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Mechanically exfoliated two-dimensional a-InySes flakes are used as the channel material in field effect tran-
sistors. N-type conduction with 0.1 % carrier mobility is reported. The good gate modulation and the pro-
nounced hysteresis make the device suitable for a wide range of applications, from digital logics to memories. An
order of magnitude current increase is observed under illumination by a blue light at the incident optical power
of 19 nW. The devices can work as visible-to-infrared wide-band photodetectors with time response of few-

hundred milliseconds, responsivity up to 40 A/W and specific detectivity D* = 5-10'! Jones at low light intensity.

1. Introduction

After the discovery of graphene, the interest in two-dimensional (2D)
crystals has grown exponentially [1-3]. 2D materials are good candi-
dates for nanoscale electronic and optoelectronic applications and the
promising applications have motivated the researchers, in the past
years, to investigate their physical properties and to develop new
high-performance devices [4-9].

Layered crystals, such as transition metal dichalcogenides [10],
group IV-V [11], or group III-VI compounds show strong in-plane co-
valent bonds and weak interplane van der Waals interactions. Thanks to
this peculiar structure, it is easy to obtain monolayers or few layers via
chemical vapor deposition (CVD) and mechanical exfoliation from their
bulk crystals [12-15].

Indium selenide (InySes) is a III-VI compound. There are five known
crystalline forms (a,B,y,5,k) which differ from each other for lattice pa-
rameters and material properties [16-19]. The most common form is
a-phase. a-InySes is widely used as channel material for field effect
transistors [20-23] and several other applications, like photodetection
and data storage [24-26].

In,Se; field-effect transistors (FETs) have gained attention due to
their unique electronic properties, including high carrier mobility, low
noise, and high current density [27-29]. Xiaotian Zhang et al. have re-
ported a mobility of ~ 1 cm? V! 57! for a few layer p-InpSe3 FET [30]. A
similar value (~ 2.5 cm? V~! s7!) of mobility has been reported by Jia-
dong Zhou et al. for a monolayer a-InySes FET [31].

InySes FETs have shown great promise for use in various applica-
tions, including high-speed electronics [32], sensors [33], solar energy
harvesting [34], non-volatile phase-change memory [25], and opto-
electronics [35].

Due to the combination of a direct band-gap [36], the efficient ab-
sorption of light [37] and sensitivity [38], InySes photodetectors have
been proposed for imaging [39,40], sensing [41], and communication
[42] purposes. The 1.3 eV band gap enables absorption of a wide range
of photons, making the photodetector suitable for the detection of a
wide spectral range [42]. Moreover, Iny,Ses photodetectors have
demonstrated fast response times, with values in the order of 1-100 ps
[40,42,43].

In this work, mechanically exfoliated a-In,Ses flakes have been used
as the channel material for 2D field effect transistors. a-InySes electronic
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characteristics have been investigated in FET configuration measuring
the current-voltage (I-V) output and transfer curves. We have charac-
terized the optical properties using LEDs with different wavelengths and
incident optical power. Finally, we demonstrate the application of
In,Ses FETs as memory devices by switching among two stable states by
voltage pulses applied to the back gate contact (V).

2. Materials and methods

The channel flakes were prepared by mechanical exfoliation tech-
nique from bulk InySes crystal and then transferred onto a 290 nm SiO2
doped Si substrate (n-type, As dopant, p < 0.005 Q-m). Before trans-
ferring the flakes, an Oxygen plasma treatment and an annealing process
were used to further clean the substrate. Then, the Cr/Au (5/110 nm)
electrodes were patterned by standard Electron Beam Lithography
(EBL).

A Scanning Electron Microscopy (SEM) image of a typical device,
obtained with a field-emission SEM Zeiss LEO 1530 using an accelera-
tion voltage of 5 kV, is shown in Fig. 1a. The schematic of the device is
displayed in Fig. 1b. It consists of interdigitated source/drain metal
contacts deposited over the In,Ses flake resulting in a channel length L =
3.75 ym and width W = 1.85 um. The aspect ratio attained in this device
has a positive impact on reducing the role of the contact resistance
known to have an inverse proportionality to the channel width in the
metal/2D materials transistors [44]. In addition, this device configura-
tion maximises the value of the photosensitive area (i.e. W = L) in a short
channel In,Ses photodetector. Finally, the doped silicon substrate works
as a global back-gate.

To investigate the morphology and the thickness of the InySes flake,
Atomic Force Microscope (AFM) characterization has been performed
on several flakes. The AFM images (Fig. 1c) have been acquired with a
Nanosurf A.G. Microscope and the data have been analysed with the
software WSXM 5.0 Develop 9.4. The AFM profile in Fig. 1d - measured
along the solid black line in Fig. 1c -shows that flake thickness is around
11 nm, which corresponds to ~ 10 layers (monolayer thickness is
around 1.2 nm) [45,46].

For the optical and electrical characterization, the devices were

(a)

(b)
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placed onto the sample holder of a SEM chamber and contacted with two
nanoprobes, electrically connected to a Keithley 4200-SCS Semi-
conductor Parameter Analyzer. The devices were exposed to the light of
three LEDs with different wavelengths, directly sent on the surface of the
sample.

3. Results and discussion

Fig. 2a shows the I;; — Vg output characteristic on linear scale of the
device. It exhibits slightly asymmetric behaviour indicating Schottky
contacts at drain and source terminals [47]. This behaviour can be easily
explained with either one or two barrier model, as reported elsewhere
[48,49].

An applied gate voltage modulates the channel current with a sub-
threshold swing (SS) around 12 V/dec, as reported in Fig. 2b both on
logarithmic (black) and linear (red) scale. SS has been evaluated from
the transfer characteristic, i.e. the Iy — Vi plot, as:

(23

The transfer characteristic also indicates that the majority carriers
are electrons (n-type behaviour) with a mobility = 0.14 cm? V-1s7 1.
Electron mobility has been extracted from the transfer characteristic on
linear scale using the following equation:

L1
—W Cox Vdsgm

U

where L and W are length and width of the channel, C,, = 1.15x1078 Fis
the capacitance of silicon oxide, Vy; is the applied drain-source voltage,

and gn = g’% is the maximum transconductance of In,Ses.
&

To test the photoresponse of the device, a blue LED (405 nm) was
used to illuminate the channel whilst measuring the output curves. The
diameter of the light spot is about 2 mm, and it covers the whole channel

flake, i.e. the entire active area (Aq). Given Ay = 6.85 um?, the inci-

Aq

. . . b X
dent optical power is obtained as: Py, = P x Spot-arear The results are
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Fig. 1. (a) SEM image and (b) schematic layout of the device under test. AFM (c) image and (d) profile of the In,Se; flake measured along the black dotted line in

figure (c).



A. Pelella et al.

Ids (nA)

0
Vds (V)

Journal of Physics and Chemistry of Solids 183 (2023) 111653

b ss=12Videc 7 [
( ) u=012cm*v's" 40
10’
30
£ g
0% 20 T
10
1070 +— V"‘L‘.W 0
40 20 O 20 40
V, (V)
gs
(d) Vds
A=
_10%4
<
10 —— Dark
—— Laser
40 20 20 40

0
vV, )

Fig. 2. (a) Current-Voltage characteristic in dark condition and ambient pressure at Vg = 0 V. (b) Transfer characteristic in linear (red) and semi-logarithmic scale
(black) in dark condition and V4, = —4 V. (c) Current-Voltage characteristics at Vg = 0 V and (d) transfer characteristics in dark and under blue LED exposure (1 =

405 nm) in semi-logarithmic scale.

reported in Fig. 2c. Photogeneration of carriers and carrier detrapping
occur upon illuminating the semiconducting channel, thus resulting in
an increase of the source-drain current (photocurrent). The light irra-
diation also affects the transfer characteristic (Fig. 2d), resulting in a left
shift of the threshold voltage due to a photogating effect resulting from
trapping of the photogenerated positive charges at the interface InpSes/
SiO4 and desorption of physiosorbed Oxygen [35,50-53].

To further investigate the optical properties of the device, a series of
light pulses with different light intensity has been applied. The light
source power (P) has been increased up to about 12 mW and then suc-
cessively decreased to zero. The result is displayed in Fig. 3a, in which
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the device - biased at V4 = 2 V and Vg = 0 V - was exposed to two se-
quences of light pulses of increasing (P, from 24 pW to 19 nW) and
decreasing (Pjn. from 19 nW to 24 pW) intensity, respectively.

Fig. 3a shows a plot of the time dependent photocurrent measured in
the device in dark (i.e. low photocurrent level) and upon illumination
for varying incident optical power (i.e. high photocurrent level). A plot
of the measured photocurrent (I, = Ijgn — Iaak) @s a function of the
incident optical power reveals a power law dependence of I, due to the
photogeneration rate of the excess charge carriers, which varies with the
charge carrier density, see Fig. 3b [54]. The increase of the incident
optical power leads to an increase in photogenerated charge carriers and
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Fig. 3. (a) Current peaks obtained with different optical incident power. (b) Photocurrent at different incident light power extracted from data in Fig. 3a. (c)
Responsivity and NEP versus incident light power, and (d) transfer characteristics for light at different wavelengths.
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consequently an increase in photocurrent. The higher charge carrier
density results in an increased recombination rate as well as in increased
scattering rate. Both effects, limit the rate at which the photocurrent
increases under stronger illumination. Fig. 3c shows the responsivity of
the device, defined as R = %. The responsivity decreases at high inci-
dent optical power, when the enhanced carrier density leads to an in-

crease of scattering rate favouring electron-hole recombination [55].
Besides, the optical Noise Equivalent Power (NEP) of the device, defined

as NEP = —Vzgd“’k, is reported on the right y-axis of Fig. 3c. A smaller
optical NEP is found at low power, indicating that the device is more
sensitive when the incident light power is reduced. The lowest value of
NEP (5-107'® W /\/Hz) is achieved at low power, corresponding to a
specific detectivity D* = R \/Aact/2qlgar = 5-10'! Jones. The photode-
tector performance ranks among the highest found in the literature [41,
56-58].

Moreover, the device performance has been tested at different
wavelength of the incident light. The transfer characteristics of the de-
vice irradiated by different wavelengths are displayed in Fig. 3d. The
photocurrent (and thus the device responsivity) varies at different
wavelengths. Also, the left shift of the threshold voltage decreases with
decreasing responsivity, in totally agreement of the already mentioned
photogating effect.

Fig. 4a shows current peaks generated by three LEDs with different
wavelength (same incident optical power Pinc~4 nW), namely blue
(A = 405 nm), green (A = 520 nm) and infrared (A = 880 nm). Peaks
analysis have been performed on three peaks from the three different
incident wavelengths (Fig. 4b-d). The data have been fitted with a

double-exponential formula (y: Aexp(—ﬁ) +Bexp (7%)) which gives

two different time constants for each rising and falling edges [59].
Double-exponential formula is needed for taking into account for two
different mechanisms: (1) low time constants correspond to the standard
carriers photogeneration process and the consequent increase of current
through the channel. (2) high time constants, instead, describe the
absorption/desorption of adsorbates, such as water and oxygen mole-
cules, activated by the incidence of the light source onto the InySes
channel.

Finally, we show that the wide hysteresis in the transfer character-
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istics, which is reproducible and common to other 2D materials based
devices, can be exploited in a data storage device [3,7,60,61]. A
sequence of write/read/erase/read memory cycles is displayed in
Fig. 5a. Voltage pulses are applied at the back gate (Vg = 40 V) for the
write and erase operations and the read is performed at Vg = 0 V while
the channel current is monitored. The data show two different current
states (I, and Ijon, Fig. 4b) which can be swapped among each other by
applying the write/erase pulses. The rising and falling edges of the
curves in Fig. 4b have been fitted with an exponential law to extract time
constants and to ensure that I, and Ijw, are well separated. Time
constants are in the order of the seconds, which is consistent with other
works on similar 2D data storage devices [62-64]. Besides, we demon-
strated that the device shows a retention time i.e., the time the current
stays in the low/high state, longer than 50 s.

Finally, the resistance states Rgoun and Ry, corresponding to the
current states I, and I and to 0 and 1 logic states, present a resistance

AR Rup—Rdown - 0 . . .
o = Ry Ran) 72 of ~ 68%, confirming the device has two well

distinguishable memory states (Fig. 5c).

window

4. Conclusions

A detailed optoelectronic characterization of a-InpSes field effect
transistors has been reported, showing carrier mobility of
0.14 cm? V157! and subthreshold swing of 12 V/dec in dark conditions.
The device shows high performance as photodetector, with a respon-
sivity up to 40 A/W and a specific detectivity of 5-10'! Jones. It can also
work in the infrared region, making it a good candidate for optical
communication. Moreover, thanks to the wide hysteresis shown in its
transfer characteristic, the device can operate as a memory. Indeed, we
have demonstrated two different resistance logic states which can be
easily selected by applying opposite gate voltage pulses.
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