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Residue-free wafer-scale direct imprinting of 
two-dimensional materials
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Two-dimensional (2D) semiconductors have the potential to replace 
silicon in next-generation electronic devices. However, despite advances in 
proof-of-concept device demonstrations and wafer-scale crystal synthesis, 
the lack of a compatible residue-free patterning technology has hindered 
industrialization. Here we describe a metal-stamp imprinting method for 
patterning 2D films into high-quality wafer-scale arrays without introducing 
chemical or polymer residues. A metal stamp with a three-dimensional 
morphology is used to form a local contact at the stamp–2D interface.  
The process selectively exfoliates some of the 2D material while leaving 
2D arrays on the growth substrate. Microscopy and spectroscopy 
characterizations confirmed the clean surface and undamaged crystal 
structure. A statistical analysis of 100 back-gated molybdenum disulfide 
(MoS2) transistors and 500 top-gated logic circuits found a 20-times-lower 
variation of the threshold voltage compared to a reactive-ion-etching-based 
patterning process. The device yield on a 2-inch wafer was 97.6%.

Two-dimensional (2D) semiconductors are a promising material for 
continuing transistor scaling due to their atomic thickness and excel-
lent electrical and optical properties1–5. The 2D materials community 
has achieved important advances in proof-of-concept demonstra-
tions and the synthesis of wafer-scale crystalline films6–12. However, 
achieving high uniformity and yield in high-throughput electronic 
manufacture remains a key challenge in transitioning 2D electron-
ics from laboratory-scale to industrial-scale integrated circuits13,14. 
Typically, chemicals and polymer residues introduced onto the 2D 
semiconductor surface during device manufacture act as sources of 
scattering or doping effects that disrupt the electrical properties of the 
2D channels and, thus, reduce the uniformity and yield of large-area 
electronic devices.

Appropriate patterning techniques, during which a large-area thin 
film is divided into independent functional units, are a prerequisite for 
achieving complex logic functions and advanced integrated circuits. At 
present, patterning processes for 2D materials rely on traditional fabri-
cation techniques, such as photolithography for masks and reactive-ion 
etching (RIE) for patterns. However, although these techniques are 
sufficiently robust for bulk materials, they are the dominant source of 
contamination on 2D surfaces in device manufacturing15. Specifically, 
chemical or polymer residues on the delicate surfaces of 2D materi-
als reduce their electrical and optical performance16–20. Crosslinking 
caused by plasma acting on the polymer mask can further exacerbate 
this issue21,22, creating challenges for realizing high uniformity, repeat-
ability and yield of large-scale 2D electronics.
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interaction in the local contact region ensured exfoliation of the 2D 
material from the substrate, whereas in the non-contact region, the 
2D arrays remained undamaged on the substrate. The patterning 
process does not use any photoresists or chemical reagents, thus 
enabling the wafer-scale, quick and high-quality patterning of 2D 
materials. We demonstrated our method on chemical vapour deposi-
tion (CVD)-grown molybdenum disulfide (MoS2) and also show that it 
can be applied to CVD-grown tungsten diselenide (WSe2) and tungsten 
disulfide (WS2) films. The atomic cleanliness and crystallinity of the 
resulting 2D array surface was verified through photoluminescence 
(PL) spectroscopy, Raman spectroscopy, atomic force microscopy 
(AFM) and scanning transmission electron microscopy (STEM). We 
fabricated 100 back-gated MoS2 field-effect transistors (FETs) for 
transport measurements. These devices exhibited improved elec-
trical performance and uniformity compared to FETs made using a 
traditional RIE patterning method. Finally, we created wafer-scale 
logic circuits with a top-gated structure compatible with industrial 
fabrication processes. We realized a yield of 97.6% across 500 func-
tional units.

Considerable efforts have been invested in optimizing masks and 
upgrading patterning tools to reduce the residues of chemicals and 
polymers and, thus, minimize damage introduced by the patterning 
process. For example, a buffer layer has been introduced between 
the photoresist mask and the 2D channel to improve the efficiency 
of removing the mask23. However, this wet process does not com-
pletely eliminate chemical reagents and polymer residues to offer an 
intrinsically clean 2D surface. Alternatively, direct laser patterning24 
and scanning probe patterning25–27 have been developed to directly 
etch 2D materials and, thus, avoid the use of a photoresist mask.  
Nevertheless, issues such as thermal accumulation in 2D materials 
caused by the focusing of a high-energy laser and the time consumed 
by wafer-scale patterning have hindered their application in large- 
scale integrated circuits.

In this article, we describe a metal-stamp imprinting method 
that was inspired by historic movable-type printing28 and mod-
ern nanoimprint technology29,30 for the residue-free patterning of 
wafer-scale 2D materials. First, a predesigned three-dimensional 
(3D) metal stamp was pressed onto a 2D film. The strong metal–2D 
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Fig. 1 | Schematic illustration of stamp-assisted imprinting of wafer-scale 2D 
materials. a, Method steps: (i) depositing the SiO2 mould array onto a silicon 
wafer; (ii) depositing gold film onto the SiO2 mould, spin-coating the surface  
with polymer to fabricate a 3D metal stamp and peeling off; (iii) pressing the 3D 
metal stamp onto a 2D wafer; (iv) separating the metal stamp from the 2D film to 
obtain 2D arrays. b,c, Scanning electron microscopy images of the SiO2 mould (b) 
and metal stamp (c). The metal stamp inherits the inverted 3D morphology  
of the silicon mould. d, Schematic of a cross section of the 3D metal stamp 

pressed onto the 2D film and the local contact model. The metal–2D contact 
region forms a strong interaction, whereas the 2D material in the non-contact 
area retains its original state. e, Optical image of patterned monolayer MoS2 
arrays on a sapphire substrate. f,g, AFM measurements of the 3D morphology of 
the SiO2 mould (f) and the metal stamp (g). h–k, Photographs of 2-inch stamp-
assisted imprinting process: SiO2 mould (h), metal stamp (i), MoS2 film (j) and 2D 
array (k). Scale bars, 10 μm (b,c,e).
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Residue-free direct imprinting of 2D film
Figure 1 shows the fabrication process of our residue-free direct 
imprinting method. First, a thick SiO2 array (1 μm) was prefabricated 
on a polished silicon substrate as a 3D mould (Fig. 1a(i),b,h), using 
the standard photolithography and electron-beam deposition pro-
cess (Methods and Supplementary Fig. 1). Subsequently, the metal 
stamp was fabricated by depositing a functional Au layer (50 nm) 
and spin-coating a supporting poly(bisphenol A carbonate) polymer 
layer onto the 3D SiO2 mould surface layer by layer (Fig. 1a(ii)). The 
metal stamp was then mechanically peeled from the sacrificial Si 
substrate. The stamp inherited the inverted 3D morphology of the 
prefabricated mould (Fig. 1c,i), which was verified by AFM meas-
urements (Fig. 1f,g). Next, the metal stamp was directly pressed 
onto the top of a CVD synthetic MoS2 film (Fig. 1j). The 3D stamp 
formed a local contact model with the bottom 2D film (Fig. 1a(iii)). 
The contact regions had strong interface binding (between Au  
and MoS2) due to the high adhesion energy at the Au–S interface 
(highlighted by the blue box in the inset of Fig. 1d), which was veri-
fied by our atomistic modelling (Supplementary Fig. 2) and previous 
reports31–35. The strong Au–2D binding force had enough strength 
to overcome the fracture shear stress of the 2D film and physically 
tore the local MoS2 from the growth substrate. Note that this tearing 

process is like the ‘tear-and-stack’ technique often used for twist 2D 
heterojunctions36,37. We also conducted a similar boron nitride (BN) 
tearing test to confirm the weak fracture shear stress of the 2D lattice 
and support the proof-of-concept for metal tearing of 2D materials 
(Supplementary Fig. 3).

By contrast, the dented region of the 3D stamp did not make con-
tact with the bottom 2D film (highlighted by the red ellipse in the inset 
of Fig. 1d), thus ensuring that the non-contacted 2D material retained 
its intrinsic state (Fig. 1d). On separating the metal stamp from the 2D 
film, the monolayer MoS2 in the contact region was peeled away by 
the metal stamp, and the monolayer MoS2 in the non-contact region 
remained on the substrate with its original quality, together creating 
a scalable monolayer MoS2 array (Fig. 1a(iv),e,k and Supplementary 
Video). Compared to traditional methods, our metal-stamp imprint-
ing method does not use a photoresist or solution process for the 2D 
film. Therefore, it maintains the intrinsic properties of the delicate 2D 
lattice. Our method avoids the quality or uniformity reduction that 
occurs when patterning 2D materials, and it is suitable for prepar-
ing large-scale and high-yield electronics. Note that the SiO2 mould 
(Fig. 1a(i)) is reusable. After ten cycles of imprinting tests with the same 
mould, we still obtained a high-quality uniform 2D array, as shown in 
Supplementary Fig. 4.
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Fig. 2 | Characterization of MoS2 array patterned through metal-stamp 
imprinting and traditional etching processes. a,b, Optical images of metal-
stamp-patterned monolayer MoS2 arrays with different shapes and spacing: 
rectangle (a) and square (b). c,d, PL intensity mappings of MoS2 arrays, 
demonstrating uniform intensity across different arrays (c) and within one unit 
(d). e,f, AFM measurements of an as-grown MoS2 film (e) and a stamp-patterned 
MoS2 rectangle (f), both showing a clean surface with an r.m.s. roughness of 
0.4 nm. g, Atomic-resolution HAADF-STEM image of stamp-patterned MoS2.  
h, AFM measurement of traditional patterned MoS2 with an r.m.s. roughness of 
3.8 nm, which indicates that the patterning process may have left residues. i, AFM 

height profiles of as-grown and patterned MoS2 (for the dotted lines in e, f and h). 
The stamp-assisted patterning method produced a flat profile like the as-grown 
film, whereas the traditional etching method produced a hilly profile due to 
residue. j–l, PL spectra and statistics distribution of monolayer MoS2 obtained 
by different patterning methods. The stamp-patterned MoS2 has a similar PL 
peak and intensity as the as-grown film, whereas traditional patterned MoS2 
shows a shifted peak and lower intensity (j). And the stamp-patterned samples 
demonstrate higher uniformity in PL peak (k) and PL intensity (l). Scale bars, 
20 μm (a), 10 μm (b), 10 μm (c), 2 μm (d), 4 μm (e,f), 1 nm (g), 4 μm (h).
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Characterization of MoS2 array
By predesigning different 3D metal-stamps, we patterned various 2D 
arrays with different shapes or periods, including a rectangle, square, 
circle, ribbon, Hall bars and alphabetic characters (Fig. 2a,b and Sup-
plementary Fig. 5). The monolayer nature of the stamp-patterned MoS2 
arrays was confirmed by the Raman frequency difference of 19.0 cm−1 
between the E' peak (in-plane vibration) and the A' peak (out-of-plane 
vibration) and the AFM measurement (Supplementary Fig. 6). Further-
more, PL mappings of stamp-patterned MoS2 arrays demonstrated their 
uniform intensity, indicating that the patterned MoS2 was uniform, 
not only within each unit but also across arrays (Fig. 2c,d). In addi-
tion, due to the current rough edges of the SiO2 mould and stamp, the 
edges of the patterned MoS2 did exhibit a small inhomogeneity in the 
hundred-nanometre pattern process (Supplementary Fig. 7). However, 
based on our experience of commercial nano-imprinting technology 
and higher-precision lithography equipment, we expect to successively 
improve the 2D imprinting accuracy to the nanometre level.

The quality of the stamp-patterned monolayer arrays was compa-
rable to an as-grown monolayer film and much better than achieved 
by the traditional RIE method, as evidenced by the AFM surface char-
acterization and by the crystal quality characterized by STEM and PL 
spectra. As shown in Fig. 2e,f, the stamp-patterned MoS2 flake had a 
pristine clean surface consistent with that of an as-grown MoS2 film, 
with a root mean square (r.m.s.) roughness of 0.4 nm, indicating that 
our method had produced a residue-free surface. Furthermore, we per-
formed an atomic-resolution high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) characterization 
of our stamp-patterned MoS2, which found a lattice without damage 
or contamination (Fig. 2g and Supplementary Fig. 8). By contrast, the 
traditional RIE-patterned MoS2 had random impurities on its 2D surface 
and substrate with an r.m.s. roughness of 3.8 nm (Fig. 2h,i), indicating 
that the photoresist and solution process of the traditional RIE pat-
terning method leaves unavoidable residues.

Next, we performed PL spectrum measurements to further quan-
tify the optical quality and uniformity of patterned samples from 
different methods. As shown in Fig. 2j, our stamp-patterned MoS2 had 
a similar PL curve as the as-grown film (6,000 intensity and 670 nm 
peak), verifying that this dry-patterning process did not damage the 
2D materials. By contrast, the traditional RIE-patterned samples had a 

decreased PL intensity (3,500 intensity) and a shifted PL peak (682 nm 
peak) due to residue or strain generation, which indicate that its optical 
properties had decreased due to the wet-patterning process. Subse-
quently, we randomly measured the PL spectra of 200 independent 
samples and performed a statistical analysis of the peaks and inten-
sities (Fig. 2k,l). The stamp-patterned samples had better optical 
quality and higher uniformity than those produced by the traditional 
RIE method. Note that the original CVD MoS2 films for the above two 
patterning methods were derived from one chip. The measurement 
parameters were kept constant for a fair comparison (see Methods for 
more details). Note that our stamp imprinting method could easily be 
extended to other 2D monolayers, such as CVD-grown WS2, CVD-grown 
WSe2 and exfoliated monolayer MoS2 (Supplementary Fig. 9).

Uniformity of MoS2 transistor arrays
With large-scale MoS2 on SiO2/Si substrate synthesized by CVD, we could 
directly pattern individual monolayer films and fabricate back-gated 
transistor arrays (see Methods for details). Figure 3a shows an optical 
image of large-scale transistor arrays. The semimetal bismuth (Bi) was 
used for the source and drain contact electrodes38, and highly doped 
silicon and 280 nm of SiO2 were used for the back gate. As shown in 
Fig. 3b,c, the Ids–Vgs transfer curves (where Ids is the drain–source cur-
rent and Vgs is the gate-to-source voltage) show n-type behaviour and 
an on/off ratio of 108. The Ids–Vds output characteristics (where Vds is 
the drain–source bias) show linear behaviour, indicating near ohmic 
contact between the source/drain metal and the monolayer MoS2 
channel. To systematically explore the uniformity, we characterized 
the electronic properties of 100 randomly selected MoS2 transistors 
fabricated by our stamp-patterning and 100 devices fabricated by the 
traditional RIE method (as control samples) on one chip. Each device 
had the same channel length of 5 μm and width of 10 μm (Fig. 3d and 
Supplementary Fig. 10). Although all the transistors exhibited n-type 
conductive behaviour, the samples prepared by our stamp-patterning 
(red lines) had large advantages in terms of electronic performance 
and uniformity over the traditional RIE method (blue lines). Specifi-
cally, a histogram analysis of the threshold voltage (Vth, defined as 
where Ids = 0.1 nA μm−1) and nonlinear fitting with a Gaussian function 
(grey curve in Fig. 3e) demonstrated that Vth of the RIE devices (peak 
Vth = −46 V) was more negative and its variation spread (standard error 
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Fig. 3 | Electrical characterization of MoS2 arrays. a, Optical image of back-
gated MoS2 transistor arrays. b,c, Transfer (b) and output (c) curves of a stamp-
patterned monolayer MoS2 device, demonstrating an on/off ratio of 108 and 

linear ohmic contact. d, Transfer characteristics of 100 stamp-patterned MoS2 
FETs and 100 traditional etching-patterned devices. e,f, Statistical distribution of 
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of Gaussian fitting, σ = 2.125) was about 20 times higher than that in our 
stamp-patterned MoS2 devices (Vth = −28 V and σ = 0.108), which we 
largely attribute to the effects of doping and the uncontrollable qual-
ity degradation caused by polymer residues left by the traditional RIE 
process. Subsequently, we extracted and analysed the on/off ratio and 
carrier mobility (Fig. 3f). Our stamp-patterned devices exhibited high 
performance with a narrow distribution of the on/off ratio Ion/Ioff ≈ 108 
(σ = 0.023) and mobility of 18.8 cm2 V−1 s−1 (σ = 0.542) (highlighted by 
the green area), whereas the control devices had lower values and a 
larger variation of Ion/Ioff ≈ 106 (σ = 0.158) and mobility of 7.5 cm2 V−1 s−1 
(σ = 1.937) (highlighted by the orange area). The above comparison veri-
fied that our stamp-patterning method can better retain a residue-free 
and high-quality 2D crystal compared to the traditional RIE method, 
thus ensuring the fabrication of large-scale transistors with higher 
electrical performance and uniformity.

High yield of wafer-scale logic circuits
To demonstrate the potential of our metal-stamp-patterning method 
for industrial high-volume production, we fabricated a variety of 
basic logic circuit arrays on a 2-inch wafer with stamp-patterned  
MoS2 (Fig. 4a). The wafer was divided into four functional areas: FET 
(region 1), n-type metal–oxide–semiconductor (NMOS) NOT (region 2),  
NAND (region 3) and NOR (region 4) logic gates (Fig. 4b,c). For the 
top-gated MoS2 FET, the source/drain electrode (Bi/Au), top dielectric 
(Al2O3) and gate electrode (Cr/Au) were fabricated after MoS2 channel 
patterning (see Methods for more details). The Ids–Vgs transfer char-
acteristic shows n-type behaviour. We fabricated the logic NOT gate 
by integrating two adjacent FETs. The device generated a low voltage  
(off state) when a positive voltage was loaded in input voltage (Vin), 
which became a high voltage (on state) when a negative voltage was 
loaded, achieving the NOT logic function. We fabricated the NAND 
and NOR logic gates by integrating more top-gated FETs, also achiev-
ing the correct logic functions and rail-to-rail conversion (Fig. 4d). 
Furthermore, we individually tested 200 top-gated FETs (region 1) and 
300 logic gates (regions 2 to 4) on the wafer and obtained the device 
yield mapping. As shown in Fig. 4e, where the green and red squares 
represent functional and failed units respectively, we achieved a yield 
of functioning devices of 97.6% (488 units/500 units). The successful 

construction of basic logic gates shows that stamp-patterned 2D mate-
rials are suitable for various electronic circuits.

Conclusions
We have described a residue-free imprinting method for patterning 
wafer-scale 2D materials using a 3D metal stamp. The surface cleanness 
and optical quality of our stamp-patterned MoS2 arrays—characterized 
with AFM, PL and STEM measurements—were consistent with those of 
as-grown intrinsic crystal films. We showed that the stamp-patterning 
method can be used to fabricate large-scale transistors and logic cir-
cuits, with higher performance, uniformity (20 times lower standard 
error for Vth) and yield (97.6%) compared to a traditional RIE patterning 
method. Our method provides a high-throughput patterning tech-
nology that overcomes the contamination issues associated with 
large-scale patterning of 2D materials by traditional methods, thus 
facilitating the production of uniform, high-yield electronic devices. 
Additionally, we anticipate that the arrays with intrinsically clean 2D 
surfaces and the edges obtained by this method will be conducive for 
research in fields such as twisted moiré superlattices39,40, confined 
secondary growth41,42, monolithic 3D integration43–45 and 2D materials 
towards industrialization46,47.

Methods
Metal-stamp fabrication and patterning process
First, photolithography was conducted on a polished Si wafer to pat-
tern the mould structure, followed by the electron-beam deposition 
(or sputtering) of a SiO2 film. The thickness of the film had to be greater 
than 300 nm to ensure the structure of our 3D stamp (counter to the 
previous 2D structure without dents35,48) and the subsequent pattern-
ing yield (Supplementary Fig. 11). The deposition rate was ~1 Å s−1. 
We conducted the lift-off process in hot acetone (Fig. 1h and Supple-
mentary Fig. 1a). Next, a 50-nm-thick Au film (thermal evaporation 
rate of ~0.5 Å s−1) was deposited (Supplementary Fig. 1b), followed 
by spin-coating a 10 wt% poly(bisphenol A carbonate) layer (Aldrich; 
molecular weight ~45,000 g mol−1) on the surface of the 3D SiO2 mould 
with a speed of 3,000 rpm for 60 s and baked at 100 °C for 3 min. The 
Au and poly(bisphenol A carbonate) films were peeled from the Si 
substrate with PI tape plus a polydimethylsiloxane supporting layer 
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and flipped onto the surface of glass plus a metal frame to prepare 
the Au stamp (Supplementary Fig. 1c), which inherited the inverted 
3D morphology of the prefabricated mould. Immediately, the 3D Au 
stamp was then pressed onto the surface of the as-grown 2D film and 
heated at 120 °C for 3–5 min. After separating the stamp, large-area 
MoS2 arrays could be observed on the substrate. In addition, note 
that when the Au functional layer in the metal stamp was replaced by a 
cheaper metal Ag, we obtained the same 2D array with our imprinting 
method (Supplementary Fig. 12).

To fabricate control samples with a traditional RIE method, a pho-
toresist (Micro Resist Technology, S1850) was spin-coated onto an 
as-grown 2D film with a speed of 6,000 rpm for 60 s and baked at 110 °C 
for 3 min, followed by photolithography to fabricate mask patterns. 
Next, RIE (O2) was conducted to etch the samples (power of 50 W for 
10 s), followed by soaking in hot acetone (60 °C for 1 h) to remove the 
photoresist mask and obtain MoS2 arrays.

PL and Raman characterizations
The prepared samples were placed on a confocal microscope (WITEC 
Alpha 200R) to measure the Raman and PL spectra. For the PL spectrum 
measurement, a 532-nm laser with a 1,800 lines per millimetre grating 
was used. The laser power was 0.6 mW. For the Raman spectrum meas-
urement, a 532-nm laser was used with 1 mW power and a grating level 
of 2,400 lines per millimetre.

Fabrication of monolayer MoS2 FET arrays
After patterning MoS2 arrays on a grown SiO2/Si substrate (dielectric/
back gate), photolithography was conducted to pattern the source and 
drain electrodes (maskless ultraviolet lithography, TuoTuo Technology 
Co, Ltd), followed by the deposition of Bi/Au (20 nm of Bi and 50 nm 
of Au) using a thermal evaporation system under vacuum (pressure 
~10−7 Torr) and lift-off. For fair comparison, the original CVD MoS2 
films for the two patterning methods were derived from one chip. The 
device fabrication and measurement parameters were kept constant.

Fabrication of wafer-scale logic circuits
After patterning MoS2 arrays on a grown 2-inch sapphire substrate, 
first, photolithography was conducted to pattern the source and drain 
electrodes, followed by deposition of Bi/Au (20 nm of Bi and 30 nm 
of Au) and lift-off. Next, we used atomic layer deposition to deposit 
a high-κ gate dielectric (20 nm of Al2O3) at 150 °C using trimethyl alu-
minium and water as precursors. The via of the gate dielectric layer 
was created by a second photolithography step and solution-etching 
of Al2O3 by NaOH. Last, a third photolithography step was conducted to 
pattern the top-gate electrodes, followed by deposition of Cr/Au (2 nm 
of Cr and 50 nm of Au) and lift-off. The electronic measurements of the 
wafer-scale logic gates were conducted in air using a semiconductor 
analyser (Keithley 4200A).

Atomistic modelling
Atomistic modelling was performed using a universal neural network 
interatomic potential, the preferred potential, which is a measure of 
the total energy and forces on atoms for a given atomic configuration. 
We incorporated D3 corrections to account for interactions. The MoS2/
substrate interface was modelled as a slab consisting of 8 × 8 Au(111) 
and 4 × 4 Al2O3(0001) layers, each with a thickness greater than 10 Å. A 
single layer of 6 × 6 MoS2(0001) was adsorbed on one side of the slab, 
with a vacuum region of 25 Å included to prevent interactions with 
periodic images. The positions of the atoms were allowed to relax until 
the force on each atom was smaller than 0.005 eV/Å and the difference 
in potential energy between successive iterations was less than 0.01 eV. 
The adhesion energy (Eadhesion) was calculated using the following 
expression: Eadhesion = Esub + EMoS2 − Esub/MoS2, where Esub, EMoS2  and  
Esub/MoS2 represent the potential energies of the substrate (Au or Al2O3),  
the MoS2 layer and the combined substrate/MoS2 slab, respectively.  

To account for strain energy resulting from lattice mismatch, the com-
bined structures were optimized first, and the cell parameters were 
fixed during the relaxation of the individual Al2O3, Au and MoS2 slabs.

Data availability
Data that support the plots within this paper and other findings of this 
study are available from the corresponding authors on reasonable 
request. Source data are provided with this paper.
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