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Si(110-16x 2 and Si(110-5x 1 surface reconstructions: Stretched-hexagon face-centered
adatom model
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Scanning tunneling microscopy data are reported for the reconstructed Si(160<2"” and
Si(110)-'5x 1" surfaces. Models of both surface reconstructions are proposed, based on a single building
block, a face-centered stretched hexagon of adatoms. The models successfully explain the major experimental
facts about both structurelsS0163-18207)04819-4

[. INTRODUCTION rent models, which claim to describe either thex@Bor 5
X1 structure, but not both.
Although the relaxation and reconstruction of semicon-

ductor surfaces has been an area of active resea_rch for years, Il. STATEMENT OF THE PROBLEM
few surface crystal structures have been conclusively solved.
Even Si, whose (100)-21, (111)-7x7, and cleaved Figures 1 and 2 are typical STM images of the<iBand
(111)-2x 1 surface structures were among the first few to beb< 1 structures of the §110 surface. A successful under-
determined; still has a(110) surface whose structure is standing of these two reconstructions must explain the fol-
currently controversial, having two primary reconstructiéns, lowing 23 facts contained in those and related figu(@s.
“16x2" and “5 X 1,” neither of which is described by a facilitate the presentation, we shall refer to those facts by
consensus model. Moreover, neither thex®6 nor the 5 Arabic numerals, both in the text and in the figuyes.
X1 structure actually exhibits genuine X8 or 5x1
symmetry—they merely produce low-energy electron dif- A. Si(110-16x 2 structure

fra"“‘;’; (LEED) pattern; that grealmost 16x2 and (1) The most striking fact of the 262 structure(Fig. 3
5x1."The purpose of this paper is to propose that both theg e stripes and chevron structuf®). The bright stripes are
16X 2 and the 5<1 Si(110) surfaces can be constructed from easured to be one atomic step heigh®2 A higher above
the same building block—a stretched hexagon of Si adatomgpe syrface than the dark stripes, and that is why they yield

topped by a face-centered Si adatdiGore-level spectfa pright STM images. We term the higher stripes up-stripes
strongly suggest that a correct model involves Si adatoms

similar to those found on &i11)-7x7.] With this building
block, we are able to describe a large body of data for both
surfaces.

Because vertically smooth sidewalls can be etched into
the S{110 surface, this surface is technologically important
for the fabrication of micromachines, such as high-aspect-
ratio actuator§. Therefore, our goal is to understand the main
crystal structures of this surface, as a first step toward under-
standing the microscopic physics of etching on the surface.
Our approach is to first obtain atomic-resolution scanning
tunneling microscopy(STM) images of both Si(110)-16
x 2 and Si(110)-% 1.° and to then propose two geometrical
models, based on the same building block, that are consistent
with our observations.

The fact that the 182 and 5< 1 reconstructions are the _ i

FIG. 1. STM image of the $110-16X 2 surface reconstruction.

most commonly observe_d on the cleaq1Si) surfa(_:e Sug- The image is~210 A wide. The directions are indicated to the
gests that the free energies of the two reconstructions are nﬂght of the figure. The bias voltagef the sample with respect to
very different. Some authors claim that th& 5 structure is e (i) was—2.0 V (an image of filled statésand the current was
impurity stabilized, but the concentration of impurities pur-3 na Note the nearly vertical white stripes which run in fie1,2]
portedly required to stabilize it is so small that currently we gjrection, separated by dark stripes which are one-atomic-height
can neither confirm nor deny that viewpofi? However, if  jower (1.9 A). The spacing between adjacent white stripes is 50.2
the 16<2 and 5< 1 structures are indeed nearly degenerateA. Also note the white stripe in the lower left of the figure, running
then one might suspect that there exists a common buildinglong the[1,1,2] direction, which forms a chevron with another
block for both surfaces. This feature is absent from all curnearly vertical stripe.

Si(110)
"16x2"

[112)
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FIG. 2. STM image of the $110-5X 1 surface structure. The
bias voltage was positive 1.2 ¥mpty states imageand the cur-
rent was 1.3 nA. Fact€0) and(21) are indicated to the left of the FIG. 4. STM image of S110-16X2 structure. The directions
figure: (20) the 27.1 A=5a periodicity, and(21) the dark lines in  of the up-stripes are depicted on the figure. Note that[th&2]
the[1,1,0] direction. The width of the figure is 370 A. The bright  up-stripe has a different handedness from[th&,2] up-stripe[fact

spots correspond to stretched-hexagons unevenly spaced in tf@], as can be seen by recognizing that the two lines drawn on the
[1,1,0] direction. stripes have slopes with respect to their stripe axes of different

signs. The bias is-2.0 V (filled state$, with a current of 1 nA.

and the darker ones down-stripg8) The majority of the
up-stripes in Fig. 3 are oriented along thie1,2] direction. stripes along[1.12] and the up-stripes alond1,1.2]

(4? The c_hevron n th|§ picture corresponds to two lJp'Smpe%ave slightly different topological structures which we term
oriented in different directions, meeting to form the chevrondifferent handednesi&ig. 4. (7) The distance between two
pattern, with a 70.5° anglé5) The second kind of up-stripe up-stripes(or two down—gtri;.)e)sis 50.2 A(Ref. 17 (Fig. 3.
(8) Viewed one way, there is a zigzag pattern on the up-
stripes(Fig. 3). (9) A similar pattern is observed on down-
stripes(Fig. 3). (10) The repeat distance of the zigzag pattern
is 13.3 A(Ref. 11) along the stripgFig. 3. (11) Viewed a
different way, the stripes are stacks of stretched hexagons
(Fig. 3. (12) The zigzag array of atoms is attached to the
underlying bulk Si lattice(13) The surface unit cell lattice
( vectorsa’ andb’ for the next cell in this reconstruction are
derived from the primitive cell's basis vectarsandb by the

Fig. 3 is oriented along[l_,l,?]. (6) The up-

[170]

[001] .
transformation
a'=1m—a, b'=2(b—a
- instead of
133A
. a’'=16b, b’'=2a,

as might be expected for a truext@ surface® That is why
we use the quotation marks: theX & surface is not literally
a 16x 2 structure, but is actually a

-1 17
-2 2

_FIG. 3. STM image of the $110-16X2 surface. Features vis- ,trel? where the matrix transforms the pda,b) into
ible in the image are denoted by the same fact-numbers as in th<e

text: [fact (1)] stripes and chevron structurdact (2)] one atomic a'b ) (14) The stretched f]exagons i, 1.2] dov_vn-strlpes
step-height boundary between bright up-stripes and dark down2'® displaced by a vector(2)—c from the adjaC(,ant up-
stripes;[fact (3)] up-stripes in thé1,1,2] direction;[fact (4)] chev- stripe lshﬁxagons(Flg. 5)'_ We shall see thatr’'=3a

ron with an angle of 70.5%fact (5)] second kind of up-stripe along +130- " (15) The up-stripes have scalloped edgkSee
[1,1,2]; [fact (7)] 50.2 A separation between up-stripéfact (8)] the light trlangle to the right of numbéd5) in Fig. 3] (16_)
zigzag pattern of up-stripegfact (10)] 13.3-A repeat distance of 1he down-stripes have holgSee the dark area to the right
the zigzag patternffact (11)] stacks of stretched hexagorigact ~ Of number(16) in Fig. 3, and between any two light triangu-
(15)] light scalloped edgess] of up-stripes]fact (16)] dark holes  lar scalloped edgek(17) The energetically favorable nature
(h) associated with down-stripes. The bias wag.0 V, with a  of the 16<2 structure implies that the number of dangling
tunneling current of 1 nA, giving a filled-states image. bonds has been reduced below that of the abruptly termi-



55 Si(110)-16<2 AND Si(110)-5x1 SURFACE .. .. 15645

FIG. 5. Diagram depicting the stacking of stretched hexagons on thdGpisurface to produce the ¥& structure. Circles denote
atoms, and decrease in radius as the atom lies farther from the surface, into the bulk. The adatoms are large solid circles. The triangles are
bases of tetrahedra whose vertices contain Si atoms bonded to an adatom. Dimers at step edges ade Bamgfety bonds are denoted
by loops. The vector’ is the vector from the center of an up-stripe hexagon to the center of the up-stripe hexagon in the next unit cell for
the 16x 2 structure proposed here;'(2)— c is the center of a down-stripe hexagon. The hole regions are dehard correspond to the
dark regions in Fig. 3fact (16)]. The scalloped regions are denotednd correspond to the light scallops of Fig.f&ct (15)]. The parallel
lines running in thd1,1,2] direction are aids to the eye, for locating adjacent step edges.

nated unrelaxed perfect(&iL0) surface.(18) If the sequence atoms, with the stripe between these rows straddled by a
of stripes is up-down-down, instead of the normal up-down-stretched hexagon of adatoms plus one at the face center of
up, then [15,17,1 facets (or equivalently [17,15,4, the hexagor® The five atoms labele® are each directly
[17,15,1, or[15,17,] facets are formed. above a surface plandirst layep triangle of Si atoms, and

B. Si(110-5X 1 structures bonded to those triangular lattice sites on thg.,0 plane of

(19) A primary theoretical challenge is to produce the 5
X 1 structure of Fig. 2 using the same hexagonal building
block as for the 1& 2 structure(Fig. 1)—despite the fact

that, at first glance, the two structures appear to be com- S'(”O)
pletely unrelated(20) This 5X1 structure must have the "5x1"
observed 27.1 A5a periodicity!! wherea is the lattice N
constant.(Fig. 2) (21) The STM images of empty states [110]
(positive bias with respect to the sampieeld dark lines in é e (
the[1,1,0] direction(Fig. 2). (22) The STM images of filled ‘
states, under negative bias exhibit hexagonal structiigs [o01]
6). (23) The 5x1 appellation is not correct either. What is
observed in low-energy electron diffraction is a structure
with a repeat distance ofabin the [0,0,1] direction. The
repeat distance in the perpendicullaror [1,1,0]) direction is
not well defined.
lIl. BUILDING THE SURFACE FIG. 6. STM image of the $110-5X 1 structure. The image is
FROM STRETCHED HEXAGONS of filled states, taken under a bias voltage-09.6 V with a current

of 1 nA, and shows stretched hexagons similar to those of Fig. 7.
Fact(22) of the text is visible here: hexagonal structures. The scale
The basic building block that we propose is given in Fig.of this figure is 226220 A. The drawn hexagonal structure is

7, where we show the surface with two missing rows ofenlarged.

A. Stretched hexagon with face-centered adatom
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<—Si-Si Chain
o °, g— Missing Row

\ p%r & Missing Row
"o o [170]

O 1stLayer

o 2nd Layer

+ 3rd Layer
Adatoms B

@ Adatoms A

FIG. 7. Schematic depiction of the($10 surface with a single stretched hexagon added to it. Large-radius circles represent Si atoms
farther from the bulk. The solid circles are adatoms. Each stretched hexagon is compdbefivefabove-surface adatonfs (ii) one
adatomAl [bonded to one surfadéirst-layep Si atom and twdsecond-layeratoms below the surface, which were exposed by the removal
of the missing row to the left of the hexagprand (iii) one adatomA2, which is bonded to two first-layer Si atoms and one second-layer
atom, which was exposed by the creation of the missing row to the right of the hexagon. The five d8la@imnded to triangular arrays
of first-layer Si atoms. The adatorAd’ andA2' have identical local environments £&dl. andA2, but are not part of the stretched hexagon;
they are needed when stacking stretched hexagons to form a2 $Gucture. Missing rows are indicated on the figure, which also presents
a side view(depicting dangling bonds

the surface. The two extremal major-axis atoms/Ateand and (5)]. The difference in topological structures of the
A2, both of which are on step edgesl is bonded to one stripes is apparent in Fig. 8, where the different handedness
atom on the surfacéhe first layey, and to two atoms below of the zigzag chains seen in Fig. 4 is appaféatt (6)]. (In

(the second layerwhile A2 is bonded to two atoms on the Fig. 8, note the orientation of th&1-B2 line in_comparison
surface and to one atom beldfThe bonding to the step with the orientation of the th&1-B1 line. The[1,1,2] stripe
edges is depicted in the side view of Fig.(When the hexa- is not obtained from §1,1,2] stripe by a proper rotation, but
gons are stacked into up-stripes of thexb structure, but by a reflection in a vertical mirror plane that passes through
not in the 5<1 structure, the additional adatomd’ and the minimum of the chevron’¥ in Fig. 8. This difference in
A2’ are needed to complete the stripes, whA&¥ and handedness occurs in the STM image Fig. 4, and is a conse-
A2’ have the same local environments A% andA2, re- quence of the different bonding by ti#el andA2 adatoms
spectively. Although thes@1’ and A2’ adatoms are re- from the bonding of theB adatoms. The separation of
quired in the 1& 2 reconstruction, they are not needed for stripes in the model, Fig. 9, is indeed 50.2%as determined

the model of the X 1 structure—but the model does not rule experimentally, Fig. Jfact (7)]. The zigzag patterns ob-
out occupation of somAl’ andA2’ sites) served in Fig. 3 are apparent in the model, as shown in Fig.
8 for the up-stripes and in Fig. 9 for the down-strifjéscts

(8) and(9)]. The 13.3-A(Ref. 11) experimental distance be-
tween hexagons along a strifféig. 3) is the same fof1,1,2]

Our stretched-hexagon moddbes explainthe 18 main and[1,1,2] stripes, and is also present in the model of Fig. 8,
facts about the 182 surface structure in terms of stacks of where it arises naturally from the topology of the stacking
such hexagons: Fig. 8 shows how the model reproduces treequence[fact (10)]. The equivalence of the stacks of
up- and down-stripes and the resulting chevron structure, egfretched hexagons and the zigzag chéssdetermined ex-
observed in Figs. 1 and[3act (1)]. The stripes are obtained perimentally in Fig. 3is displayed in Fig. §see also Fig. @
by attaching stacks of stretched hexagoosimensurateljo ~ as is the fact that the adatoms fit naturally on the underlying
an unreconstructed, ideal($10) surface. Figure 9 illustrates Si[facts(11) and(12)]. The true nature of the 262 surface
how “up”- and “down”-stripes alternate with one another, unit cell, which has two common representations, is visible
with a one-atom-higl{1.92 A) step in between, as observed in Fig. 9, where the upper unit-cell representation is spanned
in Figs. 1 and 3fact (2)]. The orientation of th¢1,1,2] and by a’'=16b+(b—a) and b’=2(b—a). For a true 1&2
[1,1,2] stripes, and the 70.5° angle of the chevron, are conreconstruction, we would hav& = 16b, different byb—a;
sequences of the stacking sequences shown in Fig. 8, amdir model correctly accounts for this differenidact (13)].
agree with the observations of Figs. 1, 3, arifets(3), (4), The other common representation of thext® surface unit

B. 16x 2 structure
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FIG. 8. lllustration of how the up-stripes of different handedness, and the 70.5° chevron are formed by stacking hexagong&ldf)the Si
surface. Open circles are first-layer surface Si atoms. Filled circles are adatoms. For reference, in the upper left we have numbered the
adatoms of the stretched-hexag®t —B5. We use this notation to label atoms in the chains of the two types of up-stripes in order to
compare handedness of the stripes. See also Fig. 4. Note that the zigzag chains and the stretched hexagons are merely different ways o
viewing the same structure. To simplify the presentation, we have not indicated the missing rows associated with the stretched hexagons;
only the first-layer atoms are shown, and the major axes of the hexagons have been shortened slightly from the length in Fig. 7.

cell, shown in the lower portion of Fig. 9, is spanneddly —and terminating at the center of an up-stripe hexagon. The
=5a+11b andb”=2(b—a). Also shown in that figure is displacement of a down-stripe hexagon from an up-stripe
the vectorr’=a’+b”=3a+13b, which passes diagonally hexagon is clearlyr('/2)— c[fact (14)]. The scalloped edges
through this cell, originating at the center of an up-stripein the 162 images of Fig. 3 correspond to the regions
hexagon, passing over the center of a down-stripe hexagotabeleds near the dimerfé*8in Fig. 5, containingAl’ and

o 1{stLayer
2nd Layer
3rd Layer
Adatoms B

« Adatoms A

. Dimers

Side View —>» Do

FIG. 9. lllustration of a Si110)-16X 2 structure with up-stripel1 andU2, alternating with down-stripe®0 andD1. Two parallel-
epiped fundamental surface unit cells are depictedone spanned bg’ andb’ originating from the same poir®’, and (ii) the other
spanned bya” andb” (originating fromQ”). The vectorr’ is also givenr’ is from the center of one up-stripe hexagon to the center of
another(Refs. 13 and 14 We use the same representation here as in Fig. 5.
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TABLE |. Effects of elements in the stretched-hexagoxP6structure on the number of dangling bonds,
which is 64 per 1& 2 surface unit cell for the unreconstructed Si(110)xD6surface.

Number Bonds saturated Reduction in dangling

Element per cell per element bonds per 1& 2 unit cell
B adatoms 8 2 16
Al adatoms 2 2 4
A2 adatoms 2 2 4
Al’ adatoms 1 2 2
A2’ adatoms 1 2 2
Dimers 2 2 4
Dangling bonds 4 -1 -4

due to steps
Second-layer missing 2 -2 -4

rows on

either side of

down-stripe hexagon
TOTAL 24 (of 64)

A2’ adatomgfact (15)]. The dark hole regions seen in Fig. 3 5X 1 reconstruction are accounted for by this model. More-
are labelech in Fig. 5, and are due to second-layer missingover the 5<1 building block is also the building block for
rows (on either side of the down-stripe hexagowhich are  the 16x2 surface, making it easy to understand why both
adjacent to thé\1 andA2 adatomgfact (16)]. Examination  reconstructions occur on the($10) surface'°

of the surface unit cell of Fig. 5 reveals that the stretched Of the models of the %1 reconstructiod® perhaps the
hexagon significantly reduces the number of dangling bondgost widely discussed is the one proposed by Keim,
at the surfacgTable |), thereby reducing the surface free \wormeester, and van Silfhotft,which is displayed in Fig.
energy [fact (17)]. Finally, an examination of the crystal 19 This model hastwo adatoms near the center of a
structure when the sequence of stripes is up-down-down iNsyeched-hexagon, vs one in our model, and simply cannot

19
stead of up-down-up reveal$5,17,J facets[fact (18)]. account for the 182 structure at all. Our images indicate

Therefore the stretched-hexagon model with a face'onIy one face-centered adatom on each hexagon. Further-

centered adatom successfully explains the 18 major factrsnore in order to have two face-centered adatoms per hexa-
about the 1&2 structure. The 182 structure, to our ! P

knowledge, is the largest surface reconstruction for whicIqun’ there would have to be two missing rows pgrpendlcular
there is now a suitable model. o the long axes of the hexagqns. H_ow_ever, _Flg. 2 s_hows
dark bands spacedabapart, which coincide with missing
rows of our model. In contrast, the Keim model of Ref. 24
has missing rows & apart, not &, and the rows & apart are

The 5x1 structure results from sequences of the samei-Si chains, which are expected to produce bright images,
stretched-hexagon building blocksithout A1’ or A2' ada-  not dark ones.
toms arrayed in the B=[1,1,0] direction[fact (19)]. If the Note that in the Keim model, the distan@e the b direc-
hexagons were stacked adjacent to one another it tlie  tion) betweenB adatoms on opposite sides of a hexagon is
rection with their long edges coincident, the structure would2.5b, vs 2b in our model. We believe that the distance be-
be 5x2, not 5X 1. The LEED data reported 561 symme- tween B adatoms is fb|, not 2.3b|—but the confidence
try doubtless because there is considerable disorder ib thewith which we can state this conclusion is not terribly high,
direction?°-22 associated with different separations betweerabout 75%.
hexagongFigs. 2 and § and such disorder washes out any  The stretched hexagons of our model can be stacked so
prominent diffraction spots associated with thedirection.  that they form the promineif,1,2] and[1,1,2] stripes of the
Between theAl atom of one hexagon and tiel atom of 16X 2 structure—but the hexagons of the Keim model are
another, in thea=[0,0,1] direction, is a missing row of sur- unable to reproduce either the observed stripe directions or
face Si atoms running in thie direction. the 16x2 structure, using any stacking sequence.

This 5x 1 building block has the observed 27.1=%a In fairness, we do note that Becker, Swartzentruber, and
periodicity** [Fig. 2, fact(20)]. The empty-state STM images Vickers’? reported seeing hexagons with two adatoms near
reveal dark lines associated with the model’s missing rows irthe center, and we would not disagree with a claim that the
the[1,1,0] direction[Figs. 2 and 7, facf21)]. Also, the mod- two-face-centered-adatom hexagon structure coexists with
el's stretched hexagons of adatoms account for the observedir stretched hexagon. We would, however, insist that our
filled-state STM images of hexagons on th& b surface stretched hexagon is more common on those surfaces that we
[Fig. 6, fact(22)]. Thus the main experimental facts for the have observe®

C. 5x 1 structure
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°. k— Missing Row
Top View

Side View

O 1st Layer
o 2nd Layer
+ 3rd Layer

Adatoms B
® Adatoms A

FIG. 10. The elementary building block of the Keim modekf. 24, in the same notation as Fig. 7.

The 5x 1 surface is clearly disordered, with the bright per atom. We must not be too strict in applying this rule,
spots of Fig. 2 corresponding to hexagons unevenly spacdtbwever, because bond-stretching and bond-bending ener-
in the [1,1,0] direction, reflecting the somewhat amorphousgies can be significant, and because it is naive to think that
structure of the two-dimensional array of stretched hexagongvery event of adatom binding to the surface yields the same
This disorder in thé direction washes out any nonintegral 9an In energy. ) .
diffraction spots associated with thedirection, and is re- ~ With regard to the 12 reconstruction, Table | lists the
sponsible for the erroneous notationkd. We also see in Vvarious adatoms, dimerized surface atoms, and dangling
Fig. 6 some dislocations of tHd,1,0]-aligned surface miss- bonds that arise when the X@ structure is created from the
ing rows (displaced roughly half of the hexagon major axis Perfect unreconstructed(31L0 surface. The 182 structure
and such dislocations further indicate that the surface is disanhihilates or saturates 24 of the 64 dangling bonds per sur-
ordered, actually favoring our model, which can account forface unit cell, leaving behind 0.625 dangling bonds per sur-
them by abruptly shifting1,1,0]-aligned rows by 2 or 3a.  face atom. This is to be compared with 1.0 dangling bonds
Therefore we conclude that the stretched-hexagon model aBer atom at the GaAs$10) surface and at the unreconstructed

counts for the main facts concerning the disordergdi®)-  Si(110 surface—and indicates that theBi0-16x 2 recon-
5% 1 structure. struction is a very stable surfa¢see Table I\

With regard to the X1 surface, the present stretched-
hexagon model describes that surface when the hexagons are
stacked in theb direction with various uneven spacings be-

When the adatoms of the stretched hexagon bond to theveen hexagons. The smallest such spacing allowed in prin-
(110 surface, they each bind to three dangling bonds of theiple (but not in faci has the edges of adjacent hexagons
unreconstructed surface, saturating them. They also eadwinciding in a close-packed geometry as in’a% periodic
leave one of their own four bonds dangling above the hexastructure of the present model, with 0.50 dangling bonds per
gon, and so they each account for a reduction of two dansurface atom, or in a5 structure of the Keim model, with
gling bonds at the surface, thereby reducing the free energ9.52 dangling bonds per atom—indicating that the present
of the surface. Normally, the bonding energy is the mainmodel, with its fewer dangling bonds per atom, is energeti-
contribution to the free energy at low to moderate temperaeally slightly preferred over the Keim modé&ee Table ).
tures, with elastic energies associated with bond bending anthese two reconstructions are the close-packed ones, with
bond stretching normally being small€itn our stretched- coincident hexagon edges. If the hexagon edges are not per-
hexagon model, no bond is altered from the unstretched Si-S$nitted to coincide, but kept 115 apart (the next-closest
bond length of 2.35 A by more thar6%.26%) Therefore, if  packing, then both periodic structures, the Keimx8
we make the very crude approximation that the surface gainsiodel and the present67 model, have 0.6 dangling bonds
the same energy each time an adatom saturates a'Bondper atom, and are comparably stable. The STM im&gies.
then we expect that the favored reconstruction will be the2 and 6 indicate that the closest-packing realized in nature
one that leaves the surface with the fewest dangling bondsas the hexagon sides 1.9b| apart, corresponding to a

IV. ENERGETICS
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TABLE II. Various models of the $110) surface, with corresponding model surface unit cells. Indicated
are the number of atoms per model surface unit cell, the number of adatoms, the number of dangling bonds
saturated per adatom, the total number of dangling bonds saturated per model cell, and the number of
dangling bonds remaining per surface atom. For the models of ke &ructure, we indicate in parentheses
after each model the distance in units|off between the sides of adjacent hexagons. When this distance is
half-integral, the sequence @& atoms in theb direction on one side of the hexagons alternatek: A2,
Al, A2, etc. When it is integral, there is no alternatidxt, Al, Al, etc. orA2, A2, A2, etc. The Keim 5
X5 model features hexagons closely packed with coincident edges, while the Kefhmiodel has a row
between hexagon edges. The presex2bmodel features closely packed hexagons, with coincident edges.
The 5X7 model has 1.5 rows between hexagons. TRelimodel has 2.0 rows between hexagons, while the
5X9 and 5<5 models feature 2.5 and 3.0 rows between adjacent hexagons. Using the qualitative notion that
the most stable surface model leaves the fewest unsaturated dangling bonds per atom at the surface, we find
that the present model of the X@ reconstruction is more stable than the GAA$) surface, and more
stable than our 4 model of the 51 reconstruction.

Atoms Adatoms Bonds Reduction in Net dangling
per model per model saturated per  dangling bonds bonds per

Model cell cell adatom per model unit cell atom
Si(110)-16x2

reconstruction
Present 1&2 64 14 2 24 0.625
GaAs(110)-1x 1

reconstruction
GaAs(110)-1x 1 2 0 0 0 1.00
Si(110)-5x 1

reconstruction
Present % 2 (0.0) 20 5 2 10 0.50
Keim 5X5 (0.0 50 12 2 24 0.52
Present X7 (1.5 70 14 2 28 0.60
Keim 5X4 (1.5 40 8 2 16 0.60
Present X4 (2.0 40 7 2 14 0.65
Keim 5X5 (2.5 50 8 2 16 0.68
Present %9 (2.5 90 14 2 28 0.69
Present %5 (3.0 50 7 2 14 0.72

5X 4 structure in the present modél65 dangling bonds per 5x4 structure with the closest packing consistent with the
atom) or a 5x5 structure with a 2| hexagon spacing in 5X1 observations, indicates that the two reconstructions,
the Keim mode[0.68 dangling bonds per atgnThe present 16X2 and 5x1, are nearly degenerate energetically.

model is slightly more stable than the Keim model in this
case alsdTable II).

The stability of our 1& 2 model should be compared
with that of our 5<1 model. Here we concentrate on the The same stretched-hexagon building block can account
observed fact that there is always a distame&.5b| be-  for the 23 major facts about the ¥@ and 5x< 1 reconstruc-
tween hexagon edges on th&x 4 surfacgFig. 6), and so the tions of the Si110) surface, in such a way that it is easy to
closest approach of two hexagons with two rows in betweemnderstand why both reconstructions are found, with the 16
corresponds to a 84 model—with more distant pairs of X2 being slightly more prevalent. This provides a very nice
hexagons yielding more dangling bonds per atom. We fingicture of the reconstructions, and one that hopefully will
for the 5X4 structure 0.65 dangling bonds per atom, justassist in the interpretation of future experiments.
slightly more than 0.625 for the 262 structure. This indi-
cates that the X1 structure, with the closest-approach 5
X4 structure in particular, and, more generally, with any
allowed (>1.5b|) juxtaposition of hexagons, will have We wish to express our gratitude of Ziad Sharia for his
more dangling bonds per atom than the<I®b structure, and assistance. The authors and Ziad Sharia thank the U.S. Air
hence also explains why the X@ structure is the preferred Force Office of Scientific Research and the Office of Naval
reconstruction. The small difference between the number odResearch for their generous supp@bntract Nos. AFOSR-
dangling bonds per atom for the X& structure, and for the F49620-94-10163 and N00014-94-10147
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