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The mechanical and electronic properties of two-dimensional 
materials make them promising for use in flexible electronics1–3. 
Their atomic thickness and large-scale synthesis capability could 
enable the development of ‘smart skin’1,3–5, which could transform 
ordinary objects into an intelligent distributed sensor network6. 
However, although many important components of such a 
distributed electronic system have already been demonstrated 
(for example, transistors, sensors and memory devices based 
on two-dimensional materials1,2,4,7), an efficient, flexible and 
always-on energy-harvesting solution, which is indispensable 
for self-powered systems, is still missing. Electromagnetic 
radiation from Wi-Fi systems operating at 2.4 and 5.9 gigahertz8 
is becoming increasingly ubiquitous and would be ideal to harvest 
for powering future distributed electronics. However, the high 
frequencies used for Wi-Fi communications have remained elusive 
to radiofrequency harvesters (that is, rectennas) made of flexible 
semiconductors owing to their limited transport properties9–12. 
Here we demonstrate an atomically thin and flexible rectenna based 
on a MoS2 semiconducting–metallic-phase heterojunction with a 
cutoff frequency of 10 gigahertz, which represents an improvement 
in speed of roughly one order of magnitude compared with 
current state-of-the-art flexible rectifiers9–12. This flexible MoS2-
based rectifier operates up to the X-band8 (8 to 12 gigahertz) and 
covers most of the unlicensed industrial, scientific and medical radio 
band, including the Wi-Fi channels. By integrating the ultrafast 
MoS2 rectifier with a flexible Wi-Fi-band antenna, we fabricate a 
fully flexible and integrated rectenna that achieves wireless energy 
harvesting of electromagnetic radiation in the Wi-Fi band with zero 
external bias (battery-free). Moreover, our MoS2 rectifier acts as a 
flexible mixer, realizing frequency conversion beyond 10 gigahertz. 
This work provides a universal energy-harvesting building block 
that can be integrated with various flexible electronic systems.

Wireless power transmission dates back to Nikola Tesla’s early work 
at the beginning of the twentieth century13. Efficient radiofrequency 
(RF) energy harvesters have been well established on rigid substrates, 
such as silicon14 and III–V compounds15,16. However, it has been 
challenging to extend this technology to large-area, flexible electronic 
systems (such as systems that could be used in the future to monitor 
large infrastructures) or to enable truly ubiquitous sensing, although 
various flexible semiconductors have been investigated for this appli-
cation. Organic semiconductors, such as pentacene, usually exhibit 
very low mobility (0.001–1 cm2 V−1s−1), which severely limits their 
performance in the gigahertz frequency range17. Metal oxides, such as 
amorphous indium gallium zinc oxide (IGZO), provide another option 
for flexible semiconductors. However, the cutoff frequency fc of IGZO 
Schottky diodes, as demonstrated on flexible plastic substrates, is lim-
ited to about 1 GHz (fc defined as the −3 dB point; see Methods)9,10,12. 
Silicon microparticles have also been fabricated into flexible diodes 

that exhibit a cutoff frequency of 1.6 GHz11. However, the random 
distribution of particle sizes and separation distances results in a low 
on/off current ratio and unreliable turn-on voltage, which deteriorates 
their rectification performance and reliability for large-scale produc-
tion. In addition, almost all the above methods use a vertical structure 
to increase the effective device area and thereby to reach a sufficiently 
high on-current, Ion. However, in such a structure, the top and bottom  
electrodes of the diode inevitably form a parallel-plate capacitor with 
large parasitic capacitance, which considerably hinders its high-speed 
applications. Lateral p–intrinsic–n (PIN) diodes made from single- 
crystal silicon18 and germanium19 nanomembranes can be fabricated 
on flexible substrates for operation at 10 GHz. However, the use of 
PIN diodes is usually limited to RF switches and power attenuators, 
and such diodes are not applicable to energy harvesting8. Besides, the 
high cost of single-crystal silicon and germanium nanomembranes, as 
well as the complexity of their materials and processing, render them 
unfavourable for practical applications.

Nowadays, Wi-Fi is becoming increasingly ubiquitous in both 
indoor and outdoor environments and provides an abundant source 
of always-on RF energy. It would be highly desirable if wearable elec-
tronics could directly harvest the radiation in the Wi-Fi band (2.4 GHz 
and 5.9 GHz) for wireless charging. However, owing to the aforemen-
tioned challenges, a flexible RF rectifier that is fast enough to achieve 
Wi-Fi-band wireless energy harvesting has not been demonstrated. In  
this work, we present an atomically thin and fully flexible MoS2-
based rectifier with a cutoff frequency of 10 GHz at zero external bias, 
using a self-aligned fabrication technique. MoS2 is an emerging two- 
dimensional (2D) semiconductor with high mechanical robustness 
and low-cost large-scale synthesis technology2,20,21. By patterning 
MoS2 into a metallic–semiconducting (1T/1T′–2H) phase hetero-
structure22 (Fig. 1a), we demonstrate a lateral Schottky diode with 
junction capacitance lower than 10 fF. In combination with a reduc-
tion in series resistance through self-aligned phase engineering, our 
MoS2-based Schottky diode exhibits a cutoff frequency of 10 GHz 
(without de-embedding). This device is, to our knowledge, the first 
flexible rectifier with a cutoff frequency in the X-band, and it fully 
covers the global-satellite-positioning band (1.58 GHz and 1.22 GHz), 
the cellular-communications fourth-generation (4G) long-term-evo-
lution band (1.7 GHz and 1.9 GHz), Bluetooth (2.4 GHz), the Wi-Fi 
channels (2.4 GHz and 5.9 GHz)8 and even the next-generation (5G) 
radio system. Moreover, with an intrinsic current responsivity of up 
to 4.7 A W−1, the performance of our 2D MoS2 rectifier is compa-
rable to that of rigid silicon-based Schottky diodes23. By integrating 
this ultrafast flexible MoS2-based rectifier with a flexible Wi-Fi-band 
antenna, we demonstrate a fully flexible and integrated Wi-Fi-band 
(5.9 GHz) rectenna that can directly harvest Wi-Fi-band radiation 
with zero external bias (battery-free). This work can enable ubiqui-
tous wireless charging for wearable and implantable medical sensors.  

1Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge, MA, USA. 2Information Processing and Telecommunications Center, Universidad 
Politécnica de Madrid, Madrid, Spain. 3Department of Signal Theory and Communications, University Carlos III of Madrid, Madrid, Spain. 4Department of Chemical Engineering, Massachusetts 
Institute of Technology, Cambridge, MA, USA. 5Department of Chemistry, Boston University, Boston, MA, USA. 6Ming Hsieh Department of Electrical Engineering, University of Southern California, 
Los Angeles, CA, USA. 7Army Research Laboratory, Adelphi, MD, USA. 8Department of Physics, Massachusetts Institute of Technology, Cambridge, MA, USA. *e-mail: tpalacios@mit.edu

N A t U r e | www.nature.com/nature

https://doi.org/10.1038/s41586-019-0892-1
mailto:tpalacios@mit.edu


LetterRESEARCH

© 2019 Springer Nature Limited. All rights reserved.

We also demonstrate that our laterally designed MoS2 diode can func-
tion as an RF mixer and successfully realize frequency conversion 
beyond 10 GHz. This is, to our knowledge, the best-performance MoS2 
mixer ever demonstrated on a flexible platform. This work provides 
building blocks that are essential for both wireless energy harvesting 
and wireless communication using flexible substrates.

A rectenna is a passive electronic device that directly converts an 
incident electromagnetic wave into direct current (d.c.) and can pro-
vide power to a load connected to its output23. A particularly impor-
tant figure of merit of high-frequency Schottky diodes is their cutoff 
frequency, fc, above which rectification is inefficient8. To first order, 
fc is determined by the RC (resistor–capacitor) time constant of the 
diode23. To reduce the large parasitic capacitance in conventional 
vertical structures, we propose an MoS2 semiconducting–metal-
lic (2H–1T/1T′) phase junction that enables the creation of a lateral 
Schottky diode with ultralow RC time constant. The configuration 
and a scanning electron microscope image of the device are shown in 
Fig. 1a. The high-work-function metal palladium (Pd) was selected to 
form a Schottky junction with the 2H semiconducting phase MoS2. The 
exposed region of MoS2 was chemically engineered into the metallic 
(1T/1T′) phase whereas the Pd metal contact served as a self-aligned 
mask to protect the semiconducting-phase region and to define a self-
aligned MoS2 semiconducting–metallic (2H–1T/1T′) phase junction 
(Fig. 1a; Methods). Subsequently, gold was deposited to form an Ohmic 
contact24 with 1T/1T′ MoS2. The phase engineering of MoS2 was inves-
tigated and confirmed by Raman spectroscopy, X-ray photoelectron 
spectroscopy and transport studies (Extended Data Fig. 1). The con-
tact between 1T/1T′ MoS2 and 2H MoS2 was confirmed to be Ohmic 
and its contact resistance was obtained by the transfer-length method 
(Extended Data Fig. 2). Therefore, the Schottky junction between Pd 
and 2H MoS2 is the dominant source of nonlinearity for rectification. 
The self-aligned metallic-phase region of MoS2 is the key to reducing 
the series resistance of the MoS2 Schottky diode. Meanwhile, such a 

lateral configuration, together with the atomic thickness of the channel 
region, substantially minimizes the device capacitance. We note that 
carbon-nanotube Schottky diodes have also been theoretically pro-
posed as a lateral device structure for high-frequency rectification25.

Figure 1b shows the quasi-static current–voltage (I–V) character-
istics of the MoS2 Schottky diode. The band alignment of the MoS2 
Schottky junction is shown in Fig. 1b (inset). The nonlinearity of the 
I–V characteristics of the MoS2 diode has a key role in rectification. 
The current responsivity of a nonlinear rectifier provides a measure of 
the rectified d.c. output current for a given input RF power8. It can be 
calculated as (Methods)

=
=

=

R
2

(1)

I
V V V

I
V V V

i

d
d

d
d

2

2

0

0

where V0 is the operating bias point. As shown in Fig. 1c, the current 
responsivity of the MoS2 Schottky diode around zero bias is about 
4.7 A W−1, which is comparable to that of rigid silicon devices23.

To study the high-frequency performance of our lateral MoS2 
Schottky diode, we carried out scattering-parameter (S-parameter) 
measurements by using a vector network analyser (Keysight N5230A). 
A coplanar transmission line and a ground–signal–ground (G–S–G) 
probe configuration (Fig. 2a, top) were used to characterize the device 
at high frequencies8. We built an equivalent circuit to model the MoS2 
diode (Fig. 2a, bottom; Methods). Figure 2b, c compares the modelled 
and measured data of the magnitude and phase of parameter S11. It can 
be found that the modelling result based on the equivalent circuit of 
Fig. 2a matches the experimental S-parameter result well. The modelled 
and experimental results for S21 and S22 are summarized in Extended 
Data Fig. 3. The S-parameter measurement allows us to obtain the resis-
tive and capacitive components of the phase-engineered MoS2 Schottky 

Fig. 1 | Flexible rectenna based on a 2D 
self-aligned MoS2-heterostructure Schottky 
diode. a, Schematic of a lateral Schottky diode 
based on a MoS2 semiconducting–metallic 
(2H–1T/1T′) phase junction. The gold 
layer forms an Ohmic contact with metallic 
(1T/1T′) MoS2, which also forms an Ohmic 
contact with semiconducting (2H) MoS2. The 
palladium layer forms a Schottky contact with 
semiconducting (2H) MoS2. The antenna 
converts electromagnetic radiation in the 
Wi-Fi band into an a.c. signal. The lateral MoS2 
diode is fast enough to rectify the a.c. signal 
and generate a d.c. signal to power a load at its 
output. The blue and red arrows indicate a.c. 
and d.c. currents, respectively. Inset, scanning 
electron microscopy image of a MoS2 Schottky 
rectifier. Channel width, 40 μm. b, The d.c. 
I–V characteristics of the MoS2 Schottky diode 
in the logarithmic scale. Inset, band diagram 
of the MoS2 Schottky junction under forward 
bias V. Φbi is the built-in potential of the MoS2 
Schottky diode, e is the electron charge and EF 
indicates the Fermi level of the semiconducting 
MoS2. c, Current responsivity of the MoS2 
Schottky diode at different external bias points.
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diode. Figure 2d summarizes the evolution of the junction capacitance, 
Cj, at different internal voltages. The internal voltage, Vint, is the voltage 
across the nonlinear junction resistance Rj only, and it can be calculated 
as Vint = Vext – I Rs, where Vext is the total voltage applied across the 
MoS2 diode and Rs is the series resistance. The junction capacitance of 
a Schottky diode can be modelled by26
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where Φbi is the built-in potential of the MoS2 Schottky diode and  
C0 is the diode capacitance at zero bias. As shown in Fig. 2d, the  
experimental Cj follows the above expression (2) well. In the low-bias 
region (V < 0.4 V), the junction capacitance Cj of the MoS2 diode  
is in the sub-10-fF regime (device width, 40 μm), which is at least 
one order of magnitude lower than the capacitance of state-of-the-art 
flexible rectifiers9–12. The series resistance Rs and junction resistance 
Rj are also extracted and confirmed by I–V measurements (Extended 
Data Fig. 4a–d; Methods). The fringing capacitance, Cf, and parasitic 
capacitance, Cp, are determined from S-parameter measurements to 
be about 10 fF and 20 fF, respectively. This result is also consistent with 
capacitance–voltage (C–V) measurements (Extended Data Fig. 4e; 
Methods).

Conventionally, the cutoff frequency of a Schottky diode is defined 
as the frequency at which Pj/PRF drops by half compared with the value 
at d.c. (also known as the ‘−3 dB point’)8,27, where Pj is the power 
absorbed by the nonlinear Rj of the diode and PRF is the total power 
absorbed by the diode. A simple analysis leads to the following expres-
sion for the cutoff frequency (Methods)27:
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The cutoff frequency of our MoS2 diode at different biases is illustrated 
in Fig. 2e. At zero bias, a cutoff frequency of around 10 GHz is expected, 
which was further examined experimentally. Because we are targeting 
battery-free applications of the MoS2 rectenna, we focus only on its 
zero-bias operation.

As a system-level demonstrator, we built a single-stage flexible MoS2-
based RF energy-harvesting circuit (details can be found in Extended 
Data Fig. 5a and Methods). The circuit was first tested by generating 
an input RF signal using a signal generator (Keysight N5183A) and 
connecting it directly to the input of the MoS2 rectifier. Figure 3a shows 
the rectified output voltage, Vout, as a function of delivered RF power, 
PRF (that is, the power absorbed by the MoS2 diode), at different fre-
quencies. As expected, the rectified voltage Vout increases as the RF 
power fed into the diode increases. In the Wi-Fi band (2.4 GHz and 
5.9 GHz), we calculated the RF–d.c. power conversion efficiency, which 
is defined as the ratio between the output d.c. power ( = /. .P V Rd c out

2
L, 

where RL is the load resistance) and the input RF power PRF, that is, 
η = Pd.c./PRF (Fig. 3b). At 2.4 GHz, the maximum power efficiency, ηmax, 
can reach 40.1% at an input power of −0.7 dBm. The results are also 
compared with state-of-the-art rigid-diode technology (Si and GaAs 
Schottky diodes) at the same frequency and the same input power level 
(Extended Data Fig. 5b). As shown in Fig. 3c, at an input RF power of 
about 5 mW, an output voltage of 3.5 V can be achieved. Vout drops as 
the input RF signal frequency increases. Our flexible MoS2 Schottky 
diode exhibits a cutoff frequency of 10 GHz (using the −3 dB point 
definition), which is high enough to cover both of the commonly used 
Wi-Fi channels (2.4 GHz and 5.9 GHz).

We integrated the MoS2 rectifier with a flexible receiver antenna fab-
ricated on the same piece of Kapton film (Fig. 3d). The optical image 
of the MoS2 rectenna is shown in Fig. 3e. The antenna was designed 
to have a central frequency at the 5.9 GHz Wi-Fi channel (IEEE 
802.11 standards). The fabrication process is described in Methods 
and Extended Data Fig. 6a, b, and the electromagnetic simulation 
and characterization of the flexible 5.9-GHz antenna can be found 
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Fig. 2 | S-parameter measurements and equivalent-circuit modelling of 
the flexible MoS2 rectifier. a, Top, the G–S–G coplanar configuration 
used for S-parameter measurements. Schematic of the origin of the 
fringing capacitance Cf (the capacitance between the anode and cathode 
metal pads) and the parasitic capacitance Cp (the capacitance between the 
electrodes of the diode and the ground plane). Bottom, equivalent circuit 

of the MoS2 Schottky rectifier. b, c, Magnitude (b) and phase (c) of S11. 
Blue line, modelled data; red circles, experimental data. d, Junction 
capacitance Cj obtained from the S-parameter measurements. Red circles, 
experimental data from the S-parameter measurement; blue dashed line, 
modelled data from Φ= / − /C C V1j 0 bi . e, Cutoff frequency fc, calculated 
using Rs, Rj and Cj values measured under different biasing conditions.
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in Extended Data Fig. 6c, d. To test the entire harvesting system, we 
approached a commercial Wi-Fi-band transmitter antenna (powered 
by a signal generator with input power of about 2 mW) to the inte-
grated MoS2 rectenna. The flexible MoS2 rectenna was successful in 
wirelessly harvesting the RF power in the Wi-Fi channel (5.9 GHz) 
and generated a rectified output voltage of up to 250 mV (distance 
from transmitter antenna, about 2.5 cm). With the demonstrated cutoff 

frequency (10 GHz) fully covering the Wi-Fi band, our phase-engi-
neered MoS2 Schottky diode enabled the experimental demonstration 
of a fully flexible rectenna operating as a Wi-Fi-band RF energy har-
vester (IEEE 802.11 standards). The complete flexibility of the MoS2 
rectenna is a critical advantage compared with rigid-diode technolo-
gies because it could enable the development of electronics with form 
factors that allow seamless integration with objects of arbitrary shapes. 

Fig. 3 | MoS2 phase-junction rectenna as a wireless RF energy harvester. 
a, Output voltage as a function of the input RF power delivered to the 
device at four different frequencies (2.4 GHz, 5.9 GHz, 10 GHz and 
15 GHz). The corresponding circuit diagram is shown in Extended Data 
Fig. 5a. b, Power efficiency of MoS2 rectifiers as a function of input power 
in the Wi-Fi band. c, Output voltage as a function of frequency of the 
input signal for RF power PRF = 5 mW. d, Illustration of a flexible rectifier 

based on a MoS2 phase junction, integrated with a flexible Wi-Fi band 
antenna for wireless energy harvesting. The Wi-Fi-band a.c. signal from 
the antenna is rectified into a d.c. signal by the MoS2 rectifier. Shown are 
the illustrative I–t curves corresponding to the a.c. and d.c. currents (blue 
and red arrow, respectively). e, Photograph of a MoS2 rectenna on Kapton. 
The right panel shows a zoom-in of the region of the MoS2 rectifier. Scale 
bar, 100 μm.
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The rectenna also provides a novel device architecture that could be 
promising for future ambient Wi-Fi energy harvesting (Methods). We 
note that flexible wireless energy harvesting of ambient Wi-Fi energy 
will require a synergistic approach incorporating innovations in circuit 
design, nanofabrication, device physics and system integration.

To further demonstrate the high-frequency performance of the 
MoS2-based diode, we also built flexible frequency mixers on Kapton 
films. Frequency conversion and mixing are key building blocks of 
any modern wireless-communication system. A mixer based on the 
nonlinear I–V characteristics of the MoS2 diode produces an output 
signal with frequency components at the sum and difference of its 
two input signals. One of the input signals is typically a local oscilla-
tor with frequency fLO and the other signal is the RF carrier with fre-
quency fRF

8 (Fig. 4a). Thanks to the high-speed performance of MoS2 
Schottky diodes, we successfully demonstrated a flexible single-ended 
RF mixer on a Kapton substrate to realize both frequency upconver-
sion and downconversion beyond 10 GHz. As shown in Fig. 4b, a local 
oscillator with fLO = 8 GHz and an RF signal with fRF = 10.4 GHz 
were combined and fed into the MoS2 diode. At its output, both the 
upconverted frequency fRF + fLO = 18.4 GHz and the downconverted 
frequency fRF – fLO = 2.4 GHz were detected by a spectrum analyser 
(Keysight N9020A). When fLO = 1 GHz and fRF = 1.4 GHz were 
mixed through the MoS2 Schottky diode, the intermediate frequencies 
fIF = fRF + fLO = 2.4 GHz and fIF = fRF – fLO = 0.4 GHz were detected 
(Fig. 4c). The conversion loss and 1-dB compression point are shown in 
Extended Data Fig. 7. We note that although a 42-GHz cutoff frequency 
has been reported for MoS2 transistors on rigid substrates28,29 for ampli-
fier applications, to the best of our knowledge, this work is the first 
experimental demonstration of a flexible MoS2-based mixer beyond 
10 GHz. This MoS2-based mixer is also advantageous over graphene-
based mixers30 in terms of system-level monolithic integration because 
semiconducting MoS2 can also enable other building blocks, such as 
digital-logic4 and energy-harvesting circuits.

In summary, we have described the design, fabrication and testing 
of an atomically thin and flexible ultrafast Schottky diode based on a 
MoS2 phase heterostructure with a cutoff frequency of 10 GHz (without 
external bias). By integrating it with a flexible Wi-Fi-band antenna, we 
successfully demonstrated a fully flexible and integrated battery-free 
rectenna that can wirelessly harvest electromagnetic radiation in the 
Wi-Fi band. This work represents a key milestone for building a high-
speed flexible platform that can be promising for wirelessly charging 
future ubiquitous electronics using the existing Wi-Fi infrastructure 
as an energy hotspot.
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Methods
Rectenna fabrication and integration. We fabricated flexible high-speed rec-
tifiers based on MoS2 semiconducting–metallic (2H–1T/1T′) phase junctions. 
Few-layer MoS2 was obtained by exfoliation from bulk crystals. All the fabrica-
tion was done on flexible DuPont Kapton polyimide films with a thickness of 
50.8 μm. Electron-beam lithography (EBL) with PMMA (poly(methyl meth-
acrylate)) as the electron-beam resist was used to define the Schottky contact 
region on semiconducting (2H) MoS2. To avoid charging effects on the insulating 
Kapton substrate during EBL, we coated the PMMA with a layer of the conductive  
liquid Espacer (purchased from Showa Denko) as a charge-dissipating agent. After 
EBL, the Espacer was rinsed off with distilled water before the development of the 
PMMA resist. Then a 50-nm-thick layer of palladium (Pd) was deposited to form 
a Schottky contact with MoS2 by electron-beam evaporation. After the formation 
of the Schottky contact, the Kapton film with the Pd/MoS2 structure was immersed 
into 1.6 M n-butyllithium (from Sigma Aldrich) solution for 10 min to convert the 
exposed region of the MoS2 into the metallic phase22. This process was performed 
in the N2 atmosphere of a glove box. X-ray photoelectron spectroscopy and Raman 
spectroscopy were carried out to confirm the phase transition of MoS2 (Extended 
Data Fig. 1a, b). The 1T-phase MoS2 is metastable under ambient conditions, and 
part of the 1T region is converted into the 1T′ phase. However, the 1T/1T′-mixture 
MoS2 remains metallic even after baking (180 °C for 3 min; see Extended Data 
Fig. 1c). The Pd metal contact served as a self-aligned mask to protect the 2H 
semiconducting region of MoS2 lying underneath. Then the Kapton film was rinsed 
thoroughly with hexane to remove any lithium residue. A second EBL process was 
performed to define the Ohmic contact region with the phase-engineered MoS2. 
Then a 50-nm-thick gold (Au) layer was deposited by electron-beam evaporation 
in high vacuum (10−8 torr) to form an Ohmic contact with MoS2. Finally, the 
coplanar transmission line (G–S–G) structure (5 nm Ti/50 nm Au) was fabricated 
by EBL for high-frequency S-parameter measurements. The reduction of the RC 
time constant, which is due to self-aligned phase engineering and the lateral struc-
ture of the diode, is largely immune to the partial 1T-to-1T′ phase conversion. Our 
MoS2 rectenna can operate stably under ambient conditions for at least one year 
without noticeable degradation.

The Wi-Fi-band receiver antenna was designed using the CST Microwave 
Studio software. The flexible antenna was fabricated by electron-beam evaporation 
of 5 nm Ti and 70 nm Au on a 50.8-μm-thick Kapton thin film. The integration 
process is illustrated in Extended Data Fig. 6a, b. The electromagnetic simulation 
and return loss measurements of the flexible antenna are shown in Extended Data 
Fig. 6c, d. Its central frequency is about 5.9 GHz.

After the above processes, MoS2 phase-junction-diode arrays were first fabri-
cated on a Kapton film. The G–S–G device configuration of the MoS2 diode allows 
high-frequency S-parameter measurements. The MoS2 diode was subsequently 
electrically connected with the receiver antenna. The MoS2 diode and the receiver 
antenna were aligned so that the two terminals of the signal line were electrically 
connected to the two transmission lines of the receiver antenna. The length of 
the G line (170 μm) was designed to be shorter than the gap between the antenna 
transmission lines (250 μm) to avoid shorting effects (Fig. 3e). In addition, the 
length of the signal line (1 mm) was designed to be larger than the gap between 
the antenna transmission lines (250 μm) to allow electrical connection. During 
the demonstration of energy harvesting, a commercial transmitter Wi-Fi-band 
antenna was powered by a signal generator (Keysight N5183A) and approached 
the MoS2 rectenna (Extended Data Fig. 6b). The rectified output voltage Vout was 
measured by an oscilloscope with impedance of 1 MΩ (Keysight DSO6054A). The 
rectenna was connected to an oscilloscope through an SMA connector. A load 
resistance of 10 kΩ was connected with the oscilloscope in a parallel configuration 
(Extended Data Fig. 5a), so the effective output resistance was about 10 kΩ. The 
input power available to the MoS2 rectenna was about 3 dBm (about 2 mW). The 
distance between our flexible rectenna and a commercial Wi-Fi-band antenna 
(PCB Yagi; gain of 2 dBi (decibels relative to isotropic)), which was powered by a 
signal generator (continuous wave), was about 2.5 cm. The orientation of the MoS2 
rectenna was optimized with respect to the commercial Wi-Fi antenna to maximize 
the collection of RF power.
S-parameter measurement and equivalent-circuit modelling. To character-
ize the high-frequency performance of our MoS2 Schottky diode, we performed 
S-parameter measurements using a vector network analyser (VNA; Keysight 
N5230A). The two-channel microwave receiver of the VNA allowed us to meas-
ure the magnitude and phase of the transmitted and reflected waves from the 
device. Two transmission-line cables with impedance of 50 Ω were connected to 
the device under test through G–S–G probes. A proper calibration was done to 
eliminate the extrinsic effects and the systematic error of the measurement sys-
tem8. The RF source was set to sweep from 100 MHz to 20 GHz, and an internal 
reflectometer was used to detect the incident, reflected and transmitted RF waves. 
The magnitude and phase of S11, S21, S12 and S22 were measured and recorded 
(Fig. 2b, c, Extended Data Fig. 3). S11 represents the reflection coefficient at the 

input port, whereas S22 represents the reflection coefficient at the output port. S21 
is a measure of the insertion loss of the device under test, and S12 characterizes 
the isolation from the output to the input. The S-parameter measurements were 
repeated with the device under test biased at different bias points from −0.6 V to 
3 V. The S-parameters were measured when the MoS2 Schottky diode was under 
non-bending conditions.

To gain further insight into the capacitive and resistive components of the 
MoS2 diode, we built a small-signal equivalent circuit to model the device using 
Keysight’s Advanced Design System. A schematic of the simulation circuit is shown 
in Fig. 2a. The internal part of the MoS2 diode was modelled by the series resistance 
Rs, the nonlinear junction resistance Rj and the junction capacitance Cj. The series 
resistance Rs includes the Ohmic contact resistance of the diode. The junction 
resistance Rj represents the nonlinear resistance of the Schottky junction, which is 
bias-dependent. The junction capacitance of the diode, Cj, is also bias-dependent. 
The external parasitics of the MoS2 diode were also considered and analysed: Cf 
denotes the fringing capacitance between the diode’s anode and cathode metal 
pads. Cp incorporates the parasitic capacitance between the electrodes of the diode 
and the ground plane (Fig. 2a). A quasi-Newton algorithm was used to optimize 
the parameters of the model. As illustrated in Fig. 2b, c and Extended Data Fig. 3, 
the simulated S-parameters match well the measured S-parameters.

The series resistance Rs and the junction resistance Rj can be obtained from the 
experimental S-parameters (Extended Data Fig. 4a, b). Extended Data Fig. 4a 
shows Rs as a function of the applied bias. The series resistance Rs increases slightly 
from 2,400 Ω to 3,400 Ω as the applied bias increases from −0.6 V to 3 V. The 
semiconducting MoS2 region incorporates two parts: a depletion region and a 
quasi-neutral region (that is, regions without band bending). As the bias increases, 
the depletion region of MoS2 shrinks, which can be seen from the conventional 
depletion-thickness formula25 in a Schottky diode = Φ − /εx V eN2 ( )d bi d, where 
ϵ is the permittivity of MoS2, Φbi is the built-in potential, V is the applied bias, e is 
the electron charge and Nd is the doping level of MoS2. As the depletion region of 
MoS2 shrinks, the quasi-neutral region of MoS2 expands and contributes to an 
increased series resistance Rs. The junction resistance Rj decreases as the diode is 
turned on (Extended Data Fig. 4b). The Rs and Rj values obtained from the 
S-parameter measurements were also confirmed by quasi-static I–V measurement 
and modelling (Extended Data Fig. 4c, d). Similarly, the junction capacitance Cj 
can be extracted from the measured S-parameters. Figure 2d summarizes the evo-
lution of Cj at different internal biases. We attribute the ultralow junction capaci-
tance of the device to its lateral structure. In such a lateral device structure, the 
charge transport across the Schottky barrier mainly occurs near the MoS2 phase 
boundary, with an extension within a transfer length, which is usually less than 
1 μm24,31. The transfer length26 is the distance beyond which the current density 
drops by 1/e. In other words, the applied bias mainly drops across the region near 
the MoS2 phase boundary, and therefore the modulation of the depletion region 
of MoS2 mainly occurs within one transfer length. Consequently, the effective area 
of the Schottky junction, and thus the junction capacitance Cj, is substantially 
reduced. We also expect that the novel device architecture presented in this work 
could inspire new designs for other types of high-frequency devices to further 
improve high-speed performance. From Fig. 2d, the built-in potential Φbi of the 
MoS2–Pd Schottky junction can be extracted to be about 0.78 eV on the basis of 
equation (2). The extrinsic parasitics can also be obtained using equivalent-circuit 
modelling (Fig. 2a, bottom): the fringing capacitance Cf is about 10 fF, and the 
parasitic capacitance Cp is about 20 fF. Thanks to the lateral design of our MoS2 
rectifier, the total capacitance of the device is about Cf + Cp + Cj ≈ 40 fF (when 
one terminal of the circuit in Fig. 2a is grounded). This value is about one order of 
magnitude smaller than that of state-of-the-art flexible rectifiers9–12. This is also 
confirmed by C–V measurements (Extended Data Fig. 4e).
RF–d.c. power conversion efficiency and Wi-Fi-band energy harvesting. For the 
characterization in Fig. 3a–c, the rectified output voltage Vout was measured using 
an oscilloscope with impedance of 1 MΩ, which was in shunt with a load resistance. 
The optimum load resistance was found to be about 10 kΩ. At 2.4 GHz, the power 
efficiency of our flexible MoS2 rectifiers was in the range 10%–40% for input power 
between −15 dBm and 5 dBm (Fig. 3b). Our MoS2 rectifiers exhibit competitive 
power efficiency; for comparison, the state-of-the-art rigid Si and GaAs Schottky 
diodes can reach a power efficiency of 5%–70% at the same frequency and the same 
range of input power (Extended Data Fig. 5b). The maximum power efficiency, 
ηmax, of our MoS2 rectifiers at 2.4 GHz was observed around an input RF power 
of −0.7 dBm (ηmax ≈ 40.1%). The ambient Wi-Fi power collected by a 2.4-GHz 
Wi-Fi antenna is Pin = WsAeff = [(PTXGTX)/(4πd2)] [(GRXλ2)/(4π)] = {(1 W)/
[4π(100 cm)2]}[1.58(12.5 cm)2/(4π)] ≈ 156 μW (that is, −8 dBm), where Pin is 
the input power to the receiver antenna, Ws is the ambient Wi-Fi power density, 
Aeff is the effective receiver antenna area, PTX is the total power of the transmitter 
antenna, GTX is the gain of the transmitter antenna, d is the distance to the trans-
mitter antenna (assuming a distance of 1 m), GRX is the gain of the receiver antenna 
(about 2 dBi in our flexible antenna design; that is, a power ratio of 1.58) and λ 
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is the wavelength32. We note that PTXGTX is the equivalent isotropically radiated 
power (EIRP), and we use 1 W as a typical EIRP value for a 2.4-GHz Wi-Fi trans-
mitter antenna. The EIRP may vary in different regions in the world; for example, 
in the United States the EIRP (2.4 GHz) is 1 W33. At 2.4 GHz, the power efficiency 
of our MoS2 device is about 31% (at Pin = −8 dBm; see Fig. 3b). Therefore, even 
in this proof-of-concept demonstration, the output d.c. power of our MoS2-based 
rectifier reached about Pout = Pin × η = (156 μW) × 31% = 48.4 μW at the input 
power level of −8 dBm (at 2.4 GHz). It should be noted that in this work this level 
of output power was achieved in an academic laboratory and had not yet been opti-
mized. In our current MoS2 device (with channel width W = 40 μm), the maximum 
power efficiency (about 40.1%) occurs at an input power of −0.7 dBm. On the basis 
of microwave theory, the maximum power efficiency ηmax can be shifted to lower 
input power (for example, −8 dBm) by reducing the device area34, which in our 
case is the channel width. Given the relatively large channel width (W = 40 μm) 
used in our current design, it is possible to reduce the channel width and tune the 
ηmax point to a lower power level. By shifting ηmax to −8 dBm, we can potentially 
harvest an output d.c. power of (156 μW) × 40.1% = 62.6 μW out of the ambient 
Wi-Fi band energy. Through optimization of the material engineering, the phase-
change process and the circuit, the power efficiency of the presented MoS2-based 
rectifiers can be further improved.
Theory of nonlinear diode rectification. A diode is a two-terminal electronic 
device with nonlinear I–V characteristics. This nonlinearity is fundamen-
tal for many useful applications, such as rectification, detection and frequency 
mixing8. The d.c. I–V characteristics of a Schottky diode can be modelled by 
I(V) = Is(eαV−1), where α = e/(nkBT), Is is the reverse saturation current, kB is 
the Boltzmann constant, T is the temperature, e is the electron charge and n is 
the ideality factor. In a small-signal model, the I(V) relation can be expanded in a 
Taylor series at V = V0:
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It can be seen from the above expression that the output signal contains d.c. com-
ponents and RF signals with frequencies ω and 2ω (as well as other higher-order 
harmonics). The rectified d.c. current Id.c. is the second term,
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The intrinsic current responsivity Ri is defined as the ratio of the rectified d.c. 
current Id.c. and the RF power delivered to the nonlinear junction resistance Pin. 
Pin can be obtained from the time-averaged integration of
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In the calculation of the intrinsic responsivity in Fig. 1c, 10-point Savitzky–Golay 
smoothing was used to obtain the average of the slopes.
Analysis of the cutoff frequency, fc. In this work, the cutoff frequency of a 
high-speed diode is defined by the conventional −3 dB point, which is differ-
ent from the cutoff frequency defined for traditional transistors (that is, the  

unit-gain point). Here we explain in detail how the cutoff frequency fc of our MoS2 
Schottky diode is defined. The internal part of a Schottky diode can be modelled 
by a series resistance Rs, a junction resistance Rj and a junction capacitance Cj, 
as indicated in Fig. 2a. Let us denote the total voltage applied across the intrinsic 
diode as V and the voltage across Rj as Vj. The overall impedance of the diode is 
represented by Z. We note that not all of the incident RF power absorbed by the 
MoS2 Schottky diode is consumed by the nonlinear junction resistance Rj. Part 
of the RF power is dissipated in the series resistance Rs. The RF power absorbed 
by the diode can be calculated as27
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The voltage across Rj can be calculated as
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Therefore, PRF can be expressed in terms of Vj as follows
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The part of the incident power consumed by Rj is
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By defining the cutoff frequency fc as the frequency at which Pj/PRF is half of its 
value at d.c. (that is, the −3 dB point), we have
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Extended Data Table 1 summarizes the cutoff frequency and solid-state properties 
of state-of-the-art flexible semiconductors and rigid silicon.
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Data availability
The data that support the findings of this study are available from the correspond-
ing author on reasonable request.
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Extended Data Fig. 1 | Spectroscopic and transport study of MoS2 
before and after phase change induced by n-butyllithium. a, Raman 
spectrum of MoS2 before and after the phase change induced by  
n-butyllithium. A new Raman peak around 286 cm−1 was observed after 
the phase change. b, X-ray photoelectron spectroscopy characterization 
of MoS2 samples (Mo 3d3/2 and Mo 3d5/2 peaks) before and after the 
2H-to-1T/1T′ phase change induced by n-butyllithium. The Mo 3d3/2 and 
Mo 3d5/2 peaks were red-shifted after the phase change. c, I–V transfer 
characteristics of a MoS2 field-effect transistor (FET) on a Si wafer capped 

with 300 nm SiO2, before and after phase change. The graph shows the 
drain current as a function of backgate bias for drain voltage Vds = 50 mV, 
channel length of 830 nm and channel width of 50 μm. The 300-nm-thick 
SiO2 serves as the backgate dielectric layer. Black line, pristine MoS2 FET; 
red line, MoS2 FET after phase change through n-butyllithium treatment; 
blue line, post-phase-change MoS2 FET after baking (180 °C for 3 min). 
The 1T-phase MoS2 is unstable in air at room temperature, and part of the 
1T region is converted into the 1T′ phase. However, the 1T/1T′ mixture 
MoS2 retains metallic I–V characteristics after baking.
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Extended Data Fig. 2 | Investigation of Schottky contact in Pd/2H MoS2 
and Ohmic contact in Au/1T MoS2/2H MoS2. a, I–V characteristics of 
backgated MoS2 transistors on Si substrates (‘Si sub’) capped with 300 nm 
SiO2. Channel length, 4 μm. Pd is used as the source/drain contact metal. 
The nonlinear Ids–Vds characteristics are consistent with the behaviour  
of a Schottky contact. Vbg is the backgate bias. b, I–V characteristics  
of backgated MoS2 transistors on Si substrates capped with 300 nm  
SiO2. Channel length, 4 μm. The source/drain region of MoS2 was  

phase-engineered into the metallic 1T/1T′ phase for use as contact. The 
linear Ids–Vds characteristics indicate an Ohmic contact. c, Transfer- 
length-method structure of 1T/1T′ MoS2. The contact resistance between 
Au and 1T/1T′ MoS2 is estimated to be about 168 Ω μm. d, Transfer- 
length-method structure of 2H MoS2 (channel width, 10 μm), in which 
the contact area is phase-engineered into the 1T/1T′ metallic phase before 
metal deposition. The contact resistance is estimated to be 56 kΩ μm.
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Extended Data Fig. 3 | Comparison of measured S-parameter of the MoS2 diode and modelled S-parameter based on the equivalent circuit in 
Fig. 2a. a, Magnitude of S21. b, Phase of S21. c, Magnitude of S22. d, Phase of S22. Red circles, experimental data; blue line, modelled data.
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Extended Data Fig. 4 | Resistive and capacitive components of MoS2 
Schottky diode. a, Series resistance, Rs, obtained from S-parameter 
measurements at different external biases. b, Junction resistance, Rj, 
obtained from S-parameter measurements at different internal voltages. 
The internal voltage Vint is derived from Vint = Vext – I Rs. c, d, Quasi-static 
I–V characteristics of the MoS2 Schottky diode. The modelling is based on 

I = Is{exp[e(V–IRs)/(nkBT)]−1}, where Is = 700 nA, n = 2.9, Rs = 3,500 Ω 
and T = 300 K. The current density of a MoS2 phase-junction diode is 
shown in the logarithmic (c) and linear (d) scale. Blue line, modelling; red 
squares, measurements. e, C–V characteristics of the MoS2 Schottky diode 
at f = 500 kHz. When the MoS2 diode is negatively biased or has a bias 
around zero, the overall capacitance is about 40–60 fF.
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Extended Data Fig. 5 | Demonstration of the MoS2-based RF energy-
harvesting circuit. a, Circuit diagram. The decoupling capacitors at 
the input can block the d.c. current while permitting flow of RF signals. 
The d.c. and RF signal paths are indicated by blue and red dashed lines, 
respectively. The output signal was measured by an oscilloscope with 
an impedance of 1 MΩ, which was in shunt with a load resistance. The 
capacitor in this circuit blocks the d.c. current and protects the signal 
generator, and it is not necessary for the demonstration using the antenna. 
‘L.P.F.’ indicates the low-pass filter and Pdel is the power delivered to the 
MoS2 diode. b, Power efficiency of MoS2-based rectifiers (red stars) 
compared with state-of-the-art rigid technologies at 2.4 GHz (Si Schottky 
diodes and GaAs Schottky diodes; black symbols)35–40. To ensure a 
fair comparison, all the data points here show the RF–d.c. conversion 
efficiency for rectifiers without the antenna effect. In this proof-of-concept 
demonstration, the flexible MoS2 rectifiers exhibit competitive power 
efficiency. We note that the power efficiency was obtained in an academic 
laboratory before careful optimization. Through optimization of the 
material engineering, the phase-change process and the matching circuit, 
the power efficiency of the presented MoS2-based rectifiers can be further 
improved.
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Extended Data Fig. 6 | Fully flexible MoS2 rectenna harvesting 
electromagnetic radiation energy in the Wi-Fi band (5.9 GHz).  
a, Fabrication of integrated MoS2 rectenna. The phase-engineered MoS2 
rectifier arrays are fabricated on Kapton substrates. After high-frequency 
characterization by S-parameter measurements, we integrated the MoS2 
rectifier with a flexible 5.9-GHz Wi-Fi antenna on the same piece of 
Kapton film. b, Demonstration of energy harvesting of electromagnetic 
radiation in the 5.9-GHz Wi-Fi band using the as-fabricated flexible MoS2 
rectenna. The input power available to the MoS2 rectenna was about 
3 dBm (about 2 mW). The measurement was carried out in a parallel 
configuration (as shown in Fig. 3d). The transmitter Wi-Fi-band antenna 
was powered by a signal generator and approached the receiver antenna 

of the MoS2 rectenna. The rectified output voltage Vout was about 250 mV, 
which was measured with an oscilloscope in shunt with a 10-kΩ load 
resistance. c, Simulated directivity pattern of the flexible dipole antenna 
including the feeding line effect. Theta and phi are the polar and azimuthal 
angles for spherical coordinates, respectively. The principal y–z, x–z and 
x–y planes of the antenna are indicated by red, green and blue circles, 
respectively. The total antenna gain is expected to be only −0.38 dB 
below the directivity (D0 = 2.64 dB) owing to the low Ohmic loss and 
the good impedance matching with respect to a reference impedance of 
50 Ω. d, Return loss of the flexible antenna. The simulation (blue) and 
measurement (pink) data match well at the operating frequency.
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Extended Data Fig. 7 | High-frequency MoS2 mixers. a, Conversion 
loss of the MoS2 mixer at different RF powers delivered at the input. 
The conversion loss is defined as the power difference between the 
input RF signal (1.4 GHz) and the output intermediate frequencies 
(IF; downconverted at 0.4 GHz and upconverted at 2.4 GHz). b, Input 
1-dB compression point of the MoS2 mixer. The 1-dB compression 
point is a measure of an RF mixer’s linearity and is defined as the input 

RF power for which the conversion loss is increased by 1 dB from the 
ideal. For the upconversion IF of 2.4 GHz, the 1-dB compression point 
is about −32.3 dBm. For the downconverted IF of 0.4 GHz, the 1-dB 
compression point is about −36.4 dBm. The high-frequency performance 
of the flexible MoS2 mixer can be further optimized by improving the 
impedance matching, which was not optimized in this proof-of-concept 
demonstration.
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Extended Data Table 1 | Comparison of state-of-the-art high-frequency rectifiers

The cutoff frequency fc, mobility and rigidity parameters of state-of-the-art flexible semiconductors and silicon are listed.
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