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ABSTRACT
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Transfer and integration of nanostructures onto target substrates is the prerequisite for their fundamental studies and practical applications. Conventional

transfer techniques that involve stamping, lift-off, and/or striping suffer from the process-specific drawbacks, such as the requirement for chemical etchant

or high-temperature annealing and the introduction of surface discontinuities and/or contaminations that can greatly hinder the properties and functions

of the transferred materials. Herein, we report a universal and rapid transfer method implementable at mild conditions. Nanostructures with various

dimensionalities (i.e., nanoparticles, nanowires, and nanosheets) and surface properties (i.e., hydrophilic and hydrophobic) can be easily transferred to

diverse substrates including hydrophilic, hydrophobic, and flexible surfaces with good fidelity. Importantly, our method ensures the rapid and clean

transfer of two-dimensional materials and allows for the facile fabrication of vertical heterostructures with various compositions used for electronic

devices. We believe that our method can facilitate the development of nanoelectronics by accelerating the clean transfer and integration of low-

dimensional materials into multidimensional structures.
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ransfer of nanostructures from one

substrate to another is important for

large-area integration of nanoscale
building blocks into functional structures
with multidimensionality for a wide scope
of applications.! Examples of previously re-
ported transfer techniques include kinetic-
controlled transfer printing with a poly-
(dimethylsiloxane) (PDMS) stamp,? lift-off
by etching,® striping/peeling mediated by
poly(methyl methacrylate) (PMMA),* ® and
water-assisted wedging’ or peel-and-stick
method.? However, these methods are not
generally applicable as they suffer from the
process-specific drawbacks, such as the re-
quirement for the delicate control over the
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adhesion force at different interfaces, in-
tolerance of transferred nanostructures to
chemical etchant,®® and the harsh thermal
environment needed for complete removal
of polymer residues,*>' as well as the
wet-process-induced wrinkling of sheet
structures.”""'2 Importantly, the defects re-
sulting from the transfer process become
especially detrimental to the performance
of devices made from delicate structures at
the nanoscale. For example, the transfer of
two-dimensional (2D) nanomaterials, such
as graphene and transition metal dichalco-
genide (TMD) nanosheets, has been realized
by various methods such as those based on
the PMMA mediator,”'%'2~" thermal-release
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tape,'® and “self-release layer”.'® However, the struc-
tural discontinuities in the nanosheets, such as cracks
and wrinkles,'®'#'*1> and the polymer residues that
could not be completely removed by washing at mild
conditions®'* have dramatically hindered their perfor-
mance in electronic and optoelectronic devices."
Therefore, development of a general method for clean
and precise-fidelity transfer of nanostructures is highly
desirable.

Herein, we report a universal, rapid method to
transfer various low-dimensional nanomaterials, includ-
ing zero-dimensional (0D) nanoparticles (NPs), one-
dimensional (1D) nanowires (NWs), and 2D nanosheets
(graphene and TMD nanosheets) as well as their hybrid
structures from the SiO,/Si substrate onto diverse sub-
strates with good fidelity. The whole transfer process,
including peeling off, transfer, and cleaning carried
out at mild conditions can be finished within several
minutes. No structural defect is observed on the trans-
ferred low-dimensional nanomaterials. Importantly, by
using our method, the heterostructures of graphene—
MoS,, graphene—WSe,, MoS,—WSe,, and MoS,—TaS,
have also been easily prepared.

RESULTS AND DISCUSSION

Figure 1 schematically shows the transfer process of
various low-dimensional nanomaterials (see Materials
and Methods for details). Briefly, a polymer film (e.g.,
poly(-lactic acid), PLLA) as carrier is spin-coated on the
low-dimensional nanomaterials (e.g., 0D NPs, 1D NWs,
or 2D nanosheets) predeposited on a freshly cleaned
Si substrate coated with 90 nm SiO,, referred to
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as 90 nm SiO,/Si substrate (Figure 1a,b). About 1 mm
wide polymer strips at the edges of the SiO,/Si sub-
strate are then scratched off to expose the hydrophilic
SiO, surface (Figure 1c). After a thick PDMS film is
brought into conformal contact with the polymer film
(Figure 1d), a small water droplet (~30 uL), which is
introduced at one exposed hydrophilic SiO,/Si edge,
penetrates between the hydrophilic SiO,/Si substrate
and hydrophobic carrier polymer attached with nano-
materials and immediately separates them within
several seconds (Figure 1e,f and video S1 in Support-
ing Information (SI)). After the PDMS/polymer/nano-
material film is peeled off and then brought into
conformal contact with the target substrate, the PDMS
film is peeled off on a hot plate at 50 °C (Figure 1g,h
and video S2 in SI). The carrier polymer is then
completely removed by being dissolved in dichloro-
methane (DCM) at 50 °C within several tens of seconds
(video S3in Sl), and the nanomaterials are left on the
target substrate (Figure 1i). Here, it is noteworthy that
in the previously reported transfer of nanomaterials
which were grown on SiO,/Si, the etching of SiO; to
peel off PMMA with attached nanomaterials usually
took more than 30 min in the hot KOH or NaOH
solution, which is time-consuming and not environ-
ment-friendly.'®"” In addition, annealing at high
temperature was required to completely remove the
carrier polymer (i.e., PMMA).'®"” In contrast, the whole
process of our transfer method, including polymer
deposition, peeling off, transfer, and cleaning, is car-
ried out at mild conditions and can be finished within
several minutes.
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Figure 1. Schematic illustration of high-fidelity transfer of nanostructures. (a) Low-dimensional nanomaterials (e.g., nanopar-
ticle, nanowires, and nanosheets) are deposited on a 90 nm SiO,/Si substrate. (b) A polymer film as carrier is spin-coated onto the
nanomaterials deposited on SiO,/Si substrate. (c) Polymer strips (1 mm wide) are removed at the edges of the polymer-coated
SiO,/Si substrate to expose the hydrophilic SiO, surface. (d) PDMS film (1—2 mm thick) is brought into conformal contact with the
carrier polymer. (e) Drop of water is deposited at one edge of the SiO,/Si substrate to separate the PDMS/polymer/nanomaterial
film from the SiO,/Si substrate. (f) PDMS/polymer/nanomaterial film is peeled off from SiO,/Si substrate. (g) PDMS/polymer/
nanomaterial film is brought into contact with a 300 nm SiO,/Si substrate. (h) PDMS film is removed from the carrier polymer film.
(i) Carrier polymer is washed away after it is dissolved in DCM at 50 °C. The nanomaterials are left on the target substrate.
(j) Photograph of MoS, flakes deposited on a 90 nm SiO,/Si substrate. (k) Photograph of MoS, flakes in (j) transferred onto a
300 nm SiO,/Si substrate. (I,m) OM images of the MoS; nanosheets before (I) and after (m) transfer.
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Figure 2. OM images of Au NP array before (a) and after (b)
transfer. Insets: AFM images of Au NPs before (a) and after
(b) transfer shown in the red (a) and blue (b) squares,
respectively. The scale bars represent 300 nm. OM images
of Ag NWs before (c) and after (d) transfer. The red (a,c) or
blue (b,d) arrows point to the same positions in the array of
Au NPs or Ag NWs before and after transfer, respectively,
indicating the precise-fidelity transfer.

Figure 3. AFM images of Au NPs before (a) and after (b)
transfer. (c—j) Magnified AFM images of the red and blue
boxes labeled with 1, 2, 3, and 4 shown in (a) and (b),
respectively. The AFM images indicate that individual Au
NPs were transferred with high fidelity.

By using our method, the transfer of 0D and 1D
nanomaterials is shown in Figures 2 and 3. The dot
array of Au NPs adsorbed on an aminosilane-patterned
90 nm Si0,/Si substrate?® was transferred to a 300 nm
SiO,/Si substrate (Figure 2a,b). By comparing the op-
tical microscopy (OM) images of the Au NP array on the
original (Figure 2a) and target substrate (Figure 2b), we
can evidently observe the high fidelity of our transfer
process as indicated by the red and blue arrows which
point to the same position in the Au NP array before
and after the transfer, respectively. Importantly, from
the zoom-in atomic force microscope (AFM) images
(insets in Figure 2a,b and Figure 3), it can be clearly
seen that all individual Au NPs maintained their own
positions after the transfer. In addition, 1D nanomater-
ials (i.e., silver nanowires (Ag NWs)) used here were
also completely transferred from 90 nm SiO,/Si onto
300 nm SiO,/Si with good fidelity (Figure 2c,d).

Currently, one of the most important applications
that demands clean and facile transfer techniques is
the 2D nanosheet-based device.2' 2° Impressively, our
method can be used for the wrinkle-free transfer of
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various 2D nanomaterials on various substrates.
As shown in Figure 4, single-layer (1L) graphene
(Figure 4a,b), quadruple-layer (4L) MoS, (Figure 4g,h),
and double-layer (2L) WSe; (Figure 4m,n) nanosheets
were successfully transferred from 90 nm SiO,/Si onto
300 nm SiO,/Si. There is no wrinkle or crack observed
on these 2D nanosheets from both the OM and AFM
characterizations (Figure 4cand d, i and j, and o and p).
Importantly, there is no height change for the gra-
phene, MoS,, and WSe, nanosheets after they are
transferred (Figure 4e and f, k and |, and q and r),
indicating that DCM at 50 °C can considerably remove
PLLA residue on the nanosheets and target substrate.
The root-mean-square (rms) surface roughness (Rg) of
the 2D nanosheets is also similar before and after the
transfer (Table 1). For example, the R, values of 1L
graphene nanosheets before and after the transfer are
0.21 and 0.17 nm, respectively, which are much smaller
than that of graphene transferred by the common
PMMA method and cleaned with acetone (R =
0.54 nm;?’ see Table 1 and Figure 5) and comparable
to that of graphene treated with thermal annealing at
300 °C (R, = 0.20 nm).*” Raman spectroscopy was also
used to characterize these 2D nanosheets (Figure S1
in SI) and showed no peak shift before and after the
transfer. The transfer of 2D nanosheets with good
fidelity was further confirmed by fabrication of field-
effect transistors (FETs) based on the pristine and
transferred MoS, nanosheets, which showed compar-
able performance (Figure S2 in SI).

In our transfer method, besides PLLA, other poly-
mers, such as PMMA and L-lactide-e-caprolactone co-
polymer (PLC), can also be used as the carrier, which
can be significantly removed from the transferred
nanostructures after being cleaned in DCM at 50 °C
(Figures S3 and S4 in Sl). In addition, our method is
applicable for transfer of nanosheets with different
surface properties such as hydrophobic nanosheets
(e.g., graphene, MoS,, and WSe,, Figure 4) and hydro-
philic nanosheets (e.g., graphene oxide (GO) and mica,
Figure S5 in SI). Moreover, the target substrate is
not limited to SiO,/Si, and we have also successfully
demonstrated the clean transfer of MoS, nano-
sheets to diverse substrates, such as flexible polymer
(poly(ethylene terephthalate) (PET)) film (Figure 6),
hydrophobic substrate (octadecyltrichlorosilane (OTS)-
modified SiO,/Si) (Figure S6 in Sl), single-crystal sub-
strates (BiFeOs, LiNbOs, and PMN-PT) (Figure S7 in SI),
indicating the versatility of our method for transferring
low-dimensional nanomaterials for various potential
applications.

More significantly, our method can also be used
for the facile and high-fidelity transfer of complex
hybrid structures. For example, a graphene nanosheet
was first deposited on 90 nm SiO,/Si by using the
mechanical exfoliation method (Figure S8a in SI). Au
NPs adsorbed on the aminosilane-patterned 90 nm
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Figure 4. OM (a,b) and AFM (c,d) images of 1L graphene nanosheets before (a,c) and after (b,d) transfer. (e,f) Corresponding
height profiles of the dashed rectangles shown in (c) and (d), respectively. OM (g,h) and AFM (i,j) images of 4L MoS,
nanosheets before (g,i) and after (h,j) transfer. (k,I) Corresponding height profiles of the dashed rectangles shown in (i) and (j),
respectively. OM (m,n) and AFM (o,p) images of 2L WSe, nanosheets before (m,0) and after (n,p) transfer. (q,r) Corresponding
height profiles of the dashed rectangles shown in (o) and (p), respectively. The heights of 2D nanosheets remained unchanged
after transfer, indicating no polymer residue was left on the transferred 2D nanosheets by using our high-fidelity transfer

method.

|
TABLE 1. Comparison of the Root-Mean-Square Surface
Roughness (R;) of 2D Nanosheets, Measured Based on
1 x 1um? AFM Images, before and after Transfer by Using
Our Clean Transfer Method and the Common PMMA-
Mediated Transfer Method

before after
method material transfer transfer
using transfer method in this work graphene  027nm  0.17 nm
(cleaning PLLA by DCM at 50 °C)q MosS, 0.199nm  0.18 nm
WSe, 0.19nm  0.15 nm
using common PMMA-mediated transfer  graphene 0.49 nm’
method (cleaning PMMA by acetone) 0.54 nm’

% Obtained from the result shown in Figure 5¢. ® Obtained from ref 27.

Figure 5. OM images of a graphene nanosheet transferred
from (a) 90 nm SiO,/Si onto (b) 300 nm SiO,/Si by using the
common PMMA-mediated transfer method.'® (c) AFM im-
age of graphene nanosheet transferred onto 300 nm SiO,/Si
after PMMA is removed by acetone. Many PMMA residues
were left on the graphene nanosheet.

Si0,/Si substrate®® were transferred onto the graphene
nanosheet to form the Au NP—graphene composite
by using our clean transfer method (Figure 7a and
Figure S8b in SI). As shown in Figure 7a—d and
Figure S8 in Sl, the Au NP—graphene composite was
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Figure 6. OM images of MoS; nanosheets transferred from
(a—c) 90 nm SiO,/Si onto (d—f) PET film.

simultaneously transferred from the original sub-
strate to target substrate without losing any surface
feature. Magnified scanning electron microscope
(SEM) images show that each Au NP was transferred
with good fidelity (Figure 7e/(f). In addition, the Ag
NW—GO composite can also be completely trans-
ferred with high fidelity at single NW resolution
(Figure 7g,h).

The key advantages of our transfer method over
previous techniques (ie., rapidness, cleanness, and
high precision) are especially important in the fabrica-
tion of vertically stacked heterostructures of graphene
and other 2D nanosheets, which have exhibited pro-
mising optical and electronic properties that ravel
their individual components.?*~3” Compared to the
common SiO,-supported graphene or MoS, FETs, de-
vices produced from graphene or MoS, stacked on
hexagonal boron nitride (h-BN) have shown enhanced
mobility and ON/OFF ratio by roughly an order
of magnitude.?®*® Other high-performance devices,
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such as field-effect tunneling transistors, logic transis-
tors, and memory devices, have also been fabricated
based on the heterostructures of graphene—
Mo0S,/WS,. 29303234736 praviously, to make such verti-
cal heterostructures, different 2D nanosheets were

0D Nanoparticles + 2D Nanosheets

Before transfer After transfer
1D Nanowires + 2D Nanosheets

Before transfer After transfer

Figure 7. OM images of the Au NP—graphene composite
and Ag NW—GO composite before (a,g) and after (b,h)
transfer. (c,d) SEM images of Au NP—graphene composite
shown in (a) and (b), respectively. (e,f) Magnified SEM
images of red and blue rectangles shown in (c) and (d),
respectively. The red (e,g) and blue (f,h) arrows show the
features of Au NP—graphene and Ag NW—GO nanosheet
before and after transfer, respectively, indicating the pre-
cise-fidelity transfer.
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transferred layer by layer in sequence by using the
common “dry” transfer method based on PMMA 282°
In order to remove the polymer residue, after each
transfer step, the polymer must be dissolved in acet-
one and annealed (e.g., in a mixture of H,/Ar at 250 °C)
before the subsequent transfer of another layer.
However, the PMMA residue cannot be completely
removed even with high-temperature annealing.’
Impressively, our method is able to considerably re-
move the polymer residue in DCM at 50 °C without any
annealing process, which greatly shortens the fabrica-
tion time required for the multistep transfer. As an
example, FET devices were fabricated based on the
heterostructures of graphene and MoS, by using our
method (graphene—MoS, FET) (Figure S9 in Sl). The
heterostructure of graphene and MoS, was prepared
by transferring a triple-layer (3L) MoS, nanosheet onto
a 3L graphene nanosheet (Figure S9 in Sl). Figure 8a
shows the I4—Vy4 curves of the FET device based on
MoS, nanosheet (MoS, FET) with the Au/Cr electrodes
located on the MoS, nanosheet (electrodes 1 and 2
shown in Figure 8d). Figure 8b shows the Iy—Vy curves
of the FET device based on the heterostructure of
graphene and MoS, (graphene—MoS, FET) with the
Au/Cr electrodes located on the graphene (electrode 4
shown in Figure 8d) and MoS, (electrode 2 shown
in Figure 8d) nanosheets, respectively. The graphene—
MoS,; FET shows much higher I compared to MoS, FET
at the backgate voltage (V) ranging from 0 to 40 V
(Figure 8a,b). When the drain voltage (Vg) is 2 V, the Iy
of graphene—MoS,; FET (~19 nA) is about 3 orders of
magnitude higher than that of MoS, FET (~22 pA) at

10 15 20
V, (V)

—— Graphene + MoS»
100+ ——MoS;

Figure 8. I4—Vq curves of (a) MoS, FET and (b) graphene—MoS, FET at V ranging from 0 to 40 V. (c) I4—V, curves of MoS, and
graphene—MoS, FETs. (d) OM image of MoS, and graphene—MoS, FETs. M and G indicate MoS, and graphene, respectively.

The dashed line indicates the edge of the graphene.
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Figure 9. (a) Plots of /4 vs laser power of MoS; and graphene—MoS, FETs. Inset: OM image of the MoS, and graphene—MoS,
FETs. M and G indicate MoS, and graphene, respectively. (b) Photoswitching behavior of the MoS, and graphene—MoS,
FETs at a laser power of 2.7 uW, 0.5 mW, and 3.9 mW, respectively. (c) Photoswitching behavior of the MoS, and
graphene—MoS, FETs at laser power of 2.7 uW. (d) Photoswitching behavior of the MoS, and graphene—MoS, FETs at laser

power of 0.5 mW.

Vg of 40 V. Figure 8c shows the /4—Vy curves of
graphene—MoS,; FET and MoS, FET. It is obvious that
the graphene—MoS, FET shows much higher ON
current than that of MoS, FET. The ON/OFF ratio of
the graphene—MoS, FET (~6.3 x 10 is about 50 times
higher than that of the MoS, FET (~1.2 x 10%), in-
dicating that the heterostructure of graphene—MoS,
shows much better performance than does the MoS,
nanosheet.

Highly photoresponsive transistors based on MoS,
nanosheets have been reported previously.***%3 Here,
we investigated the photoresponse of the heterostruc-
ture of graphene—MoS, (graphene—MoS, FET) and
compared it with the pure MoS, (MoS, FET). For both
the graphene—MoS, FET and MoS, FET, as the incident
optical power (Pjgnt) increases from 2.7 uW to 3.9 mW,
the photocurrent (Ipp), that is, Iy shown in Figure 9a
and Figure S10 in S|, increases gradually. As shown in
Figure 93, both devices show similar current in the dark
environment. However, the graphene—MoS, FET has
Ion about 2 orders higher than that of the MoS, FET
under illumination at the same laser power (Pjgny).
When the Pigne and Vqy are 2.7 uW and 5 V, the
photoresponsivities (Rpn = lon/Piignt) Of graphene—MoS,
FET and MoS, FET are 67 and 1.5 mA/W, respectively,
indicating that the graphene—MoS, FET has a much
better photoresponse than does the MoS, FET. As the
light is turned on or switched off, a sharp increase or
decrease in Iy, is observed, respectively. The ON/OFF
photoswitching behaviors of the graphene—MoS,
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FET and MoS, FET are shown in Figure 9b—d, which
are well retained after three photoillumination cycles at
different Pigpy.

Our aforementioned results indicate that graphene—
MoS, FET devices show better performance such
as much higher ON/OFF ratio and better photorespon-
sivity than the FET devices based on MoS, nanosheets,
which is consistent with previous reports3%3>36
Other heterostructures of 2D nanosheets, such as
MoS,—WSe,, MoS,—Ta$,, and graphene—WSe,, have
also been prepared (Figure S11 in Sl). The facile fabrica-
tion of these heterostructures offers the possibility to
create new kinds of complex structures with unusual
properties and functions.

CONCLUSIONS

In summary, a universal, rapid method is developed
to transfer various low-dimensional nanomaterials,
such as nanoparticles, nanowires, and 2D nanosheets,
onto diverse substrates with high fidelity. Many kinds
of polymers, such as PMMA, PLLA, and PLC, can be used
as the carrier, which can be considerably removed
by being dissolved in DCM at 50 °C without thermal
annealing. The whole transfer process is very fast,
which can be finished within several minutes. Essen-
tially, cracks and wrinkles are avoided in the transferred
2D nanosheets due to the dry transfer process. As a
proof of concept, various kinds of vertical heterostruc-
tures of 2D nanosheets have been successfully pre-
pared. The graphene—MoS,; FET shows not only higher
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ON/OFF ratio but also much better photoresponse
compared to the MoS, FET. We believe that our
method will greatly facilitate the fabrication of various

MATERIALS AND METHODS

Materials. Poly(L-lactic acid) (PLLA, intrinsic viscosity (IV): 2.38)
was purchased from Bio Invigor Corporation, Taiwan. The 70/30
L-lactide/e-caprolactone copolymer (M,, = 202000 g/mol) was
purchased from Purac Biomaterials. Dichloromethane and poly-
(methyl methacrylate) (M,, = 996 000 g/mol) were purchased
from Sigma-Aldrich Pte Ltd., Singapore. Natural graphite was
purchased from NGS Naturgraphit GmbH, Germany. MoS, crystal
was purchased from SPI Supplies, USA. Single crystals of WSe,
and TaS, were purchased from Nanoscience Instruments Inc.,
USA. All chemicals were used as received without further
purification.

Transfer of Low-Dimensional Nanomaterials. The scheme, corre-
sponding photos, and videos of peeling off, transfer, and clean
processes are shown in Figure 1, Figure S12 in SI, and videos
S1-S3. The detailed procedure is described as follows. Low-
dimensional nanomaterials (e.g., nanoparticles, nanowires, and
graphene or transition metal dichalcogenide nanosheets) were
first deposited on a freshly cleaned 90 nm SiO,/Si substrate by
using mechanical exfoliation method or spin-coating (Figure 1a
and Figure S12a in Sl). Polymer (PMMA, PLLA, or PLC) in
dichloromethane solution (3.0 wt %) was spin-coated on the
aforementioned nanomaterials deposited on the 90 nm SiO,/Si
substrate at 3000 rpm (Figure 1b and Figure S12b in Sl), followed
by heating on a hot plate at 50 °C for 3 min to remove DCM.
About 1 mm wide polymer strips were then removed by a blade
at the edges of the substrate to expose the hydrophilic SiO,
surface (Figure 1c and Figure S12c in SI). After that, a 1 to 2 mm
thick PDMS film was brought into conformal contact with the
polymer-coated substrate (Figure 1d and video S1). A small
water droplet (~30 uL) was then dropped at one edge of the
polymer-coated substrate (Figure 1e and video S1). Since water
can easily penetrate the hydrophobic—hydrophilic interface at
the nanoscale, the hydrophobic polymer film and hydrophilic
SiO,/Si substrate can be successfully separated within several
seconds with the aid of water (video S1). Thus, the nanomater-
ials, which adhered to the carrier polymer coated by the PDMS
film as a rigid support to avoid the mechanical stress, were
detached from the original substrate (Figure 1f and Figure S12d
in Sl). Due to the hydrophobicity of the carrier polymer and
PDMS, the water droplet, which was condensed at the corner of
the polymer film, could be easily removed. The PDMS/polymer/
nanomaterial film was then brought into contact with the target
substrate and heated on a hot plate at 50 °C (Figure 1g and
video S2). Because of the weaker adhesion between the
PDMS film and carrier polymer compared to that between the
carrier polymer and target substrate, the PDMS film was easily
peeled off from the carrier polymer which adhered to the target
substrate (Figure 1h, video S2, and Figure S12e[f in SI). The
carrier polymer was then completely removed by being dis-
solved in DCM at 50 °C within several tens of seconds (video S3).
Finally, the nanomaterials with clean surface were left on the
target substrate (Figure 1i and Figure S12g,h in SI).

Gold nanoparticles (Au NPs), preadsorbed on the aminosilane-
patterned 90 nm SiO./Si substrate® were transferred by using
the aforementioned procedure. Silver nanowires (Ag NWs) were
spin-coated on 90 nm SiO,/Si substrate followed by the deposition
of graphene oxide nanosheets to form the Ag NW—GO composite,
which was transferred from the 90 nm SiO,/Si substrate onto
300 nm SiO,/Si by using the aforementioned procedure.

Atomic Force Microscopy and Optical Microscopy Characterization.
AFM (Dimension ICON with NanoScope V controller, Bruker,
USA) and optical microscope (Eclipse LV100D with a 100, 0.9
numerical aperture objective, Nikon) were used to characterize
the low-dimensional nanomaterials before and after transfer.
OM was also used to determine the thickness of 2D nanosheets
on 90 nm Si0,/Si.*° Fabrication of the heterostructures of 2D
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multidimensional and functional architectures from
low-dimensional nanomaterials, which could be used
for various applications.

nanosheets was performed by using our transfer method with
a micromanipulator under the optical microscope.

Raman Spectroscopy. Analysis of the single- and few-layer
graphene nanosheets by Raman spectroscopy was carried out
on a WITec CRM200 confocal Raman microscopy system with
the excitation line of 488 nm and an air cooling charge-coupled
device as the detector (WITec Instruments Corp, Germany).
Analysis of the single- and few-layer MoS, and WSe, nanosheets
by Raman spectroscopy was carried out on a Renishaw inVia
Raman microscope with laser light (A = 532 nm).*' The Raman
band of a silicon wafer at 520 cm™" was used as a reference to
calibrate the spectrometer.

Device Fabrication and Characterization. The source and drain
electrodes of FET devices were fabricated by photolithography
or e-beam lithography. The 5 nm Cr/50 nm Au source-drain
electrodes were deposited by using a thermal evaporator. After
removal of the photoresist, the electrical properties of FETs
were tested by a Keithley 4200 semiconductor characterization
system in air at room temperature. Photoresponse test was
performed by using a 532 nm laser.
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