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Surface structure modification of ReSe2 nanosheets via
carbon ion irradiation
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The effects of C ion irradiation on multilayer ReSe2 flakes are studied by utilizing different kinds of technologies. The
domain sizes, thickness, morphologies of the multilayer ReSe2 flakes on the Al2O3 substrates before and after 1.0-MeV C
ion irradiation with different fluence rates are studied by atomic force microscope and scanning electron microscopy. The
atomic vibrational spectra of multilayer ReSe2 flakes are detected by micro-Raman spectra. The redshifts of the Raman
modes after 1.0-MeV C ion irradiation are observed from the micro-Raman spectra. The elemental compositions and
bonding configurations of the multilayer ReSe2 samples before and after irradiation processes are characterized by x-ray
photoelectron spectroscopy. The structural properties are also investigated by x-ray diffraction, and it is concluded that
after 1.0-MeV C ion irradiation process, multilayer ReSe2 samples continue to grow on Al2O3 substrates, the increase of
crystallite size also reveals that the crystallinity is improved with the increase of the layer number after 1.0-MeV C ion
irradiation.
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1. Introduction

Owing to the unique optical and electronic properties,
transition metal dichalcogenides (TMDs) have been widely
studied, showing that TMD has a great potential applica-
tion in beyond-CMOS devices.[1–8] Among the TMDs, ReSe2

crystallizes belong to the triclinic system, and the cluster
of Re4 units forms a one-dimensional (1D) chain inside
each monolayer, with layers held together by van der Waals
attraction.[9] Generally, most VI TMDs such as MoS2 and
WS2 show more superior performances due to their monolayer
structure, while unlike other two-dimensional (2D) materials,
ReSe2 shows very weak layer-dependent optical and vibra-
tional properties.[10,11] The stabilization of the extra valence
electron in each Re atom can result in inherent lattice distor-
tion in ReSe2, which makes it a suitable candidate for tuning
the optical properties via strain engineering.[12] The multilayer
ReSe2 flakes have been demonstrated as field-effect transis-
tors (FETs), digital inverters, and photodetectors.[13,14] How-
ever, the synthesis technology of ReSe2 nanosheet is more
complicated than those of other TMDs such as MoS2 and
WS2, due to its properties (like structure, crystal quality, do-
main size, thickness, and morphology) are difficult to mod-
ify accurately.[15,16] Unlike hexagonal layered TMDs such as
MoS2 and WS2, the ReSe2 with anisotropy shows the poten-
tial in fabricating versatile devices, and it is essential to de-

velop modification strategy to improve properties of ReSe2

for practical applications.[12] In recent years, a large amount
of work on ion beam modification of 2D or other film mate-
rials has been performed, showing an effective way to modify
ReSe2.[17–24]

In this work, the properties of multilayer ReSe2 samples
on Al2O3 substrates are modified by ion irradiation technique.
The irradiated C ions lose energy through two mechanisms:
nuclear energy loss (originating from nucleus collision) and
electronic energy loss ( arising from interaction between irra-
diated electron and lattice atoms). The micro-structure and
related properties of multilayer ReSe2 sample are modified
through these two energy-losing mechanisms. The surface
morphologies, including the size, thickness, microstructure,
elemental analysis, bonding configurations, and crystallinity
of the multilayer ReSe2 samples, are studied after 1.0-MeV
C ion irradiation at fluence rates of 5.0×1013 ions/cm2 and
5.0×1014 ions/cm2. The results indicate that the domain sizes,
thickness, crystallinities, and morphologies of the ReSe2 sam-
ples can be effectively controlled by ion irradiation process.

2. Materials and methods
The multilayer ReSe2 samples were grown on the

single crystal Al2O3 by the CVD with dimensions of
5.0 mm×5.0 mm×0.5 mm, and irradiated by 1.0-MeV C ions
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at the fluences of 5.0×1013 ions/cm2 and 5.0×1014 ions/cm2

from a 2× 1.7-MV tandem accelerator[25] at room tempera-
ture (∼ 300 K). The details of the ions irradiated on multilayer
ReSe2 flakes on crystalline Al2O3 are displayed in Table 1.

Table 1. Details of ion irradiated multilayer ReSe2 flakes on crystalline
Al2O3.

Sample Irradiated ion Energy (MeV) Fluence rate (ions/cm2)

S0 – – –
S1 C 1.0 5.0×1013

S2 C 1.0 5.0×1014

The ion irradiation effects in multilayer ReSe2 sam-
ples were characterized by utilizing atomic force microscope
(AFM), scanning electron microscopy (SEM), micro-Raman
spectra, x-ray photoelectron spectroscopy (XPS), and x-ray
diffraction (XRD). The thickness of non-irradiated and irra-
diated ReSe2 flakes were characterized by AFM on NT-MDT
model BL222 RNTE. The peak force amplitude and scan rate
were 150 nm and 0.977 Hz, respectively. Surface morpholo-
gies, including the sizes and shapes of the multilayer ReSe2

samples, were determined by SEM imaging on a Hitachi S-
4800. The imaging resolution and accelerating voltage were
1.0 nm and 5 kV, respectively. The detailed Raman peak po-
sitions and a comparison before and after ion irradiation were
obtained at room temperature by using a multichannel modular
triple Raman system (HORIBA Jobin-Yvon HR800) at 632.8-
nm excitation wavelengths. The spot diameters of the focused
laser beam on the multilayer ReSe2 samples were all about
1.0 µm. The core level elemental analysis and bonding con-
figurations of the multilayer ReSe2 samples were performed
by XPS on an ESCALAB 250. Monochromatic Al Kα x-ray
source (1486.6 eV) and hemispherical deflector analyser were
used in the XPS spectrometer, working at constant pass energy,

and constant energy resolution on the whole spectrum can be
maintained with this mode. Intrinsic resolution of the spec-
trometer was 0.45 eV, which was proved by the the Ag 3d5/2

line. The x-ray spot in this experiment was about 150-µm di-
ameter. The XRD experiments were conducted to structurally
analyze the samples with Cu Kα emission (λ = 1.54056 Å) on
a Rigaku RINT-2500 VHF x-ray diffractometer. The diffrac-
tion patterns were recorded between 10◦ and 30◦ on a 2θ scale
in steps of 0.04◦.

3. Results and discussion
In Fig. 1, AFM images of multilayer ReSe2 surface non-

irradiated and irradiated with 1.0-MeV C ions at fluence of
5.0×1013 ions/cm2 and 5.0×1014 ions/cm2 are shown. The
typical shape and corresponding height profile of multilayer
ReSe2 are determined by AFM and the reults are displayed
in Figs. 1(a)–1(f). The ReSe2 flakes on Al2O3 substrates dis-
play quadrilateral shape before irradiation and then turn into
oval shapes after being processed. The change of shape can
be attributed to the difference in edge formation energy be-
tween the Re edge and Se edge termination before and after
being irradiated by C ions . After the irradiation of 1.0-MeV
C ions, the specific edge termination effect was destroyed, and
oval shapes form in the multilayer ReSe2. Thickness of the
monolayer ReSe2 flake is approximately in a range of 0.7 nm–
0.8 nm.[9] In Fig. 1, the observed thickness values of the ReSe2

samples are approximately 2.8, 6.4, and 9.1 nm corresponding
to flakes consisting of 4, 9, and 13 layers for samples S0, S1,
and S2, respectively. Through the collision cascade, the atoms
of ReSe2 acquire higher energy than that due to the van der
Waals’ forces. Then, the ReSe2 flakes continue to grow and
the thickness values of the ReSe2 flakes increase after the irra-
diation of 1.0-MeV C ions.
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Fig. 1. AFM images for multilayer ReSe2: (a) 2D image and (b) height profile for sample S0; (c) 2D image and (d) height profile for sample
S1; (e) 2D image and (f) height profile for sample S2.
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The surface morphologies before and after 1.0-MeV C
ions irradiation are determined by using SEM technique and
shown in Fig. 2. Figure 2(a) shows that the surface profile of
the non-irradiated multilayer ReSe2 is relatively smooth and
uniform. Figure 2(b) displays a magnified view of the non-
irradiated multilayer ReSe2. After the irradiation of 1.0-MeV
C ions, the morphologies of the samples S1 and S2 are greatly
changed. After the irradiation of 1.0-MeV C ions at the fluence
rate of 5.0×1013 ions/cm2, pores with diameters in a range of
10 µm–25 µm are evenly located on the multilayer ReSe2 sam-
ple (as shown in Fig. 2(c)). Figure 2(d) shows that the particles
of ReSe2 are perfectly oval with a uniform size distribution.
The long diameter and short diameter of the ReSe2 nanopar-
ticles (sample S2) are approximately 3.0 µm and 1.0 µm, re-
spectively. The average distance between the nanoparticles is
approximately 17.0 µm. A higher irradiation fluence causes
great damaging effects on the dimensions of the samples. It
is an effective way to modify sample size by controlling the
irradiation conditions.
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Fig. 2. SEM images of multilayer ReSe2 samples under different irradiation
conditions: (a) sample S0 (unirradiated), (b) high-magnification for sample
S0, (c) sample S1 (1.0-MeV C ions at a fluence of 5.0×1013 ions/cm2), and
(d) sample S2 (1.0-MeV C ions at a fluence of 5.0×1014 ions/cm2).

The atomic vibrational spectra of multilayer ReSe2 flakes
after the irradiation of 1.0-MeV C ions at the fluence rates of
5.0×1013 ions/cm2 and 5.0×1014 ions/cm2 are detected in a
range of 100 cm−1–300 cm−1 and are shown in Fig. 3. Un-
like the Raman spectra of MoX2 and WX2 (X = S, Se), the
Raman spectra of the ReSe2 are feature-rich with approx-
imately 18 first-order Raman-active modes in the range of
100 cm−1–300 cm−1, which are nondegenerate due to their
low-symmetry triclinic structure.[9] For ReSe2, it is difficult to
determine a pure vibration mode because of the complicated
crystal lattice. Therefore, we name the Raman modes based on
the dominant direction of the phonon vibrations. As shown in
Fig. 3, the Raman peaks at 121 cm−1 results from the in-plane
vibrational mode (Eg-like) and at 163 cm−1 and 176 cm−1

originate from the out-of-plane vibrational mode (Ag-like).[26]

The thickness values of ReSe2 layers after being irradi-
ated by 1.0-MeV C ions are measured from the AFM im-
ages and shown in Fig. 1. With the increase of sample thick-
ness, most of the peaks for the few-layer ReSe2 are red-shifted
(Fig. 3). Only considering the long-range Coulombic inter-
actions, the Coulombic screening can be increased by the in-
creasing dielectric tensors that augment with the number of
layers increasing. This results in a softer Coulombic interac-
tion between atoms, and therefore, the redshift takes place in
the corresponding Raman peaks.[27] However, if we consider
the van der Waals force, the interaction between the layers
tends to suppress the lattice vibrations with the number of lay-
ers increasing. Thus, the vibrational energy of each vibration
mode can increase, thereby leading to blueshift.[28] We know
that the atomic mass of ReSe2 is almost equal to that of WSe2.
For WSe2, the E2g and A1g modes show the changes of redshift
and blueshift from the monolayer to the bulk, respectively.[29]

The strength of Coulombic screening can be measured by the
ratio of the long-range coulomb interaction of the monolayer
to that of the bulk,

Clr
M,xM,x(mono)/Clr

M,xM,x(bulk)

= (Z∗
M,xx,mono/Z∗

M,xx,bulk)
2

×
√

εxx,bulkεzz,bulk/εxx,monoεzz,mono. (1)

The details can be found in previous work.[26] From the above
equation, we can determine that the long-range Coulombic in-
teractions in WSe2 and ReSe2 are similar to each other. In
addition, the interlayer force constant α ∝ µω can be used to
measure the van der Waals interaction, where m and w are the
atomic mass of the monolayer TMDCs and the Raman fre-
quency, respectively. From Ref. [30], the frequency of the C
mode and the LB mode in bilayer WSe2 are higher than those
in bilayer ReSe2. The calculations show that the interlayer
van der Waals interaction of ReSe2 is much weaker than that
of WSe2. According to the above discussion, with the number
of ReSe2 layers increasing, the redshifts of the Raman modes
after the irradiation of 1.0-MeV C ions as shown in Fig. 3 indi-
cate that the interlayer van der Waals interaction is not strong
enough to determine the layer dependence of the phonon be-
havior.

However, the Raman mode at 163 cm−1 mainly involves
the atomic displacement of the Re–Re bond.[31] After the ir-
radiation of 1.0-MeV C ions, the Raman mode is located at
162.5 cm−1 for sample S1 and at 161.7 cm−1 for sample S2.
Under the above condition, we can determine that a longer
bond length for the Re–Re bond occurs due to the volume ex-
pansion induced by irradiation, with the ReSe2 layer number
increasing.
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Fig. 3. Raman spectra obtained at 632.8-nm excitation energy for multilayer ReSe2 flakes irradiated under different conditions.
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Fig. 4. XPS spectra of multilayer ReSe2 flakes before and after the irradiations of 1.0-MeV C ions.

The elemental compositions and bonding configurations
of the multilayer ReSe2 samples are characterized by XPS.
The detailed information regarding the Re signal and Se sig-
nal is exhibited in Figs. 4(a), 4(c), 4(e) 4(b), 4(d), and 4(f),
respectively. As shown in Fig. 4(a), two characteristic peaks
located at 41.6 eV and 44.1 eV are observed, which corre-
spond to the core 4f7/2 and 4f5/2 levels of Re4+. Additionally,
figure 4(b) shows clearly resolved Se2− 3d5/2 and 3d3/2 peaks
at 54.78 eV and 55.61 eV determined via the curve fitting.
The two characteristic peaks are consistent with the results re-
ported in Ref. [32], and the curve fitting method is based on the
XPS peak code. Additionally, the ratio of Re to Se acquired
from XPS is nearly 1:2, which suggests that the CVD-grown
ReSe2 is reasonably stoichiometric.

To further analyze the change of multilayer ReSe2 after
the irradiation of 1.0-MeV C ions , the shift of XPS peak is
studied and shown in Figs. 4(c)–4(f). The peak position shift
of XPS is a combined result of three main factors. First of all,
the defects induced by ion irradiation will result in surface en-
ergy band bending and the peak value shifts to a higher energy
value. Meanwhile, the irradiation-induced defects and lattice-
disorder will also lead the lattice volume to expand, and further
cause longer bond length of the Re–Re bond, with irradiated
fluence increasing. The longer Re–Re bond length is appar-
ently corresponding to weaker bond strength, which causes the
binding energy to shift to a lower energy value. Furthermore,
C ion irradiation will induce partial electron to transfer, and
part of Re4+ ions are converted into Re2+ ions, which leads
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the binding energy to decrease.
The XPS result of Re 4f in Fig. 1(c) shows two spin–orbit

split peaks with a separation of 2.5 eV, which correspond to
4f7/2 and 4f5/2 respectively. Apparently, the Re 4f7/2 peak can
be fitted by two peaks, i.e., the dominant peak at 41.9 eV (the
characteristics of n-type doping), which is due to the surface
energy band bending effect induced by defect, and the weaker
peak at 41.0 eV, which is attributed to the volume expansion
of lattice and the presence of Re2+ ion. The Re 4f5/2 peak can
also be fitted by two peaks, out of the same reason. In addi-
tion, as shown in Fig. 4(e), the Re 4f7/2 peak value of sample
S2 shifts by 0.7 eV, reasching a lower energy value, which
shows that lattice volume expansion and the role of Re2+ ion
are dominated in sample S2. As a conclusion, the shift of XPS
peak shows an oscillatory trend with fluence increasing, which
is determined by the joint action of irradiation induced defects,
lattice-expansion effect and the role of Re2+ ion.

The XRD is used to evaluate the structural characteris-
tics of multilayer ReSe2 flakes under the different irradiation
conditions, and the results are shown in Fig. 5. For samples
S0, S1, and S2, most of significant (001) peaks are observed
at 2θ = 13.00◦, 13.76◦, and 13.65◦, respectively. The XRD
pattern is consistent with the JCPDS card No. 89-0340, wi-
hch indicates the presence of the triclinic phase for multilayer
ReSe2. The interplanar spacings are approximately 6.8712 Å,
6.4306 Å, and 6.4811 Å from Jade 6.0 for samples S0–S2, re-
spectively. Nonirradiated ReSe2 flakes (S0) yield a very noisy
powder XRD pattern with lines of weak intensity and wide
FWHM, indicating poor crystallinity of the sample S0. Af-
ter the irradiation of 1.0-MeV C ions, which causes the ReSe2

to grow, the thickness of the ReSe2 layer increases, the inten-
sity of the diffraction peak strengthens, and the FWHM de-
creases. This indicates that the crystallinity of the ReSe2 flake
is improved with the number of layers increasing after the ir-
radiation of 1.0-MeV C ions . Comparing with non-irradiated
ReSe2 flakes (sample S0), the intensity of the diffraction peak
is improved by approximately 148% for sample S1 and 180%
for sample S2. In addition, the FWHM values of the (001)
diffraction peakare approximately 2.15◦, 0.92◦, and 0.87◦, for
samples S0, S1, and S2 respectively. From the above data,
the average crystallite size can be calculated using the Debye–
Scherer equation

D = λ/(β cosθ). (2)

The details can be found in Ref. [33]. From Eq. (2), we can
determine the average crystallite size D0 = 3.67 nm (sample
S0), D1 = 8.65 nm (sample S1), and D2 = 9.09 nm (sample
S2). The increased crystallite size can also reveal that the crys-
tallinity is improved with the increase of the number of layers
after the irradiation of ions. As a result, comparing with the

data of samples detected by XRD, AFM, and SEM, it is appar-
ent that samples S1 and S2 show almost the same crystalline
quality and grain size, which means that the irradiated condi-
tion of S1 (with lower fluence means cost-effective and lower
irradiation effect) is more appropriate for ReSe2 samples.
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Fig. 5. XRD patterns (θ–2θ ) of multilayer ReSe2 flakes before and
after being irradiated by 1.0-MeV C ions.

4. Conclusions
In this work, the effect of C ion irradiation of multilayer

ReSe2 flakes has been studied and characterized by utilizing
AFM, SEM, micro-Raman spectra, XPS, and XRD. The re-
sults confirm that that the domain size, thickness, morphology,
and crystallinity for the ReSe2 sample can be effectively con-
trolled after the irradiation of 1.0-MeV C ions. Through ap-
propriately regulating the energy and fluence of C ions , multi-
layer ReSe2 samples with high-quality crystallinity, relatively
large size and good performance can be obtained.
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[21] Luxa J, Mazánek V, Mackova A, Malinsky P, Akhmadaliev S and Sofer
Z 2018 Appl. Mater. Today 14 216

[22] Zhang N, Liu B and Lin L W 2020 Acta Phys. Sin. 69 016101 (in Chi-
nese)

[23] Jiang M Y, Zhu Z J, Chen C K, Li X and Hu X J 2019 Acta Phys. Sin.
68 148101 (in Chinese)

[24] Wang J L, Chen C K, Li X, Jiang M Y and Hu X J 2020 Chin. Phys. B
29 018103

[25] Liu P 2013 Waveguide formation, scintillation response and damage
properties of functional crystal materials under MeV ion irradiation
Ph.D. dissertation (Jinan: Shandong university) (in Chinese)

[26] Hafeez M, Gan L, Li H, Ma Y and Zhai T 2016 Adv. Mater. 28 8296
[27] Molina-Sánchez A and Wirtz L 2011 Phys. Rev. B 84 155413
[28] Zhang X, Qiao X F, Shi W, Wu J B, Jiang D S and Tan P H 2015 Chem.

Soc. Rev. 44 2757
[29] Zhao W, Ghorannevis Z, Kumar A K, Pang J R, Toh M, Zhang X, Kloc

C, Tan P H and Eda G 2013 Nanoscale 5 9677
[30] Zhao H, Wu J, Zhong H, Guo Q, Wang X, Xia F, Yang L, Tan P and

Wang H 2015 Nano Res. 8 3651
[31] Feng Y, Zhou W, Wang Y, Zhou J, Liu E, Fu Y, Ni Z, Wu X, Yuan H,

Miao F, Wang B, Wan X and Xing D 2015 Phys. Rev. B 92 054110
[32] Qi F, Wang X, Zheng B, Chen Y, Yu B, Zhou J, He J, Li P, Zhang W

and Li Y 2017 Electrochim. Acta 224 593
[33] Jiang C H 2014 The technique and application of polycrystalline x-ray

diffraction, (Vol. 1) (Beijing: Chemical Industry Press) pp. 62–63 (in
Chinese)

026101-6

https://doi.org/10.1088/1674-1056/ac6db4
https://doi.org/10.1088/1674-1056/ac6db4
http://dx.doi.org/10.1038/s41699-020-00187-9
http://dx.doi.org/10.1038/s41699-020-00187-9
http://dx.doi.org/10.1021/nn5053926
http://dx.doi.org/10.1021/nn5053926
http://dx.doi.org/10.1021/acs.chemmater.6b00364
http://dx.doi.org/10.1021/acs.chemmater.6b00364
http://dx.doi.org/10.1038/ncomms4252
http://dx.doi.org/10.1021/nl504276u
http://dx.doi.org/10.1038/srep05442
http://dx.doi.org/10.1007/s12274-015-0932-6
http://dx.doi.org/10.1007/s12274-017-1477-7
http://dx.doi.org/10.1007/s12274-017-1477-7
http://dx.doi.org/10.1007/s12274-018-2194-6
http://dx.doi.org/10.1063/1.4948380
https://doi.org/10.1016/j.nme.2022.101141
https://doi.org/10.1016/j.nme.2022.101147
https://doi.org/10.1016/j.nme.2022.101147
http://dx.doi.org/10.1016/j.apsusc.2018.01.019
https://doi.org/10.1016/j.apmt.2018.12.009
https://doi.org/10.7498/aps.69.20191344
https://doi.org/10.7498/aps.69.20191344
https://doi.org/10.7498/aps.68.20190394
https://doi.org/10.7498/aps.68.20190394
http://dx.doi.org/10.1088/1674-1056/ab593d
http://dx.doi.org/10.1088/1674-1056/ab593d
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C447WN1SO36whHG-SvTYjkCc7dJWN_daf9c2-IbmsiYfKmxcAiSsf-VJFn1qA2t1RuJJhfGFreDnjGTnfYBUTKaX&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C447WN1SO36whHG-SvTYjkCc7dJWN_daf9c2-IbmsiYfKmxcAiSsf-VJFn1qA2t1RuJJhfGFreDnjGTnfYBUTKaX&uniplatform=NZKPT
https://kns.cnki.net/kcms2/article/abstract?v=3uoqIhG8C447WN1SO36whHG-SvTYjkCc7dJWN_daf9c2-IbmsiYfKmxcAiSsf-VJFn1qA2t1RuJJhfGFreDnjGTnfYBUTKaX&uniplatform=NZKPT
http://dx.doi.org/10.1002/adma.v28.37
http://dx.doi.org/10.1103/PhysRevB.84.155413
http://dx.doi.org/10.1039/C4CS00282B
http://dx.doi.org/10.1039/C4CS00282B
http://dx.doi.org/10.1039/c3nr03052k
http://dx.doi.org/10.1007/s12274-015-0865-0
http://dx.doi.org/10.1103/PhysRevB.92.054110
http://dx.doi.org/10.1016/j.electacta.2016.12.097

	1. Introduction
	2. Materials and methods 
	3. Results and discussion 
	4. Conclusions
	References

