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ABSTRACT We combined reflection difference microscopy, electron transport measurements,

150 f
and atomic force microscopy to characterize the mechanical and electrical anisotropy of few-layer Z100 L
black phosphorus. We were able to identify the lattice orientations of the two-dimensional g 5 [
material and construct suspended structures aligned with specific crystal axes. The approach 2 F
allowed us to probe the anisotropic mechanical and electrical properties along each lattice axis in 0 L . . . .
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separate measurements. We measured the Young's modulus of few-layer black phosphorus to Deformation (nm)

be 58.6 4= 11.7 and 27.2 £ 4.1 GPa in zigzag and armchair directions. The breaking stress scaled

almost linearly with the Young's modulus and was measured to be 4.79 4= 1.43 and 2.31 4= 0.71 GPa in the two directions. We have also observed highly
anisotropic transport behavior in black phosphorus and derived the conductance anisotropy to be 63.7%. The test results agreed well with theoretical
predictions. Our work provided very valuable experimental data and suggested an effective characterization means for future studies on black phosphorus

and anisotropic two-dimensional nanomaterials in general.
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ew-layer black phosphorus (BP) has
drawn increasing interest over the past
years due to its unique and superior
electrical and optical properties.' BP film
is an outstanding semiconductor and de-
livers excellent room-temperature carrier
mobility and on/off ratio at the same time
when configured into field effect tran-
sistors (FETs).*"58° On the other hand, the
thickness-dependent band structure of BP
makes it an appealing candidate material
for tunable photodetection across a wide
spectrum from visible to infrared light.'®~3
Besides the electrical and optical prop-
erties, the mechanical attributes of two-
dimensional (2D) nanomaterials are of great
importance as well. Extensive studies have
focused on the mechanical, piezo-electrical,
and piezo-resistive characteristics of graph-
ene' 1% and MoS, films.””~2° These 2D
materials demonstrated great potential in a
wide range of applications including flexible
electronics, strain sensors, electro-mechanical
resonators, and even nanoscale generators
based on piezoelectricity.'®*' ~2* At the same
time, the mechanical behaviors of 2D materi-
als reveal a wealth of physics and provide
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valuable insights into the lattice—electron
interactions in low-dimensional systems.
Taking BP as an example, theoretical studies
predicted that in-plane strains in monolayer
BP could substantially modify its electronic
band structure, resulting in dramatic and
anisotropic change in carrier mobility along
zigzag and armchair directions>*~* In an-
other theoretical work, researchers discovered
negative Poisson's ratio in single-layer BP
when a uniaxial stress along the zigzag direc-
tion is applied.?® These unique electron trans-
port and mechanical behaviors are valuable
for both scientific studies such as unusual
quantum Hall effects and exploration of exotic
mechanical and electronic applications.

In contrast to a large number of investi-
gations on graphene'*'® and MoS,,"”'® few
have focused on the mechanical prop-
erties of BP despite limited theoretical
studies.?? 3! Calculations based on first-
principles theory revealed anisotropic
Young's moduli along zigzag and armchair
directions, with a ratio of approximately 2.5
in single- and few-layer BP films.?" This large
anisotropy ratio is very rare among 2D and
bulk materials. An experimental verification
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would be of great interest. However, the measurement
is nontrivial, as the setup has to differentiate and
decouple signals from two orthogonal lattice direc-
tions. Standard characterization means by suspending
2D films on circular cavities'*'” is not directly ap-
plicable in this case because of the symmetric
arrangement.

To meet this specific challenge, we have developed
a series of fabrication and characterization techniques.
The first step involved an innovative approach, reflec-
tance difference microscopy (RDM), to identify the
crystal orientations of individual BP flakes on a
Si/SiO, substrate. Compared to high-resolution trans-
mission electron microscopy (HRTEM) and polariza-
tion-resolved Raman spectroscopy, RDM provides the
most rapid and direct visualization of the lattice or-
ientations in an in situ and nondestructive manner. In
the second step, we trimmed each BP flake with Art
plasma and shaped it into two strips that are separately
aligned with the armchair and zigzag axes. This was
followed by anchor/electrode formation at the ends of
the strips and subsequent sacrificial layer (SiO,) release
to suspend the structure. This key step allowed us to
probe the mechanical and electrical properties of BP
strips perfectly aligned with the principal lattice axes,
thereby minimizing signal mixing from different orien-
tations. In the last step, we used atomic force micro-
copy (AFM) to characterize the anisotropic mechanical
properties of the BP samples. Our test results revealed
anisotropic Young's moduli with a ratio of 2.21 + 0.67
between the zigzag and armchair directions, which
was in good accordance with previous theoretical
predictions. We have also successfully measured the
anisotropic breaking stress of the BP film, which gave
distinct values in the two directions with a ratio
comparable to that of the Young's modulus. This has
resulted in nearly isotropic breaking strain according to
our derivation. The value varied from 5.3% to 9.2% in
different samples, in a similar range to that observed in
graphene and MoS, membranes.'*'2

RESULTS AND DISCUSSION

Lattice Orientation Identification by RDM. RDM measures
the difference in reflectance of normal incidence plane
polarized light between orthogonal directions in the

surface plane normalized to the mean reflectance:32—3*
Ar 2(ry —ry)
— = —" M
r r+ry

where x and y are internal reference orientations of the
microscope. When we vary the relative orientations (6)
between the RDM and an orthorhombic crystal, the
measurement renders a dimensionless value N(6) that
periodically changes with 6 in the following way:

_ 2(ry —r1)

N(6) cos(26) (2)
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where rj and r, are the reflectance in the two principal
lattice directions of the orthorhombic crystal.

On a perfectly isotropic crystal, N(0) is zero for all
angles. For anisotropic samples such as BP, N(6)
reaches a maximum or minimum value when the
orientation of RDM matches the armchair or zigzag
direction. The technique can therefore be used to
evaluate the anisotropic level of given crystal lattices
and, more importantly, to identify the directions of
principal axes.

Figure 1a and b demonstrate a typical RDM mea-
surement. We first located a BP flake on a Si/SiO, wafer
under an optical microscope, then recorded N(0) while
rotating the incident polarization from 6 = 0° to 360°.
The polar plot of Figure 1b shows the absolute values
of N taken at the center of the sample as a function of 9,
where we can identify the two high-symmetry axes
located at 50° and 140°, respectively.

RDM serves as an imaging tool as well, which is able
to simultaneously collect N() at all pixels inside the
entire field of view and create a direct visualization of
the anisotropy contrast. Figure 1c shows the RDM
images taken at different angles with N(6) plotted in
color scale. The reflection difference on the BP flake
reached a maximum and minimum at the two orthog-
onal high-symmetry axes, respectively, while signals
from the isotropic background were nearly zero. For
polycrystalline samples with multiple lattice domains,
RDM can also serve as a powerful and convenient tool
to visualize the spatial distribution of lattice orienta-
tions. We have carried out systematic studies using
RDM to characterize the anisotropy and domain dis-
tribution of a rich set of 2D materials. The results will be
discussed in a separate report.

Long-time exposure to ambient conditions would
degrade thin BP flakes gradually.3>~3” To minimize the
exposure of BP flakes, we reduced the angular range to
6 = 0—90° in a typical measurement and took seven
data points with a resolution of 15°. The adjustment
allowed us to complete the entire scan within 15 min
for each sample. We then used sine fitting to determine
the lattice orientations. The AFM image of the BP flake
used in a typical test (14.8 nm in thickness) and its fitted
RDM curve are shown in Figure 1d and e. It is important
to note that even if we can identify the orientations of
the two principal lattice axes, we are not able to assign
them to specific axes, i.e., zigzag or armchair, at this
point. The reflection difference between two orthogo-
nal polarization angles results from complex interac-
tions between the incident photon and the electronic
bands in the crystal.3®3° A deterministic correlation
between the N values and specific lattice orientations is
still lacking. We then took an alternative approach in
the following study and utilized electron transport
measurements to distinguish zigzag vs armchair direc-
tions. A detailed analysis will be discussed in a later
section.
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Figure 1. Identification of lattice orientation of a BP flake by RDM. (a) Optical image of the thin BP flake transferred onto a
Si/SiO, substrate by mechanical exfoliation. (b) RDM results of the same BP flake (a) in polar coordinates. (c) RDM images taken
at different angles. (d) AFM image of a typical BP flake used in the following electrical and mechanical measurements. Small
bumps were occasionally visible on the surface of the flake due to material degradation in the ambient environment. (e¢) RDM

signals of the BP flake shown in (d).

Fabrication of Suspended BP Strips. With the RDM results
we were able to shape BP flakes into strips along the
two principal lattice axes. The process flow is shown in
Figure 2. First, few-layer BP flakes were transferred onto
a Si/SiO, substrate by mechanical exfoliation from a
bulk BP crystal. The thickness of the BP flakes, as
measured by AFM, ranged from 14 to 28 nm in our
experiment. We then performed electron beam lithog-
raphy (EBL) with a negative e-beam resist to pattern
an L shape on each sample, with the arms aligned with
the two principal axes of BP separately. This was
followed by Ar™ plasma trimming and e-beam resist
removal to transfer the pattern to the BP flake, as
shown in Figure 2b and c. The Ar" trimming recipe
was optimized to give a gentle and slow etch rate to
minimize substrate overetch and prevent BP curving
near the edges. Overetching into the substrate may
cause peeling of the metal electrodes (to be deposited
in the next fabrication step) upon sacrificial layer
(SiO,) release and damage the suspended structure.
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Curved edges of the BP strip would induce internal
stress and modulate the stiffness of the suspended
beam in an uncontrolled manner. The trimming recipe
was eventually optimized as follows: Ar flow = 80 sccm;
pressure = 20 Pa; RF power = 80 W. The trimming rate
was approximately 0.5 nm/s. The trimming time varied
for different samples depending on the thickness
measured by AFM.

Figure 2d depicts the process of metal electrode
formation and sacrificial layer release. Three metal
electrodes (Cr/Au ~ 8/80 nm) were patterned and
deposited at the ends of the strips by the electron-
beam evaporation and lift-off process. The electrodes
formed electrical connections of the BP strips with
external test circuits and served as mechanical anchors
to hold the suspended structure at the same time.
We then immersed the samples into BOE (ammonia/
hydrofluoric acid = 7:1) for 3 min to release the SiO,
sacrificial layer. The samples were then cleaned with
deionized water. Special care should be taken when
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Figure 2. Fabrication process of suspended BP strips.
(@) A BP flake was transferred onto a Si/SiO, substrate.
RDM measurement was then used to identify the lattice
orientations of the flake. (b) A layer of PMMA was spin-
coated and then patterned by EBL into an L shape, with each
arm aligned with a principal lattice axis, respectively. (c) The
L-shaped pattern was then transferred to the BP flake after
Ar" plasma etching and PMMA removal. (d) Metal electrode
formation at the end of each strip and sacrificial layer
release in BOE solution. (e) SEM image of a pair of success-
fully suspended BP strips (left) and collapsed strips dam-
aged during drying due to high surface tension of water
(right). (f) AFM image of a suspended BP strip and topology
profile scanned across the dashed line marked in the inset.

drying the samples as the surface tension of water
could easily collapse the suspended BP beams. Hexane
could be used to dry the samples due to its lower
surface tension,* but resulted in a low device yield. We
adopted a critical point dryer with liquid CO, in our
experiment to achieve a much higher yield.*' Figure 2e
(left) shows the SEM image of a pair of successfully
released BP strips, as compared to the collapsed strips
shown in the right image.

Figure 2f is the AFM measurement performed on
a suspended device. The trench depth between the
two metal electrodes is primarily determined by
the thickness of the sacrificial layer and measured to
be ~200 nm from the top surface of the BP to the
trench bottom. To confirm the SiO, beneath the BP film
was fully removed, we repeated the AFM measurement
after peeling off the suspended BP and observed a
perfectly flat surface along the bottom of the trench.
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Anisotropic Electron Transport Behaviors. The transport
behavior provides crucial information to our investiga-
tions on the mechanical anisotropy of BP. First, there
has existed a library of experimental data on the
transport properties of few-layer BP,>?”*> which helps
us to cross-reference the previous work and evaluate
the quality of our material and processes. Second,
as discussed in the RDM section, we are lacking an
established theory to definitively correlate the peak
positions in an RDM curve to specific lattice directions.
The electron transport characterization provides an
alternative approach to distinguish the two high-
symmetry axes, zigzag and armchair, from each other.

The atomic structure of monolayer BP is highly
anisotropic. The band dispersion and effective mass
of charge carriers are different along different crystal-
line orientations, leading to anisotropic conductance in
monolayer BP.2” Few-layer BP has similar anisotropic
properties. Theoretical simulations revealed that both
the electron and hole mobilities are significantly higher
along the armchair direction than that along the zigzag
by a factor of approximately 1.5 to 3, indicating higher
conductance in the armchair direction.*?

The theoretical analysis in previous works allowed
us to distinguish each BP strip in the pair from each
other. Figure 3a presents the [—V measurements on the
device shown in the inset SEM image. Both BP strips
(labeled as DS; and DS,) were negatively biased at
Vas = —40 V by the bottom gate. From the linear I-V
curves we derived the conductance of DS; and DS, to be
7.54 and 14.58 uS, respectively. This corresponds to a con-
ductance anisotropy (defined as (G, — G,)/[(Gx + G,)/2],
G, and G, are the conductance along the two orthogonal
directions) of ~63.7%, in good agreement with the
reported data.’ The two BP strips, DS; and DS, are
presumably aligned with the zigzag and armchair
directions, respectively, in this specific case.

Figure 3b shows the transfer characteristics of the
two BP devices at Vps =50 mV. The inset plots the same
set of data in logarithm scale. Both devices are p-type
within the scanning range of gate bias from —40 to
40 V. The hole mobilities were estimated to be 247
and 392 cm?/(V s) for DS, (zigzag) and DS, (armchair),
respectively, and the on—off ratio was on the order of
10%to 10° in both devices. The conductance anisotropy
varied between 30% and 130% at different gate bias
below the threshold voltage Vs = —15 V. In Figure 3c,
we recorded /—V curves at different gate bias for both
devices. The linear and symmetric curves indicated
good metallic contact at the BP and Cr/Au interface.

Anisotropic Young's Modulus. The suspended strips
aligned in the armchair and zigzag directions allow
us to carry out systematic measurements of the aniso-
tropic Young's modulus of few-layer BP. We adopted
the AFM bending method as described in a number of
previous reports.'*'>*3 To minimize damage to the BP
strips, the AFM was first operated in tapping mode for
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Figure 3. Anisotropic transport behaviors of BP. (a) I-V
curves of two orthogonal BP strips at Vs = —40 V. The inset
shows the SEM image of the same device. The conductance
anisotropy was calculated to be 63.7% according to the
results. (b) Transfer characteristics of the two BP strips at
Vps = 50 mV, from which we could derive the carrier
mobilities as 392 and 247 cm?/(V s) in the armchair and
zigzag directions, respectively. The inset curves are plotted
in logarithm scale. (c) Output characteristics showing linear
I-V and anisotropic conductance at different gate bias.

imaging to determine the geometric dimension of the
sample. In our experiments, the length of the BP strips
ranged from 0.80 to 1.92 um, and the width ranged
from 0.48 to 1.47 um. To achieve good accuracy of the
bending test, the spring constant of the AFM cantilever
must be very close to the stiffness of the BP strip at the
loading point.'> According to the estimation by the
finite element method (FEM) (assuming the Young's
modulus of BP is 41 GPa/106 GPa in the armchair/
zigzag direction®"), the stiffness (in small deflection)
at the midpoint of the suspended BP strips is in the
range 1—5 N/m. Thus, we chose the AFM cantilevers
with the nominal spring constant of 3 N/m for the
bending tests. Since the nominal spring constant may
have large uncertainty due to limitations of the current
manufacturing technique, we calibrated the AFM can-
tilever using a traceable method before each test,**
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and the calibrated effective spring constants were
used instead of the nominal values for Young's
modulus calculations.

Figure 4a shows the schematic of the bending test.
The AFM cantilever tip was placed at the center of the
suspended BP strip first and then moved 100 nm
downward and upward with a speed of 0.5 um/s to
bend and release the BP strip. The vertical deformation
of BP, dgp, can be derived by

5BP = Az - Dcant 3)

where Az is the vertical displacement of the AFM
cantilever, which is given by the displacement sen-
sor of the Z-scanner, and D, is the cantilever deflec-
tion, which is detected by the photodiode of the
AFM system. The loading force can be written as
F = keantDeant Where kcant is the effective spring con-
stant of the AFM cantilever.

We assumed that the BP strips were firmly fixed
by the metal electrodes at the two ends. The mechan-
ical configuration can therefore be simplified as a
clamped—clamped beam with a concentrated force
load at the midpoint in this case. The following equa-
tion correlates the loading force F and the beam

deflection dgp:'>*?
T Ewt? T Ewt T
F = 0 Opp> +—0 4
3 B+ g3 08P +L BP (4)

where Eis the Young's modulus of BP; w, L, and t are the
width, length, and thickness of the strip, respectively;
and T is the pretension in the suspended film. The first
term in eq 3 corresponds to linear elastic response due
to bending. The second term represents nonlinear
elastic response under large deformation due to
stretching, and the last term takes into account the
pretension in the beam. The finite length-to-width
ratio of the beam and anisotropic material properties
will affect the accuracy of eq 4. Timoshenko et al. have
provided very comprehensive discussions regarding
the errors and corrections.*?

Figure 4b shows the typical force—deflection
curves of a pair of orthogonal strips trimmed from
the same BP flake. The two beams exhibited different
elastic response due to the anisotropic Young's mod-
ulus. The inset shows a zoom-in plot of the initial part of
the force curve. The beam deflection increased linearly
with the loading force in the first 6 nm and became
nonlinear at larger deflections.

At small deflections, the stiffness at the midpoint of
the suspended BP beams, namely, the ratio of loading
force vs the beam deflection, is given by the following
equation:

T Ewt T

FERE (5)

kep =

In our specific case, the pretension term T/L can be
ignored for three reasons. First, according to previous
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Figure 4. Young's modulus measurements. (a) Schematic diagram of the AFM bending measurement carried out on the
suspended BP strip. (b) Load force vs displacement curves of the AFM tip taken on the armchair and zigzag strips, respectively.
The inset shows the relationship between the AFM load force and the deformation of the BP strip. The curve is almost linear
below 5 nm and becomes nonlinear at larger displacement due to film stretching. (c) Repeatability test of the AFM bending
method carried out on three suspended strips with the same size and lattice orientation and trimmed from the same BP flake.
(d) Young's modulus in the zigzag and the armchair directions of four pairs of suspended BP strips. E;g is on average about
2.2 times higher than E,, (E;ig = 58.6 + 11.7 GPa, E;, = 27.2 £ 4.1 GPa).

reports, the pretension will affect the spring constant
by less than ~15% in monolayer graphene and few-
layer MoS, thin films.'*'>1718 The BP flakes in our
study are substantially thicker; therefore the preten-
sion has a minimal effect. Second, the BP flakes were
trimmed into strips by Ar" plasma, which largely
released the tension inside the 2D crystal. Third, the
suspended structures were created by sacrificial layer
release, which was supposed to induce much less
tensional stress compared to the approach of transfer-
ring 2D films onto pre-etched trenches.'

In this study, we obtained the stiffness of the BP
beams by linear fitting the first 5 nm of the force curves
(Figure 4b inset). The measured stiffness was then
taken into eq 3 (ignoring the pretension term) to
calculate the Young's modulus.

The test in Figure 4c was to evaluate the consis-
tency of the AFM bending method. We fabricated three
BP strips with identical geometry and lattice orienta-
tion (Figure 4c inset) and recorded the force curve on
each strip separately. The three curves were in perfect
accordance with each other, indicating excellent con-
sistency and repeatability of the measurement. The
data also suggested fairly small device-to-device varia-
tion resulted from our optimized fabrication processes.
We can therefore safely attribute the difference in force
curves to the intrinsic anisotropy of BP.

TAO ET AL.

We performed Young's modulus measurements on
four pairs of BP strips and summarized the data in
Figure 4d. The results revealed a sharp contrast be-
tween the elasticity along the armchair and zigzag
directions. The Young's moduli of the “armchair strips”
(identified by the electron transport characterizations)
are collectively lower than those of “zigzag strips” by a
factor of 1.6 to 2.9. We note that since each pair of strips
was trimmed from the same BP flake, differences in film
thickness and material qualities (e.g., disorders and
impurities) were quite minimal and made negligible
contribution to the anisotropic results. However, dif-
ferent thickness and material qualities among different
BP flakes were likely the major cause of the observed
device-to-device variations.

The average Young's moduli in armchair and zigzag
directions, E,rm, and E,, were calculated to be 27.2 +- 4.1
and 58.6 + 11.7 GPa, respectively, according to our
experimental results. The numbers are in very good
agreement with the theoretical predictions both qua-
litatively and quantitatively.? ' The elastic aniso-
tropy of few-layer BP can be explained by its puckered
crystal structure. Specifically, the “atomic puckers”
along the zigzag direction can relatively easily comply
with the stretching by a tensional stress along the
armchair direction. The anisotropic atomic structure
has therefore resulted in a much lower Young's
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modulus in the armchair direction. We also noted that
the measured Young's moduli in both directions
were significantly smaller compared to the values of
grapheme'® and MoS,."”'®

We did not observe a clear thickness-dependence
pattern among that 20 samples (15—25 nm) we have
measured. In general, the Young's modulus of 2D
materials decreases monotonically with thickness due
to defects and/or interlayer sliding.'® The changes are
most pronounced between single and double layers
(14.6% for BP*® and 29.8% for MoS,'®) and become less
sensitive in thicker materials. Wei et al. stated that the
Young's moduli were fairly similar between double-
layer, three-layer, and bulk BP (when compared in the
same lattice orientation) due to negligible interlayer
interactions.*® We experienced from material stability
issues and failed to reliably process and characterize
samples below 10 nm. Nonetheless, we believe our
experimental results also resemble the behavior of
ultrathin films to a considerable extent.

Breaking Stress and Strain. Besides the Young's mod-
ulus, the AFM bending method can also measure the
breaking stress and strain by continually increasing the
loading force until the beam is broken.'*'® Breaking
stress and strain characterize the strength and flex-
ibility of the BP strips, respectively. Figure 5a shows the
curve of loading force vs displacement of the AFM
cantilever. The sudden drop in the curve corresponds

to the breaking of the BP strip. The inset is the AFM
image of the broken strip. A pinhole can be seen near
the center of the strip, as indicated by the arrow.

It is worth noting that a much stiffer AFM cantilever
(Kcant > 15 N/m) has to be used to break the suspended
BP beams at such large deformation and load force.
In our study, we chose a cantilever with the effective
spring constant of 34.9 N/m as calibrated before the
measurement.

To extract the maximum stress at the broken point,
we used the same model that had been previously
developed for graphene and MoS, for approximate

calculation."*'® The maximum stress o022, can be

derived by
FenaxE?P
2D _ max 6
mx =\ aarg ©)

Fomax is the breaking force, £ is the 2D elastic constant,
which can be derived by multiplying the bulk Young's
modulus by the thickness (E° x t),and I'ip is the radius
of the AFM tip. The breaking force depends strongly on
Iip instead of the sample size.

We measured four pairs of BP strips with different
thickness and sizes. The breaking forces of the zigzag
strips are consistently larger than the armchair ones, as
shown in Figure 5b. The average breaking force in the
zigzag direction (~2.44 uN) is 1.74 times that of the
armchair direction (~1.40 uN). The breaking stress
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Figure 5. Breaking stress and stain measurements. (a) Load force vs displacement of the AFM tip. A sudden drop in the trace
curve indicates the breaking of the BP strip. The inset AFM image shows the break point near the center of the strip.
(b) Histogram showing the maximum breaking forces of four pairs of orthogonal suspended strips. (c) Breaking stress of the
same samples in (b). The average breaking stress, 0.y in the zigzag direction (106.2 N/m) is about 1.94 times that in the
armchair direction (54.8 N/m), a ratio very close to that of the anisotropic Young's modulus. (d) Breaking strain of the same
samples in (b). The breaking strain exhibited a relatively small difference in the two lattice axes, ranging from 5.3% to 9.2% in
different samples.
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calculated by eq 5is 106.2 N/m (4.22 GPa) and 54.8 N/m
(2.21 GPa) in the zigzag and armchair direction, respec-
tively (Figure 5c). The results indicate that the strength
of BP is highly anisotropic, which primarily results from
the anisotropic Young's modulus along the armchair
and zigzag directions.

Breaking strain is calculated by assuming a linear
relationship between stress and strain, o = Ec. The result
is shown in Figure 5d. The average strain is 6.5% and
7.2% in the zigzag and armchair directions, respectively.
The two numbers are rather close, as the anisotropic
breaking stress and Young's modulus largely offset
each other. The flexibility of BP is comparable to most
polymeric substrates commonly used for flexible elec-
tronics such as polyimide and polydimethylsiloxane.*®
Few-layer BP can therefore be readily integrated into
flexible circuits as functional electronic and/or electro-
mechanical elements. The maximum breaking strain
measured in our experiments was 9.2%, considerably
close to the theoretical upper limit of the breaking
strength (£/9),*” indicating very low density of disorders
and impurities in the BP crystals.

MATERIALS AND METHODS

Suspended BP Strip Fabrication. Few-layer BP flakes were me-
chanically exfoliated from BP crystals (Smart Elements) and
transferred onto a silicon substrate with a 200 nm thick thermal
oxide layer. The flakes were trimmed into orthogonal strips along
the principal lattice axes by Ar* plasma (recipe: Ar flow ~80 sccm,
pressure ~20 Pa, RF power ~80 W). Metal anchors/electrodes
were deposited at the ends of each strip through e-beam
evaporation followed by a lift-off process to hold the strips upon
sacrificial layer removal and form electrical connections to ex-
ternal test circuits. Finally, the thermal oxide layer was removed by
BOE to release and suspend the BP strips. EBL (SEM: FEI; EBL: Raith;
e-beam resist: Allresist AR-P679.04) was used for patterning in the
Ar" plasma trimming and metal anchor deposition processes.

AFM Measurement. A Dimension Icon (Bruker) AFM was used
for this study. The AFM worked in tapping mode and force curve
mode for the imaging and bending test, respectively. An RFESP-
MPP21100 (Bruker) cantilever was applied for the Young's
modulus measurement. An RTESP-MPP-11100 cantilever was
applied for the breaking stress measurement. The nominal
spring constants of these two cantilevers are 3 and 40 N/m,
respectively. For such stiff cantilevers, the standard thermotune
method is inaccurate for the spring constant calibration. Thus,
we used a homemade calibration system based on static
bending to precisely determine the effective spring constant
of these cantilevers. The spring constant calibration was per-
formed before the measurement of BP beams. The calibrated
spring constants of these two cantilevers are 3.429 £ 0.041 and
34901 + 0.425 N/m, respectively. Since the tip radius is
significant to the calculation of breaking stress, we also cali-
brated the shape of the tip experimentally. This calibration was
realized by scanning the tip over a tip-check sample (produced
by Bruker) after the bending test, and then the profile of the tip
was extracted from the image by using a commercial software
based on the blind-tip-reconstruction algorithm.*® The radius of
the tip was estimated to be 28 nm according to the calibration.
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