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S1. Fabrication of MoS2/hBN/FLG float gate transistor with Cr top contact or 1T-LixMoS:2 edge
contact

Fabrication process for single devices. Firstly, flew-layer graphene, hBN and MoS2 nanosheets
were mechanically exfoliated from their single crystals (Shanghai Angwei Technology Co., Ltd) with
the help of tape (Scotch). Then, the obtained few-layer graphene (FLG) nanosheets were
transferred onto the highly doped p-type silicon substrates with 300 nm SiO2 that were cleaned by
three-minute oxygen plasma in advance. After that, hBN and MoS:2 nanosheets were transferred to
the top of FLG successively by dry transfer method with the help of PDMS (polydimethyl siloxane).
As PDMS residues were sticky, the annealing process would be carried out to remove the residues
and obtain a clean interface after the dry transfer was finished'. Next, PMMA (polymethyl
methacrylate) was spin coated onto the fabricated heterostructures followed with electrodes
patterning by electron beam lithography (EBL). Finally, Cr/Au (10 nm/40 nm) electrodes were
fabricated by thermal evaporation and lift-off steps for traditional top Cr contacted devices. For edge
contacted devices, the heterostructures were immersed in 3 ml of n-butyl lithium (n-BuLi, Aladdin)
in a sealed container at room temperature in a glovebox. Lithium intercalation into the interface
between MoS:2 and hBN layer should be avoided. After soaking in the n-BuLi for 2.5 hours, the
samples were washed with hexane to remove excess n-BuLi. The sample was evaluated by Raman

and Photoluminescence (PL) to confirm the phase transition before despositing metal contact.

Fabrication process for paired devices. After the obtained few-layer graphene (FLG)
nanosheets were transferred onto the highly doped p-type silicon substrates with 300 nm SiO2, Ar
plasma etching was used to create two separate FLG flakes with identical shape and area. And then
hBN and MoS:2 nanosheets were transferred to the top of the separate FLG flakes successively by
dry transfer method with the help of PDMS. Other processes were the same as above. (Detailed

process was shown in Figure $1-2)



Mechanical exfoliation Optical
ol MoS, | B

Dry transfer/Annealing hBN image

Electron beam lithography

Electrodes Lift off
deposition
Li* intercalation
NN
o
™ Mos, B =
hBN g Electrodes Lift off
deposition

Figure S1-1. Fabrication process for the MoS2/hBN/FLG float gate transistor with traditional
top contact or 1T-LixMoS2 edge contact
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Figure S1-2. Fabrication process for paired MoS2/hBN/FLG float gate memory cells with

distinct contact configuration.



S2. Thickness, Raman of the MoS2/hBN/FLG vdW heterostructure
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Figure S2-1. Thickness of MoS: and hBN flakes in the vdW heterostructure. a, Optical

microscope image of the MoS2/hBN/FLG vdW heterostructure. The boundaries of MoS2, hBN and

FLG are marked by blue, white and orange dashed lines, respectively. The scale baris 5 um. b, The

determined thickness of MoS2 and hBN are 2.56 and 14.8 nm, respectively, according to step height

measurement with atomic force microscopy.
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Figure S2-2. Raman spectra of the FLG/hBN/MoS: heterostructure. The two typical Raman
shifts of MoS2 E;, and A1g are at 382 and 407 cm™', respectively. The hBN E2g peak is at 1366 cm™,
and the few-layer graphene G peak is at 1590 cm™ and 2D peak at 2700 cm-".



S$3. Memory window of the edge contacted flash memory device
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Figure S3. Memory window of the edge contacted flash memory device. a, Structure diagram
of the edge contacted flash memory device. b, The comparison of hysteresis window when
sweeping Vg and V5. AlImost no hysteresis is observed when sweeping Vrg, while a large memory
window can be obtained by sweeping Vce, which confirms the origin of memory states by charge
trapping in float gate rather than defect states in semiconductor or dielectric. The supporting transfer
curves when dual-sweeping V5 and Vg in different ranges are displayed in ¢ and e, respectively.
d and f show the same results with current axis in logarithmic scale to indicate the high ON/OFF

ratio of present memory cell.



S4. Photoluminescence (PL) evaluation of patterned lithium intercalation in MoS:2 for 1T-
LixMoS:2 edge contact
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Figure S4. Photoluminescence (PL) evaluation of patterned lithium intercalation in MoS: for
1T edge contact. a, Optical microscope image of the heterostructure after n-BuLi intercalation. The
two rectangular windows were firstly patterned by EBL and then exposed to n-BuLi solution. b, A
spatial mapping of PL intensity (645—695 nm) at chosen patterned area in a. ¢, d are respectively
the PL and Raman spectra taken at selected spots in b. The extinction of PL intensity at ~1.8 and
1.95 eV and the appearance of additional Raman shift at 154 cm' (J1), 224 cm™' (J2) and 327 cm™
(J3) indicated the transformation to metallic 1T-LixMoS2.



S5. Waveform of applied voltage pulses

To probe the pulse waveforms directly applied to the devices, we had performed direct
measurement of waveform by placing the passive probe of the microscope to the contact probe of
Lakeshore probe station. Figure S5-1a shows the adopted experimental setup, following Ref.2. In
order to increase the reliability of the contact, the two probes are contacted to the metal indium (red
dash line region), which resembles the case of connecting probe to back-Si control gate.

Through this method, a series of pulses with different amplitudes (x5 V, £10 V, £15 V and £20
V) and different pulse widths (10 ns, 20 ns, 50 ns, 100 ns and 200 ns) are measured, in which the
input impedance for oscilloscope is set at a high impedance of 1MQ to resemble the case of signal
coupling to high impedance gate terminal of the device. The observed voltage waveform is slightly
distorted from the direct measurement by microscope due to the reflectance of applied pulse at the
interface of 50 Q transfer line cable and the 1 MQ load. Figure S5-1b~d summarized the measured
amplitude and duration versus the set value. The pulse generator could certainly generate voltage
pulses up to 20 V and feed them into the gate terminal of device with accurate amplitude and pulse
width. And the detailed waveforms we obtained are shown in the Figure S5-2.
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Figure S5-1. Experimental setup that probes the waveform in probe station and summary of

measured pulse amplitude and width.
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Figure S5-2. Obtained pulse waveforms with different amplitudes and widths



S6. Energy band alignment across the heterostructure and tunneling current test
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Figure S6-1. Flat band alignment of the vdW heterostructure with 1T-LixMoS2 edge contact.
a, Optical image of an edge contacted flash memory cell. b, The diagram of energy band alignment
in the flash memory cell in flat band condition. For a certain material, X represents the electron

affinity, Eg is the band gap, Etis the Fermi level and W is the work function.



To determine the carrier tunneling under different control gate operation, we measured the gate
modulated tunneling current in MoS2/hBN/FLG vdW heterostructure, as show in Figure S6-2a. The
tunneling currents under Vce=0 V and Vce=+30 V were measured in the same structure, and
showed no dependence on the Vce bias (Figure S6-2b), which means the tunneling could not be
tuned by control gate. The phenomenon indicates that charge tunneling across the junction occurs
by carriers from MoS:2 side, which is not tuned by bottom gate. As shown in Figure S6-2c, the hole
tunneling from MoS: to Gr is responsible for the program operation and the electron tunneling from
MoS: to Gr is responsible for the erase operation of the memory cell.
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Figure S6-2. Gate modulated tunneling current in MoS2/hBN/graphene vdW heterostructure.

(a) Optical image and the corresponding structure diagram for gate modulated tunneling current test.
Tunneling current shows no dependence on the bias direction to control gate (b), and the
corresponding band alignment (c) indicates that charge tunneling is from MoS: side.
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Figure S6-3. Band alignment and tunneling current of 1T-LixMoS2/hBN/Graphene, and 2H
MoS2/hBN/graphene. Holes tunneling from 1T-LixMoS2 through hBN has higher energy barrier (a,b)
and lower current (c) than from the conduction band (CB) or valance band (VB) of 2H-MoS: at the
negative bias to graphene layer due to the presence of band offset between 1T-LixMoS2 and 2H-

MoSo.
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Figure S6-4. Comparison of the transient tunneling current of memory cells with edge and
top contact. a, The schematic diagram of the transient tunneling current test. b, The demonstration
of the transient voltage applied and current monitored. The vertical voltage is applied within 1 ms
and the monitor of the corresponding tunneling is also finished, and the comparison of tunneling

current density are normalized according to the device area (c).



A symmetric heterostructure of edge-MoS2/hBN/MoS2-top was constructed to support the speed
enhancement effect of edge contact. It is apparent in the following Figure S6-5 that the device
exhibit highly asymmetric P/E speed. The memory cell can be programmed within 100 ns, but can
be only erased with >100 ms pulses. Such highly asymmetric P/E behavior in the symmetric
heterostructure with only contact difference indicated the critical role of contact mode. The result
can be properly understood using hot hole injection via the highly tunable edge contact, since the
injection via top contacted 2H-MoS: is significantly impeded by the access region from metal contact
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Figure S6-5. Edge contacted flash memory with MoS: as the float gate. a, Configuration of the
memory. b, Energy band diagram of the memory under program (left)/erase (right) operation. ¢ and
d reveal the program and erase performance when varying the width for applied Vce pulse (-14 V
for program, and 14 V for erase). The reference states (state-1 in a and state-0 in b) were set by
initializing voltage pulses with 100 ms width. Compared with the program operation speed (100 ns),
the erase operation speed (>100 ms) is slower.



S7. Estimation of the gate coupling ratio (GCR) in devices

The gate coupling ratio describes the capacitance couple between control gate and float gate,
and is important to efficient charge tunneling in device. To obtain the reliable GCR of present flash
memory cells, we adopted two different approaches based on capacitance estimation or measured
subthreshold swing (SS) in transistor via FG or CG, both of which reach similar GCR value~0.9 in

our experiment.

Capacitance approach:
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Figure S7-1. Estimation of GCR from capacitive coupling area. a, Structure of the memory. b,
lllustration of capacitance coupling in the memory, in which Cygy and Cs;o, are the capacitance of
MoS2/hBN/FLG and FG/SiO2/p**-Si capacitors, respectively.

Using the area of floating gate and transistor channel, GCR can be directly estimated if the
thickness of dielectric layer is known. Figure S7-1 illustrates the capacitance coupling in present
device configuration. Based on the total capacitance C,,, from serial connection of SiO2 and hBN

dielectric layer:

1 _ 1, 1 (1)

Ciotal ChBN  Csioz

The GCR is written as:

_ Vre _ Q/CheN _ Ciotal _ Csio2 (2)

Vece  Q/Cota CnBN  ChBN*Csioz

Where C,gn and Cs;o, are capacitance of MoS2/hBN/FLG, FG/SiO2/p**-Si capacitors, respectively,
Q is the charge stored in the series capacitor circuit. Using C = eg,A/t, equation (2) is further
transformed into:
o« = (1 + %)_1 3)

where g,py and &g;0, are the permittivity of hBN and SiOz2, respectively, Appy and Ag;o, are the
overlap area of MoS2/hBN/FLG, FG/SiO2/p**-Si capacitors, respectively, tygyand ts;o, are the
thickness of hBN flake and SiO2 layer, respectively. Notably, the float gate is extended by metal
contact and has larger area than the transistor channel and FLG, which makes Appy<< Asio2 (Se€€

Table S7-1). Thus, our flash memory cells tend to have GCR factors near unity.



Subthreshold swing approach:

The SS value in transistor reflects the coupling between transistor channel and gate modulation,
and is influenced by the gate capacitance and the present of interface defects. With a commen
transistor channel, GCR value can be estimated by comparing the observed SS under FG and CG

regulation.

Experimentally, the values of the (SS) were calculated in the thermionic regimes of the transfer
curves according to:

_ [dlog(a]™ !
SS = [—dVG (4)

where I, is the channel current measured in the thermionic regime, V;; is the applied gate bias.

When there is no Fowler-Nordheim tunneling taking place, the voltage applied on the control
gate is portionly coupled to the floating gate, so the gate coupling ratio can be estimated from the
subthreshold swing in floating-gate transfer curves and control gate transfer curves from Equation

(5):

dlog(Igs)]™ dlog(l4s)]™ .
$Spe = [ dVrg [ d(@Vce) =@ S5 ©)

where SSp; and SS.; are subthreshold swings in floating-gate transfer curves and control gate
transfer curves, respectively, V; and V., are the applied floating gate voltage and control voltage,
respectively, Ij is the channel current measured when Vs is fixed at 0.1 V. Figure S7-2 shows the
transfer curves of different flash memory devices under regulation of floating gate and control gate.
The maximum FG sweeping voltage of each device are chosen at small value to avoid tunneling
occurring, and the SSp; and SS.; are extracted at a consistent current range of each device.

The calculated gate coupling ratios were presented in the Table S7-1. The estimation based on
capacitance or subthreshold swing approach yield similar values ~0.9.
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Figure S7-2. Estimation of GCR from subthreshold swing approach for four different devices.
a, b, c, d: PMBG1#, PMBG2#, PMBG5# and MBG1#, respectively. Identical gate modulation and
peak SS value is obtained from the transfer curves measured when varying Vre or Vce, indicating
high GCR for all devices.

Table S7-1. Comparison of the determined GCR in several devices using area or
subthreshold swing approach.

Dovice i) (muisec) (o) ) ()
PMBG 1# 130 140 093 136 145 19250 300 0.89
PMBG 2# 287 310 092 705 11.3 15623 300 0.91
PMBG 5# 145 155 094 167 128 16080 300 0.83

MBG 1# 116 121 096 125 101 19256 300 0.86




S$8. Theoretical relation between operation voltage and speed

Based on the Wentzel-Kramers—Brillouin (WKB) approximation, we calculated the theoretical
relationship between operation voltage and speed at different conditions with reference to the
method of Ref.3

The relationship between the operation time and pulse voltage with changing tunneling barrier
from 1.0 eV to 3.0 eV are plotted in Figure S8a and b, from which we know that the tunneling barrier
height dramatically influences the operation speed for flash memory. Larger electric stress also
makes it easier to achieve fast operation speed. Based on the calculation and the operation
performance of our ultrafast memory cell, the relation between carrier density and pulse width under
different operation voltage is simulated in Figure S8b, d. After extract the tunneling barrier of hole
(¢,= 2.0 eV) and electron (¢,= 2.8 eV) from Figure S6, our result show the completely programing
(erasing) could be achieved by a 10 ns (100 ns) pulse with the pulse amplitude of 15V, which is in
line with the experimental.
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Figure S8. Theoretical calculations of carrier ultrafast tunneling based on FN model.
Theoretical relationship between the operation pulse width and voltage are calculated under
different tunneling barrier height (a for programming and ¢ for erasing). m* is the carrier effective
mass, which is 0.47mo for hole and 0.26mo for electron. b, d, The calculated carrier density in the
floating gate layer during operation under different pulse voltage amplitude (b for programming and
d for erasing), the tunneling barrier of hole/electron is 2.0/2.8 eV.



S9. Thickness evaluation of the paired memory cell
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Figure S9. Thickness characteristics of the paired FLG/hBN/MoS:2 heterostructure. a, Optical
microscope image of the paired FLG/hBN/MoS2 memory cells. The boundaries of FLG, hBN and
MoS:2 are marked by yellow, white and green dashed lines, respectively. The scale bar is 5 um. b,
Thickness of MoS2 (blue), hBN (red) and FLG (yellow)respectively.



$10. P/E heatmaps of 5 other edge contacted flash memories
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Figure S$10. The P/E heatmaps of other edge contacted flash memory devices under variable
pulse amplitudes and durations. a, b, ¢, d, e, The heatmaps of ON/OFF ratio distribution with
respect to pulse width and field strength. The operation voltage Vce on the upper axis corresponds
to the electric field Enen on the lower axis, and f, gy is the thickness of hBN in the devices.



S$11. Optical images of typical devices, and thickness statistics for MoS2 and hBN in all

fabricated devices

Thickness of hBN and MoS, for top and edge contacted devices in main test.

PMBG2# PMBG3# PMBG4# PMBG5# PMBG6#
hBN: 11.0 nm hBN: 9.7 nm hBN: 9.3 nm hBN: 9.7 nm hBN: 12.3 nm
MoS,: 4.7 nm MoS,: 4.7 nm MoS,: 1.9 nm MoS,: 7.2 nm MoS,: 3.6 nm

PMBGT7# PMBG19# MBG1# MBG2# MBG3#
hBN: 9.9nm hBN: 12.8 nm hBN: 10.1 nm hBN: 10.5 nm hBN: 9.6 nm
MoS,: 1.8 nm MoS,: 2.9 nm MoS,: 1.7 nm MoS,: 5.0 nm MoS,: 2.44 nm

A

Figure S11-1. Thickness of hBN and MoS: for different top and edge contacted devices

appeared in main text and their optical microscope images.
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Figure S11-2. Thickness statistics of hBN and MoS: in all fabricated flash memory devices
displayed in Figure 2c and d. All the thickness statistics are in line with the normal distribution:
then ~ N (11.05, 4.48) and tmos2 ~ N (3.53, 2.57) for top contact cells, then ~ N (12.05, 5.88) and fwos2
~ N (4.36, 3.74) for edge contact cells, respectively.



S12. Determination of defects concentration in device

To further characterize the defect concentration in devices with edge and conventional top contact,
we use the high-low frequency method based on the measured capacitance-voltage (C-V)
characteristic in the frequency range of 4 kHz to 100 kHz.* ® The experimentally measured
capacitance per unit area C', is consisted of:

-1
ro_ 1 N
C P (C’S_MOSZ+C,it + C’g) (6)
Where C’s vos2 is the semiconductor capacitance of MoS2, C’j; is the capacitance of traps and €',

is the geometric capacitance related to hBN layer and the vdW gap, all the capacitance are

normalized by area. Since the interface traps tend to response slowly compared to C’'s y,s, and C',

the interface trap density D, can be estimated by:

qDix = I:(C_iF B ChlBN)_l B (é B ChllaN)_l] (7)

Where C,r and Cyp are respectively the areal capacitance at low (4 kHz) and high (100 kHz)

frequency limit, and q the elementary charge. In our structure, the geometric capacitor C', is
comprised of C';zy and C'y,, corresponding to the geometric capacitance of hBN and the interlayer
capacitance, as described by €', = (1/C'ypy +1/C",)~", where C';,~25.3 pyF/cm? obtained from
Ref.5, and C'py is calculated according to its thickness. Because C';, is significantly larger than

C'ygn, it can be neglected in calculation without influencing the result.

Figure 3c displays the measured C-V characteristics of both devices. The apparent decrease of
C', when increasing frequency reflects the effect of trap states. To properly compare the trap
distribution, we firstly extracted the flat band potential according to Mott-Schottky plot in Figure $12-
1a and c. Based on equation (7), the energy distribution of trap density is determined and shown in
Figure S12-1b and d. By integrating the trap density over the measured voltage range, the trap
density for edge and top contacted memory cell were determined to be 0.8x10'>cm and 2.1x10"3

cm=2,
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Figure S12-1. Determination of trap density in edge and top contacted memory cells using C-
V characteristics. Mott-Schottky plot and extracted trap density using high-low frequency method
for edge (a, b) and top contacted memory cell (c, d).



Sources of high trap density under Cr contact

Electron beam irradiation effect. In addition to metal induced gap states (MIGS), we attribute
the high trap density under contact to the vulnerable lattice of 2D MoS: to electron beam irradiation
and metal evaporation during device fabrication® 7. Measurement of spatial resolved
photoluminescence spectra in device supported that the irradiation by electron beam could induce
traps in pattern contact area. As indicated in Figure S$12-2, if compared to the channel area without
irradiation, the PL spectra at the defined contact area exhibit shift of peak position and decrease of
intensity, which suggests the increase of trap density.
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Figure S12-2. Electron beam effect on defect generation under Cr top contact. a, Optical
microscope image of the vdW MoS2/hBN/FLG heterostructure. MoS, flake is marked by blue dashed
lines, and the irradiation area is marked by green dashed lines. b, The PL spectrum at the selected
pots in a. The inset shows the PL mapping image (655-685 nm) of the MoS, flake in a. The blue pot

for the MoS:2 with electron beam irradiation, and red pot for without irradiation.

Electrode deposition. During the fabrication of metal contacts by thermal evaporation, the
impinging metal atoms inevitably takes damage to the MoS2 under the electrodes?® °, which is
reported to be an obvious source of defects in devices based on two dimensional materials.
According to the cross-section transmission electron microscope (TEM) study, as shown in Figure
$12-3, we also found notable layer broken and defects were presented in MoS2 under the electrode
region, while a comparative high-quality MoS:2 interface could be seen in the channel region.

In brief, during the fabrication of Cr contact using EBL processes, defects are generated under
the contact area from both electron beam irradiation and electrode deposition processes. In
comparison, the impact of these defects is avoided by transforming the affected area into a metallic
1T phase.
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Figure S12-3. TEM characterization for MoS2/hBN/FLG vdW heterostructure. a, Cross sectional
piece structure carved by focused ion beam (FIB) of the Cr top contacted flash memory device. b,
¢, The cross-section TEM images of the MoS2/hBN/FLG heterostructure under the deposited Cr/Au

electrode and in the channel area (labeled in a).



S13. Gate modulated Schottky barrier in top or edge contacted MoS: transistors

Temperature-dependent transfer curves under the regulation by Vrc were measured to compare
the effective Schottky barrier height of the top and edge contacted devices, as shown in Figure $13-

1a, b. The effective barrier height @& is extracted by the following thermionic emission equation©:
DS vd
I;s = AT?exp (—qk;B) [1 — exp (qkTS)] (8)

where lgs is the current through the channel, A is the Richardson’s constant, T is the temperature,
q is the charge of electron, Vs is the voltage applied on drain electrode, k is the Boltzmann constant.
Figure S13-1c, d displays the fitting to experimental results for top contacted and edge contacted
memory cell when varying VrG, from what the gate tunable Schottky barrier is further extracted in
Figure S13-2.
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Figure S13-1. Comparison of temperature-dependent transfer curves with floating gate in
device MBG1# and PMBG8# and the Arrhenius fitting curves for the extraction of Schottky
barrier height. a, b, The transfer curves of the top/edge contacted flash memory devices while the
temperature changes from 80 K to 330 K with a step of 25 K. ¢, d, Arrhenius fitting curves at different
floating gate voltages in device MBG1# and PMBG8#, respectively.
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Figure S13-2. The extracted effective barrier height (®$;) as a function of applied floating
gate voltages for top contact and edge devices, and the FLP factor was extracted.



S$14. Comparison of the P/E performance of edge contact memory cells with and without
overlap between float gate and 1T contact

a
W overlap region W/O overlap region
c d
104 104
P Ve =01V r
10k 10°
r r
< 10 < 10%f
3 r 3B r
10" | 10" |
r r
-12 -12
107 —— W overlap region 107 —— W overlap region
r —— W/ O overlap region r —— W/O overlap region
10-14 1 1 10-14 1 1 1 1 1
-5 0 5 -10 -5 0 5 10
Vi (V) Ve (V)
e W overlap region ON/OFF f W/O overlap region ON/OFF .
100 m 10
10° 10 m-
3
0 “  1mH 10
= <
T 10* B 100 A
= < 10?
o) o 10+
0 @0
> 2 > 1 -
a 102 A M 10"
100 n
10° 1on 0°
-10 -8 -6 6 8 10 12 14 -14-12-10-8 -6 6 8 1012 14
Vs (V) Vs (V)

Figure S14. Comparison of the P/E performance of memory cells with and without overlap
between float gate and 1T contact. (a, b), Optical microscope image (a) and schematic illustration
(b) of the paired memory cells on the same vdW heterostructure. (¢, d), Transfer curves under
floating gate (c) and control gate (d) modulation. (e, f), Map of the attained ON/OFF ratio of memory
under different voltage pulse conditions when changing both the amplitude and pulse width: 1T edge
contact with overlap region (e) and without overlap region (f)



S$15. Temperature dependent retention characteristics of edge contacted flash memory

To properly evaluate the retention lifetime of our memory cell, Arrhenius plot method was used.
The Vi drift with time for on and off states after program and erase were measured to first determine
the acceleration ratio at varied temperature. Figure S15a displays the Vi drift at different
temperatures. The retention lifetime is considered as when the extrapolation of Vin of state-0 and
state-1 crosses. Based on the temperature dependent retention lifetime (Figure S15c), we
determined an activation energy Ea=1.95 eV for present memory cell, according to the fitting to
experimental data using the Arrhenius equation'":

tT = tgexp (5—;) (9)

where t; is the retention lifetime at field temperature retention, fr is the reference retention time
corresponding to the infinite temperature, Ea is the activation energy, k is Boltzmann’s constant, T
is the field temperature. We plotted a fitting curve and back calculated the critical field temperature
of 78.6 °C for 10-year retention.in Figure S15c.

According to the activation energy we extracted, the data retention time at low temperature could
be calculated follows the acceleration function?:

) (o

Ty, Ty

where AR is the acceleration ratio, T, and Ty are the application temperature (usually at low
temperatures) and accelerated bake stress temperature (usually at high temperatures). The
acceleration ratio for room temperature (RT) under different temperature is calculated in Figure
S15d.



10.0 :
a State-1 !
. — 10-y
BOL T TTReel
| — o AT T @
< ool 7T otm 145
> '@ 125°C
//// : 0
solT ;é 105 °C
. o]
State-0 ! 85°C
1 55°C
_100 YT EPTT EEUTIS EPTTTS EPRTTTS PRI EPRTITS EPRTTTS [ 11 PRTT ERRTIS EPRTT e
10° 102 10* 10° 108 10" 10™
Time (s)

c 7
300F E,=1.95eV
250 | .’

_ 10-y .
g 200k ¥ 2
= B 145°C
S 150} AV ® 125°C
| o A 105°C
100F =- v 85°C
-7 78.6°C @ 55°C
50 " i i 1 1 " 1 " 1 "
26 28 30 32 34 36 38 40
1/KT (V)

b 10

E - — B 145°C
3 El=) 125°C
108 | State-1 105 °C
- 85°C
< of 55 °C
210 145 °C
r  State-0 125°C
1072 | 105 °C
[ 85°C
55 °C
10—14 M I T ol el
10° 10" 102 10° 10* 10°
Time (s)
d 10,
F o
o 100 @
© i
c E o
'-g 106E
5 9
© 3
< 1045'
L o
102 L 1 . 1 . 1 1 1
45 65 85 105 125 145

Temperature (°C)

Figure S$15. Temperature-dependent retention performance and the extraction of activation

energy by Arrhenius plot method. a, Retention performance at five different temperatures (55, 85,
105, 125, 145 °C) for edge contacted flash memory device PMBG17#. b, Retention-failure
evaluation of the device from the Vin at different temperatures. ¢, Arrhenius fitting and extrapolation

for the retention lifetime. d, The calculated acceleration ratio under different temperature.



$16. Endurance lifetime as Single-Level Cell (SLC)

Comparison of endurance between edge and top contacted memory cell
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Figure S16-1. Endurance performances of paired memory cells. Compared to edge contacted
memory cell (a, b), top contacted memory cell (¢) working at same operation voltage requires longer
pulse duration to reach the same on/off ratio, and results in low endurance lifetime ~10* to 10° cycles.
For edge contacted memory cell, the memory states at first 1.5k cycles were read after each P/E
operation, it is then switched to periodic reading for endurance lifetime >10* cycles.
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Figure $16-2. Endurance performance of additional edge contacted flash memory cells (as
SLC): a, PMBG4#; b, PMBG19#. The optical image and endurance characteristic are displayed for
each cell. The endurance lifetime of edge contacted memory cells is ~10°-108 cycles.

Failure analysis: In view of the different endurance lifetime of top and edge contacted memory
cells, their optical images before and after device failure is compared for top contacted (MBG12#)
and edge contacted (PMBG1#). As shown in Figure $16-3, apparent flake damage was observed
around the contact region in top contacted memory cell MBG12# (Figure S16-3b). This is
understood as a result of the high defect density under contact affected area (CA), which under
strong electric field would migrate and lead to locally focused electric field that deteriorate tunneling
dielectric layer."® In comparison, we observed no visible damage in memory cell PMBG1# (Figure
S$16-3e), because of well suppressed defects at the contact area.



Failure

Figure S$16-3. Failure analysis of devices. Comparison of the optical images before and after
device failure for top contacted (a, b for MBG12#) and edge contacted (d, e for PMBG1#) memory
cells. ¢, f are the schematic diagrams illustrating the failure scheme for top contacted and edge
contacted devices by dielectric breakdown of hBN layer, respectively.



Robust retention characteristic of edge contacted memory cell after endurance

Flash memory cells are prone to degrade under stress effect, which is known to induce defects
and charge trapping in dielectric layer, thereby changing the tunneling efficiency and also increase
the leakage current that influences both the operation speed and retention. In our case, the memory
cell exhibits asymmetric P/E efficiency, which are likely to cause over-program if identical amplitude
is chosen for both program and erase. As indicated in Figure S16-4a(i)-(iii), after repeated cycling
with P/E pulses of identical 15 V amplitude, the resulted state-0 tend to drift to higher conductance.
It is worth noting that the stress effect can be relived after a while, and we attribute the state drift to
positive charge trapping in hBN layer that can be gradually released when the memory cell is in idle
state.

To avoid significant stress from program operation, we chose to reduce the amplitude of applied
P/E pulse while keeping a ON/OFF ratio >10° and ultrafast speed (10/100 ns for P/E). As indicated
in Figure S16-4a(iv), stable ON/OFF state is obtained before abrupt failure of the memory. From
the experiment, we found that after 233 k cycles, the memory still manifested excellent retention

characteristics even under temperature acceleration, as indicated in Figure S16-4b.
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Figure S16-4. Endurance performance of memory cell PMBG1#. a, The endurance performance
under different P/E pulse conditions. The device failed after more than 330k cycles. b, The retention



characteristic of PMBG1# after 233 k P/E cycles. The readout current at state-0 and state-1 displays
excellent stability at RT, 85, 110 and 130 °C.
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Figure S17. Post-cycling data retention at different temperature. a, The endurance cycling test

of the edge contacted flash memory device PMBG17#. b, ¢, Data retention test base on Vi at 85
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S$18. The evaluation of the electric field dependent time to breakdown for memory cell
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Figure S18. Comparison of the electric field dependent time- to- breakdown forof memory
cells with edge contact and top contact. a device. a, The detail pulse sequence of the test
procedure. b, Schematic of the test structure and bias condition for two type pulse condition. b,
Pulse sequence in the test for positive and negative voltage stress. ¢, The time to breakdown versus
Esn data for the two type contact configurations. Open marker represent that the device passes
pulse stress, while the filled dot represent device breaks during the test.The hollow dot represent

device could accept this pulse stress condition while the solid dot represent device is breakdown.



$19. Realization of Quadruple-Level Cell (QLC)
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Figure S19. The realization of Quadruple-Level Cell in the edge contacted flash memory cell
(PMBG1#). The memory cell is set to the high conductive state by applying a negative Vg pulse (-
15V, 10 ns). And other states are achieved by sequentially applying Vs pulse of identical amplitude
and width (12 V, 10 ns).



Table S1. State of art performance of 2D flash memory compared to silicon flash.

. . Endurance | Endurance
Functional layer Voltage | Speed Retention (SLC) (MLC)
1T-2H-MoS2/hBN/Gr >10"s (>10 year by 6 .
(This work) il 1Y acceleration, 85 °C) =il =Sy
WSe2/hBN/HfO2 >10° s (>10 year by 6
+
/ALOs B0V | 50ns | celeration, 150 °C) =0 e
5
MoS../hBN/Gr'5 +30V 2 >10" s (>10 year by >1 N.A.
2 30 Ons acceleration, 85 °C) 390
- -20.8V >10% s (>10 year b
o) 3 : year by
g InSe/hBN/Gr +202V 21 ns extrapolation) >2000 N. A.
S
£ | MoS,/hBN/Gr's 15V | 100ps | 1400s (>10 year >100 N. A.
® with extrapolation)
o 5
S | MoSa/hBN/AUT s5V | 100ms | >10°s (>10yearby >108 N. A.
extrapolation)
MoS,/HfO,/Gr'8 +15V | 100ms | >2000s (>10 yearby >120 N. A,
extrapolation)
7
BP/AL,O,/A1,0," +20V | 100 ms >10%s (2x10° by >100 N. A.
extrapolation)
MoS2/hBN/BP20 20V | 300 ms >10° s >50 N. A.
HfO2/SisN4 20 Us
stacked trapping +15V 200“ S >10% s (85 °C) >105 N. A.
layer Flash?’ H
Metal floating-gate
> | with SiO2/HfOz2 dual- 10 ms 4 4
g layer tunneling 12V 1 ms >10" s (25°C) >10 N.A.
g barrier??
c
@ SONNOS 4
I (Si/SiOz/double ;11%\\’/ 1ps | >10°s(>10yearby 10 N.A.
S stacked SisN4)?3 acceleration, 85 °C)
O
D SNONcOS 4
(Si/SiO2/SiaNa/Si- ;113\\’/ 1ps | >10°s (>10 year by 10 N. A.
NCs/SisNa)23 acceleration, 85 °C)
Si3sN4/ZrO traping 100 ns >3x10° s (>10 year by 5
layer Flash?* 14V 100 ms acceleration, 85 °C) >10 N-A.




Table S2. State of art performance of 2D flash memory compared to commercial flash

Program Erase
Memory type time Time Endurance Ref.
MPN: 5
MT29F2G0BAABWP25 EOENE Bl 10 -
MPN: 4
NAND MT29F 16GO8ABACAZ 350 ps 1.5 ms 6X10 25
MPN: MT29F2G08A?" 220 us 500 us 10° 26
MPN: TE28F128J3%" 128 us 1s 10° 26
NOR MPN: MT25QU256ABA% 120 us 150 ms 10° 27
MPN: N25Q256A2° 500 ps 250 ms 10° 28
Serial Flash
Embedded MPN: M25P128%0 500 ps 500 ps 10° 29
Memory
2D Flash | 1T-2H-MoS2/hBN/Gr 10 ns 100 ns 3% 108 s

*MPN: Manufacturer Product Number
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