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Diffusion mechanisms and the nature of Si ad-dimers on Ge„001…
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The thermal motion of Si ad-dimers on Ge~001! has been studied with scanning tunneling microscopy. At
room temperature the Si ad-dimers residing on top of the substrate dimer rows perform a one-dimensional
random walk along the substrate dimer rows. The activation barrier for the diffusion process is estimated to be
0.83 eV. Although the preferential diffusion direction is along the substrate dimer rows, also diffusion across
the rows has been observed. The latter diffusion process consists of two separate events: a jump of a Si
ad-dimer from an on-top position to a position in the trough between the substrate dimer rows and a hop from
a trough position to an on-top position.@S0163-1829~98!02448-5#
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With the advent of the scanning tunneling microsco
~STM!, it has become possible to study important surfa
processes, such as surface diffusion and thermal step flu
tions, in real space with atomic resolution. Despite extens
experimental and theoretical studies, many fundame
questions remain open even about relatively simple p
cesses. In this paper, we will focus on the dynamics of
ad-dimers on the Ge~001! surface. The Si on Ge~001! system
has been studied in less detail than the systems Si on Si~001!
and Ge on Si~001!. This is remarkable because knowled
about the kinetic processes during growth of Ge on Si as w
as Si on Ge are of equal importance for understanding
epitaxial growth of the technologically important Si/Ge he
erostructures. Recently, however, we have studied the
namics and energetics of this system at room temperatu1

Various dynamic events, such as diffusion of Si ad-dim
along and across substrate dimer rows, have been obse
Here, we present a more detailed analysis of those dyna
events including the determination of their activation en
gies.

The experiments are performed in an ultrahigh-vacu
system equipped with a scanning tunneling microscope.
nominally flat n-type Ge~001! samples are nearly intrinsi
~34–60V cm!. Crystal cleaning involves resistive heating
800 K for 24 h, followed by several cycles of 800 eV Ar1

ion bombardment and subsequent annealing at 1100 K.
samples are either radiation quenched or slowly cooled~1
K/s! to room temperature. Samples cleaned in this way ty
cally contain 0.02–0.5 % surface defects. Si was depos
from a resistively heated crystal while the Ge substrate
kept at room temperature. After the deposition, the sam
were transferredin situ to the STM for imaging.

We have analyzed a large number of STM images ta
after room-temperature deposition of a few percent o
monolayer of Si and have found no evidence for the ex
tence of Si monomers. The smallest observed features
out to be Si ad-dimers. Conventional wisdom among Si/
crystal growers holds that a thermal silicon source produ
only atoms. Analysis of a thermal silicon source similar
the one used here by Honig2 demonstrated an output o
nearly 100% Si atoms. The observation of Si ad-dimers
even larger clusters of Si atoms after room temperature d
PRB 580163-1829/98/58~24!/16167~5!/$15.00
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sition of only a few percent of a monolayer Si on Ge~001!
suggests that Si atoms must be very mobile at room temp
ture. In Fig. 1 a schematic diagram of the various adsorpt
sites for a Si ad-dimer and a Si monomer is shown. In or
to compare our results with the model system Si/Si~001!, we
first briefly summarize the dynamics of Si on Si~001!. A
low-temperature STM study3 has revealed that isolated S
adatoms on Si~001! are located at nonepitaxial sites and a
even mobile at temperatures as low as 160 K. After a de
sition of 0.02 monolayers of Si, roughly half of the deposit
adatoms at 160 K eventually form ad-dimers situated on
of the substrate dimer rows. At room temperature adato
quickly form ad-dimers, but these are then hindered to fo
larger structures due to the large barrier for ad-dimer dif
sion. At temperatures near and above room temperature,
fusion and rotation of Si ad-dimers on Si~001! have been
studied in detail by several groups.3–9 The first study of the
diffusion of ad-dimers on Si~001! was reported by Dijkkamp,
van Loenen, and Elswijk.4 These authors showed that a
dimers situated on top of the substrate dimer rows diffu
preferentially along the dimer rows with a diffusion barri
of 160.1 eV and an attempt frequency of 1013 Hz. A few
years later, Swartzentruber6 used the atom-tracking tech
nique to directly follow the diffusion of ad-dimers. From th
hopping rates measured at various temperatures, he extra
a diffusion barrier of 0.9460.09 eV and a prefactor o
1012.861.3 Hz. Recently, a rotational transition of a Si a
dimers located on top of the substrate dimer rows of Si~001!
was found to occur at room temperature on a time scale
seconds.5,7 Two configurations for a Si ad-dimer situated o

FIG. 1. Schematic diagram of the various adsorption sites fo
ad-dimers. Black dumbells: Ge dimers; gray dumbells: adsorbe
dimers; gray atom: adsorbed Si adatom.
16 167 ©1998 The American Physical Society
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top of the substrate dimer rows, denotedA and B, respec-
tively, are identified.5 The A (B) state has its dimer bon
aligned parallel~perpendicular! to the substrate dimer bond
The rotational barrier for theB to A (A to B) state was
measured to be 0.7460.01 eV (0.6860.01 eV).7 Finally,
Borovsky, Krueger, and Ganz8 have reported a diffusion
pathway for Si ad-dimers across substrate dimer rows
Si~001!. They showed that at a temperature of 450 K the
ad-dimer situated at an on-top site occasionally hops t
position in between the substrate dimer rows, i.e., a tro
position. The activation barrier for the cross channel dif
sion was measured to be 1.3660.06 eV. Moreover, these
authors argued that a dissociation process of the Si ad-d
cannot be responsible for the ad-dimer diffusion across
substrate dimer rows.

In filled- and empty-state STM images~see Fig. 2!, vari-
ous types of Si ad-clusters—small features on top of s
strate dimer rows (B,A/B), small features between dime
rows (D), and larger features extending over several dim
rows (CC,I )—can be identified. TheI structures are aligned
perpendicular to the substrate dimer rows and consist o
array of dimers inBD registry. The CC structures are
aligned along ^130& directions and consist of feature
~ad-dimers1 or atom paired units10! that are positioned in the
trough between the substrate rows. Small features resi
on top of the substrate dimer rows can be divided into t
categories: immobile ad-dimers which are attached to sur
defects or impurities and mobile ad-dimers which are
notedA/B ad-dimers. Two stable configurations for the
ad-dimer residing on top of a dimer row of Si~001! were
predicted by Brocks, Kelly, and Car,11 who carried outab
initio calculations. They found a preference for stateA,
where the ad-dimer bond is aligned along the substrate d
bond. Zhanget al.5 carried out calculations using the empir
cal Stillinger-Weber potential and found that stateB, where
the ad-dimer bond is aligned perpendicular to the subst

FIG. 2. Scanning tunneling microscopy image of Ge~001! after
deposition of 0.01 monolayer Si at room temperature. Structu
A/B and D refer to various adsorption sites for Si ad-dimersI
refers to epitaxial islands consisting of an array ofD and B ad-
dimers.CC structures consist ofC features which are aligned alon
^130& directions.~a! Filled-state image. Sample bias21.6 V, tun-
neling current 1 nA, and image size 380 Å3220 Å. ~b! Empty-
state image. Sample bias11.6 V, tunneling current 1 nA, and im
age size 380 Å3220 Å.
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dimer bond, has a lower energy. Room-temperature S
experiments5,12 revealed that both states do occur at roo
temperature with a distinct preference for stateB. From the
relative occupations of both states, an energy difference
60610 meV was found.5,7 Moreover, a rotational transition
from stateA to stateB and vice versa was found to occur o
a time scale of seconds at room temperature.5,7,12 For Si ad-
dimers residing at on-top positions of Ge~001! substrate
dimer rows, the situation turns out to be somewhat differe
Quite frequently, Si ad-dimers attached to surface defe
such as missing dimer defects are found. The majority
these Si ad-dimers are found in configurationB and are im-
mobile ~Fig. 3!. The on-top Si ad-dimers that are not a
tached to surface defects are mobile at room temperature
exhibit a frizzy round appearance. Because this frizzy rou
appearance makes it impossible for us to discriminate
tween an ad-dimer in stateA and stateB, we label these
ad-dimers asA/B dimers ~Fig. 4!. The A/B dimers are de-
forming during the relatively short period of time that the
are scanned by the tip, resulting in a frizzy appearance~a
statistical analysis of several films and knowledge of the d
fusion barrier forA/B dimers along the substrate dimer row
reveals that the changes of theA/B dimer can hardly be due
to thermal motion or displacement by the tip along the s
strate dimer rows!. The field of the tip appears not to be
dominant factor here, as changing the field strength and m
or less frequent scanning over the same dimer does
change the results significantly. On the average, there
typically two to three changes of theA/B features during
scanning of theA/B feature~typically 100 ms!, resulting in
an activation energy of the rate limiting step of 0.7 eV~as-
suming a prefactor of 1013 Hz).

Besides the rotational mode of Si ad-dimers in on-t
positions, these mobile dimers also perform a random w
along the substrate dimer rows. Yamasaki, Uda, a
Terakura13 found an upper bound of the activation energy
1.45 eV for diffusion of a Si ad-dimer along the top of
Si~001! substrate dimer row.@Goringe and Bowler14 studied
theoretically the trough diffusion of a Si ad-dimer o
Si~001!.# In Fig. 5, the diffusion of an on-top dimer (A/B)
along the substrate dimer row is displayed. In Fig. 5, aD
dimer first diffuses in the trough before it jumps to an on-t
position @Fig. 5~c!#. At the on-top position the ad-dimer dif
fuses rapidly along the substrate dimer row. Since many
ad-dimers situated at on-top sites are immobile because
are attached to surface defects, we have ignored these im
bile ad-dimers in the determination of the diffusion barrie
In Fig. 6, the mean-square displacement versus time o
mobileA/B ad-dimer is displayed. The diffusing ad-dimer

s

FIG. 3. Four subsequent filled-state STM images of pinned
ad-dimers. Image size 210 Å380 Å. Sample bias21.6 V and tun-
neling current 0.4 nA.
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trapped between two surface defects and therefore perfo
a restricted random walk. The mean-square displacemen
an unrestricted one-dimensional random walker scales
early with time,

^x2&52Dt, ~1!

whereD5 1
2 a2n anda(54 Å) is the spacing between neigh

boring lattice sites. It must be noted that on the small l
segments available here an ad-dimer cannot perform an
restricted one-dimensional random walk. Sooner or later
ad-dimer will collide with one of the surface defects. Unlik
the mean-square displacement of an ad-dimer in an u
stricted random walk, the mean-square displacement o
finite line segment is dependent upon the point at which
ad-dimer starts its random walk. This complication can
addressed by averaging the displacements over all pos
starting positions of the line segment under study. This
been done for a one-dimensional random walk obeyin
Gaussian distribution along a line of lengthL.15 For a re-
flecting boundary the mean-square displacement, avera
over all initial positions, can be approximated by15

^^x2&&'2DtS 12
4

3L
A4Dt

p D . ~2!

For infinitely long line segments the original formula fo
unrestricted random walk is recovered. The rate of the di
sion process of the ad-dimer,n5n0 exp(2E/kT), is 0.10

FIG. 4. Four subsequent STM images~image size 70 Å
375 Å). Time lapse between the images is 150 s.~a!, ~b!, and~d!
Sample bias21.6 V and tunneling current 0.4 nA.~c! Sample bias
11.6 V and tunneling current 0.4 nA.
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60.01 Hz at room temperature, which translates into a
fusion barrier,E, of 0.8360.05 eV assuming an attempt fre
quency,n0 , of 101361 Hz.16

Let us now discuss the structures lying in between s
strate dimer rows. The only small and isolated feature po
tioned in the trough can be identified as aD dimer ~see Fig.
7!. Annealing at 350 K for five minutes results in a signi
cant increase in the number of dimers having theD orienta-
tion while the amount of dimers in all the other configur
tions is reduced.1 This indicates that this structure is the mo
stable Si ad-dimer on Ge~001!. Recently, Qin and Lagally10

have shown that Ge atoms adsorbed on the Si~100! surface
near room temperature form chainlike structures that con

FIG. 5. Four subsequent STM images of a diffusing Si a
dimer. Image size 160 Å380 Å. ~a! Sample bias21.6 V and tun-
neling current 0.4 nA.~b!–~d! Sample bias11.6 V and tunneling
current 0.4 nA. The Si ad-dimer in theD state@images~a! and~b!#
converts to anA/B ad-dimer@images~c! and ~d!#.

FIG. 6. Mean-square displacement,^x2&, in units of a2 (a
54 Å) of a Si on-top ad-dimer versus time (L516a). Eventually
the mean-square displacement will saturate at1

6 L2.
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16 170 PRB 58E. ZOETHOUTet al.
of building units of adatom pairs. These adatom pairs, wh
are also observed as isolated entities~‘‘chains’’ of length
one!, are reported to be significantly different from a
dimers, i.e., stable clusters of two adatoms held together
lateral bond between the atoms. Similar structures had ea
been observed for Si on Si~100! ~Ref. 17! and Si on Ge~100!
~Ref. 1! but were not interpreted in terms of a new type
adatom pair. Qin and Lagally suggest in their report that th
new interpretation also holds for these systems: ‘‘Our o
experiments for Si on Si~100! confirm our picture and from a
careful analysis of the data we conclude that the same is
for Si on Ge~100! as well.’’10 Here, we show that the latte
general statement is not correct: the smallest chainlike st
ture ~two adatoms! for Si on Ge~100! is not the type of ada-
tom pair observed for Ge on Si~100! but can clearly be iden
tified as an ad-dimer. In Fig. 7, a filled-state scann
tunneling microscopy~STM! image of 0.01 monolayer of S
deposited on Ge~001! at room temperature is shown. Tw
different features, labeledD and I , are identified. The epi-
taxial islands (I ) consist of dimers positioned alternatingly
on-top (B) and trough (D) positions. In accordance with G
on Si~001!, theD structure@Fig. 1~a! from Ref. 1# appears in
a filled-state image as a ringlike feature with a faint intens
in the middle@Fig. 8~a!#. However, in contrast to the obse
vations for Ge on Si~001! by Qin and Lagally,10 our D struc-
ture is elongated along the substrate dimer-row direction
the empty-state image@Fig. 8~b!# ruling out the possibility of
a two-atom unit positioned in neighboringM sites. Five of

FIG. 7. High-resolution filled- (21.6 V) state STM image of
0.01 monolayer Si deposited on Ge~001!. StructuresI andD indi-
cate epitaxial islands andD dimers, respectively. Image siz
150 Å3120 Å.

FIG. 8. ~a! and~b! High-resolution filled- (21.6 V) and empty-
(11.6 V) state scanning tunneling microscopy image of aD struc-
ture obtained with a tunneling current of 0.4 nA. Image size 35
3100 Å.
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the six end positions of the epitaxial islands (I ) in Fig. 7
resemble theD structures~the most left epitaxial island in
Fig. 7 terminates at the bottom side with aB dimer instead of
a D dimer!. This is further substantiated by the empty- a
filled-state images of an epitaxial island~Fig. 9!. The two
end dimers of the right side of the epitaxial island in Fig.
are visible in the empty-state image, whereas they are ne
invisible in the filled-state image. Therefore, we must co
clude that theD structure consists of an ordinary dimer p
sitioned in the trough with its dimer bond aligned along t
substrate dimer-row direction (D dimer!. This is also in ac-
cordance with the high thermal stability of theD structures.
Further support in favor of this identification comes fro
various diffusion events that we have observed at room t
perature. We have observed that occasionally dimers loc
at an on-top position hop to a trough position and vice ver1

~see Fig. 10!.

FIG. 9. ~a! and~b! High-resolution empty- (11.6 V) and filled-
(21.6 V) state scanning tunneling microscopy image of an epit
ial island obtained with a tunneling current of 0.4 nA. Image s
70 Å3100 Å.

FIG. 10. Four subsequent filled-state STM images. A SiA/B
ad-dimer residing on top jumps to a trough position~a! and ~b!. In
images~c! and~d! it jumps back to an on-top position. Sample bi
21.6 V and tunneling current 0.4 nA. Image size 160 Å380 Å.



a

an
t

at
op
m
an
to

he

r
th
at
c
e

ie

fre-
e
top
ta-
er
er
r-

g a
-
er
is

of

er-

ein-
tal
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In Fig. 10 a sequence of STM images of the same are
the Ge~001! substrate after deposition of'0.01 monolayer
Si is shown. In Figs. 10~a!–10~d!, the diffusion of a dimer
situated on top of a substrate dimer row@Fig. 10~a!# to a
trough position@Fig. 10~b!# is shown. In Figs. 10~c! and
10~d!, the dimer in the trough position jumps back to
on-top position. Two of these diffusion events may lead
slow diffusion in a direction perpendicular to the substr
dimer rows. The frequency of this event where a dimer h
from an on-top position to a trough position at room te
perature is'1024 hops per second, which translates into
activation barrier of about 1 eV assuming an attempt fac
of 1013 Hz. Using dual bias imaging we have identified t
various adsorption sites for Si ad-dimers on Ge~001!. The
energetically most stable adsorption site for a Si ad-dime
in the trough between the substrate dimer-rows with
dimer bond of the ad-dimer aligned along the substr
dimer-row direction. At room temperature, Si ad-dimers o
casionally jump from a position on top of the substrate dim
row to a trough position or vice versa. The activation barr
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for the former process is 1 eV assuming an attempt
quency of 1013 Hz, whereas the activation barrier for th
latter process is slightly higher. Si ad-dimers residing on
of substrate dimer rows at room temperature exhibit a ro
tional mode between two configurations where the dim
bond is aligned along and parallel to the substrate dim
bond direction, respectively. The rate limiting activation ba
rier for this process is estimated to be 0.7 eV assumin
preexponential of 1013 Hz. The preferential diffusion direc
tion for Si ad-dimers residing on top of the substrate dim
rows is parallel to the dimer rows. The diffusion barrier
0.8360.05 eV ~assuming an attempt frequency
101361 Hz).
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