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X-ray scattering study of the G4001):Te(1X 1) surface structure
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The 1X 1 surface structure of Te adsorbed on(@X) was studied by analyzing the x-ray scattered intensity
along several surface crystal truncation r¢683R). The results were compared to simulations corresponding
to the bridge, top, antibridge, and hollow site models. Te at the bridge site was in best agreement. More
complex surface models based on modifications of Te at the bridge site were then compared to the data with
the missing-row model being in better agreement than the zigzag model. Finally, the CTR data were used to
refine the structural parameters of the missing row model.

INTRODUCTION Geg00)) surface thé004) and(022) XSW coherent positions
triangulated the Te positions and found them to be consistent

Tellurium has proven to be an effective surfactant inwith a twofold bridge site. The observed reduction in the
forming sharp interfaces in Ge/Si hetero-epitaxial structureXSW (022 coherent fraction was shown to agree with the
grown by molecular beam epitaxVBE).! To understand expected Te lateral displacements from the bridge-sites in
this growth mechanism on an atomic scale, structural paranthe missing row mod€lFig. 1(a)] due to the misfit between
eters, such as adsorption sites and bondlengths for both Tee Ge and Te overlayer. In addition, the streakiness of the
on Si(001) and Te on GEO01 are important prerequisites. In corresponding X 1 LEED pattern was explained by missing
a scanning tunneling microscopySTM) study of the rows at irregular intervals similar to the local structure of the
Si(001):Te(1x 1) surfacé a local structural model was pro- Te/S(001) surface seen by Yoshikawet al? using STM.
posed wherein the Te atoms were located at substitutionalakeuchf recently reported possible atomic scale structural
(i.e., bridge sites. Although the local structure was<1, models for the 1 and 0.8 ML covered Te surfaces of0G®
this study observed a modified long-range order, in whictbased on first-principles total energy calculations. These
missing rows of Te occurred at random intervals having arstructural models consider Te at the bridge, top, antibridge,
average spacing of 5—6 rows, presumably to relieve surfackollow, and modified-bridge sites. Of the high-symmetry
compressive strain imposed by the Si lattice. Using surfacsites, Te at the bridge site is energetically most favorable, but
extended x-ray absorption fine structu(6EXAFS and the energy can be lowered further by allowing a small shift
x-ray standing wave6XSW),® Burgesset al. determined the  of the Te atoms from X 1 symmetry(“zigzag” model [Fig.
Te-Si bondlength for the 801):Te(1X 1) surface and also 1(b)]). The study also calculated energies for the missing Te
concluded that the Te adsorption site was indeed substitwow model[see, for example, Fig.(4)], allowing relaxation
tional (i.e., bridge site The missing-row model proposed in of the Te atoms off the bridge sites. The energy difference
the STM study is also consistent with the observed streakpetween the two models, “zigzag” and missing row, was not

1x1 low energy electron diffractiodLEED) pattern® al- reported due to difficulties in comparing the energies for the
though such streaks also can be explained by a mixture dfvo models which used different size clustéRresently, no
1x1 and 2x1 domaing' definitive structural models have been proposed for Te/

Using XSW and LEED, Lymaret al®> made an atomic Si(001) or Te/G&001).
scale study of the Te/@@01) surface. For the 1 ML Te/ Herein, we report on the G@01):Te(1X1) structure us-
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FIG. 1. Te missing row modefa) and Te zigzag modelb).
Note that the Ge dimer directions i@ differ by 90° from the
model proposed by TakeuctiRef. 6).
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FIG. 2. Calculated intensities along the 1.God from a Te/Ge
(00D surface with Te at the bridge site. No germanium surface
relaxation is assumed. Surface domRBiis one atomic step height
above surface domaiA.

namely the bridge, hollow, top, and antibridge sites. The
bridge site is the Ge substitutional position. The top, an-
tibridge, and hollow sites are directly above the Ge site in the
first, second, and third atomic layers, respectively. We will
not make any assumptions about the bond directions between
the adsorbed Te atom and its nearest neighbors, but will
instead attempt to determine the adsorption site from the
x-ray diffraction data.

For an ideally terminatedd01) Ge surface, we employ a
tetragonal surface unit cell which is related in direct space to
the conventional cubic unit celtlenoted with subscript) of
the bulk; a=[100]=1/2110]., b=[010]=1/24 —110]., ¢
=[001]=[001].. In reciprocal space, (106)(110).,
(010)=(—110),, and (001)}(001).. The cubic coordi-
nates are in units of the germanium lattice constaré58 A
and hencea=b=4.001 A andc=5.658 A. For the ideally
terminated G@O01) surface, there are two surface domains
(terrace} separated by a height difference of one atomic
layer; the two Ge dangling bonds are directed along the
[101] and[—101] on surface domaik and along th¢011]
and[0-11] on surface domaiB. A given Te adsorption site
is located in different positions with respect to the bulk lat-
tice for the two different surface domains. For surface do-
main A, the bridge site is (0,2,), the hollow site is
(0,1/27,), the top site is (1/2,d,), and the antibridge site
is (1/2,1/12Z,). While for surface domaimB, the bridge site
is (0,1/2Z,+1/4), the hollow site is (1/2,1/24+ 1/4), the
top site is (0,&,+1/4), and the antibridge site is

experimental intensity profiles will be compared to calcu-(1/2,0Z,+1/4). These differences in coordinates will, of
lated profiles based on the bridge, top, antibridge and holloweourse, affect the phases of the scattered waves. The x-ray

sites. We will further consider slightly distorted Te{1)

scattering intensity is proportional to the square of the modu-

surface models, namely the zigzag model and the aforemetuds of the structure factor, which in turn is the sum of the
tioned missing row model. Finally, we will refine the Te structure factors for the bulk and surface la§és can be
missing row model to determine surface relaxation for Teseen in Fig. 2, the calculated scattering intensity along the
atoms and the top Ge atomic layers. Comparatively speakt OL rod from surface domaii with Te bridge sites has a
ing, x-ray scattering measurements are more sensitive to disery different profile than that of surface domai [For
order such as relaxation and vacancies, while XSW measuréhese calculations, we used the X§REef. 5 obtained value
ments give the exact adsorbate position with respect to thef Z,=0.267 (in units of the[001] spacing.] We averaged

bulk atomic planes.

POSSIBLE Te ADSORPTION SITES

the two squares of the structure factors for surfAcermi-
nation and for surfac® termination, since both surface do-
mains exist in equal proportion. The contrast of the two
curves demonstrates the great sensitivity of CTR measure-

We will consider the four possible high-symmetry Te ad-ments to the surface structure.

sorption sites on the G@01) unreconstructed surface,

For surface domair\, the bridge and hollow sites sit on
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the (100 planes and the top and antibridge sites are halfway
between th€100 planes. For surface domai) the bridge
and top sites are on thg00 planes and the hollow and
antibridge sites are in the middle of the planes. This implies
that the bridge and antibridge sites are on(th&)) planes in
surface A while they sit halfway between these planes in
surface domairB, and vice versa for the hollow and top
sites. Consequently, x-ray intensity profiles along L1 will

be different for all four sites. The 111 scans would provide
the same profile for the bridge and antibridge sites, and the
same profile for the hollow and top sites.

SAMPLE PREPARATION AND X-RAY CRYSTAL
TRUNCATION ROD MEASUREMENTS

The experiments were carried out in an ultrahigh vacuum
(UHV) surface chamber that is part of an x-ray
diffractomete?*° at the 5ID-C station on the DND undulator
beamline at the Advanced Photon Sou(d®S). The UHV
chamber has surface preparation capabilities including ion

sputtering, annealing, and solid source MBE, as well as sur-

S o FIG. 3. LEED pattern observed from the ®61):Te(1X 1) sur-
face analysis via LEED, Auger electron spectroscopls), V\;ace with strong streaks along thi&0] and [01] directions at an
x-ray fluorescence, x-ray photoelectron spectroscopy, XS lectron beam energy of 35 eV

SEXAFS and surface x-ray scattering. There is also a sample
introduction and sample storage UHV chamber attached t
the main chamber. The base pressure wax 2@ °Torr

fhtensities along the 10, 11L, and 3QL crystal truncation

. g rods with the incident angle fixed at 0.§The critical angle

for the main chamber and better ‘hg"" 10" Torr fo_r the  for total external reflection of 18 keV x-rays reflecting from
sample storage chamber. Lymahal” reported earlier on ¢ i 0. 149 The net counts at each point along a CTR were
the design of the main chamber coupled to a psi goniometepained from a transverse scan through the CTR with sub-

The sample was prepared by a similar method as previgaction of a linear backgrourld.One of the weakest inten-
ously reported for G@01):Te(1x1).°> A 14X10X3 MM’ ciicc at L=1.75 in the 10. scan was 2% 10°
Ge(00]) substrate was degreased using acetone and methgO

) sunts/s/mrA The Lorentz, polarization, and geometrical
pol, mounteq on a molyb(_jenum holder and then introduce orrections were then used to convert the integrated intensity
into the main chamber via the storage chamber. The sulyy -\ aasured structure fact . 1218

. Ob .

strate was outgassed for 10 min at 970 K and sputtered for
1 h at 720 K using 1 keV Af ions with a differentially
pumped ion gun. The substrate was then annealed for 10 min
at 960 K followed by cooling at 2°/s. The annealing tempera-
ture used was below the Ge roughening temperature of 1020 We compared the measured structure fadfeg,d to
K.* This cycle was repeated three times, resulting in a sharmodel-based calculated structure fadfg,|’ values that in-
two-domain 2<1 LEED pattern. Te was deposited onto the clude a roughness contributiofF(,| X F,). The roughness
Ge substrate from an effusion cell operated-&70 K with  factor F, was introduced by Robinsdhand is expressed as
the sample held at-540 K. The sample was then held at
~540 K for 10 min after the Te shutter was closed and the ~ F,=(1—p8)/[1+ B?—2 cod2m(L—Ng)/N. }1¥2, (1)
Knudsen cell power turned off. We observed & 1 LEED where 3 is expr d in terms of the rms rouahn
pattern with streaks between the 00 and 10 spots. To remove eref is expresse erms of the rms roughnes=as
any loosely bound Te on the surface, we heated the sample _r_ 2 211212742
for 20 min at 690 K. This process reduced the background B=[—c/n+{(c/n)*+4o7} /407 2
intensity in the LEED pattern, but the streaks remained in thea(=4) is the number of Ge atomic layers in the unit cell. For
pattern (Fig. 3). This indicates that the surface hackl  the 10L, 1 1L, and 3 0L, values ofNg are setto 1, 2, and
long-range order but was locally disordered. 1 and those oN, are 2, 4, and 2, respectively. We fit the

The 18.0 keV incident x-ray beam was prepared by usingtructure factors for the 110, 1 1L, and 3 0L scans to-
the third harmonic of the undulator and theN, cooled gether with calculated ones based on Te occupying the
double crystal $i111) beamline monochromator. A pair of bridge, hollow, top, and antibridge sit@ig. 4).1° At this
beamline horizontally deflecting mirrors were set to rejectinitial stage in the analysis the Te vertical position was fixed
harmonics and to horizontally focus the monochromaticat the position obtained from the XSW experimeiind the
beam. At the sample position the beam size was 1.2 mm iGe surface atoms were given bulklike positions. In addition,
the vertical direction and 0.6 mm in the horizontal. In thewe set the Te coverage at 0.74 ML based on a Rutherford
scattering direction the slits on the detector arm were set tbackscattering spectroscopiRBS) measurement. The rms
give an angular resolution of 0.85 mrad in the vertical direc-vibrational amplitudes were approximated as being isotropic
tion and 1.7 mrad in the horizontal. We recorded scatterednd set at (u?)10)Y?>=0.13 A and (u?)g)?=0.10A. The

COMPARISON BETWEEN THE EXPERIMENTAL AND
CALCULATED STRUCTURE FACTORS
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FIG. 4. Comparison of the experimental structure factors and o 05 1t 15 2 25 3 35 4
the calculated structure factdirelative values including roughngss L
based on the bridge, hollow, top, and antibridge site models. Filled
circles represent the experimental data. FIG. 5. Experimenta(filled circleg and calculatedline) struc-

ture factors (relative values including roughngsdor the Te
former value was also used in Ref. 5 and the latter correMiSSing-row mOdGI(QaShed.lm and the Te zigzag m.OdéUOt'
sponds to bulk Ge at room temperature. The two free paramd_ashed ling The refined missing-row modésolid line) includes
. urface relaxations for the Te and Ge atom layers.

eters of these least-squares fits are surface roughness and &
scale factor. Each of these parameters was forced to be ) )
equivalent for all three CTR fits of a given model to the data.the scale factor. Thg” values attained are 1.94 and 2.66 for
¥ values obtained were 2.34, 3.26, 7.05, and 11.1 for the TE'® Te missing row and zigzag models, respectively. Thus
bridge, hollow, top, antibridge site models, respectively.tn® CTR results favor the missing row model.
Based on this initial analysisshown in Fig. 4 the hollow,
top, and antibridge site models were ruled out and the bridge
site model was found to be most favorable with a surface
roughness ofr,=2.1A. The predicted XSW coherent fractions based on the

To refine this model, we further compared the experimenatomic configurations given in Ref. 7 for the Te missing row
tal with the calculated structure factors that are based on thand the vibrational amplitude of(({?)1o)*?=0.13A are
atomic configurations given in Ref. 7 for the Te missing rowf(004),=0.84 and f(022).=0.87. The XSW-measured
(Fig. 3 in Ref. § and the Te zigzag modgFig. 1(b)]. These  (022), coherent fractio(0.77) is much lower than this pre-
two models are modified bridge site models. The 5Te  diction. To explain the lower coherent fraction for the
missing row model of Ref. 6 is very similar to thexd (022)., we introduce symmetric displacements of Te lateral
shown in Fig. 1a) except for the position and orientation of positions[expressed asand 2 in Fig. 1(a)]. The value ofe
the Ge dimer in the missing Te row. Thisx®2 model con- is 0.05&. Finally, we fit two Te missing row model#\ and
sists of a Te layer with 8 Te atoms and 5 Ge layers with 1) to the CTR data to refine the vertical displacements of the
Ge atoms per layer in the unit cell. Thex4 Te zigzag Te atom layer and the first four Ge atom layers. Mo#lés
model shown in Fig. (b) is composed of a Te layer with 2 shown in Fig. 1a). Model B differs from modelA by having
Te atoms and 6 Ge layers with 2 Ge atoms per layer. Figurégs Ge dimers that form along the missing row originate from
5 shows the fitted curves based on these two models togethgre first Ge layer instead of the second layer. Consequently,
with the experimental structure factors. As before, the freghe Ge dimer bond for mod# is perpendicular to the direc-
parameters used in the fits are the surface roughness andtion of the Te displacements and modgis p(5x2). We

SURFACE RELAXATION OF Ge (001):Te(1X1)
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also used the RBS measured Te coverdg@4 ML).1” The  several unexplained features of the LEED pattern, and the
isotropic vibrational amplitudes used in the fit were againprecise atomic origin of the streaking is not well established.
((UP19¥?=0.13 A and (u?)g)?>=0.10A. After allowing  Streaky and diffuse LEED patterns may result from interfer-
vertical relaxation(and using the value of the lateral dis- ence between two surface superstructdfets particular,
placements predicted from the XSW measuremerttse  similar streaking was observed for the related T@E®I)
CTR x? are reduced to 1.25 and 1.49 for modeknd B, system as the surface transformed fronx1 to 1X2
respectively. The fitted curves for model A are shown in Fig.symmetry* Our LEED pattern was broadly peaked néant
5 as solid lines. In this model, the displacement of the Tenot exactly atthe{0, 1/2 positions, as was that of Ref. 4. In
atomic layer along th& direction from the bulk Ge position any event, it is clear that good long-range order exists along
is +0.105 A, where+ sign stands for atoms shifted out- the Te rows, but a distribution of spacings occur in-plane but
wards. The first through fourth Ge atomic layers are shiftecperpendicular to the rows.
vertically by 0.022,—0.025,—0.042, and—0.014 A, respec- In summary, we compared the experimental CTR data for
tively, from the bulk Ge positions. The Te-Ge bond length isthe G&€001):Te(1x 1) surface with the four different Te ad-
2.54 A and 2.51 A, for the 2 displacement Te and dis-  sorption site models. The bridge site was found most favor-
placement Te, which is comparable to the s(54 A) of  able. Two modified bridge site models were also examined.
Pauling tetrahedral atomic radfl. The Te position agrees to The model that best agrees with the CTR data is the missing
within 0.006 A with the XSW result. The obtained surface row model. We finally estimated the vertical displacement of
roughness is 2.1 A. The Ge dimers are located 0.060 A bethe top-five atom layers.
low the bulk Ge position and the fitted Ge dimer bondlength
is 2.91 A. The distance from a Ge dimer atom to its closest
Ge atom below the £ displacement Te is 2.99 A. These
lengths are much larger than the bulk Ge-Ge bondlength We thank N. Takeuchi for providing the atomic positions
(2.45 A). from his first-principles calculation and for valuable discus-
Thus, as we have seen, CTR, XSW, and theory for Teéion. We also thank P. Baldo for acquiring the RBS spectra.
Ge001), as well as STM of Te/8001), all agree with the  This work was supported by the U.S. Department of Energy
missing row model. The principal features of the LEED pat-under Contract Nos. DE-F02-96ER45588 to NU and W-31-
terns also agree with this modéFig. 3). Specifically, the 109-ENG-38 to Argonne National Laboratory, and by the
streaking in the(00)—(10) directions is consistent with the National Science Foundation under Nos. DMR-9632593,
missing row model, as pointed out by Yoshikdwand 9973436, CHE-9810378, and DMR-9632472 to NU. DND-
Lyman?® The streaks are also associated with the misfit beCAT was partially supported by the State of Illinois under
tween the substrate and the Te overlayer. However, there aféontract No. IBHE HECA NWU 96.
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