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ABSTRACT

Twisted bilayer graphene (tBLG) provides an opportunity to control the optoelectronic properties of
graphene owing to the relative orientation (#)-induced van Hove singularities (vHs). However, how
different environments affect vHs behaviors of various tBLGs and their Raman resonance window is not
clear. A study of the optical vHs properties of tBLGs on a quartz substrate, prepared by chemical vapor
deposition, was carried out using simultaneous reflection and Raman imaging techniques according to
the presence of ubiquitous residual amorphous carbon (RAC). The results show that the presence of RAC
exhibits a narrower vHs peak width and resonance Raman windows of tBLG as compared to that without
RAC, due to the absence of charge-inhomogeneous interactions from bare substrate. In addition, the
background-subtracted vHs peak reflectances from various ¢ values at a specific laser energy are pro-
portional to the measured G-band enhancement factor (GEF). The comparison reveals the detailed op-
tical and Raman resonance windows of various tBLGs in both environments. Extension of the approach to
twisted fewlayer graphenes reveals the different vHs peak behaviors including broadening, intensifica-
tion, and splitting governed by 6-, along with layer number-dependent band structure hybridization.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Few atom thick two dimensional (2D) materials have drawn
enormous attention recently owing to their excellent optoelec-
tronic and mechanical properties, which make them useful in
next generation applications [1—4]. The hybrid structures of
these materials, associated with either vertically stacked or
laterally-junctional configurations enable a fine control of their
properties [5]. However, knowledge leading to a fundamental
understanding of how these structural features govern the
properties of the 2D materials is needed. Especially interesting in
this regard are vertical hetero- and homo-structures and the
resulting superlattice interference which offer a venue to test
new phenomena such as Hofstadter's Butterfly [6] and chiral 2D
materials [7]. Among various 2D materials, twisted bilayer gra-
phene (tBLG), a two atom thick flat honeycomb Ilattice sheet,
should be an ideal system to probe the relationships between
hybrid structures and properties because it has a small interlayer
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distance and enhanced electronic band structure coupling.

tBLG is formed when two single layer graphenes (SLGs) are
stacked with a relative rotation angle ¢ (inset of Fig. 1A) other than
with Bernal and, less commonly, rhombohedral stacking. tBLG
having superlattices with a moiré interference pattern [6,8,9]
possesses f-dependent van Hove singularity (vHs, Fig. 1C)
[10—12] on top of joint density of state (JDOS) from Bernal-stacked
BLG [11,13], caused by electronic band anticrossing of saddle point
M in the Brillouin zone (Fig. 1B) [14,15]. The vHs and resulting
interference is a signature to identify § by using scanning tunneling
spectroscopy [8,16—18], transmission electron microscopy (TEM)
[11,19—21], reflection and optical spectroscopies [10,12,19,20,22],
Raman spectroscopy [21—27], and other techniques [28—30].

Among various analytical tools, Raman spectroscopy is the most
versatile for probing tBLG [11,23—26,31] because it can be
employed to observe interesting vibrational properties such as G
band (high-frequency Exg phonon) enhancements
[11,14,24—26,32], rotational (R) bands [21,23], and low-frequency
layer breathing modes [22,26,27]. Especially, G-band enhance-
ments of up to several orders of magnitude are observed when the
vHs peak energy (Eyys) matches the Raman excitation laser energy
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Fig. 1. (A) tBLG in the presence (left) or absence (right) of RAC on a quartz substrate.
Inset: tBLG with 4 illustrating a superlattice-induced moiré pattern. (B) Saddle point M
between K, and K}, points, separated by ¢ in reciprocal lattices of tBLG. (C) The resulting
JDOS of tBLG having vHs (red), as compared to that of Bernal-stacked BLG (grey), and
the related G-band phonons near the vHs. E,: Scattered energy. (A colour version of
this figure can be viewed online.)

(Ep) [24]. G and R band enhancements of tBLG result from reso-
nance Raman scattering associated with optical vHs transitions
[19,32]. Importantly, the ability to probe optical properties of
spatially-distributed tBLG is necessary in order to acquire a
fundamental understanding of stacking configurations and to be
able to tune optoelectronic properties to fit novel applications [7].
In this aspect, imaging techniques are appropriate since graphene
have various spatial inhomogeneities induced by complexation
with substrate [33—35]|. However, despite their importance,
comprehensive relationships between optical properties of vHs and
Raman behavior have not yet been experimentally determined.

In this regard, globally illuminated reflection [19] and Raman
[36,37] methods can be utilized to probe spatial inhomogeneity in a
high throughput manner and with sub-micrometer resolution. In
contrast to absorption method, contrast measurement can be per-
formed on any substrate with better spatial resolution [38] and it
does not require the use of suspended samples. Consequently, by
employing a combination of these types of optical methods, one
can gain a comprehensive understanding of the linkage between
optical and Raman behavior of tBLG including those that are a result
of spatially-varying substrate-induced effects.

Moreover, chemical vapor deposition (CVD)-grown graphene
inevitably contains residual amorphous carbon (RAC), as a mixture
of sp® and sp> hybridized forms, as a result of polymer-assisted
transfer and subsequent annealing steps [11,12,37,39—42].
Although RAC as well as residual polymeric materials are known to
affect the electrical performances of graphene [41], little is known
about the influence of these substances on optical properties [37].
This is mainly caused by flat absorption of graphene having a fine
structure constant (i.e. wa. = 2.3%) [43] where a. is a fine structure
constant defined by e?/nc (h is a reduced Plank's constant
(1.05 x 10734] s), e the electron charge (1.6 x 10~'°C), and c a speed
of light (3 x 108 m/s)). Consequently, optical vHs peaks and asso-
ciated Raman properties of tBLG provide useful information to
understand the aforementioned environmental effects.

In the effort described below, we carried out a systematic study
of the relationships between and environmental effects on the
optical and Raman behavior of vHs peaks of tBLGs on a quartz
substrate employing a combination of imaging spectroscopies. For
this purpose, we utilized low-pressure CVD (LPCVD) to prepare
twisted fewlayer graphenes (tFLGs) which contain localized RAC
formed by poly (methyl methacrylate) (PMMA) annealing step.

Reflection imaging spectroscopy was used to obtain spatio-spectral
information about the tFLGs, and widefield Raman spectroscopy
was employed to generate correlated Raman G and R bands. vHs
peaks of tBLG containing RAC have slightly narrow peak width.
Moreover, the net reflection trends of various vHs peaks at E; are
proportional to that arising from experimental G-band enhance-
ment factors (GEFs) which increase up to 36 times. Two trends are
simulated by GEFs calculated using Raman Stokes theory. On the
other hand, tBLG on a bare substrate display substantial vHs peak
broadening and GEFs that are decreased by one-half as a conse-
quence of charge inhomogeneity induced by substrate. The optical
measurements were also used to probe the behavior of vHs peaks of
tBLG with additional layer having different # values and layer
numbers. These vHs peaks display various phenomena including
broadening, intensification, and splitting, all of which stem from 6-
dependent non-degenerate multiple transitions of the hybridized
band structure.

2. Experimental
2.1. Materials and methods

Copper foil (purity > 99.96%, Cat. No.: Cu-113213) was pur-
chased from Nilaco (Japan). Acetic acid (99.5%) and isopropyl
alcohol (99.5%) were obtained from Samchun chemical. All gases
including N, (purity over 99.99%), H, (purity over 99.9999%), and
CH4 (purity over 99.95%) were purchased from Donga Gas (Korea).
PMMA (molecular weight: 950 kDa, 2% dilution) as a protective
layer for transferring graphene to a desired substrate was obtained
from Micro Chem. Millipore quality deionized water with a re-
sistivity greater than 18 MQ was used to wash graphene samples. A
quartz substrate (ST-cut quartz, cutting angle: 42° 45’) was ob-
tained from Hoffman Materials LLC. All optical elements were
purchased from Thorlabs unless otherwise noted. Scanning elec-
tron microscopy (SEM) image was acquired by JSM-7001F (JEOL
Ltd.) with 3 kV acceleration. Atomic force microscopy (AFM) images
were acquired by using Nanowizard I (JPK Instrument). A tapping
mode by using a silicon cantilever (force constant (norminal): 37 N/
m, ACTA-20, App Nano) resonated at 361.96 kHz was used to ac-
quire height topography. AFM image has 1024 x 1024 pixels, and
was flattened by using polynomial routine. PMMA annealing ex-
periments were conducted in the CVD setup which will be
mentioned below under air atmosphere at 350 °C at different
annealing time (2 and 3 h). The samples were prepared by spin-
coating the PMMA solution onto quartz substrates for 60 s at
3000 rpm.

2.2. LPCVD growth of tFLG

Synthesis of hexagonal fewlayer graphene (FLG) containing tFLG
was carried out by using our previously described method [37].
Native oxide layer of the Cu foil was removed by dipping the foil in
acetic acid solution for 10 min. The treated foil was rinsed with
isopropyl alcohol several times, and dried under a N, stream. The
purified Cu foil was placed into a hotzone of a one inch diameter
quartz tube placed in a tube furnace (max. temperature: 1100 °C,
Cat. No.: TF55030C-1, Lindberg Blue/M Mini-Mite, Thermo Scien-
tific) equipped with an oil-free scroll pump (maximum vacuum
pressure: 1073 torr, XDS10, Edwards). The oven temperature was
adjusted to 1000 °C with 60 standard cubic centimeter per min
(sccm) Hy flow which continued until a cooling step after the
growth reaches at 230 °C. Once the furnace temperature reaches to
1000 °C, additional 1 sccm of CH4 was fed into the tube for 1 h. After
graphene growth, the flow of methane gas was stopped and the
sample was cooled to 230 °C. After this, the lid of the tube furnace
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was opened, and the tube was cooled with a manual convection of a
fan.

2.3. Transferring and annealing process of tFLG

According to our previous method [37], after dropcasting PMMA
on the graphene-Cu foil mounted on a vacuum chuck, the sample
was spin coated for 60 s at 3000 rpm. PMMA-coated graphene-Cu
foil was then floated on 0.1 M of ammonium persulfate solution for
3 h to etch the copper from the back. The resulting floating PMMA-
graphene film was washed with copious amounts of water by
several scooping processes, and was transferred on a 1 x 1 cm?
target substrate which was pre-cleaned by a piranha solution
(H2S04: Hy0, = 7: 3). PMMA was initially removed by dipping the
substrate into an acetone bath for 30 min and subsequent air
annealing at 350 °C for 3 h under atmospheric pressure, according
to the previous method [44].

2.4. Micro/widefield/line Raman measurements

Micro-, line-, and widefield Raman imaging measurements [45]
were conducted by using a custom-made instrument equipped
with 532 nm laser (diode-pumped solid state), as reported previ-
ously [36,37]. In the case of micro Raman measurements, 1.5 mW
laser power was utilized to minimize graphene damage.

2.4.1. Widefield G-band imaging measurements

The beam diameter was adjusted by using an expander (1-8 x ,
Cat. No.: 68479, Edmunds), and a 200 mW laser was utilized as in
our previous study [37]. A doublet convex lens with a long focal
length (AC254-200-A-ML, focal length (f) = 200 mm) was placed in
the excitation component, and focused onto a back focal plane of
100 x objective (MPlan, numerical aperture (N.A.) = 0.90, Olympus)
mounted in an upright microscope (BX50, Olympus) so that defo-
cused beam illuminates the graphene sample on the substrate. The
scattered light was filtered using a bandpass filter (FB580-10, full
width at half maximum (FWHM) = 10 nm), and focused by using a
tube lens on a Si charge-coupled device (CCD, Cool SNAP MYO,
1940 x 1460 imaging pixels whose size is 4.54 x 4.54 ym?, Pho-
tometrics). Typically, the respective G-band image data were
collected for 300 or 500 s.

2.4.2. Line Raman measurements

Accurately-positioned Raman spectra were obtained by line
Raman measurement right after G band imaging, according to the
method used in our previous report [37]. After removal of the G-
band bandpass filter, the emission light was introduced into a
monochromator (Triax 320, f = 320 mm, Horiba Jobin-Yvon) with
1800 grooves/mm. The entrance slit was adjusted to 0.3 mm and a
Si array CCD (Syncerity, 1024 x 256 pixels whose size is
26 x 26 pum?, Horiba Jobin-Yvon) was utilized to collect Raman
spectra. The line spectra data were acquired either over ca. 30 min
or 11 h (for R band measurement), and corrected and normalized
with respect to the 520.89 cm™! Si peak.

2.5. Reflection imaging spectroscope setup and measurements

2.5.1. Reflection imaging spectroscope setup

The reflection imaging spectroscope was constructed by
implementing the excitation component of a commercially avail-
able fluorescence spectrophotometer (Nanolog® 3-211, Horiba
Jobin Yvon) which consists of high power Xe arc lamp
(220—1000 nm, 450 W, OFR) and a subtractive double mono-
chromator. Visible light selected from double monochromator (slit
width: 14 nm) was passed through a beam expander consisting of

two bi-convex lenses (LB1811-A (f = 35.0 mm) and LB1761-A
(f = 25.4 mm)) to obtain smaller beam size (ca. 2 cm). An addi-
tional bi-convex lens (LB1676-A, f = 100.0 mm) was used to focus
excitation light to the back focal plane over a long working distance
50 x objective (LMPlanFl, numerical aperture (N.A.) = 0.5,
Olympus) through an upright microscope (BX41M, Olympus). The
reflected light was acquired by using the same CCD used for Raman
imaging.

2.5.2. Reflection image stack and spectra acquisition

A series of reflection images were collected with an acquisition
rate of 1.1 frames/nm in the range of 440 (2.81) to 650 nm (1.90 eV)
(exposure time for each frame: 2 s). An image stack of the bare
substrate was also acquired for reflection normalization. The
collected image stack was further analyzed by using Image ] [46].
Reflection spectra in the specific regions of interest (ROI, 7 x 7 or
10 x 10 pixels) were obtained by using z-axis plot profiling from the
normalized image stack.

3. Results and discussion
3.1. Characterization of tFLG growth by CVD

tFLG samples were prepared on a quartz substrate by using
LPCVD conditions and a subsequent transfer technique. Graphene
was synthesized on a copper foil using our previously reported
method (see Experimental for details) [37]. The resulting graphene
sheet was transferred to a substrate by using a 75 nm thick PMMA
protective layer, and then subject to acetone washing and subse-
quent air annealing (350 °C for 3 h) [44].

Analysis by using both SEM and AFM revealed that hexagonal
FLGs were generated in this manner. Fig. 2A contains a SEM image
of the annealed graphene sample on the substrate. The image
shows that concentric hexagonal FLGs of up to 10 pm in diameter
are distributed over substrate. The progressively darker tone of
FLGs toward their center as compared to that for bare substrate (red
arrows) is a consequence of increasing layer numbers. Close in-
spection of the FLG grains shows that multiple hexagonal edges of
the FLGs are well-aligned and that number of straight graphene
wrinkles exist in thicker tone. The low carbon versus hydrogen feed
condition used during the extended growth time period is known
to cause the formation of partially grown FLGs because of a reduced
nucleation density [47,48]. This result originates from the “pyra-
mid” formation mechanism of FLG growth [47,49]. Figs. 2B and C
display AFM height topographies of FLG and SLG regions, respec-
tively. The FLG image shows that ca. 0.5 nm edge steps are present,
suggesting that single layer augmentation (0.34 nm) exists in each.
Inspection of the zoomed-in image of SLG region (Fig. 2C) shows
that height variation is less than 1.5 nm over um area, indicating
that the graphene has a clean surface without the presence of
substantial adsorbates.

Although its surface appears clean, the localized RAC are
entrapped between the substrate and graphene. Raman spectra of
selected SLG regions are shown in Fig. 2D. The SLG region corre-
sponding to the top Raman spectrum contains strong G and 2D
bands at ca. 1601 and 2693 cm~!, respectively, with a weaker D
band at 1348 cm~L The G-band is upshifted by 19 cm™! as
compared to that (i.e., 1582 cm™') of charge-neutral SLG [50], a
difference that indicates highly-doped graphene induced by the
substrate [35]. The FWHM (numbers in parentheses) of G, 2D, and D
bands are 15, 38,40 cm™ .. The intensity ratio of the 2D and G bands
(Ip/lg) is 1.2, indicative of SLG [37,51]. The intensity ratio of the D
and G band (Ip/Ig) is 0.07, a magnitude reflecting that G and 2D
properties are not changed significantly [37]. In contrast, the SLG
region corresponding to the Raman spectrum at the bottom of
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Fig. 2. (A) SEM image of CVD-grown hexagonal FLG on a quartz substrate. AFM height topography of (B) FLG and (C) SLG regions. (D) The representative Raman spectra from SLG
regions in the absence (top) or presence (bottom) of RAC. The measured (circle) and summated data (red) were offset from Lorentzian components for visual clarity. E;: 2.33 eV. Red,
blue, and grey (indicated by asterisk) peaks originate from graphene, RAC, and quartz substrate (see main text for details). Parentheses indicates FWHM. (E and F) Widefield G-band
images of tBLG regions (E) without and (F) with RAC. (A colour version of this figure can be viewed online.)

Fig. 2D contains D, G and 2D bands at 1349, 1596 and 2694 cm ™,
respectively, with narrowed FWHM values. The G band of SLG is
upshifted by 14 cm~! in comparison to that of charge-neutral SLG.
The difference in the position of the G-band indicates that SLGs
represented by the top and bottom Raman traces exist in different
environments. Especially, drastic differences were observed in the
broad underlying peaks. Those broad peaks seem to originate from
amorphous carbon [52] and were deconvoluted by using a
phenomenological fitting (see Supplementary data (SD) for the
fitting details). The fitted peaks (blue) are positioned at 1359, 1509,
1588, 1620, and 2939 cm~! which corresponds to D, D”, G, D’ and
2D bands [40,42,53]. The Ip/I ratio of RAC (i.e., 1.55) is used to
deduce phenomenological average distance between sp> defects in
the sp? matrix (see SD for details) [54,55], which translates into an
approximate RAC defect density of ca. 1.6 nm, indicating its highly
amorphous nature [54].

In order to determine whether these features derive from the
protective polymer, annealing experiments of PMMA on a quartz
substrate were performed. The Raman spectrum (Fig. S1 of SD) of
PMMA immediately after spincoating contains symmetric and
asymmetric C—H stretching bands at 2841, 2946, and 3010 cm ™, a
carbonyl stretching band at 1730 cm~!, a C=C stretching band at
1618 cm ™!, and a C—H rocking band at 1451 cm™ !, which are in good
agreement with those reported previously [56]. On the other hand,
the Raman spectrum of the PMMA layer after 350 °C annealing
contains broad bands at 1436, and 1623 cm™}, irrespective of the
annealing time (i.e., 2 vs 3 h). This observation shows that carbonyl
and C—H stretching bands of PMMA no longer exist, a finding that
most of oxygen-related Raman bands vanish during annealing. The
slight differences seen in vibrational frequencies of annealed
PMMA as compared to the RAC embedded graphene indicate that
annealing of residual PMMA in the absence of overlaying graphene
produces somewhat different carbonaceous structure. Nonetheless,
this result shows that protective PMMA is converted into RAC

during the annealing step, a finding that is in line with those
described in a recent report [42] that suggest that RAC is derived by
heating the protective polymer of graphene.

In Figs. 2E and F are displayed widefield G-band images of
regions of tBLG in the absence and presence of RAC, respectively.
The images were obtained by using global 532 nm laser illumi-
nation of the graphene sample, followed by placement of a
bandpass filter in the emission side, according to the previously
reported procedure (see Experimental for measurement details)
[37]. The G-band image of the sample that does not contain RAC
(Fig. 2E) has a silent background, along with several segments
that are much brighter than other dark graphene-containing
areas. The brighter regions originate from G-band enhancement
of tFLGs (see below). A graphene layer number determination
was made by using reflection and micro Raman measurements,
which yield Lp/lg value greater (smaller) than unity (Figs. S2A
and S2B of SD) that correspond to SLG (BLG) [51]. In the pres-
ence of RAC (Fig. 2F), a substantial amount of blurry scattering
exist in the background as a consequence of RAC-related broad G
band (see above). Variations in the scattering suggest that RAC is
present in different thicknesses. In order to determine how the
Raman spectroscopic properties vary with the thickness of the
RAC layer, an AFM measurement of the SLG region of RAC was
made through an unintentional hole to the substrate (Fig. S3A of
SD). The results show that the height of the RAC layer is 9.1 nm
(Fig. S3B). Analysis of the Raman spectrum (Fig. S3C) of gra-
phene/RAC region indicates that the intensity of the broad D-
band arising from RAC is about one fifth of that of G band cor-
responding to SLG, although the large noise hampers accurate
deconvolution and comparison of the peaks. Based on the find-
ings described above, we next determined the optical behavior of
tBLG in the presence and absence of RAC using areas that are
carefully selected through inspection of prior widefield G-band
images.
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3.2. Reflection and Raman behaviors of tBLG with RAC

A reflection imaging spectroscope, shown schematically in
Fig. 3A (see Experimental), was constructed in order to obtain
spatial reflection spectra of tBLG at varying excitation energies (Eex)
[19]. Following collection of a sequence images, a normalized
reflection image stack was produced by normalizing the reflection
image stack of sample (R;) to that of bare substrate (R) (see Sup-
plementary Movie (Smovie) of SD). Each frame of the stack contains
spatial differential reflection ((Rs — R)/R or AR/R) corresponding to a
specific Eex. By using this technique, reflection images covering the
entire visible spectra range were obtained with a rapid acquisition
rate (see Experimental). The image stack provides spatio-spectral
reflection information caused by vHs peak of tBLG at once.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.carbon.2016.10.001.

In Fig. 3B is displayed a false color composite reflection image
whose color represents approximate Eyys (see SD for details) [19].
The image indicates the spatial location of tBLG (yellow-dashed
line) and the average few um sized tBLG (see Fig. S4 for tBLG size
distribution). Interestingly, a majority of tBLG boundaries are
formed near either border of FLGs or graphene wrinkles. This may
originate from graphene slippage during growth and cooling steps
of CVD-based tBLG owing to mismatched thermal expansion co-
efficients between the substrate and graphene [48,57]. The latter
case is evident by viewing images in Fig. 3C, showing that different
tBLG with different E.x are formed near wrinkles. These imaging

Fluorometer
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monochromator

Y

capabilities enable rapid identification of tBLG with various Eyys.

Spatial E,ys variation with sub-pum resolution was observed as
well. Fig. 3D, acquired along white arrow in Fig. 3B, illustrates the
contour map of the spatial net reflection spectra Ry (see SD for
details). Ryt is defined by ARwpic/R — ARsig/R and is useful in un-
derstanding how the optical characteristics of tBLG deviate from
those of SLG [12,19]. While the top region does not show any peak,
the middle and bottom sections exhibit peak maximum at ca. 2.7
and 2.4 eV without any intermediate spectra, indicating the
discreet changes taking place in the tBLG regions. In Fig. 3E are
shown representative Rye¢ spectra of five different tBLGs. Reflection
spectra reveal that tBLG has various E,ys on top of a slightly tilted
background reflection with minor variations (i.e., 0.005) which
originate from the aforementioned thickness variation of the un-
derlying RAC.

Deconvoluted vHs peak properties are listed in left column of
Table 1, which contains Eyys, 6, Rnet at peak maximum and 2.33 eV,
FWHM, area, and the corresponding experimental GEF which will
be discussed in the later section. Using the acquired E,ys, we
calculate  using the equation, Eyys = E, sin (36) [32]. Here, E, is two
degenerate energies between M points (i.e., 3.9 eV, designated by
two green arrows in Fig. 1B). The calculated 6 values range from 10.9
to 15.0° as shown at the top of each spectrum of Fig. 3E.

Based on a thin film approximation owing to graphene thickness
< A [58], AR/R spectra can be used to obtain absorbance A at
different Eex using eq (1),
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Fig. 3. Spatial and spectral identification of tBLG using reflection imaging spectroscopy. (A) Schematics of the reflection imaging spectroscope. Abbreviation: BE: beam expander;
CV: convex lens; BS: beam splitter; OL: objective lens; TL: tube lens. (B) False-color composite reflection image of hexagonal FLG. The yellow-dashed lines denote tBLG domains. (C)
Different tBLG regions near wrinkles obtained by varying Eey. Scale bar: 5 um. (D) Spatial reflection spectra of adjacent tBLGs arrow designated dotted area in (B) with different Eys.
(E) Representative Ryec spectra from various tBLGs whose vHs peaks span a visible range and the calculated ¢ values. Note that right axis represents calculated absorbance values. (A

colour version of this figure can be viewed online.)
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Table 1

vHs peak parameters of tBLGs with (left) and without (right) RAC, and the resulting GEF values, obtained from reflection and Raman spectroscopies, respectively.
With RAC Without RAC
Reflection Raman Reflection Raman
Evns 0% [°] Background-subtracted FWHM [eV] GEF Eyns [eV] 0% [°] Background-subtracted FWHM [eV] GEF

'V
(V] Roet at Eops Rnecat2.33ev (4163 Roctat Foe Rucat233ey (€2
2.10 109 0.038 0.006 0.21 (0.012) 45+03 2.14 11.1 0.029 0.014 0.27 (0.012) 4.7 +0.7
2.21 115 0.036 0.016 0.20 (0.011) 358 +2.1 2.20 115 0.024 0.014 0.29 (0.011) 103 + 0.5
2.23 11.6 0.042 0.025 0.21 (0.014) 347 + 1.1 2.28 11.9 0.026 0.023 0.26 (0.011) 7.8 +0.7
237 12.5 0.042 0.037 0.25 (0.017) 327 £32 2.30 12.0 0.025 0.023 0.22 (0.009) 124 + 0.5
243 12.8 0.039 0.020 0.24 (0.015) 234 +13 2.38 125 0.025 0.021 0.25 (0.010) 154 + 0.3
245 13.0 0.035 0.015 0.20 (0.011) 176 + 1.1 2.51 134 0.037 0.019 0.39 (0.023) 12.0 = 0.7
2.48 131 0.033 0.013 0.24 (0.012) 123 + 0.8 2.57 13.7 0.037 0.016 0.42 (0.024) 9.9+ 0.1
261 140 0.043 0.005 0.23 (0.015) 3.1+04 2.65 14.2 0.035 0.007 0.31 (0.017) 2.1+0.1
2.67 144 0.042 0.004 0.20 (0.013) 25+0.1 2.66 143 0.032 0.006 0.32 (0.016) 34+04
2.68 144 0.035 0.001 0.23 (0.013) 26 +0.1 2.77 15.1 0.034 0.004 0.34(0.018) 26 +0.1
268 145 0.050 0.007 0.26 (0.021) 2.0 + 0.07
2.69 145 0.041 0.006 0.28 (0.018) 39+ 1.7
2.76 15.0 0.040 0.002 0.19 (0.012) 26+03
Average 0.039 0.23 + 0.03 0.031 0.31 + 0.06
+0.005 (0.014 + 0.003) +0.005 (0.015 + 0.006)
2 Based on deconvoluted Eyys.
B_ G 1588 (14) STD of‘AR/R
AR 4 diesic
i — | (1) 1593 (13)
R n2_1

where, n’ is the refractive index of the underlying substrate and
varies within 1% in our measurement range [59]. A plot of the
calculated absorbance vs. Eex is parallel with Rpet Spectra, as shown
in Fig. 3E. This relation can be further utilized to construct sheet
conductivity ¢° of tBLG peak (see SD for the calculation and Fig. S5),
which is about one sixth of direct A transition of MoS,, one of 2D
materials [60—62].

The contribution of the vHs peak of tBLG was determined to
evaluate the deviation from Bernal-stacked BLG. Mean values from
background Rpet of tBLG and Rpet of the vHs peak-only is ca.
0.05 + 0.01 and 0.039 + 0.005, respectively. As compared to Bernal-
stacked BLG intensity (i.e., 27a), the maximum vHs peak intensity is
ca. 39% which is a result of strongly hybridized states between the
interlayer, while residual percentage is caused by transitions from
other states. The experimental vHs peak intensity is larger by 30%
than those recently reported in the literature [20,63], the reason for
which will be discussed in a later section. In addition, the optical
properties of vHs peak are slightly E.x-dependent. The average
FWHM is about 0.23 + 0.03 eV, and the FWHM displays a roughly
inclining pattern by 0.03 eV with increasing E,ys (Fig. S6A). The
peak area also slightly increases (Fig. S6B).

Raman analysis of the corresponding tBLG regions was per-
formed to obtain the relationship between resonance Raman
behavior and reflection spectroscopic properties. Fig. 4A displays a
widefield G-band image of a region containing tBLGs. Several tBLG
domains (indicated by dashed enclosure) exist in this region as
reflected by differences in G-band intensities as compared to those
of the remaining BLG area. This observation suggests that variations
occur in tBLG GEFs, defined by intensity ratio of G-band of tBLG to
that of SLG (or Ig, wic/lc, sic) [11,14,24—26,32]. Fig. 4B displays G-
band spectra of the tBLG regions with different Eys (see Table 1). In
contrast to factor 2 expected for GEF of Bernal stacked BLG, the GEF
value of tBLG was found to vary from 2 to 36 when Eyys matches
with E;, a phenomenon that has been observed before
[11,14,24—26,32].

Moreover, the R band, whose positions (wr) are located in the
range of 1481—1502 cm™, appeared for several tBLGs having larger
GEF (inset of Fig. 4B). It is known that R bands are associated with

1587 (22)
1585 (21)
1589 (27)
1605 (19)

a.u.)

1450 1500 1550 3|

Intensity (
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1300 1500 1700
Raman shift (cm™')

Fig. 4. tBLG region visualized in G-band and STD reflection images, and subsequent G-
band enhancement. (A) Widefield G-band image of tBLG (yellow-dashed line) with
E. = 2.33 eV. (B) G-band spectra of tBLGs with different G-band enhancement. Inset:
the zoom-in spectra of R-band regions. (C) STD reflection image in the E.x range from
2.14 to 2.52 eV, as compared to a (D) reflection image obtained by using E.x = 2.33 eV.
(A colour version of this figure can be viewed online.)

intravalley longitudinal-optical (LO) rotation (R’ or Rip) and inter-
valley transverse-optical rotation (R or Rro, see Fig. S7A) created via
double-resonance process, respectively [23,32,64]. It is also re-
ported that while the R’ band is seen when 6 is small (<10°) because
of a strengthened electron-phonon matrix along the LO phonon
branch, the R becomes dominant when 4 is large. In the detection
range of our measurements, the R band is strong. Since @ is
dependent on wg (Fig. S7B of SD, obtained from Ref. [23]), the latter
value can be used to verify the E,ys-based # value. The calculated
wg-based 6§ values, listed in Table S1, were found to be in agreement
with Eyys-based 6 values, with a typical difference of less than 0.5°.
Moreover, the intensity of R band is about 1% of that of G band, it
varies in a proportional manner with the G-band intensity (Table S1
of SD), in accordance with a previous finding [32].

In addition, the spatial locations of tBLG with specific E,ys values
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are easily obtained by analysis of a novel standard deviation (STD)
reflection image (see SD for details). Fig. 4C displays the corre-
sponding STD reflection image of Fig. 4A in the range of
2.33 + 0.19 eV whose width stems from a G-band phonon energy or
hwg (i.e., 0.197 eV). The image clearly displays tBLG grains which
have strong G-band intensities (Fig. 4A) because of the large dif-
ference that exists between the vHs peak value compared to that of
its flat BLG reflection. For comparison purposes, it should be noted
that the reflection image extracted at 2.33 eV (Fig. 4D), does not
show strong reflection from the corresponding tBLG region.

The relationship between the optical properties and resonant G-
band behavior at 2.33 eV of various tBLGs was evaluated. For this
purpose, plots of the background-subtracted Rpet and experimental
GEF vs. Eyys were first compared (Fig. 5A). Both plots display similar
Gaussian peaking at 2.33 eV but they differ in at lower shoulder
regions (i.e., 2.2 eV). It is noteworthy that the bare Rt and exper-
imental GEF do not match (Fig. S8). This observation suggests that
vHs peak is a major GEF contributor. In order to explain the
discrepancy seen at energies in the range of 2.2 eV, we utilized
resonance Raman theory [45,65]| where GEF can be described by Eq
(2)[22],

Mel—ph
(Ep — Eups — iv)(EL — Eygsthog — i)
(2)

where, Mejpn is a constant that includes matrix elements for
electron-phonon interactions by the G-band phonon [66], v is an
experimental peak broadening factor which is half of vHs FWHM,
and plus and minus signs in hwg indicate anti- and Stokes pro-
cesses, respectively. Because JDOS is proportional to the reflection
value (or absorbance), the calculated GEF values of individual tBLGs
can be obtained using Eq (2), based on Eyys and vy in Table 1. As
shown in color-coded curves in Fig. 5B, each tBLG has an individual
GEF response. Fig. 5C displays the corresponding calculated GEF
trends at 2.33 eV (red) as compared to experimental values (blue). It
should be pointed out that the plot of calculated GEF vs. Eyys is
asymmetric showing a longer tail at lower energies as a result of
Stokes effect. By including Stokes effect, experimental and calcu-
lated values display similar GEF patterns. Similarly, a GEF vs. Eyys
plot of various tBLG associated with anti-Stokes process (Fig. S9B),
extracted from individual GEF (Fig. S9A), was also generated. This
plot displays an opposite center position and tailing as compared to
its counterpart. Although GEF has been previously observed in
tBLG, the earlier observations were based on single tBLG probed by
using different Raman laser lines [11,14,24—26,32]. To the best of
our knowledge, this is first on/off resonance correlation that has
been observed between various optical vHs peaks with GEF values,
the two dominant tBLG phenomena.

I
GEF = -SBLC _ 1pOs x
Igsic

3.3. Substrate effect on vHs peak and GEF variation

Our attention next turned to evaluating the optical properties of
tBLG without RAC. It was suggested that # of vHs should be largely
insensitive to extrinsic factors induced by substrate (i.e., doping and
strain) [11]. However, actually vHs properties do significantly
depend on the underlying substrate. Fig. 6A shows a comparison of
Rnet spectra of tBLGs in the presence (blue) and absence (red) of
RAC. As compared to the case when RAC is present, tBLG without
RAC displays a much broader vHs peak with reduced peak height.
The corresponding background-subtracted Ryt values of tBLG with
and without RAC at 2.33 eV are 0.042 and 0.025, respectively,
suggesting that peak broadening occurs due to interaction with the
underlying substrate. Moreover, this broadening lowers GEF. Fig. 6B
displays the corresponding G-band spectra of respective tBLG
grains. The broadening causes reduced GEF (ca. 15) by nearly half as
compared to that (ca. 33) with RAC present. As a result, G-band
enhancement is more susceptible to bare substrate than is the Rpet
value.

The general behavior of tBLG without RAC was observed by
analyzing 10 different grains by reflection spectroscopy (Fig. S10)
and Raman measurements (see right column of Table 1 for their
peak parameters). Fig. 6C illustrates both background-subtracted
Rnet and GEF vs. Eyys plots of various tBLGs without RAC. Both
plots display center positions that deviate from 2.33 eV. Moreover,
the widths of the Rner and experimental GEF plots (ca. 0.38 and
0.33 eV, respectively) are significantly larger than those (0.19 and
0.27 eV in Fig. 5A) of tBLGs with RAC. These trends originate from
the individual peak broadening of tBLG. More specifically, a com-
parison of average vHs peak properties of tBLGs (left and right
columns of Table 1, respectively) reveals that the width (height) of
the plot for tBLG in the absence of RAC increases (decreases) by ca.
35 (21)% while the area (i.e., 0.015) remains similar in contrast to
those of tBLG with RAC (ie., 0.014). As a consequence, peak
broadening causes weakening of resonance Raman behavior, which
is evident in the reduced maximum GEF.

The observed vHs peak broadening seems to originate from
inhomogeneity caused by charge puddling and topographic
corrugation of the bare SiO; substrate existing in SLG [33—35,37].
SLG on a bare substrate exhibits spatial charge puddling induced by
ionic impurities such as Na* [34]. Das et al. [50] monitored such
doping effect by Raman scattering in an electrochemically top-
gated graphene transistor which show systematic changes of po-
sitions and widths of G and 2D bands according to doping con-
centrations. This behavior arises from localized charge-induced
bond stiffening or softening. Importantly, thermal annealing is
known to provide enhanced interactions between the substrate
and graphene, which leads to significant irreversible doping [35]. In
order to determine the origin of these observations, reflection
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Fig. 5. Correlated reflection and GEF behavior of various tBLGs. (A) Comparison of background-subtracted Ry values at 2.33 eV (green-dotted line) and experimental GEF of tBLGs
vs. Eyps. Dotted curves were drawn for visual guidance. (B) Calculated individual GEF curves from 13 different tBLGs. (C) Comparison of experimental (blue) and calculated (red) GEF

vs. Eyys trends. (A colour version of this figure can be viewed online.)
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Fig. 6. Comparison of Rpe and Raman spectra of tBLGs in the presence and absence of RAC. (A) Ryer spectra of tBLGs with (blue) and without (red) RAC. (B) The corresponding G-
band spectra. (C) Background-subtracted Ryer and experimental GEF vs. E,ys plots of tBLGs without RAC. (A colour version of this figure can be viewed online.)

spectra of tBLG without RAC (Fig. S11) were obtained before and
after 350 °C annealing. Clearly, a comparison of these spectra in-
dicates that substantial peak broadening occurs and this phenom-
enon is caused by enhanced inhomogeneity induced by charge
impurities. In addition, the observation of a much narrower vHs
peak shape and the aforementioned less-shifted position of the G
band position in the spectrum of SLG in the presence of RAC (bot-
tom trace of Fig. 2D) can be ascribed to decoupling of the charge
inhomogeneity-causing substrate effect. Also, electrical conduc-
tivity of RAC, which is typically ~10~8 S/cm [67,68] might lead to
distributing charge even tBLG onto RAC regions. The ramification of

this broadening is that it would impact lifetime of tBLG. Recently,
tBLG on substrate [63] was found to exhibit a longer lifetime (70 ps)
compared to than those (sub-ps and ps components [69—71]) of
FLG and typical metallic systems. We expect that tBLG on RAC or in
suspended geometry would have a longer lifetime than that on
substrates.

3.4. Reflection and Raman behavior of tFLG

We extend the approach described above to over 3-layer tFLG.
Fig. 7A shows a false-color composite reflection image of adjacent
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Fig. 7. Reflection and Raman behavior of tFLGs without RAC. (A) False-color composite reflection image of tFLGs. Dotted box indicates adjacent tFLG regions. (B) Reflection spectra of
tFLG with increasing layer number. (C) Widefield G-band image corresponding to the area in (A). (D) G-band spectra from each twisted region. Inset: plot of experimental GEF vs.
background-subtracted Ry at 2.33 eV. (E to G) Origin of vHs peak broadening of tTLG, as compared to tBLG. (E) Schematics of tTLG on a bare substrate, formed by tBLG with rotated
SLG. (F) Energy dispersions of tBLG and tTLG in the Brillouin zone. Green, red, and blue arrows indicate E,ys transitions, constituting vHs peak. tBLG has degenerated E,ys (green)
while tTLG has split low (blue) and high E s (red). (G) Broadened vHs peak of tTLG due to split Eyys, as compared to that of tBLG. (A colour version of this figure can be viewed

online.)
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tFLG (in the dotted enclosure) including BLG, TLG, and tetralayer
graphene (4LG) without RAC. Fig. 7B displays Rpet spectra from each
of the three tFLG regions. Inspection of the spectra shows that an
increase in the layer number leads to vHs peak broadening (from
tBLG to t4LG: 0.25, 0.34, and 0.46 eV, see Sample 1 of Table S2) on
top of increasing background absorption. Inspection of the Rpet
dependent GEF (see above), by comparing the G-band image and
spectra (Figs. 7C and D) with the reflection spectra also shows that a
linear relationship exists (inset of Fig. 7D). This observation sug-
gests that tFLG follows GEF behavior according to Ry variation
induced by layer stacking and resulting peak broadening.

In order to investigate the stacking orientation on peak behavior,
the dependence of § of tFLG on the layer number was determined.
The Eyys-based 6 of tBLG is 14.3°. Assuming that tBLG extends to
FLG, the R band of t4LG at 1484 cm ™! (Fig. 7D) corresponds to a § of
13.6°. Unfortunately, the other tFLGs (tBLG and tTLG) do not exhibit
R bands, presumably a result of lower G-band enhancement
(Fig. 7D). The # change in tBLG and tFLG appears to result in the
observed peak broadening.

This peak behavior can be explained by the occurrence of band
anticrossing between tBLG with additional graphene layers [72].
Left and right panels of Fig. 7F illustrate schematics of energy
dispersion of tBLG and tTLG, respectively. Upon stacking of tBLG
with SLG (Fig. 7E), new lower and higher bands are created by
anticrossing of respective band structures near M point. This effect
produces two transitions (red and blue arrows in Fig. 7F). In the
case of tTLG, consisting of tBLG with Bernal stacked SLG, two bands
are nearly equal and produce a minimal transition difference as
compared to tBLG. In other cases, on contrast, a rotation angle is
present and acts to separate the two bands whose separation would
be roughly proportional to 6. As a result, vHs peak of these types of
tTLGs produce two separate bands or band broadening (top trace of
Fig. 7G), as compared to that of tBLG (bottom). This analysis qual-
itatively supports the observation of peak broadening of tFLG seen
in Fig. 7B which originates from small ¢ differences between tBLG
and t4LG (ca. 1.2°). The peak broadening will be significantly larger
for large differences between 6 values of tBLG and SLG. It is note-
worthy that similar vHs peak broadening of tTLG was observed in
an earlier study [22].

In fact, no peak shift is seen with a series of tFLG of similar
values as the number of layers increases. Figs. S12A and S12B show
a false color reflection image and reflection spectra of tFLG regions
whose layer numbers range from 2 to 4. The vHs peak positions at
ca. 2.13 eV (or 11.0° based on Eyys) are similar independent of the
layer number, although the background-subtracted Ry intensity
augments with increasing layer. The corresponding G-band image
and spectra (Figs. S12C and S12D, respectively) display that their G-
band enhancements of each of tFLG regions (dashed boxes) are
roughly proportional to background-subtracted Rper. The corre-
sponding R bands of tTLG and t4LG (Fig. S12D) are at ca. 1505 and
1507 cm~! which correspond 11.4 and 11.1°, respectively. These
values are in line with the E,ys-based 6 of tBLG (i.e., 11.0°). There-
fore, tBLG with additional (near) Bernal-stacked SLG displays an
increased vHs, yet it has an Eyys which is similar to that of tBLG
alone. We also observed an example of the aforementioned vHs
peak splitting, as evidenced can be seen in the reflection spectra
given in Fig. S13. All of these various optical coupling properties are
governed by the difference in # values of the layers. A more quan-
titative study of this topic will be carried out in our future research.

4. Conclusions
By using simultaneous imaging methods, we have established

that a correlation exists between reflection and G-band enhance-
ment of various substrate governed, twisted graphene structures.

The method, utilizing global reflection and Raman imaging spec-
troscopies, enables identification and characterization of vHs peaks
of individual tBLG and tFLG along with RAC with spatial and
spectral accuracy. In the presence of RAC, the vHs peak has both a
narrower width and larger height. G-band enhancement occurs
when E,ys matches the energy of the excitation laser, increasing ca.
36 times as compared to SLG. Especially, at the individual level of
tBLG, the background-subtracted reflection value at 2.33 eV is
nearly proportional to the G-band enhancement effect. The vHs
peak of tBLG indicates that, upon thermal annealing, strong
coupling takes place with the underlying substrate having charge
inhomogeneity, and that this coupling leads to peak broadening.
This effect extends to adjacent tFLGs with monotonically increased
layer number and leads to vHs peak broadening, strengthening, and
splitting according to # and layer number. The approach developed
in this investigation provides a method to correlate the relationship
of vHs peak and related Raman behavior of tFLG. This study has led
to a comprehensive understanding of vHs peak associated with
local dielectric environmental changes, and provides a platform to
investigate optical properties of other 2D materials.
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METHODS

1. Defect density calculation of BLG with RAC

The Io/lc ratio can be utilized to deduce the defect density (Lp, in nm™, average distance between two
defects) by using following equation (the modified Tuinstra-Koenig relation) [54, 55]:

. =1

212 2 2 2
=Cy—5——[e ™5/D — ¢~ T(TA=T5)/1D]
Ig (i —213)

where Ca is the wavelength-dependent parameter, and ra and rs are radius of the area surrounding point
defect, and of structurally disordered area, respectively [55]. This curve based on the above equation
suggests that defect density can be high or low defect regime according to critical defect density Lp ~ 5
nm. In our case, Lp is expected to be positioned below critical defect density and the right term of right

equation can be ignored. Considering the excitation-dependent parameter, Ca = 5.4 * 1.6 at the excitation

laser (532 nm), and previously determine