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semiconductors appears in mono layer; 
it disappears in bilayers.[8] Black phos-
phorus (BP), which has only recently 
been investigated as a 2D material, 
has been a research focus due to its 
thickness-dependent bandgap and high 
carrier mobility.[10–14] The anisotropic 
characteristics of BP, including its optical, 
thermal, mechanical, ionic transport 
and electronic properties,[15–20] are ori-
ented according to its anisotropic atomic 
structure. These characteristics encour-
aged further investigation leading to the 
discovery of the piezoelectricity of BP. 
Calculated results reported in previous 
work predict that phosphorene is intrinsi-
cally piezoelectric and has a piezoelectric 
strain constant (d11) of −9.48 pm V−1  
in the armchair direction.[21] This pre-
diction has led to suggestions that BP 
should have unique capabilities in appli-
cations such as stress sensors, nanogen-
erators, piezoelectric-tuned transistors, 
and infrared photodetectors.[22–26] How-

ever, monolayer BP devices are almost impossible to fabricate 
because of their rapid oxidation in air. Xue et al. reported the 
existence of piezoelectricity in multilayered α-In2Se3 and 
were the first to explain the piezoelectric mechanism in multi-
layer 2D materials.[27] Similarly, the structure of multilayer 
BP can be analyzed in terms of non-neutralized polarity of 
bilayers and the piezoelectricity of multilayer BP devices can 
then be elaborated on detail.

Recently, piezoelectric characteristics have been a research focus for 2D 
materials because of their broad potential applications. Black phosphorus 
(BP) is a monoelemental 2D material predicted to be piezoelectric because of 
its highly directional properties and non-centrosymmetric lattice structure. 
However, piezoelectricity is hardly reported in monoelemental materials 
owing to their lack of ionic polarization, but piezoelectric generation is con-
sistent with the non-centrosymmetric structure of BP. Theoretical calcula-
tions of phosphorene have explained the origin of piezoelectric polarization 
among P atoms. However, the disappearance of piezoelectricity in multilayer 
2D material generally arises from the opposite orientations of adjacent atomic 
layers, whereas this effect is limited in BP lattices due to their spring-shaped 
space structure. Here, the existence of in-plane piezoelectricity is experimen-
tally reported for multilayer BP along the armchair direction. Current–voltage 
measurements demonstrate a piezotronic effect in this orientation, and cyclic 
compression and release of BP flakes show an intrinsic current output as 
large as 4 pA under a compressive strain of −0.72%. The discovery of piezo-
electricity in multilayer BP can lead to further understanding of this mecha-
nism in monoelemental materials.

Non-centrosymmetric materials, such as ferroelectric and 
wurtzite-structured materials, are piezoelectric and have 
numerous prospective applications in actuators, energy conver-
sion devices, electronics, and sensors.[1–6] Recent studies into 
2D materials, such as monolayer MoS2 and WSe2, show that 
they exhibit strong intrinsic piezoelectric properties because 
of their broken in-plane inversion symmetry.[7–9]  Additionally, 
the piezoelectricity of these transition-metal dichalcogenide  
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In this work, the non-centrosymmetric atomic structure of 
multilayer BP was observed and anisotropic Raman spectra 
of multilayer BP were analyzed. In the experiment, layers of  
Te-doped BP flakes with 10–30 nm in thickness were 
 mechanically exfoliated onto a polyethylene terephthalate 
(PET) substrate. Subsequently, strain was exerted on the BP 
devices by applying bending stress to the PET substrate. These 
BP devices were fabricated as shown in the Experimental Sec-
tion and Figure S1 in the Supporting Information. The piezo-
tronics and energy conversion properties were observed along 
armchair lattice orientation.

The atomic lattice structure of bilayer BP is presented in 
Figure 1a with two different PP bond lengths.[16] In order to 
identify the different positions of the P atoms, four colors are 
used. Drissi et al. calculated that atoms in the same half-layer 
have the same partial charge under small armchair strains.[21] 
This indicates that one color corresponds to one Bader charge. 
When strain is applied along the armchair direction, the 
charges in the top and bottom half-layers change the same 
amount in opposite directions; the charge increases in the top 
half-layer and decreases in the bottom half-layer of monolayer 
BP.[21] Thus, the P atoms in one half-layer should be regarded 
as a group that carry partial charges of the same magnitude. 
For 2D BP, the lattice can be projected onto a plane so that 
the in-plane non-centrosymmetric properties can be analyzed 
(Figure 1b). The repeating unit, indicated by the dashed orange 
rectangle, can be picked out to show the non-centrosymmetric 

properties of single and double layers as in Figure 1c. Unlike 
in ordinary 2D materials, piezoelectricity still exists in bilayer 
BP, although the adjacent layer offsets some of the impact 
of the single layer. A piezoelectric dipole and field can be 
obtained in bilayer BP under strain along the armchair direc-
tion (Figure 1d). Considering that bilayer BP is the repeating 
unit in bulk BP in the out-of-plane direction (Figure 1e), it can 
be deduced that bulk BP has in-plane piezoelectric properties.

The Raman spectrum of multilayer BP is shown in 
Figure 2a with the three characteristic Raman modes Ag

1, B2g, 
and Ag

2. The inset in Figure 2a indicates that the three charac-
teristic modes result from three directions of the PP bond 
vibration.[28] In multilayer BP flakes, the Raman intensity of 
an Ag

2 peak is highly dependent on the polarization angle of 
the excitation laser. The angular dependence of the Ag

2 peak 
is used to determine the crystal orientation. Because the Ag

2 
mode corresponds to the lattice vibration along the armchair 
direction, Ag

2 peak intensity is the strongest when the polar-
ized incident laser is in this direction.[17,29] Figure 2b shows 
Ag

2 peak intensity as function of polarization angle, where 
θ = 0° represents an incident laser angle parallel to the arm-
chair direction. Additionally, Raman spectroscopy was inves-
tigated under applied strain along the armchair and zigzag 
orientations. As the strain was applied along the armchair 
orientation, the Ag

2 mode remains unchanged, whereas red-
shifts in the Ag

1 and B2g modes appear in Figure 2c. When 
strain is applied along a zigzag orientation; however, B2g and 
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Figure 1. Structural analysis of the origin of in-plane piezoelectricity in black phosphorus. a) Atomic lattice structure of BP. In order to identify the 
different positions of the P atoms, four colors are used. b) The top view of the bilayer BP structure. c) The basic structural unit of the bilayer, which is 
orange frame in (b). d) The piezoelectric dipole and the field which exist in bilayer BP under strain in the armchair direction. e) The side view of the 
bilayer BP structure. The viewing direction is shown as a green line in (b). The blue P atoms in layers 1 and 3 correspond to each other. This indicates 
that the component units of bulk BP are in two layers along the out-of-plane direction. Thus, piezoelectric properties can exist in multilayer BP.



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1905795 (3 of 9)

www.advmat.dewww.advancedsciencenews.com

Ag
2 modes show a redshift but the Ag

1 mode is unchanged, as 
shown in Figure 2d. As explained by Li et al., the bond angle 
(θ1) increases and the distance between the top and bottom 
sublayers decreases under armchair tensile strain, which sof-
tens the Ag

1 mode (out-of-plane vibration) and enhances the 
Ag

2 mode (armchair vibration). Similarly, as zigzag strain is 
applied, the bond angle (θ1) between the sublayers remains 
almost unchanged, which does not affect the Ag

1 mode (out-
of-plane vibration).[28] The changing peak positions of the Ag

1 
and Ag

2 modes are displayed in Figure 2e,f, respectively, where 
the change in value for each mode is similar for this BP flake. 
Thus, the distinct strain-induced redshifts of Raman modes 
reflect anisotropy in the multilayer BP PP bond vibration.

To investigate the piezoelectricity of BP, multilayer BP 
flakes with thicknesses of 10–30 nm were transferred to PET 
substrates and two electrodes made of Ti and Au (50 and 
20 nm thick, respectively; 5 µm width) were deposited onto 
the transferred BP as Schottky contacts.[23] A flexible, thin 
BP piezoelectric device was prepared. Figure 3a presents an 
optical microscope image of the piezoelectric nanogenerator 
(PENG) based on BP and an inset photo of the bent PET. In 
Figure 3b, the layer thickness, as measured by atomic force 
microscopy (AFM), is shown, confirming the thickness of the 
BP flake to be 9.2 nm (≈18 layers). A crystal lattice is super-
imposed on the AFM image of a multilayer BP flake to show 
that strain is applied along the armchair direction. For the 
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Figure 2. Anisotropic Raman mode analysis and determination of crystal orientation of BP. a) Raman spectrum of BP without strain. Inset: The cor-
responding atomic displacement for the three Raman modes. b) Polar plot of the Ag

2 peak intensity as a function of polarization angle. The armchair 
direction is obtained as θ = 0°. c,d) Under tensile strain along the armchair (c) and zigzag (d) directions, evolution in the Raman spectra of Ag

1, B2g, and 
Ag

2 modes are shown. When tensile strain was applied along the armchair direction, the Raman peaks of Ag
1 and B2g shift, whereas the Raman peaks 

of B2g and Ag
2 shift under tensile strain along the zigzag direction. e) Raman shifts of Ag

1 modes as a function of the applied strain along the armchair 
direction. f) Raman shifts of Ag

2  modes as a function of the applied strain along the zigzag direction.
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multilayer device, I–V curves shift upward with the increasing  
compressive strain, especially under 2 V bias (Figure 3c). The 
change of current is asymmetric rather than the change of 
resistance. The asymmetric change of current under positive 
and negative bias voltage (e.g., ± 2 V) is mainly attributed to the 
piezotronic effect, in which the piezoelectric potential asym-
metrically modulates the Schottky barrier heights in the source 
and drain ends. The piezoelectric polarization in the BP crystal 
along the armchair orientation can modulate carrier transport 
just like the gate modulation of a transistor. This phenomenon 
has also been reported in other piezoelectric semiconductors 

such as ZnO and MoS2.[8,30,31] For the I–V curve of the zigzag 
oriented BP device in Figure 3e, the current increases sym-
metrically with increasing applied strain, where the symmetric 
modulation can be explained by the piezoresistive effect domi-
nating in a zigzag oriented device (Figure S2a,b, Supporting 
Information). This small asymmetric modulation indicates 
that a BP device in a zigzag orientation undergoes a weaker 
piezoelectric and stronger piezoresistive effect compared with 
that of armchair orientation, which is consistent with the piezo-
electric calculation for non-centrosymmetric phosphorene.[21] 
The changes in Schottky barrier height (ΔϕSB) for two devices 
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Figure 3. Multilayer BP piezoelectric device and direct-current electrical characterization under applied strains along the armchair and zigzag direc-
tions. a) Optical microscopy image of flexible multilayer BP piezoelectric device and electrodes in the armchair orientation. Inset: Photo of the flexible 
PET substrate. b) Typical AFM images of multilayer BP with superimposed lattice orientation derived from Raman results. The thickness of this sample 
is 9.2 nm, equivalent to 18 layers. c) The asymmetric modulation of carrier transport by strain along the BP armchair direction shows characteristics of 
a piezotronic effect. d) Change in Schottky barrier heights for the BP device with armchair orientation under applied strain. e) The symmetric modula-
tion of carrier transport by strains along the BP zigzag direction almost shows characteristics of a piezoresistive effect. f) Change in Schottky barrier 
heights for the BP device with zigzag orientation under applied strain. The red and blue lines correspond to −2 and 2 V bias.



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1905795 (5 of 9)

www.advmat.dewww.advancedsciencenews.com

with different crystal orientations are estimated using the  
I–V curves shown in Figure 3d,f (Calculation process in Sup-
porting Information), where ΔϕSB along the armchair orienta-
tion are 2.5 times larger than along the zigzag orientation. As 
was previously stated, the piezoelectricity of a BP lattice mainly 
comes from the potential difference between half-layers under 
the strain along the armchair direction. As the bond angle (θ1) 
between the two half-layers is almost unchanged when strain is 
applied along zigzag orientation,[28] this results in weak piezo-
electricity in this direction.

In order to measure the piezoelectric response, the PENG 
is characterized along the armchair direction. For piezo-
electric devices, strain-induced piezoelectric charges flow 

into an external circuit, whereas charges flow back in the 
opposite direction when the substrate is released. Figure 4a 
shows the piezoelectric output current of the as-fabricated 
BP device under periodic strains exerted by a linear motor 
system. When compressive strain is applied, positive cur-
rent responses are displayed, while negative output current 
can be seen with released strain. The peak short-circuit cur-
rent reaches ≈3 pA for −0.51% strain. A constant peak current 
signal loading of up to −0.51% strain for ≈120 min is shown 
in Figure 4b, where the observed slight decrease might relate 
to the oxidation of BP. After a connection polarity reversion 
test (Figure 4c), the signal direction and magnitude change 
dramatically, which demonstrates that the majority of the 
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Figure 4. Piezoelectric outputs from armchair oriented BP devices. a) Short-circuit current response of the armchair oriented BP device under periodic 
strain (−0.51%). b) Cyclic durability test indicating the stability of the BP device over 7000 s (−0.51%). c) Switched polarity measurement of the device. 
d) Strain dependence of the piezoelectric current response. e) Plot of the linear relationship between change in current response and applied strain. 
f) Histogram showing the dependence of piezoelectric outputs on strain level.
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output current originates from the multilayer BP with only a 
small part coming from noise disruptions. Certainly, piezo-
electric signal is polar, but nonpolar signal disruptions, mainly 
caused by vibrations of the conductive wire, do not reverse 
their polarity when the connection between the positive and 
negative electrodes is switched.[1] Considering the symmetry 
of piezoelectric responses, the approximate intrinsic BP cur-
rent responses (without noise) could be calculated using equa-
tion (1), Ii =  (If − Ir)/2, where Ii is the intrinsic piezoelectric 
current output and If and Ir are the forward and reverse output 
responses, respectively. The calculated intrinsic piezoelectric 
output is ≈1.5 pA and the corresponding energy conver-
sion efficiency is calculated to be 5.6% under −0.51% strain 
(Figure S3a, Supporting Information). Some larger piezo-
electric outputs are also observed, such as one BP device which 
switches polarity under a compressive strain of –0.72%. This 
calculated intrinsic BP current signal reaches values as large 
as 4 pA and piezoelectric open-circuit voltage is measured 
(Figure S4b,c, Supporting Information). The disruption signal 
(Id) can also be estimated using equation (2), Id = (If + Ir)/2.  
The calculated disruption signal is shown in Figure S4d in 
the Supporting Information, which demonstrates that step-
like signals originate from noises. The BP is monoelemental 
material without ionic polarization, which results in weak 
non-centrosymmetric structure. Therefore, both piezoelectric 
output and the piezotronic effect of BP are much lower than 
that of monolayer MoS2 (20 pA under 0.53% strain).[8]

As indicated in Figure 4d, the piezoelectric current increases 
with the strain magnitude and eventually becomes saturated 
under −0.46% strain. The magnitude of the current tends to 
level off because the piezoelectric charges recombine with 
free holes in BP with increasing strain.[7,8] According to tradi-
tional piezoelectric and elastic mechanics theories, the piezo-
electric output is proportional to the magnitude of its elastic 

deformation (Supporting Information).[32–34] In Figure 4e, the 
change of current response increases linearly as a function  
of increasing strain, verifying the current output generated 
by elastic deformation of BP. Additionally, the histogram in 
Figure 4f shows the magnitude of both current output and 
voltage responses with applied strain. The output voltage was 
measured with 1 GΩ of load resistance, as shown in Figure S3 
in the Supporting Information. It was characterized under dif-
ferent strains and measured by maintaining a constant strain 
for a long period of time (Figure S3b–d, Supporting Informa-
tion), to reflect the piezoelectric properties of BP. In summary, 
this energy conversion proves the existence of in-plane piezo-
electricity in BP flakes, which facilitates function of the PENG.

To explain the piezotronic phenomenon and the energy 
conversion process of BP flakes, the mechanism in Figure 5 
was proposed. When the elastic deformation is applied along 
the armchair orientation, which corresponds to bending the  
PET substrate, piezoelectric polarization emerges from 
the sublayers because of its non-centrosymmetric lattice 
(Figure 5a–f). The piezoelectric polarization charges derived 
from deformation accumulate in the Ti-BP Schottky contacts, 
where they remain for a prolonged period of time and cannot 
be completely neutralized by free electrons while under strain 
(Figure 5g–i).[1] The positive piezoelectric charges can lead to 
the decrease of energy band and the negative piezoelectric 
charges can result in increase of energy band. Therefore, the 
changes of Schottky barriers in the source and drain ends are 
asymmetric. Such asymmetric change of Schottky barriers 
will cause asymmetric change of current. Thus, carrier trans-
port can be tuned by using as-formed piezoelectric potential 
as a controlling gate. If an external circuit is connected to the 
deformed BP devices, piezoelectric potential unbalances the 
Fermi level, and electrons flow through the external circuit 
until a Schottky barrier blocks their movement. When strain 
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Figure 5. Proposed mechanism for piezotronic behavior. a–c) Top view of the BP lattice structure in unstrained, compressed, and stretched states, 
respectively. d–f) Schematic of the flexible piezoelectric devices in the three states described above. g–i) Band diagrams explaining piezotronic behavior 
as a result of changes in Schottky barrier height by strain-induced polarization. ϕd and ϕs are the Schottky barrier heights at the drain and source 
contacts, respectively. Ep indicates the change in Schottky barrier height due to piezoelectric polarization.
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is released, they flow back to their original states due to the 
disappearance of the piezoelectric potential.[1]

In order to further verify the generation of piezoelectricity, 
two integrated BP PENGs were fabricated on a single sub-
strate and connected in parallel to enhance the piezoelectric 
output for energy conversion, as depicted in Figure 6a,b. 
A parallel connection is used because it ensures a superim-
posed piezoelectric signal for both orientations. The current 
output magnitude for different devices may be slightly dif-
ferent because of nonidentical thickness, size, or orientation. 
Overall, by connecting devices 1 and 2 in parallel under −0.4% 
strain, the combined output current is approximately the sum 
of that of the individual device outputs (Figure 6c). In con-
trast, when devices 3 and 4 are connected in parallel but with 
reverse polarity, the total parallel current signal is the amount 
of the subtraction 3 from 4 (Figure 6d). Optical images of all 
four devices are shown in Figure S5 in the Supporting Infor-
mation. The piezoelectric signals superimpose and counteract 
each other depending on the direction of polarization, while 
the magnitudes of noise disruptions do not interact in the 
same way. Moreover, the output superposition of multilayer 
BP is recognized as a characteristic of piezoelectric responses, 
whereas the disruption signal is negligible under low strain. 
As a result, this superposition of signals in parallel BP flake 
devices in parallel further confirms the existence of piezoelec-
tricity in multilayer BP.

The piezoresistive and piezotronic effects were also investi-
gated for ohmic-contact BP devices using an electrode made of 
Cr and Au (10 and 50 nm thick, respectively), where the change 
in piezoresistive coefficient is attributed to the modulation 
in interface barrier height from piezoelectricity (Figures S6  
and S7, Supporting Information). Although the selected 

 Te-doped BP flakes are relatively stable in air,[12] electrostatic 
damage to the BP device was always observed, as it is sensitive 
to static electricity build up when touching wires (Figure S8,  
Supporting Information). The BP flakes strained along 
the zigzag orientation are more easily broken compared to 
BP devices strained along the armchair orientation during 
I–V measurements and switching connections, which may 
be due to its higher reactivity (Figure S9a–c, Supporting 
Information).[16]

The piezoelectricity of multilayer BP has been demonstrated 
in a variety of ways, including analysis of its non-centrosym-
metric lattice, anisotropy in its Raman spectra, and recording 
the piezotronic effect and piezoelectric signals in its devices. 
Importantly, measurements of the piezoelectricity, switching 
polarity, and linear superposition confirm the existence of 
piezoelectric signals in multilayer BP. Moreover, the pheno-
menon of piezoresistivity was shown to largely originate from 
interface barriers modulated by piezoelectricity. This flexible 
BP generator is easily fabricated and relatively stable, but sen-
sitive to static electricity. The piezoelectricity in multilayer BP 
presents superior opportunities to fabricate bio mechanical 
energy harvesting devices, electromechanical sensors, actua-
tors, energy storage devices, transistors, and photodetectors. 
Specifically, the research provides guidance for piezoelectricity 
without ionic polarization in monoelemental BP material. 
Further piezoelectricity mechanisms in multilayer BP will be 
explored in the future.

Experimental Section
Fabrication of Black Phosphorus Devices: Te-doped black phosphorus 

was used to prepare the devices due to its high resistance to ambient 
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Figure 6. Parallel connection test of armchair oriented BP devices under −0.4% strain. a,b) Schematic of parallel BP devices with the same lattice or 
opposite lattice orientation. c) With the same BP lattice orientation, the current responses add together. d) With opposite BP lattice orientations, the 
current responses cancel each other out.
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degradation, as reported previously.[12] As shown in Figure S1 in the 
Supporting Information, multilayer BP samples were mechanically 
exfoliated onto a PET substrate using standard blue tape (Scotch). 
Raman spectra were measured to confirm the appropriate orientation of 
the BP layers and their color was observed under optical microscopy to 
ensure the thickness was in the range of 10–30 nm. PENG devices were 
then fabricated by patterning the resistive layer using electron beam 
lithography and development, followed by electron beam evaporation 
to form Ti (50 nm) and Au (20 nm) electrodes. Then, silver paste was 
added to the electrode to link the conductive wire with the BP devices 
packaged inside a thin layer of hardened epoxy resin to prevent the 
oxidation of BP (Figure S9f, Supporting Information). Some cracks may 
appear in the electrode when the applied tensile strain is over 0.5%, so 
that compressive strain was selected in this research (Figure S10a,b, 
Supporting Information).

Characterization and Electrical Output Measurements: The 
as-synthesized BP devices were characterized by atomic force 
microscopy (AFM, MFP-3D-SA). And Raman spectra were 
measured by Laser Confocal Micro-Raman system (LabRAM HR 
Evolution), where the excitation laser were 532 nm and total laser 
power was 2.5%. The I–V characterizations were measured with a 
Keithley 4200 parameter analyzer and piezoelectric signals were 
obtained by Keithley 6514 electrometer recorded by a software 
named Labview. A linear motor system (Linmot E1100) was used 
for applying cyclic strain on the PET substrate. The static strain 
applied on Raman and I–V measurement was operated by a 1D 
manual displacement stage proposed in Figure S9d,e in the 
Supporting Information. The final construction of BP devices for 
measurement is similar with the optical image shown in Figure S9f 
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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