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Formation of the Eu/$111) system as the metal layer thickness gradually increases from 0.5 to
60 monolayerdML) deposited on the silicon surface at room temperature, and after

heating at up to 900 °C, has been studied by Auger electron spectroscopy, electron-energy-loss
spectroscopy, and low-energy-electron diffraction. It is shown that room-temperature film

growth passes through three stages, depending on the Eu layer thickness: metal chemisorption,
interdiffusion of the metal and substrate atoms, and buildup of the metal on the surface

of the system. Heating of ultrathimbout one Ml Eu films deposited at room temperature results

in ordering of metal atoms on the silicon surface with only weak interaction. Heating thick

(above 15 ML Eu layers on the silicon surface produces silicides whose structure depends on the
heating temperature. @998 American Institute of Physid$S1063-783%8)03703-4

Rare-earth metaléREM) interacting with a silicon sur-  crystalline perfection of the Si(111)77 surface in the
face produce silicides, which possess a number of uniqugourse of experiments were monitored by AES and LEED.
physicochemical properties, among them an extremely low  The Auger and EEL spectra were obtained with a four-
Schottky barrier(0.3-0.4 eV at the interface between the grid hemispherical retarding-field electron analyzer with an
REM silicide andn-Si surface, fairly high electrical and heat energy resolution of 0.25% and an electron beam normally
conductivity, and  comparatively low  formation incidence onto the sample. The analyzer design permitted
temperaturé: observation of the LEED patterns as well. The analyzer and

The present work studies the interaction of Eu with thesetup design are described in detail elsewhefae Auger
silicon surface. Eu is normally in the divalent state and respectra presented in this work were taken in the/dE
tains it in interaction with silicon, whereas when bound in amode at 1-keV primary-electron energy. The EEL data were
chemical compound its behavior resembles tha ofetals.  measured in the N/dE mode at the primary electron energy

In this it differs from most REMs. The present study focusesof 200 eV and subsequently processed to yié?([ﬂ/d E2

primarily on the electronic and crystalline structures of sys-spectra.

tems consisting of a thin Eu layer on the Si(11X)7 sur-

face in their dependence on the annealing temperature ar12d EXPERIMENTAL RESULTS

metal-layer thickness. The electronic structure of these sys-

tems was investigated by Auger electron spectros¢amb) Figure 1a shows some Auger spectra of the Eu/S)

and electron-energy-loss spectroscdB¥LS), and the sur- system for different Eu-layer thicknesséls 7, 15, and 60

face crystalline structure, by low-energy electron diffractionML, with 1 ML ~3.8 A) deposited on the Si surface at room

(LEED). temperature, and an Auger spectrum of a clean Si(111)
7X7 surface, obtained in the kinetic energy interval of 60 to
150 eV. This energy interval permits one to observe simul-

1. EXPERIMENTAL TECHNIQUES taneously in the spectra the Bj3VV peak at about 92 eV
and Auger peaks of europium at 82 ¢lue to theN;N4sNys5

The studies presented in this work were carried iout and N450,50,5 transitionsg, at about 103 eV(originating

situ in an ultrahigh vacuum at (1-2)10 ° Torr. The  from the N,50,3Ng; and N,s0,3V Auger transitionk to be

sample was a X5x0.2-mm plate of As-doped silicon called in what follows theNON peak, theN,sNg/Ng7 Auger

with a resistivity of 0.002) - cm, with a polished111) face. peak at 122 eV, and peaks at 129 and 135 eV caused by hole

Eu was deposited by evaporation from a quartz crucible. Theecombination between thed4and 4f levels. In describing

flux deposited onto the Si surface was monitored by meanthe processes occurring in the El3il) system, we shall

of a quartz piezomicrobalance. The sample was directhsubsequently focus attention primarily on tR®N peak of

heated by passing dc current through the silicon plate. Th&u, because it is the strongest of all Eu Auger peaks and

heating temperature was determined by the magnitude of thgrovides information on the valence band. A comparison of

current through the sample. The correspondence between thige spectra in Fig. 1a shows that the amplitude of the Eu

current and the heating temperature was verified in prelimiN,50,3Ng7; peak grows, and that of the silicdrpsVV peak,

nary calibration experiments by means of an optical pyromgradually decrease with increasing Eu layer thickness. The

eter. The silicon surface was cleaned by a brief highsilicon peak at 91.5 eV shifts by about 0.6 eV toward lower

temperature annealing at about 1100 °C. The cleanliness atihetic energies even at coverages of one monolayer, and
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FIG. 1. Auger spectra of the Eu(3L1) system(a) Spectra obtained from Eu layers with different thicknesses depositedEyitil keV at room temperature
(ML): 1—60,2—15,3—7, 4—1, 5—clean Si(111) kX 7 surface A-Si L,3VV peak E=91.8 eV),B-Eu N,50,3:Ng; peak E=103 eV).(b) Spectra obtained
after the heating of Eu layers with different thicknesses deposited at room tempeiageré keV): 1—60 ML without heating,2—15 ML, heating at
400 °C; 3—15 ML, heating at 700 °G2X 2 structurg; 4—1 ML, heating at 500 °G3X 1 structure¢; 5—clean Si(111) X 7 surface;A-Si L,3VV peak
(E=91.8 eV),B-Eu N4s0,3Ng; peak E=103 eV).

does not change position with further deposition of eu-

ropium. The Eu peak at=103 eV shifts gradually toward

higher kinetic energies with increasing thickness of the de- 7gg#,

posited layer. The relative change in amplitude of the Si

L,3VV peak(Fig. 28 and of the EuN450,3Ng; peak (Fig.

2b) with increasing metal-layer thickness permits one to fol-

low the change in intensity of individual Auger peaks in 0 ®

more detail. The Auger peak amplitude was determined from

the intensity change between the low- and high-energy ex:

trema of the corresponding AugdiN/dE peaks. In Fig. 2a,

the 100%-level is the amplitude corresponding to thev 201+ " .

peak from clean silicon surface, and in Fig. 2b, that of the " .

NON Eu peak for the 15-ML thick metal layer on Si surface. § 0 : , -+ L —a—1L

We see that the amplitudes of the Auger peaks under studj.E,

vary nonuniformly with Eu layer thickness. The sharpest 7’10”_ b

changes occur at metal layer thicknesses below 2 ML. E:.’ .
Figure 3a presents EEL spectra in the fatfiN(E)/d E?

for the Eu/S{111) system for metal layers four and 30 mono-

layers thick deposited at room temperature, and for a clean £

surface. The characteristic features of these spectra are tt -

plasma loss peaks in silicon and europi(about 17.7 and 9

eV, respectively and the Eu p EEL feature(at ~25 eV). 20k

We readily see that the Eu EEL spectrum undergoes substar E"’

tial changes even at=4 ML. The silicon plasma-loss peak

(17.7 eVj practically disappears against the background of @ 4 8 12 16

the features associated with losses in the metate-level Eu Ew manolayer numbder

5p and plasma losses in europium _at 8)end a new peak FIG. 2. Relative variation of the amplitude @) SiL,3VV peak andb) Eu

at 12.5 eV. The EEL spectrum obtained from 30 monolayersy,.o, ., peak with increasing thickness of Eu layer deposited at room

of Eu exhibits a substantial increase in the Eu plasma los@mperature.
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FIG. 3. EEL spectra of Eu/§ill) system.(a) Spectra obtained from different thicknesses of Eu layer depositedEyith200 eV at room temperature.
1—clean Si(111) % 7 surface2—four Eu ML, 3—30 Eu ML, A-Eu plasma loss peakiw=28.1 eV), B-Si bulk plasma loss pealiw=17.6 eV),C-Eu 5p
loss peak E=24.5 eV); (b) Spectra obtained after the heating of Eu layers with different thicknesses deposited at room temgggat@ad (eV): 1—30
ML without heating,2—15 ML, heating at 400 °C3—15 ML, heating at 700 °G2X 2 structurg; 4—1 ML, heating at 500 °G3X 1 structure; 5—clean
Si(111)7x 7 surfaceA-Eu plasma loss peakiw=28.1 eV), B-Si bulk plasma loss peaki(w=17.6 eV),C-Eu 5p loss peak E=24.5 eV).

peak and Eu p excitation loss feature, with the latter shift- peak shifted slightly toward lower binding energies. One also
ing by approximately 0.5 eV toward lower binding energiessees clearly in the spectrum of thex2 structure a feature at
compared to a thin Eu layer on Si. 13 eV.

The Eu/S{111) system produced by heating at different An analysis of the compounds formed after the heating
temperatures was studied with tHi—2 ML) and thick(15  of the Eu/S{111) system revealed that those that appear at
and 60 ML Eu layers deposited at room temperature. It wagelatively low temperatures are metastable; indeed, the com-
established that the geometric and electronic structures of th@osition and electronic structure of the surface change with
systems forming after the heating of thick metal layers differtime. For instance, while immediately after heating Tat
negligibly. The structure of these systems depends on the-400 °C silicon is detected in considerable amounts on the
heating temperature. Figure 1b displays the most charactesurface(see Fig. 1l after 12 hours of keeping the system at
istic Auger spectra obtained after heating at different temyoom temperature the %i,3VV Auger peak practically dis-
peratures of a system consisting of 15 monolayers of Eu on appeared. Repeated heating, both at the same and at higher
Si(111)7x 7 surface. Also shown is an Auger spectrum oftemperatures, up to 500 °C, does not affect the spectrum,
the system produced by heating one monolayer of the metabhich implies that the system thus formed is stable.
at a temperature of about 400 °C. Studies of systems produced by heating one monolayer

As follows from LEED patterns, structures with an or- of europium on silicon surface showed that a number of or-
dered crystalline surface form only at sufficiently high heat-dered structures form there. When heate@«t400 °C, the
ing temperaturegsabove 600 °Q. It was established that sys- structure forming on the surface is<g8., at higher tempera-
tems prepared at heating temperatures of 700 and 800 °C atgres(about 500 °Cit is 3X 1, and forT>700 °C, it is the
characterized by 2 and 3<3 ordered structures relative 1X1 structure, which transforms gradually with increasing
to silicon, respectively. In the case of th&x2 structure the heating temperature to the<7/ superstructure characteristic
stoichiometry of the compound was tentatively estimated asf clean Si surface. No such structures were observed when
EuSh,. The estimate was made by comparing the siliconheating thick metal layers. The Auger spectrum of the 3
and europium Auger peak amplitudes in the spectra obtaineck 1 phase is shown in Fig. 1b, and the EEL spectrum is

Figure 3b shows EEL spectra of the same phases as gshown in Fig. 3b together with spectra of the systems pro-
Fig. 1b. These spectra are dominated by a silicon plasma-loghiced by heating a thick Eu layer on the Si surface.
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3. DISCUSSION OF RESULTS 2X 2 structure, and at~800 °C, of a 3x 3 structure. As
) _ . seen from Fig. 3b, the spectrum of the<2 EEL phase
The mechams_ms _Of Eu film growth on Si surface can b&xhibits a noticeable shift of the silicon plasma loss peak and
analyzed by considering the dependences of the amplitudeSteaqre in the region of 13 eV. This shows that Eu atoms
of the most gharactenghc Eu apd _S' Auger peaks on th‘ﬁﬂteract with atoms of the substrate and become chemical
metal layer thickness displayed in Flg. 2_a,b. We readily S€@ound. The Auger spectrum of this pha$ég. 1 permits
fchat thesehgrkaphs arfe nbonmonotomc, \:V'th theTSr:QpES r::h"%ngértain conclusions on the character of this bonding. We see
Ing at a thickness of about two monolayers. This behavioy, . e Auger peak does not change its position relative to

|mpllﬁs t_hat El::f'lms oflctirl:‘_felient th'thnheSS grow by dt:fererr]n Ithe spectrum of the clean substrate, which suggests that this
mechanisms. For small thicknesses, e CUrves, on the w 0Seak returned to its original positiofs mentioned earlier,

correspond to monotonic growth of Eu films or(Hi1). Eu its energy changed in the course of room-temperature

atoms start to interact with the substrate even at submonog—rowth) One may thus conclude that there is no noticeable
layer coverages, which is implied by the shift of the Si charge transfer between Si and Eu atoms in the systems

Li23V(\I/:ipeiI; at r:réetshei th|r(1:il;tniesrsnes :ol;/l\(/alr d IO\;]Vr?r lf['ndEt\'/:/:itﬁnerformed after the heating. It follows that the bonding between
gesi-ig. 19, a S S mostlikely connected WIth & 15 s in this system is probably mostly covalent. This evi-
charge transfer from Eu to Si atoms. This observation is in . ;

dence gives credence to the assumption that tk& Znd

accord with the conplusmns of Ref. 5 . . 3X 3 structures relate to epitaxial silicides. For th& 2
As seen from Fig. 2, as the Eu film thickness increases

.. structure, the composition of this compound can be described
above two monolayers, the rates of decrease of the silico

Auger peak amplitude and of the increase of the europiumy an approxmate' fo.rméfé'a Eugi, which is in agreement
Auger peak amplitude slow down noticeably, which suggesté’mh the reported silicide.
’ Heating atT~400 °C of a thick Eu layer deposited at

a change in the pattern of interaction with the substrate. This . : )
behavior for Eu coverages with>2 can be identified with foom temperature on 8il1) produces a system with a high
. Si concentration on the surfad€&ig. 1b which does not
one of the two growth mechanisms, namely, the Stransky—=
Krastanov mechanism, involving formation of three- generate any LEED pattern. When stored at room tempera-

dimensional clusters on a uniform adsorbate layer, or théure, this system exhibits a decrease in the Si concentration

interdiffusion mechanism, where, starting with a certain ad_on'c;[he sgn;)acter; uné" . dlsafptp;]earsg Xomple?ely Ilr.] :tﬁ h, as
sorbate layer thickness, atoms of the substrate mix with thosg/'0encea Dy he absence ot the 1 AUger sighal in the Spec-
. Subsequent heating of the system ug 6500 °C did

of the adsorbate, a process accompanied by breaking Hlat h th ¢ ticeabl
atomic bonds in the upper layers of the substrate. In our casQ,o change the spectra noticeably. -
It can be suggested that when a thick Eu layer ¢a3)

the SiL,3VV peak in the Auger spectrum was clearly seen, o . :
even with Eu thicknesses above ten monolayers, whereas tle heated Zﬂ;‘loo fC’ Si hatomsdc_h_ffuse thrﬁugh tfhe Eu
silicon plasma loss peak disappeared from the EEL spectrur@yer toward the surface. The conditions on the surface are,

at a Eu film thickness of just four monolaye(ig. 3a, however, not coqducive to formation of strong chemical
which implies destruction of the energy bands formed b)p(_)nd_s between_Sl and Eu atoms, and therefore the_ excess of
silicon atoms as a result of the rupture of Si—Si chemicaP®! drifts away in time to become bonded at the interface
bonds. This argues for the second, interdiffusion mechanisnt€Parating europium and silicon, where a layer forms which
As evident from Fig. 2a, for Eu layers more than 7_1Oprec!udes further Si diffusion to the surface in subsequent
ML thick, the L,3V'V peak of silicon practically disappears Neatings. _ _ _
from the spectra. Starting from these thicknesses, further Heating an ultrathirione monolayer-thickEu film does
deposition leads to a buildup of Eu, and the surface structurBOt introduce any serious distortions into the silicon surface
acquires the features of a metallic Eu phase, which is indiStructure also, but gives rise to the formation of compounds
cated by the fact that the Auger spectrum of the systenWith an ordered surface structure. As the temperature in-
formed after deposition on the Si surface of a thick Eu layeicreases, ¥1 and 5<1 patterns appear. Thex3l phase
(Fig. 18 coincides with that of the metallic Eu phae. formed at a temperature of about 400 °C. The Auger and
The above analysis implies that room-temperature forEEL spectra of this surface are shown in Figs. 1b and 3b,
mation of the Eu/Sil11) system passes through the follow- respectively. This system differs most significantly from
ing three stageg1) For coverages less than two monolayers,those corresponding to bulk epitaxial silicides in the crystal-
Eu spreads uniformly over the silicon surface, and interacline structure of the surface and a lower temperature of for-
tion of Eu atoms with the substrate becomes manifest alreadyation of the ordered surface structure. As seen from the
in this stagey2) For Eu thicknesses above two monolayers,Auger spectrum, formation of this system does not result in a
the bonds coupling silicon atoms in the near-surface layers dg$hift of the SiL,3VV peak toward lower kinetic energies,
the substrate break, thus making possible interdiffusion ofvhich was observed before the heating. Moreover, a more
europium and silicon atomg3) For coverages exceeding careful analysis of the spectrum revealed a reverse shift of
7-10 ML, europium starts to build up on the silicon surface.the peak by about 0.4 eV, which indicates interaction be-
Heating a thick layer of Eu on the surface of Si at hightween Eu and Si atoms different in character from that char-
enough temperatures causes compounds with an orderedteristic of bulk silicides. The EEL spectrum of thex3
structure to form on the surface. An analysis of LEED pat-surface is very close in shape to that of clean silicon surface.
terns shows the formation on the surfacelat700 °C of a  This suggests that the surface did not experience any destruc-
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tive action from the side of the adsorbate. It may be conjecately after the heating is enriched in Si atoms. When main-
tured that formation of ordered structures after heating otained at room temperature, silicon atoms diffuse into the
thin Eu layers on $111) does not involve destruction of bulk and stabilize the interface. Repeated heating of the sys-
Si—Si bonds in near-surface layers. In contrast to systemm after a considerable tim@bove 12 h does not repro-
produced in the heating of thick Eu layers, europium atomsluce the effect, in other words, with time the system reaches
become distributed uniformly over silicon surface after thea stable state.

film heating and occupy preferred positions, in which they 4. Heating ultrathin(about one monolaygrEu layers
form strong, predominantly covalent chemical bonding withproduces ordered structures on the surface different from
silicon atoms involving weak electron density transfer be-those of epitaxial silicides. The differences consist in a lower

tween the two species. formation temperature of the ordered structur@bout
The results obtained in this work can be summed up ag¢00 °Q and in the crystalline structure of the surfa@me
follows. observed X1 and 5x 1 surface structur@sThese structures

1. Eu atoms deposited on the(Bil) surface at room form in the reconstruction of the @ill) surface under a
temperature interact with the substrate in three stages, deniform flux of adsorbing Eu atoms.
pending on the actual metal layer thickness:

a) for Eu coverages below two monolayers, monotonic Support of the Natural .Scie.nces Application Center at
film growth on silicon surface, with no bonds between githe St. Petersburg State University, Russian Fund for Funda-

atoms in the upper layers being broken: mental ResearchGrant 96-03-34107aand RFRF-DFG
b) for Eu coverages from two to seven monolayers, mix-(Grant 96-02-000456is gratefully acknowledged.
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buildup on the surface and formation of a solid metal layer as and P. A. Tove, Appl. Phys. Let8, 865(1981.
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