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Twist angle-dependent work functions in CVD-
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Tailoring the interlayer twist angle of bilayer graphene (BLG) significantly affects its electronic properties,

including its superconductivity, topological transitions, ferromagnetic states, and correlated insulating

states. These exotic electronic properties are sensitive to the work functions of BLG samples. In this study,

the twist angle-dependent work functions of chemical vapour deposition-grown twisted bilayer graphene

(tBLG) were investigated in detail using Kelvin probe force microscopy (KPFM) in combination with Raman

spectroscopy. The thickness-dependent surface potentials of Bernal-stacked multilayer graphene were

measured. It is found that with the increase in the number of layers, the work function decreases and

tends to saturate. Bernal-stacked BLG and tBLG were determined via KPFM due to their twist angle-

specific surface potentials. The detailed relationship between the twist angle and surface potential was

determined via in situ KPFM and Raman spectral measurements. With the increase in the twist angle, the

work function of tBLG will increase rapidly and then increase slowly when it is greater than 5°. The

thermal stability of tBLG was investigated through a controlled annealing process. tBLG will become

Bernal-stacked BLG after annealing at 350 °C. Our work provides the twist angle-dependent surface

potentials of tBLG and provides the relevant conditions for the stability of the twist angle, which lays the

foundation for further exploration of its twist angle-dependent electronic properties.

Introduction

Graphene, a two-dimensional (2D) material, has attracted con-
siderable attention owing to its unique electronic, optical, and
mechanical properties. The electronic properties of graphene
depend significantly on the stacking orientation of the layers.
For instance, in the case of twisted bilayer graphene (tBLG),
the electronic band structure is significantly changed. tBLG
has been proven to exhibit different physical properties from
Bernal-stacked bilayer graphene (BLG), e.g. the Moiré patterns
resulting from the twisted stacking layers at a small angle. In
particular, at a small magic twist angle, BLG transforms from
a weakly correlated Fermi liquid into a strongly correlated 2D
electron system with exotic properties such as unconventional

superconductivity,1–3 topological transitions,4 magnetic trans-
port characteristics,5 and Mott-correlated electronic states.6,7

Among the several methods for preparing 2D materials,
chemical vapour deposition (CVD) is the most popular one.
CVD-grown graphene films with specific thicknesses and high
crystalline quality have been successfully prepared.8,9 The
growth of tBLG via CVD is important for the investigation of
its angle-dependent physical properties and potential
applications.10–15 In addition, it is critical to directly character-
ise the angle-dependent structural characteristics of tBLG.
Recently, transmission electron microscopy,16,17 micro-Raman
spectroscopy,18,19 and various scanning probe microscopy
(SPM) techniques20–26 have been widely used to study the
Moiré patterns of tBLG samples constructed using artificial
stacking methods. For CVD-grown twisted graphene layers, the
angle-dependent structural and vibrational characteristics of
tBLG have been revealed by Raman spectroscopy.27–31

From a spatial-resolution perspective, SPM-based
approaches are promising for the characterisation of their elec-
tronic properties. Non-monotonic angle-dependent vertical
electrical conductivity across the interface of tBLG was discov-
ered using conductive atomic force microscopy (C-AFM).32 The
electronic properties of tBLG films are sensitive to their local
work functions and surface potentials. As a starting point,
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there is an urgent need to identify rotation-related bilayer
domains with microscale resolution in CVD-grown tBLG films
and quantitatively measure their angle-dependent work func-
tions. For measuring the surface potentials and work func-
tions, Kelvin probe force microscopy (KPFM) has proven to be
an excellent technique with outstanding resolution and
sensitivity.33,34 Relevant work has been done using KPFM
technology to study the relationship between the work func-
tion of stripped graphene and the number of layers.35–38 In
2018, Robinson et al. measured the surface potential between
layers with different twist angles or layer thicknesses in gra-
phene obtained by chemical vapor deposition and combined it
with Raman technology to resolve different twist angles.39

However, at present, there is no direct use of KPFM technology
to directly use pictures to distinguish different graphite
torsion angles with different work functions. In addition, it is
rarely useful to study the thermal stability of tBLG using KPFM
technology.

In this study, we performed a comprehensive KPFM investi-
gation of the surface potentials of CVD-grown multilayer gra-
phene films with different thicknesses and twist angles, in
combination with Raman spectroscopy. First, the thickness-
dependent surface potential of the Bernal-stacked multilayer
graphene film was measured and directly resolved by KPFM.
Thus, we could directly distinguish BLG from tBLG according
to their different surface potentials. The twist angle-dependent
surface potentials of tBLG were investigated in detail through
in situ KPFM. Additionally, the thermal stability of tBLG was
investigated using a controlled sequential annealing process.

Results and discussion

The multilayer graphene films were synthesised using a modi-
fied low-pressure CVD system.15 A schematic of the experi-
mental CVD setup is shown in Fig. 1(a). By controlling the
growth conditions, high-quality graphene grains with sizes of
several hundred microns were obtained. For multilayer gra-
phene, the second layer is formed beneath the first layer owing
to the reaction of the catalysed copper surfaces. The growth
mode of the multilayer graphene films is illustrated in
Fig. 1(a). After the growth, large-area graphene films were
transferred onto an SiO2/Si substrate using the polymethyl
methacrylate (PMMA) wet transfer process.40,41

Fig. 1(b) shows an optical image of a typical multilayer gra-
phene film on an SiO2/Si substrate. The single-layer (1L),
bilayer (2L), and trilayer (3L) graphene regions were clearly
resolved according to their specific optical contrast. The top
graphene layer was continuous and covered the entire SiO2/Si
substrate. For the partial 2L region, the second layer was under
the top layer, and for the partial 3L region, the third layer was
under the bilayer and directly on the bottom substrate.
Fig. 1(c) shows a scanning electron microscopy (SEM) image of
the multilayer graphene films in Fig. 1(b). It provides the layer-
number contrast and distributions of the 1L, 2L, and 3L
regions. Even with differential interference contrast optical

and SEM images, the interior crystalline and twisted domains
of the multilayer graphene films were not discernible. Our
work provides the twist angle-dependent surface potentials of
tBLG and lays the foundation for further exploration of their
twist angle-dependent electronic properties.

Many electrical SPM techniques, such as scanning micro-
wave impedance microscopy, electrostatic force microscopy
(EFM), C-AFM, and KPFM, have been used to investigate the
local electrical properties of 2D materials.32,42–45 KPFM is an
atomic force microscopy (AFM) technique for spatially
mapping and studying the surface topography and local work
function variations simultaneously under ambient
conditions.37,40,46 The spatial resolution in the KPFM mode
was ∼700 nm and the voltage resolution was ∼1.8 mV.
Electrical characterisation of CVD-grown multilayer graphene
films was performed using KPFM to measure their local work
functions. The work function is an intrinsic band property of
the material that quantifies the minimum energy required to
bring an electron from the Fermi level (EF) to the vacuum level
(EV).

As shown in Fig. 2(a), a conductive AFM tip was electrically
biased (Vdc + Vac) against a ground sample. The bias-depen-
dent electrostatic force between the tip and the sample was
measured and minimised by adjusting Vdc via KPFM feedback.
The measured Vdc voltage of the bias tip, corresponding to the
contact-potential difference (VCPD), determined the work-func-
tion difference between the AFM tip and the targeted region of
the graphene film (Fig. S4†). VCPD was related to the work func-
tions of the tip (Wtip) and the sample as follows: −eVCPD =
Wsample − Wtip, where e represents the elementary charge.

Fig. 1 Optical and SEM characterisation of the CVD-grown multilayer
graphene films. (a) Schematic of the CVD growth process of multilayer
graphene on copper foil. The new graphene layer (black) nucleates
below the single layer (blue). (b) Optical image of a multilayer CVD gra-
phene film transferred onto an SiO2/Si substrate. (c) SEM image of multi-
layer graphene shown in (b). The single-layer (1L), bilayer (2L), and tri-
layer (3L) graphene regions are indicated by arrows and determined by
their relative contrast. No interior crystalline or twisted domains of the
multilayer graphene films are observed in (b) or (c). The scale bar rep-
resents 70 µm in (b) and (c).
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Through the KPFM measurements, we obtained a VCPD value.
During the experiment, we assumed that the surface potential
of the AFM tip remained unchanged. The value of VCPD
reflected the change in the surface potential of the sample and
corresponded to the change in the vacuum energy level. If the
work function of the tip was known, the work function (or
surface potential) of each point on the sample surface could
be obtained.

Fig. 2(b) shows the AFM topography of a typical multilayer
graphene region. The layer–number relationship (i.e. 1L, 2L,
and 3L) was determined via optical microscopy. Raman fea-
tures confirmed that the two- and three-layer regions had AB
and ABA stacked configurations, respectively. The AB-BLG and
ABA-TLG regions were determined and named BLG and TLG,
respectively. The thicknesses of the graphene layers were not
distinguishable in the topographic image, owing to the under-
lying growth mode and surface roughness of the SiO2/Si sub-
strate. The SLG, BLG, and TLG regions were clearly distin-

guished by their specific surface potentials, as shown in
Fig. 2(c). The corresponding line profiles of the topography
and surface potential shown in Fig. 2(b) and (c), respectively,
are presented in Fig. 2(d). The VCPD of TLG (BLG) was ∼9 mV
(∼23 mV) higher than that of BLG (SLG). This indicated that
the surface potential of TLG (BLG) was higher than that of
BLG (SLG). It is found that the work function will decrease
with the increase in the number of layers, which is consistent
with the theoretical calculations of Ziegler.38 Fig. 2(e) shows
the thickness-dependent surface potentials of Bernal-stacked
monolayer (SLG), bilayer (BLG), trilayer (TLG), and tetralayer
graphene. The surface potentials increased monotonically with
an increase in the thickness of the graphene layers, indicating
that the work function decreased with the increasing graphene
layer thickness. In the wet transfer process, the sample may
introduce p-doping, so the work function decreases with the
increase in layer thickness, which is in contrast to the trend of
graphene in the previous article.39 Moreover, due to the influ-

Fig. 2 KPFM characterisation of CVD-grown multilayer graphene transferred onto the SiO2/Si substrate. (a) Schematic of the KPFM setup. (b)
Topographical image of a conventional multilayer graphene region. (c) Surface potential image corresponding to (b) obtained via KPFM. (d) Cross-
sectional profiles of the topography in (a) and surface potential in (c). (e) Histogram of the average surface potentials of Bernal-stacked monolayer,
bilayer, trilayer and tetralayer graphene. (f ) Topographical image of a BLG region. (g) Surface potential image corresponding to (f ). Two specific
areas with different surface potentials are clearly observed in (g), which correspond to AB-BLG and tBLG, respectively. The interior grain boundary of
the BLG region is highlighted by white dashed lines in (f ) and (g). The yellow and blue arrows indicate the typical graphene wrinkles and surface con-
taminations. (h) Cross-sectional profiles of the topography in (f ) and surface potential in (g). The scale bar represents 6 µm in all the AFM images.
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ence of interlayer screening,38 when the number of layers is
more than two, the value of work function tends to be satu-
rated gradually.

When a twist angle is introduced into BLG, the entire band
structure and thus the Fermi level may change.39,47 Therefore,
work functions can serve as fingerprints for characterising
tBLG domains with different twist angles. Fig. 2(f ) and (g)
show the simultaneously obtained AFM and KPFM images of
one selected BLG region from the optical image. The optical
image shows that these two regions are both double-layer
structures, but there are different contrasts in the KPFM
signal, which may be due to the different twist angles. The
interior domain boundary of this BLG is indicated by dashed
lines. Typical wrinkles are clearly observed in Fig. 2(g), which
may follow the polishing striations of the copper substrate and
may have been formed during the CVD-growth process.
Cluster-like surface contaminations resulting from the transfer
process are also observed as shown in Fig. 2(g). The shape of
the lustre-like surface contaminations is generally irregular
and can be well distinguished from the sample; thus, the
sample area could be accurately determined. The cross-sec-
tional topography and surface potential profiles are shown in
Fig. 2(h). There was a surface potential difference of ∼27 mV
between the two bilayer areas, owing to their different twist
angles. This type of graphene, which differs from BLG, is
called tBLG. Therefore, using optical microscopy and KPFM,
we could directly distinguish Bernal-stacked multilayer gra-
phene films from tBLG according to their different surface
potentials.

Raman spectral measurements were performed on these
twisted multilayer graphene films, as shown in Fig. 3. Fig. 3(a)
presents the Raman spectra of SLG, BLG, tBLG (θ < 3°), and
tBLG (θ ≈ 30°). The Raman modes for the G- and 2D-bands of
SLG were located at approximately 1576 and 2702 cm−1,
respectively. For SLG, the intensity of the G peak was signifi-
cantly lower than that of the 2D peak. For Bernal-stacked BLG,
the intensity of the G peak was higher than that of the 2D
peak.

The 2D-to-G intensity ratio (I2D/IG) was used to determine
the twist angles of BLG.29–31 For the CVD-grown graphene
samples used in this study, the twist angles of tBLG were
grouped into four regimes: θ < 3°, 3° < θ < 8°, 12° < θ < 15°,
and θ ≈ 30°. The 2D full width at half maximum (FWHM) of
tBLG (θ < 3°) was larger and smaller than those of SLG and
BLG, respectively. The origin of the larger 2D FWHM in this
small-twist angle regime was complex because of the local
Bernal AB/BA stacking configurations resulting from interfacial
relaxation.30,48 The I2D/IG ratio (2D FWHM) of tBLG (θ ≈ 30°)
was slightly larger (smaller) than that of SLG, which was attrib-
uted to the weak interlayer coupling. The emergence of the
D-like peak (∼1348 cm−1) and the R peak (∼1369 cm−1) was
attributed to the intrinsic quasicrystal states.49–51 The R’-band
at ∼1625 cm−1 was unique to tBLG with 3° < θ < 8°, as shown
in Fig. 3(b). For tBLG (12° < θ < 15°), the characteristic R-band
appeared at ∼1476 cm−1 in the Raman spectra, as shown in
Fig. 3(c). For this twist-angle regime, a plot of the R-peak posi-

tion versus the twist angle is shown in Fig. S1,† which exhibits
a trend similar to that in ref. 52. The high intensity of the
G-band in this regime was due to enhanced Van Hove singular-
ities. Fig. 3(d) shows a plot of the 2D peak FWHM versus the
twist angle in the four regimes for tBLG. To illustrate the trend
of the 2D FWHM as a function of the twist angle, we plotted
the shaded circles and red dashed lines of the experimental
data collection, as shown in Fig. 3(d). Clearly, tBLG preferred
four specific twist-angle regimes in the CVD-grown multilayer
graphene films. Compared with previous studies,53,54 a sharp
increase in the 2D FWHM at the twist angles of 7°–9° was not
observed because of the absence of tBLG in this regime.

Fig. 3(e) and (f) show the corresponding optical image and
the Raman 2D FWHM map of the CVD-grown multilayer gra-
phene films. It can be clearly seen that the contrast of TLG is
significantly higher than that of BLG, which is consistent with
the results we obtained using KPFM. The tBLG regions are
clearly observed in Fig. 3(f ), which mainly exist as single BLG
flakes or as a part of BLG flakes with interior tBLG and BLG
domains. A statistical analysis indicated that the single flakes
or domains of tBLG preferred a twist angle of θ ≈ 30° in our
CVD-grown graphene films. TLG flakes with twisted trilayer
graphene (tTLG) and ABA-stacked domains were also obtained,
as shown in Fig. 3(f ). The formation mechanism of these
twisted graphene layers is unclear and may be related to the
underlying growth mode of the multilayer graphene.

In situ Raman and KPFM measurements were further per-
formed to correlate the various surface potentials and twist
angles of tBLG, as shown in Fig. 4. Fig. 4(a) presents the
Raman 2D peak FWHM mapping of Bernal-stacked multilayer
graphene and a single tBLG region with a twist angle of 27° < θ

< 30°. The corresponding surface potential image shows a
clear contrast between the single tBLG and BLG domains
(Fig. 4(b)). The surface potential difference between the tBLG
(27° < θ < 30°) and BLG domains was ∼25 mV, as shown in the
histogram in Fig. 4(c). Fig. 4(d) and (e) show the corresponding
Raman 2D peak FWHM and KPFM surface potential mapping
of one BLG region with interior tBLG (3° < θ < 8°) and BLG
domains. The surface potential difference between the interior
tBLG (3° < θ < 8°) and BLG domains was determined to be
∼13 mV, as shown in Fig. 4(f ). Fig. 4(g and h) show the surface
potential images of different BLG areas. It can be clearly seen
that there are differences in tBLG and BLG between the same
layers. The potential changes in these two angular ranges were
consistent with those reported by Robinson et al.39 They
reported a difference of 32 meV between BLG with small and
large twist angles, which is consistent with our KPFM results.
In addition, they reported that at a twist angle of 15°, the VCPD
was approximately 5 meV smaller than its value at larger
angles, which agrees well with Fig. 4(i) of the present work. In
this aspect, our work and the previous article support each
other well. On the other hand, our results also show that the
introduction of p-doping into graphene does not affect the
work function of the bilayer with respect to the angle.
Additionally, the wrinkles of the graphene layer were clearly
observed in both the Raman and KPFM mappings, as indi-

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 1
8 

Fe
br

ua
ry

 2
02

3.
 D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

e 
of

 P
hy

si
cs

, C
A

S 
on

 3
/2

1/
20

23
 3

:4
1:

49
 A

M
. 

View Article Online

https://doi.org/10.1039/d2nr07242d


cated by the yellow arrow. The domain boundary between tBLG
and BLG (marked by white arrows) is shown as a sharp change
in contrast, and there were no wrinkles at the domain bound-
ary, as observed in both the Raman and KPFM mappings.
However, no enhancement or reduction in the signal contrast
due to domain boundaries was observed at the junction of the
domain regions. It can be concluded that the tBLG and BLG
domains were atomically and smoothly merged without
mechanical strain.55–57

Additional optical, SEM, Raman, and KPFM measurement
results for the tBLG films are presented in Fig. 2(g) and (h)
and Fig. S2–S4.† Fig. 4(i) shows a plot of the surface potential
(SP) difference ΔΦ (ΔΦ = SPBLG − SPtBLG) between tBLG and
BLG versus the twist angle (θ) of tBLG. Generally, the ΔΦ of
tBLG increased monotonically with an increase in the twist
angle (θ). For tBLG (θ < 3°), ΔΦ was small. With an increase in
θ, it rapidly increased to approximately 15–20 mV (θ ≈ 5°) and
then slowly increased to ∼25 mV (θ ≈ 30°). As θ increased, the

Fig. 3 Raman characterisation of CVD-grown BLG. (a) Raman spectra of SLG and tBLG with different twist angles. Only wavenumber ranges near
the G and 2D peaks are shown. The Raman spectrum of each curve has been vertically shifted for clarity. The red, black, green, and blue curves rep-
resent the Raman spectra of SLG, BLG, tBLG (twist angle of θ < 3°), and tBLG (θ ≈ 30°), respectively. The inset shows a magnified view of the D-like
peak and R peak for tBLG (θ ≈ 30°). (b) Raman spectra of tBLG (3° < θ < 8°). Inset: the Raman peak of the R’-band at ∼1625 cm−1. (c) Raman spectra
of tBLG (12° < θ < 15°). Inset: the Raman peak of the R-band at ∼1476 cm−1. The θ-dependent Raman spectral features of the R- and R’-bands
resulted from the static interlayer potential-mediated inter- and intra-valley double-resonance Raman scattering processes. (d) Plot of the 2D peak
FWHM versus the twist angle (θ) for tBLG. The shaded circles show clusters of the experimental data, and the red dashed line is for visual guidance.
(e) Optical image of CVD-grown multilayer graphene on the SiO2/Si substrate. (f ) Raman 2D FWHM mapping for the area shown in (e). The scale bar
represents 30 µm in (e) and (f ). tBLG can exist as a single BLG flake or a part of a BLG flake with interior tBLG and BLG domains.
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strength of the interlayer electronic coupling in tBLG
decreased rapidly. The twist induced the separation of the
Dirac cones in two layers. When θ was increased to >20°, the
layers were decoupled, and the electronic characteristics could
not be distinguished from those of SLG, indicating that for
tBLG (θ ≈ 30°), the interlayer coupling was negligible.58

Interlayer electron coupling affects the Fermi energy level,
which is reflected by a change in the surface potential. tBLG (θ
≈ 30°) can be considered as decoupled bilayer (SLG + SLG) gra-
phene. The surface potential of tBLG (θ ≈ 30°) was only slightly
higher than that of SLG.

The effects of thermal annealing on the CVD-grown BLG
films were investigated via in situ KPFM measurements after a
sequential annealing process under an H2/Ar atmosphere, as
shown in Fig. 5. Before annealing, the surface potential of
tBLG was lower than that of BLG obtained in a previous study,
and using the optical image, different regions in the image

could be quickly distinguished. Here, we used the KPFM
image rather than the Raman spectra to intuitively represent
the changes because KPFM has a higher resolution and is
more convenient. The surface potential images of a typical
tBLG region after annealing at 150, 250, and 350 °C for 2 h
and natural cooling to room temperature are shown in
Fig. 5(a)–(d). The wrinkles in BLG gradually became smaller
and then completely disappeared, which was attributed to the
reduction in the interlayer spacing and consequent enhanced
interlayer coupling. As shown in the figures, the KPFM con-
trast of BLG after annealing exhibited no obvious changes;
thus, its surface potential change was negligible, which is con-
sistent with its thermal stability. The surface potential of tBLG
was almost constant before annealing at 250 °C but was
slightly increased after annealing at 350 °C and nearly reached
the surface potential value of BLG. This indicated that the
twist angle of tBLG was reduced by interfacial sliding due to

Fig. 4 Raman and KPFM characterisations of CVD-grown multilayer graphene. (a) Raman 2D peak FWHM mapping of a conventional multilayer gra-
phene region with a single tBLG flake. (b) Surface potential image corresponding to (a). (c) Histogram of the surface potentials in (b), indicating a
potential difference of ∼25 mV between tBLG and BLG. (d) Raman 2D peak FWHM mapping of a BLG area with interior tBLG and BLG regions. (e)
Surface potential image corresponding to (d). (f ) Histogram of the surface potentials in (e), indicating a potential difference of ∼13 mV between tBLG
and BLG. (g and h) Surface potential images of different BLG areas. (i) Plot of the surface potential difference between tBLG and BLG versus the twist
angle (θ) of tBLG. The shaded circles show clusters of the experimental data and the red dashed lines are for visual guidance. The scale bar rep-
resents 6 µm in all the images.
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the large thermal energy during the annealing process. It
appears that the thermal stability of tBLG depends on the
grain size.59,60

ABA-TLG (Bernal-stacked), ABC-TLG (rhombohedral-
stacked), and tTLG were also resolved in the KPFM and Raman
measurements. In the future, KPFM investigations of tTLG and
the emergent exotic quantum states within the semi-metallic
ABA-TLG and semiconducting ABC-TLG can be considered. We
attempted to obtain the Moiré pattern image of tBLG using
other functional AFM methods. However, surface contami-
nation introduced during the transfer process and the rough
surface of the SiO2/Si substrate degraded our results. A clean
transfer method and atomically flat h-BN are needed to
prepare appropriate tBLG samples for visualising their Moiré
patterns. The in-plane homojunctions of BLG–tBLG can have
novel transport properties, which warrant extensive
exploration.

Conclusions

We systematically studied the twist angle-dependent surface
potential properties of CVD-grown tBLG using KPFM in combi-
nation with Raman spectroscopy. First of all, KPFM is used to
directly distinguish Bernal-stacked graphene, measure the
relationship between the surface potential and the number of
layers, and draw the conclusion that the work function
decreases with the increase in graphene layer thickness. Then,
KPFM is used to directly distinguish the different stacking
structures of BLG and tBLG. The relationship between the
twist angle and the surface potential in tBLG was established
by KPFM imaging and Raman spectroscopy. Different degrees
of twist angles were resolved by different contrasts and work
function differences. In addition, the thermal stability of
twisted bilayer graphene was also studied. However, there are
still some unsolved problems. For example, during the CVD
growth process, there are four relatively concentrated torsion
angle ranges, which may be related to the potential growth
mode of the sample, but require further experimental and
theoretical demonstrations. The effect of sample transfer or
different growth conditions on the relationship between the
work function and the number of layers is also investigated. In

a word, our research gives another possibility of the work func-
tion relationship between the different layers of CVD-grown
graphene and also explores the twist angle-related surface
potential of tBLG, which lays the foundation for further
research on the singular properties of the twisted graphene
system.

Materials and methods
Synthesis of CVD multilayer graphene on copper foil

The multilayer graphene film was grown on copper foil via
low-pressure CVD, as previously reported.15 During the growth,
2 sccm methane (CH4) and 30 sccm hydrogen (H2) were intro-
duced to the chamber at 1030 °C for 40–90 min. After the
growth, the chamber was cooled naturally to room temperature
in H2 (30 sccm). The as-grown graphene samples were trans-
ferred onto SiO2/Si using the standard PMMA transfer
technique.40,41 First, graphene was spin-coated onto copper
with a thin layer of PMMA. Next, the PMMA/graphene/Cu foil
block was soaked in ammonium persulfate for 2 h to etch the
copper foil. The PMMA/graphene block was then rinsed with
deionised water and transferred onto an SiO2/Si substrate.
Residual PMMA was removed using acetone and isopropyl
alcohol. Finally, the graphene/SiO2/Si samples were thermally
annealed under an H2/Ar atmosphere at 150 °C for 2 h.

Raman and SEM measurements

A WITec 300R confocal Raman system was used for Raman
spectroscopy and mapping. The excitation laser was tuned to
wavelengths of 532 and 633 nm and the laser power was main-
tained below 1–2 mW to avoid laser-induced sample heating
or damage. WITec Project software (version 5.0) was used for
data analysis, creating a histogram of the integrated intensity,
and Raman mapping. The topography of BLG transferred onto
SiO2/Si was examined via SEM (Hitachi SU-5000) at a voltage of
20 kV.

AFM and KPFM measurements

AFM and KPFM measurements were performed using an
Asylum Cypher S atomic force microscope (Oxford
Instruments, Asylum Research, Santa Barbara, CA, USA). The

Fig. 5 Effects of thermal annealing on tBLG. (a) KPFM image of a typical tBLG region that has not been annealed. (c and d) Surface potential images
of the same regions were obtained by annealing KPFM under an H2/Ar atmosphere at 150, 250, and 350 °C. The annealing temperatures are shown
in the corresponding images. The scale bar represents 6 µm.
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AFM probe was a commercial electrostatic PPP-EFM probe
(Nano sensors) with a resonance frequency of ∼75 kHz. The
KPFM measurements were performed in the dual-pass mode.
During the second-pass scanning, the lift height was
20–30 nm. In the KPFM measurements, we used an alternat-
ing-current voltage of approximately 2.7–3.2 V. All the AFM
measurements were conducted under ambient conditions (a
temperature of 23–28 °C and a relative humidity of 20%–30%).
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