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Modification of Si(100) Substrate Bonding by Adsorbed Ge or Si Dimer Islands

X. R. Qin,1 Feng Liu,1 B. S. Swartzentruber,2 and M. G. Lagally1
1Department of Materials Science and Engineering, University of Wisconsin—Madison, Madison, Wisconsin 53

2Sandia National Laboratories, Albuquerque, New Mexico 87185-1413
(Received 26 May 1998)

High-resolution scanning tunneling microscopy studies of the Sis100d-s2 3 1d surface show a
heretofore unrecognized distortion of the substrate structure when islands form during the initial stage of
growth of either Si or Ge. The distortion, reflecting the influence of strain, extends at least three dimers
away from the adsorption sites. We present a realistic structural model. [S0031-9007(98)07080-X]

PACS numbers: 68.35.Bs, 61.16.Ch, 68.35.Md, 73.20.At
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It is well established that structural modifications at su
faces occur to allow the surface to reach its thermodynam
equilibrium condition by arranging the atoms so as to min
mize the surface free energy. Such modifications, of whi
surface reconstruction and relaxation are the best know
are associated with reduction in both chemical bond ene
and strain energy. Structural modifications can also occ
more locally, e.g., at steps [1,2] or at vacancies [3,4].

If surface structural modifications can occur at ste
and at vacancies, it is obvious that they should also
found locally in association with adatoms or small growt
structures, as the chemical bond arrangement is modifi
through the adsorption. In particular, one might expe
significant adsorbate-induced structural modifications
semiconductor surfaces because of the highly directio
bonding. Yet the extent of relaxation associated with t
initial stages of adsorption is not well known [5,6].

The nature of these structure modifications is most fu
explored on the (100) surface of silicon. This surface h
been extensively investigated because of its technolo
cal importance and because it represents an ideal mo
for semiconductor epitaxy [1]. Through use of the sca
ning tunneling microscope (STM), the generalized stat
tics of epitaxial island formation and growth roughenin
have been well established. On a local scale, the dim
structure of Si(100) has long been known [2,3,7], and ST
has shown that atomic defects cause local dimer tilti
(“buckling”) [3]. The behavior of adsorbates on Si ha
recently also been investigated, and an influence on s
strate dimer buckling has been demonstrated [8,9]. ST
experiments so far, however, have not been able to de
an influence on the substrate structure by adsorbed sm
islands.

In this Letter, we describe a heretofore unrecogniz
modification of the substrate structure of Si(100) in th
vicinity of a diluted ad-dimer island. We are able to d
so with careful measurements at biases that are conv
tionally inaccessible. Our approach provides a significa
enhancement of STM sensitivity to the surface states,
fering the first view of the substrate strain field induce
by ad-dimers. The measurements allow us to construc
more realistic structural model of the region in the vicin
88 0031-9007y98y81(11)y2288(4)$15.00
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ity of an ad-dimer island by including the local substra
modification.

The experiments were carried out in an ultrahigh va
uum STM with a base pressure below1 3 10210 Torr.
The clean Sis100d-s2 3 1d surface was prepared in the con
ventional manner by degassing a wafer at 970 K, flas
ing at 1470 K for,1 min, and slowly cooling. Ge was
deposited from a resistively heated W wire basket wi
an intervening shutter to a typical coverage of,0.01 ML
(monolayer). The substrate temperature remained be
330 K during deposition. Si was deposited in a simila
manner but using a resistively heated Si wafer. When
was deposited, substrates were used only once, and w
imaged by STM beforehand to ensure a high-quality2 3

1 surface with point defect density,0.5%.
When ,0.01 ML of Ge is deposited onto a Sis100d-

s2 3 1d surface near room temperature, diluted ad-dim
islands are often found [9] with a structure similar to tha
observed in submonolayer Si growth [10,11]. The islan
are perpendicular to the substrate dimer rows and co
sist of ad-dimers in adjoining substrate troughs [10] wi
their dimer bonds parallel to that of substrate dimers [11
Figure 1 shows a STM image of such a diluted-dimer i
land, but with one major difference: Whereas conventio
ally filled-state images and high-bias empty-state imag
of such diluted-dimer islands are shown [9–11], this on
is an empty-state image taken at a very low sample bi
10.8 V . Such images are achievable only with a ve
sharp tip and a very-low-noise environment. For reaso
described briefly below and detailed elsewhere [12] we a
able to see a striking new feature: a modification of stru
ture of the substrate dimers on each side of the dilut
ad-dimer island. This modification extends out for at lea
three dimers.

The locations of the four substrate dimers nearest to
diluted-dimer island are marked with lines (Fig. 1). Th
substrate dimers (line 1) directly connected to the a
dimers are obscured by the ad-dimers and not observabl
the image. However, the second-nearest substrate dim
(line 2) display a well-defined deep minimum at the cent
of each dimer bond. The third-nearest dimers (line 3) ha
a weak but still visible minimum at the dimer-bond center
© 1998 The American Physical Society
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FIG. 1. Low-bias empty-state image of a diluted Ge ad-dim
island. The substrate structure in the vicinity of the island
modified. Sample bias:10.8 V . Image size:75 Å 3 75 Å.

The fourth-nearest dimers (line 4) are essentially the sa
as the dimers far away from the island, which appear
“beans.” We will demonstrate here that the strain induce
in the substrate by the diluted ad-dimer island causes
pinned symmetric-dimer structure in the substrate near t
island. As strain falls off away from the island, a gradua
transition from a pinned symmetric-dimer structure to th
normal dimer structure occurs. We provide, in the end,
structural model.

To substantiate our claim and provide a more detaile
explanation of the results, we first briefly review the struc
ture of the Si(100) surface. Thes2 3 1d reconstruction of
clean Si(100) is formed with rows of tilted (“intrinsically
buckled”) dimers [3,7]. The two atoms of the dimer ar
positioned up and down relative to the surface plane. T
dimer buckling is accompanied by charge transfer from th
lower atom to the upper atom and a lateral displaceme
of a dimer from the center of the bulks1 3 1d unit cell
[7], i.e., from the dimer row axis. If these buckled dimer
are “frozen,” Fig. 2(a), the upper atom of a dimer pulls th
second-layer atoms closer together while the lower atom
the dimer pushes the second-layer atoms apart, causing
jacent dimers to buckle in the opposite direction to accom
modate the distortion [3,13]. Away from defects there
no intrinsic preference for one or the other atom in a dim
to be “up” or “down.” At room temperature, the therma
energy is sufficient for dimers to oscillate between the tw
choices, which make them appear symmetric in a typic
filled-state STM image [2,3].

In a recent study [12] we have shown that low-bia
empty-state imaging emphasizes the dangling-bond sta
i.e., the antibondingpsppd state, and that the intrinsic
buckled dimers [Fig. 2(a)] appear as beans, just like t
beans in filled-state images, but for a reason that appe
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FIG. 2. Top view of substrate dimer rows. The circle siz
represents the height of Si atoms and the dashed fra
shows bulk s1 3 1d unit cells. (a) Statically buckled Si
dimers. (b) Dimer row with dimer 1 pinned into a symmetric
configuration. Arrows indicate directions for restoration of th
displacements of the second-layer substrate atoms due to
“debuckling” effect.

not to have been realized. Because thepp state has a node
in the middle of the dimer bond [7], any static Si dime
would in principle appear as two atomic protrusions in th
image (depending on the orientation of the dimers, the tw
protrusions are not necessarily identical). In a buckle
dimer, the node is shifted because the charge transfer le
to a polarizedpp state and because the dimer center o
gravity is displaced. Oscillation of buckled dimers at room
temperature shifts the node back and forth and smears
out, leading to the “bean-shaped” dimer in the empty-sta
images [12] far from the adsorbed island. Obviously, th
bigger the buckling angle, the larger the shift of thepp

node, and hence the stronger the smearing-out effect wh
the dimer oscillates.

A true untilted (“symmetric”) dimer will have a well-
defined node and have a clear charge density minimum
the center of the dimer bond [7,14]. A well-defined mini
mum should also be observable for dynamically bucklin
dimers if they are more symmetric than the intrinsicall
buckled dimers; i.e., thepp node is not shifted so much as
to be totally smeared out. Room temperature imaging
such a dimer should in principle give two equal tunnelin
protrusions. The deeper the minimum is between the
protrusions, the smaller is the buckling angle. Thes
identifications are based on our new understanding of ve
low-bias empty-state images of the substrate [12].

Figure 2(b) shows schematically the positions of atom
on the substrate in the vicinity of the adatom island, bas
on the view expressed in the last paragraph. We sugge
therefore, that the substrate dimers in lines 2 and 3 in Fig
are in configurations that are more symmetric than those
intrinsically buckled dimers. Because the ad-dimers lie
substrate troughs, their bonding to substrate atoms wou
stretch the substrate dimers directly connected to them, a
should also disturb the buckling of those substrate dime
Qualitatively, as shown in Fig. 2(b), if the ad-dimer island
causes dimer 1 (adjacent to the adatom island but n
2289
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visible in the image shown in Fig. 1) to be pinned into
symmetric configuration, the corresponding second-lay
substrate atoms move in directions [arrows, Fig. 2(b)] th
are against their original distortions [Fig. 2(a)]. Dimer 2
in line 2 (Figs. 1 or 2) will feel this strain and become
less buckled. The strain field decays with the distanc
and is felt at least 3 dimers away from the island along th
substrate dimer rows. One could argue that, for dime
in lines 2 and 3 in Fig. 1, the bond length rather than th
buckling changes. However, assuming that the distan
between the two apparent protrusions for a dimer in line
reflects the bond length, its value, 3.5 Å, is unreasonab
large for a dimer bond.

We have confirmed the above qualitative model of su
strate dimer “debuckling” near Ge ad-dimer islands b
first-principles pseudopotential total-energy calculation
We use as4 3 8d surface supercell of a slab consisting
of 8 layers of Si atoms, plus a 12 Å thick vacuum laye
A plane-wave cutoff of 11 Ryd is used, and the Brillouin
zone is sampled with one specialk point at G. An infi-
nite Ge diluted-dimer island was added onto a predete
mined cs4 3 2d substrate surface. All atomic positions
(including adatoms) are optimized except the bottom 3 la
ers, which are fixed at the bulk positions. Atomic force
are minimized to better than 0.03 eVyÅ. Because of the
“debuckling” range seen in the STM image, a unit ce
containing 8 dimers along a dimer row is the minimum
requirement. The high anisotropy of the strain field just
fies the use of a diluted-dimer island with infinite length t
reduce computational demand.

Figure 3 shows the optimized atomic structure. Fig
ure 3(a) is a side-projection view of the Ge adatoms an
the top-layer Si dimers, which highlights the differenc
in height between the two atoms in the dimer as on
moves away from the ad-dimer island. Figures 3(b) an
3(c) show the side and top views of the calculated supe
cell. The pinning of buckled dimers can best be seen
Figs. 3(a) and 3(b). The substrate dimers directly bond
to the diluted ad-dimers are calculated to be almost com
pletely unbuckled, with a buckling angle of less than 1±.
Moving away from the ad-dimer, the buckling angle (an
hence height differences of the two atoms in the dime
increases, with values of 0.9±, 13.6±, 15±, and 18.4± for
dimers 1, 2, 3, and 4, respectively. The atomic configu
ration of dimer 4 is basically the same as the dimers in
clean surface. The bond lengths of dimers 2, 3, and 4 a
about 2.30 Å, the same as in a clean surface, while the bo
length of dimer 1 is stretched to 2.44 Å. The Ge ad-dime
have bond length of 2.67 Å and are virtually unbuckled
The ad-dimer-induced strain is relaxed primarily by bon
rotation, reflecting the fact that it costs less strain energ
to change bond angle than bond length. As expected,
unbuckling or partial unbuckling of substrate dimers nea
the ad-dimer island is accompanied by restoration of th
lateral displacements of the second-layer substrate ato
closer to their bulk values as shown in Figs. 3(b) and 3(c
2290
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FIG. 3. Calculated atomic positions in the vicinity of an ad
dimer island: (a) side-projection view of Ge adatoms and th
top layer of Si atoms; (b) side and (c) top views of Ge and th
outermost four Si layers of atoms in the calculation superce
As one moves closer to the ad-dimer, the decrease in the hei
difference between two atoms of a substrate dimer in the fir
substrate layer is better shown in (a), and the decrease of late
splitting of two atoms of a substrate dimer in the second laye
in (b). In (c) the height is indicated by size.

To alleviate the reader’s concern that the STM imag
(Fig. 1) may be an artifact of the experiment, we present
Fig. 4 a series of images at different biases. They clear
show the progression from the conventional empty-sta
image to our low-bias empty-state image. As the bias
reduced, the substrate dimers generate a series of differ
images that reflect the changing view of the electron de
sity, as detailed elsewhere [12], and the monomer and a
dimers become better resolved. The effect is complete
reproducible. At conventional biases, the modified struc
ture is not observable because the imaging is not sensit
to the surface states.

Our results provide a more realistic model of the mod
fication of substrate structure by diluted-dimer islands tha
has been previously considered [15,16]. Our results su
gest an influence on further growth. In view of a recen
study that the buckling of substrate dimers can have su
stantial effects on adatom binding energy and diffusio
barriers [17] and, as monomers and ad-dimers approac
ing a diluted-dimer island from its sides will inevitably in-
teract first with the partially unbuckled substrate dimer
before they can react with the island, the debuckling stat
in the modified substrate may play an important role in th
conversion of the diluted islands into epitaxial islands.

We have observed modification of the substrate stru
ture similar to what we have described in Fig. 1 for both
Si and Ge growth on Si(100) and for both diluted ad-dime
islands and dense (epitaxial) ad-dimer islands. A simila
strain effect may also exist in the vicinity of missing-dime
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FIG. 4. Empty-state images of a diluted Ge ad-dimer is
land on Si(100) under different sample biases: (a)12 V ,
(b) 11.2 V , (c) 11.0 V , (d) 10.8 V . The ad-dimers lie in
the substrate troughs. A monomer is attached at the left en
(Refs. [11] and [15]). (a) Shows the conventional high-bias
image for which the substrate dimers show no modification
near the ad-dimer island. (d) The same as Fig. 1. Image siz
75 Å 3 75 Å.

defects (lower-left part of the image in Fig. 1). Substrate
dimers close to such defects show well-defined deep mi
ima. It is plausible to conclude that a debuckling effec
exists in a more general way. It is well known that atomic
defects (e.g., a step edge or ac-type vacancy) that are
situatedasymmetricallywith respect to a substrate dimer
row can either induce or stabilize buckling of local dimers
[2,3]. The debuckling effects we observe show the oppo
-

d

e:

n-
t

-

site behavior: Wherever atomic defects (either vacanc
or adsorption species) are situatedsymmetricallywith re-
spect to a substrate dimer row, the substrate dimers n
the defects are unbuckled or less buckled than the intrin
buckled ones.

This work was supported by NSF (Grants No. DMR93
04912 and No. DMR9632527), and by Sandia Nation
Laboratories (Grant No. AS-1168).

[1] For a review and an extended list of references, s
Z. Zhang and M. G. Lagally, Science276, 377 (1997).

[2] R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Re
B 34, 5343 (1986).

[3] R. A. Wolkow, Phys. Rev. Lett.68, 2636 (1992).
[4] Ph. Ebert, K. Urban, and M. G. Lagally, Phys. Rev. Let

72, 840 (1994).
[5] J. J. Boland, Phys. Rev. Lett.67, 1539 (1991).
[6] F. Liu and M. G. Lagally, Phys. Rev. Lett.76, 3156

(1996).
[7] D. J. Chadi, Phys. Rev. Lett.43, 43 (1979); J. Ihm, M. L.

Cohen, and D. J. Chadi, Phys. Rev. B21, 4592 (1980).
[8] V. Milman, D. E. Jesson, S. J. Pennycook, M. C. Payn

M. H. Lee, and I. Stich, Phys. Rev. B50, 2663 (1994).
[9] X. R. Qin and M. G. Lagally, Science278, 1444 (1997).

[10] Y.-W. Mo, R. Kariotis, B. S. Swartzentruber, M. B. Webb
and M. G. Lagally, J. Vac. Sci. Technol. A8, 201 (1990).

[11] P. J. Bedrossian, Phys. Rev. Lett.74, 3648 (1995).
[12] X. R. Qin and M. G. Lagally (to be published).
[13] A. Garcia and J. E. Northrup, Phys. Rev. B48, 17 350

(1993).
[14] J. A. Appelbaum, G. A. Baraff, and D. R. Hamann, Phy

Rev. B14, 588 (1976).
[15] G. Brocks and P. J. Kelly, Phys. Rev. Lett.76, 2362

(1996).
[16] T. Yamasaki, T. Uda, and K. Terakura, Phys. Rev. Le

76, 2949 (1996).
[17] Q.-M. Zhang, C. Roland, P. Boguslawski, and J. Bernho

Phys. Rev. Lett.75, 101 (1995).
2291


