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We have developed a new method of growing Si or Ge ultrathin films on a Ag(111)
surface by using a Ag-induced layer exchange (ALEX) process toward the creation of 2D
honeycomb sheets of Si and Ge, known as silicene and germanene, respectively. In the
present paper, we clarify ALEX features, specifically the surface segregation of Si (or Ge)
atoms from the underlying substrate, focusing on the annealing temperature and time. Hard
X-ray photoelectron spectroscopy analyses demonstrate that surface-segregated Si (or Ge)
exists on the Ag surfaces after the epitaxial growth of the Ag layer on Si(111) [or Ge(111)]
substrates; the amount of segregated Si (or Ge) can be controlled by a subsequent
annealing. Also, we find that the segregation of an ultrathin Si or Ge layer proceeds at an
interface between Ag and the AlOx capping layer.
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1. Introduction
Two-dimensional (2D) honeycomb sheets of Si and Ge, known as silicene and germanene,
respectively, are supreme thin-film materials for next-generation Si electronics. It is
theoretically predicted that they have high carrier mobility and some intriguing functions
such as band-gap control and topological insulator [1,2]. To realize these 2D honeycomb
sheets, many researchers have developed advanced crystal growth techniques enabling
epitaxial silicene and germanene on various metal surfaces. For example, epitaxial growths
of

silicene

(or

germanene)

were

reported

on

Ag(111)[3-6],

Ag(110)[7,8],

ZrB2(0001)/Si(111) [9], and Ir(111) [10] [or Pt(111) [11], Au(111) [12], and Al(111) [13]].
Moreover, the fabrication of silicene field-effect transistors (FETs) on SiO2 has recently
been demonstrated by Tao et al.[14], where the FET mobility showed ~100 cm2/Vs at
room temperature. These crystal growth techniques can be categorized by supplying
methods of the group-IV element: (1) deposition by evaporation from a source [3-8,10-13]
or (2) diffusion from an undermost substrate of Si [9]. We suppose that the latter growth
method has an advantage in controllability for the thickness of silicene because it is a
self-assembled growth; metals with a low solubility of Si may be preferred for the growth
method. According to a phase diagram of Ag-Si [15], the mutual solubilities of Si and Ag
in the solid state are negligibly small. Thus, a stack structure of Ag/Si is also a promising
substrate to form silicene by the latter growth method.
In line with this, we investigate a new method of growing Si and Ge ultrathin
films by using a Ag-induced layer exchange (ALEX) process toward the creation of 2D
honeycomb sheets of Si and Ge. The layer exchange process is a metal-induced solid phase
crystallization developed for amorphous Si layers on insulating surfaces [16]. This enables
the polycrystallization of the Si or Ge layers with preferential (001) or (111) orientations
through the layer exchange process between the eutectic metals (Al [16-27], Ag [28], and
Au [29,30]) and the Si or Ge layers by annealing under the eutectic temperatures. Here, in
2

this paper, we clarify the ALEX features of Ag/Si(111) and Ag/Ge(111) stacked structures
focusing on the annealing temperature and time. We found that surface-segregated Si (or
Ge) ultrathin films exist on the Ag surfaces after the epitaxial growth of the Ag layers on
Si(111) [or Ge(111)] substrates; the amount of segregated Si or Ge can be controlled by a
subsequent annealing.

2. Experimental procedure
A Si or Ge wafer with a (111) orientation was used as a substrate. After wet-chemical
cleaning of the substrates, they were introduced into a vacuum evaporation chamber. Here,
an alkali solution (NH4OH : H2O2 : H2O = 0.15 : 3 : 7) and a 4.5% HF solution were used
for the cleaning of the Si wafers; a 4.5% HF solution was used for the cleaning of the Ge
wafers. Subsequently, a 60-nm-thick Ag layer was deposited on the substrates at room
temperature (RT) in the vacuum evaporation chamber with a base pressure of 9×10-6 Torr.
X-ray diffraction (XRD) measurements of the Ag/Si(111) and Ag/Ge(111) revealed that all
Ag layers were crystallized with (111) orientation. Also, there was no peak due to the
binary compounds. From these results, we can judge that the Ag layer is grown epitaxially
on the Si(111) or Ge(111) substrate at RT with no two-phase mixture. After that, a surface
cleaning of the substrates was performed again by using a 4.5% HF solution. Then, a
5-nm-thick AlOx capping layer was formed on the Ag(111)/Si(111) or Ag(111)/Ge(111) at
RT. Finally, these samples were annealed at various temperatures in a dry N2 atmosphere
to induce layer exchange growth. The annealing temperatures were chosen to be below the
eutectic temperatures of the Ag-Si (835 oC) or Ag-Ge (651 oC) system. Such a layer
exchange process is schematically shown in Fig. 1.
We used electron backscatter diffraction (EBSD) to analyze the grain boundaries
in the (111)-oriented Ag layers. The EBSD measurements were examined using a
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high-resolution field-emission scanning electron microscopy (SEM; ULVAC PHI 700Xi)
apparatus equipped with orientation imaging microscopy (OIM) capabilities. OIM is based
on the automatic indexing of EBSD patterns obtained by SEM [31]. In addition, we used
hard X-ray photoelectron spectroscopy (HAXPES) under a synchrotron radiation (hν =
7939 eV) at a beam line of BL47XU in SPring-8 to evaluate chemical bonding features as
well as the diffusion and segregation of Si or Ge atoms in the Ag layers. Thanks to the high
brilliance and high excitation energy of hard X-ray, we can directly discuss the chemical
bonding features at the interface between the Ag surface and the AlOx capping layer with
high sensitivity.

3. Results and discussion
For all samples, we firstly confirmed the crystallographic structure of the Ag(111) layer
grown on Si(111) or Ge(111); the typical experiment results are shown in Figs. 2(a) and
2(b), respectively. They were evaluated by EBSD before the deposition of the AlOx
capping layer. In these figures, the Σ3 grain boundary, known as a coherent twin boundary,
is also shown as a yellow line. The results indicate that only a uniform (111) plane (blue)
can be seen on the surface of the Ag layer for both samples, which agrees well with the
XRD measurements. Some Σ3 grain boundaries, however, exist in the Ag layer for both
samples [see Figs. 2(a) and 2(b)]. This indicates that (111)-oriented grains are rotated in
the plane of the Ag layer. To analyze the in-plane rotation in more detail, (111) pole
figures of those Ag layers grown on Si(111) and Ge(111) are presented in Figs. 2(c) and
2(d), respectively. For the Ag/Si(111) sample, the (111) pole figure has regions of high
intensity at the center and at the other three points corresponding to the (11-1), (-111), and
(1-11) planes. This indicates that the epitaxial Ag layer completely inherits the substrate
orientation of (111). For the Ag/Ge(111) sample, three additional weak points appear,
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which are marked by dashed circles in Fig. 2(d). Also, we found that the additional three
points are rotated around the normal direction by 60o from each of the three strong points.
This well explains the difference of 60o in the in-plane crystal orientations between
neighboring grains, i.e., two epitaxial twin structures, as shown in Fig. 2(b) by illustration
of a unit cell. Figure 2(e) shows histograms of the misorientation angles within the
Ag(111) grains grown on Si(111) and Ge(111). It is clear that an excellent Ag(111) layer
was obtained on the Si(111) compared with that on the Ge(111). In Ag/Si(111), the
average of the misorientation angle at 0.4o without a significant wide distribution was
obtained; in Ag/Ge(111), the average of the misorientation angle at 0.4o with a wide
distribution was obtained. We guess that this difference may be attributed to an atomic
mismatch between Ag and the underlying substrate of Si or Ge. Nason and coworkers
proposed a “3-to-4” matching model of Si to Ag atom rows for a Ag(111)/Si(111) system
[32,33]. From the model, we can calculate the mismatch between Ag and Si or Ge atoms.
As a result, we obtain the mismatch values of 5.9 and 9.6% for the Ag(111)/Si(111) and
Ag(111)/Ge(111) systems, respectively. The mismatch for the Ag(111)/Ge(111) system is
1.6 times larger than that for the Ag(111)/Si(111) system; consequently, an epitaxial twin
structure of Ag arose during the growth on the Ge(111). In this way, the crystallographic
structures of the Ag(111) layers in our samples were clarified.

Figure 3(a) shows the Si 1s spectra for the AlOx/Ag/Si(111) sample before and
after annealing at 400 ºC for 1 h, where the spectrum of the Ag/Si(111) sample without
annealing is also given for comparison. For the Ag/Si(111) sample, Si 1s signals from O-Si
bonding units were clearly observed. This indicates that Si atoms diffuse toward the Ag
surface from the Si(111) substrate during Ag deposition, taking into account the detection
limit in the depth direction as deep as ~30 nm from the surface. The detection limit in the
depth direction roughly corresponds to three times the escape depth of each photoelectron
5

[34]. This presence of Si atoms on the Ag surface was also confirmed by the depth
profiling of the chemical structure evaluated from the photoelectron take-off angle
dependence of Si 1s and Ag 3d5/2 spectra. In addition, we found that Si 1s signals
originating from both O-Si and Si-Si bonding units for the AlOx/Ag/Si(111) sample were
significantly increased by 400 oC annealing. These results clearly indicate the surface
diffusion of Si atoms during Ag deposition and subsequent annealing, which confirms the
validity of our proposed ALEX. The formation of O-Si bonding units after the segregation
was probably caused by the oxidation of the sample due to residual oxygen during
annealing and/or sample transfer. To obtain an insight into the impact of the AlOx capping
layer on the oxidation of the ultrathin Si layer, Si 1s spectra are taken for the Ag/Si(111)
and AlOx/Ag/Si(111) samples after annealing. The results are shown in Fig. 3(b). It is clear
that the relative intensity of O-Si to Si-Si components for the AlOx/Ag/Si(111) sample
decreases compared with that for the Ag/Si(111) sample. Although O-Si components were
still observed for the AlOx/Ag/Si(111) sample, we can say that the AlOx capping layer is
effective in suppressing the oxidation of the ultrathin Si layer. We believe that the
oxidation could be reduced by using a thick AlOx capping layer in combination with
annealing of the samples in a vacuum chamber, as will be argued later in regard to Fig.
4(b).
Next, we discuss the change in the chemical bonding feature of the Ag and AlOx
capping layers with annealing. Ag 3d5/2 and Al 1s spectra of the AlOx/Ag/Si(111) sample
are shown in Figs. 4(a) and 4(b), respectively. In Fig. 4(a), the spectrum of the Ag/Si(111)
sample without annealing is also given for comparison. These Ag 3d5/2 signals were
observed at 368.3 eV on the binding energy scale, which was the same energy position as
the Ag-Ag bonding units as described in Refs. 35 and 36. Also, it is clear that the shape of
these spectra was unchanged after the AlOx formation and subsequent annealing. This
implies that the incorporation of Si atoms into Ag was below the detection limit of
6

HAXPES analysis, as low as 1%, which is quite consistent with the fact that the solubility
of Si in Ag is quite low [15]. In Fig. 4(b), it is obvious that the Al 1s spectrum obtained
from the AlOx capping layer can be fitted well with a Gaussian distribution; no significant
change in the spectral shape with the annealing was observed. Indeed, no metallic peak of
Al-Al components (at approximately 1559 eV) was observed. These results indicate the
mixing of Si atoms into AlOx, and a reductive reaction of the AlOx with Si hardly occurs
after 400 oC annealing. In other words, the segregation of the ultrathin Si layer proceeds at
the interface between the Ag and AlOx capping layers.
Interestingly, a similar result of surface diffusion and segregation was observed
for the AlOx/Ag/Ge(111) sample. Figures 5(a) and 5(b) show the Ge 2p3/2 and Ag 3d5/2
spectra for the AlOx/Ag/Ge(111) sample before and after annealing at 400 ºC for 1 h,
where the spectra of the Ag/Ge(111) sample without annealing are also given for
comparison. For the AlOx/Ag/Ge(111) sample before annealing, small Ge 2p3/2 signals
from Ge-Ge bonding units were detected, which indicate that a few Ge atoms were
diffused toward the sample surface during the AlOx formation. After 400 ºC annealing, an
increase in the Ge 2p3/2 signals due to the Ge segregation was observed without the spectral
change in the Ag 3d5/2 signals.
To understand the dynamical features of ALEX for AlOx/Ag/Si(111) and
AlOx/Ag/Ge(111), it is essential to clarify the diffusion process. Thus, ALEX kinetics is
investigated. Changes in the integrated intensities of Si 1s and Ge 2p3/2 core lines with
annealing for AlOx/Ag/Si(111) and AlOx/Ag/Ge(111) are displayed in Fig. 6 as a function
of annealing time. These integrated intensities were calibrated in consideration of the
photo-ionized cross section (σ) of 2.60×10-3 Mb for Si 1s, 3.40×10-3 Mb for Ge 2p, and
7.80×10-4 Mb for Ag 3d, and intensity normalization was made using Ag 3d5/2 signals from
the Ag layer at 1×105 counts, where the values of σ were crudely estimated from the
reference and measured values [37]. Obviously, the diffusion of Ge and Si atoms on the Ag
7

surface proceeds at temperatures over 400 ºC; the amount of Ge diffusion by the annealing
was larger than that of the Si case. These phenomena are attributed to a larger solid
solubility of Ge in Ag compared with that of Si [15,38]. From the data shown in Fig. 6, the
average thickness of segregated Si or Ge was crudely estimated from the intensity ratio of
HAXPES core-line signals. In this calculation, the core-line intensity of I for a top layer
with a thickness d is obtained by integrating over the exponential escape probability as
d
⎡
d ⎞⎤
⎛
I = ∫ dI =n･σ･sin θ ⎢1 − exp⎜ −
⎟⎥
x =0
⎝ λ sin θ ⎠⎦ ,
⎣

where n, σ, θ, and λ are the atomic concentration, photo-ionization cross section,
photoelectron take-off angle, and photoelectron escape depth, respectively [34,37]. The
emission from the bottom layer is given by a similar expression except that the escape
probability is multiplied by the attenuation factor exp(-d/λ) of the overlayer. In the case of
the AlOx/Si/Ag (or AlOx/Ge/Ag) system, the emission from both the Si (or Ge) and the Ag
layer is reduced by the attenuation factor exp(-dAlOx/λAlOx) of the AlOx capping layer. Thus,
the intensity ratio between the Si 1s (or Ge 2p3/2) and Ag 3d5/2 core level peaks is given by

I Si
n ･σ ･λ
= Si Si Si
I Ag n Ag･σ Ag･λ Ag

⎡ ⎛ d Si ⎞ ⎤
⎟⎟ − 1⎥
⎢exp⎜⎜
λ
sin
θ
Si
⎝
⎠ ⎦.
⎣

Finally, the average thickness of segregated Si (dSi) (or segregated Ge (dGe)) is expressed
as

⎛ n ･σ ･λ
⎞
I
d Si = λSi sin θ･ln⎜ Ag Ag Ag ･ Si + 1⎟
⎜ n ･σ ･λ
⎟
⎝ Si Si Si I Ag
⎠,
where the escape depths (λ) of core-line photoelectrons under excitation with hard X-ray
(7939 eV) were set at 11 nm for Si, 10 nm for Ge, and 7 nm for Ag [34]; the atomic
concentrations (n) used in the calculation were 0.0367ND for Si, 0.0734ND for Ge, and
0.0981ND for Ag, where ND indicates Avogadro's number. As the results, we obtain the
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average Si and Ge thicknesses after N2 annealing at 400 ºC for 60 min of ~0.9 and ~1.6 nm,
respectively. The corresponding integrated photoelectron intensities are proportional to the
annealing time for the ALEX process (see Fig. 6). This is an important relationship, which
enables the designing of the thickness of Si and Ge ultrathin films on Ag surfaces essential
for the creation of 2D honeycomb sheets consisting of these atoms.

4. Conclusions
ALEX features of AlOx/Ag(111)/Si(111) and AlOx/Ag(111)/Ge(111) stacked structures
have been examined focusing on the annealing temperature and time. HAXPES analyses
revealed that surface-segregated Si (or Ge) ultrathin films exist on the Ag surfaces after the
epitaxial growth of the Ag layers on Si(111) [or Ge(111)] substrates; the segregation of
ultrathin Si or Ge film proceeds at the interface between the Ag and the AlOx capping layer.
In addition, it was found that the amount of segregated Si (or Ge) could be controlled by a
subsequent annealing. We consider that the present study is the first step towards the
creation of 2D honeycomb sheets on a Si chip.
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Figure Captions
Fig. 1. (Color online) Schematic illustration of Ag-induced layer exchange process.

Fig. 2. (Color online) EBSD orientation maps of the Ag layers grown on (a) Si(111) and
(b) Ge(111). The corresponding (111) pole figures of the Ag layers are also shown in (c)
and (d). The color code indicates the crystal directions parallel to the normal direction of
the sample surface. Yellow lines in (a) and (b) indicate Σ3 grain boundaries. (e)
Histograms of misorientation angles within the Ag(111) grains grown on Si(111) and
Ge(111).

Fig. 3. (Color online) Si 1s spectra taken for (a) AlOx/Ag/Si(111) before and after
annealing at 400 ºC for 1 h and (b) Ag/Si(111) with and without an AlOx capping layer
after N2 annealing. A reference Si 1s spectrum of Ag/Si(111) is also shown in (a). In each
spectrum, the photoelectron take-off angle was set at 87º, and the intensity normalization
was made using Ag 3d5/2 signals from the Ag layer.

Fig. 4. (Color online) (a) Ag 3d5/2 and (b) Al 1s spectra for AlOx/Ag/Si(111) before and
after N2 annealing at 400 ºC for 1 h measured at the photoelectron take-off angle of 87º.
The photoelectron intensity normalization was made using Ag 3d5/2 signals from the Ag
layer.

Fig. 5. (Color online) (a) Ge 2p3/2 and (b) Ag 3d5/2 spectra for AlOx/Ag/Ge(111)
measured at each process step of Ag deposition on wet-cleaned Ge(111), AlOx capping
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layer formation, and N2 annealing at 400 ºC for 1 h. The photoelectron take-off angle was
set at 87º. The photoelectron intensity normalization was made using Ag3d5/2 signals
from the Ag(111) layer.

Fig. 6. (Color online) N2 annealing time dependence of Si 1s and Ge 2p3/2 integrated
photoelectron intensities from AlOx/Ag/Si(111) and AlOx/Ag/Ge(111) structures. These
intensities were calibrated in consideration of the photo-ionized cross section and the
kinetic energy of each core line, and the intensity normalization was made using Ag 3d5/2
signals from the Ag layer at 1×105 counts.
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