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ABSTRACT: Stacking two dimensional tunneling heterostruc-
tures has always been an important strategy to improve the
optoelectronic device performance. However, there are still many
disputes about the blocking ability of monolayer (1L-) h-BN on
the interlayer coupling. Graphene/h-BN/MoS, optoelectronic
devices have been reported for superior device results. In this
study, starting with graphene/h-BN/MoS, heterostructures, we o} B ‘
report experimental evidence of 1L-h-BN barrier layer modulation
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effects about the electronic band structures and exciton properties.
We find that 1L-h-BN insertion only partially blocks the interlayer
carrier transfer. In the meantime, the 1L-h-BN barrier layer
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weakens the interlayer coupling effect, by decreasing the efficient
dielectric screening and releasing the quantum confinement. Consequently, the optical conductivity and plasmon excitation slightly
improve, and the electronic band structures remain unchanged in graphene/h-BN/MoS,, explaining their fascinating optoelectronic
responses. Moreover, the excitonic binding energies of graphene/h-BN/MoS, redshift with respect to the graphene/MoS,
counterparts. Our results, as well as the broadband optical constants, will help better understand the h-BN barrier layers,

facilitating the developing progress of h-BN-based tunneling optoelectronic devices.
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1. INTRODUCTION

The two-dimensional (2D) heterostructures have presented
intriguing and abundant new phenomenon, induced by
interface quantum coupling. Variety of nano-optoelectronic
devices have been reported, utilizing the interface-induced
novel effects in 2D heterostructures.”” The ability to engineer
the electronic band structures and exciton states is of great
importance to these applications. For the past decades, several
methods tuning a 2D heterostructure’s electronic band gap and
excitonic properties have been discovered, such as, hetero-
structure framework design, substrate effect, electrostatic
grating, background doping, and mechanical strain.>* Among
them, inserting insulating layers is an effective strategy without
significantly introducing fabrication complexities. Since hex-
agonal boron nitride (h-BN) has intriguing properties
including no hanging bonds or charged impurity atomic
flatness, uniform and effective dielectric screening of the
surrounding charged impurities, and self-cleaning effect at the
heterointerface, hence, h-BN usually serves as tunnel barrier
layers in 2D heterostructures.”~’ However, there still exist
more exploration room to develop the experimental study on
monolayer (1L-) h-BN barrier layers’ modulation effects on the
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interlayer coupling and evaluation of its blocking strength on
the interlayer charge transfer.

Recently, graphene/MoS, heterostructures have attracted
substantial attention from the fields of material science,
condensed matter physics, and optoelectronic applications,
including ultrahigh gain photodetectors,®”'> high speed
communications,"’ high energy conversion efficiency solar
cells,"* hisgh sensitivity chemical and biological sensors,"> and
so forth.">"” This is mostly derived from the fact that graphene
can assemble with MoS, into perfect Schottky heterostructures
with tunable barrier height.'’~"" Especially, the graphene/
MoS, photodetectors can work in a self-powered mode,
exhibiting excellent responsivity, fast photoresponse rate, low
dark current, and large on/off ratio without external power
supply.”® Thus, taking graphene/MoS, heterostructure as a
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Figure 1. (a,b) Schematic illustration of the graphene/MoS, and graphene/h-BN/MoS, heterostructures. Schematic band diagrams at the flat band
model (c,d) and the equilibrium states (e,f) of the heterostructures [E,, the vacuum level; E, conduction band minimum; E,, valence band
maximum; E,, band gap; (Eg)s/my individual Femi levels of MoS, and graphene; Eg, the Femi level at equilibrium states; y,, electron affinity of
MoS,/h-BN; Wy, work function of graphene; ¢y, electron Schottky barrier height between graphene and MoS,; ¢y, ¢ after 1L-h-BN insertion;

E,,, build-in electric field caused by the space charge region].

platform, exploring the 1L-h-BN barrier layer modulation
effects on interlayer coupling and interlayer charge transfer is
the object of this work. Furthermore, we aim to experimentally
reveal the 1L-h-BN insertion effects on the electronic band
structures and exciton properties.

The properties and applications of graphene/h-BN/MoS,
heterostructures are currently the subject of a very active
research field.”*'~*° However, there are still many disputes
about the best h-BN thickness chosen for optoelectronic
applications. By monitoring the I-V behavior of the graphene/
h-BN/MoS, trilayer photodetector, Li et al.” reported that the
photovoltaic effect can be substantially recovered by 1L-h-BN
insertion. The interlayer transport of electrons can be
considerably hindered by the 1L-h-BN barrier. This conclusion
is consistent with some other studies, which, in common,
affirmed the enough blocking ability of 1L- (or 2L-) h-
BN.>'™* Focusing on the same issue, by studying the
detectivity of the ghotodetector with the tunneling structure,
in 2016 Vu et al.*® reported that when the thickness of h-BN
has been optimized to 7 nm, the dark current was minimized
while the high tunneling current was maintained. This result
was supported by other experimental studies that the best h-
BN thickness is around 3—7 nm. Because it can be a creative
trade-off between the optimal tunneling barrier and the high
photoresponsivity.””~>" However, Jeong et al.’’ gained
approximately 10 times higher current for the tunneling
diode compared with p—n diode without h-BN, where the
barrier layer thickness approached 20 nm. Then, we can see
that although h-BN is widely used for stacking tunneling van
der Waals heterostructures, the optimal thickness of the h-BN
barrier layer remains unclear. Considering the trends in the
construction of whole two-dimensional monolayer thin-film
devices, we focused on exploiting the blocking ability of 1L-h-
BN on the interlayer coupling effects and interlayer charge
transfer.

In this study, by using spectroscopic ellipsometry (SE
we reported broadband (ranging from 200—1000 nm) optical
properties of graphene/MoS, and graphene/h-BN/MoS,
heterostructures, including dielectric functions (& = &, + ie,),
complex optical conductivity (6" = 6" + ¢,), energy loss
functions [Im(e™")], absorption coefficients (a), critical points
(CPs), and excitons (transition energies and binding energies).
The systemically experimental study of the broadband optical
properties is also important prerequisites toward its widely

) 31,32
)
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popularization and application toward photoelectronic devices.
Especially, in the SE data analysis process, we first used the
point-by-point mathematical inversion and then experimentally
checked the fitting results, which can be extended to the study
of optical properties of other 2D material membrane systems.
Noting that CPs (i.e., Van Hove Singularities) are correspond-
ing to significant direct interband transitions over Brillouin
Zone (BZ).33 By monitoring the CP transition energy
evolution between two heterostructures, the 1L-h-BN insertion
regulating effect on electronic band structures was exper-
imentally unveiled. Our work offered comprehensive exper-
imental evidence of the true blocking effect of adding the 1L-h-
BN barrier layer into the graphene/MoS, heterointerface by
reliable and high-sensitive experimental methods: Raman
spectra, photoluminescence (PL) spectra, and SE method.
Furthermore, dielectric screening effect and quantum confine-
ment effect induced by 1L-h-BN insertion were also taken into
consideration among analysis of the physical mechanism of
optical property regulation. Our results, as well as the reported
broadband optical constants, will help better understand the h-
BN barrier layer modulation effects, facilitating the developing
progress of h-BN based tunneling optoelectronic devices.

2. RESULTS AND DISCUSSION

The 1L-graphene, 1L-h-BN, and 1L-MoS, were synthesized
using the chemical vapor deposition (CVD) method. Bilayer
(graphene/h-BN and graphene/MoS,) and three-layer (gra-
phene/h-BN/MoS,) heterostructures were stacked using the
poly(methyl methacrylate) (PMMA) carrying layer wet-
transfer method. Each transfer operation was followed by the
annealing process once. All the films were 1 X 1 cm in size and
all transferred onto c-plane (0001) sapphire substrates for
subsequent surface topography characterization and optical
spectroscopy tests.

Figure lab shows the schematic illustration of the
graphene/MoS, and graphene/h-BN/MoS, heterostructures,
where upper layers successively completely covered the bottom
layers. Referred to the previous reported electron affinity (y) of
MoS, (y, = 4.0 €V) and h-BN (y, = 2.0 eV),” as well as the
work function (W, = 4.5 eV) of graphene,9 the schematic
band diagrams at the flat band model (Figure lc,d) and the
equilibrium states (Figure lef) of graphene/MoS, and
graphene/h-BN/MoS, heterostructures are depicted, respec-
tively. In our work, the transferred CVD 1L-graphene film is
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slightly p-doped, which is verified by the Raman spectra in the
next section. Note that the graphene films synthesized by CVD
is p-doped by the transfer process, moisture/oxygen
adsorption, or substrate impurities, which has been found in
numbers of research studies before.'” Because there is no
hanging bonds or surface states in the heterointerfaces, hence
the graphene/MoS, can be described as an ideal metal—
semiconductor contact Schottky barrier model.'” The optical
microscopy images of the transferred heterostructure samples
are shown in Supporting Information (Figure Sla—c). The
atomic force microscopy (AFM) was implemented to examine
the uniformity and surface roughness (Figure S1d-—h,
Supporting Information). In the surface topography character-
ization section, we observed no evidence of impurities or
wrinkles, indicating the uniformity and high quality of the
transferred samples.

First, let us analyze the band alignment and interlayer
coupling in graphene/MoS, heterostructures. For separate
MoS, and graphene (Figure 1c), they share the same vacuum
energy level E;. Obviously, the Femi energy of MoS, (Ey), is
higher than that of graphene (Eg),. After stacking into
graphene/MoS, heterostructures, strong interlayer coupling
effect makes this structure a unified electronic system.
Electrons transfer from the MoS, layer to the graphene layer,
which results in the negatively charged graphene surface and
the positively charged MoS, surface. This carrier distribution
induced a build-in electric field E,,. Since the -carrier
concentration of MoS, is much lower than that of graphene,
the positive charges are located in the relatively thick surface
layer of MoS,, with the consequence that the band bending
happens in the MoS, layer. Then, when the system reached an
equilibrium state (Figure le), the two materials have the same
Femi level Ep. The build-in electric field points from MoS,
interior to the surface, that is, forming surface barrier, which
hinders the interlayer electron exchange. The height of the
electron barrier on the MoS, side (qVp) is described using eq 1

qVp = (Ep), — (Epn (1)

The height of the electron barrier on the graphene side is
described using eq 2

Py 2)

¢ largely determines the peculiarity of Schottky barrier
diodes.

Then, we move on to the graphene/h-BN/MoS, hetero-
structure. Owing to a large band gap of 1L-h-BN (6.1 eV in
this work), 1L-h-BN becomes a barrier layer, blocking the
interlayer coupling (Figure 1d). Additionally, 1L-hBN is
known as an insulator; thus, it cannot exchange charges with
the materials on both sides. As a result, 1L-hBN cannot be
considered as surface states but more like a square barrier with
electron barrier height UOe Xs — Xn ~ 2.0 eV and hole barrier
height Uy, =y + Eg — — Xs ~ 2.3 V. Then, the carrler
direct tunneling probablllty D can be evaluated using eq 3**

D= Doexp(—%,/zu(Uo - E)d] 3)

D, is a constant; 7 is the reduced Planck constant; y is the
mass of carriers (4. << uy); E is the energy of carrier; and d is
the effective thickness of the h-BN barrier, which is related to
its dielectric constant. It is expected that when the system is at
equilibrium as shown in Figure 1f, electrons in the conduction

= WYM_)(s
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band of MoS, have a greater chance of tunneling through the
h-BN barrier layer to the graphene layer compared to the holes
in the MoS, valence band. In order to experimentally quantify
the tunneling possibility of the electrons in MoS,, that is,
blocking ability of 1L-h-BN on the interlayer coupling effects
in graphene/h-BN/MoS, heterostructures, we carried out
following spectral research experiments.

1. Study of Interlayer Coupling by the Raman
Spectra. The Raman spectra of the heterostructures and the
corresponding component monolayer films are presented in
Figure 2. The respective Raman spectra of the films are
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Figure 2. Raman spectra of 1L-MoS,, 1L-graphene, graphene/h-BN,
graphene/MoS,, and graphene/h-BN/MoS, films. The insets depict
the phonon modes responsible for the in-plane EZg , out-of-plane A,
of MoS,, and Ezg (G peak) of graphene. For legibility of graphene
vibration modes in the heterostructures, the Raman spectra within the
81—500 cm™! range in graphene/MoS, and graphene/h-BN/MoS,
films have been decreased by a factor of 0.4 and 0.2, respectively. The
colorful multi-peaks were fitted by the Lorentzian function. Gray
vertical dashed lines indicated the Raman shifts in 1L samples.

summarized in Supporting Information as Figure S2a—e.
Moreover, all prominent peaks of the graphene layers in
different samples were fitted with Lorentzian functions to
extract the peak position, full width at half maximum (w), and
intensity (I). The detailed fitting parameters are compared in
Table S1 Supporting Information.

For the MoS, films, the two signature Raman peaks, the Ezg
and A}, modes, were clearly observed (see Figure 2 left panel,
and Figure S2b,d,e in the Supporting Information). The insets
in Figure 2 depict the respective vibration modes of these two
peaks, whose energy differences between these two modes in
different samples claim that the MoS, layers are all
monolayers.”> Regarding the Raman spectra for monolayer
graphene layers, two prominent peaks were obtained, the G
(vibration mode depicted as E,, inset of Figure 2 right panel)
and 2D peaks. For the 1L-graphene sample, the two Raman
modes were positioned at ~1593.35 and 2690.90 cm},
respectively, as well as their intensity ratio (Lp/Ig = 2.43,
Table S1 in Supportmg Information), introducing its
monolayer structure.’® For the graphene/h-BN/MoS, sample,
the 2D peak was described by a single Lorentzian function with
w of 2591 cm™' (see Table S1 in Supporting Informatlon),
suggesting that the graphene layer was monolayer."” Especially,
the D modes of graphene were not observed in all the samples
(usually at ~1350 cm™"), clarifying that there was no defects in
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Figure 3. (a) PL spectra of the samples, where colorful dashed multi-peaks were obtained by Gaussian fitting. The vertical gray dashed lines
indicated the PL positions of the trion (X,_) and A exciton (X,) of 1L-MoS,. Comparison of (b) PL peak positions and (c) trion binding energies
of the MoS, layers. (d) Intensity ratios of the X,_ and X, of MoS, layers in different samples. The detailed information of the peaks is listed in

Supporting Information Table S2.

transferred graphene layers.’” It is noteworthy that in
comparison with previous intrinsic graphene results*®
(Raman results of graphene at charge neutral point), the G
and 2D peak blue shifted and I,p/I; decreased in this work,
suggesting that the 1L-graphene was p-doped here, as well as in
other heterostructures in this work. The G peak position (I,p/
I) blueshifts (decreases) monotonically by increasing the
doping level of graphene (Ep — Ep,,| > 0), while the 2D
peak position blueshifts when p-doped ((Ep,,. — Ep) > 0)
and redshifts when n-doped ((Ex — Epy,.) > 0).'”°%*® This is
consistent with the band alignment illustrations in Figure 1c—f.
With respect to the 1L-h-BN Ezg1 Raman mode, which was
supposed at around 1363—1367 cm™',***"*" it become
obscure in graphene/h-BN and graphene/h-BN/MoS, hetero-
structures. This can be attributed to its weak intensity,
relatively high ambient noise signal, and reduced light
transmittance of the top MoS, layer. The monolayer structure
of h-BN in this work can be proved by the absorption edges in
absorption coefficients (&) and transmittance functions in
Supporting Information (Figure S6).

To investigate the interlayer coupling in heterostructures, we
first monitored the Raman shift in the MoS, layers. Compared
to the separate MoS, monolayer, the spectroscopic parameters
for MoS, in graphene/MoS,, Elgl redshift and A, slightly
redshift. The redshift of the Ezglmode can be attributed to the
build-in strain (introduced by mismatch of the Ilattice
constants) and increased efficient dielectric screening by the
bottom graphene layer.”"** Referring to previous reports,"**
the efficient vertical dielectric constants of h-BN, graphene,
and MoS, are ~4.5, 9, and 6.3, respectively. On the other hand,
the A}, mode of MoS, is proved coupling stronger to electrons,
thus sensitively to interlayer charge transfer. The A, slightly

2471

redshift in this work has also been observed in previous
research studies,® although if only the charge transfer factor
was considered, electrons transfer from MoS, to graphene
would make MoS, less n-doped; consequently, the A, is
expected to blueshift (as found in some studies'>**). Hence,
besides charge transfer or efficient dielectric screening, other
interlayer coupling effects or the adsorption of impurities may
play a part in this process, which was not the research emphasis
in this work. The Raman shifts suggested the strong interlayer
coupling in graphene/MoS, heterostructures. Furthermore, in
graphene/h-BN/MoS, heterostructures, the redshift of Ezg1
reduced and redshift of A, increased, as results of largely
released build-in strain and reduced dielectric screening by 1L-
h-BN insertion, respectively. As expected, the 1L-h-BN can
partly weaken the interlayer coupling. As revealed in previous
work, due to the atomic flat surface of h-BN and the weak
interlayer coupling effect in the MoS,/h-BN heterointerface,
the build-in strain is relatively small between h-BN and
M082.46

Next, we focused on the graphene Raman features (see
Figure 2 right panel). Compared with isolated 1L-graphene,
the positions of the G and 2D peaks for graphene in the
graphene/MoS, redshift (located at 1592.14 and 2689.79
cm™') indicate that the graphene is less p-doped. Subsequently,
the G peak blueshifts and 2D peak redshifts after 1L-h-BN
insertion, declaring that the graphene layer was less p-doped.
Additionally, in this context, the reduced dielectric screening
effect induced by the 1L-h-BN barrier layer and improved
thickness in the 2D system also came into play. Note that the
1L-h-BN layer did not exchange charge with the bottom
graphene, as evidence that the graphene Raman features in
graphene/h-BN are basically the same as those of the separate
1L-graphene. In the meantime, there is no interlayer charge
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transfer at the MoS,/h-BN heterointerface, either.””*® These
Raman findings demonstrated the strong interlayer coupling in
graphene/MoS, heterostructures, which was somewhat
attenuated by the 1L-h-BN insertion, especially the efficient
dielectric screening effect and interlayer charge transfer.

2.2. Investigate the Interlayer Charge Transfer by the
PL Spectra. For definite blocking strength of the 1L-h-BN
barrier layer, PL spectroscopy was carried out. Figure 3a
presents the PL spectra of different samples, where two
significant PL peaks were observed in 1L-MoS,, while three PL
peaks were found in the heterostructures. Considering the high
optical transparency of 1L-h-BN and relatively low optical
absorption of 1L-graphene, these PL peaks were reasonably
aligned to the trion (X,.), A exciton (X,), and B exciton (Xg)
of the MoS, layers. The X; peak in 1L-MoS, were covered by
high PL intensity of other two peaks. The PL intensity
comparison and full range (1.35—2.32 eV) PL spectra of the
samples are shown in Supporting Information (Figure S3), and
the detailed multi-peak Gaussian fitting parameters are listed in
Table S2 in Supporting Information.

It is evident that after being transferred onto top of
graphene, the absolute PL intensity value of the MoS, layer
decreased significantly (strong PL quenching), which clarified
the efficient interlayer charge transfer and strong interlayer
coupling effects in graphene/MoS,. This strong PL quenching
phenomenon has been reported in variety of previous research
studies.”'®* Furthermore, after combining with 1L-h-BN
barrier layer, the PL quenching was reduced. The PL intensity
of graphene/h-BN/MoS, was doubled versus that of
graphene/MoS,, but it is still an order of magnitude smaller
than that of the 1L-MoS, film. This demonstrates that only a
minor part of the interlayer charge transfer is blocked by 1L-h-
BN intercalation. Nevertheless, the interlayer coupling between
top MoS, and bottom graphene still existed, that is to say,
these two components cannot be regarded as independent
layers. This is the same as the results aforementioned in the
Study of Interlayer Coupling by the Raman Spectra section.
Besides, the dielectric screening effect of 1L-h-BN on charged
impurities on the lower interface may also contributed to the
enhanced PL intensity in graphene/h-BN/MoS,,” which helps
reduce the scattering to photogenerated carriers, improving the
recombination efficiency, and enhancing the integral PL
intensity.

Figure 3b—d plots the PL peak positions, trion binding
energies (Er), and intensity ratio (I,-/I,) of the MoS, layers in
different samples, respectively. According to previous research
studies, an effective mass model is successful in predicting the
binding energies of neutral excitons and trions. Hence, the
intensity ratio of X,- and X, can be derived as eq 4'**

Er
exp| =L
XP[ kBT] (4)
where y,- and y, are the radiative decay rates of X,- and X,
Ua- and p, are the effective mass of X,- and X,, m, is the
electron mass, n, is the free electron concentration, T is the
temperature, kg is the Boltzmann constant, and Er is the trion
binding energies (PL peak energy differences between X,- and
X,)- Thus, the trion spectral weight (I,-/1,) is governed by the
variation of n, and E. Therein, Ey can be efficiently modulated
by n,," strain, and dielectric screening.3 It can be seen from
Figure 3b—d that the peak positions and Ep red shifted in
graphene/MoS,. As expected, the MoS, is less n-doped since

Iy

I,

T 7t

yA 4:“Ame kBT
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delivering electrons to graphene in graphene/MoS,; as a
consequence, n, decreased, leading to reduced E;. However,
I,-/I, rarely changed, which did not match the expectation.
This could be caused by experimental errors or influence from
impurities. During the process, besides the n, modulating
effect, strain and dielectric screening also played an important
role. As revealed in Raman analysis, stacking graphene/MoS,
leading to increased build-in strain and increased dielectric
screening effect with respect to 1L-MoS,, all these factors
would redshift E; and peak positions.

Subsequently, we focused on studying these effects induced
by 1L-h-BN insertion on the PL signals. As revealed in Figure
3b—d, the X, peak positions, Er, and I,-/I, significantly blue
shifted in graphene/h-BN/MoS, heterostructures, compared
with the values in graphene/MoS, heterostructures. This
suggested that the build-in strain, efficient dielectric screening,
and interlayer charge transfer were partly blocked by the 1L-h-
BN barrier layer. Nonetheless, benefited from the dielectric
screening effect of 1L-h-BN on charged impurities on the
lower interface,"”*°~>* the trion spectral weight even enhanced
over that of 1L-MoS,, declaring the potential application
prospect of the graphene/h-BN/MoS, heterostructure.

According to previous literature,” X, and Xj are intralayer
neutral excitons assigned to the splitting valence band at the
high-symmetry K point in the BZ. Comparing the Xy peak in
the graphene/MoS, and graphene/h-BN/MoS,, assuming that
the valence band splitting A, (PL energy difference between
X, and Xg) remain stable during 1L-hBN insertion, the
evolution trend of Xj will be the same as that of X,. However,
the Xg peak is nearly unchanged (as shown in Figure 3b),
indicating the altering of A,. Herein, we considered three
possible factors introduced by 1-hBN insertion: the quantum
confinement effect, build-in strain, and effective dielectric
screening. First, the releasing quantum confinement effect in
graphene/h-BN/MoS, will increase the A,,>*>> which cancels
out the expected blueshift observed in X,. Second, as reported
by He et al.,* the spin—orbit interactions arise from the inner
parts of the atoms and are insensitive to the strain-induced
variation of the atomic bond lengths. Third, as revealed by
Waldecker et al.,** the change of effective dielectric screening
only leads to rigid shifts to the electronic bands. Thus, the A is
independent to dielectric screening. By reason of the foregoing,
the stable Xy peak in graphene/h-BN/MoS, is due to the
increased A, (caused by increased thickness), counteracting
the blue shift of the neutral exciton PL peaks.

2.3. Photoconductivity and Energy Loss Function.
Photoconductivity is an important constant describing the
optical properties of the materials, which can be calculated
from dielectric responses.”” Herewith, we studied the broad-
band optical properties of the samples by spectroscopic
ellipsometry (SE), by which the refractive index (n) and
extinction coefficient (k) of the samples can be extracted very
accurately. Then, with n and k, other crucial optical parameters
of the samples, such as dielectric functions (¢, + ie,), optical
conductivity (o,% + i6,"), energy loss functions [Im(e™")], and
absorption coefficients (a), can be derived accordingly.’**>*
The detailed SE analysis and Kramers—Kronig consistency
checking processes were introduced in the Supporting
Information, from which we demonstrated that the point-by-
point fitting results were checked by the consistency of the
experimental parameters and generated SE data (Figure S4 in
Supporting Information), PL and transmittance spectra
measurement results. This suggested that during the SE data
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Figure 4. (a) Real part of optical conductivities (6,) in units of G, = 2¢*/h and (b) energy loss functions [Im(e¢™!)] of the samples.

analysis process, the ellipsometric parameters can be first
mathematical inverted using the point-by-point method and
then experimentally checked by other experimental results.
This method can be fruitfully exploited to obtain reliable
optical information on other 2D systems.

We report the real part of the optical conductivities (5,") of
the samples over a broadband range (1.2—6.5 eV), as shown in
Figure 4a, which were calculated through the corresponding
dielectric functions [the complex optical constants (n + ik)
were plotted, as shown in Supporting Information Figure S5,
equivalent to dielectric functions] using eqs 5 and 6>

i0,(E) = i [(E) —
o(E) = 6(E) + ioy(E) = =2 1e(E) — 1] ©

6" (E) = 6/(E) + io, (E) = 6(E)d (6)
where ¢ is the complex optical conductivity; E is the photon
energy; N is the reduced Planck constant; ¢ is the complex
dielectric function; & is the vacuum permittivity; and ¢" is the
complex film conductivity. As shown in Figure 4a, the o," of
1L-MoS,, graphene/MoS, and graphene/h-BN/MoS, films are
in the form of step function, implying that the 1L-MoS, layers
can maintain direct band gap transition character even in the
graphene/h-BN/MoS, heterostructures.”” The MoS, layer
may absorb or emit light with high efficiency (i.e., strong
light—matter interaction), suggesting the superiority of
graphene/h-BN/MoS, heterostructures applied in optoelec-
tronic devices with high quantum efficiency. Moreover,
graphene/h-BN/MoS, and graphene/MoS, have higher ¢,"
compared to that of graphene/h-BN, 1L-graphene, or 1L-
MoS,. Referring to the transmittance of the 1L-graphene
(Figure S6a, Supporting Information), the absorption 1L-
graphene is lower than 3% in a wide wavelength region; thus, it
is the MoS, layers in the heterostructures that played the role
of light absorption in the heterostructure. The photogenerated
electron—hole pairs separated effectively at the MoS,—
graphene interface (revealed by the Raman and PL spectral
analysis results mentioned above), coupled with the high
electron mobility of graphene, so that the photogenerated
electrons can be transmitted quickly in graphene/MoS,.
Eventually, the electrons contributed to the overall %,
improving the full-band 6," response. As a result, graphene/
MoS, heterostructures can be used for high-gain light
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detection. Furthermore, the 6" slightly improved after 1L-h-
BN insertion, suggesting that the 1L-h-BN blocking strength
on electrons from MoS, is very limited. It should be noted that
in the o," of graphene/h-BN/MoS, heterostructure, the
dielectric screening effect from the injected h-BN on the
charge impurities from the lower interfaces can depress the
scattering effect and increase the carrier mobility,** which may
contribute to the improvement of the optical conductivity.
Besides the 1L-h-BN absorption edge at around 6.1 eV, the
graphene/h-BN conductivity is basically consistent with 1L-
graphene, demonstrating that 1L-h-BN will not supply
electrons to graphene or largely improve the carrier mobility
of graphene. Assuming that the 1L-h-BN blocked a large
fraction of the photogenerated electrons form MoS,, referring
to the relationship between o,F, carrier mobility, and
concentrations of the optical injected charged carriers from a
previous study,”” the 6," is supposed to reduced. This was not
observed in the sense proving that 1L-h-BN has weak blocking
ability.

As announced previously, the optical conductivity of
graphene layers has been proved that cannot been described
specifically by interband transitions but the plasmonic
excitation.”' To shed light on this kind of collective excitation
in graphene layers, we studied the energy-loss function
Im(e™") in detail. As shown in Figure 4b, the Im(e™") of 1L-
graphene has been investigated in a previous study:**°"** the
feature at around 4.6 eV can be attributed to saddle-point
resonance absorption near M point in BZ. The structures at 5.5
eV are corresponding to the 7 in-plane plasmon modes. The
absorption peaks in the higher photon energy range are
reported from 7 + o in-plane plasmon modes. Then, the broad
plasmon excitation background can be attributed to the
transition around the Dirac cone (7 to 7* around the K point
in the BZ). Comparing the Im(¢™') of graphene/h-BN and
graphene/MoS,, and the graphene shows better photoelectric
properties when encapsulated by h-BN.

Here, we concentrated on monitoring the evolution of the
plasmon excitations of graphene layers in the two hetero-
structures. After being covered by 1L-MoS,, the plasmon
excitation features still exist, along with a decreasing intensity
in the low and high photon energy region. This can be
explained by the fact that the electron injection from MoS,
increased the efficient dielectric screening on the electrons in
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the graphene layer, which decreased the long-distance
electron—electron Coulombic interaction. Then, in gra-
phene/h-BN/MoS,, the 1L-h-BN barrier layer weakly blocked
the electron injection and reduced the dielectric screening
effect, as a consequence that the large range Im(&™") improved
in comparison with that of graphene/MoS,. Notably, the 1L-h-
BN has no obvious plasmonic excitations. Thus, h-BN did not
contribute to the Im(¢™") of graphene/h-BN or graphene/h-
BN/MoS,.

2.4. Electronic Band Structures and Excitons. The
optical properties of a 2D material system are determined by
its electronic band structures and exciton states. The evolution
of the electronic band structures can be determined by
studying the direct interband transitions, that is, CPs. The
properties of CPs and excitons can be derived by the standard
critical point (SCP) model®**”** and Broaden Lorentz line
shape model,*>** respectively. The detailed fitting process and
the specific fitting parameters are introduced in Supporting
Information (Figures S7, S8 and Tables S3, S9). Here, we
reported the CP transition energies (Eg, Figure Sa), excitonic
transition energies (E, Figure Sb), and excitonic binding
energies (E,, Figure Sc) in the photon energy range from 1.2—
6.5 eV of the samples. As aforementioned, the optical
absorption of graphene cannot be accurately described by
interband transitions; thus, only the CPs in MoS, layers in 1L-
MoS,, graphene/MoS, and graphene/h-BN/MoS, samples
were calculated.

As shown in Figure Sa, the Ey, of the CPs in the graphene/
MoS, and graphene/h-BN/MoS, basically unchanged compar-
ing with those of 1L-MoS, films. This implies that the
electronic band structure of MoS, was not affected by either
graphene or h-BN. That is to say, the interlayer hybridization
was generally weak in these two heterostructures, which can be
attributed to the incommensurate interfaces of MoS,,
graphene, or h-BN.® Whether a heterostructure system meets
a commensurate state depends on the lattice constants of the
component layers. Even if a commensurate system can
transition to an incommensurate system by varying the
interlayer lattice angle or adding additional layers on this
heterostructure.”> For incommensurate or non-lattice matched
systems, the interlayer hybridization degree will be less
pronounced.” With regard to our CVD synthesized 2D
material films and layer-by-layer transferring stacked hetero-
structures, as well as the mismatched lattice constants, it can be
reasonably speculated to be an incommensurate system. Then,
the degree of interlayer hybridization is very weak, as revealed
by the unchanged CP transition energies. Besides, the inherent
band gap energies of these three 2D materials are very
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different, also leading to the negligible hybridization on the
band structure.’® The unchanged electronic band structure of
MoS, in graphene/MoS, was predicted by previous studies
using density functional theory, where the electron energy
levels showed a simple superposition.'* Hence, the graphene
Dirac cone had not been altered;*”°® in the meantime, the
direct band gap of MoS, can also be retained (consistent with
our previous optical conductivity results). With 1L-MoS$, layers
acting as efficient optical absorption layers, graphene layers
serve as excellent carrier transport layers, and graphene/MoS,
and graphene/h-BN/MoS, heterostructures hold great prom-
ise in ultrahigh-gain photodetectors.

Figure Sb—c, respectively, depicts the excitonic transition
energies E; and binding energies E, of the samples; the specific
values are listed in Supporting Information Tables S4—S9. The
excitons in IL-graphene,SS’m’é2 1L-MoSZ,57 and 1L-h-BN®~"!
have been investigated in previous studies. Here, we pay more
attention to the modulation effects of stacking graphene/MoS,
and graphene/h-BN/MoS,. As shown in Figure Sb,c, the E; of
graphene and MoS, layers slightly redshifted in the
heterostructures, as well as the E,. This can be explained by
the increased dielectric screening in heterostructures, which is
consistent with the results in WS,/MoS, heterostructures.®’
Besides, the build-in strain (induced by stacking hetero-
structures) and electron injection from MoS, also decreased
plasmon excitation energies (E,) of graphene.()1 However, the
E, and E, of the MoS, in the heterostructures only slightly
shifted, implying that the photodetectors based on graphene/
MoS, and graphene/h-BN/MoS, can still respond at the
original wavelength as the 1L-MoS, devices. This is attributed
to the very limited screening distance of graphene (only ~S A,
as reported previously’”), largely shorter than that of MoS,
(~6—10 nm'®). Then, we studied the 1L-h-BN insertion
effects on exitonic properties of the MoS, layer. As we can see,
the E, and E, of the MoS, layers in graphene/h-BN/MoS,
slightly redshifted. Especially, E,, significantly redshifted due to
the released quantum confinement effect, where some outliers
may be caused by the calculation error. This also demonstrated
that the interlayer coupling effect had not been largely reduced
by 1L-h-BN, agreeing with the results in the PL section.
Investigated by previous studies, the 1L-h-BN adjacent layer
alters the efficient dielectric screening effects on the MoS,
layer. With regard to the MoS,/h-BN bilayer, comparing with
the MoS, monolayer, the dielectric screening effect is
enhanced, resulting in the increasing exciton dissociation
rate.>> However, in our previous work about WS,/h-BN/
MoS,,* the 1L-h-BN insertion decreases the efficient dielectric
screening because of the strong dielectric screening effect
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introduced by WS, on MoS,. Additionally, the dielectric
screening effect plays a leading part modulating the excitonic
properties of WS,/h-BN/MoS, heterostructures. Conse-
quently, the excitonic binding energies blueshift in WS,/h-
BN/MoS,. On the contrary, with regard to the graphene/h-
BN/MoS, heterostructure, the dielectric screening modulation
of 1L-h-BN insertion played a minor role compared with the
releasing quantum confinement effect due to the limited
dielectric screening strength of graphene on MoS,. Eventually,
the excitonic binding energies redshift as a result of the
releasing quantum confinement effect in graphene/h-BN/
MoS, heterostructures, as shown in Figure Sc.

3. CONCLUSIONS

In this work, based on graphene/h-BN/MoS, heterostructures,
the modulation effects of the 1L-h-BN barrier layer on the
electronic band structures and exciton properties were
experimentally revealed. By Raman and PL spectra analyses,
we found that 1L-h-BN insertion only partly blocked the
interlayer carrier transfer, while reduced the interlayer coupling
effects, by decreasing the efficient dielectric screening and
releasing the quantum confinement. Moreover, the graphene/
h-BN/MoS, presents higher amplitude of optical conductivity
and plasmon excitation, compared with those of graphene/
MoS, counterparts. This may benefit from the dielectric
screening effect of the 1L-h-BN barrier layer on the charged
impurities on the lower interfaces or substrates. Furthermore,
by monitoring the evolution of the CP transition energies, we
found that the electronic band structures of MoS, layers in
neither the graphene/MoS, nor graphene/h-BN/MoS, went
through negligible hybridization. This can be attributed to the
incommensurate interfaces of MoS,, graphene, or h-BN, as well
as the large band gap energy differences between them. Hence,
the direct interband transition character of MoS, and the Dirac
cone of graphene can be remained in graphene/MoS, and
graphene/h-BN/MoS,, guaranteeing the eflicient optical
absorption and high mobility of the heterostructures,
respectively. Thus, the photodetectors based on these two
heterostructures can possess ultrahigh optical gain. Finally, the
exciton binding energies and transition energies slightly
redshift caused by the released quantum confinement. Our
results experimentally unveiled the insertion effects of the 1L-
hBN barrier layer, which will be beneficial to the exploitation
of new concept and highly efficient optoelectronic applications
based on the tunneling heterostructures.

4. EXPERIMENTAL SECTION

4.1. Preparation of Heterostructure Thin Films. To fabricate
the graphene/MoS, and graphene/h-BN/MoS, heterostructures,
high-quality and large-size 1L-graphene, 1L-h-BN, and 1L-MoS,
thin films were synthesized using the CVD method. The synthesis
process was assisted by SixCarbon Technology Shenzhen. 1L-MoS,
(1 em X 1 cm) continuous films were synthesized on SiO,/Si
substrates, where the MoO; powder and pure sulfur powder were
used as precursor and reactant materials, respectively. 1L-Graphene (1
cm X 1 cm) continuous films were deposited on cooper foil by
alternating the flow of methane (CH,) and hydrogen (H,). 1L-h-BN
(1 cm X 1 cm) continuous films were synthesized on copper foil using
borane as the precursor. The basic growth conditions of these films
were similar to those previously reported;”>~"° thus, we would not
describe in detail here. With the use of a wet transfer process (PMMA
carrying layer method) similar to that described in previous studies,”®
the as-grown monolayer samples were easily transferred onto c-plane
(0001) sapphire substrates for following spectral measurements and

surface topography characterization. As for multilayer heterostruc-
tures, a layer-by-layer transfer process was implemented. Each transfer
operation was followed by the same annealing treatment (vacuum
degree ~ 0.1 Pa, 350 °C, 2 h), in order to remove the interface
impurities as far as possible to produce smooth films with good
interlayer coupling. This is crucial for accurate analysis of the
interlayer couplin% strength and exciton luminescence, especially
interlayer excitons.”

4.2. Surface Topography Characterization of the Thin
Films. The morphological characterization of 1L-samples and
heterostructures were carried out by using the AFM (AIST-NT
System) in the contact mode, from which the surface roughness of the
samples was evaluated. Moreover, the optical microscopy images were
all shot using the optical microscope (Guangzhou Mingmei, MJ31).

4.3. Optical Spectroscopy Tests. Raman and PL (SPEX/403)
spectra were carried out at room temperature under 532 nm laser
excitation. The room-temperature transmission spectra of our samples
were measured using a spectrophotometer (Jinghua UV1901) within
the wavelength range from 360 to 1100 nm in air. The optical
properties of the samples were investigated by SE (J. A. Woollam, Inc.
M2000X-FB-300XTF) at room temperature. The ellipsometric data
(y, A) were collected over a wavelength range from 200 to 1000 nm
(513 groups of data points) at a fixed incident angle of 65°.
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