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Direct Writing of Lateral Fluorographene Nanopatterns with Tunable Bandgaps and Its Application in New Generation of Moiré Superlattice

A desirable picture of graphene as an atomic thin "canvas" is to freely draw semiconducting/insulating lateral nanopatterns directly on the semi-metallic graphene surface, which is one of the most looked-for goals for monolayer device fabrications. Here, we have demonstrated a reversible electron beam activated technique, which allows to directly write semiconducting/insulating fluorographene lateral nanopatterns with tunable bandgaps on the graphene surface and a resolution down to 9-15 nm. This approach overcomes the conventional limit of semiconducting C4F in the single-sided fluorination of supported graphene and achieves insulating C2F. Moreover, by applying this technique on bilayer graphene, we have shown a new type of rectangular moiré patterns arising from the generated C2F boat/graphene superlattice for the first time. This novel technique constitutes a new approach to fabricate

graphene-based flexible and transparent electronic nanodevices with the CxF channels utilized as semiconducting or insulating counterpart, and also opens a route towards the tailoring and engineering of electronic properties of such materials in addition to the dominating triangular moiré patterns from graphene/hBN system.

Ⅰ. INTRODUCTION

The inherent two-dimensional feature of graphene raises a concept as an atomically thin "canvas", where different functional groups could be deposited onto this canvas similar to an "ink" on the surface leading to distinct materials properties in different areas on the graphene surface [1][2][3][4][5] . As a promising next-generation material in electronics, an ideal picture of graphene is to freely draw the semiconducting/insulating patterns directly on conductive graphene surfaces with nanometer resolution. Fluorine shows superiorities as the "ink" towards this goal, owing to the efficiency in tuning the bandgap and towards achieving a chemically stable product [6][7][8][9][10] . A large variety of techniques has been reported to fluorinate graphene ranging from pure F2 exposure to fluorine plasma etching 11,12 . In many works, the synthesis of monolayer fluorographene and stoichiometric fluorographene (perfluorographane, CF) hitherto is carried out by exposing graphene to XeF2 gas 7,8,13 . As for the more applicable supported graphene (e.g. graphene on SiO2) where a physical support substrate avoids the mechanical collapsing, the product with the highest fluorine content is semiconducting C4F for the above mentioned plasma based and chemical fluorination pathways 7,14 , and it is still difficult to synthesize insulating fluorographene, e.g. C2F and CF, on a substrate directly. Theoretical studies have predicted that, by tuning the concentration of fluorine 15,16 , the electronic properties of the fluorographene such as the presence of a bandgap can be tailored to meet different requirements.

Experimentally, optical band gap measurements have proved the possibility of bandgap opening in the fluorographene 13 , yet the electronic band gap, important for most applications of fluorographene, has rarely been shown 17,[START_REF] Liang | MRS Proc[END_REF] .

In this work, we explored graphene fluorination processes, the physical property and structure changes in a rather broad parameter space, both theoretically and experimentally. For the purpose of a well-defined and local synthesis of fluorographene, we have developed a reversible and local electron beam activated fluorination technique, where the nano-sized electron beam induced deposition process cracks the XeF2 precursor gas and atomic fluorine is bound to the graphene surface covalently. This reversible technique is proved here to be very efficient. When it is applied to free-standing graphene, perfluorographane (CF) can be obtained after short synthesis time. Our X-ray photoelectron spectroscopy (XPS) studies of these fluorinated graphene surfaces suggest that for single-sided fluorination on the supported graphene, insulating C2F with a bandgap of ~5.8 eV is obtained which implies that our technique has overcome the conventional limit of semiconducting C4F in the fluorination of supported graphene and achieved the insulating fluorographene. The valence band spectra analysis of the fluorographene of different F-concentration shows that fluorine induces a discernible band opening in the graphene electronic structure and the bandgap of the fluorographene increases with the fluorine coverage. From the theoretical analysis of the fluorographene, we analyze at which ordering conditions a bandgap opening could appear. The ordering of graphene could also be analyzed from the fluorination of bilayer graphene using the same technique. As an impactful observation, a new type of rectangular moiré pattern is for the first time observed between the upmost fluorinated graphene and the bottom unfluorinated graphene layer. This rectangular shaped moiré patterns can be well explained from the atomically locked bilayer C2F boat/graphene superlattices. In turn, these structure analysis results are compared to the theoretical electronic structure analysis of fluorographene.

ⅠⅠ. RESULTS AND DISCUSSION

The schematic picture of the electron beam activated fluorination (EBAF) is shown in Fig. 1A.

The core idea of this method is the local creation of F radicals by the electron beam, resulting in the nano-synthesis of fluorographene directly on monolayer graphene under the nanometer sized electron beam. For the fluorographene synthesis, graphene was placed under the focused electron beam irradiation [START_REF] Li | [END_REF][20][21] and simultaneously, a flux of XeF2 molecules was injected through a gas injection system. Since the electrons in the initial beam is well above the critical energy to dissociate XeF2 22,23 , the decomposition of the XeF2 molecules was induced, leading to the formation of local F radicals and finally resulting in the graphene fluorination. Here, two types of graphene samples were used: free-standing graphene (FG) on transmission electron microscopy (TEM) grid and supported graphene (SG) on SiO2 substrate (Fig. 1B and1C). It is found that the typical saturation time for the fluorination of FG and SG were 10 and 5 minutes for a selected 100 µm × 100 µm area in measured characteristics, receptively.

The XPS spectra of pristine graphene, fluorinated SG and FG samples are compared in Fig. 2A.

In the fluorinated FG, the area under the XPS C 1s peak consists to ~90% of the C(-F) peak, and C(sp 2 or sp 3 ) peaks are absent, implying the formation of perfluorographane (CF). The remaining peak area, about 10% of the total peak area, corresponds well to the position of C(-F2 / -F3) peaks. Such double or triple functionalized carbon atoms could be present at the defect sites. In contrast to the fluorination process of FG, the good adhesion of monolayer graphene to the substrate will render diffusion of fluorine beneath the graphene sheet less probable, which results in a single-sided fluorination of SG 7,24,25 . From the XPS of fluorinated SG, the major signals come from the C(sp 3 ) and C(-F) bonds, whereas the C(sp 2 ) bond signal (located at 284.4 eV) disappears in the C 1s spectrum. This indicates the complete transformation of in-plane sp 2 carbon to sp 3 carbon and C(-F) bonds. It is also noticed that there are two types of C(-F) bonds (locating at ~288 eV and ~290 eV, respectively) observed in the XPS spectrum, both of which have been observed in previous experiments 16 . Similar to free-standing perfluorographane, for the SG we also observe ~10% C(-F2 and -F3), which can be attributed to the defect sites as well.

When comparing the atomic proportion of the C(-F) and C(sp 3 ) carbon, the ratio of one is obtained in the C(-F)/C(sp 3 ) of the SG sample, indicating the formation of C2F. This result is significantly different from the conventional single-sided fluorination where an F concentration corresponding to C4F is reached on supported graphene by using long time exposure of pure XeF2. This implies that by using this electron beam activated fluorination technique, a high F concentration can be obtained that goes beyond the conventional limit of fluorination. The comparison of the Raman spectra of the three samples is shown in Fig. 2B. The characteristic Raman signal of pristine graphene has disappeared in the case of saturated FG, which matches well with the reported perfluorographane. Raman spectrum relates mainly to the complete optical transparency of the material 13 . As for the SG, prominent D (at ~1350 cm -1 ) and G peaks (at ~1580 cm -1 ) were observed in the Raman spectrum, whereas the 2D peak (at ~2700 cm -1 ) was found to be negligible. This result is consistent with the disappearance of the XPS C(sp 2 ) bond signals analysis in the SG sample. This promising result of EBAF based local fluorination of the graphene raises a question about the obtained CxF structure, its electronic structure as well as the lateral resolution that the EBAF process can achieve. To further investigate the formation of the fluorographene as well as the bandgap opening effect, additional experiments were conducted on the SG samples by varying the fluorination time. Fig. 3A exhibits the plot of fluorine concentration as a function of fluorination time (more deconvoluted XPS spectra can be found from Fig. S1-S4). From the plot, it can be seen that for shorter times, the fluorine concentration increases with the process time and the saturation occurs at 5 minutes with an atomic F concentration of ~35% corresponding to C2F. Due to the sufficient energy and small probe size, the electron beam has been used to remove functionalities on graphene and achieved great success in the patterning of graphene with nanometer resolutions 10,26 . Since in our process, the primary and secondary electrons can both dissociate the formed C-F bonds 10 , an electron beam activated defluorination process will be triggered when the gas flux is stopped and only apply the electron irradiation (schematic illustration can be found in Fig. S5). Here, the electron beam used in the de-fluorination process is the same as that in the fluorination process, i.e. a vacuum condition of 10 -6 mbar, an electron accelerating voltage of 5 kV and beam current of 650 pA. The detailed relation between the atomic F concentration and de-fluorination time is shown in Fig. 3B with the starting material being saturated SG (C2F) with the F concentration of ~35%. Here, it can be seen that the de-fluorination process is less efficient and it takes ~240 minutes to totally recovery the sample. Therefore, the combination of the electron beam activated fluorination and de-fluorination techniques constitutes a reversible approach to precisely control the fluorine concentration from pristine graphene to C2F in the SG samples and back to the pristine graphene sample.

To investigate the influence of covalently bonded F atoms on the electronic structure of graphene, XPS valence band spectra were recorded on fluorinated SG samples with various F concentrations. The XPS valence band spectrum reflects the projected density of states (PDOS) below the Fermi level (defined as the binding energy of 0 eV of the measured material). Thus, XPS provides an efficient tool to understand the modifications in the electronic structure of graphene with covalently bonded F atoms. Fig. 4 shows the comparison of the valence band spectra of the fluorographene. In pristine graphene, the fitted line of the valence band spectrum in the low binding energy region intersects with the energy axis at the Fermi level and this agrees well with a vanishing band gap of graphene. Another observed feature of the pristine graphene is the prominent peak at the binding energy of ~8.5 eV. This energy corresponds well to the peak position of the delocalized π orbital electrons of graphene. In contrast to pristine graphene, for the fluorinated graphene, when fitting the slope of the low energy tail of the PDOS, the line intersects the energy axis at positive energy, which indicates a band opening. The PDOS intensity close to the Fermi level vanishes. The values of the valence band maximum (VBM) obtained from the experimental curves increases with the sequence of pristine graphene, 11%, 22%, 28% and 35% fluorographene as 0 eV, 0.9 eV, 1.4 eV, 1.8 eV and 2.9 eV, respectively.

As for the π state peak, the intensity gradually decreases with the atomic F concentration which can be related to the increased electron localization of the C-F bonds. The π state peak is thus expected to decrease in intensity with higher F concentration as observed. For the saturated SG (C2F) sample, the π peak disappears. This result coincides with the disappearance of the sp 2 bond component in the C1s peak observed in the XPS spectra. Theoretically, in the single-sided fluorinated graphene, the interaction between the p orbitals of F and the π orbitals of C producing sp 3 bonds will make the Fermi level not appear in the exact center of the bandgap.

The related maximum energy shift of the Fermi level is ~0.2 eV 7,27 . Therefore, it is possible to estimate the band gap of the fluorinated SG samples from the experimental VBMs. Thus, it can be deduced that the C2F two-dimensional (2D) material has a band gap of 5.8±0.2 eV, equal to diamond and that should be sufficiently insulating where insulating areas of graphene are needed in graphene-based devices. The C4F exhibits a smaller bandgap of 2.8±0.2 eV corresponding to a semiconducting 2D material. To better understand the relation between structure and electronic structure, ab initio density functional theory (DFT) calculations were performed on the single-sided fluorinated graphene (see the supporting information Fig. S7-S11). From these simulations, it is found that band gap of graphene increases as the percentage of fluorine coverage increases, which is consistent with our experimental observations. Moreover, we also observe that the band gap of the fluorinated graphene (CxF where x is 2, 4 and 8) opens only when the atomic sites of the F atoms are positioned as boat configurations, while the chair configurations cannot open a band gap and this is consistent with the report report 28 . Together with the observed bandgap opening, this implies that the F atoms in the saturated single side fluorographene in this work have the potential C2F boat structures.

A milestone in graphene research is the discovery of triangular moiré patterns in the graphene/hBN heterostructure superlattice, in which the electronic properties of graphene can be tailored through periodic moiré potentials and variety of significant phenomenon have been observed, e.g. the emergence of van Hove singularities 29 , Hofstadter's butterfly 30,31 , high-temperature quantum oscillations 32 , etc. Graphene derivatives, e.g. graphane (CH) and fluorographene (CF, C2F chair and C2F boat), due to their lattice constant being slightly different from the one of graphene, can also form moiré superlattices when being well aligned and on top of monolayer graphene (the simulated moiré patterns can be found in Fig. S12).

However, since after synthesis, the obtained graphene derivatives always show a rippled surface 25 , the transferred graphene derivative layer cannot atomically lock to the flat graphene layer to form the moiré superlattice. To address this issue, our strategy is to fluorinate the topmost layer in the exfoliated bilayer graphene directly and to achieve the C2F/graphene superlattice structure. First of all, to understand the stacking order, scanning tunneling microscopy imaging (Fig. 5A) was carried out on the highly oriented pyrolytic graphite (HOPG) from which the bilayer graphene is exfoliated, and the triangular lattice indicates the typical Bernal stacking order of the graphite. The EBAF technique was applied on the exfoliated bilayer graphene which was then imaged by using the AFM. It is noted in the AFM experiment that the patterns start to appear after a long time (8 hours) scanning in a comparably large scale as shown in Fig. 5B. When we performed fine scanning at a higher magnification as shown in Fig. 5C, the moiré pattern consisting of bright and dark rectangular patterns is clearly visible and the denoted unite cell shows distances of 13.8 nm and 6.8 nm in two directions perpendicular to each other. This generated moiré patterns agree very well with our simulated moiré patterns arising from C2F boat/graphene structure (see supporting information Fig. S12a).

They are clearly distinct from the triangular moiré patterns obtained in hBN/graphene system and also would be expected, following our moiré simulations (Fig. S12b), in C2F chair/graphene and CF/graphene bilayer. To the best of our knowledge, this is the first experimental observation of the rectangular moiré patterns arising from the C2F boat/graphene superlattice (the detailed structure can be found in Fig. S13), which means that a new type of periodic electrostatic moiré potential has been generated. This materials system has the potential to reveal novel interesting properties of 2D materials since the interaction between the two 2D materials layers will be very distinct from the hitherto dominating graphene/BN moiré materials.

The fluorine can be attached to the graphene either in the boat or in the chair configuration. We have simulated the structure of the one-sided saturated C2F for both, the chair and the boat configuration (see supporting information Table S1) and found that for the boat configuration, the total energy per fluorine atom is 1.5 eV lower than that for the chair configuration. Thus, the boat configuration is energetically more stable, which is in good agreement with our experimental analysis.

Owing to the intrinsic property of the focused electron beam, the here demonstrated electron beam activated synthesis method is also a controllable, local and free writing technique, and thus provides the possibility to fabricate lateral semiconducting/insulating nanopatterns directly on the conductive graphene surface. To demonstrate this, we further employed the technique to fabricate sharp C2F and C4F nanostrips directly on a graphene and measured the relative conductivity of the different layers by conductive AFM (Fig. 6A). It can be seen from the contrast in the image that the insulating C2F nanostrips has the lowest conductivity with the current close to zero nA and the graphene shows the highest conductivity, while the C4F nanostrips have an intermediate conductivity. To further demonstrate the resolution of this technique, we have used the AFM adhesion mapping. This technique is based on the fact that the adhesion forces between the AFM tip and graphene will change after fluorination, thus providing the contrast in the maps between graphene and the C2F layer. 

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the XPS spectra, DFT models, moiré pattern simulations, process parameters and field-effect transistor performances.
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APPENDIX: EXPERIMENTAL

Graphene samples: Large scale monolayer graphene samples were synthesized by chemical vapor deposition technique and transferred to Cu TEM grid and SiO2 (285 nm)/Si substrate.

Prior to the experiments, the samples were immersed in chloroform for 24 h and then blow dried under N2 to remove the contaminations. Finally, the cleaned samples were checked by light optical microscope, XPS and Raman. Bilayer graphene are exfoliated from highly oriented pyrolytic graphite and transferred onto SiO2 substrate and characterized through optical microscope and Raman spectroscopy.

Graphene fluorination:

The local electron beam activated graphene fluorination and defluorination were conducted in a FEI Strata DB235 FIB/SEM at a vacuum condition of 10 -6 mbar under the electron acceleration voltage of 5 kV and beam current of 650 pA (more details on the electron dose can be found in Fig. S14). The XeF2 molecules were injected through an equipped gas injection system (GIS) inside FIB/SEM chamber with a partial pressure at the exit of the gas nozzle of 600 Pa 33 . The fluorination was carried out under the electron beam irradiation with simultaneous XeF2 molecule injection, while the de-fluorination was performed only under electron beam irradiation.

Characterizations: A Physical Electronics Quantum 2000 Scanning ESCA microprobe was used to conduct the X-ray photoelectron spectroscopy (XPS) experiments with a Al Kα X-ray (1486.7 eV) source. In the XPS measurements, due to the low conductivity of the fluorographene, a shift of the XPS spectra move to the higher energy region took place, thus an electron gun neutralizer was open to compensate this charging effect. The Raman measurements were performed by using a Renishaw inVia Raman microscope with a 532 nm wavelength laser. The AFM was carried out in a Bruker Multimode 8 AFM under the peakforce quantitative nanomechanical mapping mode and conductive AFM mode 9,[34][35][36][37][38] .

DFT calculation: Ab initio density functional theory (DFT) calculations are performed by using a plane wave based pseudo potential method (VASP) to study the single sided fluorination of monolayer graphene 39,40 . We have used the generalized gradient method of Perdew, Burke and Ernzerhof for the exchange-correlation functional along with PAW potential 41,42 . The structures were optimized using conjugate gradient method with forces calculated from Hellman-Feynman theorem. The energy and force thresholds are kept at 10 -5 eV and 10 -2 eV/Å, respectively. For geometry optimization, a 5 × 5 × 1 Gamma centered k grid was used. For total energies and electronic structures, we have used a 15 × 15 × 1 Gamma centered k grid.

The electronic structure of the CnF structures (n = 2, 4, 8, 16, 32) were investigated. These structures represent respectively 50%, 25%, 12.5%, 6.25% and 3.125% single sided fluorination coverage of monolayer graphene (see supporting information Fig. S7-S11). 

  Fig. 6B shows a 15 nm C2F line directly fabricated on monolayer graphene, which can best indicate the resolution of the technique. It should also be mentioned that the interfacial width in Fig. 6A (90% to 10% criterion) is 9 nm.

  ⅠⅠⅠ. CONCLUSIONIn conclusion, electron beam activated fluorination is shown to be a highly efficient technique to obtain a local fluorination and de-fluorination of graphene. The structuring of CxF nanostructures is possible with high resolution of 9-15nm both with respect to chemical composition as well as spatial resolution. The saturated fluorination on the FG leads to a stoichiometric fluorographene of CF, while on the SG sample to an insulating C2F was approached which has overcome the conventional limit of semiconducting C4F. The concentration of the covalently bonded fluorine can be precisely controlled and results in a quantitative band gap engineering of graphene. Moreover, this local nano-synthesis method constitutes a novel 2D lithography technique to freely write semiconducting and insulating nanopatterns directly on conductive graphene surface with 15 nm resolution. These findings pave the way to fabricate graphene-based flexible and transparent electronic nanodevices.

FIG 1 .

 1 FIG 1. Schematic and graphene samples. (A). Illustration of the electron beam activated

FIG 2 .FIG 3 .

 23 FIG 2. Spectroscopic characterization of fluorographene. XPS C 1s (A) and Raman (B)

FIG 4 .
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