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ABSTRACT:

Plasma enhanced chemical vapor deposition (PEC¥&)niques have been shown to
be an efficient method to achieve single-step smgithof high-quality monolayer graphene
(MLG) without the need of active heating. Here wepart PECVD-growth of
single-crystalline hexagonal bilayer graphene (Bil@es and mm-size BLG films with the
interlayer twist angle controlled by the growth graeters. The twist angle has been
determined by three experimental approaches, imgudirect measurement of the relative
orientation of crystalline edges between two stdckeonolayers by scanning electron
microscopy, analysis of the twist angle-dependeam&n spectral characteristics, and
measurement of the Moiré period with scanning tlingemicroscopy. In mm-sized twisted
BLG (tBLG) films, the average twist angle can beatcolled from O to approximately 29
and the angular spread for a given growth conditan be limited to <°7 Different work
functions between MLG and BLG have been verifiedhsy Kelvin probe force microscopy
and ultraviolet photoelectron spectroscopy. Eleatri measurements of back-gated
field-effect-transistor devices based on small-antBLG samples revealed high-quality
electric characteristics at 300 K and insulatinggerature dependence down to 100 K. This
controlled PECVD-growth of tBLG thus provides ari@ént approach to investigate the

effect of varying Moiré potentials on tBLG.



1. Introduction

Graphene, a single layer of carbon atoms arrangedhoneycomb lattice structure with
strong in-planes (spf) bonds, has stimulated intense research activit@dwide due to its
novel physical properties and great promise foridewange of technological applications
[1-3]. Graphene samples can be derived by varicesns) such as micromechanical cleavage
of highly ordered pyrolytic graphite (HOPG) [1, 8], chemical exfoliation from bulk
graphite [6-8], thermal decomposition or solid-stgraphitization of SiC [9-11], chemical
reduction of chemically exfoliated graphene oxiée 12], and copper-assisted growth by
means of thermal chemical vapor deposition (CVO8][IThe micro-mechanical cleavage
method is cumbersome and can only produce smathgree flakes at low yields, and is,
therefore, neither efficient for research nor dolgla for industrial applications.
High-temperature chemical vapor deposition (CVD3tesn is considered as a preferable way
to synthesize uniform and large-size high-qualitgpipene on Cu at ~ 100C environment
and at ~ 600C with the aid of plasma [14, 15]. The growthoh-size to cm-size single
crystal hexagonal graphene domains [13, 16] andiqtmtsize graphene films are also
achievable by preparing smooth, defect-free sulestri restrict nucleation sites during the
high-temperature growth process. However, the pieltsteps required in preparing the
substrates and the high synthesis temperatureerm#i CVD growth of graphene render the
process relatively time consuming and expensive,aso incompatible with complementary
metal-oxide—semiconductor (CMOS) technology. Rdgenve have demonstrated the
feasibility of single-step growth of high-mobilitpyonolayer graphene (MLG) by means of
plasma-enhanced chemical vapor deposition (PEC¥Ehniques in a few minutes without
the need of active heating [17, 18], which pavegsma a CMOS-compatible approach to
graphene synthesis [18].

In addition to MLG, physical properties of few-laygraphene (FLG) systems that are

strongly dependent on their stacking arrangemeansg Iheen actively studied [4, 19-27]. In
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particular, theoretical predictions [27] and receswperimental verifications [28] of
unconventional superconductivity in BLG twistedadtmagic angle” have further stimulated
the studies and control of the twist angle in BlEarly studies of BLG with small twist
angles have primarily focused on epitaxial graph&ners grown on SiC [13, 29-31].
However, BLG thus derived generally suffers fronsteong substrate interaction such as
strong intrinsic n-type doping [13, 29-31]. Alignnte between two exfoliated MLG [28],
directly exfoliated BLG and folding of MLG [32, 33re alternative means to achieve
different twist angles, although the twist anglagst obtained are generally difficult to control
reproducibly.

In this work, we describe our development of arerakitive and efficient way of
synthesizing BLG with controlled twist angles by@H growth on Cu foils in a single step
without the need of active heating [17, 18, 34]tlBbexagonal-shaped single crystalline
BLG flakes and large uniform BLG films with mm-siaee found to be present. These BLG
samples are characterized by Raman spectroscapysdstigate the interaction between the
electronic and phonon spectra in the BLG systerd,tardetermine the interlayer orientation
within the analysis of twist-angle dependent Raroharacteristics [35-42]. These studies
indicate that most of the angles of twisted BLGL@ tend to arrange in small angle
configurations under controlled PECVD growth coiugis. Additionally, Kelvin probe force
microscopy (KPFM) [43, 44] and ultraviolet photastten spectroscopy (UPS) have been
taken to investigate the work function of the BL&rples to examine the difference between
MLG and BLG due to the shift of Fermi energy widspect to the Dirac point [45]. Scanning
tunneling microscopic (STM) images (see Supplemgntiaformation) further reveal
periodic Moiré patterns in tBLG systems that arsoamted with the super-structural length
scales when one graphene layer is rotated witheotdp the other [27, 46, 47]. Finally,
electrical transport properties of the tBLG samptaasferred to Si@dSi substrates have been

investigated on more than 20 back-gated two-terhfield-effect transistor (FET) devices
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made from tBLG samples with small twist angles. Wel that all devices reveal the
V-shaped conductance)(vs. back-gate voltage (Y dependence and have a mobility value
ranging from 4000 to 7000 dhv-s at room temperature. Temperature-dependent
conductance measurements from 300 K down to 108Hkbi decreasing conductance with
decreasing temperature, suggesting insulating @hthat is consistent with Moiré bands
for small-angle tBLGs [27]. Thus, our controlled ®#D-growth of tBLG provides a new
and efficient approach to investigate the effectarfying Moiré potentials on tBLG.

This paper is organized as follows. In Section 2 wiscuss the synthesis of
PECVD-grown single-crystalline BLG flakes and mmesi tBLG films and their
characterizations using Raman spectroscopy. We lajeve comprehensive database of
Raman spectra based on single-crystalline BLG flakih a range of interlayer twist angles,
and then use the database to identify the interlayist angle shown in mm-size tBLG films.

In Section 3, studies of the work functions of wag BLG samples using both KPFM and

UPS are detailed. In Section 4, electrical transp@asurements on more than 20 back-gated
FET devices that are based on BLG samples of stwat angles are described and are

shown to exhibit characteristics that are consistgth high-quality material. Finally, we

summarize our primary findings and outlook in Satt.

2. PECVD synthesis of graphene and Raman spectroscopic characterizations
2.1 Experimental setup of the PECVD system and material characterization by Raman
Sspectroscopy

The experimental setup of PECVD employed to synekeeMLG and BLG samples is
consistent with our previous reports [17, 18] anghown in Fig. S1. The PECVD system is
comprised of a microwave plasma source, a growdmtter and a gas delivery system. The
plasma source (Opthos Instruments Inc.) includeg€anson cavity and a power supply

(MPG-4) that provides an excitation frequency @#2GHz. The Evenson cavity matches the
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size of the growth chamber, which primarily corsist a 1/2-inch quartz tube (with the inner
and outer diameters being 10.0 mm and 12.5 mmectisply) and components for vacuum
control. The reactant gas delivery system consisfeur mass flow controllers (MFCs) for
CHa, Ar, Hy, and Q. An extra variable leak valve is placed before @&-MFC for precise
control of the partial pressure of G:HDuring the growth process, the pressure of tistegy

is maintained at 25 mTorr. For the PECVD growthstrdies, we use 2@m-thick Cu-foils
(Alfa Aesar with purity = 99.9996%) [48, 49]. Pritw the graphene synthesis, the Cu-foils
are sonicated in acetone and isopropyl alcohol)(flBA5 minutes then dried by nitrogen gas
before inserted into the growth chamber. Severtqs of (1.5< 0.8) cnf Cu-foils may be
first placed on a quartz boat and then introduogal the growth chamber, as shown in the top
panel of Fig. S1.

The graphene synthesis on Cu substrates is fieseded by the removal of native copper
oxide when the Cu-foils are exposed tpgthsma at 40 W power for 2 minutes. Planarization
of the Cu surface ensues simultaneously within 2uiteis after the oxide removal [50]. The
growth chamber is subsequently evacuated untiptbssure reaches ~ 25 mTorr, and then a
mixture of CH, and H gases with steady partial pressures are introdwaeere H is used to
enhance the dissociation of hydrocarbon [36]. Dwtime initial growth process, graphene
nucleates on both the top and bottom sides of thdo(ls. Continuous exposure of the
Cu-foils to plasma at 40 W for 5 ~ 15 minutes imiture of CH and H gases (middle
panel of Fig. S1) leads to continuing graphene gnowfter the growth, the plasma-heated
sample is cooled back to room temperature withileast 30 minutes without breaking the
vacuum. The presence of Cu deposits on the quariz and holder during PECVD-growth
process typically indicates a successful run ($eebiottom panel of Fig. S1) because it
implies a proper etching rate of Cu surfaces timabkes graphene nucleation and growth.
Our empirical studies find that 40 W is the optinpkdsma power for the growth of both

MLG and BLG, and the resulting gas and substratgégatures under continuous plasma
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exposure are found to be ~ 4Z5and ~ 400C, respectively [17].

Raman spectroscopy with 514 nm laser wavelengthaandcident power intensity of 2.5
mW is used to characterize the properties of PEQ@vvn graphene, and the typical
acquisition time per spectrum is limited to no me¢ian 10 s to prevent overheating the
sample by laser. Our choice of Raman spectroscopécacterization is because Raman
spectroscopy has been recognized as a practicah@mdestructive tool to investigate the
interaction between electronic and vibrational s@eexhibited in graphene layered systems.
In general, the primary Raman modes associated gvaphene characteristics include the
doubly degenerate zone centeg-Ehode associated with the’sp-plane phonon vibrations
(the G-band at ~ 1584 ¢lj) the second-order scattering of zone-boundarynphs (the
2D-band at ~ 2700 cm) [36], and the D (~ 1350 cfy and D (~ 1620 crit) bands that are
characteristics of defect-induced inter- and imaley scattering [35, 36, 51-54].
Additionally, the intensity ratio of the 2D- to Gabds, the peak position and the linewidth of
the 2D-band are all dependent on whether the samsplelLG, BLG, or tBLG [36].
Specifically, the pronouncet-electron landscapes in bilayer graphene (BLG)esysare
strongly correlated with their stacking ordee.( AA- and AB-BLG) and the interlayer twist
angles (e, tBLG). Therefore, Raman spectroscopic featuresbo@sated with BLG are
generally much richer than those of MLG. For ins&rthe twist angleB] dependent G-band
exhibits strong enhancement around the criticalealy ~ 12), where the incident laser
energy is comparable to the gap between the efeatrd hole van-Hove singularities (VHS)
in the density of states [39], thus resulting isomant enhancement of the G-band [41, 55],
Additionally, interlayer coupling in the BLG givasse to additional twist-angle dependent
Raman modes known as the R- aribBnds [42,56] as well as a non-dispersive D-bafidl [

As we shall show in the following subsections, twist-angle dependent Raman spectra in
tBLG reveal the following general trends: First; o< 20, the G-band intensity ] is larger

than that of the 2D-band,f)), Ic > lp. Second, the Rband emerges for’x 6 < &. Third,
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Strong G-band enhancement and a tiny R-peak aralfatd ~ 0. ~ 12. Fourth, the Raman
spectra of tBLG are nearly indistinguishable frohatt of MLG for 6 > 2, which is
attributed to the substantially weakened interlageupling in tBLG with® > 2@ [58].
Overall, these Raman spectroscopic characteristiesin good agreement with previous

reports [55, 59, 60].
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Fig. 1. (a) Representative Raman spectrum of graphene growheotop-side of Cu-foil. The strong
intensity of D-band (~ 1350 ciand the presence ofband (~ 1620 cif) are indicative disordered
graphene, whereas the lower intensity of the 2Ddb@an2700 cri) to the G-band (~ 1584 chhis
consistent of a multilayer graphene samfbg.Raman spectra of MLG, BLG, and tBLG grown on
the bottom side of Cu-foil. The Raman spectrumaafhecurve has been vertically shifted for clarity.
The black, red, green and blue curves represenR#dman spectra of MLG, AB-stacking BLG,
1°-tBLG and 30-tBLG, respectively. The appearance of the D-bane 350 crit shown in the blue

curve (30-tBLG) is attributed to the interlayer interaction.

For graphene grown on the top side of Cu foils,Rlaenan spectra always reveal D arid D
bands in addition to the G and 2D bands that asecésted with pristine graphene [38%,
exemplified in Fig. 1(a). The apparent disorder rbayattributed to the direct bombardment
of energetic particles on graphene grown on thesidp of Cu-foils during the PECVD

process [17], and the smaller peak intensity of 2Beband than the G-band suggests the



growth of multilayer graphene. In contrast, higlality MLG and BLG, in both forms of
hexagonal single crystals and large films, are doan the bottom side of Cu-foils through
proper control of the ratio of CHo H, partial pressures.€., Pcud/Py2), as manifested by the
absence of D and'bands in the Raman spectra shown in Fig. 1(b).

For the growth of BLG, the twist angles betweerelayare generally randomly oriented if
the PECVD growth parameters are not properly ctlettoln the following subsection, we

describe our approach to achieve control of thettamgles in the PECVD-grown tBLG.

2.2 Growth of Bilayer Graphene

The PECVD-growth processes of BLG are similar te #ingle-step PECVD-growth of
MLG that we developed previously [17] except thHe twist angle between the layers may
be controlled by the ratio of partial pressure<bf, and B, (Pcud/PH2). Here we divide the
growth processes into those for synthesizing siagistalline BLG flakes in Subsection 2.2.1
and those for synthesizing mm-sized uniform BL@&#§lin Subsection 2.2.2. By optimizing
the control of Rus/Py2, we show that both types of BLG samples displayegrall small
spread of angular distributions (from AB-stacking~t7.5), where the interlayer orientation
is identified by combined measurements of the hemagsingle crystalline edges between

the two layers and Raman spectroscopy.

2.2.1 Growth of single crystalline bilayer graphene

Comparing the conditions for growing MLG on Cu, rétical parameter to achieve the
growth of BLG on Cu is to adjustcR4/Pw2 [34]. The rationale for this approach may be
understood as follows: the second layer of grapher@own to grow underneath the first
layer if excess carbon atoms migrate between theutface and the first layer of graphene,
which suggests that a pathway to achieve large-Biga is to balance the growth rate

between the first and second layers of graphenat ish by slowing the growth rate of the
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first layer sufficiently to allow excess carbon raw sufficient time to migrate beneath the
first layer to form the second layer [48, 61, @dreover, during the PECVD process, the
growth rate of graphene depends on the rate ofngfcbu-foils [50] so that the presence of
H, gas, as well as the resulting radicals, are nbt the catalysts necessary to decompose
CH, into C- and H-atoms for ensuing graphene growthabso the agent that controls the
etching rate of both graphene [51] and the Cu{fbill. Therefore, by adjusting the partial
pressure of Ck Pcus, and by keeping Has the major gas flow in the growth chamber, we
can control the ratiod?4/Pu2 to optimize the growth of BLG.

Figure 2 shows the representative SEM images foglesicrystalline MLG and BLG
samples grown on the backside of Cu-foils, wheee Rk4/Py. ratios for MLG and BLG
growth under the same,Hlow rate (2.5 sccm) are 0.1 and 0.04, respegtivial the case of
graphene samples grown on Cu-foils without extrac@ssing except rinsing in IPA, the
average lateral dimension of the single crystallieG flakes after 3 minutes of PECVD
process is found to range fromu2n to 5um, whereas the average diameters of the first-
(light gray region) and second-layer (dark grayioey graphene in the BLG samples are
around 3um and 1um, respectively, as shown in Figs. 2(a) and 2¢brdntrast, for Cu-foils
pretreated by extra planarization processes (spe2Raptions), the average domain sizes of
the single crystalline MLG and BLG samples afterm@idutes of PECVD process are found
to be around 15m and 5um, respectively, as shown in Figs. 2(c) and 2(dapBene growth
under this condition was used for the construcibRaman spectroscopic database because
the crystalline sizes thus obtained are sufficielgtge to satisfy the resolution limit of our

Raman spectrometer.
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Fig. 2. SEM images for single crystalline MLG and BLG s#espgrown by PECVD on Cu foils. The
lighter and darker gray colors represent the inggiontrasts between regions of MLG and BLG,
respectively(a) -- (b) Graphene grown on Cu foils that have been prepayesimple sonication in
acetone and IPA for 5 minutes before insertion thi growth chamber. Single crystalline MLG or
BLG were first grown on the Cu foil and then gratjuaoalesced into a large MLG or BLG films
with increasing growth time(c) -- (d) Graphene grown on pretreated Cu foils that hawn biest
cleaned by acetic acid to remove Gu€bnicated in acetone and IPA for 5 minutes, &aed inserted
into furnace for annealing at 105 in Ar and H environment for 35 minutes to achieve
planarization of the Cu surface, and finally plagad the PECVD system for graphene growth. The
growth time was 20 minutes withR/P4, ~ 0.04.

For Raman spectroscopic studies, graphene sam@eseparated from the Cu-substrates
and transferred onto Si3i-substrates (Si wafers with a layer of 285 nmkihhermal dry
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oxide on top) by means of the bubbling transferhoeétin buffered NaOH solution with the
aid of PMMA [63], which ensures that our grapheamples are free of metal residues after
the transfer. The Raman spectra of MLG and varBluS samples are exemplified in Figs.
3(a) and 3(b), where apparent variations in the &aspectra are found in tBLG samples
with different twist angles. The Raman modes f& @ and 2D-bands of MLG are located
around 1584 ci and 2685 cil, respectively, whereas those for the BLG samptes a
located around 1585 ¢mand 2700 ci, respectively. The slight deviation of the G-band
with respect to the typical value of 1582 tiis attributed to excess carrier doping from the
environment (such as atmospheric adsorption & Hnd Q) [36, 64] or the substrate [65].
Here we remark that the peak position and FWHMagheRaman mode have been obtained
by fitting the peak to a single Lorentzian functidgfor MLG, the 2D-to-G intensity ratio
(I.0/lg) and the FWHM of the G-, and 2D-bands are fountieo- 4, 25 cm and 40 crit,
respectively. For BLG with AB stackin@¢& 0°), the (bo/lg) ratio and the FWHM of the G-
and 2D-bands are ~ 0.6, 21 ¢mnd 60 crt, respectively. For tBLG witlf = 3¢, the (bo/lc)
ratio and the FWHM of the G- and 2D-bands are +74¢ni*, and 30 crit, respectively.

Within the tBLG samples, different interlayer twestgles are found and are manifested in
the Raman spectroscopy by differenblll) ratios, different degrees of enhancement in the
G-band intensity that are associated with the rasbealectron-hole pairs between theand
n van Hove singularities (VHS) in the density oftega and the appearance of twist-angle
dependent R- and'#®ands, where R- and’'{Rands are the results of static interlayer
potential-mediated inter- and intra-valley douldsanance Raman scattering processes [57,
66]. Here we note that the VHS arise from the @apedf two Dirac cones, and that optical
excitation processes take place at the VHS wilkidoute to the G-band intensity [55,67,68].
Generally, the intensity of the G-band in BLG ig)istly stronger than that in MLG due to the
interferences of laser light in the stacked layansl multi-reflections of light when the

number of graphene layers is smaller than 10 [§9,Bdmilarly, different interlayer
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orientation changes the linewidth and positionte 2D-band; the 2D-band in the BLG is
blue-shifted relative to that in MLG, and the bklaft is non-monotonic with increasing
twist angle.

Figure 3(a) shows the Raman spectra of MLG, AB-Bl&5= (), and tBLG with twist
angled=1.2, 4° and 30. The FWHM of the 2D-band of AB-BLG and 3€BLG is found to
be 60 crit and 25 crit, respectively. The tiny D-band in the Raman speatof 30-tBLG
(left inset in Fig. 3(a)) is attributed to the iflgger coupling [56, 57] rather than from the
present of defects, because the 2D-to-G intenatty of the 30-tBLG sample (~ 4) is much
larger than that of the MLG (~ 2), and the FWHMIué 2D-band for the 3&BLG sample is
also slightly smaller than that of MLG (35 @n In contrast, the FWHM of the 2D-band for
any tBLG sample with a twist angle smaller thaf i30yenerally broader.

Additionally, the absence of defective peaks swgltha D- and Dbands at around 1350
cm* and 1620 cl for the tBLG sample witlf = 4° affirms the appearance of thelfand at
1626 cni (right inset in Figure 3(a)), where thé-and can only appear at a small twist
angle (3 <0 < 9) and becomes inaccessible at a large twist aiyis.is because the latter
would require a large reciprocal rotational veajpwhereq = by — b'i)| is the absolute
value of the difference between the reciprocaldattectorsbyz andb’yy for the top and
bottom layers, respectively [41, 56, 66, 71, 72khéugh the D-band associated with the
disordered spcarbon and the rotated angle dependésiiaRd occur within the same Raman
spectral range, we may exclude the possibility bb&cause its appearance must arise from
high defect densities [73, 74].

Finally, Raman spectra for tBLG with the interlapeientation around the resonant critical
angles (12 and 14) are plotted separately in Fig. 3(b), where thgonance due to VHS
significantly enhances the intensity of the G-bandhat the Raman spectra of other tBLG in
Fig. 3(a) would have been difficult to resolvehty were plotted together on the same scale.

The 6-dependent, non-dispersive R-band located in thgeraf 1400 ci ~1500 crit is also
13
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visible for the Raman spectra near the resonardittons, as marked in Fig. 3(b). All these

Raman spectral characteristics are found to beistens with previous reports [55, 59, 60].
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Fig. 3. (a) The Raman spectra for MLG, AB-BLG, and tBLG sampiéth = 1.2, 4° and 30. A
non-dispersive D-band [5# found in the Raman spectrum of3BLG. (b) The Raman spectra for
tBLG samples withy = 12 and 14. (c) -- (d) Twist-angle dependent Raman spectral features of R
and R-bands, where R- and'4Bands occur due to static interlayer potentialdated inter- and
intra-valley double-resonance Raman scatteringgss®s. The R-band appears between 1400 cm

and 1500 ci and R-band positions around 1625 ¢m

In general, for a given excitation laser energy2(41 eV), the Raman spectroscopy for
BLG with an interlayer twist angle larger than ttré@ical angle will exhibit characteristics

resembling those of the Raman spectrum of MLG keeall optical excitation processes
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effectively occur in an isolated Dirac cone. On tiker hand, for tBLG with twist angles
smaller than the critical angle, the resulting Rarspectra will be significantly different from
those of MLG because the two closely spaced Dioaes associated with the bilayers in the
momentum space will give rise to significantly dint scattering paths [55].

To ensure that the majority of the PECVD-grown tBk&@nples are controlled within the
small-angle configurations, thed{/Pyy) ratio during the PECVD growth must be kept to be
sufficiently small, because smallq/Py2) ratios can help reduce the growth rate of BLG
and increase the interlayer coupling, which termidavor the formation of smaller-angle
tBLG (including the AB-BLG) [28, 58, 75-77]. AftedPECVD synthesis, the quality of the
MLG and BLG samples is verified by noting the alzsenf the D-band and the presence of
well-defined G-band and 2D-band characteristicshm Raman spectra. To determine the
twist angle of the BLG single crystals, we direatigasure the hexagonal crystalline edges
between the first and second layers in the SEM @sd§6], and also analyze the peak
positions of rotational R- and' f®ands in the Raman spectra [66].

In addition to direct growth of graphene on Cusddihat are not pretreated except for IPA
rinsing, we explore an alternative and more cuntaesway in an effort to enlarge the grain
size of single crystalline BLG samples. Specifizalle subject the Cu-foils to two steps of
pretreatment by first soaking them in acetic a€itH{COOH) to remove the surface CyO
and then annealing them in Ar and ehvironment for 30 mins at 105G to smooth the
surface of the Cu-foils. These pretreated Cu-faits subsequently inserted into the PECVD
system for graphene growth. (See Supplementary Roter details of the pretreatment
procedure). Using these pretreated Cu-foils agtbeth substrate, the average grain sizes of
PECVD-grown MLG and BLG after 20-min become @i and 5um, respectively. The
edges of these larger samples become clearly @isibber an optical microscope, which
makes the identification of the twist angle muclsiea Additionally, we note that BLG

samples grown on these pretreated Cu-foils doxtubg a preference for small twist angles.
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ABrBlG .25‘*&6 ratio, :
- - ‘0 - i -
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or small angle tBLG

30°-tBLG G-peak intensity
4°-tBLG

7°-tBLG

14°-tBLG

Fig. 4. Optical images and spatially resolved Raman maksntan MLG and BLG samples with
varying twist angles. The Raman maps include mépiseoG-band intensity, 2D-to-G intensity ratio,
and the R- and 'Rbands whenever they appear for specific twist esiglThe peculiar 'Rband
mapping shown in the case GHBLG indicates that only one half of the BLG has 7° whereas the
other half of the BLG had= 3, as confirmed by the point Raman spectra. In #se of 13-tBLG
Raman mapping, the R-band indicates inter-valleytsang, which only appears in the BLG region.
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Using these larger BLG single crystals, we proctedonstruct a database for the
Raman spectra of tBLG. Figure 4 shows a collectbrihe optical images and spatially
resolved Raman spectroscopic maps for samples @ ,Mery small-angle tBLG (witl® <~
1°), 4°-tBLG, 7°-tBLG, 14°-tBLG and 30-tBLG.

2.2.2 Growth of Large Bilayer Graphene Films

To achieve the growth of large BLG films by PEC\Mix follow the same process as that
described in Subsection 2.2.1 for the growth of@Bsingle crystals with small twist-angle
distributions on Cu-foils that have only been sated in acetone and IPA, except that the H
flow rate is increased from 2 sccm to 3 sccm, dral drowth time is increased from 3
minutes to 10 minutes.

Figure 5(a) — 5(d) show the optical microscope (OMages for large MLG and BLG
films transferred onto the 285 nm-thick i8I substrates by means of a polymer-free
transfer method [78]. Specifically, Fig. 5(a) shathe OM of a large MLG film synthesized
under an Hflow rate of 2 sccm and a gas ratiagi#Py2) = 0.1. Under such conditions, the
sample is predominantly MLG although occasionaltyalh areas of FLG (on the order of
100’s nnf) can be found. The predominant MLG films are alsvagntinuous and cover the
Cu foil fully without apparent grain boundaries, ieth is consistent with our previous
findings [17]. Figures 5(b) — 5(d) as well as F88 exhibit the evolution of the BLG film
growth with different ratios of (#4/Pn2) over the same growth time of 20 minutes. (More
details about the growth conditions are given ipp@ementary Note 2.) The slight color
contrasts between MLG and BLG in Figs. 5(b) and S(@ggest that the density of the second
layer (grown underneath the first layer) and thairgisize increases with the increase of
(Pcud/PH2), and Fig. 5(d) reveals a largely uniform BLG filfor (Pcps/Pq2) = 0.06. With
further increase of the ¢RJ/Pu2) ratio (> 0.06), however, the films exhibit nonidenm
thicknesses over the whole Cu-foil, with a typidamain size around few tens i On

the other hand, increasing the-#tbw rate (> 5 sccm) always results in large MLGnE.
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These findings suggest that the growth of large emotinuous BLG films can only be

achieved within a very small parameter space.

(a) Large uniform MLG film (b) Partially filled BLG film
Pcna/Puz ~ 0.1 PELalB e )08
H, = 2sccm H, = 3sccm

(c) Partially filled BLG film (d) Large uniform BLG film
Bt /P77 0,04 R s 006
H, = 3sccm H, = 3sccm

Fig. 5. Optical images of large MLG and BLG films transézt onto 285 nm-thick Si5i substrates
and grown under different {Ry/Py,) ratios over the same growth tim@) a large MLG film,(b) a
partially filled BLG film with smaller coverage urd a large MLG(c) a partially filled BLG film
with higher coverage under a large MLG, ddyla large uniform BLG film. Additional SEM images
for the evolution of BLG growth with different PE@Vgrowth conditions can be found in Fig. S3,
and detailed SEM images and Raman point spectea tak an mm-size uniform BLG film are given

in Fig. 6 and Fig. S4.

In Figure S5 and Table S1 we summarize how the tyra# tBLG and the twist angle

between layers of the BLG evolve with the parti@ssure ratio (£44/P12). Additionally, we
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note that the Hflow rate used for sizable BLG growth in our PEC¥IBtem must be limited
to a small range from 2.5 sccm (corresponding t@ P 1.6<10° torr) to 3 sccm
(corresponding to i3 ~ 2x10° torr). Within this limited range of Hflow rate, a larger H
flow rate would lead to a slightly larger partiakpsure ratio (8i4/Pn2) necessary to control
the twist angle but would not significantly altéettrend of the control of the twist angle, as
detailed in Supplementary Note 2, Figure S5 andeTa.

Figure 6(a) is an optical image of an mm-size Bil@ fgrown with H, flow rate = 3 sccm
and the partial pressure ratioc(lPy2) = 0.06) transferred onto and fully-covered a
285nm-thick SiQ¥Si substrate. Figures 6(b) and 6(c) are opticalrogiraphs of selected
regions in Fig. 6(a) with 6 and 10& magnifications, respectively. Raman spectroscopic
characterization of this mm-size BLG film has bemmducted on more than 50 points at
random locations, and most spectra reveal simi@m&h spectral characteristics that are
consistent with small twist angles, as exemplifogd10 different point spectra in Fig. 6(d).
To verify the reproducibility of the growth conditis, we have synthesized more than 50
samples with the same growth parameters and fdwatdhiie growth of mm-sized BLG films
with small twist angles configuration is indeednagucible, as further exemplified in Fig. S4.
By comparing the Raman spectra taken on this meBIiz film in Fig. 6 and Fig. S4 with
those shown in Fig. 4, we find that the Raman spkcharacteristics are mainly consistent
with the small-angle configuration, which may bther AB-BLG or a very small angle tBLG

with <~ 1°.
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Fig. 6. (a) Image of a large BLG film transferred onto a 28%thick SiQ/Si substrate by means of a
polymer-free transfer methoth) and(c) are OM images for selected regions of large BU@ fiith

magnification (scale bar sizex5200um) and 10& (10 um), respectively(d) Raman spectra taken

at different ten points labeled in (b), showing sistent spectral characteristics.

To further verify the consistency of sample quathyoughout large-area MLG and BLG
films, we conduct spatially resolved Raman mapminghese samples. The Raman mapping
data are collected using Reinshaw @ Invia 514 nth laser power intensity at 2 mW, data
acquisition time in 1 s, a diffraction-limited spgize of ~ 500 nm, and the pixel step of 0.5
Um over an area (50 50) um?. The FWHM of the 2D-band is extracted by fittiftg tRaman
peak to a single Lorentzian function, and the tesylFWHM is found to be in the range of

10 cni' to 40 cni (30 cni' to 60 cnt) for MLG (BLG) films. Figure 7 shows representativ
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Raman maps of the G-band intensity, 2D-band lingwidnd the 2D-to-G intensity ratio of
both large-area MLG and BLG films. In general, #verage G-band intensity in BLG films
is larger than that in MLG films. The overall bremihg of 2D linewidth (> 40 ci) and
smaller 2D-to-G intensity ratio (< 1.2) in the BLtbns suggest that most BLG areas are

consistent with the small-angle configuration.

100

(c) 2D-band linewidth

Y (g) 2D-band linewidth (R)2D to G ratio

G-peak intensity mapping 2D-peak width mapping 2D to G ratio

Fig. 7. Optical images and spatially resolved Raman noéfsrge MLG and BLG films(a) Optical
image of a large MLG film(b) — (d) Maps of the G-band intensity, 2D-band linewidthl &D-to-G
intensity ratio for the MLG area indicated by tleel dashed box in (afe) Optical image of a large
BLG film. (f) — (h) Maps of the G-band intensity, 2D-band linewidthl &D-to-G intensity ratio for
the BLG area indicated by the red dashed box in (e)

Although Raman spectroscopy is a powerful and nsindetive tool for identifying the
basic properties of graphene systems (including MAB-BLG, tBLG, and FLG), it still
lacks sufficient spatial resolution to pinpoint tegact interlayer twist angle of a tBLG
sample. To address the issue of spatial resoluivenconduct atomically resolved scanning
tunneling microscopic studies on some of the BL&#as. As exemplified in Fig. S6, we
obtain spatial images of the Moiré patterns on tBbG samples and determine the twist

angles @ = 13 and 8 < 1°) from the Moiré periodl by the relationcosf = 1- @*/ 2?)
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[79], wherea denotes the graphene lattice constant. In thel smiat angle limit, we find a

simple relation 8= (a/A) so that the Moiré period increases with decreasivigt angle

[79].

3. Measurement of the Work Function by KPFM and UPS

Kelvin probe force microscopy (KPFM) is a technigimrat enables nanoscale spatially
resolved measurements of the surface potentiakerdificte between an atomic force
microscopy (AFM) tip and the sample [80-82]. Thentawt potential differences (CPD)
measured by the strength of the electrostatic fotmetween a conductive probe and the
sample in the KPFM can reflect on the surface gakdifference between two materials,
which can be directly transformed into the workdtion [83].

We perform surface potential measurements of the\HEgrown BLG samples by the
KPFM based on the Bruker Dimension Icon AFM sys{&hodel: PFQNE-AL). To prevent
possible charge transfer between the substrateyaphene due to extrinsic effects such as
electron-hole puddles [84], doping domains in geaEh[85], and quantum capacitances [86],
we first transfer the PECVD-grown single crystaliBLG flakes onto the Au (111)/mica
substrates. Measurements of the BLG surface pateatie then carried out on the
BLG/Au(111)/mica sample by KPFM in the ambient @omiment. Throughout the KPFM
measurement, the distance between the AFM tip ampke has been fixed at 5 nm and the
Au (111)/mica substrate grounded. The surface piatedifference thus determined can be
converted to the work functiom) of BLG because the work function of Au (111)/micas
been calibrated to be 4.7 eV by ultraviolet phatogbn spectroscopy (UPS). Thus, the work
function of BLG is given byy| = |(4.7 eV) — (surface potential difference)|][82

The main panel of Fig. 8(a) shows a spatially nesilsurface potential map of a sample
obtained by the KPFM under ambient environment &ittl the pixel steps at 0.pm, and

the inset is a Raman map of the G-band intensitythen same sample. In Fig. 8(b),
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representative Raman spectra are shown for the Midgbn (green cross) and the nearly
AB-stacking BLG region (solid-blue circle). The abse of any discernible D-band intensity
suggests the high quality of our PECVD-grown gragghsingle crystals. The work function

measured along the red line in Fig. 8(a) is illatgd in Fig. 8(c), where the work functions of
MLG and BLG are found to be 4.48 eV and 4.58 eSpeetively. Both values are consistent
with results reported previously [87-91]. We notett the surface potential difference
between MLG and BLG is around 100 mV, which is canaple to previous reports of the
graphene surface potential increasing with the rarmoblayers [45, 87, 92, 93]. Importantly,

we do not find any discernible surface potentiffiedences for tBLG with different interlayer

twist angles.

We have also performed UPS measurements on large Mid BLG films and found that
their work functions are 4.65 eV and 4.72 eV [94;96spectively, as shown in Fig. 8(d). The
work function measurements for MLG and BLG largen§ are performed via normal
emission UPS by using monochromatic He-I radiatwath 21.2 eV photon energy as the UV
source. The UPS characterization has been cardethaltra-high vacuum (UHV), and the
work function difference between MLG and BLG is fouto be ~ 70 meV, which is on the
same order of magnitude as the results obtainad KBFM. The slight difference between
the results from KPFM and UPS may be attributedetwvironmental issues, such as

atmospheric humidity for KPFM studies in the ambiemvironment.

(a) KPFM N (b)

x 23

MLG

Intensity (a.u.)



Fig. 8. (a) Mapping of the surface potential of a large graygghBim by KPFM. The inset shows the
corresponding Raman map of the G-band intensithi@tame sampléd) Raman point spectra taken
on an MLG area (green cross) and a nearly AB-stacBLG area (blue solid-circlejc) Spatial
evolution of the work function measured along tkd tine depicted in (a), showing an apparent
increase of the work function in the BLG aréd). UPS measurements of the work functions of both

MLG and BLG films, yielding values of 4.65 eV and'2 eV, respectively.

4. Electrical M easurement

In this subsection, we describe our investigatibthe back-gated two-terminal field-effect
transistor (FET) devices based on the PECVD-grow@® Bamples in order to elucidate their
electronic transport properties.

PECVD-grown single crystalline BLG flakes and lageG films are transferred onto
(100) p*-Si chips (with resistivity ranging from 0.001 to005 Q-cm), which serve as the
gate electrode with a capping layer of 285 nm-tl8a®,. The carrier densitynj in the BLG
can be tuned by a back-gate voltagg) Ma the relatiom = Cy/e(Vg— Venp), Where Gy =

11.6 nF/crf is defined as the capacitance per unit area oR&8%enm-thick Si@, and \ene
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indicates the shift of charge neutrality pointc{y) originated from unintentional doping in
BLG. Nearly AB-stacking BLG single crystalline flek are chosen as the material for the
two-terminal back-gated device fabrication. ForgéarBLG films, we also intentionally
selected BLG region with small twist angles for idevfabrication.

To fabricate the two-terminal devices, source andind contacts are defined by
electron-beam lithography. A combination of Pd ¢(i@ thick) and Au (40 nm thick) are
thermally evaporated onto the source and drairoatact electrodes. The BLG channel with
a 1 pm-width W) and a 3um-length () is subsequently defined by electron-beam
lithography and then etched by reactive ion etch®&IE). The optical micrograph of a
representative two-terminal device is shown in Bi@), where the two black lines indicate
the BLG channel with the aforementioned dimensiansl, the inset shows schematics of the
device cross-section. Prior to the electrical mezasent, lithographically patterned devices
are baked in the forming gas environment (Ar anfatl 350°C to remove chemical residues
(such as PMMA residues remained on the BLG chadoeing the sample transfer and
electron-beam lithography process) and atmosplaeisorbents like 0 and Q. Electrical
measurements on the two-terminal devices are takeoom temperature and in a vacuum
environment (@ ~ 20 mTorr).

Figures 9(b) and 9(c) show representative measursnod the source-drain conductivity
(0) and resistivity ) of BLG samples as a function of the gate volt@gg in the vicinity of
the charge neutrality point (CNP), where the bléekl) curve represents the data taken on a
back-gated FET device based on a single crystalBdBLG flake (a large BLG film). The
source-drain voltage @4 has been kept at 10 mV for the electrical measards, which
ensures that the corresponding back-gate eleotld &,y is restricted within the range of
+2.3 MV/cm to prevent from possible breakdown of 816, dielectric layer. The back-gate
voltage (V§) is swept from-70 V to 70 V, with the drain currents) passing through the

BLG channel measured simultaneously. Thus, the wdndty (o) can be obtained via the
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relationa:%\ll;’d. We have examined over 20 BLG devices and allhefit exhibit the
d

V-shaped conductance)(as a function of ¥

The ambipolar behavior revealed in the electricahgport measurements in Fig. 9(b),
where the conductivity in the negative back-gatdtage regions exhibits higher values
relative the positive back-gate voltage regionsy ima attributed to the asymmetric effects of
Fermi-energy sweep across p-p and p-n junctiorieerBLG. Representative current on-off
ratios,i.e., (lo/lof), for devices based on the single crystalline BlaBe and the large BLG
film are found to reach around 8 and 5, respectivAdditionally, the shift of charge
neutrality point (CNP) is found to be around 25 & the device based on the single
crystalline BLG flake and around 28 V for the devltased on the large BLG film. The shift
in CNP could involve influence from substrate-inddcelectron-hole puddles, ripples, and
residual atmospheric adsorbates [97].

The slight difference in conductivity (and alsois&sity) between the single crystalline
BLG flake and the large BLG film may be attributedthe presence of structural disorder,
higher concentrations of nucleation centers, omeweankles caused short-range scattering
encountered in the large BLG film-based devices $hb-linear behavior at high values of
Vg, which corresponded to saturation of conductiintyhe limit of higher carrier density, as
shown in Fig. 9(b) for both groups of BLG samplegy be attributed to the presence of
short-range scattering sites (such as atomic dgfg@8-102]. In contrast, long-range
scattering mechanisms associated with charged itgmaattering and electron-hole puddles
are known to dominate at low carrier densitg.( at low V) and determine the minimum

conductivity at CNP [98-102].
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Fig. 9. Electrical transport measurements of BLG samg&sMain panel: optical micrograph of a
two-terminal back-gated FET device based on a Baf@pe. The area enclosed by two black lines
represents the BLG channel with audr length and a fum width. Inset: Schematic side-view of the
FET device.(b) Representative conductivity versus gate-voltagess(-Vy) curves for a single
crystalline BLG (black squares) and a large BL@f{red circles), measured in units ef/K). (c)
Representative resistivity versus gate-voltageq.-V,) curves for a single crystalline BLG (black
squares) and a large BLG film (red circles). Boths.-V, andp-vs.-V, data have been taken with the
source-drain voltage @ kept constant at 10 m\d) Carrier mobility of both the single-crystalline
BLG (black squares) and large BLG film (red cirgldégrived fromo-vs.-Vy; measurements and the
direct-transconductance method. For single crystallAB-BLG, the highest electron and hole
mobility values are 5000 citvs and 7000 cAiV-s, respectively. For large-film BLG, the highest
electron and hole mobility values are 400G/fs and 5000 cfiV-s, respectively.

The carrier mobility (&) of the BLG is also extracted by employing the

do(V,
direct-transconductance method via the relaﬂ@nci%, where the mobility is
oX g

measured in units of citV-s, as shown in Fig. 9(d). The carrier mobility the vicinity of
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CNP for both groups of BLG devices is found to betie range of 4000 to 7000 ivts,
which is consistent with previous reports for BLG 9i10,/Si [13, 103], although these values
are generally smaller than those found in MLG [104-106].

Figure 10 shows the temperature dependent eldatneasurements of a two-terminal FET
device based on a nearly AB-stacking BLG singlestatyfrom 300 K to 100 K. It is known
that the temperature dependence of the conductbatyavior of graphene systems (both
MLG and BLG) consists of contributions from severampeting factors, including thermal
activation of carriers from valence band to condurctband, electron-phonon scattering,
temperature dependent screening effects, and tedicarriers that are locally and thermally
excited above the random-distributed charged desofd04, 107, 108]. For a perfect
AB-stacking BLG known as a zero-gap semiconducatwect thermal excitations of carriers
from valence band to conduction band can comprfsanoimportant contribution to the
temperature dependent transport, which lead to cemluconductivity with decreasing
temperature in the vicinity of CNP [108-112] analag to the findings in MLG [108, 113,
114]. On the other hand, the insulating temperatieqgendence of the conductivity at high
carrier densities in our BLG samples suggests tihatdominant transport mechanism is
thermally mediated, which differs from the metalionductivity of MLG at high carrier
densities [108, 113, 114]. Finally, we note that Yery small twist angles near the magic
angle, flat Moiré bands with a small energy gap mme [27] so that an
insulator-to-superconductor transition can be irduby tuning the gate voltage at very low
temperatures [28]. Further systematic studies ef @tectrical transport properties of our
PECVD-grown small-angle tBLG samples at low tempees as a function of the twist
angle will not only help verify the quality of thresamples for superconductivity but also

elucidate the evolution of transport mechanismé wftanging Moiré bands.
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Fig. 10. Conductivityc of a back-gated FET device based on a nearly ABkstg BLG single crystal

is measured as a function of the carrier densityC./e(Vy—Vcnp) at various constant temperatures
from 100 K to 300 K, where £= 11.6 nF/crh Insulating temperature dependence is found 4t bot
low and high carrier densities for this BLG devikkere we have horizontally shifted each isotherm of
o (n) curve to the charge neutrality point (CNP) where O for easier comparison of the conductivity

at different temperatures.

5. Conclusion and Outlook.

In conclusion, we report in this work our developmef a direct PECVD method to
achieve efficient growth of single crystalline Bli&xagons and large BLG films (mm-size)
with small twist angles by precise control of theowth parameters, particularly the
CHg-to-H, pressure ratio, (R4/Pu2). Raman spectroscopic studies of these BLG samples
reveal interesting twist-angle dependent spectharacteristics and suggest high sample
quality. KPFM and UPS measurements of both typeBL@ samples reveal a work function
value that is consistent with the expected workcfiom for pristine BLG and is also
independent of the twist angle. Atomically resoh\&0BM studies are conducted on the BLG
samples to identify the Moiré pattern and the vafithe corresponding twist-angle between

the layers. Electrical transport measurements aentttan 20 back-gated FET devices based
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on lithographically patterned BLG samples furthemdnstrate device characteristics that are
consistent with high-quality BLG. Therefore, thessults suggest a novel and efficient
approach to investigate the physics and devicesdbas the Moiré bands of tBLG by

controlled PECVD growth.
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