PHYSICAL REVIEW B VOLUME 60, NUMBER 7 15 AUGUST 1999-I

Energetics and bias-dependent scanning tunneling microscopy images of Si ad-dimers on(G&l)
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We report anab initio study of the energetics and scanning tunneling microsd@WM) images of Si
ad-dimers on G@01) and energetics of Ge ad-dimers oridBil). As in the case of Si dimers on(801), we
find for both systems that th® dimer configuration, lying between the substrate dimer rows and parallel to
them, is highest in energy. Conversely, recent STM experiments for Si ad-dimers(001Ggeduce theD
configuration to be most stable. Our theoretical STM images for this system find that bokh dhe C
configurationg'the latter also between the rowsave similar STM images for the experimental voltages. We
propose an experimental tefiw-bias STM imagingwhich would unambiguously distinguish between e
and C configurations[S0163-182@9)04631-7

The growth of Silor Ge on Si001) and G&€001) surfaces is to understand the surprising contrasts between the results
has recently been extensively studied, spurred by interest iof Wulfhekel et al*? and those found for adsorption of Si or
GeSi superlatticel.*! Despite numerous studies of film Ge on S{001). For comparison, we have also carried out
growth in these systems, the initial stages of submonolayetnalogous studies of Ge dimers ort0Bil). Our results show
growth are not well understodd!! Most studies, both theo- that theD dimer is the highest in energy for Si on ©821),
retical and experimental, have been carried out on the systegontrary to the experimental deduction of WHZRP, but in
of Si on S{001).271°They may be summarized as follows. In keeping with the trend seen in theoretical and experimental
the earliest growth stage, no isolated adatoms are observedrgsults for Si(or Ge growth on S{001). We suggest two
room temperature; the smallest stable adsorbed unit is Rossible ways of reconciling our result with experimental
dimer3* Figure 1 shows the four plausible local energy observations. We then propose an experimental test which
minima available for these ad-dimers, three of whigh B,  Will unambiguously distinguish between these two possibili-
andC) have been experimentally detected. Two of these  ties.

(A and B configuration$ consist of isolated dimers directly ~ Our total-energy calculations for the various surface
adsorbed on top of the substrate dimer rows; of theseBthe Structures were carried out using density-functional theory in
dimer is found to be the most stalfie¢® In addition to these, the local-density approximatiof. DA). We used generalized

C dimers are also detected, both in isolation and in the formiorm-conserving pseudopotentfgiwith a plane-wave basis
of diluted dimer rows. Multiatom structures oriented alongSet and the Ceperley-Alder exchange-correlation potential in
the(130) surface direction are also obsenfedThese struc- the form parametrized by Perdew and Zuntfe@ur super-
tures are thought to be composed eitherCotlimers or of ~ Cell consists of a &4 surface unit cell with six Sjor Ge
pairs of adatom&®*! The fourth possibléD) configuration layers and six vacuum layers. Of the six layers, the bottom
for isolated dimers has not been observed experimentally i#o layers were held fixed at their bulk lattice positions with
isolation’® This is consistent with the results @b initio  the theoretical lattice constant of 5.58 A for Ge and 5.38 A
calculations for isolated ad-dimers which find that tbe for SI, while the remaining four Iayers were allowed to relax
dimer is highest in energy.” Experimental observations of fully. The clean surface was taken to have t{dx 2) re-

Ge on S{001) exhibit similar features! construction. The dangling bonds of the bottom layer were

Recently, Wulfhekelet al’?> (WHZRP) carried out a Ssaturated by H atoms. We used an energy cutoff of 10 Ry in
quantitative analysis of structures formed by deposition oPur planewave expansion and two spediapoints in the
0.01 monolayer at 300 K of Si on @G#1). Just as in the irreducible part of the surface Brillouin zone. The calculated
growth of Si and Ge on #)01), they found no stable iso-
lated adatoms but only stable ad-dimers. They also observed
multiatom structures oriented along tH&30) direction.
However, in contrast to growth on (8D1), they foundno Ac—o
isolated ad-dimers in th€ configuration. They found thd& *—e *—o
dimers are the most commonly observed dimers on the sur- o0—o C
face, and that they become even more numerous on anneal-
ing. By contrast, they found that dimers in tAeandB con-

el Ip
—e o—eo

*—e o0

figurations, which lie atop the substrate dimer rows, are less
common and become even rarer on annealing. These features
are quite different from the results on(®1) mentioned
above!™ FIG. 1. Schematic diagram of the various adsorption sites for Si

In this paper, we describ&b initio simulations of Si ad- or Ge ad-dimers on Si or G@01) substrates. Filled dumbbells:
dimers on the G@®01) surface. The goal of these calculations substrate dimers; open dumbbells: adsorbed ad-dimers.
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TABLE I. Energies in eV of the dimer configurations of Fig. 1
on Si and Ge substrates, relative to the st&btémer. In each case (a)
the isolatedD dimer is theoretically found to be the highest in
energy. On the $001) substrate this isolated dimer is not observed
experimentally(Refs. 10 and 1)1 On G€001) WHZRP (Ref. 12
report the existence of this dimer in isolation and also identify it to
be the most stable.

Ad-dimer Si/S{001) Si/Gg001) Ge/Si001) Empty state images: +1 6V bias
D 112 0.7 0.18 0.84
C 0.3 0.18 0.0¢ 0.03 0.31 (C) -9 o— (d) -9 o—
B 0 0 0 0 0
A —-0.01 0.07 0.06 0.11 0.03
&Theoretical values from Ref. 5. D C
Theoretical values from Ref. 6. & o :
‘Experimental values from Refs. 8 andif italics). -

Relaxed geometries: D and C
forces on the atoms were converged to less than 0.0005

hartree/bohr. By varying parameters such as Brillouin-zone f
sampling and energy cutoff, we estimate that our calculated (e) ( )
energy differences are converged to better than 0.05 eV. The
computations were performed using tted initio code
FHI96MD.®

The calculated energies of the different ad-dimers relative
to the B dimer are shown in Table I. From these results we

make the following observationgl) In all three systems, . . ) .
i.e., SiIS(001), SIG&00D, and Ge/SD0D), we notice that Filled state images: -1.6V bias
the D ad-dimer has the highest energy. Our results for Ge/

Si(001) are consistent with the experimental observation that (g) (h)
no isolated D dimers are seeH. Previous ab initio

calculations™ for the Si/S{001) system also indicate that

the D dimer has the highest energy, consistent with experi-

mental observations*® By contrast, WHZRP conclude that

in Si/GE001) the D dimer is energetically the most favored

among the different dimer type§2) The energies of th&

andC dimers for Si/G€001) are nea_rly degenerate_, whereas Filled state images: -0.6V bias

for adsorbates on @l01) the energies of these dimers are

calculated to differ substantially3) Finally, we observe that FIG. 2. STM images and fully relaxed geometries for Si dimers

the calculated energy of tHe dimer relative to theB dimer  on the Gé001) surface. Relaxed configurations of the ad-dimer and

is much smaller in the Si/G801) system than in the Ge/ top layer atoms are shown fé) the D dimer and(d) the C dimer.

Si(00) and Si/S{001) systems. The height is represented by the size of the filled circles. Above the
We now discuss the experimental results of WHZR#®, respective geometries are shown the empty state images amd

light of these calculations. As mentioned before, WHZRP(b). Below the relaxed geometries are shown the respective filled

found that isolated ad-dimers are the most common spe- state images at high bifg) and(f)] and and low bia$(g) and(h)].

cies found in the Si/G@01) system at low coverage, making The images were generated at a distarfc@/ from the uppermost

up 39% of the deposited material when 0.01 monolayer of Sgubstrate atom. The maximuitminimum) charge densities are

was grown on G@O01) at 300 K and 50% of the material 15(1), 140.9), 4(0.2), 4(0.2), 3(0.2), 2(0.1) for the imagega), (b),

when that same surface was annealed for five minutes at 338 (). (9), and (h), respectively, in units of 10" e/A *. Notice

K. Furthermore the predominant species when Si is depoéhat the charge densities for the empty state_lmages are s_lgnlflcar_]tly

ited at 350 K are thé dimers. From these and related re- larger than for the corresponding filled state images, consistent with

sults, WHZRP conclude that th® dimer is the isolated ©xPerimentRef.12.

dimer of lowest energy on this surface. While we compute

the C dimer to be considerably lower in energy than e sequences of Table | for Si/@®1); it also contrasts with the

dimer (cf. Table ) they observedo isolatedC dimers. De-  behavior of Si(or Ge dimers on Si001), where experimen-

spite the absence of isolatedl dimers, WHZRP do report tally no isolatedD dimers are found®!!in agreement with

metastable multiatori* CC” ) structures lying along130),  calculated dimer energiés’

comprised of severaC dimers. The experimental observa-  In an effort to resolve this puzzle, we generated scanning

tion of stableD dimers, the absence of isolat€dlimers, and  tunneling microscopySTM) images of our relaxed geom-

the presence o€C structures, seems somewhat puzzling.etries for theD andC dimers[cf. Figs. 2c) and 2d)]. Figure

Not only does it seem inconsistent with the calculated energ®? shows the calculated STM images at constant height for
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the Si/G€001) system. These images were generated in théions could arise from real finite-size effects of the STM tip.
Tersoff-Hamann approximatiold:*’ In this scheme, the tun- Thus theC and D dimer images could well be confused,
neling current is proportional to the local density of states asince they share three common characteristics and differ only
the tip position integrated over the energy range allowed byn the fourth. It is therefore possible that the dimer in the
the applied bias voltage. trough observed by WHZRP is tt@dimer. If so, this result

Figures 2e) and Za) show the computed filled and empty would be consistent not only with our calculated results for
state STM images, respectively, for tBedimer. Note that the G001) substratgcf. Table ), but also with the theoret-
the empty state image of tizdimer[Fig. 2(@)] shows buck- ical and experimental trend observed for Si and Ge grown on
ling consistent with the relaxed atomic geomdifjg. 2c)].  Si(001).5-"°-11
Comparing with experiment we notice that the STM images To distinguish further between these two possibilities we
of D dimers, as observed in Refs. 12 and 18, have four disgenerated theoretical STM images of these two dimers at
tinguishing characteristic$i) in empty-state images, the ad- varying biases. We found the main features of thandD
dimers lie in the troughs between dimer rowi) they ap-  dimer empty state images to be nearly independent of bias in
pear much brighter in empty state images than in filled statéhe range of+0.5 to +2.0 V. Furthermore, the filled-state
images;(iii) in filled-state images, they show a ringlike fea- images of the D dimer do not change much in the bias range
ture with a faint intensity in the middle; an@) in empty  from —0.5 to 2.0 V. This is seen in Figs.(& and 2g),
state images, they appear elongated along the dimer rowgich show nearly identical filled state images generated at
AII four of these characteristics are seen in our theoreticalizses of—1.6 and—0.6 V. However, the filled state image
images. Hence these resu_lts are consistent with the fact 'thg; the C dimer at low bias shows a dramatic change. The
g?eggzt];rgqiﬁgt%(iﬁzgr:j'?n%e(:'mer reported by WHZRP N dimer, which is very visible at a bias of 1.6 V [cf. Fig.

‘ 2(f)], shows a distinct reduction in intensity below a bias of

On the other hand, Table | indicates that heconfigu- . .
ration is theoretically always found to be energetically the 0.8 V and nearlylisappearsat the low bias 0f-0.6 Vcf.

least favored ad-dimer. One possible resolution of this ap—Fig' 2AN)).

parent discrepancy is that tledimer, although not the most We now propose an e_xperimentgl test based on this dif-
stable energetically, is favored to form kinetically. This ference. If such low-bias filled state images of the Siibe)

would be similar to the case of Si(8D1), where theC  SyStem sho_w that the dimer Iy_ing in the trough t_)etween t.hg
dimer, though higher in energy than theand B dimers, is substrate dimer rows almost dlsappegrs at low bla_s, the.n itis
argued to be favored kinetically*° Such a resolution would @ C dimer. If, on the other hand, the image remains princi-
be consistent with the energetics of Table l, since therbthe paIIy unchanged in Character, then this result indicates that it
dimer need not be the dimer of lowest energy. This woulds aD dimer. Thus a low-bias imaging of this system should
also be in accordance with the agreement between our thegerve as a test to indicate unambiguously whether itGsoa
retical STM images of thé dimer and the experimental a D dimer which has been observed. Such low-bias STM
ones of WHZRP. However, we should note that experimenimaging can now be carried out, with a sufficiently sharp
tal STM images probe only the local electronic density oftip.2°

states, and care must be exercised when inferring the corre- If the proposed test detectsDadimer, then its formation
sponding atomic geometry.Consider, as an example, the would presumably be due to some kinetic mechanism. This
conclusion drawn earlier from the experimental STMwould suggest a rather different growth mechanism for the
image@;2 that all four substrate atoms nearest to Ehdimer Si/G€001) system than that found for Si{801), where iso-
recede into the G601) surface. On the contrary, owb  |atedC dimers have been argued to play a crucial role in the
initio computation for theD dimer shows that two of these jjitigl stages of growtfi:51°Otherwise, if the test detectsa
four Ge atoms risaipwardsby about 0.5 A compared to configuration, then the behavior of Si/®81) would be con-
their positions in clean G602). sistent with our results in Table | for Si/@91) and would

Keeping such considerations in mind, we now examine a : . ; -
alternate possibility: that the isolated ad-dimers identified b%;ggg‘j/tt;‘ ?a?t'éﬁ]gsm) and Si(or Ge on S(001) have simi

WHZRP (Ref. 12 asD dimers are actually dimers in tH@ . . .
) : 7 To summarize, we have calculated the energies of Si

configuration. Figures (2) and Zb) show our computed dimers on G&01) and Ge dimers on 801, in various

filled and empty state STM images for tdimer which, configurations. TheD dimer is found to have the highest

consistent with the underlying relaxed atomic geométfy | . . : .
Fig. 2(d)], show no buckling. These images of tBedimer ~ €N€rgy in both systems. This result is consistent with STM

clearly exhibit the same first three characteristic features ofPServations in the Ge/8I01) system and Si/$001) sys-
the experimental dimer images. Only the fourth characterist€mM, in both of which ndD dimers were seen. In the Si/
tic (i.e., elongation of the ad-dimer image along the dimerG&001) system, STM experiments have identifidctimers
rows in empty state imaggslistinguishes the two types of as the most stabfé. To account for this apparent discrep-
dimer images, since th€ dimer empty state image shows ancy, we generated theoretical STM images for bothGhe
that it extends perpendicular to the substrate dimer rowsand D dimers for Si/G€001). Our results suggest that the
This distinction is clear in our theoretical STM images, images of these two dimer types can be difficult to distin-
which are generated assuming a perfectly sharp tip. Howeveguish. Thus the existing experiments may be consistent with
as Fig. Zb) suggests, a slight distortion in this empty stateeitherC or D dimers. We also propose an experimental test
image of theC dimer can make it appear extended along thelow-bias STM imagingwhich, if carried out, should permit
direction parallel to the dimer rows. In practice such distor-the two configurations to be unambiguously distinguished.
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