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First-principles calculations of strontium on Si(001)
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This paper reports state-of-the-art electronic structure calculations on the deposition of strontium on the

technologically relevant001) orientated silicon surface. We identified the surface reconstructions fro%n 0-
monolayers and relate them to experimentally reported data. A phase diagram is proposed. We predict phases
at % % % % and 1 monolayers. Our results are expected to provide valuable information in order to understand
heteroepitaxial growth of a prominent class of highexides around SrTiQ The insight obtained for stron-

tium is expected to be transferable to other alkaline-earth metals.
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[. INTRODUCTION The adsorption of the alkaline-earth metals Sr and Ba on

Si(001) has been extensively studied. Most of the studies of

Device scaling has been the engine driving the microelecSr on S{001) are diffraction studies such as low-energy elec-
tronics revolution as predicted by Moore’s [ABy reducing  tron diffraction’'? (LEED) and reflection high-energy elec-
the size of transistors, processors become faster and mot@n diffraction®™*® (RHEED) or scanning tunneling

power efficient at an exponential rate. Currently the mainmicroscopy®*?(STM) experiments. The STM studies have
challenge in device scaling is the integration of higrox- been most valuable because these contribute detailed real-

. . . . . 9
ides as gate oxides into silicon technology. space information on the atomic scale. Similar LEED!

20
The gate oxide is the dielectric of a capacitor, which isRHEED;™ and STM(Refs. 21-25as well as x-ray photo-

eai : 26,19
used to attract charge carriers into the channel region. Thus ISsion Styd'éé (XPS) have been performed for Ba._
-ray standing-wave experiments provide valuable restric-

current can flow from source to drain, provided a voltage is. X
applied to the gate electrode. With a thickrfestonly 1-2 tions on thgstructures W'th cpvelrflges .Of 172 apd :I../3.mono—
' layer (ML).?” The photoemissidfi*! studies provide insight

nm the gate dielectric is the smallest structure of a transisto[hto the ionization state of Sr, and show a qualitative change

AS thg thickness O.f the gate oxi.de Is furthgr reduced, it§,¢ iho Fermi-level pinning as a function of coverdge.
insulating property is lost due to direct tunneling through the Diffraction studies suffer from the fact that these average
ultrathin oxide. The results are intolerable leakage currents, o several structures and terraces. Here STM experiments
and a large power consumption. rovide valuable clues. One of the major experimental diffi-

Aremedy to this problem is the replacement of the currenyties is the determination of the coverage at which the data
SiO, based gate oxides with an insulator having a largeire collected?
dielectric constant, a so-called highexide. A highK oxide Theoretical investigations of isolated Ba atoms adsorbed
gate with the same capacity as an ultrathin Si@sed one on S{(001) have been performed by Wareg al >
will be thicker and should therefore exhibit smaller leakage In this work we address the deposition of Sr ort08i)
currents due to direct tunneling. The integration of new ox-using state-of-the-art electronic structure calculations. We at-
ides into the semiconductor technology has, however, proveempt to provide a complete set of adsorption structures,
to be a major problem. Hence an enormous research effort ideir energetics, chemical binding and electronic structure.
underway to understand growth of highoxides onto sili-  We will categorize the reconstructions by pointing out the
con. driving forces that lead to the various ordered structures.

Currently, HfQ, and ZrQ, are the main contenders for the This provides a unified picture of Sr adsorption from low
first generation of high< oxides to be introduced in fabrica- coverage up to 4/3 ML.
tion. These oxides still exhibit an interfacial SiGyer and
therefore do not form a direct interface with silicon. As scal-
ing proceeds, an interfacial SjQayer cannot be tolerated
anymore. The existence of an atomically abrupt interface be- The calculations are based on density-functional
tween silicon and a higk- oxide has been demonstrated by theory’®! (DFT) using a gradient corrected functiorfalThe
McKee et al®* for Ba,Sr;_,TiO; on Si001), after an epi- electronic structure problem was solved with the projector
taxial relationship has been reported in the late 1980’s.  augmented wave methdd,an all-electron electronic struc-

A detailed understanding of metal adsorption is crucial toture method using a basis set of plane waves augmented with
control oxide growth on Si. The growth process is guided bypartial waves that incorporate the correct nodal structure.
the sequence of structures that develop as the metal is depoRae frozen core states were imported from the isolated atom.
ited on the silicon surfacéThe nature of these structures as For the silicon atoms, we used a set with two projector func-
well as the interface between Si and a hi§loexide is, how- tions per angular momentum ferand p character and one
ever, still under debate. projector per angular momentum withcharacter. The hy-

Il. COMPUTATIONAL DETAILS
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drogen atoms of the back surface had only sttgpe pro- — 1 r 1 ' 1 T T
jector function. For strontium we treated the dnd 4p core 0.05
shells as valence electrons. Per angular momentum we used  0.00
threes-type and twop- and d-type projector functions. The .0.05
augmentation charge density has been expanded in spherical
harmonics up tof=2. The kinetic-energy cutoff for the
plane-wave part of the wave functions was setto 30 Ry and ~ 0.05
that for the electron density to 60 Ry. 0.00
A slab of five silicon layers was used as silicon substrate.  _g g5
Wanget al?® report that the adsorption energy of a Sr atom , A . A
on the surface changes by 0.05 eV when between a 4-layer

|

|

slab and a 6-layer slab of silicon. In our calculations the 0.05[- 7]
energy per additional silicon atom agrees to within 0.06 eV 0.00- 0—0———'—"'.——
with that of bulk silicon between a 4-layer and a 5-layer slab. -0.05 -

The dangling bonds of the unreconstructed back surface of T T T R
the slab have been saturated by hydrogen atoms. The lateral

lattice constant was chosen as the experimental lattice con- 0.05
stanta=5.4307 A of silicon®* which is 1% smaller than the 0.00
theoretical lattice constant. Since we always report energies  -0.05
of adsorbate structures relative to the energy of a slab of the A R T M B
clean silicon surface, the lateral strain due to the use of the
experimental lattice constant cancels out. The slabs repeat

z

0.05

i

every 16 A perpendicular to the surface, which results ina 000
vacuum region of 9.5 A for the clean silicon surface. -0.05
The Car-Parrinell@b initio molecular dynamics scheme P N I N
with damped motion was used to optimize the electronic and 0.0 0.1 0.2 0.3 0.4 0.5

atomic structures. All structures were fully relaxed without k-point spacing [1/A]

symmetry constraints. The atomic positions of the back plane g5 1. k-point convergence: Energy in eV relative to the con-

of the slab and the terminating hydrogen atoms were frozeRerged value vs characteristigooint spacingRef. 3. From top to
Many of the Sr adsorption structures are metallic, whichyettom: bulk silicon per atom; adsorption energy per Sr atom for a

requires a sufficiently fine grid irk space. We used an coverage of 1/2 ML; bulk silicides SrSEtmcm SrShl4,/amd,

equivalent to &8 points per (1) surface unit cell. This  and SrSjP4,32 per atom. Our surface calculations usekt@oint

value has been chosen after careful convergence tests fepacing of 0.2 A* or the closest commensurate mesh.

surface structures, bulk silicon, and bulk Sr silicide®y. 1).

In cases where thik mesh is incommensurate with the size polymorph of SrSi (P4332). The reference energies are

of the unit cell we selected the closest, finer commensirate |isted in Table I. The reference enerfy[ Sr] for a Sr atom,

mesh. corresponding to the coexistence of bulk silicon and bulk
For metallic systems, the orbital occupations were detersysj,, is extracted from the enerds[ SrSi] of the disilicide

mined using the Mermin functiorfﬁl which produces a calculated with a (& 8x 8) k mesh and the reference energy
Fermi distribution for the electrons in its ground state. Theof pulk silicon E,[ Si] as

electron temperature was set to 1000 K. In our case this
temperature should not be considered as a physical tempera- Eo[ Sr]=E[SrSh]—2E[ Si]. 2
ture but rather as a broadening scheme for the states obtained
with a discrete set ok points. The Mermin functional adds  The bulk calculation for silicon was performed in the two-
an entropic term to the total energy, which is approximatelyatom unit cell with a (1& 10X 10) k mesh and at the experi-
canceled by taking the mean of the total enddd§T) and the ~mental lattice constant of 5.4307A.
Mermin-free energyF(T)=U(T)—TST) as proposed by For the surface calculation, we always subtracted the en-
Gillan:® ergy of a clean (% 2) silicon surface of the same slab thick-

ness, to account for the slab including hydrogen termination.

U(T=0)~3[F(T)+U(T)]. (1) _ - _
TABLE |. Reference energies used in this paper without frozen

The forces are, however, derived from the free energ\?ore energy. See text for details of the calculation.

F(T). Relaxation of the (X 1) 4/3 ML reconstruction at 0

K and 1000 K shows that the atomic positions at the twa Energy[H]
temperatures differ by less than 0.06 A or 1.5% of theE, [Si] —4.0036
nearest-neighbor bond length. E, [Sr] —31.1441

In order to express our energies in a comprehensible marg, [5-layer Si slab —21.1140
ner, we report all energies relative to a set of reference eneg, [4-layer Si slah ~17.1083

gies. This set is defined by bulk silicon and the lowest-energy
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For the surfaces with ML coverage of silicon we assumed
that the corresponding reservoir for the silicon atoms is a
silicon terrace. Hence, the reference energy for the 4.5 layer
silicon slab is the average energy of a 4-layer slab and a
5-layer slab. The terrace energy itself does not enter the limit
of an infinitely dilute step density.

In some of our structures the choice of unit cell has an
impact on the dimer buckling. We estimated the energy of a i
buckling reversal from the energy difference of a(2) and - - - g W *'@;‘4"
a (5x2) supercell. The cell with an odd number of dimers
contains one buckling reversal. The calculated energy for
such a buckling reversal is 0.06 eV.

oY
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Ill. BULK SILICIDES

Before studying the adsorption of Sr on silicon, we inves-
tigated the bulk silicides of Sr. The energetics of bulk sili-
cides provide us with the driving force to go from ordered
surface structures to silicide grains on the surface. Our cal-
culations on early transition metals on silicon indicate that
silicide formation is a major problem for layer-by-layer
growth of an oxide’®

The binding characteristics of the bulk silicides provide us
with insight into the favored structural templates which
might be anticipated for the Sr-covered silicon surface.

Sr silicides are typical Zintl compounds. According to the
Zintl-Klemm concept® atoms with an increased number of
electrons form similar structures as atoms with the corre-
spondingly increased atomic number. Consequently, a charge FIG. 2. (Color onling Bulk silicide structures. Top left,
transfer of one electron to silicon will result in a preferred SrSh(14,/amd) (Ref. 41); top right; SrSj(P4;32) (Ref. 42;
bonding environment similar to phosphorous with three ormiddle left, SrSi Cmcn) (Ref. 43; middle right, SrSi (mmm)
five covalent bonds. Addition of two electrons will result in (Ref. 44; bottom left, SgSiz(14/mcm) (Ref. 45; bottom right,
chainlike structures like sulfur. After addition of three elec- S2Si (Pnm3 (Ref. 46. The large, darkred spheres represent Sr
trons, one anticipates formation of dimers and once fouptoms; the smaller, lightbeige spheres represent Si atoms. Ener-
electrons are transferred, isolated ions are expected. In othgies are listed in Table II.

words, for every added electron one covalent bond will be , )
missing. We find SrSj (P4532) to be the most stable phase of

Due to the large difference in electronegativity, Sr for- Silicides per Sr atoniTable 1. Therefore we have chosen
mally donates its two valence electrons to the silicon subthis material to define, together with bulk Si, the reference
strate. energy for Sr.

(1) In SrSi, one electron is transferred per silicon atom. AS @ side remark, we note that a lower energy of a Sr

Hence threefold coordinated silicon networks are formed a&{©m in & bulk silicide compared to the adsorbed Sr on the
shown in the top two structures of Fig. 2. surface does not automatically indicate the formation of sil-

(2) Two electrons are transferred in SrSi so that the silicor€'de grains during growth: The silicide formation may be
network is similar to that of elemental sulfur with two- suppressed by the strain due to an epitaxial constraint by the

coordinated silicon atoms forming Si chains as seen in théilicon lattice constant. Thus the formation of silicides is
middle left panel of Fig. 2. The middle right panel shows expected to be delayed for thin films, because the bulk sili-

another modification of SrSi. The average number of cova-
lent bonds per silicon atom is, however, still 2.
(3) In SK;Si5 there is a charge transfer of ten electrons to

TABLE II. Energies per Sr atom of bulk silicides relative to our
reference energies.

three silicon atoms, which can be used to form twd Sons E [Sr] [eV]
and one S~ ion. The two S~ combine to form dimers and
the Sf~ is no more able to form covalent bonds. Hence weSrSi, (P4532) 0.00
observe an equal number of Si dimers and single Si ions i$rSi, (14, /amd) 0.01
the structure of $Si; as shown in the lower left panel of SrSi(Cmcm 0.09
Fig. 2. SrSi (Immm) 0.20
(4) In Sr,Si four electrons are transferred to each siliconsysi; (14/mcm) 0.39
atom. As a consequence, the Si atoms in the structure on thg,sj (Pnmg) 0.45

bottom right of Fig. 2 do not form covalent bonds.
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cides have a large mismatch with the silicon substrate. This
argument does not refer to the thermodynamic equilibrium of
large samples, but it indicates that nucleation of silicide
grains will have to overcome a large barrier.

IV. THE CLEAN SILICON SURFACE

The clean(001) silicon surface has a(4x2) dimer-row
reconstruction. We briefly summarize the driving forces to-
wards this reconstruction in order to understand the adsorp-
tion structures of Sr on silicon.

FIG. 3. Top view of the D01 surface and the four high-

An unreconstructed surface of silicéd01) is terminated ~ SYMMely positions spanning the surface irreduciblec unit
cell. The dimer buckling is not shown. The energies are listed in

by a square, (X 1) array of atoms. Each silicon atom on the Table 1l
surface is connected by two bonds to the subsurface. Conse- '

quently, there are two half-occupied dangling bonds on eacly hear defects. The theoretical predictions depend strongly
silicon sticking out of the surface. . on the approach choséaluster calculations with configura-

Each pair of surface silicon atoms forms a dimer bondyio, jnteraction or density-functional calculations with peri-
which saturates one of the two dangling bonds on each atomyic houndary conditionsThe most conclusive results have
The dimers arrange in rows. This is the so-called<() tbeen produced by quantum Monte Carlo simulatitiagi-
dimer-row reconstruction which results in an energy gain ofy4ting that the buckling is present and density-functional cal-
0.65 eV per (2<1) unit cell according to our calculations. . ations just overestimate the energy difference.

In a second reconstruction, both electrons in the dangling Tpe fact that STM experiments cannot resolve the dimer
bonds localize on one atom of each dimer, resulting in g,cyling may be due to thermal averaging of the two buck-
dm;er buckling. The buckling is driven by the fact that an gq configurations. We believe that the mechanism is due to
sp° hybridization is favored for a five-electron species suChe migration of a solitonlike defect in the anticorrelated
as the negative Si atom, while ap® hybridization is fa- buckling pattern of a dimer row. The calculated energy for
vored for a three-electron species such as the positive silicofpis gefect is 0.06 eV(see Sec. )l Thus we predict a con-
atom. Thesp? hybridization in turn favors a planar bonding centration of one such defect per 11 dimers at room tempera-

environment, whereas three-coordinatgtf bonded atoms  yre. Typical tunnel currents in STM experiments are around
form an umbrellalike environment. In the buckled-dimer row 1 A which corresponds to six electrons per nanosecond.

reconstruction, the electrons are localized on the atoms stick- Thus even a soliton migration barrier as large as 0.05 eV

ing out farthest from the surface. The dimer buckling can b&yoyq imply that the buckling changes once during the trans-

considered as a Peierl’s distortion which splits the half-filledsg, of 5 single electron. These estimates should be taken with

energy bands resulting from the dimer bonds into a filled ang g tion, since the small energy difference of 0.06 eV carries

an empty band, with a band gap in between. The energy gaig large relative error bar.

due to this distortion is 0.12 eV per 1) cell. From the comparison between DFT and quantum Monte
_The energies quoted here are in reasonable agreemeffy|o calculations one can deduce an error bar of 0.05 eV per

with  previously published local-density approximation (1 1) unit cell due to electron correlatioASWe verified

pseudopotential calculatioi§The dimer reconstruction can tnat this correction does not qualitatively affect the findings
be considered to be fairly stable. Even at 1500 K only 3% Ofreported in this paper.

the dimer bonds are broken, as estimated from the Boltz-
mann factor withAE=0.65+0.12 eV.

Two neighboring buckled dimer rows interact only
weakly. We obtain an energy difference of 1.2 meV per In order to determine the low-coverage limit of Sr adsorp-
dimer between the(4X2) reconstruction with antiparallel tion, we investigated the energy as a function of the lateral
buckling and thep(2x 2) reconstruction with parallel buck- position of a Sr adatom on the surface. The total energy as a
ling on neighboring dimer rows. This indicates that the buck-function of the lateral position of Sr is obtained by constrain-
ling patterns of different rows are fairly independent of eaching the lateral movement of the Sr atom relative to the rigid
other. back plane of the slab. The calculations were performed in a

Within a row, however, the buckling of the dimers is (4X4) surface supercell. We considered the high-symmetry
coupled in an anticorrelated manner. This can, at least partlypoints of the (2<1) surface shown in Fig. 3 and the mid-
be explained by the fact that the lower silicon atom of apoint between the local minima. The energies of the high-
dimer pushes the two adjacent subsurface silicon atomsymmetry positions are given in Table lII.
apart. For the equivalent silicon atom of the next dimer, itis  Sr has the global minimum at positiédnas defined in Fig.
therefore favorable to be in the highersplike 3. Sris located in the trench between the dimer rows and in

V. ISOLATED Sr ON SILICON

configuration*® the center of 4 surrounding dimers. The Sr atoms are slightly
There has been an intense debate as to whether theredakevated above the plane of the surface dimers.
dimer buckling or not. STM images reveal &2 structure. A metastable positiorD of Fig. 3, is located in between

They exhibit the buckling only at rather low temperaturestwo dimers on top of a dimer row. It is 0.29 eV higher in
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O

TABLE lll. Relative energies of isolated Sr on the(@1) sur-
face at the high-symmetry points of the surface irreducible unit cell
as well as theA—D midpoint. The labels refer to Fig. 3.

A

Position AE [eV]

A 0.00
B 0.55
C 0.75
D
A—

AU AT
TAAY
AU IV
7AVA
AUAY

0.29

D midpoint 0.61 FIG. 4. Schematic representation of the isolated Sr adatom at

positionA. The filled circle represents the Sr adatom; the rectangle
represents a filled and therefore unbuckled Si dimer. The triangles
energy than the global minimum. We will see that the structepresent buckled dimers. The flat side of a buckled dimer indicates

turesA and D are repeating motifs in a range of different the upper Si atom with a filled dangling bond, whereas the pointed
adsorption structures side indicates the lower Si atom with the empty dangling bond. The

. . - harge transfer from the Sr adatom to one of the surrounding dimers
The diffusion of Sr on the S"ICOI." surface procgeds aboufs iné;icated by the arrow; the preferred adsorption @t Sec.g\))l
equally fast parallel and perpendicular to the dimer rows; o neighboring valley by the open circle
with a slight preference for the parallel direction. The diffu- '
sion barrier along the valley is equal to the energy difference ” . )
between sitedA and B, namely, 0.55 eV, the one across the N Fig- 1(b) of Yao etal™ We attribute the experimental

row is 0.61 eV and is estimated by the midpoint between th@bservation to a dynamical effect: One electron pair can rap-
sitesA andD idly migrate from the filled dimer to one of the three buckled

It should be noted that in our analysis we ignored thedimers next to the Sr adatom. If this fluxional motion occurs

reduced symmetry due to dimer buckling. As a result, differ-On @ time scale faster than the time scale for a buckling
ent versions of the high-symmetry points quoted here eXis&eversal pf the entire chain, the buckling will appear pinned
with slightly different energies. For the structukewe found N both dimer rows.

two versions which differ in energy by 0.15 eV. In these N our supercell with an even number of dimers in a row,
cases the lowest-energy structure has been chosen. every reversal of the buckling must be compensated by a

In contrast to Sr. there has been a lot of work related to€cond one, thus artificially destabilizing siteThis adds an

isolated Ba atoms adsorbed orf@®i1).2%2L Our results are in uncertainty of up to 0.12 eV to all energies for the isolated
line with previous calculations for isolated Ba or((&i1).2% Sr. Even taking this uncertainty into account, isolated Sr ada-

We believe that both atoms behave in a similar fashion, B4&oMS do not form a thermodynamically stable phase at any
has been found mostly on sitésin the trenches, and also on COVerage as will be demonstrated in the following section.
sitesD on top of the dimer rows. The main difference be-

tween Ba and Sr lies in the energy diffe_rence bet_ween the \/| CHAIN STRUCTURES AT DILUTE COVERAGES

two metastable siteA andD. For Ba the difference is 0.88

eV (Ref. 29 which is substantially larger than 0.29 eV for = The Sr atoms on the surface tend to arrange in chains, as
Sr. seen in the STM experimerfts. Similar results have been

The chemical binding can be well understood in an ionicobtained for Ba on $001).%?
picture as suggested by the chemical binding of the silicides. Our calculations predict random, single-chain structures
The two electrons of the Sr atom are donated into an unoadp to a coverage of ML. Betweeni ML and 3 ML we find
cupied dangling bond of a Si dimer. Interestingly we find thiscondensed, single- and double-chain structures. ABdvié
electron pair to be localized at a single dimer. This is evidenthe multiple-chain structures convert into disordered arrays
from the dimer buckling, which vanishes when both danglingof double vacancies as will be discussed below. We investi-
bonds are occupied. gated chain structures with coverages &f =, 3, &, 5.

The Sr atom experiences an additional electrostatic stabig , 3, %, and< ML. We find an energy gain of 0.3-0.4 eV
lization from the remaining three buckled dimers next to it.per Sr atom when single chains are formed from isolated Sr
They are buckled such that the negative, and therefore raisedgatoms orA sites.
silicon atoms are located next to the Sr atom. The local con- The chain formation is driven by the electrostatic attrac-
figuration is shown in Fig. 4. This arrangement significantlytion between the positively charged Sr ions, locatedAat
affects the buckling of the two dimer rows adjacent to the Srsites, and the negatively charged dimers: An isolated Sr ion
atom: (1) the buckling gets pinned and is therefore observedocated at ari\ site, with the lone pairs of the four neighbor-
in STM images in the vicinity of a Sr atom whereas it is ing dimers pointing towards it, donates its two valence elec-
thermally averaged out on the bare surfa@;the dimer trons into a silicon dangling bond adjacent to a neighboring
buckling within one row is reversed as already pointed outvalley. Thus it offers a preferred binding site for a Sr atom in
by Wanget al?® This becomes apparent by looking at the that valley, namely next to this filled dangling bond as seen
row left to the Sr atom in Fig. 4. in Fig. 4. This second atom in turn donates its electron pair to

From the static structure shown in Fig. 4 it is not evidentthe dimer row which does not already contain a negatively
why bothdimer rows contain a buckling reversal as observed:harged dimer and all four surrounding dimers will rearrange
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to point their lone pairs towards the new adatom. This pro-
cess continues to form chains of Sr atoms. The filled dimers
are clearly identified by the absence of any buckling.

Two nearest Sr ions of one chain are displaced parallel td
the dimer row by one lattice constant in order to position the
filled dimer in between. Since the favorable Sr positions are|
staggered with respect to the dimers, the chains run at a
angle of 30 deg relative to the direction of a dimer or 60 deg
with respect to the dimer rows. The small energy difference
of 0.02 eV per Srion between diagonal and zigzag chains at

VAUA.DUAU
AVA.DUAUA
VAOVAVAY

AVAVAOVA

(b)

AVAVIOAVA
UAVA.[IVAV
AUAVD.AUA
VAVADVAY

e.g., ith ML cannot be considered as a hard number due td
the systematic errors of DFT calculations. It does, however,
indicate that the energy cost for changing the direction of
such a chain is negligible so that these chains may meandd
on the surface.

As for the isolated Sr adatom, an additional stabilization
occurs due to the dimer buckling of the surrounding silicon
dimers. The negatively charged, raised part of an adjacen
dimer is located next to the Sr ion, stabilized by electrostatic
and covalent interactions. Reversing the buckling of one of]

Jifh
o

0VA
VAOVAOVA

e
AOVADVAD

AOVAOVAL

(d)

o
0ALDAVOA

o
OVVOVADY

s
JvvovAaDv

DAANDAVON

the dimers next to a Sr ion raises the energy by 0.38%V.

This ordering induces a freezing of the dimer buckling,
which reaches far out into the clean silicon surface, as can b
clearly seen in the STM images by H al?

At first sight one might think that there is a second pre-
ferred binding site in Fig. 4, right next to the initial adatom
on the A site below the open circle. This configuration is,
however, only possible for a pair of Sr atoms. A further con-

Y
<

®

MY
@

tinuation of such a chain perpendicular to the dimer row will
make it impossible to rearrange dimers in a way that only
filled dangling bonds are oriented towards the adatoms. Suck
chains are therefore destabilized with respect to diagonal or

zlgzag ones. . . . _Isolated chains are shown in the top row. The ordered single-chain
A favorable registry between two Sr chains is obtained Ifstructures at 1/6 ML are shown in the middle row. The bottom row

the Sr atoms are either in contact or separated by an evefows the ordered structures RML. The left-hand side shows
number of vacanA sites along each valley of the Si surface. siraight(diagonal chains running at an angle of 60° to the dimer
This follows from a simple building principle which is an yows, while the right column shows zigzag chains perpendicular to
extension of what is already known from isolated chains. the dimer rows. See Fig. 4 for a description of structural elements.
(1) Each Sr atom is electrostatically stabilized by four The surface unit cells are outlined. The energies are listed in Table
negatively charged silicon atoms located next to it. Negativav.
silicon atoms have two electrons in their dangling bond and
are in a raiseds p>-like bonding configuration. Violation of into double chains as shown in Figeh resulting in a par-
this rule raises the energy by 0.38 eV per empty danglingially ordered surface structure aML. The “1X2" areas in
bond next to the Sr atom. At this level of abstraction we doFig. 4 of Ojimaet al?* can be explained by double chains at
not distinguish between a negatively charged Si atom of a 3 ML. Their interpretation that buckled Ba dimerszaML
buckled and an unbuckled dimer. coverage are responsible for this “wavy structure” cannot be
(2) There are no reversals of the dimer buckling in the Srsupported by our calculations.
free regions on the surface. A buckling reversal increases If we continue this building principle beyonfl ML, we
energy by 0.06 eV. This is a consequence of the anticorrewill obtain sequences of triple, quadruple, etc., chains of Sr
lated coupling of the dimer buckling within one ro@ee atoms separated by double vacancies. However, the positions
Sec. V. of the double vacancies of different valleys are then only
When the chains approach the shortest possible distansecakly correlated. Double vacancies of neighboring valleys
before they collapse into double chains, we obtain a partiallcan arrange themselves almost arbitrarily except that they do
ordered structure gt ML as shown in Figs. &) and %d). It not line up perpendicular to the dimer rows. This implies a
should be noted that our calculations indicate that also theew building principle of double vacancies that do not nec-
condensed chains &ML change their directions frequently, essarily arrange in chains. Note that a multiple-chain struc-
even though synchronized with the neighboring chains runture of Sr atoms can also be interpreted as a chain structure
ning in parallel. of double Sr vacancies. This building principle can already
As the coverage increases, Sr atoms arrange themselvbs observed in Figs.(8) and 5f) for 3 ML, which show that

e o
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00 7
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FIG. 5. Schematic representation of a set of chain structures.
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Energy [eV] Energy [eV]
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0

FIG. 6. Layer-projected density of states of the single-chain FIG. 7. Layer-projected density of states of the double-chain
structure at 1/6 ML. Values are divided by the number of atoms instructure aﬁ ML. Values are divided by the number of atoms in the
the layer. The vertical line at 0 eV indicates the Fermi level, thelayer. The vertical line at 0 eV indicates the Fermi level, the arrow
arrow points at the characteristic surface band in the band gap gfoints at the characteristic band states in the band gap of silicon.
silicon.

vacancies instead of multiple chains.
double vacancies in neighboring valleys can assume three The reciprocal lattice vectors for the diagonal chain struc-
11 . S
out of four relative positions. While the energy difference tures are §,0) and ¢ 3;,7), wheren is the periodicity of the
between the structures in Figsieband 5f) is as small as the real-space unit cefcompare Figs. &) and Je)] along
0.04 eV per Sr atom, it decreases further for the analogou@e dimer-row direction. It should be noted that there is some
structural patterns for wider Sr chains. For coverages close tgiructural disorder due to frequent changes in the chain di-
1 ML, when the concentration of double vacancies is diluteéction. For zigzag chains the correspondlmg reciprocal lat-
we therefore expect a nearly random arrangement of doubléce is spanned by the vectorg,0) and (05). The actual
diffraction pattern observed in experiment will contain a

TABLE IV. Energies per Sr adatom relative to our reference Mixture of both reciprocal lattices.

energies for all structures graphically represented in the figures un- The density of states of the single-chain structurg el

less not already tabulated elsewhere in the paper. is shown in Fig. 6. The states on the Sr atom, which appear
in the valence band, can be attributed to the tails of the Si
Sr coverage Figure number Energy[8V] dangling bonds, which hybridize with the Srerbital. We
_ . observe states in the Si band gap, which are assigned to the
1/ 5(a) just schematic

empty dangling bonds on the buckled dimers. These states

1/ 5(b) just schematic actually form a single band that is separated from the valence
1/6 S0 —1.15 and conduction bands. The fact that they appear as individual
}/6 sd) —-115 states is an artifact of our discrete sampling of the Brillouin
4 5(8) —-110 zone. This band pins the Fermi level in the lower part of the
a 5(f) —1.06 band gap. This feature remains nearly unchanged in the den-
a 14 bottom —-0.30 sity of states of the double-chain structure; &L (Fig. 7). It

7 14 top 0.44 disappears, however, with the absence of the half-occupied
3 9 —0.92 dimers at; ML as seen in Fig. 8. Thus the gap states remain
z 11 left -0.74 approximately in their position as the coverage increases, but
1 10 left 0.04 the density of states is reduced. Hence the Fermi level will
1 10 right 0.08 remain pinned in the lower part of the silicon band gap up to
1 11 right -0.12 a coverage of ML. At this point the Fermi level becomes
4/3 13 0.28 unpinned. In the following we will see that for coverages

above; ML states from the conduction band are pulled into
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reconstruction. The outlined circles represent single Si atoms in the

layer 3 M/»M\‘ ; . . !
first layer. The energies are listed in Table IV.
layer 4 building block of the interface between silicon and SrFid

-8 -6 -4 -2 0 2 VIIl. FROM % ML TO 1 ML
Energy [eV]

For coverages betweeh ML and 1 ML, we find struc-
FIG. 8. Layer-projected density of states of thex(®) structure  tures built up from three structural templat€g) the (2
at 3 ML. Values are divided by the number of atoms in the layer. X 1) reconstruction a$ ML (Fig. 9), (2) the (2x 1) recon-
The vertical line at 0 eV indicates the Fermi level. struction at 1 ML(Fig. 10 lefy, and (3) the (1x1) recon-
struction at 1 ML(Fig. 10 righ}
the band gap of silicon, and pin the Fermi level in the upper When we increase the coverage abgvdiL, the addi-
part of the band gap. tional atoms occupy thB sites, since alA sites are already
This finding explains the discontinuity of the band bend-occupied. When alA sites and alD sites are occupied, as
ing as observed by Herrera-Gometzal ! Their XPS studies  shown in the left panel of Fig 10, the coverage is that of 1
show that the Fermi level shifts up by almost 0.5 eV whenML. At this coverage, two electrons are transferred to each
the coverage is increased from belgwvL to above. How- silicon atom instead of only one as in the case of idL.
ever, it should be noted that such a discontinuity in Fermi-These electrons can fill the dimer antibonding states and thus
level pinning is not specific to detailed structures: alsobreak up the dimer bond. When all dimer bonds are broken at
higher-energy structures exhibit a similar behavior. 1 ML, we obtain a (X 1) reconstructed silicon surface with
a Sr ion above the center of each square of silicon atoms
(Fig. 10 righd. This structure is, however, never realized in
its pure form due to the large strain in the top layer. An
At a coverage of ML all dangling bonds of the surface indication for the strain is the difference between the spacing
dimers are fully occupie(Fig. 9). It can be considered as the Of Sr atoms in bulk SrSiFig. 2 and that of this hypothetical
canonical Sr covered Si surface. It is the only Sr coveredurface structure. The former is larger by 25%. Nevertheless,
surface structure without states in the band gap of siliconthis pattern is found as a building block in a number of
This structure is “isoelectronic” to a hydrogen terminated low-energy structures between coverages;ofiL and 1
silicon surface and is therefore expected to be comparably
inert. The increased resistance to oxidation has already bee g
observed experimentally.A (2 x 1) reconstruction a} ML
has already been reported by several authohs’ 1114
This structural template has been proposed to be the basi

VII. THE (2X1) RECONSTRUCTION AT % ML

[ | [ | [ | :
[ | [ | C X )
[ | [ ] [ | o0
FIG. 9. (Color onling The (2x1) reconstructed surface gt FIG. 11. (Color online The (3x 1) structures for coverages 2/3
ML coverage. The energy is listed in Table IV. ML (left) and 1 ML (right). Energies are listed in Table IV.
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b s M
i

Sr

oty FIG. 13. (Color onling 4/3 ML coverage showing a1 sili-
. AJ‘W\JLMMWWVAJ‘ cide layer. The energy is listed in Table IV.
"l [t
fo tures can be interpreted as stripes with coverage of 1 ML
layer 1 W with a (1X 1) reconstruction separated by dimer rows with-
MMMMVW WW\/M out Sr, as discussed above. As the stripes with (1
A X 1)/1 ML increase in width, they build up strain, which can

layer 2 be released by forming dimer rows with Sr atoms on top
W A MV\WM (Fig. 10 lefy. This corresponds to a transition between both 1

ML structures shown in Fig 10. Since the energy difference

layer 3 between these structural variants is smaller than 0.04 eV per
M \ M\V\M‘V\ Sr atom, it is likely that they do not form distinct phases but

transform into each other in a fluxional fashion.

layer 4 At a coverage of 1 ML we find a series of structures built
\ M L MIA W from the two structural templates in Fig. 10. In our calcula-
10 8 6 4 =2 0 2 4 tions the (3x1) (Fig. 11) and (4x1) reconstructions are
Energy [eV] most stable and, within the theoretical error bar, degenerate.

There is a slow increase in energy towards th (§ and

FIG. 12. Layer-projected density of states for thex(B) surface : -
at 2/3 ML coverage. Values are divided by the number of atoms in(6>< 1) .recon_s”ucnons which are less than 0.11 eV per Sr
tom higher in energy.

the layer. Note that the characteristic peak just below the Fermft
level is not a single state, but the top of a surface band extending
into the continuum of the valence band states. The vertical line at 0 IX. BEYOND 1 ML

V indicates the Fermi level. . .
eV indicates the Fermi feve Beyond 1 ML additional Sr atoms deposit on top of the

silicon atoms in the (k1) stripes. The first commensurate
2structure is the (X1) structure at a coverage d¢f ML
shown in Fig. 13.

Fanet al. have observed a (81) reconstruction at a cov-
erage of 1.3 ML, Bakhtizinet al®® have published STM

g : S images with a (X 1) periodicity for a coverage of 1.2 ML.
of structures with increasing coverage and periodicity can b : X .
formed: dimer rows are separated by stripes of the (1 here, alternating bright and dark stripes have been ob-

X 1)/1 ML structure with increasing width. This leads to a Zieraveerdr’oagzzgr\liveer gtt:int:;t:n:jo ﬂt_]r(])esesgnazgmzfﬁﬂet?xo?gléhe
series of (X 1) structures at a coverage 82 ML. We P b

coordinated Si atom@nore prominent stripgs
have investigated these structures from3 ton=6.

The first structure in the series is thex3 reconstructed
surface at a coverage ML shown in the left panel of Fig.
11. It consists of dimer rows separated by a stripe of two Sr Diffraction and STM studies identify a (82) recon-
atoms in the (X 1)/1 ML configuration. According to our struction ati ML.751:8:9.192227.12232fhe (diffraction studies
calculations, this structure is present as a distinct phase béeEED, RHEED did not distinguish between the orienta-
tween3 ML and 1 ML. tions parallel and perpendicular to the dimer rows as they

In order to form this structure the dimer row pattern needsaverage over multiple terraces. Most previous studies as-
to reconstruct. This process is facilitated by the additionasumed that the 8 direction of the (32) surface unit cell
electrons in the conduction band which weaken the dimeis orientated parallel to the dimer rof82">*However, the
bonds: beyond a coverage &ML, Sr is likely to act as a STM images of Huet al?? (Fig. 5) and Ojimaet al2* (Fig.
catalyzer for dimer bond rearrangement. 4) clearly show that the 8 axis is orthogonal to the dimer-

The density of states for this §31) structure(Fig. 12  row direction. This is particularly evident from the images
exhibits a surface band that ranges from the continuum of thehowing the phase boundaries between th& 23 recon-
valence band of bulk silicon into its band gap. The surfacestructed domains and chain structures. This observation im-
band is localized on the dangling bonds of the silicon dimersplies that the dimer row pattern is disrupted.
and the undimerized silicon atoms. The Fermi level is pinned Our lowest-energy structures for this coverage are vari-
between this band and the conduction band of silicgee  ants of the quadruple chain as described in Sec. VI. We have
also discussion in Sec. VI been unable to determine a thermodynamically stable struc-

For coverages greater thdmiL, that is,n>3, the struc-  ture with a (3x2) diffraction pattern ag ML.

ML. The (1X1) reconstruction at 1 ML is unfavorable by
0.04 eV per Sr atom compared to the corresponding (
X 1) structure.

By combining the (% 1) structure a ML (Fig. 9 and
the (1x 1) structure at 1 ML(right panel of Fig. 1D a series

X. THE (3X2) STRUCTURE AT % ML
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FIG. 15. (Color onlineg The adsorption energyRef. 55 per

FIG. 14. Silicide structures with a(4x 2) reconstruction af ~ (1X1) unit cell as a function of Sr coverage. The open diamonds
ML: The 3 ML c(4X2) structure as proposed by McKet al. represent thermodynamically accessible structures, the triangles
(Ref. 3 (top) and the lowest-energy structure we find for that correspond to metastable structures.
chemical compositioribottom). The large dark circles correspond
to Sr, the smaller, outlined ones to Si in the silicide lagarly in ~ While the Si atoms deposit on top of the center of four sub-
the top figuré and the small black dots to Si atoms in the first full surface Si atoms. We restricted our search to a{#Xx 2)
layer. In the lower graph the Si atoms of the silicide layer haveperiodicity reported by McKeet al.
formed dimers indicated by the triangles. Energies are listed in We find a number of metastable structures, the most stable
Table IV. one (Fig. 14 bottom differs substantially from the proposal

by McKee et al. The 3 ML of silicon on the surface com-

Hu et al** suggested two (82) structures for; and3  bines into dimers, a behavior already known from Si ada-
ML. We simulated both of them and found them energeti-toms on S{001).>* The Sr atoms occupy positions in the
cally unfavorable compared to the corresponding chain struczenter of four such dimers.
tures by more than 0.61 eV per Sr atom. Despite various The energy of this structure is, however, still higher by
other attempts, we failed to arrive at a thermodynamically0.80 eV per Sr adatom than our lowest-energy structure at
stable surface structure with this reconstruction. this coverage, namely, double chains of Sr atoms. The energy

This failure may be attributed to our inability to scan the was evaluated relative to the average of a 4-layer and a
entire phase space. However, one should also consider tielayer slab, representing a terrace. This energy thus de-
possibility of coadsorption of other elements such as hydroscribes the process of adsorption of Sr and the decomposition
gen or oxygen, which may help to tie up the dangling bondsf two terraces into a single terrace with an additichaL
created by disrupting the dimer-row pattern. These effectsf silicon.
have not been considered in the present study. We consider the difference in formation energy of 0.80 eV

For the sake of completeness we also studied the modgler Sr atom, relative to our lowest-energy structure at this
for the 3 ML coverage with the X direction parallel to the coverage, as too large for this structure to be physically rel-
dimer row. It was lower in energy than the structures sugevant.
gested by Hiet al??> Nevertheless, it turned out 0.23 eV per
Sr atom higher in energy than the quadruple chain structure. XIl. PHASE DIAGRAM

0.2}

-0.2

Energy per (1x1) surface cell [eV]

|22

We now investigate which of the reported structures form
at given experimental conditions. The thermodynamic stabil-
So far, we have discussed structures on a stoichiometric 8y is determined by the zero-Kelvin Gibbs free energy
surface. The atomic model for the interface between Si an(x)=E— uN, whereE is the energy per Sr atom amis
SrTiO; by McKeeet al,® which can be seen in the top panel the number of Sr atomg: is the chemical potential of the Sr
of Fig. 14, has inspired us to also investigate reconstructionatom relative to our reference energy for Sr. The extrinsic
with only 3 ML of silicon in the surface layer. Such a struc- quantities, such as energi& and E, as well as the atom
ture can, in principle, be formed by the migration of Si atomsnumbers are measured perX1) unit cell of the silicon
or dimers from step edges onto the terraces. For a cleasurface. In Fig. 15 we show the adsorption endegyer (1
surface this process is clearly not energetically favorablex1) surface unit cell.
However, it cannot be excludexdpriori that the presence of The thermodynamically stable phases are determined by
Sr stabilizes a surface with ML of silicon. connecting the points in Fig. 15 by line segments and form-
We started from the structure proposed by Mckeal®  ing the lower envelope. Each line segment corresponds to the
which consists of ML of Sr and3 ML of Si. In this struc-  coexistence of two phases, denotedatsndb, at the ends of
ture the Sr atoms occupy every secdhdgite in the valleys, the line segment with energi&s, andE, andN, andN, Sr

Xl. SrSi, SURFACE LAYER
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A obtained by McKeeet al® At around 600 C they determine
4/3 ML and higher 148 three line compounds gtML, 1 ML, and 2 ML. Our calcu-
1 M._{ ’ lations reproduce phase boundarieg ML and ; ML. The
110 | o next phase with a (81) diffraction pattern is seen &
ol =0.625 ML, which is close to the coverage Hfwhere our
2/3 ML § calculations predict a phase with the identical periodicity.
8 The difference in coverage corresponds to a change by 1 in
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — 000 |3 16 adatoms os; ML. This difference may be attributed to
-020 | g occasional Sr vacancies, which help to release strain.
172 ML 070 5 It seems surprising that no phase boundary is segrMit.
‘“<-o.'sz = This may be due to the fact that, on the one hand, the
}53 mti 099 |S (2X1) structure develops continuously out of the multiple
disordered chain structures *-1.14 chains structures belowML and, on the other hand, it can

be transformed continuously into the X&) structure by
FIG. 16. One-dimensional phase diagram of Sr ai@@i) as a  introducing thin stripes with local coverage of 1 ML.
functlon of the Sr chemical potential. The shaded region between The multiplicity of structures with low energy above a
the and ML phases indicates disordered surface structures agoverage on ML suggests the presence of disordered struc-
descrlbed in Sec. VI. Above the dashed line at a chemical potentigyres at elevated temperatures. McKee reports incommensu-
of 0 eV bulk Sr silicides are thermodynamically stable compared tarate structures beyond a coverageZdfiL.
surface structures. A similar multiplicity of structures is found for 1 ML. Our
calculation predicts a (8 1) structure as the most favorable.
However, we find also (%1), (5X1), and (6<1) recon-
atoms per (K1) unit cell. For a coverag per (1X1) unit  structions within a window of 0.11 eV per Sr atom.
cell betweenN, and N,, the energy isE(N)=E,+ (E, We did not extend our calculations beyofidiL, where
—Ea)/(Ny—N,)(N—N,). The slope of the line segment, an overlayer of metallic Sr is formed. Therefore, our data do
namely,u=dE(N)/dN=(E,—E,)/(N,—N,), is the chemi- not necessarily indicate the presence of a phase boundary at
cal potential at which both phasasandb coexist. All struc- ~ 4/3 ML.
tures not contributing to the lower envelope are not thermo-
dynamically stable at low temperatures. At higher Xlll. CONCLUSIONS

temperatures. they may be stablll_zed d“e. to entroplc e_ffects. In this paper we have investigated the surface structures
The one-dimensional phase diagram is shown in Fig. 16

The region in between two lines corresponds to the differen f Sr adsorbed on &0 as a function of coverage. We
surfacr—gJ hases. The lines indicate the (F:)oexistence of the t ropose a theoretical phase diagram by relating the phase
P ' oundaries at zero temperature to chemical potentials,

neighboring phases. which can be converted into partial pressure and temperature
We find thermodynamically stable phases;adL and ; in thermal equilibrium. We p?edict shases aML, i MFI)_

ML. We did not fully explore the phase diagram belgw 1 ML, 2 ML, and 1 ML. Structural models are discussed

ML. In this region we find single-chain structures as showng, " o) experimentally observed reconstructions except a
in Figs. 3a) and 3b). Entropic effects disorder the arrange- (3 5y reconstructed layer attributed to a coveragé biL.

me:t ?fh;rljams ?t(;oom t%mpedrature f double chai The models are explained in terms of structural templates
L3 ML we find an ordered structure of double chains. 4 rationalized in terms of their electronic structure.

1 .
Beyond ; ML we predict nearly random arrangements of Our findings elucidate the chemistry of alkaline-earth

double vacancies. The double vacancy is stabilized relat|vi,anetals on SD0Y) and the phases of Sr on(801), which is

to the single vacancy due to a favorable dimer buckling. expected to provide critical information for the growth of
The structure a ML is a clear phase boundary for a wide one of the most promising higk- gate oxides to date
range of chemical potentials. namely, SITiQ '

The next phase boundary is found at a coveragé ML
with a (3x 1) reconstructed surface. AbogeVL there are a
number of low-energy structures with various coverages and
an (nX 1) periodicity. We thank A. Dimoulas, J. Fompeyrine, J.-P. Loquet, R.A.

Within the phase region of thé ML coverage, bulk Sr McKee, and G. Norga for useful discussions. This work was
silicides become thermodynamically stable as indicated byunded by the European Commission in the project “IN-
the dashed line in Fig. 16. As mentioned above, we expecd?EST” (Integration of Very High-K Dielectrics with CMOS
the onset of silicide formation to be significantly delayed dueTechnology and by the AURORA project of the Austrian
to thin-film effects as the bulk Sr silicides are highly incom- Science Fund. Parts of the calculations have been performed
mensurate with the §01) substrate. on the Computers of the “Norddeutscher Verbund floch-

It is of interest to compare our phase diagram with thatund HachstleistungsrechneLRN).”
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