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ABSTRACT

In this letter, van der Waals heterostructures (vdWHs) assembled by molybdenum disulfide (MoS,) and graphene monolayers are used as an
experimental prototype to study the interaction between two-dimensional (2D) semiconducting and semimetal materials. The electron redistri-
bution and energy transfer in graphene/MoS, vdWHs are demonstrated by the combination of electrical measurements (Dirac-point shift) and
Raman analyses. In graphene, the linear dispersive Dirac fermions can resonate with various-frequency “photons,” which “emit” from optically
active MoS, by the recombination of in-plane excitons. The experimental finding suggests that the photon-induced charge separation and accu-
mulation might be in a low degree, thus affecting the performance of semiconductor/graphene-based 2D optoelectronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5088512

In two-dimensional van der Waals heterostructures (vdWHs),
wave-function overlaps between stacked layers serve as electron-
exchange paths, which contribute to the electron redistribution.’
Nonequilibrium charge carriers excited by photon impingements in
different materials can transfer through vdW interfaces in an energeti-
cally favorable manner, prior to the recombination of electron-hole
pairs.”” This charge transfer process accompanied by non-radiative
vibrational relaxations is capable of reducing the amount of emitting
photons in optically active materials.” Additionally, because the sepa-
ration distance between stacked layers in vdWHs could be as small as
several A, energy transfer including (i) concerted tunneling of charge
carriers’ (Dexter type) and (ii) dipole-dipole interaction® (Forster
type) is allowed to occur at the interface. This is also a well-known
underlying mechanism governing quenching phenomena in photolu-
minescence (PL) and fluorescence. For instance, in graphene/transi-
tion metal dichalcogenide (TMD) vdWHs, PL quenching of TMDs
materials was observed and both charge- and energy-transfer pro-
cesses were demonstrated by various optical spectroscopy techni-
ques.”” These optical phenomena can be partially attributed to the
electronic delocalization and semi-metal properties of graphene.

Recent optical spectroscopy analyses have demonstrated that
energy transfer governs PL quenching in graphene/molybdenum

diselenide (MoSe,) vdWHs,” in which the Dirac point of graphene lies
near the median position of the band gap of MoSe,, whose electron
and hole effective masses are very close."” However, in the case of gra-
phene/molybdenum disulfide (MoS,) vdWHs, the PL quenching has
been regarded to be primarily attributed to the photo-induced charge
transfer."' The Dirac point of graphene lies close to the conduction
band edge of MoS, (Ref. 12). Compared with the band offset of gra-
phene/MoSe,, the one of graphene/MoS, is more favorable for the
interlayer charge transfer.'”'* In fact, the large in-plane excitons in
MoS, (Ref. 15) should favor Forster resonance energy transfer to gra-
phene, in which the linear dispersive Dirac fermions can resonate with
various-frequency photons.'® Nevertheless, a debate on the relative
importance of the two transfer processes remains. Here, we use gra-
phene/MoS, vdWHs as an experimental prototype to study the inter-
action between TMDs and graphene.

Graphene, MoS,, and multilayer hexagonal boron nitride (hBN)
are synthesized by chemical vapor deposition (CVD) methods'” "’
(S1-S4 in the supplementary material). Then, graphene and hBN
(capping layer) are transferred onto MoS,/SiO, substrates using
PMMA-based techniques to obtain vdWHs [Fig. 1(a)]. From the opti-
cal image, we can clearly discern hBN-covered triangular MoS,
domains, graphene, and graphene/MoS, regions [Fig. 1(b); for Raman
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FIG. 1. (a) An illustration of the vdWH assembled from monolayer MoS,, monolayer graphene, and multilayer hBN. (b) Optical image of the vdWH. Gr denotes graphene. (c)
PL spectra of MoS, (black) and graphene/MoS, vdWH (red) obtained by using low @, (~1 x 10% cm~2 s7). @, can be estimated by @, = TPN,? /hw,-/IZ, where P
denotes the laser power, N4 the numerical aperture (0.75 for the x50 working-distance objective used here), hw; the incident photon energy, and 2 the wavelength. The inset
is the PL-intensity map of the vdWH. The red curve shows two peaks corresponding to graphene Raman modes 2D (~332 meV) and G (~196 meV). The excitation energy is

2.33eV. Scale bar = 5 um.

maps and spectra, see S5 and S6 in the supplementary material]. The
following discussion is based on the existence of the hBN capping layer
except where otherwise noted. As shown in Fig. 1(c), the PL intensity
of MoS, is quenched by graphene by ~1 order of magnitude. In the
graphene/MoS, PL spectrum, two sharp peaks are located at ~1.99
and ~2.13 eV, which correspond to Raman-shift energies of w,p and
g, respectively, confirming the role of the graphene layer (S7 in the
supplementary material). In addition to the main peak, there is a
shoulder with higher energy owing to spin-orbit interaction induced
band splitting of the valence band in MoS, (Refs. 20 and 21)
Generally, most of the monolayer MoS, belongs to n-type such that
holes occupy electronic states of the higher-energy splitting branch in
the valence band.”>** Therefore, in this study, we focus on the high-
intensity low-energy excitonic peak. In the following, we discuss the
governing mechanism by analyzing electrical measurements and
Raman spectra of graphene/MoS, vdWHs.

With the aid of interlayer wave-function overlaps, charge carriers
may travel through the interface to reduce the Fermi-level difference
between stacked layers. This process can be determined by measuring
the Dirac point (Vpjr) shift of graphene-embedded field effect tran-
sistors [FETs; Figs. 2(a) and 2(b)]. For all FETs, source and drain elec-
trodes come in contact with graphene [Fig. 2(c)]. By changing the
back-gate bias (V;), we tune the source-drain resistance (Ry;) as shown
in Figs. 2(d) and 2(e). Vpjpe of both graphene and graphene/MoS,
having hBN capping layers is red-shifted relative to the value of uncov-
ered samples. Compared with Vp;e of MoS,-absent graphene sam-
ples, the value of graphene/MoS; is also red-shifted in both with and
without hBN cases. In thermal equilibrium under zero gate voltage,
the Fermi level (Er) can be estimated as

EF - EDimc = i\/ nCi|q|_1hVF "V |VDirac|a (1)

where g denotes the charge of carriers; /i the reduced Planck constant;
vp (~ 10°m/s) the Fermi velocity of graphene; C; = 808,(d)_1 the
capacitance; and Epjr,c = 0 for convenience.” Accordingly, the exis-
tence of hBN films elevates graphene’s Fermi level (—267 to
—188meV for graphene; —209 to —140meV for graphene/MoS,),
indicating that the insulating capping layer reduces p-type doping
effects. Importantly, the Fermi level of graphene/MoS, is higher than
the one of MoS,-absent graphene samples, suggesting that the hole
concentration in graphene decreases in vdWHs. However, unlike

graphene/fluorescent molecule systems we reported previously, in
which Vpj, of graphene is altered by the charge transfer under
visible-light impingements,2 Vpirac of graphene/MoS, behaves light-
independent. This observation suggests that (i) electrons redistribute
in graphene/MoS, vdWHs and (ii) most of the photon-excited elec-
tron-hole pairs in MoS, may not be separated spatially. Note that
depletion regions in van der Waals interfaces could be absent, and it is
difficult to illustrate whether the Fermi level in graphene and MoS, do
equilibrate or not.

The variation of the charge-carrier concentration can also be
determined by measuring the  shift for Raman-active phonon modes
that are strongly coupled with electrons. For instance, wg of graphene
is sensitive to doping because of the non-adiabatic electron-phonon

hBN
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FIG. 2. (a) and (b) SEM images of FETs. These transistors consist of SiO,
(285nm)/Si substrates, Ti (2 nm)/Au (45nm) electrodes, and conducting channels
including graphene (1), graphene/MoS; (1), hBN/graphene (lll), and hBN/graphene/
MoS; (IV). Ti/Au electrodes are deposited on graphene layers. Scale bar = 5 um.
(c) Schematic of FETs. (d) and (e) The R.s — V; measurements of FETs without
and with the hBN capping layer. V,; = 100mV. The Dirac point locates at 73V,
45V, 36V, and 20V, respectively.
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FIG. 3. (a) The scatter plot of Awg versus incident @,;,. Awg = wg (graphene/MoS,)

@,y (102 cm2s57)

@,y (102 cm257%)

— wg(graphene). The inset is the scatter plot of the wg for graphene (black) and gra-

phene/MoS; (red) versus incident @,,. (b) The scatter plot of Awg,, versus incident .. Awa,, = wa,, (graphene/MoS;) — wa,, (MoSy); The inset is the scatter plot of the
wa,, for MoS; (black) and graphene/MoS; (red) versus incident @, (c) The scatter plot of /p, versus @, for MoS; (black) and graphene/MoS; (red) regions. Dashed lines

are guides to the eye.

coupling,”"** which results in w¢ softening under the reduction of

|AE| (|AE| = ‘Eg’ — Epirac|» where Epyrac denotes the energy value at
the Dirac cone vertex). Generally, CVD-grown graphene that is trans-
ferred onto a SiO, substrate is p-type doped due to the absorption of
molecules with relatively large electron affinity.”” We observe that mg
of graphene/MoS, vdWH is red-shifted with respect to that of MoS,-
absent graphene, thus suggesting that the hole-concentration decreases
in graphene and the Fermi surface moves toward Epj,. (S8 in the sup-
plementary material). For the case of MoS,, w,,, is monotonically
blue-shifted with the decrease in electron concentration owing to
doping-induced phonon renormalization.”” A blueshift behavior
(~0.8cm™!) of w3, further confirms that electrons in MoS, transfer
to graphene (S9 in the supplementary material). This peak-position
variation based on Raman analyses is in agreement with electrical
measurements shown in Fig. 2.

As @y, increases, wg of both MoS,-absent graphene and gra-
phene/MoS, is red-shifted because of the laser-induced heating. The
difference of w¢ between graphene and graphene/MoS, approaches
saturation values as @y, is increased [Figs. 3(a) and S10-S12 in the
supplementary material]. Similarly, the difference of w,,, between
MoS, and graphene/MoS, approaches saturation values as @y, is
increased [Figs. 3(b), S13, and S14 in the supplementary material].
Remarkably, the Ip; /®,, ratio of MoS, drops as @y is increased (S15
in the supplementary material), whereas Ip, of graphene/MoS,
increases linearly with @y, of up to 10** em™? s~ [Fig. 3(c)]. Similar
quenching behavior is also observed by using 442 nm-wavelength laser
light (S16 in the supplementary material).

These observations based on Raman analyses and electrical mea-
surements indicate that (a) electrons redistribute in vdWHs with
respect to separated materials and (b) increasing ®;;, will not further
transfer net charges once the system reaches a saturation value. In
the saturation regime, no net charge transfer occurs, whereas the
quenching efficiency persists. The accumulation of large amounts of
photon-generated excitons in MoS,, which is a strongly confined
two-dimensional system, gives rise to efficient exciton-exciton annihi-
lation (EEA)***” at high @, leading to the reduction of the Ip; /@y,
ratio. In contrast, because graphene’s Fermi level lies between the con-
duction- and valence-band edges of MoS,, photo-generated electrons
and holes in the MoS, are allowed to transfer to graphene as long as
energy and momentum are conserved. Additionally, the linear disper-
sion of Dirac fermions allows electron-hole pairs in graphene to reso-
nate with various-frequency virtual photons'® that “emit” from MoS,.

On the one hand, such energy transfer processes between graphene
and MoS, greatly reduce exciton lifetime, and thus, the EEA effect in
graphene/MoS, is suppressed. On the other hand, energy transfer in
graphene/MoS, vdWHs is capable of providing highly efficient relaxa-
tion paths for excitons, quenching the PL intensity massively, and thus
leading to the linear rise of PL intensity with @, even the system is
under the saturation regime that no net charge transfer occurs.

In summary, graphene/MoS, vdWHs are fabricated and charac-
terized. We find that the PL intensity of MoS, is significantly quenched
by the existence of graphene and rises linearly with ®,,. Based on the
Dirac point shift of graphene, we conclude that electrons redistribute
in vdWHs with respect to separated graphene and MoS,. As incident
®,, increases, the Fermi level of graphene moves to a saturation value
evidenced by Raman analyses. In the saturation regime, where not net
charge transfer occurs, the PL quenching efficiency remains
unchanged. These analyses suggest that the quenching phenomenon
observed in graphene/MoS, is dominantly governed by energy trans-
fer. However, in graphene/TMD vdWH systems, both Dexter type
energy transfer and Forster type energy transfer are expected to occur,
and techniques employed in this study are not able to unambiguously
distinguish the two types of energy transfer. Additionally, conducting
in-situ low-temperature Raman and PL measurements on vdWHs
under various back-gate biases should provide a more comprehensive
understanding of excitonic dynamics and transfer processes in
graphene-TMD vdWHs.

See supplementary material for Methods: (1) materials syntheses,
(2) characterizations, and (3) device fabrication and measurements
and Figs. S1-S16.
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