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ABSTRACT: The knowledge of the phonon coherence length is of great importance for two-dimensional-based materials since
phonons can limit the lifetime of charge carriers and heat dissipation. Here we use tip-enhanced Raman spectroscopy (TERS)
to measure the spatial correlation length Lc of the A1g

1 and A1g
2 phonons of monolayer and few-layer gallium sulfide (GaS). The

differences in Lc values are responsible for different enhancements of the A1g modes, with A1g
1 always enhancing more than the

A1g
2 , independently of the number of GaS layers. For five layers, the results show an Lc of 64 and 47 nm for A1g

1 and A1g
2 ,

respectively, and the coherence lengths decrease when decreasing the number of layers, indicating that scattering with the
surface roughness plays an important role.
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Different transition metal di- and monochalcogenides, all
together generate an important family of materials that

cover a range of properties for functional devices.1,2 The metal
monochalcogenide GaS is a layered two-dimensional (2D)
semiconductor with an indirect (direct) band gap of 2.5 eV
(3.0 eV),3−6 promising for future applications in photoelectric
devices, electrical sensors, and nonlinear optical applications7

because of its out-of-plane anisotropic structural, electrical,
optical and mechanical properties. Each GaS monolayer is
formed by two planes of sulfur (S) atoms sandwiching two
planes of gallium (Ga) atoms linked via covalent bonds and
stacked along the C-axis to build up the bulk GaS.3

Phonons play a crucial role in optical, electrical, and thermal
transport of materials. Particularly, scattering by optical
phonons has been observed to limit electrical transport and

heat dissipation,8−10 so that the knowledge of phonon spatial
coherence in GaS is important for electronics application,
specially in the nanoscale domain, where phonon interference
becomes increasingly significant.11

Raman spectroscopy is a powerful technique for studying 2D
systems, being extensively used in the characterization of the
number of layers,12,13 defects,14,15 doping,16−18 stoichiome-
try,6,19 optical and mechanical properties of those sys-
tems,20−25 although the majority of the studies are limited to
microscopic scale imposed by the light diffraction limit. TERS-
based subdiffraction investigations26,27 of 2D systems have
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been mainly dedicated to graphene and transition metal
dichalcogenides (TDMs).28−36

For graphene, TERS has been commonly used to probe local
properties, such as defects (point defects,34 linear defects,36

and grain boundaries33,37), surface contamination,38,39

strain,35,40−43 and doping.16 Interestingly, it has been
demonstrated that phonons with different symmetries in
graphene exhibit different tip-induced enhancement due to
near-field interference effects, which are not present in
microscopic (far-field) spectroscopy.36,44,45 Here we show
that this same effect can be used to measure distinct phonon
coherence lengths for phonons belonging to the same
symmetry. In this sense, GaS is special for having two distinct
totally symmetric Raman-active optical phonons, and we here
use TERS to probe the spatial correlation length of optical
phonons belonging to the A1g irreducible representation in
GaS.
We present here a TERS investigation of the optical

properties of GaS with different thicknesses. The different
enhancements of the two A1g modes are then attributed to
distinct phonon correlation lengths, which in turn, were
estimated for few-layers GaS.
Experimental Details. Few-layer GaS were obtained by

standard mechanical exfoliation46 from single-crystal sources
(provided by 2D semiconductors) and deposited on thin glass
coverslips. The sample thicknesses were estimated by optical
contrast, Raman spectroscopy, and atomic force microscopy
(AFM).
TERS was performed using a home-built experimental setup

described in detail elsewhere.47 Briefly, it is composed of an
optical system based on an inverted microscope, equipped with
an X,Y-scan stage, a radially polarized laser beam of 1.96 eV
excitation energy and a home-built AFM scan-head, working in
a shear-force configuration. The optical and AFM systems are
coupled via a gold plasmon-tuned tip pyramid (PTTP)48

probe, a highly efficient optical nanoantenna capable of making
use of the near field information, leading to the tip-enhanced
Raman scattering effect. The laser power was adjusted to 225
μW to avoid PTTP damaging and sample heating effects while
maintaining a usable signal-to-noise ratio.
Here we used two different gold PTTPs to perform the

TERS experiments in GaS. Their apex diameters, directly
related to the TERS image resolution, were estimated by
scanning electron microscopy (SEM) images and/or by the
TERS intensity profiles, and the specific value will be displayed
along with the results.
Results and Discussion. Bulk GaS belongs to space group

D6h
4 , while the monolayer belongs to D3h

1 .49,50 In bulk form,
each unit cell is composed by two monolayers (S−Ga−Ga−S),
resulting in 24 normal modes at the center of the Brillouin
zone. However, only 10 of theses modes are Raman active:
2A1g, 2E2g, 2E1g. The E1g and E2g modes are doubly degenerate
with in-plane vibrations, while the modes A1g are out-of-plane
vibrations.50−53 These modes have frequencies (at room
temperature and ambient pressure conditions) located at
22.8 cm−1 (E2g

2 ), 74.7 cm−1 (E1g
1 ), 189 cm−1 (A1g

1 ), 291.8 cm−1

(E1g
2 ), 295.8 cm−1 (E2g

1 ), and 360.9 cm−1 (A1g
2 ).51,53 Here we

focus on the most intense A1g
1 and A1g

2 totally symmetric
modes. The E1g

2 and E2g
1 modes exhibit similar frequencies and

are very low in intensity,54 which makes the analysis difficult,
especially when the GaS thickness is reduced.
Figure 1 shows a far-field Raman map of the A1g

1 mode of a
GaS flake, with different numbers of layers. The thicknesses

were estimated via our home-built AFM scan-head at three
small areas on the borders of the GaS flake (see Figure 2),
marked with the small dashed-line squares in Figure 1. These
three regions, labeled as R1, R2, and R3, have heights of about
1.0, 2.7, and 4.4 nm, respectively. On the basis of these heights,
we assigned the three samples as one-layer, three-layer, and
five-layer GaS.
We acquired Raman spectra with (TERS) and without

(confocal) the presence of the tip at three different positions
(see P1, P2, and P3 in Figure 1, and the respective spectra in
Figure 3a,c,e). After background subtraction, each A1g Raman
peak was fitted with one Lorentzian function (see Figure
3b,d,f) and peak parameters were compared (see Figure 4a).
For these analyses, the same PTTP probe was utilized, with an
apex diameter of ∼20 nm, estimated via SEM imaging.
As expected, the spectral signal intensity decreases along

with the thickness (compare panels a, c, and e in Figure 3).
However, the A1g

1 mode is always more enhanced than the A1g
2

mode after approaching the tip, independently of the number
of layers, as shown in Figure 3. The spectral enhancement is
given by

=
+

= ‐

‐
F

I I
I

I

ITERS
FF NF

FF

tip down

tip up (1)

were IFF and INF denote the far-field (confocal) and near-field
(TERS) intensities, respectively. These enhancements are
displayed in Figure 3a,c,e for the two totally symmetric modes.
For completeness, we also plot FTERS for the E2g

1 mode for five-
layer GaS in (e), for the case when this weak peak exhibits
reasonable intensity. Besides, our findings show a decreasing
(increasing) in A1g frequencies (fwhm) mode with decreasing
thickness (Figure 4a), although much less pronounced for the
A1g
2 mode, consistent with the results of the refs 12 and 55.
The phonon lifetime (Γc) and correlation length (Lc) are

related, and their magnitudes can be reduced through phonon
scattering by defects and electron−phonon and phonon−
phonon interactions. For GaS in the bulk form, a considerable

Figure 1. Far-field Raman map of the A1g
1 mode of a GaS flake with

different thicknesses. The small dashed-line squared areas set out the
regions were the AFM images from Figure 2 were carried out, while
the white dots mark the positions were the spectra from Figure 3 were
acquired.
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third-order phonon−phonon coupling effect for the A1g
2 mode

compared to A1g
1 was observed in temperature-dependent

Raman experiments.51 These anharmonicity differences are
also reflected in the phonon lifetime, which affects the phonon
line width, considering Heisenberg time−energy uncertainty
relation.
The near-field Raman signal intensity IΓ

TERS(z) depends on
sample, tip, and instrumental aspects (see eq 2). The sample
aspects are the vibrational mode phonon symmetry Γ and the
phonon coherence length Lc. The tip aspects are the tip radius
rtip and the TERS enhancement factor fe, where the latter is
dependent on plasmonic properties of the tip.36 The higher the
TERS field enhancement ( fe), the steeper the spectral
enhancement during a tip−sample approach curve. The
instrumental aspects are z0, the smallest tip−sample separation
distance defined by the AFM feedback control, and the

constant CΓ that appears in eq 2. Although CΓ accounts for the
Raman cross section of the Γ symmetry mode (a sample’s
intrinsic property), it is highly dependent on instrumental
factors such as detectors sensitivity, laser intensity, scattering
solid angle of collection and system alignment.
Since the two A1g modes display the same symmetry, the

differences in phonon anharmonicity should be responsible for
their distinct TERS enhancement. Qualitatively, the A1g

2 mode
exhibits a higher third-order phonon−phonon coupling and,
consequently, a lower Lc, which result in lower near-field
enhancement as compared to the A1g

1 mode, consistent with
our results.
Quantitatively, an analysis of the Lc can be done by

measuring the Raman spectra as a function of tip−sample
distance, as previously reported in graphene36,44,56 and fully
described in ref 57. Since the TERS signal is more intense in

Figure 2. Topographic AFM images recorded in the dashed-line squared areas in Figure 1, in shear-force mode, by using our home-built AFM. (b),
(d), (f) are line profiles from the white dashed lines in (a), (c), (e), respectively.
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the P3 position, we performed such analysis in P3 using the
same TERS tip.

Figures 5a and b show the approach curves for both A1g
1

(opened square) and A1g
2 (red circle) modes, respectively. The

Figure 3. (a), (c), (e) Raman spectra recorded with tip-down (black) and tip-up (red) configurations, acquired at positions P1, P2, and P3 in
Figure 1, respectively. The far-field spectra were recorded with 360 s and 10 accumulations, while the near-field spectra were acquired with 60 s and
10 accumulations. (b), (d), (f) Deconvolution of spectra in (a), (c), (e), respectively. Each peak was fitted with one Lorentzian after removing the
background, and the peak frequencies and the full width at half-maximum (fwhm) are displayed in cm−1, with the latter given in parentheses.
Spectra in (a), (c), (e) are normalized by their accumulation times. Spectra in (b), (d), (f) are normalized by their maximum intensities.
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data were subtracted by the far-field intensity and rescaled so
that the near-field values are in units that reproduce the same
type of analysis performed in refs 36, 44, and 57. The approach
curves show different tip−sample distance dependencies,
where the A1g

2 mode is steeper, fully consistent with the higher
overall enhancement (7.6 against 4.2), suggesting that the A1g
modes in GaS have different Lc. In order to extract the Lc
parameter from the TERS experiment, the tip-approach data
from Figure 5 were fitted using the following relation

= +

+

Γ Γ Γ Γ

Γ

I z C f r g L z f r g L z

f r g L z

( ) ( , ) ( , )

( , )
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c
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2
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c

Ä
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ÅÅÅÅÅ É

Ö
ÑÑÑÑÑ (2)

which expresses the intensity IΓ
TERS measured by TERS as a

function of the tip−sample displacement z, for a phonon with
symmetry Γ and coherence length Lc, and a tip with field
enhancement factor fe and radius rtip. The functions gTST, gST,
and gTS are related to the scattering modes TST, ST, and TS,
which account for the tip−sample−tip, tip−sample, and

sample−tip sequences of electromagnetic field interactions,
respectively.44,58 Equation 2 is a simplified version of what has
been introduced in refs 44 and 57 with the addition of the TS
term. The resulting fitting parameters for the experimental data
are fe ∼ 3.5, Lc ≈ 64 nm, and ≈ 47 nm for A1g

1 and A1g
2 ,

respectively. To base our finding on solid ground, we
performed a second experiment in the P3 location using a
different PTTP probe (rtip ∼ 10, fe ∼ 2). The fitting process
(not shown) revealed Lc ≈ 60 nm and ≈ 52 nm for A1g

1 and
A1g
2 , respectively, consistent with the previous experiment,

indicating that the results are reproducible.
Finally, we check whether these results are sensitive to the

number of GaS layers. Figure 4b displays the totally symmetric
spectral mode enhancements obtained at points P1, P2, and P3
in Figure 1, which are assigned as one-layer, three-layer, and
five-layer samples. The A1g

1 enhancement is always superior to
the A1g

2 , as already stated, but the spectral enhancements
decrease by decreasing the number of layers. Considering eq 1,
we expect the IFF to scale linearly with the number of layers (in
the few-layer limit) and INF to exhibit a smaller increase or

Figure 4. (a) Number of layer dependence of the Raman shift (left axis) and full width at half-maximum (right axis) for the A1g
1 (bottom) and A1g

2

(top) Raman peaks. (b) Thickness dependence of the TERS spectral enhancement for the A1g
1 (empty squares) and the A1g

2 (empty circles) modes
in GaS.

Figure 5. Normalized tip−sample distance dependence, Zts, for (a) A1g
1 (empty black squares) and (b) A1g

2 (empty red circles). The black and red
curves are the theoretical dependence of Zts for A1g

1 and A1g
2 modes, respectively, calculated through eq 2. The output parameters calculated by eq 2

are shown in the graphs.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b02974
Nano Lett. 2019, 19, 7357−7364

7361

http://dx.doi.org/10.1021/acs.nanolett.9b02974


even to decrease, for two reasons. First, when the tip
approaches the GaS surface, the extra layers in the many-
layer sample are always more distant from the tip. The second
reason would be related to the geometry of our setup.47 The
measurements were performed in an inverted microscope, in
which the sample is illuminated from the bottom using a high
numerical aperture objective lens. The tip is positioned right
above the sample surface, and the collection of the scattered
field is made by the same objective positioned at the bottom.
In this configuration, the incident field that reaches the tip and
scattered field from the tip are both partially absorbed by the
sample. Since the GaS flake absorbs more light as the number
of layers increase, the influence of the tip should decrease as
the sample becomes thicker. Consequently, we conclude that
the increase in spectral enhancement when increasing the
number of layers has to be due to an increase in Lc. This
assumption is reasonable considering the limitation on phonon
lifetime to be related to scattering with the surface roughness.
Our results are also consistent with the fwhm values reported
in Figure 3, since their values decrease with increasing the
number of layers.
Conclusion. In summary, we performed a TERS study in

order to measure the spatial correlation length of few-layer
GaS. Distinct Lc values were found for the A1g

1 and A1g
2 modes

and the distinction is attributed to differences in the phonon
anharmonicity of these modes.51 Unlike graphene, where the
mode symmetry is responsible for the differences in TERS
intensities, in GaS the different TERS enhancements allow us
to access the differences in phonon coherence lengths Lc. The
higher the Lc, the higher the TERS enhancement, providing Lc
= (62 ± 2) nm and (50 ± 3) nm for A1g

1 and A1g
2 GaS

vibrational modes, respectively. These Lc values were found for
five-layer GaS, and our results for three-layer and one-layer
GaS indicate Lc decreases with the decreasing number of layers
due to scattering with the surface roughness. Our results are of
particular importance for GaS-based electronics, and they
consolidate a new protocol for TERS applications, where
phonon coherence lengths can be obtained optically.
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Narayana, C.; Late, D. J.; Shukla, A. Pressure-Induced Phase
Transitions in Germanium Telluride: Raman Signatures of
Anharmonicity and Oxidation. Phys. Rev. Lett. 2019, 122, 145701.
(24) Late, D. J. Temperature-Dependent Phonon Shifts in
Atomically Thin MoTe2 Nanosheets. Applied Materials Today 2016,
5, 98−102.
(25) Pawbake, A. S.; Pawar, M. S.; Jadkar, S. R.; Late, D. J. Large
Area Chemical Vapor Deposition of Monolayer Transition Metal
Dichalcogenides and their Temperature Dependent Raman Spectros-
copy Studies. Nanoscale 2016, 8, 3008−3018.
(26) Verma, P. Tip-Enhanced Raman Spectroscopy: Technique and
Recent Advances. Chem. Rev. 2017, 117, 6447−6466.
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