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Electrical phase transitions on the alkali-metal-adsorbed §D01) surfaces

Ki-Dong Lee and Jinwook Chung
Physics Department, Basic Science Research Institute, Pohang University of Science and Technology,
San 31 Hyoja Dong, Pohang 790-784, Korea
(Received 10 December 1996

The adsorption of alkali metaléAM’s) on the S{001) surface has been studied using high-resolution
electron-energy-loss spectroscopy. We find that the metallization at low AM coverages manifests itself with a
unique surface plasmon excitation, which turns out to be common to théLAMa,C9/Si(001) surfaces. With
increasing AM coverage, these AM-induced metallic surfaces become semiconducting again revealing the
characteristic metal-semiconductor transitighkST's) at the onset of the first ordered structuresx() and
(2x3) for Na and Cs adsorption, respectively. We invoke a mechanism leading to a band insulator to
understand such a MST accompanying a disorder-order structural transition. In addition, the distinctly different
electrical properties of the AM saturated surfaces, semiconducting for Na and metallic for Cs, are attributed to
the availability of some excess adatoms beyond 1 monolayer at room tempelairé3-18207)06419-9

Adsorption of metallic elements on the semiconductorseveral cycles of flashing at 1175 °C and annealing at 800 °C
surfaces has been a subject of intensive studies due to thy resistive heating. The surface thus prepared showed a
technological importance in semiconductor industry besidesery sharp and bright (2 1) low-energy-electron diffraction
the scientific significance to investigate the basic nature ofLEED) pattern with a low background. The cleanness of the
the interactions involved Due to the rather simple configu- sample surface was then examined by x-ray photoemission
ration of the valence electrons of an alkali metaM), the  and HREEL spectroscopy where no impurity peaks were de-
adsorption of AM on the $001) surface has served as a tected. Alkali metals were evaporated by using commercial
model system to study adsorbate-derived electrical propertieSAES dispensers that were thoroughly outgassed while the
of the metal adsorbed semiconductor surfaces. In fact, recestlicon substrate was maintained at room temperature during
studies show that the AM/Si surfaces provide ample infor-deposition. The chamber pressure stayed below 1
mation regarding the electrical as well as the structural phas& 10 1° mbar during evaporation. The AM coverage was
transitions depending on AM coveratjé® Previous photo- controlled indirectly by monitoring the work-function
emission studies have shown that a small amount of AMchangeA¢, which was determined from the shift of a sec-
adatoms make the surface metallic by partially occupying amndary electron tail in x-ray photoemission spectra. Rlge
initially empty substrate bafd’ or a defect-related barfd. versus exposure curves measufedt presentedare quite
Also, in our earlier high-resolution electron-energy-losssimilar with previous measurements within0.2 eV 3-8
(HREEL) spectroscopy study for the Li/®01) surface, we The ELS-22 spectrometer was used with two different pri-
reported evidence for the metallicity of the surface from amary energies 5 and 20 eV for energy resolutions of 8 and 25
prominent loss peak best developed-a60 meV, which meV, respectively.
was attributed to a surface plasmon excitafion. The progressive evolutions of the HREEL spectra with

Interestingly, such a change in electrical property oftenAM adsorption on the $001) surface are shown in Figs. 1
accompanies concomitant change in atomic arrangement @and 2 for Cs and Na, respectively. The two loss peaks from
the surface. The correlation between the two changes has nibte clean SD02) surfaceS, andS; are interband transitions
been addressed properly or has often been overlookefdom the bulk valence to an empty surface band and from
previously>® In this paper, we report results of our HREEL an occupied surface to the bulk conduction band,
spectroscopy measurements of the AMM=Na,C3/ respectively? In the figures, one immediately notices that a
Si(001) surfaces. A semiconductor-metal transiti®@MT) at  small amount of AM adatoms at the very initial stage of
low AM coverages and a metal-semiconductor transitionadsorption induces a rather broad shoulder near the elastic
(MST) accompanying a disorder-order structural transitionpeak, which develops into a prominent loss peak denoted as
(DOT) have been found to occur commonly on these sursurface plasmon$SP with increasing AM coverage. The
faces for most AM atoms including Li, Na, and Cs. We presence of such a loss peak at low AM coverages is in
discuss plausible mechanisms of these electrical phase traaecordance with the presence of some density of states at the
sitions together with distinctly different electrical properties Fermi energy in photoemission spectra, revealing the metal-
of the AM saturated surfaces. lic nature of these surfacés>®°The peak SP tends to shift

We have employed a Lybold ELS-22 spectrometer, whichtowards the higher loss energy side upon further increase of
was described elsewhétdo measure surface electronic ex- the AM coverage reaching eventually 320 and 260 meV for
citations on the Na- and Cs-adsorbed08l) surfaces. The Cs and Na, respectively. It, however, diminishes its intensity
experiment was carried out in an UHV chamber with a baseyradually before disappearing completely at a certain high
pressure better tharx310~ 1! mbar. The Si001) single crys-  coverage(A ¢=—2.53 and—1.34 eV in Figs. 1 and 2, re-
tal surface(p type, p=1.5—-3.5Q cm) was cleaned through spectively. It is noteworthy to find that the surfaces exhibit
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FIG. 2. Corresponding spectra as in Fig. 1 for the Na-adsorbed

FIG. 1. Series of HREEL spectra showing the progressive o
change with increasing Cs coverage obtained at a specular geo urface. The overall features at low coverages are quite similar to
etry (6,= 6;,=60°). Note that the SP, signaling the metallic phaset e Cs-adsorbed surface except for the larger band gap of the reen-

of the surface, disappears completely as the ordered3(2struc- tering semiconducting phase for the ordereck () structure. The

ture appears indicating a reentrant semiconducting phase. The sﬁ?t?'fﬁ:i:ﬁgl.gc pf;%see ?:f fﬁéuéatlggil:rzgz\fjer;é; in sharp contrast
face becomes metallic again with increasing Cs coverage producin\ﬁ’I Ic phas s :
a prominent loss peak neAr¢p= —3.58 eV and a surface plasmon

above the excitation continuum near the elastic peak at saturation as . o .
a result of the metallic coupling of the excess adatoms with theS€€ms to have Gb(_aen made for this explanation in previous
underlying adatom laye(see text photoemissior;® inverse photoemissiof, and scanning

tunneling microscopy (STM) studies contrary to the defect
or disorder related interpretatiofRdhe loss peak seen from
no AM-derived ordered structures as long as SP prevails, i.ethe corresponding metallic Li/&01) surface turned out to
the surfaces remain disordered producing only th&x{2  be a surface plasmchBy the same token adopted for the
LEED pattern. Furthermore, the metallic surfaces becomenetallic Li/Si001) surface at low coverages, we also at-
semiconducting again with increasing AM coverage at theribute the metallization of the ANa,C9/Si(001) surfaces
onset coverages of the first AM-derived ordered structureso the substrate metallization. The SP’s in Figs. 1 and 2
This is seen by the sizable band gaps forming as the surfagaight then also be surface plasmon excitations of which the
becomes ordered. The ordered structures and the apparentergy varies with the AM coverage as for the Li c&3.
band gaps of the reentering semiconducting surfaces are (Because an ordered arrangement of surface atoms is prima-
X 3) and~0.2 eV for Cs and (k1) and~0.6 eV for Na. rily a consequence of the strong lateral interatomic interac-
These band gaps agree qualitatively well with the values retions between adatoms, such a DOT due to the increased AM
ported earlier? Such a MST for the AM(Na,C9/Si(001) coverages may result in the MST's of the AMI3)]) sur-
surfaces seems to be of a rather common phenomenon, sinfaees as discussed further below. Although we invoked a
a similar MST has also been observed for the l(I81) substrate reconstruction to account for the relatively strong
surface. The ordered structure of the L{(®i1) surface is a extra LEED spots from the (22) structure of the Li/
(2% 2) with a band gap 0f-0.7 eV*® Si(001) surface, we could not completely rule out a possibil-
Previously, we have shown that the metallization of the Liity of ordering of the AM layer itself for the ordered struc-
adsorbed surface is essentially an adsorbate-mediated subires of the Cs- or Na-adsorbed surface because of the
strate metallization. In other words, the L§ 2lectrons par- relatively strong scattering factors of these atoms.
tially occupy one of the empty substrate surface bands intrin- We now discuss a mechanism for the MST commonly
sic to the clean cold(4 % 2) structure A general consensus observed on the ANLi,Na,C9/Si(001) surfaces. The
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(2% 1) surface at room temperature is known to be a disorcomparison with recent photoemission and inverse photo-
dered phase of the ordered(4x2) low-temperature emission data reported by Johansson and Réitle find
phasel.s As Johanssoret al. pointed out for the Li/SD01) that S; and S, are interband transiti_ons from the two occu-
surface in their recent STM study,AM adatoms may ini- pied bands and an adsorbate—de_nved empty _surface band.
tially sit on the so-called C-defect sites unique to the locall N€ 0SS peak at 3.0 eV was mistakenly attributed to an

c(4X2) structure. The metallic phase persists as long as thgverlayer plasmon previously, which was considered as an

riall ied surf band remains. As the covera indirect evidence for the metallicity of the Na overlay®r.
partially occupied surtace ba e : 9The semiconducting character of the Na-saturated surface

increases, how_ever, the interaction between ad?toms 'Has also been observed in previous photoemission sfudy.
creases accordingly to form a long-range AM-derived or- " he metallic feature of the Cs-absorbed surface at high
dered structure, which may destroy the locedX2) struc-  ¢,yerages is most clearly demonstrated by a relatively sharp

ture of the subs_tratg. The structure then opens an energy 9glks peak at 0.18 eV, which begins to appear near the mini-
at a surface Brillouin-zon€SBZ) boundary by splitting the .\ of the work-function chang& = —3.58 eV. A simi-

partially occupied surface band into a completely filled andy, gjgn for such metallicity has also been observed in pho-
an empty band above it as in a band insulafdFhe surface  oamission spectra by a finite density of states at the Fermi
now becomes semiconducting again depending on the size @fyye ang the need for a large singularity index to fit the Si
the gap, which accounts for the MST's observed in this; "534 s 41 core-level peaké.This loss peak remains al-

work. It V\.'OUId be Interesting to find the gaps ShO_WH N FIgS. ot dispersionless with respect to the momentum transfer
1 and 2 in photoemission spectra along the azimuth wherga a6 to the surface. However, its intensity grows gradu-
the SBZ bogndary f(_)rms. , ally with increasing coverage with a slight change in its en-
The semiconducting nature of the first ordered structuregrgy_ Since the work-function change increases beyond the
of the AM-adsorbed $001) surfaces may provide a clue 10 \ininm pasically due to the excess Cs adatoms above 1

determine the AM coverage within a single electron pictureML, the metallic phase can also be caused by these excess
of band theory. Previously 1ARef. 18 and 1/4 ML(Ref. 6 54at0ms from the wave-function overlap between the Cs at-
have been assigned for theX3)-Cs and the (x1)-Na g in the two adlayers™More specifically, thes electrons
structure, respectively. Because both surfaces are SeMICORo M the excess Cs adatoms above 1 ML may form a broad
ducting, the assignment of 1/4 ML for the Xd)-Nasur- ¢ g5 hypridization metallic band with the initially empty
face contradicts its semiconducting nature in the single ele p, Cs-derived band. The loss peak at 0.18 eV in Fig. 1 may
tron scheme. Th_e theory predicts that the odd_ num_ber hezn be a surface plasmon excitation due tosCand p
electrons per unit cel{1 from Na and 4 from Siof this electrons in this hybridized metallic band or an interband

: ®ansition between the metallic band and an empty band 0.18
number of electrons2 from Cs and 6 from Sifor the (2 o/ ahove it. However since the peak persists with the

X 3)-Cs surface is consistent with the theory predicting agjighiy varying energy above the interband excitation con-
semiconducting phase as observed. The apparent controverﬁ;aum near the elastic peak, the peak is more likely a sur-

for the the (4<1)-Nasurface demands an alternative expla-tyce plasmon of which the energy varies as the number of
nation. One possibility is to invoke many-body effects thatcqnqgction electrons increases with coverage. The nondis-
may cause a sizable gap, so-called a Hubbard gap, whefsjveness of the excitation may be understood by the lo-

electron correlation pla}ys e?g vital role as fohund in the CScajlized character of the excess Cs adatoms in the second Cs
adsorbed GaA410 surface.” However, we have not ob- |aver Note that the overlayer plasmon excitation attributed

served any subgap excitations resulting from such a Hubbarg"y,o cs 4 electrons in Ref. 7 is seen in Fig. 1 as a broad
gap in our HREEL spectra. Therefore as a simple alternativepeak with loss energy centered-atl eV.

we propose 1/2 ML for the (4 1)-Na surface, which pro- In summary, we find that the metallization of the(&i1)

vide an even number of electrons per unit c@lfrom Na  gurface at the initial stage of AM adsorption is a general
and 4 from S to account for the semmonductmg feature of property of the AMLi,Na,C9/Si(001) surfaces and confirms
the surface within the framework of the single electronye explanation, attributing it to the substrate rather than an

theory. o _overlayer metallization proposed earlier. The MST accompa-
Further changes of the HREEL spectra with Increasing,ving * a DOT, observed also commonly for the

AM coverage beyond the reentering semiconducting phasﬁM(Li,Na,Cs)/Si(OOl) surfaces, may occur essentially by
are also shown foA =< —1.34 eV, and\ ¢p<—2.53 eVfor  gnjitting a partially filed metallic band to open a sizable
the adsorption of Na and Cs, respectively in the figures. Depang gap as in a band insulator. Additionally the distinctly
spite the similar behaviors at low coverages, the two surfac€gitrerent electrical phases at saturation, semiconducting and
show strikingly different behaviors at high coverages. In paryegajic for the Na- and Cs-adsorbed surface, respectively,
ticular, the deeply semiconducting feature of the Na-5.o aecribed to the availability of the excess AM adatoms in

adsorbed surface near saturation is sharply contrasted.wiilﬂe second layer to form hybridized metallic bonds with the
the metallic character of the Cs-adsorbed surface. This iy adatoms underneath.

seen by the absence and the presence of the excitation con-

tinuum near the elastic peak for the Na- and Cs-adsorbed We acknowledge partial support by the Basic Science Re-
surface, respectively. For the Na-adsorbed surface a losskarch Institute Program, Ministry of Education, under
peak near 3.5 eV begins to appearab=—1.34 eV at the Project No. BSRI-96-2440, and also by the Korean Science
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