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ABSTRACT: Opening a band gap in bilayer graphene (BLG) is ofcsigee for =
potential applications in graphene-based electronic and photonic devices. Here, we o
report the generation of a sizable band gap in BLG by intercalating silicene between - @-
BLG and Ru substrate. Wst grow high-quality Bernal-stacked BLG on Ru(0Q0L) s

and then intercalate silicene to the interface between the BLG and Ru, which is [ sLa/ru

con rmed by low-energy electronrdction and scanning tunneling microsco %tice"? J
Raman spectroscopy shows that the G and 2D peaks of the intercalated E (&R0
restored to the freestanding-BLG features. Angle-resolved photoelectron spectros:
copy measurements show that a band gap of about 0.2 eV opens in the BLG. Density
functional theory calculations indicate that the large-gap opening results from a=
cooperative contribution of the doping and rippling/strain in the BLG. This work. « 10

provides insightful understanding on the mechanism of band gap openingm . K -
and enhances the potential of graphene-based device development.
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INTRODUCTION In this paper, we explore band gap opening in BLG that is

; ; : ; - rown epitaxially on Ru(000by intercalating silicon.
Bilayer graphene (BLG) is an attractive material providing %tercalated silicon forms a silicene layer wit & 7

ferUIg g{"“f‘d f<_)r fundamer_nal stud|e$ of tWO'd'mens.'on%uperstructure with respect to Ru(0001), which ismed
physics: With di erent stacking cogurations, many exotic by low-energy electron diction (LEED) and scanning
phenomena su_ch as tunable exciforispological vglley tunneling microscopy (STM). The observed muéttern
transport, Mott-like insulator stateésnd superconductivity  ingicates that the BLG is rippled. Raman spectroscopy shows
have been discovered in BLG. Of particular interest, BLG {fat the underlying silicenesetively decouples the BLG from
AB-stacking acquires an electronic band gap by breaking thg@ Ru substrate and indicates the existence of both doping
inversion symmetry of the two layers, making it a promisingnd strain in the BLG. A sizable band gap of about 0.2 eV is
high-mobility channel material that can be used in terahertbserved in the BLG by angle-resolved photoemission
technology, nanoelectronic, and nangphotonic dévites. spectroscopy (ARPES). On the basis of density functional
Application of an external electetrf > or adsorption of ~ theory (DFT) calculations, we conclude that the samti
molecules/atoms on BLG surfdceS’ which create a large band gap opening is caused by the cooperativefe
potential dierence between the two graphene layers, arelectron doping and rippling.
two experimentally proven strategies to introduce a band gap
in BLG. Construction of BLG-based van der Waals (vdWs) RESULTS AND DISCUSSION
heterostructuré®¥* and application of straii® are also ~We fabricated and characterized high-quality BLG on
predicted to be ective ways to generate a band gap. It hafRu(0001) using the method described in a prior ‘paper
alSO been reported that the band gap of BLG can bEE[hOdl (See alSMethOd$ .F.igure Zi,b Sh0W$ a schematic to illustrate
by intercalating transition metals between the two grapheif&® process of silicene intercalation between BLG and Ru
layers“>?® In addition to using a single approach, band gap
opening in BLG by a combination of two approaches, such &sceived: January 22, 2020
molecular doping or uniaxial strain with an external electriéevised: February 27, 2020
eld, has been studied theoreti¢Affylt is found that the  Published: March 3, 2020
resulting band gap in BLG is larger than the gap obtained by
either approach alone. Other combinations of approaches are,
therefore, likely to provide larger band gaps.
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Figure 1.LEED and STM characterizations of BLG on Ru(0001) before and after silicon intercalation. (a,b) Schematic of the process of BL(
silicene heterostructure on Ru(0001). (c,d) LEED patterns (65 eV) of BLG/Ru and BLG/silicene/Ru, respeetitiely.dpots contributed

by BLG, Ru, and silicene are labeled by solid arrows. (e,f) Corresponding STM images fof,BIS3/Ri (= 100 pA) and BLG/silicene/Ru

(Vs = S0.5 V,I, = 400 pA), respectively.

substrate. First, high-quality AB-stacked BLG is epitaxiabglow the BLG, weakening the interaction between BLG and
grown on a clean Ru(0001) surfdggure &). Subsequently, Ru. Note that the existence of a mpatern indicates that
silicon atoms are deposited on the surface of the as-grown Btt® BLG is still rippled after silicon intercalation.
followed by annealing to initiate the intercalation. The To study more detailed local structures, we performed STM
intercalated silicon atoms form a silicene layer at the interfaceasurements across a boundary, as shewarin S1arhe
between the BLG and the Ru substraigu(e b). apparent height déirence across the boundary is about 3.3 A,
To check the results of each step, we performed in sitas measured by the line pecalong the white arrowigure
LEED and STM measurements on the saffiplee t is a S1h. The value is consistent with the interlayer distance of
LEED pattern of the as-grown BLG on Ru(0001), showingraphite or AB-stacked BGndicating a boundary of BLG
sharp diraction spots from the BLG and surrounding satelliteand single-layer graphene (SL&pure Slc,shows an
spots from a moirgattern. From the STM image, as shown inatomically resolved STM image obtained in the black square in
Figure &, we clearly see a defect-free mattern, indicating the BLG region and the corresponding fast Fourier trans-
that the epitaxial graphene is rippled perioditailfter formation (FFT) pattern. We can distinguish the honeycomb
depositing silicon followed by the annealing process, the LEHdtices of graphene and the underlying silicon superlattices,
pattern changes sigoéantly. As shown ifrigure 4, which are marked by solid and dashed rhombuses, respectively.
di raction spots from the BLG retain high intensity, whereashe silicon superlattice has a periodicity of about 0.72 nm and
the intensity of spots from the moipattern weakens. is rotated 19relative to Ru(0001). According to previous
Moreover, a new set of diction spots with a7 x 7 studies, such 7 x  7-R19 superstructure of silicon on a
superstructure with respect to Ru(0001) emerge. Th&u(0001) surface is silicéf& These results suggest that we
corresponding STM image is showfrigure . Compared realized the intercalation of silicene at the interface between
with Figure &, we can see that the periodic nmiperlattice  BLG and the Ru substrate.
stays intact while the amplitude of surface corrugation The eect of the intercalated silicene layer on BLG is
decreases. These results suggest that the silicon is intercalat@anined by Raman characterizations. For comparison, Raman
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spectra of SLG/Ru (black curve), SLG/silicene/Ru (greerBLG/silicene/Ru is 0.7% compressive strain in the rippled
curve), BLG/Ru (red curve), and BLG/silicene/Ru (blue BLG.

curve) are shown iRigure a. The SLG on Ru exhibits a It is reported that intercalation of graphene can not only
decouple the interaction between graphene and metal
substratés®’ but also tune the electronic state of the
graphené®*® To investigate the electronic properties of BLG
after silicene intercalation, we carried out ARPES measure-
ments.Figure & shows the energy-momentum dispersion

Figure 2 Raman spectra of SLG and BLG on Ru substrate before and

after silicene intercalation. (a) Comparison of Raman spectra of SL&igure 3.Electronic properties of the BLG after silicene intercalation.
Ru (black), SLG/silicene/Ru (green), BLG/Ru (red), and BLG/ (a) ARPES intensity map taken along the&M direction. (b) A
silicene/Ru (blue). (b) 2D band of BLG/Ru welled by a single  structure model of rippled BLG on Ru(0001) after silicene
narrow Lorentzian peak (lower panel) and 2D band of BLG/siliceneintercalation. (c) Calculated band structure based on the structure
Ru well tted with four narrow Lorentzian components (upper model in (b). The red dots are the band projected on the BLG and
panel). the gray lines are the bands of the whole system.

along the -K-M direction of the Brillouin zone of graphene.

featureless Raman spectrum due to strong hybridizatidine resolved-band splitting conms that the sample is AB-
between graphene and the Ru subsfratecontrast, after  stacked BL&*° We also nd that the conduction band
silicene intercalation Raman peaks (G and 2D) appear and thenimum is 0.12 eV below the Fermi energy, that is, the BLG
full width at half-maximum (FWHM) of the 2D peak is 32is ntype doped, which is consistent with the fact that a Ru
cntl, indicative of recovery of intrinsic SLG. The Ramarsubstrate is known to dope a graphene mondtayahis
spectrum of BLG on Ru before silicene intercalation showssult implies an estimated electron doping &f 0% cnt?
strong 2D and G peaks with an intensity kailds of about  in the BLG** which agrees with the result of Raman
1.4. Moreover, as shown in the lower parfébafe b, the spectroscopy. Most interestingly, by checking the energy
2D band is welltted by a single Lorentzian peak with FWHM distribution curve (EDC) at the K-poinEigure SR we
less than 40 cth indicating Raman features of SLG instead obbserve a sizable band gap of 0.20 eV opening in the BLG.
BLG. After silicene intercalation, however, the intensity ratibhese observations provide additionalrowtion that we
I,o/ I reduces to about 0.7, and the 2D band is broadened twave fabricated BLG on Ru as opposed to SLG on Ru. The
64 cntt in FWHM and well tted by four narrow Lorentzian latter, after silicon intercalation, shows a linear dispersion
components, as shown in the upper paféfjofe b. These  without a band gdf.
results indicate that the epitaxial BLG on Ru recovers itsTo get a better understanding of the ARPES results, we
intrinsic properties after silicene intercalation. performed DFT calculations to analyze the electronic proper-

Moreover, Raman spectroscopy has been a powerful tool fims of BLG with silicene intercalation. On the basis of the
characterizing doping or ripple/strain in graphene each @perimental observations, the silicene intercalated BLG on Ru
which can lead to variations in phonon frequencien (0001) is described by a model withx(8) BLG sitting on (7
one hand, in the case of BLG, the Raman G bajyoh¢He x 7) 4 layers of ruthenium with7 x 7 silicene between
showing strong electfgphonon coupling), which can split the BLG and ruthenium. As showrrigure B, the BLG is
into a doublet due to symmetry breaking, is strongly sensitivippled after optimization, which is consistent with the
to doping’® The G peak of BLG after silicene intercalationexperimental results. We also note that the amplitude of
here is broadened (23 ¥nin FWHM) but does not show  corrugation of the two graphene layers is slightiyedt,
obvious splitting, indicating that the BLG is slightly d8ped. indicating an asymmetric ripple. The band structure of BLG is
On the other hand, the 2D peak of BLG is slightly changed ataned by the Ru substrate and silicene layer, as shown in
relatively low doping level according to previous literature.Figure 8. The BLG is n-doped with a band gap of 0.15 eV
Here, we observe a large blue shift of about#43arrthe 2D around the K-point, which is in qualitative agreement with the
peak of the BLG after silicene intercalation compared withRPES results.
freestanding BL®G, further conrming the existence of We then analyze the mechanism for this sizable band gap
rippling®* The amount of strain in graphene ripples can bepening. From the above analysis, we notice that the electron
roughly estimated from the formula ¢/ ) = ¢ (1 S doping induced by the underlying substrate and asymmetric
0.186), ( o/ ) = S64 cn¥%, where is the strain, and ripple are two factorsecting the band structure of BLG. We

op and ,p are the shifting and Greisen parameters for  rst consider the doping induced by the silicene/Ru substrate
the 2D peak, respectivélf! We nd that the rippling in the  on the BLG. To exclude the rippleeet, a structure model
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Figure 4.Calculated band structures of the BLG induced by doping and rippling individually. (a) A structureatildal @% compressed)

on silicene/Ru (upper panel) and calculated band structure (lower panel). (b) A structure model of rippled BLG (upper panel) and calculate
band structure based on the model (lower panel). (c) A structure model of Li-doped rippled BLG (upper panel, Li atom (green dot) is put und
the rippled BLG) and calculated band structure (lower panel).

with a at BLG (3% compressed) is placed on the silicene/Rpeaks indicate the existence of both doping and rippling in the
substrate, as shown in the upper panéligpfre 4. The BLG. ARPES measurements of the electronic structure show a
calculated band structure in the lower pairéfofe 4 shows  sizable band gap approximately 0.2 eV. DFT calculations reveal
a 0.06 eV band gap around the K-point. This result is algbat the large band gap is induced by the cooperative
supported by the experimentading that the 4.4 10'2 cn? interaction of doping and rippling in the BLG.

electron doping (derived from ARPES results) should yield a

band gap around 0.05 &\it is also worth noting that the METHODS
band structures of doped BLG with and without an in-plane ) .
3% compression are identical (Seere SB Therefore, we Sample Preparation and Characterizations. The

conclude that the band gap induced only by doping is 0.06 egrowth of BLG and silicon intercalation were carried out in

which is signcantly smaller than the experimentally observed Nome-built ultrahigh vacuum (UHV)-MBE system with a
value (0.20 eV) and the calculated value of 0.15 eV. ase pressure lower tham 20°° mbar. First, a Ru(0001)

We subsequently consider thece of asymmetric rippling surface was cleaned by repeated cycles of sputtering and

of the BLG. The band structure for the rippled BLG with theAn1ealing treatment. Then, the Ru was exposed to oxygen (5
same atomic coguration as ifFigure B is calculated. As 10°" mbar) at 1070 K for 5 min to remove the residual carbon.

shown inFigure b, the ripple-induced band gap is 0.02 eV,ngh-quahty BLGV\évas fabricated by exposing ethylene up to a

which is also sigmiantly smaller than the experimental resultPressure of 8 10°° mbar at 1420 K for 150 s, followed by
As neither the doping nor the rippling alone can induce sucPCling down to room temperature at a slow rate of about 60 K

a large band gap opening, we consider a cooperativefe minct. Unllkea'g_)rle annealing temperature @100 K for

these two factors. Here, for computationaieacy, we use Li  9rowth of SLG** here the elevated growth temperature of

atoms to mimic the dopinget of the silicene/Ru substrate 1420 K increases carbon solubility in bulk Ru, favoring the
as alkali adatoms are known to dope graphene'fi-8e. growth of uniform and high-quality BLG. Silicon atoms were
shown inFigure 4, a lithium atom is put under the rippled €vaporated to the graphene surface and then annealed at 900

BLG with a distance of 6.45 A to generate a dopint: STM images were obtained at about 4 K. LEED was
concentration that is the same as the experimental observatipfPloyed with a 4-grid detector (Omicron Spectra LEED) in
By considering both rippling and doping,vethat there isa (€ UHV chamber. Raman spectra were obtained by a

0.17 eV band gap opening, which is comparable to tt{é:)mmgrcial confocal Raman microscope (WiTec), using an
experimental value but sigantly larger than considering €Xcitation wavelength of 532 nm. ARPES measurements were

each eect alone. Therefore, we conclude that the doping ang'Tied out using the Scienta R4000 analyzer and VUV5000UV

asymmetric ripple play a cooperative role in opening a lar§8Urce which gives a photon energy of Heliulm Fa21.218
band gap in BLG. V. The energy resolution is better than 30 meV and the

angular resolution is 0.3he measurement was perfO[rlqed at
CONCLUSIONS fnob;.ln vacuum with a base pressure better thah(B

In summary, we have investigated the opening of a sizabldDFT Calculations. First-principles calculations were
band gap in an epitaxially grown BLG by a combination gferformed using the Vienna Ab Initio Simulation Package
doping and rippling/strain, which are generated by intercalay ASP);° version 5.4.1, and the projector augmented-wave
ing silicon between a BLG and a Ru substrate. The intercalai@,W) method® Because of computational limitations for the
silicon forms a silicene layer withax 7 superstructure at  size of our structures, electronic exchange and correlation
the interface between BLG and Ru, which is unambiguousdyects were treated using the local density approximation
con rmed by LEED and STM characterizations. After silicen@.DA).°’ In the calculation, a vacuum layer of 16 A was used
intercalation, the Raman features of freestanding BLG aaad the energy cut@f the plane-wave basis set was 500 eV.
restored, suggesting that the interfacial siliceratively In the BLG/silicene/Ru model, all atoms except the bottom
decouples the BLG from Ru. Large blueshifts of the G and 2o Ru layers were relaxed until the net force on every atom is
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smaller than 0.02 eV/A. Thepoint was employed for Quantum Computation, University of Chinese Academy of

Brillouin zone integrations due to computational limitations. In  Sciences, Beijing 100190, P.R. China

the Li-doped BLG model, all atoms were relaxed until the net Yu-Yang Zhar§ Institute of Physics and University of Chinese

force on every atom is smaller than 0.01 eV/A and@iké Academy of Sciences, Chinese Academy of Sciences, Beijing
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