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Since its debut in the early 1990s, the nitride semiconduc-
tor light-emitting diode (LED) has revolutionized solid-state 
lighting, and today has grown into a multi-billion-dollar 

industry1–3. In recent years, developments in miniaturized LED 
devices, the so-called micro-LED4, have enabled many new appli-
cations such as the high-resolution self-emissive display for aug-
mented and virtual reality (AR/VR), visible-light communication5 
and biomedical probes6–12. They can deliver extreme brightness 
>107 cd m−2, a nanosecond response time, high efficiency ~60% 
and a wide operating temperature window, making micro-LEDs 
the ultimate display technology. To meet the future demands for the 
human–machine interface, individual pixels need to be of microme-
tre size and have unapparelled brightness. This requires mono-
lithic three-dimensional (3D) integration of the high-performance 
thin-film transistor (TFT) backplane, beyond the driving capabil-
ity of existing TFT technologies based on amorphous silicon and 
indium gallium zinc oxide (IGZO)13,14.

To this end, two-dimensional (2D) semiconductors such as 
transition-metal dichalcogenides (TMDs) possess several remark-
able features as a heterogeneous component15–18. First, being crys-
talline materials, they exhibit mobility greater than 100 cm2 V−1s −1  
(refs. 18,19), which is much higher than that of amorphous TFT 
materials. Therefore, they can drive micro-LEDs at low voltage and 
reduce the power consumption of the backplane. The atomically  

thin channel also guarantees low leakage current at stand-by20. 
Second, many TMDs can be synthesized on a wafer scale by chemi-
cal vapour deposition (CVD)21–24. Currently, 4-inch MoS2 films are 
batch-produced in laboratories22, and there is no scientific bar-
rier to going to a larger size. However, the technologically relevant 
CVD films generally have lower mobility than exfoliated flakes due 
to inferior material quality and surface contamination during the 
transfer and etching processes (Supplementary Table 1). Third, 
being van der Waals materials, they can be transferred to arbitrary 
substrates under room-temperature and non-vacuum conditions. 
This facilitates back end of line (BEOL) integration with main-
stream semiconductor technologies25–29. Fourth, being atomically 
thin, they offer excellent flexibility and optical transparency27,28. 
These unique properties offer new opportunities to use TMDs in 
advanced display applications.

In this work, we report the monolithic 3D integration of large-area 
MoS2 TFTs with GaN-based micro-LEDs and high-resolution dis-
plays. We develop a low-temperature, ultraclean BEOL process that 
eliminates the exposure of MoS2 to any polymers, organic solvents 
and ion damage. This leads to improved transistor performance and 
uniformity compared to conventional fabrication processes. The 
MoS2 transistors provide a large drive current of 210 μA μm−1 and 
deliver 7 × 107 cd m−2 luminance and a delay time of several hundred 
nanoseconds in micro-LEDs under 8 V. These metrics meet the 
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requirements of all the major display applications. Our process is 
fully monolithic, scalable and compatible with microelectronic pro-
cessing. Finally, we fabricate 32 × 32 active-matrix (AM) displays at 
1,270 pixels-per-inch (PPI) resolution, and demonstrate addressing 
of individual pixels and high-resolution QR code images.

Monolithic integration of MoS2 TFTs with micro-LEDs
Figure 1a,b illustrates the schematics and optical micrograph of 
the AM micro-LED display. The stack consisted of three layers. 
The bottom layer was the standard GaN-based LED grown by 
metal-organic CVD on sapphire substrate. The circular mesa was 
fabricated by photolithography and dry etching. For blue and green 
LEDs, the emission colour was designed by controlling the indium 
composition in a InGaN/GaN multiple quantum well (Fig. 1d). The 
red colour emission was realized by depositing colour-converting 
CdSe/CdTe quantum dots on a blue LED30. This colour-converting 
approach is a more convenient method to realize full-colour displays 
by avoiding the problems of low external quantum efficiency (EQE) 
of the red LED and mass transfer7. The electroluminescence spectra 
of RGB LEDs were centred at 460 nm, 520 nm and 635 nm, respec-
tively, covering 127% National Television Standards Committee 
(NTSC) and 95% Broadcasting Television (BT) 2020 (Fig. 1h). After 
photolithographic patterning into circular pixels (typically with 
one-to-one filling ratio) and deposition of the top contact on the 
p-GaN, a layer of spin-on-glass (SOG, ~1.3 μm thick) was added as 
a coating, which acted as both planarization and electrical isolation 
layer. The MoS2 TFT matrix was monolithically fabricated on the 
SOG and connected to the underlying micro-LEDs through vertical 
vias. To minimize the blocking of the top emission, we designed the 

TFT and electrical wirings on the side of each LED pixel (Fig. 1c). 
The detailed fabrication processes are described in Methods and 
Supplementary Fig. 1.

To drive micro-LED displays, the MoS2 transistors need to 
simultaneously have high performance and uniformity. To this 
end, we used high-quality MoS2 single-crystalline films grown 
on a 2-inch sapphire wafer by CVD31 (Fig. 1f and Supplementary 
Fig. 2). Figure 1g shows Raman scans across the wafer diam-
eter. The 19.67 ± 0.47 cm−1 (the error represents s.d.) separation 
between the Raman E1

2g and A1g modes showed that the MoS2 was 
a monolayer with good wafer-scale uniformity. The photolumi-
nescence (PL) of MoS2 exhibited a prominent A-exciton emission 
at 1.865 eV across a 2-inch wafer, further confirming the mono-
layer nature (Supplementary Fig. 3a). Furthermore, we performed 
high-resolution PL mapping experiments across a 100 × 100 μm2 
area. The PL mapping results on the intensity, peak position and 
full-width at half-maximum (FWHM) show the high uniformity 
of the monolayer MoS2 film (Supplementary Fig. 3b-d). Statistical 
analysis of the PL spectra shows that the average peak position is 
1.865 eV with a s.d. of 1 meV, and the average FWHM is 72 meV 
with a s.d. of 0.7 meV (Supplementary Fig. 3e,f).

The performance of 2D transistors highly depends on contact  
and dielectric interfaces. Conventional polymer-based transfer, 
lithography and metal deposition inevitably introduce contamination  
and defects, which degrade the mobility and uniformity32,33. The 
situation is even worse for large-area CVD films due to the extra 
transfer step. To minimize extrinsic contamination, we developed  
an ultraclean and scalable fabrication process as illustrated in Fig. 2a  
(see Methods for details). Briefly, we used a poly(methyl methacrylate)/ 

Al2O3

Au
MoS2

InGaN

GaN

c

d e

f g h

b

MoS2

Interconnects Micro-LED

Isolation layer

Al2O3Gate line

Data line
a

360 380 400 420 440

In
te

ns
ity

 (
a.

u.
)

Raman shift (cm–1)
400 600 800 1,000 1,200

In
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

0
0.

2
0.

4 0.
6

0.
8

0

0.3

0.9

C
IE

 Y

CIE X

0.6

Fig. 1 | Monolithic integration of MoS2 TFTs with micro-LEDs. a–c, Schematic illustration (a) and optical micrographs (b,c) of the AM micro-LED display. 
Scale bars, 100 μm and 20 μm for b and c, respectively. d,e, Cross-sectional TEM image of the InGaN/GaN multiple quantum well and the Au–MoS2 
contact interface, respectively. Scale bars, 4 nm. f, Wafer-scale MoS2 single crystal grown on 2-inch sapphire by CVD. Scale bar, 1 cm. g, raman line scans 
across the wafer diameter showing uniform monolayer MoS2. h, The electroluminescence spectra and colour range of the rGb micro-LEDs. a.u., arbitrary 
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polydimethylsiloxane (PMMA/PDMS) stamp to pick up Au film 
predeposited on a silicon wafer and laminated on the fresh as-grown 
MoS2. After mild heating at 90 °C, the MoS2 was dry-delaminated 
(without solvent) and transferred onto the micro-LED chip with 
prepatterned local backgate and 20-nm Al2O3 gate dielectrics. The 
dry delamination from sapphire indicated strong intrinsic bonding 
between Au and MoS2, consistent with theoretical calculations34. 
The Au film was kept on the MoS2 until the final step and it acted 
as protection layer from ambient absorption, dry etching mask and 
electrical contacts. Next, the unnecessary Au/MoS2 was lithographi-
cally patterned and etched. It should be noted that, during this step, 
the channel and contact regions were still protected by the Au films 
(Fig. 2a, middle panel). Then, we etched the via holes and deposited 
metal interconnects onto the micro-LED. In the final step, a gap was 
opened on the Au film using water-based KI solution to define the 
MoS2 channel. During the entire process, the MoS2 was only briefly 
exposed to ambient before the Au lamination, and was not exposed 
to any polymer or organic solvent. Therefore, both the MoS2 chan-
nel (Fig. 2b inset) and Au–MoS2 contact interface (Fig. 1e) were 
extremely clean. We note that Au is a deep-level dopant and is 
incompatible with a complementary metal oxide semiconductor 
(CMOS) front end of line (FEOL) process. However, this issue is 
not a major concern in a low-temperature back end of line (BEOL) 
process as the dopant diffusion in semiconductors has an exponen-
tial dependence on temperature35. To further resolve the diffusion of 
Au and the potential combability issues with commercial foundries, 
we propose the use of a Cu/Au bi-layer, where Cu serves as the pas-
sivation layer to reduce the diffusion of Au (Supplementary Fig. 4).

MoS2 transistor performance
Next, we evaluated the MoS2 transistor performance. Figure 2b,c 
present transfer and output characteristics of a typical device with 
1 μm channel length (L) and 10 μm channel width (W). The transis-
tor exhibits n-type behaviour with a threshold voltage (Vth) of 0.2 V, 

a subthreshold slope (SS) of 200 mV dec−1 and on/off ratio greater 
than 109, and hysteresis-free transfer characteristics. The on-state 
current (Ion) reaches 2.1 mA (or 210 μA μm−1), which exceeds the 
typical operation current in micro-LEDs by several orders of mag-
nitude36. Consequently, the MoS2 transistor could drive micro-LEDs 
at very low voltage as shown below. We note that relatively high gate 
voltage (Vgs) up to 12 V was needed to fully turn on the devices. 
However, both Vgs and SS can be readily reduced by using thin-
ner or higherdielectric constant (κ) gate dielectrics (such as HfO2). 
For example, using 15 nm HfO2 as gate dielectrics, we achieved 
SS ~ 104 mV dec−1 and reduced gate drive voltage by about 2 V 
(Supplementary Fig. 5). Here, we used depletion mode transistors to 
achieve high drive current and demonstrated the potential of MoS2 
TFT, which leads to increased static power consumption at Vgs = 0 V. 
For low-power display applications (such as smart phone, watches 
and AR), we can engineer the Vth and static power consumption by 
using higher work-function gate metal and surface passivation, as 
detailed in Supplementary Figs. 6 and 7. For example, using Pt as 
the gate metal, the static leakage current was reduced by five orders 
of magnitude to 0.1 pA μm−1, which was superior to commercial 
TFT technologies (Supplementary Table 2). We believe that by com-
bining an appropriate gate metal and surface modification scheme, 
the Vth can be engineered on-demand to realize the balance between 
performance and static power consumption.

Micro-LED displays require millions of pixels being individually 
addressed, so the device variation is an important consideration. 
To this end, we measured a large number of devices. We also fabri-
cated control devices using conventional processes, which exposed 
the surface of MoS2 to PMMA and organic solvent repeatedly dur-
ing transfer, etching and source/drain deposition (see Methods 
for details). Figure 2d plots the transfer curves of 200 devices in 
each group. After optimization, the device yield in a single batch 
could reach 95%, suggesting that our process is highly robust and 
potentially scalable for production using automated tools15. More 
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stable operation of the 1T1D under 250-kHz voltage pulses. f, LED brightness modulated by PAM (Vgs from 0 V to 10 V) and PWM (Vgs from 500 kHz to 
22 kHz) schemes in 1T1D, achieving a 12 × 12 level of continuous brightness tuning. g, Operating current as a function of pixel size for a wide range of LED 
dimensions (collected from the literature). Our MoS2 TFT (dashed line) provides sufficient drive current for various display applications.

a

c

d

e f

FPGA Micro-LED 
display

64

PC
FPGA

SDRAM

32 × 32 
AM

display

CLK

Core

I/O

Bus

TCK

TDI

TDO

i ii iii iv

viii vii vi v

TMS

b

Fig. 4 | High-resolution aM micro-LED displays. a, Experimental setup for the AM displays. Inset: a wire-bonded chip mounted under optical microscope. 
b, block diagram of the external circuitry. CLK, Clock; I/O, input/output; SDrAM, synchronous dynamic random-access memory; TCK, test clock; TMS, test 
mode select; TDI, test data in; TDO, test data out. c, Qr code design corresponding to the phrase ‘MoS2 LED NJU’. d,e, Microscopic images of the Qr code 
displayed on a 1,270-PPI blue micro-LED display. In e, grey blocks indicate pixels that function properly, blue blocks indicate open pixels and red crosses 
indicate short pixels. f, Sequential frames of a green micro-LED display showing a square pattern. Scale bar, 20 μm.

NaTuRE NaNoTEcHNoLogY | VOL 16 | NOVEMbEr 2021 | 1231–1236 | www.nature.com/naturenanotechnology1234

http://www.nature.com/naturenanotechnology


ArticlesNature NaNotechNology

importantly, the ultraclean process brought a significant boost in 
performance and uniformity. Compared to control devices, the 
median of on-state current and SS was improved by more than 
475% (from 2 to 11.5 μA μm−1) and 60% (from 775 to 310 mV dec−1), 
respectively (Fig. 2d and Supplementary Fig. 8). Figure 2e depicts 
the statistical distribution of mobility. Our devices showed a median 
mobility of 54 cm2 V−1 s−1 with FWHM (extracted from Gaussian fit-
ting) of 6.6 cm2 V−1 s−1. On the other hand, the control group showed 
much lower median mobility (17.9 cm2 V−1 s−1) and greater variation 
(14.2 cm2 V−1 s−1 FWHM). A similar trend was observed for SS and 
Vth (Supplementary Fig. 8).

We carried out further benchmarking with the literature on CVD 
MoS2 devices reporting statistical results (Supplementary Fig. 9 and 
Table 1)23,26,36–42. Overall our devices exhibit good performance and 
variation (mobility, SS and Vth). The improvement suggests that 
our process indeed reduces the density of interface scattering cen-
tres, trap states and unintentional doping by protecting the MoS2 
from external contamination. These results also highlight the 
necessity for developing unconventional fabrication processes for 
surface-dominated 2D materials before they can achieve the level of 
performance and variation required by the industry15.

Driving individual micro-LED
After monolithic integration of MoS2 TFTs, we drive individual 
micro-LED pixels using a one-transistor-one-diode (1T1D) scheme 
(Fig. 3a, where Vg denotes the gate voltage of the MoS2 TFT and 
Vdata denotes the bias voltage of the 1T1D). The micro-LEDs show 
standard diode behaviour under forward bias with an ideality fac-
tor of n = 1.45 (Supplementary Text 1 and Supplementary Fig. 10). 
Figure 3b shows the gate-tunable operation points of the 1T1D (the 
interception points of the LED and TFT). At the on state of the 
TFT, the voltage drop on the transistor was only 0.57 V, correspond-
ing to 14.3% of the total power consumption. Figure 3c shows the 
current–voltage (I–V) characteristics of the 1T1D. Below the LED 
turn-on voltage of 2.3 V, the current was limited by the LED. Above 
the turn-on voltage (light-emitting regime), the current through 
the LED was modulated by Vg. Using a 10-μm-wide MoS2 TFT, 
we successfully lit 10–40-μm blue and green micro-LEDs. Under 
Vdd = Vdata = Vg = 8 V (where Vdd denotes the total power supply of the 
circuit), the MoS2 TFT was able to supply a drive current of more 
than 1.4 mA in all cases (Supplementary Fig. 11), corresponding to 
a current density of ~1.1–17.8 × 105 mA cm−2 in these micro-LEDs. 
Under such conditions, the blue and green micro-LEDs showed 
extremely bright luminance of 1.9 × 107 and 7.1 × 107 cd m−2, respec-
tively (Fig. 3d). The high brightness of the 1T1D can support numer-
ous types of display applications including AR/VR glasses, vehicle 
display under daylight and even visible-light communication. We 
note that the current per pixel in typical micro-LED displays is only 
in the microampere range16,40, corresponding to Vdata < 3 V in our 
1T1D owing to the excellent driving capability of MoS2 (Fig. 3c).

A GaN-based micro-LED has an intrinsically short response 
time on the nanosecond scale36. However, the parasitic resistance–
capacitance from the TFT matrix may cause significant delays. We 
measured the response time of the 1T1D by applying a synchro-
nized pulse of Vdata and Vg. Figure 3e shows stable operation of the 
1T1D under 250-kHz voltage pulses. The voltage rising and falling 
time (10–90%) was 330 ns, which was limited by the equipment. 
The current followed similar time constants but with a total resis-
tance–capacitance delay of 410 ns (240 ns on the rising edge and 
170 ns on the falling edge). This indicates that individual pixels 
can potentially operate at 2.4 MHz, which is four orders of mag-
nitude faster than the refresh rate of the most advanced displays 
(~100 Hz). In addition, the current spikes in the transient response 
of micro-LEDs were reduced by the MoS2 TFT (Supplementary  
Fig. 12), which could further increase stability and lifetime.  
The 1T1D structure showed excellent operating stability, with little 

degradation of current and brightness under continuous bias stress 
for 3 hours (Supplementary Fig. 13).

The brightness of the 1T1D was modulated by two schemes, 
namely pulse amplitude modulation (PAM) and pulse width modu-
lation (PWM). The former is widely used in organic light-emitting 
diode, while the latter is suitable for micro-LEDs because they 
exhibit current-dependent efficiency and spectral shift. Figure 3f  
shows the LED brightness simultaneously modulated by both 
schemes in the 1T1D. Each row and column correspond to a con-
stant Vg amplitude and pulse width, respectively. We can see that 
both PAM and PWM reliably achieved 12-level tuning of bright-
ness. The large on/off ratio (109) and bandwidth (2.4 MHz) of MoS2 
transistors allow fine tuning of brightness to meet the requirement 
of high-dynamic-range displays.

Based on the 1T1D performance, we can evaluate MoS2 TFT 
technology for various display applications. Figure 3g summarizes 
the operating current as a function of pixel size for a wide range 
of LED dimensions. The data points are broadly grouped into four 
categories (TV, vehicle display, phone/watch and AR/VR) accord-
ing to the pixel size. The dashed line represents the driving capabil-
ity of our MoS2 TFT (210 μA μm−1, assuming equal scaling of the 
transistor width with the micro-LED). We can see that MoS2 pro-
vides sufficient drive current over the entire range. We also bench-
mark our MoS2 TFTs with commercial high-performance TFT 
technologies, as summarized in Supplementary Table 2. Currently, 
IGZO is widely adopted in active-matrix organic light-emitting 
diode displays. However, a typical IGZO TFT has a mobility of 
~10 cm2 V−1 s−1, and the drive current is much lower than that for 
MoS2 (ref. 43). Low-temperature poly-Si (LTPS) is the most com-
petitive commercial TFT technology in terms of mobility. However, 
LTPS requires high-temperature laser annealing and ion implanta-
tion44, which is undesirable for a BEOL process. In addition, LTPS 
cannot achieve good flexibility and transparency, and it is therefore 
not compatible with wearable devices such as AR glasses. Besides, 
both Vdd and Vgs of our MoS2 TFT are lower than the values for LTPS 
and IGZO. Compared to these existing TFT technologies, MoS2 not 
only offers advantages in driving capability, low-power consump-
tion and low-temperature integration, but it also enables new forms 
of flexible and transparent displays.

High-resolution aM display
To prove that the heterogeneous integration can work at a system 
level, we fabricated fully monolithic AM displays. The displays had 
1,024 (32 × 32) pixels with 20-μm pitch, corresponding to 1,270 PPI. 
Each pixel comprised a 10-μm micro-LED and a MoS2 driving tran-
sistor. All pixels shared a global ground (n-GaN contact) with inde-
pendently addressable data and gate lines, which were wire-bonded 
to the input/output interface of a field-programable gate array 
(FPGA) for AM addressing (Fig. 4a,b, see Methods for details). The 
image was displayed by high-speed progressive scanning: in each 
frame, 32 gate lines were scanned sequentially and recorded by a 
synchronous dynamic random-access memory. Our FPGA circuit 
was designed with a minimal refresh time of 1 μs, corresponding to 
31,250 frames per second.

Furthermore, we demonstrate two examples of AM addressing 
using our micro-LED displays. Figure 4c is a quick response (QR) 
image of the phrase ‘MoS2 LED NJU’ designed according to the 
international QR code standard (ISO/IEC 18004:2015). Figure 4d 
shows the QR code on a blue micro-LED display. In the magnified 
image in Fig. 4e, grey blocks mark the pixels that function properly 
(103 pixels), blue blocks mark the open pixels that should have been 
lit (128 pixels) and red crosses mark the short pixels that should 
have been dark (2 pixels). Most device failures were due to incom-
plete etching of thick SOG via holes, which resulted in open pix-
els. By fixing the failed pixels in the image, we successfully scanned 
the QR code by smart phone (Supplementary Video 1). Figure 4f 
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shows another example of AM addressing using a green micro-LED 
display, where a square pattern was drawn in sequential frames by 
lighting up individual pixels. Although these demonstrations were 
still primitive, they nevertheless proved that MoS2 TFTs could drive 
micro-LED displays under very high resolution and at system level.

conclusions
In conclusion, we report fully 3D monolithic, 1,270-PPI AM 
micro-LED displays driven by atomically thin MoS2 TFTs. The 
MoS2 was BEOL integrated by a low-temperature ultraclean pro-
cess and exhibited excellent electrical performance and unifor-
mity. Comprehensive analysis on the driving capability, luminance, 
response time, power consumption and modulation scheme show 
that MoS2 TFTs are suitable for a range of micro-LED display 
applications up to the highest resolution and brightness limit. 
Furthermore, we envision that new forms of transparent and wear-
able displays will be enabled by the atomically thin semiconductors 
for biomedical applications and human–machine interfaces. We 
believe that heterogeneous BEOL integration with mature semicon-
ductor technology, such as demonstrated here, will rapidly advance 
2D materials technology in the near future.
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Methods
Fabrication of micro-LEDs. The GaN-based blue and green LEDs epi-wafers 
were grown on a 4-inch sapphire substrate by metal-organic CVD. Blue and green 
LEDs share the similar epi-structure, which consist of 3-μm undoped GaN buffer 
layer, a 2-μm Si doped n-type GaN layer, a 3-period InGaN/GaN stress buffer 
layer, a 15-period InGaN/GaN multi-quantum well layer, a thin AlGaN electron 
blocking layer and a 250-nm Mg doped p-type GaN layer. Indium content in 
InGaN multi-quantum wells for blue and green light emission was 13% and 21%, 
respectively. The circular micro-LED mesa was fabricated by photolithography and 
dry etching using Cl2/BCl3 plasma. The peak external quantum efficiency of 40-μm 
blue and green micro-LEDs was ~7% and 12%, respectively.

Heterogeneous integration of MoS2 TFTs and micro-LEDs. For a micro-LED 
chip, a 240-nm Ti/Al/Ti/Au stack layer was evaporated onto the n-GaN and ITO 
as the n and p electrodes (Supplementary Fig. 1). Next, the micro-LED chips were 
spin coated with ~1.3 μm SOG (IC1-1000, FUTURREX) and baked at 200°C 
for 30 min. Then 20 nm Al2O3 was deposited by atomic layer deposition using 
trimethylaluminium and H2O as precursors to serve as a passivation layer and TFT 
support layer.

To integrate MoS2 TFT, we first used electron beam lithography to pattern 
backgate electrodes and gate lines on Al2O3/SOG, followed by the deposition of  
Ti/Pd metal and lift-off. Then 20 nm Al2O3 was deposited by atomic layer 
deposition as gate dielectric. Next, the vertical via holes were patterned by 
photolithography and etched by reactive ion etching (RIE) using CF4 plasma. Then, 
we used a PMMA/PDMS stamp to pick up Au film predeposited on ultra-flat 
silicon wafer (roughness <0.1 nm) and laminated on the fresh as-grown MoS2. 
The typical ambient exposure time of MoS2 was of the order of a few minutes to 
minimize the surface contamination. After mild heating at 90 °C for 30 min, the 
MoS2 was dry-delaminated and transferred to prepatterned chip. The unnecessary 
Au/MoS2 was lithographically patterned and removed by sequential Au etching 
(using Transense TFA) and MoS2 etching (using CF4 plasma RIE). Next, metal 
interconnections between MoS2 electrodes and the top contact metal of LEDs 
through the via holes, as well as the data lines, were lithographically patterned 
and deposited (5 nm Ti /55 nm Pd). In the final step, we opened the MoS2 channel 
region by wet etching a gap on the Au film using Transense TFA, followed by 
thorough de-ionized water rinsing. The etching process was repeated several 
times to completely remove the Au particles, leading to a very clean exposed MoS2 
surface (Supplementary Fig. 14).

Fabrication of MoS2 FETs using a conventional process. After CVD growth of 
monolayer MoS2 on sapphire, we spin coated PMMA (AR-P 672.045, 2,000 r.p.m., 
baked at 150 °C for 10 min) and laminated thermal release tape. Next, the sample 
was immersed in de-ionized water, and the MoS2 was delaminated from the 
sapphire and transferred onto chips with prepatterned backgate electrodes and 
dielectrics. Unnecessary MoS2 was lithographically patterned and etched by 
CF4 plasma RIE. Source/drain electrodes were patterned using electron beam 
lithography, followed by evaporation of 3 nm Ti/ 35 nm Pd and lift-off. Finally, the 
devices were annealed in vacuum at 200 °C to improve contacts. Other processes 
and device parameters were identical to the ultraclean process.

Material and device characterizations. Monolayer MoS2 single-crystalline 
films were grown on custom-designed 2-inch C-plane sapphire wafers in a 
home-build CVD furnace. We used sulfur powder and MoO3 as precursors, and 
the growth temperature was typically 1,000 °C. Detailed growth conditions can 
be found in ref. 31. The atomic force microscopy characterization of monolayer 
MoS2 was performed by an Asylum Cypher S system. Raman spectroscopy was 
measured with a laser wavelength of 488 nm and a Princeton Instruments SP-2500 
spectrometer. Second harmonic generation was performed using an ultrafast 
laser 1,550 nm wavelength and collected by a photon-counting head. Low-energy 
electron diffraction (OCI, BDL600IR-MCP) were carried out at room temperature 
under ultrahigh vacuum and the electron acceleration voltage was 190 eV.

Cross-section scanning electron microscopy and transmission electron 
microscopy (TEM) samples were fabricated using a FEI Helios 600i dual-beam 
focused ion beam system. A Pt protection layer was predeposited on the top 
interface, followed by etching of the surrounding area to form the sample lamella 
and then direct transfer to a TEM half grid inside the focused ion beam chamber. 
The high-resolution TEM images were recorded on an image aberration corrected 

TEM (FEI Titan 80–300 at 300 kV) equipped with a charge-coupled device camera 
(GatanUltraScanTM 1000).

Electrical measurements of the MoS2 TFT and 1T1D were carried out by 
a Keithley 4200 semiconductor parameter analyser in a probe station. Pulse 
measurements were performed on a Keithley 4225 PMU/RPM.

We used an Ocean Optics fibre integration sphere (FOIS-1) coupled with 
a QE65 Pro spectrometer for luminance measurements. The 1T1D devices 
were tested on top of the integration sphere and, as only forward light emission 
could be collected, the photons after diffuse reflection in the integrating sphere 
were captured by the optical fibre spectrometer to calculate the corresponding 
luminance value.

AM driving of the micro-LED display. We used the SPARTAN-6 FPGA from 
XILINX Co. as the microprocessor of the peripheral circuit, and controlled the 
shift register through the clock signal to perform voltage operations on the data 
lines and gate lines of the TFT matrix. The control code was designed by using 
Verilog Hardware Description Language. The microprocessor and the TFT matrix 
were bridged through a resistor divider board and the Keithley 2450 was used as 
voltage source to power the display circuit.
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