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Two-dimensional (2D) Van der Waals heterostructures have aroused extensive concerns in recent years. Their fabrica-
tion calls for facile and efficient transfer techniques for achieving well-defined structures. In this work, we report a simple
and effective dry transfer method to fabricate 2D heterostructures with a clean interface. Using Propylene Carbonate (PC)
films as stamps, we are able to pick up various 2D materials flakes from the substrates and unload them to the receiving
substrates at an elevated temperature. Various multilayer heterostructures with ultra-clean interfaces were fabricated by this
technique. Furthermore, the 2D materials can be pre-patterned before transfer so as to fabricate desired device structures,
demonstrating a facile way to promote the development of 2D heterostructures.
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1. Introduction

Heterostructures made of two-dimensional (2D) materi-
als, such as graphene, black phosphorus (BP), and transi-
tion metal dichalcogenides (TMDCs), have aroused wide at-
tentions recently due to their unique electrical and optical
properties.!!'=>! An essential step for building such 2D het-
erostructures is via transfer, a challenging process for 2D ma-
terials which are atomic-thin and thus vulnerable while being
moved.[%! Many research efforts have been devoted to devel-
oping proper techniques for stacking different 2D materials

to heterostructures in the past few years.
7-11]

However, in the

or water[0-12-16]

reported approaches, chemical etchants!
are usually included, which would not only cause the degra-
dation of sample qualities,!!?! but also yields contaminated
interfaces.l'”l As a result, an etching- and water-free trans-
fer method is highly desirable. Although dry transfer meth-
ods have been demonstrated by exfoliating 2D materials
onto transparent methyl/n-butyl methacrylate copolymer!'3! or
PDMS, "] multilayer heterostructures with clean interfaces
can hardly be realized. Wang et al. developed a “pick-up”
technique by using PDMS/PC/BN to make an assembly of
multi-layer heterostructures.>”! The PC films are usually de-
formed seriously once they have experienced the “pick-up”
process, which makes it hard for the following transfer align-
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ment (under the guidance of optical microscope) while fab-
ricating multilayer heterostructures for which multiple “pick-
up” processes are required. More importantly, for the above
dry transfer methods,[!8-2%! the 2D flakes or early-fabricated
2D heterostructures cannot be pre-patterned before being
transferred to construct multilayer heterostructures, which is
a critical step for building desired device structures.

Herein, we demonstrate a simple, rapid and efficient dry
transfer technique for the fabrication of 2D heterostructures
with ultra-clean interfaces. During this transfer process, no
chemical etchants and water are applied and the polymer resid-
uals can be easily removed by physically peeling them off
and subsequent thermally annealing. Multilayer 2D Van der
Waals heterostructures with ideal interfaces can be achieved
by multiple transfer steps. Moreover, we are able to pre-
pattern the 2D materials before transfer, which is capable of
yielding device configurations according to need. Addition-
ally, this method provides a simple and effective way to clean
used substrates and improve their reusability.

2. Experimental procedure

The schematic diagrams of our transfer procedure are il-
lustrated in Fig. 1. The transfer process starts with drop-

casting the PC solution on the substrate (S1) with 2D mate-
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rials on its surface (Fig. 1(a)). The PC solution was prepared
by dissolving PC particles into anisole for the mass fraction of
~ 10%. PC curing was performed on the hot plate at 100 °C
for 5 minutes (orange arrow 1 in Fig. 1), and the liquid PC can
be solidified into a PC film (Fig. 1(b)) acting as a stamp dur-
ing the following transfer procedure. With very strong adhe-
sion and proper hardness at room temperature (RT), as shown
in Fig. 1(c), the PC film is able to carry the 2D flakes out
of the substrate surface while being peeled off without ob-
vious deformation (orange arrow 2 in Fig. 1). Subsequently,
the PC film carrying 2D flakes can be attached onto any other
targeting substrates (S2) (Fig. 1(d)). Owing to the adhesion-
weakened behavior of the PC film at elevated temperatures,
e.g. 80 °C, the PC film can be easily peeled off with 2D flakes
left on the targeting substrate (Fig. 1(e)). PC residuals on the
surface of as-transferred 2D materials can be removed by ther-
mally annealing at a temperature of ~ 350 °C in a mixed gas
(Ar/H;, 150/10 sccm) environment for 3 hours (orange arrow
5 in Fig. 1).

PC droplet
<A

2D flake “/

(a) (0 —
1 5
PC film
(b) A (e)
2 4
(c) — () l

3

Fig. 1. (color online) (a)—(f) Schematic diagrams of the transfer tech-
nique. The transfer process starts with drop-casting the PC solution
onto the substrate with 2D flakes on its surface. The following steps
are: 1 Baking at 100 °C for 5 min; 2 Peeling off the PC film carrying
2D flakes; 3 Transfer; 4 Heating up to 80 °C and peeling off the PC
film; 5 Thermally annealing to remove residuals.

3. Experimental results and discussion

We transferred a mechanically exfoliated monolayer
MoS, flake from the surface of a 100-nm-SiO,/Si substrate
to a 300-nm-Si0,/Si substrate by the transfer technique de-
scribed in Fig. 1. Figures 2(a)-2(d) are the morphological
characterizations of a monolayer MoS, flake before and af-
ter transfer. Figures 2(a) and 2(c) are the optical microscope
(OM) images of the MoS, flake before and after the transfer

process, respectively. We can see that the MoS; flake keeps
the same morphology after transfer. We also performed the
atomic force microscope (AFM) scanning on the flake surface
before (Fig. 2(b)) and after (Fig. 2(d)) transfer. The height pro-
files from the two AFM images show the thickness (~ 0.8 nm)
of the MoS, flake and verify its monolayer nature. Comparing
the two AFM images, we found that this transfer technique
does not introduce winkles or cracks on the sample and the
PC residuals after the annealing process are almost negligi-
ble which suggests a clean surface of the as-transferred sam-
ples. The spectroscopic property comparison is another way
to characterize the effects of the transfer. Figure 2(e) shows
the Raman spectra, measured under 532-nm excitation light,
of the monolayer MoS, before and after transfer. No obvious
difference was observed while comparing the peak positions
or peak spaces between Ep, and A, modes. A similar re-
sult was found in the photoluminescence (PL) spectra. Both
PL spectra show the same band gap ~ 1.88 eV. These char-
acterizations confirm that this transfer technique does not in-
troduce damages into samples. To further evaluate the quality
of the transferred samples, we fabricated field-effect transis-
tors (FETs) based on the transferred monolayer MoS, sample
shown in Fig. 2(c) by EBL and following metal deposition (1-
nm Ti and 30-nm Au). A second EBL step and an oxygen
plasma etching process were carried out to define the device
geometry. The OM image of the as-fabricated FETs is shown
in the inset of Fig. 2(g). Typical I4s—V, curves (measured in
a close-cycle cryogenic probe station with a base pressure of
10~7 Torr (1 Torr = 1.333222x 10? Pa) at room temperature) at
various bias voltages (Fig. 2(g)) show pronounced n-type char-
acteristics. The ON/OFF ratio and the field-effect mobility are
10 and 27.6 cm?-V~!.s~!, respectively. These results exhibit
no transfer-induced degradation for electrical properties while
being compared to the electrical measurements of the FETs
based on monolayer MoS, without transfer.?!?*/ Combined
morphological, spectroscopic, and electrical characterizations
verify that this PC-mediated transfer technique, being free of
destructiveness, preserves the initial quality of the 2D materi-
als.

This technique is not only able to transfer MoS, flakes,
but is also suitable for other 2D materials such as graphene,
WS,, WSe,, etc. Figure 3 shows the transfer examples for var-
ious 2D materials supported by different substrates. The red
arrows stand for the transfer steps. The four transfer exam-
ples show that this transfer technique is not material-selective
or substrate-selective, i.e., a universal transfer method. In ad-
dition, this technique is also suitable to clean used substrates
and improve their reusability by drop-casting the PC solution
onto the used substrates, heating them for solidification and fi-
nally peeling off the solidified PC film. The whole process is
simple, fast, and clean.
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Fig. 2. (color online) Characterizations of a monolayer MoS, flake before and after transfer. (a)/(b) OM/AFM image of the monolayer MoS, flake before
transfer; (c)/(d) OM/AFM image of the monolayer MoS, flake after transfer. () Raman spectra of the monolayer MoS, flake illustrated in panels (a) (black
curve) and (c) (red curve); (f) PL spectra of the monolayer MoS, flake illustrated in panels (a) (black curve) and (c) (red curve). (f) Transfer characteristics
of a monolayer MoS; FET based on the flake illustrated in panel (c). Inset: OM image of the device.
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Fig. 3. (color online) Transfer various materials or transfer materials from various substrates. (a)—(d) Graphene, WS;, MoS,, and WSe; flakes on 100-nm
SiO,, 100-nm SiO,, sapphire, and glass substrates, respectively. (e)—(f) Graphene, WS,, MoS,, and WSe, flakes transferred from (a), (b), (c), and (d) onto

300-nm SiO, substrates.

A 2D flake (A) carried by the PC film can also be trans-
ferred onto another 2D material (B) to form A/B heterostruc-
ture by performing step 3 in Fig. 1 through our home-made
point-to-point transfer system. Moreover, the A/B heterostruc-
ture could also act as the 2D material in Fig. 1(a) and be
further transferred onto any other 2D material (C) to form
A/B/C heterostructure by repeating the transfer steps 1 ~ 3
illustrated in Fig. 1. In a similar way, stacked multi-layer 2D
heterostructures of A/B/C/D...
realized easily. We later on define this promoted method as the

with clean interface could be

“multilayer-stacking transfer”.

As mentioned above, a 2D flake could be pre-patterned
according to need and then transferred (“pre-patterning trans-
fer”). Combining the “multilayer-stacking transfer” and the

“pre-patterning transfer” methods, the multilayer heterostruc-
ture shown in Fig. 4(e) consists of a MoS; flake encapsulated
with a pre-patterned boron nitride (BN) flake on top and a nor-
mal BN flake underneath. Its fabrication process is schemat-
ically displayed in Fig. 4(a): 1) PC solution was firstly drop-
casted to cover a BN flake which was patterned into an array
of stripes with both stripe width and the space distance be-
tween the neighboring stripes of 2 um (Fig. 4(b)). The BN
patterning was performed by the EBL process followed by the
etching process in the mixed CHCI3/O; plasma. ii) After the
PC solution was solidified into PC film, the pre-patterned BN
(p-BN) was picked up by peeling off the PC film. iii) ~ iv) The
p-BN was then transferred to cover an exfoliated MoS, flake
(Fig. 4(c)) supported on a 300-nm SiO,/Si substrate. v) Owing
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to the adhesion-weakening of the PC film at elevated temper-
ature, the PC film was peeled off with p-BN/MoS, heterstruc-
ture (Fig. 4(d)) left on substrate 2 when heating up to 80 °C.
vi) ~ x) The p-BN/MoS; can act as the starting material de-
picted in Fig. 4(a) i) and be transferred onto another BN flake
by repeating the process displayed in Fig. 4(a) i) ~ v) to form a
p-BN/MoS,/BN heterstructure (Fig. 4(e)) in which MoS, was
partly sandwiched by BN, i.e. the upper surface of the MoS;

i) 3 ii) iii)

flake was periodically covered by BN stripes while the lower
surface fully contacted with the bottom BN. It is noteworthy
that the interfaces of the p-BN/MoS,/BN heterstructure are
clean because the lower surfaces of p-BN and MoS,, before
being transferred, have only contacted with SiO,/Si substrates
which are always pre-treated by ultrasonic cleaning in acetone

and thermal annealing in oxygen under 500 °C for 2 hours.

iv) v)

P-BN/MoS,/BN

Fig. 4. (color online) Construction of a p-BN/MoS,/BN heterostructure. (a) Schematic diagrams of the fabrication process of the p-BN/MoS,/BN het-
erostructure. (b) ~ (e) Typical optical images during the transfer process: (b) A BN flake was patterned into a periodic stripe array. (c) An exfoliated MoS,
flake on a 300-nm SiO, substrate. (d) The BN periodic stripe array of panel (b) is transferred to cover the MoS, flake of panel (c) to stack p-BN/MoS,
heterostructure, corresponding to the schematic illustration (a) v). (e) The p-BN/MoS, heterostructure of panel (d) is transferred onto a BN flake to stack
p-BN/MoS,/BN heterostructure by performing the steps illustrated in panel (a) vi) ~ x).

Structures like the p-BN/MoS,/BN are very desirable for
fabricating logical devices. Because of the p-BN, the up-
per surface of the MoS; flake was periodically divided into
bare regions and BN-stripe-covered regions. The bare regions
are designed for forming the source—drain contacts by metal-
deposition. The BN-stripe-covered regions can act as the con-
ductive channels free of quality degradation or surface scatter-
ing due to the encapsulating of BN. What is more, the p-BN
stripes act as not only protection layers but also top-gate di-
electric layers. With EBL patterning and metal-deposition,
the source—drain and top-gate electrodes are formed syn-
chronously. Also note that, in general top-gated device fab-
ricating process,!?~2) the source—drain electrodes and top-
gate electrodes must be deposited by performing the metal-
deposition process twice and the channel region will inevitably
contact with polymer resist, which could be entirely avoided
by this transfer method.

As shown in Fig. 5(a), we fabricated a logic invertor from
the as-fabricated p-BN/MoS,/BN structure shown in Fig. 4(e)

by EBL and metal (Ti/Au ~ 1 nm/50-nm) deposition. The
corresponding schematic diagram of the invertor is shown
in Fig. 5(b). There are two top-gated MoS; transistors (the
“right” and the “left”). The middle electrode and the gate
electrode of the “left” transistor are connected together and
will operate as an output terminal. In this device configura-
tion, the “right” transistor acts as a switch while the “left” one
acts as an effective load. The supply voltage Vpp = 10 V is
applied to the left electrode while the input voltage (Viy ) is ap-
plied to the gate electrode of the “right”. The right electrode is
grounded. Thus, the voltage of the output terminal (Vo) is the
function of Vj,. The “right” transistor can operate as an FET
whose transfer characteristic under 1-V bias is displayed in
Fig. 5(c). Clear n-type behavior with an ON/OFF ratio higher
than 10° and a leakage current of Iy <1 pA, very close to
the noise level, can be seen, exhibiting good switching proper-
ties. Figure 5(d) illustrates the Vi,-dependent Vi, of the invert
from Fig. 5(a). By applying a relative high Vi, > —5 V (cor-
responding to logic “17), the “right” transistor is tuned into
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ON state and its channel is very conductive that results in a
low Vo (logic “0”) close to the grounded value. On the con-
trary, for low Vi, < —9 V (corresponding to logic “0”), the
“right” transistor is tuned into OFF state and its channel re-
sistance is very high that yields a higher V,; (logic “1”) close
to Vpp. It is important to examine the changing rate of Vi
versus Vi, —dVou/dVin, which is defined as the invert gain, a

(b)

Vbp

il

significant parameter to evaluate the invert’s capability of am-
plifying signals. As plotted in Fig. 5(e), at the input range of
—9 V<V, < =5V, the invert gain reaches to 2 being similar to
some reported MoS, invertors.!?’-8] This result also indicates
that, in the above mentioned input region, the output voltage
changes faster than the input voltage and the invert can realize
the function of signal-amplifying.

‘/;ut
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Fig. 5. (color online) Invertor made from the p-BN/MoS,/BN heterostructure. (a) OM image of the invertor based on p-BN/MoS,/BN heterostructure in
Fig. 4(e) (the fuchsia dotted area indicates the MoS,flake). (b) Schematic diagram of the invertor in panel (a). (c) Left axis: typical transfer characteristic
curve (@ bias voltage of 1 V) of the MoS, channel in the invertor in panel (b). Right axis: corresponding leakage currents in the transfer characteristic
measurement. (d) Output voltages as a function of input voltages. Inset is the schematic drawing of the electronic circuit. (e) Vi,-dependence of the invert

gain.
4. Conclusion

We have developed a simple, facile, and universal ap-
proach to transfer 2D flakes in a fast, efficient, and nondestruc-
tive manner. PC films act as the stamps during the transfer pro-
cess. This dry transfer step and nearly residual-free process
can reliably yield multi-layer 2D heterostructures with clean
interfaces. This technique also allows a pre-patterning of the
2D materials before the transfer for construction of complex
stacking structures according to need.
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