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Influences of swift heavy ion (SHI) irradiation induced defects on electronic properties of the bulk SnSe, based FETs
are explored. Latent tracks and amounts of Se vacancies in the irradiated SnSe; were confirmed. Red shift of the A, peak
indicates that the resonance frequency of the phonons is reduced due to the defect generation in SnSe;. The source—drain
current Iy increased at ion fluence of 1x 1010 ions~cm*2, which was attributeded to the irradiation caused Se vacancies,
which hence increases the concentration of conduction electrons. The carrier mobility was about 16.9 cm?-V~!.s~1 for
the devices irradiated at ion fluence of 1x10° ions-cm™~2, which benefited from heavy ion irradiation enhanced interlayer
coupling. The mechanism of device performance optimization after irradiation is discussed in detail. This work provides
evidence that, given the electronic properties of two-dimensional material-based device, vacancies and interlayer coupling

effects caused by SHI irradiation should not be ignored.
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1. Introduction

Atomically thin sheets of two-dimensional (2D) transi-
tion metal dichalcogenides (TMDCs) have attracted interests
as high-capacity electrode materials for electrochemical en-
ergy storage devices owing to their unique properties (tun-
able band gap, ultra-low body thickness, high surface area,
and so on).['3] Unique physical and chemical properties of
TMDCs materials allow them in a wide range applications
in electronic devices, optoelectronic devices, sensors, high-
performance field effect transistors (FETs) have been demon-
strated in numerous TMDCs materials.[*° Earth-abundant
and environmentally friendly tin (IV) diselenide (SnSey) is a
representative member of the TMDCs. Analogous to MoS,,
SnSe; also attracted extensive attention due to its compelling
application in electronics.!”! At present, there has extensive
research on transistor devices of monolayer TMDCs. How-
ever, single-layer or few-layer 2D materials have significant
disadvantages, such as difficulties in preparation and material
instability. In contrast, SnSe; with bulk thickness have many
advantages, such as higher carrier mobility; lower resistance,
which can reduce energy loss; stable structure and strong pro-
cess compatibility, which is convenient for large-scale produc-
tion and practical applications.[®°! Heavy ion irradiation is an
excellent tool for introducing defects in the target materials.
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Low-energy ion implantation for regulating the performance
of two-dimensional materials has been widely applied. For ex-
ample, a low-energy ion sputtering method is used to modify
monolayer MoS; in a controlled manner, which can simultane-
ously enhance the dipole—dipole interaction and charge trans-
fer, thereby achieving Raman enhancement based on chemi-
cal mechanism. A team proposed a method to construct a 2D
transverse p—n homojunction based on ultra-low energy ion
implantation selective doping, and successfully controlled the
conductive type of WS, by precisely adjusting the implanted

10.111 1t i5 generally believed that high-energy heavy

ion dose.!
ion irradiation leads to the deterioration of the devices. The de-
pendence of ion irradiation induced defects on the electronic
performance of TMDC-based FETs have been reported./1%!3]
Ochedowski et al. reported that MoS, FETs deteriorate under
the irradiation of a 1.14-GeV U?%* ion beam.!'*! Zhang e al.
have also found that the output current of MoSe, FETs de-
creases when irradiated by 1.8-GeV Ta ions at a fluence of
1x10° ions-cm~2 and above.['3 In fact, some experiments
have also found that the performance of the device can be
optimized under a certain irradiation parameter, which is at-
tributed to the thermal annealing effect during the irradiation
process. However, the irradiation effect of heavy ions on two-
dimensional materials is rather complex. As of now, other in-

fluence factors of heavy ion irradiation on the electrical per-
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formance of TMDC-based devices have been rarely explored.

In this work, influences of swift heavy ion (SHI) irra-
diation induced defects on electronic properties of the bulk
SnSe; based FETs are explored. The optimization mechanism
of device performance after irradiation is discussed in detail.
Se vacancies ionize adjacent Sn, promoting electron transport
and increasing conductive electron concentration. Addition-
ally, interlayer coupling effect of bulk SnSe, is enhanced af-
ter irradiation, increasing interlayer charge transfer efficiency.
The research results provide a reference for the preparation of
fine and controllable nanostructures in two-dimensional lay-
ered materials by SHI irradiation in the future.

2. Experimental setup

Initially, a silicon wafer with 300-nm thick layer of SiO;
on the surface was prepared. SnSe; nanosheets were then
transferred onto the SiO,/Si wafer using mechanical exfolia-
tion method from the bulk SnSe; crystals (Six Carbon, China).
The electrode pairs on SiO, surface acted as the source and
drain, and the heavily p-doped Si substrate served as the back
gate. Metal electrodes (Ti 5 nm/Au 60 nm) were fabricated
on the ends of SnSe; flakes using e-beam evaporation method.
Figure 1(a) shows the schematic diagram of SHI irradiation.
Figure 1(b) shows the actual device and thickness of the SnSe;
sheet that was approximately 40 nm. Bulk SnSe; is tunable
and stable, and bulk materials typically have higher electron
conductivity.l'®171 2.76-GeV '3!Ta ions with an initial kinetic
energy of 16 MeV/u were provided by Heavy Ion Research
Facility in Lanzhou (HIRFL) at different ion fluences rang-
ing from 1x 108 ions/cm? to 1x10'2 ions/cm?. The number of
SHIs approaching each device was in the approximate range of
200 ions/device—1.2 x 10* ions/device. All the samples were
irradiate at room temperature in a high-vacuum environment.
The electronic energy loss (edE/dx) on the surface of SnSe;
was about 26.8 keV nm~! and the nulcear energy loss was
about 2.17x1072 keV-nm~!, the projected range was about
100.1 pm in SnSe; according to the stopping and range of
ions in matter (SRIM) 2010 code. ('8

3. Results and discussion

Surface morphology of the irradiated SnSe, FETs was
investigated by AFM, as shown in Fig. 1(c). Hillocks with
height of approximately 3 nm were found in Fig. 1(c). Ad-
ditionally, several protrusions with height of 5 nm were ob-
served, which are likely residues that became attached to the
surface during device transfer or storage. According to the
thermal spike model, when the SHI enters the target material,
it deposits energy along its path, causing excitation or ioniza-
tion of the atoms along the path.[!'”) Energy is then transferred
to the lattice atoms through electron—phonon interactions. The

incident ions continuously deposit energy along its path, caus-
ing the temperature raised above the melting point of the target
material. Partial melting was resulted in the irradiated target,
followed by rapid cooling and eventual permanent defect dam-
age, called latent track. Since the phonon frequency is sensi-
tive to the crystal lattice and defects, Raman spectra of the
pristine and irradiated SnSe; were characterized. Two strong
peaks located at 110.2 cm~! and 185.4 cm ™!, corresponding to
the E; (in plane) vibration mode and the A, (out of plane) vi-
bration mode were observed in the Raman spectra of the pris-
tine SnSe; flakes, as shown in Fig. 1(d). The mode Eg is char-
acterized by an in-plane stretching behavior and another non-
degenerate higher frequency Raman mode A is attributed to
out of plane stretching of the chalcogen atoms, as shown in
Fig. 1(e).[20-21)

It is found in Fig. 1(e) that A, peak red shift for the irra-
diated samples. It is indicated that the resonance frequency
of phonons reduced due to the generation of the defects in
SnSe;, which is favorable for carrier transport. We also find
that the Ay, peak after irradiation is significantly enhanced,
which is mainly due to the further influence of local stress
and strong interlayer electron—phonon coupling.?>>* More
Raman spectra and variation patterns of SnSe; after ion ir-
radiation are shown in the supplementary materials. SHI ir-
radiation introduces stress inside the bulk SnSe,, which may
prompt local adjustments in the crystal structure and enhance
the Raman scattering efficiency, thus making the Raman peak
stronger. Additionally, the displacement of the out-of-plane
Raman mode (Ajg) may be caused by the strong electron—
phonon coupling at the material interface. Currently, defects
act as a bridge to promote interlayer electron transfer, strength-
ening the originally weak interlayer coupling. Therefore, the
defects introduced by SHI may change the charge distribution
between the layers of SnSe,, enhance the interlayer coupling
and charge transfer efficiency, and increase the intensity of the
Raman peak.

Figures 2(a)-2(c) show the TEM images of SnSe; films
irradiated at different angles of incidence. The latent tracks
under low ion fluence are not convenient for observation.
Therefore, the ion fluence of our transmission samples is rel-
atively high. The lattice spacing has been calculated to be
0.33 nm as shown in Fig. 2(a), which is consistent with pre-
vious literature.!>>! Fourier transform plots of the red boxes
were inserted in Figs. 2(a) and 2(b). Fourier transformed
diffraction pattern of the selected irradiated region shows ob-
vious amorphous halo rings. And the lattice fringes are in-
complete, which indicates the chaotic and disordered atomic
arrangement. Cylindrical latent tracks with an apparent length
of about 38 nm were observed in Fig. 2(c). To gain a better
understanding of SHI irradiation caused stoichiometric mod-
ification, we performed chemical composition analysis us-
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ing energy-dispersive x-ray spectroscopy (EDX). The pristine
sample, as confirmed by EDX in Fig. 2(d), has an Sn:Se ra-
tio of approximately 1.85, which is close to the expected 1:2
stoichiometric composition of SnSe,.[20] Figure 2(e) shows
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that the ratio of Se to Sn around the latent traces is signifi-
cantly reduced to about 1:3 after irradiation with ion fluences
of 3.06x10'! ions-cm ™2 at an inclination angle of 15°. It is
evident that Se atoms escaped from SnSe, after irradiation.
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Fig. 1. (a) Schematic illustration of SHI irradiation on SnSe; FET device. (b) AFM image of one of the SnSe, FETs, and the insert shows
the thickness of SnSe; flakes. (c) Surface morphology of the irradiated SnSe, flakes. (d) Raman spectrum of SnSe, under different fluences.

(e) Evolution of A, peak with increasing ion fluences.

Pristine

3.06x10" ions cm:?

Fig. 2. (a) TEM image of the perpendicularly irradiated SnSe, with fluences of 2x 10! ions-cm~2. (b) TEM image of the irradiated SnSe,
with incident angle of 45°. The fluences was 5x10'? jons-cm~2. (c) TEM image of irradiated SnSe, with incident angle of 15°. The fluence
was 3.06x 10! jons-cm~2. (d) and (e) EDX spectra of the pristine and irradiated SnSe;.

Figure 3 shows the electrical characteristics of the pristine
and SHI irradiated SnSe, FETs. Plots in Figs. 3(a) and 3(b)
are the output characteristics (i.e., the source—drain current Iyg
versus the source—drain voltage V) measured at gate voltages
(Vg) of 0.05 V and 10 V. A good linear relationship between

the current and bias voltage indicates a good Ohmic contact
between Ti/Au electrodes and the SnSe; sheet. The -V output
curve is measured in a voltage range of —40 mV to 40 mV to
avoid Joule heating caused by excessive current at SnSe, and
the metal interface. It was found that the current Iy slightly
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decreased when the devices were irradiated at relatively lower
ion fluence 1x10° ions-cm™—2. For example, the source current
of the pristine device was about 1.6x 107* Aat Vi =004V
and V; = 0.05V. The current Iy for the irradiated devices re-
duced to 9.3x107® A. The value of the resistance R increased
from 2.5 kQ to 4.3 kQ. Although the current Iy; dropped
by two orders of magnitude, the output current g still vari-
ous with V; for the irradiated devices, as shown in Fig. 3(a).
When irradiated with ion fluence of 1x10!° ions-cm~2, the
current increased slightly, and the resistance R decreased from
3.6 kQ to 2.2 kQ, as shown in Fig. 3(b). The control abil-
ity of gate voltage on output current was not obvious. This
could be attributed to the Fermi pinning effects. The illus-
tration in Fig. 3(b) shows an enlarged output curve, we can
observe that the control of gate voltage is relatively weak. But
the device can still operate normally. When the pinning ef-
fect at the Fermi level is significant, it affects the sensitivity
of the Schottky barrier height (SBH) to the metal work func-
tion, resulting in low carrier injection efficiency.!*’->°! Fig-
ures 3(c) and 3(d) present the transfer curve of the pristine

(8) 5 50| @ Pristine, V,=0.05 V
@ 1Xx10° jons-cm~2, V; =0.05 V

[ @ 1X10° ions-cm=2, V, =10 Vo @"

Iy (1074 A)
(e}

and irradiated SnSe, FETs. Firstly, it can be seen from the
figure that the specified condition of Vys = 0.05 V, the cur-
rents Iys of the two FETs gradually increase with the increase
of the voltage V,. This indicates that the SnSe, FETs fabri-
cated in this work are n-type FETs. Therefore, the channel
material SnSe; with a bulk thickness is an n-type semiconduc-
tor. Moreover, we have preliminarily calculated that the carrier
mobility of the pristine SnSe; FETs are 8.2 cm?-V~!.s7! re-
spectively. The carrier mobility of SnSe, FETs was evaluated
using the following equation u = [L/WC;Vys] x [dlgs/d V]
where L and W are channel length and width, respectively,
and C; is the capacitance per unit area of back gate insulator,
where C; = 11.5 nF-cm~2 in this study. The bulk SnSe;-based
device exhibits an n-type conduction behavior with an electron
mobility about 16.9 cm?-V~!.s~! when irradiated with ion flu-
ence of 1 x 10° ions-cm~2. The mobility of few-layer SnSe,
prepared by mechanical exfoliation method was reported to
be 8.6 cm?-V~!.s~! at room temperature. 3’ While the carrier
mobility was about 4 cm?-V~!.s~! for the devices irradiated

at ion fluence of 1x10'° ions-cm~2.
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Fig. 3. (a) The output curve before and after 1x 10%-ions-cm~2 irradiation. (b) The output curve before and after 1x 10'%-jons-cm~2 irradiation. (c)—

(d) The transfer curves after irradiation of 1x10° ions-cm~2 and 1x10'° jons-cm™

diagram of Sn ionization around Se vacancies in the defective bulk SnSe;.

2, respectively. (¢) Band diagrams after irradiation. (f) Schematic
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Generally, the optimized and degraded properties of the
devices could be ascribed to the competition among defect
scattering, localization, and local annealing effect. Defects can
form Anderson localized states in semiconductors. *!l Defect
concentration leads to the conductivity transition from semi-
conductor state to weakly localized state and further disor-
der leads to strongly localized state.[>?! Besides, defects can
also act as scattering center and affect the carrier transport di-
rectly. Transportation mechanisms of carriers in amorphous
latent tracks were discussed in detail by Zhang.[33 Therefore,
the defect localization and scattering lead to the decreased out-
put current of the device irradiated by 1x10° ions-cm~2. The
formation energy of Se vacancy is about 1.75 eV.[3*l Inter-
estingly, it was found that Se vacancies in SnSe; thin films
could provide opportunity for adjacent Sn ionization, resulting
in concentrated conductive electrons, as schematically shown
in Fig. 3(f). Accompanied with the generation of Se vacan-
cies, the surrounding Sn atoms were attracted to the positive
charge of the vacancies, which further changes the energy level

s.1351 Hence, electrons in the valence band

of these Sn atom
are more likely to jump to the conduction band, which in-
creases the concentration of conduction electrons, as shown
in Fig. 3(e). Li et al. also found that the loss of Se atoms
in SnSe leads to a narrowing of the band gap of SnSe, and a
certain amount of vacancy can also increase the mobility of
electrons. ! In addition, the red shift of A, peak for the irra-
diated SnSe, indicates that the phonon scattering is weakened,
which is beneficial to the electron transport. Hence, the opti-
mized electrical performance of SnSe, FETs was attributed to
three simultaneous effects: (i) The loss of Se atoms leads to
a narrowing of the SnSe, band gap and a change in the Fermi
level, and the Se vacancies cause the ionization of adjoining
Sn. These two aspects promote electron transport and increase
the concentration of conduction electrons. (ii) A certain level
of vacancies can reduce the scattering between electrons and
lattice vibrations, increasing the mobility of electrons. Except
for latent track caused carrier localization, vacancies can re-
duce phonon scattering to some extent, increase conduction
electron concentration, and finally optimize the performance
of electronic devices. (iii) Irradiation enhanced interlayer cou-
pling of bulk SnSe, FETs, resulting in an enhanced interlayer
charge transfer efficiency. And it is also improved the gate-
control ability of the devices.

4. Conclusion

To summarize, influences of SHI irradiation induced de-
fects on electronic properties of the bulk SnSe, based FETs
are explored. Latent tracks and distortion of the crystal lat-
tice of the irradiated SnSe, were observed. The existence
of a large number of Se vacancies was confirmed. Red shift
of the Ay, peak indicates that the resonance frequency of the

phonons is reduced due to the defect generation in SnSe,. Cur-
rent Iy increased when the devices were irradiated at a flu-
ence of 1x10' ions-cm~2. This is attributed to Se vacancies
in the channel material, which hence increases the concentra-
tion of conductive electrons. The carrier mobility was about
16.9 cm?V~!'s~! for the devices irradiated at ion fluence of
1x10° jons-cm—2, which is due to SHI irradiation enhanced
interlayer coupling. This work provides evidence that vacan-
cies and interlayer coupling caused by SHI irradiation should
not be ignored.
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