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Out-of-plane electromechanical coupling in transition metal
dichalcogenides
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ABSTRACT

Monolayer transition metal dichalcogenides (TMDs) are intrinsically piezoelectric within the plane of their atoms, but out-of-plane piezoelectric
response should not occur due to the symmetry of the crystal structure. Recently, however, MoS2 was shown to exhibit out-ofplane
electromechanical coupling consistent with the flexoelectric effect. In this study, MoSe2,WS2, and WSe2 are investigated to determine the
existence and strength of out-of-plane electromechanical coupling in other monolayer TMD semiconductor materials. Piezoresponse force
microscopy measurements show that monolayer MoS2, MoSe2,WS2, and WSe2 all exhibit out-of-plane electromechanical response. The relative
magnitudes of their out-of-plane electromechanical couplings are calculated and compared with one another and to predictions made from a
simple model of flexoelectricity. This simple model correctly predicts the magnitude of out-of-plane electromechanical response in these
materials, and the measured values provide useful guidance for both more detailed understanding of flexoelectric response in monolayer TMDs,
and assessment of their consequences in devices incorporating these materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134091

Transition metal dichalcogenides (TMDs) are a class of
layered materials which, because adjacent layers are typically
bound by van der Waals interactions, are amenable to separation
into atomically thin monolayer or few-layer films—so-called
two-dimensional materials. In comparison to graphene, which is
typically metallic or semi-metallic, atomically thin TMDs have
nonzero energy bandgaps and are therefore particularly attractive
for electronic and optoelectronic device applications. Their
semiconducting nature and atomic thinness make TMDs
particularly interesting for use in flexible electronics because of the
ability to control their electronic properties via mechanical strain,
and their very low bending stiffness, which decreases greatly with
decreasing thickness. Additionally, TMDs have been shown to

1 2

withstand strains up to 11% experimentally and 28% theoretically
3

making them resistant to mechanical failure. As such, TMDs offer

promise for use in flexible electronics,4 where they would be
expected to endure frequent, and often substantial, stress and strain.
The use of TMDs in flexible electronics is, however, predicated on
fully understanding how their electronic properties will vary with
strain.

In addition, strain can be harnessed to intentionally control the

electronic properties of TMDs via strain engineering. Such
examples include using strain to alter a material’s bandgap to
change its optical properties, to influence the carrier mobility to

6
improve electrical performance, to alter its conductivity for use in
strain sensing applications, or to create electromechanical energy
harvesters by taking advantage of the repeated strain environment

that can be experienced by TMDS.S A key aspect of the relationship
between strain and electronic properties is electromechanical
coupling, in which dielectric polarization and internal electric fields
are created within a material due to an applied strain, or vice versa.
More specifically, piezoelectricity and flexoelectricity are
properties where an electric field is created from an applied
uniform strain or strain gradient, respectively. Monolayer TMDs
inherently possess piezoelectricity within the plane of their atoms
due to a lack of inversion symmetry, which has been

910
experimentally measured, but do not possess out-of-plane

11
piezoelecetricity. In addition, monolayer MoS2 was recently
shown experimentally to exhibit out-of-plane electromechanical
coupling, which
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has been attributed to flexoelectricity.lz Similar findings have
also been shown for few-layer MoTe2 but have been attributed to a
corrugation effect due to a rough substrate. :

In this study, the out-of-plane electromechanical coupling
properties of three different semiconducting
TMDs—MoSe2, WS2,and WSe>—are measured and compared to
measurements of electromechanical coupling in MoS2. The
measured values are of the same order-of-magnitude for all four
materials studied, and demonstrate that out-of-plane flexoelectricity
is exhibited across a variety of 2D TMDs materials. Moreover, the
order-of-magnitude of the measured values agrees well with
predictions made from a simple model of flexoelectricity proposed
by Kogan.H

All samples are created via mechanical exfoliation from bulk
crystals using a blue polyethylene cleanroom tape. The TMDs are
first transferred from the tape to a Polydimethylsiloxane (PDMS)
stamp, and then from the PDMS stamp to a gold-coated silicon
substrate while heating the sample at 70 °C on a hot plate for 5 min.
Slowly peeling the PDMS away transfers the TMD onto the gold.
It is found that the TMDs transfer more readily onto the gold
substrate using the intermediate PDMS stamp instead of transfer-
ring directly from the tape to the gold-coated substrate. Monolayer
regions of TMD materials are identified and then characterized
using piezoresponse force microscopy (PFM) with experimental
details given in the supplementary material, closely following pre-
vious work. Briefly, a sinusoidal alternating voltage is applied
between a conductive atomic force microscopy (AFM) probe and
the gold substrate to create an electric field across the TMD mate-
rial. If the TMD is electromechanically active, it will expand and
contract in response to the applied electric field, and the resulting
vertical deformation is measured by the deflection of the AFM can-
tilever, as shown in Fig. 1. As described in detail elsewhere,uthe

sample preparation and measurement process employed here are

FIG. 1. A schematic illustration of an AFM tip as used in a PFM
measurement. The AFM tip is made of a conductive material,
cobalt—chromium here, to be able to apply an electric field (black
arrows) across the TMD (blue) materials. The electric field causes
the TMD to expand and contract vertically (red arrows), which is
detected by the AFM cantilever moving with the TMD, and measured
by a laser reflecting off the top of the cantilever and hitting a position
sensitive photodiode.

able to distinguish out-of-plane electromechanical response from
in-plane piezoelectricity and avoid spurious contributions to PFM

response from potential surface contamination or other artifacts.

Optical images of the MoSe2,WSe2,and WS2 layers characterized
by PFM are shown in Figs. 2(a), 2(d),and 2(g), respectively. To the
right of each optical image is a tapping-mode AFM image taken
within the red box superimposed on the adjacent optical image.
Raman spectra are measured for the MoSe:2 [Fig. 2(c)] and WSe2
[Fig. 2(f)]layers for both monolayer and multilayer regions to
confirm the presence of the monolayer material. The
selenium-based TMDs have a distinctive Raman peak that is
present in few-layered samples but vanishes in monolayer and bulk

-1
material. In MoSe2, this is the B2g mode near 355 c¢cm , which

vanishes in the monolayer limit [Fig. 2(0)].]J The large peak near
245 cm’ is the A’ peak (Alg in multilayer MoSe2). In the WSe2
sample, the distinctive multilayer Raman peak is at
@310 cm’ and has been shown to vanish in monolayer material [Fig.
2(f)]. The origin of thispeak ismost likely an interlayer shear mode. For
WS2, photoluminescence (PL) is more easily used to confirm the presence
of monolayer material. Monolayer WS: is a direct bandgap
semiconductor, while multilayer WS: is indirect; thus, mono-layer WSz
will luminesce more strongly than multilayer material. This is seen in the
PL measurement in Fig. 2(i), where the displayed multi-layer signal has
been multiplied by a factor of two. A second peak also appears in PL from
multilayer but not monolayer WS2,which originates from the indirect gap,
providing another distinguishing feature of monolayer WS,
Results of PFM measurements performed on the samples shown in
Fig. 2 are presented in Fig. 3. An AFM height image is
simultaneously captured during the PFM measurements [Figs. 3(a),
3(d),and 3(g)] and shown along with the corresponding PFM
amplitude and phase channel images. A drive voltage of amplitude
7 V and frequency 60 kHz is applied between the tip and gold sub-
strate induces contrast within the PFM amplitude and phase chan-
nels for the MoSe2[Figs. 3(b) and 3(c)], WSe2[Figs. 3(e) and 3(1)],
and WS2 [Figs. 3(h) and 3(i)] regions compared to the underlying
gold substrate. The contrast observed indicates that there is out-of-
plane electromechanical coupling arising from the TMD mate-

rial.]b Without applying the drive voltage, the contrast vanishes,
indicating that scanning artifacts likely do not contribute to the
signal (supplementary material Figs. 1-3). These effects, along
with electrostatic effects which are not seen here, are discussed

at length in our previous work. - Furthermore, the near-identical
topography images before and after applying the drive voltage
show that the voltage did not affect the AFM tip or sample.

A background subtraction method is used to calculate the effec-
tive out-of-plane sample response and a corresponding effective
piezoelectric coefficient, d"

4,» Where the background is taken to be the signal measured on

the gold substrate. Multiple measurements of monolayer regions
are taken for each TMD, and the results are summarized in Table
[. The measurement results shown in Table [ for MoS2 are from a
separate sample than presented in the previous work by Brennan

et al.,12 and corresponding AFM and PFM images are shown in
the supplementary material, Fig. 4. The values measured from the
present MoS2 sample closely match the previously reported results.
Calculated values of the in-plane piezoelectric coefficient di1 for
each TMD material are also shown for a comparison. These
calculated in-plane values are the same order-of-magnitude as the
out-of-plane values
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FIG. 2. Characterization of MoSe2 (a)—(c), WSe2 (d)—(f), and WS2 (g)—(i) used in PFM measurements. For each material, an optical microscope
image (a), (d), (g9), tapping-mode AFM image (b), (e), (h), and Raman (c) and (f) or photoluminescence (i) measurement are shown. The red boxes
in the optical images show the locations of the tapping mode images. The color bars in the tapping-mode AFM images correspond to 0 nm—30 nm
in (b), 0 Nnm—26.6 nm for (e), and 0 nm—9.5 nm in (h). For MoSez2 (c), the Raman spectra show the absence of the multilayer peak around 355 cm'in
the monolayer region. The spectrum shown for multilayer MoSe2was taken from a separate sample for comparison. In the WSe2 Raman spectrum
(f), the absence of the multilayer peak at 310 cm’ confirms that monolayer material is present. For WSz (i), photoluminescence confirms the
presence of monolayer material via the stronger signal compared to a thicker region, and the absence of the indirect peak. The black and red dots
in (d) and (g) indicate the locations from which monolayer and multilayer measurements shown in (f) and (i), respectively, were obtained.

eff
d

measured here, indicating that the effects measured here are suffi

Y
33" 2D

19 : (1)

ciently strong that their consequence for strain engineering of elec-efr

tronic and optical properties of atomically thin TMD structures may be comparable to those of
conventional piezoelectric behavior. This equation originates from the definition of the flexoelectric The
measured value for d” can be converted to a measured coefficient, analysis to determine the dominant
flexoelectric tensor
33

effective flexoelectric response, Icomponents which for out-of-plane response are expected to be I

,given by‘:

eff
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FIG. 3. PFM

measurements of
MoSez (a)—(c), WSezﬂ
(d)~(f), and WSz (g)—(i)."~
For each sample, a
contact-mode

Height Gold
WSe, 1 pm

PFM amplitude image™
(b), (e), and (h), and

PFM phase image (e), (f), and (i) are obtained simultaneously from the same location. The existence of contrast in the PFM amplitude and phase
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PFM Phase

images is indicative of the presence of out-of-plane electromechanical coupling.

and I

45> and estimates of the electric field distribution across the

TMD material. In Eq. (2), the 2D Young’s modulus, Y2p, has units
of Newtons per meter and is used here because it is readily
calculated from elastic stiffness tensors provided in the

. 11,18
literature,

C2C2

1112
Yoo ; (2)Cui

where Cj is the elastic stiffness tensor of the corresponding monolayer
TMD. The 2D Young’s modulus is used because of the absence, or scarcity
of, measured Young’s modulus values for the TMDs other than MoS..
Instead of using measured values from different references whose methods
may vary, Yapis used because it is readily calculated, and sometimes
given,“\for all TMDs from data provided from a single Ref. 1| so that more
accurate comparisons can be made among the different TMD materials.

Also, given in Table | are relevant parameters associated with the TMDs
14,19

that are used in conjunction with a simpleflexoelectricmodel  to estimate

9,20 . .
The basic parameters included are
21

lattice constant,H ao, dielectric susceptibility, v, and the 2D Young’s
modulus calculated from density functional theory (DFT) estimates of the

11,18

elastic stiffnesstensorof the TMDs, Yoo

The simple model used to obtain an order-of-magnitude
estimate of the flexoelectric response of a material was first
developed by Kogan, and yields and estimated value for the

) 14,1
the expected flexoelectric response.

2 (3)
4p o0ao
In this model, flexoelectric response originates from point charges
separated by a distance ao experiencing a strain gradient 1/ao. The
dependence of the overall energy density of the material on this
perturbation can be assigned to the flexoelectric term in the

free-energy expansion of the matenal As can be seen in Table I,
the resulting values of lest are somewhat higher than, but generally
of the same order-of-magnitude as, the values of lobtained
experimentally. Both values are

eff

approximately one order-of-magnitude lower than theoretical esti-
mates of ferroelectric materials, which is expected to be the lower
value of the TMDs relative permittivities.:However, the range of
measured values is substantially greater than that of the simple
theoretical estimates, suggesting that factors other than those
accounted for in Kogan’s model contribute substantially to
flexoelectric response in monolayer TMD materials. Notably, the
value measured for MoSe2 is roughly twice as large as the other
TMDs, the origin of which is still under investigation.

In summary, monolayer MoSe2,WSe2,and WS2 have been shown
experimentally to exhibit out-of-plane electromechanical coupling
comparable to that demonstrated previously in monolayer MoS2.
PFM measurements on all materials studied are consistent with the
observation of out-of-plane flexoelectric response, and the effective
flexoelectric coefficients deduced from these measurements are of
the same order-of-magnitude as those predicted using a simple
model for flexoelectricity. The availability of measured values for
Iin MoSz2,

eff

flexoelectric coefficient, lest, are given bym e

TMD a0 11 (A”) Vola Y2p 11 (N/m) dii 11 (pm/V) lest (nC/m) detr33 (pm/V) Lefr (nC/m)

MoS2

MoSe2 0.946 0.03 1.82»

WS2 3.193.32 3.263.74 137.9113.8150.7 3.734.722.19 0.1300.144 0.7160.190.43  0.0650.103

WSe2 3.193.32 3.133.63 123.1 2.79 0.1250.139 60.11 0.053 0.026
MoSe2,WS2,andWSez is expected to provide valuable guidance for
both more detailed understanding of flexoelectric response in
mono-layer TMDs, and assessment of its consequences in devices

q incorporating these materials.
v lest

TABLE I. A summary of the data used to compare the electromechanical responses of the different TMDs. The general parameters considered are
the lattice constant, ao, the dielectric susceptibility, v, 2D Young's modulus, Y2p, and calculated in-plane piezoelectric coefficient d11. The estimated

flexoelectric response, lest, is shown with the measured out-of-plane effective piezoelectric response, d", and effective flexoelectric response,
lobtained based on d

33efr33’


https://scitation.org/journal/apl
https://scitation.org/journal/apl

“The dielectric susceptibility is taken to be -1 from Ref. 21.

v i . . .
No standard deviation was given because the value is from a single measurement.
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See the supplementary material for the experimental
PFM details, PFM of MoSe2 with and without the drive
voltage applied, PFM of WS2 with and without the drive
voltage applied, PFM of WSe2 with and without the drive
voltage applied, and PFM of new MoS2 sample for
comparison with previous work.
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