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Supplementary Figures
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Supplementary Figure 1. Fabrication process of vdW heterostructure based
FeFETSs. a, Schematic of the dry transfer process for creating vdW heterostructure. A
2D flake was exfoliated onto a transparent poly-dimethylsiloxane (PDMS) film and
then stamped onto another flake on a SiO2/Si substrate with the aid of a
micromanipulator under an optical microscope. After a slight press and lift-off of the
PDMS, the flake on the PDMS was released, and the vdW heterostructure was achieved.

b, Optical microscope images of a vdW FeFET at different process stages. Scale bars,

5 pm.
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Supplementary Figure 2. AFM characterizations of a vdW heterostructure.

Optical microscope (a) and AFM topography (b) image of the MoSz/h-

BN/graphene/CIPS heterostructure shown in Figure 1c and d, Scale bar, 2 pm. ¢, Height

profiles along the dashed line as indicated in b.
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Supplementary Figure 3. MoS; layer number determination. The layer number (n)
of MoS: is determined through Raman spectroscopy when n < 6. There are two
characteristic Raman modes for MoS:, the in-plane (E'zg) and the out-of-plane (Aig)

vibrational modes with a frequency difference of 4o = 23.5 cm™ indicating a trilayer

MoS2t. AFM was used to determine the layer number of MoS: with n > 6.
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Supplementary Figure 4. Domain area of CIPS. Measured domain area of CIPS on
(red) and out of (blue) graphene. The inset shows the same PFM phase image as in
Figure 1d of the main text. Scale bar, 2 pm. 46 domains were collected from the red
and blue lines enclosed region of PFM phase image, which have the same area. The
averaged domain area of CIPS on graphene (0.063 um?) is ~5 times of that out of

graphene (0.013 um?).
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Supplementary Figure 5. Raw data of Figure 1e and f. DC bias, PFM amplitude,

PFM phase of CIPS sample shown in Figure 1e and f as a function of time.
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Supplementary Figure 6. Ferroelectric polarization switching in CIPS. The PFM
phase images of a CIPS flake before (left) and after (right) writing a square pattern at
the region enclosed by dashed lines with an (a) 7 V and (b) -8 V DC bias. Scale bar, 1

um. Clear reversal of phase contrast confirms the switching of polarization in CIPS.



Supplementary Figure 7. Optical image of a CIPS parallel-plate capacitor. Scale

bar, 5 pm.
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Supplementary Figure 8. Memory performance of vdW FeFETs with different
thickness of CIPS. Off-field PFM amplitude (blue) and phase (red) hysteresis loops on
a (a) 91 nm and (b) 44 nm-thick CIPS flake. Top-gate las—Vig characteristics of the vdwW
FeFET with (c) 97 nm CIPS and (d) 42 nm CIPS. Vgs = 0.5 V. Thinning CIPS results
in a decreased memory window of vdW FeFET due to the reduced coercive voltage and
the improved capacitance matching condition. To achieve a large memory window,
CIPS with the thickness larger than 30 nm was selected as the FeFET ferroelectric
dielectric in this work. Dynamic characteristics of the same vdW FeFET with (e) 97 nm
CIPS and (f) 42 nm CIPS in response to periodic top-gate voltage pulses. lds was probed
with Vas = 0.5 V after applying the gate pulse. Inset shows the periodic pulse mode
applied to the top gate. Stable switching between the program and erase states with a
dynamic P/E ratio greater than 10° are reached for both devices at Vas = 0.5 V and

without any external gate voltage.
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Supplementary Figure 9. Memory performance of the MFS FeFET. (a) Top-gate
las—Vig characteristics of the MFS FeFET, Vas = 0.5 V. Inset: Optical image of the
corresponding FeFET. Scale bar, 5 um. The las—Vig curve of MFS FeFET exhibits an
anticlockwise hysteresis loop with a very small memory window (< 0.2 V) at the
negative gate voltage region. (b) Dynamic characteristics (bottom) of the same device
in response to periodic top-gate voltage pulses (top). las was probed with Vgs = 0.5 V

and Vi = -1.5 V after applying the gate pulse and no memory effect is observed.
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Supplementary Figure 10. Sub-60 mV dec switch in vdW FeFETSs. a, The las—Vig
characteristics of a vdW FeFET with a 66 nm CIPS and five-layer MoSz. b, The SS
versus ldgs characteristics extracted from the las—Vog curves in a. The vdW FeFET
exhibits sub-60 mV dec? switch for both the forward and reverse sweep, with a

minimum SS of 17 mV dec™ for the forward sweep and 53 mV dec™ for the reverse

sweep.
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Supplementary Figure 11. The l4s—Vyy characteristics of the same device as in
Figure 2f. The device has a bilayer MoSz channel and a 39-nm-thick CIPS layer. The
device shows an MW of ~2.9 V and P/E current ratio of >107. A coercive voltage of

~1.2 V is determined from the reverse sweep of the ldss—Vig curve.

13



AV b V,
tg tg
Program 1 Program N Reset Reset
Read Read Read Read
Read Read Read Read
Reset Reset fime Erase 1 Erase N time

Supplementary Figure 12. The Vi pulse sequence used to measure the writing
speed. a, Vig waveform scheme for varying program pulse width. b, Vig waveform

scheme for varying erase pulse width.

14



3 3
g'loz'la . o © %\102] L °
E,10 1 o ® E,10 1 o ®
5101 , ° S 10'4 .
= 10°] o = 10°{ e
M T S e
10" = T 10"
NS
1 1
< 10°1 &;10'3]
10 10°; 1
1 1
107 T R ' 11
0 100 200 300 400 0 100 200 300 400
Time (s) Time (s)

Supplementary Figure 13. Writing speed test at Vi = 2 V. Time-dependent lgs at
different program (a) and erase (b) voltage pulse widths with a pulse amplitude of 2 V.
The upper plot corresponds to the pulse width. lss was recorded at Vas = 0.5 V for 20 s
after each program or erase pulse. Prior to each program or erase pulse, the FeFET was
reset into an erase or program state by applying an initialization pulse of —2 VV/1s or +2

V/1 s, respectively.
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Supplementary Figure 14. Writing speed test at Vi = 5 V. Time-dependent lgs at
different program (a) and erase (b) voltage pulse widths with a pulse amplitude of 5 V.
The upper plot corresponds to the pulse width. lss was recorded at Vgs = 0.5 V for 20 s
after each program or erase pulse. Prior to each program or erase pulse, the FeFET is
reset into an erase or program state by applying an initialization pulse of =5 V/800 pus

or +5V/800 ps, respectively.
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Supplementary Figure 15. Writing speed test at Vi = 8 V. Time-dependent lgs at
different program (a) and erase (b) voltage pulse widths with a pulse amplitude of 8 V.
The upper plot corresponds to the pulse width. lss was recorded at Vgs = 0.5 V for 20 s
after each program or erase pulse. Prior to each program or erase pulse, the FeFET is
reset into an erase or program state by applying an initialization pulse of =8 V/80 us or

+8 V/80 ps, respectively.
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Supplementary Figure 16. Writing speed test at Vi = 10 V. Time-dependent lds at
different program (a) and erase (b) voltage pulse widths with a pulse amplitude of 10
V. The upper plot corresponds to the pulse width. lss was recorded at Vas = 0.5 V for 20
s after each program or erase pulse. Prior to each program or erase pulse, the FeFET is
reset into an erase or program state by applying an initialization pulse of =10 V/13 ps

or +10 V/13 ps, respectively.
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Supplementary Figure 17. Vi pulse sequence used to measure P/E voltage. a, Vig

waveform scheme for varying program pulse amplitudes with the pulse width fixed. b,

Vig waveform scheme for varying erase pulse amplitudes with the pulse width fixed.
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Supplementary Figure 18. The P/E voltage test. Time-dependent lgs at different
program (a) and erase (b) voltage pulse amplitudes with a pulse width of 13 ps. The
upper plot corresponds to the pulse amplitude. lss was recorded at Vas = 0.5V for 20 s
after each program or erase pulse. Prior to each program or erase pulse, the FeFET was
reset into an erase or program state by applying an initialization pulse of =10 V/13 pus

or +10 V/13 ps, respectively.
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Supplementary Figure 19. Polarization switching with a 100 ns single pulse. The
time response of a vdW FeFET with a single voltage pulse of 10 /100 ns. A clear lgs
transition from the off to on state with the current ration over 10° was observed,

indicating sub-100 ns response time of the vdW FeFET.
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CCIPS

Supplementary Figure 20. Equivalent capacitor network of a vdW FeFET. The
gate stack of a vdW FeFET is modeled by a ferroelectric capacitance (Ccips) in series
with the dielectric capacitance (Cn-sn) and semiconductor capacitance (Cwmos2). Cis is
used to represent the series combination of Ch-sn and Cwmos2. The applying of a gate

voltage Vig induces a polarization P in CIPS and a voltage drop Vis across Cis.
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Supplementary Tables

Ferroelectric Pr (uClecm?) | ¢ Ec (kV/cm) | Niap (cm2)
P(VDF-TIFE)?® | 6-13 15 570 6>x10'2-1.8x<10"
SBT?® 8-10 150 90 4x10%2-1x10"3
pPZT?® 30-50 200 31 2.5x101%4.6x<10%
HfO2%*° 1045 30 1000 3x10%-1.1x10%
CIpsto-?e 254 40 330 5x10°-2>10%

Supplementary Table 1. Parameters for the calculation of FeFET retention time.
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Supplementary Notes

Supplementary Note 1: Writing speed and voltage test
The writing speed and voltage of a vdW FeFET were estimated by examining the
switching transition characteristics at various gate pulses. A signal generator connected
to the top-gate electrode was used to apply the voltage pulse, and a semiconductor
parameter analyzer connected to the source and drain electrodes was used to probe the
time response of the drain current. Supplementary Figure 12 shows the top-gate
voltage pulse sequences applied during the program and erase speed measurements.
Prior to each program pulse, the device was set into an erase state with a negative
initialization pulse. The program pulse width was varied at each program voltage. lds
was recorded at Vs = 0.5 V for 20 s with a sampling interval of 40 ms after applying
each reset and program pulse. Conversely, las was recorded after applying the erase and
positive reset pulses for determining the erase speed. Supplementary Figures 13 to 16
show the las-time characteristics at the various program and erase pulses of the same
device shown in Figure 4. lass measured after each program (erase) pulse was then
plotted as a function of the pulse width with lss collected after each reset operation but
prior to the program (erase) operation as the reference, which is shown in Figure 4a (b).
The writing voltage of the vdW FeFET was also examined by varying the pulse
amplitude at a fixed pulse width of 13 us. Supplementary Figure 17 shows the gate
voltage pulse sequences applied during the writing voltage measurements. ldss was
probed at Vas = 0.5 V for 20 s with a sampling interval of 40 ms after applying each

reset and writing pulse. lgs as a function of the pulse amplitude, as shown in Figure 4e,
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for determining the writing voltage was then extracted from Supplementary Figure

18.

Supplementary Note 2: Depolarization field in a vdW FeFET
The top-gate stack of the vdW FeFET is described with a ferroelectric capacitor in series
with a 2D MoS2 FET. The equivalent capacitance model is shown in Supplementary
Figure 20, with Ccips, the ferroelectric capacitance; Ch-sn, the dielectric capacitance;
and Cwmos, the channel capacitance. The charge density of the CIPS capacitor (Qcips)
consists of a spontaneous polarization charge (P), and a paraelectric charge (Qp)*®
which is written as
Qcips = P +Qp = P + CerpsVerps
where Ccips is the linear capacitance of CIPS, and Vcies is the voltage drop across the
CIPS capacitor when a top-gate voltage (Vi) is applied. When Vig goes to 0, one has
Vig = Veips + Qis/Cis = 0
where Qis is the charge density of the underline MIS capacitor, and Cis is its capacitance
and is expressed as
Cis = ChogNCrmos,/(Ch_pn + Cyos,)-

Considering Q;s = Q¢;ps, We obtain

PCis

Qcips = 77—
Cis + Cerps

so the depolarization field, or field in the ferroelectric CIPS, can be obtained by

_ VCIPS — QCIPS - P

Eq = —P[ecips(Crs/Cerps + D] 71

tcips Ecips

where tcips and cips are the thickness and dielectric constant of CIPS, respectively. The
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negative sign in the above equation denotes that the depolarization field opposes the

ferroelectric polarization.

Supplementary Note 3: Calculation of the retention time of a FeFET
As discussed in the main text, the retention loss is attributed to the depolarization field
and charge trapping. When the retention time t—oo0, total polarization that survives
from back switching induced by the depolarization field (Ed) is expressed as*’

Eq

P =P.(1—exp(—75)

Eq
where Pris the remnant polarization, Ea is the activation field for polarization switching,
and it is the same order of magnitude with a coercive field (Ec). Charges trapped in the
gate dielectric stack also lead to a gradually diminished effect of polarization. The
polarization loss per second due to charge trapping is estimated to be8

AP % 0] Ny qp

where o is the effective trap capture cross section, J is the leakage current density, and
Nirap IS the trap density. Considering the contribution from both of the two mechanisms,

the retention time of FeFET memory is estimated to be

P(1 - exp(—£9)

t =~
a/N, trap

The thickness of the ferroelectric layer is 50 nm for all FeFETs. The insulating
layer for vdW FeFET is a 5-nm-thick h-BN, and for other FeFETSs it is a 5-nm-thick
SiOz. The same leakage current density J =108 A/cm? and capture cross section 6=10-
18 cm? were used to calculate retention time for all devices. Other parameters were

obtained from the literature, as shown in Supplementary Table 1.
26
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