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endent Raman spectroscopy of
electrochemically exfoliated few layer black
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The present investigation deals with temperature dependant Raman spectroscopy of electrochemically

exfoliated few layer black phosphorus nanosheets. The temperature dependent study illustrates that

softening of the A1
g, B2g and A2

g modes occurs as the temperature increases from 78 K to 573 K. The

calculated temperature coefficients for the A1
g, B2g and A2

g modes were found to be �0.028 cm�1 K�1,

�0.028 cm�1 K�1 and �0.018 cm�1 K�1 respectively. The observed phenomenon can be utilized for

characterizing other emerging two-dimensional inorganic layered materials with atomic thickness.
Introduction

Graphene has attracted much attention due to its application in
nanoelectronic and optoelectronic devices1 due to its huge
mobility of �2� 105 cm2 V�1 s�1 which is suitable to be used in
fast communication and radio frequency devices.2 Graphene is
a promising material due to its extraordinary and unique
optical,3 electrical,4 mechanical5 and magnetic properties.6 The
low Ion/Ioff ratio in eld effect transistor devices only reinforces
graphene’s potential use and commercialization in various
optoelectronic devices. Graphene-like two dimensional (2D)
transition metal dichalcogenide (TMDC) inorganic layered
materials have been widely studied recently because they are
semiconducting in nature and have a tuneable bandgap,
a property which is necessary to switch on and switch off
devices. Recently, 2D materials7–18 have been widely used for
various applications including optoelectronics,8 gas sensors,9

environmental remediation,10 solid state lubricants,11 solar
cells,12 light emitting diodes,13,14 eld-effect transistors,15 photo-
detectors16,17 and eld emitters.18–20

Black phosphorus (P) has several crystal structures such as
orthorhombic, rhombohedral, cubic etc.17 Due to its lone pair of
electrons it is available in a puckered honeycomb structure
instead of atomically thin at sheets like graphene. The loan
pair of electrons is one of the reasons for degradation under
ambient conditions.17,21 Black phosphorus is an elemental p-
type semiconductor produced by vertical stacking of indi-
vidual atomic layers; each layer is bonded by three phosphorus
atoms (shown in Fig. 1a and b). Overall, black phosphorus is
a stable allotrope of phosphorus under ambient conditions.
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Orthorhombic black phosphorus forms wrinkled layers, which
are held together by weak van der Waals forces.21 Similar to
other semiconductor materials, the bandgap in bulk black
phosphorus as well as in its monolayer form remains direct with
a variation from 2.2 eV for monolayer to 0.3 eV for bulk which
covers the entire range of the spectrum suitable for optoelec-
tronic device applications.21–23 An exfoliated black phosphorus
ake (�10 nm thickness) based transistor has shown high
mobility up to 1000 cm2 V�1 s.24,29 Black phosphorus/h-BN
heterostructures have been used in solar cell applications
with an efficiency of �0.05%,25 highly stable eld emitters,26,27

eld effect transistors,28 anode materials for lithium ion
batteries,30 high performance sensors17,31,32 etc.

A systematic study of the vibrational properties of electro-
chemically exfoliated black phosphorus nanosheets at a wide
range of temperatures is still lacking in the literature. A detailed
investigation of the vibrational properties of black phosphorus
nanosheets is used to understand the electron–phonon inter-
actions which can be a main limiting factor for charge carrier
mobility. Thermal conductivity and heat dissipation might be
some of the greatest challenges for fabricating existing silicon
based electronic and optoelectronic devices. In device applica-
tion, it is crucial to understand the effect of phonons due to self-
heating of the device which can drastically affect the perfor-
mance of the device. For manipulation of thermal conductivity
and heat dissipation, it is important to investigate the electron–
phonon interactions and thermodynamics of atomically thin
nanosheets of black phosphorus materials synthesized using
a chemical method, in order to use these nanosheets for various
applications.

In this article, we report the vibrational properties of black
phosphorus by means of Raman spectroscopy over a wide
temperature range from 78 K to 573 K. The rst order temper-
ature coefficients (c) associated with each Raman mode have
been extracted frommeasured temperature dependence Raman
RSC Adv., 2016, 6, 76551–76555 | 76551
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Fig. 1 Single-layer black phosphorus nanosheet: (a) side view and (b) top view, (c) typical XRD pattern of a bulk black phosphorus crystal, and (d)
room temperature Raman spectrum of few layer thick black phosphorus nanosheets.

Fig. 2 Electrochemically exfoliated black phosphorus nanosheets: (a)
optical image of the nanosheet sample deposited on a Si substrate, (b)
typical low magnification TEM image, (c) high resolution TEM image,
and (d) SAED pattern.
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spectroscopy. We observe the linear nature of the temperature
dependence of the Raman shis for the A1

g, B2g and A2
g modes

respectively.
Experimental details

The few layer thick black phosphorus nanosheets have been
synthesized using electrochemical exfoliation.26,28
76552 | RSC Adv., 2016, 6, 76551–76555
Characterization

For temperature dependant Raman spectroscopy we have used
a Renishaw inVia confocal Raman microscope with a backscat-
tering conguration. All the experiments were carried out in
ambient argon with 1 mW laser power and 532 nm laser sour-
ces. Temperature dependant Raman spectroscopy was carried
out over a range of 78 K to 573 K. For the low temperature
measurements, we have used a liquid N2 assembly and for high
temperature we have used a heater kept below the substrate.
Optical images of the electrochemically exfoliated black phos-
phorus nanosheet samples were captured using a Nikon Eclipse
LV 150 NL microscope. For the optical images, the as-
synthesized samples were dispersed in ethanol and then drop-
ped on a Si substrate. Auto-exposure times were used during the
image recording, and can be changed in the range of 10–500 ms
depending upon the intensity. TEM images were captured using
an FEI TECNAI G2-20 (TWIN, The Netherlands) instrument
operating at 200 KV. X-Ray Diffraction (XRD) patterns for the
bulk black phosphorus crystal were recorded using an X-ray
diffractometer (Bruker D8 Advance, Germany) using a Cu Ka

line (l ¼ 1.54056 Å).
Results and discussion

Fig. 1 shows a typical schematic presentation of the single-layer
black phosphorus nanosheets from a (a) top view and (b) side
view. Each ball represents a phosphorus atom in Fig. 1a and b. A
typical XRD pattern of the bulk black phosphorus crystal shown
in Fig. 1c conrms the orthorhombic crystal structure along the
(040) direction. Orthorhombic black phosphorus is produced by
repeated vertical stacking of individual atomic layers. The
bonding of each atomic layer is oriented in multiple directions.
This journal is © The Royal Society of Chemistry 2016



Fig. 3 Raman shift as a function of temperature for an electro-
chemically exfoliated few layer black phosphorus nanosheet sample.
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A typical room temperature Raman spectrum of electrochemi-
cally exfoliated black phosphorus is as shown in Fig. 1d and
shows high intensity A1

g, B2g and A2
g modes at �466 cm�1,

�438.6 cm�1 and �362 cm�1 respectively. A typical optical
Fig. 4 Raman spectra peak position as a function of temperature for the
temperature for the (d) A2

g, (e) B2g and (f) A1
g modes showing increasing F

This journal is © The Royal Society of Chemistry 2016
image of electrochemically exfoliated black phosphorus nano-
sheets is shown in Fig. 2a. Further, a typical low magnication
TEM image is shown in Fig. 2b, which shows a sheet-like
morphology. A high resolution TEM image was also recorded
which shows a d spacing of �0.25 nm as depicted in Fig. 2c
which shows that its orientation is along the (040) plane. Fig. 2d
shows a typical indexed selected area electron diffraction
(SAED) pattern of a few layer black phosphorus nanosheet
sample. The diffraction pattern conrms the highly crystalline
nature of the black phosphorus nanosheets. Fig. 3 shows the
Raman spectrum for a few layer black phosphorus nanosheet
sample as a function of temperature. The Raman spectrum
shows consecutive soening of all the Raman modes with
increasing temperature. The temperature dependence of the
Raman modes’ position is related to the electron–phonon,
anharmonic phonon–phonon interactions, or pure thermal
expansion. Further, an increase in the full width at half
maximum (FWHM) for all the Raman modes was also observed
with increasing temperature. Fig. 4a–c shows a typical plot for
the Raman spectra’s peak positions as a function of tempera-
ture for the A1

g, B2g and A2
g modes respectively. The Raman

modes of the electrochemically exfoliated black phosphorus
(a) A2
g, (b) B2g and (c) A1

g modes respectively. The FWHM as a function of
WHM with temperature.
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Table 1 Comparison of the temperature coefficients reported in the
literature for various 2D nanosheets

2D materials

c (cm�1 K�1)

ReferencesA1g B2g A1g

Black phosphorus �0.0164 �0.0271 �0.0283 44
�0.02175 �0.02877 �0.027 45
�0.008 �0.013 �0.014 46
�0.01895 �0.02434 �0.02316 45
�0.023 �0.018 �0.023 47
�0.028 �0.028 �0.018 Present

2D materials

c (cm�1 K�1)

ReferencesE12g A1g

MoS2 �0.016 �0.011 34
�0.0136 �0.0113 39

WS2 �0.008 �0.004 34
�0.0098 �0.014 39

2D materials
c (cm�1 K�1)

ReferencesA1g

MoSe2 �0.0054 36
�0.0096 39

WSe2 �0.0071 39
�0.0032 36
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nanosheets behave linearly over the temperature range from 78
K to 573 K. The changes in the Raman frequency (Du) for the
A2
g, B2g and A1

g Raman modes of the electrochemically exfoliated
black phosphorous were found to be 13.44 cm�1, 13.66 cm�1

and 8.51 cm�1 respectively over the temperature range of 78 K to
573 K. The peak positions versus temperature were tted using
the following eqn (1),33

u(T) ¼ u0 + cT (1)

where u0 is the peak position of the A1
g, B2g and A2

g vibration
modes at zero Kelvin, c is the rst order temperature coefficient
of the A1

g, B2g and A2
g modes. The Raman modes A1

g, B2g and
A2
g behave linearly with temperature and the slope of the tted

straight line gives the temperature coefficient (c). The calcu-
lated values of the temperature coefficients for A1

g, B2g and A2
g are

found to be �0.028 cm�1 K�1, �0.028 cm�1 K�1 and �0.018
cm�1 K�1 respectively. The observed values of the temperature
coefficients are in good agreement with those reported for the
TMDC;34–39 trichalcogenide40 and black phosphorus nano-
sheet44–47 materials which are listed in Table 1. The change in
the Raman frequency is given by eqn (2),41,42

Du ¼ ðcT þ cV ÞDT

¼
�
du

dT

�
V

DT þ
�
du

dV

�
T

DV

Du ¼
�
du

dT

�
V

DT þ
�
du

dV

�
T

�
du

dT

�
P

DT

(2)

where c ¼ cT + cV in which cT is the self-energy shi due to the
coupling of the phonon modes and cV is the shi due to the
76554 | RSC Adv., 2016, 6, 76551–76555
thermal expansion induced volume change. The reason these
two terms arise is that all the measurements have been carried
out at constant pressure rather than constant volume.40,41

The changes in FWHM for the A1
g, B2g and A2

g modes are
depicted in Fig. 4d–f respectively. The broadening in the Raman
modes with temperature is based on the phonon dispersion and
many body theoretical calculations. The change in the FWHM is
mainly due to the contribution from the decay of the zone-
centre optical phonon into one acoustic and one optical
phonon and these two phonons were selected from the phonon
density states. The change in the line width as a function of
temperature is given by the equation,41–43

G(T) ¼ G0 + A[1 + n(u1, T) + n(u2, T)] (3)

where G0 represents the background contribution, A is the
anharmonic coefficient and n(u, T) is the Bose–Einstein
contribution function. The temperature dependent FWHM can
be determined from the parameters such as G0, A, u1 and u2.
The change in the FWHM, intensity and shi in the peak
position as a function of temperature can be explained by using
a double resonance phenomenon which is very active in atom-
ically thin nanosheets.
Conclusion

In summary, we have systematically performed temperature
dependent Raman spectroscopy of electrochemically exfoliated
black phosphorus nanosheet samples. The TEM images, and
XRD and room temperature Raman spectra show the highly
crystalline nature of the sample. The temperature dependent
Raman spectra of few layer black phosphorous nanosheets
show soening of the A2

g, B2g and A1g modes. The calculated
temperature coefficients for the A1

g, B2g and A2
g modes of the few

layer black phosphorus nanosheet sample were found to be
�0.028 cm�1 K�1, �0.028 cm�1 K�1 and �0.018 cm�1 K�1

respectively. These results are explained on the basis of a double
resonance phenomenon which is active in atomically thin
nanosheets. Thus we realize that the A1

g mode is more active via
an electron–phonon interaction. These results will be helpful in
understanding the vibrational properties of atomically thin
black phosphorus nanosheet based integrated circuits and
useful for their thermal manipulation in the near future.
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