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Formation of an ordered Si dimer structure on HfB,(000J)
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An ordered surface structure formed after exposure of the,(d#1) surface at 800 °C to Sjky) fol-
lowed by annealing at 900 °C has been characterized experimentally with low-energy electron diffraction,
scanning tunneling microscopy, and x-ray photoelectron spectroged®y). The structure is described by a
(7% /3) lattice with a bonded pair of Si atoms in each overlayer unit cell. An absolute Si coverage estimate
of 0.48 monolayer based on XPS also supports this structure. Calculations using psuedopotentials within the
framework of density functional theory and a five-layer slab model of the substrate show that the threefold
hollow site is energetically favored for isolated Si atoms and that Si atoms at next-nearest-neighbor three fold
hollow sites will form dimers with a Si-Si distance ef2.4 A.
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[. INTRODUCTION vacuum(UHV) conditions through the thermal decomposi-
tion of silane, SiH(g), followed by characterization of the
The interface between silicon and other materials is okurface structures formed with low-energy electron diffrac-
obvious relevance to many applications in such areas ason (LEED), scanning tunneling microscop{8TM), and
microelectronics and microelectromechanical systefnds  x-ray photoelectron spectroscopgXPS). Surface science
device sizes approach the nanometer length scale, the atomigethods have been used to study silicon deposition via silane
scale details of the interfaces are of increasing importancelecompositon on  Ni100,” Pt111)2° Pd100,%
Surface science methods are particularly well suited to estai?d110),***? Au(100,** and Cy100.** Like most other
lish the properties of the first few atomic layers of the inter-metal borides, HfB is a metal in terms of its high electrical
face formed in the course of thin film growth. Such methodsconductivity and yet has ceramiclike properties in that it is
have been extensively used in studies of metal film growttextremely hard, but brittle, and has a very high melting point
on Si surfacesand to a much more limited extent of the of 3380°C® It has the AIB, structure common to many
growth of silicon thin films on metal surfaces. Refractory diborides, which can be described by a simple hexagonal
metal compounds, such as nitrides, carbides, and borides, dedtice with three atoms per unit cell. The structure consists
also used in microelectronics for applications such as thirof layers of hexagonal close-packed metal atoms alternating
film resistors and as diffusion barriers between the semiconwith layers of boron atoms with a geometric structure similar
ductor and metallic conductors used for interconnects. Aso graphite, although the bonding within the boron layers is
Williams has pointed out in a recent overview of the appli-quite different from that of graphit®°More details of the
cations of carbides, nitrides, and borides to electronics, of thdiboride structure are described below. The relatively few
three classes, the borides have some distinct advarftagesurface science studies of Hi9001) (Refs. 20 and 2iLin-
This partly stems from the fact that the borides are stoichiodicate that the surface is metal terminated and consists of a
metric compounds with a very narrow composition range, inclose-packed layer of Hf atoms. STM images are typical of
marked contrast to carbides and nitrides, which are interstithose of a simple metal and showed the surface to consist of
tial compounds with a wide range of compositions. Williamsbroad and flat Hf terraces separated by steps one unit cell in
notes that this is likely the underlying reason why JiBin  height (3.5 A) with an apparent corrugation between Hf at-
films show resistivities that are both remarkably low andoms of less than 0.1 A, which was too low to allow indi-
close to the single-crystal value, whereas TiC or TiN thinvidual Hf atoms to be resolved. The chemical reactivity of
film resistivities are generally both much higher and morethe HfB,(0001) surface is somewhat less than that of
dependent on the exact preparation conditions used. Thef(0001).?? Given the metal-like properties of H§B0001),
technological uses and properties of boride thin films arét might be expected that Si deposition onto this surface
reviewed by Mitterer. There are more specific studies of the would yield results similar to those obtained on elemental
use of diborides as diffusion barriéithat also indicate their metal surfaces. However, there is at least one reason why this
potential advantages, although the material most commonlgnight not be the case. Whereas the reaction of many pure
used at present is TaN. metals with silicon is highly exothermic, the silicides are
The Si-HfB, interface is studied here by depositing sili- generally less thermodynamically stable than the correspond-
con onto a HfB(0001) single crystal under ultrahigh ing nitrides, carbides, or boridé3Although a large number
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of different hafnium silicide phases are known, Hf& the
most silicon-rich phase and has a heat of formation of
—54.0 kcal/mol, the highest heat of formation per mole of
metal among the hafnium silicides. The heat of formation of
HfB, is —85.6 kcal/mol. Since the reaction of HfBvith Si

to form HfSp and B is endothermic, the interface between
silicon and a refractory compound such as Kiffday be
fundamentally different from the interfaces between Si and
elemental metals. For this reason, past studies of the struc-
tures that form when silicon is deposited onto the surfaces of
elemental metals may provide little guidance as to the ex-
pected properties of the Si/HfB0001) interface.

In this study we focus on a particular surface phase of the
Si/HfB,(0001) system in which an ordered array of Si
dimers is characterized with LEED and STM. Under other
conditions the surface is dominated by phases that corre- b
spond to the formation of hafnium silicides. The STM im-
ages indicate that the different phases generally coexist on
the surface in varying proportions. A description of these
other phases will be presented elsewhere. The experimental
observations reported here are complemented by density
functional theory calculations that show the threefold hollow
site to be the lowest-energy site for a single Si atom and that
Si dimer formation is also energetically favored for Si cov-
erages of 0.5 and 0.4 monolayer.

Il. EXPERIMENT

The surface analysis system used in this study has been
described in detail elsewhet®?® It consists of a stainless FIG. 1. (a) Observed LEED pattern of the Si/HfE)001) dimer
steel UHV chambetbase pressure during these studies varstructure at 118.0 eV antb) LEED pattern predicted for a\{7
ied from 6x 10 1! to 2x 10 9 torr) equipped with instru- X \/3) structure.
ments for XPS, LEED, and STM. The XPS system consists
of a dual-anode Mg-Al x-ray source and a hemisphericabble quantities of silicon as determined by XPS and well-
sector electron energy analyzer. The spectrometer bindingrdered structures as determined by LEED and STM. Since
energy scale was calibrated with the Auf,4 (83.98 pure SiH(g) reacts explosively with air and water, special
+0.02 eV) and Ag 83, (374.6-0.02 eV) peaks, according precautions are needed to handle it safely. We placed a stain-
to the method of Poweff Since HfB, is a good metallic less steel rod heated to 850 °C in the pumping manifold be-
electrical conductor, no sample charging problems were extween the turbopump and the backing mechanical pump. The
pected or observed and a flood gun was not used. The UH\silane decomposes on the heated rod to producs) &ifd
compatible scanning tunneling microscope has been déd,(g), thereby preventing formation of Sjn the mechani-
scribed in detail elsewhefé Etched tungsten tips were used cal pump, which could lead to pump damage. The silane
to obtain the images reported here. The preparation and chaxposure was through a doser placed about 2.5 cm from the
acterization of the clean HfB0001) surface with XPS, sample. Exposures are based on background chamber pres-
LEED, and STM have been described in detail eaffier. sure, which rose to %10 ° torr during dosing and, there-
Briefly, cleaning consisted of a combination of Ar ion sput- fore, underestimate the true exposures at the sample.
tering (typically 500 eV, 10-2QuA, for 1.5 h) followed by
annealing to 1900 °C by electron bombarment from behind
the crystal. This procedure led to a sharp<(1) LEED pat-
tern and a few percent of oxygen, the only contaminant ob- First-principles calculations are carried out using the
served after cleaning. The HfB)001) crystal was grown at pseudopotential method within density functional theory
the National Institute for Materials Science in Tsukuba, Ja{DFT). We studied bulk HfB, HfB,(0001), and Si-covered-
pan. It was oriented with Laue back reflection to within 1° of HfB,(0001) surfaces. Our bulk system consisted of a unit
the (0001 plane, cut by spark erosion, and polished to acell containing one Hf and two B atoms in the AHBype
mirror finish with boron carbide powder followed with hexagonal structurfFig. 2(b)]. The HfB,(0001) surface is
diamond-based polishing compounds. Silicon deposition wagepresented in the repeated slab supercell geometry. Each
achieved through exposure of the sample held at 800 °C telab contains a total of five layers: three Hf and two B layers
pure silane. This was followed by annealing to 900 °C.representing a Hf-terminated surface. Further, each Hf layer
These particular conditions were chosen to achieve measucontains 4 atoms and each B layer contains 8 atoms for a

IIl. COMPUTATIONAL METHOD
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siton (CVD) of disilane3 At higher temperatures
(>800°C), various hafnium silicides and silicon dimers
were observed. The silicides were found to dominate the
surface at lower exposurds<60 L (1 L=10"° torrsec),
while silicon dimers were found to dominate the surface at
higher exposures>60 L).

Figure 1a) shows a LEED pattern observed after a nomi-
nal 60 L exposure to silane with the sample at 800 °C fol-
lowed by a 900 °C anneal. Figuréhl shows the simulated
LEED patter® based on a lattice that can be represented in
matrix notation as

[ 2
-1 2/

L AVAVAY)
O VAVAVAVLY,
VAVAV. Y VAVAVAV. Y VAVA The simulation assumes three equivalent domains rotated by
L0\ N/ N/ \/OAN/N/\/\/ 120°. There is clearly excellent agreement between the ob-
JAVAVAV. Y VAVAVAVLY .V served and simulated patterns indicating no ambiguity re-
AQX%XQXV‘XQXQX%}X; garding the long-range order of the Si overlayer. The edges

of the superstructure unit cell have lengths 6f and 3
relative to the substrate unit cell, or 8.31 A and 5.44 A, based
on a substrate lattice constant of 3.14 A. The bulk structure
of HfB, is illustrated in Fig. 2a) and a real space model of
the (V7Xx3) Si dimer structure relative to the topmost

i ) atomic layer of the substrate, which consists of the Hf atoms
total of 28 atoms in the supercell. The top three atomic layp g\ in black, is shown in Fig.(B). The gray dumbbells
ers, i.e., the top two Hf layers and one B layer, are relaxedg osent the silicon dimers. The structural model combines

for geometry optimization while the bottom two layers aréjnsormation from the STM images, the LEED pattern, and
held fixed to simulate a bulklike termination. We include a 9o DET calculations described below, which indicate that

A vacuum space between two successive slabs. Al the WaVfe silicon atoms of the dimers are not located exactly in the

functions are expanded in a plane-wave basis set with & Cufqjqgle of the threefold hollow sites but are shifted by 0.40 A

off energy of|k+G|*<300 eV. The Brillouin-zonéBZ) in-  y\ards each other. This shift is included in the model shown
tegration is performed within the Monkhorst-Pack schéfne. in Fig. 2(b).

We use an (& 8% 8) k mesh for the bulk calculation and an Figure 3 shows two STM images of the surface corre-

(8x8x%1) k mesh for the surface calculations. This fine sponding to the LEED pattern of Fig. 1. FiguréaBreveals
mesh is required for a metallic system._Convergence Withwo domains rotated with respect to each other by 120°, a
respect to energy and the numberlofpoints was tested. poyndary between two domains of the same azimuthal ori-
lonic potentla!s are represented by Vanderpﬂt—typg U.maSOfEntation that appears as a dark jagged line, and structure
pseudo_potenua?g and the results are obtained within the 4iihuted to a silicide. The identification of silicides is based
generalized gradient approximaticiGGA) (Ref. 30 for o correlations between structures observed with STM and
fully relaxed atomic structures. A preconditioned conjugatespemical shifts of the Si @ peak as observed with XPS. The
gradient is used for wave function optimization and a conju-grdered array of the oblong objects are shown in more detail
gate gradient .method for ionic relaxat|ons. Theaxis is  inthe close-up image of Fig(B), where the objects are seen
taken perpendicular to tH@00)) surface whilex andy axes 5 pe oriented perpendicular to the row directions. Based on
are in the 3pllane. All our calculations are performed using thgne arguments presented below, these objects are identified as
VASP code: Si dimers. The unit cell associated with the dimers has one
vector 5.4 A long oriented parallel to the rows and a second
vector at an angle of 76°1° from the first with a length of
8.3 A. Although the difference in angle between the unit cell
The HfB, crystal was exposed to various amounts of si-vectors seen with STM (76°) and deduced from LEED
lane at a variety of temperatures. At room temperature, silan€71°) is small, it appears to be greater than the precision of
was found to dissociate on the clean surface, most likelthe measurement from the STM images. It is not clear if the
forming various silicon hydrides, atomic hydrogen, and ad-difference is due to inaccuracies in the measurement or to a
sorbed silicon atoms. No ordered structures were observegal effect. The dimers have an average length~ef A.
with LEED or STM. This observation is in agreement with Thus, not only does the two-dimension@D) periodicity
low-temperature silane chemistry, where coadsorbed hydraseen in the STM image agree with that of the LEED pattern,
gen has been found to significantly degrade surface order dsit also the length and orientation of the objects in the STM
observed in Si molecular beam epitaxy on Si (111)-(1limage are consistent with the unit cell containing Si dimers
X 1):H (Refs. 32 and 3Band during chemical vapor depo- as shown in Fig. @). The proposed dimer-row structure

FIG. 2. (a) Perspective view and view along tleeaxis of the
bulk HfB, structure.(b) Proposed dimer structure based on LEED
and STM observations supported by DFT calculations.

IV. EXPERIMENTAL RESULTS
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placed dimers are identical to dimers in unperturbed areas,
feature 1 cannot simply be silicon atom vacancies. Also,
these dark spots are seen to be centered between dimers,
which according to the structural model of Figh2would
place them above unoccupied threefold hollow sites. These
dark features are found to aggregate along and in between
dimer rows as well as across rows. The origin or identity of
these features is not known at present. Feature 2 is always
found to be symmetric on both sides of the dimer rows and
to decrease in intensity across the row. These are believed to
be silicon dimer vacancies and are very similar to silicon
S, dimer vacancies on Si (100)-¢1). Under the conditions
o) of this STM image, single silicon atoms were not observed.
_ _S|||cme @ This result implies that single Si atoms are not stable on the
S surface under these conditions, in agreement with the DFT

\., o K calculation.

2 .“Q-
s,

i

.

If the dimer structure of Fig. ®) covered the whole sur-
face, it would correspond to a Si coverage of 0.40, i.e., the
ratio of Si atoms to Hf atoms in the topmost layer of the
substrate. In fact, although the LEED pattern of Fig. 1 sug-
gests that large areas of the surface are covered byffie (

X \/§) structure, STM images show that this structure invari-
ably coexists with more complex phases. Under the condi-
tions used for Figs. 1 and 3, theTx \/3) structure appears

to cover no more than 80% of the surface. As an independent
measure of the Si coverage, XPS spectra were obtained fol-
lowing silane exposures at 800 °C and annealing to 900 °C.
Following this treatment, the Si2peak has an area that is
37% of the B k peak area and 16% of the Hff4, area, a
result consistent with a coverage in the submonolayer range.
The use of appropriate sensitivity factryields a Si:Hf
ratio of 0.48t0.05, where error bars reflect the uncertainty
in measuring the Si R peak area. Although the LEED and
STM results are also suggestive of a submonolayer Si cov-
erage, the independent quantitive estimate of the coverage by
XPS is important since, given the lack of knowledge of the

FIG. 3. Constant-current STM images of the Si/KfB001) dissociative sti(_:king probability of Sition the HfBZ(OOOl) .
dimer structure(a) 397x 397 A2, sample biast1.5 V, 0.7 nA. A surface, a'n_omlnal 60 'L exposure 'could conceivably resqlt in
rotational domain oriented 120° from the main dimer-row domainthe de_posmon of mUIt'I_ay‘_ars of Si. _Th_e coveraggs obtained
is seen in the upper right. A domain boundary within the mainfOr Various exposures indicate a sticking probability of less
dimer-row domain appears as a jagged dark line in the middle of théhan 1x 102, which decreases with increasing coverage. A
image. At the lower left is structure associated with silicide forma-Sticking probability of this magnitude is consistent with pre-
tion. (b) 85x 85 A2 at sample bias of-1.5 V, 1.0 nA. Lines are Vious studies in which silane was used to deposit silicon onto
drawn along the two lattice vectors of the dimer-row structuremetal surfaces.
showing that there is an apparent angle of 76° between the two
directions. The arrows point to the two types of dark spots that are V. COMPUTATIONAL RESULTS
described in the text.

A. Bulk system

bears some resemblance to the dimer-row structure seen on The bulk system is based on the three-atom unit cell il-
the Si(100)-2 1 surface, where the Si-Si distance is 2.38lustrated in Fig. £a), which is initially assumed to have the
+0.04 A, a value close to that of bulk Si, 2.35°8How- indicated experimentally determin&dattice constants. This
ever, the structure seen here is distinctly different in that it isstructure is then relaxed to optimize the shape and size of the
described by a 5x8.3 A% nonrectangular unit cell as op- cell and the positions of the atoms within the cell. The in-
posed to the 3.847.68 A rectangular unit cell of plane lattice constant changes slightly to give3.13 A and
Si(100)-2x 1. the c-lattice constant remains unchanged at 3.48 A. These
Two different kinds of dark spots, labeled features 1 anchumbers are in good agreement with experiment and are
2, are apparent in Fig(B). Feature 1 appears to interact with comparable to the results of an earlier calculatibfihe co-
the dimers, causing them to be displaced slightly from theihesive energy of the bulk H{Bis found to be 26.45 eV per
normal positions. Because the size and shape of the disdfB, primitive cell.

155416-4



FORMATION OF AN ORDERED Si DIMER STRUCTUR.. .. PHYSICAL REVIEW B 66, 155416 (2002

B8 TABLE I. The distances of a single Si adatom, located at vari-
’ ous symmetry points, from the different surface Hf atoms and its
height above the Hf plane.

Si Distance(in A) from Height (&)
position Hf1) Hf(2) Hf(3)
H 2.65 2.65 2.65 1.91
B 2.59 2.59 3.31 1.96

FIG. 4. The (2x2) surface unit cell with four Hf atoms. The
periodic images of atom 1 along the lattice vectaysand a, are T 3.96 3.96 2.56 2.40
shown by dotted lines. The three special symmetry points on thée
surface are labeled (hollow), B (bridge, andT (top).

easier to deal with computationally than the experimentally
B. Clean HfB,(0001) surface determined coverage of 0.4 ML. At 0.5 ML, we have two Si

For the surface calculation, we employ the repeated slaﬁd""tom.S for the four surface Hf atoms. Sincelfheite.is the
geometry with each slab containing five layers—three ernergetlcal!y most favorable one, we put the two Si atoms at
and two B layers. Based on previous theoretical and experf® tWoH sites in our (2 2) supercellFig. 4. On relaxing
mental studied?-2'we treat HfB,(0001) as a Hf-terminated the system, the Si atoms experience no forces alongthe

surface. The in-plane lattice constant and the layer separatidf{réction- They move down marginally(0.1 A) along the
are set equal to the values obtained in our bulk calculation. Y diréction. Their interatomic distance remains unchanged

Important questions in a surface calculation are the possibigt 3-13 A. The binding energy per Si adatom in this configu-
ation is found to be 5.75 eV. This suggests that the presence

surface reconstructions and the change in interlayer separf;fjl > ) ; . - B
tions. We do not find any reconstruction of the Hf-terminated®! the first Si adatom at one of ti¢ sites, with a binding
surface. The Hf atoms experience almost no force at theif€rgy of 5.91 eV, decreases the binding energy of the sec-
bulk terminated positions and the in-plane lattice constanPnd Si adatom. From the large Si-Si distance of 313 A itis
remains unchanged. However, the interlayer separation@€@r that the Si adatoms at the sites are not dimerized.
show some changes. The first interlayer separation decreased!S is further confirmed by the charge density contour plot
by 3.4%. The second interlayer separation increases by 0.494 the plane of the Si atoms shown in Figab

Yamamotoet al2? found the changes in the first and second " Order to assess the dimer model suggested by the ex-
interlayer separations to be 4.8% and+0.89%, respec- Periments, we moved the Si atoms on Hesites closer to

tively, for HfB,(0001). This behavior of the first two inter- €2Ch other along, so that they are 2.30 A apart. Upon re-
layer separations is opposite to that of a B-terminatedax'ng this structure, we find that they experience a small

TaB,(0001) surface and has been understood in terms of the

amount of charge transferred from the metalrbitals to the T . . 9
boronp orbitals™® @ @
SN AN NS

C. Si-covered-HfB,(000)) surface

It is important to compare the relative energetics of Si
adsorption at various symmetry sites before examining the
surface structure at higher coverages. We employ aJp (@, “313A | 0
surface unit cell on which a Si atom is placed at three special 0 2 4 6 8 109
symmetry sites on the unreconstructed Hf-terminated sur- a N 7= N
face. We calculate the binding energy of Si at the threefold /j‘él
hollow (H), twofold bridge(B), and on-top(T) sites. These 16
sites are labeled in Fig. 4. The site turns out to be ener-
getically the most favorable one for a Si atom with a binding S = S
energyE{'=5.91 eV. This is followed by th& andT sites @ @ 3
with EE=5.56 eV andE}=4.74 eV, respectively. This se- =
qguence of binding energies is qualitatively consistent with (b), | 5351\ L 0
the intuitive chemical expectation that the hollow site should 0 2 4 6 8 10
be favored because it has a higher coordination than the g 5. charge density contour plots in the plane of the adatoms
other two sites. The distances of the Si adatom from theor 0.5 ML Si on the HfB(0001) surface(a) Si atoms are not
different surface Hf atoms are listed in Table I. dimerized as can be seen from the very small charge density be-

We are now in a position to understand the structure of théween two adjacent Si atom@) Si atoms are dimerized with maxi-

Si covered HfB(0001) surface at higher coverages. First wemum charge density occurring between them. Positions of the Si
consider a Si coverage of 0.5 monolay@lL) which is  atoms are marked.

(@M
w

©)
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TABLE II. Distances of the two Si adatoms from the surface Hf ~ TABLE lll. Distances of the two Si adatoms from the surround-
atoms at 0.5 ML are given both for the undimerized and the dimering four Hf substrate atoms and the height of the Si plane above the
ized structures. Heights of the Si planes above the Hf plane are alddf layer at 0.4 ML in the optimum dimerized geometry.
listed.

Si Distance(in A) from HeightA)
Si Distance(in A) from Height (A) position H{1) Hf(2) Hf(3) Hf(4)
position Hi{1) Hf(2) Hf(3) Hf(4) si) 286 264 282 -
Undimerized 2.01
Si(1) 273 273 282 - Si(2) - 2.64 - 2.81
2.05
Si(2) - 2.73 - 2.82
Dimerized The most obvious difference between the STM images of
Si(1) 291 264 277 - the clean and Si covered HfB)001) terraces is that the
1.97 latter reveals well-resolved structure, whereas the former ap-
Si(2) _ 2.64 _ 277 pears flat and featureless. A qualitative understanding of this

difference is provided by plots of the charge densities for the
two cases. The STM tip scans the surfaces from some height,
repulsive force along and, in the optimized structure, are depending on the bias voltage and current. To mimic this, we
2.35 A apart and 1.97 A above the Hf layer. This separatioshow charge densities in plan@ A above the surface for
between the two Si atoms, being close to their bulk separgoth the clean and 0.5 ML Si covered surfaces in Fig. 7. This
tion, suggests that they form a dimer bond. We show &igure shows that on the clean Hf-terminated surface, be-
charge density contour plot for this configuration in the planecause of the metallic nature of the bonding, there is very
of the Si atoms in Fig. ®). The bond between the Si atoms little corrugation of the charge density and hence the STM
is clearly seen. The binding energy in this configuration isimage looks quite uniform. On the other hand, in the pres-
5.93 eV per Si adatom, which is greater by 0.18 eV than foence of the Si adatoms, there is a larger variation in the
the undimerized case. This energy is much less than that ofgharge density. But the dip in the charge density halfway
normal Si-Si bond {1 eV) because dimerization occurs at between the two Si atoms of a dimer is quite small compared
the expense of a weakened Si-Hf interaction. The result® the overall scale of the variation. This is why we see
imply that there must be an energy barrier separating thextended bright patches where the dimers are located and
undimerized structure in which the two Si atoms are atithe cannot resolve the individual Si atoms in them.

sites with a separation of 3.13 A and the dimerized one with

a Si-Si distance of 2.35 A. Otherwise the former structure

would have readily relaxed into the latter one upon geometry VI. DISCUSSION

and undimerized structures are shown in Table II. _ fully incorporates the complementary information provided
The calculations described above correspond to a Si COVyy the experimental techniques of LEED, STM, and XPS as
erage of 0.5 ML whereas the LEED pattern implies an idealye|| as by the information obtained from first-principles
coverage of 0.4 ML. For a more exact correspondence bes|ectronic structure calculations based on DFT. The observed
tween theory and experiment, we also did a calculation at 0.¢ EED pattern reveals that the structure possesses good long-
ML. This requires a bigger surface unit cell as the number ofange order with statistically distributed rotationally equiva-

surface Hf atoms has to increase for each Si pair. Moreovefent domains. Since the pattern corresponds to a single phase,
the symmetry of the system is now very different from what

itis at 0.5 ML. The surface unit cell of the system at 0.4 ML
Si coverage is exactly as shown by the dotted line in Fig.
2(b). The two lattice vectors in the plane are 8.31 A and 5.43
A, making an angle of 70.9° with each other. This system
contains 5 Hf atoms in each Hf plane and hence 10 B atoms
in each B plane. Having 3 Hf @n2 B layers as before, the
system now has 15 Hf, 20 B, and 2 Si atoms. Starting from a
configuration in which the Si atoms are exactly at the hollow
sites, they spontaneously move closer on relaxation and are
2.4 A apart in the optimum geometry. The Si adatoms are
2.01 A above the Hf layer, very similar to the value at 0.5
ML. The distances of the two Si adatoms from the closest Hf
atoms are given in Table Ill. A Si-Si distance of 2.4 A sug-
gests that they readily dimerize at this coverage without the
barrier found at 0.5 ML. The dimerization is confirmed by  FIG. 6. Charge density contour plot in the plane of the adatoms
the charge density in the plane of the Si adatoms as shown fior 0.4 ML Si on the HfB(0001) surface with a Si-Si distance of
Fig. 6. 2.4 A showing dimer formation.
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that the threefold hollow site is favored for isolated Si atoms
and that two Si atoms at neighboring threefold hollow sites
can form a bond provides the necessary additional informa-
tion to establish the complete structure. The formation of the
Si-Si bond explains the row structure and even the size of the
oblong objects, which are not necessarily established to be
dimers from the STM images alone. The dimer-row structure
seen here bears resemblance to the structure seen on the
Si(100)-2<1 surface. In that case, both symmetric and
buckled dimers are seen with STM and the relative stability
of the two has been the subject of much stiithin the
present case, the placement of the two Si atoms at equivalent
threefold hollow sites predicts a symmetric dimer, consistent
with the STM images. The fact that the dimers are symmetric
indicates that the energy gained by forming the Si-Si bond
with a distance close to the value in bulk Si is not offset by
the cost in energy of displacing the Si atoms from the posi-
tion at the center of the threefold hollow and that this cost is
lower than would be involved in leaving one Si atom of the
pair in the center of the threefold hollow and displacing the
other Si atom towards the first. Such a scenario would result
in an inequivalency between the two atoms of the dimer,
which would likely be apparent in the STM image, contrary
to what is observed.

A key issue in considering the interface between Si and
other materials is whether a reaction takes place to form
silicides. The structures observed in previous studies follow-
ing high-temperature processing of either Si deposited onto
elemental metal surfaces or through metal deposition onto
silicon surfaces are invariably attributed to silicide forma-
tion. However, the structure illustrated in Figb2 is more
akin to simple adsorption onto the unreconstructed sites of
the substrate surface. To be sure, under other conditions we
eq,o observe more complex structures in the Si/H{B01)

stem that we attribute to hafnium silicides. But it may well
e the case that the dimer row structure reported can form
gnly because of the high thermodynamic stability of KHfB

0.024 [z
0.016

0.008

(b)

0.024
0.016

0.008

FIG. 7. Surface plots for charge densities in p2eA above
the (a) clean HfB,(0001) surfacdthere is very little charge corru-
gation in the plane, as expected for metallic bongiagd (b) Si
dimers on the HfB(0001) surface. The magnitude of the charge
density corrugation is much larger compared(@ which makes
the Si dimers easily identifiable with STM.

it indicates that this phase is dominant on the surface und
the conditions used. While the STM images reveal the sam
periodicity as implied by LEED, the latter results establish
that the structure observed with STM is representative of th . . - X
entire surface. However, the LEED pattern does not providéGI"’mV_e to H_fst’ which allows unique structu_res to form at_
any information on the content of the unit cell whereas thethe SI/HIB, |n.terface that cannot form at simple metal-Si
STM images of rows of oblong objects strongly suggest tha nterfaces. This may explain why the borides and other re-
the structure is not simply due to an ordered array of isolate act_ory metal compounds .hav.e begn fqund to be p'referable
0 simple metals for applications in microelectronics and

adsorbed Si atoms. The relationship between the dimer or s that th bstrates for th wih of
entation and the two-dimensional lattice vectors revealed irrt99€StS thal they may Serve as substrates for the gro 0

the STM images is strongly supportive of the structure pro_novel structures that cannot be formed on elemental metal
posed. The XPS results are also supportive of this structur@urfaces'
in that they imply a submonolayer coverage close to the

value implied by the proposed structure. The experimental

results do not reveal the placement of the Si atoms on the R.S. and M.T. thank the Donors of the Petroleum Re-
substrate sites. This is because not only are Hf atoms naearch Fund, administered by the American Chemical Soci-
visible in the Si/HfB,(0001) case, but they are not resolved ety, for partial support of this research. The authors thank Dr.
even for the clean surface. The DFT calculations showingVataru Hayami for valuable discussions.
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