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We have studied the various diffusion pathways of Si and Ge dimers on tfi@0®esurface using
scanning tunneling microscopy. The adsorbed dimers can be classified into two categories: Dimers
adsorbed on top of the substrate rows and dimers adsorbed in the troughs between the substrate
rows. There are three different diffusion pathways for the dimers: Along the substrate rows, across
the substrate rows, and in the troughs between the substrate rows. The activation barriers for
diffusion of these three pathways have been determined for both Ge and Si dimerg@01)G&he

barriers for dimer diffusion of the system Ge/@®1) are slightly lower than for the Si/lG@021)

system. As compared to Si on &I01) the activation barriers for dimer diffusion on G@01) are
significantly lower. ©2003 American Institute of Physic§DOI: 10.1063/1.1533107

I. INTRODUCTION ceived much attention. Silicon-germanium heterostructures
allow the creation of a new class of materials based on
The diffusion of atoms on a solid surface is a fundamenmodulated band-gap engineering. However, the lattice mis-
tal problem in surface science, one that has attracted attefmatch between silicon and germanium gives rise to strain-
tion over many years. Imaging techniques with atomic resoinduced roughening of the semiconductor film, which is a
lution, such as field ion microscopy and scanning tunnelingnajor factor limiting the fabrication of coherently strained
microscopy(STM), have provided us a remarkable look at multilayers. On the other hand, the strain-induced roughen-
the variety of ways in which atoms and small moleculesing is of benefit for the self assembly of quantum dots where
diffuse on surfaces. Thermally activated diffusion from sub-the interest is to create regularly spaced three-dimensional
strate site to substrate site can occur either via a simple hogjands of uniform size.
mechanism or via an exchange mechanism. Atomic ex- |n an attempt to understand the silicon-germanium epi-
change refers to a process in which an atom on top of gxial growth in more detail the homoepitaxial growth of Si
surface replaces an atom in the first layer of the surfacqpo1) has often served as a model system. Interestingly, the
while the replaced atom moves to the top. epitaxial growth of Si and Ge on the closely related(G@1)
When the diffusing species is a dimer, i.e., a cluster ofsyrface received much less attention. This is surprising be-
two atoms, rather than a single atom the variety of diffusioncause from the viewpoint of surface perfection the epitaxial
processes that can be observed is enhanced. For instan%wth of Ge (001 turns out to be a much better model
dimers can diffuse as a two-atom unit or one atom at a timesystem than Sj001)." It is common knowledge that at room
In the latter process the two atoms may come back immediemperature the semiconductor groug090) surfaces, i.e.,
ately after dissociating or it is also possible that they will sjlicon and germaniuni001), exhibit a (2<1) reconstruc-
move away from each other and continue to perform simultjon: Surface atoms dimerize, eliminating one dangling bond
taneous random walks until they meet each otfbemanother per atom to lower the surface free energy. Along with the
atom and form a dimer again. dimerization goes the development of an anisotropic surface
A detailed knowledge of diffusion is a prerequisite for stress tensor. The reconstructedx(®) surface is under a
the understanding many surface processes, among them, f@mpressive stress perpendicular to the dimer bond and un-
instance are crystal growth techniques such as moleculager g tensile stress along the dimer bond. This dimerization
beam epitaxy,. and chemical-vapor deposition. These moder\nas proposed by Schlier and Fansw®rit the late 1950s
growth techniques have made possible the production of.q in 1985 experimentally confirmed for silicé@01) by
solid-state devices that have revolutionized the eIectronigcanning tunneling microscopyTwo different dimers are
and computer industries. Device applications have in turypserved: symmetric dimers and asymmetric dimers. The
fueled a continuing effort, whose aim is to understand anthsymmetric dimer has one atom that buckles out of the sur-
ultimately control the physics of growth processes, €spegace plane and one atom that buckles inward. The symmetric
cially for the important case of semicpnductor mate”a|5-appearing dimers buckle very rapidly between the two buck-
During the last decade silicon-germanium growth has rejeq configurations. At room temperature the(@1) surface
exhibits the (2< 1) reconstruction. The state with the lowest-
dElectronic mail: H.J.W.Zandvliet@tn.utwente.nl surface free energy at room temperature of(G&), is not a
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simple (2x 1) reconstruction but an ordered striped pattern A

consisting of (1) andc (4x2) domains' In retrospect, B O\‘u )

the occurrence of this structure is not surprising at all, but /(g\ ° e

can be explained in the framework of a well-established 5 ° it S /w\) o
strain relaxation theory.The reason why this structure has bl ) C o o

not been observed before so far is that it requires extremely = D\. %

clean and defect-free surfaces. For thg@Iil) surface it is e e

inherently difficult to prepare clean surfaces with defect den- o _ o
IG. 1. Schematic diagram of ad-dimer adsorption sites of0B®. There

sities low enoth for thIS_ patter_n to develop. For the Geare two stable adsorption sites on top of the substrate (éwasnd B) and
(001) surface, however, this requirement can be met by eXuwo adsorption sites in the trougli€ and D. The intermediate configura-
tremely careful preparation procedures. tion labeled A/B is not shown.

It is the aim of the present article to study in real space

the diffusion of Si and Ge dimers on the clean @81 . . .
surface. A comparison with the well-known system Si/Sif[rOUgh dimer, however, appears only bright in empty state

(001 will be made. We will show that for these systems Images. Exp.enme'ntalily most of these dimer structureg prove
e L to be accessible kinetically and they can be observed in STM
three diffusion pathways are active: Diffusion of on-top

. . . . i i , in principle,
dimers over the substrate rows, diffusion across the substra{-e[alble . From a population analysis one can, in p P

rows, and diffusion in the troughs. The barriers for diffusion establish their relative energies. Because of the kinetic barri-

of Si and Ge dimers on G@®01) are both significantly lower ers involved in .th.e various d.'ﬁusmn Processes, it can how-
. ever be very difficult to achieve equilibrium on a surface.
as compared to Si/&01).

Increasing the temperature to overcome these barriers does
not always help since the dimers then start to nucleate and
form islands. The calculated energy differentsse Table I

The experiments were performed in an ultrahigh vacuunof the Si/Ge dimers on Si or G&01) exhibits the same
system equipped with a scanning tunneling microscopeverall trencf In all cases, the B-type structure on top of a
(STM). The base pressure of the system is5  substrate dimer row is lowest in energy. The “on-top” A and
X 10 " mbar. The nearly intrinsic and nominal flat Ge “trough” C structures are somewhat higher in energy. The
(001 samples were cleaned by various cycles of 800 eV Ar “trough” D structure is substantially higher in energy for all
sputtering and annealing at 1100 K. After equilibration tosystems. For the system Si(801) isolated A, B, and C-type
room temperature-0.5—1% of a monolayer of Ge or Si was dimers are observed at room temperattré For the system
deposited from a thoroughly degassed, heated wafers @e on Ge(001) the on-top dimers are found in the type B
~3X 10" % monolayers per seconlL/s). Subsequently, the configuration or occasionally in an intermediate state labeled
samples were transferred to the STM for imaging. The comA/B'213 (see Fig. 2 Whether or not these A/B dimers are
plete procedure of deposition and transferring into STMreally in an intermediate stafeor rapidly rotating back and
takes about 10 to 15 min. The STM experiments were perforth between the A and B configuratidiss not yet fully
formed in the temperature range from 300 K up to at maxiclear. Recent calculations for the system Ge on (G&l)

Il. EXPERIMENT

mum 400 K. have pointed out that besides the two already known stable
on-top adsorption siteA and B) a third local minimum
Ill. RESULTS AND DISCUSSION exists’* The angle between the substrate dimer bonds and

the adsorbed dimer in this local minimum is about 45°. An-
other interesting point is that the calculations are in favor of
In this work, a large number of STM images, taken aftera dissociative rotational process rather than a nondissociative
room temperature deposition of Si or Ge atoms on the Geotational process. Besides the on-top B and A/B dimers also
(001 surface, have been analyzed. The smallest observegpe-C trough dimers are observed quite frequeee Fig.
entities turn out to be ad-dimers, i.e., bonded pairs of adag). For the system Si on G@01) isolated on-top dimers are
toms. The reason that no isolated Si or Ge monomers argnly found exclusively in the A/B configuratiohi:*’ Because

found is because they are very mobile on the(G@1) sur-  Sj atoms might mix with Ge atoms of the substrate the nature

face. The adsorbed dimers can be divided in two classesf the ad-dimers can vary from pure Si—Si to mixed Si-Ge
Dimers residing on top of the substrate dimer rows and

dimers residing in the trough between the substrate rows. In , , S

Fig. 1, a schematic diagram of the various plausible adSOI’pIABLE I Expenm'e_ntally opser\{ed dimer adsorption sites after room-
temperature deposition and imaging.

tion sites for an isolated dimer is shown. The on-top dimers

A. Adsorption sites

have their dimer bonds aligned either along the substratedsorption site Ge/G¢001) Si/Ge (001) Si/Si (001)
dimer bonds(A configuration or perpendicular to the sub- A No No Yes
strate dimer bond& configuration. The trough dimers can g Yes No Yes
also appear in two configurations. The trough dimer bondyvs Yes Yes No
can be aligned along the substrate dimer boi@isonfigu- C Yes ? Yes
ration) or perpendicular to i{D configuration. The on-top P No - No

dir.ners' are easy to recognize becausle the dimers appegfis not settled yet if the features measured in the trough are C dimers, D
bright in filled-state and empty-state images. The C-typedimers, or even triatomic clusters.
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TABLE Il. Relative energies for different adsorption configurations of Si or gphle to observe “in real time” the preferential diffusion of
) . el L ) ¢
Ge ad-dimers on G&01) and Si(001).™ Energies in eV/dimer. small silicon clusters along the substrate rows. However, at

GelGe(001) Si/Ge (001) Si/Si (001) that time it was i_mpossib_le to determine unambiguou;ly the
(eV) (eV) (eV) size of the diffusing species. They showed by measuring the
A mean-square displacement of the clusters that they per-
0.18 0.24 0.01 . :
B 0 0 0 formed a one-dimensional random walk. Several years later,
c 0.23 0.26 0.28 Swartzentrubéf measured directly in an elegant way the
D 0.80 0.63 0.95 preferential diffusion of on-top dimers along the substrate

rows with a modified scanning tunneling microscope denoted
as atom-tracker scanning tunneling microscope. In this tech-
or even pure Ge—G¥-2°Currently, there is no real consen- n!que, a'conventi'onal STM tip is locked onto a selected
sus about the nature of the trough features of the systefimer using two-dimensional lateral feedback. Once locked,
Si/Ge (001). Besides a QRef. 21 or a D dimet® also a the f_eed_back ele_ctromcs ma|_nta|n the tip over the dimer
triatomic cluste?? has been proposed recently. In Table |, antracking its coordinates as it diffuses over the surface. When

overview of the experimentally observed dimer adsorptior® diffusion event occurs the atom tracker quickly relocates to
configurations is given. the dimer’s new positiorithe atom tracker requires several

ms (5—-25 ms3 to relock onto an dimer’s new coordinates
after a diffusion event The average jump frequenayof a
dimer is expected to follow the Arrhenius relation for a ther-

After having discussed the various stable adsorptiormally activated process:= e KT, whereE and v, are
sites of dimers we now move to their dynamic behavior athe activation energy and attempt frequeriEythe tempera-
temperatures near or above room temperature. The first realire, andk is Boltzmann’s constant. By plottinign v versus
space diffusion studies of dimers on(801) were performed 1/kT one can determine the activation energy and attempt
by Dijkkamp, van Loenen and Elswifk With a scanning frequency from the slope and the intercept, respectively. Be-
tunneling microscope held at a stable temperature in théore giving an overview of the diffusion rates of Si and Ge
range from room temperature to 400 K, these authors wergimers on G&001), we first briefly discuss the Si on 8101)
system. For diffusion of an on-top Si dimer along the sub-
strate rows of Si(001) the activation barrier and attempt
frequency were found to be 0.80.09eV and
1012813 571 ¥ regpectivelyin Ref. 10 an activation barrier
of 1.09+0.05 eV and attempt frequency G- °6 s~ were
found). For Si on Si(00)) this pathway is the only diffusion
pathway that is active in the range below about 400—450 K.

However, in 1997, Borovsky, Krueger and G&hz
showed experimentally that by increasing the substrate tem-
perature to 450 K or above, the Si dimers are able to diffuse
across the substrate dimer rows of (801). At these tem-
peratures, dimers diffuse along the tops of substrate rows
very rapidly, but occasionally the dimer jumps to a trough
site. As is clear this diffusion process consists of two sepa-
rate events: A jJump from an on-top site to a trough site and a
jump from a trough site to an on-top sitactivation barrier
1.36+0.06 eV, assuming that the attempt frequency is the
same as for the on-top diffusion pathway, i.e.}*®%%6 s 1
Ref. 10. The anisotropy between a long row and across
dimer diffusion is about a factor of one thousand at 450 K.
Besides the two already-discussed diffusion pathways, also a
third diffusion pathway(diffusion of a trough dimer along
the trough turns out to be activéactivation barrier 1.21
+0.09 eV, assuming again an attempt frequency of
10132706 571 (Ref. 10].

In Table I, the diffusion barriers for the diffusion of Si
FIG. 2. Scanning tunneling microscopy images of isolated ad-dimers on GS‘.”d Qe dimers on the .G@Oj') surface are presented. The
(001). Tunnelng currenta—(b) 1 nA and(c)—(f) 0.7 nA. Sample biagy), ~ diffusion of an on-top dimer along the substrate rows of Ge
(0), and(e) —1.6 V, (b), (d), and(f) +1.6 V. Image size 7 nixi7 nm. (a) (00)) is the fastest diffusion pathway with an activation bar-
Filled state image of an A/B-type Si ad-dimer on ®@1). (b) Empty state  rijer of 0.82 eV assuming an attempt frequency of*18z for
image of an A/B-type Si ad-dimer on G01). (c) Filled state image of a - 5 g gimer versus an activation barrier of 0.83 eV, assuming
B-type Ge ad-dimer on G&01). (d) Empty state image of a B-type Ge . !
ad-dimer on G&001). (¢) Filled state image of a C-type Ge ad-dimer on Ge @n attempt frequency of 3dHz. In Fig. 3, the various path-
(001). (f) Empty state image of a C-type Ge ad-dimer on (G@J). ways of Ge dimers on G@01) are shown. The diffusion rate

B. Diffusion
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TABLE lII. Diffusion barriers for the diffusion of a S{Ge) dimer on Ge  dimer break up into two atoms during a diffusion step or

(001) compared to the diffusion of a Si dimer on &01). In order to does it simply remain bound? For diffusion of on-top Si
compare the results we have set the attempt frequency to the attempt fre.

quency we measured for the on-top diffusion of Si and Ge dimers on G&IMers over the substrate dimer rows of ®01) atom-
(00D, i.e., 103 Hz. tracking experlmenfé reveal that the jumps are always to

nearest-neighbor sites. This is strong evidence in favor of a
simple model where the dimer remains bound during diffu-
Along (on top 0.82 eV (ry;=10" 0.83 eV (,=10 0.94-1.09e¥  sion. However, recent atom-tracking studresf a silicon

H2) H2) dimer moving in the trough of Si001) reveal that besides

Diffusion pathway Ge/Ge&001) Si/Ge (001) Si/Si (001

Along (frough ~ 0.92 eV 10ev 1.21 eV single jumps also double jumps and even triple jumps do
Across 0-95 eV 1oev 136 &v occur quite frequently. The presence of these long jumps
3References 10 and 22. provides evidence in favor of a model in which the dimer
*Reference 10. bond breaks up completely and its two atoms move nearly

independently along the trough until they meet again and

reform the dimer. For the diffusion of Si and Ge dimers on
of Ge and Si dimer to diffuse across the substrate rows pr and across the substrate rows of (G@l) our measure-
room temperature is 10 and 10 * Hz, respectively. If we ments also indicate that the dimer stays intact during the
assume an attempt frequency of 16iz, these rates translate giffusion process. For the diffusion of a Si or Ge dimer in
into activation barriers of 0.95 and 1.0 eV, respectively. Fi'trough of Ge(001) we observe double jumps quite fre-
nally, the diffusion of a trough dimer in the trough at room guently. We suggest that the preference for these double
temperature is also significantly faster for a Ge dimer than Jumps is related to the buckling registry in the direct prox-
Si dimer (0.92 versus 1.0 eV In summary, the barriers for ity of the diffusing trough dimer. As has been pointed out
diffusion on Ge(001) are lower, as is the anisotropy of the i, Ref. 12, an isolated C dimer pins the buckling registry into
diffusion as compared to S001). The difference between o |ocal ¢ (4x2) arrangements which are out-of-phase
the systems Ge/G@01) and Si/Ge(00]) is only small. with each other. Exactly at the location of the C dimer the

Another issue concerning the diffusion of dimers ony,q regions with out-of-phase (4x2) buckling registry
(00D surfaces that remains to be addressed is the detailggleet A jump 6 a C dimer to one of the two neighboring
atomic pathway of a diffusing dimer. In particular, does thetrough sites must therefore be accompanied with a phase
shift of 90° of both localc (4% 2) regions, i.e., a concerted
motion of many surface dimers in the direct proximity of the
diffusing trough dimer. Note that for a double jump along the
trough only four surface dimers have to change their buck-
ling reqistry.

Finally, we briefly studied the plausible diffusion path-
ways of an on-top Ge ad-dimer along the substrate dimer
row directions usingab-initio calculations. The calculations
[camEss (Ref. 26] were performed by using an unrestricted
shell Hartree-Fock method with a SBKStevens-Basch-
Krauss-Cundayieffective core potential and SBK basis set
for Ge and H atom8’ Ge,3H,, cluster was used to simulate
diffusion of the on-top ad-dimer along the substrate rows
[see Fig. 4a)]. Unphysical dangling bonds on cluster bound-
ary were terminated by H atoms. Potential energy surface
(PES, was mapped out by calculating the adsorption energy
depending on the displacement positidn,andA,, of both
adatoms[see Fig. 4a)]. The potential energy surface was
generated with an equidistant grid with the spacing between
the grid points of 0.32 A. In the regions around the transition
states displacements were 0.1 A. The coordinates of the at-
oms in the two top surface levels and heights of the two
adatoms were optimized. PES for the diffusion of the on-top
Ge ad-dimer along the substrate row is shown in Fit).4
The two most favorable paths for the on-top diffusion are
shown in Fig. 4b). Path | is the correlated motion of the
ad-dimer and goes along with a stretching of the ad-dimer,
whereas for pathway I, the ad-dimer stay fully intact. These
t':e'ri- 2}a\t/3:éou$u?1i:;|?;oncﬁitrm?f?mr: : C: gd;g"giz;%”\(/%iz :tem;’irz“e pathways are similar to the ones obtained for Ge and Si
11 npm_>< 11 nm and timg Iaps_e between éubseguent image’s is ZgiJS—Sb) ad_dl.mers on th.e SGOO]') surfage by Lu, Wang, and FF&
Diffusion of an on-top ad-dimer along the substrate rw-(c) diffusion ~ Obtained energies for the barriers are 0.91 and 0.89 eV for
across the substrate rai@)—(f) diffusion of a trough ad-dimer in the trough. the pathways | and Il, respectively. The effect of cluster size
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(001 are lower, as is the anisotropy of the diffusion as com-

N Ge adatoms . .
U ’ letlayerGeatoms pared to Si/ 8(001)
a) ) 6 2nd layer Ge atoms
O 3rd layer Ge at
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