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Structure of atomically perfect lines of bismuth in the S(001) surface
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Atomically perfect lines of bismutli200 nm long or morgform in the S{001) surface when a bismuth
covered surface is annealed around the bismuth desorption temperature. We describe modeling results for the
structure of these lines based on tight binding calculations, examine evidence for their extraordinary perfection,
and describe the procedure used to fit the tight binding parametrization. The perfection of the lines is found to
arise from a combination of thermodynamic and kinetic reasons.

I. INTRODUCTION energetics of various structures, often only the combination
of the two (as described recently in some déetiiwill con-

As the quest for nanotechnology, and electronics on thelusively identify structures and growth mechanisms. The
nanoscale, is pursued, one-dimensional systems that migrgsults of such a collaboration on the structure of the lines
act as quantum wires are of great interest, but are rathdrave been presented elsewhefédrere the theoretical details
difficult to prepare experimentally. Thepontaneougorma-  are presented and the structure and perfection of the lines are
tion of lines of bismuth several hundred nanometers longxamined. The computational details are given in the next
without kink or defect has been reportefiwhile the elec-  section, followed by sections describing the structure of the
tronic properties of these featurégeferred to as “nano- lines and their perfection, and finally the conclusion. Details
lines” given their siz¢ are not ideal for use as wires, their of the tight binding parametrization created to model Si-Bi
extraordinary perfection offers the best prospect of actuallyand Bi-Bi bonds and tests of its validity are given in the
constructing real quantum wires yet seen. Understandingppendixes.
their atomic and electronic structure is of great importance.

Bismuth is used as a surfactaain alternative to arsenic
or antimony during Si or Ge growth on £01) or Il. COMPUTATIONAL DETAILS

Ge(001).” At room temperature, it initially adsorbs as ada- In order to model the atomic and electronic structure of
toms on the §D01) dimer rows, which then pair up to form  the Jines, which involve Si and Bivhich are, respectively, a
dimers, perpendicular to the underlying dimers, and on top oemjiconductor and a semimetal in their elemental forms

the S{001) dimer rqws‘.” This leads to a (X2) method using quantum mechanics was clearly required.
reconstructiof;®~** which develops into a (22) recon-

struction as the dimers line up across the réW&*Eventu-
ally, a strain-induced (2 n) reconstruction is seeft?

Under certain circumstances bismuth will form long, per-
fectly straight lines embedded in the(@1) surface? Two D
separate recipes have been found for their formation: dosing j.*
the S{002) surface with Bi at a low temperature, followed by
heating briefly to the desorption temperature; or, alterna- |
tively, exposing the $001) surface to Bi around the desorp-
tion temperature. Under both these preparation conditions,
perfectly straight, atomically perfect lines form in the
Si(00)) surface, each up to several hundred nanometers long,
and often terminated in a pair of three-missing-dimer defects g
(2x3DV’s). This is illustrated in Fig. 1. A more detailed
examination of the scanning tunneling microscdi$1M)
datd? reveals that the nanolines have a larger band gap than 8
the surrounding $001) surface; this means that they may
not be useful in their present state as one-dimensional con-
ductors, but might be useful as templates for nanowires; al-
ternatively, an understanding of their formation mechanism
might allow the substitution of another element for bismuth
to yield better electronic properties.

An investigation of such a system is ideal for close col- F|G. 1. A STM image, 208200 nn?, showing the bismuth
laboration between experiment and theory; while STM im-jines in a S{001) surface. The lines are perfectly straight and show
ages can give much information about the appearance of Sufio defects. Any curvature is due to STM drift. Bias voltage was
face features, and atomistic modeling can give details oft2.0 V. Courtesy of Dr. K. Miki
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However, the unit cells required to investigate the kinking : =
and perfection of the lines are lar¢ep to several thousand E =
atoms to isolate kinks and defegtsuling outab initio elec- —— P —
tronic structure techniquesvhich are limited to a few hun- | —— : :
dred atoms Tight binding provides a good compromise be- ——
tween the two requirements of quantum mechanical accuracy '
and computational efficiency. I '
Tight binding postulatesand in some cases specifies .
basis set of local, atomiclike orbitals. The Hamiltonian is
written in terms of matrix elements between these orbitals, |
which are then parametrized, generally being written as an S
equilibrium hopping integral multiplied by a scaling term. -,5
Cohesive energies are obtained by adding a pairwise repul-|
sive term; the whole procedure has been rather elegantly jus-' =t
tified by Suttonet al!® Details of the parametrization for
Si-Si bonds(and Si-H bonds which are used to terminate the
base of the slabare given elsewher® while the details of
the Bi-Si and Bi-Bi bonds are given in Appendix A. The | . ——_
parametrization was tested by calculating the energies for a R
bismuth dimer in various sites on the(®1) surface, and -
comparing these withb initio calculations. This is described
in Appendix B. FIG. 2. A closeup image of the lines shown in Fig. 1,
As the Computationa| cells were all rather |a|@mini_ 40x40 Az. Bias Volta.ge was-0.6 V. Courtesy of Dr. K. Miki
mum size of 200 atoms, extending up to 1600 atomgight
binding technique for which the computational effort scaledPendicular to the silicon dimer rows, and have a width
linearly with the number of atoms was uséd(an equivalent to three silicon dimers~10 A). The internal
imp|ementatiorl|8 of the density maitrix methda In arecent Structure visible in STM shows two features similar to sili-
comparison of method?d, the density matrix method was C€ON dimers, in phase with the dimer rows. In Fig. 2, the lines
found to be the most efficient and accurate for semiconducaPpear darker than the surrounding surface, while at higher
tors, particularly when there were states in the ¢mg., ata Voltages(for instance, in Fig. JLthey appear brighter. This
semiconductor surfage suggests that geometrically they are at the same level as the
The unit cells were constructed to ensure adequate isol&ilicon dimers, while electronically they have a larger band
tion within periodic supercells. All unit cells were ten layers 9ap.
of silicon deep, with the bottom five layers held fixed in ~ From the STM images, four structures have been postu-
bulklike positions and the final layer terminated in hydrogen.lated, which are illustrated in Fig. 3. The energies for the
The cells were eight dimers long, which resulted in a sepafour structures are given in Table I. The STM images show
ration of five dimers between successive nanolines. ThéNO featuredn line with the silicon dimer rows in both filled
larger unit cells used for calculating termination separated@nd empty states, with contrast that indicates that they are
images by three silicon dimer rows; these cells contained upg/most certainly embedded in the surface. These data, along
to 1600 atoms, which teste«hnd Vindicateﬁj the use and with the tlght blndlng energid:SNhiCh show that of the struc-
applicability of linear scaling methods. tures in line with silicon dimer rowga) is more stable by 2
As this is a mixed system, the question of how to compareV or more per dimér imply that structure(@) is the most
energies between structures with different numbers of silicofikely structure.
and bismuth atoms arises. The approach chosen here is to There have recently been detailed XPBray photoelec-
calculate the excess surface energy plus bismuth adsorptid¢fen diffraction measurements made of the structure of these
energy per dimer for each structure. The chemical potentidines’* with reverse fitting to two of the structures proposed
used for silicon is the bu|Kdiamond structumenergy, and in the “teraturd:induding our StrUCtUréa)]. This confirmed
the surface energy for a silicon slab of the same area is usdfat structurga) was the structure for the line, and provided
to give excess surface energy; as the system modeled hE¥asurements of various structural parameters. These are
contact with what is, in effect, a vast reservoir of bulk sili- given in Table II, along with the corresponding values as

———

—

con, this seems like an appropriate choice. calculated using our tight binding parametrization, and re-
cent, more detailed measurements. The good agreement
Ill. STRUCTURE OF THE BISMUTH LINES seen, coupled with the absolute energies and the STM im-

ages, indicates that structui@ is the correct structure, and
In this section, the detailed atomic model for the bismuthprovides strong evidence for the reliability of the tight bind-
nanoline will be considered, along with the questions of tering parametrization.
mination and perfection of these lines.

B. Termination of the bismuth lines

A. Atomic model for the ling The termination of these lines is of great interest, both

The structure of these lines as seen in STM is rather infrom a structural point of view, and for understanding
triguing, and shown in closeup in Fig. 2. The lines run per-growth processes. In STM imagk$the lines embedded in
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TABLE Il. Comparison between line structure deduced from
XPD measurements and calculated from tight binding.

Parameter Tight bindin¢A) Expt. (A) (Ref. 21
Moved in 0.48 0.30.2
Above surface 0.57 070.3
Bi-Bi bond 2.89 3.6:0.3

\s'/‘ \\'

2Xx 3DV or pure silicon, and three dimer rows of pure sili-
con to provide isolation in the periodic supercell. Thus in one
case the line was terminated at both ends with pure silicon,
and in the other with pure silicon and two 3DV’s.

Due to the high degree of isolation between dimer rows
on Si001), these separations were found to be sufficient to
provide isolation(and provided a compromise between accu-
racy and computational efficiencyThe calculations indi-
cated that the terminations in pure silicon and with a pair of
3DV’s were both slightly worse than an infinite lin@l-
though the energies are extremely small: 0.01 eV for Si and
0.20 eV for the 2 3DV), while termination with a single
3DV was not energetically favorab({6.99 eV worse than the
perfect ling. These stabilities may well be relevant for a

{ growth mechanism; however, further experimental and theo-
__.__ _—o-- %.__. SN SN W S retical work is needed before any definite conclusions can be

. drawn.
4\ ,4\ /o\./o

/0\
.‘.. rows of line, two dimer rows of “termination’(i.e., either
\‘f’ ‘\.4’
[ ]

C. Perfection of the bismuth lines

It is observed experimentally that the lines show an

\r‘ \r’ *r"“*o : : . i
extraordinary degree of perfection—neither kink nor defect
- ‘ ‘ has ever been seen in hundreds of images of lines, many of
-—.——.~.._-o—-.——o~.. o o which were over 200 nm in length. It is important to deter-

mine whether this perfection arises from kinetic or thermo-
dynamic effects.

The defect energy can be found rather simply, by remov-
ing a Bi dimer from a line segment in a supercell. The cal-
culated energy for this in a six-dimer supercell was at least
1.1 eV less stable than a nondefective liwgth the extra
bismuth dimer assumed to have been placed in a line seg-

FIG. 3. Atomic positions calculated using tight binding for the ment elsewhere on the surfacealculating the energy of a
proposed candidate structures for the bismuth lines. Light atoms a@ix-dimer supercell with the extra Bi dimer on the surface
silicon, while dark atoms are bismuth. Only the first three layers ofand adjacent to the lin@as would be required were a Bi to
the unit cells are shown for clarity. diffuse out of the surface to create a defect in a perfec} line

gave an energy 2.6 eV less stable than the perfect line. There
the surface are terminated either in pure silicon, or by are thus certainly strong thermodynamic reasons for the lack
defect three dimers long and two rows wideX(3DV). Cal-  of defects in the line, either during formation or during an-
culations to test the stabilities of these terminatitie$dative  nealing, and quite probably strong kinetic reasgwhich
to an infinite ling used unit cells consisting of three dimer would present a high barrier to diffusion out of the line

TABLE |I. The excess surface energy plus bismuth adsorption energy per Bi dimer for various possible
structures of the nanolines. The different structures are illustrated, in the same order, ifdgémg3from
left to right and then top to bottom

Structure EnergyeV/dimen
(a) Bi around a 1DV —11.705
(b) 1DV with Bi atoms in second layer —9.143
(c) Bi around a 1DV(Bi out of phasg¢ —11.659

(d) Bi around a 1DV with Bi atoms in second layer —-7.797
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TABLE lll. The tight binding parameters for Bi-Bi interactions.

Eg E, hger h h hopr o n m bo

—153 —5.87 —1.118 1.469 2.587 —0.647 3.09 3.529 6.528 2.647

Spo ppo

A calculation of kinking energy shows that there is little fection of the lines and reasons for this, identifying the
change in overall energy: taking a supercell consisting otauses for the lines remaining atomically perfect and per-
only two dimer rows, and displacing one row with respect tofectly straight after their formation. The tight binding param-
the other(thus creating a “maximally” kinked ling was etrization created for modeling this problem has been de-
only 0.1 eV less stable than the unkinked line. Calculationscribed and shown to be reliable.
of a more isolated kinkin a six-dimer supercell, with half of
the cell displaced by one dimer with respect to the othe half ACKNOWLEDGMENTS
showed an even smaller value for the kink energy. These
results are not surprising—there is a large degree of isolation D.R.B. is grateful to Dr. J. H. G. Owen, Dr. K. Miki,
between S001) dimer rows. So there is no equilibrium ther- Professor D. G. Pettifor, Professor G. A. D. Briggs, Dr. C.
modynamic reason for the lack of kinks. M. Goringe, Dr. M. Fearn, Dr. A. P. Horsfield, and Dr. H.

Kinetically, there would need to be two mechanisms atFujitani for useful and provoking discussions, and was sup-
work: one to ensure that the lifiermedstraight, and another ported by the EPSRC.
to ensure that itemainedstraight after formation. Formation

of the line will be addressed in later wotthough they are APPENDIX A: FITTING Si-Bi AND Bi-Bi BONDING
certainly observed to form straight here we consider ) - ) _ )
mechanisms required to kink the line once formed. The creation of a silicon-bismuth and bismuth-bismuth

The limiting factor in kinking is the movement of the Bi Parametrization presented a number of challenges: Bi is suf-
dimers. There are three possible precursors to this: diffusioficiently large that the outermost valence electrons achieve
of a Bi dimer out of the line onto the surface; diffusion of a SPeeds through the core that make relativistic corrections
Bi dimer across the lindso that there are two Bi dimers necessary; there is ndB Si-Bi compound, making the fit-
adjacent, and exchange of the Bi dimer with second-layerting of electronic parameters to an experimental band struc-
silicon atoms[so that the defect in the middle of the line ture impossible; and Biin its native state is a semimetal in an
diffuses in the standard manf&for a 1DV on S{001)]. We  arseniclike structure, with puckered graphitic sheets which
will consider each of these in turn. are stacked sufficiently close together that the coordination is

The first is ruled out by the calculation performed for the@imost sixfold (which means that fitting to a tetrahedral
defect: the energy required to move a Bi dimer out of the ling?0nding environment is hard

and onto the surface it least2.6 eV. The second mecha- ~ The Es andE, levels of Bi, along with the hopping pa-
nism is hard to address directly, but a calculation of a sixJameters, were taken from Harris6hThe effect on theE

dimer row supercell with one row in which the two Bi andE, levels of relativistic corrections has been taken from

dimers were adjacentso that the 1DV had moved one & full, relativistic solution of the Dirac equation for the Bi
dimen showed that this arrangement is 0.55 eV higher indtom, along with the offset of the His level from the SIE
energy than the perfect line. Whatever the barrier to diffusiod€vel. This set of parameters is given in Table Ill. As is rather
across the defedwhich is likely to be rather high, as the common and effectivéfollowing Chadf?), the Si-Bi hop-
bonds between second-layer atoms forming the defect wilPing parameters were taken as the geometric mean of the
need to be brokenthis energy difference will lead to a large Si-Si and Bi-Bi parameter&hese are given in Table IV
population imbalance between the perfect line segment and The scaling for the Bi-Bi bonds and the Si-Bi bonds is
this precursor to kinking. Any further steps required to kinkagain hard to fit. The following simple form has been used
the line will thus be competing with the drive to return to the for the scaling of the hopping parameters:

perfect line, and will be highly unlikely. The third mecha-
nism can be ruled out by considering the stability of the
proposed line structur@nentioned above, and given in Table
I) that involves Bi atoms in the second layer: this is 5.5 eV ] ] ]
higher in energy than the Bi line structure found above, rul-2nd the equivalent used for the repulsive poterftia(r)

ing it out as a possible precursor mechanism. So we see that$o(fo/r)™]. An initial, crude estimate of the Bi-Bi bond
there are strong thermodynamic reasons for the nanoline #§ngth in tetrahedral form can be made by assuming that the
remain straight once it has formed, and have clear experfatio of bond lengths for Bi in the fcc and diamond phases

o), (A1)

hyrm(r)=hyrm

mental evidence that it forms straight. will be the same as for silicon; if this ratio is applied to the
TABLE IV. The tight binding parameters for the Si-Bi interac-
IV. CONCLUSIONS tion.
We have described tight binding modeling of the structur
9 9 9 ehssa hSptr hppff hPP"’ lo n m ¢O

and perfection of Bi nanolines in the (801 surface, and
found that our calculated structure is in good agreement with-1. 472 1.601 2.809 —0.834 2.75 2547 4.952 3.1187
all available experimental data. We have explored the per:
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FIG. 4. The density of stateOS) for a fictitious diamond- FIG. 5. A schematic diagram, showing the possible adsorption
structure Bi cell, calculated using FLAPW. sites for Bi ad-dimers and substitutional features. Letters refer to the

appropriate areas in Table V.

Bi bulk bond length, the result can be taken as the Bi dia-
mond structure bond length. The Si-Bi bond length can als@nd transferability can be investigated by modeling the na-
be taken as the geometric mean of Si-Si and Bi-Bi. tive bismuth structure, or at least a puckered sheet of bis-

However, this is only an extremely crude estimate, and dnuth, which is extremely close to the native structure. The
better fit must be constructed. Binding energy curves for Bsimulation yielded a cell with nearest neighbor spacing of
in tetrahedral form and zinc-blende SiBi were calculated us3.09 (compared to 3.10 in realityand puckering angles of
ing a full-potential linearized augmented plane wavel00°, compared to 90° in reality. It seems that the Bi-Bi
(FLAPW) code and the tight binding scaling parameters andonding is remarkably well described.
repulsive potentials were fitted to these. The most interesting The Si-Bi bonding, and further aspects of Bi-Bi bonding,
feature of this fitting is that the bond lengths derived fromcan be investigated by considering bonding on th@)
these calculations were very much larger than those presurface and comparing both to experiment and more accurate
dicted from the simple prescription given aboy@09 A  ab initio calculations. The results of such calculations are
rather than 2.52 R The reason for this can be seen in thegiven in the next section, and show that the parametrization
local density of states for tetrahedral Bi shown in Fig. 4,is very effective for Bi dimers on and in ®01).
where the Bis band is clearly about 10 eV below the Fermi
level, and is thus forming a filled, stable lone pair state, and
making Bi fundamentallyp-valent; thus the tetrahedral bond-
ing environment will be much worse, relatively speaking, for
Bi than a fcc environment would be for Si, making the bond
lengths longer than anticipated. The first task in investigating the behavior of bismuth on

The Bi-Bi bonding in the tetrahedral structure cannot re-Si(001), and particularly in investigating the complex struc-
ally be tested, except through comparison of calculated sutures seen in STM, is to identify the lowest energy sites on
face energies witlab initio results; however, the robustness the surface for Bi dimers. We have chosen this system as a

APPENDIX B: STABLE STRUCTURES FOR BISMUTH
DIMERS ON THE Si(001) SURFACE

TABLE V. Comparison between tight binding asat initio energies and bond lengths for Bi dimers in
various positions on the @01) surface. Energies given are Bi adsorption energy plus excess surface energy
per Bi atom. The Bi dimer bond length is denotedh§Bi-Bi). The positions are indicated schematically in

Fig. 5.

Structure EnergyeV) SE ab initio SE h(Bi-Bi) (A)  ab initio h(Bi-Bi) (A)
Ad-dimers

Trench(epi) (a) -5.51 0.23 1.11 2.88 2.96

Trench(non) (b) -5.19 0.88 0.82 2.98 3.13

Row (epi) (c) —-5.63 0.00 0.00 2.86 2.96

Row (non) (d) —5.44 0.38 0.51 2.89 2.96

Substitutional

Dimer (subs (a) —5.75 —0.12 0.07 291 2.99
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stringent test of the Bi-Bi and Bi-Si parametrization, andsufficient for energy difference and force convergence.
have calculated energies and structures for Bi dimer&nod The energies and Bi-Bi dimer lengths for a variety of
in) the S{001) surface with both tight binding and amb  structureg(illustrated in Fig. % are given in Table V. With
initio electronic structure technique. As described in Sec. llthe exception of the epitaxially oriented trench dintiee.,
we have chosen to compare the excess surface ef@gy  with the dimer rotated by 90° relative to the underlying
pared to a clean, perfect silicon surfagdusthe Bi adsorp- dimer rows, the tight binding calculations reproduce the
tion energy per Bi atom. trends in theab initio calculations rather well, although the
Theab initio calculations were done using the plane waveBi-Bi bonds are perhaps a little short. Both tight binding and
pseudopotential density functional codesTeR?® The unit  ab initio calculations predict that the Bi dimer will be most
cell used was two dimers long and two dimer rows wide. Itstable on top of the dimer rows, in an epitaxial orientation, as
was five layers deep, with the bottom layer fixed in bulklike observed by STM:’ Having fitted the parametrization to a
positions and terminated in hydrogen. Ultrasoft pseudopoterrather different environment, this agreement wath initio
tials were used with a plane wave cutoff of 250 eV and fourcalculations gives us confidence in using this parametrization
special points in the Brillouin zone; these parameters arén modeling Bi dimers on and in §02).
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