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Extra-High Mechanical and Phononic Anisotropy in Black

Phosphorus Blisters

Xuwei Cui, Wenlong Dong, Shizhe Feng, Guorui Wang, Congying Wang, Shijun Wang,
Yekai Zhou, Xiaohui Qiu, Luqi Liu,* Zhiping Xu,* and Zhong Zhang*

Strain is an effective strategy to modulate the electrical, optical, and
optoelectronic properties of 2D materials. Conventional circular blisters could
generate a biaxial stretching of 2D membranes with notable strain gradients
along the hoop direction. However, such a deformation mode cannot be
utilized to investigate mechanical responses of in-plane anisotropic 2D
materials, for example, black phosphorus (BP), due to its crystallographic
orientation dependence. Here, a novel rectangular-shaped bulge device is
developed to uniaxially stretch the membrane, and further provide a
promising platform to detect orientation-dependent mechanical and optical
properties of anisotropic 2D materials. Impressively, the derived anisotropic
ratio of Young’s modulus of BP flakes is much higher than the values obtained
via the nanoindentation method. The extra-high strain-dependent phononic
anisotropy in Raman modes along different crystalline orientations is also
observed. The designed rectangular budge device expands the uniaxial
deformation methods available, allowing to explore the mechanical, and
strain-dependent physical properties of other anisotropic 2D materials more
broadly.

graphene, hBN, and MoS,) have achieved
enormous attention owing to their atomic
layered structures, as well as remark-
able chemical and physical properties
for fundamental research and potential
applications.[®) According to density func-
tional theory (DFT) calculations, there
are around 2000 compounds that can be
exfoliated in monolayers or multilayers.!”]
Among them, anisotropic 2D crystals with
low-symmetry structures and in-plane
anisotropic properties have become an
emerging composition in 2D materials, ex-
hibiting rich and unique low-dimensional
physics along crystalline axes. For example,
black phosphorus (BP) presents a direct
bandgap at all thicknesses, which is advan-
tageous for high-performance electronic
and optoelectronic applications.[®! Further,
the strain-dependent bandgap of BP makes
it an ideal candidate for the development
of novel infrared optoelectronic devices.[’!
However, owing to its atomic thickness to-
gether with extra-low bending rigidity, the

1. Introduction

Uniaxial strain is an effective knob not only to extract intrin-
sic mechanical parameters of materials (e.g., Young’s modulus,
tensile strength, and fracture toughness)!! but also to modulate
the strain-dependent optoelectronic,?! photonic,?] magnetic,*!
and catalytic®! properties of semiconductors. 2D materials (e.g.,

application of uniaxial strain in suspended BP remains highly
challenging. In addition, although the mechanical and optical
properties of BP crystals have been studied, it should be noted
that some critical issues have not been solved yet, such as the
relatively large discrepancy in Young’s modulus between experi-
mental results and theoretical ones.'"! Therefore, from the me-
chanical point of view, it is fundamentally important to develop a
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reliable approach to detect the mechanical and strain-dependent
physical properties of anisotropic 2D materials.

Analogous to a piece of paper, rich deformation modes
such as wrinkles,"!l buckles,!'?] tents,[3] folds,!'* and scrolls!*]
have been frequently observed in 2D materials in response
to mechanical stimuli. However, the nonuniform, highly local-
ized strain distribution, complex deformation modes, as well
as lack of tunability within the whole 2D sheet greatly hin-
der its application. Instead, substrate-assisted deformation be-
comes one of the most widely utilized strategies to exert uni-
axial strains onto 2D materials, in which 2D materials are of-
ten transferred onto a flexible substrate, followed by mechanical
stretching/compressing/bending.!'*] However, it is worth noting
that the mechanical deformation of 2D materials was mainly gov-
erned by the interface mechanics between the 2D material and
supporting substrate,['”] leading to a nonuniform strain distri-
bution within the whole 2D sheets. Therefore, direct mechan-
ical stretching of suspended 2D materials has become a suit-
able means to explore the intrinsic mechanical parameters of
2D materials.!'8] Micromechanical devices, such as push-to-pull
(PTP) devices, were utilized to measure Young’s modulus, ten-
sile strength, and fracture toughness of graphene, MoS,, hBN,
etc.['l However, such in situ tensile tests were mainly performed
in scanning electron microscopy (SEM)/transmission electron
microscopy (TEM) chambers, which would further limit their ex-
ploration, especially in the strain engineering field. To the best of
our knowledge, it remains a challenge to realize the uniaxial ten-
sile deformation on suspended 2D materials in an atmospheric
environment.

Bulge device has been a reliable yet facile way to generate a
biaxial strain field to measure the elastic mechanical properties
of ultrathin 2D materials, such as Young’s modulus and bend-
ing rigidity, as well as interfacial parameters.['! Meanwhile, the
biaxial strain feature of 2D blisters offers an efficient way to
tailor the band gap of transition metal dichalcogenide (TMD)
materials,[1%2%] control surface potential distribution,?!l mon-
itor plasmon propagation,’?”) and evaluate the Griineisen pa-
rameters of graphene,?*! MoS,, and VS,.[?*! However, for low-
symmetry anisotropic 2D materials, such as ReSe,, the bandgap
response to mechanical strain is particularly sensitive to the load-
ing direction.[?) Specifically, the strain along the a-direction in-
duces an indirect bandgap of ReS, while the strain along the
b- or c-direction does not.?! Expectedly, the biaxial deforma-
tion of conventional bulge devices would greatly weaken the
direction-dependent physical responses in anisotropic 2D mate-
rials. Therefore, uniaxial stretching is fundamentally important
to unveil the dependence of physical properties on crystalline ori-
entations, especially for anisotropic 2D crystals.

Here, motivated by the conventional circular bulge test, rect-
angular microwells with a certain aspect ratio are designed
to achieve the uniaxial in-plane stretching of suspended 2D
materials. We employ a typical anisotropic 2D material, BP
as a reference, to measure its anisotropic Young’s modulus.
Owing to its uniform strain distribution, the derived in-plane
anisotropy factor of BP is consistent well with the theoretical
value (~3.81).”) Furthermore, we systematically investigate the
strain-dependent Raman responses of BP sheets, revealing their
extra-large phononic anisotropy.?®! Our work not only proposes
a universal method to extract Young’s modulus of anisotropic 2D
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materials but also offers a novel strategy to detect strain-related
electrical, optical, and optoelectronic properties of 2D materials
for strain engineering applications.

2. Results and Discussion

2.1. Design of Bulge Device

Figure 1A presents a schematic drawing of the bulge device
with a single rectangular hole, in which nitrogen gas was em-
ployed as the loading source to push the suspended membrane
upwards. In our apparatus setup, Ap reflects the pressure dif-
ference across the BP sheet, where Ap = p, — p.; p, and p,
are applied and external atmosphere pressures, respectively. To
well control the bulging process, a series of pressure differences
were performed across the thin membrane. Meanwhile, an in
situ atomic force microscope (AFM) was employed to record the
height profile of each blister at a given Ap. Based on classical elas-
tic theory, a membrane with a relatively large length (2b)/width
(2a) ratio (g) is treated as a long membrane.[*] Figure 1B and
Figures S1 and S2, Supporting Information, show the in-plane
stress responses of the suspended membranes with different
ratios ranging from 1 to 8 based on finite element simulation.*
Clearly, in the case of E >5, the stress ratio (2) is close to the

%
analysis of long membrane %, where o, and o, are the stress
along the x axis and the y axis, respectively; v is Poisson’s ra-
tio. Therefore, the thin membrane suspended in the rectangular
hole would experience uniaxial tensile stretching along the short
axis. Figure S3, Supporting Information, shows the SEM image
of the bulge device (5 X 5 mm) with a hole size of 1.8 X 9.0 um in
the silicon nitride/silicon substrate. The BP sample was mechan-
ically exfoliated onto a polydimethylsiloxane (PDMS) substrate
and then transferred to the bulge device to fully cover the hole.
Figures 1C,D present a typical optical image and AFM height im-
age of the BP flake deposited onto a bulge device, respectively.
The thickness and the layer number of BP flakes were identified
by AFM as shown in Figure S4, Supporting Information. In par-
ticular, to prevent the degradation of BP flakes, the sample prepa-
ration and transfer process were conducted in a glove box. Both
AFM and micro-Raman spectroscopy characterizations were car-
ried out in a homemade nitrogen chamber.

2.2. Determine the Orientation of BP Crystal

In an atomic-layer BP crystal, each phosphorous atom is cova-
lently bonded to three neighbors via sp® hybridization, thus re-
sulting in a pyramid structure with a ridge along the zigzag
(2Z) direction and a pucker along the armchair (AC) direction
as presented in Figure 2A. Angle-resolved polarized Raman spec-
troscopy (ARPRS) is a convenient method to determine the crys-
talline orientation of BP crystals.3!l Figure 2B shows the depen-
dence of the intensity of Raman A, and B,modes of BP flakes
on crystalline orientation, in which three typical Raman modes,
namely Aé, B,,, and Aé, are revealed at 362, 440, and 468 cm™!,
respectively. Prior works have pointed out the switching phe-
nomenon of the main axes of the A! and A2 modes between AC

and ZZ directions, as a result of the varied sample thicknesses,
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Figure 1. A) Schematic diagram of the rectangular bulge device for uniaxial stretching. B) The lower panel represents the ratio of
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the aspect ratio (é) of the rectangular hole. The upper panel shows the normalized stress distribution with aspect ratios 1and 5, respectively. C) Optical
image of a few-layer BP flake fully over the hole. D) AFM height image of the dashed region in (C).

and excitation wavelengths, which would further complicate the
identification of crystalline orientations of BP crystals.*!32] More
recently, the Raman peak intensity ratio in terms of a concise in-
equality I35 /T2¢ > 27 /157 was proposed to distinguish the AC
and ZZ directions of BP cfgystals.“” Here, we employed two anal-
ysis methods to identify the crystalline orientation of the BP crys-
tals. Figure 2D shows the polar plot of the ARPRS response of
three Aé, B,,, and A2 modes collected from the BP region marked
by a red dot in Figure 2C. The periodically varied intensity of
the A; mode implies that the main axis of the BP sheet is along
the AC direction, which is in good agreement with the inequality
analysis.

2.3. Bulge Test and Mechanical Analysis of BP Sheet

Based on the conventional circular-shaped bulge device, earlier
works have successfully measured the mechanical properties of
isotropic 2D crystals (e.g., graphene, MoS,, and hBN), induc-
ing Young’s modulus,'! bending rigidity,[**) interfacial adhesion
energy,'l and shear stress!'?] between 2D crystals and substrates.
Following a similar methodology, it is possible to measure the
mechanical parameters of anisotropic 2D crystals along differ-
ent crystalline orientations. Earlier works have indicated that the
pretension in the 2D material sheet would complicate the de-
formed geometry, and further lead to a nonlinear mechanical
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response.33] To evaluate the pretension effect on the mechani-
cal response of BP blisters, herein, we record Raman spectra at
varied applied pressure differences shown in Figure 3. A down-
ward shift of Raman A? mode was observed once Ap increased
from 0 to 450 kPa (Figure 3A), indicating its high strain sensitiv-
ity. In Figure 3B, at Ap = 0 kPa, the flat feature of AFM height
profile with ~5 nm depths together with the unvaried peak po-
sition of Aé mode inside and outside the hole, implies that the
pretension plays a negligible role in the present work. Further,
in the case of Ap = 450 kPa, the Ag mode exhibits apparent
redshifts with constant peak positions within the suspended re-
gion, indicating the uniform strain distribution (Figure 3C). In
our previous works,['] an apparent propagation of shear zone
at the interface between graphene and SiO, substrate was ob-
served once the pressure differences Ap reached a certain value.
However, no apparent shear zone was observed even though the
pressure differences increased up to 450 kPa (Figure 3D), fur-
ther implying the strong interfacial interaction between BP and
SiN,, substrate. We attribute it to the presence of dangling bonds
in the SiN, substrate, as well as a relatively small pressure dif-
ference across the BP membrane.['®3*] Consequently, both the
pretension effect and the interfacial shear deformation between
the BP sheet and substrate can be neglected during the bulging
process.

Figure 4A presents the evolution of the height profiles of the
BP blisters along the x-axis as a function of the applied pressure
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Figure 2. A) Schematic illustration of the anisotropic crystal structure of BP and atomic displacements of the Al, B2g, and A2 phonon modes.

B) Angle-resolved polarized Raman spectra excited by a 514 nm laser. C) Optical image of a BP flake suspended over a bulge device, where the BP
flake is outlined by a dot-dashed line. D) Polar plots of the fitted peak intensities of the A;, Bg, and Aé modes as a function of sample rotation angles

under the parallel-polarization configuration taken from the red dot in (C).

difference Ap, in which the sample thickness (t) was 6.6 nm. The
shape characteristic of the BP blisters could be well explained by
the membrane analysis with 2% = 1 — % where w(x) is the out-
of-plane deflection profile, h is the blister height (defection at the
center), x is the distance from the hole center, and a is half of the
width along the short axis. Following the membrane-like behav-
ior of cylindrical blisters, we build the relation between Ap and
h, leading to Equation (1)

Apa* = K (v,) Egth® (1)

where E, is Young’s modulus and v, is Poisson’s ratio in the ap-
plied strain direction.  represents the included angle between
the applied strain direction and the ZZ direction of the BP
crystal. K(v,) is a coefficient that depends only on v,, and de-
tailed information is presented in Figure S5, Supporting Infor-
mation. The detailed mechanical model and derivation can be ob-
tained from Supporting Information. It should be noted that, for
2D crystal blisters with varied shapes (e.g., circular, square, and
cylindrical shape), the relationship between Ap and Eth’/a* can
be represented by a similar equation.!'>**] Figure 4B displays the
mechanical responses of Apa*/K(v,) versus h’t for five BP flakes
along different crystalline orientations. The dot-dashed lines rep-
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resent the linear curving fitting results according to Equation (1),
where the slope represents Young’s modulus of BP flakes. To
avoid the thickness effect, we selected the BP flakes with thick-
nesses ranging from 2.2 to 7.2 nm as measured by AFM un-
der contact mode (Figure S4, Supporting Information). Upon in-
creasing the included angles 0 from 2° to 88°, an apparent de-
creasing trend of Young’s modulus from 151.3 + 0.3 t0 39.6 +
1.2 GPawas observed, demonstrating the mechanical anisotropy
in BP crystals. To exclude the bending contribution, the ratio of
blister height and the sample thickness is setlarger than 5 (Figure
S6, Supporting Information). Here, we employ the elastic solu-
tion widely utilized in composites to reveal the dependence of
Young’s modulus (E,) of the BP crystals on the arbitrary included
angles between strain direction and ZZ direction, as presented by
Equation (2)!1%)

2
S ( ! _ ﬁ) cos?0sin?0 + ——sin'0 ()
E, Egz Ger  Ezz Ac

where E,, and E,. are Young’s modulus of the BP crystal
along the ZZ and AC orientations, respectively; G.g is the in-
plane shear modulus; and v,, is the Poisson’s ratio along ZZ
orientation. By fitting the experimental data with Equation (2),
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Figure 3. A) Raman A2 mode of BP sheet in response to applied differential pressure. The inset is an optical image of the BP sheet, where the red dot
indicates the location at which the Raman measurement was taken. B) AFM height profile of BP sample and the cross-section of Raman contour map
ofAé mode at Ap = 0 kPa. The black dot line in the left insert indicates the location at which AFM and Raman measurements were taken. The right
inset shows the AFM height image. C) The cross-section of the Raman contour map ofAé mode at Ap = 450 kPa and Raman spectra recorded as a

function of position. (Top inset) The red curves were recorded from the suspended region (red line position) and the black curves were recorded from
the supported region (black line position). The gray curves were recorded from the transition region (gray line located at the edge of the hole). D) A
series of the cross sections of Raman contour maps ofAé mode along x-axis under different Ap. The red dashed lines indicated the position of Raman

Aé peak with zero strain. The gray areas indicate the suspended region of the BP sheet.

eventually, we could obtain the anisotropic Young’s modulus of
BP crystals along different crystalline orientations. The derived
Young’s modulus along ZZ and AC directions, and the shear
modulus, are E;, =151.5 + 1.1 GPa, E,- =39.8+ 1.2 GPa, and
G =35.3 + 3.2 GPa, respectively (Figure 4C). Based on the DFT
calculation, we further acquire the theoretical Young’s modulus
of BP crystals along different crystal directions, which exhibits a
similar weakening trend accompanying the orientation switched
from the Z7Z to AC directions. Impressively, the derived in-plane
anisotropy factor of i%z = 3.81 is quite close to the theoretical

values. Table S1, Suppcc)rting Information, summarizes Young’s
modulus of BP crystals in the literature through AFM nanoin-
dentation and post-buckling methods. Based on previous testing
methods, the derived in-plane anisotropy factor was in the range

of 2.15< % <2.65, which was much lower than the theoretical
'AC

results 3.67 < % < 3.87 (Figure 4E).[1%

Specifically, for AFM based nanoindentation method widely
employed in the literature, the testing samples were usually
trimmed either by Ar+ plasma or by a focused ion beam to meet
the requirement in specific sample geometry.[1%¢] Meanwhile,
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defects, as well as the residual strain, were unavoidably intro-
duced to the samples, which would further deteriorate the me-
chanical properties of the BP flake. Furthermore, the effect of
sample thickness on Young’s modulus has to be taken into con-
cern. Upon exposure to the ambient atmosphere, a significant
decrease in elastic modulus for the thinner specimen was widely
observed due to layer-by-layer etching.[1%¢£3¢] Therefore, the mul-
tilayer samples with thicknesses ranging from 15 to 151 nm were
employed to measure Young’s modulus of BP crystals. Such large
thickness highlighted the contribution of the bending term to
the mechanical response of the BP flake, eventually leading to a
relatively lower Young’s modulus.l°%”] In the present work, we
mainly employed the samples with thinner thicknesses (ranging
from 2.2 to 7.2 nm) to the exclude thickness effect.

Figure 4D shows the 3D AFM images of the BP blister un-
der the same pressure before and after storage for 4 h in the
homemade nitrogen chamber. Impressively, there is no appar-
ent change in either blister topography or height profiles. As a
demonstration, we have further investigated the evolution of BP
flakes in air and homemade nitrogen chamber over time. For
BP flake stored in air, an apparent degradation over time was
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Figure 4. A) Deflection versus position of BP blisters along the x-axis under various Ap. The thickness and the angle of the sample are 6.6 nm and 8 =
29°, respectively. The dashed black line is obtained from a membrane solution (Equation (S4), Supporting Information). The deflection is measured by
AFM. B) Apa*/K(v,) versus h3t containing six suspended BP sheets with different angles. The slope of the fitting line reflects the corresponding Young’s
modulus. C) Young's modulus of BP flakes versus different crystal orientations, where 0° and 90° are ZZ and AC orientations, respectively. D) 3D AFM

images of the BP blister before and after 4 h storage in the homemade nitrogen chamber. E) Comparison of anisotropic factor (EZ—Z) of BP sheet.
AC

captured by AFM characterization (Figure S7, Supporting Infor-
mation). Instead, for the BP flake stored in a homemade nitrogen
chamber, we did not capture any changes, indicating its chemi-
cal stability (Figure S7, Supporting Information). Moreover, the
repeatable out-of-plane deflections of the BP blister subjected
to loading-unloading cycles shown in Figure S8, Supporting In-
formation, further indicates the excellent gas tightness in the
bulge device. In a word, as a universal method, the bulge de-
vice developed in this work can not only measure the mechanical
parameters of anisotropic 2D crystals, but also provide a novel
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way to explore the rich strain-related phononic, and electrical
properties.

2.4. In Situ Raman Response of BP Sheets Under Uniaxial Strain

Prior works have proven that the strain-dependent phonon vi-
bration modes of BP materials in terms of Raman Aé, By,

and Ag modes.!?] The flexible polymeric materials were always
employed as supporting substrates to transfer tensile strain to
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Figure 5. Strain-induced modification of the Raman spectra in BP blisters. Anisotropic Raman responses of A) A;, B) Byg, and C) Aé modes for BP flakes

(witht = 6.6 nm, & = 29°) as a function of pressure differences. Polar plot of the angle-dependent Raman shift rates of D) A;, E) Byg, and F) Aé modes

of the BP sheets under different uniaxial stretching. G) Comparison of Raman shift rates of three Raman modes.

the individual BP flakes through interfacial shear stress in the
spread BP/polymer or sandwiched polymer/BP/polymer struc-
ture configurations.[1*1617] However, owing to the inevitable slid-
ing at the interface during the deformation process, the maxi-
mum strain of the BP sheet deformed would be determined by
the interfacial shear strength.['”] Specifically, only 20% to 40% of
the strain can be effectively transferred to the BP flakes from the
polymeric substrate.[?8] With the help of the rectangular-shaped
bulge device, herein, we could not only directly apply the uniaxial
strain to the suspended BP flakes along different crystalline ori-
entations, but also achieve a uniform strain distribution within
the whole suspended region. Figure 5 shows the systematic Ra-
man responses of the characteristic phonon modes, including Aé,
B2g, and Aé of BP flakes, under uniaxial stretching along differ-
ent crystalline orientations excited by a 514 nm laser in a nonpo-
larized configuration. The strain can be directly obtained accord-
ingtoe = 2h%/3a?, in which h and a are easily obtained from the
AFM characterization. Owing to the anisotropic puckered struc-
ture of BP, both the shifted trends and rates of specific Raman
modes in response to the loading direction become a puzzling
issue. In the case of the 6.6 nm BP flake, accompanying the in-
creased pressure difference across the BP flake with the strain di-
rection along = 29°, the peak positions of the Raman Aé, B2g,
and Ag modes evolved continuously (Figure 5A—C). Shift rates of
specific Raman modes of six BP flakes in response to the uniax-
ial stretching along the different crystalline orientations with 6 =
2°,7°,12°,29°,53°,63°, 83° and 88°, respectively, are compared
in Figure S9, Supporting Information. In the case of stretching
direction close to the ZZ direction (Figure S9A, Supporting Infor-
mation), both Raman B,, and Ag modes show an apparent down-
ward shift with rates of -22.94 and -8.02 cm™! /9%, respectively. The
high sensitivity of Raman B,, mode can be assigned to the fact
that the atomic displacement is mainly along the ZZ orientation.
By comparison, the Raman A; mode is not sensitive to the applied
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strain along the ZZ orientation (Figure S9, Supporting Informa-
tion). A similar result with small Aé shift was reported in both ex-
perimental and calculated results.[?] Furthermore, once the ten-
sile strain was applied close to the AC direction, the Al mode
switched the shifted trend and reached —6.21 cm™/%. Mean-
while, for the B,, and A; modes, the shift rates changed from
—22.94 to —2.55cm™!/% and —8.04 to —1.33 cm™'/%, respec-
tively, in response to a switched loading direction from ZZ to AC
directions. The apparent dependence in three phonon modes on
the crystallographic orientation further confirms the anisotropic
phononic responses of BP crystals. Experimentally, however, it
remains challenging to stretch the P-P bonds along the AC or
ZZ direction exactly within a single or few atomic layers BP. The
deviation with a certain angle between crystalline orientations
and strain loading directions was frequently observed in the lit-
erature, which results in the complicated trends and variation
in shift rates for those characteristic Raman modes in BP crys-
tals. To predict the orientation-dependent Raman shift rates in
response to the uniaxial strain for orthorhombic structures (e.g.,
BP crystals), a theoretical model was employed as presented in
Equation (3)[28]
Jw 2 .2

K = % - K;,c0s°0 + K,sin“0 (3)
where K is the Raman shift rate for the tensile direction along
0, K;; and K,. are the Raman shift rates along ZZ and AC
directions, respectively, @ is the peak position of the Raman
band and ¢ is the applied strain. Figure 5D-F shows the polar
plots of the shifted rates of three characteristic Raman modes.
By fitting the experimental data with Equation (3), we could
explain the anisotropic distribution of the phonon modes of
BP crystals. Impressively, the maximum values of the derived
shifted rates of the B,, and A; modes could reach —22.20 and
—7.79 cm™1/%, respectively, which are much larger than the val-
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ues reported in the literature as summarized in Table S2, Sup-
porting Information.[?®38] Meanwhile, as shown in Figure 5G,
the suspended BP sheets show giant anisotropic tunable phonon
properties, whose range is much larger than reported in the lit-
erature. We contributed the observed extra-high sensitivity of
phonon modes to the following two aspects:

First, the loading method. Different from the conventional
polymeric substrate-assisted deformation method, herein, the
uniaxial tensile stretching was directly exerted onto the few-layer
BP crystals through the bulge device. The deformation of the BP
flakes can be directly measured based on the out-of-plane de-
flection of the blisters. In comparison, it is hard to derive the
real strain of the BP flakes deformed in the polymer-based struc-
ture. Furthermore, according to the classic shear-lag theory, the
strain of the BP flakes carried is relatively lower than the matrix
strain owing to the occurrence of interfacial slippage.!'”>?% Con-
sequently, the overestimated strain values of the BP flakes would
weaken the shift rates of characteristic Raman modes.

Second, the Poisson’s ratio (v) effect. Generally, once the ten-
sile strain is applied along one direction, the sample tends to con-
tract in the perpendicular direction due to the Poisson effect. For
long membranes with clamped boundary conditions, the strain
along the y-axis was limited ( e, = 0) when it was uniaxially
stretched along the x-axis.[?! Consequently, the Poisson’s ratio
(v) effect would be ignored because of the restricted lattice con-
traction perpendicular to the strain direction.

3. Conclusion

In summary, we develop a novel bulge device with a rectangular
hole to uniaxially stretch few-layer suspended BP crystals. The
extracted Young’s modulus in the ZZ and AC directions is 151.5
and 39.8 GPa, respectively. It is the first report that the derived in-
plane anisotropy factor of % = 3.81 aligns well with the theoret-

ical one as predicted by DFT. The extra-high anisotropy in strain-
dependent Raman responses further confirms the advantage of
the uniaxial stretching of free-standing BP sheets. The developed
bulge device is expected not only to be a universal approach for
measuring mechanical parameters of 2D materials, but also to
provide a promising platform to modulate the strain-dependent
optical, electrical, and optoelectronic responses of 2D materials.

4. Experimental Section

Sample Preparation: Bulk BP was purchased from HQ Graphene. The
few-layer BP flakes were first micro-mechanically exfoliated onto a PDMS
stamp, and then transferred to seal the rectangular hole on a SiN, /Si sub-
strate. The bulge devices included two parts: a patterned SiN, /Si substrate
and a pressure unit. A digital pressure gauge and a gas flow controller al-
lowed the accuracy of pressure control at 0.1 kPa and the upper limit of
pressure at 600 kPa. All operations were carried out in a nitrogen environ-
ment.

In Situ Micro-Raman Spectroscopy:  All the Raman spectra of BP flakes
were obtained using micro-Raman spectroscopy (Renishaw), which in-
cluded a 514 nm wavelength laser and a 50x objective lens. APRPS was
carried out under a parallel-polarization configuration to characterize the
crystallographic orientation of BP crystals. The Raman shift rate mea-
surements were performed under a nonpolarized configuration. The laser
power was kept low enough (<100 muW). The characterizations were car-
ried out in a homemade nitrogen chamber.
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In Situ AFM:  The MFP-3D AFM was used to characterize the blister
morphology and measure the thickness of the BP flakes. The characteriza-
tions were carried out in a homemade nitrogen chamber by using AFM tips
(OLTESPA OMCL-AC240TS) with tetrahedral geometry, and the nominal
tip radius was &7 nm.

Supporting Information

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