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ABSTRACT

Two-dimensional materials, such as transition metal dichalcogenides, have generated much interest due to their strain-sensitive electronic,
optical, magnetic, superconducting, or topological properties. Harnessing control over their strain state may enable new technologies that
operate by controlling these materials’ properties in devices such as straintronic transistors. Piezoelectric oxides have been proposed as one
method to control such strain states on the device scale. However, there are few studies of how conformal 2D materials remain on oxide
materijals with respect to dynamic applications of the strain. Non-conformality may lead to non-optimal strain transfer. In this work, we
explore this aspect of oxide-2D adhesion in the nanoscale switching of the substrate structural phase in thin 1T’-MoTe, attached to a
mixed-phase thin-film BiFeO; (BFO), a multiferroic oxide with an electric-field induced structural phase transition that can generate
mechanical strains of up to 2%. We observe that flake thickness impacts the conformality of 1T’-MoTe, to structural changes in BFO, but
below four layers, 1T'-MoTe, fully conforms to the nanoscale BFO structural changes. The conformality of few-layer 1T'-MoTe, suggests
that BFO is an excellent candidate for deterministic, nanoscale strain control for 2D materials.
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I. INTRODUCTION through the use of piezoelectric dielectrics. Each technique has
its unique advantages and disadvantages, but for straintronic devices,
we desire a method to apply large-magnitude electric-field controlla-
ble nanoscale strain in a scalable device structure. One of the
few methods to do this is through the use of piezoelectrics, taking
advantage of the converse piezoelectric effect to generate mechanical
strain in well-adhered 2D materials. Relaxor ferroelectric oxides

have large piezoelectric constants, and in systems such as

Two-dimensional transition metal dichalcogenides (2D-
TMDCs) are atomically thin materials that have been proposed for
numerous nanoelectronic and optoelectronic applications. Of par-
ticular interest are TMDCs that possess strain-sensitive materials
properties, such as strain-tuned bandgap modulation, ™ strain-
sensitive superconductivity,”” and strain-mediated control over
topological insulating states.” Controlling strain in TMDCs could

expand the capabilities of existing electronic, optoelectronic, or
quantum electronic device technologies by allowing for direct
dynamic control over these parameters. This is the focus of strain-
tronic devices, which use strain applied at the device level as
another degree of freedom to tune and control materials in
applications.

Many different methods to control strain in 2D materials have
been implemented.” Examples include controlled wrinkling or
buckling,”" exfoliating 2D materials onto bendable flexible sub-
strates,”''* inducing bubbles with differential pressure,'>'* applying
force from scanning probe tips,”~'* using microelectromechanical
devices (MEMS),""™" and through applying gate-controllable strain

Pb(Mg;/3Nb,/3)0.71Tip 29003 (PMN-PT), they can generate up to 0.2%
dynamic strain controllable by applied electric-field across the oxide.
This has been successfully used to tune the bandgaps in both
tri-layer MoS, and ot—InZSeg..m’23 In our own previous work, we were
able to use this effect in PMN-PT to control a semimetallic to
semi-conducting phase transition in 1T’-MoTe,.”*

One disadvantage of using piezoelectrics is that the magnitude
of dynamic strain control in these systems is small, and at the
nanoscale, it is not clear how adhesion plays a role in effective
strain transfer in these oxide-2D systems. To solve the strain mag-
nitude problem, we explore the use of thin-film multi-phase
BiFeO; (BFO), which has a reversible non-volatile electric-field
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controllable structural phase transition between its rhombohedral
(R) and tetragonal (T) phases. Using this effect, it is possible to
transfer up to 2% strain’” into adhered 2D material layers in a
similar method to our piezoelectric-based straintronic devices. In
this way, we may be able to surpass the level of dynamically con-
trollable strain in conventional piezoelectrics by an order of
magnitude.

In this work, we examine the one remaining issue in imple-
menting BFO-based straintronic devices, the role of 2D flake thick-
ness and oxide surface roughness to how well 2D layers adhere to
the BFO surface for effective strain transfer. It is well known that on
corrugated surfaces, exfoliated 2D materials such as graphene exhibit
a thickness-dependent “snap-through” transition due to competition
between the bending energy of the 2D membrane and its adhesion
energy to the substrate.”” Above the critical “snap-through” thick-
ness, bending energy exceeds the adhesion energy and 2D mem-
branes lie flat atop the corrugated surface. Below a critical thickness,
the 2D membranes conform to the corrugation and experiences
substrate-induced strain transfer. We apply this same idea to explore
coherent conformality in exfoliated 1T'-MoTe, on BFO under
dynamic changes to substrate corrugation caused by BFO structural
phase transformations [Fig. 1(a), left]. While this snap-through tran-
sition has been well explored in static systems,”"™"' the dynamic
nature of this transition has not yet been explored but is critical for
the implementation of oxide-based straintronic devices.

We choose to explore these concepts on 1T'-MoTe, because it
is an important system that hosts the potential for strain

ARTICLE scitation.org/journalljap

controllable structural/electronic phases,”””” strain controllable
superconductivity,** and strain-mediated topological phase tran-
sitions between its Weyl semimetallic states.””’® By examining the
conformality of the exfoliated MoTe, flakes with respect to struc-
tural changes in BFO, we can judge the thickness limit of coherent
adhesion under BFO structural phase transformation for this par-
ticular 2D material. We find that 1T’-MoTe, conforms to the struc-
tural changes in BFO with varying degrees of conformality with
respect to thickness: full conformality, partial conformality, and no
conformality [Fig. 1(a), right]. To fully confer the maximal strain
from BFO to the 2D material, we must ensure full conformality.

Il. METHODS AND MATERIALS

The outline of our experimental technique is shown in
Fig. 1(a), where 1T'-MoTe, is directly exfoliated onto thin-film
BFO, grown with a thin conducting La, ;Sro3MnO3 (LSMO) coun-
terelectrode layer underneath. We start with regions of MoTe, exfo-
liated onto the purely tetragonal phase of BFO to ensure the
highest level of starting conformality and adhesion. By applying a
positive electric bias with a conducting atomic force microscope
(C-AFM) probe, we can transform flat T-BFO regions into corru-
gated mixed R- and T-phase regions. We then study conformability
between 1T'-MoTe, and these non-volatile BFO transformations by
correlating topographic changes obtained by atomic force micros-
copy (AFM) to conformability. The different crystalline poly-
morphs of BFO are readily apparent under AFM analysis with
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/
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approximately 2nm deep corrugations corresponding to mixed
R/T-phase BFO domains [Fig. 1(b)]. Sufficiently conformal flakes
also exhibit these corrugations. In Fig. 1(c), a flake with varying
conformality has a relatively smooth surface in the nonconformal
region. In the conformal region, the flake has corrugations of
similar periodicity and amplitude (position C) to those on bare
BFO (position D). These measurable differences in conformality
form the basis of our analysis in this paper.

To fabricate the BFO/LSMO/LaAlO; (100) heterostructures,
we employed 90° off-axis RF magnetron sputtering. Cleaved,
single-side polished LaAlO; (LAO) (100) were cleaned via sonica-
tion for 30 min in acetone and 30 min in isopropyl alcohol and
then dried with compressed nitrogen. The crystals were affixed to
the sputtering heating stage with silver paste. Within the sputtering
chamber, substrates were pre-baked for 30 min at 300 °C under a
vacuum pressure of ~107% Torr. LSMO was sputtered at 700 °C for
5min with an Ar flow rate of 50 SCCM, an O, flow rate of
2SCCM, and a total pressure of 11 mTorr. Afterward, BFO was
sputtered at 750 °C for 90 min with an Ar flow rate of 50 SCCM, an
O, flow rate of 4 SCCM, and a total pressure of 11 mTorr. This
process yielded substrates BFO/LSMO/LAO(100) with a ~160 nm
layer of BFO and an ~2-3 nm layer of LSMO as measured via pro-
filometry and atomic force microscopy (AFM). Growth quality and
phase purity were examined via x-ray diffractometry (XRD).
Figure 1(b) demonstrates the quality of the oxide thin-film growth
process through an atomic force micrograph of a typical BFO/
LSMO/LAO heterostructure, which shows clearly identifiable
mixed-phase regions,” along with atomic scale terraces associated
with layer-by-layer Frank-van der Merwe growth modes. This level
of oxide heterostructure atomic smoothness is required for our
analysis of 2D adhesion and subsequent understanding of how
dynamic structure phase changes may affect 2D conformality.

Thin 1T"-MoTe, flakes were cleaved from bulk 1T'-MoTe, crys-
tals from HQ graphene via mechanical exfoliation with low-residue
tape inside a low-oxygen and humidity-controlled glovebox
(<0.5ppm O, and H,0). BFO/LSMO/LAO samples were pre-
annealed at 100 °C inside the glovebox for 30 min, prior to exfolia-
tion to promote adhesion because this has been shown to remove
adsorbates from the oxide surface.”” Using the tape, 1T’-MoTe, crys-
tals were directly exfoliated onto mixed-phase BFO/LSMO/LAO
(100) and annealed for 3 min at 100 °C to further promote adhesion
prior to tape removal. Flake thicknesses were identified via optical
contrast measurements in an optical microscope and verified
through AFM measurements. It is observed that in the static case
after exfoliation conformality varies across the sample in the mixed-
phase regions, as seen in Fig. 1(c), which is consistent with other
experimental and theoretical works on static 2D conformality to cor-
rugated substrates.””' The degree of conformality in the static case
can be modeled knowing 2D flake bending stiffness, 2D adhesion,
corrugation amplitude, and corrugation wavelength’>** using
energy minimization methods. Here, we seek to further examine
how adhesion may change in these systems in the case of dynamic
changes to substrate corrugation, a prerequisite for using BFO to
drive electric-field controllable dynamic strain into the 2D systems.

To explore whether these same factors play a role in 2D flake
conformality in the dynamic case, we start with a fully adhered
MoTe, flake on a flat T-BFO region. Electric-field induced

ARTICLE scitation.org/journalljap

structural phase transitions in BFO/LSMO/LAO(100) were per-
formed via conducting atomic force microscopy (C-AFM). A low-
force 6 N/m spring constant conducting diamond-coated AFM
probe (Bruker DDESP-FM-V2) was employed to minimize damage
while poling the flake and the substrate. The conducting LSMO
layer was grounded while a +8 V bias was applied to the conduct-
ing probe to generate an electric-field in the BFO layer, triggering
the T to R-BFO transition. Root mean square surface roughness
(Rq) measurements were averaged from multiple AFM line profiles
over MoTe, and BFO surfaces that experienced non-volatile
changes from fully T to mixed R/T regions before and after the
electric-poling process.

I1l. RESULTS AND DISCUSSION

As a control, electric-poling measurements were initially
carried out on bare BFO/LSMO/LAO(100) via C-AFM to induce
non-volatile structural T- to R/T-phase transitions in BFO. As
shown in Figs. 2(a) and 2(b), these transformations are readily
apparent as the appearance of new stripes—approximately 2 nm in
amplitude appearing in the formerly T-phase regions—correspond-
ing to the non-volatile changes of BFO from the T to the mixed
T/R-BFO structural phases. Next, thin 1T’-MoTe, flakes were
transferred to fresh BFO/LSMO/LAO(100) substrates, and the
electric-poling process was repeated. In Figs. 2(c)-2(f), it is possible
to resolve the underlying corrugation induced by the non-volatile
BFO phase switching through the 1T'-MoTe, flakes, but this varies
as a function of flake thickness. The 5nm thick 1T'-MoTe, flake
was highly conformal to the electric-field induced R/T corrugations
[Figs. 2(c) and 2(d)], while the 18.5 nm flake was partially confor-
mal with new corrugations appearing in the upper half of the flake
[Figs. 2(e) and 2(f)]. The 78 nm MoTe, flake does not display any
underlying corrugation despite the structural transformation of the
surrounding BFO [Figs. 2(g) and 2(h)]. We note that instrumental
limitations are not the reason that the corrugations are not resolv-
able for thicker flakes since we can resolve corrugations in Ni elec-
trodes and other materials of similar thickness (Fig. S1 in the
supplementary material).

To verify that the non-volatile changes are not induced via
pressure from the AFM probe itself, a series of contact-mode AFM
measurements were performed under varying tip pressures (Fig. 3).
When the tip pressure was increased to 4x the typical magnitude
used in electric-poling measurements [Fig. 3(b)], the MoTe, flake
and BFO surface remained unchanged [Fig. 3(c)]. Based on these
results, we expect that topographic changes in flakes occur primar-
ily due to the electric-field induced structural transitions in the
underlying BFO instead of tip pressure.

To measure the impact of flake thickness on flake conform-
ability, 1T"-MoTe, flakes between 3 and 78 nm in thickness were
exfoliated onto our BFO substrates, then electrically poled via
C-AFM. Surface roughness amplitude ratios corresponding to
surface roughness changes on the 1T'-MoTe, before and after elec-
tric poling were used as a metric for flake conformability. Root
mean square (RMS) surface roughness measurements were per-
formed on MoTe, flakes before electric poling (Rpefre) and after
electric poling (Rfer).-
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FIG. 2. Atomic force microscope images of non-volatile electric-field induced transformation on BFO and MoTe,/BFO. (a) and (b) Mixed-phase BFO/LSMO/LAO hetero-
structure without MoTe, before and after poling, showing electric-field controllable structural phase transitions. (c) and (d) 5 nm, (e) and (f) 18.5nm, and (g) and (h) 78 nm
of MoTe, on BFO/LSMO/LAO before and after poling, showing full non-volatile conformality in (d), partial conformality in (f), and no conformality in (h).

After extracting surface profiles, the RMS roughness of a given
line profile can be calculated as follows, where Ry is the RMS
roughness, I, is the length of the line profile, and Z(x) is the height
at location x,

L,
R, = %L Z2(x)dx - (1)

In this experiment, we define the amplitude ratio
A = Rafier/Rpefore as a measure of 1T'-MoTe, flake conformality to
non-volatile BFO corrugations induced by the electric-poling
process, where Rpepre is the surface roughness of a flake region on
top of the relatively flat T-BFO domains and Rgpr is the surface

A) Force =60 nN

oi

Progression of AFM Scans

8) Force =240 nN c) Force =60 nN

N
N

Height (nm)

FIG. 3. Series of successive AFM measurements performed on a 20 nm thick
flake of MoTe, with varying probe pressure. (a) Initial scan with a probe force of
60 nN. (b) Intermediate scan with a probe force of 240 nN. (c) Final scan return-
ing to original probe force of 60 nN.

roughness of the same flake region on top of new corrugated mixed
R/T-BFO domains. Similar measurements were repeated on bare
BFO to define A,ux = Rproafier/ RBFObefores COTTEsponding to the
maximal possible amplitude ratio and maximal conformality. In
Fig. 4, the region of maximal conformality is highlighted in orange,
spanning one standard deviation below and above Aju. The
surface roughness amplitude A decays with 1T'-MoTe, flake thick-
ness with an exponential decay length scale of 6.4+ 1.0 nm.
Because monolayer 1T'-MoTe, is 0.82 nm thick'’ and the fitted
curve intersects the maximal conformality region at approximately
3.2nm, we expect that flakes of four layers or less should fully
conform to the BFO transformations. Based on these results, the
flakes of up to at least 20 nm in thickness may be partially confor-
mal to the BFO substrate with little or no conformality beyond.
Using measurable material parameters such as 1T'-MoTe,
flake thickness, bending stiffness, corrugation amplitudes and wave-
lengths, and adhesion energies, conformability of the 2D materials
may be studied via classical methods: continuum models*' and
energy minimization methods’”"” have been used to study thin
and flexible materials such as graphene with some success.
However, preliminary efforts to model with an energy minimiza-
tion method®® in our system could not reproduce the partial con-
formability of MoTe,. This may be because the bending rigidity of
van der Waals (vdW) type materials depart from the classical
model of an elastic plate due to the weak inter-layer bonds in mul-
tilayer 2D materials and may be affected by inter-layer shear
effects.”” Atomistic models such as molecular dynamics may better
approximate the effects of vdW interactions in 2D materials and
have found success in modeling the adhesion of graphene™ and
MoS,."” Further works on modeling dynamic strain and adhesion

J. Appl. Phys. 132, 045301 (2022); doi: 10.1063/5.0096686
Published under an exclusive license by AIP Publishing

132, 045301-4



Journal of

Applied Physics

5 T T T  § T T T T
R e s Switched
8 ; No Ch i
SN A RS
3| B S vAvATAVAY
56-2 - r (' ]
< |
1t F t 3 % } i
0 L 1 1 L 1 L 1 1

0 10 20 30 40 50 60 70 80
Flake Thickness (nm)

FIG. 4. Comparison of RMS roughness amplitude before and after electric-field
induced structural phase transitions with varying MoTe, flake thickness. The
inset illustrates RMS surface roughness measurements calculated from the line
profiles. Points and error bars were calculated based on statistical averages and
standard deviations of RMS surface roughness from multiple line scans on flake
surfaces surrounding structurally transformed areas. The orange region corre-
sponds to two standard deviations of the mean RMS amplitude ratios of bare
BFO in structurally transformed regions.

processes in this system are necessary to clarify the role of mem-
brane thickness in our empirical result.

IV. CONCLUSIONS

We have studied the variations of conformality in electrically
poled 1T'-MoTe, flakes of various thicknesses that have been trans-
ferred to BFO/LSMO/LAO(100). The application of an
out-of-plane electric-field to the 1T'-MoTe,/BFO stack triggers a
structural phase transition from T to R-BFO, resulting in corruga-
tions due to mixed R/T-BFO domains. Depending on the thickness
of 1T'-MoTe,, flakes either fully conform, partially conform, or do
not conform to the R/T-BFO corrugations due to competition
between the flake bending stiffness and substrate adhesion energies.
Based on the surface roughness amplitude ratios corresponding to
the roughness amplitudes before and after the induction of the
BFO phase transitions, four-layer 1T'-MoTe, is fully conformal to
the non-volatile changes in corrugation. Ensuring the conformality
of 2D materials such as 1T’-MoTe, is essential for deterministic
control over the strain state in 2D crystals. The observed confor-
mality of few-layer 1T'-MoTe, suggests that BFO-based straintronic
platforms may be suitable for controlling large strain magnitudes of
2% down to the nanoscale.

SUPPLEMENTARY MATERIAL

See the supplementary material for a comparison of AFM
characterization of Ni electrodes fabricated on mixed-phase BFO
substrate to 1T'-MoTe, transferred to mixed-phase BFO.
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