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The two-dimensional limit of layered materials has recently been realized through the
use of van der Waals (vdW) heterostructures composed of weakly interacting layers.
In this paper, we describe two different classes of vdW heterostructures: inorganic
vdW heterostructures prepared by co-lamination and restacking; and organic-
inorganic hetero-epitaxy created by physical vapor deposition of organic molecule
crystals on an inorganic vdW substrate. Both types of heterostructures exhibit atom-
ically clean vdW interfaces. Employing such vdW heterostructures, we have demon-
strated various novel devices, including graphene/hexagonal boron nitride (hBN) and
MoS2 heterostructures for memory devices; graphene/MoS2/WSe2/graphene vertical
p-n junctions for photovoltaic devices, and organic crystals on hBN with graphene
electrodes for high-performance transistors. © 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution
3.0 Unported License. [http://dx.doi.org/10.1063/1.4894435]

Since the isolation of graphene a decade ago, many van der Waals (vdW) materials, including
insulators, semiconductors, metals, superconductors, and topological insulators, have been produced
as two-dimensional (2D) sheets with thicknesses down to the limit of a single layer.1, 2 Recently,
there have been important advances in the technology to controllably stack 2D vdW materials to
create functional interfaces between dissimilar vdW materials.3, 4 Using these techniques, we can
now form heterostructures from a wide variety of starting materials, with a controllable number of
atomic layers and atomically sharp interfaces.

The ability to combine materials with diverse properties into layered heterostructures lies at
the heart of modern electronics and can lead to new material properties and emergent behavior at
interfaces.5 In conventional materials, lattice matching and other considerations limit the materials
that can be combined, and the quality of interfaces that can be achieved. This limitation can be
circumvented by the use of 2D vdW materials discussed above, which have weak out-of-plane
bonding. Inspired by the great success of graphene research, an interest has developed in a new

aG.-H. Lee and C.-H. Lee contributed equally to this work.
bE-mail: pk2015@columbia.edu

2166-532X/2014/2(9)/092511/7 © Author(s) 20142, 092511-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions Downloaded to

IP:  128.59.135.147 On: Wed, 03 Sep 2014 17:51:47

http://dx.doi.org/10.1063/1.4894435
http://dx.doi.org/10.1063/1.4894435
http://dx.doi.org/10.1063/1.4894435
mailto: pk2015@columbia.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4894435&domain=pdf&date_stamp=2014-09-02


092511-2 Lee et al. APL Mater. 2, 092511 (2014)

class of available 2D systems. These atomically thin layered materials can be isolated from strongly
anisotropic bulk materials, such as hexagonal boron nitride (hBN), transition metal dichalcogenides
(TMDCs), and organic materials, where weak vdW forces hold the layers together. Unlike conven-
tional semiconductor heterostructures, these vdW layered materials consist of in-plane covalently
bonded atomic layers that interact only weakly with other constituents in the out-of-plane direction.
This weak interlayer interaction allows in principle the stacking of a wide range of 2D vdW materials
together without the requirement of atomic scale commensurability. Therefore, the combination of
different layered constituents may produce heterogeneous and functional materials whose interfaces
yield completely different types of 2D electronic systems. These systems can demonstrate unique
physical properties, providing the opportunity to build novel quantum electronic devices based on
emergent collective phenomena.6–8

In this paper, we describe recent developments in the creation of novel heterostructures based
on both inorganic and organic vdW systems. Two different approaches will be discussed: (i) the
co-lamination and restacking of vdW heterostructures; and (ii) physical vapor deposition on a vdW
substrate. The first method is based on an extension of mechanical exfoliation techniques and co-
lamination to controllably stack various inorganic 2D vdW materials. This enables the construction of
atomically engineered heterostructures from a wide range of inorganic vdW materials. Furthermore,
new techniques provide electrical contacts to fully encapsulated active layers.4 The second technique
utilizes vdW surfaces as a template for epitaxial growth of highly ordered, crystalline organic and
inorganic films. 2D materials such as graphene, hBN, and semiconducting TMDCs offer a new type
of substrate for the growth of high-quality semiconductor films via vdW heteroepitaxy. The absence
of dangling bonds and charge traps on the surface of vdW substrates enables the formation of
the atomically well-defined interfaces with the depositing materials by physical vapor deposition.
The concomitant reduction in the density of the charge traps and/or scattering centers can greatly
improve the transport properties of the deposited layer and the associated device operation.

The structure of paper is as follows. We first discuss the two different approaches to cre-
ate vdW heterostructures described above. We then present three different examples of vdW het-
erostructures and their characteristics: (i) MoS2/hBN/graphene heterostructures for memory devices;
(ii) multilayer graphene/MoS2/WSe2/graphene vertical p-n junction devices; and (iii) high-
performance rubrene devices prepared on hBN with graphene electrodes. Parts of these studies
have been previously reported, where additional details may be found.9–11

We construct the functional heterostructures of inorganic vdW materials simply by stacking
atomically thin layers on top of one another by successive transfer steps (see Fig. 1(a)). In order
to transfer one 2D layer onto another, a thin polymer film has previously been utilized, as reported
by Dean et al.3 This technique enables multiple-stacking of 2D materials and fabrication of high
performance graphene devices on hBN.3, 12 However, the formation of bubbles and the presence of
organic residues at the interfaces have typically been observed in the process due to the use of a
polymer film, even after cleaning and high-temperature annealing between stacking steps. This leads
to degradation of the performance of 2D layers and to difficulties in large-area device fabrication.4, 12

We have therefore developed two different polymer-free transfer techniques for the assembly of
clean, atomically-sharp vdW interfaces.4, 13

The first method for polymer-free assembly, the polydimethylsiloxane (PDMS) transfer tech-
nique shown in Fig. 1(b), uses a PDMS elastomer stamp instead of a polymer layer to support the
2D sheet.13 2D materials are exfoliated directly onto the PDMS stamp and can then be transferred
onto a target 2D material on an arbitrary substrate, whether rigid or flexible. The second method, the
pick-up transfer technique shown in Fig. 1(c), employs a sheet of hBN to pick up a 2D layer of the
material of interest using the mutual vdW interaction between the layers.4 In detail, a flake of hBN is
mechanically exfoliated onto a bare Si chip coated with a thin poly-propylene carbonate (PPC) film.
The PPC film then carefully peeled off the substrate and placed onto a PDMS stamp. The hBN flake
placed in contact with the target 2D layer, which was separately prepared on a SiO2/Si substrate.
After heating to 40 ◦C, the PDMS stamp is gently lifted up to pick up the whole stack. This process
is repeated to produce the desired multiple-stack. The entire stack is finally transferred onto the
chosen substrate by melting the PPC film at 90 ◦C to remove the PDMS stamp, and dissolving the
PPC in chloroform.
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FIG. 1. (a) Schematic illustration of vdW a heterostructure consisting of a multiple-stack of hBN/graphene/MoS2/
WSe2/graphene/hBN. The stacking techniques of (b) PDMS transfer and (c) pick-up transfer show how a graphene flake
is transferred onto an hBN flake. (d) Optical images in reflection (upper) and transmission (lower) of a stack of MoS2

(3 layers)/hBN (10 nm)/graphene (5 layers).

FIG. 2. (a) Schematic illustration of vapor phase growth of organic molecules on the hBN crystal. (b) Non-polarized and
polarized optical images of the rubrene film grown on hBN.

By employing these techniques, ultraclean and atomically-sharp vdW heterointerfaces of in-
organic/inorganic and organic/inorganic materials can be fabricated.13, 14 The advantage of these
methods is confirmed by the superior performance of graphene devices produced by these tech-
niques compared with those prepared by methods utilizing a polymer film.4, 13, 14 Figure 1(d) shows
a representative stack of MoS2 (3 layers)/hBN (10 nm)/graphene (5 layers) on a PDMS stamp cre-
ated by these techniques. The transmission-mode optical image of Fig. 1(d) shows that this stack is
highly transparent and bubble-free. For device fabrication, the stacks can be shaped to the desired
device structure through e-beam patterning and reactive ion etching (RIE). Electrodes can then be
patterned by e-beam lithography and subsequent metal deposition. When an active 2D material is
encapsulated between two hBN flakes, the encapsulated 2D material can be fully protected during
the entire device fabrication process. This approach avoids polymer resists and solutions that can
influence the characteristics of 2D materials, as well as environmental conditions, such as reactive
chemical species and water molecules that can also affect the electrical and optical properties of 2D
sheets.15, 16

In addition to vdW hetero-assembly described above, epitaxial growth provides an alternative
route to fabricate heterostructures based on numerous vdW systems. In particular, organic materials
can also create vdW heterostructures by interfacing with 2D inorganic materials such as graphene,
hBN, and TMDCs to form high quality atomically sharp interfaces with vdW interactions. We have
already demonstrated epitaxial growth of an organic film on 2D layered materials such as hBN and
graphene.10 Figure 2(a) shows a schematic illustration of vapor-phase growth of rubrene on hBN
crystallites mechanically exfoliated on SiO2/Si substrates. A purified source of rubrene powder was
sublimated in a hot zone at 230 ◦C. The vaporized molecules were transported to the crystalline zone
at 180 ◦C by flowing Ar carrier gas under vacuum (∼1 Torr), where the substrate was placed for
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FIG. 3. (a) Schematic of vdW heterostructure memory device consisting of MoS2/hBN/graphene. (b) Tunneling current (IT)
between MoS2 and graphene through hBN with varying gate voltage (VG) of forward and backward sweep directions. The
inset shows the band alignment of heterostructure and tunneling of electrons. (c) Transfer curve of drain current (ID) shows a
large hysteresis at room temperature and 200 ◦C. (d) Retention curve shows high on/off ratio and nonvolatile characteristics
of the heterostructure memory device at room temperature and 200 ◦C. The retention was measured at VG = 0 V with pulse
of ±15 V, pulse width of 100 μs, and VD = 50 mV.

the organic crystal growth. To avoid unintentional contamination of the hBN surface, the substrate
was cleaned via vacuum annealing at 400 ◦C prior to the growth. We mainly controlled the substrate
temperature for optimization of the crystal growth, and obtained the highest crystal quality at 180
± 10 ◦C. The amorphous films were grown on the entire substrate without surface selectivity at
lower temperatures, while no growth occurs on the surface at higher temperatures. Under optimal
conditions, we could grow high-quality rubrene crystalline films with large domains selectively on
the hBN surface. This large domain growth of a crystalline film was characterized with polarized
optical microscopy since crystallographic anisotropy of the rubrene crystal could result in the optical
contrast in the polarized images depending on in-plane orientations as shown in Fig. 2(b). It should
be noted that optimal growth conditions can differ depending on other growth parameters as well as
organic molecules.

vdW heterostructures formed by stacking 2D materials have a great potential for next-generation
electronics because of the outstanding properties of the constituent materials. In particular, their high
uniformity and ability to tune the number of layers is promising for memory devices based on charge
tunneling. For example, graphene and graphene oxide have been used for memory devices,17, 18 while
more advanced memory devices based on the vdW heterostructure was recently demonstrated.9

Nonvolatile heterostructured memory devices of Fig. 3(a) were fabricated on a Si wafer with
280 nm-thick SiO2 by stacking 2D materials, which consist of MoS2 (channel), hBN (tunneling
barrier), and graphene (charge trapping layer). Electrodes were formed by electron beam lithography
and deposition of Au (50 nm) and the doped Si substrate was used as a back gate. As shown in
Fig. 3(a), the drain current of MoS2 (ID) and tunneling current (IT) between MoS2 and graphene
through hBN were measured to verify the memory performance and tunneling mechanism. According
to the band alignment of the inset of Fig. 3(b), it can be inferred that both electrons and holes can
tunnel through the hBN barrier in the MoS2/hBN/graphene heterostructure. However, hole tunneling
through hBN layer is less feasible due to relatively larger effective mass and higher barrier height for
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FIG. 4. (a) Schematic of graphene-sandwiched multilayer p-WSe2/n-MoS2 heterostructure. (b) Photovoltaic characteristics
of the p-n junction at various gate voltages. The curves were measured using a focused 532-nm laser with a power of
∼3.7 μW. The inset shows the band diagram of the junction. The band slopes and potential barriers (mainly between
graphene and WSe2) would be changed as the gate voltage varies. (c) Photocurrent maps (at Vds = 0 V) with the focused
laser excitation with different wavelengths. An optical micrograph of the device is shown in the left. The thicknesses of WSe2

and MoS2 layers are 9 nm and 10 nm, respectively.

holes.9, 19 When IT was measured as shown in Fig. 3(b), it was observed that electrons in MoS2 are
transferred by tunneling through hBN and trapped in floating graphene when the gate voltage (VG)
is positive in a trapping process (forward sweep of VG); meanwhile the trapped electrons tunnel
back to MoS2 when VG is negative in a releasing process (backward sweep). As a result, the trapped
electrons in the graphene layer, which acts as a floating gate,20 give rise to a large hysteresis of MoS2

transfer curve. As shown in Fig. 3(c), the transfer curve of the MoS2/hBN/graphene heterostructure
device exhibited a large hysteresis of �V ≈ 20 V and high on/off current ratio of ∼105. Furthermore,
even at high temperature of 200 ◦C, no appreciable difference was observed in device operation,
confirming the high stability of vdW heterostructure. As expected from this, the heterostructure
memory devices show good retention and endurance characteristics.9 As shown in Fig. 3(d), we also
verified that high on/off ratio can be maintained for a long time of over 1000 s at room temperature
and even at 200 ◦C. Therefore, we can conclude that the vdW heterostructure memory devices
are a promising candidate for nonvolatile memory applications, which require high transparency,
flexibility, and operational stability in harsh conditions.

In addition to the electronic applications, vdW heterostructures based on 2D semiconductors
with controllable band gaps and doping can be exploited for optoelectronic devices such as photo-
diodes, solar cells, and light-emitting diodes.11, 21–24 The most fundamental unit is a p-n junction,
which can be realized by vertically stacking the TMDC layers with different doping. Figure 4(a)
represents a schematic of the graphene-sandwiched multilayer p-WSe2/n-MoS2 junction device.
We used the “pick-up transfer” technique described above. A multi-stacked vdW heterostructure
was constructed by conducting multiple pick-up processes sequentially. In this device geometry, we
employed graphene layers as charge-collecting contacts, which are separately connected to metal
electrodes by the edge-contact scheme.4

The vdW p-n junction exhibited the rectifying diode behavior and photovoltaic response as
reported previously.11 More interestingly, the device characteristics of a p-n junction can be tuned
by varying the gate voltage. Figure 4(b) shows current-voltage (I–V) curves under 532-nm laser illu-
mination at various gate voltages. The characteristics clearly demonstrate gate-tunable photovoltaic
operation. Upon sweeping the gate voltage to the negative direction, the open-circuit voltage and the
short-circuit current tend to increase, reaching maxima of 0.47 V and 116 mA/W, respectively. This

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions Downloaded to

IP:  128.59.135.147 On: Wed, 03 Sep 2014 17:51:47



092511-6 Lee et al. APL Mater. 2, 092511 (2014)

FIG. 5. (a) Representative PL spectra of the rubrene film grown on hBN and free-standing rubrene crystal. (b) Optical micro-
graphs of graphene (GR) pads transferred on the hBN crystal (top) and the rubrene film grown on the graphene/hBN/graphene
structure. (c) Representative transfer characteristic of the fabricated FET. The inset shows the output characteristic of the
device.

trend can be attributed to increase of band slopes in the p-n junction and decrease of the potential
barrier between graphene and WSe2 because the layers close to the back-gate become more p-doped
electrostatically as the gate voltage varies in the negative direction. These will enhance charge
separation and collection in the p-n junction. Note that the gate-tunable characteristics are possible
owing to weak electrostatic screening of ultrathin materials and absence of the Fermi-level pining at
the atomically sharp heterointerfaces, offering a unique opportunity to realize tunable optoelectronic
devices.

The spatial origin of the observed photovoltaic responses was further investigated by scanning
photocurrent measurements. Figure 4(c) shows photocurrent maps with different excitation energies.
Regardless of wavelength, we observed uniform photocurrent dominantly from the overlapped
junction area, indicating that photovoltaic action is originated from the p-n junction sandwiched
between top and bottom graphene layers. In addition, the wavelength-dependent photo-response
suggests that both TMDC layers absorb light and contribute to the photocurrent. We believe that
further optimization of the band alignment, doping, and cell thickness can enable the realization of
efficient photovoltaic cells by multiple vdW assemblies of 2D semiconductors.

We already demonstrated that rubrene can be epitaxially grown on the hBN surface with small
misorientation between two crystal lattices, enabling the growth of rubrene films with large single-
crystalline domains.10 In addition to crystal quality, the optical quality of rubrene films grown on
hBN is comparable to that of a free-standing rubrene crystal. Figure 5(a) shows comparison of photo
luminescence (PL) spectra for two samples prepared differently. The rubrene film grown on hBN
showed the main PL peak at ∼615 nm and the broad shoulder around 650 nm, similar with those of
a free-standing single crystal separately prepared.25

High-quality organic crystalline films on dielectric materials are useful for the fabrication of
high-performance organic field effect transistors (FETs). In particular, a vdW dielectric such as hBN
is more desirable because it forms a very clean channel-dielectric interface. For further realization of
a FET geometry, we used graphene as a vdW electrode. As shown in the top of Fig. 5(b), the patterned
chemical-vapor-deposited graphene films were transferred on the hBN surface using the “PDMS
transfer” technique. Then, rubrene films were grown on the lateral graphene/hBN/graphene het-
erostructure under same growth conditions. Owing to atomic thinness and vdW nature of graphene,
we still grew high-quality rubrene films uniformly across the entire structure as shown in the bottom
of Fig. 5(b). Furthermore, reasonably good electrical contact was achieved at room temperature
when compared with typical metal contacts as reported previously.10 The fabricated device exhib-
ited excellent transistor characteristics with high mobility and on/off ratio. The field-effect mobility
extracted from Fig. 5(c) was 2.9 cm2/V s, and average values were 5.1 ± 2.7 cm2/V s. These values
are comparable to those of rubrene single crystal devices fabricated on SiO2/Si substrates. Although
we have demonstrated one specific example, the principle of organic/inorganic vdW heteroepitaxy
can be easily generalized where these functioning organic and inorganic vdW heterostructures have
a great potential for various electronic and optoelectronic applications.

We have developed the methods creating inorganic/inorganic heterostructures using co-
lamination and restacking vdW materials. We also demonstrate organic/inorganic heterostructures by

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions Downloaded to

IP:  128.59.135.147 On: Wed, 03 Sep 2014 17:51:47



092511-7 Lee et al. APL Mater. 2, 092511 (2014)

epitaxial growth of an organic crystal on the surface of vdW materials. Using these functional hetero-
interfaces, furthermore, we demonstrate several novel device operations. In MoS2/hBN/graphene
tunneling devices, we build a non-volatile memory device utilizing charge tunneling across the vdW
interfaces. We also show vdW p-n junctions by sandwiching the multilayer p-WSe2/n-MoS2 het-
erostructure with graphene electrodes. The junction exhibits both gate-tunable rectifying electrical
characteristics and photovoltaic responses. Finally, we demonstrate high-performance organic elec-
tronic devices by utilizing rubrene crystalline films grown on hBN with atomically thin graphene
electrodes contacting the accumulated charge carriers via the electrical field effect at the vdW in-
terface. Further, optimization and atomic control of these organic/inorganic vdW interfaces will
provide novel functional material platforms where one can realize high-performance electronic and
optoelectronic devices.

This work was partially supported by the National Science Foundation (DMR-1124894) and
by the FAME Center, one of the six centres of STARnet, a Semiconductor Research Corporation
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Development Program (2012M3A7B4049966) (M.H.) through the National Research Foundation
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