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ABSTRACT: Atomically thin two-dimensional (2D) sheets of
black phosphorus have attracted much attention due to their
potential for future nanoelectronic and photonics device
applications. Present investigations deal with the temperature
dependent phonon shifts in a few-layer black phosphorus
nanosheet sample prepared using micromechanical exfoliation
on a 300 nm SiO,/Si substrate. The temperature dependent
Raman spectroscopy experiments were carried out on a few-
layer black phosphorus sample, which depicts softening of Agl,
B,,, and A,> modes as temperature increases from 77 to 673 K.
The calculated temperature coefficients for Agl, B, and Ag2
modes of the few-layer black phosphorus nanosheet sample
were observed to be —0.01, —0.013, and —0.014 cm™' K},
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respectively. The temperature dependent softening modes of black phosphorus results were explained on the basis of a double
resonance process which is more active in an atomically thin sample. This process can also be fundamentally pertinent in other
promising and emerging 2D ultrathin layer and heterostructured materials.
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1. INTRODUCTION

Atomically thin two-dimensional (2D) materials such as
graphenel_5 and transition metal dichalcogenides (TMDCs)
such as MoS,, " * WS, 5717 MoSe,,'** and WSe,”' are
attracting more interest for their application in nanoelectronics
and photonics devices. However, these TMDC materials have
demonstrated relatively slow performance, and because of the
huge bandgap of Mo- and W-based compounds, they are more
suited for applications in the visible range of the electro-
magnetic spectrum. A 2D material with a direct and tiny
bandgap together with a high performance of device is needed
to extend exposure range and wide application.

Bulk black phosphorus material is a highly stable phosphorus
allotrope at ambient and room temperature®>>* which was first
synthesized back in 1914 from white phosphorus materials
under high pressure and high temperature conditions.** Similar
to graphene, black phosphorene is made of a layered structure
which is held together by weak interlayer forces with
noteworthy van der Waals character. Inside a single layer,
each P atom is covalently bonded with three neighboring
phosphorus atoms to form a wrinkled honeycomb struc-
ture.”>~>* In particular as compared with the bulk counterpart,
a single-layer black phoroporous sample has significantly more
diverse electronic and optical properties due to its fundamental
band gap and puckered layered structure. These useful
properties originate from the bandgap of ~1.5 eV for a
single-layer black phosphorus sample, while the bulk bandgap
of black phosphorus material is ~0.3 eV.”® Therefore, the band
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gap of black phosphorus has been predicted to be tunable as a
function of the number of layers.>*~>' This property makes
black phosphorus a potential semiconducting material, which is
quite different from the single-layer graphene, which is a
semimetal. As a semiconductor material, it can also be used to
fabricate digital nanoelectonics and photonics devices. The
atomically thin single-layer of black phosphorus is a p-type
semiconducting material, and it has been reported to be flexible
and capable of mechanical exfoliation.” This is well-suited for
applications in near- and mid-infrared optoelectronic and
spintronic devices.

Interestingly the 2D form of black phosphorus layered
material has shown good field effect transistor device
performance with hall field effect mobility of 1000 and 600
cm® V™' 57! in the x and y directions within the plane at a
temperature of 120 K.2>72% Further, the transistors fabricated
using a 5 nm-thick black phosphorus nanosheet show a current
ON/OFF ratio of ~10° and a good current saturation nature at
room temperature.”> >® Therefore, the black phosphorus
layered material has great potential to fill up the gap between
semimetal graphene and large-bandgap TMDC materials.
There are exhaustive investigations on single-layer TMDC
materials including their diverse properties, optical, magnetic,
electronic, and mechanical, such as strain, thermal effects, and
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Figure 1. Typical perspective top view (a) and side view (b) of single-layer black phosphorus. (c) Typical optical microscope image of the few-layer
black phosphorus nanosheet sample deposited on 300 nm SiO,/Si using micromechanical exfoliation and (d) comparative Raman spectra of the
pristine bulk and few-layer black phosphorus nanosheet sample recorded at room temperature using a 514.5 nm laser.
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Figure 2. (a) Typical optical microscope image of the few-layer black phosphorus nanosheet sample deposited on 300 nm SiO,/Si substrate and (b)

the corresponding AFM height profile of the sample.

so on. However, the exploration of black phosphorus is just
begining. In the view of black phosphorus as a possible material
for application in various nanoelectronics and optoelectronic
and spintronic devices, it is essential to know the electron—
phonon (e—p) interaction and temperature dependent vibra-
tional properties of black phosphorus nanosheet sample. In
field effect transistor devices, by applying the bias voltage and
back gate voltage can results in the self-heating of the device
which can affect the performance of black phosphorus based
electronic device. The self-heating can thus lead to the changes
in e—p interaction and vibrational properties of the black
phosphorus materials. It is essential to make out the difference
whether the changes in Raman mode positions due to the
number of layers and other factors. The shape of the Raman
mode, intensity, changes in the half width at half maxima
(fwvhm) as a function of number of layers and that of
temperature will be quite different.>'® Raman spectroscopy is
nondestructive and a very powerful experimental technique to
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investigate the properties of the materials such as number of
atomic layers and thermal and mechanical properties of
graphene® and other TMDC layered materials.*” With change
in the temperature of the black phosphorus nanosheet sample,
the Raman-active modes are also affected as a result of e—p
coupling.

Predominantly, a temperature dependent Raman spectros-
copy investigation on few-layer black phosphorus samples is
important to understand the fine structure and properties of the
material, such as thermal expansion, thermal conductivity, and
nature of the atomic bonds. To date there is only one report>>
on the temperature dependence of the Raman spectra of SL
black phosphorus sample but which is also only limited to
temperature range from +20 to —160 °C. Here, we
demonstrate a proof-of-concept for change in large shift in
Raman peak position for few-layer black phosphorus nanosheet
sample with wide temperature range from 77 to 673 K.
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2. RESULTS AND DISCUSSION

Figure 1a and b show the typical perspective top and side view
of the single-layer black phosphorus nanosheet. The black
phosphorus nanosheet samples were exfoliated onto 300 nm
SiO,/Si substrate by using mechanical exfoliation using scotch
tape similar to single-layer graphene® and inorganic layered
TMDC materials.*>** Figure lc shows the typical optical
microscope image of the few layer black phosphorus nanosheet
sample. The number of layers present in the sample was
identified by using the optical microscope with specific color
contrast.”*** During the present investigations several samples
of black phosphorus nanosheet deposited on various 300 nm
SiO,/Si substrates with similar color contrast were identified
and characterized. The thicknesses of the black phosphorus
nanosheet samples were further determined by using atomic
force microscopy (AFM). Figure 2a and b shows the typical
AFM image and height profile which confirms the height of the
nanosheet were ~4 nm indicating the few layer nature of the
black phosphorus nanosheet sample. The single-layer black
phosphorus nanosheet samples were observed to be difficult to
locate on the 300 nm SiO,/Si substrate as compared with the
few layer sample. It is possible that the single-layer and bilayer
black phosphorus sample has very strong interlayer coupling as
compared with that of few layer black phosphorus samples.
Figure 1d shows the typical comparative Raman spectra of the
pristine bulk and few layer black phosphorus samples recorded
at room temperature using 514.5 nm laser. A typical bulk
sample of black phosphorus consists of one out-of-plane mode
(Agl) and two in-plane modes (A, and Bzg). The Raman
spectra of the black phosphorus sample’®** show well-defined
layer dependence, with the Ag2 mode upshifted when the
number of layers decreased as observed for MoS,’. In the
present investigations for the bulk black phosphorus sample the
Ag2 mode appears at ~467.9 which shifts to 469.5 cm™" for a
few layer thin sample. The other Raman modes namely Alg
appear at ~363.3 cm™ and By, (440.4 cm™") which does not
depict much changes as a function of number of layers as
reported in the litrature.** It has been also reported that the Ag2
and Ag1 Raman modes shifts toward each other with increasing
thickness due to the double resonance scattering which can be
the spectral fingerprint of identifying the single- and few-layer
nature of the black phosphorus sample.”® The single-layer or
bilayer of the black phosphorus nanosheet sample was reported
to be more sensitive to the ambient conditions such as water
and oxygen as similar to the graphene and other TMDC
materials.*®

The present investigations mainly deal with the temperature
dependent Raman spectroscopy investigations of few-layer
black phosphorus sample. Figure 3a—c shows the low and high
resolution transmission electron microscopy (TEM) images of
the few-layer black phosphorus nanosheet sample prepared
using micromechanical exfoliation from bulk black phosphorus
crystal transferred directly onto the Quanta foil TEM grid. The
typical high resolution TEM image shows the high crystalline
quality of the as transferred black phosphorus nanosheet
sample onto the TEM grid. Figure 3d shows the typical selected
area electron diffraction pattern of the few-layer black
phosphorus sample. Figure 4 shows the Raman spectra of the
tew-layer black phosphorus nanosheet sample as a function of
temperature variation from 77 to 623 K. Figure 5 shows the
Raman spectra peak position as a function of temperature for
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Figure 3. (a) TEM image and (b, c) HRTEM images of the few-layer
black phosphorus nanosheet sample. (d) Corresponding SAED
pattern of the black phosphorus nanosheet sample.
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Figure 4. Raman spectra of the few-layer black phosphorus nanosheet
sample in a temperature range of 77 to 673 K.
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Figure 5. Temperature dependence Raman mode variation as a
function of temperature for the few-layer black phosphorus nanosheet

sample (a) Agz, (b) B,y and (c) Agl.
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the Raman modes of the few-layer Black phosphorus sample
change linearly as a function of temperature. It is well-known
that Raman spectroscopy is a four-phonon process which is
dominant over thermal expansion as well as the phonon process
on Raman mode line shift with change in temperature. The
changes in the Raman mode frequencies Aw, with temperature
variation from 77 to 623 K were observed to be 4.39 cm™" for
Agl, 8.14 cm™! for B,y and 8.63 for Ag2 modes, respectively. A
few data point dispersion for the Raman peak positions can be
expected and is well-understood due to the slight variation in
the laser spot on the few-layer black phosphorus nanosheet
sample or the local Raman stage vibration and low excitation
power on the black phosphorus nanosheet sample surface
followed by the extra attenuation from the cold—hot cell
window during the experiments.’ Measurement of the
temperature dependence of the Raman spectra on the few
layer black phosphorus nanosheet sample was repeated on
several other identical samples, and the results were found to be
similar in nature. The observed data of the peak positions
obtained from Lorentzian fittings for Agl, By and Ag2 modes
versus temperature were fitted using the Griineisen model*®

(1)

where , is the peak position of the black phosphorus
nanosheet sample vibration modes at zero kelvin temperature
and y is the first-order temperature coefficient of the same
mode. The plot of the Raman mode position as a function of
temperature (Figure S) gives a slope of a fitted straight line
which directly depicts the temperature coefficient y. The
temperature coefficients of the frequencies of the Agl, B,y and
Ag2 modes are observed to be —0.01, —0.013, and —0.014 cm™*
K™, respectively (Table 1). It is noteworthy that the

o(T) = w, + T

Table 1. Extracted Temperature Coefficient and Frequency
Difference for Few-Layer Black Phosphorus Samples in the
Temperature Range 77—673 K

few-layer black phosphorus x (em™ K7Y) Aw
Ag' —0.008 4.39
By —0.013 8.14
A}l —0.014 8.63

temperature coefficient of the few-layer black phosphorus for
the Agl and Ag2 modes was observed to be nearly same as
reported earlier for a SL phosphorene sample.’” Interestingly
the temperature coefficients for Agl, B,y and Ag2 are also similar
in nature to those reported earlier for single-layer and few-layer
MoS, by Lanzillo et al,¥” Sahoo et al,*® and Najmaei et al®
Further, the temperature coefficients for A > and B,, modes are
observed to be similar in nature to that reported for single-layer
graphene®**~* and MoS,”” ™ and one order larger in nature
than that reported for single- and few-layer WS, *~* MoSe,,"
and WSe,"” nanosheets. With the chosen temperature range,
the shift in the Raman mode is observed to be larger, this
indicates that the phonon frequencies of the few-layer black
phosphorus nanosheet sample are much more sensitive to the
temperature than that of observed for graphene®**~* and
other 2D inorganic layered materials such as MoS,>" >’
WS,,*™* MoSe,," WSe,,"” and WTe,.*° This might be due to
the fact that the black phosphorus nanosheet sample has better
mechanical flexibility, which basically originates from its unique
puckered crystal structure.”**>* We also believe that the two
in-plane modes Ag2 and B, in the atomically thin black
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phosphorus nanosheet sample restrict the motion of P atoms in
a plane of sheet. It is interesting and noteworthy to report that
the increase of fwhm for all the Raman modes with increasing
temperature for few layer black phosphorus nanosheet samples.
The significance of increasing the fwhm sensitively for black
phosphorus nanosheet samples with temperature is due to the
contribution of anharmonic terms. The observed softening of
the Agl, B,y and Ag2 modes of Raman spectra is due to the
phonon—phonon interaction which involves a phonon decaying
into the lower-energy phonons and electron—phonon inter-
action which results from a phonon generating an electron—
hole (e—p) pair. The variation in the Raman spectra peak
position as a function of temperature is also a contribution of
the anharmonicity and the thermal expansion, which is negative
in sign, or due to the volume contribution. This phenomenon is
stronger at the few-layer atomically thin black phosphorus
nanosheet sample as it is attributed to a double resonance
effect.

3. CONCLUSIONS

In conclusion, we have systematically investigated the temper-
ature dependent Raman spectroscopy of a few-layer black
phosphorus nanosheet sample within a wide temperature range,
77—623 K. All of the three Raman modes of the black
phosphorus sample soften as a function of increasing
temperature. The calculated temperature coefficients of the
frequencies of the Agl, B,y and Ag2 Raman modes are observed
to be —0.01, —0.013, and —0.014 cm™ K™, respectively. Our
results are explained on the basis of the double resonance
process which is more active in the atomically thin black
phosphorus nanosheet sample. Further, our work can motivate
researchers to implement this technique to investigate the
temperature coefficients of other emerging 2D materials to
understand e—p interactions and the underlying physics.

4. EXPERIMENTAL METHODS

Preparation of Few-Layer Black Phosphorus. Bulk black
phosphorus crystals were purchased from Smart Elements GmbH
Ferrogasse 4/1 A-U80 Wien, Germany (purity 99.998%). Few-layer
black phosphorene nanosheets were deposited at room temperature in
ambient conditions by mechanically exfoliating bulk black phosphor-
ene crystal onto ?recleaned 300 nm SiO,/Si as described earlier for
other TMDCs.”™

Optical Microscope. Nikon LV1SONL Trinocular upright optical
microscope with an imager M1m was used to locate the few-layer of
black phosphorene nanosheets deposited on 300 nm SiO,/Si
substrates using specific color contrast. The color images were
acquired with LED illumination and using bright field imaging modes
with MTI plan EPI 150 X objectives and a 10X eyepiece. Auto
exposure times were used during the image recording, which varied in
the range 10—500 ms.

Atomic Force Microscopy. The AFM tapping mode images were
recorded using an ICON system (Bruker, Santa Barbara Ca). For the
correct AFM height profile measurements, few-layer black phosphorus
nanosheet samples deposited on 300 nm SiO,/Si were annealed at 200
°C in Ar + H, ambient for 1 h.

Raman Spectsocopy. The Raman spectra of the few-layer black
phosphorene nanosheet sample prepared using micromechanical
exfoliation were used to investigate the temperature dependent
Raman spectroscopy with a (LabRAM HR) using Ar laser (514.5
nm) in the back scattering geometry. The detector was a Synapse
CCD detector with thermoelectric cooling to —70 °C. A 50X objective
was used to focus the laser beam and to collect the Raman signal. The
laser power on the sample was ~2 mW for 514.5 nm, to avoid the
possible heating effect by the laser on black phosphorus nanosheet
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surface. The size of the laser spot was ~1 ym. All the Raman spectra
were collected under the identical experimental conditions. The band
positions and widths of the Raman spectra were obtained by fitting
them with a Lorentzian function.

HR-TEM. HR-TEM images were acquired using FEI TECNAI TF-
30 (FEG) instrument.
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