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ABSTRACT: Large-scale synthesis of high quality two-dimensional (2D) semiconductors are critical for their incorporation 
in emerging electronic and optoelectronic technologies. In particular, chemical vapor deposition (CVD) of transition metal 
dichalcogenides (TMDs) via van der Waals epitaxy on epitaxial graphene (EG) leads to rotationally commensurate TMDs in 
contrast to randomly aligned TMDs grown on amorphous oxide substrates. However, the interlayer coupling between TMDs 
and EG hinders the investigation and utilization of the intrinsic electronic properties of the resulting TMDs, thus requiring 
their isolation from the EG growth substrate. To address this issue, we report here a technique for selectively transferring 
monolayer molybdenum disulfide (MoS2) from CVD-grown MoS2-EG van der Waals heterojunctions using copper (Cu) adhe-
sion layers. The choice of Cu as the adhesion layer is motivated by density functional theory calculations that predict the 
preferential binding of monolayer MoS2 to Cu in contrast to graphene. Atomic force microscopy and optical spectroscopy 
confirm the large-scale transfer of rotationally commensurate MoS2 onto SiO2/Si substrates without cracks, wrinkles, or res-
idues. Furthermore, the transferred MoS2 shows high performance in field-effect transistors with mobilities up to 30 cm2/Vs 
and on/off ratios up to 106 at room temperature. This transfer technique can likely be generalized to other TMDs and related 
2D materials grown on EG, thus offering a broad range of benefits in nanoelectronic, optoelectronic, and photonic applica-
tions. 

INTRODUCTION Two-dimensional (2D) transition metal 
dichalcogenides (TMDs) are layered materials with a di-
verse range of desirable electronic, optical, and mechanical 
properties.1-5 In particular, monolayer molybdenum disul-
fide (MoS2) is a direct band gap semiconductor with broad 
potential for optoelectronic applications.6-8 While mono-
layer MoS2 can be synthesized at wafer scales via chemical 
vapor deposition (CVD),9-12 the quality and crystallographic 
orientation of CVD MoS2 strongly depends on the choice of 
substrate. For example, when amorphous SiO2 and high-κ 
dielectrics are used as growth substrates, the MoS2 domains 
are randomly oriented,10,13 resulting in a high concentration 
of grain boundaries that degrade the electrical and mechan-
ical properties of monolayer films.14-17 In contrast, the or-
dering of crystalline substrates can template rotationally 
commensurate van der Waals epitaxy, leading to reduced 
defect density and suppression of tilt grain boundary for-
mation.18-20 A particularly narrow azimuthal distribution of 
MoS2 grains across large areas has been observed for CVD-
grown MoS2 on epitaxial graphene (EG) on SiC subtrates.19 

However, due to the presence of the underlying semi-metal-
lic graphene, the resulting MoS2-EG heterostructure hinders 
fundamental charge transport studies and electronic de-
vices of the as-grown MoS2. Therefore, it is necessary to de-
velop a reliable technique to transfer MoS2 from EG onto di-
electric substrates without compromising electronic prop-
erties. 

Previous work has successfully transferred 2D materials 
from growth substrates using wet-transfer techniques 
based on polymer supports.14,21,22 However, wet-transfer 
methods suffer from polymeric residues and wrinkles on 
the transferred TMD thin films, which significantly degrade 
the performance of TMD-based devices.23,24 Alternatively, 
recent 2D material transfer methods have explored the 
physical delamination of TMDs from growth substrates me-
diated by metal adhesion layers.25-27 While this method has 
shown promise in select cases, a suitable metal adhesion 
layer that selectively transfers TMDs from van der Waals 
heterostructures with EG has not yet been identified or 
demonstrated. 
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Here, we report a dry transfer method using thermal re-
lease tape (TRT) and copper (Cu) adhesion layers that se-
lective delaminates rotationally ordered isolated MoS2 do-
mains from the EG growth substrate. The choice of Cu as the 
adhesion layer is based on the higher binding energy of 
MoS2 to Cu compared to graphene as revealed by density 
functional theory (DFT) calculations. The structure and 
properties of the transferred MoS2 are investigated with a 
comprehensive suite of characterization tools including 
atomic force microscopy (AFM), scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), X-ray 
photoelectron spectroscopy (XPS), Raman spectroscopy, 
and photoluminescence (PL) spectroscopy. In addition, 
charge transport measurements confirm that the trans-
ferred MoS2 possesses superlative optical and electronic 
properties with high potential for optoelectronic applica-
tions. 

RESULTS	AND	DISCUSSION	To enable selective transfer 
of MoS2 directly from the underlying EG growth substrate, 
it is critical to select a metal adhesion layer with strong ad-
hesion to MoS2 and weak adhesion to graphene. Previously 
reported theoretical studies suggested that silver (Ag), gold 
(Au), and Cu weakly adhere to graphene. However, Au has a 
weak binding energy to MoS2, while the removal of Ag re-
quires etchants that lead to the degradation of MoS2 elec-
tronic properties by chemical doping.28,29 Consequently, we 
performed first-principles DFT calculations to determine 
the binding energy of Cu to MoS2 compared to graphene. 
Specifically, the opt-type van der Waals density functional 
(vdW-DF) was used in an effort to account for dispersion in-
teractions in the layered structures investigated in this 
work (i.e., Cu, MoS2, and graphene).30,31 This vdW-DF 
method is particularly effective in obtaining accurate struc-
tural parameters, such as the interlayer spacing in van der 
Waals materials.32-35 The DFT calculated binding energies 

(Eb) for three different heterostructure systems (i.e., 
Cu/MoS2, Cu/graphene, and MoS2/graphene) are summa-
rized in Table	1. These theoretical results show that the 
binding energy is ~50% larger for Cu/MoS2 compared to 
the Cu/graphene or MoS2/graphene. The electron density 
difference isosurface plots in	Figure	1 further corroborate 
that the interaction between Cu and MoS2 is the most favor-
able case, thus suggesting Cu as a leading adhesion layer 
candidate for the selective transfer of MoS2 from MoS2-EG 
van der Waals heterojunctions.  

	

Table	1.	The calculated DFT binding energy and the layer 
spacing.	

Interfaces  Eb [meV/Å2] Layer Spacing [Å] 

Cu/MoS2 -32.2 2.042 

Cu/graphene -21.9 3.030 

MoS2/graphene -21.1 3.318 

 

 

Figure	1.	The electron density difference isosurface plot for: 
(a) Cu and MoS2, (b) Cu and graphene, and (c) MoS2 and gra-
phene interfaces. The red and green regions correspond to 
electron accumulation and depletion regions, respectively (i.e., 
±0.0005 e·Å3). The blue, purple, yellow, and black circles rep-
resent Cu, Mo, S, and C atoms, respectively. 

 

 

Figure	2.	Schematic for the transfer process of CVD MoS2 from EG/SiC to SiO2/Si. 
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Figure	2 schematically illustrates the transfer process for 
CVD MoS2 from the EG/SiC growth substrate to a SiO2/Si 
substrate. The CVD growth of MoS2 on EG/SiC was de-
scribed previously.19 A 200 nm thick Cu layer is then depos-
ited by electron-beam evaporation. The first 10 nm were de-
posited at a rate of 0.1 Å/s, and the remaining 190 nm were 
deposited at a rate of 0.5 Å/s. Next, TRT is placed on the 
Cu/MoS2/EG/SiC substrate, and the stacked layer of 
TRT/Cu/MoS2 is mechanically peeled off from the EG/SiC 
substrate. In parallel, the 300 nm thick SiO2/Si substrate is 
cleaned with an O2 plasma after which the TRT/Cu/MoS2 
stack is placed on top. The TRT is then removed while heat-
ing the SiO2/Si substrate to 120 °C. Following TRT removal, 
the Cu layer is etched with a 0.01 M ammonium persulfate 
(APS) solution, leaving behind MoS2 on the SiO2/Si sub-
strate. Finally, the MoS2/SiO2/Si is rinsed with DI water to 
remove APS solution residue. 

	

Figure	3.	Transfer of CVD MoS2 from EG/SiC to SiO2/Si. (a-c) 
AFM height images of (a) as-grown MoS2/EG, (b) EG/SiC after 
transfer, and (c) transferred MoS2/SiO2. (d) Color labeling of 
the crystallographic orientations of the MoS2 flakes in (c).  The 
majority of the MoS2 flakes remain in rotational registry (col-
ored blue) with a minority population rotated by 30° (colored 
red) and a rare randomly oriented flake (colored pink).	

The surface morphology of the MoS2 crystals before and 
after transfer are characterized by AFM as shown in Figure	
3. In particular, rotationally commensurate MoS2 domains 
grown on the EG/SiC substrate are shown in Figure	3a. Sin-
gle-crystal MoS2 triangular-shaped flakes can be clearly re-
solved from the AFM image and show well-defined edges 
with lateral sizes of ~300 - 500 nm. The MoS2 preferentially 
grows at the step edges of the EG with the vast majority of 
the flakes being monolayer. It should be noted that ~86% of 
the MoS2 flakes have their armchair direction aligned with 
the armchair direction of the EG across the entire EG/SiC 
substrate, consistent with previously reported results for 
CVD growth of MoS2 on EG/SiC.19 Figure	3b shows the sur-
face morphology of the EG/SiC substrate after the transfer. 
Compared to as-grown EG/SiC (Figure	S1a), the morphol-
ogy of EG/SiC following transfer does not change signifi-

cantly with the exception of an increase in the density of in-
homogeneous wrinkles in the EG layer. The inset of Figure	
3b shows the height profile of the graphene wrinkles to be 
~1 nm, which is similar to the previously reported height of 
graphene wrinkles on SiO2/Si substrates.36 Raman spectros-
copy was further employed to characterize the EG following 
transfer in comparison to the as-grown EG (Figure	S1b). In 
both Raman spectra, the G band of graphene overlaps with 
the strong intensity peaks from the SiC substrate in addition 
to a 2D band at ~2680 cm-1.37 The 2D band of EG/SiC follow-
ing transfer is red-shifted compared to as-grown EG/SiC, 
which suggests that tensile strain is induced in the EG when 
peeling off the Cu/MoS2 layer.38, 39 We further note the ab-
sence of the two characteristic bands of MoS2 (A1g and E12g) 
on the EG/SiC substrate following transfer. 

An AFM image of MoS2 flakes after transfer onto the 
SiO2/Si substrate is shown in Figure	3c. The micrograph ex-
hibits a flat and uniform surface for the MoS2 domains with-
out cracks or wrinkles. The Cu layer serves as a barrier be-
tween the MoS2 surface and adhesive TRT residues, and 
then is successfully etched without mechanical damage to 
the MoS2 flakes. The transfer process is effective not only for 
isolated MoS2 flakes but also merged MoS2 domains with 
larger lateral sizes, as well as occasional multilayer regions 
(Figure	S2). Figure	3d depicts the crystallographic orien-
tations of the MoS2 flakes by plotting a line along one edge 
of each triangle. The majority of the triangles remain 
aligned (blue) with a minority population rotated by 30o 
(red) and a rare randomly oriented flake (pink). This ap-
proach thus allows the rotational ordering of MoS2 flakes 
grown on EG to be transferred to other substrates including 
amorphous SiO2. 

	

Figure	4.	Structural characteristics of transferred MoS2. (a) Op-
tical image of transferred MoS2 on SiO2. (b) SEM image of trans-
ferred MoS2 on SiO2. (c) TEM image of transferred MoS2 crystals 
on a TEM grid. (d) SAED pattern taken on a monolayer MoS2 
crystal, which shows clear diffraction spots.	
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Figure	5. Spectroscopic characterization of transferred MoS2. (a) XPS, (b) Raman, and (c) PL spectra of as-grown MoS2/EG and trans-
ferred MoS2/SiO2. The Raman and PL intensities are normalized to the Raman A1g peak. 

The structural characteristics of the transferred MoS2 
flakes are further investigated by optical and electron mi-
croscopy in Figure	4. Figure	4a presents an optical image 
of the transferred MoS2/SiO2 substrate, showing spatial uni-
formity over relatively large areas. An SEM image of the 
transferred MoS2/SiO2 substrate is shown in Figure	 4b, 
confirming that the MoS2 crystals are transferred without 
detectable residues. Furthermore, the transferred MoS2 
flakes are characterized by TEM in Figure	 4c. The TEM 
image shows triangular MoS2 crystals with aligned edge 
orientations, which is consistent with the earlier AFM 
images. The high crystallinity of the transferred MoS2 flakes 
is confirmed by selected area electron diffraction (SAED) in 
Figure	 4d. The SAED reveals a hexagonal diffraction 
pattern, which is indicative of a highly crystalline MoS2 
sample with minimal structural distortion induced during 
transfer.9,40 

In order to confirm that the transfer process does not 
strongly influence the chemical integrity of MoS2, spectro-
scopic characterization was performed on as-grown 
MoS2/EG and transferred MoS2/SiO2 (Figure	5). XPS probes 
the chemical doping state of MoS2 and possible Cu contami-
nation on the surface of MoS2 after transfer. The Mo 3d spec-
trum (Figure	5a) and S 2p spectrum (Figure	S3a) of as-
grown MoS2/EG and transferred MoS2/SiO2 both show evi-
dence of pristine MoS2, suggesting that the MoS2 retains its 
chemical state following transfer.13 The Cu spectrum shown 
in Figure	S3b also shows no detectable Cu impurities on the 
surface of transferred MoS2/SiO2. 

Raman spectroscopy is also useful for characterizing gra-
phene and MoS2, providing insight into layer number, strain, 
and doping.37,41,42 While both samples show the out-of-plane 
A1g and the in-plane E12g modes associated with MoS2, the 
transferred MoS2 sample shows no G and 2D band peaks be-
longing to graphene (Figure	5b). The difference between 
the E12g and A1g Raman modes is ~20 cm-1 on both samples, 
which corresponds to monolayer MoS2.11,43 The negligibly 
shifted E12g mode also presents no obvious change in the 
strain state of MoS2 before and after transfer.44-46 In con-
trast, the A1g mode of transferred MoS2/SiO2 is redshifted by 
~2.6 cm-1. This shift is likely due to the different dielectric 
environments between graphene and SiO2, rather than a 
doping effect from the processing solutions (Figure	S4).41 
Figure	5c further shows the normalized PL spectra of as-
grown MoS2/EG and transferred MoS2/SiO2. The PL inten-
sity of the transferred MoS2 sample is increased by ~10-fold 
compared to as-grown MoS2/EG, which is in agreement 

with the known PL quenching of MoS2 by graphene.47 Spa-
tial mapping of the PL intensity before and after transfer 
verifies this result over large areas (Figure	S5). Moreover, 
the PL peak position of transferred MoS2/SiO2 is blue-
shifted by ~16 nm. This shift likely originates from the 
change of strain state in MoS2. The transfer of as-grown 
MoS2/SiO2 shows similar results (Figure	S4d).48,49  

To investigate the electrical properties of the transferred 
MoS2 crystals, field-effect transistors (FETs) were fabri-
cated using electron-beam lithography and electron-beam 
deposition. Figure	6a shows the output characteristics for 
a MoS2-FET measured in a vacuum probe station at a pres-
sure of < 2 × 10-5 Torr at room temperature. The source-
drain current changes linearly with source-drain voltage for 
a given gate voltage, demonstrating nearly Ohmic con-
tacts.50 

Figure	6.	Electrical characterization of transferred MoS2. (a) 
Output and (b) transfer characteristics of a MoS2-FET. Inset is 
the optical image of the MoS2-FET. (c) Statistics for MoS2-FET 
field-effect mobility. (d) Average and maximum values of the 
field-effect mobility for MoS2-FETs with different channel 
lengths.	
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Figure	6b contains representative linear and semi-loga-
rithmic transfer curves of a MoS2-FET, showing n-type be-
havior with a current on/off ratio of ~106. The field-effect 
mobility (µFE) of the MoS2-FETs can be extracted from the 
following equation: µ = (1/Ci) × (dσ/dVG), where Ci is the ca-
pacitance of 300 nm SiO2 (1.1 × 10-8 Fcm-2), σ is the conduc-
tivity of MoS2, and VG is the applied gate voltage. The µFE for 
this device is calculated to be ~30 cm2/V·s at 1 V, which is 
comparable to the values from previous reports for mono-
layer MoS2 grown by CVD.51-53 A large array of devices with 
different channel lengths enables statistical assessment of 
the spatial uniformity of the transferred MoS2 electrical 
properties (Figure	S6). In order to fabricate MoS2 devices 
with different channel lengths from 300 nm to 1000 nm, we 
used MoS2 single domains for small channel lengths under 
500 nm and a merged MoS2 domain for large channel 
lengths over 500 nm. A histogram of the extracted µFE from 
54 devices is provided in Figure	 6c. Figure	 S7 further 
shows the distributions of µFE at different channel lengths 
with a total of 12-14 devices measured for each channel 
length. The resulting average and maximum µFE values are 
plotted as function of channel length in Figure	6d. The av-
erage values and standard deviations of µFE are 6.6 ± 1.6, 8.8 
± 2.6, 11.9 ± 3.9, and 16.8 ± 6.0 cm2/V·s for 300 nm, 400 nm, 
550 nm, and 825 nm channel lengths, respectively. These 
values are quantitatively comparable to µFE values at each 
channel length for CVD MoS2 grown on SiO2.52 Therefore, 
these results confirm that our transfer technique retains the 
intrinsic electrical properties of CVD MoS2. 

CONCLUSIONS	In summary, following DFT predictions of 
binding energies in MoS2-based heterostructures, high 
quality monolayer MoS2 was successfully transferred from 
EG/SiC substrates to SiO2/Si substrates using Cu adhesion 
layers.  AFM and SEM images show that the transfer process 
retains the rotational ordering of the MoS2 crystals, while 
TEM and SAED confirm high MoS2 crystallinity following 
transfer. This microscopic characterization coupled with 
XPS shows that the transferred MoS2 flakes are also free 
from defects, wrinkles, and residues. As evidenced by Ra-
man and PL measurements, the transfer process selectively 
and cleanly transfers MoS2 and enhances the MoS2 PL inten-
sity in comparison to MoS2 on EG. High electrical perfor-
mance of transferred MoS2-FETs also show that this trans-
fer process preserves the intrinsic electrical properties of 
CVD MoS2. Overall, this study represents a technical ad-
vance in clean 2D materials transfer over large-scales with 
high-fidelity that enables further studies of the intrinsic op-
tical and electronic properties of TMDs grown via van der 
Waals epitaxy. Furthermore, our methodology of using DFT 
to screen adhesion layers will inform future transfer efforts 
aimed at emerging 2D materials beyond graphene and 
TMDs. 
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