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Electronic properties of two-dimensional (2D) materials can be strongly modulated by localized strain. The typical
spatial resolution of conventional Kelvin probe force microscopy (KPFM) is usually limited in a few hundreds of nanome-
ters, and it is difficult to characterize localized electronic properties of 2D materials at nanoscales. Herein, tip-enhanced
Raman spectroscopy (TERS) is proposed to combine with KPFM to break this restriction. TERS scan is conducted on ReS,
bubbles deposited on a rough Au thin film to obtain strain distribution by using the Raman peak shift. The localized contact
potential difference (CPD) is inversely calculated with a higher spatial resolution by using strain measured by TERS and
CPD-strain working curve obtained using conventional KPFM and atomic force microscopy. This method enhances the
spatial resolution of CPD measurements and can be potentially used to characterize localized electronic properties of 2D

materials.

Keywords: few layer ReS,, tip enhanced Raman spectroscopy, local strain, Kelvin probe force microscopy
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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have drawn much attention recently owing to
their unique layered structures and excellent physical
properties.!!'™* Rhenium disulfide (ReS,) is an important
member of these layered TMDs, in terms of its unique
anisotropic optical and electronic properties.>~’1 ReS; has a
distorted 1T structure as its stable phase.!®! In (100) plane,
the atoms of a ReS; layer exist in the form of strong cova-
lent bonds, while the neighboring layers are stacked by weak
van der Waals force along [001] direction. 151 At the same time,
the metallic Re—Re bond causes the Re4 atomic cluster to form
highly oriented Re—Re chains along the lattice direction of the
b-axis, [010], forming two rhombic edges with an included
angle of 118.97° from the a-axis,!”) which lowers the crystal
symmetry. Due to such an unique structure, the optical, elec-
trical, and optoelectronic properties of ReS, thin layers exhibit
significant in-plane and out-of-plane anisotropy.!”-!°/ More-
over, the band structure of ReS, thin layers is independent
of the layer thickness, i.e., both single-layer and multi-layer
ReS, possess direct-band gaps.[®) Compared to other conven-
tional TMDs, ReS, provides a wider range for exploring ad-
vanced electronic and optoelectronic devices, such as logic in-
verters with higher amplification gain,'! higher performance

[12

field effect transistors,!'?! and high-sensitivity polarized light
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detection. 3!

For a new generation atomic scale device manufactured
using ReS; thin layers, hardly removed imperfect structures,
such as strain,'*! twin boundaries,'’! domain boundaries, ['®!
are expected to induce localized energy band structure and
electronic properties at nanoscale region neighboring these im-
perfect structure. Probing localized electronic properties in-
duced by these imperfect structures demands an analytic tool
with nanoscale spatial resolution. Based on electrostatic in-
teractions, Kelvin probe force microscopy (KPFM) performs
as an useful tool to obtain the surface potential changes.!!718]
In a dual pass scan of conventional KPFM, the surface mor-
phology is obtained in the first scan by employing an conduc-
tive atomic force microscopy (AFM) probe working at tapping
mode, then the contact potential difference (CPD) is obtained
in the second scan by lifting the probe and maintaining it at a
settled height.!!” The electrostatic force between the tip and
the sample is not simply the interaction between the tip apex
and a certain point of the sample, but the averaged interaction
with a larger sample area under the probe apex.?"! Therefore,
the obtained CPD is the averaged potential of this large area
and affected by the lifting height and diameter of tip apex, re-
sulting in a few hundreds of nanometers in spatial resolution
for conventional KPFM, [21:22] and it is difficult to characterize
nanoscale localized electrical properties.

Tip-enhanced Raman spectroscopy (TERS), which uti-
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lizes the localized surface plasmon resonance (LSPR), light-
ing rod effect and tip-substrate coupling effect,!?>=2%! etc.,
has emerged as a novel tool to investigate localized opti-
cal and electronic properties of TMDs.[?331 Due to the
strongly localized electric field at the tip apex, the spa-
tial resolution of TERS can be several nanometers under

[28.34] and even sub-nanometer at helium

ambient conditions
temperature. 335 However, to the best of our knowledge,
TERS has not been implemented into characterizing physi-
cal properties of ReS; thin layers so far. In this work, TERS
is combined with KPFM to study localized electronic proper-
ties of few-layer ReS, flakes mechanically exfoliated on rough
gold thin films. We obtain the local strain of ReS, bubbles us-
ing tip-enhanced Raman spectroscopy and then inversely cal-
culate the CPD changes at the nanoscale. This method over-
comes low spatial resolution of conventional KPFM and can
be used to characterize localized electrical properties of thin-
layer TMDs with higher spatial resolution at nanoscale.

2. Experimental details

Few-layer ReS, flakes with low density of defects were
mechanically exfoliated from a high-quality ReS, crystal
(Xianfeng Nano) onto gold thin films (40 nm) coated on
Si/Si0,2(300 nm) substrates. Optical images of the samples
were captured by an optical microscope (Olympus BXS53).
Far-field Raman and photoluminescence spectra were col-
lected on a Horiba NanoRaman system (LabRAM HR Nano,
HORIBA Scientific, France) in top illumination. The 532 nm
excitation laser was focused onto the sample via a 100x
Olympus objective lens (NA =0.9). The laser power at the
sample surface was controlled below 100 puW to avoid the
overheating effect. TERS measurements were conducted us-
ing the same HORIBA NanoRaman system. A He—Ne laser
(632.8 nm) was focused onto the apex of Au-coated AFM
tips (k = 2.7 N/m, f = 60 kHz, HORIBA Scientific, France)
in side-illumination geometry at an angle of 60° using a
100x long working distance (6 mm) objective lens (Mitutoyo,
Japan, 0.7 NA). TERS spectra were obtained using 150 and
1800 lines/mm gratings and an electron-multiplying charged-
coupled device detector (HORIBA Scientific, France).

KPFM measurements were performed on the scanning
probe microscopy (SPM) unit of the same HORIBA NanoRa-
man system. Au-coated TERS probes were directly used for
the AFM and KPFM measurements.
were performed by lifting the AFM probes 10 nm away from

KPFM measurements

the sample surface.

3. Results and discussion

Optical image of a ReS, multi-layer flake deposited on a
Au thin film is presented in Fig. 1(a). The area with lightest

contrast can be tentatively assigned to 1L. The areas with grad-
ually increasing contrast can be tentatively assigned to 2L and
3L. The area with darkest contrast can be assigned to thick
layer (tL). AFM topographic and phase images of a marked
area in Fig. 1(a) are shown in Fig. 1(b) and Fig. S1 in the sup-
porting information. Due to large surface roughness of the Au
thin film, the IL area is hardly seen in the topographic im-
age, but can be easily found in the phase image (Fig. S1). A
height profile across the terrace between 1L and 3L along the
arrowed line in Fig. 1(b) is plotted as an inset [Fig. 1(b)]. The
thickness difference between 1L and 3L can be determined to
be 1.8 nm. The thickness of 3L was determined to be 2.8 nm
by using the height line profiles across 3L and tL (Fig. S2),
while the thickness of 1L can be determined to be 1 nm, which

5.[10:36] By combining the optical,

agree well with the literature
height and phase images, this ReS, flake can be quarantined
into areas with different layer thickness shown in Fig. 1(b).

A CPD image of the ReS, area corresponding to Fig. 1(b)
is presented in Fig. 1(c). The IL area has highest CPD as
0.31£0.02 V. For 2L, 3L and tL, their CPDs gradually de-
crease t0 0.24 +=0.01 V, 0.23 £+£0.01 V and 0.224+0.01 V, re-
spectively. The Fermi level (Ef) of 1L, 2L, 3L and tL can
be calculated to be 4.59 +0.02, 4.66 £0.01, 4.68 £0.01 and

4.68 £0.01 eV, respectively, by using the equation*”]
Ey = ®p,— e x CPD, )

where @,, is the work function of Au tip (4.9 eV). The
measured values of ReS, thin layers are in good agreement
with the theoretical value (4.63 eV) obtained using the DFT
calculation. 3!

Zoomed-in topographic and CPD images of a 3L area
marked in Fig. 1(c) are shown in Figs. 1(d) and 1(e), respec-
tively. Due to the large particle size (averaged diameter ~
70 nm) and high roughness (RMS roughness, RMS = 3.1 nm)
of the gold particles, the ReS, area also gives large roughness
of RMS = 1.9 nm (Fig. S3). This indicates the 3L ReS, bends
into bubbles in order to follow the roughness of the gold par-
ticles. The bubble like feature is much clear at the edge of
this ReS, flake (Fig. S3). When the ReS; thin layer forms a
bubble-like structure covering gold particles, biaxial strain is
expected to be generated. For a bubble with a height # and
a diameter R, the biaxial strain at the crest can be calculated

using the equation (347!

e=38(v)(h/R)?, 2

where (V) is a parameter that only depends on Poisson’s ra-
tio v. For ReS; with an average v = 0.225,1!1 §(v) can be set
to be 0.6. The strain distributions of the bubbles are also cal-
culated based on the membrane theory of solid mechanics!**!
(Note 1 in the supporting information), which is exemplified
in Fig. S4.
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In the CPD image shown in Fig. 1(e), the CPD value at
the valley of bubbles is hard to be determined due to large
noise. Moreover, the low spatial resolution of KPFM scan
(49.6 £ 18.9 nm, Fig. S5) also inhibits the accurate imaging of
the CPD distribution in the whole ReS, bubble area. Luckily
the CPDs at crest of some bubbles can still be obtained. The
CPDs at crests 14 bubbles (see Figs. S6a and S6b for their lo-
cations) were measured and plotted as a function of their strain
calculated using Eq. (2), as shown by scatters in Fig. 1(f). The
CPD as a function of strain at the crest of bubble calculated
based on the membrane theory are also plotted as scatters in
Fig. 1(f), which agrees well with the calculated results using
Eq. (2) when strain > 0.2%, indicating the validity of the cal-
culations using Eq. (2). These CPDs can be well fitted by a 4"
order polynomial function of strain as follows:

CPD = 37.5—231e +992¢ — 15973 +920¢*.  (3)

The fitted data is plotted as a solid line in Fig. 1(f). Best fit
gives a V-shape curve with the minimum CPD at strain of
0.2%. The trend of the CPD-strain curve in strain > 0.2%
agrees well with that of ReS; bubbles reported by Long et
al.'3) The measured CPD of ReS, is inversely proportional
(Eﬁz‘Ev) +

3]iTOTln(mdp /mge), where E; (Ey) and mgp, (mge) are the ener-

to its Fermi level, which has been defined as E; =

gies of conduction band minima (valence band maxima) and
effective mass of hole (electron) at the I" point of the first Bril-

(a)

louin zone. [#4] According to the previous reports, 4540 F . E,,
mgp and mq. are all dependent on the loaded strain. Detailed
quantitative analysis of the V-shape relationship between Ef
and strain needs to further consider the in-plane anisotropic
electronic properties, which is still ongoing and will be re-
ported in the near future. It should be noted that the relation-
ship of Eq. (3) is obtained by using the strain and CPDs at
crests of the bubbles. Because the strain varies from the bot-
tom to the crest of a bubble, the local strain induced CPD vari-
ation in the whole area of a bubble cannot be directly obtained
by Eq. (3).

ReS; belongs to the P1 group. Bulk ReS; has 36 phonon
modes including 18 Raman active Ay modes, 15 infrared ac-
tive A, modes and 3 acoustic A, modes.!*’] Raman spec-
tra of 1L, 2L, 3L and tL. ReS; are plotted in Fig. 1(g). Six
Raman peaks between 100 cm~! and 250 cm™! can be as-
signed to Ay modes annotated as Ay (~ 137 cm’l), Ay (~
143 cm™1), A3 (151 em™ 1), Ay (161 cm™!), A5 (212 cm™})
and Ag (235 cm™!), of which the peak positions agree well
with the reported data.[*”-*8] Raman peak positions of A3, A4
and As modes as a function of layer numbers are plotted in
Fig. 1(h). All these three modes redshift for ~ 0.5 cm~! from
1L to tL, which is in agreement with the results reported in
the literature!'>*"! and can be correlated to the plane bond
length contraction and lateral deformation caused by interlayer

coupling. 3%
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Fig. 1. (a) Optical image of a ReSe; thin flake; (b) AFM topographic image of the ReS, flake in the marked area of (a). Height profile
along the marked arrow line is potted as an inset; (c) CPD image corresponding to the area in (b); zoomed-in AFM topographic (d)
and CPD (e) images corresponding to the marked area in (c); (f) CPD as a function of strain collected at the top area of different ReS,
bubbles. M1 refers to the calculation using Eq. (2). M2 refers to the calculation using the membrane theory. The data calculated by M1
are fitted by using a 4™ order polynomial function (solid line); (g) Raman spectra of 1L, 2L, 3L and tL, excitation laser wavelength:
532 nmy; (h) peak positions of A3, A4 and AS as a function of layer numbers.

The optical configuration of the TERS setup is shown
by a scheme presented in Fig. 2(a). Briefly, a He—Ne laser
(632.8 nm) is focused onto the apex of a plasmonic gold coated
silicon probe at an angle of 30° via a long working distance
lens (see experimental section for details). 1L, 2L and 3L ar-

eas were moved to the TERS probe by a piezostage. The ob-
tained tip-in [containing near field (NF) and far field (FF)] and
tip-out (FF) Raman spectra are plotted in Fig. 2(b). Because
the 150/mm grating gives a spectral resolution of ~ 4 cm™!,

fine Raman peaks in Fig. 1(g) cannot be fully scrutinized. The

117801-3



Chin. Phys. B 32, 117801 (2023)

Raman band B1 at ~ 150 cm™! is predominantly merged by
Az and A4 peaks, while band B2 at ~ 220 cm~! was merged
by Raman peaks of As and Ag (see Fig. S7 for the deconvolu-
tion of B1 and B2 bands). The TERS spectra of ReS; exhibit a
layer number and peak dependent enhancement. Single-layer
ReS; has the strongest enhancement for B1 and B2 bands. The
enhancement roughly decreases as the layer number increases
from 1L to 3L. However, for thick layer, the enhancement of
B1 and B2 becomes slightly larger than that of 3L. The en-
hancement contrasts of different layers can be calculated by
using C = (Itip—in - Itip»out)/ltip—out’[su where ijp.in and Lip-ou
are intensities of Raman bands B1 and B2 measured at tip-
in and tip-out, respectively. The calculated contrasts of Bl
and B2 bands of different layers are plotted as opened cir-
cles in Fig. 2(c). For 1L the contrasts of B1 and B2 are cal-
culated to be 0.76 and 0.23, respectively; while for 3L, the

contrasts of B1 and B2 decrease to be 0.04 and 0.15, respec-
tively. The enhancement factors are further calculated by us-
ing EF = C x D?

2 .
focus/diip> Where Diocus and dip are diameters

of laser focus and TERS spatial resolution,*?! and can be set
to be 1000 nm and 10 nm, 3! respectively. In a TERS system
operated in gap mode, the TERS intensity decays exponen-
tially with the increasing distance from tip apex to the metal-
lic thin film. As the layer thickness of ReS, increases, the
gap size is also enlarged, which decreases the enhancement
factor.3!l An exponential decay function of enhancement fac-
tor, EF oc ¢(@=4)/P_in which D is a parameter that quantifies
the enhanced optical field confinement at the tip apex along
the longitudinal direction of the tip axis,®! is used to fit the
enhancement factor of ReS, B1 band as a function of layer
thickness. Best fitting yields a decay constant D of 0.88 nm,
which is very close to the thickness of 1L (Fig. S8).

B2
(a) (b) 800 : Tip-in (C) 08 1) -O-C Bl 10k
Objective Tip-out :g: EFBEH

TERS probe o~ —@- EF B2 8k 1,
R 0.64 9 Q
. IS +
» 7 E
7 ’S % F6k 2
< 400 £ 0.4 é

> =]
£ 3 L4k S
He-Ne @ =
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=] 290 =]
= oF2kHM

S, bubbl 900‘ :2:00 : 300 400 00— 10
ReS, bubble 1L 2L 3L

Raman shift (cm™1)

Layer numbers

Fig. 2. (a) Scheme of the TERS setup used in this study; (b) tip-in and tip-out Raman spectra of 1L, 2L and 3L ReSe;. The tip-in and
tip-out spectra were measured by using a grating of 150 mm~', which yields the spectrum resolution of ~ 4 cm~! and the A3, A4 and
A5 peaks are hardly distinguished. (c) Contrast and enhancement factor of Raman bands B1 and B2 for 1L, 2L and 3L ReS,.

In further TERS analysis of ReS5, the strain induced rel-
ative peak intensity change and peak shift need to be consid-
ered. Li et al.®* calculated the Raman intensity of A3 and
A4 using the density function theory (DFT) and indicated that
their intensity ratio can be enlarged from I, /Ia, < 1 to > 1
either at tensile or at compressive strain. In the case of strong
TERS enhancement like 1L ReS,, this would not give strong
influence. However, in the case of weak TERS enhancement
obtained for 3L ReS,, the local strain induced peak intensity
ratio change may be larger than that of enhancement. The un-
usual stronger enhancement of Raman band B2 than that of B1
shown in Fig. 2(c) is supposed to be induced by this factor.

In TERS analysis of strained ReS», peak shift also needs
to be considered. In a usual TERS enhancement analysis in
which the peak shift is negligible, a pure NF signal is easily
obtained by subtracting the FF signal from the NF [see the
simulation shown in Figs. 3(a) and 3(b)]. For a local biax-
ial strain existing on a ReS, bubble, Raman peaks Az and A4
are supposed to shift referring to their far-field positions. In
the case of weak enhancement, either red shift (RF) or blue

shift (BF) of NF signal causes a distorted Raman peak when
subtracting the FF from the NF [see the simulation shown in
Figs. 3(a) and 3(b)]. The position of the positive peak can still
be used as the peak position of the pure NF signals for further
calculations, which only gives negligible errors.

The Raman signal of 1L and 2L ReS; is much weaker
than that of 3L ReS, [Fig. 2(b)], indicating that much longer
exposure time is needed at each pixel to get useful TERS spec-
tra. Notably, tL ReS; has strong Raman signals, whereas the
enhancement is much weaker. Therefore, TERS line scan was
conducted on 3L so as to balance the TERS enhancement and
the exposure time. An AFM topographic image of a 3L ReS;
area is presented in Fig. 3(c). TERS line scan was conducted in
the marked area of Fig. 3(c). The scanned area is 200 x 20 nm
with 20 x 2 pixels. The obtained TERS spectra are stacked
and shown in Fig. 3(d). Compared to the peak position mea-
sured at the bottom of the bubble, both Raman peak A3 and
A4 redshift by 0.5-1 cm™! at the crest of the bubble. The
second line scan (line 2, from pixel 21 to 40) shows similar
red shift analogy to the first line scan (line 1, from pixel 1 to
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20), indicating the reproducibility of the measurements. In the
measured bubble area, no defects or impurities can be seen ei-
ther in AFM height [Fig. 3(c)] or in CPD images. Therefore,
the Raman shift can be attributed to the bubble induced strain
rather than impurities or defects. The A3, A4 and As peak
positions of the scanned pixels are obtained by fitting the sub-
tracted NF spectra using Lorentzian functions and plotted as
scatters in Fig. 3(e). These TERS peak positions as a function
of positions across the bubble are further fitted by quadratic
polynomial functions, as shown by solid lines in Fig. 3(e).

The strain induced Raman peak shift can be expressed
535571

E=¢&+¢€ = (0—ayn)/(2yay), 4

where @y is the Raman peak position at zero strain, which
was determined from ReS, flakes mechanically exfoliated on

(a) 40

2

g N 30 Tip-in-RE

o ®m

£ =

- § 209 Tip-in-BF

g%

< = 10Tip-in

= 3

5=

g Tip'o‘“/\

0 0 -+ T T T
156 158 160 162 164
Raman shift (cm~1)

(b) 30 (d)

>

B |

z NF-RF

8% 20—J\/

EE=

- g <4

9" NF-BF

+ o 104

% —

ARG

3
NF

a 0

1 1 T T 1
156 158 160 162 164 140 150
Raman shift (cm™1)

Raman shift (cm~1)

Si0,(300 nm)/Si substrates; ¥ is Griineisen parameter; & and
€p are the strains along radial and circumferential directions,
respectively.

The loaded force F' leading to the radial and circumferen-
tial strains can be expressed as[>°!

&= %Tv (37:5;2512)1/3 (%)2/3’ ©)
_ 2
0= %(37:22%12)1/3 (;?)2/3’ ©

where E is Young’s modulus, d is the thickness of the flake.
With Poisson’s ratio v = 0.225, &, is calculated to be 8.6 times
larger than &g. Therefore, for a ReS; bubble the radial strain is
predominant, while the circumferential strain is negligible and
can be neglected.
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Fig. 3. (a) Simulated tip-in and tip-out and (b) subtracted near-field (NF) Raman spectra collected at crest and bottom of a ReS,
bubble. BF and RF refer to blue shift and red shift, respectively. In the simulation, a typical peak with width of 1.7 cm~! is used. The
typical red and blue shift of 0.5 cm™! is used. (c) AFM topographic image of the TERS scanned area; (d) two TERS line scans along
the marked area in (c); (e) TERS peak positions as a function of position across the ReS, bubble; (f) calculated strain and CPD versus

position across the ReS, bubble.

According to the theoretical calculations, the y values for
Az, A4, and As peaks are 1.4, 1.3, and 2.8, respectively. 8!
The strains at different positions across the ReS, bubble can
be calculated through Eq. (4) by using Raman peak shifts of
A3z, Ay and As. The obtained strains using Az, A4 and As
peaks are averaged to eliminate the random errors, which are
further plotted in Fig. 3(f). The largest tensile strain of 0.34%
is seen at the crest of the bubble, while the smallest tensile
strain of 0.18% is seen at the bottom of the bubble.

Using this strain distribution curve as the working curve,
we calculate the CPD as a function of position by employing
Eq. (3), as plotted in Fig. 3(f). It is worth noting that the spa-
tial resolution of CPD calculated using Raman shift is strongly
dependent on the pixel size of TERS line scan. The typical

spatial resolution of our TERS system is better than 10 nm, in-
dicating that the spatial resolution of this method is also better
than 10 nm. Such a spatial resolution is ~ 5 times better than
that of the KPFM measurement. The localized electronic prop-
erties of other TMDs are expected to be measured at nanoscale
by using this method.

4. Conclusions

In summary, we have proposed to characterize localized
electronic properties of a ReS; thin layer by combining TERS
with conventional KPFM measurement. The strain at differ-
ent positions of a ReS, bubble can be obtained from the TERS
peak shift by using Griineisen relationship. The local CPD at
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nanoscale is further obtained by using the strain-CPD relation-
ship obtained via conventional KPFM instrument. The spatial
resolution of the proposed method only depends on the spatial
resolution of TERS and can be potentially improved to be sev-
eral nanometers, which is < 1/5 of that of conventional KPFM
measurements. It is worth noting that this method is also ap-
plicable to other 2D materials in which local strain is the ma-
jor factor modulating the localized electronic properties. This
method breaks the spatial resolution limitation of conventional
KPFM measurement and paves the way of characterizing the
localized electronic properties with an alternative optical spec-
tral method.
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