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We investigate the temperature dependence of three major Raman modes of black phosphorus (BP)
prepared by mechanical exfoliation from room temperature to 325°C. With increasing
temperature, all the Raman peaks show redshift in peak position and broadening in linewidth, but
they depend on the film thickness. The first-order temperature coefficients of Agl, B, and Ag2 are
measured to be —0.0199, —0.0304, and —0.0321 cmfl/K, respectively, in a ~20-layer film. With
decreasing thickness, the temperature coefficient decreases. The average thermal conductivity of a
70-nm thick BP film at room temperature is determined to be 15.8 W/mK when suspended, and
29.2 W/mK when supported on a SiO,/Si substrate. Thermal decomposition temperature is found to
be around 350 °C in N, environment. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928931]

Two-dimensional (2D) layered materials, such as gra-
phene and transition metal dichalcogenides (TMDs), have
been intensively studied in the past decade with remarkable
progress in the fields of electronic and optoelectronic appli-
cations.'™® Although graphene reveals intriguing electronic,
chemical, and mechanical properties, the lack of a band gap
has made it difficult to be used in high-performance field
effect transistors (FETSs).” Consequentially, seeking other 2D
materials with a large band gap has attracted tremendous in-
terest, including monolayer TMDs like MoS,, MoSe,, and
WS, with bandgaps ranging from ~0.4eV to ~2.3eV &%
and black phosphorus (BP). In contrast to TMDs showing an
abrupt change in bandgap with layer number,* BP has a
quasi-continuous layer-dependent bandgap varying from
0.3eV for bulk to 1.5eV for monolayer (i.e., phosphor-
ene).'>'® Few-layer black phosphorus based FETs exhibit a
hole mobility of ~1000cm?® V™' s™" and on/off current ratio
of 10°.'

As a promising material for applications in various elec-
tronic and optoelectronic devices, it is essential to under-
stand the vibrational properties and electron-phonon
interaction of black phosphorus. Raman spectroscopy has
been used to investigate the vibrational and mechanical prop-
erties of layered materials.'”'® Furthermore, high tempera-
ture Raman study has been shown to be very effective for
probing the 2D film/substrate interaction.'®'® In this work,
we perform temperature dependent Raman studies on black
phosphorus samples with different thicknesses in a tempera-
ture range from room temperature (RT) to 325°C (close to
the decomposition point). Additionally, by comparing the
temperature dependence between suspended and supported
BP, we are able to determine the substrate effect on the
vibrational properties and thermal conductivity of BP.

Black phosphorus, the most stable form among phos-
phorus allotropes, is a layered material with weak interlayer
bonding.*>*' BP or phosphorene has lower in-plane
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symmetry compared to graphite and TMDs, resulting in its
unique in-plane anisotropic nature.’’ The space group of
bulk BP is Dy, and there are 12 lattice vibrational modes at
I point, among which there six modes are Raman-active.*?
However, only Ag1 (out-of-plane mode), B, (in-plane mode
along zigzag), and Ag2 (in-plane mode along armchair)
modes can be detected by Raman with back-scattering geom-
etry according to symmetry selection rule.

High-quality BP crystals were purchased from Smart-
Elements. BP flakes were obtained by mechanical exfoliation
onto a silicon substrate coated with a 300nm SiO, layer.
Since BP is very sensitive to ambient environment, the sample
was immediately (within 5min) transferred into a heating
chamber purging with nitrogen (N,) gas for temperature de-
pendent Raman measurements.> The flow rate of N, was
low enough not to cause sample cooling. After Raman meas-
urements were finished, tapping mode AFM was carried
out to determine the thickness of exfoliated BP flakes.
Micro-Raman measurements were performed with a Horiba
LabRAM HRS800 system using 532 nm excitation wavelength.
A 1200 g/mm grating was used with a spectral resolution
~0.5cm ™", Laser power (density) was kept <0.5 mW (meas-
ured at the exit of the microscope lens, <4 x 10* W/(:m2 with
a 50 x lens of NA =0.5), without causing significant laser
heating induced shift in Raman modes (e.g., 0.5 mW results
in a ~0.5cm™" shift). Temperature dependent measurements
were carried out in a 20°C step using a heating system
Linkam TS1500. At each temperature step, five minutes were
allowed for thermal stabilization of the sample.

Figures 1(a)-1(c) show optical images of BP films with
different thicknesses, which are labelled as samples S1-S4.
Figure 1(d) shows the AFM image of samples S1 and S2 in
Figure 1(a). The thickness of S1 is measured to be ~25nm,
while that of S2 is ~10nm (~20 layers). The Raman spectra
from all the four samples, measured with the same laser
power at RT, are shown in Figure 1(e). Three typical Raman
peaks corresponding to Agl, B,,, and Ag2 are observed
with their peak positions at ~362, ~439, and ~467 cmfl,

© 2015 AIP Publishing LLC
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FIG. 1. (a)—(c) Optical images of BP
flakes S1-S4. (d) AFM image of Sl
and S2. (e) Raman spectra of sample
S1-S4; inset: simulation of interference
effect as a function of BP thickness. (f)
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respectively. These peaks were fitted with Lorentzian func-
tion. According to the intensity of silicon peak at 520cm ",
we can determine the thickness order of the four samples:
S1>S2>8S3>S4 and estimate the thickness of S3 to be
~6nm and S4 ~3 nm. With decreasing thickness, Ag2 shows
a blueshift in frequency, Ag1 mode a redshift, and B,, mode
almost no change. These thickness dependences are qualita-
tively similar to that of TMDs, where in-plane mode shows a
blueshift and out-of-plane mode redshift, although for TMDs
the shifts, due to interlayer interaction, occur when the films
are only a few layers thick.”*° Interestingly, the Raman
intensities do not vary monotonically with thickness, with S2
being the strongest. This anomalous thickness dependence
can be explained by optical interference with the model used
in graphene and MoS,.>"° The simulated results show that
the film of ~20 layers exhibits the strongest intensity over a
thickness range of 1-100 layers, which is in reasonably good
agreement with experimental results (Figure 1(e)).

With increasing temperature, all Raman modes are
expected to exhibit a redshift, as shown in Figure 1(f) by a
few representative spectra of S4. The temperature shifts of
Raman frequencies for the four samples are plotted in
Figures 2(a)-2(c), respectively, for Agl, B, and Agz, and fit-
ted by a linear equation w(T) = wy + yAT, where wy is the
Raman frequency at RT, y is the first-order temperature coef-
ficient, and AT is the temperature difference relative to RT.
The change of Raman frequency with temperature can be
caused by various anharmonic effects.'” The intrinsic linear
dependence is usually valid for moderately high tempera-
tures,> although for a 2D material the interaction with sub-
strate may lead to significant distortion or nonlinearity.'®'?
Therefore, high temperature data are more reliable for
revealing the extrinsic effects due to, for instance, substrate.
The obtained y values for Agl, B,, and Ag2 are listed in
Table 1. These values are substantially larger than those
reported in the literature, presumably due to the differences
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TABLE I. Temperature coefficients (in cm’I/K) of Agl, Bsg, and Ag2 modes
of sample S1-S4, suspended and supported BP flakes.

Agl BZg Ag2
Sample 1 (25nm) —0.0198 —0.0323 —0.0327
Sample 2 (10nm) —0.0198 —0.0304 —0.0324
Sample 3 (6 nm) —0.0182 —0.0300 —0.0320
Sample 4 (3 nm) —0.0158 —0.0315 —0.0312
Suspended (70 nm) —0.0220 —0.0344 —0.0349
Supported (70 nm) —0.0191 —0.0312 —0.0318

in measurement conditions, including laser power, tempera-
ture range, and environment.ls’31

Comparing the temperature coefficients of the four sam-
ples, we can see that the temperature coefficients of all the
three modes in general decrease with decreasing thickness.
As the thickness decreases, the BP film is more sensitive to
its environment, such as substrate, which could lead to modi-
fications of its intrinsic properties. All the four BP samples
are held by SiO,/Si substrate with relatively weak bonding,
and the thermal expansion coefficient (TEC) of SiO, is much
smaller than that of BP.*! With increasing temperature, the
difference of TEC between the film and the substrate will
introduce compressive strain to the film, which effectively
reduce the intrinsic thermal expansion of lattice hence the
redshift of Raman frequency. With increasing thickness, this
effect tends to diminish. Thus, the thicker film like S1 is less
susceptible to the substrate effect, leading to larger tempera-
ture coefficients than other thinner samples. Additionally, it
is quite possible that ripples were introduced to BP films dur-
ing the transfer process, showing a non-planar morphology
especially when the film becomes thinner. The morphologic
variation of the film, in particular, for very thin film, is the
main origin of the strain. Based on our previous temperature-
dependent Raman studies on TMDs, we have found that
non-uniform morphology of the film can cause nonlinear
temperature dependence for both in-plane and out-of-plane
Raman modes.'®"° Among the four BP samples, all the three
modes of the thinnest sample S4 clearly exhibit stronger non-
linear temperature dependence than the other three samples.
As increasing temperature changes the strain in the film due
to the TEC mismatch between the film and the substrate, the
film will rearrange itself in morphology, which gives rise to
nonlinear behavior of temperature dependence. For the
thicker film, the morphology is expected to be more planar
than other samples; thus, the temperature dependence is
more linear.

The full width at half maximum (FWHM) of all the
three modes increases with increasing temperature as shown
in Figure 2(d)-2(f). At RT, the FWHM increases with
decreasing thickness of BP film. For S4, the FWHM is
almost double of other three samples. For instance, the
FWHM values of S1 and S4 for Ag1 mode are 2.5 = 0.1 and
51x04 cmfl, respectively, which are comparable to the
literature values. This behavior can be explained by the
effect related to variation in film morphology as discussed
above. On increasing the thickness of the films, the effect of
substrate is getting weaker and film morphology more uni-
form, hence smaller FWHM. For each individual sample,

Appl. Phys. Lett. 107, 071905 (2015)

with increasing temperature the FWHM increases. The
broadening of Raman peaks typically involves the decay of
an optical phonon into two acoustic phonons with the conser-
vations of both momentum and energy.30 However, the strain
induced by the TEC mismatch coupled with the morphology
inhomogeneity may also contribute to the broadening of
Raman linewidth. The spectra of S1 and S2 before and after
temperature-dependent Raman measurements are shown in
Figure S1,% exhibiting no significant changes in its FWHM,
which indicates that the strain effect is less important. It is
worth noting that the decomposition of BP films is observed
to occur at ~350°C in N, environment, manifested as a
major reduction in Raman intensity and the sublimation of
BP under visual observation. This is slightly lower than the
reported thermal decomposition temperature of ~400°C
under vacuum probed by other techniques.z'1

We further investigated the influence of substrate on
temperature dependence by suspending the film. BP flakes
were mechanically transferred onto a SiO,/Si substrate
(Figure 3(a)). A regular pattern of holes with a diameter of
10 um was etched into the wafer. The thickness of the flake
was determined to be ~70nm by AFM. Figure 3(a) shows
Raman spectra collected from the suspended (center of the
hole) and supported regions at RT. Two noticeable differen-
ces are observed: (1) all the three modes in the suspended
region are redshifted compared to supported region, due to
heating as a result of lower thermal conductivity, and (2) the
Raman intensity of suspended region is smaller than that of
the supported region, due to an optical interference effect.”
Temperature-dependent measurements were performed on
both suspended and supported regions with the results for
Raman frequencies shown in Figures 3(b)-3(d), and the tem-
perature coefficients listed in Table I, indicating that the tem-
perature coefficients of all the three modes in suspended
region are greater in magnitude than those in supported
region by ~0.003 cm™'/K (~10%-15%). The difference can-
not be explained by the residual laser heating effect, because
the additional redshift induced by laser heating will not
increase (but likely reduce) with increasing temperature.
However, with increasing temperature, the supported BP film
experiences compressive strain due to the TEC difference,
leading to a blueshift which reduces the redshift caused by
heating. For the suspended film, the potential strain caused by
the larger thermal expansion of BP could be released through
sagging of the film around the edge of the hole, resulting in a
nearly strain-free state in the suspended region.

To investigate the laser heating effect more quantita-
tively, we carried out laser power dependent studies on both
regions. The changes in the Raman spectra of suspended BP
are shown in Figure 4(a). With increasing power, the peak
positions of all the three modes redshift, indicating the local
temperature rises. The frequency shifts are shown in Figures
4(b)-4(d), exhibiting that the slopes of the suspended region
for all the three modes are larger than those of supported
region by a factor of ~2.2 and the slope dw/IP of Ag1 mode
is much smaller than those of the other two modes. The power
used in the temperature-dependent Raman measurements was
~0.5 mW, so we can calculated the temperature increase AT
by the expression: AT = AP - (0w/0P)/ (0w/OT), where AP
is the highest laser power used and 0w /0T is the temperature
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coefficient. The temperature increases in suspended and sup-
ported regions are estimated to be ~22 and ~12°C at
P =0.5mW, respectively.

Finally, using the temperature and power dependent
results obtained above, we can estimate the average thermal
conductivity of BP. Because of the anisotropic nature of BP,
the thermal conductivities are expected to be different between
the zigzag armchair direction as k;, and k., and the average
thermal conductivity can be viewed as k = \/k;okym.
Considering the thermal diffusion through an enclosed cylin-
drical surface in the suspended region, the average thermal
conductivity can be evaluated approximately using the formula
below that has been developed for 2D materials**~>

100 150 200 250 300 350
Temperature (°C)

1 (00) "
k=115 (ap) ’ M
where y is the Raman temperature coefficient, /4 is the thick-
ness of the film, and fis a reduction factor due to incomplete
absorption of laser power. To the first order approximation,
f =gl —R)[1 —exp (—ah)], where g, R, and o are interfer-
ence enhancement factor, reflectance of the BP top surface,
and absorption coefficient of BP, respectively, which are all
polarization dependent due to anisotropy. The crystalline ori-
entation was determined by analyzing polarized Raman
data,®" and the angle between the laser polarization and the
zigzag direction was found to be ~30°. (The angle-resolved
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Raman measurements are shown in Figure $2.)* The
absorption coefficients and reflectance values were estimated
for 532 nm with polarization in zigzag and armchair direc-
tions to be ~5.5 x 10*cm™! and ~1.6 x 10° cmfl, ~43.5%
and ~44.4%, respectively.’**> Thus, the f's are estimated to
be 0.23 and 0.21 for suspended and supported BP, respec-
tively. Therefore, for the suspended region, the estimated av-
erage thermal conductivities are 16.1, 16.2, and 15.0 W/mK,
using the parameters of Agl, B,,, and Agz, respectively.
These values, averaged to kg, = 15.8 W/mK, are in reasona-
ble agreement with k., ~20W/mK, k.,~40W/mK
reported for BP thicker than 15nm.** For the supported
region, strictly speaking, Eq. (1) is not applicable. However,
we may treat the substrate effect as a surface modification to
the film and still use the equation to get an effective thermal
conductivity. The results are 27.6 (Agl), 30.9 (Bag), and
29.1 W/mK (Agz), respectively, and the average
kgupp=29.2 W/mK. Although the thermal conductivity of
Si0,, ~1.4 W/mK, is much larger than N, ~ 0.025 W/mK, it
is still much smaller than that of BP. The significant
enhancement in thermal conductivity seems to suggest that
the supporting substrate plays a more subtle role than merely
as a medium with a different thermal conductivity, for
instance, the interface charges might significantly affect the
thermal conductivity. This higher thermal conductivity at
supported region can also explain the smaller temperature
rise under high laser power in the supported region compared
to suspended region. The obtained thermal conductivities for
BP films are comparable to those for TMDs,*** but signifi-
cantly smaller than graphene.’” The observed substrate effect
is also applicable to other 2D materials.

In summary, temperature-dependent Raman scattering
has been carried out to investigate the temperature effects in
thin black phosphorus films with varying thicknesses pre-
pared by mechanical exfoliation on SiO,/Si substrate. We
have found that the temperature dependence of the BP thin
film is sensitive to the film thickness, showing a decreasing
temperature coefficient with decreasing thickness. This
behavior is attributed to the interaction of the film with sub-
strate as well as the morphology distortion of the film. By
studying a suspended film of 70 nm, we have obtained an av-
erage thermal conductivity of 15.8W/mK for BP.
Furthermore, we have shown that substrate can significantly
affect the heat dissipation of the BP film, which yields a
much larger effective thermal conductivity 29.2 W/mK. This
work indicates that substrate can significantly impact the
properties of the BP film, and the extent depends on the spe-
cific material property of interest for a given thickness.

We thank Professor L. Lew Yan Voon for assistance in
acquiring the sample. Y.Z. acknowledges support of Bissell
Distinguished Professorship.
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