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ABSTRACT: We report a highly efficient and easily transferable poly(vinyl alcohol) (PVA)-
assisted exfoliation method, which allows one to obtain van der Waals materials on large scales,
e.g., centimeter-scale graphite flakes and hundred-micrometer-scale several layers of ZnIn2S4 and
BN. The present exfoliation scheme is nondestructive, and the materials prepared by PVA-assisted
exfoliation can be directly fabricated into devices. This exfoliation approach could be helpful in
overcoming the preparation bottleneck for large-scale applications of two-dimensional (2D)
materials.

1. INTRODUCTION
Since the successful preparation of graphene,1 the unique
electronic and optoelectronic properties and excellent
mechanical properties of two-dimensional (2D) materials
have attracted great attention.2−14 Compared with silicon-
based semiconductors, 2D materials have atomically flat
surfaces and almost no short-channel effects, which are very
promising for next-generation integrated circuits.15−21 The
quality and areas of the films determine the application
prospect of 2D materials to a large degree.22−24 To date, the
widely utilized methods for preparing 2D materials are liquid-
phase sonication, hydrothermal reactions, chemical vapor
deposition (CVD), and mechanical exfoliation.25−37 However,
these methods often have unavoidable drawbacks. For
example, it is difficult to control the number of layers in the
preparation of 2D materials by liquid-phase sonication, and the
surface area of the obtained material is very small.25,26 The size
of the materials synthesized by the hydrothermal method is
usually within a few micrometers, the crystalline quality is poor
and the thickness is uncontrollable.27 CVD is a widely used
method for synthesizing 2D materials.28 However, this method
introduces some defects, resulting in low crystalline quality and
challenges to prepare large-scale films.29−34 The 2D materials
prepared by mechanical exfoliation are of high quality,35−37 but
due to the weak interaction between the layered material and
SiO2,

38 the probability of the material being exfoliated onto the
SiO2 is small, resulting in a very low yield.
By evaporating a layer of gold film on the crystal surface, a

large area of material can be peeled off, as a result of the greater
interaction between the gold film and the layered material than
the van der Waals (vdW) force between the layers.38 However,
cross-sectional transparent electron microscopy character-
izations reveal that the deposited gold causes significant
defects in the contact materials, such as chemical disorder and
Fermi pinning.23 Further electrical property data also confirm
the damage to the materials.23,39 Such a gold-assisted

exfoliation method has been improved in recent years.40−42

The gold film forms a quasi-covalent bond with the vdW
material. However, there is one obvious problem with this
approach. That is, the gold film is very difficult to remove,41

which hinders the direct measurement of electrical properties
on gold-bearing substrates. Removal of the gold film with KI/I2
solution inevitably contaminates or damages 2D materi-
als,38,40−43 which is contrary to the goal of high quality. For
example, KI/I2 solution can oxidize MoS2 into MoO3.

42 In
addition, the gold surface needs to be smooth, and it can
hardly stay in air for more than 15 min,42 otherwise there will
be no auxiliary stripping effect. To avoid etching by KI/I2
solution, the hollowed-out gold mesh method was proposed.43

However, due to the limitation of the hollow mesh structure,
the maximum lateral dimension of the exfoliated material is
only 15 μm. Moreover, the procedures of gold-assisted
exfoliation are quite complicated and the operations are
difficult.
Here, we propose an efficient and transfer-friendly poly-

(vinyl alcohol) (PVA)-assisted exfoliation method, inspired by
previous research.43,44 PVA has a strong bond with the layered
material under heating conditions. When the viscosity of PVA
is greater than the vdW force of the layered material, the
layered material could be effectively peeled off. Since PVA is
readily soluble in water, the exfoliated material can be
transferred by immersion in deionized water, which is mild
and does not damage the sample. Using this method, we can
obtain centimeter-scale graphite flakes and hundred-micro-
meter-scale few layers of ZnIn2S4 and BN. According to
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previous reports,41 the weak adhesion of superflat gold to
graphite and BN leads to the mediocre effect of gold-assisted
stripping. We deliberately choose graphite and BN to perform
the comparative experiments. By comparing the spin-coated
PVA substrate with the ordinary SiO2/Si substrate, the sizes of
samples on the PVA substrate are obviously larger than those
on the ordinary SiO2/Si substrate, and the efficiency is much
higher, suggesting the advantage of the PVA-assisted
exfoliation scheme. In addition, the materials of PVA-assisted
exfoliation could be directly fabricated into devices to study
electrical properties.43,45 Raman, X-ray photoelectron spec-
troscopy (XPS), and electrical characterizations prove that the
PVA-assisted exfoliation scheme is nondestructive. Thus the
PVA-assisted exfoliation scheme could be very promising in
future electronic applications of van der Waals materials.

2. RESULTS
Figure 1a shows the flow chart of PVA-assisted exfoliation of
vdW layered materials. First, the SiO2/Si substrate is
ultrasonically cleaned using acetone, isopropanol, and ethanol
to remove contaminants from the substrate surface. Then, the
SiO2/Si surface is spin-coated with 8% PVA solution twice and
baked on a hot plate at 80 °C for 3 min to cure the PVA
solution. The PVA layer is used as an auxiliary peeling
medium, and the substrate is named the PVA-SiO2/Si

substrate. According to atomic force microscopy (AFM), the
thickness of the PVA film is 1 μm, as shown in Figure S1a in
the supplementary information. Here, we take graphite for
example. The blue tape is used as a release tape to exfoliate
large-sized thick graphite sheets from highly oriented pyrolytic
graphite. The blue tape with graphite sheets is attached to the
PVA-SiO2/Si substrate. The tape is slightly pressed to ensure
adequate contact between the graphite and the PVA layer.
Then the composite is heated on a hot plate at 100 °C for 3
min, and the blue tape is slowly removed. The layered
materials is exfoliated onto the PVA-SiO2/Si substrate, taking
advantage of the high adhesion of PVA at high temperature.
Centimeter-sized graphite flakes have been stripped down by
this technique.
Figure 1b shows that in the four substrates on the left, the

graphite flakes cover almost the entire PVA-SiO2/Si substrate,
and the planar size is comparable to that of the graphite bulk
material. Figure 1c is the microscopic image of Figure 1b. It
can be seen that the peeled graphite flakes are smooth and
clean. The high success rate of this technique in exfoliating
graphite confirms that the force between PVA and the graphite
flakes is greater than the vdW force between the graphite
layers. As a comparative experiment, the same procedure was
used to clean the SiO2/Si substrate, but without spin-coating
the PVA solution, the abovementioned lift-off operation was

Figure 1. (a) Flow chart of the PVA-assisted exfoliation scheme. (b) Thin graphite sheets transferred to substrates after exfoliation. The left four
are obtained from PVA-assisted exfoliation; the right two are on common SiO2/Si substrates. (c−e) Optical images of (c) PVA-assisted exfoliated
graphite flake, (d) ZnIn2S4 flake, and (e) BN flake. The scale bar in (c) and (d) is 20 μm, and in (e) is 10 μm.
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performed. The two substrates on the right panel of Figure 1b
show the exfoliation results using ordinary SiO2/Si substrates.
No obvious graphite sheets are found on the substrates,
manifesting the advantage of PVA-assisted exfoliation of large-
area graphite flakes.
We have also tried to exfoliate other two-dimensional van

der Waals materials such as ZnIn2S4 and BN. Figure 1d shows
several layers of ZnIn2S4 with lateral dimensions of over 300
μm. Figure 1e shows several layers of BN with lateral
dimensions also approaching 100 μm. It is demonstrated that
PVA-assisted exfoliation is an effective technique for large-area
exfoliation of vdW layered materials.
In addition to the capability to peel off large samples, the

method also has the characteristics of easy transfer and no
damage to the material. Since PVA is easily soluble in water,
the materials prepared on the PVA-SiO2/Si substrate is spin-
coated with poly(methyl methacrylate) (PMMA) solution and
then immersed in deionized water to dissolve the PVA layer
between the sample and the substrate, making the PMMA with
the material float in water [Figure 1a]. Transfer of the sample
is completed by scooping it out with a new substrate and
soaking it in acetone to remove PMMA. Note that if the
exfoliated 2D materials are visible to the naked eye, the PVA
can be dissolved directly in deionized water without spin-
coating the PMMA solution. The types of new substrates are
not limited, such as SiO2/Si, sapphire, poly(ethylene
terephthalate) (PET), polyimide (PI), etc., so this process
can also make flexible electronic devices. In contrast, ordinary
SiO2/Si substrates need to be etched with strong acid or alkali
to etch the SiO2 layer after stripping. As is known, etching with
a strong acid or alkali is notoriously difficult and, if wrong, can
cause irreversible damage. The gold-assisted exfoliation
technique uses a KI/I2 solution to etch the gold film. In
practice, the etching rate is very slow.
To further demonstrate the efficiency of PVA-assisted

exfoliation and investigate the adhesion between the PVA
layer and the vdW layered material, comparative experiments
of exfoliated BN on PVA-SiO2/Si and ordinary SiO2/Si
substrates are carried out. According to our previous
experience, BN is more difficult to exfoliate than some
materials such as graphite and SnSe2, thus the example of
BN is somewhat representative. We violently dissociate BN
with blue tape, so that a large number of BN fragments adhere
to the blue tape. Four additional pieces of adhesive tape are
applied to the tape with the same force once and then peeled
off. Microscopic observation of the BN flakes on the 4 torn
tapes reveals little difference in their number and size. Then
two blue tapes are randomly picked and attached to two PVA-
SiO2/Si substrates, and the other two are pasted on two
ordinary SiO2/Si substrates. Thermal mechanical exfoliation is
then carried out, as described in the Methods section.
Figure 2a−d shows the images of ordinary SiO2/Si and

PVA-SiO2/Si substrates, respectively. It can be seen that the
peeling effect of PVA-SiO2/Si substrates is obviously better
than that of ordinary SiO2/Si substrates. For comparison, the
size and number of BN obtained from the two types of
substrates are counted, and the statistical results are shown in
Figure 2f. The amount of BN on the PVA-SiO2/Si substrates is
more than eight times that on the SiO2/Si substrates.
Meanwhile, the size of BN on the PVA-SiO2/Si substrates is
much larger. On SiO2/Si substrates, 81% of BN flakes are
smaller than 10 μm in size. On PVA-SiO2/Si substrates, only
8% of BN has a size below 10 μm and 28% of BN has a size

above 50 μm. The distribution of BN is close to the original
pattern on the tape, confirming the high efficiency of PVA-
assisted transfer. Turning the microscope to high magnifica-
tion, it can be seen that there are hundred-micrometer-scaled
BN on the PVA-SiO2/Si substrates, as shown in Figure 2e,
which is not found on the ordinary SiO2/Si substrates. After
BN on the PVA-SiO2/Si substrate is transferred, one piece is
selected for Raman characterization. As shown in Figure S2 in
the supplementary information, the characteristic peak E2g of
BN is at 1367 cm−1, which is consistent with the literature.46

Raman spectroscopy is an important tool for characterizing
materials and can measure the crystal structure and crystalline
quality of crystals. Therefore, graphite flakes prepared by PVA-
assisted exfoliation are examined for defect information by
Raman spectroscopy. The graphite flakes are removed from the
PVA-SiO2/Si substrate and transferred to a new SiO2/Si
substrate. Raman spectra of the same region of the sample are
measured before and after transfer. As shown in Figure 3a,
both Raman spectra reveal no Raman peaks in the D-band,
indicating that there are almost no transfer-induced defects in
the graphite flakes. In the Raman spectrum before transfer the
positions of the G peak and 2D peak are 1581 and 2719 cm−1,
respectively, which are consistent with previous reports.47 After
the transfer, the Raman spectrum almost completely overlaps
with the former, indicating that the crystal quality of the
graphite flakes does not change after the transfer and the PVA-
assisted exfoliation technique does not damage the samples.
X-ray photoemission spectroscopy (XPS) experiments are

performed to characterize the chemical composition, valence
states, and molecular structures of the samples. In the past, it
was difficult to use XPS for characterization due to the small
size of mechanically exfoliated samples. However, our samples
are large enough for XPS characterization. Figure 3b shows the
survey spectra before and after transfer and after vacuum
annealing at 300 °C. Compared with the spectrum before

Figure 2. (a, b) Typical optical images of BN exfoliated on SiO2/Si
substrates. (c, d) Optical images of PVA-assisted exfoliated BN. (e) A
large flake of exfoliated BN. The scale bar in (a−d) is 200 μm, and the
scale bar in (e) is 10 μm. (f) Histogram of peeling effect statistics.
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transfer a prominent O peak is observed in the spectrum after
transfer. This phenomenon should be attributed to the added
moisture during the dissolution of PVA. The O peak is
suppressed if the sample is annealed under vacuum conditions,
which confirms the hypothesis. A detailed peak fit of the C and
O peaks is performed and shown in Figure 3c, d. In Figure 3c,
the main peak at 284.8 eV represents the C−C bond of sp2
hybridization,48 which does not shift after the transfer. In
Figure 3d, the nearly identical results show that the annealing
process can effectively remove moisture from the samples.
We have also investigated the electrical properties of

graphene prepared by this technique. Field effect transistor
(FET) devices were fabricated on the exfoliated and
transferred graphene on a SiO2/Si substrate with a 300 nm

oxide layer. Cr/Au with a thickness of 10/90 nm was used as
the source−drain electrodes, and the SiO2 layer was used as
the gate dielectric. The device has a channel length of 5.8 μm
and a channel width of 13.7 μm. The schematic diagram of the
device is shown in the upper part of Figure 4a, and the optical
image is shown in Figure 4b. The thickness of graphene
measured by AFM is 7.1 nm, as shown in the lower part of
Figure 4a. Figure 4c shows the Ids−Vds characteristic curve of
the device. The curve passes through the origin and is
completely symmetrical, indicating that the Cr/Au electrodes
form an ohmic contact with graphene. Figure 4d shows the
FET transfer curve of the device, which is consistent with the
metallic nature of graphene.49 According to the formula

Figure 3. (a) Raman spectra of a PVA-assisted exfoliated graphite flake before and after transfer. (b) XPS survey spectra before transfer, after
transfer, and after annealing. (c) Detailed view of the C 1s peak and the fitting results before transfer (lower) and after (upper) annealing. (d) O 1s
peak and the fitting results before transfer (lower) and after (upper) annealing.

Figure 4. (a) Upper panel: Schematic diagram of a transferred graphene device. Lower panel: AFM image and height profile of a piece of graphene
sample, which indicates that the thickness of the sample is 7.1 nm. (b) Optical image of the device. The scale bar is 10 μm. (c) Ids−Vds curve
showing a metallic character. (d) FET transfer curve taken at Vds = 0.1 V.
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, where μ is the carrier mobility, L is the

channel length, W is the channel width, Ci is the oxide layer
capacitance per unit area, the carrier mobility can be calculated
as 271.5 cm2 V−1 s−1.
From the XPS survey spectra in Figure 3b, it can be seen

that there are small amounts of moisture left on the surface of
the graphite sheets after the wet transfer. Moisture has a
substantial influence on the performance of low-dimensional
devices. To remove moisture, the graphene device is carefully
annealed under vacuum conditions. The electrical performance
of the device could be greatly improved by annealing, transfer
electrode, BN packaging, and edge contact.39,50−55

Due to the insulating nature of the PVA film,45 the materials
prepared by the PVA-assisted exfoliation method can directly
fabricate electronic devices on the PVA-SiO2/Si substrate
without transfer. This etch-free process is gentle and
convenient. In contrast, the samples prepared by gold-assisted
exfoliation cannot be directly used for device fabrication. A 1%
concentration of PVA solution is chosen, spin-coated only
once on the SiO2/Si substrate, and dried on a heating pad. The
thickness characterized by AFM is 24 nm, as shown in Figure
S1c in the Supporting Information. Encouragingly, although
the thickness of the 1% PVA layer is much smaller than that of
the 8% PVA layer, the auxiliary exfoliation effect still works
well due to the minor roughness of the PVA layer and its
adhesion. Only the edge of the PVA in the lower part of the
sample is dissolved due to the cover protection of graphene.
PVA is an insulating polymer with a dielectric constant of 6.3,
which can be used as a gate dielectric.43,45 Therefore the
lithography process is carried out directly on the surface using
PVA/SiO2 as the gate dielectric. The schematic diagram of the
device is shown in the upper panel of Figure 5a and the optical
image is shown in Figure 5b. The electrical measurement
results are shown in Figure 5c,d. Except for the magnitude of
source−drain currents, the characteristic curve and the transfer
cure are almost the same as those obtained on the bare SiO2/Si
substrate. This demonstrates the ability of PVA-covered
substrate to directly fabricate the electronic devices, which

greatly simplifies the process of device fabrication. It should be
pointed out that in the present work, we can only exfoliate
multilayer van der Waals materials such as graphite and BN. It
is hopeful that in near future, the PVA-assisted exfoliation
scheme could be widely utilized to fabricate electronic devices
made of various van der Waals materials with thickness down
to a monolayer.

3. CONCLUSIONS
In summary, we report a highly efficient and transfer-friendly
PVA-assisted exfoliation method for the exfoliation of van der
Waals materials. PVA has a strong bond with the layered
material under heating conditions, which allows for the
exfoliation of large-area samples. Since PVA is readily soluble
in water, the exfoliated material can be transferred by
immersion in deionized water, which is mild and does not
damage the sample. Using this method, we obtained
centimeter-scale graphite flakes and hundred-micrometer-
scale few layers of ZnIn2S4 and BN. The Raman, XPS, and
electrical characterizations prove that the new exfoliation
scheme is nondestructive. Moreover, materials prepared by
PVA-assisted exfoliation can be directly fabricated into devices,
which greatly simplifies the process of device fabrication.

4. METHODS
4.1. Crystals. BN crystals and graphite crystals were

brought commercially from the Xianfeng Nano Company.
ZnIn2S4 crystals were grown by a chemical vapor transport
method. The growth conditions were described preciously.56

4.2. Exfoliation. The SiO2/Si substrate was placed in a
sonicator, followed by ultrasonic cleaning with acetone,
isopropanol, and ethanol for 5 minutes, and dried with
nitrogen. The PVA solution of 8 wt % concentration (Aladdin,
molecular weight ∼205000) was prepared and spin-coated on
the SiO2/Si substrate at 4000 rpm for 60 s. Spin-coating was
performed twice, cured at 80 °C for 3 min each time, and the
resulting substrate was named the PVA-SiO2/Si substrate. The
single crystal was repeatedly peeled off several times with blue

Figure 5. (a) Upper panel: Schematic diagram of a graphene device directly fabricated on a 1% PVA-SiO2/Si substrate. Lower panel: AFM image
and height profile. (b) Optical image of the device. The scale bar is 10 μm. (c) Ids−Vds curve. (d) FET transfer curve taken at Vds = 0.1 V.
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tape and attached to the PVA-SiO2/Si substrate. Slight
pressure was applied so that the layered material on the tape
was in full contact with the PVA layer. The PVA-SiO2/Si
substrate was then heated at 100 °C for 3 min, and the blue
tape was slowly lifted, leaving a large amount of layered
material on the PVA-SiO2/Si substrate. In the control group,
the blue tape was directly attached to the cleaned SiO2/Si
substrate. In addition to the 8 wt % concentration PVA
solution, a 1 wt % concentration PVA solution was also
prepared following the same procedure.

4.3. Etching. The etching process was performed using a
typical wet transfer method. Namely, the PMMA solution was
spin-coated on the substrate and cured at 80 °C for 3 min. The
PVA-SiO2/Si substrate attached with samples was immersed in
deionized water and heated on a hot plate (70 °C) to increase
the rate at which deionized water dissolved the PVA. In the
control group, the SiO2 layer was etched with HF solution.

4.4. Characterization, Fabrication, and Measure-
ments. Optical images of materials and devices were taken
using an Olympus BX53M microscope. The thickness of thin
flakes was characterized on a Bruker Dimension Icon atomic
force microscopy system. The Raman spectra were recorded
on a confocal Raman spectrometer (Renishaw inVia Reflex)
with a laser wavelength of 532 nm. Laser direct writing
lithography was performed using a DaLI maskless lithography
system. A thermal evaporation coater was used for the
deposition of electrode metals. The electrical measurements
were carried out on a probe station combined with a Keithley
2636B source meter.
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