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Mazes and meso-islands: Impact of Ag preadsorption on Ge growth on Si(111)
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The preadsorption of Ag on Si(111) drastically changes the growth of Ge. In a temperature range from 400 ◦C
to 650 ◦C, Ag adsorption on Si leads to the formation of a

√
3×√

3-R 30◦ reconstruction that exhibits a maze-like
morphology on the mesoscopic scale, as observed by low-energy electron diffraction (LEED) and low-energy
electron microscopy. This maze morphology can be attributed to a surface roughening on an atomic scale, induced
by the re-arrangement of top layer atoms during the 7×7 to

√
3×√

3-R 30◦ transition. The subsequent deposition
of Ge results in the formation of a wetting layer, the evolution of which has been found to be governed by
the Ag/Si(111)-

√
3×√

3-R 30◦ template’s maze structure, as the latter offers a high density of heterogeneous
nucleation sites. Upon further Ge growth, three-dimensional islands with diameters in the micrometer range
are formed, which exhibit a large and flat (111) top facet. X-ray photoemission electron microscopy reveals
that during Ge growth, Ag is segregating to the surface very efficiently. Grazing-incidence x-ray diffraction and
transmission electron microscopy have been used to study the composition, strain state and defect structure of the
Ge islands in dependence of the growth temperature. The strain induced by lattice mismatch is found to be largely
relaxed (80–90% relaxation) in the investigated growth temperature range from 400 to 600 ◦C, which is confirmed
by high-resolution LEED measurements. As a main relaxation mechanism, the formation of interfacial misfit
dislocations has been identified. Interdiffusion of Si into the Ge islands becomes more and more pronounced for
increasing growth temperature, whereas the formation of twinned Ge regions can drastically be suppressed at
higher temperature.

DOI: 10.1103/PhysRevB.94.235410

I. INTRODUCTION

The growth of Ge on Si has attracted a huge interest in
surface science as well as in nanotechnology. Combining Ge
with Si technology provides a low-cost route to relatively fast
electronic and optoelectronic devices [1–4]. From a basic
research point of view, Ge growth on Si substrates is a
model system for lattice mismatched heteroepitaxy. The lattice
constant of Ge is 4.2% larger than that of Si, which is well
known to induce a Stranski-Krastanov (SK) growth mode [5].
Except for the early growth stages [6–8], the three-dimensional
(3D) SK islands typically exhibit a high defect density [9,10].
Another disadvantage of Ge growth on bare Si substrates is
that the 3D island morphology associated with the SK growth
mode prevents the fabrication of ultrathin Ge films, which
would be useful for a wide range of applications.

One approach to solve these problems related to the SK
growth mode is the so-called surfactant mediated epitaxy
(SME) [11,12], where a foreign element, i.e., the surfactant
(surface active agent), is preadsorbed onto the Si surface and
changes the subsequent Ge growth via modification of the
surface free energy [11,13] and the growth kinetics [14–20].
The surfactant reduces the surface free energy. This promotes
the surface segregation of the surfactant during Ge deposition,
which is a key requirement for SME.
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It has been shown that group-III elements [21] and, in
particular, group-V elements [11,12,16,17,20,22–32] are very
well suited as surfactants for Ge growth on Si. Especially on the
Si(111) surface, the preadsorption of Sb or Bi suppresses the
formation of large SK islands and enables the lattice relaxation
of Ge via a network of interfacial misfit dislocations [24–26].
This relaxation mechanism significantly reduces the density
of stacking faults and other extended defects in the Ge
film [27,28], which is reflected in charge carrier mobilities
within such Ge films that are comparable to bulk Ge [33].
In addition, the interdiffusion of Si and Ge is suppressed in
the case of SME [34–36], paving the road to atomically sharp
interfaces.

When using group-V elements in SME, one drawback is
that the incorporation of the surfactant cannot be completely
suppressed, leading to an unintentional doping of the Ge
films [37]. In this respect, silver might be a superior surfactant,
as Ag has a significantly lower equilibrium solubility [38] in
Si (1 × 1016 cm−3) as compared to, e.g., Sb (5 × 1019 cm−3)
and Bi (8 × 1017 cm−3).

Virtually all 3d, 4d, and 5d transition metals [39–43]
(as well as all rare-earth metals [44–53]) form alloys and
compounds with Si. The only exceptions are the rather reactive
group-IIB metals [54–56] Zn, Cd, and Hg, as well as the more
noble silver [57]. This has established Ag/Si as a model system
for metal-on-semiconductor systems. Moreover, Ag does not
alloy with Ge either [58], which makes it the most promising
candidate as a surfactant for Ge/Si epitaxy among all transition
metals.

While the adsorption, diffusion, and growth of Ag on Si
has extensively been investigated for several decades [59–70],
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hardly any information about how Ag preadsorption influences
the subsequent Ge growth is found in literature. The reports
available so far [71,72] focus on Ge growth and surface
reconstruction on partially Ag terminated Si(111), such as
Ag/Si(111)-3×1. For SME, however, the surfactant surface
coverage can be of crucial importance [21,71,73]. The work
presented in the following, therefore, is the first study to
provide a comprehensive analysis of the growth morphology,
the Ge/Si intermixing, and the strain relaxation of Ge grown
on completely and homogeneously Ag terminated Si(111)-√

3×√
3-R 30◦ surfaces. Our study comprises results from

a broad variety of complementary experimental methods, in-
cluding microscopy, diffraction, and spectroscopy techniques.

II. EXPERIMENTAL

The LEED, LEEM, and XPEEM experiments discussed
in the following were carried out using the SPELEEM III
microscope (Elmitec GmbH) in operation at the Nanospec-
troscopy beamline [74] at the Elettra synchrotron laboratory,
Italy. The SPELEEM combines structure sensitive low-energy
electron microscopy (LEEM) with energy filtered x-ray
photoemission electron microscopy (XPEEM). In the latter
mode, the specimen surface is probed with soft x-ray photons,
impinging on the surface at grazing incidence (16◦). The
emitted photoelectrons are then used for chemical imaging.
The microscope reaches a lateral resolution of about 10 nm
in LEEM mode and a few tens of nanometers in XPEEM
mode [75,76]; in the latter mode, the best energy resolution
is 0.3 eV. Apart from real-space imaging, the instrument
also enables microdiffraction (μ-LEED). For this purpose,
different apertures are available that confine the incident
beam to the region of interest. In the present work, we
probed an area of about 2 μm in diameter. Under these
conditions, the SPELEEM has a transfer width of about
10 nm [76]. In addition, spot-profile analysis low-energy
electron diffraction [77,78] (SPA-LEED) experiments were
performed in a separate ultrahigh vacuum (UHV) setup, with
a SPA-LEED instrument from Omicron GmbH. The transfer
width of the SPA-LEED setup was determined to about 50 nm.

The Si(111) substrates were cut from commercially avail-
able Si wafers. After cleaning with methanol, they were
introduced into the vacuum systems and degassed at about
600 ◦C for at least 12 hours. The sample heating was
accomplished by electron bombardment of the back face of
the sample in the SPELEEM and by direct current heating in
the SPA-LEED setup. The temperature was monitored using
infrared pyrometers and, in the SPELEEM, additionally with
a WRe (type C) thermocouple spot welded onto a Mo ring
supporting the sample.

The clean Si(111)-7×7 surface was prepared by flash
heating up to about 1250 ◦C, resulting in a brilliant, low-
background LEED pattern, and no contamination was visible
with LEEM. Silver and germanium were evaporated from two
Knudsen cells with Al2O3 and BN crucibles, respectively.
For the experiments at the SPELEEM, Ag and Ge flux
rates of 0.07 ML/min and 0.16 BL/min, respectively, were
chosen, whereas the corresponding values in the experi-
ments conducted at the SPA-LEED setup were (on average)
0.43 ML/min for Ag deposition and 0.26 BL/min for Ge

growth. Here and in the following, one monolayer (ML)
denotes 7.83×1014 atoms/cm2, and one bilayer (BL) equals
2 ML.

The Ag evaporation rate was calibrated from the Si(111)-
7×7 to

√
3×√

3-R 30◦ phase transition as observed by LEED,
which is complete at 1 ML Ag [63]. Similarly, the Ge
evaporator was calibrated from deposition of Ge on clean
Si(111), which leads to a 7×7 to 5×5 transition that is complete
at a coverage of 2 BL of Ge [10,79]. In the SPA-LEED
setup, which was also equipped with an Sb evaporator, the
latter calibration was cross-checked by Sb surfactant-mediated
Ge/Si(111) growth experiments, where layer-by-layer growth
occurs and LEED intensity oscillations can be observed [80].

In both UHV setups, the base pressure was below
3×10−10 mbar, and the pressure remained well below
1×10−9 mbar during Ag and Ge evaporation. In contrast to
the experiments at the SPELEEM, where the Ag flux was
switched off during Ge deposition, the Ag flux was kept
on for Ge growth in the SPA-LEED chamber in order to
compensate for Ag desorption during prolonged Ge growth at
elevated temperatures. All preparation steps were monitored
with LEEM, LEED, or SPA-LEED.

In comparative SPA-LEED studies without Ag co-
deposition, we observed the formation of 3×1 reconstructed
domains for deposition temperatures in excess of 550 ◦C,
indicative of partial Ag desorption. As previously shown [71],
Ge growth on Ag/Si(111)-3×1 leads to a different morphology
as compared to Ag/Si(111)-

√
3×√

3-R 30◦. In the SPELEEM
experiments discussed in the following, the temperature was
always below the desorption threshold.

In addition to the in situ LEEM, XPEEM, and SPA-LEED
investigations, a sample series that had been prepared in
the SPA-LEED setup was investigated ex situ by grazing-
incidence x-ray diffraction (GIXRD) and transmission electron
microscopy (TEM). The GIXRD experiments were carried
out at the wiggler beamline BW2 at the storage ring DORIS
at DESY, Hamburg (Germany). For this purpose, a z-axis
diffractometer setup [81] and a monochromatic beam with 10.0
keV photon energy under an incident angle of 1.0◦ with respect
to the sample surface were employed. The diffracted intensity
was recorded with a one-dimensionally position sensitive
detector (MYTHEN module [82]) oriented parallel to the
sample surface. This allows one to acquire two-dimensional
reciprocal space maps by performing one-dimensional line
scans in reciprocal space.

The TEM measurements were performed at an FEI Titan G1
80/300 (S)TEM facility operated at 300 kV. The microscope
is equipped with an aberration corrector for the spherical
aberration of the objective lens. Conventional high-resolution
TEM (HRTEM) images were recorded close to Scherzer
condition, corresponding to values for the spherical aberration
constant Cs ranging from 1 to 8 μm. The direction of
the incident electron beam was [11̄0]. The specimens were
prepared by mechanical grinding and subsequent ion milling
at a Gatan Precision Ion Polishing system using Ar+ ions with
an energy between 3 and 4 keV. Nanobeam electron diffraction
(SANBED) was performed by scanning the electron beam
over the specimen in scanning TEM (STEM) mode with a
semiconvergence angle of 2.3 mrad, assuring that adjacent
convergent beam electron diffraction (CBED) discs did not
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(a)

0.04 ML
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25.0 eV

(b)

0.19 ML

(c)

0.50 ML

(d)

0.85 ML

FIG. 1. Bright-field LEEM images obtained during adsorption of
Ag on Si(111) at 550 ◦C. The Ag coverage is indicated in each frame.

overlap. For each beam position, a CBED diffraction pattern
was recorded with 1 s integration time and a sampling of
approximately 130 pixels per CBED disc diameter. STEM
images were recorded with an annular dark-field detector (Fis-
chione Model 3000) with acceptance angles of 33–250 mrad
and with a semiconvergence angle of 9 mrad for the STEM
probe.

III. RESULTS AND DISCUSSION

A. Ag preadsorption

Prior to Ge growth, a Ag/Si(111)-
√

3×√
3-R 30◦ surface

was prepared by deposition of Ag at a substrate temperature of
about 550 ◦C. The adsorption process is illustrated in Fig. 1.
At this temperature, the Ag covered

√
3×√

3-R 30◦ domains
(bright areas) decorate the step edges of the substrate, as can
be seen in Fig. 1(a), where two step edges are within the field
of view, running from the top to the bottom of the image. In
addition, a few

√
3×√

3-R 30◦ patches nucleate on the terraces
in between the step edges. As these nuclei are, in most cases,
not randomly distributed over the Si(111) surface, but aligned
in rows running more or less perpendicularly to the step edges,
it seems most likely that this nucleation takes place at domain
boundaries of the initial 7×7 structure of the bare surface [83].

The initial stage of Ag adsorption on Si(111) is very similar
to the high-temperature adsorption of Ga on Si(111), which
also decorates step edges and initial domain boundaries of
the substrate [83]. It has been shown that, in the case of
Ga adsorption, this type of decoration can be employed for
selective growth of nanoscale Ge 3D islands at the step edges
and domain boundaries [84]. This is different for Ag step-edge
decoration, which is found to have hardly any influence on
subsequent Ge growth [71].

(a) 1.0 μm

0.9 eV

(b)

51.0 eV

(00)

(10)

(01)

FIG. 2. (a) Bright-field LEEM image after Ag saturation of the
Si(111) surface at 550 ◦C. The contrast leading to the “maze” pattern
is most likely due to an atomic step height surface roughness.
(b) LEED image (logarithmic grayscale, integer order spots indexed)
obtained from the same surface, showing a single-phase

√
3×√

3-
R 30◦ diffraction pattern, proving that the contrast in (a) does not
arise from different superstructures.

With increasing Ag coverage, as shown in Figs. 1(b)
and 1(c), the Ag terminated domains grow with an irregular
and dendritic shape, and the threefold symmetry of the surface
is only weakly reflected by the

√
3×√

3-R 30◦ domain shape.
In Fig. 1(d), these domains are virtually completely coalesced,
and finally the whole surface is

√
3×√

3-R 30◦ reconstructed,
as can be seen from the LEED pattern in Fig. 2(b). A closer
real-space inspection of the completely Ag terminated surface
reveals a small-scale irregular pattern, as shown in Fig. 2(a),
which we refer to as “maze” structure in the following. Since
from the LEED pattern in Fig. 2(b) no other contributions
than

√
3×√

3-R 30◦ can be detected, the maze pattern in
real space cannot be related to the coexistence of domains
with different superstructure. The contrast revealing the maze
pattern is most pronounced at very low electron energies close
to the mirror electron microscopy (MEM) regime and gets
weaker at higher energies. Generally, MEM is sensitive to the
local work function and field gradients, thus to the surface
chemical composition and to the surface morphology [85]. As
no evidence for chemical inhomogeneity could be observed,
this finding indicates that the maze pattern is produced by
surface roughness. Since we start with a smooth surface,
this roughness has to be considered as a consequence of Ag
adsorption. This can be understood in terms of insertion of
alternating up and down step edges, as follows.

Comparing the atomic structure of the 7×7 reconstruction
of the Si(111) surface as described by the dimer-adatom-
stacking fault (DAS) model [86] (sketched in Fig. 3) with that
of the Ag/Si(111)-

√
3×√

3-R 30◦ reconstruction as described
by the honeycomb-chained-trimer (HCT) model [62] (shown
in Fig. 4), the former consists of a complete bilayer of Si
atoms plus a small amount of additional Si atoms, while the
latter requires a monolayer of Si atoms in the reconstruction.
Hence, about one monolayer of Si must be added (or removed)
from the 7×7 reconstruction to form

√
3×√

3-R 30◦ domains.
Starting with an ideally flat 7×7 terrace, this will lead to√

3×√
3-R 30◦ domains that are one monolayer lower (type 1)

than the 7×7 domains. In their vicinity, the removed Si can
then be used to form

√
3×√

3-R 30◦ domains that are one
monolayer higher (type 2) than the 7×7 surface. This scheme is
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adatoms

1st layer

2nd layer

3rd layer

4th layer

(a)
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rest atom
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unfaulted faulted
[11

–
0]

[112
–
]

[111]

(b)

[21
–
1
–
]

[111]

[011
–
]

FIG. 3. (a) Top view of the Si(111)-7×7 surface according to the
dimer-adatom-stacking-fault (DAS) model by Takayanagi et al. [86].
(b) Cross section from the lower left to the upper right corner hole of
the reconstruction. Within the topmost four monolayers and including
the adatoms, the 7×7 reconstruction comprises of 200 silicon atoms,
as compared to 196 atoms in case of 2 bilayers of the bulk structure.

in agreement with scanning tunneling microscopy results in the
submonolayer coverage regime as reported by Wan et al. [63]
and, similarly, by Voigtländer et al. [17] for Ga/Si(111).
Once the whole terrace is

√
3×√

3-R 30◦ reconstructed, the
type-1 and type-2 domains are separated by a substrate bilayer
step. This explains the atomic arrangement forming the maze
pattern, consisting of

√
3×√

3-R 30◦ terraces of different
height, separated by Si(111) bilayer steps. As the symmetry of
a flat terrace is broken at substrate step edges, also the maze
pattern is disconnected there such that the position of the initial
step edges remain visible, as can be seen from a comparison
of Fig. 2(a) to Fig. 1(a) that shows both the same surface area
except for a small drift of the specimen.

B. Ge growth on Ag/Si(111)-
√

3×√
3-R 30◦

The evolution of the surface morphology during Ge
deposition onto the Ag/Si(111)-

√
3×√

3-R 30◦ surface at
500 ◦C is shown in Fig. 5. Even with enhanced image contrast
[cf. Fig. 5(a)], the maze pattern prior to Ge deposition is
hardly visible at the electron energy of 9 eV chosen for this
experiment. This is changed for submonolayer Ge deposits
�Ge, as demonstrated in Fig. 5(b), where the internal step
edges of the maze structure become clearly visible. This can
be attributed to a two-dimensional growth of Ge that nucleates
at these steps, presumably adsorbed at the lower side of the
step edge. At �Ge ≈ 0.5 BL, the next Ge layer nucleates at
the initial step edges of the substrate [see the darkest areas in
Fig. 5(c), which was recorded at a slightly higher coverage
of 0.7 BL]. Only a few nuclei of this layer are found on
the initial terraces between the step edges. This implies that

Ag

1st Si layer

2nd Si layer

3rd Si layer

(a)

[11
–
0]

[112
–
]

[111]

(b)

[21
–
1
–
]

[111]

[011
–
]

FIG. 4. (a) Top view of the Ag/Si(111)-
√

3×√
3-R 30◦ surface

according to the honeycomb-chained-trimer (HCT) model by Ding
et al. [62]. The small and the large shaded areas mark a 1×1 and a√

3×√
3-R 30◦ unit mesh, respectively. (b) Cross section from the

bottom left towards the top right of the slab shown in (a). The top
bilayer of this reconstruction is a mixed bilayer and consists of one
monolayer of Si and one of Ag.

there are hardly any heterogeneous nucleation sites such as the
internal step edges of the maze structure left on the terraces,
and only the initial step edges of the substrate act as preferential
nucleation sites. This points to a smoothing of the surface when
about half a bilayer of Ge has been deposited. This is consistent
with a scheme in which the Ge fills the trenches of the maze
pattern and thus confirms the interpretation of the maze pattern
given above.

Interestingly, the Ge layer that has nucleated in Fig. 5(c)
still mimics the maze structure, as can be deduced from the
shape of the dark areas in Fig. 5(d). At first glance, this seems
to contradict the smoothing of the surface at �Ge ≈ 0.5 BL
that has been deduced above, as on a resmoothed substrate
either step flow or homogeneous nucleation of 2D islands is
expected. While homogeneous nucleation is observed only to
a little extent even on terraces as wide as 2 microns, we find
a modified step flow growth which does not proceed with a
straight growth front but follows the initial maze pattern. This
gives further support for the above assumption that the first
Ge layer (i.e., about 0.5 BL Ge) has only filled the trenches
of the maze pattern, because this implies that the terraces are
smooth, but they consist of Ag/Si(111) and Ag/Ge/Si(111)
patches, transforming the initial morphological maze pattern
into a chemical pattern with the same topology. Our finding
of a modified step-flow growth can then be explained by
the fact that the layer growing on top of the chemical
pattern experiences differences in surface, interface, and strain
energies, depending on the local chemical composition below.

At �Ge = 1.6 BL, as depicted in Fig. 5(e), the layer
nucleated in Fig. 5(c) is almost complete. After that, the
LEEM contrast is strongly reduced [cf. Fig. 5(f)], and virtually
no change is detected on the Ge wetting layer upon further
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(a)

0.0 BL

1.0 μm

9.0 eV

(b)

0.2 BL

(c)

0.7 BL

(d)

1.3 BL

(e)

1.6 BL

(f)

1.9 BL

(g)

3.8 BL

(h)

4.6 BL

FIG. 5. Bright-field LEEM images during Ge growth on
Ag/Si(111)-

√
3×√

3-R 30◦at 500 ◦C. The Ge deposit is indicated
in each frame. After the wetting layer formation (a)–(f), a large Ge
island comes into the field of view in (g) and (h). Note that the contrast
in frame (a) has been specially enhanced to make the initial “maze”
structure better visible at this electron energy (9.0 eV). The display
contrast of the images has been adjusted for each frame separately
(see Fig. 6 for reference).

deposition. In Fig. 5(g), a large Ge island, which will be
identified as a three-dimensional island later, appears. It has
nucleated outside the field of view and slowly grows from the
bottom to the top of the image, as obvious from Fig. 5(h).
Due to their large size and low density (see below), the critical
coverage �c for the formation of such islands is difficult to

0 1 2 3 4

Ge deposit (BL)

a b c d e f g

0 10 20
0.0

0.2

0.4

0.6

0.8

1.0

Deposition time (minutes)

LE
E

M
 in

te
ns

ity
 (

a.
u.

)

FIG. 6. Field-of-view averaged LEEM intensity for the experi-
ment shown in Fig. 5, i.e., for bright-field LEEM at 9.0 eV, as a
function of Ge deposit during Ge growth on Ag/Si(111)-

√
3×√

3-
R 30◦ at 500 ◦C. The labels ‘a’ to ‘g’ refer to the image frames in
Fig. 5.

determine with LEEM but is estimated to slightly above 2 BL.
At the electron energy used here, the overall bright-field LEEM
intensity decreases monotonically with increasing Ge deposit,
up to about 2 BL (see Fig. 6), where it increases very slowly
again. The latter might be attributed to a reduction of diffusing
Ge adatoms as a consequence of relaxed 3D island formation,
which leads to reduced diffuse scattering and, hence, to an
increase in bright-field LEEM intensity [84,87], even when no
such island is in the field of view.

C. Ge island morphology and surface chemical composition

Figure 7 shows LEEM micrographs recorded at room tem-
perature demonstrating the surface morphology after growth
of 5.2 BL Ge. A large-scale survey is presented in Fig. 7(a).
At first glance, the shape of the Ge islands seems irregular,

(a) 5.0 μm

25.0 eV

(b) 2.0 μm

9.3 eV

island
WL

FIG. 7. Bright-field LEEM images after growth of 5.2 BL Ge
on Ag/Si(111)-

√
3×√

3-R 30◦ at 500 ◦C. (a) Overview of the
morphology. The Ge islands appear dark at this energy (25.0 eV).
(b) Zoom into the edge of an island, marked with a white circle in
frame (a). At this energy (9.3 eV), the Ge islands appear bright. The
part of the wetting layer (WL) marked with a white square is shown
at larger scale and with enhanced grayscale contrast in the inset at the
bottom left of frame (b), in order to make the maze structure on the
WL better visible. Owing to the change of magnification, the image
in frame (b) is rotated with respect to the one in frame (a).

235410-5



TH. SCHMIDT et al. PHYSICAL REVIEW B 94, 235410 (2016)
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Si 2p
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FIG. 8. XPEEM images, (a) and (b), of the same surface area as
depicted in Fig. 7(b), using (a) Si 2p and (b) Ge 3d photoelectrons for
imaging. The incident photon energy was 500 eV. The local spectra in
(c) were obtained from XPEEM image series, integrating the intensity
in the squares drawn for reference in (a) and (b).

especially when looking at the island in the left half of the
image. Nevertheless, the edges of the islands tend to have
preferential directions, as can be seen from the island at the
right edge of the field of view in Fig. 7(a) that exposes a part
of a regular hexagon.

The Ge islands are rather large with an estimated typical
island diameter of up to five microns, whereas their density is
extremely low, only about 5×105 cm−2. Compared to typical
island sizes and densities for germanium growth on bare
silicon, our results point to a drastic increase of Ge adatom
surface diffusion as a consequence of Ag preadsorption.
For similar experiments using Ag as a surfactant in Si(111)
homoepitaxy, Yamagami et al. [70] reported a very high island
density and concluded on a decreased Si adatom mobility on
Ag/Si(111)-

√
3×√

3-R 30◦. However, these authors used an
untypically low Si growth temperature of only 300 ◦C.

In Fig. 7(b), the edge of an island is depicted in more detail.
Here, the wetting layer (WL) exhibits a faint maze-patterned
contrast, best to be seen in the inset in Fig. 7(b). At the step
edges of the wetting layer, running from left to right in the
image in Fig. 7(b), as well as close to the island edge, there

is clearly an increased LEEM intensity as compared to the
remaining wetting layer. Such a contrast was already visible
near the island edges in the growth experiment [see Figs. 5(g)
and 5(h)] that was carried out at almost the same electron
energy. In that experiment, the LEEM intensity of the wetting
layer decreased with increasing Ge coverage (cf. Fig. 6),
therefore, the bright areas on the wetting layer in Fig. 7(b) are
likely to correspond to thinner regions of the wetting layer. This
is corroborated by the XPEEM images in Figs. 8(a) and 8(b)
recorded with Si 2p and Ge 3d photoelectrons, respectively.
Whereas the regions close to the islands and close to the step
edges appear slightly brighter than the remaining wetting layer
in the Si 2p image, they appear somewhat darker in the Ge
chemical image. This is explained by a thinner Ge wetting
layer in these regions which diminishes the Ge 3d yield and
increases the Si 2p yield because of the reduced attenuation
of the Si signal originating from the buried substrate. The
thinning of the wetting layer close to the island is attributed to
a growth process in which the islands grow in expense of the
wetting layer, i.e., the wetting layer in the vicinity of the islands
becomes unstable due to the attractive chemical potential of
the islands. Such an energetically favorable incorporation of
Ge atoms into the 3D islands is explained by a reduction of the
strain energy, since the islands show a strong lattice relaxation,
as will be shown below.

When switching from Si to Ge photoelectrons, the contrast
in Figs. 8(a) and 8(b) between the island and the wetting layer
is inverted, clearly identifying the island to mainly consist of
Ge. In the lower halves of the XPEEM images in Fig. 8, a few
pits can be identified within the island, i.e., bright regions in
the Si 2p image that appear dark in the Ge 3d image.

Apart from these pits, the XPEEM intensities of the Ge
island are very homogeneous, and the edge of the island
appears quite sharp. Micro-LEED experiments not shown here
exhibit a clear

√
3×√

3-R 30◦ pattern on the wetting layer as
well as on the islands. No LEED spots were detected that would
correspond to inclined side facets of the islands, indicating
that the islands are flat with a large (111) top facet. This island
morphology is clearly confirmed by cross-sectional STEM, as
shown in the overview image in Fig. 9, where the Ge islands
appear rather like a (discontiguous) Ge film. Moreover, the√

3×√
3-R 30◦ reconstruction on the Ge islands as well as on

the wetting layer is an indication that the surface is still Ag
terminated, i.e., that Ag has segregated to the surface during
growth, since also for Ag/Ge(111) the high-coverage phase
is a

√
3×√

3-R 30◦ HCT reconstruction [88] (and no Ag was
co-deposited during Ge growth). The surface segregation of Ag
in case of Ge epitaxy on Si(111) is corroborated by quantitative
XPEEM and SPA-LEED analyses, as detailed below. We note
that surface segregation of Ag has also been demonstrated in
the case of Si(111) homoepitaxy [70].

In Fig. 8(c), local XPEEM spectra obtained from a region on
an island and from an area on the wetting layer are compared.

18 BL Ge / Ag / Si(111) 200 nm

FIG. 9. Cross-sectional HAADF-STEM image of Ge islands (bright) grown at 550 ◦C on Ag/Si(111)-
√

3×√
3-R 30◦. The Ge deposit is

18 BL.
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As expected for Ge 3D islands, the Ge 3d signal is much
larger on the island as opposed to the wetting layer. Owing
to a limited inelastic mean free path length (IMFP) of the
photoelectrons, however, the ratio of the Ge 3d intensities
Iisl/IWL does not directly reflect the thickness ratio disl/dWL

of island and wetting layer. More precisely, the intensity ratio
can be expressed as

rGe = I (disl)

I (dWL)
= 1 − edisl/�

1 − edWL/�
,

which in the case of a thick island (disl � �) leads to

dWL = � log

(
rGe

rGe − 1

)
.

Here, � is an effective attenuation length with contributions
�e from electron attenuation (under normal emission) and �p

from photon attenuation (under grazing angle α):

1

�
= 1

�e

+ 1

�p sin(α)
.

In the present case, � can be approximated by the IMFP
for Ge 3d photoelectrons with a kinetic energy of 471 eV,
which amounts [89] to �e = 12.5 Å, whereas the contribution
from photon attenuation at 500 eV photon energy [90], �p =
2120 Å, is negligible, even for an incident angle of α = 16◦.
Using these values, and rGe = 2.3 as determined from the
data in Fig. 8, we obtain dWL = 7.1 Å. This corresponds to
a Ge coverage of 2.2 BL, in good agreement with the critical
coverage for 3D island formation as estimated from the growth
experiment at the end of Sec. III B above.

The attenuation due to a finite IMFP can well be seen in
the local Si 2p spectra. Compared to the Si signal from the
wetting layer, the yield from the island is almost negligible.
The very small Si 2p peak detected on the island could either
originate from the substrate if the islands are rather thin, or,
in the case of thick islands, it originates from Si incorporated
into the Ge islands. In the latter case, assuming homogeneous
Ge/Si intermixing, the Si concentration cSi in the islands can
be calculated. According to Ratto et al. [91,92],

cSi = rGe − 1

rGe/rSi − 1
, (1)

where rGe and rSi are the ratios of the integrated photoelectron
peak intensities Iisl/IWL on the island and on the wetting layer,
for Ge 3d and Si 2p, respectively. In the present case, rGe = 2.3
and rSi = 0.057, thus a maximum silicon concentration of
about (3 ± 0.5)% is deduced. This is quite a low value,
as compared to Ge islands grown on bare Si surfaces (not
shown here), for which a value of cSi = 0.18 is obtained
at the same growth temperature of 500 ◦C, using the same
analytical model [Eq. (1)]. This result suggests that, with Ag
preadsorption, virtually no intermixing between Ge and Si
takes place at this growth temperature and that an atomically
sharp interface between Ge and Si might be achieved. It should
be noted, however, that this approach to determine the Si
concentration cannot take into account a gradient of the Si
concentration. Therefore, the island parts closer to the interface
might contain more Si than the value determined here. From
ex situ investigations presented in Sec. III E, the latter scenario
is corroborated.

No element-sensitive image using Ag photoelectrons has
been shown in Fig. 8, as there is almost no contrast to be
seen. This is reflected by the almost equal peak height of the
Ag 3d5/2 signal on the island and on the wetting layer, as
shown on the left-hand side of Fig. 8(c). The almost equal
intensity implies that the Ag has not been buried by the Ge
deposited on top, because otherwise, a ratio similar to that for
the Si 2p signal would have been observed (with an even more
efficient suppression of the Ag 3d5/2 emission line due to the
lower kinetic energy, which in this range is associated with a
shorter IMFP [89]). Clearly, this is not the case. Keeping in
mind that the Ag flux was turned off during Ge deposition,
the XPEEM data shows that Ag segregates to the surface.
Moreover, the segregation is very efficient because only a
very small difference is found in the Ag surface coverage
for the island and for the wetting layer. From the data shown
in Fig. 8(c), a ratio of rAg = 0.87 ± 0.08 is determined for the
Ag 3d5/2 intensity on the islands and on the wetting layer.
(Similar to the Ge and Si signals, the relative uncertainty
of �rAg/rAg ≈10% arises mainly from inhomogeneities of
the illumination.) Such a value less than unity can be
explained (i) by incorporation of Ag into Ge, (ii) by thermal
desorption of Ag (which would have to be more efficient from
islands than from the wetting layer in that case), or (iii) by
strain relaxation (as will be explained below). Though Ag
incorporation or desorption cannot be completely ruled out,
they seem unlikely to be the main reason for a reduced Ag
photoelectron yield on the islands, because incorporation as
well as desorption alone would lead to a lack of Ag in the√

3×√
3-R 30◦ reconstruction. For a reduction of roughly

10%, as detected here, one could expect that other surface
reconstructions with a lower Ag coverage form and coexist
with

√
3×√

3-R 30◦, such as [63,71,72] 3×1, or even 5×5 or
7×7. As mentioned above, this can be ruled out from μ-LEED
experiments.

Whereas no indication for Ag incorporation or desorption
can be found from the LEED patterns, LEED provides
evidence for lattice relaxation. Figure 10 shows SPA-LEED
data obtained prior to Ag adsorption and after Ge growth on
Ag:Si(111)-

√
3×√

3-R 30◦. The pattern in Fig. 10(b) shows
that the surface is

√
3×√

3-R 30◦-reconstructed after Ge
growth. Remarkably, all diffraction spots, except for the (00)
spot, are split. For the integer spots, a comparison to the initial
7×7 pattern in Fig. 10(a) reveals that the additional spots
appear at positions somewhat closer to the (00) spot. This
indicates an additional surface phase with a slightly larger
in-plane lattice constant, which can be attributed to a partial
lattice relaxation of the Ge 3D islands. The degree of relaxation
can be seen from Fig. 10(c), where a high-resolution radial line
scan along the (01) direction is displayed. The splitting of the
first order integer spot is demonstrated to be (2.7 ± 0.1)% of
the surface Brillouin zone (SBZ), corresponding to Ge with
a lateral lattice constant 1/(1 − 0.027) = 1.028 times larger
than that of silicon. Thus, at least (66 ± 3)% of the 4.2%
lattice mismatch between Ge and Si have been relaxed in the
flat Ge islands; the degree of relaxation might be even higher
if Ge/Si intermixing is taken into account. At this growth
stage and for this growth temperature, such a high degree of
relaxation is comparable to Ge films grown using Sb or Bi
as a surfactant [27,28]. It should be kept in mind, however,

235410-7



TH. SCHMIDT et al. PHYSICAL REVIEW B 94, 235410 (2016)

(a)

162.0 eV

[112]–

[110]–

[112]–

[110]–

(00)

(01)
(10)

(b)

162.0 eV

[112]–

[110]–

[112]–

[110]–

2.7%

20
40
60
80

100
120
140
160

–8 –6 –4 –2 0 2 4
ΔKll (%SBZ)

In
te

ns
ity

 (
kc

ps
)

(c) (01)

20

30

40

–6 –4 –2 0 2 4 6
ΔKll (%SBZ)

In
te

ns
ity

 (
kc

ps
)

(d) (2 1)3 3

FIG. 10. SPA-LEED patterns (inverse logarithmic grayscale)
(a) from a clean Si(111)-7×7 surface, and (b) after growth of about
18 BL Ge on Ag:Si(111)-

√
3×√

3-R 30◦ at 500 ◦C. Integer order
spots are indexed in (a). Note the splitting of the spots in (b), best
to be seen near the corners of the viewgraph. Line scans (c) and (d)
were taken through (c) an integer order spot and (d) a third order spot,
marked by a circle and a square in (b), respectively.

that LEED probes only a few atomic layers at the top of
the islands, and other methods like x-ray and transmission
electron microscopy are necessary for complete strain state
and compositional analyses (see Sec. III E).

In the line scan in Fig. 10(d), which was taken at a third
order reflection, also a split spot is resolved. While the reduced
absolute splitting is easily explained by the smaller distance
of that (2/3 1̄/3) reflection with respect to the (00) spot, the
presence of a relaxed component at this superstructure spot
[with the same relative splitting as observed for the (01) spot
in Fig. 10(c)] proves that the relaxed Ge islands, similar to
the wetting layer, also have a

√
3×√

3-R 30◦ reconstruction,
consistent with μ-LEED measurements as mentioned above.
Returning to the XPEEM results, the lattice relaxation detected
with LEED can explain a slightly decreased Ag 3d5/2 intensity
on the Ge islands as compared to the wetting layer. Owing to
the lattice relaxation, the Ge islands have a larger surface unit
mesh than the wetting layer, whereas the surface reconstruction
and, thus, the number of Ag atoms per unit mesh remains
constant. From these considerations, it follows that the density
of Ag atoms on the islands is (5.6 ± 0.3)% less than on the
wetting layer, in reasonable agreement with the XPEEM result
of (13 ± 8)%.

D. Island coalescence and film growth

Figure 11(a) depicts the surface morphology for a Ge
deposit of �Ge = 20.7 BL. At this growth stage, a partial
coalescence of the islands has occurred. On top of the

(a)

20.7 BL

5.0 μm

26.0 eV

(b)

20.7 BL

2.0 μm

26.0 eV

FIG. 11. Bright-field LEEM images after Ge growth at 480 ◦C
on Ag/Si(111)-

√
3×√

3-R 30◦, with a Ge deposit of 20.7 BL. The
image in frame (b) is displayed at increased grayscale contrast.

islands, dark lines are visible, better discernible in the higher-
magnification image in Fig. 11(b) that is reproduced with an
increased grayscale contrast. These lines are preferentially
running along directions that can be attributed to the threefold
symmetry of the surface. At present, it is not clear whether
these lines correspond to step edges or step bunches on the
islands’ top facets or whether they indicate grain boundaries
or other extended defects. From the result to be discussed
in Sec. III E, however, it seems most likely that these
lines are boundaries between regular (“A-stacked”) Ge and
twinned (“B-stacked”) Ge, as already reported for Ga mediated
Ge/Si(111) epitaxy [21].

The island coalescence observed in Fig. 11 suggests that the
whole surface will be covered by a Ge film upon prolonged
deposition. This has been investigated in more detail by
means of SPA-LEED, as shown in Fig. 12(a). During Ge
deposition at 440 ◦C, diffraction profiles similar to the one
shown in Fig. 10(c) were recorded at the Si(10) reflection at
80 eV electron energy. At the beginning of the deposition,
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84.0 eV

[112]–

[110]–

FIG. 12. (a) Evolution of the integral intensity of the Si(10) and
the Ge(10) LEED spots at 80 eV during Ge deposition on Ag/Si(111)-√

3×√
3-R 30◦ at 440 ◦C. Both curves have been scaled differently

for display reasons. The inset shows the details of the Si(10) intensity
evolution in the initial stage, on logarithmic scale. Frames (b) and (c)
show the LEED pattern after growth in the vicinity of the (00) spot at
80 eV and 84 eV, respectively.
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there is only one spot at 100% SBZ that is associated with
the bare Si surface or the pseudomorphically strained Ge
wetting layer. Its integral intensity in dependence of the total
Ge deposit �Ge is shown in the curve labeled “Si(10)” in
Fig. 12(a). At the initial stage, the Si(10) intensity drops very
rapidly, which we mainly attribute to a change of the form
factor [78] upon Ge wetting layer formation. An additional
contribution to the initial intensity decrease might originate
from a high density of diffusing Ge adatoms, which lead to
diffuse scattering [84,87] and, therefore, to a reduction of the
Si(10) intensity. From �Ge = 0 to the pronounced minimum
at �Ge = (2.35 ± 0.25) BL the Si(10) intensity is diminished
by a factor of about 10. The dip at �Ge = 2.35 BL indicates
the onset of Ge island formation, as can be deduced as follows.

Firstly, for �Ge > 2.35 BL, a second peak can be resolved
in the diffraction profiles at |K‖| < 100% SBZ, similar to
Fig. 10(c). As explained above, this spot is attributed to
partially relaxed Ge islands. The integral intensity of this spot
is depicted in the curve labeled “Ge(10)” in Fig. 12(a). It
shows a strong increase up to �Ge ≈ 55 BL, indicating that the
surface is progressively covered with Ge islands. Secondly, as
shown in the discussion of the LEEM and XPEEM data above,
the wetting layer becomes locally slightly thinner after Ge
island nucleation. In regard of the strong decrease of the Si(10)
intensity by one order of magnitude at �Ge < 2.35 BL [cf. inset
in Fig. 12(a)], a slight increase as observed for �Ge > 2.35 BL
is in agreement with a very local thinning of the wetting layer
in the vicinity of Ge islands. Thirdly, the density of diffusing
Ge adatoms can be expected to be reduced in the presence of
relaxed Ge islands, which offer energetically more favorable
incorporation sites than a strained wetting layer. This might
also contribute to the increase of the Si(10) intensity from the
wetting layer after the onset of Ge island formation [84,87].
For these three reasons it is concluded that the critical coverage
for island formation is around �Ge ≈ 2.35 BL.

For coverages beyond the island nucleation threshold,
the Si(10) intensity increase, that is attributed to wetting
layer thinning and adatom condensation, competes with the
Si(10) intensity decrease due to Ge island growth. Since
the Ge islands exhibit a different lattice parameter and
extend over an increasing fraction of the surface area, as
evidenced by the “Ge(10)” curve, the fraction of the surface
that contributes to the Si(10) spot is reduced. This effect
becomes dominant for �Ge > 6 BL, where the Si(10) intensity
decreases monotonically. Over a wide range, the decay is
linear, which points to a pronounced lateral growth of the
islands while the average thickness does not change much. The
intensity vanishes completely at a Ge deposit of around 90 BL,
which indicates that at this coverage a continuous, relaxed
Ge film has formed under the present growth conditions. In
turn, one would expect the Ge(10) intensity to increase up
to �Ge ≈ 90 BL. However, it saturates already at about 55
BL and even decreases for still higher Ge deposits. Though
a long-term drift of the emission current of the electron gun
of the SPA-LEED instrument cannot be completely ruled out
as an explanation, it seems more likely that defect formation
and/or surface roughness on the Ge islands is the reason for
the unexpectedly low Ge(10) intensity at higher coverages.
Some evidence for surface roughness can be found from the
diffraction patterns in Figs. 12(b) and 12(c). Here, additional

spots appear in the vicinity of the (00) reflection which move
when the electron energy is changed. Hence, these spots are
identified as facet spots. No such facet spots could be detected,
e.g., for the sample shown in Fig. 10, i.e., at a rather early
stage of growth. Though the facet formation observed after
prolonged growth is presently not completely understood, a
possible explanation could be that it is driven by the residual
strain in the Ge island layer.

E. Strain state, defects, and chemical composition

For a more detailed compositional and strain state analysis,
a series of samples was investigated by means of GIXRD and
TEM. The Ge growth temperature TG was varied from 400 ◦C
to 600 ◦C. The initial Ag adsorption was performed at TG as
well. The total Ge deposit of about 18 BL was kept constant
throughout the sample series. Ag co-deposition was applied
during Ge growth in order to prevent Ag desorption at more
elevated TG.

In Fig. 13, reciprocal space maps (RSMs) in a plane parallel
to the surface (i.e., a Q‖ plane), recorded in the vicinity of
the (2̄2̄4) Bragg reflection are shown for different TG. As
can be seen from Fig. 14, this Bragg reflection is located
on the (3̄0) crystal truncation rod (CTR) at l = 0, i.e., it has
a vanishing scattering component Q⊥ perpendicular to the
surface. Therefore, the bright spot at h = −3 in the RSMs
shown in Figs. 13(a)–13(c) does not represent the Si(224̄)
Bragg reflection but rather the intersection of the Si(3̄0) CTR
with the plane of the RSM which was taken at l ≈ 0.07.
The elongated shape of the Si(3̄0) CTR in the RSMs in
Figs. 13(a)–13(c) is caused by the rather large footprint of
the beam on the sample and can therefore be considered as
an instrumental broadening. At smaller absolute values of h,
another bright spot occurs that is identified as the Ge(3̄0) CTR.
For TG = 400 ◦C, it is found at h ≈ −2.90. Besides the two
prominent CTRs, rather weak spots can be recognized that are
arranged on a hexagonal grid and have been marked with black
dots in Fig. 13(a). Such an array of satellite spots is typical of
periodic lattice distortions induced by an ordered hexagonal
network of interfacial misfit dislocations [25,26,93], as has
been demonstrated in earlier GIXRD studies for Ge films
grown by Sb or Bi surfactant mediated epitaxy (SME) [27,28].

At TG = 500 ◦C, the Ge(3̄0) CTR becomes narrower and
shifts slightly towards the Si(3̄0) CTR, while the array of
satellite spots is still clearly visible [cf. Fig. 13(b)]. For a
growth temperature of 600 ◦C, as shown in Fig. 13(c), the Ge
CTR is still further shifted towards the Si CTR. Satellite spots,
however, can hardly be identified for TG = 600 ◦C.

From the position of the Ge spot in Q‖ direction (h direction
in Fig. 13), the lateral reciprocal lattice parameter a∗

‖,Ge can
directly be determined. Figure 13(d) shows a∗

‖,Ge as determined
from GIXRD in dependence of the growth temperature. As
already seen qualitatively from the visual inspection of the
RSMs in Figs. 13(a)–13(c), there is a monotonic increase
of a∗

‖,Ge in the temperature range investigated here. For
comparison, according SPA-LEED results from the same
sample series are superimposed in Fig. 13(d). Obviously,
within the experimental uncertainty, there is a very good
agreement between the GIXRD and the SPA-LEED data.
Since SPA-LEED only probes the few uppermost atomic
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FIG. 13. Reciprocal space maps in a Q‖ plane in the vicinity of the
(2̄2̄4) reflection [i.e., near the (3̄0)-CTR] at l ≈ 0.07, for Ge islands
grown on Ag/Si(111)-

√
3×√

3-R 30◦at (a) 400 ◦C, (b) 500 ◦C, and
(c) 600 ◦C. Satellite spots are indicated with small black dots in (a). In
frame (d), the temperature dependence of the lateral reciprocal lattice
parameter a∗

‖,Ge of the Ge islands is shown (in units of the Si bulk
value a∗

‖,Si), as determined from GIXRD (◦) and SPA-LEED (	).

layers, whereas GIXRD averages over the whole volume of
the islands, this agreement implies that the Ge lattice constant
is quite homogeneous across the islands’ height. This points to
a strain relaxation mechanism that acts at the Ge/Si interface
and, therefore, provides further support for the presence of an
interfacial misfit dislocation network.

The increase of a∗
‖,Ge shown in Fig. 13(d) could, at first

glance, be interpreted by a corresponding increase in strain,
as has been argued for Sb SME of Ge/Si(111) [28]. In
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FIG. 14. Schematic of the reciprocal space of the Si(111) surface
in the (111)-(112̄) plane. h, k, and l refer to LEED coordinates.

that case, a∗
‖,Ge/a

∗
‖,Si was reported to increase from 0.966

to 0.970 in the temperature range from 465 ◦C to 635 ◦C.
This has been explained in terms of a reduction of the strain
energy w = 〈ε〉2 + σ 2

ε despite an increased average strain 〈ε〉.
This has been shown to be possible if, as 〈ε〉 increases, the
disorder of the misfit dislocation (MD) network and, thus,
the standard deviation of the strain distribution σε is strongly
suppressed [28]. The transition from a disordered to an ordered
MD network in the case of Sb SME was concluded on from
the fact that the satellite spots were diffuse and hardly visible
for TG < 500 ◦C and became sharper and more intense at
higher temperatures. In the present case of Ge growth on Ag
terminated Si(111), such a transition cannot be identified from
the data shown in Figs. 13(a)–13(c), since satellite spots can
clearly be resolved already at 400 ◦C. Moreover, the increase
of a∗

‖,Ge shown in Fig. 13(d) is much larger than in the case of
Sb SME. Hence, the development of a∗

‖,Ge cannot be explained
in terms of strain alone, but Ge/Si intermixing has also to be
taken into account.

The intermixing of Ge and Si is corroborated by the analysis
of the average vertical lattice parameters, which have been
determined from Q‖-Q⊥ RSMs recorded along the Ge(20)
CTR, such as the ones shown in Figs. 15(a) and 15(b)
for TG = 400 ◦C and TG = 550 ◦C, respectively. Here, a tail
of the Si(331̄) reflection, which is not located exactly in
the planes represented by the RSMs, appears at l=5/3 (cf.
Fig. 14). The Ge(331̄) Bragg spot appears at l=1.596 for
TG = 400 ◦C and at slightly higher l for TG = 550 ◦C. An
additional peak shows up for both temperatures at l ≈ 1.3,
which is related to twinned regions within the Ge islands,
as will be discussed below. The dependence of the vertical
reciprocal lattice parameter a∗

⊥,Ge on the growth temperature
is shown in Fig. 15(c). Obviously, it increases with increasing
TG. Hence, with increasing temperature both the lateral and
the vertical lattice parameter of the Ge islands shift towards
the Si bulk value. This can only be explained by progressive
Ge/Si intermixing. If the islands consisted of pure Ge for all
growth temperatures, then an increase in a∗

‖,Ge should, as an
elastic response, be accompanied by a decrease of a∗

⊥,Ge and
vice versa.

Using elasticity theory, the strain state and composition
can be quantitatively determined from the observed lateral and
vertical lattice parameters, if Vegard’s law is assumed for the
bulk lattice parameter abulk(x) of a GexSi1−x alloy:

abulk(x) = abulk
Ge · x + abulk

Si · (1 − x) , (2)
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FIG. 15. Reciprocal space maps in a Q‖-Q⊥ plane, recorded on
the Ge(20) CTR, for Ge islands grown on Ag/Si(111)-
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3-R 30◦

at (a) 400 ◦C and (b) 550 ◦C. In frame (c), the temperature dependence
of the vertical reciprocal lattice parameter a∗

⊥,Ge of the Ge islands is
shown (in units of the Si bulk value a∗

⊥,Si) for both regular Ge (◦) and
twinned Ge (�).

as well as a similar linear relationship for the elastic compli-
ances:

cij (x) = cij,Ge · x + cij,Si · (1 − x) . (3)

After transforming the strain tensor into the (111) reference
frame, the vertical strain component, and accordingly the
vertical lattice parameter a⊥, can be calculated for a given
lateral lattice parameter a‖ in dependence of the Ge content x
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FIG. 16. Growth temperature dependence (a) of the strain param-
eter and (b) of the average Si content of the Ge islands, as determined
from GIXRD ( ) and high-resolution TEM ( ).

and thus in dependence of the strain parameter

γ = a‖ − abulk
‖ (x)

abulk
‖,Si − abulk

‖ (x)
, (4)

where γ = 0 corresponds to completely relaxed GexSi1−x and
γ = 1 to pseudomorphically strained GexSi1−x . By compari-
son of the calculated a⊥ and a‖ values to the experimentally
determined ones, γ and x can numerically be identified. The
results are illustrated by open dots in Fig. 16. (For comparison,
respective results from high-resolution TEM, which will be
discussed below, are represented by solid squares.) Virtually
no Si is incorporated into the islands at a growth temperature
of 400 ◦C, whereas the average Si concentration is increased to
cSi = 39% at 600 ◦C. For the strain parameter, values between
0.11 and 0.17 are obtained from GIXRD; however, there is
no clear tendency in dependence on TG. Within the error
bar, γ could be considered constant within the investigated
temperature range and the change of the Ge Bragg spot
positions described above to be almost solely caused by Ge/Si
intermixing. Nevertheless, the GIXRD strain state analysis
reveals that on average more than 80% of the strain induced
by lattice mismatch is relieved in the islands.

Returning to the RSMs shown in Fig. 15, it is noteworthy
that no thickness fringes are observed along the Ge(20) CTR.
Such thickness oscillations are expected for a smooth Ge
film of uniform thickness and have been reported for Sb
and Bi mediated Ge growth on Si(111) at comparable Ge
deposit [23,27]. Since from the LEED and LEEM results
discussed in Secs. III B and III C it can be assumed that the
islands exhibit smooth (111) top facets; the lack of thickness
fringes can be attributed to a relatively broad distribution of
island heights.

An additional Bragg spot appears on the Ge(20) CTR of
all samples at l ≈ 1.3, to be seen at the bottom part of the
RSMs in Fig. 15. For the diamond crystal structure, no such
Bragg structure is expected. The vertical position of this spot
corresponds to that of the Ge(004) Bragg reflection located on
the Ge(2̄0) CTR (see shaded areas in Fig. 14). Therefore, it is
concluded that the CTR intensity observed in the experiment
is a superposition of the Ge(20) CTR signal from regularly
stacked (“A-type”) island material and of the Ge(2̄0) CTR
intensity from twinned (“B-type”) domains in the islands, i.e.,
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FIG. 17. Growth temperature dependence of the volume fraction
of twinned Ge.

from regions where the crystal structure is rotated by 180◦
around the (111) direction with respect to the substrate lattice.

Within the kinematic approximation, the integral diffracted
intensity IA,B from the A-type and B-type domains is propor-
tional to the total volumes VA,B of the respective domains and
the structure factor |FA,B |2 of the respective Bragg reflection.
Hence, an estimate of the volume fraction of B-type material
is given by

VB

VA + VB

=
(

1 +
∣∣∣∣FA

FB

∣∣∣∣
2
IA

IB

)−1

. (5)

The integral intensities IA and IB have been determined from
scans along the Ge(20) CTR, such as shown in Fig. 15, and
additional scans in the Q‖ planes (not shown here) at the
Q⊥ positions of the corresponding Bragg spots. Regarding
the structure factor ratio FA/FB , it was assumed that the
chemical composition of A-type and B-type domains are the
same, which is justified by the fact that the lateral and also
the vertical lattice parameters of both domains coincide with
each other within the experimental resolution (see Fig. 15).
For equal chemical composition, the structure amplitude ratio
FA/FB for a random GexSi1−x alloy is virtually independent
of the atomic scattering amplitudes of Ge and Si, and thus,
of x. In the present case, we used |F(331̄)/F(004)|2 = 0.45. The
results for the twinned volume fraction determined according
to Eq. (5) are presented in Fig. 17. It is obvious that at
relatively low growth temperatures about half of the material
in the islands is of B type, which implies a dramatically
reduced crystal quality. Notably, the same finding, namely
a 1:1 ratio of A to B type material, has been reported for
Ga mediated Ge/Si(111) epitaxy [21]. From TG = 550 ◦C
to TG = 600 ◦C, however, the fraction of B-type material
is significantly decreased. This is understood in terms of
thermal activation, which at higher TG prevents the formation
of stacking faults that occurs, conversely, due to kinetic
limitations at lower TG. For TG � 550 ◦C, the data in Fig. 17
do not show a strong temperature dependence and, within
the experimental uncertainty, the fraction of twinned material
might be considered as constant in this temperature range.
On the other hand, also a slight increase of the twinned
material at medium temperatures might be identified from
Fig. 17. The latter could be explained by the onset of Ge/Si

intermixing that has been evidenced above. In a growth regime
where the Ge crystal quality is kinetically limited, increasing
incorporation of (less mobile) Si can be expected to lead to
further enhanced defect formation. Moreover, stacking fault
formation can be expected to be enhanced for increasing Si
content from an energetic point of view, since the stacking
fault energy of Si is only around half of that of Ge [94]. Both
the kinetic and energetic favoring of stacking fault formation
with increasing Si content (relative to pure Ge) could also
explain the still relatively high B-type fraction of about 20%
at 600 ◦C. For comparison, hardly any twins (below about
1% volume fraction) were observed at TG = 600 ◦C in the
case of Sb mediated SME [27], where Ge/Si intermixing is
negligible [36,95].

The defect structure observed by GIXRD is resolved on
atomic scale by TEM. In Fig. 18(a), a high-resolution TEM
image (HRTEM) in [11̄0] zone axis for a sample prepared at
550 ◦C is shown, taken at the edge of a Ge island. Clearly,
the interface between Ge and Si as well as the side facet of
the island can be seen. The orientation of such facets could
not be determined in the LEED experiments described above,
since they occupy a very small fraction of the surface only.
From the HRTEM data, an inclination angle slightly above
40◦ with respect to the (111) surface is observed. Assuming a
facet normal to the projection plane of the image, this value is
indicative of a (551̄) facet. The nearest low-index orientation,
with 35.3◦ inclination, is a (110) orientation.

Figures 18(b) and 18(c) depict diffractograms that have
been computed by Fourier transform from different regions
of the HRTEM image shown in Fig. 18(a). The diffractogram
from the substrate region [Fig. 18(b)] shows peaks at the Bragg
spot positions expected for the diamond lattice [cf. Fig. 14; note
that the diffractograms in Figs. 18(b) and 18(c) are not true
diffraction patterns but are computed from real-space images].
The corresponding diffractogram from the Ge island region in
Fig. 18(c) exhibits additional spots, which can be generated
by a mirror operation. Therefore, these spots can be assigned
to B-oriented domains within the Ge islands, which are, with
respect to the the A-type orientation of the substrate, rotated
by 180◦ around the (111) axis, as has already been argued for
the GIXRD data above.

The TEM data in Fig. 18 provides an insight into the real-
space distribution of A-type and B-type domains within the Ge
film. This is illustrated in Fig. 18(d), where the part marked
by a dashed square in the HRTEM image of Fig. 18(a) is
presented after Fourier filtering, which has been accomplished
by selecting respective diffractogram reflections using circular
masks and applying a Wiener noise filter [96,97]. All but the
(000), the (111̄)A, and the (111̄)B Fourier components have
been suppressed in Fig. 18(d), hence, the (111̄) lattice fringes
of both the A-type and the B-type regions become clearly
visible in this artificial lattice fringe image, making the A and B
domains more easily distinguishable. From these data, no clear
preference for A-type or B-type Ge material is found. A-type
Ge grows on top of B-type Ge, and vice versa. At some places,
both (111̄)A, and (111̄)B lattice fringes are superimposed. This
is explained by A-type and B-type regions coexisting along
the [11̄0] zone axis.

In addition to stacking faults at the interface between A-type
and B-type domains, interfacial misfit dislocations are also
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FIG. 18. (a) High-resolution transmission electron microscopy
(HRTEM) image of a Ge island on a sample prepared at 550 ◦C,
recorded in [11̄0] zone axis. (b) Diffractogram (Fourier transform) of
the substrate region of the HRTEM image in (a). (c) Diffractogram
of the island region in (a). (d) Fourier filtered image of the region
marked with dashed square in (a), emphasizing A-type and B-type
orientation. (e) Zoom into region marked with solid square in (a),
exposing a dislocation.

revealed by HRTEM. Figure 18(e) shows a zoom into the
region marked with a solid square in Fig. 18(a). While on the
left-hand side as well as on the right-hand side of Fig. 18(e)
the (111̄) lattice planes are continuous across the Ge/Si
interface, they appear interleaved at the misfit dislocation in
the middle of the image, as indicated by the straight lines. Two
Si lattice planes are facing one Ge lattice plane.

A Burgers circuit (solid line) is drawn around the MD.
The missing piece at the bottom left represents the projection
of the Burgers vector into the image plane. It is determined
to �b‖ = [112̄]a0/4. The Burgers vector component �b⊥||[11̄0]
along the electron beam, i.e., perpendicular to the image

(a)

10 nm

[11–2]

[111]

0.90

0.95

1.00

1.05

1.10

R
el

at
iv

e 
la

tti
ce

 p
ar

am
et

er (b)

(c)

0

20

40

60

80

100

G
e 

co
nc

en
tra

tio
n 

(%
) (d)

–10 0 10 20

1.00

1.01

1.02

1.03

1.04

Distance to interface (nm)

R
el

at
iv

e 
la

tti
ce

 s
pa

ci
ng

HRTEM

SANBED

FIG. 19. Local (a) vertical and (b) lateral lattice parameters in
units of the bulk Si lattice parameters, as determined from HRTEM,
and (c) corresponding composition map, for the sample area shown in
Fig. 18(a), i.e., for a growth temperature of 550 ◦C; (d) comparison of
local vertical lattice parameter [normalized to the bulk Si(111) layer
spacing] as determined by HRTEM (dots) and by SANBED (solid
line).

plane, cannot be quantified from the data. For fcc and
diamond lattices in general, and in particular for Ge on
Si [98–101], possible dislocations discussed in literature are
(i) the perfect dislocations �b = 〈11̄0〉a0/2 and (ii) the Shockley
partial dislocations �b = 〈112̄〉a0/6. The latter can be ruled out
from the observed value of �b‖, whereas our data complies with
the former ones, if �b⊥ = ±[11̄0]a0/4 is assumed. The resulting
Burgers vectors �b = [101̄]a0/2 and �b = [011̄]a0/2 correspond
to a perfect 60◦ dislocation [101]. Judging from Fig. 18(e),
it might also be possible that this perfect dislocation has
dissociated into two Shockley partial dislocations that are both
contained in the Burgers circuit, with a small stacking fault
region in between.

In order to assess the local chemistry, we applied strain state
analysis to the HRTEM images in both the growth and lateral
direction and compared the results with elasticity theory. In
particular, (111) and (111̄) lattice fringe images have been
obtained by Fourier filtering of HRTEM images such as shown
in Fig. 18(a), selecting respective diffractogram reflections
and transforming back to real space. Again, a Wiener noise
filter has been applied. Intensity maxima have been identified
horizontally in the (111̄) and vertically in the (111) fringe
images, with subpixel accuracy achieved by parabolian fitting.
Local distances between adjacent maxima along [111] have
been determined and normalized to their average in pure Si, as
shown exemplarily for TG = 550 ◦C in Fig. 19(a). Similarly,
lateral distances were determined from the vectors connecting
neighbored maxima in the (111̄) fringe images. As [111̄] is
not perpendicular to [111], the projections of the connection
vectors onto [112̄] were used instead. Again, the result was
normalized to the corresponding value in pure Si and is shown
in Fig. 19(b).

Since HRTEM images are subject to imaging artifacts aris-
ing from aberrations of the objective lens as well as gradients
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of the specimen thickness and the chemical composition, we
cross-checked the HRTEM results with strain analysis by
nanobeam electron diffraction (SANBED), which solely relies
on Bragg’s law [102,103]. Figure 19(d) shows the local (111)
layer spacing obtained by evaluating the distance between
the undiffracted beam and the (111) reflection using the
selective edge detection algorithm [102] while scanning over
the Ge island in Fig. 18(a), in comparison to a HRTEM
vertical lattice parameter profile from Fig. 19(a). Within
the precisions of both methods (9 × 10−4 for SANBED and
5 × 10−3 for HRTEM in the present study), the results are in
excellent agreement. In this respect, the SANBED data might
be preferable for strain state analysis. However, the twinned
domains lead to overlapping (111̄)A and (002)B diffraction
discs near domain boundaries which precludes the data from
obtaining reliable strain measurements in the lateral direction.
Note that the diameter of the STEM probe for SANBED was
approximately 1 nm, such that the spatial resolution is an order
of magnitude worse than in HRTEM in the present study.

By combining data such as shown in Figs. 19(a) and 19(b)
with reference values obtained from elasticity theory (as
described above), Ge composition maps have been compiled as
shown exemplarily for TG = 550 ◦C in Fig. 19(c). Obviously,
the Ge content increases gradually in growth direction up to
values of approximately 0.7 to 0.8. Because of the limited
thickness of the TEM specimen in electron beam direction,
the stress along the [11̄0] zone axis, σ11̄0, might differ from the
stress in the transverse lateral direction, σ112̄. In regard of the
high symmetry of the (111) interface plane, the parameter r⊥ in
the relation σ11̄0 = r⊥σ112̄ can take values from zero (complete
relaxation along zone axis) to unity (isotropic lateral stress).
Here and in the following, results for a relative transverse
lateral stress of r⊥ = 0.5 are presented. According analyses
for the extreme cases, r⊥ = 0 and r⊥ = 1, have also been
performed in order to assess the systematic uncertainty related
to the unknown strain state along the electron beam direction,
as detailed below.

To study the influence of the growth temperature on the
Ge incorporation in more detail, concentration profiles in the
[111] direction have been extracted from HRTEM data for
samples grown at 400 ◦C, 450 ◦C, and 550 ◦C. The results are
depicted in Fig. 20. In all cases, there is a gradual increase of
the Ge concentration, which then reaches a saturation value
near the top of the islands. For growth temperatures of 400 ◦C
and 450 ◦C, the Ge concentration saturates at values close
to unity, whereas for 550 ◦C a significantly lower saturation
value is obvious from the data. For a quantitative comparison,
the profiles have been fitted according to the segregation
model proposed by Muraki et al. [104] The resulting fits
are superimposed as solid lines in Fig. 20. The data are well
described by this phenomenological model, which, in our case,
predicts a Ge concentration x(n) in the nth layer of

x(n) =
{

0 for n < 1
x0(1 − Rn) for n � 1 , (6)

where R denotes a segregation efficiency and x0 the saturation
concentration. Our analysis supports almost pure Ge at the top
of the islands (x0 ≈ 0.9) for growth temperatures of 400 ◦C
and 450 ◦C, whereas a significantly lower value of x0 =
0.73 is indicated for TG = 550 ◦C. Moreover, the segregation
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FIG. 20. Ge concentration profiles along growth direction for
growth temperatures of (a) 400 ◦C, (b) 450 ◦C, and (c) 550 ◦C. Dots
represent the local Ge concentration as determined from HRTEM
data, the solid lines are a numerical fit to the Muraki model [104]
[cf. Eq. (6)]. The values of R, x0, and of the strain parameter γ [cf.
Eq. (4)] are indicated in each frame.

efficiency R shows a monotonic decrease towards lower TG,
which results in sharper interfaces and, thus, in steeper edges of
the profiles in Fig. 20. This is indicative of thermally activated
segregation or intermixing.

In order to compare the Ge content determined by HRTEM
with the results from GIXRD, the values corresponding to x0

from the Muraki fits are superimposed in Fig. 16(b). We note
that the average Ge content is slightly lower than x0, since
according to Fig. 20 there are volumes with significantly lower
Ge content near the interface. Nevertheless, these regions are
very thin and have a relatively large gradient of the lattice
parameter, and hence, give only rise to a weak and broadened
signal in GIXRD, while the intense Ge Bragg peaks evaluated
in the GIXRD analysis originate from the thicker regions with
more uniform lattice parameter and more homogeneous Ge
content very close to x0. The relatively large error bars for
the HRTEM results in Fig. 16(b) are due to the uncertainty
of the relative transverse lateral stress r⊥, as explained above.
Within this uncertainty, the results from GIXRD and HRTEM
as shown in Fig. 16(b) are in very good agreement.

Not only the Ge concentration, but also the strain parameter
γ [cf. Eq. (4)] can be quantified from the relative lateral
and vertical lattice constants. In contrast to the Ge content,
however, neither does the local strain parameter (not depicted
here) show a clear dependence on the distance from the
interface, nor does the average strain parameter (indicated in
Fig. 20) show a clear trend with growth temperature. Instead,
values around γ = 0.1 are obtained in all cases, indicative of
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almost complete relaxation. The values of the average strain
parameter according to the HRTEM analysis are compared to
respective results from GIXRD in Fig. 16(a). Again, a good
agreement is found.

F. Suitability of Ag as a surfactant

In the previous sections it has been shown that Ge
growth on Ag/Si(111)-

√
3×√

3-R 30◦ differs significantly
from the epitaxy of Ge on Si(111)-7×7. Already the Ge
wetting layer growth is different from that found for growth
on bare Si substrates. Instead of a layer-by-layer growth
mode with homogeneous nucleation of two-dimensional Ge
islands [10,105], a heterogeneous wetting layer nucleation is
observed on Ag/Si(111)-

√
3×√

3-R 30◦, where the internal
step edges of the maze structure serve as nucleation centers.
Even after the trenches of the maze structure have been
filled with Ge, the next Ge layer does not form compact
two-dimensional islands but exhibits a modified step-flow
growth. At the growth temperatures used here, and for terrace
widths in the micron range, the fact that a step-flow-like growth
mode is observed points to a largely increased diffusion length
for Ge on the Ag-

√
3×√

3-R 30◦ terminated surface. Instead
of a classical step-flow growth, a rather dendritic flavor of step
flow is found, which is attributed to the patterned surface strain
and chemistry of the filled-up maze structure that comprises
Ag/Ge/Si and Ag/Si patches.

Like for Ge growth on clean Si substrates, three-
dimensional islands are formed on the wetting layer in case
of growth on Ag/Si(111)-

√
3×√

3-R 30◦. However, these
islands do not show a pyramidal or dome shape with mainly
(113) facets as reported for Ge growth on bare Si(111) and
Si(001) [5,8,71,106], but they are rather flat with a huge top
(111) facet. These islands grow on the expense of the wetting
layer, which seems to be a general scheme that has also been
observed, e.g., for Bi-mediated Ge growth on Si(111) [107].

In some respects, Ag behaves like a typical surfactant.
Using XPEEM, Ag has been demonstrated to efficiently
segregate to the surface, the driving force for which is probably
a reduction of the surface free energy by Ag termination. The
degree of lattice relaxation found with LEED and GIXRD is
similar to that observed for Sb or Bi mediated epitaxy [27,28].
Also the defect structure is similar, with interfacial misfit
dislocations as well as twinning, the latter being largely
suppressed at higher growth temperatures. For Ag, however,
the increase in structural quality is accompanied by Ge/Si
alloying, as revealed by GIXRD and TEM.

Silver has a strong impact on the growth kinetics. This
does not only influence the wetting layer growth as mentioned
above, but also leads to a drastic increase of the diffusion
length at later growth stages. In our reference experiments
without Ag preadsorption, we find island densities that are
larger by about three orders of magnitude under the same
growth conditions. This is in clear contrast to the commonly
used group-V surfactants As, Sb, and Bi that tend to reduce
the effective diffusion length [17,18].

The large diffusion length of Ge on a Ag-
√

3×√
3-R 30◦

terminated Ge wetting layer is the main reason that makes Ag
inferior to the conventional surfactants in terms of surface
morphology. Though the huge flat Ge islands have been

shown to coalesce at a Ge deposit �Ge of roughly 20 BL,
no continuous Ge film (except for the wetting layer) can be
expected for a thickness below �Ge ≈ 66 BL at the growth
conditions used in this work. For comparison, a smooth,
continuous Ge film is obtained at �Ge ≈ 9 BL in the case
of Sb-mediated epitaxy [93]. Hence, for ultrathin Ge layers,
Ag is not the surfactant of choice. For applications, however,
that require slightly thicker films, Ag might indeed offer a
promising alternative.

Silver might also be useful when combining surfactant
mediated epitaxy with artificial substrate patterning techniques
such as lithography, e.g., for the growth of thin Ge films
on mesa structures. Such micron-scale structures match the
typical Ge island diameter in the case of Ag SME very well,
and thus, delayed island coalescence, as experienced here on
macroscopic surfaces, becomes meaningless.

Silver might even be superior to conventional group-V
surfactants if suppression of unintentional doping is the main
concern, since Ag has a lower solubility in Ge and forms deep
localization centers with an ionization energy of 130 meV.
In comparison, Sb and Bi are shallow impurities [38] with
ionization energies below 15 meV.

IV. CONCLUSION

The preadsorption of Ag has significant impact on sub-
sequent Ge growth, as our approach combining microscopy,
diffraction, and spectroscopy techniques has shown. Both the
wetting layer growth as well as the subsequent island growth
are very different from Ge growth on bare Si(111). A key
feature of the Ag mediated Ge growth is a strongly increased
Ge surface diffusion length that is reflected by a very low
density of very wide and flat islands. This morphology is not
typical of Ge/Si three-dimensional island growth and could
better be described as a noncontinuous film growth mode. The
coalescence of the flat islands, which will finally lead to a
continuous film, takes place at a rather late growth stage (with
a “critical” film thickness of about 20 to 30 nm), as compared to
other surfactants. The lattice mismatch is accommodated to a
large extent by a hexagonal network of misfit dislocations. In
addition, stacking faults have been identified as a common
defect type, which leads to the formation of twinned Ge
regions. The abundance of stacking faults can drastically be
reduced at higher growth temperatures TG around 600 ◦C.
This has also been reported for Sb mediated Ge/Si(111)
epitaxy [27]. However, in the present case of Ag as a surfactant,
Ge/Si intermixing becomes more pronounced with increasing
TG, with up to 40% Si content in the film for TG = 600 ◦C.
Nevertheless, our results suggest that Ag might be a superior
alternative to conventional surfactants for specific applications,
e.g., the growth of thin Ge films with low doping level on mesa
structures for small devices.
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[65] S. Fölsch, G. Meyer, D. Winau, K. H. Rieder, M. Horn-von

Hoegen, Th. Schmidt, and M. Henzler, Phys. Rev. B 52, 13745
(1995).

[66] K. Sakamoto, H. Ashima, H. M. Zhang, and R. I. G. Uhrberg,
Phys. Rev. B 65, 045305 (2001).

235410-16

https://doi.org/10.1049/el:19990349
https://doi.org/10.1049/el:19990349
https://doi.org/10.1049/el:19990349
https://doi.org/10.1049/el:19990349
https://doi.org/10.1143/APEX.5.071301
https://doi.org/10.1143/APEX.5.071301
https://doi.org/10.1143/APEX.5.071301
https://doi.org/10.1143/APEX.5.071301
https://doi.org/10.1063/1.4891463
https://doi.org/10.1063/1.4891463
https://doi.org/10.1063/1.4891463
https://doi.org/10.1063/1.4891463
https://doi.org/10.1088/1468-6996/15/2/024601
https://doi.org/10.1088/1468-6996/15/2/024601
https://doi.org/10.1088/1468-6996/15/2/024601
https://doi.org/10.1088/1468-6996/15/2/024601
https://doi.org/10.1016/S0039-6028(87)81180-9
https://doi.org/10.1016/S0039-6028(87)81180-9
https://doi.org/10.1016/S0039-6028(87)81180-9
https://doi.org/10.1016/S0039-6028(87)81180-9
https://doi.org/10.1103/PhysRevLett.63.2393
https://doi.org/10.1103/PhysRevLett.63.2393
https://doi.org/10.1103/PhysRevLett.63.2393
https://doi.org/10.1103/PhysRevLett.63.2393
https://doi.org/10.1103/PhysRevLett.64.1943
https://doi.org/10.1103/PhysRevLett.64.1943
https://doi.org/10.1103/PhysRevLett.64.1943
https://doi.org/10.1103/PhysRevLett.64.1943
https://doi.org/10.1126/science.286.5446.1931
https://doi.org/10.1126/science.286.5446.1931
https://doi.org/10.1126/science.286.5446.1931
https://doi.org/10.1126/science.286.5446.1931
https://doi.org/10.1063/1.335551
https://doi.org/10.1063/1.335551
https://doi.org/10.1063/1.335551
https://doi.org/10.1063/1.335551
https://doi.org/10.1016/0039-6028(91)91178-Z
https://doi.org/10.1016/0039-6028(91)91178-Z
https://doi.org/10.1016/0039-6028(91)91178-Z
https://doi.org/10.1016/0039-6028(91)91178-Z
https://doi.org/10.1103/PhysRevLett.63.632
https://doi.org/10.1103/PhysRevLett.63.632
https://doi.org/10.1103/PhysRevLett.63.632
https://doi.org/10.1103/PhysRevLett.63.632
https://doi.org/10.1103/PhysRevB.42.11690
https://doi.org/10.1103/PhysRevB.42.11690
https://doi.org/10.1103/PhysRevB.42.11690
https://doi.org/10.1103/PhysRevB.42.11690
https://doi.org/10.1209/0295-5075/21/6/009
https://doi.org/10.1209/0295-5075/21/6/009
https://doi.org/10.1209/0295-5075/21/6/009
https://doi.org/10.1209/0295-5075/21/6/009
https://doi.org/10.1103/PhysRevB.48.8502
https://doi.org/10.1103/PhysRevB.48.8502
https://doi.org/10.1103/PhysRevB.48.8502
https://doi.org/10.1103/PhysRevB.48.8502
https://doi.org/10.1103/PhysRevLett.68.954
https://doi.org/10.1103/PhysRevLett.68.954
https://doi.org/10.1103/PhysRevLett.68.954
https://doi.org/10.1103/PhysRevLett.68.954
https://doi.org/10.1116/1.578985
https://doi.org/10.1116/1.578985
https://doi.org/10.1116/1.578985
https://doi.org/10.1116/1.578985
https://doi.org/10.1103/PhysRevB.51.7583
https://doi.org/10.1103/PhysRevB.51.7583
https://doi.org/10.1103/PhysRevB.51.7583
https://doi.org/10.1103/PhysRevB.51.7583
https://doi.org/10.1103/PhysRevLett.80.2873
https://doi.org/10.1103/PhysRevLett.80.2873
https://doi.org/10.1103/PhysRevLett.80.2873
https://doi.org/10.1103/PhysRevLett.80.2873
https://doi.org/10.1103/PhysRevLett.88.046101
https://doi.org/10.1103/PhysRevLett.88.046101
https://doi.org/10.1103/PhysRevLett.88.046101
https://doi.org/10.1103/PhysRevLett.88.046101
https://doi.org/10.1016/j.susc.2015.11.014
https://doi.org/10.1016/j.susc.2015.11.014
https://doi.org/10.1016/j.susc.2015.11.014
https://doi.org/10.1016/j.susc.2015.11.014
https://doi.org/10.1063/1.109157
https://doi.org/10.1063/1.109157
https://doi.org/10.1063/1.109157
https://doi.org/10.1063/1.109157
https://doi.org/10.1016/0039-6028(92)90519-C
https://doi.org/10.1016/0039-6028(92)90519-C
https://doi.org/10.1016/0039-6028(92)90519-C
https://doi.org/10.1016/0039-6028(92)90519-C
https://doi.org/10.1063/1.123560
https://doi.org/10.1063/1.123560
https://doi.org/10.1063/1.123560
https://doi.org/10.1063/1.123560
https://doi.org/10.1103/PhysRevLett.67.1130
https://doi.org/10.1103/PhysRevLett.67.1130
https://doi.org/10.1103/PhysRevLett.67.1130
https://doi.org/10.1103/PhysRevLett.67.1130
https://doi.org/10.1016/0039-6028(93)90077-W
https://doi.org/10.1016/0039-6028(93)90077-W
https://doi.org/10.1016/0039-6028(93)90077-W
https://doi.org/10.1016/0039-6028(93)90077-W
https://doi.org/10.1063/1.1408599
https://doi.org/10.1063/1.1408599
https://doi.org/10.1063/1.1408599
https://doi.org/10.1063/1.1408599
https://doi.org/10.1063/1.1882760
https://doi.org/10.1063/1.1882760
https://doi.org/10.1063/1.1882760
https://doi.org/10.1063/1.1882760
https://doi.org/10.1103/PhysRevLett.96.066101
https://doi.org/10.1103/PhysRevLett.96.066101
https://doi.org/10.1103/PhysRevLett.96.066101
https://doi.org/10.1103/PhysRevLett.96.066101
https://doi.org/10.1557/PROC-0901-Ra12-06
https://doi.org/10.1557/PROC-0901-Ra12-06
https://doi.org/10.1557/PROC-0901-Ra12-06
https://doi.org/10.1557/PROC-0901-Ra12-06
https://doi.org/10.1016/j.tsf.2008.08.018
https://doi.org/10.1016/j.tsf.2008.08.018
https://doi.org/10.1016/j.tsf.2008.08.018
https://doi.org/10.1016/j.tsf.2008.08.018
https://doi.org/10.1016/j.susc.2013.07.020
https://doi.org/10.1016/j.susc.2013.07.020
https://doi.org/10.1016/j.susc.2013.07.020
https://doi.org/10.1016/j.susc.2013.07.020
https://doi.org/10.1016/j.tsf.2013.08.125
https://doi.org/10.1016/j.tsf.2013.08.125
https://doi.org/10.1016/j.tsf.2013.08.125
https://doi.org/10.1016/j.tsf.2013.08.125
https://doi.org/10.1143/JJAP.36.L1082
https://doi.org/10.1143/JJAP.36.L1082
https://doi.org/10.1143/JJAP.36.L1082
https://doi.org/10.1143/JJAP.36.L1082
https://doi.org/10.1103/PhysRevB.51.7598
https://doi.org/10.1103/PhysRevB.51.7598
https://doi.org/10.1103/PhysRevB.51.7598
https://doi.org/10.1103/PhysRevB.51.7598
https://doi.org/10.1063/1.116091
https://doi.org/10.1063/1.116091
https://doi.org/10.1063/1.116091
https://doi.org/10.1063/1.116091
https://doi.org/10.1007/s003390051445
https://doi.org/10.1007/s003390051445
https://doi.org/10.1007/s003390051445
https://doi.org/10.1007/s003390051445
https://doi.org/10.1063/1.119690
https://doi.org/10.1063/1.119690
https://doi.org/10.1063/1.119690
https://doi.org/10.1063/1.119690
https://doi.org/10.1146/annurev.ms.13.080183.001001
https://doi.org/10.1146/annurev.ms.13.080183.001001
https://doi.org/10.1146/annurev.ms.13.080183.001001
https://doi.org/10.1146/annurev.ms.13.080183.001001
https://doi.org/10.1021/cr00102a003
https://doi.org/10.1021/cr00102a003
https://doi.org/10.1021/cr00102a003
https://doi.org/10.1021/cr00102a003
https://doi.org/10.1007/BF02873002
https://doi.org/10.1007/BF02873002
https://doi.org/10.1007/BF02873002
https://doi.org/10.1007/BF02873002
https://doi.org/10.1016/0040-6090(80)90269-2
https://doi.org/10.1016/0040-6090(80)90269-2
https://doi.org/10.1016/0040-6090(80)90269-2
https://doi.org/10.1016/0040-6090(80)90269-2
https://doi.org/10.1016/0022-5088(90)90292-R
https://doi.org/10.1016/0022-5088(90)90292-R
https://doi.org/10.1016/0022-5088(90)90292-R
https://doi.org/10.1016/0022-5088(90)90292-R
https://doi.org/10.1088/0953-8984/7/6/006
https://doi.org/10.1088/0953-8984/7/6/006
https://doi.org/10.1088/0953-8984/7/6/006
https://doi.org/10.1088/0953-8984/7/6/006
https://doi.org/10.1016/j.tsf.2011.05.034
https://doi.org/10.1016/j.tsf.2011.05.034
https://doi.org/10.1016/j.tsf.2011.05.034
https://doi.org/10.1016/j.tsf.2011.05.034
https://doi.org/10.1063/1.96532
https://doi.org/10.1063/1.96532
https://doi.org/10.1063/1.96532
https://doi.org/10.1063/1.96532
https://doi.org/10.1016/0022-3697(77)90206-2
https://doi.org/10.1016/0022-3697(77)90206-2
https://doi.org/10.1016/0022-3697(77)90206-2
https://doi.org/10.1016/0022-3697(77)90206-2
https://doi.org/10.1016/j.apsusc.2008.07.063
https://doi.org/10.1016/j.apsusc.2008.07.063
https://doi.org/10.1016/j.apsusc.2008.07.063
https://doi.org/10.1016/j.apsusc.2008.07.063
https://doi.org/10.1016/0040-6090(91)90466-B
https://doi.org/10.1016/0040-6090(91)90466-B
https://doi.org/10.1016/0040-6090(91)90466-B
https://doi.org/10.1016/0040-6090(91)90466-B
https://doi.org/10.1007/s11669-007-9204-9
https://doi.org/10.1007/s11669-007-9204-9
https://doi.org/10.1007/s11669-007-9204-9
https://doi.org/10.1007/s11669-007-9204-9
https://doi.org/10.1007/BF02882179
https://doi.org/10.1007/BF02882179
https://doi.org/10.1007/BF02882179
https://doi.org/10.1007/BF02882179
https://doi.org/10.1007/BF02877504
https://doi.org/10.1007/BF02877504
https://doi.org/10.1007/BF02877504
https://doi.org/10.1007/BF02877504
https://doi.org/10.1007/BF02887156
https://doi.org/10.1007/BF02887156
https://doi.org/10.1007/BF02887156
https://doi.org/10.1007/BF02887156
https://doi.org/10.1007/BF02887152
https://doi.org/10.1007/BF02887152
https://doi.org/10.1007/BF02887152
https://doi.org/10.1007/BF02887152
https://doi.org/10.1007/s11669-001-0041-y
https://doi.org/10.1007/s11669-001-0041-y
https://doi.org/10.1007/s11669-001-0041-y
https://doi.org/10.1007/s11669-001-0041-y
https://doi.org/10.1007/BF02877631
https://doi.org/10.1007/BF02877631
https://doi.org/10.1007/BF02877631
https://doi.org/10.1007/BF02877631
https://doi.org/10.1007/BF02877462
https://doi.org/10.1007/BF02877462
https://doi.org/10.1007/BF02877462
https://doi.org/10.1007/BF02877462
https://doi.org/10.1016/0039-6028(83)90537-X
https://doi.org/10.1016/0039-6028(83)90537-X
https://doi.org/10.1016/0039-6028(83)90537-X
https://doi.org/10.1016/0039-6028(83)90537-X
https://doi.org/10.1103/PhysRevLett.58.369
https://doi.org/10.1103/PhysRevLett.58.369
https://doi.org/10.1103/PhysRevLett.58.369
https://doi.org/10.1103/PhysRevLett.58.369
https://doi.org/10.1103/PhysRevLett.61.349
https://doi.org/10.1103/PhysRevLett.61.349
https://doi.org/10.1103/PhysRevLett.61.349
https://doi.org/10.1103/PhysRevLett.61.349
https://doi.org/10.1103/PhysRevLett.67.1454
https://doi.org/10.1103/PhysRevLett.67.1454
https://doi.org/10.1103/PhysRevLett.67.1454
https://doi.org/10.1103/PhysRevLett.67.1454
https://doi.org/10.1103/PhysRevB.47.13700
https://doi.org/10.1103/PhysRevB.47.13700
https://doi.org/10.1103/PhysRevB.47.13700
https://doi.org/10.1103/PhysRevB.47.13700
https://doi.org/10.1016/0039-6028(95)00320-7
https://doi.org/10.1016/0039-6028(95)00320-7
https://doi.org/10.1016/0039-6028(95)00320-7
https://doi.org/10.1016/0039-6028(95)00320-7
https://doi.org/10.1103/PhysRevB.52.13745
https://doi.org/10.1103/PhysRevB.52.13745
https://doi.org/10.1103/PhysRevB.52.13745
https://doi.org/10.1103/PhysRevB.52.13745
https://doi.org/10.1103/PhysRevB.65.045305
https://doi.org/10.1103/PhysRevB.65.045305
https://doi.org/10.1103/PhysRevB.65.045305
https://doi.org/10.1103/PhysRevB.65.045305


MAZES AND MESO-ISLANDS: IMPACT OF Ag . . . PHYSICAL REVIEW B 94, 235410 (2016)

[67] I. Matsuda, H. Morikawa, C. Liu, S. Ohuchi, S. Hasegawa, T.
Okuda, T. Kinoshita, C. Ottaviani, A. Cricenti, M. D’angelo, P.
Soukiassian, and G. Le Lay, Phys. Rev. B 68, 085407 (2003).

[68] F. Ming, K. Wang, S. Pan, J. Liu, Y. Zhang, J. Yang,
and X. Xiao, ACS Nano 5, 7608 (2011).

[69] A. E. Dolbak and B. Z. Ol’shanetskii, J. Exp. Theor. Phys. 116,
952 (2013).

[70] T. Yamagami, J. Sone, K. Nakatsuji, and H. Hirayama,
Appl. Phys. Lett. 105, 151603 (2014).

[71] Th. Schmidt, M. Speckmann, J. Falta, T. O. Menteş, M. Á.
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