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actuators, [ 20 ]  sensors, [ 21 ]  and microwave circuits. [ 22 ]  It is, there-
fore, desirable that these properties missing in TMDs be 
complemented by interfacing the 2D TMDs with such func-
tional materials, forming a synergistic system to offer new 
functionalities that neither of the two components alone can 
do. For example, the ferroelectric fi eld-effect transistor (FeFET), 
in which the gate dielectric in a conventional FET is replaced 
with a FE fi lm, has been considered as a potential candidate for 
future memory. [ 17,18,23–25 ]  The advantage of this FET-type FeRAM 
cells is that their readout operation is nondestructive, unlike the 
capacitor-type FeRAMs that are destructive reads and thus need 
to be re-written after every readout process. However, memory 
stability and integration density of FeFETs need to be much 
improved to become a competitive memory technology. The 
memory instability is caused by depolarization fi eld weakening 
the FE polarization, as well as interdiffusion of ions and chem-
ical reaction across the semiconductor/FE interface that occurs 
when the FE fi lm undergoes high-temperature annealing. To 
circumvent the chemical instability issue, dielectric buffer layers 
such as SiO 2  and HfO 2  are generally inserted into the interface, 
but they bring about additional issues such as deterioration of 
electrical breakdown strength and memory retention. 

 In addition to expected benefi ts in terms of size scaling, the 
2D/FeFET structure where a 2D TMD layer is employed as a 
semiconductor channel in FeFETs have two major advantages 
over existing thin-fi lm FeFET memories that use conventional 
semiconductor channels. First, the van der Waals (vdW) inter-
face in the TMD/FE heterostructures largely eliminates the 
interfacial issues. Secondly, the ultra-thin thickness of the 2D 
TMD channel would facilitate accumulation of compensating 
charges to screen the polarization in the FE, effectively sup-
pressing the depolarization fi eld. [ 26,27 ]  Previously, 2D/FeFETs 
have been demonstrated based on 2D MoS 2  as well as black 
phosphorous coated with organic FE fi lms, respectively, and 
further CMOS memory circuits have been also constructed 
combining the two elements by Lee et al. [ 28,29 ]  Using the sim-
ilar structures of few-layer MoS 2 /organic FE, high performance 
photodetectors have been lately developed by Wang et al. [ 30 ]  
However, the applicability of organic FeFET is hampered by 
slow dipole dynamics, high operation voltage, and low mechan-
ical and thermal durability in comparison to its inorganic 
counterparts. [ 28,29,31 ]  Recently, a couple of groups have investi-
gated inorganic FeFETs interfacing 2D MoS 2  n-type channels 
with Pb[Zr  x  Ti 1−   x  ]O 3  fi lms, but the device performance still falls 
short of those of thin-fi lm-based FeFETs, especially in terms of 
switching speed, and the underlying mechanisms of memory 
operation across 2D/FE interfaces were poorly understood. [ 32,33 ]  

  Synergy between materials of dissimilar dimensionalities and 
functionalities may lead to new properties and device appli-
cations. By virtue of extremely high area-to-volume ratio and 
susceptibility to external stimulus, atomically thin, nearly 2D 
materials are suitable for constituting planar heterostructures by 
coupling with other 2D counterparts [ 1–5 ]  or different dimensional 
structures including 1D nanowires [ 6 ]  and 3D, thick fi lms. [ 7 ]  The 
recent boost of interest in semiconducting layered transition-
metal dichalcogenides (TMDs) originates from their exotic char-
acteristics in the monolayer limit, such as indirect-to-direct band 
gap transition, [ 8 ]  valley-dependent polarization, [ 9 ]  tightly bound 
excitonic states, [ 10 ]  and piezoelectricity. [ 11 ]  Besides fundamental 
studies, various applications have also been demonstrated, 
ranging from conventional fi eld-effect transistors (FETs) to more 
advanced structures for potentially overcoming the scaling limit 
of current complementary metal-oxide-seimiconductor (CMOS) 
technology or achieving mechanically fl exible devices. [ 1,12–16 ]  
However, there are still a variety of functionalities found in 
other, bulk functional materials but not in 2D TMDs. 

 Ferroelectric (FE) materials, in which spontaneous polariza-
tion exists and can be reversed with the application of electric 
fi elds, are of great interest for a wide range of applications, 
such as ferroelectric random access memory (FeRAM), [ 17–19 ]  

Adv. Mater. 2016, 28, 2923–2930

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201504779


2924 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N Additionally, it is noteworthy that only MoS 2  has been used for 

the 2D TMD memories, despite the existence of a large variety 
of members in the TMD family. [ 1,15,16,28,30,32–34 ]  

 In this work, we demonstrate nonvolatile memory (NVM) 
devices adopting mono- to few-layer TMDs (WSe 2  for p-type 
and MoS 2  for n-type) as the channels and epitaxial PZT 
(Pb[Zr 0.2 Ti 0.8 ]O 3 ) thin fi lms as the FE layers. Using pulsed 
voltage waves with duration and ramping time scales down to 
1 ms and 10 µs, respectively, much faster memory switching has 
been achieved in our solid-state 2D memories in comparison 
to previous 2D FeFETs that are mostly operated with organic 
FE. In addition, employing monolayer/FeFET structures, a 
nonvolatile optical memory effect has been realized, in which 
the photoluminescence (PL) intensity can be controlled revers-
ibly via the FE gating, closely pertaining to understanding the 
mechanisms of FE effect on 2D TMDs. Moreover, the excellent 
stability of optical memory under long-term FE gating indi-
cates that the limit of memory retention of FeFETs imposed by 
depolarization fi elds can be overcome by adopting 2D channels. 

Considering recent developments in TMD growth, such as that 
by Nguyen et al. demonstrating CVD growth of monolayer 
MoS 2  on LiNbO 3  FE single crystals, our approach may open 
a pathway to 2D/FeFET memory devices with superior perfor-
mance and scalable fabrication. [ 35,36 ]  

 Highly crystalline PZT thin fi lms were prepared by pulsed 
laser deposition (PLD) on (001) SrTiO 3  (STO) substrates. A 
conductive SrRuO 3  (SRO) layer was deposited on the STO sub-
strate prior to the PZT deposition (see Experimental Section). 
The quality of the PZT fi lms was verifi ed by X-ray diffraction 
(XRD), polarization versus electric fi eld ( P – E ) characterization, 
and piezo force microscopy (PFM) (Figure S1, Supporting Infor-
mation). The  P – E  loops show that the PZT fi lms used in this 
work undergo sharp FE switching during the poling process, 
with a remnant polarization of ≈60 µC cm −2  (Figure S1b, Sup-
porting Information). By mechanical exfoliation and wet transfer 
method, mono- to few-layer crystalline TMD sheets were 
affi xed fi rmly to the PZT surface, forming a vdW interface that 
plays the key role in the 2D/FeFET memory.  Figure    1  a shows 
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 Figure 1.    Device geometry and Raman and photoluminescence spectra. a) Device schematic of the 2D TMD/PZT heterostructure with a circuit diagram 
for the back-gating experiment. b) Optical image of a typical device fabricated with a 3L-WSe 2  channel layer and metal electrodes on PZT. c) Height 
profi le given by contact-mode AFM along the red line in (b), validating the layer number of the WSe 2  channel. d and e) are PL spectra of WSe 2  and 
MoS 2  transferred onto PZT with various number of layers. Note that the PL intensity of 1L-WSe 2  in (d) is divided by 35. f,g) Raman spectra of the same 
sets of WSe 2 /PZT and MoS 2 /PZT samples measured in (d) and (e).
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schematically device geometry of the 2D/PZT/SRO/STO along 
with an electric circuit for back-gating measurements. The metal 
lines and the conductive SRO layer were used as the top source/
drain electrodes and the bottom gate terminal, respectively.  

 An optical microscopy image of a representative device is 
displayed in Figure  1 b. As in the case of the three-layer (3L)-
WSe 2  channel shown in Figure  1 c, the thickness of the 2D 
layers was confi rmed by scanning with contact-mode atomic 
force microscopy (AFM). Figure  1 d–g summarize sets of PL 
and Raman spectra measured from WSe 2  and MoS 2  fl akes of 
various thicknesses from mono- to few layers on the PZT fi lms 
that were used in this study. The thickness-dependent PL and 
Raman characteristics are consistent with those measured from 
TMD layers on SiO 2  surface, implying that they are not struc-
turally strained or signifi cantly damaged during the fabrication 
process. [ 37–39 ]  

 Both p- and n-channel FeFETs were constructed using mono- 
or few-layer WSe 2  and MoS 2  as the p- and n-type channels, 
respectively, as illustrated in Figure  1 a. All electrical measure-
ments were conducted under ambient conditions.  Figure    2  a,b 
shows hysteresis loops of drain current versus gate voltage 
( I  D – V  G ) measured from typical FeFETs based on 3L-channels. 
The on–off ratio was measured to be ≈10 4  at zero  V  G  and in 
the case of WSe 2 -based FeFET, can be enhanced up to ≈10 5  by 
applying a positive  V  G  during the reading process, comparable 
to state-of-art FeFET devices. [ 18,19 ]  The coercive voltages ( V  C ) 
of ≈±2.5 V (coercive electric fi elds ≈±5 MV m −1 ) are consistent 

with those of the  P – E  loop (Figure S1b, Supporting Informa-
tion). The fact that the coercive fi eld becomes smaller at lower 
frequency and much lower than previously reported 2D/FeFET 
devices (8–20 V) may be due to high dielectric constant (≈200) 
and epitaxial quality of PZT fi lms used in this study. [ 29,30,33,40–43 ]  
A slight shift of the  I  D – V  G  curves to the negative  V  G  with 
respect to  P – E  loops was observed due to the infl uence of 
source–drain voltage ( V  SD ). It is a well-known feature of FE 
switching that the direction of the hysteresis loops is opposite 
to those of general FET hysteresis curves. [ 17,18,33 ]  As a com-
parison, depletion-type FET curves acquired from both p-type 
and n-type 3L-TMD/PZT, in which  V  G  varies below  V  C  were 
also included in Figure  2 a,b. It is notable that due to the high 
dielectric constant of PZT, the FeFET devices, even when oper-
ated in the regular FET mode, can be turned on at much lower 
 V  G  than those FETs using SiO 2  or high-k dielectrics as the 
gate oxide; this low threshold  V  G  is advantageous for reducing 
power consumption of electronics. [ 12,14,44 ]  The noise of  I  D  
during the poling process is likely due to the multi-step polari-
zation originating from the structural and chemical inhomoge-
neities of the PZT fi lm, and can be suppressed by improving 
the quality of PZT and reducing the fi lm thickness to facilitate 
concurrent poling.  

 The simple model for the FeFET operation illustrated in 
Figure  2 c explains how the channel current can be modulated 
by the FE gating. Consider p-channel fi rst, where positively 
charged holes are the majority transport carriers. When a 
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 Figure 2.    Ferroelectric fi eld-effect transistor characteristics and memory retention. Hysteresis loops of  I  D – V  G , measured from representative FeFET 
devices based on a) p-type 3L-WSe 2  and b) n-type 3L-MoS 2  channels. Regular FET behavior of each device is also shown by limiting the  V  G  below the 
FE poling fi elds (dashed lines). The insets are  I  D – V  SD , curves obtained in up-polarized (P ↑ ) and down-polarized (P ↓ ) states at  V  G  = 0. c) Schematic 
diagrams of FE gating operation in the FeFET device. d) Retention test performed on two different devices of 3L-WSe 2 , one stored and measured at 
 V  SD  = 0.1 V in the ambient, and the other kept in dry N 2  between measurements and measured at  V  SD  = 0.1 V in air.
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positive  V  G  is applied to the SRO bottom gate exceeding  V  C , 
the electric dipoles in the PZT fi lm are up-polarized (P ↑ ) toward 
the channel layer and hence, the top surface of the FE layer 
is positively charged. Consequently, the 2D channel is nega-
tively charged and depleted of holes, resulting in an increase 
in the channel resistance. On the contrary, when the FE fi lm 
is down-polarized (P ↓ ) by applying a bias more negative than 
− V  C , the hole density of 2D channel is accumulated, leading 
to an increase in the channel conduction. In the case of n-type 
channel with free electrons as the majority carriers, the channel 
resistance is modulated in the opposite way. Also, as shown 
in the insets of Figure  2 a,b, the  I  D – V  SD  plots were recorded in 
the two polarization states at zero  V  G , verifying the FE-gating 
modulation of the channel conduction. More than 20 devices 
of different channel thicknesses in the range of 2L to 6L were 
fabricated and tested, as summarized in Figure S2 in the Sup-
porting Information. Furthermore, the fi eld-effect mobilities of 
the representative 3L-TMD channels on PZT were also analyzed 
and found to vary by 2–3 orders in magnitude by the FE gate. 
The carrier mobility of 3L-WSe 2  was estimated to be ≈5.67 and 
≈0.04 cm 2  V −1  s −1  in the P ↓  and P ↑  states, respectively. On the 
contrary, in 3L-MoS 2 , the carrier mobility is lower in the state 
P ↓  (≈0.03 cm 2  V −1  s −1 ) than the P ↑  state (≈23.3 cm 2  V −1  s −1 ). It is 
clear that both the density and mobility of majority carriers play 
an essential role in controlling the channel conduction with FE 
gating. 

 Memory retention tests were also carried out on the 3L-WSe 2  
device in Figure  2 d. The ratio of channel current in the on-state 
(P ↓ ) to OFF-state (P ↑ ) at zero  V  G  is initially ≈10 4 ; in ambient 
air, it undergoes a reduction in the fi rst ≈1.5 h, but stabilizes 
at ≈10 2  for at least 2 × 10 4  s, as can be seen in Figure  2 d. 
Another 3L-WSe 2  device of a similar on–off ratio was stored in 
dry N 2  between measurements, and shows a much improved 
memory stability maintaining almost the initial on–off ratio 
over 2 × 10 4  s, superior to those of previous 2D/FeFETs, con-
sidering that the on–off ratio can be further enhanced under a 
proper reading  V  G  lower than  V  C . [ 28,29,32,33 ]  The environmental 
effect implies that rather than self-depolarization of FE fi lms 
which is the main factor causing data loss in conventional thin-
fi lm FeFETs, the main reason for the memory instability arises 
probably from interaction of the 2D channel with the ambient, 
most likely water molecules. [ 45 ]  Therefore, it is expected that the 
memory retention can be further improved by passivating the 
2D material surface with chemically inert layers, such as few-
layer boron nitride. [ 5 ]  To test this hypothesis, Figure 4h shows 
the PL intensity of a monolayer MoS 2  channel in the P ↓  and P ↑  
states, where the PL intensity ratio lasts without much decay 
for over 10 d. This is an evidence of the memory retention time 
exceeding ≈10 d, as will be discussed in a later section. 

 To investigate the switching and relaxation dynamics,  I  D  was 
measured in the 2D FeFETs under periodic poling waves with 
pulsed voltages.  Figure    3  a presents three representative  I  D –time 
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 Figure 3.    Switching operation of a ferroelectric fi eld-effect transistor device. a) On a FeFET device based on a 3L-WSe 2  channel, three representative  I  D  
versus time curves of on and off states were measured between the successive FE polings with different sets of voltage pulse parameters: peak voltage 
( V  P ), width ( t  w ), and edge ( t  e ) as defi ned in the inset diagram. b) A series of relaxation curves obtained from the 3L-WSe 2  device immediately after 
pulsed gating at on (down-polarized, P ↓ ) states and following off (up-polarized, P ↑ ) states at various  t  w  and  t  e  in the ranges of 0.5 s–1 ms and 25 ms–10 µs, 
respectively. c) Average on–off current ratios of more than fi ve cycles as a function of  t  w  with error bars of standard deviation. On–off ratio of each cycle 
is calculated from averaging current over 5 s after 5 s post-switching relaxation. The inset shows the data reliability test by monitoring on–off current 
ratio under repeated switching cycles with the pulse of 0.5 s width. Note that for all characterizations on the 3L-WSe 2  FeFET with the pulsed waves, 
 V  SD  and the read time between pulse voltage applications were fi xed at 0.25 V and 30 s.  V  P  was set as −4.0 V (on state) and +3.0 V (off state) only for the 
voltage pulse whose  t  w  is 1 or 0.5 s, while −5.0 V (on state) and +4.0 V (off state) for the other pulses.
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plots recorded from a p-type 3L-WSe 2  channel with three sets 
of pulse parameters of pulse voltage ( V  P ), width ( t  w ), and edge 
( t  e ). Similar successive poling measurements based on slow 
switching with triangular voltage waves were also performed 
on both p-type and n-type channels of various thickness from 
2L to 6L (Figure S3, Supporting Information). The on and off 
currents were observed to follow the trend of the quasi-static 
FeFET operation (Figure  2 a,b). To examine the dependence 
of current relaxation on  t  w , the 3L-WSe 2  device was charac-
terized during the read time of 30 s at both on- and off-states 
after applying pulsed voltages of variable  t  w  (0.5 s–1 ms) and  t  e  
(25 ms–10 µs), as summarized in Figure  3 b. The initial relaxa-
tion of  I  D  versus time becomes clearer as  t  w  decreases in the 
both states (Figure  3 b and Figure S3e, Supporting Informa-
tion). The charging and discharging relaxation is likely due to 
the non-negligible contact resistance of the 2D channel/metal 
interface that causes the RC delay in conjunction with the 
capacitance of the PZT fi lm. Therefore, the switching perfor-
mance may be further improved by optimizing device fabrica-
tion and contacts annealing. As displayed in Figure  3 c, the on–
off ratio is observed to decrease monotonically with increasing 
switching speed, particularly when  t  w  is shorter than 0.5 s; this 
implies that there exists a delay in the response of domain wall 
to external fi elds, possibly caused by structural inhomogenei-
ties and defects in PZT fi lms. [ 43,46 ]  However, it should be noted 
that the on–off current ratio stays higher than two orders of 
magnitude even under high speed switching with pulses whose 
 t  w  and  t  e  are as short as 5 ms and 50 µs, respectively. Such a 
time scale of memory switching demonstrated here is much 
faster than previous 2D/FeFETs, including state-of-the-art 2D/
organic FE memories where the poling time is in the order of 

1 s. This result implies that inorganic FE would be more suit-
able for high-speed memory applications. [ 28,29 ]   

 As a further reliability test, the data endurance was also 
monitored under successive FE poling cycles by pulsed volt-
ages with  t  w  and  t  e  set as 0.5 s and 50 ms, respectively. The 
3L-WSe 2  channel shows good sustainability under over 400 
cycles switching operation as shown in the inset of Figure  3 c. 
The stability of thicker channels of 4L to 6L were also tested 
and summarized in Figure S3f in the Supporting Information. 

 Some layered TMDs, including MoS 2  and WSe 2 , have direct 
band gaps in the monolayer limit that offer high quantum 
yield of radiative exciton recombination, leading to effi cient PL 
emission. [ 8,38 ]  More interestingly, the PL characteristics, such 
as intensity and peak position, are strongly infl uenced by the 
bound states of electrons and holes. [ 37 ]  The photoexcited elec-
trons and holes can form either excitons (e–h pairs) or trions 
(e–e–h or e–h–h) even at room temperature, and accordingly, 
can be switched between exciton and trion emissions by con-
trolling the free carrier type and density via external stimuli, 
such as electrostatic gating, physical adsorption, chemical 
doping, etc. [ 37,47,48 ]  In addition to the electrical NVM, it is natu-
rally expected that the PL of the channels can be also ferroelec-
trically modulated if monolayers are used as the 2D channels. 

  Figure    4  a,b is optical and AFM images taken from a MoS 2  
monolayer fl ake that is connected with a metal contact for back-
gating through the PZT layer. The PL intensity (spectrally inte-
grated) mapping taken on the monolayer fl ake after FE poling 
toward the two opposite states is depicted in Figure  4 c,d. It is 
clearly seen that the PL intensity is altered signifi cantly from 
the bright, P ↓  state, to the dark, P ↑  state; this occurs near the 
metal electrode, implying that the PZT switching is not limited 
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 Figure 4.    Nonvolatile photoluminescence modulation of MoS 2  monolayer by ferroelectric switching. a) Optical microscopy image and b) topographical 
map with contact-mode AFM taken from the same MoS 2  monolayer fl ake on PZT. Also, the inset of (b) shows the AFM height profi le scanned from 
the green line, verifying the thickness of monolayer. c and d) are the maps of integrated PL intensity under down- (P ↓ ) and up-polarized (P ↑ ) states, 
respectively. e,f) PL (e) and Raman (f) spectra measured from the MoS 2  monolayer at both polarization states from the circle indicated in (a). PL 
and Raman spectra recorded from the bare PZT surface are also exhibited as a background reference. g) Variation of integrated PL intensities under 
multiple FE poling cycles, attributed to exciton and trion transitions obtained from fi tting the PL spectra with two Lorentzian peaks. h) The stability of 
the ferroelectrically tuned PL was tested over 10 d using a 1L-MoS 2  FeFET stored in dry N 2  between PL acquisitions performed in ambient condition.
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laterally by a distance up to ≈1 µm from the electrode. More 
importantly, it is found that such lateral spreading of PZT 
polarization occurs only beneath the 2D TMD layer, not on the 
exposed PZT layer, as shown in Figure S4 in the Supporting 
Information where the switched FE domain is imaged with 
PFM. These results show that the spreading of PZT polariza-
tion is not directly by the fringing fi eld from the top electrode, 
but by the 2D TMD layer that functions as a conductive pad 
to enhance the fringing fi eld to pole the PZT layer underneath 
and therefore, for an effective operation of FE gating, the 
channel length should be within the scale of spreading.  

 As shown in Figure  4 e, PL spectra were taken from the 
same spot (circle in Figure  4 a) of the monolayer in the two 
polarization states, and the PL peak height was enhanced by 
≈700% when switching from the P ↑  state to the P ↓  state. This 
is consistent with the fact that the emission switches from 
negative trion recombination to exciton recombination as the 
initially n-type MoS 2  is depleted with electrons under the P ↓  
state. As seen in Figure  4 f, the Raman spectra show no sig-
nifi cant difference between the two states. Considering that 
the phonon vibration modes of 1L-MoS 2  is quite sensitive to 
the external stress, the nearly identical Raman is consistent 
with the absence of stress difference, as the tetragonal PZT 
fi lm is symmetrically polarized along  c -axis in the two states, 
and would apply the same type and degree of stress, if any, to 
the MoS 2  monolayer. A series of PL spectra were measured 
at the same spot on the fl ake under multiple consecutive FE 
switching cycles, and confi rm that such nonvolatile PL modula-
tion is reversible (Figure  4 g). By fi tting to the PL spectra with 
two Lorentzian peaks, the contributions of excitons and trions 
can be de-convoluted with PL peak positions at ≈1.89 and 
≈1.86 eV, respectively. The exciton emission is shown to be sen-
sitive to the external gating while the trion emission is not, in 
agreement with previous reports on PL behavior of 1L-MoS 2  
under electrostatic gating. [ 38 ]  As summarized in Figure S5 in 
the Supporting Information, the ferroelectrically tuned optical 

emission was also observed on the p-type counterpart, 1L-WSe 2  
FeFETs. 

 The stability of ferroelectrically modulated optical memory 
effect was probed using another 1L-MoS 2  device by tracking the 
integrated PL intensity of the same region in both polarization 
states. The device was stored in dry N 2  and exposed to air only 
during the PL measurements. As shown in Figure  4 h, the PL 
intensities for both states are stable over up to 10 d, implying 
that the 2D/FeFET devices are potentially superior in data 
retention over contemporary FeFET devices constructed with 
thick semiconductor channels that typically show much data 
loss within similar period of time. [ 49 ]  

 What follows is a discussion on the fundamental advantage 
of the 2D/FeFET memories over conventional Si-based FeFETs. 
This can be analyzed in terms of the depolarization fi eld,  E  D , 
built up in the opposing direction to the FE polarization, as 
depicted in  Figure    5  a. Unless compensating charges of opposite 
signs are accumulated in the vicinity of the FE to fully screen 
the polarization charges, such as in the case of metal–FE–metal 
capacitors (Figure  5 b),  E  D  would exist which tends to suppress 
the spontaneous polarization. [ 26,27 ]  Generally, in the FeFET 
structure, one side of the FE fi lm is in contact with a semicon-
ductor channel as opposed to a metal, and hence the  E  D  cannot 
be completely eliminated, thus limiting the memory retention. 
In this case,  E  D  is given by  E  D  =  P /[ ε  0  ε  f (( C  S / C  f ) + 1)] in absence 
of external fi elds, where  P ,  ε  f , and  C  f  represent the polarization, 
the dielectric constant, and the capacitance of the FE, respec-
tively, and  C  S  is the capacitance of the semiconductor part. 
This  E  D  is equal to  E  D0 /(( C  S / C  f ) + 1), while  E  D0  =  P /( ε  0  ε  f ) is the 
maximum  E  D  which occurs in the case of no charge screening 
(Figure  5 a). Therefore,  C  S  is critically important to eliminate  E  D .  

 The  E  D  values were calculated for 2D/FeFETs incorporating 
WSe 2  or MoS 2  channels as a function of the number of layers 
in comparison to Si-channel FeFET devices. [ 50 ]  For the Si-based 
devices, the Si thickness was conservatively set as 20 nm, the 
typical thickness of Si channel in FETs. [ 51 ]  More realistic FeFET 
devices including buffer layers such as SiO  x   and HfO 2  fi lms 
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 Figure 5.    Depolarization fi eld for various ferroelectric memory structures. a) If an isolated PZT thin fi lm is polarized,  E  D  is formed in the opposite 
direction to that of the net  P . b) When a polarized PZT is sandwiched by metal electrodes, charges of the opposite sign to the polarization charges 
are accumulated near the interface in the metal plates, nullifying  E  D  completely. c)  E  D  created in the PZT fi lm in contact with the 2D TMD channel was 
calculated with various channel thickness.  E  D  is normalized to the maximum given by the situation illustrated in (a), which is equal to ≈388.8 MV m −1  
for PZT. The normalized  E  D  computed for FeFET devices composed of 20 nm thick Si channels with or without 5 nm thick SiO  x   or HfO 2  buffer layers 
are also shown for comparison. Theoretical dielectric constants of 2D materials of various number of layers were obtained from Ref.  [ 50 ] . The dielectric 
constant, fi lm thickness and  P  of the PZT fi lm used in this work, 200, 500 nm, and 60 µC cm −2 , respectively, were employed for the calculations while 
the dielectric constants of Si, SiO  x  , and HfO  x   were 11.68, 3.9, and 25, respectively.
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were also considered. [ 18 ]  As summarized in Figure  5 c, the cal-
culated  E  D  values of 2D/FeFET structures are much lower than 
those of Si-based devices, suggesting that the memory retention 
of the FeFET devices with 2D TMD channels can be superior to 
those of Si-based counterparts. 

 To summarize, we have demonstrated NVM devices by inter-
facing 2D TMD channels with FE thin fi lms. Adopting TMD 
layers as semiconducting channels can be used to circumvent 
major challenges faced in developing FeFETs, i.e., interface 
instability and depolarization-induced memory loss. Our proto-
type 2D/FeFET devices exhibit low switching voltages (<2.5 V), 
high on–off ratios (>10 4 ), and superior data retention (>10 d) 
comparable to those of conventional thin-fi lm FeFETs. Also, 
considering the high-speed switching performance, the solid 
state 2D/FeFETs would be a promising candidate for ultrathin 
and fl exible high-speed memory applications. The device per-
formance may be further improved by optimizing the selection 
of the 2D TMDs and device structures, as well as by introducing 
FE materials (such as BiFeO 3 ) with stronger polarization. [ 52,53 ]  
In parallel with the electronic memory function, a nonvolatile 
modulation of the light emission spectrum was also demon-
strated using monolayer TMDs. Our results show that unprec-
edented functionalities could be developed from synergy across 
the interface between highly dissimilar materials.  

  Experimental Section 
  PZT Thin-Film Growth : PZT (500 nm) and SRO (50 nm) thin fi lms 

were grown epitaxially on (001) single-crystal STO substrates by PLD 
utilizing a KrF laser ( λ  ≈ 248 nm) under substrate temperature of 
630 and 750 °C, respectively. During the deposition, a small amount of 
O 2  gas was introduced into the chamber with the total pressure fi xed 
at ≈100 mTorr. Following deposition of the PZT/SRO structures, the 
fi lms were cooled back down to room temperature at an O 2  pressure of 
500 Torr with a cooling rate of 5 °C min −1 . 

  2D TMD Layer Preparation : Most of WSe 2  and MoS 2  fl akes were 
mechanically exfoliated onto the PZT thin fi lms from single crystals of 
WSe 2  (grown by vapor transport technique) and MoS 2  (purchased from 
SCI). Some TMD fl akes were exfoliated on SiO x /Si substrates fi rst and 
wet-transferred to the PZT surface using poly(methyl methacrylate) 
(PMMA). The process of WSe 2  single crystal growth is described in 
detail in the Supplementary Note 1. 

  Device Fabrication and Electrical Transport Measurements : Standard 
electron beam lithography was employed for patterning the electrodes. 
XeF 2  etching was used to pattern the exfoliated fl akes into rectangular 
shapes. Pt/Au (for both few-layer WSe 2  and MoS 2 ) or Ti/Au (only for 
monolayer MoS 2 ) metal contacts with 10 nm/70 nm thicknesses were 
formed by e-beam evaporation and subsequent lift-off process. Back-
gated FET characterization was performed on a conventional probe 
station using two Keithley 617 programmable electrometers to monitor 
both the drain and source-bottom gate currents simultaneously. Channel 
current–voltage characteristic curves were also measured separately via 
a NI BNC-2090 A/D board and a current amplifi er. 

  Micro-PL and Raman Measurements : PL and Raman measurements 
were conducted using a 100× objective lens on a Renishaw micro-
Raman/PL system equipped with an excitation laser ( λ  ≈ 488 nm). The 
laser power was set properly in the range from 0.1 to 1 µW on the spot 
with an area of ≈1 µm 2 , to avoid any damage on the 2D materials.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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Figure S1. Structural and piezo/ferroelectric characterizations of PZT thin films. (a) 2θ-θ 

X-ray diffraction (XRD) spectrum of a PZT/SRO bilayer grown on a (001) STO single crystal 

substrate in the use of the Panalytical X’Pert Pro diffractometer (Philips Inc.) equipped with Cu 

Kα1 radiation source. The XRD identifies only (001), (002), and (003) peaks of the PZT and SRO 

films parallel to the (001) plane of the STO substrate confirming the epitaxial quality of PZT and 

SRO layers. (b) Polarization and electric field (P vs. E) loops of a PZT film at varying frequency, 

ranging from 0.1 Hz to 1 kHz. The P vs. E curves were measured on PZT/SRO structures 

sandwiched between the STO substrates and Pt/Au metal contacts (10 nm/70 nm thicknesses) of 

40 µm × 40 µm size on Radiant ferroelectric analyzer. The remnant polarization value was 
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estimated to be ~ 60 µC/cm2. (c) Out-of-plane piezoresponse force microscopy (PFM) images to 

visualize electric-field-dependent domain structure after applying tip biases of -6.0 V and +6.0V 

scanning 3 µm ×  3 µm and 1 µm  × 1 µm areas respectively. The label on the graph indicates the 

polarization direction with dark region pointing up and bright region down. Both the P vs. E 

results and PFM images strongly support piezo/ferroelectricity of the PZT films and bulk-like 

180° polarization switching mechanism. 
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Figure S2. Channel current ON-OFF ratio of FeFET devices based on 2D channels of 

various thicknesses. In the range from three to six layers, significant thickness-dependence of 

on-off ratio was not observed in both p- and n-channels. However, in the case of bilayers, the 

memory performance is worse to the thicker channels probably since the off-state current was 

much lower than the equipment limit (0.01 pA) and it is more difficult to fabricate good contact 

as flakes thickness get thinner. The single-layer MoS2 device only showed FET characteristics 

with no memory function maybe due to the same reasons (not shown here). The fluctuation in 

the ON-OFF current ratio is likely due to multiple reasons including the contact resistance, 

structural and chemical inhomogeneity, and surface contamination and nanoscale deformation of 

the 2D channels. Endeavors need to be made to improve synthesis and fabrication protocols to 

minimize these extrinsic effects for scrutinizing the thickness-dependent intrinsic electrical 

properties of 2D materials on PZT films, as well as for thinning the channels toward monolayers. 
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Figure S3. Switching operations of ferroelectric field-effect transistor devices. On the FeFET 

deivces based on p-type (a) 6L-WSe2 and (b) 4L-WSe2 and n-type (c) 4L-MoS2 and (d) 2L-MoS2, 

ID (red) of ON and OFF states was measured after the FE poling with VG (blue) during multiple 

switching cycles. The gate pulse peak voltage (VP) and the full width at half maximum (FWHM) 

time width (tw) were fixed at (a) ±2.5 V and ~ 7.9 s, (b) ±3.0 V and ~ 9.4 s, (c) ±2.0 V and ~ 6.5 s, 

and (d) ±3.5 V and ~ 6.1 s  keeping the source-drain voltage (VSD) as (a) 0.05 V, (b) 0.1 V, (c) -

0.1 V, and (d) -0.25 V, respectively, for each during multiple switching cycle. (e) Using the 6L-

WSe2 FeFET device, channel current relaxation was observed immediately after pulsed-gating 

0 50 100 150 200
100

102

104

106

108

 

 

 6L-WSe
2
  5L-WSe

2
  4L-MoS

2

O
N

-O
F

F
 c

u
rr

en
t 

ra
ti

o

# of cycles
0 10 20 30

10-8

10-6

10-4

10-2

100

P
↓

V
SD

=0.05 V

P
↑

6L-WSe
2

 29.4 s    12.8 s
   7.9 s      4.5 s
   2.0 s      0.5 s

 

I
D
 

 (
µA

)

Time (s)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
10-7

10-5

10-3

10-1

4L-MoS
2

P
↓

P
↑

V
SD

 = -0.10 V

I D
 (

µA
)

Time (minute)

OFFON ON OFF ON OFF ON OFF

P
↑

P
↓

P
↑

P
↓

P
↑

P
↓

-3
-2
-1
0
1
2
3

V
G
 (

V
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

10-6

10-4

10-2

100

6L-WSe
2

P
↓

P
↑

V
SD

 = 0.05 V

I D
 (

µA
)

Time (minute)

OFF ON OFF ON

P
↑

P
↓

ONOFF

P
↑

P
↓

OFF ON

P
↑

P
↓

-4

-2

0

2

4

V
G
 (

V
)

t
w

e f

a b

c d

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

10-5

10-3

10-1

4L-WSe
2

P
↓

P
↑

V
SD

 = 0.10 V

I D
 (

µA
)

Time (minute)

OFF ON OFF ON

P
↑

P
↓

ONOFF

P
↑

P
↓

OFF ON

P
↑

P
↓

-4

-2

0

2

4

 V
G
 (V

)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

10-6

10-5

10-4

10-3

2L-MoS
2

P
↓

P
↑

V
SD

 = -0.25 V

I D
 (

µA
)

Time (minute)

OFFON ON OFF ON OFF ON OFF

P
↑

P
↓

P
↑

P
↓

P
↑

P
↓

-4

-2

0

2

4

 V
G
 (

V
)



     

6 
 

with various tw at ON (down-polarized, P↓) and OFF (up-polarized, P↑) states, maintaining the 

VSD as 0.05 V. (f) Data endurance test by monitoring ON-OFF channel current ratio under 

repeated switching cycles on the chosen FeFET devices, setting VP as ±2.0 V,  ±2.5 V, and ±3.0 

V, VSD as -0.1 V, 0.05 V, and 0.1 V, and tw as ~ 6.5 s, ~ 7.9 s, and ~ 8.6 s for the 4L-MoS2, 6L-

WSe2, and 5L-WSe2 channels, respectively. ID values used to calculate ON-OFF ratio are the 

average current over 5 s after 5 s post-switching relaxation. 
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Figure S4. Spreading of ferroelectric domain switching under 2D channel by piezoresponse 

force microscopy. (a) Optical microscopy image of the 3L-MoS2 flake on the PZT with a metal 

electrode for top gating using a metal-coated atomic force microscopy (AFM) tip. (b) and (c) are 

the topography map of contact AFM and the out-of-plane piezoresponse force microscopy 

(PFM) image taken from the identical flake simultaneously after applying a tip bias of +5 V 

through the metal electrode. The as-grown PZT film was mostly up-polarized (dark). On the 

uncovered region of PZT, the domains beneath the metal electrode can be switched to down-

polarized state (bright). However, in the case of the PZT coated with the 2D semiconductor, the 

domain switching was observed to spread out from the electrodes almost up to 1 µm under the 

2D channel indicating that 2D layer can function as a conducting pad to some extent.    
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Figure S5. Non-volatile photoluminescence modulation of WSe2 monolayer driven by the 

ferroelectric gating. (a) Optical microscopy image taken from a 1L-WSe2 flake on PZT. (b) and 

(c) are the maps of integrated PL intensity in the down- (P↓) and up-polarized states (P↑), 

respectively. (d) Photoluminescence (PL) and (e) Raman spectra measured from the WS2 

monolayer at both polarization states from the circle indicated in (a). PL and Raman spectra 

obtained from the bare PZT surface are also shown as background references. (f) PL peak height 

ratios of two polarization states was monitored under successsive FE poling cycles showing that 

the PL tuning of 1L-WSe2 is also reversible under FE gating like the case of 1L-MoS2.    
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Supplementary Note 1. 

   The single crystal growth of WSe2 was achieved by vapor transport technique employing 

iodine as a transport agent through the following two step process.  

(1) WSe2 powder preparation. Polycrystalline WSe2 powders were synthesized at 1065 °C for 

three days in a single zone furnace from tungsten and selenium 325-mesh powders of high purity 

(99.995%) with a molar ratio of 1:2.01 in evacuated quartz tubes. Then, materials were cooled 

down to room temperature controllably at the rate of 500 °C/hour.   

(2) Single crystal WSe2 growth. 2.5 g of the WSe2 charges and I2 granule (3 mg/cc) were 

introduced into quartz tubes (length = 22 cm). The quartz tube was evacuated to 2x10-6 Torr, 

sealed and then, placed in a three-zone furnace coaxially. The three zones of furnace were heated 

to 1030 °C, 1000 °C and 940 °C, respectively. Powders were located in the hot zone (Tprecursor = 

1030 °C) and synthesized crystals were collected in the cold zone (Tgrowth = 940°C). The total 

duration time of the growth was 3 weeks and eventually cooled down to room temperature 

gradually at the rate of 500 °C/hour. 
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