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Experimental Details

1. Preparation of GDYO

Preparation of hexaethynylbenzene (HEB) monomer
Hexakis[(trimethylsilyl)ethynyl]benzene (HEB-TMS) was first synthesized

according to the synthetic route presented in Supplementary Fig. 1'. Then 5 mg HEB-

TMS monomers were dissolved into 75 mL CH2Cl: solvent in a Schlenk reactor. 75 pL

solution of tetrabutylammonium fluoride (1 M in tetrahydrofuran) was added into the

HEB-TMS solution. After reaction at 0 °C for 15 min under Ar atmosphere in the dark,

HEB solution (in CH2Cl>) was obtained as the precursor for the subsequent coupling

reaction.
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Supplementary Fig. 1| Synthetic route for the HEB-TMS monomers.

Synthesis of GDY on Cu foil

The GDY film was synthesized via an electric-double-layer (EDL)-confined strategy
in a routine two-electrode cell (Supplementary Fig. 2a)?. Here an Au foil, a Cu foil, and
50 mL acetone were used as the anode, cathode and electrolyte, respectively. Then, 0.25
mL N,N,N’ N’-tetramethylethylenediamine (TMEDA) and 0.2 mL HEB monomer
solution were introduced into the cell. The voltage between two electrodes was set as 2
V. After 10 h successive reaction in dark environment at 20 °C, uniform GDY film was
synthesized on Cu foil (Supplementary Fig. 2b). Finally, the sample was washed in turn
with acetone, dimethylformamide (DMF), ethanol and water, followed by N»-flow

drying.



Preparation of GDYO film

The GDY film on Cu foil was first transferred onto SiO»/Si substrate (Supplementary
Fig. 2¢) via a poly (methyl methacrylate) (PMMA )-assisted “electrochemical bubbling”
method®. Then the GDY film was treated by an UV-ozone cleaner (200 W) for 120 s to
form GDYO film (Supplementary Fig. 2d).

Supplementary Figs. 3 and 5 depict the X-ray photoelectron spectroscope (XPS) and
Raman spectra of the GDY and GDYO films, respectively. For the GDY film before
oxidation, its O 1s peak can be deconvoluted into three subpeaks corresponding to Si—
0O, C-0O and C=0 bonds (Supplementary Fig. 3c), and the Si—O bond from SiO»
substrate is dominant. After UV-ozone treatment, a new subpeak corresponding to
O=C-OH bond appears, and the proportion of C=0 bonds is significantly increased
(Supplementary Fig. 3d). Similarly, an obvious increase of subpeaks for the O=C—OH
and C=0 bonds are also observed in the C 1s peak as illustrated in Supplementary Figs.
3e,f. These results demonstrate the oxidation of GDY film via UV-ozone treatment. As
shown in Supplementary Figs. 3e.f, the ratio of the subpeaks for C=C and C=C
decreases from 1.4 to 0.8 after UV-ozone treatment, which indicates that C=C with
higher activity is more likely to be oxidized. This phenomenon was also demonstrated
by the Raman spectra. As shown in Supplementary Fig. 5, the Raman bands at 1926
cm and 2174 cm™! corresponding to the vibration of C=C bond' are almost

disappeared after UV-ozone treatment.

To analyze the trace elements induced during the synthesis of GDY, the XPS of GDY
film before and after oxidation were also measured on sapphire substrate, using a bare
sapphire as reference. From the survey scans as shown in Supplementary Figs. 4a—c,
we observed weak peaks corresponding to Si and Cu elements. Supplementary Figs.
4d—f present the high-resolution Si 2p peaks of bare sapphire, GDY and GDYO films
on sapphire. Noteworthily, a weak peak of Si 2p (98.3 eV) was observed even on bare
sapphire which might originate from impurities in sapphire. For the GDY and GDYO
films, a new subpeak appears at 102.4 eV, indicating that trace Si was induced to the
GDY from the HEB-TMS monomers during the synthesis process. Similarly, the
appearance of a weak Cu 2p peak demonstrates that GDY and GDYO films contain
trace Cu induced from the Cu substrate during the synthesis process (Supplementary

Figs. 4g-1).



Fourier transform infrared spectroscope (FTIR) was also used to characterize the
GDY before and after oxidation (Supplementary Fig. 6). For the GDY film, the bands
located at 1627 cm™! is attributed to the skeletal vibration of benzene ring, while the
wide band at 2107 cm™! is due to the stretching vibration of C=C bond*. In comparison,
the GDYO film after UV-ozone treatment has an enhanced band at 1103 cm ! and 1727
cm™!, which are ascribed to the stretching vibration of C—O and C=0 bonds™®, and the
band corresponding to C=C almost disappears. The band located around 619 cm™! is
attributed to the bending vibration of O—H®. These results suggest that a large amount
of oxygen-containing groups are bonded to GDY by UV-ozone treatment, and the sp-
hybrid carbon atoms (C=C) are the main oxidation sites.

Supplementary Fig. 7 depicts the UV-vis-NIR absorption spectra of GDY and GDYO
films, and the corresponding band gaps of GDY and GDYO obtained from the Tauc
plots are 2.40 eV and 4.14 eV, respectively. Furthermore, the ultraviolet photoelectron
spectroscopy (UPS) measurement was performed to describe the band diagrams of
GDY and GDYO films. As shown in Supplementary Fig. 8, the conduction band and
valence band of GDY and GDYO are 4.00 eV (GDY), 2.94 ¢V (GDYO) and 6.40 eV
(GDY), 7.08 eV (GDYO), respectively. Thus the band gap of GYDO is significantly
enlarged in comparison with that of GDY.

Since numerous oxygen-containing groups were introduced into the GDYO film, the
conductivity of GDYO degrades dramatically in comparison with that of GDY film.
The output curves of a lateral GDY device were measured before and after UV-ozone
treatment. As shown in Supplementary Fig. 9, the GDYO film after treatment is almost
non-conductive, and its conductance is several orders of magnitude smaller than that of

the GDY film before treatment.



Supplementary Fig. 2| Preparation of GDYO film. a, Experimental setup of the EDL-
confined method for the synthesis of GDY film. b, Photograph of the synthesized GDY
film on Cu foil. ¢, Optical microscope (OM) image of the GDY film transferred on a
Si0,/Si substrate. d, OM image of the GDYO film prepared via UV-ozone treatment.
Scale bars, 50 pm.
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Supplementary Fig. 3| XPS of GDY and GDYO films on SiO,/Si substrate. a,b,
Survey scans of the GDY (a) and GDYO films (b) on SiO/Si substrate. ¢,d, High
resolution XPS of O 1s peak for GDY (¢) and GDYO films (d), respectively. e.f, High
resolution XPS of C 1s peak for GDY (e) and GDYO films (f), respectively.
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Supplementary Fig. 4| XPS of GDY and GDYO films on sapphire substrate. a—c,
Survey scans of bare sapphire (a), GDY (b) and GDYO films (c) on sapphire substrate,
respectively. d—f, High resolution XPS of Si 2p peak for bare sapphire (d), GDY (e)
and GDYO films (f) on sapphire substrate, respectively. g—i, High resolution XPS of
Cu 2p peak for bare sapphire (g), GDY (h) and GDYO films (i) on sapphire substrate,

respectively.
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Supplementary Fig. 5| Raman spectra of GDY (blue) and GDYO (red) films.
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Supplementary Fig. 6| FTIR spectra of GDY (blue) and GDYO (red).
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Supplementary Fig. 7| Absorbance spectra and Tauc plots of GDY and GDYO. a, UV-
vis-NIR absorbance spectra of GDY and GDYO. b,¢, Corresponding Tauc plots of

GDY (b) and GDYO (¢) films. The band gaps of GDY and GDYO extracted from the
8



Tauc plots are 2.40 eV and 4.14 eV, respectively.
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Supplementary Fig. 8| Band structure of GDY and GDYO measured by UPS spectra.
a—d, UPS spectra of GDY (a,b) and GDYO (e¢,d) films, respectively. e, Band diagrams
of GDY and GDYO. The Fermi level can be calculated using the equation Er = hv —
Eonset, where ho is the incident photon energy (21.22 eV), and Eonset is the onset level
related to the secondary electrons’. Thus the Fermi levels of GDY and GDYO are 5.01
eV and 4.84 eV, respectively. The cutoff of the lowest binding energy (as illustrated in
b and d) indicates the difference between the energy of Fermi level and valence band
maximum (Ev — Er)’. and thus the valence bands of GDY and GDYO are calculated as
6.40 eV and 7.08 eV, respectively. Combing the optical band gaps obtained from the
Tauc plots as shown in Supplementary Fig. 6, which are 2.40 eV (GDY) and 4.14 eV
(GDYO), the conduction bands of GDY and GDYO are 4.00 eV and 2.94 eV,
respectively. Thus we can obtain the band diagrams of GDY and GDYO as illustrated

In e.
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Supplementary Fig. 9| Output curves of a lateral GDY device before and after UV-
ozone treatment. The ordinate in a and b are in the form of liner (a) and logarithmic (b)
coordinates, respectively. Inset in a is the OM image of the device with a scale bar of

50 pm.
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2. Device fabrication

The device fabrication processes were illustrated in Supplementary Fig. 10. Briefly,
a WSe; flake with a thickness of approximately 3.6 nm (Supplementary Fig. 12b) was
first fabricated on a 1 cm x 1 cm SiO2/Si substrate via mechanical exfoliation
(Supplementary Fig. 10a). GDYO film was prepared as mentioned above, and its
thickness was approximately 10.8 nm (Supplementary Fig. 12¢). The GDYO film was
patterned to a square, and then was aligned on the WSe; flake with the help of an optical
microscope. It is worth noting that only a small part of the WSez and GDYO overlap
(Supplementary Fig. 10b). Other 2D materials, i.e., h BN and MoS», were fabricated on
other substrates. A MoS, flake with a thickness of approximately 4.2 nm
(Supplementary Fig. 12d) was transferred onto a transparent PVA film and then was
aligned on top of the WSe:/GDYO heterostructure, acting as the floating gate
(Supplementary Fig. 10c). The PVA film was dissolved by immersing the sample into
deionized water. With the same method, a hBN flake and a MoS; flake with thicknesses
of 9.2 nm and 1.4 nm (Supplementary Figs. 12e,f) were stacked on top of the MoS:
floating gate in turn (Supplementary Figs. 10d,e), serving as the blocking layer and
channel, respectively. Noteworthily, the top MoS> channel should not align with the
bottom WSe; layer. Finally, the source, drain and control-gate electrodes (Cr/Au 10
nm/50 nm) were deposited by laser-direct lithography, thermal evaporation and lift-off
processes (Supplementary Fig. 10f).

11
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Supplementary Fig. 10| [llustration of the device fabrication processes. a, Mechanical
exfoliation of WSe> flake on a SiO»/Si substrate. b, Stacking the pre-patterned GDYO
film on WSe; flake with a small overlap. ¢, Stacking the mechanically exfoliated MoS:
flake on top of GDYO film as the floating gate. d, Stacking the mechanically exfoliated
hBN flake on top of MoS>2/GDYO heterostructure as the blocking layer. e, Stacking the
mechanically exfoliated MoS; flake on top of hBN as the channel. f, Deposition of the

source, drain and control-gate electrodes.
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Supplementary  Fig. 11| STEM and EELS  characterization  for
MoS2/hBN/MoS»/GDYO and MoS>/GDYO/WSe; heterostructures. a,b, Bright-filed (a)
and HAADF (b) images of the MoS2/hBN/MoS>2/GDYO heterostructure on SiO:. ¢,

EELS mapping images obtained on the cross section of the
MoS2/hBN/MoS»/GDYO/Si0O: structure. d,e, Bright-filed (d) and HAADF (e) images
of the MoS,/GDYO/WSe; heterostructure on SiO». f, EELS mapping images obtained
on the cross section of the MoS,/GDYO/WSe»/Si0; structure. Scale bars, 2 nm.

13
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Supplementary Fig. 12| Thickness characterization of the as-fabricated memory
device. a, AFM image of the as-fabricated memory device. The stacking order of the
heterostructures is marked from bottom to top by pink, cyan, yellow, blue and green
dashed lines representing the control-gate layer WSes, TS layer GDYO, floating-gate
layer MoS», blocking layer hBN and channel MoS;, respectively. Scale bar, 20 pm. b—
f, The thickness of WSe> (b), GDYO (c), bottom MoS: (d), hBN (e) and top MoS: (f).
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Supplementary Fig. 13| TS device based on WSe2/GDYO/MoS; heterostructure. a,

Circuit for the measurement of the switching behaviors of the TS memory. Negative
and positive voltage is applied to the WSe; terminal and the MoS; terminal is grounded.

b, The flat band diagrams of the WSe»/GDY O/MoS; heterostructure.
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Supplementary Fig. 14| Statistical distribution of the SET voltages of the GDYO-
based TS device during 100 cycles.
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Supplementary Fig. 15| Schematic illustration of the mechanism for the device
conductance switching. a, GDYO film containing numerous oxygen-containing groups
at initial HRS. b, By applying a bias voltage, the oxygen-containing groups migrate,
forming GDY conductive filaments in the oxygen-deficient regions. As a result, the
device switches from HRS to LRS. ¢, After removing the bias voltage, the concentration
difference of oxygen-containing groups drive the diffusion of oxygen-containing
groups back to oxygen-deficient regions, rupturing GDY conductance filaments. Thus
the device returns back to its initial HRS spontaneously. d, Illustration of the ordered
porous structure of GDY that enables the diffusion of oxygen-containing groups

through the GDY layer.
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Supplementary Fig. 16| Raman Y’ band maps of GDYO film with and without a bias.
a—c, The Raman Y’ band maps measured at pristine state (a), applying a 2 V bias voltage
(b) and after removing the bias voltage (¢). Scale bars, 2 um. d—f, Raman profiles of
the yellow point in a—¢, respectively. Since the main oxidation sites of GDY are the sp-
hybrid carbon atoms, the Raman Y’ band corresponding to C=C bond has an obvious
difference between GDY and GDYO. For the pristine GDYO before applying bias
voltage, its Raman Y’ band is quite weak. While applying a 2 V bias voltage, the
intensity of Raman Y’ band has a significant enhancement, demonstrating the formation
of GDY as the conductive filaments. After removing the bias voltage, the intensity of
Raman Y’ band returns to its initial level, which indicates that the GDY filaments are

disappeared.
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Supplementary Fig. 17| Conductive AFM images of GDYO film measured with
different bias voltages. a, While a bias voltage (0.4 V) smaller than Vsgt (approximately
0.7 V) was applied, the GDYO film remains at HRS with a picoampere current level.
b, While a bias voltage (1.0 V) exceeding Vser was applied, the GDYO film switched
to LRS with a nanoampere current level, demonstrating the formation of GDY CFs. ¢,
Followed by the measurement in b, a bias voltage of 0.4 V was applied again, and the
GDYO film returned to its HRS with a picoampere current level, which indicates the
rupture of GDY CFs after removing the bias voltage. Noteworthily, the picoampere

current level in a and ¢ is the measuring limit of the instrument.
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Supplementary Fig. 18| Resistive switching characteristics of the TS devices with
different GDYO areas. a, I-V curves of the devices with GDYO areas scaling from 50
x 50 um? to 2 x 2 um?. b,¢, Distribution of the SET/RESET voltages (b) and HRS/LRS
currents (¢) of the devices with different sizes. These devices possess similar SET and
RESET voltages due to their localized filamentary switching nature®, while the LRS

currents have a proportional increase with device size increasing.
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Supplementary Fig. 19| Resistive switching characteristics of the TS devices with
different GDYO thickness. a, I-V curves of the devices with GDY O thickness of 5 nm,
10 nm, 15 nm and 20 nm. b,c, Distribution of the SET/RESET voltages (b) and
HRS/LRS currents (¢) of the devices with different thickness. With the increase of
GDYO thickness, the SET/RESET voltages of the device have an obvious increase,
while their LRS currents decrease correspondingly. For the device with a 20 nm thick
GDYO, its SET voltage exceeds —1 V (approximately —1.3 V as shown in
Supplementary Fig. 31), and thus it maintained at HRS during the voltage sweeping
from 0 V to —1 V and back to 0 V. Noteworthily, for the device with a 5 nm thick GDYO,
its HRS current is approximately two orders of magnitude larger than that of other
devices, which might lead to the leakage of electrons from floating gate and degrade
the storage performance of the memory device. Thus the optimal GDYO thickness
evaluating by the SET voltage and HRS current is ~10 nm for the memory device as

demonstrated in Supplementary Figs. 29 and 30.
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Supplementary Fig. 20| Temperature-dependent resistive switching characteristics of
the TS device. a, I-V curves of the devices measured at temperature ranging from 240
K to 340 K. b,c, Distribution of the SET/RESET voltages (b) and HRS/LRS currents
(¢) of the devices as a function of temperature. An obviously decreased SET voltage
was observed with temperature increasing, since higher temperature can intensify the
movement of oxygen-containing groups and accelerate the formation of GDY CFs. As
well, higher temperature leads to a larger HRS current, which would sacrifice the

retention performance of the memory device as demonstrated in Supplementary Fig. 44.
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Supplementary Fig. 21| Resistive switching characteristics of the TS devices with
different oxidation treatment time. a, /-V curves of the devices with oxidation time
ranging from 30 s to 120 s. b,¢, Distribution of the SET/RESET voltages (b) and
HRS/LRS currents (¢) of the devices as a function of oxidation time. The oxygen
content in GDYO increases while prolonging UV-ozone treatment time. With the
decrease of oxidation time (oxygen content), the on/off ratio of the device has a serious
degradation due to the significant increase of the HRS current, and the SET/RESET
voltages also show an obvious decrease. Noteworthily, for the device with a 30 s
oxidation time, it cannot switch back to HRS after voltage sweeping due to the low

concentration of oxygen-containing groups in this device.
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Supplementary Fig. 22| Transient response of the GDYO-based TS device triggered
by a 20 ns Vsgr pulse with amplitude of —1.0 V (red), —0.7 V (blue) and —0.6 V (black),

respectively. The —0.6 V voltage pulse cannot switch the device.
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Supplementary Fig. 23| Endurance test of the GDYO-based TS device by applying

periodic voltage pulses which consist of a 2 V/1 ms set pulse followed by a 0.1 V/1 ms

read pulse. The interval between the set and read pulses is 1 ms.
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Supplementary Fig. 24| Impedance of the GDYO-based TS device and hBN as a
function of frequency. To estimate the effective voltage applied to the GDYO-based TS
device for the SET operation, we first measured the impedance of the GDYO-based TS
device and hBN. Limited by the instrument, here the frequency can only be measured
to 0.3 MHz. Nevertheless, our results can be well fitted by a three-exponential equation,
and the fitting results indicate that the impedance of the TS and hBN at high frequency
(> 0.5 MHz) are 0.2181 MQ and 0.0257 MQ, respectively. Since a 20 ns operation
speed corresponds to an ultrahigh frequency of 50 MHz, the impedance of the GDYO-
based TS device is almost one order of magnitude larger than that of hBN. As a result,

most of the applied gate voltage (Vcc) would be loaded on the TS device.
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Supplementary Fig. 25| Effective voltage loaded on the GDYO-based TS device and
hBN. a, Circuits used for the measurement of the voltage across the GDYO-based TS
device (red) and hBN (blue), respectively. b, The output voltages measured using the
circuits as illustrated in a. The input periodic waveform consists of =1 V/50 ns pulsed
voltages with an interval of 500 ns. The results demonstrate that the output voltage
across the GDYO-based TS device is approximately £0.8 V, whereas the output voltage
across the hBN is only £0.08 V. Thus we can conclude that approximately 80% of the
applied Ve voltage can be effectively loaded on the GDYO-based TS device.

25



-6
1074 State-1 1 1 1
1 1 1 1
10%] Vg=01V 1 ] ]
2 1 | !
P 107 t=0s { t=1000s { t=2000s { t=3000s
- 1 1 1 1
107%4 State-0 ] 1 ]
1 1 A | MJ\/\\[M
o MVWV\A AT
0 100 1000 1100 2000 2100 3000 3100
Time (s)
104 1 1 1
1 1 1 1
1084 1 1 1
< 1 1 1 1
~ 107'°] t=4000s { t=5000s { t=6000s { t=7000s
= 1 1 1 1
10?1 1 1 1
1 \f\/\/\/\/\/\/\ 1 /\V\A\/\/\/\’\/\ 1 V\M/\[\”W 1 '\/\/\%J\M/\""/\
107
4000 4100 5000 5100 6000 6100 7000 7100
Time (s)
104 1 1
1 1 1
104 1 1
E‘ 1 1 1
~, 10| t=8000s ] t=9000s | t=10000s
- 1 1 1
107" 1 1
WM A\/‘/U\f\fd\/f\m : Mh/v\/v\/v
10-14
8000 8100 9000 9100 10000 10100
Time (s)

Supplementary Fig. 26| The readout currents of the memory device after the writing

(pink) and erasing (blue) operations with a fixed interval of 1000 s. The readout

operations were performed with a fixed Vgs 0of 0.1 Vat Veg=0 V.
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Supplementary Fig. 27| 10 years linear extrapolation of the state-1/state-0 currents.

The state-1/stato-0 ratio still exceeds 10> when the retention curves are extrapolated to

10-year, demonstrating an ultralong retention time of our memory device.
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Supplementary Table 1| Parameters of the nonvolatile based on 2D van der Waals heterostructures.?

Write Erase

) ) On/Off  Multilevel
Structure Mechanism Retention Endurance Rati St Ref.
Voltage Speed Voltage Speed ato orage
MoS2/hBN/MoS,/ Direct charge ; This
o -2V 20 ns 2V 20 ns 10-year 1000 10 8 levels
GDYO/WSe» injection work
InSe/hBN/MLG FN tunnelling 20V 21 ns 20V 21 ns 10-year 2000 101 16 levels ?
MoS2/hBN/MLG FN tunnelling 30V 20 ns =30V 20 ns 10-year 1390 10° - 10
Direct charge 4 6 .
MoS>2/hBN/GDY/Gr L 30 mV 8 ns 0.5V I pus 10% s 1000 10 6 levels
njection
Direct charge 3 .
WSe2/MoS2-hBN/HfS» o -1.8V 15 ns 5V 1 ms 10s 100 10 -
Injection
Direct charge 3 13
WSe>/hBN/MoS,-WSe» L 55V 40 ns 55V 40 ns 14 s 100 10 -
Injection
WSe2/MoS:- Direct injection/ 3 "
—4.2V 40 ns 5V 10 ms 63.5s - 10 -
hBN/Hf{S>/HZO FeFET
MoS>/hBN/Gr FN tunnelling -6V 5 ms 6V 5 ms 10%s 10° 10° - 15
Gr/hBN/MoS> FN tunnelling 15V 100pus  —15V 100 ps 1400 s 100 10° - 16
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MoS2/cPVP/Au NPs FN tunnelling 20V ls 100 V ls 10° s 250 10° 8 levels 17
MoS2/hBN/Gr FN tunnelling 60 V ls —60V ls 10*s 500 10° 7 levels 18
ReS2/hBN/Gr FN tunnelling 50V 100ms 80V  100ms  2000s 15 10° 8 levels 19
MoS,/HfO,/Gr FN tunnelling 18V 100 ms -18V 100 ms 2000 s 120 10* - 20

MoS2/Al03/HfO2/Al,03  FN tunnelling 26V 3s 26V 3s 2000 s 120 10* - 21
WSey/Al,O3/CdSe QDs FN tunnelling 18V ls -18V 8s 500s 400 10* 4 levels 22
WSe2/Al03/HfO2/Al,03  FN tunnelling 40V 100 ms 40V 100 ms 2000 s 700 100 - 23
ReS2/hBN/Gr FN tunnelling 20V 1 ps 20V 1 ps 4000 s 400 10® 4 levels 2
MoS2/hBN/MoS: FN tunnelling 40V 1 ms 40V 1 ms 2x10%s 100 106 — 25
Interface 4 26
BP/Al,O3 20V 100 ms 20V 100 ms 1000 s 100 5x10 4 levels
charge trap
Interface 4 3 4 27
MoS2/Al03/ZnO 10V 100 ps -10V 100 ps 10%s 10 10 -
charge trap
Interface 3 28
WSe>/DDQ 100 V 5 ms -100 V 5 ms 1000 s 400 10 —

charge trap
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0.5

WSe2/hBN Charge trap 80V 7s 5 5s 10-year 200 10° 128 levels %
W/cm

MoS,/GDY Charge trap 80V 1s 80V 8s 10% 3000 8 x 107 9 levels 30

MoS2/NBIT FeFET FeFET 2V 10 ms -3V 10 ms 720 s 100 104 - 3

MoS,/hBN/CIPS FeFET 60V 2s -60V 2s 10%s 300 107 - 2

9 For some optoelectronic memory devices that can operate in both electrical and optical pathways, parameters for electrical operations are

summarized.

Notes: HZO: HfZrO4; NBIT: Nao sBis.5Ti4O15; FeFET: ferroelectric field-effect transistor; CIPS: CulnP,S¢; DDQ: 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone; cPVP: crosslinked poly(4-vinylphenol); QDs: quantum dots; NPs: nanoparticles; BP: black phosphorus.
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Supplementary Fig. 28| Memory device with a structure of MoS2/hBN/MoS>/WSe;.
a, [llustration of the memory device and its OM image. The boundaries of WSe>, MoS>
(bottom), hBN and MoS; (top) are marked by red, white, yellow and blue dashed lines,
respectively. Scale bar, 30 um. b, The response of the memory device triggered by a 40
ns Ve pulse. While applying a positive Vcg pulse, holes are directly injected into the
floating-gate MoS: layer through the WSe2/MoS: p-n junction. The injected holes in
MoS> would induce the threshold voltage of the top MoS: channel to shift left, and thus
the device is switched to on-state. However, the relaxation of charges through the
WSe2/MoS: junction is unavoidable due to the thermal diffusion in the p-n junction

area, resulting in temporary storage performance (~10 s).
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Supplementary Fig. 29| Storage performance of a memory device with a thin GDYO
layer (3 nm). a,b, The successful ultrafast writing (a) and erasing (b) operations of the
device by applying a 20 ns Vcg pulses with amplitude of £2 V, respectively. ¢, the

retention performance of the device with a 3 nm GDYO layer. Vs is fixed as 0.1 V for

the readout operation.
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Supplementary Fig. 30| Storage performance of a memory device with a thick GDYO
layer (20 nm). a, The switching of the channel currents by applying —5 V/+5 V Vcg
pulses with FWHM of 100 ns for the writing and erasing operations, respectively. b,
the retention performance of the device with a 20 nm GDYO layer. Vs is fixed as 0.1

V for the readout operation.
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Supplementary Fig. 31| GDYO-based TS memories with different thicknesses of
GDYO layer. a, The off-state currents of the devices with GDYO thickness of 3 nm
(red) and 20 nm (blue), respectively. A fixed Vas of 0.1 V was used to read the channel
current. b, TS characteristics of devices with GDYO thickness of 3 nm (red), 10 nm
(green) and 20 nm (blue), respectively. The red, green and blue circles mark the Vsgr of
these devices. ¢, Switching time of the TS device with a 20 nm GDYO layer. A -5
V/200 ns voltage pulse was used to set the device, and the read pulses were —0.1 V/100
ns. The off-state conductance of the device with a 3 nm GDYO layer is several orders
of magnitude larger than that of the device with a 20 nm GDYO layer. For the memory
device with a 3 nm GDYO layer, the GDYO TS layer cannot be completely turned off
due to its large off-state conductance, leading to the escape of the injected electrons and
thus poor retention characteristics as shown in Supplementary Fig. 29. On the other
hand, with the increase of GDYO thickness, an increased SET voltage and longer
switching time were observed, and thus Vcg pulses with larger amplitude and longer
duration are required to switch the GDYO TS layer for the writing/erasing operations

(Supplementary Fig. 30).
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Supplementary Fig. 32| Storage performance of a memory device using a CVD-grown
monolayer MoS; as the channel. a, The switching of the channel currents by applying
+2 V/20 ns Vce pulses for the writing and erasing operations, respectively. b, the
retention characteristics of the device at State-1 and State-0. Vs is fixed as 0.1 V for the
readout operation. Inset is the OM image of the device, and the CVD-grown MoS: is

marked by the purple dotted triangle. Scale bar, 30 um.
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Supplementary Fig. 33| Storage performance of a memory device using a CVD-grown
monolayer MoS; as the floating gate. a, The switching of the channel currents by
applying £2 V/20 ns Vg pulses for the writing and erasing operations, respectively. b,
the retention characteristics of the device at State-1 and State-0. Vs is fixed as 0.1 V for
the readout operation. Inset is the OM image of the device, and the CVD-grown MoS,

is marked by the green dotted triangle. Scale bar, 30 um.
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Supplementary Fig. 34| Storage performance of a memory device using a CVD-grown

monolayer WSe, as the control gate. a, The switching of the channel currents by

applying £2 V/20 ns Vg pulses for the writing and erasing operations, respectively. b,

the retention characteristics of the device at State-1 and State-0. Vys is fixed as 0.1 V for

the readout operation. Inset is the OM image of the device, and the CVD-grown WSe:

is marked by the red dotted triangle. Scale bar, 30 um.
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Supplementary Fig. 35| Storage performance of devices with different hBN thickness.
The hBN blocking layer used in a and b were 3 nm (a) and 28 nm (b), respectively. The
thickness of hBN blocking layer have a significant influence on device performance.
For the device with a 3 nm hBN film, the blocking layer is too thin to restrict the charges
in the floating gate, leading to the leakage of charges from floating gate to channel.
Thus the device exhibits poor retention characteristics after the writing and erasing
operations. The inset in b illustrates the equivalent circuit of the memory device while
applying a Vcg pulse, in which the hBN and GDY O are connected in series. Considering
that a thicker hBN film has a larger resistance, which will share more voltage. For the
device with a 28 nm hBN layer, the effective voltage loaded on the GDYO TS layer is
reduced in comparison with that of the device with a 10 nm hBN film, which affects
the writing and erasing operations with a degraded on/off ratio (10%). Thus the thickness
of hBN blocking layer should also be carefully chosen, and a 10 nm thick hBN film is

suitable for our memory device.
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Supplementary  Fig. 36| Memory device with a  structure of
MoS2/hBN/MoS2/GDYO/WSe; without overlapping between the top MoS> channel
and the GDYO layer. a, Illustration and corresponding OM image of the device. This
device was fabricated by carefully eliminating overlapping between the top MoS:
channel and the GDYO layer. The boundaries of WSe>, GDYO, MoS; (bottom), hBN
and MoS; (top) are marked by red, white, purple, yellow and blue dashed lines,
respectively. Scale bar, 30 pum. b, The successful writing/erasing operations of the
memory device by applying a 20 ns Vcg voltage with amplitude of —2 V and +2 V,
respectively. ¢, The long retention characteristics of the memory device at both state-0
and state-1. Vs is fixed as 0.1 V for the readout operation. In this device, since the
control gate and the GDYO layer are not overlapped with the top MoS: channel, both
the electric fields induced by the gate voltage or the trapped charges in the GDYO layer
cannot direct modulate the channel conductance. Thus we can conclude that the
ultrafast writing/erasing operations and long retention characteristics of the memory

device are attributed to the accumulated charges in the floating gate.
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Supplementary Fig. 37| The transfer characteristics of the memory device with
floating gate grounding. a, Illustration of the measuring circuit with FG grounding. b,
The transfer curves of the device with FG grounding (pink) and floating (blue),
respectively. The gate voltage sweeping from —3 V to 3 V and then back to -3 V was
applied to the control gate and the Vs was fixed as 0.1 V. Since the control gate (WSez)
and the top MoS, channel are not overlapped, the channel conductance cannot be
directly modulated by the control gate, but can be modulated by injected charges in the
floating gate or the GDYO layer. For the case of the FG floating, the transfer curve
features a counterclockwise hysteresis with the gate voltage sweeping, due to the
injection and extraction of electrons from the control gate to the floating gate. On the
contrary, the channel current cannot be modulated by the gate voltage while the FG is
grounded. This is because the injected charges in the floating gate are guided to the
ground, and no charges accumulate in the floating gate to modulate the channel
conductance. Thus we can conclude that the injected charges are mainly accumulated

in the floating gate rather than the GDYO layer.
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Supplementary Fig. 38| Low-voltage ultrafast nonvolatile memory using a p-type
WSe, as the channel layer. The ultrafast writing/erasing operations can be successfully
and repeatedly achieved by applying 20 ns Vcg pulses with amplitude of —2 V and +2
V, respectively. Noteworthily, due to p-type feature of the WSe> channel, the writing
operation switch the device from off-state to on-state, and vice versa, which is opposite
to that of the memory device based on n-type MoS; channel. Complementary writing
and erasing operations achieved by different channel materials can greatly enrich the
diversity of device performance for practical applications. The inset shows the OM
image of the device, and the boundaries of WSe> (bottom), GDYO, MoS>, hBN and
WSe; (top) are marked by red, white, purple, yellow and blue dashed lines, respectively.
Scale bar, 30 pm.
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Supplementary Fig. 39| 5 x 5 device array fabricated by CVD-grown large-area MoS:
and WSe; films. Scale bars, 50 um (left) and 10 pm (right). Monolayer CVD-grown
WSe> was first patterned into rectangle array as the control gate of the devices, followed
by the deposition of Cr/Au as the gate electrodes connecting the WSe>. Then the
prepatterned GDY O and MoS; (CVD-grown) layers were stacked on top in turn, acting
as the TS layer and floating gate, respectively. Noteworthily, a 20 nm thick HfO, layer
instead of hBN film fabricated via atomic layer deposition (ALD) was used as the
blocking layer between the floating gate and channel. Finally, prepatterned CVD-grown
MoS> was stacked on top of the HfO», acting as the channel, and the source and drain

electrodes (Cr/Au) were deposited.
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Supplementary Fig. 40| Ultrafast writing and erasing operations of 25 memory devices
based on CVD-grown MoS; and WSe: as illustrated in Supplementary Fig. 38. A-2V,
20 ns and a +2 'V, 20 ns Vg pulses were used for the writing and erasing operations,

respectively, and the readout voltage was fixed at 0.1 V.
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Supplementary Fig. 41| Retention characteristics of 25 memory devices based on
CVD-grown MoS, and WSe; as illustrated in Supplementary Fig. 39. The readout

voltage was fixed as 0.1 V.
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Supplementary Fig. 43| The successful reproduction of the ultrafast device

performance at temperature of 220 K-350 K. 20 ns Vg voltage pulses with amplitude

of =2 V and +2 V were applied for the writing and erasing operations, respectively. The

corresponding channel currents of state-1 and state-0 are extracted and summarized in

Fig. 5a in the main text.
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Supplementary Fig. 44| The retention characteristics of the memory device at

temperature of 220 K—350 K. The corresponding channel currents of state-1 and state-

0 after 10* s retention are extracted and summarized in Fig. 5b in the main text.
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Supplementary Fig. 45| The successful reproduction of the ultrafast device
performance with different preservation time after the fabrication of the memory device.
20 ns Vcg voltage pulses with amplitude of —2 V and +2 V were applied for the writing
and erasing operations, respectively. The corresponding channel currents of state-1 and

state-0 are extracted and summarized in Fig. 5c in the main text.
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Supplementary Fig. 46| The retention characteristics of the memory device with
different preservation time after the fabrication of the memory device. The
corresponding channel currents of state-1 and state-0 after 10* s retention are extracted

and summarized in Fig. 5d in the main text.
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Supplementary Fig. 47| Realization of a 3-bit (8-levels) storage in the memory device.
By applying a +2 V/20 ns Vce pulse, the device is erased to 111 state, and the device
can be programmed to different storage states (110, 101, 100, 011, 010, 001, 000) by
applying 20 ns Vcg pulses with different amplitudes. These operations were repeated

for three cycles, demonstrating excellent reliability and reproducibility.
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Supplementary Fig. 48| The successful access of 8 storage states with random

sequence. By applying Ve pulses with corresponding amplitude, each storage state can

be access independently and repeatedly.
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