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Abstract

Black phosphorus captures enormous research attention on the anisotropic properties due to its
orthorhombic crystal structure. Here the in-plane anisotropic thermoelectric behaviors of bulk
black phosphorus crystals in the temperature range from 300 K to 600 K are reported for the first
time. Based on the home-grown big size and high-quality black phosphorus crystals, the electrical
conductivity and Seebeck coefficient are simultaneously measured by a ZEM-3 instrument

system, and the thermal conductivity is measured by time-domain thermoreflectance (TDTR).

For each individual parameter, the values along the zigzag and armchair directions show the same
temperature-dependent trend. However, the electrical conductivity along the armchair direction

is ~ two times of that along the zigzag direction, while the thermal conductivity along the armchair
direction is only ~ one third of that along the zigzag direction. Furthermore, the Seebeck coefficients
show almost isotropic behavior. As a result, the figure of merit ZT along the armchair direction is
aslarge as ~5.5 times of that along the zigzag direction, exhibiting high anisotropy. The results of
intrinsic, orientation-dependent thermoelectric behaviors not only shed light on the fundamental
physical properties of black phosphorus but also provide guidelines in the device design for potential

thermoelectric applications.

Introduction

Black phosphorus (BP) is a prototypical single-
element two-dimensional (2D) semiconductor with
high carrier mobility [ 1-3] and a thickness-dependent
direct bandgap tunable from 1.5-1.7 eV for monolayer
t0 0.3-0.35¢V for bulk [4-6]. Its orthorhombic crystal
structure leads to remarkable in-plane anisotropy,
which distinguishes BP from many other 2D materials.
As shown in figures 1(a)—(c), each phosphorus atom
is covalently bonded with three adjacent atoms to

form layers with a puckered honeycomb structure,
and the layers are stacked together by van der Waals
interactions, resulting in three orthogonal principle
axes of zigzag (ZZ), armchair (AC) and through-
plane (TP) [7]. This structure inspires enormous
interest in the anisotropy study of various properties,
such as electronic [1, 5], optical [6, 8—12], thermal
[13-19], vibrational [20-24], mechanical [25-27] and
optoelectronic properties [8, 28-30]. BP has also been
theoretically predicted to be a unique thermoelectric
material with an interesting opposite in-plane

©2019 IOP Publishing Ltd
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Figure 1. Crystal structure and characterization of BP crystals. (a) Perspective, (b) side and (c) top view of few-layer phosphorene.
(d) Optical image of isolated BP crystals. AC, ZZ and TP denote armchair, zigzag and through-plane direction respectively.
(e) Powder XRD pattern of BP flakes. (f) High-resolution TEM lattice image of a BP flake. (g) Selected area electron diffraction

anisotropy in electrical and thermal conductivities,
that is a higher electrical conductivity along the AC
direction while a higher thermal conductivity along
the ZZ direction [31, 32]. However, systematically
experimental investigation of the anisotropic
thermoelectric properties is still in demand.

The thermoelectric efficiency is determined by the
dimensionless figure of merit ZT = (S*0/A) T, which
is derived from a combination of three parameters
except for the absolute temperature T: the electrical
conductivity o, the thermal conductivity A, and the
Seebeck coefficient S. To date, the full picture of the
anisotropic thermoelectric performances is still lack-
ing because most of works just focused on one or two
parameters and failed to cover the high-temperature
range. There are only two reports about the anisotropic
electrical conductivity of BP, which exhibit the temper-
ature-dependent behaviors (from room temperature
to 2K) for bulk crystals [1, 19]. The reported electri-
cal conductivity has alow value of <10Scm ™' in both
the AC and ZZ directions at room temperature, and a
high ratio of ~3.5 between the two directions, which
is almost twice of the value (1.5-2.1) obtained from
the angle-resolved DC conductance measurement on
the exfoliated flakes [3, 5, 20]. The anisotropic thermal
conductivity of BP flakes has been measured by micro-
Raman spectroscopy [13], micro-bridge technique
[14,17],time-domain thermoreflectance (TDTR) [15,
18], and time-resolved magneto-optical Kerr effect
[16]. The results near room temperature derived from
the flakes with different thickness show large devia-
tions. The thermal conductivity is 5-20 W m~! K™!

along the AC directionand 12-40 Wm ™' K™ ! along the
ZZ direction for the flakes ranging from 9 to 300 nm
[13, 14], and these values increase to 26-36 W m™!
K~ !and 80-101 W m~! K™! respectively as the crys-
tal thickness increases to 500 nm—300 pm [15, 16, 18].
Although the deviations may partially originate from
the different measurement methods, and the ultra-low
thermal conductivity for thin flakes are presumably
caused by the surface contamination and oxidation,
the thickness dependence has been clearly demon-
strated via the thermal conductivity measurement
along the AC direction on the BP flakes with a thick-
ness of 40-270nm [17]. The thermal conductivity
and Seebeck coefficient of BP crystals along the three
principle directions were simultaneously measured by
Physical Property Measurement System between 10
and 300K [33]. However, both the obtained thermal
conductivities and the bandgap (0.17eV) extracted
from the maximum of Seebeck coefficient are signifi-
cantly lower than the ones in other reports. The room
temperature ZT values along the AC and ZZ direc-
tions were obtained from nanoribbons with the thick-
ness of 170nm and 200 nm respectively [14], but the
results with low values are probably not reliable due to
the degradation of BP flakes during the sample prep-
aration process. It can be seen that the bulk crystal is
more suitable for evaluating the intrinsic thermo-
electric performances of BP to avoid the uncertainty
caused by the thickness or by the degradation of the
sample. On the other hand, the studies of thermoelec-
trics usually aim at high-temperature domain. BP bulk
crystals are much more thermostable than flakes with
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a sublimation temperature of around 770K [34, 35],
making it is possible for BP to study the high-temper-
ature thermoelectric properties like the common
thermoelectric materials. To investigate the aniso-
tropic thermoelectric properties of bulk BP, two main
prerequisites should be needed: one is the synthesis of
large-size and high-quality BP crystals and the other is
the reliable and accurate experimental techniques.

Herein, we study the in-plane anisotropic thermo-
electric behaviors of BP bulk crystals between 300 and
600K, which is the first time to systematically investi-
gate all the thermoelectric variables for BP in a wide
temperature range. To achieve this objective, we syn-
thesize high-quality and big-size BP crystals with reg-
ular shape, and employ the reliable ZEM-3 system to
measure the electrical conductivity and Seebeck coeffi-
cient simultaneously. Additionally, we are experienced
with accurate measurements of in-plane [36] and
through-plane [37] thermal conductivity by TDTR,
and succeeded in the anisotropic thermal measure-
ment of BP below 300K [18], which are extended up
to 600K in this work. The obtained electrical conduc-
tivity and thermal conductivity demonstrate obvious
anisotropy between the AC and ZZ directions, while
the Seebeck coefficient shows almost isotropic behav-
ior. Therefore, the resulting ZT shows large anisotropy
over the whole temperature range.

Results and discussions

BP synthesis and characterization

BP bulk crystals were synthesized using a chemical
vapor transport method [38], through a short way
transport of red phosphorus from hot zone to cold
zone with Sn/Snly as the mineralization additive. In a
typical growth process, 500 mg red phosphorus, 20 mg
Sn and 10 mg Snl, were mixed and loaded in a quartz
ampoule of 10cm in length and 1.0cm in diameter.
The ampoule was evacuated to a low pressure of
~1 x 10~ Torr and placed horizontally in a two-zone
tube furnace, with the starting material located in the
hot zone and the empty end in the colder zone. The
critical approaches to grow large BP crystals are the
small temperature difference between the two zones
and the slow crystallization rate. In our optimized
process, the furnace was set to be 650 °C and 600 °C
for the hot zone and the colder zone respectively with
aramp time of 3 h and kept at this temperature for 2 h.
Then, the ampoule was slowly cooled down to 300 °C
in 100 hrs, followed by naturally cooled down to room
temperature.

As shown in figure Sl1(a) (stacks.iop.org/
TDM/6/045009/mmedia), shiny BP ribbon crystals
nucleated together as a bundle in the colder end of
the ampoule. The longer side of the BP ribbon crys-
tal is along the ZZ direction, whose size can be larger
than 10 mm. Compared to previous reports [39, 40],
the important improvement of our crystals lies in
the much larger size in the AC direction, which can
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approach 5mm (figure 1(d)) due to the slow growth
process. In the TP direction, the thickness of our sam-
ples is distributed between 100 and 200 pm. The as-
grown large-size crystals provide the possibility to
study the anisotropic properties.

In order to investigate the intrinsic properties, the
top layers of BP crystals are exfoliated to expose the
fresh surface before all the characterization and the fol-
lowing thermoelectric measurements. Powder x-ray
diffraction (XRD) confirms the pure BP phase with
orthorhombic (Cmca) crystal structure, and a 6-20
scan clearly demonstrates the preferred peaks corre-
sponding to [0k0] (k =2, 4, 6) planes (figure 1(e)),
revealing a highly oriented growth of BP. Only phos-
phorous element can be found in the energy dispersive
x-ray spectroscopic elemental analysis (figure S1(b)),
confirming the purity of the crystals.

The atomic structure of the BP crystal is resolved
in figure 1(f) using high-resolution transmission elec-
tron microscopy (TEM) with the [010] zone axis, i.e.
the TP direction. The orthogonal lattice structure is
demonstrated, and the corresponding selected area
electron diffraction pattern clearly shows the AC and
ZZ planes (figure 1(g)), also confirming the high crys-
tallization quality of our samples.

Thermal stability and crystallographic orientations

identification

Before the thermoelectric measurements, we conduct
the temperature-dependent Raman spectroscopy
within 300-623K to test the thermal stability of our
BP crystals, as shown in figure 2(a). The spectrum at
room temperature has three typical peaks, including
one through-plane mode at 363cm ™! (Aé) and two
in-plane modes at 439 cm ™' (Byg) and 467 cm ™! (Aé),
which is consistent with the previous report [20]. The
sharp Raman features with FWHM <5cm ™! suggest
the high quality of the as-grown crystals. All the three
Raman modes follow a red-shift as the temperature
increases, similar to the previous report within
77-673K [41]. The variations in the Raman peak
positions have a linear dependence on the changes in
temperatures, as plotted in figure 2(b). The data can be
fitted according to the equation of w(T) = wy + x T,
where wy is the extrapolated peak position at zero
Kelvin and Y is the first-order temperature coefficient.
The slope of the fitted straight line represents the value
of x, which are —0.018, —0.031 and —0.032cm™!
K~ !for Aé, Bygand Aé mode, respectively. At the same
time, FWHM for all the Raman modes gradually
increase with the increasing temperature. The Raman
peak shift and broaden are mainly contributed by
the anharmonicity and the thermal expansion. In
situ high-temperature powder XRD of BP crystals is
also studied from 300 to 573K (figure S2(a)), and the
results show that the BP crystals remain crystalline
within this temperature range. The downward shift of
the peaks suggests a slight expansion of the BP unit-cell
with the increasing temperature.
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Figure2. Temperature-dependent and angle-resolved polarized Raman spectroscopy. (a) Raman spectra from 300 K to 623 K for BP
bulk crystal. (b) Temperature dependence of the variation for the three Raman modes, x is the first-order temperature coefficient.
(c) Typical angle-resolved polarized Raman spectra of BP crystal from 0° to 180°. The angle of 0° is defined at when excitation
polarization is parallel to the ZZ direction. (d) Angle dependence of the intensity of the Bg peak.

The crystalline orientations of BP crystals should
also be identified before the anisotropy measure-
ments. We conduct angle-resolved polarized Raman
spectroscopy [20, 21] under parallel polarization con-
figuration with the BP samples rotated by every 15° to
determine the AC and ZZ directions. Representative
angle-resolved polarized Raman spectra of BP samples
from 0° to 180° with the multiples of 45° are exhibited in
figure 2(c) (Theangle of 0° is defined at when excitation
polarization is parallel to the ZZ direction). The details
of the polarization dependence for the Aé, Byg and Aé
mode are showed in figures S2(b)—(d). The Aé mode
has a 180° variation period, and its intensity reaches
the maximum and minimum values at 0°/180° and 90°
respectively. The Aé mode, on the other hand, has a 90°
variation period, which reaches the maximum value at
0°/90°,and becomes much weaker at 45°. Furthermore,
the intensity of the By; mode has a 90° variation period,
which reaches the maximum value at around 45° and is
completely forbidden at 0°/90°. Therefore, the intensity
of the By, mode acts as an effective indicator of the crys-
tal orientation [21], which can be fitted with a sin(26)
function, as shown in figure 2(d).

Thermoelectric measurements
The electrical conductivity and Seebeck coefficient
were measured simultaneously in a helium atmosphere

at 300-725K using a ZEM-3 instrument system [42].
The Schematic of ZEM-3 setup and the optical image
of our sample are shown in figure S3. The electrical
conductivities for BP crystals along the AC and ZZ
directions demonstrate the same temperature-
dependent trend (see figure 3(a)), including the
metallic transport behavior from 300 to 475K, and the
thermally activated semiconducting behavior from
475 to 725K. The upturn above 475K is attributed to
the thermal excitation of carriers. It can be seen that
the electrical conductivity along the AC direction
(oac) is higher than that along the ZZ direction (077),
which are 64 and 36 S cm™! respectively at 300K, and
the ratio of oac/oyy is around 1.8 within the whole
measurement temperature range. The oz of BP bulk
crystal at room temperature is in the same order as that
of the exfoliated BP flake with a thickness of 75nm
(60 S cm™!, figures S4(a) and (b)). The oac/077 ratio
of BP bulk crystal is also close to the conductance
ratio obtained by the angle-resolved DC conductance
measurement on the exfoliated flake with a thickness
of 110nm (1.7, figures S4(c) and (d)), which is near
to the values in previous reports [3, 5, 20]. At room
temperature, our bulk crystals exhibit an order of
magnitude higher electrical conductivity in both in-
plane directions and almost a half lower osc/077 ratio
than the ones in previous reports [1, 19]. The difference

4
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should arise from the higher quality of our samples at
the entire bulk crystal level because the values of our
bulk crystals are close to the results obtained from the
exfoliated flakes, which can be seen as perfect single
crystals for such electrical measurements.

As exhibited in figure 3(b), the Seebeck coefficients
display p-type properties due to the positive values,
and show almost isotropic behavior along the AC and
77 directions, which is consistent with the theoretical
predictions [31, 43] and similar to that of the SnSe
crystal [44]. The isotropic nature of the Seebeck coef-
ficient would be ascribed to the uniform distribution
of the carrier density [5] and the density of states in
bulk BP crystals [43]. The Seebeck coefficients increase
from 300 to 425 K and then decrease from 425 to 725K,
which is almost completely opposite to the temper-
ature-dependent trend of the electrical conductiv-
ity. The Seebeck coefficient and the corresponding
temperature-dependent behavior below 400K agree
with that reported on bulk poly-crystalline BP [45].
The maximum value of the Seebeck coefficient (Sy.x)
is correlated to the bandgap (Eg) according to the equa-
tion of Eg = 2eSmaxTmax [46], where e is the electron
charge and T,y is the critical temperature of Spay.
Since the Sy is 452 V K! along the AC direction
and 432 pV K ! along the ZZ direction at the Tj,y of
425K, respectively, E, for bulk BP can be estimated to
be 0.37-0.38 ¢V, in consistent with the experimental
result of 0.35eV [6].

Due to the high Seebeck coefficient and moder-
ate electrical conductivity, the power factor PF = S’o
along the AC direction achieves 10.2 yW ¢cm ™' K2
at 300K, which gradually increases to the maximum
of 11.5 yuW cm ™! K™% at 425K, and then decreases to
around 7 uW cm ™! K2 at 725K (figure 3(c)). These
power factor values are comparable to those obtained
for PbTe- and PbS-based thermoelectric materials in
the same temperature range [47,48]. The power factor
along the ZZ direction is around a half of that along
the AC direction, and the lower value mainly originates
from the lower electrical conductivity.

We employ the conventional TDTR to measure the
TP thermal conductivity (Arp) [49, 50],and the beam-
offset TDTR to measure the in-plane thermal con-
ductivity of bulk BP along the AC (Asc) and ZZ (A7)
directions [18, 51]. More details of our TDTR meas-
urements are described in our previous publication
[18]. In the beam-offset method, we offset the probe
beam along the AC and ZZ directions, which are pre-
determined from the polarized Raman spectroscopy.
Since the heat diffusion along the beam-offset direc-
tion is mainly determined by the thermal conductiv-
ity along the corresponding direction, we can extract
the in-plane thermal conductivity along this direction
accurately. There could be a small angle between the
beam-offset direction and the AC (or ZZ) direction
as the determination of crystallographic orienta-
tions by polarized Raman spectroscopy is not perfect.
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However, the slight deviation induced by the crystal-
lographic orientations would hardly affect the acc-
uracy of our thermal conductivity measurements as it
is much smaller than the measurement uncertainty we
calculated [18].

We find that the thermal conductivities of BP bulk
crystals in all crystallographic orientations (Axc, Azz,
Arp) are inversely proportional to the temperature for
the temperature range of 300-600K (see figure S5),
similar to what we found in our previous measure-
ments of BP crystals at lower temperatures of 80-300 K
[18]. The same T~! temperature dependence for all
Aacs Azz, Arp suggests that phonons are scattered
mainly by the same Umklapp process in BP irrespec-
tive of the crystallographic orientations. As a result of
the same temperature dependence, we observe a con-
stant anisotropy ratio in the thermal conductivities of
Azz/Aac = 2.8, as shown in figure 3(d). Ranging from
300 to 600K, Ay varies from 80 W m~! K~! to 35.2
W m~! K=}, while A varies from 28 W m™' K~! to
12.8 Wm™! K1, Similar anisotropy ratio has also been
observed in previous low-temperature experiments
[17, 18] and theoretical predictions [17, 18, 52, 53].
The structure-induced thermal transport aniso-
tropy observed here is largely temperature independ-
ent because the same phonon—phonon scatterings
dominate heat transport in all directions. This ther-
mal transport anisotropy is fundamentally different
from the temperature-dependent anisotropy induced
by phonon-dislocation scatterings that we recently
observed [54].

The combined higher power factor and lower ther-
mal conductivity along the AC direction results in a
much higher ZT value than that along the ZZ direc-
tion, and the ZT value in both the AC and ZZ direc-
tion (ZTxc and ZT7z) monotonically rises up along
with the increasing temperature from 300K to 600K,
as shown in figure 4. The room temperature ZTxc
and ZTzz of our bulk BP crystals are 0.011 and 0.0021
respectively, which are around three times larger than
that of the nanoribbons with a thickness of ~200 nm
in previous report [14]. The larger values in this work
could be more intrinsic due to the damage-free sam-
ple preparation and measurement processes. ZTyc and
ZTyy reach the maximum values of 0.043 and 0.0075
at 600K, respectively. ZTyc is 5.4-5.7 times larger than
ZTyz7 within the whole measurement temperature
range (see the inset in figure 4), exhibiting an out-
standing anisotropic thermoelectric property.

Conclusion

In summary, we successfully synthesize big size
and high-quality BP crystals via a chemical vapor
transport method, and systematically study the in-
plane anisotropic thermoelectric performances
of such BP bulk crystals in the temperature range
from 300K to 600K. The electrical conductivity and
thermal conductivity demonstrate obvious opposite
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anisotropy between the AC and ZZ directions with a
ratio of oac/ozz ~ 1.8 and Azz/Aac = 2.8 respectively,
while the Seebeck coefficient shows almost isotropic
behavior. Therefore, the resulting ZT value along the
AC direction is around 5.5 times of that along the ZZ
direction, possessing significant in-plane anisotropy
over the whole temperature range. These results reveal
intrinsic, ~ orientation-dependent  thermoelectric
performances of pristine BP crystals, which would
not only serve as a baseline for the fundamental
thermoelectric properties of BP, but also provide
important design guidelines in device applications.

Methods

Powder XRD
The room temperature power XRD measurement was
performed on a Bruker D8 powder XRD system with a
Cu-Ka target, while the in situ temperature dependent
XRD patterns were measured with a Siemens D5005
XRD System.

TEM characterization

The high-resolution TEM image and the selected
area electron diffraction pattern were obtained under
an accelerated voltage of 200kV on a JEOL JEM-
ARMB300F transmission electron microscope with
spherical aberration correctors.

Raman spectroscopy

All the Raman spectra were collected on a WITec
Raman system with 532nm incident laser. The laser
power on the sample was kept below 1 mW to avoid
damaging the sample. For polarization-dependent
Raman experiments,apolarizationanalyzer was placed
before the detector to form the parallel polarization
configuration. For temperature dependent Raman
measurements,a Linkam temperature controlled stage
was used to set the measurement temperatures.

Electrical transport properties

The BP crystals were transferred and fixed on a glass
substrate after the orientations were identified, and
then were cut into regular stripes with the length of
around 5mm and the width of 1-1.5mm, as shown in
figure S3. The thickness of the samples was measured
by a micrometer. The electrical conductivity and the
Seebeck coefficient were simultaneous measured using
a ZEM-3 instrument under a helium atmosphere
from 300K to 725K. The uncertainty of the electrical
conductivity and Seebeck coefficient measurements is
5%, and is about 10% for the power factor [44].

TDTR and beam-offset TDTR

TDTR and beam-offset TDTR measurements are
similar to what we used in our previous report [18].
To prepare the BP samples for measurements, a 100
nm-thick Al film was deposited on the BP samples
with a fresh surface. The Al film also protects the BP
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Figure4. ZT values along the ACand ZZ directions from
300 to 600 K. Inset: the ratio of ZT values between the AC
and ZZ direction (ZTxc/ZTzz). The ZT measurement
uncertainty is about 20%.

surfaces from oxidation. In the conventional TDTR
measurements, we employed a 1/¢* radius of 25 um
for the laser beams and a modulation frequency of
0.5 MHz, to ensure quasi-1D heat flow. In the beam-
offset TDTR measurements, we instead employed
a smaller laser 1/’ radius of around 4 pm (and
again a modulation frequency of 0.5 MHz), to create
wide in-plane heat spreading. In the beam offset
TDTR measurements, offset of pump and probe
beams in either the ZZ or the AC directions leads to
a convolution of the probe beam and the temperature
profile created by pump beam at the sample surface.
We then derived the in-plane thermal conductivity
from FWHM of the beam-offset measurements by
comparing FWHM with calculations of an anisotropic
thermal model [51], as shown in the example at 420K
in figure S6. For more detailed explanations of our
measurements, readersare referred to the experimental
section and the supporting information of reference
[18]. The calculated uncertainty has an upper limit
of 15% for Aac and 10% for Ay at all temperatures,
considering the uncertainties for all the parameters
(e.g.heat capacity and density of BP) that we put in the
thermal model [49, 51]. The combined uncertainty for
all measurements involved in the calculation of ZT is
around 20%.
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