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Determination and Refinement of theAg/Si(111)-(3 x 1) Surface Structure
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A new model for the AgSi(111)-(3 X 1) surface is proposed based on direct phasing of transmission
electron diffraction data. The atomic positions in the model are refined using dynamical diffraction
calculations. Other existing models were simulated and could not fit the diffraction pattern. The
new model is consistent with the experimental results reported in the literature on this surface.
[S0031-9007(98)05353-8]

PACS numbers: 68.35.Bs, 61.14.Rq, 61.16.Bg, 79.60.Dp

Much research has focused on submonolayer coveragéise currently proposed models, neither structure can fully
of alkali metals on the Si(111) surface due to theiraccount for experimental angle-resolved photoemission
unique effects on Si oxidation. When deposited at roondata [11,20].
temperature, the alkali metals promote oxidation and Using transmission electron diffraction, we find a new
could be useful in a low temperature microchip processingnodel [Fig. 2(a)] for the AgSi(111)-(3 X 1) surface. A
step to form gate oxides without losing sharp dopingpartial silicon double layer with a silicon chain has a
profiles [1]. When deposited at elevated temperaturesnissing row where the adsorbate atoms lie. The Ag atoms
they form a (3 X 1) surface structure which inhibits bond to a single atom in the silicon chain on one side of
oxidation [2]. The mechanisms giving rise to suchthe trench and can bond to one of two atoms in the partial
widely differing behaviors are not completely understood,double layer on the other side. In this way, by choosing
in part due to the fact that thé3 X 1) structure is either the partial double layer atom in thEl0] direction
unknown. Low-energy electron diffraction (LEED)}V  or the one in the opposite direction, the Ag atom breaks the
curves suggest that the same Si(111)x(3) structure is  mirror symmetry along112]. Both possible Ag sites are
induced by Li, Na, Mg, and Ag independent of adsorbateshown in Fig. 2(a). All of the Ag atoms in a single row
type [3,4]. While the adsorbate coverage was initiallywould have to shift in the same direction to accommodate
debated, careful measurements based on ion scatteriad of the dangling bonds, but one can postulate the
spectroscopy [5] and on Auger electron spectroscopy
combined with scanning tunneling microscopy (STM)

[6] have shown that the saturation coverage is one
adsorbate atom pér X 1 unit cell. Similarities between
STM images of Li/(3%x 1) and Ag/(3X 1) [7] along
with the similar Si2p core level spectra obtained from
Na/(3 X 1) [8,9], Mg/(3 X 1) [10], and Li/(3 X 1) [11]
have reinforced the idea that one structure, predominately
made up of Si atoms, is formed by many different
elements on the Si(111) surface.

Several groups have noted that thg X 1) sur-
face electronic properties resemble those of the native
Si(111)-(2 X 1) structure. Figure 1 shows th@ X 1)
structure [12] along with three related models proposed
by Okudaet al. for the (3 X 1) surface [8]. The model
shown in Fig. 1(b) was independently proposed by Erwin
[13] who has referred to it as an extended Pandey chain
[14]. The structure in Fig. 1(c) can be described as a
Seiwatz chain [15] with a neighboring row of adsorbate
atoms sitting in7, sites. Sakamotet al. [16], Weitering
et al. [17], and Wonget al. [18] each proposed a variant
of the Seiwatz model with the adsorbate atoms moved to
T, sites halfway in between the silicon chains. The model .
in Fig. 1(d) has received relatively little attention since /G- 1. (a) The native $I11)-(2 X 1) surface reconstruc-
being proposed. Even thouah total ener calculationt'c-)n with similar models proposed for the adsorbate-induced

g prop - g gy %|(111)-(3 X 1) reconstruction: (b) extended Pandey chain, (c)
have shown that either the extended Pandey [13] or thgeiwatz chain, and (d) a modified missing-row structure. The
Seiwatz [19] structure has the lowest surface energy fogrey circles represent adsorbate atoms.
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The data for this study were obtained in an UHV
Hitachi H9000 TEM attached to surface analysis and film
deposition systems [26]. The sample was a 3 mm Si disk
that was dimpled, polished, and then chemically etched to
electron transparency. Cycles of ion milliigy kV Ar ™)
and annealing at50 °C were used to clean the surface
until a sharp Si(111)-(7x 7) diffraction pattern was seen
in the microscope. After room temperature deposition
of Ag and an anneal &50 °C for several seconds, both
the (3 X 1) and the(v/3 X +/3) diffraction patterns could
be detected. Diffraction intensities were recorded on a
series of nine films with varying exposure times from
0.5 to 120 s, covering the wide dynamic range in the
diffraction pattern. The sample was tilted slightly away
from the (111) zone to weaken the bulk diffraction beams
relative to the surface beams. The intensities on the nine
films were digitized, measured, and then averaged [27]
to produce a final data set with estimated measurement
errors. Two separate data sets were collected and reduced
FIG. 2. (a) Proposed model of A§i(111)-(3 X 1) surface in this way to give a total of 90 differer® X 1) surface
along with related structures of (b) A8i(111)-(4 X 1) and (¢)  peam measurements. Of the 90 measured intensities, 56
Au/Si(111)-(5 X 2). One cm asymmetric unit is outlined in (a) o 0 !
with the bottom left corner of the unit corresponding with the N@d errors between 4% and 30%, 26 had errors between
origin for atomic positions listed in Table I. The grey circles 30% and 55%, and 8 had errors between 55% and 90%.
represent metal adsorbate atoms with the two shades of grey One of the difficulties in studying unknown surface
in (a) separating two equivalent Ag sites (see text). For thestryctures through diffraction techniques has been the lack

gﬁexbi)lksgv‘g“;%’t tggtéﬁ%iiig ?rf] tg‘sz%gsl]aﬁr doifsaitr?f’;sre‘g’;"gof a starting point from which to refine atomic positions.

partially occupied Si adsorption site has also been left out td*" initial guess must be made which has to be close to the
highlight the similarities with the other structures. correct structure if the global minimum is to be found. In

a case like the Ag/Si(111)-(3< 1) structure, where the

STM images are strongly bias dependent and not easily
propagation of a surface dislocation traveling the length ofnterpretable [22], diffraction techniques would normally
a trench, thereby shifting every Ag atom in that row. Suchbe limited to testing out currently proposed models.
a picture explains the deviation from cm symmetry towardsHowever, with the recent progress made in applying direct
pl symmetry seen in STM images [7,21,22] as well asphasing methods to surface diffraction data [28], surface
the tip-induced shifting of entire rows between scans [22]diffraction is becoming arab initio technique. Direct
The model in Fig. 2(a) can also account for data linkingmethods were applied to the electron diffraction data in
the Ag/Si(111)-(3 X 1) and the Ag/Si(111)«/3 X +/3)  this study as a first analysis step, and they provided the
structures. The fact that tHe/3 X +/3) structure can be key to finding the solution of the Ag/(X 1) structure.
formed at room temperature by deposition of Ag on a The technique of direct phasing approaches the diffrac-
preexisting3 X 1) surface reveals a low activation energy tion phase problem by exploiting known probability rela-
barrier [23]. This, coupled with the observation of similar tionships which exist between the intensities and the phases
Ag MNN Auger line shapes fof3 X 1) and(+~/3 X +/3)  of diffracted beams. Essentially, a numerical procedure is
[6], points to a similar local bonding geometry for Ag in set up which finds sets of phases for a given set of in-
both structures. Each Ag atom in Fig. 2(a) bonds mostensities which best satisfy these probability relationships.
strongly to a single Si atom in the Si chain and has twolhe only pieces of information fed into the direct phas-
other Si atoms surrounding it. Similarly, (/3 X +/3),  ing analysis are the measured intensities and an assump-
an Ag atom bonds most strongly to a single Si atom in gion about the solution’s symmetry. STM images of the
Si trimer and has two other Si neighbors on the surface(3 X 1) structure belong to the1 plane group, although
Finally, the new(3 X 1) structure model is compelling the deviations from cm symmetry appear to be minor. For
because of its closeness to othex 1 orn X 2 structures completeness, we analyzed the data in bethand cm
formed by metal adsorbates on the Si(111) surface. Showplane groups. By taking the most probable sets of phases
in Figs. 2(b) and 2(c) are recently solved structures for théound in the phasing analysis and combining them with the
In/Si(111)-(4 X 1) [24] and the AYSi(111)-(5 X 2) [25]  measured intensities, the diffraction pattern can be Fourier
surfaces. All three surfaces can be described in the samensformed back into a scattering potential.
general terms. A partial silicon double layer containing a The solutions found by the direct phasing analysis all
Si chain and either one or two missing rows leaves a trenchhowed slight variations of one basic scattering potential
parallel to[110] in which the adsorbate atoms lie. (Fig. 3). Four well-resolved peaks labeldd B, C, and
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g T = ordered and predominately shift in the same direction, the
© c]: o [110] correlation between neighboring Ag rows is weak and the
0 = (5) [1 1'2—] disorder along thé112] direction is high.
@ El'ls o= For comparison, we modeled the other currently pro-
-/ @ D it 0 posed structures for th€ X 1) surface. Several vari-
g : ations on each model were explored including different
5 A @S ® B & registries between the substrate and the surface atoms and
D J possible displacements of Si surface atoms in [thi&]
A AN Pty 2 direction. One relaxed double layer and two or three

Debye-Waller factors were always included, keeping the
FIG. 3. Contour map of scattering potential found throughnumber of fitting parameters between 12 and 16. The best
gggcéggsg'”c%rr;%%kr‘fd thoCt ﬁgdhgncggffggﬁgyt%g'sitgsmsAf't obtained with an extended Pandey chain model was
centered X 1 unit cell is drawn showing the cm symmetry. B 7.54. S‘?'W"’.“Z modelzs were tried with Ag @ and
T, sites resulting in a begt~ of 6.35. The type of model
shown in Fig. 1(d) yielded a* = 4.33.

D can be seen along with one elongated area labeled Allowing two bulk double layers to relax with our
E. The four well-resolved peak positions were takenproposed model lowers thg? value to 1.62. The 18
as initial atom sites from which to start simulating the atomic sites varied in this fit are shown in Table | along
measured diffraction intensities. The elongated regiomwith three Debye-Waller factors and a refined occupancy
was considered to represent either two partially occupiefbr the Ag sites. Estimated errors were calculated within
atom sites or an artifact arising from the lack of aa 68% confidence limit, taking into account correlations
complete data set in reciprocal space. As an initiabetween all variables. For the relaxed subsurface layers,
diffraction intensity fitting step, both interpretations for in which the atoms are only slightly displaced from their
the elongated area were tried along with the permutationisulk positions, we found that the relative atomic positions
of placing one Ag atom at one of the sites and Si atoms atithin the layer were determined more precisely than the
the remaining sites. Only one layer of atoms was modeleg@osition of the layer as a whole with respect to the bulk
kinematically, and the effects of the bulk crystal andcrystal. This is a consequence of the fact that the data
dynamical diffraction were neglected. The best fit foundset includes no bulk reflections and consists entirely of
under these conditions gave a redugedvalue of 4.49  surface superstructure intensities. Accordingly, two errors
for the case of Si atoms at positiods B, C, andD and are listed for each layer in Table I. The first, (layer),
two half-occupied Ag sites at positidh corresponding to  represents the 68% confidence limit with respect to shifting
the top double layer in our proposed model. The next beshe entire layer as a whole relative to the bulk. The
fit for another permutation of Ag and Si atoms among thesecond{o ), is an average value for the uncertainties in
A-E sites was much worse with> = 8.46. the relative atomic positions within the layer. Individual

For the final fitting procedure, the bulk crystal and dy-values ofo . for pairs of atoms were all found to lie within
namical effects were accurately modeled. As mentione&0% of(c ) for a given layer. The possibility of Si atoms
earlier, the sample was tilted off of the (111) zone toshifting in the[110] direction was also explored; however,
weaken the bulk diffraction. Both this angle of crystal displacements of Si atoms alopigl 0] were not significant
tilt and the thickness of the sample were found by meaand did not improve the fit. The valu®43 = 0.04 for
suring the bulk diffraction intensities and fitting them with the Ag occupancy suggests a slightly lower coverage
the sample thickness and tilt as the only two variables ithan 1 3 of a monolayer and is consistent with previous
a multislice calculation. The best fit values for the thick- estimations of the adsorbate coveragd®ix 1) surfaces.
ness of the two sample areas (45 and 48 nm) agreed witWeiteringet al. [17] have suggested that different surface
the thickness estimated from parallel electron energy lospreparation conditions may lead to different levels of
spectroscopy (PEELS) data [29] within the PEELS meaadsorbate vacancy defects, thus explaining the range of
surement error. With the values for the bulk parameters;overages reported in the literature. While our observation
we added two reconstructed double layers to the surfads consistent with this view, it is not conclusive as the error
and again used multislice calculations to find {Bex 1)  onthe occupancy increasest®.12 at the 99% confidence
surface beam intensities. Allowing one bulk double layedimit. It is interesting to note possible differences between
to relax with our proposed model for the surface atomghe Ag-induced3 X 1) structure and alkali-induce@ X
gave y? = 2.81. The fit included 14 parameters: 12 for 1). Surface x-ray data from Li/(X 1) and Na/(3X 1)
atom sites and a Debye-Waller factor for both the Ag anchave been fit by a similar model [31] to the one proposed
the surface Si. The Ag occupancy was set at 0.5 for thiere for Ag/(3 X 1). The x-ray model for the alkali metals
two equivalent Ag positions to model a disordered ar-is more symmetric than our Ag3 X 1) with no deviations
rangement of th¢110] shifts on the surface. We note from cm symmetry. This agrees well with STM images
that the disorder is not inconsistent with the STM imageswhich show cm symmetric images for the alkédi X 1)
While Ag atoms in a single row parallel f{d10] are well  surfaces [5,7] angy1 symmetric images for Ag(3X 1)
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TABLE I.  Ag/Si(111)-(3 X 1) atomic positions in terms af(6 X 1) unit cell in cm plane groupaz = 19.953 A, b = 3.840 A.
All y positions were fixed except for the Ag site, = +0.0029. Ag occupancy was fit witld.43 = 0.04, and isotropic Debye-
Waller factors (defined a® = 872(u?), where (U?) is the mean square atomic displacement) were fic.a2 + 1.5 A? for
Ag, 3.20 + 0.46 A2 for surface Si, and®.47 + 0.22 A? for layers 1 and 2 Si. (In pure bulk samples at 2808<= 0.70 A2 for
Ag andB = 0.46 A2 for Si [30]). For the errorsr (layer) and(o ), see text.

Atom X x (unrelaxed) y z (inferred) o (layer) (Ore1)

Ag 0.132 S 0.350 Surface 0.0015 0.0015

Si 0.449 S 0.000 Layer

Si 0.028 0.000

Si 0.327 0.000

Si 0.252 0.500

Si 0.000 0.000 0.500 Layer 1 0.0020 0.0012
0.172 0.167 0.000
0.344 0.333 0.500

Si 0.068 0.056 0.500 Layer 2 0.0040 0.0014
0.229 0.222 0.000
0.397 0.389 0.500

Si 0.068 0.056 0.500 Layer 3 0.0084 0.0014
0.235 0.222 0.000
0.401 0.389 0.500

Si 0.139 0.111 0.000 Layer 4 0.0023 0.0009
0.309 0.278 0.500
0.470 0.444 0.000
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