate, because electrons from the bulk ensure that the
ated with the Li atom experiences a Stark shift with respectrapping state is permanently occupied.

to the surface Fermi level, or that tip-induced band bending

moves all the surface states with respect to the bulk Fermi CONCLUSION

Ievell. Evidence that the second mechanism might occur is |, this study of the lithium-adsorbed(8D1)-2x 1 surface,
prowdeoé by surface photovoltage measurements on the clegfi report that Li has a preferred initial adsorption site on the
surface’® where tip-induced band bending was clearly dem-haf-missing dimer defects. With increasing deposition the Li
onstrated. adsorbs on top of the dimer atoms and forms small clusters.

A more complete analysis of the trapping noise as in RefsThe Li stabilizes the apparent buckling of the dimers, which
33 and 34 would be welcome, but the much longer trap life4s observed with STM as small areas @#x2) symmetry
times make this difficult. If the STM feedback loop is left on surrounding the Li sites. In ARUPS this is observed as a
while the current is measured, it changes the distance bgeak at the Fermi level due to the partial occupation of a
tween the tip and the surface in reaction to the jumps in theurface band associated with tb@x2) reconstruction. On
current[which explains the obvious slow variation seen in p-type silicon we observed, with STM, negative differential
Fig. 5a)], and therefore affects the electric field on the trap.conductancéNDC) in our |-V measurements that is present
On the other hand, if the loop is frozen for long enough toon both the Li sites and the clean Si dimers, as well as
take statistically significant data, a tip crash is almost ineviirapping noise in the tunnel current over Li sites. We find
table. evidence that the noise is caused by electron traps localized

Nevertheless, from measurements of the NDC and th& the Li adsorption site, and having energies close to the
trapping analysis the following interpretation arises. The ad €rmi level which are thermally activated. We propose that
sorbed Li creates a trapping state close to the surface FerffleS€ Li-induced traps give rise to the NDC that is seen in
level. As the tip bias varies, the occupation statistics of th e scanning tunneling spectroscof§Ts. In ge’.‘e”’" we
trap also changel.-V spectra represent the average tunnel ave ShOW.” that even very small amounts of Li of0&1)
current and therefore show a region of NDC where the tra ave drastic effects on the electronic structure of the surface.
becomes progressively more likely to be filled. Because the
trapping state is physically on the surface, it has a direct
effect on the surrounding surface states, and so the filled trap This work was supported by the Swedish Natural Science
can block current even at some distance from the trappingesearch Counc{NFR), and the Crafoord Foundation. One
site, which is why we observe NDC over the whole surface of us(S.M.G) wishes to thank the Swedish Nanometer Con-
Finally, we do not observe any of these effects onrthgpe  sortium for its financial support.
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