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Substrate Doping Effect and Unusually Large Angle van
Hove Singularity Evolution in Twisted Bi- and

Multilayer Graphene

Han Peng, Niels B. M. Schréter, Jianbo Yin, Huan Wang, Ting-Fung Chung,
Haifeng Yang, Sandy Ekahana, Zhongkai Liu, Juan Jiang, Lexian Yang, Teng Zhang,
Cheng Chen, Heng Ni, Alexey Barinov, Yong P. Chen, Zhongfan Liu, Hailin Peng,

and Yulin Chen*

Graphene has demonstrated great potential in new-generation electronic
applications due to its unique electronic properties such as large carrier Fermi
velocity, ultrahigh carrier mobility, and high material stability. Interestingly,
the electronic structures can be further engineered in multilayer graphene by
the introduction of a twist angle between different layers to create van Hove
singularities (vHSs) at adjustable binding energy. In this work, using angle-
resolved photoemission spectroscopy with sub-micrometer spatial resolu-
tion, the band structures and their evolution are systematically studied with
twist angle in bilayer and trilayer graphene sheets. A doping effect is directly
observed in graphene multilayer system as well as vHSs in bilayer graphene
over a wide range of twist angles (from 5° to 31°) with wide tunable energy
range over 2 eV. In addition, the formation of multiple vHSs (at different
binding energies) is also observed in trilayer graphene. The large tuning range
of vHS binding energy in twisted multilayer graphene provides a promising
material base for optoelectrical applications with broadband wavelength

Graphene is a 2D honeycomb carbon
crystal that exhibits unusual electronic
structures and physical properties!! that
make it attractive for high-performance
devices, such as transistors,® optical
modulators,®1% and photodetectors.[>11]
Compared to single layer graphene, when
two or more layers of graphene are stacked
together with a twist angle, their electronic
structure can be further enriched, giving
rise to the van Hove singularity (vHS) with
greatly enhanced carrier density of states,
thus leading to enhanced optical absorp-
tion for selective photon energies.[1218]
With large tuning range of the twist angle
and vHS binding energy, twisted bi- and
multilayer graphene provide a promising
material base for fabricating broad band

selectivity from the infrared to the ultraviolet regime, as demonstrated by an
example application of wavelength selective photodetector.

wavelength-selective ultrafast photodetec-
tors from the infrared to the ultraviolet
regime.
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However, despite the consensus about the existence of
vHSs for small twist angles (<5°),7-2% the formation of vHS
for large twist angles is still under debate. Although scanning
tunneling microscopy (STM) studies found that two layers with
larger twist angle (5.5° in ref. [21] and 20° in ref. [22], respec-
tively) decouple and the electronic structure becomes indistin-
guishable from monolayer graphene, recent optical and theo-
retical studies suggest that the vHSs may persist at large twist
angles up to 30°.1'819.23-5 To settle this discrepancy, it is highly
required to systematically and directly investigate the electronic
structure of twisted bi- and multilayer graphene over a wide
twist angle regime.

Angle-resolved photoemission spectroscopy (ARPES) has
been a powerful tool to study the band structure of crystals,
including graphene.?®%’l However, the poor spatial resolution
(typically hundreds of micrometers) makes it unsuitable for the
systematic study of the electronic structure of twisted bi- and
multilayer graphene, as their grain size is typically up to tens
of micrometers. Fortunately, the recent development of ARPES
with sub-micrometer spatial resolution (i.e., micro-ARPES)2%2°]
provides an excellent tool for this study. The capability of
obtaining complete electronic structures of samples down
to 1 um enables us to investigate and to compare graphene
domains with varying twist angles.

In this work, we apply the micro-ARPES to study the multi-
layer graphene sheets and observe a doping effect in this
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multilayer system. We then systematically study the twist angle
evolution of VHS in the twisted bi- and trilayer graphene. We
observe not only the vHSs in twisted bilayer graphene (tBLG)
over a wide range of twist angle (from 5° to 31°), but also coex-
istence of multiple vHSs at different energies in twisted trilayer
graphene (tTGL). Our result suggests that the interlayer cou-
pling persists at large twist angles. This discovery allows one
to tune the binding energy of the vHS up to over 2 eV, thus
leading to a promising application in wavelength-selective
ultrafast photodetection from infrared to ultraviolet regime.
We demonstrate this application by a proof-of-principle photo-
detector with a much enhanced photocurrent generation at the
photon energy that matches the binding energy of the vHS.

First, we show the applicability of micro-ARPES in investi-
gating multilayer graphene. The principle of micro-ARPES is
illustrated in Figure 1a, where the photon beam from the syn-
chrotron beamline is focused onto the sample down to a spot
size less than 1 pm in diameter (=0.8 pm*?)). At a given
sample position, the electron analyzer can rotate around two
axes to collect the 3D electronic band structure; and the sample
can be scanned in two directions, thus the band structure at dif-
ferent sample locations can be investigated.

Due to the ultrathin nature of each graphene layer (=3.3 A)
and the relatively large penetration depth of the photon
beam,3% micro-ARPES is an ideal tool for the study of single-
and multilayer graphene, as the photoelectrons from the
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Figure 1. Micro-ARPES measurements of multilayer graphene. a) lllustration of micro-ARPES operational principle. Rotating the analyzer probes along
© and @ direction different momenta in reciprocal space, while moving the sample probes along X and Y direction different positions in real space.
Either a Schwarzschild mirror (as shown here) or a Fresnel zone plate achieves microfocusing of the synchrotron light. b) lllustration of ARPES spatial
scanning of multilayer graphene on copper foil substrate. The inset shows the absorption of photoelectrons from the copper by consecutive graphene
layers. c) Large-scale spatial scanning image of the sample in the spectral range of the copper d-bands. Dots with different color mark selected positions
for subsequent measurement. d) Integrated intensity from the positions marked with the dot of corresponding color, plotted over layer number, and
exponential fitting curve (dark blue line). The respective integrated energy distribution curves (EDCs) are presented in the inset. e) Energy—momentum-—
dispersion taken at positions shown in (c). Red dashed lines indicate the energy of the Dirac point (Ep) in each spectrum of the top layer. Red solid
curves are integrated EDCs for each spectrum, which are corrected by the Fermi-Dirac distribution, allowing to see features near the Fermi surface.
f) Evolution of Ep of the top layer with total number of layers. The blue line indicates a fit of the data using the capacitor-model outlined in Figure 2.

Adv. Mater. 2017, 29, 1606741 1606741 (2 of 7) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

substrate and different graphene layers can be studied simultane-
ously in the same measurement, as illustrated in Figure 1b.

Figure 1c,d demonstrates an example how micro-ARPES
can be used to study multilayer graphene and determine the
photoelectron penetration depth: graphene containing one- to
five-layer domains grown by chemical vapor deposition (CVD)
on copper foil (Figure 1c, and see the Experimental Section for
more details) are measured with micro-ARPES. We first scan
the samples and record the spectral intensity map of photo-
electrons from the Cu d-bands, which are attenuated differ-
ently depending on the thickness of the overlaying graphene
multilayer (Figure 1b,c). The intensity map (Figure 1c) shows
clear contrast on —one- to five-layer of graphene across the
sample. A more quantitative analysis of the integrated photo-
electron intensity is shown in Figure 1d, illustrating an expo-
nential decay with the increasing number of the overlaying
graphene layers. The fitting to the curve with a simple model
I = Iye™*+ I (Figure 1d, x is the layer number and I, and I,
are fitting constants) yields that the average photoelectron pen-
etration depth is A = 1.3 graphene layers, indicating that micro-
ARPES is capable of the study of multilayer graphene up to five
layers with 5% intensity from the bottom layer.

Exploiting the capability to identify graphene domains with
different thicknesses, we directly observe the substrate doping
effect on multilayer graphene. As can be seen in Figure 1e, with
increasing number of layers, the top layer of graphene becomes
less electron-doped, which we could explain by an effective
capacitor model of the multilayer systemB! (Figure 1f). The
details of the model are illustrated in Figure 2: due to the exist-
ence of an effective work function difference caused by chem-
ical interactions, the electrons will transfer from the copper
substrate to graphene, filling the unoccupied states (Figure 2a),
which will result in the doping effect.3!] These transferred
electrons form an electric field and, as a result, balance the
effective potential difference. As the graphene layer increases,
the top layers are shielded from the substrate, and hosts less
transferred electrons than the lower layers (Figure 2b). A
quantitative analysis of the model is presented in Figure S1

(a) (b) Graphene
Layer 1
e Graphene
Vacuum Copper b, La)-'er 2
: ' A >
VA w 2y | -
E ! ! = + K
ey = Bl E i I |
! VWAEF »
. — + ) L
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iFlecire &% o 9%}
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Figure 2. Effective capacitor model for the graphene band’s doping
level. a) Illustration for the effective capacitor model. Due to the charge
transfer, there is an electric field between copper substrate and graphene
layer, which leads to a shift AE; of the Dirac cone to higher binding ener-
gies. W is the work function of freestanding graphene, and W the work
function of the whole system. b) Illustration of the model for the two-layer
case. =0y, is the transferred charge per unit area for the graphene layer
1/layer 2, while oy is for the copper substrate.
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(Supporting Information) and the fitting result is shown in
Figure 1f.

We note the electrons from lower graphene layers are not
found in Figure le as they are either too weak or outside the
detection window, but at some domains of twisted bi- and mul-
tilayer graphene we could detect multiple Dirac cones from
each layer, which allow us to observe the vHS when the Dirac
cones are intersecting.

After illustrating the applicability, we now apply micro-
ARPES to the systematic study of bi- and multilayer graphene
and search for vHSs over a broad twist angle range. Figure 3
demonstrates a typical morphology and spectrum of twisted
multilayer graphene with variable twist angles. The optical
microscope image (Figure 3a) as well as the spatially ARPES
scanning (Figure 3b) clearly shows the graphene domains on
the Cu substrate. Especially, the spatially ARPES scanning
results show much better contrast that enables us to differen-
tiate the layer number in the graphene domains (Figure 3b(iii)),
which allows the further measurement of thickness dependent
electronic band structure.

From the alignment of the edges of different layers shown
in Figure 3b(iii), we can already see that layer 1 and layer 2 are
twisted. Indeed, the measurement of the electronic structure
at point P1 (see Figure 3b(iii)) shows a typical band dispersion
(Figure 3c,d) of twisted bilayer graphene, which displays two
Dirac cones shifted in momentum space due to a twist angle of
8.2°. (The spectrum of Dirac cone from the lower layer is weaker
due to the depth attenuation effect discussed in Figure 1d.)
When the two Dirac cones intersect, they hybridize and open
up a gap, forming the vHS at the saddle point, which can be
seen both in the constant energy band contours (Figure 3c)
and the dispersions (Figure 3d). From the dispersions and the
corresponding integrated energy distribution curve, we can also
see that the vHS provides large density of states near the gap
(Figure 3d). In addition to the gap opened at the crossing point,
mini gaps are observed in the equal energy contours (green
arrows in the middle panel) due to a Moiré superpotential (see
more discussions in Figure S2, Supporting Information). In
Figure 3b(iii), the bottom two layers (layer 2 and layer 3) appear
to be well aligned geometrically, while the top layer (layer 1) is
twisted. The stacking order of the layers is discussed Section 3
of the Supporting Information.

We then focus on the bilayer graphene domains and inves-
tigate the relationship between the twist angle and the binding
energy of vHSs, a few examples are shown in Figure 4a and
more results are summarized in Figure 4c ranging from 5°
to 31°. The evolution of the vHS binding energy can be well
reproduced by a theoretical model (Figure 4b)?3 (note that
the deviation from a linear relationship between vHS binding
energy and twist angle stems from the nonlinearity of the
graphene electronic band structure at large binding energies,
a detailed discussion and the theoretical model can be found
in Figure S5, Supporting Information). Recent theoretical and
transport studies also reported a band gap opening at the Dirac
points.}23¢ However, due to slightly curved sample surface
(caused by the substrate) that mixes the dispersion of different
angles (thus different k-space locations) and the limited energy
resolution, the suggested band gap is not clearly observed in
the present study, which will be investigated in our follow-up

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Typical twisted multilayer graphene morphology and spectrum. a) Optical microscope image of the bilayer graphene sample to identify
the region of interest. The pink crosses indicate where subsequent micro-ARPES measurements were taken. b) (i)—(iii) Spatial scanning images of
the region of interest with increasing magnification. To achieve higher resolution, finer scanning steps were adopted. ) (i) Equal energy contours of
tBLG band structure with twist angle 8.2° measured at P1, which is marked in (b), showing two Dirac cones. (iij) Comparison between measured and
illustrating energy contours. The dotted red curves are calculated from a tight binding model for the overlapping bands from two Dirac cones without
hybridization. The solid blue curves show a guide to the eye to illustrate the hybridization effect. The mini gaps marked by green arrows stem from a
Moiré superpotential, which is further discussed in Figure S2 (Supporting Information). d) Energy-momentum—dispersion measured at P1 passing
through the two Dirac points and the van Hove singularity (k;, path is indicated in the bottom of Figure 3c(ii)). The right panel shows the integrated
EDC over the region shown above. The energy—-momentum-—dispersion of twisted trilayer graphene, measured at P2 (which is marked in (b)), is shown

in Figure S3 (Supporting Information).

works. In addition to the data from bilayer graphene, Figure 4c
also shows the binding energies for the two vHSs in twisted
trilayer graphene (blue symbols), which will be discussed in the
last section.

Given the greatly enhanced carrier density of states at the
vHS binding energy, it is possible to design a photodetector
that is most sensitive to a certain wavelength (Ephoton = 2Esus)-
Furthermore, the broad tunablity of the vHS binding energy
(by changing the twist angle) demonstrated from our measure-
ments (up to 2.5 eV, see Figure 4c) guarantees the broad opera-
tion range from infrared to ultraviolet (up to 5 eV) photons.

A proof-of-concept device has been fabricated to demonstrate
such application, as illustrated in Figure 4d. We pattern two
bilayer graphene domains with different twist angles of 13° and
6° (corresponding to the 2E,s of 2.3 and 1.1 eV, respectively).
We then scan a focused laser beam (532 nm, Ejpoon = 2.3 V)
with spot size of =1 um over the device, while the induced
short-circuit photocurrent is recorded as a function of laser spot
positions. Remarkably, in region 1 (13° twist angle) where the
resonance absorption condition (E 2Eyns = 23eV)is

photon =
met, the photocurrent is greatly enhanced (by 600%) compared

Adv. Mater. 2017, 29, 1606741
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to region 2 (6° twist angle), clearly demonstrating the feasibility
and potential of the wavelength-selection application.

As discussed above, twisted trilayer graphene (tTLG) is
observed from spatial scanning image and further investigated
by ARPES measurement. Typical tTLG observed in the experi-
ment presents a Twist-A-B structure (Figure 5a), in which the
bottom two graphene layers are A-B stacked bilayer,?! with top
layer twisted. As illustrated in Figure 5b, the dispersions are
composed of a single Dirac cone dispersion (on the left, origi-
nated from the top layer) and a double layer graphene disper-
sion with weaker intensity (on the right, originated from the
bottom A-B stack). An apparent gap between the conduction
and valence band from the A-B stack is opened due to the exist-
ence of the electric potential difference across the A-B stacked
layers, 738 which is a result from the capacitor effect (detailed
discussion can be found in Figure S1, Supporting Informa-
tion). More interestingly, the ARPES measurement in Figure 5c
shows that at the crossing points of the single layer (layer 1)
and the bilayer (layer 2, 3) dispersion, two vHSs are formed, as
is observable both in the band dispersion plot and the spectral
intensity plot (Figure 5c(ii)). The two vHSs present a separation

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Evolution of van Hove singularity binding energy with twist angle. a) Energy—momentum—dispersion for typical twist angles 5.4°, 8.2°, 19.1°,
and 23.0°, respectively. Data sets from more angles are presented in Figure S4 (Supporting Information). b) lllustration of the relationship between
the measured Ak and the calculated twist angle 6. As 0 increases, the separation of two Dirac cones from each layer increases as well, which results
in larger banding energy of vHS (the crossing point). c) Relationship between twist angle and E,s; the red and blue dots indicate the experimental
results, while the black line is the predicted evolution by the theoretical model (for more details, see Figure S5, Supporting Information), showing the
nonlinearity of the vHS binding energy at large twist angles. d) Photodetector showing large photocurrent under the illumination of corresponding
wavelength due to the vHS binding energy. (i) Optical image of the device with two regions of tBLG with varying twist angle under the illumination
of a 532 nm laser. The insets show that the vHS pair will result in large response to the impeding laser with the photon energy that double the vHS
binding energy. (ii) Real space mapping of the photocurrent during illumination. The two twist angle regions respond differently to the excitation
wavelength.

of =0.2 eV, as is expected from the separation between two  of interlayer coupling suggested by previous scanning
bands in A-B stacked graphene.l! tunneling microscopy (STM)/scanning tunneling spectroscopy

Our experimental results clearly establish that interlayer  (STS) studies.'”) We also note that the large angle coupling
coupling between graphene layers is present over a broad twist  reported here stands in contrast to some STM/STS studies(?!22
angle (up to 31°), thus greatly extending the range (1°-10°)  that report the disappearance of vHSs above a twist angle of
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Figure 5. van Hove singularities in twisted trilayer graphene. a) Lattice structure illustration for twisted trilayer graphene (tTLG). We expect the smaller
layers to lie below the bigger ones, as was reported in ref. [39]. b) Illustration of tTLG band structure. The left cone originates from the twisted top layer.
The right double cone originates from the A-B stacked middle and under layers. c) (i) The left panel shows equal energy contours for the tTLG band
structure data, with the illustration for the band structure in the right panel. (ii) Energy-momentum-—dispersion of tTLG band structure, with cutting
direction as shown by the gray plane in (b). The right panel shows integrated EDC over the region shown above. The tTLG dispersion presents two van
Hove singularities with a difference in binding energy of =0.2 eV.
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5.5° and 20°, respectively. The difference in the findings may
result from different sample quality and/or the differences in
the measurement positions (more discussions can be found in
Figure S6, Supporting Information).

On the other hand, recent optical studies also reported
enhanced absorption and optical conductivity at energies that
could correspond to the VHS binding energy at large twist
angles, 71823 however, there is a competing interpretation for
these optical results, which is based on optical enhancement
by parallel bands of two twisted Dirac cones?*l and does not
require the existence of vHS. Thus our study constitutes the
first direct evidence for the existence of the vHS in twisted
bi- and multilayer graphene at large twist angles. In addition
to the interlayer coupling at large twist angle, we also dem-
onstrated that bi- and multilayer graphene could be used in
wavelength selective photodetection, thus open up the door
for applying twisted bi- and multilayer graphene in optoelec-
tronic applications ranging from the infrared to the ultraviolet
regime.

Experimental Section

Twisted few-layer graphene samples were grown on copper foil via
CVD.[ % micro-ARPES was performed at the spectromicroscopy beamline
at the Elettra synchrotron in Trieste, Italy.’8l The measurements were
done under a base pressure of 107'% mbar in ultrahigh vacuum and
the sample kept at the temperature 110 K to minimize the thermal
broadening of the spectra. The spectra were taken at a photon energy
of 74 eV in Elettra, with estimated energy and angular resolution
of =50 meV and =0.5° respectively. Before transferring into the
photoemission acquisition chamber, the samples was annealed
at 350°C for 30 min in a preparation chamber with base pressure
107'% mbar to remove H,0 and other contaminants adsorbed during the
transfer in air.

All data needed to evaluate the conclusions in the paper are present
in the paper and/or the Supporting Information. Additional data related
to this paper may be requested from the authors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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