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ABSTRACT

A black phosphorus (BP) ultrathin nanosheet has significant research values in broad fields ranging from nano-electronics/photonics to
quantum physics. Here, a piezoelectric actuator is utilized to perform biaxial strain engineering for the investigation of anisotropic Raman
response of the ultrathin BP transferred to the oxide dielectric substrate. Three characteristic peaks exhibit redshift when tensile strain is
applied, while the peaks reveal blueshift under compressive strain. When applying compressive strain of —0.2%, the Raman shift rate of B,g
mode can reach up to 153 cm™'/%. In contrast, with the application of 0.2% tensile strain, the B,, mode is shifted by —12.2cm™"/%.
Furthermore, we calculated the Griineisen parameters to deduce the relationship between the tensile or compressive strain and phonon
behavior of crystalline BP. The physical mechanism behind the observation of strained Raman response is discussed, which is related to the
variations of bond angle and bond length in BP. Additionally, biaxial strain modulation may change the anisotropic dispersion of BP,
revealing the significant potential of BP in innovative polarized light detection.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143759

Two-dimensional (2D) materials and their wide-ranging
applications have generated remarkable research interest.'
Among all, considerable efforts have been placed on dynamic tun-
ing of material interlayer structures to fulfill the requirements of
technological innovation.”” Strain engineering has been consid-
ered as a powerful tool to carry out the fundamental study of 2D
materials and enhance the functionality of devices.” In compari-
son to bulk states, 2D materials with atomic thickness are optimal
for the fabrication of flexible optoelectronics as they are dynami-
cally sensitive to external strain and exhibit remarkable flexibil-
ity.”* Additionally, strain engineering offers a great path for
examining and modifying the electrical and optical transport
characteristics because of the quantum confinement and van der
Waals (vdW) interaction of the optoelectronic 2D materials along
in-plane and out-of-plane directions, respectively.”'’ So far, both
theoretical predictions and practical results have suggested that

the application of strain frequently results in unexpected conse-
quences on 2D layered materials due to the modulation of their
lattice structure.' '

There are two typical ways for applying strain on 2D materials. The
first method is stretching or bending a 2D material deposited on a flexi-
ble substrate to result in uniaxial strain along a specific direction.'”"*
Another approach is utilizing a piezoelectric substrate and generating a
biaxial strain.'”'® In comparison to mechanically induced uniaxial strain,
application of biaxial stain is normally regulated by the voltage supplied
to the substrate, resulting in more accurate modulation.”"® As a result
of its outstanding electromechanical and converse piezoelectric capabili-
ties, the single crystalline (1—x)[Pb(Mg;,3Nb,,3)O5]—x[PbTiO;] (PMN-
PT) with x= 0.3 was employed as the piezoelectric substrate and strain
generated by PMN-PT(001) in this work.'”*” PMN-PT is recognized as
a unique dielectric material that exhibits a substantially high piezoelectric
coefficient (ds;) and electromechanical coupling factor. The ds; of
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single-crystal bulk PMN-PT (ds;3 > 2000 pC/N) is about four times
larger than that of Pb[Zr, Ti; ,]O; (PZT) and nearly 30 times more than
that of BaTiO; (BTO).”!

Black phosphorus (BP) is a layered material with a puckered hex-
agonal lattice structure, which exhibits a thickness-dependent direct
bandgap ranging from around 0.3 (bulk) to 2.3 eV (monolayer) and
ultrahigh carrier mobility (more than 1000 cm® V™' s~').”>*’ Under
the modulation of an external electric field, the bandgap value of BP
can be tuned to smaller than 50meV.”* The highly tunable BP
bandgap can also be affected by adsorption doping and external pres-
sure, which makes BP a viable material for infrared optics.””*® Owing
to its high in-plane anisotropy, BP can be considered as a building
block for novel optoelectronic application with anisotropic characteris-
tics.””** In this work, we evaluate the polarized Raman spectra of
mechanically exfoliated layered BP nanosheets under biaxial strain
induced by the PMN-PT substrate, demonstrating an efficient tech-
nique for modulation and investigation of 2D material characteristics
by utilizing an in situ and dynamical strategy.

Multilayer BP nanoflakes were mechanically exfoliated onto
Si0,/Si substrates from bulk crystals, which were purchased from HQ
graphene. Before the transfer process, 30 nm Au thin films were pre-
deposited onto the front and back side of the PMN-PT substrate as
bottom and top electrodes through electron-beam evaporation, respec-
tively. Since the resistance of gold metal (around 0.02 ;Q) is negligible
in comparison to the insulating PMN-PT dielectric substrate
(G level), we assume that the bias voltage was mainly dropped to the
substrate. Few-layer BP was then dry transferred onto the PMN-PT
substrate with polyvinyl alcohol (PVA) film. The temperature was
held at 55 °C during the dry transfer process to reduce the interaction
between the BP flakes and the substrate. The sample was then covered
with PMMA, preventing the degradation of BP in ambient condition.
A Keithley 2410 Source Meter was used to supply the bias voltage to
the PMN-PT substrate, while an electric field of 10 kV/cm was applied
for polarization in advance. Earlier research revealed that a compres-
sive strain was induced by a positive or negative bias voltage.®
However, in-plane compressive strain was created within the PMN-
PT substrate by applying a 500 V bias voltage, while the BP nanosheets
and PMMA were simultaneously compressed. Since PMMA is an elas-
tic polymer, which would gradually return to its original state and gen-
erated the tensile strain to the BP nanoflakes through the restoration
process. Therefore, negative and positive bias voltages with a gradient

—_—
()
~

(b)

Thickness (nm)

scitation.org/journal/apl

of 0.04% strain per 100V were used to apply compressive and tensile
strains in this study.

The atomic force microscopy (AFM) measurement was carried
out by an Asylum MFP-3D Infinity equipment in the tapping mode to
determine the thickness of the few-layer BP flake, which is around
8 nm with a smooth and flat surface [Fig. 1(a)]. High-resolution trans-
mission electron microscopy (HRTEM) (JEOL 2100F) analyses were
carried out to further explore the microscopic crystal structure of the
mechanically exfoliated BP films. The plan-view picture [Fig. 1(b)]
presents a highly ordered configuration of BP atoms with no obvious
defects. The lattice constant along [100] direction is 0.327 nm, which
concurs with the results from the previous work.”” The selected-area
electron diffraction (SAED) pattern in Fig. 1(c) suggests that the BP
sample is highly crystalline and exhibits a typical orthogonal lattice.

To investigate the vibrational behavior of BP on PMN-PT sub-
strate under different strain conditions, the schematic diagram of
Raman measurements of BP under biaxial strain generated by the pie-
zoelectric substrate is shown in Fig. 2(a). The Raman spectra were
studied using a WITEC Confocal Raman system with a 532 nm laser
as an excitation source and a spot size of 1 um to determine the vibra-
tion and optical characteristics. Moreover, a low laser power (less than
0.5 mW) was employed during the experiments to prevent sample
damage. As presented in Fig. 2(b), the three characteristic Raman
peaks are positioned at 365, 442, and 471 cm ™!, corresponding to out-
of-plane mode (A,), in-plane mode along zig-zag direction (B,g), and
in-plane mode along armchair direction (A,’), respectively, which is
consistent with the previous literature.”

Polarized Raman spectra were collected from the same sample to
further investigate the electron-photon and electron—phonon interac-
tions of BP. The tests were repeated at same position of the identical
sample in 15° increments from 0° to 180° for better variable control
and data reliability, which are corresponding to the angle between the
polarization direction of the incident laser and the sample orientation.
Figure 3(a) illustrates that the direction of initial polarized incident
laser is parallel to the analyzer, while the Raman intensities of the three
typical modes demonstrate a substantial reliance on the polarization
angles. As the A,' and A,” modes have similar trend and practically
vanish at 0° and arrive at their vertices at 90°, the polar plot of A,
mode is displayed in Fig. 3(b). In contrast, the B,; mode exhibits the
opposite tendency, which has highest intensity at 0° and lowest inten-
sity at 90°. Because of the anisotropic structure of BP, it can be

FIG. 1. (a) The AFM height profile of BP nanosheet prepared through mechanical exfoliation. Inset: corresponding AFM image. (b) HRTEM and (c) the corresponding SEAD

pattern of the BP nanoflake.
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B2 FIG. 2. (a) Schematic illustration of
Raman spectra acquired with an electro-
mechanical device inducing external biax-
ial strain. (b) Raman spectrum of BP
nanoflake under strain-free condition.
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identified that the variation of intensities of these three peaks differs
from one another.”’

The typical Raman spectra of a BP nanoflake under various biax-
ial tensile and compressive strains using a non-polarized configuration
can be observed in Fig. 4(a). The redshift of three characteristic peaks
can be observed with the application of tensile strain, whereas the
peaks exhibit blueshift with compressive strain. For the applied com-
pressive strain of —0.2%, the Agl, By and Ag2 modes shifted by 6.2,
15.3, and 12.2cm™ /%, respectively. In contrast, the Agl, Bog and Ag2
modes shifted by —6.2, —12.2, and —12.2 cm™ /%, respectively, with
the application of 0.2% tensile strain. When strain is applied to 2D
materials, the change in lattice constant and vibrational behavior is
expected to lead to the shift of Raman peak.” The out-of-plane Aq
mode corresponding to the top and bottom phosphorus atoms in the
same layer vibrating oppositely to one another. The in-plane vibration
of the phosphorus atoms in different orientations is correlated with
the By, and A,” modes. Since the PMN-PT substrate was able to gen-
erate in-plane biaxial strain, the horizontal crystal deformation of BP
was greater than the vertical one, indicating that the B,, and A’
modes were more sensitive. The Griineisen parameter 7 can be used
for describing the rate of phonon frequency fluctuations as a function
of strain. y is defined as follows:

—1 dw

(a) (b)
F 0°

;; A 15

%» A 30°

§ - A 45

= o

= B A 60

[3+]

g A l 75°

el Ao

350 400 450 500
Raman shift (cm™)

where @y and ® are the Raman frequencies under strain-free and
finite biaxial strain conditions, respectively, and ¢ is the biaxial strain
applied. In our work, it can be simplified as the following formula:

Aw
2wy ’

V= )
Herein, the Griineisen parameters for A,', By, and A,” modes under
—0.2% compressive strain are —1.28, —1.74, and —1.30, respectively.
For 0.2% tensile strain, the Griineisen parameters are 1.28, 1.39, and
1.30, respectively. The value of B, Griineisen parameter under com-
pressive strain is slightly larger than that of tensile strain. This can be
ascribed to the slippage during the strain application procedure, and
the strain induced by the piezoelectric PMN-PT substrate might not
have been entirely transferred onto the BP nanoflakes. Comparing our
result to the Griineisen parameters of MoS, (around 1.06 under uniax-
ial strain)”’ and previously reported A, Griineisen parameter for BP
through uniaxial tensile strain (around 0.01 along armchair direc-
tion)™* suggests that piezoelectric substrate-induced biaxial strain can
be considered as an additional powerful tool for further modification
and investigation of lattice vibration.

Figure 4(b) displays the BP structure with five structural parame-
ters, while A;, A,, and A; represent the three distances between P
atoms, and 0; and 0, represent the two angles between P atoms. As
aforementioned, the Ag1 mode refers to atomic vibration that occurs
predominantly along the out-of-plane direction with a small portion

FIG. 3. (a) Polarized Raman spectra of BP nanosheets at various polarization angles. Polar plots based on polarized Raman peak intensities of (b) AQ2 and (c) Bog modes.
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T

along the in-plane direction and orthogonal to A,” mode. In contrast,
B, mode functions entirely at in-plane orientation, which exhibits dif-
ferent reliance on structural parameters. Altering A;, A,, and 0; has
little effect on the vibration of the A,' mode since it occurs mostly in
the out-of-plane direction. Comparatively, changes in A; and 0, are
more likely to cause the shift of A,'. The applied strain significantly
enhances or depresses 0, shear-like motion between two nearby sub-
layers. While in-plane restoring force between the two sublayers is
increased, the out-of-plane one is reduced, resulting in softening the
A,' mode and enhancing the Ag2 mode. When the applied tensile
strain stretches A, and enlarge 0, the separation of atoms in the sub-
layer along y axis is extended, reducing the restoring force along x and
y axes. This can be considered as the contribution to the significant
redshifts of B, and A,” modes. The strength of the interlayer interac-
tion is reflected by the value of A, which has very little impact on the
frequency shifts of optical modes due to its low intensity, indicating
that the interlayer restoring forces is negligible when compared to the
interlayer ones (in-plane and out-of-plane directions).”” As a result,
the influence of modifying A; can be excluded.

The Raman spectra at various strain conditions are shown in Fig.
5(a). The intensities of three Raman peaks are increased and decreased
with the application of tensile and compressive strain, respectively. Here,

(b)

—_—
L
~

Raman intensity (a.u.)

350 400 450 500
Raman shift (cm™)
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FIG. 4. (a) Raman spectra of BP sample
on the PMN-PT substrate under different
biaxial strains. (b) The 3D model of BP
structure  with  structure  parameter
definitions.

we focus on BP in-plane B,, and A,” Raman peaks by considering that
the anisotropic optical properties of few-layer BP with biaxial strain are
more sensitive than those inside the interlayer structure. Figures 5(b)
and 5(c) demonstrate the polar plot of the polarized Raman intensities
of Bygand A,” peaks under different strains, respectively. It is worth not-
ing that the Raman peak intensity of A,' mode is still out of phase with
the B,g and Ag2 modes and consistent with the results displayed in Figs.
3(b) and 3(c). After the modulation of 0.2% tensile strain and —0.2%
compressive strain, the peak intensity of B,, mode was enhanced by
around 35% and reduced by 14% at 90°, respectively, but almost remain
the same at 0°. In contrast, the Raman intensities of Ag2 peaks increased
by about 29% and decreased by 12% at 0°, respectively, with little change
at 90°. The BP crystal exhibits comparable deformation in the armchair
and zigzag directions. It can be deduced that A,” and B,, modes in the
armchair and zigzag directions show stronger electron-phonon interac-
tions under tensile strain and weaker interactions under compressive
strain with polarization light at 0° and 90°, respectively.

In conclusion, we have identified that the characteristics of BP
polarized Raman spectra are highly tunable with application of biaxial
strain induced with the piezoelectric PMN-PT substrate. Biaxial strain
can be induced and applied to BP samples by varying bias voltage on
the substrate accurately, which results in a noticeable shift in Raman

0% (c) .

0.2% o

2% . 0.2%
-0.2% - 0.2%

FIG. 5. (a) Polarized Raman spectra of the BP nanoflake under strain-free, 0.2% tensile strain, and —0.2% compressive strain conditions. Inset: The magnified graph around
Ag1 peak. Corresponding polar plots based on polarized Raman peak intensities of (b) Bg and (c) Ag,2 modes under different biaxial strain conditions.
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spectra. The Griineisen parameter is calculated to investigate the vibra-
tional behavior of ultrathin BP under various strain conditions. The
strain response in BP may be attributed to changes in the bond lengths
and angles as a result of applied biaxial strain. By analyzing the polar-
ized Raman spectroscopy outcomes, we found that the electron—
phonon interactions can be modulated by biaxial strain. Our research
provides an efficient method for examining the effects of the piezoelec-
tric PMN-PT substrate on the electrical and optical properties of BP
materials, which has the potential to be broadened to explore other
strain-dependent phenomena and diverse device applications in elec-
tronics, photonics, mechanical strain sensing, and energy harvesting
fields.
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