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Abstract

We have identified addimer chain structures as metastable precursors to compact epitaxial islands on the (2 · n) reconstructed SiGe
wetting layer, using polarity-switching scanning tunneling microscopy (STM). These chain structures are comprised of 2–12 addimers
residing in the troughs of neighboring substrate dimer rows. The chain structures extend along equivalent h1 30i directions across the
substrate dimer rows in a zigzag fashion, giving rise to kinked and straight segments. We measure a kink-to-straight ratio of nearly
2:1. This ratio corresponds to a free energy difference of 17 ± 4 meV, favoring the formation of kinked segments. The chain structures
convert to compact epitaxial islands at elevated temperatures (P90 �C). This conversion suggests that the chain structures are a precur-
sor for compact island formation on the SiGe wetting layer. We digitally process filled- and empty-state STM images to distinguish chain
structures from compact islands. By monitoring the populations of both species over time, the chain-to-island conversion rates are mea-
sured at substrate temperatures ranging from 90 to 150 �C. The activation energy for the conversion process is measured to be
0.7 ± 0.2 eV with a corresponding pre-exponential factor of 5 · 104±2 s�1.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The lattice mismatch of 4.2% in the Ge–Si heterosystem
gives rise to a significant amount of strain at the interface.
This misfit strain, in turn, manifests itself structurally and
electronically, ultimately influencing device performance.
Some of the positive effects include an increase in charge
carrier mobility, quantum structure formation, and band-
gap alteration [1–5]. These desirable attributes lend SiGe
technology to a diverse range of microelectronic [2,6–9]
and optoelectronic device applications [10–12]. However,
the strain can cause an increase in the density of defects
and dislocations adversely affecting the performance of
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such devices [1,13]. The remaining engineering challenge
is to take advantage of the numerous intrinsic benefits of
this system, while mitigating the negative effects.

Many of the aforementioned applications require highly
selective growth of Si1�xGex (0 6 x 6 1) and precise con-
trol over size and spatial distributions at the nanoscale.
In order to gain such selectivity and controllability, we
study the surface processes responsible for heteroepitaxial
film growth at the atomic-level. Our interests include iden-
tification of the main mass transport species; their interac-
tions with other adspecies and the surface; and the relative
stabilities of the various surface adspecies and adstructures.
Herein, we specifically focus on the kinetics of compact epi-
taxial island formation on the Ge–Si(001)-(2 · n) alloyed
wetting layer.

The heteroepitaxy of Ge on Si(001) is a model example
of the Stranski–Krastanov growth mode, in which a
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Fig. 1. STM images (200 Å · 200 Å) of the (2 · n) reconstructed SiGe wetting layer. The dimer vacancy lines are seen to run across the images at �45�
angle. Three vacancy lines are identified by white arrows. (a) Filled-state image (�1.7 V) showing a highly buckled, ‘‘honeycomb-like’’, c(4 · 2) surface and
very little apparent surface adspecies shown as white features. Note that the faint ‘‘ghost-like’’ areas of disturbed substrate dimers, outlined by a white
rectangle, correspond to the presence of ADCSs which are easily seen in (b) a corresponding empty-state image (+1.7 V). Epitaxial islands are clearly
visible in the lower left corner in both biases outlined by a white circle. The triangle identifies a C-dimer in a linear structure.
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pseudomorphic two-dimensional wetting layer is initially
formed, followed by the nucleation and growth of three-
dimensional islands. Upon Ge exposure, a clean Si(0 01)-
(2 · 1) surface is transformed into an alloyed SiGe wetting
layer, exhibiting a (2 · n) reconstruction (see Fig. 1) [14–
17]. For this particular reconstruction, every nth dimer is
missing from the surface, forming long-range ordered
dimer vacancy lines which extend perpendicular to the sub-
strate dimer rows. These vacancy lines, identified by white
arrows in Fig. 1, decrease misfit stress by allowing the
compressed substrate dimers to relax outwards. This (2 ·
n) alloyed surface serves as the substrate for this study.

Addimer chain structures (ADCSs) have been observed
previously as metastable adspecies on Si(0 01) exposed to Si
[18,19], Si(0 01) exposed to Ge [20], Ge(001) exposed to Si
[21] and Ge(001) exposed to Ge [22,23]. We have similarly
identified ADCSs on the SiGe alloy surface upon sub-
monolayer (sub-ML) Ge deposition at room temperature.
We further observe the transition of these chain structures
into compact epitaxial islands. This transition suggests that
ADCSs are metastable precursors during epitaxial growth
on the alloy surface. The purpose of this paper is to char-
acterize the mobility, configurational energetics, and acti-
vation energy associated with the transition of these
metastable ADCSs to compact islands, thereby providing
additional information on the early stages of epitaxial
growth on the SiGe alloyed wetting layer.
2. Experimental methods

The experiments are carried out in a UHV chamber
(base pressure 65 · 10�11 Torr) equipped with a variable-
temperature scanning tunneling microscope (STM) with a
chemically etched W tip. Si(00 1) samples are flash-
annealed to �1250 �C for 1 min, then rapidly quenched
to room temperature, yielding a (2 · 1) reconstructed sub-
strate. The (2 · n) alloy is formed by depositing approxi-
mately 1.5 monolayers (ML) of Ge from a resistively
heated W-wire basket while the substrate is held between
500 and 600 �C. This preparation results in a SiGe alloy
wetting layer exhibiting (2 · n) reconstruction with highly
ordered dimer vacancy lines. The ADCSs are then formed
by sub-ML Ge deposition on the (2 · n) surface at room
temperature. Finally, the sample is transferred to the
STM probe stage. Large area (500 Å · 500 Å) dual-polar-
ity scans are then acquired at various locations on the sam-
ple at temperatures ranging from 90 to 150 �C. During
polarity-switching STM, the STM tip scans from left to
right at a negative sample bias (�1.7 V), reverses the sub-
strate bias polarity (+1.7 V), and scans the same line from
right to left. The tip then translates to the next line and re-
peats this process in a raster fashion until complete filled-
and empty-state, constant-current (�100 pA) images of
the surface are acquired simultaneously.
3. Results and discussion

The above procedure results in surfaces like that shown
in Fig. 1, which compares filled-state (Fig. 1(a)) and
empty-state images (Fig. 1(b)) of the same area. The polar-
ity-switching STM technique is essential to the study of
ADCSs as evidenced by the dramatic differences between
Fig. 1(a) and (b). For example, while compact islands and
on-top addimers (white circle) are easily seen in both filled-
and empty-state STM images, ADCSs (white rectangle) are
only seen easily in empty-state images. In filled-state
images, ADCSs are virtually invisible, appearing only as
faint ‘‘ghost-like’’ features and cause a change in the buck-
ling phase of the underlying substrate dimers [18,22,23].

For Si(0 01) and Ge(0 01) (2 · 1) surfaces, addimers
have been predicted [24–28] and experimentally observed
[18,25,26,29,30] to assume any of four possible binding
sites shown in Fig. 2. This figure illustrates that addimers
can reside on a substrate dimer row or in a trough, between
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Fig. 2. Various addimer (gray) adsorption sites, orientations and nomen-
clature for a (2 · 1) surface (black). Also shown is a four-unit ADCS
illustrating the relative positions of the constituent C-dimers with respect
to each other and the surface dimers. The use of the terms along and across

with respect to substrate dimer rows correspond to ½�110� and [110]
directions, respectively. The chain structure extending along [310]
direction is overlaid with a dotted arrow.
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Fig. 3. Schematic defining ‘‘ends’’ (white), ‘‘kinks’’ (gray), and ‘‘straights’’
(striped) according to the relative positions of addimers in an ADCS.
After Kink 4 diffuses two lattice sites, indicated by the black arrow in (a),
it changes the designation of its neighbor, Dimer 3, from a straight to a
kink.
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two neighboring dimer rows. Additionally, the addimer
bond direction can be parallel to the substrate dimer bonds
(A and C) or perpendicular to them (B and D). While all
these adsorption sites are local energy minima, they are
not equally favorable. For instance, theoretical predictions
[24,27,28] for single Si addimers on Si(0 01) suggest on-top

dimers (A and B) to be more stable than in-trough dimers
(C and D). These predictions have been supported by
experimental observations [25,30,31] in which on-top di-
mers are more commonly observed than in-trough dimers.
The relative energies of on-top dimers (A and B) are nearly
degenerate, although the epitaxial configuration (B) is
slightly favored. A low activation barrier allows the addi-
mers to rotate freely between the two configurations at
room temperature [26]. As for the less stable in-trough

dimers, C-dimers are a metastable configuration whose
formation is dominated by kinetics [18], while isolated
D-dimers have never been observed [18].

However, the relative stabilities of the addimers can
change when adstructures, composed of multiple addimers
are formed [28]. For instance, two commonly observed
adstructures for Ge on the Si(0 01)-(2 · 1) surface are dilute
dimer rows and compact epitaxial islands [18,27–30,32,33].
The dilute dimer row is a linear arrangement of C-dimers
occupying neighboring in-trough sites, alternating with va-
cant on-top sites extending across the substrate dimer rows
in h110i directions. Compact epitaxial islands are similar
to dilute dimer rows, in that they also extend across the
substrate dimer rows. However, compact islands do not
contain vacant sites and consist of alternating on-top and
in-trough addimers arranged in an epitaxial fashion (i.e.,
BDBD). Furthermore, annealing treatments demonstrate
that compact islands are thermodynamically more stable
than dilute dimer rows [33].

The addimer chain structures (ADCSs), as another type
of adstructures, are observed on the (2 · n) SiGe wetting
layer. Similar to Ge dilute dimer rows on Si(0 01), ADCSs
are linear structures consisting of C-dimers residing at
neighboring in-trough sites. However, ADCSs extend along
equivalent h13 0i directions at �63� with respect to the sub-
strate dimer row orientation (Fig. 1 and dotted arrow in
Fig. 2). Another difference is that ADCSs are visible only
in empty-state images (Fig. 1), whereas dilute dimer rows
are visible in filled- and empty-state images. We further ob-
serve that ADCSs range in length from 2 to approximately
12 units of C-dimers; however, the most commonly ob-
served lengths are 2–5 units. Note that isolated C-dimers
also exist as a stable adspecies instead of being a part of
the chain structure.

The multiple C-dimers that constitute an ADCS are cat-
egorized according to their position in the chain with re-
spect to neighboring C-dimers. The chain structures often
contain straight and kinked segments which give rise to a
zigzag orientation. A C-dimer is categorized as straight, if
a line can be drawn through the subject C-dimer and its
two neighboring C-dimers along a h1 30i direction. In con-
trast, a kink is defined as a C-dimer whose neighboring C-
dimers do not fall on the same straight line along a h130i
direction. For example, the gray circles in Fig. 3 are kinks,
deviating from a single straight line. The striped circle is a
straight that maintains a single h130i direction. The white
circles at the chain ends are neither kinks nor straights,
since they have only one neighbor.

Another characteristic feature of ADCSs is the kink-to-
straight ratio, defined as the total number of observed
kinked addimers to the total number of observed straight
addimers at a given substrate temperature. If the configura-
tions of these ADCSs were completely random, one would
expect a ratio close to 1:1. However, based on a sampling
size of �8000 chain structures within the 90–150 �C tem-
perature range, the experimentally observed ratio is very
close to 2:1, favoring kinks. This value suggests that the
kinked orientation is energetically favored by 17 ±
4 meV. In comparison, this configurational preference is
exactly reversed for the Ge on Ge(001) system, where
Galea et al. [23] observe chain structures to predominantly
occupy a more linear, straight configuration with a corres-
ponding free energy difference of 21 meV.

At the temperatures studied (90–150 �C), ADCSs exhibit
extremely localized movement of their constituent C-di-
mers. The chain structures usually reconfigure in such a
way to preserve their h130i orientations. Similar localized
movement is observed for Ge chain structures on
Ge(001) [23]. The preservation of h130i orientations
imposes constraints on which and how C-dimers can rear-
range. As a prototypical example, the initial chain configu-
ration shown in Fig. 3(a) contains two kinks (2 and 4) and
one straight (3). The only potentially mobile dimers, which
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will not disrupt the chain, are the ends (1 and 5) and the
kinks (2 and 4). For instance, when Dimer 4 diffuses two
lattice sites to its mirror lattice site, M1, the configuration
becomes that shown in Fig. 3(b). Although Dimer 3’s ori-
entation is changed from a straight to a kink, this rear-
rangement does not disrupt the h130i orientation of the
chain. The reconfigured chain now contains three kinks
and no straights. In addition to the typical case, we observe
two rare exceptions. One is when a C-dimer cannot diffuse
to its mirror lattice site because of surface defects. In this
case, the C-dimer will diffuse only one lattice site, resulting
in a linear structure along h110i direction analogous to a
dilute dimer row. The C-dimer in this linear structure
now appears in both empty- and filled-state images
(pointed by a triangle in Fig. 1(a) and (b)). However, this
is an unstable configuration for the chain structure, and
it quickly assumes the normal h1 30i position. The second
exception is when an end C-dimer diffuses away from the
chain.

To investigate whether confinement of the dimer chain
structures between the vacancy lines is responsible for the
preference of kinks, we performed Monte Carlo simula-
tions of the dimer chain dynamics. We varied the length
of the dimer chain structures and the value of n for the
(2 · n) structure, i.e., the spacing between the vacancy lines.
The chain was allowed to reconfigure according to the rules
described above, while preserving h1 30i orientations. Only
for the unphysical case of very tight confinement (n 6 4)
and very long chain lengths did the resulting kink-to-
straight ratio approach the measured value of �2:1. There-
fore, the free energy difference between the kinked and
straight segments of the dimer chains must predominantly
be due to their difference in configuration energy. We spec-
ulate that the interaction between the dimer chains and the
arrangement of the underlying substrate dimers results in
the observed preference for kinks.

In addition to the rearrangement of ADCS via diffusion
of their constituent addimers, we have observed the transi-
Fig. 4. Filled- and empty-state STM images showing a six-unit ADCS before
(+1.7 V) before conversion, (b) empty-state image (�1.7 V) before conversio
conversion. Notice that the surrounding epitaxial islands are visible in both b
tion of these diluted chain structures into compact epitaxial
islands. The term ‘‘diluted’’ refers to the fact that ADCSs,
like dilute dimer rows, occupy only in-trough sites and not
on-top sites. The STM images (before/after) in Fig. 4 are ta-
ken from a movie and capture such a transition. Fig. 4(a)
and (b) are filled- and empty-state images of a six-unit
ADCS, respectively. The chain structure is characteristi-
cally seen only in the empty-state image. However, after
the ADCS collapses into two compact epitaxial segments,
these islands are easily seen in both polarities (Fig. 4(c)
and (d)). Since the conversion to compact islands is a ther-
mally activated process, we measure the conversion rate as
a function of temperature to calculate the associated acti-
vation energy and the pre-exponential factor. The popula-
tions of both ADCSs and compact islands are monitored
over a range of temperatures (90–150 �C) with respect to
time.

We implement a digital image-processing algorithm in
order to extract the ADCS and compact island population
distributions from STM images. The algorithm can be
summarized by three key steps. First, the height difference
between neighboring terraces on the surface (separated by
monatomic steps) results in a contrast variation in the gray
scale intensity for adspecies on different terraces. A combi-
nation of filtering techniques is used to negate this height
difference effect as well as to enhance adspecies contrast rel-
ative to the surface [34,35]. Second, a mask is created to
isolate all of the adspecies on the surface (ADCSs and com-
pact islands), yielding binary filled- and empty-state images
[35]. Finally, a classification step is performed to discrimi-
nate between ADCSs and compact islands [35]. This is
accomplished by employing the fact that ADCSs only ap-
pear in empty-state images while compact islands appear
in filled- and empty-states.

By plotting the normalized areas of ADCSs and com-
pact islands in pixels as a function of time, the population
decay of ADCSs, due to transition to compact islands, is
obtained at a variety of temperatures. From the population
and after its transition to a compact epitaxial island. (a) Filled-state image
n, (c) filled-state image after conversion, and (d) empty-state image after
iases before and after.
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Fig. 5. Time-dependent ADCS population decay data with associated
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decay of ADCSs, we extract a characteristic relaxation time
(s) for each temperature from a first order exponential de-
cay model (see Fig. 5). Each data point in Fig. 5 is based on
a 500 Å · 500 Å image. The total number of data points for
each temperature ranges from approximately 10 for the
highest substrate temperature to 100 for the lowest sub-
strate temperature. We note that not all ADCSs covert to
compact epitaxial islands. There is a finite population of
unconverted mass. We speculate that the incomplete con-
version is caused by the presence of defects, which stabilize
some of the ADCSs and prevent their transition to com-
pact islands. The temperature-dependent relaxation times
are then fit to a typical Arrhenius-type expression, from
which the activation energy is extracted. Fig. 6 shows that
the activation energy (Ea) associated with the transition
from ADCSs to compact islands is 0.7 ± 0.2 eV with a
pre-exponential factor (m0) on the order of 5 · 104±2 s�1.
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Fig. 6. Arrhenius plot for 90 �C 6 T 6 150 �C showing activation energy
and pre-exponential factor associated with ADCS to compact island
transition.
While the activation energy is comparable to experimen-
tally measured values for addimer diffusion [31,36–38]
and rotation [26] on Si and Ge surfaces, the attempt fre-
quency is extremely low. Typical values for the attempt fre-
quency are �1013 s�1, on the order of the vibrational
frequency of a chemical bond. We surmise that the extre-
mely low pre-factor may reflect the complex nature of the
conversion mechanism itself. The mechanism is likely to
require a concerted motion of multiple addimers and their
interaction with the substrate dimers, as a similar mecha-
nism is predicted for Si homoepitaxy [39]. Further investi-
gation is needed regarding the low pre-factor and its origin.
4. Conclusions

We have identified addimer chain structures (ADCSs) as
metastable precursors to the formation of compact epitax-
ial islands on the Ge–Si(001)-(2 · n) alloyed surface.
ADCSs consist of chains of C-dimers residing in adjacent
troughs, and extend along all equivalent h130i directions.
The chain length typically ranges from 2 to approximately
12 units. We observe the preferential formation of ADCSs
on this surface at room temperature for sub-monolayer Ge
deposition. ADCSs exhibit limited mobility on the surface
and undergo configurational rearrangements while main-
taining h1 30i orientations. These ADCSs possess kinked
and straight segments. The observed kink-to-straight ratio
is close to 2:1, corresponding to a free energy difference of
17 ± 4 meV. Upon annealing, ADCSs convert to compact
islands with an associated activation energy of 0.7 ±
0.2 eV and an attempt frequency of 5 · 104±2 s�1.
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box in empty-state images and (ii) if there is no more than a factor of
two difference in size, the feature is verified positively as a compact
island. If these criteria are not met, the object is identified as an
ADCS.
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