Electronic Materials Letters (2024) 20:192-198
https://doi.org/10.1007/513391-023-00439-y

ORIGINAL ARTICLE - NANOMATERIALS

®

Check for
updates

Characteristics of Rhombohedral (3R) Structure of a-In,Se;
Nanosheets by Mechanical Exfoliation

Dong Hyun Seo’ - JuWon Kim' - Jin-Hoo Seong'? - Hyo-Chang Lee*® - Sang-il Kim? - TaeWan Kim'

Received: 6 February 2023 / Accepted: 1 May 2023 / Published online: 5 June 2023
© The Author(s) under exclusive licence to The Korean Institute of Metals and Materials 2023

Abstract

The mechanically exfoliated ultrathin 3R a-In,Se; nanosheets were transferred onto a SiO,/Si substrate. Using atomic
force microscopy, it was confirmed that the transferred «-In,Se; transferred had a thickness of 15-120nm. The thickness-
dependence of Raman peaks of E?, A}, E* and A% was observed from the Raman spectra. Moreover, the measured photolu-
minescence peak values in the range of 869-895 nm indicate a blue shift as the thickness decreases. The field-effect transistor
based on a-In,Se; exhibited an n-type semiconductor behavior. From the transfer curve at gate voltage of 10 V, the derived
values of the mobility and ON/OFF ratio are 24.26 cm? V~! 57! and 1.84, respectively. In addition, it was confirmed that
the 3R a-In,Se; layers had a high photoresponsivity of up to approximately 34,500 A/W under illumination (4 = 750 nm).
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1 Introduction

Since the discovery of graphene, two-dimensional (2D)
materials have recently received considerable attention
owing to their electrical and optoelectronic properties. 2D
materials are obtained by reducing the lateral dimensions of
bulk materials to extremely small atomic layers. Compared
to bulk materials, several 2D materials, including transition
metal dichalcogenides (TMDs), exhibit significantly differ-
ent band structure changes [1, 2]. TMDs have been studied
extensively, whereas non-TMDs have been neglected. Non-
transition metal dichalcogenides, such as In,Se,, Sb,Te;
and Bi,Te; exhibit various types of phases depending on
the temperature or pressure [3-5]. In,Se, is an interesting
III-VI semiconductor among non-transition metal dichal-
cogenides owing to its various phases and excellent optical
properties [6]. In,Se; possesses five known crystal struc-
tures and phases (a, §, v, 6 and k) that depend on the tem-
perature [7, 8]. The layers of a-In,Se; are stacked together
through van der Waals interactions. There are two structures
of a-In,Se; characterized by the number of stacked layers
in the unit cell: hexagonal (2H), which has two stacked lay-
ers, and rhombohedral (3R), which has three [9, 10]. The
Raman spectrum can be used to distinguish between these
two structures. 90 cm_l(Ez), one of the Raman peak val-
ues of a-In,Se;, is clearly visible in the hexagonal structure
but is less prominent in the rhombohedral structure [10].
Owing to its high photosensivity, fast photoresponse, sig-
nificant conductivity, and outstanding optical transmission,
a-In,Se; has a bandgap of 1.43 eV and has various appli-
cations including photosensors, photodetectors and solar
cells [11, 12]. In addition, a-In,Se; as a ferroelectric mate-
rial, exhibits spontaneous polarization in the absence of an
external electric field. Thus, a-In,Se; can be applied to fer-
roelectric semiconductor field-effect transistors [13]. How-
ever, despite many studies on the optical and optoelectronic
properties of 2H structures of a-In,Se;, 3R structures have
not been much explored [6, 10, 18]. In this work, we identi-
fied the optical properties of 3R a-In,Se; by measuring the
Raman and photoluminescence (PL) spectra. In particular,
a 3R a-In,Se;—based phototransistor was fabricated and its
optoelectronic properties were measured.

2 Experiment

Because the 3R a-In,Se; flake has a weak bond between
the atoms owing to van der Waals forces, it can be exfoli-
ated while maintaining its two-dimensional structure using
the adhesive force of a tape. 3R a-In,Se; was mechanically
exfoliated and transferred onto a SiO,/Si substrate. We con-
firmed the surface shape and thickness of the sample flakes

of 3R a-In,Se; through an optical microscope (OM) and an
atomic force microscope (AFM), respectively, at the Center
for University-Wide Research Facilities, Jeonbuk National
University. Structural identification of the 3R a-In,Se,
powder was performed using X-ray diffraction (XRD, D8
Discover, Bruker) at 40 kV and 40 mA. Cu Ko radiation
(A=1.5406 A) and a scan rate of 0.02° sec™! were used to
record patterns ranging from 10° to 70°. Subsequently, the
Raman spectrum and PL were measured and analyzed using
FEX (NOST) at the National NanoFAB Center (NNFC) to
determine the optical properties of 3R a-In,Se;. For measur-
ing the Raman spectra, the laser wavelength and its intensity
were set to 532 nm and 2.878 mW, respectively. The same
laser wavelength was used for the PL measurements. For
measuring the PL intensity mapping, the laser wavelength
was set to 514 nm, and the area of 10X 10 pm and 121 points
were measured at the KAIST Analysis Center for Research
Advancement (KARA). The experiments were conducted
at 300 K. The 3R a-In,Se;-based field effect transistor
(FET) bar pattern was manufactured using copper wires
to define the dimensions of the channel, and Ti/Au (5/50
nm) was deposited using an electron beam evaporator in
the uncovered areas. The thickness of the sample flakes of
3R a-In,Se;-based FET was measured by a surface profiler
(Tencor P-7 Stylus Profiler, KLA Corporation) at Korea
Research Institute of Standards and Science (KRISS). All
optoelectrical measurements were performed using a four-
point probe station (M6VC, MS-tech) with a commercial
parameter analyzer (4200, Keithley Inc.) under vacuum con-
ditions of 1073 Torr. A monochromator (CS130, Newport)
was used to select the wavelength, using a 300 W xenon
lamp as the light source. An optical power meter (1936-
R, Newport) and Si detector (10UVSI, ICC) were used to
measure the light power density. The Si detector was used
to cover the wavelength range of 400-1100 nm.

3 Results and Discussion

Figure 1a shows the OM images of the mechanically exfoli-
ated 3R a-In,Se; flakes transferred to a 300-nm-thick SiO,/
Si substrate. AFM was used to determine the heights of the
formed layers, as shown in Fig. 1b, and the thickness profiles
of the flakes transferred onto SiO,/Si are plotted in Fig. 1c.
We observed that the lowest thickness value of the exfoli-
ated flake was approximately 15.1 nm; other measured thick-
nesses were approximately 40.2, 72.1, 93.7, and 118.7 nm.
Considering that the thickness of a monolayered 3R a-In,Se;
is approximately 1 nm [9, 14], the mechanically exfoliated
3R a-In,Se; flakes had 15-120 atomic layers.

Figure 2 shows XRD patterns of the In,Se; that was suc-
cessfully synthesized as a single 3R phase (a-In,Se;, JCPDS
#01-034-0455) without impurities. This was demonstrated
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Fig. 1 Topographical char-
acterization of 3R a-In,Se;
flake: a optical microscopy,

b topographic AFM image and
¢ height-profiles of layers trans-
ferred on a SiO,/Si substrate.
The AFM height-profile was
obtained along the white line
shown in the AFM image. The
thinnest film has a layer thick-
ness of approximately 15.1 nm
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Fig.2 XRD pattern of the 3R a-In,Se; powder

by comparing the calculated lattice parameters with those in
the JCPDS. The lattice parameters a and ¢ were calculated
to be 4.016 and 28.768 A, respectively, whereas their values
in the JCPDS were 4.025 and 28.762 A, respectively. The
conductivity (o) value of 3R phase a-In,Se; is 12.62 S/cm
at 300 K [15, 16].
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60.0 um

Distance (um)

Figure 3a shows the micro-Raman spectrum of 3R
a-In,Se; transferred from the SiO,/Si substrate at 300 K.
Prominent Raman peaks were observed at approximately 90,
102, 180, and 196 cm™! corresponding to the E?2, Al E*, and
A% vibration modes, respectively [17]. The thickness depend-
ence of the Raman peak shift is shown in Fig. 3b. According
to Fig. 3b, A% vibration mode tends to shift slightly towards
larger wavenumbers as the thickness decreases. The thickest
and thinnest Raman peaks were observed at 192.55 cm™" and
196.89 cm™!, respectively. However, A} and E* vibration
modes did not depend on layer thickness. As the thickness
increased, the A% peak shifted towards smaller wavenumbers.
Zhou et al. observed a similar shift behavior according to the
thickness [18]. Compared to its 2H counterpart, the E2 mode
of 3R a-In,Se; appears to be less prominent [10, 14, 18].
Liu et al. confirmed that the intensity ratio between E? and
A% modes could be used to distinguish 2H and 3R a-In,Se;,
[14]. In our study, the 3R a-In,Se; was confirmed because
the measured intensity ratio (A} /E?) was larger than that of
the 2H structure.

The PL spectrum obtained at 300 K for thickness values
of 15, 40, 72, 94, and 119 nm of the 3R «-In,Se; flakes
that were transferred to the SiO,/Si substrate are shown
in Fig. 4a. The PL peaks of thickness of 119 and 15 nm
are located at 894.75 and 869.16 nm, respectively, and
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correspond to 1.39 and 1.43 eV, respectively. As the thick-
ness decreases, the PL emission exhibits a blue shift towards
high phonon energies up to 40 meV, which may be due to the
quantum confinement effect [6]. A previous study showed
the thickness dependence of the PL emission of In,Se, that
resulted from the combined effect of carrier confinement
along the c-axis (z-axis) and on the xy-plane [19]. To fully
understand the spatial resolution optical properties, we
measured PL mapping for 3R o-In,Se; flake (Fig. 4c, d).
Figure 5a shows the OM with surface profiler height-
profile (~ 1 pm) and schematic image of the fabricated bulk
3R a-In,Se;-based phototransistor. Ti/Au electrodes were
deposited as the drain and source on both sides of the device

myr

Thickness (nm)
Peak fit a[1)

—_—
Q.
~—

to measure the electrical properties. The length and width
of the channel of 3R a-In,Se; are approximately 121.3 and
50.16 pm, respectively. The effective area of the 3R a-In,Se;
photodetector was 6.08 x 10~5cm?. The PL spectrum of
the bulk 3R a-In,Se; channel shows a peak at 930.14 nm
(1.33 eV), as shown in Fig. 5b. Further study including the
e-beam lithography fabrication will be necessary to fully
understand the thickness dependence optoelectronic proper-
ties of 3R a-In,Se; flakes.

The I-V characteristics of the 3R a-In,Se;-based pho-
totransistor were measured at 300 K in the dark and under
illumination (A = 750 nm), as shown in Fig. 6a. The
photocurrent 1, (Zyyjumination — Laar) Was measured under
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Fig.5 a OM with surface (a) (b) 7000

profiler height-profile and -

schematic images of bulk 3R N -~ 6000 1

a-In,Se;-based FET manufac- =

tured by mechanical exfoliation, L 5000 T

respectively. b PL spectrum of > K |

the 3R a-In,Se;-based FET. The % 4000

bandgap was 1.33 eV, whi.ch . S 3000 }F J

was measured for comparison in —

terms of photoresponsivity £ 2000} E
1000 L

illumination (A = 750 nm). After the bias voltage is applied,
an electric field causes the photoexcited electrons and holes
in 3R a-In,Se; flow in the opposite directions to generate a
photocurrent 7, [20]. The photoresponsivity was calculated
using the following equation:

Iph

R=——", 1
Piigne X A M

where P;,,, and A light power density and the effective area
of the a-In,Se; channel, respectively. The calculated results
are plotted in In Fig. 6b, which shows the photoresponsivity
for each light wavelength. 3R «-In,Se; based phototransis-
tor was detected in a wide spectrum of 300-1050 nm, and
the photoresponsivity obtained at a drain voltage of —10 V
at 750 nm at 300 K reached approximately 34,500 A/W.
Moreover, we observed a photoresponse from bulk a-In,Se;
flakes in the 300-1050 nm region, which correlated well
with the band edge transition (PL, 1.33 eV) of the bulk
a-In,Se, flakes. A reduction in photoresponsivity at a lower
wavelength (<750 nm) may occur because of a defect in 3R
a-In,Se; or a recombination effect of the photogenerated
carriers by surface states [21]. In Fig. 6c, the transfer curve
of the 3R a-In,Se;-based FET shows n-type semiconduc-
tor transfer properties, and it was measured at source-drain
voltages of 1, 5, 7, and 10 V; the ON/OFF ratios of the
a-In,Se;-based phototransistor were 1.51, 1.43, 1.62, and
1.84, respectively, and its mobilities were 2.95, 8.87, 16.7,
and 24.26 cm?/V - s, respectively, The mobility (u) was cal-
culated using the following equation:

Em X Lchannel
W'hunnel X Cg X Vds

C

K= @
where, g,, is the transconductance, L ;,,,0; a0d W00 aT€
the channel length and width, respectively, and C, the gate
capacitance per unit area. It is well known that a-In,Se; is
a ferroelectric semiconductor [13, 22]. When the thickness
of the oxide insulator was 300 nm, the voltage applied to
the gate did not completely change the polarization of the
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ferroelectric channel, resulting in partial band bending [13].
Therefore, a clockwise hysteresis loop occurs as expected in
the transfer curve measured by the dual-gate voltage sweep,
owing to the ferroelectric characteristics (Fig. 6¢).

4 Conclusion

In this study, we investigated 3R «-In,Se; flakes that
were mechanically exfoliated and transferred onto a SiO,/
Si substrate. Raman and photoluminescence (PL) spec-
tra were measured at room temperature to understand the
optical properties of 3R a-In,Se; of various thicknesses
(15-120 nm). It was found that the A% vibration mode, one
of the Raman spectrum peaks of 3R a-In,Se;, decreases as
the thickness increases, and in the PL spectrum, the wave-
length exhibits a blue-shift as the thickness decreases. We
manufactured a bulk 3R a-In,Se; based field effect transis-
tor (FET) to measure photoresponsivity. The I-V curve was
measured under illuminated conditions in the wavelength
range of 300—1300 nm, and the photoresponsivity was cal-
culated from the difference between the drain current in the
dark condition and the drain current in the illuminated con-
dition. As a result, photoresponsivity of 3R a-In,Se; was
detected over a wide wavelength of 300—-1050 nm, and it had
a distinct photoresponsivity of 34,500 A/W at 750 nm under
a drain voltage of — 10 V. From this photoresponsivity peak,
it was inferred that it is closely related to the bandgap meas-
ured through PL. The transfer curve was measured to con-
firm the electrical properties of the 3R a-In,Se; nanosheets.
Using the transfer curve, t at source-drain voltages of 1,
5,7, and 10 V, the mobility values were obtained as 2.95,
8.87, 16.7, and 24.26 cm?/Vs, respectively, and the on/off
ratios were 1.51, 1.43, 1.62, and 1.84, respectively. The 3R
a-In,Se;-based phototransistor exhibited an excellent pho-
toresponsivity. Based on this result, we confirmed that 3R
a-In,Se; layers are a promising candidate for optoelectronic
applications.
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Fig.6 Optoelectronic properties of 3R a-In,Se;: a I-V characteris-
tics measured under dark and illuminated conditions (A = 750 nm),
and the measured photocurrent. b The photoresponsivity measured at
light wavelength in the range of 300-1300 nm. ¢ The transfer curves
of the 3R «-In,Se;-based phototransistor measured using dual gate
voltage sweep
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