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ABSTRACT
Black phosphorus (BP) as a two-dimensional semiconductor has attracted tremendous interest in physics, chemistry, biology, and engineering
fields. BP has a thickness-dependent bandgap and high carrier mobility, and its puckered honeycomb layer structure with in-plane anisotropy
gives rise to unique electrical, thermal, optical, and other properties. These interesting properties provide new opportunities for the design of
new devices. The prominent electrical and thermal properties of BP are orthogonal, and the Seebeck coefficients of BP, especially monolayer
BP, are large, thus rendering the materials to be desirable in thermoelectric devices. In this Perspective, the recent developments of electrical,
thermal, and thermoelectric properties of BP are described. The strategies to tailor the thermoelectric performance are highlighted, aiming at
further development and applications in highly efficient thermoelectric devices.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0027244., s

INTRODUCTION

Black phosphorus (BP) is a monoatomic two-dimensional
semiconductor composed of atomic layers stacked by van der Waals
interactions. Each layer has a puckered honeycomb structure formed
by one atom bonded covalently to three adjacent atoms, as shown
in Figs. 1(a)–1(c). Compared to graphene with a zero bandgap and
bulk transition-metal dichalcogenides with indirect bandgaps and
low carrier mobility, bulk BP is a p-type semiconductor with a direct
bandgap of 0.3 eV and hole mobility up to 1000 cm2 V−1 s−1 at room
temperature.1–8 Therefore, BP has received widespread attention in
electrical, optical, and thermal properties.

Owing to the weak van der Waals interlayer force, few-layer
and monolayer BP (also called black phosphorene) can be synthe-
sized by mechanical exfoliation and liquid phase exfoliation from
bulk BP.9–12 The bandgap of BP increases with reduced thick-
ness, for instance, 0.3 eV for bulk BP, 1.3 eV for double-layer
BP, and 2.0 eV for monolayer BP [Fig. 1(d)], and the carrier
mobility of monolayer BP has been predicted to be as high as
10 000 cm2 V−1 s−1–26 000 cm2 V−1 s−1.13–16 Because of the

thickness-dependent bandgap and carrier mobility, the electrical
conductivity and thermal conductivity of BP are adjustable. Further-
more, owing to the structural anisotropy, the electrical, thermal, and
optical properties show a strong dependence on the crystal orien-
tation.14,17–33 Theoretical predictions and experimental results have
demonstrated the unique in-plane anisotropy in which the promi-
nent directions of electron transport and heat transport are orthog-
onal. That is, the electrical conductivity along the armchair (AC)
direction is larger than that along the zigzag (ZZ) direction, while
the thermal conductivity is smaller in the AC direction than in the
ZZ direction.34,35 The tunable bandgap, high carrier mobility, and
strong anisotropy make BP promising in photonic, thermoelectric,
sensing, and optoelectronic applications.

In recent years, the thermoelectric property of black phos-
phorus and its optimization have attracted much research inter-
est. The thermoelectric effect of materials is determined by the
dimensionless figure of merit, ZT (=S2σT/κ), where S is the See-
beck coefficient and associated with the density of state, σ is the
carrier electrical conductivity, T is the absolute temperature, and κ
is the thermal conductivity. The larger the ZT value, the greater is
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FIG. 1. (a) 3D schematic, (b) side view, and (c) top view of the crystal structure of few-layer BP. (d) Thickness-dependent bandgaps derived from theoretical calculations and
experiments. Reproduced with permission from Tran et al., Phys. Rev. B 89, 235319 (2014). Copyright 2014 American Physical Society.

the thermoelectric conversion efficiency. It has been shown that bulk
BP has a high intrinsic Seebeck coefficient (+335 μV/K) and thin-
layer BP shows a larger Seebeck coefficient up to ∼10 mV/K.36–38

The unique in-plane anisotropy indicates that the thermoelectric
effect in the AC direction is better than that in the ZZ direction.
However, the ZT value in the bulk materials is very small at room
temperature (0.011 in the AC direction and 0.0021 in the ZZ direc-
tion).35 Theoretical calculation predicts that the ZT values can reach
1.1 with a moderate carrier concentration at 800 K in few-layer BP
and 2.5 in monolayer BP at 500 K.34,39 However, experimental illus-
trations on improving the thermoelectric property of BP are still
quite scarce. Besides the thickness and direction dependence, elec-
trical conductivity, thermal conductivity, and Seebeck coefficient
of BP are sensitive to doping, decoration, stress, temperature, and
other factors. A better and more complete understanding of the elec-
trical and thermal properties of BP and the factors affecting these
properties is crucial to the development of BP-based thermoelectric
devices.

There have been many reviews on BP, which include gen-
eral properties,40–43 anisotropy,44 electric property,45 optical prop-
erty,46 thermal property,47 etc. In this Perspective, the electrical
and thermal properties affected by thickness, direction, and other
factors are discussed first to better understand the thermoelectric
performance later. Then, the thermoelectric properties of BP and
important strategies to modify the thermoelectric properties of BP
will be elucidated in detail, followed by summaries and perspec-
tives. This paper is designed to provide guidance for the design of
higher-efficiency thermoelectric devices.

ELECTRICAL PROPERTIES

Before 2014 when the number of publications on BP began
to increase dramatically, there were already a number of studies
about the electrical properties of BP including the polycrystalline
and single-crystalline materials. Bulk BP is an intrinsic p-type semi-
conductor with a bandgap of about 0.3 eV and an electrical resistivity
ρ (reciprocal of electrical conductivity) of 0.3 Ω cm–5 Ω cm at room
temperature.1–3,7,48 The Hall mobility of bulk BP is 1000 cm2 V−1 s−1

at room temperature and up to 30 000 cm2 V−1 s−1 at 30 K.7 As the
quality and size of single-crystalline BP are constantly improved,
there are more investigations on the electrical resistivity of bulk
BP at different temperatures.7,17,21,35,49 For example, Machida et al.
reported the temperature-dependent electrical resistivity of bulk BP
from 2 K to 300 K.21 As shown in Fig. 2(a), although the trend of ρ is
rather complicated, it agrees with earlier results.7 It keeps decreasing
until the temperature reaches about 60 K, then increases and reaches
a peak at 250 K, and decreases again until 300 K. Zeng et al.measured
the electrical conductivity of bulk BP from 300 K to 725 K using
the ZEM-3 system. The electrical conductivity decreases slowly until
475 K and then increases rapidly due to the thermal excitation of car-
riers. At room temperature, the electrical conductivity is 40 S/cm–60
S/cm, which is much larger than that measured by Machida et al. and
the difference may originate from the sample quality and accuracy of
direction determination.

According to the Fuchs model, the electrical conductivity is
a function of thickness.50 When the thickness is in the regime
of nanometers, the electrical conductivity decreases rapidly. The
advent of exfoliated few-layer and monolayer BP has spurred stud-
ies on the electrical properties of these BP structures.6,19,20,36,51–54

The hole mobilities calculated by the density-functional theory are
about 640 cm2 V−1 s−1–700 cm2 V−1 s−1 for monolayer BP and
4800 cm2 V−1 s−1–6400 cm2 V−1 s−1 for five-layer BP at room tem-
perature.14 Li et al. prepared p-type field-effect transistors (FETs)
with BP thin films and observed carrier mobilities of 984 cm2 V−1

s−1, 197 cm2 V−1 s−1, and 55 cm2 V−1 s−1 for the 10 nm, 8 nm,
and 5 nm thick BP devices, respectively.6 Koenig et al. measured
the conductance of the 10 nm BP flake coated with PMMA by a
four-point probe.55 The carrier mobility is 300 cm2 V−1 s−1, which
is smaller than 984 cm2 V−1 s−1 and the deviation is probably due to
the contact resistance, surface oxidation and contamination, struc-
tural defects, and measurement orientation. The carrier mobility of
BP has mostly been shown to decrease with decreasing thickness,
but the carrier mobility of few-layer BP also shows a different trend
with the thickness in a very small thickness regime, as shown in
Fig. 2(b).6,9,56 The mobility reaches a peak at 5 nm probably due to
screening and interlayer coupling.52 Similar to bulk BP, the carrier
mobility in few-layer BP is also temperature dependency: it increases
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FIG. 2. (a) Temperature-dependent electrical resistivity along the ZZ and AC directions from 2 K to 300 K with the inset showing the ratio of electrical resistivity along the ZZ
(ρa) to the AC direction (ρc). Reproduced with permission from Machida et al., Sci. Adv. 4, eaat3374 (2018). Copyright 2018 American Association for the Advancement of
Science. (b) Field-effect mobility μFE as a function of the thickness of few-layer BP measured by different groups. Reprinted (adapted) with permission from Na et al., ACS
Nano 8, 11753–11762 (2014). Copyright 2014 American Chemical Society. (c) Hall mobility of few-layer BP with different thicknesses along the ZZ (y) and AC (x) directions
at different temperatures, with the inset showing the schematic structure of the monolayer BP. Reproduced with permission from Xia, Wang, and Jia, Nat. Commun. 5,
4458 (2014). Copyright 2014 Springer Nature. (d) Electron mobility of monolayer BP along the ZZ and AC directions under biaxial strain at 300 K, with the inset showing
the electron mobility under ZZ-direction strain. Reprinted (adapted) with permission from R. Fei and L. Yang, Nano Lett. 14, 2884–2889 (2014). Copyright 2014 American
Chemical Society. (e) I–V curves of four-layer BP under different normal forces. (f) Conductance of three- and four-layer BPs as a function of normal force at zero bias. (e)
and (f) are reproduced with permission from Wu et al., Small 12, 5276–5280 (2016). Copyright 2016 Wiley.

with decreasing temperature during 100 K–300 K.22,57,58 The effec-
tive mass of holes and electrons for few-layer BP has been calculated
and the results show that the effective mass of holes and electrons is
thickness dependent, even though the trends differ with the calcula-
tion methods.14,20,59,60 The electrical conductivity of BP thin films is
still in demand because of easy oxidation and contamination in the
air. The electrical conductivity of the 50 μm thick BP film is 0.001
S cm−1 at room temperature and is smaller than that of bulk BP.1,61

There have been efforts to protect BP thin films from oxidation and
contamination, for example, by electron doping, molecular super-
lattice, surface coating, and heterostructures.22,60–63 These methods
increase the carrier mobility or electrical conductance to different
degrees, and a high carrier mobility is desirable for high electrical
conductivity.

Another interesting electrical property of BP is the high
in-plane anisotropy demonstrated first by Akahama et al.7 The
anisotropy ratio of the carrier mobility of the AC to ZZ direction
in bulk BP is about 27, and theoretical calculations predict that the
carrier mobility along the AC direction is larger than that in the
ZZ direction for few-layer and monolayer BP.14,18 Qiao et al. pre-
dicted that the carrier mobility along the AC direction is nearly
twice that in the ZZ direction for holes and four times that for

electrons in few-layer BP.14 Xia et al. used infrared spectroscopy to
measure the Hall mobility of 8 nm- and 15 nm-thick BP along the
AC and ZZ directions shown in Fig. 2(c) and that along the AC
direction is 1.8 times that along the ZZ direction, which is simi-
lar to the value in the bulk.64 However, monolayer BP is different
in that the electron mobility of 1100 cm2 V−1 s−1 along the AC
direction is about 14 times that of 80 cm2 V−1 s−1 along the ZZ
direction,14 which is in agreement with the results obtained by Fei
and Yang.18 The hole mobility along the AC direction (∼640 cm2

V−1 s−1–700 cm2 V−1 s−1) in monolayer BP is smaller than that in
the ZZ direction (10 000 cm2 V−1 s−1–26 000 cm2 V−1 s−1),14 which
is opposite to that in bulk and few-layer BP. On the other hand, cal-
culation using the tight-binding approach and self-consistent pseu-
dopotential shows that the effective masses of electrons and holes are
anisotropic.4,14,20,59,60 In general, the effective mass in the ZZ direc-
tion is larger and followed by the TP and AC directions for both
holes and electrons.4,48,65 The anisotropy of the effective mass is not
consistent with the carrier mobility (carrier mobility in the TP direc-
tion being the smallest). The anisotropies of the effective mass and
carrier mobility indicate anisotropic electrical conductivity, which
has been demonstrated experimentally.7,21,35 The ratio of the electri-
cal conductivity of the AC direction to the ZZ direction is about 3.5
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as shown in Fig. 2(a) and larger than that of 1.8 reported by Zeng
et al.21,35

Besides the temperature, the electrical properties of BP are
affected by factors such as the pressure,17,66–69 strain,18,70–74 elec-
tric/magnetic field,75–82 impurity,83–85 and nanostructures.86–90 BP
crystals can be converted from the orthorhombic structure to the
arsenic A7 type at about 50 kb and the simple cubic structure at
around 110 kb. The structural changes enable BP to have a metal-
lic state and even a superconducting state at high pressure, mean-
ing that the electrical conductivity increases with pressure.67,91 An
applied strain also affects the structure and electrical properties. Fei
et al. calculated the mobility of electrons and holes in monolayer
and bilayer BP under different degrees of strain by first-principles
simulation. The results show that the external strain not only affects
the mobility of electrons and holes but also controls the anisotropy
of the electrical conductance.18 The prominent direction of carrier
mobility switches to the ZZ direction from the AC direction under
a certain strain, as shown in Fig. 2(d). By applying 4% biaxial strain
or 6% ZZ-direction strain, the electron mobility along the ZZ direc-
tion is larger than that along the AC direction. Wu et al. used an
atomic force microscope (AFM) to apply a normal force to few-
layer BP to create out-of-plane strain.74 The current–voltage (I–V)
curves acquired under different forces (strains) from 1 nN to 200 nN
in Figs. 2(f) and 2(f) show that the electrical conductivity increases
with strain and the exponential I–V curve becomes linear after a
certain force (85 nN and 120 nN for four- and three-layer BP, respec-
tively). Baba et al. measured the magnetic-field-dependent electrical
resistivity of BP single crystals showing the logB dependence of the
negative magnetoresistance.75

In summary, the techniques conducted to measure the electric
conductivity of BP include the two-point probe method,6 four-point
probe method,3,17,36,49,66,75,77 ZEM-3 system,35 van der Pauw method,
and conductive AFM.74 The two-point probe method uses two lines
to input current and measure the voltage across the sample, while
the four-probe method injects current across the sample using two
lines and measures the potential difference by another two lines. The
main difference between the two-point probe and the four-point
probe is that the contact and probe resistances are canceled out in the
four-point probe measurement; therefore, the conductivity result of
the four-point method is more accurate. System ZEM-3 integrates
the four-point probe method for electric conductivity and the static
dc method to measure the Seebeck coefficient. The van der Pauw
method is a technique commonly conducted to measure the elec-
trical conductivity and Hall coefficient of the samples. This method
also uses four probes to measure the conductivity, two of which are
for current input and the other two measure voltage. When moni-
toring the Hall coefficient, a magnetic field is applied in the out-of-
plane direction. According to the Hall effect, an induced potential
is formed in the voltage testing direction. As the size of the mate-
rial becomes smaller, the above methods cannot complete the test;
therefore, a new method, conductive AFM method, came into being.
The conductive AFM uses a conductive probe contacting the sample
and a voltage source connecting another part of the sample to form
a circuit. A voltage is applied to the probe, and then the I–V curve
of the whole loop is monitored. The test result is the resistance of
the entire circuit, which stems from the sample, contact, and probe.
As a result, there are plenty of factors that affect the result, such
as tip change, surface change, force applied to film, and electrode

connection. However, the advantage of this method is to
monitor the electric conductivity of thin films with a small
size.

THERMAL PROPERTIES

BP is a good heat conductor as it heats up much more quickly
than glass.92 The thermal conductivity of polycrystalline BP has been
measured from 3 K to 300 K.93 The thermal conductivity increases
with temperature until about 30 K, then decreases, and is ∼10 W
m−1 K−1 at room temperature. Since 2014, the thermal conductiv-
ity of BP, especially monolayer and few-layer BP, has been investi-
gated both experimentally and theoretically. The thermal conduc-
tivity of BP shows strong thickness-dependent and high anisotropic
properties.

The thermal conductivity of bulk BP has been studied
through numerous methods.21,26,28,35,49,93 Zhu et al. adopted the
time-resolved magneto-optical Kerr effect method to measure the
anisotropy of the in-plane thermal conductivity of bulk BP. The
beam-offset contour and signal along 0○ of the BP sample are shown
in Figs. 3(a) and 3(b), respectively, in which 0○ of the sample means
alignment in the ZZ direction.26 The thermal conductivity is derived
by fitting the beam-offset signal, and the same measurement is
performed along 90○ (AC direction). The thermal conductivities
along the ZZ (κZZ), AC (κAC), and TP (κTP) directions are 84 W
m−1 K−1–101 W m−1 K−1, 26 W m−1 K−1–36 W m−1 K−1, and
4.3 W m−1 K−1–5.5 W m−1 K−1 at room temperature, respectively,
and the anisotropy ratio of the thermal conductivity (=κZZ/κAC) is
about 3. To better understand the thermal conductivity of bulk BP,
theoretical simulation is carried out to investigate phonon transport
by first-principles theory and the Boltzmann transport equation,
and κZZ, κAC, and κTP are 102 W m−1 K−1, 39 W m−1 K−1, and
6.5 W m−1 K−1, respectively, in agreement with the experimen-
tal results. According to theoretical calculation, the anisotropy of
the thermal conductivity stems from the orientation-dependent
group velocity. The temperature-dependent thermal conductivity of
bulk BP has been studied by Sun et al. using time-domain ther-
moreflectance (TDTR) measurements.28 In the temperature range
between 80 K and 300 K, thermal conductivity varies inversely
with temperature, and at room temperature, κZZ and κAC are about
80 W m−1 K−1 and 28 W m−1 K−1, in agreement with Zhu’s results.
Machida et al. monitored the thermal conductivity at low tempera-
ture and the thermal conductivity increases with temperature until
10 K when the number of phonons reaches saturation and then
decreases due to strong phonon–phonon scattering with rising tem-
perature.21 At a higher temperature (>300 K), the thermal conduc-
tivity is inversely correlated with the temperature, and the ther-
mal conductivity at room temperature agrees with that reported by
Sun et al., as shown in Fig. 3(g).35

Similar to the electrical conductivity, the thermal conductiv-
ity of BP depends on the layer thickness. The thermal properties
of few-layer BP are crucial to devices such as field-effect transis-
tors and flexible thermoelectric devices. The thermal conductivity
of few-layer BP with thicknesses ranging from 9 nm to 600 nm has
been measured, as shown in Fig. 3(g).23–25,27,94–100 Lou et al. mea-
sured κZZ and κAC in 9.5 nm–29.6 nm thick BP by micro-Raman
spectroscopy.23 κZZ and κAC are ∼40 W m−1 K−1 and 20 W m−1 K−1,
respectively, in the 30 nm thick BP film and decrease to
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FIG. 3. (a) Beam offset contour and (b) beam offset signals measured from bulk BP at 0○ (ZZ direction) of the sample-loading orientation. (a) and (b) are reproduced with
permission from Zhu et al., Adv. Electron. Mater. 2, 1600040 (2016). Copyright 2016 Wiley. (c) Phonon dispersion along high symmetry reciprocal lattice points. This figure
is reproduced with permission from Luo et al., Nat. Commun. 6, 8572 (2015). Copyright 2015 Springer Nature. (d) Thermal conductivity vs the size of monolayer BP (N
× N × 1). The inset is the thermal conductivity in the ZZ direction contributed by ZA, TA, LA, and optical phonon branches. Reproduced with permission from Zhu, Zhang,
and Li, Phys. Rev. B 90, 214302 (2014). Copyright 2014 American Physical Society. Thermal conductance along the ZZ and AC directions for uniaxial strain (0%, 2%, and
4%) in the (e) ZZ and (f) AC directions. (e) and (f) are reproduced with permission from Ong et al., J. Phys. Chem. C 118, 25272–25277 (2014). Copyright 2014 American
Physical Society. (g) Thermal conductivity of BP with different layer thicknesses at room temperature from different reports.23–28,35,39,62,93–95,97,98,101,103,106–108,110,111 Black
color stands for the thermal conductivity in the ZZ direction, red color represents the AC direction, and blue color represents the TP direction.

∼20 W m−1 K−1 and 10 W m−1 K−1, respectively, in the 9.5 nm
film due to strong surface phonon scattering. Phonon dispersion is
calculated in order to fathom the anisotropy of the thermal conduc-
tivity, as shown in Fig. 3(c). The acoustic phonon bandwidths and

group velocity along the Γ–A (ZZ) and Γ–X (AC) directions are quite
different, consequently causing the anisotropic thermal conductiv-
ity. By combining conventional time-domain thermoreflectance and
beam-offset methods, the thermal conductivity of 138 nm–552 nm
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thick BP films is determined at room temperature.25 The BP films
are covered by AlOx to protect the surface from oxidation, and
the thermal conductivities of the BP films along the ZZ, AC, and
TP directions are 86 ± 8 W m−1 K−1, 34 ± 4 W m−1 K−1, and
4.0 ± 0.5 W m−1 K−1, respectively. Lee et al. and Smith et al. mon-
itored the thermal conductivity of BP for different thicknesses at
different temperatures (30 K–400 K), separately.24,27 The thermal
conductivity increases in the beginning during annealing due to
the increased number of phonons and then decreases because of
severe phonon–phonon scattering. The trend of the temperature-
dependent thermal conductivity is agreement with that of bulk BP.
However, the thermal conductivity measured by Smith in the whole
temperature range is much higher and the peak emerges earlier and
is more obvious compared to that observed by Lee et al. One possible
reason is the difference in the lateral size, which is larger in Smith’s
study (2.46 μm–9.24 μm). For thin films, phonon–phonon scattering
is not the only factor contributing to thermal conductivity and sur-
face but defect scattering also affects the thermal conductivity. Lee et
al. used ion etching to prepare BP films with more phonon-surface
and phonon-defect scattering, which reduces the thermal conduc-
tivity. All in all, the thermal conductivity tends to increase with BP
thickness.

The thermal conductivity of monolayer BP has been calculated
by Zhu et al. using density-functional calculation and the Boltz-
mann transport equation, revealing that the thermal conductivity
is highly anisotropic.101 As shown in Fig. 3(d), κZZ is larger than
κAC and size-dependent ZZ-direction thermal conductivity and size-
independent AC-direction thermal conductivity are revealed. The
thermal conductivity decreases with temperature during 100 K–
1000 K for both the ZZ direction and AC direction. The inset
in Fig. 3(d) shows the contribution of the out-of-plane acoustic
(ZA), transverse acoustic (TA), longitudinal acoustic (LA), and opti-
cal phonon modes to the total ZZ thermal conductivity. The size-
dependent κZZ is mainly caused by ZA phonons, which agrees with
the result from Li et al.102 Subsequently, the thermal conductivity
of monolayer BP is calculated theoretically based on first-principles
calculation,103,104 non-equilibrium Green’s function approach and
first-principles method,105 phonon Boltzmann transport equation
and first-principles calculation,106–109 as well as molecular dynamics
simulation.110–112 The results are all shown in Fig. 3(g). The ther-
mal conductivity of monolayer BP exhibits a big range between
6.86 W m−1 K−1 and 110 W m−1 K−1 along the ZZ direction and
between 2.87 W m−1 K−1 and 36 W m−1 K−1 along the AC direction.
The thermal conductivity calculated by Jiang et al. in the ballis-
tic transport regime is 1012.2 W m−1 K−1 in the ZZ direction and
909.7 W m−1 K−1 in the AC direction [not shown in Fig. 3(g)].105

The thermal conductance in the same regime has been calculated
by Ong et al. by the same method, but the results are much smaller
than those calculated by Jiang et al.104 However, the thermal con-
ductivity anisotropy ratio (=κZZ/κAC ≈ 1.4) determined by Ong et
al. is larger than that of 1.04 by Jiang et al. The deviation of all cal-
culated thermal conductivities may be due to the different methods,
assumptions, and parameters in the calculation. Even though the cal-
culated values are different, all the results reveal high anisotropy of
the thermal conductivity in monolayer BP. However, owing to the
size limitation of monolayer BP and measurement methods, there
have been few experimental verifications of the thermal conductivity
in the monolayer BP.

In addition to the thickness and temperature, the
thermal conductivity also depends on the applied external
strain.23,30,103,104,110,113,114 Ong et al. demonstrated that κZZ increases
under the ZZ-direction strain but decreases under AC strain, and
κAC always decreases regardless of whether ZZ or AC strain is
applied, as shown in Figs. 3(e) and 3(f).104 Jain et al. showed that
the sound velocity of BP along the ZZ and AC directions decrease
with increasing strain, resulting in smaller thermal conductivity.103

Wang et al. also observed a reduction in thermal conductivity under
strain because the three phonon modes A1

g , A2
g , and B2g red shift.

All in all, compared with electric conductivity, there are more
methods to measure thermal conductivity. The most used method to
measure the thermal conductivity of BP is time-domain thermore-
flectance (TDTR).25,28,35 The TDTR method uses a laser to launch a
series of pulses that split into a pump beam and a probe beam. The
pump beam gets to the surface and produces an increase in temper-
ature at the surface, and subsequently, the delayed probe beam gets
to the surface and detects temperature decay with time. The thermal
conductivity is derived by comparison between the measured result
and a theoretic model of heat transport.115,116 Another method,
time-resolved magneto-optical Kerr effect thermal-property, makes
some modifications based on TDTR, for example, a non-polarizing
beam splitter is placed behind the polarizing beam splitter.26,117

Micro-Raman spectroscopy is another commonly used method,
where a high-frequency laser beam from Raman spectroscopy causes
a local hotspot of a sample, and this local hotspot, in turn, creates the
shift of Raman peaks.23,94,98,99 According to the shift of Raman peaks,
the temperature of the hotspot can be extrapolated. Then, the ther-
mal conductivity can be calculated by κ = 2P/πaΔT, where P is the
heating power, a is the diameter of the hotspot, and ΔT is the tem-
perature difference before and after heating.118 In general, the pre-
vious methods are all non-contact methods to monitor the thermal
conductivity, while there are many contact methods, such as steady-
state longitudinal heat flow method,24 four-probe transport mea-
surement,27 and bridge-type microdevice.95 The steady-state lon-
gitudinal heat flow method is to use the nanoribbon (sample) to
connect two suspended microdevices, each with five Pt/SiNx probes
in a vacuum. A current subsequently flows to one of the microde-
vices, and the heat that is produced by Joule heat will flow to the
second microdevice through the sample. According to the conserva-
tion of energy, thermal conductivity of the sample can be derived.119

The four-probe transport measurement is very similar to the heat
flow method and the difference is that the four-probe method only
contains four Pt/SiNx lines to measure the change of resistance pro-
duced by Joule heat.120 By and large, the essence of all methods is
to heat the part of the sample, then to monitor the temperature
and its decay, and eventually to calculate or simulate the thermal
conductivity.

THERMOELECTRIC PROPERTIES

As aforementioned, the in-plane electron transport and heat
transport in BP are anisotropic and the prominent directions are
orthogonal. That is, the electrical conductivity in the AC direction
is larger than that in the ZZ direction, whereas the thermal con-
ductivity in the AC direction is smaller than that in the ZZ direc-
tion. In comparison, the anisotropy of the Seebeck coefficient (S)
is controversial. The Seebeck coefficient is defined as an induced
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thermoelectric voltage ΔV divided by the temperature gradient ΔT
on a material (S = −ΔV/ΔT). Flores et al. measured the S value
of bulk BP at different temperatures using the apparatus shown in
Fig. 4(a), and the Seebeck coefficients shown in Fig. 4(b) and Table I
increase from 335 μV/K to 415 μV/K in the temperature range of
300 K–385 K.38 The trend of the Seebeck coefficient is confirmed
by Zeng et al. The Seebeck coefficients of bulk BP increase until
reaching the largest value of 450 μV/K at 425 K and then start to
decrease.35,121,122 The peak Seebeck coefficient is correlated with the
bandgap of bulk BP,123 and the Seebeck coefficients along the ZZ
and AC directions are isotropic. However, it has been shown that
the Seebeck coefficients exhibit anisotropy in the temperature range
being opposite to that observed by Zeng et al.124–127 For instance,
Wang et al. measured the Seebeck coefficients along the ZZ, AC, and
TP directions separately, and Fig. 4(c) shows the measured results
indicating anisotropy.124

The Seebeck coefficients of few-layer BP like 8 nm–40 nm
and nanoribbons have been measured at different tempera-
tures.24,36,37,128–130 The Seebeck coefficients show a weak depen-
dence on thickness ranging from ∼100 μV/K to 350 μV/K at room
temperature, as shown in Table I. Lee et al. measured the
temperature-dependent Seebeck coefficients of nanoribbon BP in
different directions.24 Figure 4(d) shows the schematic diagram of

the fabrication process of nanoribbon BP and the Seebeck coeffi-
cients are anisotropic from 25 K to 350 K, as shown in Fig. 4(e).
With regard to monolayer BP, there have been few experiments on
the Seebeck coefficient, but theoretical calculation shows that it can
reach 3000 μV/K and is isotropic.34,131

The main idea for measuring S is to apply a temperature differ-
ence between the two ends of the sample, then measure the induced
thermoelectric voltage between these two ends, and calculate the S
using the above formula. The ZEM-3 system or other custom See-
beck testing system all uses this principle to monitor the Seebeck
coefficient.

According to the electrical conductivity, thermal conductiv-
ity, and Seebeck coefficient, the thermoelectric properties along the
AC direction are greater than those in the ZZ direction. As shown
in Fig. 4(f), the intrinsic ZT values in bulk BP are 0.0021 in the
ZZ direction and 0.011 in the AC direction at room temperature.35

Moreover, the bulk ZT values increase with temperature reaching
0.0075 and 0.043 in the ZZ and AC directions at 600 K, respec-
tively. The intrinsic ZT value of polycrystalline BP prepared by high
pressure condition is also very small and positively increases with
temperature.49 The highest ZT value is ∼0.006 at 723 K. Theoret-
ical calculations of nanoribbon BP predict that the ZT values are
small.24,129 The ZT values of nanoribbon BP are measured to be

FIG. 4. (a) Schematic and optical image of the experiment setup to measure the Seebeck coefficients of bulk BP. (b) Seebeck coefficients determined at different temperatures
using the setup in (a). (a) and (b) are reproduced with permission from Flores et al., Appl. Phys. Lett. 106, 022102 (2015). Copyright 2015 AIP Publishing LLC. (c) Temperature-
dependent Seebeck coefficients of bulk BP along the three directions. Reproduced with permission from Wang et al., Appl. Phys. Lett. 108, 092102 (2016). Copyright 2016
AIP Publishing LLC. (d) Schematic showing the fabrication process of nanoribbon BP. (e) Seebeck coefficients of nanoribbon BP shown in (d) along the ZZ and AC directions
at different temperatures. (d) and (e) are reproduced with permission from Lee et al., Nat. Commun. 6, 8573 (2015). Copyright 2015 Springer Nature. (f) ZT values of bulk BP
as a function of temperature, with the inset showing the anisotropic ZT values (ratio of ZT from the AC to ZZ directions). Reproduced with permission from Zeng et al., 2D
Mater. 6, 045009 (2019). Copyright 2019 IOP Publishing Ltd.
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TABLE I. Summary of the Seebeck coefficients of BP with different thicknesses at different temperatures obtained
experimentally.

Sample Seebeck coefficients (μV/K) Temperature (K) Reference

Bulk +413 300 Bridgman121

Bulk +330 300 Warschauer122

Bulk +335 to +415 300–385 Flores38

Bulk −100 to +487 to +150 25–200–300 Wang124

Bulk +380 to +450 to +225 300–425–725 Zeng35

Bulk polycrystalline +290 to +90 300–750 Rodrigues49

0.1 mm thick +50 to +480 to 320 2–200–300 Hu126

100 nm thick +50 300 Low130

40 nm thick +170 to +510 210 Saito37

10 nm–30 nm thick +25 to +400 25–270 Choi36

Nanoribbon +100 to +330 25–350 Lee24

8 nm thick +5 to +100 77 Hong128

0.0006 and 0.0036 in the ZZ and AC directions.24 Similarly, the ZT
values of pristine monolayer BP are quite small.34,131 Experimental
and theoretical results demonstrate that the ZT values exhibit strong
anisotropy and the ZT value along the AC direction is larger than
that in the ZZ direction. Even though some theoretical simulations
predict that BP is a good thermoelectric material, for example, ZT
close to 1 for moderate doping,34 experiments have not shown large
ZT values. There have been efforts to improve the thermoelectric
properties of BP, which will be discussed later.

STRATEGIES TO TAILOR THE THERMOELECTRIC
PROPERTIES

Since the electric conductivity, thermal conductivity, and See-
beck coefficient are all functions of density of states and number of
carriers, they are mutual coupled and not independently control-
lable. Therefore, the two methods to improve ZT are to increase
the power factor PF (=S2σ) and decrease the thermal conductivity.
As discussed before, nanostructuring, doping, and straining could
affect the electrical conductivity and Seebeck coefficient in vary-
ing degrees, giving rise to an increase in power factor, simulta-
neously the thermal conductivity is affected. The combined effect
of these two factors ultimately leads to the modification of the
thermoelectric properties of black phosphorus. Recently, theoreti-
cal and experimental studies have used these strategies to modify the
thermoelectric effect of BP.

Lv et al. studied the ZT properties of bulk BP and monolayer BP
with a different chemical potential μ, where μ > 0 represents n-type
doping and μ < 0 p-type doping.131 In bulk BP, n- and p-type exhibit
opposite anisotropy. The ZT value is larger in the AC direction for
p-type bulk BP and in the ZZ direction for n-type. However, for
monolayer BP, the anisotropy of ZT is the same for n- and p-type and
the value in the AC direction is larger than that in the ZZ direction.
The maximum ZT values are 0.06 and 0.22 for p- and n-type bulk
BP and 0.3 and 0.22 for p- and n-type monolayer BP with certain
doping. The thermoelectric properties of p- and n-doped nanorib-
bon BP with ZZ edges and AC edges have been calculated by Zhang

et al., and the ZT values in the AC-edge nanoribbon BP are generally
bigger than those in ZZ-edge BP.129 The ZT value of n-doped AC-
edge nanoribbon BP is 6.4 at room temperature when the length of
AC edge is nine dimer lines. The thermoelectric performance of bulk
and few-layer BP can be improved by using different carrier con-
centrations.39,132 A good ZT value of about 1.1 can be achieved at
800 K in the AC direction. Fei et al. investigated the enhanced ther-
moelectric properties of monolayer BP by first-principles calculation
and modeling.34 The ZT value reaches 1.5 at room temperature and
3 at 500 K for a moderate p-doping concentration (∼2 × 1016 m−2)
with 45 s long-wave relaxation time. For n-doping BP, the ZT values
are even higher than those for p-doping. These results also indicate
that the smaller the dimensions, the better are the thermoelectric
properties.

Doping and heterostructure also can improve the thermoelec-
tric properties, and Zhang et al. demonstrated that Sb-doped bulk
BP (P0.75Sb0.25) has good thermoelectric properties.39,133 Figure 5(a)
shows that the ZT value of P0.75Sb0.25 is 5.4 at 800 K. Duan et al.
showed that group VA (N, As, Sb, and Bi) doped bulk BP possesses
excellent thermoelectric properties.134 The thermoelectric proper-
ties of the doped BP are calculated by first-principles calculation
and Boltzmann transport theory. For a different hole or electron
concentration, the optimal thermoelectric properties are obtained
from bulk BP doped with different elements. The largest ZT value
of 1.2 along the ZZ direction at room temperature is observed from
Bi-doped BP with a moderate hole concentration. When the tem-
perature is increased to 800 K, a ZT value up to 4 is observed from
Sb-doped BP at a certain hole concentration, and for n-typed BP, the
optimal ZT values are observed from N-doped BP.

The electric conductivity, thermal conductivity, and Seebeck
coefficients all depend on the applied strain. Qin et al. studied the
thermoelectric properties at different strains for p- and n-type bulk
BP and the ZT value increases to 0.72 at 800 K under moderate strain
(9% along the ZZ direction) in n-type BP, as shown in Fig. 5(b).135

Lv et al. studied the effects of strain on the ZT values on mono-
layer BP. When different directional strains are applied, the ZT val-
ues in different directions change inconsistently.136 The ZT values
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FIG. 5. (a) ZT values of pristine BP and Sb-doped BP (P0.75Sb0.25) along the AC direction. Reproduced with permission from Zhang et al., J. Mater. Chem. C 4, 991–998
(2016). Copyright 2016 Royal Society of Chemistry. (b) ZT values of p- and n-type bulk BP along the ZZ, AC, and TP directions as a function of carrier concentrations at
300 K and 800 K. Reproduced with permission from Qin et al., Sci. Rep. 4, 6946 (2014). Copyright 2014 Springer Nature. (c) Schematic diagram and optical image of the
BP transistor and measured Seebeck coefficients of BP for different gate voltages at 210 K. (d) Power factor of the BP transistor in (c). (c) and (d) are reprinted (adapted)
with permission from Saito et al., Nano Lett. 16, 4819–4824 (2016). Copyright 2016 American Chemical Society. (e) Schematic diagram of the preparation process of the BP
sheet decorated by Au, optical image of the pristine BP, HAuCl4, and Au-decorated BP solution, and films on the polystyrene membrane. (f) Power factor of Au-decorated BP
for different ratios of HAuCl4 to BP. (e) and (f) are reproduced with permission from An et al., Adv. Funct. Mater. 28, 1800532 (2018). Copyright 2018 Wiley.

are about 1.7 along the ZZ direction under 5% zigzag strain and
2.1 along the AC direction at 8% armchair strain. Therefore, theo-
retical predictions show that strain can improve the thermoelectric
properties. In addition to the aforementioned, there are much more
factors affecting the ZT value of BP, such as bonding strength, bond
anharmonicity, nanotube with different tube chirality, and magnetic
field.137–139

Experiments on improving the thermoelectric property of BP
have hitherto been scarce. Saito et al. used an electric-double-layer
transistor to measure the electrical conductivity and Seebeck coeffi-
cient in 40 nm thick BP by applying different gate voltages and mon-
itor the changes of these values.37 Figure 5(c) shows the schematic
diagram and the optical image of the transistor and measured the
Seebeck coefficients. The Seebeck coefficients increase to 510 μV/K
at 210 K at a gate voltage of 2.5 V. However, the electrical conduc-
tivity decreases when the Seebeck coefficient increases. Combining
the electrical conductivity and Seebeck coefficients, the maximum
power factor shown in Fig. 5(d) is 460 μW/K2m at ∼0.5 V and the
ZT value reaches 0.06 at 210 K, which is higher than that measured
by Zeng et al. at 300 K. Similar experiments have been performed
to assess the gate voltage-dependent thermoelectric performance of
30 nm thick BP by Choi et al.36 When the gate voltage is larger than
40 V, the pristine p-type BP is converted to n-type and the abso-
lute Seebeck coefficient of n-type BP is larger than that of p-type at

the same temperature. The sheet power factor shows a peak around
10 V at each temperature and reaches the highest value of 6 pW/K2

at 245 K. Another experiment about thermoelectric performance of
BP is from An et al., and they used gold to decorate exfoliated BP
nanosheets by the HAuCl4 solution, as shown in Fig. 5(e), and the
electrical conductivity and Seebeck coefficient are monitored by a
custom system.61 By increasing the ratio of HAuCl4 to BP, the elec-
trical conductivity increases, while the Seebeck coefficient decreases.
Figure 5(f) shows that the power factor is 68.5 μW/K2 m for the
HAuCl4 to BP ratio of 0.06, which is much larger than that of pristine
BP. The Au-decorated BP is fabricated to the thermoelectric genera-
tor, and its maximum power output of 79.3 nW was observed at 2 K
when the current output is 30 μA. Karki et al. measured the ther-
moelectric property of AsxP1−x alloys.140 When x = 0.5, the power
factor reaches maximum value of 316.54 μW/K2 m, which is 15 times
pristine BP. In general, more experiments are needed to improve the
thermoelectric properties of BP in order to expedite the development
of thermoelectric devices.

SUMMARY AND PERSPECTIVES

Black phosphorus has a layered structure and direct bandgap,
which is layer dependent, and in thermoelectric applications, it is
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attractive due to the high carrier mobility and the Seebeck coef-
ficient. BP exhibits strong in-plane anisotropy, including carrier
mobility and electrical and thermal conductivities. The prominent
electrical and thermal conductivity directions are orthogonal and the
electrical conductivity of BP along the AC direction is higher, but the
thermal conductivity is larger along the ZZ direction, making it pos-
sible to design high-efficiency thermoelectric devices. The electrical,
thermal, and thermoelectric properties of BP are thickness, temper-
ature, and strain dependent, so techniques such as doping, strain-
ing, decoration, and quantization can be implemented to improve
the thermoelectric properties. However, the application research on
the thermoelectric properties of black phosphorus is still with many
issues and bottlenecks to breakthrough.

The first is anisotropy of BP that has not been widely used
in device design. Anisotropies in electrical, thermal, optical, and
mechanical properties have been demonstrated by experiments and
theoretical calculations. Specifically, anisotropy becomes stronger
with thickness decreasing, and optimizing the performance of
devices through choosing the appropriate crystalline directions
relies on anisotropy property. Especially for nanodevices, which is
the future development direction of devices, anisotropy is the key
factor for device performance. As the thickness of BP used in devices
decreases, the second issue, the synthesis of few-layer BP, will subse-
quently come behind. Liquid phase exfoliation is the most widely
used method to derive few-layer BP. However, the low yield and
less control of the method limit the use of few-layer BP in indus-
trial devices. Some new controllable and high-efficient methods such
as electrochemical exfoliation or chemical vapor deposition should
be explored deeply. The third issue that hinders the application of
few-layer BP in devices is its surface instability in the air. BP is
very easy to react with oxygen and water, which changes the sur-
face features and further causes the varieties of other properties, such
as mechanical, electrical, and thermal properties.141 The principle,
control, and improvement of instability remain to be explored. The
final one is the flexible property, which is a significant characteristic
applied in wearable devices for 2D materials. Combining the flexible
property with the characteristics of BP discussed in this Perspective,
BP is promising to be used in wearable electronics, wearable health-
monitoring devices, and active cooling clothes in the future. How-
ever, there are only few experiments on fabrication of thermoelectric
devices based on BP. Therefore, the research on flexibility and inves-
tigation of thermoelectric devices based on BP are important areas
to be studied.
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