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TOPICAL REVIEW — Silicene

A review of the growth and structures of silicene on Ag (111)"
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Ag (111) is currently the most often used substrate for growing silicene films. Silicene forms a variety of different
phases on the Ag (111) substrate. However, the structures of these phases are still not fully understood so far. In this
brief review we summarize the growth condition and resulting silicene phases on Ag (111), and discuss the most plausible
structural model and electronic property of individual phases. The existing debates on silicene on Ag (111) system are

clarified as mush as possible.
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1. Introduction

Silicene is a single sheet of silicon atoms arranged in
honeycomb lattice similar as graphene. It is a new two-di-
mensional (2D) silicon allotrope, different from any silicon
structure previously found in nature. Silicene has attracted
great interest, partially because of its similarity with graphene
in both their structure and electronic properties. The study
on silicene started with theoretical works. As early as 1994,
Takeda and Shiraishi have proposed that silicon can exist in a
two-dimensional sheet,!!! and also pointed out the key differ-
ence between silicene and graphene: In contrast to graphene
where the A and B sublattices are in exactly the same plane,
in silicene the two sublattices are relatively shifted in the
direction perpendicular to the atomic plane, forming a so-
called low buckled structure. However, this work was be-
fore the discovery of graphene and not paid too much at-
tention. Following the boom of graphene research, silicene
has received renewed interest. Several theoretical papers con-
firmed the buckled structure of silicene, 23! and the name “sil-
icene” was also given.[?! Theoretical works also proposed var-
ious intriguing properties of silicene, including the existence
of Dirac cone,**! and a larger spin—orbit coupling gap which
can result in detectable quantum spin Hall effect (QSHE),!!
and unconventional properties tuned by external electric and
magnetic fields!>% as well as by nano-pattering,!”-8 surface

19101 and so on.

adsorption,

The breakthrough in experimental research on silicene
took place in year 2012, when several groups reported in par-
allel the successful preparation of a silicene sheet. Among

them Takamura group reported the formation of silicene on
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ZrB, substrate,[!!! whereas other groups, including the Le Lay
group,!'?! Kawai group,!'?! and our group,!!'*!>! reported the
growth of silicene on Ag (111). It should be noted that before
these works, Laimi ef al. had claimed the successful growth
of silicene on Ag (111) in an earlier work,!'®! but their results
were not reproduced by other groups. It was also notable that
on Ag (111), silicene forms a variety of phases with different
superstructures, including the 4 x 4, V13 x \/ﬁ, 24/3 x 24/3,
and v/3 x v/3 phases.[!>131 We reported systematically on for-
mation of different phases as a function of the Si coverage and
substrate temperature, and also presented the observation of
multilayer silicene films.!'*! Following the successful prepa-
ration of silicene, the study on silicene saw a sudden increase
since 2012, and silicene was also reported to be grown on
a number of other substrates, such as Ir,['”1 MoS,,[!8] etc.
Moreover, germanene, which is constructed in a similar pla-
nar structure by Ge, was also reported to be obtained.!!%-2"!
Following the successful preparation of silicene, the fo-
cusing issue is then whether silicene indeed exhibits the ex-
otic electronic properties predicted theoretically. To study
the electronic structure of silicene, angle resolved photoelec-
tron emission spectroscopy (ARPES) and scanning tunneling
microscopy/spectroscopy (STM/STS) were two major experi-
mental techniques. Le Lay et al. reported, together with their
silicene structure, the ARPES measurement showing possible
existence of the Dirac cone in the 4 x 4 phase of silicene.!'?]
However, their result was intensively questioned in the follow-
ing few years.[>=28] The key issue is that, once a monolayer
silicene sheet is placed on a clean Ag (111) substrate, the inter-
action between the film and the substrate may significantly in-
fluence the surface electronic band structure. A number of the-
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oretical papers argued that the Dirac state of silicene no longer
exists.?1-28] Additionally, the experimental work by scanning
tunneling spectroscopy (STS) measurements by Lin ef al. also
found no signature related to a Dirac state.[?!! The debates on
this issue still continue, although at present most researchers
tend to conclude that there is no Dirac state in this system.
On the other hand, we mainly focused on the V3 %3 phases
for electronic state measurement. We have discovered by STS
a series of interesting results, including the quasiparticle in-
terference (QPI) patterns and linear dispersion,!'>! suppressed
backscattering,>”! low temperature phase transition,*”) and
an energy gap which is superconducting-like.*!! These results
demonstrated that silicene is a promising playing ground for
exotic electronic properties as well as potential applications.

Another most concerned issue of silicene is whether a de-
vice based on silicene is possible. However, the study on sil-
icene device meets great challenge, mainly because silicene is
not as stable as graphene in air. Once exposed to air, it spon-
taneously oxidized and no longer exists. Also, currently all
the substrates used for silicene are metallic, while for a de-
vice a semiconducting or insulating substrate is needed. The
attempts to prepare silicene device started from a study on
the protection layers, such as Al,03.13%331 A breakthrough oc-
curred recently, where Tao et al. reported an FET device based
on silicene films grown on Ag (111), which shows ambipolar
transport behavior.>* This work should inspire more intensive
study on silicene devices.

It is notable that, the silicene research is very challeng-
ing. The preparation of silicene usually required ultrahigh
vacuum (UHV) environment, suitable substrates are difficult
to find, and the surface is sensitive to oxidation. Certainly,
making silicene devices is far more difficult than the case of
graphene. Because of these difficulties, the study on silicene is
still in its early stage, and severe debates exist in almost all as-
pects, including whether alloying occurs during growth, 35371
and whether Dirac state exists.!?!~?8] These debates, however,
should not stop the community from moving forward. Just
think about the important fact: The silicon industry has been
developed for decades and dominated our life, but a hexago-
nal silicon sheet, with graphene structure, has just been found
in the last few years. One can imagine how strong impact it
would have once the intriguing properties of silicene can be
introduced to the existing silicon-based devices.

In this brief review, I do not intend to cover all aspects
of silicene research. I will focus on a small but important
topic, which is the entrance of the silicene world: the growth
and atomic structures of silicene on Ag (111). Several years
have passed since the silicene growth on Ag (111) was first
reported, but there are still many controversies in literature
concerning the different structures of silicene on Ag (111).
On the other hand, due to the progress in silicene research,

some previous unclear issues are now made clear, and so an
update of misleading points in literature is necessary. In this
mini-review, [ will try to give a correct and comprehensive pic-
ture on the growth and structures of various silicene structures
on Ag (111), covering all debating issues so that the readers
would not be confused by conflicting literatures. I will mainly
focus on experiment results and analyses. Theoretical calcu-
lations will be used mainly to help discussion and understand-
ing.

2. Growth and structure of silicene on Ag (111)

The preparation of silicene film has to be conducted in
UHYV environment due to the sensitivity of Si upon oxidation.
A clean Ag (111) substrate can be achieved by repeated argon
ion sputtering and annealing process. Silicon is deposited by
thermal evaporation from a pure Si source. The substrate tem-
perature is the key that determines the structure of the result-
ing silicene film. Depending on the substrate temperature, a
variety of reconstructed phases can be observed on Ag (111).
When the substrate temperature is low, below about 400 K,
silicon atoms deposited on Ag (111) tend to form clusters or
disordered structures.!'*! When the substrate temperature is
above 400 K during deposition, the system experiences five
ordered phases: T phase, 4 x 4, V13 x /13, 24/3 x 24/3, and
finally to the v/3 x v/3 phases with increasing substrate tem-
perature. Although these phases appear to be very different
in STM images, the key factor is actually not drastic. Mostly
they are different due to the rearrangement of the buckling of
the surface Si atoms — buckling is the key, intrinsic charac-
teristics of silicene as compared with the planar structure of
graphene.

So far, the report of different phases and discussion of
their structural models in literature still remain controversy.
For examples, the T phase is ascribed to a special V13 x /13
phase,?”) the structure of the /13 x v/13 is still under de-
bated, and the 2v/3 x 2+/3 phase is described as “highly de-

» [38

fective and disorder structure”.38 Apart from these phases,

there are occasionally reports of other ordered structures in

this system.!!03%401 In this review, we claim that T, 4 x 4,

V13 x V13, 24/3 x 24/3, and V3 x /3 phases are the to-
tal five ordered Si phases that can be routinely prepared on
Ag (111). We will discuss their structure models based on
STM observations and first principles calculations. It should
be also noted that in literature, the notation of these recon-
struction phases is referred to both the pristine silicene-1 x 1
lattice and the Ag (111)-1 x 1 lattice. So that the 4 x 4
phase is also cited as 3 x 3, and the 24/3 x 24/3 phase as
V7 x /7 with respective to the Ag (111)-1 x 1. Therefore
in the following we will occasionally use Si(3 x 3)/Ag(4 x 4)
and Si(\ﬁ x /7 )/Ag(Z\@ X 2\/5) in order to avoid confusion.
The use of silicene 1 x 1 as reference is sometimes useful if the
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film is not commensurate with the substrate, and it is also con-
venient to count the number of Si atoms in a theoretical model.

2.1. The T phase

The T phase, reported first by Feng et al.,l'*! was repro-
duced in a number of experimental papers,*®#! but it has
been rarely discussed in literature. In STM images this phase
appears as big and round protrusions arranged in a hexago-
nal closed pack pattern. The distance between neighboring
protrusions is about 1.0 nm. Arafune et al. described it as
3.5 x 3.5R26° reconstruction, but without detail analysis.[‘“]
Liu et al. suggested that this phase has a periodicity and ori-
entation identical to /13 x v/13 phase, so it was ascribed to a

special /13 x v/13 phase.[?8]

Fig. 1. (color online) The T phase formed at relatively low temperature
range. (a) (20 nmx20 nm) A surface with mostly hexagonal close packed
structure of this phase, where small pieces of v/13 x v/13 phase are being
nucleated inside the T phase. (b) (50 nmx50 nm) A surface with better
ordered T phase, in some area appearing as long chains.

In our previous paper,!'¥l we ascribed this T phase as the
“precursor” for the formation of the 4 x 4 phase, the struc-
ture of this phase consisting of small pieces of silicene chips
instead of a complete honeycomb lattice. Our model of the
T phase is based on several experimental facts. Firstly, this
phase does not appear in the same temperature regime with
other ordered structures. It appears at the lowest temperature
regime where ordered Si phases just appear on Ag (111). Al-
though frequently one can observe coexistence of this phase
with 4 x 4 and V13 x /13 phases, one can completely kill
this phase by annealing the surface at appropriate temperature,
leaving only 4 x 4 and /13 x /13 phases on the surface. So,
the thermal stability of this phase is lower than the 4 x 4 and
V13 x /13 phases, and thus it should not be included into the
V13 x 1/13 phases. Secondly, the periodicity of this phase is
different from the other ordered phases. While in literature
this phase has been reported as hexagonal close pack of big
protrusions, we do often observe other periodic arrangement
of the big protrusions, for example as parallel linear chains
as shown in Fig. 1(b). We do not consider this parallel chain
structure to be a different phase since it has the same forma-
tion condition and the same “basic unit” as the hexagonal one.
Thirdly, although normally this phase is imaged as big round

protrusions in STM images, in images with atomic resolution
one can see significant disorder in this protrusions. They can
be recognized as two or three smaller protrusions with dif-
ferent rotations.!!'*] This further supports our point of view:
this phase is likely a partially disordered phase consists of in-
complete silicon rings, and it can be regarded as a “precursor
phase” for more ordered phases such as 4 x 4 and V13 x /13.
However, the exact atomic structure of this phase is still not
clear yet.

2.2. Si(3 x 3)/Ag(4 x 4) phase

The first perfectly ordered phase observed at relatively
low temperature is the 3 x 3 phase with respect to silicene
1 x 1, or 4 x 4 phase with respect to the Ag (111)-1 x 1 sub-
strate. The 4 x 4 phase is very easy to recognize in STM im-
ages among all different silicene phases on Ag (111), thus it
was first reported by several groups in parallel.['>-14! The STM
image of the 4 x 4 phase, as shown in Fig. 2, exhibits triangu-
lar half unit cells (HUC), each consisting of three bright spots,
which is quite similar to the well-known Si (111)-5 x 5 surface
structure. It is notable that between different 4 x 4 domains,
one can often observe another phase with a 4 x 4 periodicity,
namely the B-4 x 4 phase.3] It should be noted that 3-4 x 4
is not just a domain boundary structure, because the structure
can extend to a few unit cell length, indicating a true periodic
structure. The reason it appears in the domain boundaries be-
tween 4 x 4 phases may be that this phase is less stable than
the normal 4 x 4 phase (hereafter noted as ¢¢-4 x 4), and that
the strain in domain boundary can help to stabilize this phase.
The STM images reveal that the two HUCs of the -4 x 4
phase are different, one with six spots whereas the other has
only one spot in the center (see Fig. 2(a)).

Fig. 2.
model of clean Si(3 x 3)/Ag(4 x 4)-o phase. (a) A typical STM image
(14 nmx11 nm in size). In the upper-right part of the image there is a
small area consisting of a metastable-f3 phase. The white rhombus and
the red rhombus mark the -4 x 4 and -4 x 4 unit cells, respectively. (b)
Structural model of ¢-4 x 4. Each unit cell consists of 6 upper-buckled Si
atoms and the two HUCs are mirror-symmetric (adapted from Ref. [15]).

(color online) The high resolution STM image and structural

The atomic structure of the 4 x 4-« is relatively easy to
be understood.['?! Although at the beginning some different
models have been proposed, a general consensus has been
reached. It has been known that there is a so-called “magic
mismatch” between the lattice constant of Ag (aas = 2.88 A)
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and Si (as; = 3.84 A), so that 4 x aag = 3 X asi within 0.5%
of error. Because both the Ag (111) surface and silicene are
hexagonal lattices, the simplest model can be constructed by
overlapping a low-buckled, free-standing silicene 1 x 1 lattice
on top of an Ag (111)-1 x 1 lattice in the same orientation.
This naturally results in a commensurate Si(3 x 3)/Ag(4 x 4)
superstructure. The commensuration results in minimal inter-
face strain and thus stabilizes the structure.

Overlapping two periodic lattices generally results in
“moiré pattern”, which is commonly observed in graphene on
metal surfaces.[*>~* But in the Si(3 x 3)/Ag(4 x 4) phase, the
STM image showing six protrusions in each unit does not cor-
respond to a moiré pattern. They are real Si atoms with higher
position. This is due to the rearrangement of buckling con-
figuration of Si atoms. Free-standing silicene-1x 1 consists of
two sub-lattices, A and B, just as the case of graphene. These
two sublattices are displaced in opposite direction perpendic-
ular to the film surface. However, once the silicene-1 x 1 sheet
is placed on an Ag (111) substrate, the buckling configura-
tion will spontaneously rearrange in order to lower the surface
energy. In each Si(3 x 3)/Ag(4 x 4) unit cell there are 18 Si
atoms, originally half of them are upper-buckled and half are
lower-buckled. But after rearrangement only 6 Si atoms are
upper-buckled, and other 12 Si atoms are all lower-buckled,
see Fig. 2(b). Moreover, one can see that the 3 upper-buckled
Si atoms in one HUC are not in the same sublattice with the 3
upper buckled Si atoms in the other HUC. This is in contrast
to the case of free-standing silicene where all upper-buckled
Si atoms (or all lower-buckled ones) belong to the same sub-
lattice. Similarly, in the model of silicene f3-4x4 phase, the
registration of the silicene 1 x 1 lattice with the Ag (111) 1 x 1
lattice is identical to the a-4 x 4 phase. The only difference
between them is the buckling configuration. In the B phase
there are six upper-buckled Si atoms in one HUC, and only
one upper-buckled Si atom in the other HUC. Totally there are
7 upper-buckled Si atoms in each UC (see Fig. 4(c)).

Recently, there have been questions on whether the ex-
perimentally observed silicene superstructures on Ag (111) is
actually Ag-Si alloy phase. Prevot et al. explored in-situ
STM measurement during the growth of silicene films, and
found that the morphology of the Ag (111) suffers a signif-
icant change during growth.!3! They indicated that there is
strong Ag mass transport during growth, and thus Ag atoms
should be incorporated into the resulting silicene film. How-
ever, mass-transport is not a direct proof of the incorporation
of Ag in the silicene film. So far, we believe that a pure sil-
icene model without Ag incorporation is still the most plau-
sible model. First, the atomic structure model of the silicene
Q-4 x 4 is a very natural one. It is energetically stable, and the
simulated STM image can perfectly match the experimental
observation. In fact, up to now there is still no alloy structure

model that can explain the STM images of the 4 x 4 phase.
In addition, recently we have conducted a hydrogen adsorp-

t,146] which further supports the pure silicene

tion experimen
structure model, as discussed below.

Hydrogen is the simplest atom. It tends to stick to un-
saturated surface atoms with sp> bonds, such as the Si (111)
surface. The Si atoms in silicene have mixed sp*/sp> hy-
bridization, which weakens their © bond nature, so the Si
atoms are partially un-saturated, and they will naturally adsorb
one H atom to saturate its dangling bond. For free standing sil-
icene, previous theoretical works proposed that hydrogenation
of A and B sublattices from the two opposite sides of the sil-
icene sheet is the most stable.[*’*°1 However, on an Ag (111)
substrate, only the top side of silicene is accessible to hydro-
genation. In such a case the most favorable adsorption site
would be the upper-buckled Si atoms. We hydrogenate the sil-
icene -4 x 4 phase by absorbing atomic hydrogen in UHV.
Upon exposing to a saturate hydrogen dose at room tempera-
ture, a perfectly ordered structure with the same 4 x 4 period-
icity can be observed, as shown in Fig. 3. High resolution im-
age of the hydrogenated structure manifests two inequivalent
HUC:sS, one with six bright spots while the other with only one
bright spot in the middle, as shown in Fig. 3(b). The distance
between the nearest bright spots is about 3.8 A, corresponding
to the lattice constant of silicene-1 x 1.

Fig. 3. (color online) (a) A large area STM image of hydrogenated o-4 x 4
silicene surface showing an ordered 4 x 4 structure. (b) Zoom-in STM im-
age of hydrogenated o-4 x 4 phase. The white rhombus marks an apparent
unit cell of the structure. There are six bright protrusions in one HUC and
one protrusion in the other HUC. (c) STM image showing the comparison
between the position of apparent UCs of clean and hydrogenated o-4 x 4.
The red and white rhombus correspond to clean o-4 x 4 UC and the hydro-
genated o-4 x 4 UC, respectively. A translation of the white UC (dot line)
does not match with the red one. (d) The clean a-4 x 4 surface is fully
recovered after annealing the surface at 450 K (adapted from Ref. [46]).

Since the adsorption of H atoms on upper-buckled Si
atoms will only increase its degree of buckling, i.e., moves it a
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little bit upper. The resulting STM image with hydrogenation
should be actually not much different from a clean silicene-a-
4 x 4 surface. At a first glance this seems to contradict with
our observation of significant change of the surface upon hy-
drogenation — the symmetric 4 x 4 HUCs become asymmet-
ric. But interestingly, the STM image of hydrogenated ¢t-4 x 4
phase looks very similar as the clean [3-4x4 phase. Indeed,
the buckling configuration of silicene changes from -4 x 4 to
B-4x4 after adsorbing H atoms. This is fairly easy to under-
stand because in clean surface, the 3-4 x4 phase also prefers to
stay in strained area — the domain boundaries between o do-
mains. The adsorption of H atoms will increase the degree of
buckling of Si atoms and thus increases the strain, and thus the
B phase may become more stable. The perfect agreement of
our theoretical model also supports that both the -4 x 4 and
B-4x4 are pure silicon structures, see Fig. 4. Indeed, after hy-
drogenation, one of the HUCs of the 4 x 4 structure becomes
alocal 1 x 1 structure, corresponding to 1 x 1 arrangements of
Si atoms in a honeycomb lattice. There is simply no place to
put possible Ag atoms in such a simple 1 x 1 lattice.

SRR LG
o Lol &
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Fig. 4. (color online) Panels (a) and (b) are the structural model and the
simulated STM image of hydrogen-terminated a-4 x 4 and 3-4 x 4 mod-
els, respectively. Panels (c) and (d) are the structural model and the sim-
ulated STM image of hydrogen-terminated a-4 x 4 and -4 x 4 models,
respectively. In panel (c) the white and red rhombuses correspond to the
positions of apparent UCs of a-4 x 4 and -4 x 4 phases, respectively,
which are shifted relatively. Note that in panels (a) and (c), the lateral
position of Si atoms are fixed unchanged and only the buckling configura-
tion has changed, resulting in the change of the position of apparent UCs
(adapted from Ref. [46]).

Another debating issue about the 4 x 4 phase is whether
there exists Dirac electron states in the electronic structure.
A number of theoretical and experimental evidences show
that the Dirac state associated with a free-standing silicene no
longer exists in a silicene film on Ag (111).121-28] However, in-
terestingly, recently we have directly observed Dirac cones on
a surface consisting silicene-4 x 4 on Ag (111) by ARPES.[>’]
The Dirac cones are present at the edges of the Brillouin zone,

and there are twelve Dirac cones. This is in contrast to the the-
oretical expectation for free-standing silicene that involves six
Dirac cones at the K (K”) points of the Brillouin zone. The un-
usual Dirac cone structure is an effect of the silicene—-Ag (111)
interface, and such interfacial effects may open up new possi-
bilities for investigating quantum phenomena in low dimen-
sional structures.

2.3. The V13 x v/13R13.9° phase

The v/13 x v/13R13.9° (simplified as V13 x \/ﬁ) phase
usually co-exist with the 4 x 4 phase.[!>1438] Such a mix-
phase film can fully cover the substrate surface with appro-
priate Si coverage. Depending on the annealing temperature,
the area ratio of these two phases can vary notably, but it is
usually unlikely to prepare a pure phase surface. This strongly
suggests that the 4 x 4 phase and the /13 x 1/13 have very
similar thermal stability.

The typical STM images of v/13 x v/13 phase are illus-
trated in Fig. 5, where one can see the co-existence of the 4 x 4
phase with the v/13 x y/13 phase. When the STM image res-
olution is not high enough, the two phases will appear very
similar, and the v/13 x v/13 phase also has a dark corner hole
and triangular unit cells. But the orientation of the phase is
rotated by 13.9° with respect to the 4 x 4 phase, as marked
in Fig. 5(a). Interestingly, in larger domains of v/13 x /13
phase, there usually exist long-range periodic patterns, which
at a first glance are very similar like moiré patterns. We have
observed many different long-range patterns, and figure 5(b)
shows several examples.

Fig. 5. (color online) (a) Typical STM image of a surface with mix phases
of 4 x 4 and V13 x \/ﬁ The cross lines indicates the relative rotation
of the orientation of the two phases. Panel (b) shows in the same im-
age three domains marked by numbers 1-3, where different long range,
domain boundary patterns can be recognized. The image sizes are (a)
30 nmx30 nm and (b) 50 nmx50 nm.

High resolution STM images reported by Liu et al. re-
vealed the structure of the /13 x /13 phase as well as
its “moiré-like” pattern, as shown in Fig. 6(a).[*8) Within a
V/13 x /13 unit cell (marked by the black rhombus), the most
prominent feature is a trimer in the center of one half unit cell
(HUC), and a protrusion at the corner. The large “moiré-like
pattern” with periodic vortex structure is actually domain wall
structure. Each vortex is surrounded by six triangular domains.
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In Figs. 6(b) and 6(c) one can see that the neighboring
domains are relatively rotated by 60 degree. The sequential
rotation of the six domains results in 360 degree rotation back
to the original orientation. And importantly, although there
are six domains, the hexagonal silicene lattice is still a com-
plete one. The different domains correspond only to the rear-
rangement of the buckling configuration in different domains.
Therefore it would be possible to recover the complete silicene
lattice through further rearrangement of the buckling, for ex-
amples by adsorption of foreign atoms like H or Cl.

Fig. 6. (color online) (a) High-resolution topography STM image taken
on a v/13 x /13 domain showing a large hexagonal pattern. U = 3 mV
and / = 0.2 nA. (b) Enlarged STM image cut from the square indicated
in panel (a). (c) Ball structural model for the vortex pattern shown in
panel (b) (adapted from Ref. [38]).

Similar as the 4 x 4 phase, the protrusions that one ob-
served in STM images: the trimer and the spot at the cor-
ner, should correspond to rearrangement of the buckling of Si
atoms. There have been a number of theoretical models pro-
posed for this phase,!!32!1-°0-33] a5 shown in Fig. 7. The sim-
ulated STM images were shown in the same figure. One can
see that the models (a) and (e) both produce STM images quite
similar as the experimental ones, and both of them are possi-
ble models. The difference between models (a) and (e) is sim-
ply an additional buckled Si atom (red ball). Taking into ac-
count the fact that upper-buckled Si atoms and lower-buckled
Si atoms should naturally take alternative positions in a sil-
icene lattice, model (a) is more reasonable, while in model (c)
all the Si atoms in an HUC are lower-buckled, which should
be energetically less favorable.

2.4. The Si(\/‘7 X \/‘7)/Ag (2\/§ X 2\/§) phase

The 4 x 4 and /13 x /13 phases usually co-exist on the
Ag (111) surface and it is almost not possible to obtain a sur-
face with a single phase of either 4 x 4 or /13 x v/13. In con-
trast, the Si(v/7 x vV7)/Ag(2v/3 x 2v/3) phase, reported first
by Feng et al.,l'" is the only structure that can be prepared
with single phase spreading over the entire Ag (111) substrate
surface (hereafter we note it as 21/3 x 2v/3 phase). Indeed, by
slightly annealing a mix-phase surface containing 4 x 4 and
V13 x /13 phases, one can obtain a complete 2v/3 x 24/3

phase, and there is no apparent change of the area of the
film. This means that the Si density in the 4 x 4, V13 x /13,
and 2v/3 x 2v/3 phases are almost the same, and that the
21/3 x 24/3 phase has a higher thermal stability. Therefore
this phase is worthy of paying more attention.

1§ 087400 (1)

J o
‘o “,‘::

~13.9° 0
[110]

Fig. 7. (color online) Summary of the atomic structural models proposed
previously for the v/13 x v/13 silicene/Ag (111) superstructure. Below
each ball model is its corresponding STM simulation result with partial
superimposition. Panels (a) and (c) are after Ref. [13], (b) after Ref. [21],
(d) after Ref. [51], (e) after Ref. [52]. (h) Schematic illustration showing
two sets of 13 x 13 unit cell with rotational angles of +13.9° from the
[110] direction (adapted from Ref. [38]).

A recent paper by Liu ef al. claimed that this phase is
too defective to be thermodynamically stable.**! Here we em-
phasize that the phase is thermodynamically stable, but it is a
challenging issue to understand its atomic structure, especially
in the apparently disordered area. Note that recently, Tao et
al. reported the FET devices based on monolayer silicene pre-
pared on and then peeled off an Ag (111) substrate.3*! They
selected 4 x4 phase surface and (2v/3 x 2+/3)R30° surface as
the starting materials. As a result, both devices have basically
the same property. It is intriguing because if the 4x4 is an
ordered phase while (2\/§ X 2\/37)R30O is severely defective,
then their transport behavior such as carrier density and mo-
bility should be very different. In this paper we try to give
answers to these issues.

Typical large area and zoom-in STM images of the
Si(v/7 x V/7)/Ag(2+/3 x 24/3) phase are shown in Figs. 8(a)
and 8(b), respectively. Although the surface is uniform ev-
erywhere in a large area, the atomically-resolved structure ap-
pears rather defective and disordered. In the large size image
one can see periodic pattern of brighter areas. The zoom-in
image shows that the brighter region consists of a few hexag-
onal rings that are perfectly ordered. In contrast, the areas in
between the brighter area seem rather disordered. The atomic
structure model of the perfect area is relatively easy to under-
stand, as we presented in our early paper with the help of first
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principles calculations. The model involves a low-buckled sil-
icene lattice on top of the Ag (111)-1 x 1, with the Si-v/7 x /7
unit cell matching to the Ag-2\/§ x 24/3 unit cell. Within each
Si-v/7 x /7 unit cell, there is one Si atom which is located ex-
actly on top of an Ag atom, which would appear brighter. This
gives a honeycomb lattice with period 0.38 x /7 = 1.0 nm,
in accordance well with our experiment. The angle between
the lattice direction of the v/7 x /7 superstructure and (110)
direction of Ag (111) is 30°, which has been confirmed by our
experiments.

(dI/dV)/arb. units

—-1.2-06 0 0.6 1.2
Bias voltage/V

Fig. 8. (color online) (a) A derivative STM image (200 nmx200 nm,
Viip = 1.43 V) of a surface fully covered by the VIxV1 phase. (b) High-
resolution STM image (15 nmx 15 nm, V4, = —1.0 V) showing the atomic
structure. The bright areas exhibit complete honeycomb rings with a pe-
riod of 1.0 nm, while other areas are disordered. (c) d//dV spectra shows a
peak at 0.3 V and a shoulder at 0.9 V are observed. (d) Calculated model
of v/7 x /7 superstructure of silicene. The gray, yellow, and red balls rep-
resent the silver, lower silicon, and higher silicon atoms, respectively. (e)
and (f) Experimental and simulated STM images (1.0 eV above Fermi en-
ergy) showing the similar structure features and unit cell of lattice (adapted
from Ref. [14]).

The areas between ordered areas appear disordered and
defective. However, carefully inspecting the disordered area,
as shown in Fig. 9(a), one can find hidden order everywhere.
Around a hole site there are always six spots, not more and
not less. Connecting these six spots will result in a hexagon,
albeit the hexagon is obvious distorted as compared with the
perfect ones in the ordered center. Some of these six spots
appear darker, which is the reason why the defective area ap-
pears darker than the perfect area. Therefore, although in our

early paper we suggested that the large period pattern is due to
moiré pattern, it should be more likely to be due to different
electronic states in the ordered and disordered areas.

Fig. 9. (color online) (a) High resolution STM image of the (2v/3 x
21/3)R30° structure with periodic perfect areas surrounded by disordered
areas. (b) The structure model proposed by Jamgotchian et al., with a big
unit cell (blue diamond) having a (2v/133 x 2v/133)R4.3° superstructure
(adapted from Ref. [54]).

We shall emphasize again that the disordered area is not
completely disordered. It is most likely that the low-buckled
honeycomb structure of silicene is distorted to accommodate
the strain, but the basic honeycomb network is still preserved.
Recently, Jamgotchian ef al. proposed such a kind of structural
model,5*! as shown in Fig. 9. Surrounding the perfect area are
distorted hexagonal rings that corresponds to disordered area.
The real situation should not be exactly same as this model, for
example, we observe that the number of hexagonal rings in the
perfect area is different from place to place. But the model in-
deed captures important ingredient of the system. In fact, we
have recently conducted hydrogen adsorption experiment on
the (2v/3 x 2v/3)R30° surface. Interestingly, after hydrogena-
tion the whole surface can be converted to a complete silicene
1 x 1 structure. This result has two implications. First, the
(2/3 x 24/3)R30° surface consists of a complete silicene lat-
tice instead of broken, or fragments of silicene. Secondly, the
(2\5 X Zﬂ)R’a’OO is a pure silicene surface instead of Ag—Si
alloy surface, because the resulting silicene 1 x 1 is so sim-
ple that one is not able to construct an alloy model with 1 x 1
periodicity. Our results will be published elsewhere.

2.5. \/5 X \/§ phase

As the substrate temperature reaches 500 K, silicene is-
lands with v/3 x /3 periodicity are observed on the surface.
This phase is very interesting due to several experimental
facts. Firstly, this phase exhibits a metallic surface state which
generates quasi-particle interference (QPI) patterns. It can be
probed by STS at low temperature, as shown in Fig. 10. The
fitting of the energy—momentum relation of the QPI pattern
around a step edge gives linear dispersion which is expected
for a Dirac fermion system.[!>] Recently we have also mea-
sured the decaying behavior of the QPI patterns, and obtained
a large decaying factor, which is typical for backscattering
suppressed systems like topological insulator or graphene, and
different from conventional 2D gas systems./?°! This provides
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evidences that the v/3 x v/3 phase host Dirac fermions. For
comparison, although other monolayer silicene phases are also
expected to be metallic, QPI patterns have never been observed
on their surfaces. Moreover, a number of intriguing phenom-
ena are also observed in v/3 x /3 silicene, including the low

1301 and a superconducting-like

temperature phase transition,
gap at zero bias.3!! Finally, we can obtain multilayer silicene
film by continue growing Si on the surface, and the surface of
the multilayer silicene film exhibits exactly the same V3xV3

structure. 1491

(a)

~

(dI/dV)/arb. units
N

o

-1 0 1
Bias voltage/V

(c)

1st 2nd
layer layer

(e) 1.2

Energy/eV

1.2 1.6 2.0
K/nm™! low [

Fig. 10. (color online) (a) dI/dV curves taken at 77 K. The position of
Dirac point (DP) is labeled. (b) The STM image (40 nmx40 nm) of 1-ML
silicene surface containing an island of the second layer taken at tip bias
—1.0 V. (¢), (d), and (e) dI/dV maps of the same area as panel (b) taken
at tip bias —1.0 V, —0.8 V, and —0.5 V, respectively. (f) Energy disper-
sion for silicene determined from wavelength of QPI patterns. The inset
shows a schematic drawing of the overall band structure, with the relative
location of DP, EF, and our data points (red line) (adapted from Ref. [15]).

high

The STM image in Fig. 11 shows a silicene island across
the step edges of the underlying Ag (111) surface without los-
ing continuity, which is similar to graphene grown on metal
surfaces. The high resolution STM image of Fig. 11(b) shows
honeycomb structure of silicene terrace. The lattice period of
the honeycomb structure is about 0.64 nm, corresponding to a
v/3 x v/3 honeycomb superstructure with respect to the 1x1
honeycomb lattice.

To account for the atomic structure of the v/3 x v/3 phase,
it is important to mention the characteristic phase transition
at low temperature. When the sample is cooled to liquid he-
lium temperature (5 K), a dramatic structural phase transition
occurs, which is characterized by the appearance of atomic

chains forming interconnected triangles. A close inspection
reveals that these are boundaries separating two symmetric do-
mains, as shown in Fig. 12. At 77 K, the two neighboring pro-
trusions in each honeycomb unit cell are equally bright. While
upon the phase transition, one of them becomes much brighter
than the other. As there are two possible configurations, the
surface is phase-separated into triangular domains with the
two symmetric configurations separated by narrow domain
boundaries. Temperature-dependent experiments show that
the phase transition takes place at about 40 K.

(a)

—~
o
~—~

\V}

Height /A
=

o
o

0 10 20 30 0 2 4 6 8

Distance/nm Distance/nm

Fig. 11. (color online) The STM image of a large area (65 nmx65 nm)
consisting of a sheet of silicene on Ag (111) crossing two substrate steps.
(b) The line profile as indicated by the black line in panel (a) shows
that the island is of one atom-thick. (c) The high-resolution STM image
(10 nmx 10 nm) of the silicene surface taken at tip bias 1.0 V. The honey-
comb structure is clearly observed. (d) The line profile as indicated by the
black line in panel (c) showing both the lateral and vertical corrugations of
the structure observed by STM (adapted from Ref. [15]).

This structure of v/3 x /3 superstructure can be ex-
plained by double symmetric v/3 x v/3 reconstruction struc-
tures with dynamic flip—flop motion at high temperature, as
shown in Fig. 12(d)-12(g). These two V3xV3 superstruc-
tures have identical geometry if ignoring the substrate, and
share the same central substrate atom for each hexagon unit. In
each v/3 x /3 unit cell, only one Si atom is buckled upward,
whereas the other five Si atoms have almost the same lower
height, resulting in rhombic (\/§ X \/§)R30° superstructure.
The two types of rthombic /3 superstructures accord with the
two mirror-symmetric phases observed in low temperature ex-
periments very well. At higher temperature, the flip—flop mo-
tion between the two phases results in an averaged, symmetric
V3 x /3 phase.

So far, there are several debating issues related with the
V3 x /3 structure. The first one is whether this film is a
monolayer silicene or (at least) double layer silicene. In our
early paper, we have claimed that this structure exists in both
monolayer and multilayer films.['* In those experiments, we
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Fig. 12. (color online) (a) and (b) The STM images of the same area on v/3 x v/3R30° silicene taken at tip bias —2.0 V and 0.1 V, respectively, at 5 K.
(c) The filtered high-resolution STM image with high contrast taken at 0.1 V. (d) and (e) Models of two energy-degenerated /3 reconstructed structures of
silicene sheet on Ag (111) surface with an orientation angle of 8 = 30°, which are obtained from DFT. Color code: Blue, yellow, and red spheres denote Ag
atoms, Si atoms in lower layer, and Si atoms in higher layer, respectively. The red triangles denote the units of /3 silicene structures. (f) The interpolated
potential energy curve for structural transition between the two the mirror-symmetric /3 geometries on Ag (111). (g) The intermediate structure between
the two rhombic /3 structures of silicene shown in panels (d) and (e) (adapted from Ref. [30]).

performed growth at relatively high temperature, and only the
v/3 x v/3 phase was observed and other phases did not ex-
ist. Following our work, several other researchers obtained
the same /3 x v/3 phase by continue growing Si on top of
a mix-phase (4 x 4) surface at a relatively low temperature,
and islands of v/3 x v/3 surface will form on top of the 4 x 4
film. This makes them conclude that our v/3 x v/3 phase is
actually a 2-ML film.5-38] In our point of view, these exper-
imental facts indicate that 2-ML and multilayer silicene films
all exhibit a /3 x /3 structure, and that our previous works
were likely performed on 2-ML films. However one still can-
not exclude the possibility that monolayer /3 x v/3 may exist,
but rarely observed. The reason is because theoretically the
/3 x /3 structure is quite stable, and in many other systems
such as ZrB, and Ir (111) substrates, monolayer v/3 x /3 sil-
icene was indeed observed.[!!-17]

The second debating issue is whether the V3 x /3 struc-
ture (on both 2-ML and multilayer silicene film surfaces) is a
pure silicone structure, or it is simply the well-known Si (111)-
V3 x v/3-Ag structure that was conventionally observed in
a single crystal Si (111) surface with 1-ML Ag adatoms, as
suggested recently by Shirai et al.’® Indeed, in STM experi-
ments, our v/3 X /3 phase and the Si (111) V3 x \/§-Ag sur-

face appear very similar. Fortunately, recently we can distinc-
tively rule out this possibility by experiments. We first pre-
pared a multilayer silicene film and observed the V3 x3
structure on the surface. And then we used the STM tip to
peel off the top layer, exposing the surface of the underneath
layer.[®l The high resolution STM image shows the atomic
structures of the underneath layer to be V3 x /3, identical to
the top layer. As we know, the Si (111) V3 x \/§-Ag surface
consists of only one layer of Ag atoms on top of pure Si (111)
substrate, and it forms at temperature above 700 K. Supposing
that our v/3 x v/3 structure comes from Si (11 1)—\@ X ﬁ—Ag,
when we remove the top layer at liquid nitrogen temperature,
we should not observe the reconstruction on the underneath
layer, which is a pure silicon surface. Therefore, our v/3 x v/3
reconstruction is not the Si (111)-v/3 x v/3—Ag, but is an in-
trinsic structure of pure Si. Additionally, there are differences
between our v/3 x v/3 and Si (111)-\/§ X \/§—Ag. For exam-
ple, although both surfaces exhibit a structural phase transi-
tion at low temperature, the transition temperature is drasti-
cally different: 30 K-40 K for our V3 x43 phase, and above
150 K for Si (111)-v/3 x v/3-Ag.
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3. Summary

In this brief review we summarized the growth condition

and resulting silicene phases on Ag (111), and discussed the

most plausible structural model and electronic property of in-

dividual phases. The existing debates on silicene on Ag (111)

system are clarified as mush as possible. The key issue in

the superstructure formation is the rearrangement of buck-

ling which makes silicene potentially more controllable than

graphene.
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