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The pursuit of non-volatile memory with program speeds below one nanosecond,
beyond the capabilities of non-volatile flash and high-speed volatile static random-
access memory, remains alongstanding challenge in the field of memory technology’.
Utilizing fundamental physics innovation enabled by advanced materials, series of

emerging memories®” are being developed to overcome the speed bottleneck of
non-volatile memory. As the most extensively applied non-volatile memory, the speed
of flashiis limited by the low efficiency of the electric-field-assisted program, with

reported speeds

6-10

much slower than sub-one nanosecond. Here we report a two-

dimensional Dirac graphene-channel flash memory based on a two-dimensional-
enhanced hot-carrier-injection mechanism, supporting both electron and hole
injection. The Dirac channel flash shows a program speed of 400 picoseconds,
non-volatile storage and robust endurance over 5.5 x 106 cycles. Our results confirm
that the thin-body channel can optimize the horizontal electric-field (£,) distribution,
and theimproved E -assisted program efficiency increases the injection current to
60.4 pA pm™at|Vys =3.7 V. We also find that the two-dimensional semiconductor
tungsten diselenide has two-dimensional-enhanced hot-hole injection, but with
differentinjection behaviour. This work demonstrates that the speed of non-volatile
flash memory can exceed that of the fastest volatile static random-access memory
with the same channel length.

In light of the accelerated advancement of artificial intelligence,
there is an urgent requirement for non-volatile data memory tech-
nology with a sub-1-ns speed to overcome the bottleneck of comput-
ing energy efficiency'2, The fastest static random-access memory
(SRAM) can achieve sub-1-ns speed, but its stored data are volatile
and its has poor energy efficiency and storage density. Although the
mainstream non-volatile flash memory offers large non-volatile stor-
age capacity and low manufacturing cost'®*™%, the program speed of
flashmemory is still far from that of the volatile memory. To overcome
the speed bottleneck of non-volatile memory, series of emerging
non-volatile memories, including phase-change memory??, resis-
tive switching memory', ferroelectric memory*'”!® and magnetic
random-access memory?®, are being developed. All of the emerging
memories indicate the presence of innovative fundamental mecha-
nisms in advanced materials, enabling unprecedented speeds. How-
ever, it should be noted that these technologies also have their own set
of challenges. The International Roadmap for Devices and Systems"
indicates several key challenges, including thermal disturbance for
phase-change memory, statistical fluctuation for resistive switching
memory, complementary metal-oxide-semiconductor processing
degradation for ferroelectric memory, and difficult miniaturization
for magnetic random-access memory. Although many emerging
memory technologies have been proposed, it is widely believed that

the most extensively applied flash memory cannot work ata program
speed below1ns.

Thefundamental physics of flashmemoryisbased ontheelectric-field
design, including both the channel-to-gate direction (vertical electric
field, Egiciecric) @and the source-to-drain direction (horizontal electric
field, E,). The Eieieceric and E, design correspond to the Fowler-Nordheim
(FN) tunnelling and hot-carrier-injection mechanisms of flash memory,
respectively. Specifically, the FN tunnelling efficiency of conventional
silicon-based flash is limited by the barrier height, which restricts its
speedtoarange of 10-100 ps (ref. 6). Recently, it has been shown that
intwo-dimensional (2D) semiconductors, the FN tunnelling speed can
beincreased to10-20 nsatabout 15 V by reducing the effective barrier
height”*?°2 but this speed remains insufficient and the operating
voltage isstill high. Anotherimportant approachis to exploit the £, of
the channel to accelerate the carriers to a high-energy state, allowing
these ‘hot’ carriers to be injected across the barrier and improve the
program speed of silicon flash memory'®?*, However, in the silicon
material system, the limited £, acceleration efficiency is only capable
of supporting a program speed of tens of nanoseconds.

Inthis study, we found a channel-thickness-modulated £, distribution
effect, which exploits the atomically thin properties of 2D materials
to effectively increase the maximum value of E, (£, ,,,) and facilitate
2D-enhanced hot-carrier injection (2D-HCI). The injection current was
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observed to be orders of magnitude higher in the 2D material thanin
the silicon material system. Furthermore, distinctinjection behaviours
were observed on a 2D Dirac material (graphene) and a 2D semicon-
ductor (tungsten diselenide (WSe,)). Utilizing the 2D-HCI mechanism,
we developed sub-1-ns flash memory with different channel lengths
(L., and the injection efficiency increased with the scaling down of
devices. The graphene device with ashort channel (L., = 0.2 pm) showed
aprogram speed of 400 ps while maintaining a low program voltage
Of |Vegool =5 V.

The material-dependent hot-carrier injection

Itis known that the hot-carrier-injection effect exists in silicon tech-
nology. This phenomenon entails carriers to keep gaining energy
by accelerating from the source along the channel under E,. When the
acquired energy surpasses the barrier between the channel and the
dielectric, a portion of the ‘hot’ (high energy) carriers will be injec-
ted into the gate under Egiecciric, COrresponding to channel-to-gate
injection.

Interestingly, we found that 2D semiconductor and Dirac transistors
show a material-dependent behaviour of hot-carrier injection, which
differs from previous studies*. Figure 1a,b shows schematic diagrams
ofthe 2D transistor structures used in this work, comprising abottom
control gate, ahexagonalboronnitride (hBN) dielectric and a thin-body
channel. A semimetal technology (antimony (Sb)/platinum (Pt)) was
used to obtaina p-type quasi-ohmic contactin the WSe, transistors, as
showninFig.1a. The holes are continuously accelerating to gain more
energy but this process will lose part of its energy owing to scatter-
ing. Different from 2D semiconductors, the 2D Dirac material shows
acarrier effective mass approaching zero. In addition, it has a longer
mean free path (approximately mircometres) and alower carrier scat-
tering probability?*. Consequently, both electrons and holes in the
graphene transistor are accelerating along the channel with scattering
suppressed (Fig. 1b). Detailed information on the device fabrication
process and characterization are provided in Supplementary Informa-
tionsection1.

The detailed carrier acceleration process is dependent on the £,
and the horizontal potential (V,) distributions. The £, and V, of the
WSe, channel and graphene channel in the transistor are illustrated
in Fig. 1c,d. When applying a negative gate-source bias (V) larger
than the sum of the drain-source bias (V) and the threshold voltage
(Vi) in the WSe, transistor (Fig. 1c), for example, | Vs — Vil = |Vl the
entire channel becomes conductive. Given that the conductivity
of the channel decreases from the source to the drain, it can be
observed that |E,| shows an increasing trend in this direction. As the
integral of £, in the channel directioniis V,, it follows that | V,| exhibits
anonlinearincreasing trend.Inagraphene transistor (Fig.1d), the E,
and V, distributions show some differences from the WSe, channel
transistor. In the graphene device, here we apply the same electrical
conditions as Fig. 1c, denoted as |Vgs — Wpiradl = | Vpsl, Where Vi  is the
gate voltage at the lowest drain-source current (/). At this time, E,
increases more slowly, resulting ina quasi-linear V, distribution. This
is because the high-resistance region would not appear in the gra-
phene channel, as has been observed in other reported studies®. The
|E,| value of the graphene transistor in most of the channel region is
greater than that of WSe,, corresponding to better front acceleration
(80% of L,).

To quantify theinjection current of the carriers from channel to gate,
we measured the injection current under different Vs and Vs con-
figurationsinthe WSe, and graphene transistors, asshownin Fig.1e,f.
For the p-type WSe, transistor (Fig. 1e), V,, is determined by the linear
extrapolation method* 2%, When a negative biasis applied to the drain,
as (Vg5 — Vi) becomes more negative, the hole injection currentinitially
increases. This is because a decreasein (Vg5 - V,,) is conducive to gen-
erating more accelerating holes and the enhanced E i jecric Will also

collectthe holes more efficiently. When [V — V;il = | Vgl the hole injec-
tion current reaches a maximum value (Supplementary Fig. 11). The
furtherreductioninthe (V- V,,) willlead to the disappearance of the
high-resistance pinch-off region, quickly decreasing the maximum
value of £, (E,,.,x) and the injection current, which is similar to that of
silicon transistors®.

The Diractransistor shows behaviour that is distinct from that of the
semiconductor transistors. As shownin Fig. 1f, both holes and electrons
canbeefficiently accelerated with either anegative or positive V5. For
the hole acceleration, as (Vg5 — Vpiroo) decreases, the injection current
increases monotonically, because the increasing density of holes leads
tomore hot holes. It should be noted that the graphene transistor has
no high-resistance pinch-off region, which means that (Vg5 — Vpirac)
decreases will not render asignificant reduction of the £, ... Therefore,
the injection current of the graphene transistor shows a monotonic
trend as a function of (Vs — Vp;rac), and has no maximum value at the
[Vas — Vbirad = 1Vps| condition. For the electron acceleration, a similar
monotonic characteristic is observed.

We have also found that the scaling down of the device canimprove
theinjection efficiency (Supplementary Fig.15). InFig.1e,f, the channel
length of the silicon transistor? (L., = 0.8 pm) is slightly shorter than
that of the WSe, transistor (L., =1 um) and the graphene transistor
(L, =1.5um). The injection behaviour of the 2D semiconductor and
Dirac materials is different, but all the 2D material transistors show a
much higher injection current than that of the bulk silicon transistor.

The 2D-enhanced hot-carrier-injection mechanism

To further explore the factors that make the injection efficiency of
2D materials transistors better than that of silicon transistors, we
employed a quasi-2D model*®* for analysis. As Fig. 2a shows, the
structure of this physical model is consistent with that of our fabri-
cated 2D transistor. The x direction is defined as the channel surface
to gate vertically and the y direction is defined as source to drain
horizontally, where the zero point of the x and y axes is the channel
surface and source, respectively. V(y) is the horizontal potential in
thechannel, t,is the channel thickness, E, and E are the vertical and
horizontal electric field in the channel, respectively, Egcecric is the
vertical electricfield inthe dielectric, and E,. and Vi, are the £,and
V(y) at the leading edge of the velocity saturation region. Different
from the triangle pinch-off region in the conventional bulk silicon,
the thin body (¢, > 0) of the 2D material channel results in a square
pinch-offregion, denoted as Gaussian box, and £, only varies with
horizontal position. Furthermore, the value of £, atx= 0 is close to
zero, which allows us to replace %x with the average value given by

X
M. The 2D Poisson equation can be simplified as:
ch

dE,  Eltawd) _p(x,y)

)
dy tch €0€ch

where p(x, y) is the charge density enclosed in the Gaussian box,
&, is the vacuum permittivity and &, is the channel relative permit-
tivity. According to the boundary condition of the electric field,

Elten ) = "4 Eetecuric(tey ), €quation (1) is simplified as

dEy V(y) B VDSsat

E = /12 Ecnldielectriclch (2)

2
, where A“ =
Edielectric

Egielectric 1S the dielectric relative permittivity, £geiecic i the dielec-
tric thickness and A is the effective length of the Gaussian box. It is
noted that Ais also known as scale length®. Given the strong sensitiv-
ity of hot-carrier injection to £, ,,, (ref. 30), we have further applied
the boundary conditions at the leading edge of the Gaussian box:
V(Y) = Vpssaw and E, = E,, and find that |E .| is given by
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Fig.1|Material-dependentbehaviour of hot-carrierinjection. a, Schematic
diagram showing the WSe, transistor with an Sb/Pt contact. The holes flow from
thesourcetothedrain withscattering under E,, withsome of theminjected to
thegate.b, Schematic of the graphene transistor structure. There are more
carriersinthe channel, and both electrons and holes canbe accelerated with
scattering suppressed. ¢, £,and V, distribution of a simulated WSe, transistor
under the |V - Vil = [Vps| condition. V,, denoted as the integral of £, along the
channel, shows anonlinear change from the source to thedrain.d, E,and V,
distribution of asimulated graphene transistor under the sameelectrical
conditionsasinc. Theblackdashedlineisfrom cfor reference. The area of the
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shadow for the two partsinthe £, distribution is equal owing to the identical
applied |Vys|, and V; shows a quasi-linear increase. e, Injection current of the hot
holeinthe WSe, transistor (L., =1um, Sb/Pt contact; blue spheres). Vsis-1.6 V
to-2Vandthestepis-0.1V,frombottomto top.For thesilicon hotelectron
(L,=0.8 um, grey triangles), V;,5is 5.4 Vto 6.2 Vand thestepis 0.4 V (refs. 29,49),
frombottomto top. Theinjection current shows anon-monotonic behaviour.
f,Injection current of hotelectron (red squares) and hole (blue squares) inthe
graphene transistor (L., =1.5 pm, chromium (Cr)/gold (Au) contact; Vpsore iS
-3.45Vto-3.7 Vwithstep of —0.05 Vand Vpseieciron 15 3.7 Vto 4.2 Vwith a of step,
0.1V, frombottomto top). Theinjection current shows amonotonic behaviour.
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transistor (purpleline), WSe, transistor (orange line) and silicon transistor
(black dashed line). d, Maximum injection currents versus |Vj| for WSe,,

2

_ (VDS — VDSsat) Edielectric 2 3

1Ey max] = +F, (3)
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For a detailed theoretical derivation, see Methods. In the silicon
transistors, the previous simulation and experiment (¢, > 50 nm) have
shown a similar relationship® .

Equation (3) shows that ¢, scaling will increase the value of |E, .|,
andFig. 2b furtherreveals the physics of this phenomenon. For atran-
sistor in the ON state, the resistance of the channel increases from
the source to the drain. As the velocity saturation region region has
a higher resistance than the other part of the channel, we define this
region asthe high-resistance region 2, and the other partis defined as
thelow-resistanceregionl.Areductionin,resultsinanincreaseinthe
resistance of the channelbut also increases the gate-control ability. As
the control ability of Vsin region 1is much stronger thanthatinregion
2, the resistance increase of region 1is slowed by the gate generating
new carriers. Because the resistance of region 2 is more sensitive to ¢,
change, areductionintgresultsinafurtherincreaseinthe resistance
inregion 2, leading to anincrease in the voltage drop and £, of region
2.This phenomenonisreferred to as the channel-thickness-modulated
E, distribution effect. Both the Dirac material and semiconductor are
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grapheneandsilicon transistors. Theinjection current of the graphene and
WSe, transistorisup to 60.4 pA pm™at|Vys| =3.7 Vand 8.3 pApm™at| Vs =2.25V,
respectively, whichis much higher than that of silicon transistors (313 fAum™
at|Vysl =6.2V).Itcanbe observed thateven with alower V,, theinjection current
of 2D transistorsis orders of magnitude larger than that of silicon. Furthermore,
thechannelacceleration efficiency of 2D transistors is much higher than that
ofthesilicon transistor. The spheres, boxes and triangles represent different
materials (WSe,, graphene and silicon); red and blue denote electrons and
holes, respectively.

applicable to this effect, and the only difference is that the region 2 of
Dirac graphene is more conductive than that of the semiconductor.

We have further utilized the technology computer-aided design tool
tonumerically calculate and quantify therelationship between |, ..,
and ¢, As Fig. 2c shows, we found that |, .| increases as the channel
thickness decreases, where |E,, ...| = t5*/* in graphene (purple line)
and |E,, .. = tg'> in WSe, (orange line). Although the |E,, | in the
graphene channel is smaller than that in the semiconductor channel,
the graphene channel has better front-acceleration efficiency owing
toits £, distribution morphology. Figure 2c also illustrates that |E,, ..,
in the graphene transistor is more sensitive to thickness alterations
when the material thickness is less than 3 nm. The specific simulation
parameters are detailed in Supplementary Information section 3.
Accordingto the International Roadmap for Devices and Systems, the
silicon thickness limit is around 6 nm in the sub-5-nm node*®, which
limitsits ultimate injection efficiency. Below this thickness, 2D materi-
als are necessary to attain greater |E, .., and realize 2D-HCI.

Here we present acomparison of the maximum injection currentin
2D materials and bulk silicon (Fig. 2d). For WSe, transistors, the peak
currents of the curves in Fig. 1e were selected, whereas, for graphene
transistors, the maximum injection currents at every Viillustratedin
Fig.1fand Supplementary Fig. 14 were chosen. The maximum injection
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Fig.3|Memory performance of the sub-1-ns flash memory. a, Schematic
diagram of the configuration of the GSG probesin conjunction with the flash
device. Inset: acharge-trapping flash structure consisting of acontrol gate, a
memory stack of hBN/HfO,/Al,O; and the graphene channel. b, Transmission
electron microscopy image and elemental mapping image of the sub-1-ns flash
device. Thethicknesses of Al,0;, HfO,,hBN and graphene are 20 nm, 5 nm,

6 nm and bilayer, respectively. Scale bar, 5 nm. c, The 400-ps programming
performance of the device. The test was repeated three times (black and

grey curvesrepresent the original state; red and lightred curvesrepresent the
programmed state). The transfer curves show alarge memory window achieved

current shows a positive correlation with |V,|. A detailed discussion
of the correlation between the injection current and Vs (E,) is pro-
vided in Supplementary Information section 4. The injection current
of thin-body channel transistors increases more quickly with [V,
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programvoltage waveform.d, Modulation of V,;, through varying program
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red curvesrepresentatypical original and programmed state, respectively.
e, Dataretention of the graphene flash memory. The device was measured
atroomtemperature and programmed by V; proc = 3.5V, Vp proc = —6.8 V
(for electrontrapping) and V proc = —1.8 V, V}y proc = 6.6 V (for hole trapping),
800 ps, withsource grounding. f,Endurance test of the device. The device was
programmed using V; proc = Vi proc =4-76 V,20 ns, and V; proc = Vo proc = —4-4 V,
20 ns, respectively, with source grounding.

5.2decV?,3.3decV'and1.5 dec V' forthe graphene transistor, WSe,
transistor and silicon transistor, respectively. Dirac material graphene
shows better injection performance because of its suppressed scatter-
ing effect and high carrier density. The injection current of the graphene
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ourwork, the solid pink squares represent graphene flash (L, = 0.2 pum) with

and WSe, transistorisup to 60.4 pA pm™at| V5| =3.7 Vand 8.3 pA pm™
at|Vpsl =2.25V, respectively, whichis much higher than that of silicon
transistors (21.6 fA pm™at |Vps| =5.4 V; 313 fA um™at | V5| = 6.2 V). Itis
observed that even atalower Vg, theinjection current of 2D materials
is orders of magnitude higher than that of silicon.

Sub-1-ns flash-memory performance

Utilizing the 2D-HCI mechanism, it is anticipated that the flash mem-
ory can break its sub-1-ns program speed bottleneck. The simultane-
ous occurrence of hot-electron and hot-hole channel acceleration in
graphene makes it an ideal material for demonstrating the superior
performance of the mechanism in flash memory. We have fabricated
graphene flash memory based on a hBN/HfO,/Al,0, memory stack.
To deliver sub-1-ns measurement, we used a radio-frequency probe
with a ground-signal-ground (GSG) structure, where the signals are
connected tothegate and drain terminal and the ground to the source
terminal, as shown schematically in Fig. 3a. Two GSG probes are shorted
by the calibration substrate to ensure that the high-speed test system
canshow asub-1-ns program voltage (Vo) waveform (Supplementary
Informationsection 5). Theenlarged part of Fig. 3a depicts the detailed
2D flashstructure, whereinthe carriers caninject through the hBN layer
into the HfO, layer by manipulating the gate program pulse (V; proc) and
drain program pulse (Vp proc)- Figure 3b shows a transmission electron
microscopy image of a typical bilayer graphene device, which shows
that the fabrication process achieves an atomically flat interface in
the heterostructure.

Figure 3c,d shows the performance of the flash memory with the
2D-HCImechanism, exhibiting a program speed that canbreak the 1-ns
bottleneck. When applying V;, proc = —5 V, 400 ps with the grounded gate
and source, the electrons in the channel can quickly achieve enough
energy toinjectinto the HfO, trapping layer by the channel acceleration.
AsFig.3cshows, owing to theimmenseinjection efficiency enabled by
the thin-body channel, there are enough stored electrons to generate

2D-enhanced hot-electroninjection; the solid red and blue squares represent
graphene flash (L., = 0.34 pm) with 2D-enhanced hot-electron and hot-hole
injection, respectively; and the solid sky-blue sphere represents the WSe,
flash (L., = 0.8 pm) with 2D-enhanced hot-hole injection. The voltage
selections of the flash for comparison are: V;; pgoc for flash based onthe FN
tunnelling mechanism, and Vj, proc for this work and silicon hot-electron
program flash.

alarge non-volatile memory window. The inset shows the 400-ps Vprog
waveform captured by the oscilloscope. The test was repeated three
times and shows astable 400-ps response. The relationship betweenthe
memory window and the program speed isillustrated in Fig. 3d. As the
pulse widthisreduced from1nsto400 ps, the memory window under-
goes a corresponding decrease, ranging from 1.8 Vto 0.78 V. The hot
holes canalso support the sub-1-ns program and the detailed sub-1-ns
performance of batches of graphene devices is provided in Supplemen-
tary Information section 6. Using both 2D-enhanced hot-electron and
hot-holeinjection, graphene flash canrealize bidirectional V,, shift with
sub-1-ns speed. In addition, the minimum program time is discussed
in Supplementary Information section 7. We have also demonstrated
that based on the 2D-enhanced hot- hole injection mechanism, WSe,
flash memory shows a program speed up to 1 ns with an ON/OFF ratio
of about 10® (Supplementary Fig. 27).

Figure 3e confirms the non-volatile data retention capacity of the
flash device. The stability of both states was evaluated at room tem-
perature. Transfer curves were measured at different time intervals
and the V,, retention after electron and hole trapping was extracted
to demonstrate that the device remains stable even after 60,000 s.
Linear extrapolation of V,;, indicates that the flash device still has a
large memory window after 10 years at room temperature. The robust
endurance of the flash memory is shown in Fig. 3f. Following a series
of programming cycles, the device can repeatedly switch between
two states and work well within 5.5 x 10° cycles. This robust endur-
ance characteristic benefits from low program voltage and short
accumulated stress time, demonstrating the advancement of the
2D-HCI mechanism. The endurance tests of more devices are pro-
vided in Supplementary Fig. 32. We also provide more experimental
datatosupport the 2D-HCI mechanism (Supplementary Information
section 9). In the future, the use of high-quality chemical-vapour-
deposition materials and large-scale integration process will further
improve the uniformity of our devices and pave the way to practical
applications.
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The benchmark of sub-1-ns flash memory

Figure 4 presents a comparison of the program speed and voltage of
charge-based memory. We can divide it into five areas: silicon flash
based on FN tunnelling®¥, 2D flash based on FN tunnelling” %2238,
silicon flash based on hot-electroninjection®***2, high-speed volatile
memory*™$, and our sub-1-ns 2D flash based on the 2D-HCI mechanism.
Interms oftraditional FN tunnelling flash, the program speed is approxi-
mately 100 ps. Recently, research into 2D ultrafast flash has yielded a
significantincreaseinspeed (10-20 ns), butstill requires relatively high
voltages (15-30 V). Another means forimprovinginjection efficiency is
the hot-carrier programinsilicon flashmemory. The programvoltage is
strongly influenced by L : the smaller L, theless V;, proc required. Nev-
ertheless, the speed of these developmentsis still far behind high-speed
volatile memory, such as SRAM and dynamic random-access memory
(DRAM). The speed of transistor-based volatile memory is also size
dependent, for example, SRAM can achieve a working speed of 1 ns at
the 0.18-pmnode. The utilization of the 2D-HCI mechanism enables the
programming of our non-volatile flash devices at aspeed below1ns. The
grapheneflash (L., = 0.2 pm) operated at V;, ppoc = =5V, 400 ps, and the
WSe, flash (L, = 0.8 pm) worked at V;; proc = Vi prog = —5.7 V, 1 ns. Acom-
parison of the sub-1-ns flash (0.2-0.8 pm) with SRAM (L, = 0.18-1 um)
and DRAM (L, = 0.13-1 um) reveals that the non-volatile flash mem-
ory has outperformed the volatile memory in terms of speed. It is
noteworthy that this sub-1-ns speed breakthrough matches with the
enhanced injection current (Fig. 2d) in the order of magnitude. It
can be reasonably inferred that sub-1-ns 2D flash memory will con-
tinue to demonstrate superior performance with the scaling down of
devices. A comparison between the emerging sub-1-ns non-volatile
memory and sub-1-ns 2D flash memory is provided in Supplementary
Table 4.

Conclusion

On the basis of the atomic thickness of 2D materials, we found a
channel-thickness-modulated E, distribution effect, which is used
toimprove the carrier acceleration efficiency and realize a 2D-HCI
mechanism. We further built 2D graphene flash devices and verified
that the 2D-HCImechanism could lead to 400-ps program speed, which
breaks the sub-1-ns program speed bottleneck of non-volatile memory.
This mechanism shows robust endurance and supports both 2D Dirac
materialand 2D semiconductors, whichindicates the reliability of the
2D-HCImechanism. In the future, itis expected that the performance
ofthe device willbe further advanced by reducing the channellength.
Our findings provide amechanismto achieve sub-1-ns program speed
in flash memory, providing a path to achieve high-speed non-volatile
memory technology.
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Methods

Device fabrication

The bottom control gates (5/15 nm Cr/Au) were patterned by e-beam
lithography with a bilayer photoresist process followed by deposi-
tion of metal by e-beam evaporation on silicon dioxide (300 nm)/
silicon substrates. For the flash memory, following the prepara-
tion of the bottom gates, an Al,O, blocking oxide and an HfO, trap
layer were grown by thermal atomic-layer deposition at 250 °C.
During the atomic-layer-deposition process, trimethylaluminium
and tetrakis(ethylmethylamino)hafnium reacted with water to form
Al, O, and HfO,, respectively. This atomic-layer-deposition process
isnecessary only for flash fabrication. WSe,, graphene and hBN bulk
crystals were purchased from HQ Graphene and the heterostructure
of the 2D materials was prepared using mechanical exfoliation and
adry-transfer approach. The hBN flake was first transferred to the
bottom gate, and then the thin-body material was transferred onto
the hBN flake. The adhesion of the heterostructure on the substrate
was improved by heat annealing for more than 2 hat 200 °C under a
nitrogen atmosphere. Next, drain-source contacts were patterned
by e-beam lithography, and a metal stack (WSe,,10/12 nm Sb/Pt; gra-
phene, 5/60 nm Cr/Au stack) was deposited using e-beam evaporation.
After the standard lift-off approach, devices with the Sb/Pt contact
were annealed by the hot plate in the glove box (200 °C, 2 h) to form
the alloy. To conduct the sub-1-ns flash memory test, metal wires and
pads matched with the radio-frequency probes were patterned by
e-beam lithography, and 5/60 nm Cr/Au was deposited by e-beam
evaporation.

Material characterization

Atomic force microscopy for the devices was measured by a MFP-
3D Origin+ (Asylum Research, Oxford Instruments) system. The
transmission-electron-microscopy-ready sample was prepared using
anin situ focused ion-beam lift-out technique on a Thermo Scientific
Helios Eurofins EAG lab G4 HX or UC Dual Beam focused ion-beam/
scanning electron microscope. The sample was plated with iridium
and capped with electron-beam Pt and ion-beam Pt before milling. The
transmission electron microscopy image was captured withaThermo
Scientific Tecnai F20 transmission electron microscope operated atan
accelerating voltage of 200 kV. Energy-dispersive spectroscopy was
performed on the Super X FEI System under scanning transmission
electron microscopy mode.

Electrical measurements

In this work, the devices were measured at room temperature and
under atmospheric conditions in a probe station (MPI, TS200-SE).
The 2D-HCI mechanism verification under various temperatures
was performed using a Lake Shore vacuum low-temperature probe
station under a vacuum of <10™* mbar. The d.c. signals were gener-
ated using a source measure unit (B1500A, Keysight). The volt-
age pulses (=20 ns) were generated using a semiconductor pulse
generator unit (B1500A, Keysight). The sub-1-ns measurement was
conducted based on our homemade high-speed system (Supplemen-
tary Fig. 19). The waveforms of the voltage pulse were captured by
the oscilloscope (DPO 5204, Tektronix). The electrical test was con-
ducted using a semiconductor device parameter analyser (B1500A,
Keysight).

Theoretical derivation of quasi-2D model

We employed a quasi-2D model with the same structure as our fabri-
cated 2D transistor for analysis. Thex directionis defined as the chan-
nel surface to gate vertically, and the y direction is defined as source
to drain horizontally, where the zero point of the x and y axes is the
channel surface and source, respectively. y, is at the leading edge of
the velocity saturation region, V(y) is the horizontal potential in the

channel, t,is the channel thickness, £, and £, are the vertical and hori-
zontal electric field in the channel, E e ecic i the vertical electric field
in the dielectric, and £, and Vi, are the £, and V(y) at the leading
edge of the velocity saturation region, respectively. To obtain the E,
distribution, itisnecessary to solve Poisson’s equation and the current
transportequationsimultaneously in the velocity saturation region. Itis
expressed as

*V(x,y) . *V(x,y) _p(x,) @)
6x2 6y2 €ofch
where p(x, y)isthe charge enclosed in the Gaussian box, &, is the vacuum
permittivity and €, is the channel relative permittivity. Under the con-
ditions of (1) the thin body (¢, > 0) of the 2D material channel results
in a square pinch-off region, denoted as a Gaussian box, (2) £, only
varies with horizontal position, and (3) the value of E, at x = O is close
to zero, which allows us to replace aai with the average value given by
%:'”, we apply Gauss’ law g
Cl

E4 . Y
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where E gcecuric 1S the electric field in the gate dielectric and &giieceric IS
the dielectric relative permittivity. Differentiating equation (5) with
respect toy, we have
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[Vos— Veg =205~ V()]

tdielectric

Edielectric(tchry) = (7)

where Vg is the gate-source bias, Vg is the flat-band voltage, g is the
surface potential and £ iiecuric iS the dielectric thickness. As the bound-
ary conditions at the leading edge of the Gaussian box: V(y=y,) = Vpsear
and Egieiecyric( Y = Yo) = [Vis = Vi = 205 = Vosaed /Laieteceric: WE Can obtain that

é)'()fj’iv) = fﬁeﬁ(v& = Veg = 290, — Vpssar)- Then equation (6) is simpli-
ledto
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where Ais the effective length of the Gaussian box, also known as the
scalelength. By applying the boundary conditions at the leading edge
of the Gaussian box: V(y =) = Vpss, and E,(y = y,) = E,,, We can write
the V(y) and E,(y) in the Gaussian box as
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and
Y-,
E\(y) = Egye cosh( y 0) (10)
At the drain end of the channel where the field peaks
AL

Ey max = Ey(¥=Yy + AL) = Egy COSh(T] (1m)

and
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where AL is the region that extends from the channel pinch-off point
to the drain. Equations (11) and (12) can be combined to yield
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This equation shows that the £, is highly sensitive to f, scaling.
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