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Multiple bonding configurations for Te adsorbed on the G€001) surface
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Using high-resolution x-ray standing waves and low-energy electron diffraction, the structure of Te adsorbed
on G€001) was studied. A coverage-dependent structural rearrangement was observed between Te coverages
of 1 and 0.5 monolaygiML ). At Te coverages near 1 ML, Te was found to adsorb in a bridge site, as expected.
However, at Te coverages near 0.5 ML, a structure unanticipated for Group VI/Group IV adsorption was
discovered. Te-Ge heterodimers were formed with an average valency of 5, allowing them to satisfy all surface
dangling bonds. The results help explain the efficacy of Te as a surfactant in epitaxial growth ¢OG/Si
[S0163-18299)08635-X

I. INTRODUCTION ously been demonstrated for SIG@1),°> and, somewhat im-
perfectly, for Te/Si001);® in each case, the Group-VI
The clean surface of a semiconductor is generally reactivglement was found to adsorb in a bridge Site.
and reconstructed. Often, a clean surface may be passivated The SME of Ge on §001) using Te as a surfactafit,”
by the adsorption of a monolayer of a foreign species witHhowever, has raised additional questions about both the

certain chemical characteristics. The surface will be chemiMechanism of the surfactant action and the structure of Te on

cally passivated if this adsorption leads to a reduction inoi(001) and Ge001). Surprisingly, Te was able to act as an

o ; .effective surfactant for that system down to a Te coverage of
reactivity of the surface, and/or may be electronically passi< S e S
y Y y P nly 0.1 ML This is somewhat difficult to explain since

vated if electronic states induced by the surface truncatio T . S
passivation of the surface should require termination by a

are removed or quenched.
The passivated surface will have a lower surface energf I adlsqrb%te MfL' Moreover, aft2e>r< pz)rolonged Getgg?ﬂ”tg’ an
than the clean surface, which can have profound effects o nexplained surface symme{rg( _)] was reportec:
{ was not clear in these SME studies whether that new su-

the properties of the surface system. For instance, the ph perstructure was due to the altered chemical identity of the
nomenon of surfactant-mediated epitax3ME) depends . .
b ) b new “substrate”(i.e., Go, or whether the strained surfdée

critically on this lowering of the surface energyBriefly, played a dominant role.

SME refers to the segregation of the foreign spedibe T ve th X dioi fiqat vati ¢
“surfactant”) to the vacuum interface when another material 0 resolve these 1Ssues and 1o investigale passivation o

is deposited on top of the surfactant-terminated surface. Th(e;e’ we conctj_uctgd g 1deta|fled struptural studty C:.I. Te adsorp-
segregation, which is driven by the system’s propensity tc}')c(’g ona r:jal ive G@01) Sll” "’}[CG u(sj,_lfr;g X{.rayéEaS Ir'l‘g waves
maintain a low surface energy, can dramatically alter tha”>W) and low-energy electron diffractiofLEED). As ex-

P o ted, we found that a full ML of Te could passivate the
kinetics of subsequent epitaxial growitfthe presence of the pected, o X ! ;
surfactant can delay the onset of three-dimensiona?e(om) surfacg by adsorbing in bridge sites W'th a predomi-
islanding for systems that grow in the Stranski-Krastanovnantly (1x1)-like local arrangement. In addition, however,

mode, or can even allow the construction of thermodynami¥Vé found a coverage-dependent transition ®(2x2) su-
cally unstable alloy4. perstructure, accompanied by a dramatic shift in Te adsorp-

—— tion position. We explain these findings with a model where

The present paper focuses on the passivation ofGo® . . .
face of a Group-IV semiconductofGe001)] with a ;\I’/I(T_—thglmers are forr?ed, t\;\ll'th an |Qeal -II—Ie cofverage of|.0.5
Group-VI adsorbatéTe). The motivation for studying the - This structure is also able to satisfy all surface dangling

structure of this adsorption system can be understood brgonqs' despite the reduced Te coverage. We argue that this
briefly examining the valency and arrangement of the adso reviously unreported structure can explain both the appear-
bate and surface layer. The unreconstrud@@l) face of a ance 0fc(2x2) LEED spots and the low-coverage surfac-
diamond-structure semiconductor has two dangling bondf@nt action during SME of Te/Ge/$i01).

per surface atom. Therefore, the adsorption of 1 monolayer
(ML) of a hexavalent Group-VI element could saturate all
available surface bonds, resulting in a perfeck(@) termi- The experiments were conducted at beamline X15A of the
nation. This adsorbate-induced dereconstruction has previNational Synchrotron Light Source at Brookhaven National

II. EXPERIMENT
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Laboratory. The apparatus consisted of several coupled ul- Y . ‘
trahigh vacuum (UHV) chambers (base pressure~9 IR
x 10" torr) allowing sample preparatiofmolecular-beam i :
epitaxial growth and characterizatiofLEED, Auger elec-
tron spectroscopyAES), and XSW. The XSW technique
and the experimental arrangement at X15A have been exten-
sively reviewed by Zegenhagéh A simple video camera
was used to digitize the LEED images shown here.

The G€001) samples were polished and degreassd
situ, and were then mounted in a strain-free manner on a
molybdenum holder prior to insertion into UHV. After de-
gassing, each sample was sputteredIfdn atT,;~500°C
using 500-eV At ions. Each was then annealed for 10 min
at 690 °C, and then slowly cooled to room temperatime
tial cooling rate~2.0 °C/9. The annealing temperature used
is below the Ge roughening temperature, and should result in
greater long-range ordét.This cycle was repeated several
times, resulting in a sharp, two-domainX4) LEED pat-
tern with clearc(4x2) streaks. AES could detect no O
and typically a small amount of C contaminatign0.01
ML).

Te was deposited from an effusion cell=a0.25 ML/min
(1 ML=6.25x10"*cm %) on the single-crystal G801)
substrates held &t ,~270°C. Samples were prepared to a
saturation coverage by exposure +8 ML of Te. After
LEED and AES investigation, the samples were analyzed by
XSW. In addition, another surface condition was investi-
gated by AES, LEED, and XSW after further annealing to
Touw=420°C for 10 min. We found that annealing Tq,,
=550°C resulted in complete desorption of the Te layer.
After removing the sample from the vacuum chamber, the T
coverage was determined by comparing the intensity of th
Te L fluorescence to thé fluorescence of an In-implanted
sample whose areal In density had been previously calibrated To our knowledge, only one LEED pattern has previously
by Rutherford backscattering spectrometry. been reported for this adsorption systéffihe pattern was

For XSW analysis, the incident x-ray beam from the syn-not discussed in detail, but was reported to be a streaky (1
chrotron radiation source was collimated and monochro<1), similar to Fig. 1. It is also worth considering more
mated by a double-crystal monochromator and directe@xtensive studies of two similar cases, those of 81GH
through a Be window into the UHV chamber. The sampleand Te/S(001). Deposition of atomic S on G@01) resulted
was held at room temperature and placed so that the x-ray a sharp (1) LEED patterr?. In that study, x-ray pho-
beam was Bragg reflected by either t084) or the(022) set  toelectron spectroscopy results supported a local arrange-
of diffraction planes, using 7.5 and 7.1-keV x-rays, respeciment where S atoms were adsorbed at bridge sites. Taken
tively. Angular piezoelectric drives on both monochromatortogether, these results imply a well-ordered¥(ll) structure
crystals were used to precisely scan through the several arexists for S/G&01). However, a streaky pattern, somewhat
seconds-wide Bragg reflection. At each angular step in theimilar to the present one for Te/@®1), has been observed
scan, an x-ray fluorescence spectrum was collected from dior Te/S(001) °#91"8for preparation conditions like the
energy-dispersive 8ii) detector and the reflected x-ray ones used her€,and we have reproduced this pattern for

FIG. 1. LEED patterns for Te adsorbed on(G@&l) at 270 °C
cquired at room temperatuf®T) at (a) 49 eV and(b) 68 eV
streaky (1x1).]

beam was measured by anvacuoSi photodiode. Te/S(001).2° This pattern has been described as a “streaky
(1x1).”%8%ndeed, the pattern arising from our Te(®1)
Ill. RESULTS surface has streaks of intensity that extend all the way from
the (00) spot to the four01} spots®® This pattern had been
A. 1 ML Te/Ge(00D) interpreted as arising from a local X11) geometryas for

After saturation with Te at 270 °C, the Te coverage was> G&€001], but with a random distribution of missing Te

found using x-ray fluorescence to be +.0.1 ML.*® In ad- rows” Scanning, tunneling microscopySTM) images

dition, a distinctive, streaky LEED pattern was observedclearly revealed that large areas having<(L) local struc-
(Fig. 1. It is evident that significant intensity extends from turé were interrupted by long atomic rows devoid of Te.
the (00) spot to the{10} spots, and also at the zone edge from [N the present Te/GB0Y) pattern, however, it is clear that
the {10} spots to the{11} spots. This streaked intensity re- the intensity along th€00)-{01} directions is broadly peaked
veals a disordering along one crystallographic direction, witrat the half-order spot, i.e., nef@3} positions. In addition,
sharp ordering in the perpendicular direction, as will be dis-this pattern shows intensity extending from #id} to {01}
cussed below. spots, which was not reported in the Té(®i1) case. After
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8., =10+0.1ML
e
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Ge(004)
E,=7.5keV

P =1.07 = 0.01
004

25 , = 0841003

FIG. 3. LEED pattern for a Te/Ge01) sample annealed to
420 °C acquired at RT at 44 eYStreaky ¢2Xv2)R45° ]

Reflectivity and Normalized Yield

0.5
occupied. We expect the Te mean-square-displacement nor-
mal to the surface(u3,)*? to be approximately 0.13
25 0 25 50 75 100 +0.015A2?* This vibrational motion should lead to a
Debye-Waller reduction in the coherent fraction by a factor
of 0.850.03. Thus, all of the width of the Te atom distri-
bution along(004) can be accounted for by thermal vibra-
tions.

The measured coherent positidtyy, was found to be
1.07+£0.01, which corresponds to an adsorption height above
the bulk-extrapolated004) surface plane of 1.520.02 A.
This position is consistent with adsorption in a bridge site. If
the top Ge atoms are in relaxed, bulklike positiéhshis
would imply a Te-Ge bond length of approximately 2.56
+0.03 A, compared to the sum of Pauling tetrahedral atomic
radii of 2.54 AZ® Another estimate of bond lengths of co-
valently bonded Te-Ge compounds with similar coordina-
tions comes from electron diffractiéhand extended x-ray
absorption fine structuf@? studies of amorphous TeGe
compounds, which found Ge-Te distances of 2.59-2.605 A.

An XSW measurement was also performed using the
. . (022 Bragg reflection for this surface preparatip8ee Fig.

.50 o 50 ' 00 150 2(b).] (Note that the expected two rotational domains on the
-0, (ur) Ge001) surface are equivalent with respect to this diffrac-
8 tion vector) The coherent positiorPy,, was found to be

FIG. 2. XSW scan for th€a) (004) and (b) (022 diffraction 1.03+0.01. For an atomic spatial distribution that is centered
planes for Te/G@01) sample annealed to 270 °C. Te coverage isabout a twofold symmetry siteR,, is equivalent to(1
~1 ML. +Pgos). This condition is satisfied for the present measure-

ments. The measured coherent fractigy, is 0.77+0.02.

this observation, a more careful measurement of our Tefhis value is slightly reduced compared to 1084 case, as
Si(001) patterns revealed that the intensity is also peaked a¥ill be discussed below.

the half-order positions on that surface, although the peak is

much less pronouncéd. There is also a small amount of B. 3 ML Te/Ge(001)

intensity in that case at the sides of the zone, from{1igto After annealing the sample to 420°C for 10 min, a dra-

{01} spots. In light Qf these obse‘r‘vations, we w’i’II refer to the , ic change in the LEED pattern was observ@ke Fig.
Te/Ge00Y) pattern in Fig. 1 as a "streaky (41),” butnote 3 11 predominant feature became a crosslike pattern of
that there is a weak peak of intensity at the half-order posi- . 11 . .
tions. intensity located at thgs 5} positions. In addition, some
The results from an XSW measurement using (@@4)  weak spots of intensity were observed at {fig} and{13}
diffraction vector for this surface preparation are shown inpositions, reminiscent of the clean surface pattern. This
Fig. 2@. The strong modulation seen in the Te fluorescencd EED pattern has never been reported for Té0B&) be-
signal is indicative of a highly uniform Te atom distribution. fore, but a similar pattern has repeatedly been observed dur-
Indeed, the best flsolid line in Fig. Za)] reveals a coherent ing surfactant-mediated growth of Gef3)1) with Te as the
fraction F oo, Of 0.84+0.03. This value clearly indicates that surfactanf:*'2Its origin is unknown, but the simplest inter-
only one atomic positiofwith respect to th€004) planegis  pretation of this pattern is that two rotational domains of a

Ge(022)
E, =7.1keV

[ (b)
2.5

P .= 1.03 + 0.01

02

f = 0.77 £ 0.02
022

Reflectivity and Normalized Yield

0.5 | -
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6, =0.6+0.1ML extrapolated004) surface plane of 1.440.02 A. This value

. . . . . . represents an inward shift of 0.08 A compared to the surface
T (a) Ge(004) i prepared with the lower annealing temperature. A high co-
- herent fractiorF o, of 0.85+0.03 was found, indicating that
only one atomic adsorption positiojwith respect to the
(004)-planeg is occupied. Due to this inward shift and the
change in the surface long-range order, it is unlikely that the
high-temperature position can be explained by adsorption in
a simple bridge site. A Te adsorbate in a bridge site at the
measured adsorption height would have a Te-Ge bond length
- of approximately 2.48 A, significantly smaller than the sum
of the tetrahedral covalent radii.

For the(022 measurement, the coherent posit®g, of
7 1.01+0.01 is again consistent with the result expedfeaim
the Pgo4 value for a symmetric atomic spatial distribution.
[See Fig. 4b).] However, the measured coherent fraction
Fooo Of 0.60+0.02 is significantly lower tharky,. This
value indicates that more than one inequivalent atomic posi-
tion [with respect to th€022) planeg is occupied. This ob-

E,=75keV ]

25 | P004 = 1.02 £ 0.01

f =0.8510.03
I o004

1.5

Reflectivity and Normalized Yield

0.5

.25 0 25 50 75 100 servation also argues against occupation of a bridge site:
. . . . , ; since the bridge site is located directly at a twofold symmet-
25 r (b) Ge(022) | ric site, a population composed of bridge-site atoms will nec-
E -71kKeV - essarily contain only positions that are equivalent with re-
Y

spect to the(022) planes. Thus, we conclude that, upon
heating to 420 °C, the surface undergoes a structural transi-
tion wherein approximately half the Te is desorbed, and the
remaining Te atoms occupy a fundamentally different atomic
site.

= 1.01 £ 0.01
| o022
f , = 0.60 + 0.02

02 Te Lo

;

IV. DISCUSSION
A. 1 ML Te/Ge(001) structure

The low-temperature-annealétl ML Te) structural data
are natural to interpret in terms of the simple bridge-bonded
position that is suggested from simple valency consider-
ations, and appears in the related S(Bd) (Ref. 5 and
Te/S(001) system$:’ There is also some experimertaand
theoretical®3° evidence that this site is occupied in the Se/

Reflectivity and Normalized Yield

@-6, (ur) Si(001) system, and also some experimefitaland
theoreticad® support for this site for S/801).
FIG. 4. XSW scan for théa) (004) and (b) (022 diffraction Indeed, the present XSW data for the low-temperature
planes for a Te/G@01) sample annealed to 420 °C. Te coverage isstructure strongly favor the simple bridge-bonded configura-
~0.6 ML. tion. However, the LEED pattern is streaked, i.e., there are

{03} spots that are greatly elongated along one direction, but
streaky c(2x2) pattern[more properly a “streaky W2 are fairly sharp in the transverse direction. These observa-
Xv2)R45°" patterr] coexist with a (2< 1) pattern. Presum- tions favor a model that has good long-range order in one
ably, the Te are arranged in small domains witf2 ( direction but significant disorder in the other direction. The
XVv2)R45° local geometry, and there are also areas, eitheslight peaking at the half-order position reveals the existence
Te-covered or of bare Ge, having aX2) reconstruction. of a weak (2<1) periodicity in the long-range order that is
The (Te MNN)/(Ge LMM) Auger ratio was found to decrease not easily explained by this local structural model.
upon annealing to 0.6 that of the low-temperature surface, In an incisive STM study of Te/8)01), large regions of
indicating significant desorption of Te occurred. We did not(1x 1) local structure were seen to be irregularly interrupted
perform fluorescence analysis on this sample, but estimatey long rows devoid of adsorbates, with an average width for
the coverage to be 0:60.1 ML based on the AES and fluo- the Te-occupied regions of 5 to 6 roR&he origin of the
rescence results from the low-temperature structure. As memissing rows is thought to be the compressive surface stress
tioned above, all of the Te desorbed from the sample upomduced by placing larger-atomic-radius Te adsorbates on the
annealing to 550 °C. Si substrate. This stress must be relieved by occasional miss-

The (004) XSW data and analysis are shown in Figa4 ing Te rows, reducing the Te coverage to approximately
The measured coherent positi®o, was found to be 1.02 0.75-0.83ML.>*? The missing row of Te allows the Te
+0.01, indicating a Te-adsorption height above the bulk-slands to expand laterally, so that adjacent Te islands were
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poor long-range order in the other direction; furthermore, the
W direction of good long-range order must be perpendicular to
the direction of the doubling of the unit-cell periodicity.

In the STM study of missing rows of Te in the Te(@1)
system, the last occupied Te rows were observed to expand
laterally into the missing row. We suggest that the pairing
responsible of the (1) LEED pattern occurs within the
missing row. However, the direction of the unit-cell-

WIIMEICIRN.
o'o'o O'o‘-'o'o doubling precludes a simple. dimerization of Gg left uncov-
ered by Te, as that dimerization would necessarily be parallel

FIG. 5. Schematic diagram of the Te/Ge(PQlL x 1) structure. 0 the missing row. Instead, we suggest that an atomic row of
The Te atomgopen circleg are in bridge positions. A missing Te Ge is also missing. This arrangement would allow the Te
and Ge row is shown, allowing lateral Te relaxatidghlote the  rows to expand laterally without stretching the length of the
different crystallographic orientation of the missing Te row thanTe-Ge bonds, consistent with relieving the stress resulting
Fig. 6 of Ref. 6) from adsorbing large Te atoms into the Ge lattice. The un-
saturated Ge atoms would then rebond across the missing
row, reminiscent of a surface dimer, to lower their dangling

separated by only approximately &.5[a=3.84A, the ) ; o S
: : : ; : L bond density, as schematically indicated in Fig. 5.
Si(001) unit cell dimensiof® (See Fig. 5. Stress-relieving Since theymissing rows arg expected to he?ve an average
arrays of missing adsorbate rows have also been Observedé?)acing of about 8 times the Te row spacing, several
the Sb/Si001) (Ref. 32 and Bi/S{001) (Ref. 33 systems. S o '
: - issing-row structures would be found within the coherence
As m(enn;)ned above, the random array of missing rows foFe:ngth gof the LEED beam. This atomic arrangement would
Te/S(001) can explain the streaking in the X11) LEED ; S . :
; . . . lead to a (1x 2) diffraction spot that was sharp in one direc-
pattern.(It cannot, hovygver, explain any peaking of mterysny,[ion (sincfa thez rOWS are Iopr)g)ut elongatedpin the other
at the half-order positionsFurther, note that no streaking direction (since the rows are only one dimerized-unit wide
was reported for the S/Ge(0p11x1) case, where the

atomic radii of S and Ge would not suggest that the surfacgv!th a broad d's”'b“F'O” OT row-row spacing¥ consistent
is under compressive stress. with the observed diffraction pattern. We caution that we

For e presen caseof /G2, e smiarty of me 1378 10 drect eviderce o e Ge bonding aangemen
LEED patterns to those for Te/SD1) described in the the diamondg.lat,tice found at defectsiaternal interfaces as
literaturé®°17183nd observed in our laboratdfleads us to

believe that similar mechanisms are at work. Although the? Vay of accommodating stresit seems likely that similar

Ge lattice is 4.3% larger than that of Si, it is still likely that configurations could be found in the selvedge region in re-

the Ge surface cannot accommodate a full ML of Te adsorsPONs€ to adsorbate—ln.duced strfss: Note that the STM
udy’ found that annealing to 300 °C in the presence of as

bates. While the central value of our absolute measuremenl,[Ie as 0.1 ML Te was sufficient to cause ML-dee
of the saturation Te coverage is 1.0 ML, these consideration§t . . , P
renches” to form in the Si substrate, suggesting that Te is

make it more likely that the true value lies at the lower sideeasil capable of inducing the suaaested rearranaement in
of the uncertainty(+=0.1 ML). Thus, missing Te rows are y cap 9 99 9

also expected for Te/G@01), accounting for the streaking

observed in the present studies. Moreover, the lateral expan- In contrast o this mode! t.hat requires submonolayer Te
coverage, it is worth examining a careful LEED sttftipf

sion of the Te islands would place the Te atoms in slightly N -

inequivalent positions with respect to tk@22) [but not the (1X2)I. pert|0d6|((:)|(t)yo (|:n ';Ee rellated ;:tase fOf l’_e(/ol()).l)After

(004)] diffraction vector. In the Te/8001) case, the average anneatlng_ 0 h ' eh(>1 ) pa err:t or Teh' ¢ W?S

Te-Te distance was approximately 4.4.2 A 8 If this Te-Te seen 1o give way 1o a sharp X2) pattern.. This transition
was characterized by streaky splitting of the nascent half-

spacing is maintained for the Te/®@1) surface, then an X - o .
average width for the Te-occupied regions of approximateI)Prder spots during annealing above 400 °C before the inten-

8 rows would fully account for the observed reduction of theS!Y ocoalesced into a well-d_efmed X12) spot at 500_
coherent fractiorf,, to 0.77+0.02. The increased separa- 650°C. The streaking was interpreted as stemming from

tion between missing rows for Ge compared to Si is also ir?preading of (K 2)-like domain walls separating_regions of
agreement with the lower compressive surface stress e>£-1><1) local structure; eventually, the K2) domains cover

pected for Ge(due to its larger lattice spacingand the Te the whole surface. No claims were made for the atomic ge-

coverage predicted by this model is consistent with our mea2MelY accounting for the (42) structure. However, it was

sured value inferred that the local Te coverage was still 1 ML, and that

It is not possible with the present data alone to explain theOme unexplalneq pamng.of Te atoms was responsible for
origin of the weak (X 1) periodicity observed with LEED. :[‘he (_l>_<2) periodicity. This plcturig was supported by a
However, combining the results of this study with previously pr_ellmlnary tensor LEED an_aly5|s, but was not followed
published work for Te/$001), it is possible to construct a up in a subsequent publicatioh.

: . Similarly, Te-Te dimers were proposed in a different
model consistent with the observed data. ¥b¢} LEED study to explain a sharp (12) pattern reported for

beams were elongat_ed in tk@0)-{01} direction, but sharp in Te/S(002).% In that work, however, Te was deposited by
the transversdi.e., {15}-{15}) direction. This result indi- exposing the substrate to a CdTe flux as it cooled from
cates that there is good long-range order in one direction, an850 °C to 350 °C the high-temperature exposure reportedly
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erage valency of the surface adsorbates is 5, and again this
arrangement can satisfy all substrate dangling bonds as well
as obey electron counting. This model implies some charge
is transferred from the Group-VI element to the Group-IV
element.

The LEED pattern displayed in Fig. 3 is not a shaifa (
XV2)R45°, as the local structural model of Fig. 6 would
predict. We attribute the streaking of th&s} spots to an-
tiphase domains across the reconstructed surface. As dis-
cussed in more detail below, the photoemission results of

FIG. 6. Schematic diagram of the Te/®81)-(v2Xv2)R45° Bennettet al. for TE/G%/ZSKOOJ:(ZXZ) rev_ealed pnly Ge
structure. Te and Ge atoms form dimers, which are located on th ounc_l toQorlTeato .Thus, the_ heterqd|mers In a given
indicated ¢2 X v2)R45° mesh. domain must pe predominantly orlentgd in one direction, as

indicated in Fig. 6, or else Ge coordinated to 2 Te atoms

resulted in significant Te indiffusioff. High-temperature f[';’]mtjlt(:] oceur |an|gn|f|cant n_urtnt()jers',{hlt 1S, :1(?[yveV(|ar, It'.kily
CdTe exposure has even been reported to produce g S.iTgoam 1€ energy barrier associated with orientational antipnase
ains would be quite small, since it is possible to create

structure at the CdTe/®01) interface®’ Thus, it is not clear such an antiphase domain boundary merely by having some
that this surface is related to one formed by Iow-temperatur% : !
-Te-coordinated Ge atoms at the edge of the dorfiain

exposure to elemental Te. Moreover, it is difficult to explain o ) . .
what the driving force for Te-Te dimer formation would be requiring no dangling bondisAntiphase domains could eas-
+ ily explain the streaking in thé;3} spots.

In summary, we cannot_rule out the pOSSIbllltY.that .SUCh It is worth considering a second model that satisfies va-
Te-Te pairing is responsible for the X2) periodicity evi- lency considerations and has a Te coverage of 0.5 ML
dent for Te/G€D01, and acknowledge that such pairing ; ) Y T '
could also explain the small diminution in the valueFaj namely, a structure in which the Ge surface is dimerized, and
pal 22 Te is adsorbed in every cave sitr long-bridge sitg This
recorded for this surface. However, we argue that the f d by L |t h
missing-row scenario more simply explains the observation (/aometry was avorr?fu g e‘.*(;‘ge‘dab- or t Ie
is better justified by valency considerations, and has beer Ge(00)-(2x1) systei,” and considered by Yanet al.

. . or Te/Si(003-(2x1).™ Upon closer inspection, it is un-
_lrp:/rse(()c:glr;clu5|vely demonstrated via STM for the case o ikely that this structure could exist for the Te/Ge system: it

is not possible to form this structure with reasonable values
) of bond lengths or bonding angles. If we consider the most
B. 3 ML Te/Ge(00Y) structure liberal case, where the angle between the two Te-Ge bonds is

The high-temperature-annealed structure is more elusivallowed to be 180° and we assume an elongated Ge-Ge
to determine than the low-temperature structure. Since thgimer bond length of 2.55 A, the Te-Ge bondlength would
AES signal is about 0.6 that of the low-temperature case, thB€ 2:73 A, which is more than 7% longer than the sum of the
Te coverage is consistent with 0.5 ML (6:6.1ML). The _covalent radu.. Moreover, we now show that this model is
inward shift of the Te atoms compared to the low-nconsistent with our XSW data.
temperature structure means that the high-temperature struc- "€ (004 XSW data show that all Te atoms are located at
ture cannot simply consist of a different long-range orderingNe Same adsorption height for the2(< v2)R45° structure.
of the same local Te structure, i.e., the XSW data rule outiowever, the reduced value ¢fp,0.60+0.02) indicates
simple-bridge occupancy. th_at_not all Te are _Iocated at equivalent Iateral_posmons

Turning back to valency considerations, we observe that iVithin the surface unit cell. For our proposed mo(f&. 6),
is possible to satisfy all dangling bonds with only one Tethis S|mplly means t.hat there is an equal population of the two
atom for every two surface unit cells. We propose that Symmetrically equlvalgnt domains of Te-Ge heterod|mer.3.
Te-Ge dimer spans each pair of surface unit cells. With th&lowever, the cave-site model cannot accommodate in-
arrangement of heterodimers shown in Fig. 6, this can form gquivalent Te positions in any natural way, since Te adsorp-
(V2Xv2)R45° superstructure unit cell, easily and naturallyt'f)n occurs in that model at a high-symmetry site. As a final
explaining the symmetry of the LEED pattern observed. piece .of evu_jence. m_support of the heterod|_mer structure,

The consistency of this proposed structure with Va|enqprellm|nary first-principles calculations of various arrange-
requirements can be most easily shown by the followingnents of 0.5 ML Te/G@01) showed that the proposed
thought experiment. Consider a (®61) surface covered Structure has the lowest surface enefdy. _
with Group-V atomsg/As.® Sb3 or Bi (Ref. 4]. In those _ We can now use t_he measured valud-g§, to determine
known structures, a dimer for each two unit cells fills all directly the lateral displacement of the Te atoms, and thus
dangling bonds of both the surface Ge layer and the Group-@ive @ cpmp_lete picture of the local geometry. The coherent
layer. The Group-V atoms have one filled lone-pair orbitalffaction is given as the product of three factors
plus three covalent bondéSimple electron counting would E.—Ca.D 1)
result in 2e/lone pait3e/covalent bonds5 valence elec- H H=H
trons per atom.Now imagine, in the classic w&y,trans-  whereC is the fraction of atoms at ordered sité, is the
porting one proton from one member of the Group-V dimerDebye-Waller factor discussed previously, is a geometri-
to the other member, resulting in a heterodimer composed afal factor reflecting any inequivalence in the adsorption sites,
one Group-1V atom and one Group-VI atom. Again, the av-andH is the diffraction vector. In this cas€~1 [based on
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the (004 resulf and we estimatd y,,=0.92+0.024% The s the same as our high-Te-coverage surface, i.e, the Te at-
geometrical factor is a phase-weighted sum over the fluoems bridge neighboring Ge atoms. Strikingly, they found
rescing species, and for the structure proposed in Fig. 6 wilihat at latter stages of Ge deposition, the Te coverage was
be given by halved, and the population of two-Te-coordinated Ge atoms
dwindled rapidly to zero. Of the Ge that was coordinated to
Te, only Ge that was bound to exactly one Te atom remained
in any significant numbers. This observation occurred at the
same stage that the ¥2) LEED pattern emerged. Bennett
whereb is the lateral displacement of the Te atom from theet al. interpreted these data as meaning that every other
bridge site, andiloy; is the interplanar spacing in tH@22)  pridge site was empty, and the others were occupied by a Te
direction (2.00 A for Ge. From the measured valu€y,  atom in a local structure unchanged from the initial, high-
=0.60+0.02, this implies thag,,;=0.66+0.03. From this  coverage surfack That arrangement would leave the Ge
value, we can deduce that=0.73+0.01A [where we ex-  gyrface atoms unsatisfied, which seems unlikely. This struc-
clude physically unreasonable inversions of E2).]. We ture, suggested by Bennet al. for Te/Ge/Si001), is ex-
have thus specified completely the Te atomic position within,,ged by our XSW data for Te/G01), but the arrange-
the (V2xv2)R45° unit cell. Using these coordinates, we canment we propose is fully consistent with their photoemission
infer that the length of the Te-G®ackbond(from the Te 0 gata for high Ge coverages. Although one would not expect
the last full layer of Ggis 2.61+0.03 A. Although we lack 4 priori that the identical structures would occur on Te/
information to specify the Te-Geheterodimer bond length, Gg001) and Te/Ge/SD01), the simplest interpretation is
we note that the measured Te position is consistent with venat in both cases, Te exists in a bridge-bonded site at high
reasonable values of the bond lengths and angles. For eXpyerages, and as a Te-Ge heterodimer at low coverages.
ample, our results are consistent with lengths of 2.59 and Tnhe SME studies also give some insight as to whether the
2.45 A, for the Te-Ggdimer bond and GeGe, backbond,  griving force for the structural rearrangement reported here is
respectively, and a bonding angle between them of 109.3Gye to the lower Te coverage after annealing, or if the rear-
These are essentially identical to the sum of covalent radiigngement simply requires higher temperatures to be acti-
and the tetrahedral angle. _ vated. The SME studies reported the emergence of P
Other than one LEED patterhno other data exist to our spots after Ge growth at temperatures of 2270 °C 2112
knowledge for Te adsorption on a (801 substrate. HOw- |t seems clear, then, that the local Te coverage is the driving
ever, there have been several published studies of SME @rce, and the annealing in the present study served primarily
Ge/S{001) using Te as a surfactafit'? Some observations tq diminish the Te coverage.
of these studies reinforce our conclusions; reciprocally, our The apility of Te to satisfy Ge dangling bonds in two
conclusions help explain why Te is an effective surfactanyjfferent local structures with different local coverage helps
for Ge/S{003). to explain why Te is such an effective surfactant over a wide
These studies all conducted growth of Ge on a Teyange of coverages. Evidently, Te can lower the surface en-
terminated S001) substrate. The Te precoverage was variedygy (py eliminating dangling bondsn one of two coordi-
in some of the studies, and effective surfactant action wagatjons, depending on the local environment. During SME at
observed down to 0.1 ME: With regard to the present pa- high Te coverages, Ge can replace a Te atom at a substitu-
per, the most distinctive observation of those studies is thgona) site, while the Te atom segregates to another bridge
appearance of a (22) (Refs. 9 and 1por c(2x2) (Ref.  site at the new surfac@.If, on the other hand, Ge growth is
11) LEED pattern.[The possible presence of ¥2l) spots  carried out on a surface with Te-Ge heterodimers, it is rea-
from Group-IV-Group-1V dimers would make it difficult to  sonable to expect that a Ge monomer could replace the Te
distinguish between these pattefiBypically, a (2<2) pat-  atom in the dimer. The Te atom could then take up either a
tern was reported to appear after significant Ge depositioBridge position above this Ge pair, or could migrate to a new
with concomitant Te desorptioriTe desorbs from Ge at a position in either type of site. In future time-resolved XSW
lower temperature than it does from) &1 Thus, as the Te  studies, we will attempt to infer the energy barrier of the

coverage was reduced, the X2) or c(2x2) pattern syggested transition states by measuring the kinetics of this
emerged. This is consistent with our observations that thgtryctural rearrangement.

c(2x2) [i.e., V2Xv2)R45° superstructure has a lower
ideal Te coverage.

The study of Bennettt al. carefully monitored the inten-
sity of Si and Ge core-level peaks during Ge deposition. The
shifted features corresponded to Si and Ge bound to one, The surface structure of Te/@®1), while characterized
two, three, or four Te aton$.Referring to Figs. 5 and 6, we by simple atomic adsorption sites, exhibits complex and
see that the 1-ML structure is dominated by Ge atoms boundubtle behavior. At high Te coverages, the adsorbates occupy
to two Te atoms, while ous ML structural model predicts simple bridge sites that reduce the local surface reconstruc-
that Ge atoms will be coordinated to only one Te atom. Bention to a (X 1) geometry. The Te coverage saturates at near
nettet al. found that the Te/$001) starting surface predomi- 1.0 ML. However, the compressive strain generated by the
nantly contained Si coordinated to two Te atoms. Similarly,larger-atomic-radius adsorbate necessitates strain-relieving
for the initial stages of Ge growth, the Ge was found to bedefects of missing Te rows. Also, the surface system exhibits
coordinated to two Te atoms. It is presumed that, initially,a weak (2< 1) periodicity that we cannot presently explain.
Ge occupies only substitutional sites, and the local structurgVe conclude that this periodicity is associated

2mb
cos—, 2
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V. CONCLUSIONS
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with the missing rows, but cannot exclude that it may be ACKNOWLEDGMENTS
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