Downloaded via POHANG UNIV OF SCIENCE & TECHNOLOGY on June 11, 2020 at 05:42:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Em MATERIALS

pubs.acs.org/cm

Growth of Multilayer Graphene with a Built-in Vertical Electric Field
Min Seok Yoo, Hyo Chan Lee,i Christoph Wolf, Nguyen Ngan Nguyen, Do-Hyun Park, Jinsung Kim,

Eunho Lee, Hyun-Jong Chung, and Kilwon Cho*
I: I Read Online

Article Recommendations |

Cite This: https://dx.doi.org/10.1021/acs.chemmater.0c01145

ACCESS ‘ [l Metrics & More | Q Supporting Information

0.2 0.3 0.4
Energy (eV)

ABSTRACT: Multilayer graphene is considered a promising Symmetric S-doping Built-in electric field =0

material for various optoelectronic devices. To exploit its intriguing = A4

electronic properties, an electric field must be achieved inside this

material. However, creation of a desired electric field in multilayer 5 e-e

graphene is difficult because any external electric field is mostly t | & @ d

screened by its outermost surface. Here, we report a one-step ‘l Multilayer graphene S yaN

chemical vapor deposition method for the synthesis of Bernal-like : 5

stacked graphene with a built-in vertical electric field that can be S-dissplveaCu £ Built-in electric field =0

tuned over a wide range. This method can be used to control the ‘ Be A

optoelectronic properties of graphene in the synthesis stage. Owing Asymmetric S-doping oo NN

to this built-in vertical electric field and Bernal-like stacking, the » /V\
N\

synthesized graphene exhibits vertical photovoltaic effects, which is
very promising for various optoelectronic applications.

B INTRODUCTION

Graphene is a two-dimensional carbon material with a high
charge-carrier mobility, a high thermal conductivity, and a high

Young’s modulus.'™> When graphene layers are stacked, a ) - ; T
distinctive electronic structure develops that depends on the field and Bernal-like stacking, a photovoltaic current arises in

number of graphene layers and the stacking order and that Flllle F)ull? region of S-graphene under continuous-wave
preserves the superior properties of single-layer graphene.*”” tllumination.
The most intriguing property of MLG is that its electronic

vertical E-field. Using sulfurized Cu (S—Cu) as the catalyst,
our method enables the synthesis of MLG with an S-doping
gradient that provides a built-in E-field and thus modifies the
electronic structure of graphene. Owing to the high built-in E-

structure can be further tuned by generating differences
between the electrostatic energies of the graphene layers;
whereas single-layer graphene is a gapless semimetal, MLG has
a band gap under a vertical electric-field (E-field).'"~" For
these reasons, MLG is a promising material for a wide range of
optoelectronic applications.'*~"”

Despite this potential of MLG, its use in optoelectronic
applications has been limited by the difficulty of synthesizing
large-area MLG with a uniform stacking order."®™** Moreover,
the challenge of introducing a high E-field inside MLG to tune
the electronic structure remains unsolved. The control of the
electronic structure of MLG has been achieved mainly by
fabricating dual-gate field-effect transistors (FETs),"" but this
approach is not readily applicable to the fabrication of complex
MLG-based integrated circuits. Postgrowth chemical doping of
MLG surfaces has also been performed in attempts to control
the MLG electronic structure,”~ but such doping is limited
to the graphene layers nearest and next-nearest to the dopant
materials due to the interlayer screening effect.”® In addition,
the MLG prepared through postgrowth chemical doping is
unstable to air exposure, humidity, and thermal annealing.
Here, we report a chemical vapor deposition (CVD) method
for the synthesis of Bernal-like stacked MLG with a built-in
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B RESULTS AND DISCUSSION

Strategy for the Synthesis of Bernal-Like Stacked
MLG with a Built-in E-Field. We synthesized S-doped
multilayer graphene (S-graphene) on a sulfur-dissolved Cu foil
(S—Cu) (Figure la and Figure S1). The cross-sectional
transmission electron microscopy (TEM) image in Figure 1b
shows that the S-graphene is multilayer, in contrast to the
monolayer graphene grown on untreated Cu foil (Figure S2).
The sulfur electron energy loss spectroscopy (EELS) map of
the S-graphene for the same region (Figure 1b) shows that the
S atoms are dispersed through all layers of the S-graphene
sample. In particular, more S atoms are present in the upper
layer than in the lower layer. The top-view S-EELS map in
Figure S3 shows that the S atoms are uniformly distributed in
the in-plane direction. The selective area electron diffraction
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Figure 1. Synthesis of MLG on S-Cu foil. (a) Schematic diagram of graphene growth. Step I: sulfurization of Cu. Step II: H, annealing of S-Cu.
Step III: graphene growth. (b) Cross-sectional TEM image (left) and S-EELS map (right) of S-graphene transferred onto a SiO, substrate. (c)
SAED pattern of graphene. (d) SIMS depth profile of the S atoms in S-graphene, and work function depth profile estimated with UPS.

(SAED) pattern of S-graphene (Figure lc and Figure S4) is
hexagonal with a low misorientation angle of <3°. The (1—
210) spot is more intense than the (1—100) spot; this
difference demonstrates that the stacking order of the
synthesized S-graphene is close to that of Bernal stacking.”’
We conducted a Raman spectroscopic analysis of S-graphene
by obtaining a large-area Raman map (200 ym X 200 ym)
with a 532 nm laser (Supplementary Figure Sa and Sb). The
average Raman spectrum shows signature peaks of graphene
(the D, G, and 2D peaks). The Ip/Ig ratio is 0.1, which
corresponds to a defect density of 5.0 X 107* atom %.” The
Ip/Ipy ratio of less than 7 indicates that the D peak is mainly
due to vacancies rather than sp3-type defect.”” At room
temperature, S-graphene transferred onto hexagonal boron
nitride (hBN) exhibits a charge carrier mobility of ~10000
cm?® V7! s7! (Figure SSc and S5d).

The time-of-flight secondary ion mass spectrometry (TOF-
SIMS) depth profile and the ultraviolet photoelectron
spectroscopy (UPS) depth profile in Figure 1d suggest the
presence of a vertical gradient in the doping of the S atoms in
S-graphene. The I5/I ratio decreases as the Cs" ion sputtering
time increases (Figure S6); this result is consistent with the S-
EELS map. In addition to the gradient in the S content of S-
graphene, there is a gradient in the work function along the ¢
axis, which generates a built-in vertical E-field in S-graphene
(Figure S7). The relationship between the S content and the
work function indicates that the intercalated S atoms induce
the hole doping of graphene.

To investigate the mechanism of S-graphene growth, we
used isotopic labeling of the CH, precursor. Graphene was
synthesized by the sequential introduction of 50 sccm *CH,

for 15 min and "*CH, for 5 min. The injection of 50 sccm CH,
for 15 min was found to be sufficient for fully covering the Cu
surface with one layer of graphene. The TOF-SIMS spectrum
and depth profile of the resulting S-graphene shown in Figure
2a indicate that the introduced '*CH, was initially consumed
to form the uppermost full-coverage graphene layer and that
the "*CH, introduced later formed the lower graphene layer.

In the Raman maps (Figure 2b) of the G peak (~1600
cm™) and the G peak (~1540 cm™), the >G peak was
observed across the whole scanned region whereas the G
peak was observed in only specific regions. Alternative patterns
of the >G and "G peaks signify that the adlayer S-graphene
was grown by surface-mediated reaction on S—Cu and not by
the precipitation of C atoms during the cooling stage. These
results suggest that the upper layer of graphene did not inhibit
the penetration of CH, molecules, so MLG formed below the
upper layer of graphene.

To determine how Cu sulfurization affects graphene growth,
we used TOF-SIMS, high-resolution TEM (HR-TEM), and
energy-dispersive X-ray spectroscopy to identify the chemical
state of the Cu catalyst during CVD (Figures S8 and S9).
During H, annealing prior to graphene growth, the initial CuS
layer on Cu foil would turn to a Cu,S layer, gradually thinned,
and eventually disappeared completely after H, annealing for
1S min (Figure S8). During the initial stage of graphene
growth, S—Cu existed as a Cu phase containing dissolved S
atoms (Figure S9). After graphene growth for 60 min, atomic S
was almost exhausted (Figure S10). This result indicates that
the S atoms dissolved in Cu were gradually eliminated by H,
gas during graphene growth according to the following
reaction’
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Figure 2. Growth and doping mechanism of S-graphene on S—Cu. (a) (Left) TOF-SIMS mass spectra of '>C and *C after Cs* sputtering for §

(gray) or 25 s (red). (Right) depth profiles for
corresponding Raman spectra at the marked points (bottom). (c) Schemati

2C (gray) and "C (red). (b) Raman intensity map of *G (top) and "*G (middle), and

¢ diagram of the proposed mechanism of multilayer graphene growth

and S doping. (d) Experimental (points) and simulated (line) vacancy concentration in S-graphene. (e) Number of graphene layers as a function of

growth time. (Inset) Growth rate of graphene vs growth time.

S(in Cu) + H,(g) — H,S(g) (1)

We suggest a mechanism (Figure 2c) for the growth of MLG
with an S concentration gradient along the ¢ axis. The H,S gas
produced by reaction 1 can facilitate formation of vacancies in
graphene with the aid of leakage oxygen (O,) in the CVD
chamber through the following reaction”’

C(s) + O,(g) + H,S(g) — COS(g) + H,0(g) (2)

Reaction 2 produces vacancies in the formed graphene layer,
and then CH, and H, gases permeate through these vacancies
to form MLG beneath the initially formed graphene layer. As
the growth of graphene proceeds, the rate of vacancy formation
in graphene gradually decreases because the S concentration in
S—Cu decreases, resulting in a decrease in the rate at which
additional graphene layers form. The gradient of doping in S-
graphene can be explained similarly, ie., in terms of the
decrease in the S concentration in Cu during graphene growth.
The physisorption of S on graphene occurs through the
following process

S, (on Cu) + graphene — graphene-S, (n =1, 2, 3)
)

As the concentration of S on the Cu surface decreases over
time, the rate of reaction 3 also decreases. Therefore, the
extent of S doping is high in the graphene formed initially (the

upper layer) and relatively low in the graphene-formed later
(the lower layer), so a gradient forms in the S-doping level
along the ¢ axis in the MLG.

We developed a growth kinetics model that takes reactions 1
and 2 into account and compared its predictions with the
experimental data (Figure S11—S13). The measured average
vacancy concentrations, Nv/N¢ (Figure 2d), and the number
of graphene layers with growth time (Figure 2e) were in good
agreement with the simulated values. The average vacancy
concentration in graphene decreased as the growth of graphene
proceeded; this trend indicates that the rate of vacancy
formation decreased in the graphene layers grown later.
Therefore, the growth rate of MLG decreased over time in
accord with the decline in the vacancy concentration, i.e., the
concentration of permeation centers for carbon precursors; this
trend is consistent with the proposed growth mechanism.

Atomic and Electronic Structure of S-Graphene. The
C 1s XPS spectrum of S-graphene can be deconvoluted into
three peaks (Figure 3a): graphitic carbons (~284.6 eV),
carbons in C—O or C—S bonds (~286.1 V), and carbons in
C=O0 bonds (~289.0 eV). The portion of nongraphitic
carbons is negligibly small compared to that of graphitic
carbons, which also indicates that the number of chemisorbed
sulfur compounds on S-graphene is negligible. The S 2p;/,
(~164 eV) and S 2p,/, peaks (~165 eV) in the S 2p XPS
spectrum of S-graphene transferred onto the SiO, substrate are
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electrical resistance of S-graphene: (d) during exposure to air, (e) after exposure to chemical solvents. (f) Variation with annealing temperature in
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sharply split, in contrast to the S 2p XPS spectra of bulk a-Sg**
or of substituted sulfur atoms in graphene, in which cases there
are broad overlaps of the two peaks.”® In addition, no oxidized
sulfur peak (~168 eV) is evident.”® The absence of the Cu 2p
spectrum (Figure S14) indicates that the doping effect by
residual sulfurized Cu compound is negligible. Therefore, the
shape of the S 2p XPS spectrum indicates that small sulfur
clusters (S;, S,, S;) are intercalated between the graphene
layers and that the sp> bonding of graphene is preserved.

To gain a deeper understanding of the structure of S-
graphene, we performed density functional theory (DFT)
calculations on bilayer graphene structures with intercalated S,,
S, and S; molecules (~1 atom % S in graphene) (Figure S15).
The Bernal stacking of graphene is not affected by such
intercalation in all cases; however, the interlayer distance is
increased by the intercalation of an S, molecule (Figure 3b).
This result is consistent with the slightly expanded d spacing of
S-graphene evident in the HR-TEM images (Figure S16); the
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d spacing of the upper layer was found to be larger than that of
graphite, whereas that of the lower layer is barely affected by
intercalation. To elucidate how the physisorption of S, clusters
induces the p-doping of graphene, we calculated the densities
of states of graphene with S, S,, and S; and compared them
with that of pristine graphene (Figure 3c—e). The calculated
Fermi levels are 0.01, 0.26, and 0.24 eV lower in S-graphene
than in pristine graphene for S, S,, and S;, respectively. The
negligible p-doping of graphene by S, arises because the
electronegativity of the sulfur atom is similar to that of the
carbon atom. The presence of localized, S-like states in the
density of states of S-graphene in all cases implies that the
orbitals of S are localized, which indicates that sulfur is
physisorbed onto graphene.

Uniformity and Stability of S-Graphene. In addition,
we evaluated the uniformity and stability of synthesized S-
graphene (8.6 layers). First, the thickness uniformity of the
sample on the microscale (3 ym X 3 ym) was evaluated using
atomic force microscopy (Figure 4a). The root-mean-square
roughness of the sample was found to be 0.5 nm, which
corresponds to 1.4 layers. This high uniformity of the thick
multilayer graphene grown with CVD was achieved because
the growth in this method arises through surface-mediated
reactions on the Cu surface, not through segregation or
precipitation of C atoms. The doping uniformity of S-graphene
was investigated using Kelvin probe force microscopy, which
measures the potential offset between a probe tip and the S-
graphene surface (Figure 4b). The standard deviation of the
potential offset was found to be 5 meV, which indicates high
doping uniformity. We also assessed the thickness uniformity
of S-graphene over a large area. S-graphene/Cu foil (S cm X §
cm) was cut into 25 pieces (1 cm X 1 cm). We measured the
transmittance of each sample after transfer to a glass substrate
at 1 = 550 nm (Figure 4c). The average transmittance at 4 =
550 nm was found to be 80.2% (8.6 layers) with a standard
deviation of 1.6% (0.5 layer).

To quantify the long-term doping stability of S-graphene, we
measured the electrical resistance of a S-graphene sample
exposed to air (Figure 4d). For 35 days, the electrical
resistance of S-graphene remained constant. In addition, we
assessed the chemical stability of S-graphene by dipping it into
various chemical solvents: polar protic solvents (deionized
water, ethanol), a polar aprotic solvent (acetone), and a
nonpolar solvent (chloroform) (Figure 4e). All of the solvents
were found to have negligible effects on the resistance of S-
graphene. The thermal stability of S-graphene was also
evaluated. We annealed S-graphene samples at 100, 200, and
300 °C for 1 h and then cooled the samples to room
temperature before measuring their electrical resistances
(Figure 4f). The resistance of S-graphene barely changes
when the annealing temperature is lower than 300 °C and
increases by 20% after thermal annealing at 300 °C, which
demonstrates the high thermal stability of S-graphene. In S-
graphene, the dopants are not simply physisorbed but
intercalated, which results in a high stability that is hard to
achieve with postgrowth chemical doping.

Band Gap of Bilayer S-Graphene. Bernal-stacked bilayer
graphene is the most intensively studied multilayer graphene
because it has a tunable band gap under an external electric
field. To demonstrate the possibility using our method of
preparing Bernal-stacked bilayer graphene with a band gap, we
synthesized bilayer S-graphene, and its doping structure was
investigated by fabricating dual-gate graphene FETs (Figure
Sa). The top (D,) and bottom (D,) displacement fields
determine the net carrier doping and band gap of graphene; a
nonzero 6D = Dy, — D, leads to a net carrier doping, whereas a
nonzero D,,, = (Dy, + D,)/2 generates asymmetry in the on-site
energies between the graphene layers, which yields a band gap.
In our samples, Dy, = &,(V,, — Viyy)/dp and D, = —&(V, — V,p)/
d, where &, = 3.9, d, = 300 nm for thermal SiO,, d; = 70 nm
for hexagonal boron nitride (hBN) dielectrics, and Vj, is the
effective offset voltage. The dielectric constant ¢, of hBN was
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Figure 6. Infrared absorption of Sym-graphene and Asy-graphene. (a) Schematic diagrams of the infrared absorption experiment (left) and the
band structure of Bernal-stacked bilayer graphene (right). Arrows: electronic transitions discussed in the text: (A) energy asymmetry between
graphene layers; (A) optical band gap. IR absorption spectra in the range from 0.2 to 0.45 eV for Sym-graphene (upper) and Asy-graphene (lower)
at their CNP: (b) experimental and (c) calculated. (d) E, antisymmetric-mode (left) and E, symmetric-mode (right) phonons. Gate-tunable IR
absorption spectra at approximately 0.19 eV for (e) Sym-graphene and (f) Asy-graphene after subtraction of the background attributable to
electronic transitions. (g) Fitted I, normalized by its minimum value (left) and q as a function of Ve (right) for Sym-graphene (black filled squares)

and Asy-graphene (red open circles).

measured to be 3.0. The offset voltages can be determined by
identifying the lowest FET resistance, which is obtained at the
charge neutrality point (CNP) for zero band gap graphene, i.e.,
Dy, = D, = 0. Therefore, the V;, and V, values that correspond to
the lowest resistance are the offset voltages. In our sample,
these parameters were estimated to have values of Vi, = —20.6
V and Vi, = 40 V. The peak resistance increases as D,
increases (Figure Sd); this trend indicates the presence of a
tunable band gap in our bilayer S-graphene, which in turn
corroborates our claim that S-graphene has Bernal-like
stacking.”* The doping structure of the synthesized bilayer
graphene sample can be determined from Vi, and V. The
values 6D = —1.45 V nm™' and Dyg =10V nm™' were
estimated for ungated graphene (V; = V, = 0). Under our
definition of Dy, and D,, the negative value of 6D corresponds
to the p-doping of graphene and the positive D,,, value
indicates that the top layer graphene is more p-doped than the
bottom layer; this result clearly confirms the presence of a
gradient in the doping that generates the vertical electric field
in S-graphene.

The electronic structure of bilayer S-graphene was further
investigated by performing infrared (IR) absorption experi-
ments because optical measurements of electronic structures of
graphene are less affected by charged impurities or defects than
electrical measurements.’

The IR absorption method is a suitable method to
investigate the electronic structure of polycrystalline CVD-

grown graphene because it provides the average characteristic
in large area while nano-angle-resolved photoemission spec-
troscopy provides a direct but local feature of graphene. We
synthesized bilayer graphene on S—Cu under two extreme
growth conditions (Figure S17), so that one graphene sample
exhibited negligible asymmetry in the on-site energy difference,
A, between two graphene layers (Sym-graphene) and the other
sample exhibited a significant A between the top and the
bottom layers (Asy-graphene). We then compared the IR
absorption behaviors of the two samples.*>*°

The graphene samples were transferred onto a 300 nm thick
Si0,/Si/300 nm thick SiO, substrate, and then the electrical
resistances and IR spectra of the graphene samples were
obtained during gating (Figure 6a). The CNP V, was 20 V for
Sym-graphene and 70 V for Asy-graphene (Figure S18). An
illustration of electronic structure of bilayer graphene shows
possible optical transitions. Bands 1 and 2 correspond to the
second highest and the highest conduction band, respectively,
and Band 3 and 4 correspond to the lowest and the second
lowest valence band of graphene, respectively. The 2 — 3
electronic transitions are dominant in the IR absorption
spectra (Figure 6b) of the graphene samples at the CNP for
the range from 0.2 to 0.45 eV because of Pauli blocking of the
1 - 2 and 3 — 4 transitions. For Sym-graphene, the IR
absorption intensity decreases monotonically as the photon
energy increases, which is expected from 2 — 3 transition of
gapless Bernal-stacked bilayer graphene.”” Our calculated
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Figure 7. Vertical photovoltaic effect in S-graphene. (a) Structure and (b) cross-sectional HRTEM image of a Au/graphene/ITO photovoltaic
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the photovoltaic devices under one-sun illumination. (f) Photocurrent levels in the Au/pristine MLG/ITO (blue) and Au/S-graphene/ITO devices

(red) as a function of graphene thickness.

absorption spectrum (Figure 6¢, top) for a nearly gapless
bilayer graphene reproduces the observed absorption spec-
trum.

In contrast, the IR absorption spectrum of Asy-graphene at
the CNP (Figure 6b, bottom) shows a broad absorption peak
near 0.35 eV. This observation demonstrates that at the CNP
Asy-graphene has a large A. The calculated absorption
spectrum of bilayer graphene matches the observed absorption
spectrum satisfactorily only for A > 0.4 eV (Figure 6c, bottom;
Figure S18). In addition to the differences in the IR
absorptions between Sym-graphene and Asy-graphene in the
range from 0.2 to 0.45 eV at the CNP, their gate voltage-
dependent absorption behaviors also clearly differ (Figure
$20).

We also analyzed the absorption of G-mode phonons
(~0.19 eV) by the Sym-graphene and Asy-graphene samples
(Figure 6d) to further investigate their electronic structures.
For undoped Bernal-stacked bilayer graphene, the antisym-
metric-mode phonons (Figure 6d, left) are IR active whereas
the symmetric-mode phonons (Figure 6d, right) are IR
inactive because they carry zero dipole moment. In the
presence of an on-site energy difference A, the inversion
symmetry of bilayer graphene is broken, and the symmetric-
mode phonons also become IR active. In this case, both the

antisymmetric- and the symmetric-mode phonons are not
normal modes, but the IR absorption can be treated as the sum
of the IR absorptions by the antisymmetric- and symmetric-
mode phonons. The relative contributions of the antisym-
metric and symmetric phonons to the phonon peak and thus to
the IR absorption behaviors near 0.19 eV are determined by
the Fermi level and the size of the band gap of graphene.’® In
particular, when symmetric-mode phonons are coupled with
the 2 — 3 electronic transition, Fano interference can be
observed. Therefore, the IR absorption behavior near 0.19 eV
can be engineered by tuning A and the Fermi level.

For Sym-graphene, when [V, — Vpl is close to 0 V, the
absorption spectrum near 0.19 eV is featureless (Figure 6e).
When a finite IV, — Vpl is applied to the graphene, a peak that
is highly asymmetric with respect to a Lorentzian profile
appears in the absorption spectrum; this feature indicates the
occurrence of Fano interference between the continuum
electronic states and the discrete phonon states.””*’ The
Fano line shape can be fitted with the following equation

q2+2qz—1

AA(w) = L, 20+ )

(4)

where AA(w) is the absorption difference at E = A, L, is a
prefactor that represents the peak intensity, q is a
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dimensionless Fano parameter that represents the asymmetry
of the peak, and z = 2(w — w,)/I’, where @, is the phonon
frequency and I' is the line broadening of the phonon. For
Sym-graphene, the fitting parameter I, gradually increases as |
V, — Vpl increases (Figure 6g, left). This variation implies that
the phonon strength of the antisymmetric mode relative to that
of the symmetric mode increases as [V, — Vpl increases; the
phonon strength of the antisymmetric mode is determined by
the coupling with the 1 — 2 or 3 — 4 transitions, which is
proportional to the Fermi level of graphene, whereas the
phonon strength of the symmetric mode is mainly determined
by A and is at its maximum when A & Aw,"" The Fano
parameter Igl also increases as the Fermi level departs from the
CNP (Figure 6g, right), which is attributed to the increase in
the relative phonon strength of the antisymmetric mode with |
Vg — Vpl; in contrast to the symmetric-mode phonon, which
can couple with 2 — 3 electronic transitions and thus give rise
to a finite Igl, the antisymmetric phonon cannot couple with 2
— 3 electronic transitions, so the Fano asymmetry is negligible
(Igg - o). The observed V, dependence of the relative
phonon strength reflects the V,-dependent electronic structure
of bilayer graphene with a small A, as expected for Sym-
graphene.

The V, dependence of the Asy-graphene absorption spectra
(Figure 6f) is different from that of the Sym-graphene
absorption spectra. Fano interference is evident over a wide
range of |V, — Vpl, and the peak intensity has a weak V,
dependence (Figure 6g, left). These results indicate that A is
significant in Asy-graphene for the measured range of |V, — V7
and that in contrast to Sym-graphene, the IR absorption of the
symmetric-mode phonons predominates over that of anti-
symmetric-mode phonons for Asy-graphene.*' Igl is lowest for
Vo= Vp=-50V and increases as V, increases. The increase in
Iql arising from symmetric-mode phonons can occur when the
2 — 3 electronic transitions at A, decrease or when A
between the graphene layers becomes larger than Awy; this
trend implies that A becomes larger than 7@, as V, increases
(Figure 6g, right). The absence of negative phonon absorption
in the spectra and the weak V, dependence of the peak
intensity suggest that the band gap of Asy-graphene is >0.2 eV
for the whole measured range of IV, — Vpl."! These behaviors
of Asy-graphene are consistent with the doping state of Asy-
graphene, ie., the upper layer is significantly more p-doped
than the lower layer in the ungated state; more negative
charges accumulate in the lower layer as V, increases, which
results in an increase in A with V,.

Vertical Photovoltaic Effect in Multilayer S-Gra-
phene. In addition to the tunablility of electronic structure
at the synthesis stage, our synthesis method of S-graphene
enabled us to prepare thick multilayer graphene exhibiting a
vertical photovoltaic effect, which is hard to achieve with
conventional multilayer graphene due to a strong interlayer
screening effect.”® We compared the photovoltaic character-
istic of MLG depending on the existence of an internal E-field
by measuring the photocurrent of a Au/MLG/ITO vertically
structured device under one-sun illumination (Figure 7a and
7b). S-graphene has an internal E-field, while the pristine MLG
which was pre;ared by CVD on Cu foil with thin Ni on back
of it has not.*

Both pristine MLG and S-graphene have Bernal-like stacking
so that photogenerated carriers flow through graphene both by
band conduction and by band hopping conduction.”’ In
contrast to lateral metal/graphene/metal devices in which

photocurrent is generated by combination of the thermo-
electric Seebeck effect,"** the bolometric effect,**” and the
photovoltaic effect,*® the photocurrent of vertical Au/
graphene/ITO devices at zero bias is due solely to the
photovoltaic effect because there is no temperature gradient in
the vertical direction in the device under illumination.

Figure 7c and 7d shows the band diagrams of the Au/
graphene/ITO structures at equilibrium. The work functions
of Au and ITO are larger than that of graphene, so band
bending occurs near the graphene/electrode junctions. Thus,
negative photocurrent arises near the graphene/ITO junction
(=Jiro), and positive photocurrent arises near the graphene/
Au junction (J,,) at zero bias under illumination for both the
pristine MLG and the S-graphene devices. In addition, positive
photocurrent can be generated in the bulk region of MLG (the
region between layers 2 and (N — 1) for N-layer MLG) (Jiui)
if a sufficiently strong built-in E-field is present that separates
photogenerated electrons and holes. In our devices, the contact
of graphene with Au is relatively poor because of polymer
residues on top of graphene (Figure 7b), which is caused
during graphene transfer; thus, the total photocurrent of the
device (]p) at zero bias is determined by Jiro and Jyus J, ®
Jouk = Jrro-

As shown in Figure 7e, the Au/pristine MLG/ITO device
exhibits negative photocurrent under one-sun illumination,
which indicates that Jiro dominates Ji . It means the E-field
inside pristine MLG is not sufficiently strong to generate Jy
despite the work function difference between Au and ITO. In
addition, J, is independent of the thickness of pristine MLG
(Figure 7f3 even though thicker MLG absorbs more light,
which means that the contribution of J,, to J, is very small.

In contrast to the pristine MLG device, the Au/S-graphene/
ITO device exhibits positive ], under the same conditions
(Figure 7e). Jiro is essentially the same for pristine MLG and
S-graphene, so the positive J, of the Au/S-graphene/ITO
device is the result of J; generated inside S-graphene. In
contrast to the pristine MLG case, J, of the device increases as
the thickness of S-graphene increases. This result shows that
the photogenerated carriers inside S-graphene contribute to ],
that is, the built-in E-field inside thick S-graphene is sufficiently
strong to separate photogenerated electrons and holes. To the
best of our knowledge, these results provide the first
demonstration of vertical photovoltaic current in the bulk
region of multilayer graphene under continuous-wave illumi-
nation; this current could be further enhanced by carrier
multiplication in graphene with an ultrashort laser pulse.*’

B CONCLUSION

In summary, we proposed a method for the synthesis of MLG
with a built-in E-field along the ¢ axis. By controlling the
growth conditions, the thickness and E-field can be readily
tuned over a wide range. Our dual-gate FET and IR absorption
measurements have demonstrated the tunability of the
electronic structure and enabled the determination of the
optoelectronic properties of the synthesized bilayer graphene.
Owing to its strong built-in E-field and Bernal-like stacking,
multilayer S-graphene exhibits a vertical photovoltaic effect
under continuous-wave illumination with visible light.

B METHODS
S-Graphene Growth. Cu foil (25 um thick, Alfa Aesar 99.999%

purity) was annealed in a vacuum chamber with 10 sccm H, at 700 °C
for 3 h to remove the surface Cu oxide layer. The Cu foil and a sulfur
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slice were put in another vacuum chamber. The Cu foil was
positioned at the center of the heater, and the sulfur slice was
positioned on the upper stream of the heater edge. The temperature
was raised from RT to 120 °C and then held at 120 °C for 15 min to
anneal the Cu foil. After a CuS layer had formed on the foil, the
chamber was rapidly cooled to RT. The Cu foil covered with the CuS
layer was moved to a CVD chamber, in which graphene was grown
using a conventional graphene-growth recipe.

Raman. Raman measurements were conducted using a Witec
alpha 300R Confocal Raman Spectrometer. The excitation laser had
wavelength 1 = 488 nm for measurement of as-grown S-graphene and
A =532 nm for S-graphene after it had been transferred to the target
substrate. Before the spectrum of S-graphene was measured, the
Raman spectrum was calibrated with the Raman signature of Si at 520
cm™". The numerical aperture (NA) of the lens was 0.4 except the
Raman G-peak intensity map for isotope labeling (NA = 0.9).

TOF-SIMS. The TOF-SIMS spectrum was obtained using TOF-
SIMS 5-100 (Ion-tof). Cs-ion sputtering was conducted with an
energy of 2 keV and current of 108 nA in an area of 300 X 300 ym>.
For the analysis, an energy of 30 keV and a current of 0.92 pA 100 X
100 pm* were set as analysis parameters.

TEM. The cross-sectional and in-plane TEM image and EELS S
map of S-graphene were obtained using a JEOL JEM-2200FS (with
Image Cs-corrector). The EDX spectrum was obtained using a JEOL
JEM-2100F with Cs-corrected STEM. Copper was removed for all
samples to exclude the existing S atoms in S—Cu.

DFT Calculations. DFT calculations for the optimized structure
and corresponding DOS of S,-graphene were performed using
Quantum Espresso 6.3.0 versions 3 and 4 and Plain Augmented
Waves (PAW) Ultrasoft pseudopotential from the PAL library.
Calculation conditions are given in Figure S15. An independent
particle approximation as implemented in YAMBO was applied for
calculation of the absorption of bilayer graphene (Figure S19).

Photovoltaics. Synthesized thick S-graphene was transferred onto
ITO-coated glass substrate using the conventional wet transfer
method. The supporting PMMA layer was removed by dipping the
assemblage in chloroform for 2 h. Then an Au electrode was
deposited by thermal evaporation. S-graphene with different
thicknesses was synthesized by adjusting the growth time. Dark
current and photocurrent were measured using a semiconductor
analyzer (Agilent B1SO0A) by averaging the current over time for
each voltage step. The devices were mounted on an optical table in a
Faraday cage with a small aperture for the laser beam and then
illuminated at one sun using a solar simulator.
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flight secondary ion mass spectrometry; UPS, ultraviolet
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