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Bandgap-Opened Bilayer Graphene Approached by
Asymmetrical Intercalation of Trilayer Graphene
Da Zhan,* Jia Xu Yan, Zhen Hua Ni, Li Sun, Lin Fei Lai, Lei Liu, Xiang Yang Liu,

and Ze Xiang Shen*

Graphene is a kind of novel two dimensional material and
considered as a potential candidate for nanoelectronics
owing to its exotic electronic properties,[!! such as Massless
Dirac Fermions, room-temperature quantum Hall effect,>?!
Berry phase and Klein tunneling.[*?! However, lacking a
bandgap greatly limits the application of graphene in logic
device, and hence the modification of graphene structures
for opening its bandgap is indeed a crucial step towards the
practical applications in logic-device-based nanoelectronics.
To date, many methods have been theoretically predicted to
open bandgap in graphene,[®'?! but only a few of them are
experimentally proved, such as tailoring graphene atomic
structure to form nanoribbons,3! and adding an electrical
gate voltage perpendicular to AB-stacked bilayer graphene
(BLG) to break the inversion symmetry of the two equiva-
lent layers.'*17 For the former method, fabricating graphene
nanoribbon needs a complicated procedure which would
introduce defects unavoidably, as a consequence, its charge
mobility significantly decreased;!'®! For the latter method, in
order to open a bandgap of ~0.2 eV, an extremely high effec-
tive electric field such as ~3 V/nm is required to break the
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inversion symmetry between top and bottom layers, which
cannot be easily obtained except using specific polymer or
ionic-liquid as the gated layer.'®] Recently, FeCl;-based
few-layer graphene intercalation has been experimentally
achieved and this new structure has some exotic physical
properties.?24 Khrapach et al. suggested that the FeCl,-
based intercalation of few-layer graphene with both high con-
ductivity and transparency is comparable to indium tin oxide
for solar cell applications,?”! and Bointon et al. reported that
the magnetic ordering was discovered in this structure.?
Furthermore, the intercalation induced strong doping can
also engineer graphene’s electronic band structure. Yang
et al. theoretically demonstrated that an noticeable bandgap
can be opened effectively if FeCl; is adsorbed on the sur-
face of AB-stacked BLG.[*] We also notice that such mod-
eled adsorption of FeCl; on graphene surface is unstable in
ambient air and hence it cannot be used for practical appli-
cations.?12%] Furthermore, the recently reported intercala-
tion of FeCl; into the interspace of few-layer graphene not
only induces strong charge doping for graphene to enhance
its electrical conductivity, but also the new hybrid structure is
very stable in ambient air because the outer graphene layers
protect FeCl; from being deliquesced.?”] In this work, we
started from using pristine trilayer graphene (Figure 1a) to
prepare a novel graphene-based structure. In this new struc-
ture, one interlayer space of the trilayer graphene (TLG) is
intercalated by FeCl; (Figure 1b) to form an asymmetrically
intercalated trilayer graphene (AITG) structure along the
z-direction. The charge transferring from the BLG to FeCl,
breaks the electrostatic balance in the local space to form a
quasi-electric-field that is perpendicular to the basal plane
of BLG. It breaks the inversion symmetry between the top
and bottom layers of BLG, and consequently, a prominent
bandgap is expected to present in the separated BLG.[1027]
Furthermore, this novel graphene-based structure is proved
to be very stable as both sides of FeCl; layer are protected
by graphene. Therefore, realizing the ambient air stable
and bandgap opened graphene-based configuration is a
potential way towards future graphene-based application in
nanoelectronics.

Raman spectroscopy has become a powerful tool to
characterize graphene-based materials, including identi-
fying number of layers, doping, defects, stacking, strain and
edges,202325-31 in particular, the thickness and stacking
sequence along z-direction can also be identified accu-
rately.2021:284041] The optical image of a pristine graphene
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Figure 1. The schematic crystal structure evolution from pristine AB-stacked trilayer graphene (a) to the FeCl; asymmetrically intercalated trilayer
graphene (out-of-plane) (b). The charge transfer effect forms a quasi-electric-field perpendicular to the BLG.

sample is shown in Figure 2a, which is uniform across the
whole sample. Raman spectrum (Black curve in Figure 2c)
and optical contrast spectra (Figure S1) indicate that this
sample is TLG.?34 According to its Raman feature of 2D
peak, we can also conclude that the TLG sample is in form
of ABA stacking.*>*I After the TLG physically reacted with
FeCl; using the aforementioned modified recipe, it still pre-
sents very uniform optical contrast as shown in Figure 2b.
But meanwhile, it is noticed that two regions present dif-
ferent Raman features and the corresponding Raman spectra
are shown in Figure 2c. For the region A, the Raman G
band consists of only one single Lorentzian peak, and the
peak position blueshifts to ~1584 ¢cm™! indicating that it is
lightly doped TLG as compared to pristine graphene of
which the G band position normally located at ~1580 cm™.
The slight blueshift of G band for region A should not be
ascribed to the intercalation effect because of the very low
doping level. It should be owing to surface molecular doping
induced slight blueshift of G band. Such effect is normally
observed for graphene samples that annealed in vacuum and
then exposure to air.’’% For region B, the green curve of
Raman spectrum presents two Lorentzian fitted G peaks
respectively located at ~1590 (G~) and ~1610 cm™! (G*) as
shown in Figure 2c. For the previously reported full interca-
lated trilayer graphene, the blueshifted G bands at positions
of ~1612 and ~1625 cm™ are the signs for the graphene layers
flanked on one and two sides by FeCl,, respectively,[2°2] thus
the region B should not be the full intercalated TLG due to
absence of ~1625 cm™! Raman peak. Furthermore, different
from fully intercalated TLG in which the 2D band consists
of only one single Lorentzian peak,? the 2D band of the
structure modified TLG in region B consists of two obvious
separated peaks with different intensity, located at ~2696 and
~2730 cm™!, respectively. On the other hand, the Raman fea-
tures for both G and 2D bands presented by region B are
very similar to the nonhomogeneously doped BLG (With
one graphene layer is heavily doped and the other layer is
lightly doped) as shown by blue curve in Figure 2¢.[272% Thus
the crystal structure of region B is possibly the expected
AITG structure as shown in Figure 1b, of which the new
obtained crystal forms G-G-FeCl;-G sequenced out-of-
plane from bottom to up (The ‘G’ represents the graphene
layer). Compared to the pristine ABA-stacked TLG shown
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Figure 2. The optical images of the trilayer graphene sample before
(@) and after (b) intercalation process. (c) Raman spectra for the pristine
trilayer graphene, region A, region B, and one nonhomogeneously doped
BLG (with one layer heavily doped and another layer lightly doped).

small 2015, 11, No. 9-10, 1177-1182



M \].0)5

www.MaterialsViews.com

in Figure la, the schematic crystal structure of FeCl;-AITG
shown in Figure 1b consists of two independent graphene
systems that are separated by FeCl; layer, one is single layer
graphene (SLG) locates at above of the FeCl; and the other
is AB-stacked BLG locates at below of the FeCl; (Figure 1b).
As FeCly is more electron-negative compared to pristine
graphene, thus both the two independent graphene sys-
tems, the SLG and AB-stacked BLG must be hole doped by
FeCl,. Next, we will focus on discussing the independent AB-
stacked BLG. Because the distance between FeCl; layer and
each graphene layer of BLG is different, apparently, the adja-
cent graphene layer (brown-color layer in Figure 1b) is hole
doped heavier compared to the other layer (grey-color layer
in Figure 1b) which is relatively far away from FeCl,. There-
fore, the inequivalent doping level for the two layers would
give rise to the inversion symmetry breaking effect for the
AB-stacked BLG. In this case, the transformation of its rep-
resentative point group from D5, to Cyy, occurs. And it causes
the activation of G~ band, because the silent anti-symmetric
vibration mode E, at I" point for D5, group belongs to degen-
erated E representation for C;, group. It is worth noting that
the G* band is always active as it arises from the symmetric
vibration phonon mode E, at the I" point of Brillouin zone.
The much stronger intensity of /;* compared to that of I;~
is another evidence to show that symmetry inversion of the
AB-stacked BLG is broken.[?) For the SLG above FeCl,
(Figure 1b), it can be considered as an quasi-independent
SLG suffered strong hole-doping effect.[?! It is worth noting
that another important function of this graphene layer is to
protect FeCl, from being deliquesced in ambient air.[*!]

The Raman images (Figure 3a,b) demonstrate a clearly
identification of regions A and B. The G, (G~) band (the
G, band denotes the E,, vibration mode in non-intercalated
TLG) of region A presents obvious higher intensity, but
the G* band is absence in this region. Contrarily, region B
shows very strong intensity of G* band, but very weak for
G~ band. Meanwhile, none of the regions present G, band
(G, band represents the G band position blueshifted to
>1620 cm™! because the graphene layer is flanked on both
sides by FeCl,) (Figure S2),?" indicating that there is no full
intercalation of FeCl; for both regions A and B. Therefore,
based on the information of Raman images, we conclude
that there is no intercalation for region A, while region B is
AITG which is uniform across the whole region. The height
profile of transition region from A to B can be clearly seen
by AFM image as shown in Figure 3c, the thickness of
region B is ~0.61 nm thicker than that of region A. From
previous theoretical works, the distance between adjacent
graphene layers is expanded from 0.34 to 0.94 nm (0.6 nm
thicker) after insertion of one FeCl, layer.[*] Thus, the AFM
image further confirms that region B is AITG but not full
intercalation as the experimental data is in agreement with
the value reported theoretically and experimentally.[*6+7]
We should point out here that the indistinguishable optical
contrast between region A and B is actually reasonable.
This because that the intercalated one layer of FeCl; in
region B does not affect the optical contrast obviously in
visible region, which is in agreement with the most recent
published results.[??]
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Figure 3. The Raman images for the trilayer graphene sample after FeCly
intercalation: (a) The G, band intensity with the integrated region from
1560 to 1595 cm™. (b) The G* band intensity with the integrated region
from 1595 to 1615 cm™. (c) The AFM image of the white square region
labeled in Raman images, and the cross section height profile of the
white line is demonstrated as well.

For the AB-stacked BLG flanked by one side of FeCls, its
inversion symmetry is broken due to the asymmetric doping
level for the two electronic-coupled graphene layers, and
hence it should present essential different electronic proper-
ties compared to that of pristine BLG, particularly that the
bandgap may be opened.?”l To further examine the elec-
tronic structure difference between AITG and its precursor
TLG with ABA stacking, we calculated their electronic
band structures using First principles theory (the detailed
calculation method is given at the experimental section
at the end). As shown in Figure 4a, the electronic coupling
effects between the adjacent layers give rise to the forma-
tion of four-fold degenerate zero-energy level for pristine
TLG. The intercalated FeCl; in region B separates SLG and
BLG leading to the band structures modified. As shown in
Figure 4b, the electronic bands denoted by the red curves
presenting linear dispersive behaviour arise from the sepa-
rated SLG, and the Fermi level is downshifted ~0.58 eV with
respect to the Dirac point. For the separated BLG below
the FeCl; layer, it consists of two pairs of electronic bands:
(7, m") and (m,, m,"). For pristine BLG, the electronic bands
m, and 7" at low-energy regime touch each other at Dirac
point,[*4] but these two bands separated at Dirac point for
BLG in AITG (Figure 4b). It is clearly seen that the sepa-
rated electronic bands, 7, and 7", presenting an energy gap
AE, = 0.20 eV at Dirac point, but it should be noticed that
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Figure 4. The electronic band structure around the Dirac point of the
graphene sample: (@) The pristine trilayer graphene stacked in ABA
geometry does not possess a bandgap. (b) The electronic bands of AITG
canbedividedintothreeindependentparts: 1)thelineardispersivebands
arise fromtheindependentSLG (grey); 2) the bandgap opened BLG (black
solid lines), the bandgap (Eg =0.13 eV) and energy gap (AE,=0.20 eV)
are clearly observed; 3) the FeCl; bands (black dashed lines).

the effective opened bandgap E, = 0.13 eV is smaller than
the energy gap AE, as shown in Figure 4b. The theoretically
calculated opened bandgap E, and energy gap AL}, for inver-
sion symmetry breaking BLG is in agreement with the recent
calculated results.[*]

It is worth noting that to date, a lot of experimental works
based on doping graphene chemically have been reported,
but only a few dopants have been proved to achieve strong
doping effect as high as 3 x 10'3 cm2,2021.2550] and other
dopants which adsorbed on graphene surface only present
low-level doping due to the weak charge transfer effect, par-
ticularly for the commonly used organic compounds, such as
triazine, An-CH;, TCNQ, and TPA.[?73251] Notwithstanding
the adsorption of triazine gives rise to relatively low-doping
level for BLG, the bandgap of ~0.11 eV was still observed
and the current on/off ratio was enhanced at least one-order
compared to the pristine graphene sample.?”] Most recently,
Park et al. experimentally fabricated the dual molecular
(NH, and F4-TCNQ) doped BLG device,”?! and the opened
bandgap was estimated to be larger than 0.16 eV although
NH, and FE-TCNQ are not strong doping molecules. There-
fore, the realization of such FeCl;-AITG structure is also
crucial for engineering graphene bandgap, particularly that
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the actual bandgap of the separated BLG should be even
larger than the calculated result (~0.13 eV) as the bandgap
value obtained by First principle method is normally smaller
than the real case.l’ Electrical measurement of such FeCls-
AITG structure should be carried out in the future to con-
firm the bandgap opening. Compared to other reported
intercalants that can dope graphene strongly (such as Br,
and 1,),P"! another advantage of using FeCl, for engineering
the electronic band structure of few-layer graphene is its
non-toxic.[2l Furthermore, the theoretically modeled BLG
that adsorbed by FeCl; on surface is not stable in ambient
air because FeCl; is a very active compound that can deli-
quesce easily by reacting with small amount of H,O in
ambient air,[?1?>29] but the experimentally fabricated FeCl;-
AITG structure shows very good environmental stability as
we have not found any obvious changes since the sample was
prepared four years ago. Furthermore, as shown in Figure S3,
a very large TLG flake (~50 x 15 pm) with more than 2/3
area has been intercalated to form AITG structure by using
the same preparation recipe as mentioned in this paper.
Therefore, the preparation of AITG structure can be realized
intentionally by controlling the reaction time. Here, we need
to point out that based on our experience, the perfect con-
trollability for fabricating AITG structure in a whole trilayer
graphene flakes has not been achieved. To date, it is still a
challenge because that the molecular dynamics for intercala-
tion process is still unclear though it has been investigated
for more than 40 years.[*] In addition to the reported asym-
metrical intercalation of trilayer graphene in this paper, we
can intuitively know that the asymmetrical intercalation of
quad-layer graphene (AIQG) would probably present more
interesting phenomenon. The AIQG structure has an order
as G-G-G-FeCl;-G along the z-direction (The ‘G’ represents
the graphene layer). The G-G-G may have two forms which
are ABA and ABC stacking, respectively. As each graphene
layer in G-G-G is chemically doped in different level due to
the different distance with respect to the FeCly layer, the
asymmetric doping effect on the G-G-G trilayer can be con-
sidered as a quasi-electric-field that is perpendicular to the
basal plane of AIQG. In this case, the separated independent
G-G-G trilayer would present the semimetal property if it is
ABA stacking,[*°*%] or else, it should present a relatively
larger bandgap if it is ABC stacking.[**°! Therefore, the
proposed conception of the asymmetric intercalation of gra-
phene induced interesting phenomenon is not only limited
to trilayer case, but also available for quad-layer, and it is
deserved for further studies in future.

In conclusion, the ambient air stable FeCl;-based AITG
structure has been prepared by using traditional two-zone
method. The AITG’s out-of-plane G-G-FeCl;-G structure is
confirmed by both Raman spectra and AFM images. Raman
spectroscopy shows that compared to the pristine graphene,
the G band of AITG split into two peaks with different inten-
sity (G* >> G7), which is similar to that of asymmetric doped
BLG with a broken inversion symmetry; and the 0.6 nm
height difference between non-intercalated TLG and AITG
is in agreement with the previous theoretical prediction
value. The giant blueshift of the high frequency G* peak indi-
cates that the BLG in AITG is heavily doped, and the First
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principle calculation shows that a 0.13 eV bandgap is opened
for the separated BLG. The realization of bandgap opened
and ambient air stable AITG structure opens a new route for
graphene gap-engineering and it is essentially crucial for gra-
phene-based nanoelectronic applications in the near future.

Experimental Section

AB-stacked TLG samples were deposited using conventional micro-
mechanical cleavage method on silicon wafer coated by 300 nm
SiO, layer. The layer number of graphene flakes were confirmed by
both Raman[28:5¢ and contrast spectra.l! It is reported by several
groups including ours that FeCl;-based full intercalated few-layer
graphene can be fabricated using two-zone methods (with reaction
time more than 6 hours).[20:21.26] T fabricate the aforementioned
out-of-plane asymmetrical intercalated trilayer graphene (AITG), we
controlled the reaction time for only ~1 hour, which is much shorter
than the previously reported recipes,2%-21:26l and we will show the
details of identification of such AITG by both Raman spectroscopy
and AFM image later. Raman spectra were recorded by a Renishaw
system with a spectral resolution of ~1 cm™ (532 nm laser). Raman
mappings were recorded by CRM200 system. A piezostage was
used to move the substrate with a step size of 250 nm and Raman
spectrum is recorded at every point in the scanned area. Density
functional theory calculations were performed using Vienna ab
initio Simulation Package (VASP).57:58] Exchange correlation inter-
actions were described by the generalized gradient approximation
(GGA) in the Perdew-Burke-Ernzerhof (PBE) form.% For all sys-
tems, we used a kinetic cutoff energy of 400 eV. The Brillouin-zone
integration was performed within Monkhorst-Pack scheme using
a (4 x 4 x 1) mesh. All model structures are optimized with the
vacuum separation set to be more than 10 A.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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