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A nalogue switches are ubiquitous components in data com-
munication systems, and are used to pass or isolate analogue 
and digital signals between different frequency bands and 

reconfigure wireless communication systems1–14. One of the most 
critical performance criteria is energy consumption. Conventional 
analogue and radio-frequency (RF) switches based on solid-state 
diode or transistor devices4–6 are volatile and consume energy during 
switching events and also during standby or when idle in the ON and 
OFF states. The former is the dynamic energy that is needed to tog-
gle the states, whereas the latter is the static energy consumption and 
represents wasted energy. To substantially reduce the overall energy 
consumption, non-volatile memory devices such as memristors, 
resistive random-access memory (RRAM), phase-change memory 
(PCM) and two-dimensional (2D) atomristors and memristors have 
been explored due to their zero static energy consumption9–21.

We previously reported molybdenum disulfide (MoS2) switches 
operating at microwave frequencies (up to 50 GHz)21 and hex-
agonal boron nitride (hBN) switches operating across the entire 
fifth-generation (5G) spectrum (100 GHz), with data rates of 
8.5 Gbit s−1 using on–off keying modulation. These 2D analogue 
switches outperform switches based on other emerging materials—
including PCM, RRAM and microelectromechanical devices—in 
terms of energy efficiency, cutoff-frequency figure of merit, switch-
ing speed and switching voltages, despite their relatively nascent 
state21–23. However, next-generation wireless communication tech-
nologies based on the evolving sixth-generation (6G) standard24,25 
will require higher operating frequencies (carrier frequencies of 
around 300 GHz) and more sophisticated modulation schemes, 
with data rates approaching 100 Gbit s−1. This is needed to sup-
port existing mobile networks and enable new applications such as 
virtual/augmented reality and artificial intelligence with enhanced 
security and privacy26–28.

In this article, we report non-volatile analogue switches based on 
metal–insulator–metal (MIM) memristor structures29–31 with mono-
layer MoS2 as the resistive switching insulator. The switches exhibit 
enhanced performance compared with previous 2D-material-based 
switches, including an operation bandwidth of 480 GHz, which 
we demonstrate using a sophisticated high-frequency measure-
ment setup that includes various frequency extenders, impedance 
substrates, vector network analysers (VNAs) and probe sets. We 
attribute this enhancement to the area-scaling benefit of the ver-
tical parallel-plate capacitance structure and coplanar waveguide 
(CPW) design optimization. In particular, by downscaling the 
device dimensions to 0.04 µm2 (6.25 times smaller than the previ-
ous report21), the OFF-state capacitance was reduced from 6.5 to 
0.9 fF. The high-frequency properties are validated using various 
modulation methods and with measurements of the eye diagram, 
constellation diagram, bit error rate (BER) and signal-to-noise ratio 
(SNR). A sub-nanosecond switching time of 500 ps is achieved 
and the corresponding switching energy of 50 pJ is more than one 
order of magnitude lower than mature PCM RF switches1,2. We also 
demonstrate data transmission rates as high as 100 Gbit s−1, fulfill-
ing 6G communication requirements. Furthermore, we achieve 
real-time high-definition (HD) television (TV) streaming with no 
compression (1.5 Gbit s−1) at a carrier frequency of 300 GHz. RF 
intermodulation measurements (IMD) show that the MoS2 mem-
ristor RF switches exhibit a third-order intercept point (IP3)—an 
important metric for distortion-less communication systems—of 
around 31 dBm.

Structure, material properties and resistive switching. Figure 1 
shows the device structure, material properties and d.c. and pulse 
resistive switching of a monolayer MoS2 switch fabricated on a 
300-μm-thick polycrystalline diamond substrate. The diamond
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substrate was chosen to provide efficient heat sinking to the device 
switching area and metal feedlines during d.c. and RF operations. 
We created an array of devices, and 36 out of the 38 devices func-
tioned as memristors based on d.c. testing, resulting in about 95% 
yield. Figure 1a,b shows an illustration and top-view optical image 
of a ground–signal–ground (GSG) device configuration of the MoS2 
analogue switch with Au electrodes. Supplementary Fig. 1 shows 
the zoomed-in top-view optical image of the dashed box shown in 
Fig. 1b, with the colour difference indicating the area covered with 
MoS2. The overlap between the BE and TE defines the switch area, 
which is 0.2 × 0.2 μm2. The switch stack consists of ~150 nm gold 
(Au) TE and BE, both with 2 nm chromium (Cr) adhesion layers. 
First, BEs with the GSG configuration were formed by lift-off after 
electron-beam lithography (EBL) and electron-beam metal evapo-
ration. Then, chemical-vapour-deposited (CVD) monolayer MoS2 
is transferred onto the BE using poly(methyl methacrylate)-assisted 
wet transfer29,32. Finally, the TE was prepared using the same fabrica-
tion process as the BE. Raman spectroscopy and photoluminescence 
(PL) of the CVD-grown MoS2 film confirm the crystalline qual-
ity and monolayer thickness (Fig. 1c). Figure 1d shows the linear 
and log-scale current–voltage (I–V) curves of the fabricated MoS2 
switch, exhibiting bipolar non-volatile resistive switching phenom-
ena. The device is initially in the high-resistance state15. The positive 
voltage sweeps from 0 to 1.5 V and then returns to 0 V, followed by 
a negative bias of 0 to −1.5 V. Applying d.c. voltage as the stimulus 
shows a sudden increase (SET process) in the current at around 1.5 V 
(Fig. 1d), which corresponds to a low-resistance state. The device 
retains its resistance state (non-volatility) until a negative voltage is 

applied to RESET the device back to its initial high-resistance state. 
The non-volatile resistive switching of 2D-material-based mono-
layer memristors is attributed to an atomic virtual conductive-point 
mechanism, which have been verified by first-principles calculations 
and scanning tunnelling microscopy studies in recent reports33,34. 
Field-driven metal-ion adsorption into chalcogen vacancies results 
in a locally conductive site, thereby enabling the non-volatile resis-
tive switching phenomenon. Supplementary Fig. 2 depicts the I–V 
curves of the SET processes, as well as its normal probability plot 
for the ON-state resistance for nine different MoS2 switches with an 
identical compliance current. The high-speed switching experimen-
tal setup is shown in Supplementary Fig. 3 with a pulse generator 
(PG) connected in series with the MoS2 memristor and high-speed 
oscilloscope. Figure 1e represents the graph of voltage and current 
versus time of 500 ps SET pulse switching on monolayer MoS2 mem-
ristor from the OFF state to the ON state. The consumed power  
and switching energy during the SET switching event are shown 
in Fig. 1f. Similarly, Supplementary Fig. 4 shows the 500 ps RESET 
pulse switching of the MoS2 device.

High-frequency performance studies. Here S-parameter mea-
surements were conducted using a VNA and frequency convert-
ers in both ON and OFF states of the analogue switch based on 
MoS2 memristors. To measure the precise S-parameters, line–
reflect–reflect–match on-wafer calibration was conducted to 
remove the extrinsic effects from the cables and probe station. 
For each individual frequency band, the VNA’s error coefficients 
of the 12-term error model are calculated using WinCal software 
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Fig. 1 | Material, device structure, and d.c. and pulse switching. a, Simplified perspective-view illustration of the MoS2 RF switch with a vertical MIM 
structure. b, Optical microscopy image of a fabricated monolayer MoS2 RF switch with GSG Au electrodes. The dashed box shows the vertical MIM 
structure. c, Raman spectroscopy and PL data of CVD-grown monolayer MoS2. d, Typical I–V curve of the resistive switching behaviour of monolayer MoS2 
device with an overlap area of 0.5 × 0.5 μm2. e, Voltage and current through the switch with a 500 ps, 5 V SET pulse. The current is measured as the pulse is 
applied using a scope in series (Methods describes the voltage calculations). f, Consumed energy and power during the 500 ps SET pulse. The consumed 
energy is calculated by integrating the power over time. The measured SET energy is 49 pJ.
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insertion loss with frequency owing to a parallel-plate capacitive 
effect in the nanoscale MIM structure22,23. Supplementary Fig. 6 
shows the reliable retention of two different MoS2 RF switches in 
the ON and OFF states over a nine-month period. The performance 
of 2D-material-based RF switches is compared with that of other RF 
switch technologies such as PCM, conductive-bridge RAM, resistive 
RAM, IMT and microelectromechanical systems. Although 2D RF 
switches are still in their early development phases, they outperform 
other technologies in several important metrics including higher 
operating frequency, higher data transmission, heater-free ambient 
integration and fast switching speed (Supplementary Table 1).

Data communication studies based on BER and SNR measure-
ments. Using THz photonics devices, several modulations were 
tested to evaluate the response of the MoS2 device towards the IEEE 
802.15.3d standard24. Since 6G communication technologies can be 
integrated with many application scenarios, it must be versatile.

To evaluate the device potential on high-bandwidth applica-
tions, real-time data communication tests were conducted on MoS2 
switches with a carrier frequency (fc) of 320 GHz. The measurement 
setup23 is shown in Supplementary Fig. 7 and Supplementary Video 
1. Figure 3a represents the real-time BER measurement as a func-
tion of the input power at different switch statuses with 10 Gbit s−1

data-rate amplitude-shift keying (ASK) modulation. For the THRU
and ON state, the eye diagrams and the evolution of BER values
are similar. The gap between the THRU and ON state reveals the
power losses from the small insertion loss of the MoS2 switch over
the modulated signal. BER measurements with on–off keying mod-
ulation at data rates of 18 and 22 Gbit s−1 have similar evolutions
(Supplementary Fig. 8).

In terms of data transmitting and receiving performances, a 
combination of high baud rate/spectral efficiencies and multilevel 
modulations are required. In this context, the functionality of the 
MoS2 switch was validated using quadrature phase-shift keying 
(QPSK) for 10 and 25 GBaud (20 and 50 Gbit s−1, respectively); 
amplitude–phase-shift keying (APSK) with 16 symbols (APSK16); 
and quadrature amplitude modulation (QAM) with 16, 32 and 
64 symbols (QAM16, QAM32 and QAM64, respectively). The evo-
lution of SNR values for different modulation methods and data 
rates is shown in Fig. 3b. For higher data rates, all the modulation 
methods show decreasing SNR trend, which is due to the limitation 
of the transmitting and receiving hardware available at the time of 
experiments. For QAM16, the data rate was successfully upgraded 
to 100 Gbit s−1, which is the target of the new IEEE 802.15.3d release 
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Fig. 2 | High-frequency tHz performance of MoS2 non-volatile switch. a,b, De-embedded experimental S-parameter S21 data in the ON (insertion loss) 
(a) and OFF (isolation) (b) states of a 6G switch. The SET and RESET data are measured on devices with an overlap area of 0.2 × 0.2 μm2. The black, red, 
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orange lines show the S-parameters of the extracted equivalent lumped element circuit model. The extracted RON and COFF values are 8 Ω and 0.9 fF and the 
calculated cutoff frequency, FCO, is 22 THz.

from the S-parameter measurements of one line, two reflect and 
one match structure on commercial calibration substrates from 
FormFactor. To avoid artefacts in our measurements, the stability 
of the calibration was monitored after each device and new cali-
bration is performed when necessary (drift in S-parameters mea-
sured on a calibration structure larger than 0.1 dB compared with 
the same structure measured right after calibration or appearance of 
noise-like ripples at high frequency). Also, probe pads and intercon-
nect resistances were removed by de-embedding processes to obtain 
the intrinsic S-parameters of MoS2 switches35. Using a sophisticated 
probe-station setup, the intrinsic experimental high-frequency 
characteristics of monolayer MoS2 switch show a small insertion 
loss in the ON state (Fig. 2a) and isolation below 15 dB in the OFF 
state (Fig. 2b) at frequencies up to 480 GHz, which is in the tera-
hertz (THz) range usually defined at around 0.1–10.0 THz. Based 
on the equivalent lumped element circuit model, two circuit param-
eters12,36, namely, RON (ON-state resistance) and COFF (OFF-state 
capacitance), were extracted from the de-embedded experimental 
data23 to obtain their quasi-static values (Supplementary Fig. 5 and 
Supplementary Note 1). The comparison between the measured 
results and the intrinsic lumped element model is presented for the 
ON state (Fig. 2a) and OFF state (Fig. 2b). Metal–oxide RRAMs are 
typically realized with amorphous transitional metal oxides with 
low-resistance-state values of >1 kΩ, making them unsuitable for 
RF switching due to excessive insertion losses. PCM RF switches13,14, 
on the other hand, have shown outstanding results with high endur-
ance and a decent cutoff frequency with low ON-state resistance. 
However, due to heat transfer, they have very long switching times, 
require an integrated heater for electrothermal actuation and have 
adverse area dependency that limits scalability to higher frequen-
cies. Vanadium dioxide (VO2) is a phase-change material with an 
insulator–metal transition (IMT)17,37–39. VO2 is an intriguing mate-
rial for RF switches due to the high resistance difference between 
the insulating and metallic phases, as well as low resistivity in the 
metallic phase. However, this sudden, reversible and volatile IMT 
occurs at the transition temperature (68 °C) and necessitates higher 
temperatures to maintain the conducting state, whereas the mate-
rial operates as an insulator at ambient temperature. Furthermore, 
2D-material-based memristors achieve small ON-state resistance 
of <10 Ω due to their thin transport layer. Also, a small OFF-state 
capacitance is realized by MIM area scaling, a benefit of the ver-
tical parallel-plate capacitance structure. Notably, unlike conven-
tional RF switches, where the insertion loss rolls off with frequency  
due to inductive effects, the 2D switch exhibits a relatively 
flat  
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for 6G networks using the 300 GHz band. It should be noted that 
high-level QAM64 modulation was also successfully handled by 
the MoS2 switch, which is also a potential modulation technique 
in the IEEE 802.15.3d standard for future THz communication. 
These results show the broadband operation of the device: for the 
highest baud rates, for example, using 25 GBaud, the spectrum 
has a bandwidth close to ∼40 GHz. Considering the carrier fre-
quency at 320 GHz, the RF signal injected into the MoS2 switch 
is, thus, spread over the 300–340 GHz range; even for such wide-
band signals, a successful operation of the switch was obtained. 
The bandwidth of the modulated spectrum was finally compliant 
with the 51.84 GHz bandwidth of channel 68 of the new standard40. 
However, the demonstration was conducted using a 320.00 GHz 
carrier rather than a 278.64 GHz (IEEE standard), due to device 
availability (that is, the Schottky receiver) at the time of the experi-
mental measurements. It should be noted that as the response of 
the MoS2 switch is less lossy at 280 GHz, the performance would 
be even better.

Figure 3c represents the constellation diagram of QAM16 and 
QAM32 modulation at the THRU and ON state. For the same mod-
ulation method and data rate, the error-vector magnitude (EVM) 
of THRU is less than the EVM of the ON state, showing less noise 
and distortion. Supplementary Fig. 9a shows the SNR-signal detec-
tion limitation for each modulation method due to hardware speci-
fications, and as a result, only the OFF state could be measured for 
QPSK. Accordingly, Supplementary Fig. 9b shows the constellation 
diagram of QPSK modulation with the THRU, ON and OFF states. 
The EVM values for different modulation methods and data rates 
are shown in Supplementary Fig. 10.

Based on the S-parameter measurements with VNAs, it was dis-
covered that the switches have a very small amount of dispersion, 
allowing them to be considered as pure controllable attenuating 
devices for a specific frequency range with two states, namely, ON 
and OFF. This was confirmed in both real-time BER (Fig. 3a) and 
in-phase/quadrature (I/Q) measurements (Fig. 3b), where the BER 
and SNR curves comparing the THRU/ON/OFF state (ASK and 
QPSK) were found to be parallel, with the power penalty (decibel 
shift between the curves) equal to the insertion losses. This implies 
that unlike active devices, 2D switches have no effect on signal integ-
rity or additional noise aside from power reduction. Thus, the influ-
ence of the MoS2 layer was found to be limited to pure signal-power 

reduction, reducing the SNR according to the signal loss, with the 
noise level remaining constant as fixed by the receiver in any case.

Eye diagrams with various modulation methods. Figure 4 shows 
the data communication performance on MoS2 devices with differ-
ent data rates and modulation methods using eye diagrams. From 
Fig. 4a, the green band at 100 Gbit s−1 shows the data-rate target 
of IEEE 802.15.3d, which is the IEEE standard for high data-rate 
wireless multimedia networks (amendment) towards emerging 6G 
applications (expected for 2030). Figure 4b shows the representa-
tive constellation diagrams and eye diagrams from Fig. 4a; the blue 
histograms under the eye diagrams show the signal-crossing proba-
bilities between the eye-diagram levels. A zero value of this curve at 
the decision instant (normalized time = 1 in the eye patterns) means 
that the probability of error is zero. When the EVM is reduced and 
the eye starts to close, this probability increases. Here the EVM val-
ues are considered as figures of merit of the constellations, since 
BER is not measured in real time for I/Q modulation.

Once the high data-rate characterizations with I/Q arbitrary 
generation and analysis are conducted, the real-time high-data-rate 
applications were studied. The real-time performance of the BER is 
detected with a BER tester that directly compares the data flow at 
the input and output of the MoS2 device. In the ON state, an HDTV 
data stream encoded into the 300-GHz-band carrier without any 
compression (1.5 Gbit s−1) was successfully transmitted through the 
MoS2 device. Then, it was decoded and displayed in real time on a 
TV without any latency (Supplementary Note 2 and Supplementary 
Video 1). When the device is electrically switched into the OFF 
state, data transmission is interrupted, and the real-time TV stream 
disappears. This demonstration confirms that the full operation of 
the switch handles the real-time data streams encoded in the THz 
bands for 6G applications.

Nonlinearity measurement. Intermodulation distortion measure-
ment (IMD) is used to evaluate the nonlinearity of high-frequency 
devices. MoS2 RF switches exhibit good linearity when the fun-
damental signal and third-order intermodulation product are 
compared with the IMD visual guideline with slopes of 1 and 3, 
respectively. When the power of the input RF signal is increased, 
nonlinearity can occur. According to previous research, as the com-
pliance current increases, the ON-state resistance decreases22,23. 
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components), with low EVM, low BER and high SNR. The eye dia-
gram and constellation diagram measurements using various com-
plex modulation methods substantiate the high performance of the 
MoS2 switches. In addition, the IMD measurements revealed linear-
ity with an IP3 value of 31 dBm. These results show that MoS2-based 
non-volatile analogue switches could be a valuable component in 
high-data-rate 6G data communication and related systems.

Methods
Device fabrication and characterization. The MoS2 memristors were fabricated 
on a 0.3-mm-thick polycrystalline CVD diamond substrate (Element Six; thermal 
conductivity of >1,000 W m−1 K−1). The 50-µm-pitch GSG device configuration 
was patterned by EBL. An electron-beam metal evaporator was used to deposit 
the ground pads and the BE consisting of 2-nm-thick Cr for the adhesion layer 
and 100-nm-thick Au. CVD-grown monolayer MoS2 (2D Semiconductors) was 
transferred to the fabricated BE using a poly(methyl methacrylate)-assisted wet 
transfer method. Then, EBL and plasma-etching processes defined the active 
region of the MoS2 film. Last, the TE was patterned and deposited by using the 
same fabrication process as the BE. The d.c. measurement was conducted on a 
FormFactor probe station with a Keysight 4156 semiconductor parameter analyser 
under ambient conditions. The Renishaw inVia system with a 532 nm wavelength 
source was used to obtain the monolayer MoS2 Raman spectroscopy and PL data.

High-speed pulse-switching measurements. The high-speed switching 
experimental setup (Supplementary Fig. 2) consists of an Active Technologies 

a b

100

80

60

40

20

2 3

Spectral efficiency (bits s–1 Hz–1)

IEEE 6G standard

QPSK (20 Gbit s–1, EVM = 6.00%)

APSK16 (40 Gbit s–1, EVM = 5.50%)

QAM32 (50 Gbit s–1, EVM = 4.35%)

QPSK (50 Gbit s–1, EVM = 12.60%)

QAM64 (60 Gbit s–1, EVM = 4.35%)

QAM16 (100 Gbit s–1, EVM = 9.00%)

Carrier frequency, 320 GHz

4 5 6

D
at

a 
ra

te
 (

G
bi

t s
–1

)

10 Gbit s–1 25 Gbit s–1

25 Gbit s–1

10 Gbit s–1

10 Gbit s–1

25 Gbit s–1

Fig. 4 | Eye diagrams with different data rates and modulation methods. a, Data communication measurement on MoS2 switch at different data rates and 
modulation methods. The green band at 100 Gbit s−1 conforms to IEEE 802.15.3d—the IEEE 6G standard for high data-rate wireless multimedia networks. 
b, Representative constellation diagrams and eye diagrams from a. The blue spectrums under the eye diagrams show the eye-crossing section.

a b c
40

0

–40

–80

–120

–160

O
ut

pu
t p

ow
er

 (
dB

m
)

O
ut

pu
t p

ow
er

 (
dB

m
)

Input power (dBm)

O
ut

pu
t p

ow
er

 (
dB

m
)

20

0

–20

–40

–60

–80

–100

–40

–60

–80

–100

–120

–140

–40 –30 –20 –10

Frequency (GHz)

2.30

2.365 GHz

2.315 GHz

2.415 GHz 2.365 GHz

2.315 GHz

2.415 GHz

2.465 GHz2.465 GHz

ON state OFF state

2.35 2.40 2.45 2.50

Frequency (GHz)

2.30 2.35 2.40 2.45 2.500

POUT (f1)

POUT (2f2 – f1)

2010 30 40

Fig. 5 | Nonlinearity characteristics of MoS2 rF switches. a–c, IMD measurement at the ON and OFF states to evaluate the linearity of MoS2 devices 
(f1, 2.365 GHz; f2, 2.415 GHz; 2f2 – f1, 2.465 GHz). The IMD measurement indicates IIP3 of 31 dBm and OIP3 of 30 dBm in the ON state. The black and 
red dashed lines represent the visual guides for IMD measurement (a). The slopes of the guide lines in the ON-state IMD measurement are 1 and 3, 
indicating the power slope of the fundamental signal and third-order intermodulation product, respectively (b). The output-power spectrum of the IMD 
measurement in the ON state (PIN = 0.26 dBm with –61.43 dBc) (b) and OFF state (PIN = 0.08 dBm with –57.72 dBc) (c).

Since the high RF input power can induce self-heating (which 
impacts the electrical properties), the ON-state resistance varia-
tion can cause nonlinearity. The VNA is used to generate and inject 
the two input tones (f1 = 2.365 GHz and f2 = 2.415 GHz) into the 
device, with a power sweep from –30 to +10 dBm. Figure 5a shows 
the IMD graph of the input (f1) and third-order intermodulation 
(2f2 – f1) signal with 31 dBm input IP3 (IIP3) and 30 dBm output IP3 
(OIP3) in the ON state. Figure 5b represents the spectrum of the 
output signals in the ON state with input power PIN(f1) = 0.26 dBm, 
output powers POUT(f1) = –1.53 dBm and POUT(2f2 – f1) = –62.96 dBm. 
Similarly, Fig. 5c shows the OFF-state spectrum with PIN = 0.08 dBm, 
POUT(f1) = –54.45 dBm and POUT(2f2 – f1) = –112.17 dBm. Supplement-
ary Fig. 11a,b shows the IMD measurements at the THRU and ON 
state and the OPEN and OFF state, respectively.

conclusions
We have reported nanoscale non-volatile analogue switches based 
on monolayer MoS2 for applications in 6G data communication. The 
high-frequency switches achieve low insertion loss and high isolation 
up to 480 GHz due to their nanoscale vertical and lateral dimensions, 
which results in low resistance in the ON state and low capacitance 
in the OFF state, respectively. The devices achieved a data rate of 
100 Gbit s−1 (conforming to the IEEE 6G standard for high-
frequency 
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Pulse Rider PG-1072 PG connected in series with the memristor and a Keysight 
Infiniium DSOS804A high-speed oscilloscope. The device is probed using 
GGB model 40A GSG probes, which are connected to the CPW where the 
MoS2 memristors were fabricated. The output impedance of the PG, scope and 
characteristic impedance of the CPW are Z0 = 50 Ω. First, the voltage pulses 
are applied to a CPW THRU structure (that is, a structure without the MoS2 
memristor) to obtain the transient response from the PG to the scope, applied 
to the cables, RF probes and device leads. Then, VPG,SET and VPG,RESET, the voltage 
applied by the pulse generator during SET and RESET operation, with varying 
amplitudes (–5 to 5 V) and widths (0.5 to 5.0 ns) are applied. The current through 
the switch (I(t)) is calculated as I(t) = VS(t)/Z0, where VS(t) is the voltage measured 
at the scope. Thus, the transient voltage at the device (VDUT) can be expressed via 
Kirchhoff ’s voltage law as VDUT = VPG,APP − I(t)(Z0 + Rs) − VS(t), where VPG,APP is the 
voltage applied by the PG to a 50 Ω load (VPG,APP = 2VPG,SET × RDUT/(RDUT + Z0)), 
RDUT is the device resistance, and Rs is the series resistance of the leads and cables. 
Finally, the resistance of the device is read with a d.c. bias voltage of 0.1 V to assert 
that the state has changed.

RF measurements. High-frequency characteristic measurements were conducted 
using a Keysight E5270 source meter unit and various VNAs with FormFactor 
GSG probes at a pitch of 100 or 50 μm. Also, R&S ZVA110 and Agilent E8361A 
VNAs were used to cover the 0.25–110.00 GHz range. Furthermore, R&S ZVA24 
with frequency converters covered the 140–220, 220–325 and 325–480 GHz bands. 
The device was placed on top of an absorber (FormFactor) to avoid any coupling 
to the sample holder. The power of the RF source was set to –16 dBm, which is in 
the small-signal range for S-parameter measurements to prevent nonlinear effects. 
To obtain precise results and remove the parasitic effects of impedances arising 
from the cables and probe station, line–reflect–reflect–match calibration—one 
of the on-wafer calibration methods—was carried out up to 480 GHz using a 
Cascade calibration kit and WinCal software (FormFactor)41. The S-parameters 
were measured in the ON and OFF states. Since the MoS2 device has a non-volatile 
resistive switching characteristic, we applied forward and reverse d.c. biases to 
turn on and off the switching device, respectively. Then, the S-parameters were 
measured in the ON and OFF states, respectively. An open-short de-embedding 
process was used to remove the pad and interconnect resistances.

Data communication testing. Two different experimental setups have been used 
to qualify the capability of the MoS2 switches in different scenarios. The first is 
amplitude modulation for ultralow-latency networks and the second used complex 
signal manipulation with the switch, targeting future 100 Gbit s−1 communication 
in 0.3 THz bands identified as an enabling technology for 6G core networks. As 
low-latency/real-time systems are one of the drivers of future 6G networks, the 
first scenario was to consider amplitude modulation tests with real-time BER 
performance evaluation, without any signal processing or dispersion compensation. 
In this first setup, two tunable lasers were used to generate a dual-tone signal in 
the optical domain, with 320 GHz frequency separation. These two tones were 
amplitude modulated inside a Mach–Zehnder modulator optimized for amplitude 
modulation. After the optical amplification stage, the dual-tone-modulated 
optical signal was injected inside the optical-to-THz converter (photomixer). 
The photomixer was a unitravelling-carrier photodiode with waveguide output. 
This photodiode realized the photomixing of the two optical tones to generate 
a 320 GHz modulated signal, corresponding to the frequency difference of 
the two optical tones. A waveguide probe (T-Wave) was used to inject the 
modulated 320 GHz signal using coplanar topology (GSG footprint with 50 µm 
separation between the centre of the contacts) to feed the MoS2 switch. At the 
switch output, a second GSG probe was used to feed the 320 GHz receiver 
composed of amplification stages and Schottky-barrier diode for envelope (direct) 
detection. Envelop detection enables baseband (binary) data detection in real 
time, that is, without any signal processing or offline process. The output of 
the receiver was then directly fed to a BER tester to measure the real-time BER 
performance. In this case, we were able to evaluate the switch impact (ON losses) 
by comparison between simple THRU (same footprint) and the switch isolation 
factor corresponding to the power penalty between ON and OFF for a given BER 
value. The slopes of the BER curves were found to be the same, confirming the 
losses (power shift between the curves), but no further degradations (distortions) 
were introduced (same slope curve). This measurement enabled to conduct 
the full-functional switch operation with real-time data flow. After the test was 
conducted with random data, real-time HD video fluxes were used to confirm 
the transmission inside the switch. Such modulation schemes offer the advantage 
of avoiding complex signal processing at the receiver level, thereby leading to the 
better energy efficiency of the whole system—a key point for 6G applications.

Beyond amplitude modulation/low-latency operation, a second experimental 
setup was used to evaluate the switching behaviour with high-complexity 
modulated THz channels as targeted by the IEEE 802.15.3d standard for 
300-GHz-band communication. In this case, the setup was composed of arbitrary 
waveform generation of two baseband data signals obtained from a Keysight 
M8195A enabling up to 25 GBaud generation. These two baseband signals were 
then fed to an optical I/Q Mach–Zehnder modulator to modulate a 193.1 THz 
optical signal using amplitude/phase modulation. By adjusting the baseband type 

of the Mach–Zehnder modulator, several modulation formats could be generated 
in the optical domain (QPSK, QAM16, QAM32 and QAM64). This modulated 
optical signal was then combined with a continuous-wave optical laser line at 
193.42 THz. These optical signals, after amplification inside an erbium-doped 
amplifier, were fed to the same THz photomixer and then the same probing 
system. To ensure the detection of complex modulations, at the switch output, the 
second GSG probe was fed to a different receiver; in this case, it was a waveguide 
heterodyne receiver composed of a Schottky-barrier sub-harmonic mixer working 
at 320 GHz and pumped by a 150 GHz local oscillator. At the mixer output, a 
20 GHz intermediate-frequency signal is amplified with a distributed amplifier 
(SHF810) to feed a wideband real-time oscilloscope. The detected signals are 
finally analysed using offline signal processing and equalized to remove the 
dispersion of the receiver, which is mostly dominated by the frequency evolution 
of the intermediate-frequency path inside the sub-harmonic mixer and coaxial 
connection from the receiver to the oscilloscope. The output parameters of the 
offline analysis are the SNR, constellation diagrams, eye diagrams and EVM.

IMD measurement. The third-order intermodulation of a two-tone test was 
measured with a probe station equipped with Picoprobe GSG probes and Keysight 
N5222A VNA. An HP8564E spectrum analyser was added for real-time visual 
monitoring of the signal levels. The VNA is used to generate the two input tones 
and measure the signal-power levels. The VNA power calibration was performed 
using a bolometer for the input port and a calibrated source for the output port; 
the losses of the probes were determined by S-parameters. During the 
measurements, two signals (f1 = 2.365 GHz and f2 = 2.415 GHz) are injected into 
the device 
input port and their power is swept from –30 to +10 dBm. The output signals at 
frequencies of 2.365 GHz, 2.415 GHz and 2.465 GHz (2f2 – f1) are recorded by the 
VNA using home-made software.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors upon reasonable request.
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