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ABSTRACT: Indium selenide (InSe) has a high electron mobility
and tunable direct band gap, enabling its potential applications to
electronic and optoelectronic devices. Here, we report the
fabrication of InSe photodetectors with high on/off ratios and
ultrahigh photoresponsivity, using ferroelectric poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TFE)) copolymer films as the
top-gate dielectric. Benefiting from the successful suppression of
the dark current down to ~107*A in the InSe channel by tuning
the three different polarization states in ferroelectric P(VDF-TrFE)
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and improved interface properties using h-BN as a substrate, the ferroelectric-gated InSe photodetectors show a high on/off ratio of
over 10%, a high photoresponsivity up to 14 250 AW, a high detectivity up to 1.63 X 10" Jones, and a fast response time of 600 s
even at zero-gate voltage. The present results highlight the role of ferroelectric P(VDF-TtFE) in tuning the carrier transport of InSe
and may provide an avenue for the development of InSe-based photodetectors.
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Itrathin films of layered materials have captured

considerable attention because of their fascinating
physical properties that vary with reduced thickness, which
in recent years have been shown to be promising for a
bewildering variety of applications to photonic and optoelec-
tronic devices."” Photodetectors, as a key component of
optoelectronic applications, have attracted widespread inter-
est,’ ® and, in recent years, a major focus has been on
phototransistors based on two-dimensional (2D) materials.” ™’
Except for semimetallic graphene,'”"' many semiconducting
2D materials have emerged as possible channel materials for
photodetectors. Among them, the family of transition-metal
dichalcogenides (TMDs),">™"* silicene,'® and black phospho-
rus (BP)'” overcome the shortcomings of the zero band gap of
graphene. However, an intrinsic bottleneck of these 2D
materials is the small photoswitch ratio and photoresponsivity
due to the large dark current under the needed large gate
voltages.

Indium selenide (InSe), a representative example of a 2D
III-VI semiconductor, shows fascinating electrical transport
properties with charge carrier mobility of ~10* cm® V™' s7!
and broad spectral response bandwidth covering the waves
from ultraviolet to near-infrared because of its moderate and
tunable direct band gap,'®'” enabling it as an attractive
building block for optoelectronic devices.”’™>* Field-effect
transistors (FETs) based on InSe and conventional dielectrics,
such as ALO;> Si0,°*™* and HfO,’**" as back-gate
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dielectrics, have an on/off ratio as high as 4.7 X 10* (ref
27), responsivity as high as 157 AW™" (ref 25), and detectivity
up to 1.07 X 10" (ref 25), but require large Ve (20—100 V)
and Vpg (1—-10 V) voltage bias (see Table 1). Furthermore, a
sizable dark current is generated by large voltages used in back-
gate configurations, increasing the risk of 1eakages.30_32
Compared to conventional dielectrics, ferroelectric dielectrics
have the advantages of high dielectric constants (&, ~ 10%).%
InAs-based mid-infrared photodetectors with the organic
ferroelectric P(VDF-TrFE) dielectric layers possess 3—4 orders
of magnitude higher photoresponsivity than commercially
available devices, benefiting from suppression of dark current
and enhancement of photoresponsivity by the ferroelectric
films.>* Also, greatly enhanced performance in MoS, and
MoTe, photodectectors has been achieved by employing
P(VDF-TtFE) as a gate insulator,®>™>® benefiting from its
transparent nature, high ambient stability, and effective
passivation or encapsulation of 2D material surfaces by
hydrogen or fluorine atoms. However, whether the P(VDF-
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Table 1. Comparison of the Performance of Our Device with Other InSe-Based Devices and Ferroelectric-Gated

Photodetectors
wavelength/power response time  recovery time
photodetector density on/off (ms) (ms) R (mAW™) D* (Jones) ref
traditionally gated InSe InSe 532 nm 488 s 34.7 24
devices 2.5 mW/mm>
InSe-Si0,—Si 633 nm 50 157 000 1.07 x 10" 25
2.1 mW/cm?
InSe-Si0,—Si 635 nm 10* 590 27
0.2 W/cm?
similar ferroelectric-gated ~ P(VDF-TrFE)- 635 nm ~10° 1.8 2.0 2570 000 22 % 10 35
devices MoS, 1 oW
P(VDE-TrFE)- 1060 nm ~10* 14 13 164 194x10° 36
MoTe, 10 yW
P(VDEF-TrFE)- 10 ym 10° 5.5 140 37
MosS, 130 nw
P(VDE-T{FE)- 830 nm ~10° 29.1 139.6 280 000 000 9.1 x 10" 46
InP 0.07 mW/cm>
P(VDE-TrFE)-InSe 532 nm ~10° 600 us 1.2 14 250 000 1.63 X 10" this
0.04 mW/cm? work
(a) (b)
.Se 532 nm
e In
Al
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Figure 1. Components of a multilayered InSe photodetector. (a) The crystal structure of y-InSe. (b) Schematic device structure of a multilayered
InSe photodetector under monochromatic light beam illumination. Multilayered InSe flake, h-BN on SiO,/Si, Cr/Au metal stacks, P(VDF-TrFE),
and Al are used as the channel material, substrate, contact electrodes, top-gate dielectric, and top-gate electrode, respectively. (c) Atomic force

microscopy image of a selected 18 nm thick InSe flake.

TrFE) film as a top-gate dielectric can enhance photodetection
performance in InSe photodetectors remains elusive.

Here we report the fabrication of ferroelectrically gated InSe
photodetectors employing the P(VDF-TtFE) copolymer as the
top gate, exhibiting high on/off ratios and ultrahigh photo-
responsivity. Through tuning the three different polarization
states in ferroelectric P(VDF-TrFE) copolymer films, the dark
current in the InSe photodetectors is successfully suppressed
down to ~1071* A. At the same time, hexagonal boron nitride
(h-BN) is used as a substrate to improve the interface between
the insulating substrate and the InSe channel. As a result, the
ferroelectric copolymer-gated InSe photodetectors not only
show a high on/off ratio of over 10° but also exhibit high
photoresponsivity up to 14250 AW ™' and detectivity up to
1.63 X 10" Jones even without gate voltage in the polarization-
up state. Moreover, the measured rise (¢,) and fall (¢;) time of
the photocurrent are 600 ps and 1.2 ms, respectively. The
present results provide an unprecedented avenue for
developing high-performing InSe-based phototransistors.

Figure la schematically shows the crystal structure of
monolayer InSe, which is composed of In—Se—Se-In layers
forming a honeycomb lattice in the top view, stacked by van
der Waals interactions.’””*’ A stereogram of the device
structure of the multilayered InSe photodetector under laser-
beam illumination is depicted in Figure 1b. First, a
mechanically exfoliated hBN flake (~10 nm) was stacked
onto a p++doped silicon substrate covered with a silicon
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dioxide film of 300 nm. Then, a multilayered y-InSe flake,
stacked onto the h-BN layer by a dry-transfer method, was
used as the semiconducting channel. A standard e-beam
lithography technique was employed to define the contact
electrodes followed by e-beam evaporation of a 6 nm Cr/60
nm Au metal stack. After lift-off, the InSe FETs were covered
with a layer of about 300 nm P(VDE-TrFE) film as the
terroelectric dielectric, which possesses a remanent polarization
of 7 uC cm™ and coercive voltage of 22.5 V.>>*' To avoid the
thickness and the transparency of the top-gate aluminum
affecting the photoresponse performance of the InSe photo-
detectors, the first layer of 15 nm thick aluminum near the
channel region was deposited by e-beam evaporation as a
semitransparent optical window to allow light illumination on
the channel, and the second layer of S0 nm thick aluminum far
away from the channel region was deposited as the top-gate
electrode, as demonstrated in Figure S1 (see Methods for
details and Figure S1). An atomic force microscopy image of a
selected ~18 nm thick InSe flake used as the channel material
is shown in Figure 1lc.

Electrical characterization of the ferroelectric-gated InSe
FET was performed under darkness at room temperature. The
transfer curves of the device are shown in linear scales in
Figure 2a and logarithmic scales in Figure 2b, respectively.
From Figure 2a, the carrier mobility in the InSe channel is
extracted as y = 272.9 cm? V™' s7! from p = (L/W(1/(gqe,/d)
X Vpg)(dIps/ dvtg) ,"* where L represents the channel length of
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Figure 2. Electrical characterization of the ferroelectrically gated InSe
transistor under darkness at room temperature. (a) Transfer curves of
the InSe transistor using P(VDF-TrFE) as a ferroelectric top-gate
dielectric at Vg = 100 mV in linear (the inset presents an optical
image of the transistor) and logarithmic scales in panel b. A large
anticlockwise memory window of ~40 V is observed from dually
sweeping from —40 to 40 V. (c) The output characteristics of the
InSe FET with three states of ferroelectric film under zero-gate
voltage. A pulse of +40 V is applied to achieve the down/up state of
polarization of P(VDF-TrFE) (P down/up), and no pulse is applied
for the fresh state without polarization.

21 um, W represents the channel width of 5.2 um, g,
represents the vacuum dielectric of 8.854 X 1072Fm™), &,
represents the relative dielectric constant of P(VDF-TFE) of
10, d represents the 300 nm thick ferroelectric film, and Vg =
100 mV represents the drain—source voltage, respectively. As
demonstrated in Figure 2b, the transfer curves of the multilayer
InSe channel under ferroelectric P(VDF-TrFE) modulation
when sweeping the gate voltage from —40 to 40 V and back at
Vps = 100 mV, show a large anticlockwise memory window of
~40 V, which results from the ferroelectric-polarization
switching process. Moreover, under a 100 mV drain—source
voltage, the channel current (Ipg) increases with increasing
top-gate voltage (V,,), indicating a typical n-type conduction in
the InSe channel, which is in line with previous reports.“’44
The current on/off ratio reaches as high as ~10%, which is
attributed to the better interface quality between InSe and h-
BN.** As shown in Figures S2—S4, with the selected hBN
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sandwiched between the InSe and SiO, layers, the current on/
off ratio of the P(VDF-TrFE)/InSe/hBN device (Figure S2) in
the dark state at room temperature is significantly improved
from 10° of P(VDF-TrFE)/InSe/SiO, (Figure S2b) to 10°
(Figure S3b and Figure S4b).

Figure 3a—c schematically demonstrates the three different
polarization states of ferroelectric P(VDF-TrFE) films: polar-
ization-down state, fresh state (without polarization), and
polarization-up state,** respectively. The polarization-down
(-up) state can be obtained by employing a 40 V (—40 V)
pulse voltage with a pulse width of 3 s to the P(VDF-TtFE)
film. The output characteristics of InSe FET under the
modulation of the three states of the ferroelectric P(VDE-
TrFE) film are exhibited in Figure 2c. It is found that the
channel current Ig in the polarization-up state is the smallest
among these three states. The reason is that carriers in the InSe
channel are completely depleted in the polarization-up state,
which arises from the poling field generated by the remanent
polarization of ferroelectric P(VDE-TrFE) thin film.”> More
specifically, the dark current of the InSe channel is successfully
suppressed down to ~107'*A by the ferroelectric P(VDE-
TrFE) copolymer film in the polarization-up state. We also find
that the remanent polarization field of the top-gate dielectric
can successfully suppress the dark current of thicker InSe (~36
nm), as shown in Figure S4c. On the contrary, the carriers are
accumulated in the polarization-down state, resulting in a high
channel current.

One of the key figures of merit in photodetectors is the
photoresponsivity. The dependence of the photoresponsivity
of the ferroelectric-gated InSe photodetector on the different
ferroelectric polarization states and various laser power
intensities at zero-gate voltage is demonstrated in Figure 3.
The different polarization state in the ferroelectric film is
presupposed to a specific polarization state (polarization-up or
polarization-down) by applying a short bias pulse to the
P(VDE-TrFE) film before the photoresponsivity measurement.
Under illumination by a 532 nm laser, different power levels of
0.1%, 10%, 32%, 50%, 79%, and 100% correspond to
illumination intensities of 0.04, 2.98, 12.99, 29.17, 41.91, and
61.40 mW/cm™, respectively. The Ing—Vpg curves of the
photodetector with the three polarization states under darkness
and varying illuminating laser powers at a 532 nm wavelength
are demonstrated in Figure 3d—f, all of them are symmetric
and linear. Comparing the results of the three polarization
states, it is obvious that, at Vg = 0.1 V, under full light
illumination, Ijg in the polarization-up state, fresh state, and
polarization-down state are 12, 23, and ~700 nA, respectively.
That means, Ing is the smallest in the polarization-up state,
which is in accordance with the above results (Figure 2c). For
the polarization-up state, the dark current is also the smallest,
suggesting that the remanent poling field of the ferroelectric
P(VDF-TrFE) film can effectively suppress the dark current of
the InSe semiconducting channel.** In other words, the dark
current is restrained in the polarization-up state and enhanced
in the polarization-down state. In an ultrahigh poling field
generated by the ferroelectric top-gate dielectric,”® the InSe
channel is kept in the completely depleted state, whereby the
sensitivity of the phototransistor can be prominently improved
even at zero-gate voltage. The photoswitching behaviors in the
corresponding ferroelectric polarization state under a wave-
length of 532 nm and Vpg = 0.1 V are depicted in Figure 3g—i.
I, of the polarization-up state is the smallest among the
different three states. The channel current in the fresh state
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Figure 3. Photoresponse characteristics of the multilayered InSe phototransistor under the three polarization states of the ferroelectric P(VDE-
TrFE) layer at zero-gate voltage. (a—c) The cross-sectional diagrams of the InSe phototransistor with the three different ferroelectric polarization
states under Vpg = 0 V. (d—f) Ing—Vpg characteristics of the phototransistor under darkness and illumination with varying power levels (the
incident light wavelength is $32 nm, and a rated power level is 80 mW) at the three states illustrated in panels a—c. The power density of 0.1%—
100% P is quantified as 0.04, 2.98, 12.99, 29.17, 41.91, and 61.40 mW/cm™>, respectively. (g—i) The photoswitching properties of the ferroelectric
gated InSe photodetector at the three states illustrated in panels a—c (4 = $32 nm, Vj,g = 100 mV, P = 61.40 mW/cm™2).
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Figure 4. Photoresponse characteristics of a ferroelectric-gated InSe photodetector in the polarization-up state (4 = 532 nm, Vg = 3 V). (a) Ips—
Vps behaviors of the phototransistor under darkness and varying illuminating laser powers. (b) Illumination-power-dependent photocurrent. The
inset is the relationship of I,/I4,, with different laser powers. (c) Responsivity and detectivity of the InSe photodetector, showing high responsivity
of 14250 AW ' and high detectivity of 1.63 X 10" Jones under the laser power of 0.04 mW/cm™>. (d—f) Time-resolved photoswitching behavior
of the InSe phototransistor in the polarization-up state (A = 532 nm, Vpg = 3 V, P = 61.40 mW/cm™2).
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and the polarization-down state is provided by both photo-
excited carriers and thermionic/tunneling carriers. On the
other hand, the channel current in the polarization-up state is
dominated by the photogenerated current, which leads to
efficient photocurrent extraction and enhanced photores-
ponse.”

To further improve the optoelectric response characteristics,
we characterize the photoresponse features of the ferroelectri-
cally gated multilayered InSe phototransistor in the polar-
ization-up state with Vg = 3 V. Figure 4a exhibits the drain—
source behaviors of the photodetector under darkness and
varying illuminating laser powers. With the enhancement of
the illuminating intensity, the channel current increases
significantly from 72 nA in the dark state to 37 uA under
full laser illumination. This increase means that the photo-
generated carriers contribute dominantly to the total current of
the InSe semiconducting channel. In order to intuitively reveal
the relationship between the photocurrent Iph(Iph = Ijghe —
Ij) and the laser power, the illumination power-dependent
photocurrent is measured at Vpg = 3 V, which reveals that the
photocurrent is power-law dependent on the illumination
power: L, ~ P%*, as depicted in Figure 4b. It indicates that the
efficiency of photogenerated carriers is not linearly dependent
on the absorbed photon flux. The power-law relationship
between photocurrent and the illumination power reflects the
loss of the phot0§enerated carriers by a recombination process
(the trap states), 5353648 i1 which the defects of the InSe, the
charge impurities around the InSe, and the adsorbed molecules
could be recombination centers. As the laser intensity
increases, photogenerated carriers occupy more traps, resulting
in the final saturation of the photocurrent. The relationship of
I/l with different laser powers is shown in the inset of
Figure 4b, implying that the present devices are very sensitive
to the laser power. As is known, R (responsivity) and
D*(detectivity) are two key figures of merit characterizing
the performance of phototransistors.*® R can be extracted from
the formula R = I;,/P X S, where P represents laser power
density, S represents the effective channel excitation area, and
D* = RSY?/(2elyy)-*>° The extracted power-dependent
responsivity and detectivity are depicted in Figure 4c. The
phototransistor exhibits high photoresponsivity up to 14250
AW and high detectivity up to 1.63 X 10" Jones (under low
laser power 0.04 mW/cm™2), which are 2 orders of magnitude
larger than the previously reported results of R = 157 AW™
and D* ~ 10" Jones (2.1 mW/cm™2, Vpg = 10V, and Vig =70
V), respectively.”> As the laser power boosts, the high
responsivity rate and detectivity decrease sharply, largely
because of some recombination processes at the interface
between InSe and the top-gate P(VDF-TrFE) layer. Time-
resolved photoswitching behavior of the InSe photodetector in
the polarization-up state under a wavelength of 532 nm with
Vps = 3V are demonstrated in Figure 4d. The rise (,) and fall
(t) time are measured as 600 us and 1.2 ms, respectively,
which is faster than the currently reported ferroelectric-gated
2D photodetectors.”**”** Compared with Figure 3i, the Ly is
greatly improved from the order of ~nA to ~pA due to the
increase of the drain—source voltage. When Vg = 100 mV, the
maximum photoresponsivity value is just 420 AW~ (Figure
S4b), which is two orders lower than the case of Vg = 3 V.
This phenomenon can be explained by the light absorption
and 4e()xcitation of electron—hole pairs under laser illumina-
tion.
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For the sake of illustrating the outstanding performance of
ferroelectric-gated InSe phototransistors more intuitively,
comparison of key figures of merit between traditionally
gated InSe photodetectors and similar ferroelectric-gated
photodetectors are shown in Table 1. The on/off ratio, R,
and D* of the present ferroelectric-gated InSe photodetector
are obviously superior to those of other traditionally gated InSe
phototransistors.”**>*” Compared with similar ferroelectric-
gated devices, the present InSe-based devices have a higher
on/off ratio by at least 3 orders of magnitude and the shortest
response and recovery times.”> > They also have comparably
very high R and D* values, but InP-based devices exceed the
present values.”® The reasons for such excellent performance
can be summarized into the following three points: (1) The
dielectric constant of the top-gate dielectric is about 10 times
larger than that of SiO, and ALO;,**** which results in better
dielectric screening performance.”> (2) Compared to the
previous back-gate FETs,”' InSe is sandwiched between the
hBN and P(VDF-TrFE) film, which can prevent its
degradation and additional scattering from water, oxygen,
and adsorbed molecules in the air.”” Furthermore, the high-
quality interface between InSe and hBN greatly suppresses
charge impurity scattering from the SiO, substrate."* (3) The
remnant polarization field of the polarization-up state can fully
deplete the concentration of carriers caused by defect/trap
states;* therefore, the dark current of our device was
successfully suppressed down to 107'* A.

In conclusion, we have successfully fabricated ferroelectri-
cally gated InSe photodetectors with high current on/off ratios
(~10°%) and ultrahigh photoresponsivity (~14250 AW™')
because of the effective suppression of the dark current by
depleting carriers in the InSe channel at the polarization-up
state of the ferroelectric P(VDF-TrFE) top-gate dielectric. The
InSe phototransistor under ferroelectric layer modulation even
at zero-gate voltage manifests remarkable photodetection
performance compared to those using traditional dielectrics.
The transparent nature, high ambient stability, and effective
passivation or encapsulation of recombination centers on 2D
material surfaces by hydrogen or fluorine atoms of ferroelectric
P (VDF-TrFE) films greatly enhance photodetection perform-
ance in InSe photodetectors and will be promising in the
development of future 2D high-performance photodetectors.

Methods. Sample Preparation. The InSe and hBN
nanosheets were obtained by mechanical exfoliation of the
commercial y-InSe bulk crystal (2D Semiconductors) and BN
single crystal (HQ Graphene), respectively. Then InSe/hBN
heterostructures were prepared by the dry-transfer techni-
que.”>>* All of the exfoliation and stacking processes were
carried out in a glovebox filled with highly purified Ar.

Measurement of InSe Thickness. Atomic force microscopy
(AFM, Asylum Research, Cypher S) experiments were
performed under ambient conditions with the tapping mode
to measure the thicknesses of InSe and hBN flakes.

Device Fabrication. For the sake of avoiding degradation of
the InSe/hBN heterostructures, the sample was spin-coated
with poly(methyl methacrylate) (PMMA) in a glovebox before
device fabrication. Electron beam lithography (Raith 150) was
used to pattern the contact electrodes. Six nm Cr followed by
60 nm Au were deposited by electron beam evaporation used
as metal contacts. After lift-off, the InSe FETs were covered
with the 2.5 wt % P(VDE-TrFE) solution by spin-casting in the
glovebox. The P(VDF-TrFE) films were baked at 135 °C in a
vacuum oven for 2 h to increase the crystallinity. At last, the
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first layer of 15 nm thick aluminum near the channel region
was deposited by e-beam evaporation as a semitransparent
optical window to allow light illumination on the channel, and
the second layer of 50 nm thick aluminum far away from the
channel region was deposited as the top-gate electrode
patterned by a “shadow mask”.

Device Performance Measurement. The measurements of
electronic and optoelectronic performance of fabricated
devices were measured under a vacuum at room temperature,
employing a Keithley 4200 semiconductor characterization
system and a Lakeshore probe station. The InSe photo-
transistors were illuminated at a 532 nm wavelength, and the
intensity of the incident laser source was measured by an
optical power meter. To achieve different powers of
illumination, an attenuator was used.
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