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TOPICAL REVIEW — 2D materials: physics and device applications

Recent progress on integrating two-dimensional materials with

ferroelectrics for memory devices and photodetectors”
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Two-dimensional (2D) materials, such as graphene and MoS; related transition metal dichalcogenides (TMDC), have
attracted much attention for their potential applications. Ferroelectrics, one of the special and traditional dielectric materials,
possess a spontaneous electric polarization that can be reversed by the application of an external electric field. In recent
years, a new type of device, combining 2D materials with ferroelectrics, has been fabricated. Many novel devices have been
fabricated, such as low power consumption memory devices, highly sensitive photo-transistors, etc. using this technique
of hybrid systems incorporating ferroelectrics and 2D materials. This paper reviews two types of devices based on field
effect transistor (FET) structures with ferroelectric gate dielectric construction (termed FeFET). One type of device is for
logic applications, such as a graphene and TMDC FeFET for fabricating memory units. Another device is for optoelectric
applications, such as high performance phototransistors using a graphene p-n junction. Finally, we discuss the prospects

for future applications of 2D material FeFET.
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1. Introduction

The field-effect transistor (FET) is a transistor that uses
an electric field to control the shape and hence the electrical
conductivity of a channel of one type of charge carrier in a
semiconductor material.!'! The FET structure is the basic unit
for many complicated integrated, functional electrical and op-
toelectronic devices, such as central processor units (CPU),
graphic processor units (GPU), memory and image sensors,
phototransistors, photodetectors, and so on. With the end of
Moore’s law, the new trends of the next generation of mi-
croelectronic components need to satisfy the requirements of
faster, lower power consumption, smaller size and more func-
tionally complicated devices.!”) Under these circumstances,
novel materials and new concept transistors should be urgently
developed. In 2004, for the first time, Geim and Kim reported
a new two-dimensional (2D) material, graphene, thus opening
the gate for other 2D materials.[>#!

During the past ten years, 2D materials have received
much attention for their potential applications in future nano-
electronics and nano-optoelectronics.>~!!) These materials
include graphene and 2D transition metal dichalcogenides
(TMDCs), such as MoS,, WS,, MoSe,, WSe,, etc.l12-19]
Graphene is the most famous 2D materials, and has a hexago-
nal lattice structure (Fig. 1(a)). The electronic band structure
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of graphene is totally different from that of traditional semi-
conductors (Fig. 1(0)).13] As we can see, graphene is a zero
bandgap material, with degenerate conduction and valance
bands at the six corners of the Brillion zone.?*?!l Addition-
ally, near the zone corners, the dispersion relation is linear
rather than quadratic which resembles ultra-relativistic parti-
cles and can be described by the massless Dirac equation. ?"!
Therefore, the electrons in graphene are named as massless
Dirac fermions, the zone corners are named as Dirac points.
Another characterization of graphene is that the zero density
of states at the Dirac points. So graphene behaves as a typical
semimetal with a tunable Fermi level. The unique band struc-
ture of graphene has led to many intriguing phenomena, e.g.,

422,231 Unlike graphene,

the half-integer quantum Hall effect.!
the 2D TMDC materials are typical semiconductors. For ex-
ample, most typical TMDCs, Molybdenum disulfide (MoS,),
consisting of layered S—Mo-S units structures bonded by van
der Waals forces (see Fig. 1(c)), have also been widely studied
in recent years.[?+23] MoS, is a typical semiconductor with
a bandgap range from 1.2 eV to 1.8 eV as the thickness de-
creases from bulk to monolayer (see Fig. 1(d)).[**2°! Field
effect transistors based on monolayer or multilayer MoS, pos-

sess high current ON/OFF ratios up to 107-108,[12:27]
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Fig. 1. (color online) (a) Schematic atomic structure of graphene. (b) Graphene band structure. Enlargement of the band structure close to the K and
K’, points showing the Dirac cones.!?%] (¢) Schematic atomic three-dimensional (3D) structure of MoS,. (d) Simplified band structure of bulkMoS,,
showing the lowest conduction band c1 and the highest split valence bands v1 and v2. A and B are the direct-gap transitions, and [ is the indirect-gap
transition. Eqg is the indirect gap for the bulk, and Ej is the direct gap for the monolayer. (241

Whenever we mention the transistor, the structure in-
cludes source, drain, channel, gate, and oxide gate dielectrics.
As mentioned above, when we changed the traditional semi-
conductor to incorporate 2D material, ultra-thin channel FETs
are achieved. Can other parts of the FETs be changed? Of
course, we can change oxide gate dielectrics into high-k mate-
rials or other peculiar dielectrics. For instance, the dielectrics
can be ferroelectrics. Ferroelectricity is a property of certain
materials that have a spontaneous electric polarization that can
be reversed by the application of an external electric field. The
term is used in analogy to ferromagnetism, in which a mate-
rial exhibits a permanent magnetic moment. The ferroelec-
tric materials demonstrate a spontaneous nonzero polarization
(after entrainment, see Fig. 2(a)) even when the applied field
E is zero.[?®2% The distinguishing feature of ferroelectrics is
that the spontaneous polarization can be reversed by a suitably
strong applied electric field in the opposite direction; the po-
larization is therefore dependent not only on the current elec-
tric field but also on its history, yielding a hysteresis loop.
There are many types of ferroelectrics, such as displacive type,
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order—disorder type, ferroelectric liquid crystals, and ferro-
electric polymers. 3933 In particular, barium titanate and lead
zirconate titanate (PZT), belonging to the displacive type fer-
roelectrics, with a perovskite structure (see Fig. 2(b)), have
been studied widely and used for different applications.>’!
In recent years, ferroelectric polymers also have been stud-
ied widely and combined with many novel applications, such
as polyvinylidene fluoride (PVDF) and its copolymer with
polytrifluoroethylene (P(VDFE-TFE)).3%37] The structure of
PVDF is a carbon chain with hydrogen and fluorine atoms. For
the ferroelectric phase PVDF, the two different atoms are lo-
cated on two sides of the carbon chain (called all-trans chain),
as shown in Fig. 2(c). 138!

The review is organized as follows. In Section 2, the in-
tegration of ferroelectrics and 2D materials are discussed. The
FeFET originated from the traditional transistor is introduced.
Then, two types of devices based on the FeFET are reviewed.
One type is for a memory application and another type of de-
vice is a photodetector. In Section 3, the prospects for future
developments in 2D material transistors are discussed.
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Fig. 2. (color online) (a) Typical ferroelectric hysteresis curve. P; is the remnant polarization, and E is the coercive electric field. (b) Perovskite
structure, similar to many ferroelectrics derived from the BaTiO3 or PbTiO3, is belonging to ABO3 structure. (c) Ferroelectric PVDF structure

with all-trans chain.
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2. Integration of ferroelectrics and 2D materials

As mentioned in the first section, FETs have been widely
used in many modern electronics applications.?*4%1 As shown
in Fig. 3(a), the basic structure of the FETs include source,
drain, and gate terminals. If we change the channel into 2D
materials and change the gate dielectrics into ferroelectrics, we
obtain 2D FeFETs, as shown in Fig. 3(b). The difference be-
tween the FETs and FeFETs is the ferroelectric polarization of
the gate dielectrics. The on/off characteristic can be controlled
by the electrical field derived from the stable polarization. [*!]
In this sense, the polarization of a ferroelectric film can be
stable without any bias. The first FeFETs were proposed in
1963.142431 Up to now, most studies on FeFETs are mainly
focused on the applications for memory devices.[*1*331 With
the rapid development of 2D materials, the FeFET with a 2D
material channel has been widely studied. Recently, Wang et
al., for the first time, reported a ferroelectric enhanced opto-
electric device.[0]

() (b)

Fig. 3. (color online) (a) FET structure with traditional p-type semi-
conductor channel. (b) FeFET structure with 2D material channel and
ferroelectric gate dielectrics.

2.1. Electronic devices incorporating 2D materials as Fe-
FET

When we mentioned electric devices, memory is a typ-
ical one for its wide application in the modern electron-
ics. In recent years, resistive switching type memory have
been studied a lot and made a great progress./*71 The
electronic properties of graphene have been widely stud-
ied and many unique properties have been found.!?0-2150-33]
In 2009, few-layer graphene (FLG) FETs were fabricated
with single-crystal epitaxial PZT films as the gate ox-
ide, and the mobility of FLG was as high as 7x10*.[34
Soon afterwards,

Zheng et al. reported the devel-

opment of graphene field-effect transistors with PVDF

R/kQ

R/kQ
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Fig. 4. (color online) (a) Sample geometry of GFeFETs. 1551 (b) R vs Vgg of one sample after PVDF coating. The red open square and black solid
lines are the experimental and fitting results, respectively. Inset: atomic force microscopy of the sample after PVDEF. Color scale: 0-164 nm.
(), (d) Writing 1 by using —Vyriting- 1551 (e), (f) Writing 0 by using Viyiing. Dashed and solid arrows indicate the forward and backward voltage

sweep directions, respectively.!>]
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Fig. 5. (color online) (a) Schematic 3D top-view of the memory FET with the single-layer MoS, nanosheet of hexagonal structure, 200-nm-thick ferro-
electric P(VDF-TrFE) polymer, and Al gate.[>°! (b) The transfer curve of top-gate-driving single-layer MoS, transistor with P(VDF-TrFE) ferroelectric
layer; Vg sweep range is from —20 to +20 V and Vp = 1 V. Memory hysteresis window of the transistor with 200-nm-thick P(VDF-TtFE) polymer
appears to be ~ 14 V. Short pulses of +20 and —20 V on the gate lead to two distinct states of WR and ER, respectively, as shown overlapped with
the memory hysteresis curve. Ig from the P(VDF-TrFE) polymer was below ~ 100 pA.[®! (c) The figure above is the retention properties of WR and
ER states recorded under Vp =1 V and Vg = 0 V for 1000 s. Inset shows the +20 V 1 s pulse for retention measurements. The following figure is
the current dynamics of our memory transistor in response to repetitive input voltage pulses under Vp = 1 V. The inset figure shows the periodic pulse
mode for WR/read/ER/read process.>®! (d) Schematics of MoS,-PZT FETs device.[”! (e) Output characteristics of MoS,-PZT device. Gate voltage
is applied from 0 V to 4 V with a 0.5 V step. Drain voltage is swept from O V to 3 V. The inset is P-E curves of a 260-nm-thick PZT under different
voltages ranging from —3 to +3 V up to —12 to +12 V at 100 Hz.57! (f) The transfer curves of MoS,-PZT FET at Vp = 500 mV. Memory window

variation with increasing Vg sweep range is shown in the inset.>]

ferroelectric gating.!>! The sample geometry structure is
shown in Fig. 4(a). The resistance versus gate voltage char-
acteristics (R vs Vpg) are shown in Fig. 4(b), where the Hall
mobility is approximately 4600 cm?-V!-s! and the gate dielec-
tric is SiO,. Based on this type of device structure and elec-
trostatic effect, bit writing in graphene FeFETs can be signif-
icantly simplified by switching the ferroelectric polarization
between P and P, using symmetrical voltage sweeps. With
ngg = —PBP:/e, to write the high resistance “1,” a negative
writing voltage (Viyriting) is applied to the ferroelectric, setting
the dipole polarization to P independent of the initial states
in the unit cell (Figs. 4(c) and 4(d)). In contrast, a positive
Viwriting With the same magnitude sets the FeFET into low re-
sistance “0” (Figs. 4(e) and 4(f)). This work shows the pos-
sibility that the graphene FeFET can be used as non-volatile
memory. Similar results based on different ferroelectric films
have been reported in other research groups.>3°! It is well
known that graphene is a zero bandgap 2D material, and the
on/off ratio of a graphene-based transistor is relatively small.
MoS; is a typical 2D semiconductor with a bandgap of 1.2—
1.8 eV. 2D MoS; transistors have been prepared by the same
exfoliation technique, and the on/off ratio is up to 6 to 8 or-
ders. In 2012, Im et al. achieved a 2D MoS, FeFET with sin-
gle to triple-layered MoS; nano-sheets adopting a ferroelectric
polymer P(VDFE-TrFE).[5®! The schematic 3D top-view of the
memory FET with the single-layer MoS; nano-sheet of hexag-

onal structure, 200-nm-thick ferroelectric P(VDF-TrFE) poly-
mer, and Al gate is shown in Fig. 5(a). The device shows
the high on/off Ip ratio of 10°, and good retention proper-
ties in both static and dynamic switching, maintaining a high
program/erase ratio of ~5x 10, as shown in Figs. 5(b) and
5(c). Recently, Zhu et al. prepared MoS, field-effect transis-
tors with a PZT ferroelectric gating structure.!®’! The struc-
ture of the device is shown in Fig. 5(d) and the ferroelectric
related electrical properties are shown in Figs. 5(e) and 5(f),
respectively. Additionally, many novel applications based on
graphene and other 2D materials with FEFET structure have
been put forward recently.[8-°!l These devices open a new
path for next generation electronics.

2.2. Optoelectric devices of 2D materials on FeFET

There are many studies on the optoelectric properties
of graphene and other 2D semiconductors, such as light-
emitting devices and photodetectors. [!%14:15-36] Tn this section,
we mainly focus on the photodetecting properties of the 2D
materials. The studies of 2D photodetectors are increasing
rapidly. Most of these 2D material photodetectors are based
on the transistor structure. Graphene photodetectors have been
widely studied, and the sensitive wavelength range covers visi-
ble to long-wavelength infrared wavelengths, and even to tera-
hertz frequencies.>33921 However, the responsivity and de-
tectivity of these graphene photodetectors is relatively low
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compared with that of traditional photodetectors. With the
emergence of 2D TMDCs, phototransistors with high respon-
sivity have been achieved. 9391 As is known, for practical ap-
plications, dark current is one of the most important factors.
For the traditional device, to suppress dark current, a stable
gate voltage is needed to be continuously applied. These are
not significant negative factors for real applications of the de-
vice. Recently, Wang et al. presented a new type of 2D pho-

[46] The structure of

todetector based on the FeFET structure.
the device is shown in Fig. 6(a). The transfer curves Iyq — Viq
(drain-source current Ig4 as a function of top gate voltage Vtg)
of the MoS; transistor with ferroelectric polymer were inves-
tigated at room temperature (shown in Fig. 6(b)). The Vg — Iq
characteristics (without additional gate voltage) of these three
states are shown in Fig. 6(c). In Py state, Iy is the low-
est compared to that of the other two states. This situation
means that the depleted state of carriers in the MoS, chan-
nel is caused by the electrostatic field derived from the rem-
nant polarization of P(VDF-TrFE). The cross section of the
device structure and the equilibrium energy band diagram of
this state are shown in Fig. 6(d). While in the P, state, the
generated photo current dominates the channel current, result-
ing in a highly-efficient photocurrent extraction and increased
photoresponse, as shown in Fig. 6(e). The most interesting
point is that the electric field from the remnant polarization
can tune the bandgap of 2D MoS,. Based on this structure

(a)

and the large electric field effect, response wavelength of the
2D MoS; photodetector have been broadened from 0.85 to
1.55 um, as shown in Fig. 6(f). Compared with traditional in-
frared photodetector, this type of device opens a new method

[66.67] Subsequently, several

to prepare infrared photodetectors.
photodetectors have been achieved employing the 2D FeFET
structure. (%3 Tn addition to the TMDCs FeFET photodetec-
tor, the p-n junction device has been proposed by the Mar-
tin group.[’") They transferred graphene onto single domain
LiNbO3 substrates. Raman spectroscopy of graphene for a G-
band frequency map and Graphene G-peak have been achieved
on the different polarization states (up and down polarized), as
shown in Figs. 7(a) and 7(b). Additionally, the gate-dependent
Raman spectroscopy of graphene unipolar and periodically
poled LiNbOs is also tested (see Figs. 7(c) and 7(d)). These
results indicate that different polarization states dope graphene
in different types. It is a new way to form a p—n junction. In-
deed, the p—n junction at the domain wall results in the maxi-
mum photocurrent, as shown in Fig. 7(e). Such an approach is
not only suitable for 2D materials, but is also suitable for one-
dimensional nanowires. For instance, our group has obtained
high performance nanowire photodetectors in this way.[”!7?]
Therefore, utilizing the polarization of ferroelectrics to act on
2D materials may open a new approach for 2D materials ap-

plication in optoelectronics.
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Fig. 6. (color online) (a) 3D schematic view of the triple-layer MoS, photodetector with monochromatic light beam. [46] (b) The transfer curves
of triple-layer MoS, channel with P(VDF-TrFE) ferroelectric polymer gate on dark state at room temperature. The transfer characteristics of
triple-layer MoS, with SiO, back-gate are shown in the inset. 146 (¢) Vg — Iyq characteristics (at ZERO gate voltage) with three ferroelectric
polarization states in the ferroelectric layer. The three states are: fresh state (ferroelectric layer without polarization), polarization up (“Pyp”
polarized by a pulse V; of —40 V), and polarization down (“Pgown” polarized by a pulse Vy of —40 V) states, respectively. [46] (d) The cross
section structures of the device and equilibrium energy band diagrams of ferroelectric polarization up state with Vg = 0 V. Ej is the bandgap of
MoS,. 8, is the height from bottom of conduction band to the Fermi level.[*°! (¢) Photo switching behavior of ferroelectric polarization gating
triple-layer MoS, photodetector at three states (A = 635 nm, Vg4 = 100 mV, and P = 100 nW).1401 (f) Responsitivity of similar polarization-
gating triple layer MoS, photodetector as a function of light wavelength from 500 nm to 1550 nm at Vig = 1 V, P = 100 mW under P,

state.[40]
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Fig. 7. (color online) (a) Graphene G-band frequency map. Scale bars, 10 um.[?"! (b) Graphene G-peak averaged over a dark and a bright
stripe in panel (a) with the G-band frequency @ = 1603.3 cm~! and 1596.8 cm~! for bright and dark stripes, respectively. Lines correspond
to Lorentzian fits to the experimental data (orange diamonds for the bright stripe and dark-red squares for the dark stripe).[’”? (c) Schematic of
a top-gated graphene transistor on periodically poled LiNbO5.[79) (d) Representative gate-dependent Raman G-band frequency averaged over
a down-polarized domain (orange diamonds) and an up-polarized domain (dark-red squares). Error bars indicate the s. d. of the frequency
within each stripe.[”") (e) Photocurrent response of a ferroelectricity-induced p—n junction in graphene. The red line represents the photocurrent
response of a top-gated graphene transistor with a gate voltage of 400 mV on periodically poled LiNbO3. The simultaneously detected Raman
E(TOS) frequency (black) along the same line was used to identify the down polarized (blue) and up-polarized (orange) domains of the LiNbO3.
Grey shading corresponds to the Ti/Pd contacts. A schematic band diagram can be constructed based on the experimental observations.[7!

3. Conclusion and outlook

Ferroelectric materials have been studied for many years
and their related devices have been widely used. 2D materials,
beginning with graphene, have drawn much attention for only
the past ten years. Here we reviewed recent progress on ferro-
electric enhanced 2D material devices, in which ferroelectric
materials and 2D materials are combined together. We be-
lieve that integrating 2D materials with ferroelectrics to form
the FeFET maybe a possible way for unique applications in
memory devices and photodetectors. In other words, the Fe-
FET could represent a new direction for developing advanced
capabilities required for next-generation nano-electronic and
optoelectronic devices.
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