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Abstract
Using low-energy electron diffraction and scanning tunnelling microscopy, we
studied the formation of Mg silicide and metallic Mg islands on a Si(111)-7 × 7
surface at room temperature as a function of Mg coverage. We found that the
mechanism by which Mg islands grew on the Si(111)-7 × 7 surface, and the
morphology of the islands that formed, depended on whether the Mg deposition
was performed in a stepwise or continuous manner. When Mg was deposited
in a stepwise manner, with 1 h between deposition events, an amorphous Mg
silicide overlayer formed on the Si(111)-7 × 7 surface during the initial stage
of deposition (up to 2.0 ML Mg coverage), as shown by the observation of
δ7×7 and 1×1 low-energy electron diffraction patterns. Upon further stepwise
Mg deposition, round-shaped Mg islands grew on the amorphous Mg silicide
layer, as shown by scanning tunnelling microscopy and the emergence of a
1 × 1 low-energy electron diffraction pattern. If, on the other hand, the Mg
was deposited continuously in a single step, hexagonal Mg islands formed on
the flat Mg silicide layers, and a ( 2

3

√
3 × 2

3

√
3)R30◦ and 1 × 1 mixed phase

was observed. Moreover, using scanning tunnelling spectroscopy, we confirmed
the semiconducting and metallic nature of the Mg silicide layer and hexagonal
Mg islands on the Si(111)-7 × 7 surface depending on their Mg coverage,
respectively.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Over the past decades, the adsorption of alkali and alkaline earth metals onto semiconductor
surfaces has been intensively studied not only from a pure science perspective but also due
to the many technological applications involving these adsorption processes [1–7]. Several
studies have examined the formation of Mg silicide and Mg-induced superstructures on the
Si(111)-7 × 7 surface using a range of experimental techniques, including low-energy electron
diffraction (LEED), photoemission spectroscopy (PES), and scanning tunnelling microscopy
(STM). Vandre et al [8] observed that, as Mg atoms were adsorbed onto a Si(111)-7 × 7
surface at room temperature (RT), the 7 × 7 LEED patterns gradually disappeared and new
(
√

3 × √
3)R30◦ (hereafter

√
3) patterns emerged. However, Quinn et al [9] suggested that

the
√

3 and 3 × 3 patterns were actually misinterpretations of ( 2
3

√
3 × 2

3

√
3)R30◦ (hereafter

2
3

√
3) and 3 × 1 patterns, respectively. Moreover, no LEED patterns were seen at very high Mg

coverage. During slow Mg deposition at RT or at slightly elevated temperatures (100–200 ◦C),
initially a 7 × 7 pattern is observed, which changes into a mixture of 1 × 1 and 2

3

√
3 patterns

as the Mg coverage increases, finally becoming a 2
3

√
3 pattern at higher coverages [8]. Quinn

et al [9] also suggested that these patterns are due to Mg2Si silicide and that the Si reconstructed
surface is stabilized by adsorbed metal atoms, which do not have long-range order on the basis
of their LEED current–voltage (I –V ) plot. Therefore, they excluded the possibility that the
metal atoms are arranged periodically on the surface. Wirgen et al [10] confirmed the 3 × 1
and 2

3

√
3 LEED patterns reported by Quinn et al. They showed that the relations between 2

3

√
3

LEED patterns and atomic structural models are schematically shown in [10]. In addition, on
the basis of PES results, they reported that Mg2Si silicide is a semiconductor with an indirect
band gap of 0.6 eV and a direct band gap of 2.17 eV. An et al studied the initial interface and
silicide formation induced by Mg adsorption on a Si(111)-7 × 7 surface at RT using LEED
and PES [11, 12]. Despite there being an STM study of Mg-induced 3 × 2 reconstructions on
Si(111) surface at elevated substrate temperature [13], to our knowledge no systematic STM
study has yet been carried out on the RT growth of Mg silicide on this surface.

In the present work, we used STM and LEED to study the adsorption of Mg onto a
Si(111)-7 × 7 surface at various coverages and compared two mechanisms for the growth
of a Mg silicide layer formed by the interaction between Mg atoms and the Si(111)-7 × 7
surface (stepwise deposition and continuous deposition). In addition, we investigated the
metallic Mg island growth mode at higher Mg coverages. Furthermore, we determined the
electronic properties of Mg silicide and Mg overlayers on a Si(111)-7×7 surface using scanning
tunnelling spectroscopy (STS).

2. Experimental details

The experiments were performed in an ultrahigh-vacuum (UHV) chamber with a base pressure
of 2.0 × 10−10 Torr, which was equipped with a home-made UHV scanning tunnelling
microscope and Omicron LEED optics. An n-type Si(111) sample with a resistivity of 0.1 � cm
was cut from a commercial Si wafer, cleaned by several cycles of heating to 1200 ◦C after
outgassing at 600 ◦C for more than 12 h. The cleanliness of the Si(111)-7 × 7 surface was
confirmed by examination of STM images and LEED patterns. To produce Mg adsorption for
deposition onto the Si(111)-7 × 7 surface, Mg was evaporated by placing several Mg grains
(99.99%) in a pyrolytic boron nitride (PBN) crucible coiled by W wire, which was then heated,
causing the Mg grains to be heated indirectly. Prior to evaporation, the Mg grains were also
degassed for 24 h. The Mg deposition flux was 0.1 monolayer (ML) min−1, as calibrated by
a quartz thickness monitor. All Mg deposition was performed at RT. STM, LEED, and Auger
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electron spectroscopy (AES) were also used to check the purity of the Mg source and Si sample.
In the AES spectrum of the Mg-adsorbed Si(111) surface, the only peaks observed were the Mg
(48 eV) and Si (96 eV) ones. During the evaporation of Mg, the pressure of the UHV chamber
was kept below 5.0 × 10−10 Torr. The scanning transmission microscope tip was prepared by
cutting W wire (diameter 0.5 mm) followed by etching in a 0.1 N NaOH solution. The prepared
tip was cleaned by electron bombardment in the UHV chamber. In the constant-current imaging
mode at 0.1 nA, the sample bias voltage was set to +2.0 V.

3. Results and discussion

To clarify the discrepancy between the different growth patterns observed for the Mg silicide
and Mg overlayer, we used STM, STS, and LEED to investigate the characteristics of the
stepwise and continuous deposition processes.

Figure 1 shows empty-state STM images of Mg grown on a Si(111)-7 × 7 surface at
coverages ranging from 0 to 6.0 ML by stepwise Mg deposition with a time interval of 1 h
(multi-step deposition) at RT. After confirming that the original Si(111)-7 × 7 surface was
clean (figure 1 (a)), we deposited 0.1 ML Mg on the Si(111)-7 × 7 surface (figure 1(b)). As
shown in this image, the deposited Mg atoms are randomly adsorbed on the Si(111)-7 × 7
surface without any surface reconstruction. It is noted that the adsorbed Mg does not interact
with the Si(111)-7 × 7 surface at this submonolayer coverage. However, when the coverage
was increased to above 1.0 ML, we observed remarkable changes.

Figures 1(c)–(f) show STM images of Si(111) surfaces with Mg coverages of 1.0 (c), 2.0
(d), 4.0 (e), and 6.0 ML (f). At a coverage of 1.0 ML (figure 1(c)), the Si(111)-7 × 7 surface
is fully covered by the deposited Mg overlayer that seems to be comprised of amorphous Mg.
The amorphous nature of this overlayer was confirmed by the diffuse 7 × 7 (δ7 × 7) LEED
pattern observed for this system (see figure 4(b)). The tendency of the adsorbed Mg atoms to
form a disordered overlayer rather than a well-ordered structure can be attributed to the large
lattice mismatch between the a-axis of hexagonal Mg (3.21 Å) [14] and Si(111) (3.84 Å). It
has been reported that Mg atoms generally react with surface Si atoms to form Mg silicide with
the stoichiometry of Mg2Si even at RT [9–11]. Hence, we expect that the disordered domains
observed in figure 1(c) represent an initial stage during the formation of a Mg silicide overlayer
on the Si(111) 7 × 7 surface. At this coverage, small grains of Mg clusters react with the
substrate to form Mg silicide. These grains can then act as nucleation seeds upon further Mg
deposition on the surface.

As the deposition of Mg atoms is increased beyond 1.0 ML, we can clearly discern the
growth mode. Figure 1(d) shows an empty-state STM image of the Mg-adsorbed Si(111)
surface at a coverage of 2.0 ML Mg. As shown in this image, small-sized Mg islands (3–6
nm) begin to form, which can then act as nucleation sites. Given that these Mg island domains
are somewhat amorphous, we can exclude the formation of 2

3

√
3 (ordered) silicide regions.

Concurrently, we confirmed that a (1 × 1)Mg LEED pattern is observed at this coverage. We
can distinguish the (1 × 1) LEED spots of Mg ((1 × 1)Mg) from those of Si ((1 × 1)Si ) due to
the different lattice constant (see figures 4(a) and (d)). Our interpretation of the STM images
is that the observed several-nanometre-sized Mg clusters formed by agglomeration of incident
Mg atoms are simply located on the amorphous Mg silicide layers shown in figure 1(c). The
1 h time interval between the STM measurements of figures 1(c) and (d) may be sufficient for
the stabilization of amorphous Mg silicide layers shown in figure 1(c). Amorphous Mg silicide
layers can be stabilized by the surface diffusion induced Mg clusters followed by the formation
of nucleation sites for additional clustering on them. This process would prevent the incoming
Mg atoms from easily reacting with the Mg silicide layers, causing these atoms to cluster with
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Figure 1. Empty-state STM images of Mg adsorbed on a Si(111) surface at various coverages
(multi-step deposition, Vs = 2.0 V, 0.1 nA). (a) Clean Si(111)-7 × 7 (image size: 12.5 nm ×
12.5 nm), (b) 0.1 ML Mg adsorbed on Si(111)-7 × 7 (20 nm × 20 nm), (c) amorphous Mg silicide
overlayer formed on the Si(111) 7 × 7 surface (1.0 ML). Small Mg grains are observed that can
act as nucleation sites upon further Mg deposition (50 nm × 50 nm), (d) Mg clustering to form Mg
islands (2.0 ML, 50 nm × 50 nm), (e) overlayers of larger-sized Mg clusters on the amorphous Mg
silicide layers (4.0 ML, 50 nm × 50 nm), and (f) round-shaped Mg islands grown on the Mg silicide
layers (6.0 ML, 50 nm × 50 nm). These STM images were taken at intervals of 1 h. The inset of
figure 2(f) displays (1 × 1)Mg LEED pattern.

each other rather than react with the amorphous Mg silicide layer. As we will discuss below,
the preferential clustering is also related to the surface diffusion of Mg atoms. Close inspection
of figure 1(d) clearly reveals bright spots where the Mg clusters (labelled α) form overlayers
on the Mg silicide regions (e.g., dark region labelled β).

The STM image recorded at a coverage of 4.0 ML (figure 1(e)) differs markedly from those
recorded at lower coverage. Specifically, the Mg clusters increase in size and the two different
phases observed at a coverage of 2.0 ML (figure 1(d)) disappear. However, regions of ordered
Mg silicide are still not observed, even at this coverage. The lack of ordered Mg silicide can be
explained by the observation that the surface corrugations observed in figure 1(d) have mostly
disappeared, and hence the system starts to form Mg overlayers on the amorphous (stabilized)
Mg silicide layers. Such Mg overlayers without crystalline (hexagonal) structure are due to the
pseudomorphic growth on the amorphous Mg silicide layers.

4
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Figure 2. Tunnelling current as a function of bias voltage from STS at various Mg coverages
(following the Mg coverages shown in figure 1). At very high Mg coverage (as high as 6.0 ML), the
large stiffness curve (marked as E) indicates the formation of a metallic Mg film.

When the Mg coverage was further increased to 6.0 ML, we found that round Mg islands
formed on the amorphous Mg silicide layers (figure 1(f)). The average size of these islands
was estimated to be about 20 nm. Moreover, we found that when we further increased the Mg
coverage, the average size of the Mg islands remained constant at ∼20 nm, with the height
of the islands increasing with increasing coverage. This indicates that 6.0 ML represents a
critical coverage beyond which the Mg island size does not change. For all Mg coverages
above 2.0 ML, (1 × 1)Mg LEED patterns were observed (inset of figure 1(f)). Because most
substrate is covered with a Mg island, the LEED pattern corresponds to the on-top structure of
Mg islands. Hence, the STM and LEED results strongly suggest that no ordered array forms in
the overlayer during this growth process (multi-step Mg deposition).

To confirm the electronic properties as a function of Mg coverage, we recorded STS I –V
curves under the same tunnelling condition (at varying bias voltage between −1.8 and 1.8 V) at
coverages corresponding to the STM images in figure 1. These I –V curves, shown in figure 1,
were taken from the marked point in each STM image (the white or black dot is the area in
which we conducted STS measurements). The I –V curves show a clear discrepancy with
varying the Mg coverage. The spectrum of the clean Si(111)-7 × 7 surface (marked as A)
shows no apparent band gap, which is consistent with the metallic property of the Si(111)-
7 × 7 surface. At Mg coverages of 1.0 and 2.0 ML (marked as B and C), however, we found
band gaps indicative of the semiconducting Mg silicide. On increasing the Mg coverage to
4.0 ML (marked as D), we observed a decrease in the band gap consistent with metallization.
Interestingly, the film deposited at 6.0 ML Mg (marked as E) shows no apparent gap, indicating
metallic behaviour. The STS results thus demonstrate that a metallic Mg overlayer dominates
for coverages above 4.0 ML.

To see the morphological changes for the single-step process, we deposited Mg on Si(111)-
7 × 7 up to 4.0 ML or 10.0 ML at RT. Figure 3(a) shows an STM image of the surface after
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Figure 3. Empty-state STM images of Mg-adsorbed Si(111) surfaces at two coverages (single-step
deposition). (a) Broad and flat areas due to the formation of Mg2Si silicide begin to appear. This
plateau has a 2

3

√
3 LEED pattern (4.0 ML, Vs = 2.0 V, 150 nm × 150 nm). (b) Thick Mg film

grown on the Si(111) surface comprised of hexagonally close-packed layers of Mg atoms (10.0 ML,
Vs = 2.0 V, 100 nm × 100 nm). (c) Low bias voltage image, indicating metallic properties of islands
(Vs = 10 mV, 20 nm × 20 nm). (d) STS I–V curves for the two coverages shown in (a) and (b).

4.0 ML Mg deposition via the single-step process. This image shows a broad and flat area
typical of the formation of Mg silicide. Inspection of the STS I –V curve for this system
(marked A in figure 3(a)) reveals a broad voltage–current gap, indicating that this surface is
semiconducting. Moreover, it has been reported that Mg2Si is the only stoichiometric phase of
Mg silicide with a direct band gap of 2.17 eV and an indirect band gap of 0.6–0.8 eV range [15].
Our STS data thus indicate that the adsorbed Mg atoms react with the Si substrate atoms to form
a well-ordered semiconducting Mg silicide layer, even at RT. Consistent with this, we found
using LEED analysis that this surface showed well-ordered 2

3

√
3 periodicity (see figure 4(c)),

in agreement with previous results [9, 10].
When the coverage of Mg deposited by the single-step process was increased to 10.0 ML,

thick Mg islands with hexagonal shapes were formed (figure 3(b)). These hexagonal Mg
islands were shown to be a mixed phase of 2

3

√
3 and 1 × 1 periodicity, as confirmed by

LEED analysis (see figure 4(d)). The STM image clearly shows that, at this coverage, the
Mg atoms are hexagonally packed on the flat Mg silicide surface (figure 3(a)). Bulk crystalline
Mg has a hexagonal-close-packed (hcp) structure with lattice constants of 3.21 Å (axis a) and
5.21 Å (axis c), respectively [14]. In our STM image, we can see the stack of hexagonally
packed layers that comprise each hexagonally shaped Mg island. From the shape of the Mg
islands, we can strongly infer that the islands are formed from the stacking of the Mg atoms in
a manner analogous to the bulk crystallization of Mg. Our observation of a (1 × 1)Mg LEED
pattern indicates the formation of Mg islands on the Mg2Si overlayer, which gives rise to a 2

3

√
3

LEED pattern. Figure 3(c) shows an empty-state STM image obtained from the edges of a Mg
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Figure 4. Representative LEED patterns observed at various Mg coverages by continuous Mg
deposition (a) 7 × 7 (clean) (b) diffuse 7 × 7 (δ7 × 7, 0.1 ML), (c) 2

3

√
3 (4.0 ML), (d) mixed 2

3

√
3

and (1 × 1)Mg pattern (10.0 ML).

island at low bias voltage (Vs = 10 mV) shown in figure 3(b). STS data also strongly support
the metallic nature of these islands. Specifically, the STS curve (marked as B in figure 3(d)) do
not show a gap indicative of semiconducting properties. Hence, this is strong evidence of the
growth of metallic Mg islands.

Our results for single-step Mg deposition indicate that the Mg island initially forms on the
flat Mg2Si overlayer with 2

3

√
3 ordered periodicity, and that the height of this island becomes

large while the island size remains nearly unchanged during further Mg deposition. We can
therefore conclude that the growth of the Mg film follows a Stranski–Krastanov (SK)-like
mode.

Figure 4 shows the LEED patterns for the Si(111)-7×7 surface with various Mg coverages
by continuous Mg deposition. As the Mg coverage increases, the (a) 7 × 7 LEED pattern
gradually weakens and (b) diffuse 7 × 7 (δ7 × 7), (c) 2

3

√
3 and (d) mixed 2

3

√
3 and (1 × 1)Mg

LEED patterns successively appear.
The two different growth processes of Mg islands (single-step and multi-step deposition)

are depicted schematically in figure 5. When the Mg is deposited stepwise, with the coverage
being increased at 1 h time intervals (multi-step deposition), flat Mg islands with a hexagonal
structure cannot form. Rather, under these deposition conditions, individual Mg clusters on the
amorphous Mg silicide overlayer act as nucleation sites for the formation and growth of round-
shaped Mg islands. The adsorbed Mg atoms settle on their energetically most favourable sites
on the Si(111) surface shortly after impinging on the amorphous Mg silicide surface, leading
to the formation of amorphous Mg silicide layers with larger grains. When additional Mg
atoms are subsequently deposited after a certain time interval (1 h in our experiments), the new
incoming Mg atoms meet with a substrate comprised of an amorphous Mg silicide layer on
which already adsorbed Mg atoms are arranged as dimers, trimers, and higher clusters. As
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Figure 5. Schematic diagrams depicting the process of Mg island formation at various coverages
according to an SK-like growth mode. The diagrams show how the two different processes of Mg
deposition on the Si(111) surface give rise to Mg islands with very different morphologies.

the number of Mg atoms in a cluster increases, the cluster size gradually increases to form a
round-shaped Mg island.

In contrast to the behaviour during multi-step deposition, continuous Mg deposition
(single-step deposition) leads to the formation of Mg islands with a hexagonal structure
on the flat Mg2Si overlayer. When the Mg coverage exceeds the value required for Mg
silicide formation (4.0 ML in our system), ordered Mg2Si layers with a 2

3

√
3 structure grow

pseudomorphically due to relaxed lattice mismatches between the Si and Mg silicide. Upon
further Mg deposition (above 6.0 ML), hexagonal Mg islands grow on the Mg2Si layers. These
islands are comprised of hexagonally packed layers; thus their structure is the same as the bulk
hcp structure. The Mg island growth follows the SK mode, as strongly supported by the mixed
2
3

√
3 and (1×1)Mg LEED pattern (figure 4(d)) and the band-gap change in the STS I –V curve.

The growth of hexagonal Mg islands can be primarily attributed to pseudomorphic growth on
the Si(111) substrate covered by a flat Mg2Si overlayer (see figure 3). This flat layer forms
a diffusion barrier so no incoming Mg can reach the flat Mg2Si overlayer any more; hence
additionally deposited Mg forms hexagonal islands of metallic Mg with the hcp structure of
bulk crystalline Mg.

The difference between the two growth modes can be explained by the surface kinetic and
thermodynamic considerations. We ignore the latter because of the same substrate temperature
between two types of Mg growth. Hence, we only focus on the former. Although there are
several factors which govern the surface kinetics, the main difference is the Mg deposition flux,
which will affect the surface diffusion. There is an explicit relation between deposition flux
and mean free diffusion path of single adatoms deposited on the substrate. It can be briefly
represented as l ≈ (D/F)1/6 where l is the mean free path of diffusing adatoms, D is the
intrinsic diffusion coefficient and F is the deposition flux [16]. In our experimental case, D
is constant due to the same kind of adatoms (Mg). Therefore we can use this relation just
comparing with different values of F between the two types of Mg deposition. Because the
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F of multi-step deposition is lower than that of single-step deposition, we can judge from the
above relation that there should be higher l upon multi-step Mg deposition compared with
single-step case. In [16], l is defined as a characteristic length which is directly related to the
mean free path of diffusing adatoms before they create a new nucleation site or are captured by
an existing island. Considering this logic, we can at least suggest that Mg adatoms from multi-
step deposition easily diffuse to cluster with existing nucleation sites (the clusters in figure 1(b),
for example). As the Mg coverage is increased, incoming adatoms also diffuse to clusters in
the same manner. As a consequence, the island (Volmer–Wever) growth mode dominates the
overall Mg growth in multi-step Mg deposition. With single-step Mg deposition, on the other
hand, a flat Mg2Si layer with 2

3

√
3 periodicity on the Si(111)-7 × 7 surface is formed due to

limited adatom diffusion on the substrate. The incoming Mg adatoms would directly react with
Si atoms on the substrate rather than diffuse to cluster with each other. Therefore they form
a flat Mg2Si layer, followed by pseudomorphic hexagonal Mg growth on the flat Mg2Si layer
(SK-like growth).

4. Conclusions

We have shown that the mechanism by which Mg islands grow on a Si(111)-7 × 7 surface, and
the morphology of the islands formed, depends on whether the Mg deposition is performed in a
stepwise or continuous manner. When the Mg atoms were deposited in multiple steps, with 1 h
between deposition events, an amorphous Mg silicide layer was formed during the initial stage
of Mg coverage (up to 2.0 ML) due to the lattice mismatch between the Si and Mg atoms. As
the stepwise Mg deposition proceeded to coverages above 6.0 ML, round-shaped Mg islands
with a critical island size of 20 nm were formed on the amorphous Mg silicide layers over the
Si(111)-7 × 7 surface. If, on the other hand, the Mg was deposited continuously in a single
step, hexagon-shaped Mg islands formed via a broad and flat Mg2Si layer with 2

3

√
3 periodicity

on the Si(111)-7 × 7 surface, following an SK-like growth mode. Measurements of STS I –V
curves confirmed the metallic and semiconducting properties of the Mg islands and silicide
layers, respectively.
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