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ABSTRACT: The breathing mode’s Raman characteristic is a key parameter that estimates the number of layers and helps to
determine interlayer thermal coupling in multilayer phosphorene. However, its temperature coefficient is not investigated yet,
probably due to phosphorene’s ambient instability, difficulties in capturing its Raman modes, and relatively weak temperature
sensitivity than the corresponding primary intralayer Raman modes. Here, we captured the breathing modes’ Raman scattering in
multiple phosphorene flakes at different temperatures and estimated the corresponding first-order temperature coefficient. The
captured modes show a negative temperature coefficient of around −0.0025 cm−1/K. Besides, we have explored a unique feature of
the breathing mode phonon scattering with temperature. The modes closely follow the dominant three-phonon process and four-
phonon process scattering phenomena at low- and high-temperature ranges. The three-phonon process scattering is dominant below
∼100 K, shifting to the dominant four-phonon process scattering beyond ∼150 K. Moreover, the phonon modes show anomalous
behavior of blue shift with temperature during 100−150 K, probably due to transition in the scattering process. Our study shows the
significant dependency of the breathing modes over temperature, which helps to understand and model phosphorene’s interlayer
thermal and mechanical properties. The study also reflects that phosphorene has significant interlayer heat transport capability due
to three- and four-phonon scattering features.

■ INTRODUCTION
Phosphorene, a few layers (ideally monolayer) of black
phosphorous, consists of various remarkable properties,
which make the material a promising candidate for next-
generation electronic devices.1−3 However, many material
features are unexplored yet, probably due to its ambient
instability.4,5 Identifying a thin flake of phosphorene is a real
challenge for material exploration and device processing due to
the risk of degradation during thickness measurement using
tools such as AFM.6 Low-frequency Raman active interlayer
phonon modes, known as breathing modes, can provide a
promising non-destructive technique to determine thin flakes
from the exfoliated 2D materials’ flake islands.7−10 The
phonon mode corresponds to interlayer out-of-the-plane
vibration in a few layers of black phosphorous. Besides, the
breathing mode’s properties and thermal evolution can help
understand interlayer forces and their thermal coupling in
phosphorene, as high-frequency Raman modes talk about the
intralayer phonon transport properties of the 2D materials.11,12

Despite these features, the breathing mode’s thermal evolution
and scattering phenomena are not explored extensively yet.
Ling et al.9 found that the breathing mode does not have a
significant dependency on temperature, even though the
material has promising interlayer coupling.13,14 Their observa-
tions, however, were done over PMMA-coated phosphorene,
which may not give precise results due to perturbation in the
out-of-the-plane interlayer vibrations. Thus, an extensive
probing of the breathing mode is required over unmask
phosphorene to fetch the precise value of the breathing mode’s
Raman positions at different temperatures.
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Here, we captured the Raman breathing mode of a few
layers of phosphorene flakes from 10 to 320 K to investigate
their thermal evolution properties, thereby estimating the first-
order temperature coefficient of the breathing mode. More-
over, the Raman shift of the breathing mode with temperature
is modeled on the three-phonon process and the four-phonon
process scattering. The manuscript starts with a discussion
about the thermal evolution of the breathing mode over a few
layers of phosphorene flake, followed by estimates of the
thermal coefficient of the flake. After that, it explains the three-
phonon processes and four-phonon process scattering of the
breathing mode. Finally, the manuscript contains thermal
evolution and phonon scattering model validation over
multiple phosphorene flakes.

■ RESULTS AND DISCUSSION
After exfoliation, we identified an isolated few layers of
phosphorene flake (Figure 1) based on optical contrast and
confirmed the black phosphorous material by the presence of
the three high-frequency modes (A1g, B2g, and A2g) in the
Raman characteristics.15,16 Besides high-frequency Raman
modes, which are due to intralayer phonon vibrations,
phosphorene also has low-frequency Raman active modes
due to interlayer out-of-the-plane vibration, known as the
breathing mode.9,17 We captured the breathing mode (Figure

1b, inset) to examine its thermal evolution and modeling
further.

Thermal Evolution of the Breathing Mode. The flake’s
Raman characteristics were captured at different temperatures.
With a temperature rise from 10 to 300 K, the three high-
frequency Raman lines (Figure 2a), A1g, B2g, and A2g, show a
red shift of 0.74, 1.00, and 1.02 cm−1, respectively. The
observed red shift behaviors are consistent with previous
work,9 which shows the validity of our experimental setups and
processes. The low-frequency breathing mode shows a similar
red shift trend with a rise in temperature (Figure 2a, inset).
The mode shifts 0.87 cm−1 with an increase in temperature
from 10 to 300 K. The observed breathing mode (LF) shift is
close to the corresponding intralayer high-frequency (HF)
modes. Thus, it is worth investigating and estimating its
thermal evolution to understand interlayer coupling properties.
The captured breathing mode Raman shift at different

temperatures (Figure 2b) shows falling trends (red shift) with
temperature rise. The falling curve is shallow at a lower-
temperature range and becomes steeper at a higher temper-
ature. The corresponding full width at half-maximum (fwhm)
is almost constant at a lower temperature. However, it shows a
rising trend at higher temperatures, probably due to more
thermal scattering, as observed in the high-frequency Raman
modes.11,14 The significant thermal shift in the breathing

Figure 1. (a) Optical image of a few layers of phosphorene flake captured using an OLYMPUS BX53M microscope with 100× objective. (b)
Raman characteristics of the flake, which has three high-frequency modes (A1g, B2g, and A2g) and a low-frequency breathing mode (inset).

Figure 2. (a) HF and LF (inset) Raman modes of the phosphorene flake (Figure 1a) at 10 and 300 K. HF Raman shifts with different temperatures
are given in the Supporting Information (SI, Figure S1). (b) Raman shifts and fwhm of low-frequency breathing modes at different temperatures.
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modes reflects a relatively strong interlayer anharmonic
interaction in the material. Thus, we can say that phosphorene
has a significant interlayer interaction for playing an essential
role in interlayer thermal transport.

Temperature Coefficient Estimation and Phonon
Scattering Model. Usually, the temperature-dependent
Raman shift is analyzed and approximated by a first-order
linear equation.9,11,12,14,18,19

= +T T( ) 0 (1)

where χ is the first-order temperature coefficient and ω0 is the
extrapolated value of the linear fit at zero Kelvin. After fitting
with experimental data (Figure 3a), the values of χ and ω0 are

−0.003 cm−1/K and 88.26 cm−1 respectively. The approxi-
mated temperature coefficient value (−0.003 cm−1/K) is 1
order less than the reported thermal coefficient of HF phonon
modes.9,11,14

A closer look at the linear fitting reflects that the
experimental data significantly deviates from the linear fitted
line. Moreover, the data reflect three different regions of the
Raman shift behavior. It shows a red shift until 100 K, a blue
shift from 100 to 150 K, and a red shift after 150 K. Thus, a
much better approximation is needed to explain the thermal
evolution of the breathing mode.
Balkanski et al.20 developed an approach based on the

phenomenon of optical phonon decay into two (three-phonon

Figure 3. (a) Linear fitting of the temperature-dependent breathing mode’s Raman data of the phosphorene flake shown in Figure 1a. (b) Three-
phonon and four-phonon process fitting of the Raman data.

Figure 4. (a) Phosphorene flake has different thickness regions (f1, f2, and f3), captured using an OLYMPUS BX53M microscope with 100×
objective. (b−d) Raman spectra of the regions f1, f2, and f3, respectively, at 10 and 300 K. Breathing modes of all the flakes are named in the insets.
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processes) or three (four-phonon processes) acoustic phonons
with equal energies. Based on their model, the temperature-
dependent Raman mode positions can be described by the
equation

= + + + +
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where C and D are anharmonic constants (fitting parameters),
ω0 is the phonon frequency at zero Kelvin, x = h̵ω0/2kT, y =
h̵ω0/3kT, h̵ is the Planck constant divided by 2π, k is the
Boltzmann constant, and T is the temperature. The values of C
and D are the strength of three-phonon and four-phonon
processes, respectively. After fitting, C and D determine the
dominant phonon scattering modes in the system. C/D > 1
says that the three-phonon process is the dominant scattering
mode and vice versa. Tristant et al.21 and Łapinśka et al.22

explored that the thermal evolution of the HF frequency
phonon modes of the few-layer phosphorene has a better
explanation using three- and four-phonon scattering model (eq
2) than the first-order linear equation model (eq 1). Thus, it is
worth investigating the three- and four-phonon processes
scattering the possibility of the breathing mode.
Our experimental data fit on different C and D values for

low-temperature (10−∼100 K) and high-temperature (∼150−
320 K) ranges (Figure 3b). For low temperature, the fitting
parameters are, ω0 ≈ 88.3 cm−1, C ≈ −0.15 cm−1, and D ≈ 0.
Thus, the modeled equation is
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For high temperature, the fitting parameters are ω0 ≈ 88.3
cm−1, C ≈ −0.0001 cm−1, and D ≈ −0.00065 cm−1. Thus, the
modeled equation is
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The above analysis shows that phosphorene’s breathing mode
phonon follows three phonon scattering (C ≈ −0.15 cm−1 and
D ≈ 0) until ∼100 K. After that, the scattering process shifts
from three-phonon to four-phonon during ∼100 to ∼150 K.
Consequently, the four-phonon process (C ≈ −0.0001 cm−1

and D ≈ −0.00065 cm−1) is the dominant scattering
phenomenon in the breathing phonon mode. The blue shift
in phonon mode from ∼100 to ∼150 K is probably due to the
phonon scattering process transition. The dominance of the
four-phonon process is due to more scattering at the higher
temperature, as also observed in the rising trend of fwhm
(Figure 2b) after ∼150 K.

Validation over Multiple Flakes. We extended our
investigation to multiple flakes having different thicknesses for
further investigation and validation of temperature-dependent
Raman shift. A relatively large flake (Figure 4a) having multiple
thickness segments (f1, f2, and f3) was identified based on the
contrasts and Raman signatures (Figure 4b−d). The segments
f1, f2, and f3 are referred to as flake f1, flake f2, and flake f3,
respectively, hereafter. All the flakes show breathing mode
characteristics (Figure 4b−d, insets). Moreover, the thinnest
flake (f1) has three breathing modes, B11, B12, and B13
(Figure 4b−d, insets), reflecting that a prominent breathing
mode is a promising tool for identifying a few-layer
phosphorene. All the Raman breathing modes show a
significant red shift with temperature. Thus, it validates that
the Raman breathing mode position has considerable depend-
ence on temperature.
The prominent isolated breathing mode B21 of flake f2,

distinguishable at all temperatures, was captured at different
temperatures. Three measurements were done on the flake for
all the temperatures, and their average data are plotted in
Figure 5. All data plots are given in the Supporting Information
(SI, Figure S2). Linear fittings over the averaged data (Figure
5a) show that the first-order temperature coefficient (χ) of the
flakes is −0.0021 cm−1/K.

Figure 5. (a) Linear fitting of the temperature-dependent breathing mode’s (B21) Raman data of the phosphorene flake “f2” shown in Figure 4a.
(b) Three-phonon and four-phonon process fitting of the Raman data.
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Besides, as discussed in the previous section, the breathing
mode follows three-phonon and four-phonon process scatter-
ing. The modes follow three-phonon process scattering at the
low-temperature range and transform to four-phonon process
scattering at the high-temperature range after an anomalous
blue shift transition with temperature. Deviation in some
experimental data points from the fitting model may be due to
experimental artifacts caused by laser heating during multiple
measurements, resolution limitation of the detector, and signal
deconvolution error. As mentioned in Figure 5b, the fitting
parameters (value of C and D) reflect the dominating strength
of the three- and four-phonon process scattering at low- and
high-temperature ranges, respectively.
Finally, the authors would like to highlight that phosphorene

shows a three-phonon to four-phonon scattering shift in the
discussed temperature range (around 150−200 K), possibly
due to its relatively strong interlayer van der Waal’s (vdW)
interactions. A similar phonon scattering behavior can be
expected at low and high temperatures for the phonons
corresponding to very low (like weak vdW) and very high (σ-
bond) interactions, respectively. We have captured the
breathing mode of another phosphorene flake (few-layer) at
different temperatures. The results reflect (SI, Figure S3)
different phonon scattering characteristics (three-phonon and
four-phonon) at low and high temperatures and possible
transitions around ∼150 K. The results are consistent with our
manuscript’s discussion, further validating our work’s authen-
ticity.

■ CONCLUSIONS
In summary, we captured the breathing modes of multiple few-
layer phosphorene flakes and investigated their thermal
evolution from 10 to 320 K under high vacuum. All the
observed thin flakes reflect prominent breathing modes. The
breathing modes show a significant red shift with temperature;
therefore, the corresponding linear first-order temperature
coefficients (χ) are around −0.0025 cm−1/K. Besides, we
explored the phonon scattering model of the breathing modes
in the captured temperature ranges. The modes follow three-
phonon process scattering at low-temperature ranges. How-
ever, the scattering phenomena change to the four-phonon
process at a high-temperature range after anomalous blue shift
for a short range of temperature rise. Our investigations are
consistent with multiple phosphorene flakes, which reflect that
phosphorene has considerable interlayer heat transport
capability due to three-phonon and four-phonon scattering
features.

■ EXPERIMENTAL DETAILS
Phosphorene was exfoliated over the SiO2/Si (90 nm)
substrate from black phosphorous crystal using the standard
blue tape method under a N2-rich environment. Immediately
after exfoliation, the sample was loaded inside the MONTANA
helium cryogenic chamber, followed by high vacuum (below
0.1 mTorr) built inside the chamber to protect the flake from
ambient degradation. Few-layer phosphorene flakes were
identified through the optical window of the chamber based
on the contrast and Raman characteristics and validated by
capturing the breathing modes. For further investigations,
backscattering Raman measurements were done using a
HORIBA LabRAM HR with a 532 nm laser source and an
OLYMPUS BXFM-ILHS microscope with 50× objective, from

10 to 320 K. Single measurement was done on flake 1 (Figure
1a) for all the temperatures to avoid laser heating that can
damage the material. However, for a relatively thicker material
(Figure 4a), an average value of the three measurements was
taken into account for all the temperatures. We needed high
acquisition time (4−10 s, depending on temperature) and
accumulation (4−6, depending on the noise level) to capture
the breathing modes precisely. During the experiment, the
grating number was 1800 gr/mm, and the CCD pixel size was
26 × 26 μm. The signal deconvolution error was around ∼0.01
cm−1.
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(22) Łapinśka, A.; Taube, A.; Judek, J.; Zdrojek, M. Temperature
Evolution of Phonon Properties in Few-Layer Black Phosphorus. J.
Phys. Chem. C 2016, 120, 5265−5270.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03759
ACS Omega 2022, 7, 43462−43467

43467

https://doi.org/10.1039/c9ra08029e
https://doi.org/10.1039/c9ra08029e
https://doi.org/10.1088/0953-8984/28/16/165401
https://doi.org/10.1088/0953-8984/28/16/165401
https://doi.org/10.1021/acs.nanolett.5b00775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b00775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b00775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b06551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b06551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4928931
https://doi.org/10.1063/1.4928931
https://doi.org/10.1063/1.4928931
https://doi.org/10.1021/nn405826k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405826k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn405826k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201404294
https://doi.org/10.1002/adfm.201404294
https://doi.org/10.1002/smtd.201700409
https://doi.org/10.1002/smtd.201700409
https://doi.org/10.1002/smtd.201700409
https://doi.org/10.1088/0953-8984/27/18/185302
https://doi.org/10.1088/0953-8984/27/18/185302
https://doi.org/10.1002/jrs.5238
https://doi.org/10.1002/jrs.5238
https://doi.org/10.1021/acs.nanolett.1c00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/physrev.148.845
https://doi.org/10.1038/srep32236
https://doi.org/10.1038/srep32236
https://doi.org/10.1103/PHYSREVB.28.1928
https://doi.org/10.1103/PHYSREVB.28.1928
https://doi.org/10.1021/acsnano.9b04257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b04257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b01468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b01468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

