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Abstract: During the past decades, transition metal dichalcogenides (TMDs) have received special focus for their unique proper-
ties in photoelectric detection. As one important member of TMDs, MoS, has been made into photodetector purely or combined
with other materials, such as graphene, ionic liquid, and ferroelectric materials. Here, we report a gate-free MoS, phototransistor
combined with organic ferroelectric material poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)). In this device, the rem-
nant polarization field in P(VDF-TrFE) is obtained from the piezoelectric force microscope (PFM) probe with a positive or negative
bias, which can turn the dipoles from disorder to be the same direction. Then, the MoS, channel can be maintained at an accu-
mulated state with downward polarization field modulation and a depleted state with upward polarization field modulation.
Moreover, the P(VDF-TrFE) segregates MoS, from oxygen and water molecules around surroundings, which enables a cleaner sur-
face state. As a photodetector, an ultra-low dark current of 10" A, on/off ration of more than 10% and a fast photoresponse time
of 120 us are achieved. This work provides a new method to make high-performance phototransistors assisted by the ferroelec-
tric domain which can operate without a gate electrode and demonstrates great potential for ultra-low power consumption ap-

plications.
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1. Introduction

Two-dimensional (2D) materials have attracted extensive
attention all over the world in past decades. More and more
new 2D materials have been found and novel device struc-
tures emerge in endlessly!'-51, Since atoms are arranged by ion-
ic bonds or covalent bonds closely in one layer, it is a weak van
der Waals force that combines the atomically thin layers in 2D
materials. So far, 2D materials, especially transition metal dichal-
cogenides (TMDs), have been widely used in developments of
photodetectors due to the diversity of bandgapsl®l. Graphene,
as the first 2D material to be found, owns a special and unique
conic band structure and can keep stable in an ambient envir-
onment, is supposed to be utilized in photodetectorsl’: 8,
However, it is hard for graphene to defined on and off-state
for its zero bandgap. Molybdenum disulfide (MoS,), which
possesses a various band gap (1.2-1.8 eV) with different layers,
is regarded as an alternative material for graphene to avoid
such a predicament®., There have been many photodetectors
using MoS, as the channel material and gain a high responsi-
bility of 5.75 x 103 A/WU'9, a high detectivity of 103 JUY and
a broadband photodetection of 500-1100 nm['2, The me-
chanical exfoliation method, which was invented by A. Geim
and K. Novoselov!'3], has become a traditional method to ob-
tain atomic and few-layer-thick 2D materials. However, such a
method will introduce a significant density of surface defects
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and affect the contacts, dielectrics and channel performance
of exfoliated 2D materials'4l. Additionally, it has been repor-
ted that oxygen, water molecule, exfoliation residues and sul-
fur vacancies can facilitate charge trapping process and en-
hance the hysteresis in MoS,-based field-effect transistor('5l,
Therefore, the release and capture of photo-generated carri-
ers may be affected and thus lead to a slow response speed in
pure MoS, photodetector.

Furthermore, most of these phototransistors rely on a real
metal gate to apply a gate voltage then to reduce the dark cur-
rent, leading to leakage between source/drain and gate, but
usually, it is difficult to reduce the dark current in a satisfying
levell'6:171, Apparently, a low dark current will contribute to ob-
tain a high photocurrent on/off switching ratioin a photodetect-
or. Utilizing the remnant polarization field of ferroelectric mater-
ials, such as BiFeOs, LiNbO3, and poly (vinylidene fluoride-tri-
fluoroethylene) (P(VDF-TrFE)) to regulate the carrier concentra-
tion has been reported previously!'8-201, Among these ferroelec-
tric materials, P(VDF-TrFE) remains stable even under atmo-
sphere condition2', Moreover, P(VDF-TrFE) covering MoS, com-
pletely can help to passivate or encapsulate trap states on the
surface by the fluorine atom or hydrogen atom22.,

Here, we report the fabrication and operation of a gate-
free MoS, phototransistor utilizing the remnant polarization
field of P(VDF-TrFE) to modulate the carrier concentration in
MoS,. Instead of a metal gate, piezoelectric force microscopy
(PFM) is employed to polarize P(VDF-TrFE) under resonant
mode in this work. The ferroelectric field has two polarized dir-
ections with a local electric field of 10° V/m which is large
enough to tune MoS, to completely depleted and accumu-
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Fig. 1. (Color online) Ferroelectric polarization switching by PFM for 50 nm-thick P(VDF-TrFE) film. (a) Schematic of the operation for P(VDF-TrFE)
polarization switching with PFM probe appling a positive or negative voltage. (b) The PFM amplitude (red) and phase (black) hysteresis loops

during the switching process, scale bar is 10 um. (c) Amplitude signal and (d) phase signal of the P(VDF-TrFE) film after writing half-to-half rect-

angle patterns with reversed DC bias, scale bar is 10 pm.

lated statel23.24, Therefore, the device structure is greatly simpli-
fied and the carrier concentration of MoS, is modulated
without any external voltage, it means that a robust method
to realize a phototransistor with ultra-low power consump-
tion has raised in this work. Specifically, it is easy for us to
select the direction based on the experience of previous re-
ports[20. 22,25, 261 |n this work, we applied a negative voltage to
P(VDF-TrFE) through the tip of PFM to make the polarization dir-
ection of P(VDF-TrFE) upward, so that an extremely low dark cur-
rent (approximately 10-'2 A) can be achieved. Besides, since
the MoS, is completely covered with ferroelectric material,
where MoS, is isolated from atmospheric environment. Thus,
the response time is dramatically improved (t;,. = 200 ps and
tan = 120 ps), which is much faster than those exposed MoS,
photodetectors reported previously!17.27-29,

2. Experimental methods

PFM measurements were carried out at room temperat-
ure on a commercial atomic force microscope (Bruker Mul-
timode 8, Camarillo, CA, USA). Positive and negative DC
voltage were applied on P(VDF-TrFE) by a commercial silicon
tip (Budget Sensors) covered with chromium/platinum under
a contact resonance frequency of 0.7 MHz typically. When ap-
plied voltage by PFM probe, the sample will deform and cause
the deflection of cantilever. Such a change can be measured
to reflect the piezoelectric properties of the sample. For
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) co-
polymers used in this work, when a positive voltage applied
on it, the domains will point down vertically while for nega-
tive voltage, the domains will point up vertically.

3. Results and discussion

3.1. Ferroelectric switching

Fig. 1(a) shows the schematic diagram of the operation for
P(VDF-TrFE) polarization switching with PFM. The P(VDF-TrFE)
film (50 nm) was spin-coated on the top of chromium/gold
(Cr/Au) bottom electrode. The thickness of Cr and Au is 3 and
7 nm, respectively, which is prepared on a 285-nm-thick SiO,
substrate by thermal evaporation. A DC bias is applied to the
P(VDF-TrFE) through the PFM tip, and the bottom electrode is
grounded. Fig. 1(b) shows the out-of-plane PFM signals of this
P(VDF-TrFE) film. The amplitude signal represents the abso-
lute magnitude of the local piezoelectric response, while the
phase signal reveals the polarization direction in every individu-
al domainB%, A wonderful butterfly loop of the PFM amp-
litude signal and an apparent 180° transform of the phase sig-
nal were found. Figs. 1(c) and 1(d) display the amplitude sig-
nal and phase signal of this P(VDF-TrFE) film after writing half-
to-half rectangle patterns with reversed DC bias (the amp-
litude of the DC bias is 15 V, and more details are illustrated in
supplementary Fig. S1). As shown in Fig. 1(c), an obvious ferro-
electric domain wall can be found in the middle of the two rect-
angular regions with opposite polarization directions. Besides,
a clear 180° phase reversal also can be found between these
two rectangular regions in Fig. 1(d), it can fully reveal the polar-
ization switching characteristic of P(VDF-TrFE). To explore the
magnitude of the ferroelectric field, we prepared the P(VDF-
TrFE) capacitor with the same thickness. Its hysteresis loop
indicates that the remnant polarization of P(VDF-TrFE) is app-
roximately 10 uC/cm? (Supplementary Fig. S2). The ferroelec-
tricfield intensity can be calculated from 0 = eggE, where o rep-
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Fig. 2. (Color online) Structure illustration of the gate-free MoS, photodetector. (a) A 3D schematic of the device structure. (b) The optical image
of the device, which includes a 3.5 nm MoS; and Cr/Au source and drain electrodes covered by 50 nm-thick P(VDF-TrFE) film, scale bar is 10 um.
(c) The PFM phase image of the device (red square part in (b)), two polarization states of Pyo, and P, represent the opposite direction of the
electric dipole moment in different parts (orange and black), scale bar is 3 um. (d) Phase profile extracted along the white dashed line in (c),
which demonstrated that the MoS, in the channel has a 180° phase difference with the other part.

resents the electric density at the surface of the ferroelectric
film, € is the dielectric constant of contact material, &g is the per-
mittivity of vacuum, and E is the electric field. In this work, the
contact material is MoS, and its dielectric constant is approxim-
ately 4-6B1.321, Therefore, the local electric field applied to the
MoS, is approximately 2.26 x 10° V/m which is strong enough
to modulate the carrier concentration of MoS, and stay it in a
totally depleted state.

Fig. 2(a) illustrates the configuration of the gate-free MoS,
phototransistor. The MoS, was obtained by the Scotch tape-
based mechanical exfoliation method, then transferred on the
highly doped silicon substrate covered with a 285-nm-thick
SiO,. The source/drain electrode is Cr/Au which was prepared
by electron beam lithography, thermal evaporation, and lift-
off steps. The thickness of Cr and Au is 10 and 20 nm, respect-
ively. Subsequently, the device was annealed at 200 °C for 2 h
in an argon atmosphere. At last, 50 nm P(VDF-TrFE) film was
spin-coated on the device and annealed at 135 °C for 2 h in an
oven to enhance its crystallinity. The optical image of the
device can be seen in Fig. 2(b) and the thickness of MoS, in
this work is 3.5 nm measured by AFM (See the insert in
Fig. 2(b)). The MoS, channel length is set to 5 um. PFM was
used to polarize P(VDF-TrFE) in different directions. As shown
in Fig. 2(c), different regions of P(VDF-TrFE) on MoS, were pol-
arized upward or downward. Fig. 2(d) shows the polarization
phase signal extracted near the domain wall (Fig. 2(c)), a clear
reversal of 180° can be found which reveals the MoS, is modu-
lated by a downward polarization field.

3.2. Electrical properties and photoresponse
properties
The electrical properties of the device were firstly studied.
Fig. 3(a) shows the /4—V,4 characteristics under three different

polarization states of P(VDF-TrFE). When a DC positive voltage
is applied to the P(VDF-TrFE), the polarization direction is down-

ward and the MoS, channel is in a carrier accumulation state
(Pgown State). Conversely, the polarization direction is upward
and the MoS, channel is in a carrier depletion state (P, state)
when a DC negative voltage is applied. It can be obviously
found that the channel current of the device in P4y, stateiis lar-
ger than that in the fresh state by an order of magnitude,
while the current in P, state decreased into below 107" A,
smaller than that in fresh state by more than 4 orders of mag-
nitude. As a result, such an ultra-low dark current of the device
in P, state is very beneficial for photodetector operation. The
sectional view of the device and the transport of carriers un-
der two different polarization states (the P, state and Pyoun
state) are shown in Figs. 3(b) and 3(c). Fig. S3 presents the trans-
fer characteristics of the device, it can reveal that MoS, used in
this work is an intrinsic n-type semiconductor. As a result of elec-
trostatic induction, when P(VDF-TrFE) is in Py, State, the elec-
trostatic field from the remnant polarization makes the n-type
MoS, channel in an accumulated state (Fig. 3(b)); when P(VDF-
TrFE) is in P, state, the electrostatic field changes into the op-
posite direction and the channel is in a depleted state (Fig. 3(c)).
Fig. 3(d)-3(f) reveals the equilibrium band structure of MoS,
when P(VDF-TrFE) is in three different polarization states.
Fermi level (E) is defined as an energy level that the probabil-
ity for an electron to take up is equal to 1/2. The Fermi level is
close to conduction band for n-type semiconductors but close
to valence band for p-type semiconductors. As shown in
Fig. 3(d), the Fermi level of MoS, is close to the conduction
band when P(VDF-TrFE) is in the fresh state. After applying a
positive voltage to P(VDF-TrFE) by the PFM, a downward polariz-
ation field will be applied to the MoS,. Then, the position of
Femi level moves up and more electrons can take part in con-
duction, as shown in Fig. 3(e). In this case, if put the device un-
der illumination and apply a drain bias to read the channel cur-
rent, the photon-generated current will be covered up by the
thermionic or tunneling currentB33-351, Conversely, once the
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Fig. 3. (Color online) Electrical characteristics of the device with three different polarization states of P(VDF-TrFE). (a) The /4—V,q characteristics of
the device with three different polarization states of P(VDF-TrFE). These three polarization states are fresh (without polarization), P, (upward po-
larization) and Py, state (downward polarization). (b) Sectional view of the device for illustrating the distribution of electron and hole under

downward and (c) upward polarization state. (d-f) The energy band diagrams of the device with three polarization states at V;y =0 V. @, is the

Schottky barrier height, £ is the energy gap of MoS,, &is the barrier height from conduction band to Fermi level.

MoS, is modulated by the upward polarization field, the posi-
tion of Fermi level moves down and less electron can take part
in conduction (Fig. 3(f)), and the photon-generated current
will correspondingly hold dominate position.

Next, the optoelectronic performance of the device is com-
prehensively studied. A 520 nm laser is employed as the light
source in these measurements. It is widely known that the pho-
tocurrent generation mechanism for MoS, photodetector is a
photoconductive effect?”l. Specifically, under illumination con-
ditions, the photo-generated electron-hole pairs give rise to
the increase of free carrier concentration and cause an in-
crease conductance of MoS,B3¢, Since the P(VDF-TrFE) can of-
fer an ultra-high and stable polarization-induced electric field
(approximate 10° V/m), the carrier concentration of MoS, can
be modulated by changing the direction of polarization elec-
tric field. For a photodetector, we scanned P(VDF-TrFE) using
PFM tip with a negative voltage (-15 V) to make the remnant po-
larization field upward, thus, the MoS, channel can maintain a
totally depleted state and an ultra-low dark current can be
achieved. As shown in Fig. 4(a), under the modulation of up-
ward polarization field, the dark current is just on the order of
several picoamperes, which is almost equivalent to the noise
current caused by the external environment. When in illumina-
tion state, the current increases dramatically to several nano-
amperes and becomes larger and larger as the laser power in-
creases constantly. As shown in Fig. 4(b), under a 520 nm laser
(P = 6.56 uW) incident, the device displays an extraordinarily
stable and repeatable photocurrent on/off switching ratio of
104, A photocurrent map was obtained by scanning the incid-
ent light on the device and extracting the corresponding cur-
rent. Fig. 4(c) demonstrates the photocurrent map of the
device at V4 = 1 V drain bias, the incident light wavelength is
520 nm and the light power is 0.28 pW. It can be clearly seen
that the photocurrent occurs in the middle of the MoS, chan-
nel, and there is no photocurrent occurs between the MoS,
and the source/drain electrode. It is shown that good ohmic
contact has formed in the device instead of a Schottky con-
tact.

The photoresponse time is another important parameter
to evaluate the ability of photodetectors, which is defined as
the time for the photocurrent switching from 10% to 90%. For
our device, the photocurrent turns from off to on state is as
fast as 200 ps (Fig. 4(d)), indicating a fleet generation of photo-
generated electron-hole pairs in MoS.. It takes 120 ys for the
device to turns from on to off state (Fig. 4(e)), indicating a fast
process of carrier recombination. The photoresponse speed of
our device is faster than those intrinsic MoS, photodetectors
(see Table 1)l'7. 27-29], Such a fast photoresponse speed is
mainly contributed to the fact that P(VDF-TrFE) can inhibit
those trap states on the surface of MoS, and enable photo-gen-
erated carriers to take full part in the conduction process(22 37,
Organic polymer ferroelectric material P(VDF-TrFE) is proved
to have a p-doped effect on 2D materials due to the C-F and
C-Cl bonds(29., Such a p-doped effect can help enhance the
photoresponse properties of MoS, photodetector!'’]. In detail,
the p-doped effect induced by P(VDF-TrFE) decreases the sur-
face defects of MoS,. Thus, the carrier scattering is suppressed
and the generation and transmission process of photo-gener-
ated carriers are faster than that exposed in the ambient air.
Furthermore, the responsivity of the device to incident light at
different wavelengths was evaluated. As shown in Fig. 4(f),
the device has the highest responsivity under incident light of
600 nm, and has no photoresponse to incident light with a
wavelength longer than 700 nm. Such a result is attributed to
the absorption spectrum of MoS, and similar result has been
reported in previous work38l,

4. Summary

In summary, we have fabricated a gate-free MoS, photo-
transistor assisted by ferroelectric domain. Under the modula-
tion of remnant polarization field, the carrier concentration of
the MoS; channelis completely depleted and the optoelectron-
ic performance of the device is greatly enhanced. The dark cur-
rent of the MoS, photodetector is reduced to the order of sever-
al picoamperes. The photoresponse time is also improved to
200 and 120 ps, which is much faster than those intrinsic MoS,
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Fig. 4. (Color online) Optoelectronic properties of the device. (a) k4—V;q curves of the device under dark and different power of incident light (520
nm). (b) photocurrent switching characteristic of the device with 520 nm laser illumination. The light power is 6.56 uyW and V;q =1 V. (c) The pho-
tocurrent map of the device recorded at P, state and V4 = 1V, the incident light power is 0.28 uW, scale bar = 3 um. (d, e) The photocurrent rise
and fall time extracted from a photocurrent switching cycle. (f) The photoresponse characteristic of the device under incident light with the dif-

ferent wavelengths but the same power.

Table 1. Photoresponse speed comparation between our device and other MoS,-based photodetectors.

Description Response time (s) Wavelength (nm) Gate voltage /Bias Ref.
MoS,-SiO,-Si back gate 2 532 Vy=100V, Vg =5V [27]
MoS,-SiO,-Si back gate (CVD) 3 532 Vg=40V, Vyy=1V [17]
MoS,-Al,05—ITO top gate 0.3 580 Vg=-9V, Vyy=1V [28]
MoS,-Si0,-Si back gate 0.05 488 V=50V, Vyg=1V [29]
MoS,~P(VDF-TrFE) 1.2x 1074 520 V=0V, Vg=1V This work

photodetectors without P(VDF-TrFE). More importantly, such a
gate-free MoS, phototransistor assisted by the ferroelectric do-
main embraces the ultra-low power consumption. Therefore,
it provides a reliable way to develop 2D materials-based photo-
detectors with high-performance and ultra-low power con-
sumption.
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