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ABSTRACT: The van der Waals (vdW) interaction in two-dimensional (2D)-
layered materials affects key characteristics of electronic devices, such as the contact
resistance, with a vertical heterostructure geometry. While various functionalizations
to manipulate the properties of 2D materials have shown issues such as defect
generation or have a limited spatial range for the methods, engineering the vdW
interaction in nondestructive ways for device applications has not been tried or
properly achieved yet. Here, we introduce the proximity engineering of the vdW
interaction in multilayered graphene, which is observed as modified interlayer
distances and deviated stacking orders by Raman spectroscopy. A 2D electride,
[Ca2N]

+·e−, possessing a low-work function of 2.6 eV, was used to trigger an
avalanche of electrons over tens of graphene layers, exceeding the conventional
spatial-range limit (∼1 nm) by screening with a carrier density of 1014 cm−2. Our proximity engineering reduces the vdW
interaction in a nondestructive way and achieves a promising graphene−metal contact resistance of 500 Ω·μm without using
complicated edge contacts, which demonstrates a way to use moderately decoupled graphene layers for device applications.
KEYWORDS: proximity engineering, van der Waals interaction, multilayered graphene, contact resistance, electride

1. INTRODUCTION

van der Waals (vdW) interaction is a key parameter to
determine the electronic properties of graphene and other
layered materials, which has opened the door for original nano
and quantum electronic devices with two-dimensional (2D)-
layered materials.1−8 In particular, the linear band dispersion of
monolayer graphene, a key feature of decoupled graphene, is
modified to quadratic energy dispersion in multilayered
graphene because of the vdW interaction between layers.
The vdW interaction has motivated the investigation of the
monolayer and multilayered graphene in terms of band gap
opening with symmetry breaking,4 flat band formation for
superconductivity,5 and carrier doping.6

Carrier doping and other functionalizations of graphene for
device and catalysis applications have been explored by various
methods including nitrogen atom substitution,9 molecular
adsorption,6 intercalation, and plasma treatment.10,11 Despite
improved performances by these functionalizations, the
intrinsic limits of the methods have also been revealed. For
example, the effective range of the physical or chemical
processes is limited to less than 1 nm by the functionalizations,
which originates from a fundamental physical origin, the
Thomas−Fermi screening.12 Moreover, the violent processes
for functionalization inevitably induce physical and chemical
defects that fatally degrade the high carrier mobility of
graphene in device applications, which can be observed by

both electrical (measuring field-effect mobility) and optical
(Raman spectroscopy) studies.13 We note that original
nanoscopic probe techniques have been developed to properly
investigate the characteristics of graphene with low contact
resistances.14−16

A novel approach for nondestructive and long-range doping
of a 2D material, MoTe2, with a 2D electride of [Ca2N]

+·e−

has been reported.12,17,18 The previous study, supported by
first-principles calculations, showed that there is an avalanche
of electrons from the 2D electride to MoTe2 over a distance of
100 nm through the layer direction, producing a high doping
density of 1014 cm−2 in a large space of the material. In the case
of MoTe2, the high carrier density induces a structural phase
transition from a hexagonal (semiconducting) to a monoclinic
(metallic) structure, exceeding the distance limited by
conventional screening.12,19 We note that the high doping
density (1014 cm−2) is also available by ionic gating, but the
effective range is still limited to 1 nm, which cannot be used for
high carrier doping of practical, multilayered 2D materials.
Here, we report a unique manipulation of the vdW

interaction in multilayered graphene (over tens of layers) via
an exceptionally high-density charge transfer by contacting the
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multilayered graphene with [Ca2N]
+·e−. The Raman spectra of

the multilayered graphene on [Ca2N]
+·e− show three modified

peaks: G, R, and 2D peaks. We did not observe the D peak in
all our measurements, indicating that there is no unexpected
intercalation of calcium atoms or other impurities into the
graphene to create defects, which highlights our method as a
nondestructive engineering. While the G peak exhibits a shift
originating from the electron doping, the newly-appeared R
peak implies that each graphene layer in the multilayered
graphene is slightly twisted and deviated from the conventional
AB stacking of the graphite. Besides the stacking deviation, the
reduced vdW interaction or moderately decoupling graphene
layers is demonstrated by the modified 2D peak. Finally, the
proximity engineering of the vdW interaction achieves a low
practical contact resistance of 500 Ω·μm without fabricating a
complicated edge contact to the metal electrodes, which opens
the way for device applications with moderately decoupled
graphene layers.

2. EXPERIMENTAL SECTION
2.1. Fabrication of a Heterostructure, Graphene on [Ca2N]

+·
e−. The [Ca2N]

+·e−, a 2D electride, is a strong reducing agent with an
extremely low-work function down to 2.6 eV.20 The 2D electride
possesses delocalized electron layers, described as blue layers in Figure
1a, enabling spontaneous and efficient charge transfer into adjacent
materials. The contact-induced avalanche of electrons from the 2D
electride is schematically shown in Figure 1a (right side). During the
charge transfer, the interlayer distance of the graphene layer changes;
the AB stacking of the graphene, represented as the black circles
before the contact (left, Figure 1a), is modified to the red circles after
the contact (right, Figure 1a). Because of the charge transfer into
graphene, the underneath [Ca2N]

+·e− is oxidized, which is described
by different colors for the calcium and nitrogen atoms and by the
reduced electron layers in Figure 1a. While the contact was made in a
glovebox described in the Supporting Information, the [Ca2N]

+·e−

oxidized by the subtraction of the electrons, shown in Figure 1a,
makes the Raman spectrum similar to that observed with the
[Ca2N]

+·e− oxidized in air.12

3. RESULTS AND DISCUSSION

It has been reported that the 2D peak in Raman spectroscopy
reflects the vdW interaction in multilayered graphene.21−24

Accordingly, the Raman spectra at three locations, showing a
reduced vdW interaction to three different degrees in the

multilayered graphene, are shown in Figure 1b (three curves
from the top) with a reference Raman spectrum from a flake of
AB-stacked graphene layers (bottom black curve). The
different degrees of the vdW interaction originate from the
nonuniform local charge densities; the local geometry of
[Ca2N]

+·e−, such as atomic steps with different facets, gives
locally different electron-doping densities to the adjacent
multilayered graphene. The G and 2D peaks in Figure 1b are
carefully fitted by the prominent modes in graphene, and the
results are summarized in Figures 1b, S1, and Table S1. We
note that there is no D peak around 1350 cm−1 in Figure 1b,
indicating that the proximity engineering in Figure 1a is
nondestructive.
The large amount of electron transfer from [Ca2N]

+·e− to
the multilayered graphene achieves a decoupling of the
individual graphene layers with a twist between the layers. In
particular, the peak component assigned to P1 (2677 cm−1) in
Figure 1b represents the 2D nature of the multilayered
graphene, which can be considered as a stacking of decoupled
graphene monolayers. In contrast, the peak component
assigned to P2 (2715 cm−1) in Figure 1b indicates a three-
dimensional nature, originating from the interacting graphene
layers mostly with an AB stacking order (i.e., conventional
vdW interaction in the graphite). The Raman spectra in Figure
1b show an increase of the P1 component with respect to the
P2 component; the P1 to P2 ratio changes from 0.34 (derived
from the black curve from the conventional graphite) to 2.38
(derived from the top red curve from the multilayered
graphene on [Ca2N]

+·e−).
There are two emerging peak components in the Raman

spectra of the multilayered graphene on [Ca2N]
+·e− in Figure

1b. The R peak located at around 1451 cm−1, which has been
known as a sign of twisted graphene layers, is newly observed
in the red curves (top three curves) in Figure 1b. The other
peak component, which is mostly called the G* peak around
1588 cm−1, is also observed in the multilayered graphene; the
G* peak has been known to be evidence of disorders in
graphene. The Raman features in Figure 1b imply that the
electron avalanche into the multilayered graphene via physical
contact to [Ca2N]

+·e− results in decoupling (an increase of the
P1 peak) and twisting (emerging R peak) of the individual
graphene layers with a certain domain or grain nature (G*
peak); we speculate that the disorder feature (G* peak)

Figure 1. Contact-driven charge transfer to multilayered graphene (ML-gr) on oxidizing [Ca2N]
+·e−. (a) Schematic picture of the charge transfer

to the ML-gr. Electron layers in the [Ca2N]
+·e− are indicated as blue ellipses, which are weakened after the contact because of the spontaneous

electron transfer (oxidation). Carbon lattices after the contact are described as red circles to indicate the resulting interlayer-decoupling and
strengthened 2D nature in the ML-gr. (b) Raman spectra of the ML-gr/[Ca2N]

+·e− (top three curves) and a reference ML-gr/SiO2 (bottom black
curve). The mild red and orange colors in the second and third curves (from the top) indicate that the doping concentration is lower than the first
curve possibly because of the local geometry of the underlying [Ca2N]

+·e−. Clear enhancement of the R peak without generating a D peak reveals
the twisting feature of the ML-gr. The increase of the P1 peak component shows the decoupling of the individual layers in the ML-gr/[Ca2N]

+·e−.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b16655
ACS Appl. Mater. Interfaces 2019, 11, 42528−42533

42529

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16655/suppl_file/am9b16655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16655/suppl_file/am9b16655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b16655/suppl_file/am9b16655_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b16655


originates from the locally different degrees of doping
concentrations by the locally varying work function of
[Ca2N]

+·e−.12

The stability of the highly electron-doped graphene on
[Ca2N]

+·e− against air exposure and postoxidation of the
substrate was investigated and is summarized in Figure 2. The
fabrication of the multilayered graphene on [Ca2N]

+·e− was
done with a passivation layer [poly(methyl methacrylate),
PMMA] in our glovebox, and a photograph of the stacked
sample is shown in Figure 2a; the surfaces of the [Ca2N]

+·e−

and graphene are maintained intact and flat without any
oxidation in the glovebox. Although the [Ca2N]

+·e− flake was
covered by a multilayered graphene flake and additional
PMMA passivation layer, the underlying [Ca2N]

+·e− flake can
be easily oxidized outside the glovebox,9 as shown in Figure 2b.
A fully oxidized [Ca2N]

+·e− flake after air exposure shows a
clear optical contrast by its increased surface roughness, as
shown in Figure 2b.
The Raman features for the reduced vdW interaction in

multilayered graphene were maintained by air exposure
(postoxidation), as shown in Figure 2b. Moreover, the
adhesion of the highly electron-doped graphene to oxidized
[Ca2N]

+·e− is stable enough to be kept in chemical treatments
such as removing the PMMA by acetone rinsing. An optical
image of the multilayered graphene on [Ca2N]

+·e− after
removing the passivation layer (PMMA) in air is shown in
Figure 2c. As summarized in Figure 2d, the major features,

modified ratio of P1 to P2 and the emerging R and G* peaks,
are identically observed in the multilayered graphene on the
postoxidized [Ca2N]

+·e− before and after the removal of the
PMMA (green and blue curves in Figure 2d). We note that the
stability against air exposure and various chemical treatments is
critical for device applications.
To exclude other possible origins such as strain effect from

the bottom substrate for the unique Raman features in Figures
1 and 2, we conducted a comparison measurement with the
multilayered graphene on pre-oxidized [Ca2N]

+·e−. In the
comparison experiment, the [Ca2N]

+·e− flakes were intention-
ally oxidized first, and then, multilayered graphene flakes were
transferred onto the pre-oxidized [Ca2N]

+·e−, as shown in
Figure S2; the thickness and relative geometry between the
two flakes in Figure S2 were chosen to be same as those in
Figure 2. The Raman spectra in Figure S2 do not show
meaningful changes, indicating that the unique Raman
characteristics in Figure 2 do not originate from other
geometrical reasons, such as strain, with the flakes having
rough surfaces. Thus, the large amount of electron transfer
from the pristine [Ca2N]

+·e− to graphene is considered as the
key origin for the Raman spectra in Figures 1 and 2.
As the electron transfer occurs at the interface between the

multilayered graphene and [Ca2N]
+·e−, which is located at the

bottom of the multilayered graphene, it is critical to investigate
how far the electron doping can reach through the vdW gaps
between the graphene layers. We note that the Raman

Figure 2. Stability of the electron-doped ML-gr/[Ca2N]
+·e−. (a−c) The optical images of the PMMA/ML-gr/[Ca2N]

+·e− in an Ar-filled glovebox,
PMMA/ML-gr/oxidized [Ca2N]

+·e− in air, and ML-gr/oxidized [Ca2N]
+·e− after the removal of the top PMMA film in air, respectively. (d)

Raman spectra of the sample in (a) (red curve), (b) (green curve), and (c) (blue curve) with a reference ML-graphene/SiO2 (black curve).

Figure 3. Device characteristics of the ML-gr/[Ca2N]
+·e− and ML-gr/SiO2. (a,b) The optical images of a four-terminal device with the ML-gr//

[Ca2N]
+·e− and ML-gr/SiO2, respectively. (c) Source−drain two-terminal current (ISD) measurements as a function of the voltage (VSD) with the

device in (a) (red curve) and (b) (black curve). (d) Contact resistance (RC) was derived by four-terminal measurements with the device in (a,b).
Then, the RC values at various temperatures are plotted for the devices in (a,b).
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measurements in Figures 1 and 2 do not have the spatial
resolution in the vertical direction. The thickness of the
multilayered graphene in our study was around 5 nm (∼15
layers of graphene). The screening length or Debye length

(LD) is given by the formula L kT
q ND 2≡ ϵ , where ε, k, and N are

the dielectric constant, Boltzmann constant, and carrier
density, respectively; the value of LD becomes 1 nm at a
carrier density (N) of 1014 cm−2 or 1021 cm−3, which is much
shorter than the thickness of the multilayered graphene in our
study (5 nm). Nevertheless, we could observe a modification
of the top graphene layer by proximity engineering at the
bottom of the multilayered graphene, which is useful for device
applications.
The top graphene layer, influenced by the doping from the

bottom graphene layer, could be studied by measuring the
contact resistance between the top graphene layer and another
metal electrode following a conventional metallization process,
which is also an important subject for device applications. It
has been known that the contact resistance changes by the
doping level of the top graphene layer. Four-probe electronic
devices were fabricated to measure the contact resistances in
the two systems shown in Figure 3. Multilayered graphene
flakes with the same thickness on [Ca2N]

+·e− (Figure 3a) and
on SiO2 (Figure 3b) were investigated. The [Ca2N]

+·e− was
oxidized during the device fabrication, but the doping of the
multilayered graphene could be maintained as we discussed
with Figure 2. To compare the two contact resistances, the
same metals, chrome (Cr) and gold (Au), were used for the
electrodes.
The overall two-probe resistance was decreased by more

than five times in the 5 nm thick multilayered graphene on
[Ca2N]

+·e− shown in Figure 3c. Because of the absence of the
band gap in graphene, the conductance modulation of the
multilayered graphene up to five times is exceptional, which
has not been achieved by conventional electric gating25 or
molecular doping.13 We note that the screening theory in
physics restricts such a large conductivity modulation over the
thickness (∼5 nm) of semimetals (e.g., graphite) by the doping
or gating method, which demonstrates the unique function of
our proximity engineering based on the avalanche of electrons
from the 2D electride.
Because the channel resistance and contact resistance are

equally involved in the two-probe measurement, the contact
resistance, RC, was separately studied by the four-probe
measurement shown in Figure 3d. The RC decreases to 500
Ω·μm with the underlying [Ca2N]

+·e− (red points in Figure

3d), which is nine times lower that of the pristine multilayered
graphene (black points in Figure 3d). The RC decreases even
further at lower temperatures shown in Figure 3d. The reduced
RC is similar to that from the graphene edge contact; we
achieved this promising contact for device applications without
using complicated fabrication methods for the edge contact.26

The transport data are easily reproducible with the 5 nm thick
multilayered graphene on pristine [Ca2N]

+·e−; pre-oxidized
[Ca2N]

+·e− cannot produce the reduced RC.
Concerning the channel resistance, semiconducting behavior

(increasing resistance at a lower temperature) of the channel
was observed as shown in Figure S3 (red curve). The pristine
multilayered graphene shows a constant resistance at varying
temperatures (black curve in Figure S3), which can be
understood by the semimetallic characteristics of the pristine
multilayered graphene. We explain that the semiconducting
behavior in Figure S3 (red curve) originates from numerous
carrier scatterings in the multilayered graphene with the
reduced vdW interaction on the rough substrate of the
postoxidized [Ca2N]

+·e−. Despite the increased scattering in
lateral transport, most vertical transport properties for practical
device applications with a vdW heterostructure geometry
mainly require contact resistance, which is not influenced by
the oxidation of [Ca2N]

+·e−.
To understand the decoupling and twisting features in the

heavily doped multilayered graphene, we conducted first-
principles calculations on the interlayer interaction and
distances with different doping concentrations and interlayer
distances. The interlayer distance could be found by the
minimum energy, as shown in Figure 4a, and the value shows
that the interlayer distance of graphene is almost unchanged by
increasing the electron density up to 6 × 1014 cm−2. However,
the interlayer interaction, which is required to get isolated
graphene layers, becomes weaker, which indicates a possible
decoupling of individual graphene layers. Figure 4b shows the
decreasing interlayer binding energy between the carbon atoms
in the adjacent layers for the increasing electron-doping
concentration. Therefore, the first-principles calculations
support our experimental findings of interlayer decoupling in
the multilayered graphene via heavy electron doping from the
[Ca2N]

+·e− electride (proximity engineering).

4. CONCLUSIONS

A novel and nondestructive way of electron doping up to 1014

cm−2 over a long vertical distance in multilayered graphene (up
to 5 nm) was developed by proximity engineering with a 2D
electride, [Ca2N]

+·e−. Raman spectra and transport studies

Figure 4. First-principles calculations for the interlayer interaction in the ML-gr as a function of the interlayer distance and doping concentration.
(a) Stability change by the doping concentration and interlayer distance. (b) Interlayer binding energy, extracted from the minimum energy in (a)
for each doping concentration.
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demonstrate that the individual graphene layers are moderately
decoupled and twisted by the avalanche of electrons in the
multilayered graphene, which is supported by first-principles
calculations. The proximity engineering improves the top
contact resistance for the first time, making it nine times lower
than that of pristine multilayered graphene without using
complicated fabrication methods for the edge contact. These
findings pave the way to use moderately decoupled graphene
layers for device applications.
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