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Structural properties of a thallium-induced Si„111…-1Ã1 surface
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We report on the atomic arrangement of a thallium~Tl! induced 131 phase on a Si~111! surface determined
by utilizing synchrotron x-ray scattering. Based on a quantitative analysis of intensity profiles of several crystal
truncation rods, we find that Tl adatoms occupy theT4 sites to produce a significantly asymmetric bonding
geometry with neighboring Si atoms in the first silicon bilayer. The atomic arrangement determined in this
study, including the bond length of 3.2660.02 Å for the Tl-Si bonds, agrees quite well with the one reported
earlier. Our results not only provide bonding parameters of the surface with an improved accuracy, but also
confirm the theoretical prediction that the Tl-Si bonding is more ionic than covalent.
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The interaction between metallic adatoms and semic
ducting surfaces has been a subject of extensive rese
effort mostly due to its wide applications in the semicondu
tor industry as well as growing academic interest. Such
endeavor is basically an attempt to understand some n
surface/interface phenomena, including adsorbate-indu
reconstruction of a substrate surface and the subseq
changes in its physical properties. The adsorption of thalli
~Tl! on the Si~111!-737 surface, in particular, has attracte
attention due to its peculiar behavior in the form of the s
called ‘‘inert pair effect,’’ which sets it apart from that o
other group III metallic elements such as Al, Ga, and In.1–3

The 6s2 electrons of Tl have been considered inactive as
inert pair in the Tl-Si bonding in order to explain the pre
ence of a 131 phase at 1.0 monolayer~ML ! as the only
ordered phase@1 ML corresponds to the atomic density in th
top layer of the unreconstructed Si~111! surface, i.e., 7.83
31014 atoms cm22]. Tl atoms of the 131 phase are, there
fore, thought to behave as monovalent atoms. This featu
in sharp contrast with the trivalent nature found in theA3
3A3 phase observed commonly in all other group III e
ments on the Si~111! surface. Earlier studies thus claime
that Tl atoms occupiedT1 sites directly on top of the unre
constructed Si layer due to the monovalent character o
atoms.4–7 This ‘‘inert pair effect,’’ however, has been cha
lenged both experimentally by observing a stable Tl-indu
A33A3 phase and theoretically by finding aT4 site as the
most stable binding site for Tl atoms in the Tl-induced
31 surface.8 TheT4 sites for Tl have been further confirme
by recent low-energy electron diffraction~LEED! I (V)
analysis.9 Interestingly, Kotlyaret al. have also reported tha
Tl adatoms display a variable valency by observing a n
331 phase as well as aA33A3 phase by scanning-tunnelin
microscopy~STM!.10

Despite the atomic models already reported for the
induced 131 surface,8,9 we have attempted to determine th
atomic arrangement more accurately by using synchro
x-ray diffraction that is not hampered by the multiple sc
0163-1829/2004/69~19!/195311~5!/$22.50 69 1953
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tering effect in LEED measurement. In order to focus o
effort on the determination of the interlayer spacings,
have measured several crystal truncation rods~CTR’s! in-
cluding (00L), (10L), and (11L), where L is the Miller
index along the direction normal to the surface. In this pap
we report the atomic arrangement obtained from our C
data in detail and discuss their physical implications. T
atomic structure we present here may serve as a better
for the improved understanding of physical properties su
as the surface electronic band structure reported earlier.8

In order to measure diffraction data from the Tl-induc
131 surface using synchrotron x rays, a custom-desig
ultrahigh-vacuum~UHV! x-ray-scattering chamber with
beryllium window was mounted on a four-circle diffractio
goniometer (212 mode! at the 5C2 K-JIST beamline of th
Pohang Light Source in Korea.11,12The incident x rays were
vertically focused by a mirror and monochromatized to
wavelength of 1.23 Å by a double-bounce silicon~111!
monochromator. This monochromator was also used to fo
the beam in the horizontal direction. The momentum trans
resolution was controlled by two pairs of slits mounted
the detector arm. The beam size was 1.031.0 mm2 and the
detector slits were set to 1.231.2 mm2, which resulted in a
resolution function much less than 0.01 reciprocal-latt
units ~r.l.u.! along the truncation rods.

The sample was cut into a size of 832030.3 mm3 from
an n-type Si wafer with a resistivity of 8.0–15.0V cm and
mounted inside the UHV scattering chamber. The base p
sure of the chamber was maintained below 5310210 Torr
during the entire experiment. The chamber was equip
with a rear-view LEED optics and a Tl metal source. T
beryllium window of the scattering chamber allows in-pla
and out-of-plane access of 50°. The Si sample was clea
by repeated degassing at 600 °C with frequent flashings u
1200 °C followed by annealing at 850 °C. The samp
cooled slowly down to room temperature after such a cle
ing process produced a well-defined 737 LEED pattern, in-
dicating the cleanliness of the surface. We have confirm
©2004 The American Physical Society11-1
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FIG. 1. ~a! Development of the Tl-induced 131 phase on the Si~111!-737 surface as a function of Tl exposure. One finds that the ph
grows with Tl exposure and is best developed at 15 min of exposure~denoted asB) where the~1 0! spot becomes strongest whil
fractional-order spots such as the~8/7 0! from the Si substrate disappear completely into the background~horizontal dotted line!. The sample
has been maintained at'300 °C during measurements.~b!–~d! Crystal truncation rods~CTRs! have been measured along the directi
normal to the surface from the integer-order spots~0 0!, ~1 0!, and~1 1!. TheL,0 data of the (10L) CTR are obtained by measuring th

equivalent reflections (10̄L̄). The scans taken for two different exposures, denoted asA ~7.5 min! andB in ~a!, are presented as open an
filled circles in~b!–~d!, respectively. Solid curves are the best fit to the experimental data based on aT4 model. Calculated CTRs assumin
Tl atoms atT1 sites (T1 model, dashed! and atH3 sites (H3 model, dotted! clearly exhibit significant deviation from experimental data
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the cleanliness of the sample, whenever necessary, by
tinely measuring a series of seventh-order spots of th
37 surface with grazing-incidence x-ray diffraction.

We adopt a convention for a hexagonal unit cell for t
Si~111! surface. Three lattice vectors area15 1

2 @101̄#, a2

5 1
2 @ 1̄10#, anda35@111#. The corresponding reciprocal la

tice is formed by b15 1
3 @224̄#, b25 1

3 @ 2̄42̄#, and b3
5 1

3 @111#. The momentum transferQ is characterized by in-
dices (HKL) throughQ5Hb11Kb21Lb3.

After cleaning the sample by the recipe mentioned abo
Tl atoms were then deposited on the clean Si~111!-737 sur-
face held at an elevated temperature'300 °C. A well-
defined Tl-induced 131 surface can be identified by the
31 LEED pattern with sharp and bright integral-order d
fraction spots in a dark background. The surface thus p
pared appears to be the best developed one as seen b
saturated intensity of the normal spot~1 0! and the
fractional-order~8/7 0! peak, which weakens with increasin
Tl content and eventually disappears completely@Fig. 1~a!#.
We assign the saturation coverage of Tl as 1.0 ML, which
also verified from the fits discussed below.
19531
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Two sets of CTR scans have been taken at two differ
Tl coverages of 0.5 ML and 1.0 ML marked asA and B,
respectively, in Fig. 1~a!. Additionally, 42 symmetry-
equivalent reflections have been acquired for CTRs atA.
Intensity profiles of the CTRs from the 131 surface at room
temperature have been obtained by integrating a set of
scans at variousL values. Similarly integrated intensitie
have been estimated by integrating the peaks numeric
with the background subtracted in a consistent manner.
structure factors shown in Figs. 1~b!–1~d! have been derived
from the integrated intensities corrected by Lorentz fac
polarization factor, area correction, and interception
rods.13 The intensity errors for CTRs atA are;12% due to
the counting statistics and the variance of symme
equivalents.14 The systematic error has also been applied
other CTRs. The specular rods (00L) obtained by rocking
the sample in the scattering plane have been corrected
different correction factors. In the fit, these specular ro
have been combined with other integer-order rods by a se
rate scale factor. All the model calculations and numeri
fittings have been performed using aROD program.15
1-2
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STRUCTURAL PROPERTIES OF A THALLIUM-INDUCED . . . PHYSICAL REVIEW B69, 195311 ~2004!
The two sets of CTR curves obtained from the Tl-induc
Si~111!-131 surface are presented in Figs. 1~b!–1~d!, where
open~closed! circles with error bars are data points measu
for CTRs at A (B). These CTR curves pass through t
integer-order~0 0!, ~1 0!, and~1 1! spots. We have tried to fi
the CTR curves by adopting five structural models dist
guished mainly by different Tl-Si bonding geometry. Th
structural models are schematically drawn in Fig. 2 and w
be discussed in detail in the following paragraph. Althou
three types of fit curves are shown in Fig. 1 for the thr
structural models—T1 ~dashed!, T4 ~solid!, and H3
~dotted!—one easily finds that the solid fit curves based
the T4 model best describe our experimental data. As de
mined by the full width at half maximum of 0.022° of af
scan for a reflection (10L) at L50.1 r.l.u., the Tl-induced
131 surface turns out to be quite flat with a correlati
length greater than 2700 Å. Furthermore, the surface rem
almost unaltered during measurements, as seen by the s
intensity variation, which is less than 5%. The significan
enhanced intensity between Bragg peaks compared to th
the CTR from the Si~111! surface indicates much enhanc
scattering from the heavier Tl atoms. As demonstrated
Figs. 1~b!–1~d! by the distinctly different fit curves depend
ing on the structural models, the intensity variation near
Bragg peaks most sensitively reflects the detailed atomic
rangement, including relaxation. Such a feature is most
nificant for the CTR of (10L) in Fig. 1~c!.

We now describe the in-plane arrangements of the
structural models sketched in Fig. 2~refer to Fig. 3 for the
out-of-plane arrangements!. The models are distinguished e
sentially by Tl atoms occupied at different high-symme
binding sites. Since the simplest structural model for

FIG. 2. Top view of five structural models for the Tl-induce
Si~111!-131 surface. Each model is named by the designated b
ing site of a Tl atom. Large~small! filled circles represent Tl~Si!
atoms and large~small! open circles denote Si atoms in the fir
~second! layer Si1 (Si2). Three high-symmetry binding sitesT1 ,
T4, andH3 are marked in each unit cell drawn by the dashed p
allelograms. Another Si adatom is added on top of the Si1 atom at
the T1 site for T4A andH3A models.
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131 surface contains one atom per unit cell, we first co
sider the three high-symmetry lattice sites—T1 , T4, and
H3—as plausible binding sites for a Tl adatom to occu
with only one Tl atom per unit cell. From the fact that
bulk-truncated Si~111! surface has only one dangling bon
from a Si1 atom at theT1 site~see Fig. 3!, aT1 model in Fig.
2~a! where Tl atoms occupy theT1 sites is favored if Tl
behaves as a monovalent atom.5 Recent calculation8 and
LEED I (V) study,9 however, prefers aT4 model to theT1
model. In theT4 model @Fig. 2~b!#, Tl atoms occupy theT4
sites by bonding with three neighboring Si1 atoms to show
their trivalent nature. Although anH3 model in Fig. 2~c! is
then equally plausible with theT4 model, it is energetically
less favorable as shown in previous calculation.8 Another
possible modelT4A in Fig. 2~d! @or anH3A in Fig. 2~e!# has
one more Si adatom added to the Si1 atom at theT1 site, so
that Tl atoms may couple with these three additional Si a
toms. We have, however, excluded a passivated arse
terminated surface model,16 where metal atoms take th
place of the outermost Si atoms at theT1 sites, since this
model is equivalent to ourH3A model.

These models have been examined by fitting the exp
mental CTR curves with the calculated structure factorFHKL
given below

FHKL5(
j

u j f j exp~2BjQ
2/16p2!

3exp„22p i ~Hxj1Kyj1Lzj !…,

where the sum is over all the atoms with atomic scatter
factor f j in the unit cell. We have varied only the out-o
plane displacements of atoms including Tl in order to p
serve the 131 in-plane symmetry. Two other paramete
such as the layer occupancyu j and the Debye parameterBj

d-

r-

FIG. 3. Side view of theT4 model with partially occupied Tl
atoms in the second Tl overlayer. Large filled~dotted! circles rep-
resent Tl atoms in the first~second! Tl overlayer. Small open circles
represent underlying Si atoms. The bond lengths obtained from
fits are shown near the bonds associated. A bond length for a bu
is 2.35 Å.
1-3
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KIM et al. PHYSICAL REVIEW B 69, 195311 ~2004!
for Tl have been used as the additional fit parameters.
Debye parameter is related to the mean-squared disp
ment amplitudêuj

2& by Bj58p2^uj
2&. The Debye paramete

for Si atoms was fixed with a bulk value of 0.45 Å2.3 As for
previous study,17 the surface roughnesss was set to zero
since any fit we have performed includings as a fitting
parameter results in a negligibly small value ofs. The final
best-fit structure was determined through a least-squ
minimization of the reducedx2 value, and was also cross
checked by the unweighted residuumR factor.18

In the fitting, we first varied only Tl atoms with all the S
atoms frozen at their bulk positions. At this stage, theT4
model is unequivocally favored over other models by
least x2, which is in good agreement with previou
reports.8,9 We find the same result even when Si1 atoms in
addition to Tl atoms are varied despite the slightly reduc
values for other models. More specifically, we obta
x2523.1 ~26.4! and 14.5~18.6! for the T1 and H3 model,
respectively, with the CTRs atB (A), which are significantly
greater thanx251.9 ~3.2! of the T4 model. The fitted CTR
curves are presented as dashed, solid, and dotted curve
the T1 , T4, andH3 models in Fig. 1. As concluded earlie
the T4 model is clearly favored over other models. We ha
also ruled out theT4A (H3A) model ~not shown in Fig. 1!
simply because of its greaterx2, with the resulting bonding
geometry being much different from the expected positi
We thus conclude with confidence that theT4 model best
describes the atomic structure of the Tl-induced 131 sur-
face.

Although varying more Si atoms including Si2 atoms in
the second layer with theT4 model improvesx2 slightly, the
resulting atomic structure shows unusually large expans
of the Si2-Si3 interatomic distance. Such a large expans
~or contraction! is thought to be unreasonable when cons
ering the rigidity of the Si-Si bonding in a covalently bond
19531
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structure. As an additional check to determine whether
error is involved in our fittings, we repeated them with fr
zen Si atoms down to the third layer. We found that t
interatomic spacings in the deeper layers (> third layer! do
not converge quickly to the bulk values. Instead they beco
unphysically large. We found the same tendency when
varied all the Si atoms. We, therefore, have fixed Si atom
the deeper layers beyond the second layer into the b
structure.3

When Tl atoms directly above top-layer Si atoms in t
second Tl overlayer~see Fig. 3! are varied additionally,x2

improves further by about 34%, i.e., from 3.2 to 2.1 for t
CTRs atA ~or by about 26% from 1.9 to 1.4 for those atB).
This two-Tl-layer model fits our experimental CTR da

FIG. 4. Fitting our experimental structure factors~open circles!
along the~10L) CTR at B based on aT4 model with only one Tl
overlayer~dashed curve! and with two Tl overlayers~solid curve!.
The two Tl overlayer model apparently improves fitting especia
in the region between Bragg peaks.
ratomic

TABLE I. Results for the fit parameters from the refinedT4 model under the restriction of one layer or two layers of Tl atoms. Si1 atoms

and Tl atoms were varied with any other Si atoms fixed at their bulk values in fitting the experimental CTR curves. Resulting inte
distances are also compared to those reported earlier by a density-functional theory~DFT! calculation and by a LEEDI (V) analysis. Si1
(Si2 , Si3): Si atoms in the first~second, third! layer.

CTR setA CTR setB

Fit parameters
T4 with

one layer
T4 with

two layers
T4 with

one layer
T4 with

two layers
DFT

~Ref. 8!
LEED

~Ref. 9!

x2 3.2 2.1 1.9 1.4
R factor ~%! 9.4 7.5 7.4 6.2
Debye parameter for Tl~B! 4.860.1 4.060.1 3.860.1 3.860.1
Occupancy of the 1st-layer Tl 0.26460.002 0.26760.002 0.7060.01 0.7360.01
Occupancy of the 2nd-layer Tl 0.03560.002 0.0660.01
Interatomic distance~Å!

Tl-Tl 3.9460.03 3.8960.04
Tl-Si1 3.2660.01 3.2560.01 3.3260.02 3.2660.02 3.13 3.17
Tl-Si2 3.1760.01 3.1860.01 3.2160.01 3.2060.01 3.08 3.16
Si1-Si2 2.3560.01 2.3660.01 2.3460.01 2.3660.01 2.38 2.39
Si2-Si3 2.35a 2.35a 2.35a 2.35a 2.34 2.28

aBulk value.
1-4
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much better than the one-Tl-layer model, as shown in Fig
We are thus led to conclude that the atomic arrangement
two Tl layers shown in Fig. 3 best represents the atom
structure of the Tl-induced 131 surface. The results from
the fits are listed in Table I. The Debye parameter,B53.8
60.1, obtained is comparable to a typical value for oth
heavy metal atoms adsorbed on the Si surface. The num
of Tl atoms in the top second layer reaches about 10% of
in the first layer. The occupancy parameters indicate that
Tl coverage estimated is;0.3 and;0.8 for the CTRs atA
and B, respectively. These values are underestimated c
pared to those assigned as 0.5 ML and 1.0 ML shown in F
1~a!. Interestingly, the two Tl layers are found to be relax
compared to a Tl bulk, as seen by the increased interla
spacing of 3.20 Å, which is greater than the bulk value
2.76 Å.19 The interatomic spacing between Si1 and Si2 atoms
appears to be increased slightly as predicted by the den
functional-theory~DFT! calculation.8 The Tl-Si bond lengths
are found also to be slightly greater than those calculate
determined by LEED analysis. The overall atomic struct
determined in this work based on theT4 model, however, is
in excellent agreement with that from previous studies.
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