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ABSTRACT: Flexoelectricity is emerging as a fascinating
means for exploring the physical properties of nanoscale
materials. Here, we demonstrated the unusual coupling
between electronic transport and the mechanical strain
gradient in a dielectric epitaxial thin film. Utilizing the
nanoscale strain gradient, we showed the unique functionality
of flexoelectricity to generate a rectifying diode effect.
Furthermore, using conductive atomic force microscopy, we
found that the flexoelectric effect can govern the local
transport characteristics, including spatial conduction inhomo-
geneities, in thin-film epitaxy systems. Consideration of the
flexoelectric effect will improve understanding of the charge conduction mechanism at the nanoscale and may facilitate the
advancement of novel nanoelectronic device design.
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Strain engineering has long served as a foundation for novel
material design and improved functionality1−3 and has

generally assumed the homogeneous strain condition. Recently,
however, inhomogeneous strain (i.e., strain gradient) has
gained much attention,4−7 due to its important role in
nanoscale materials via flexoelectricity. Flexoelectricity de-
scribes the generation of an internal electric field (or
polarization) by the strain gradient.8−13 The strain gradient
naturally breaks the inversion symmetry and thus can induce an
electric response and intriguing phenomena in all dielectrics.
Despite this universal nature, the resulting flexoelectric field is
quite small (≤10 V m−1) at the macroscopic level. However, for
a nanoscale material, in which strain variation can occur over a
very short length scale, the flexoelectric field can become large
enough (≥10 MV m−1) to affect the physical properties of the
material. Therefore, understanding and controlling the flexo-
electric effect is critical to the future of nanotechnology and
electronics using nanoscale systems, such as thin-film
heterostructures,4,5,14 extended structural defects such as
domain walls,6 and nanocrystals.15−17

Recent flexoelectricity studies have focused mostly on the
ferroelectric properties of nanomaterials, because the generated
electric field can be effectively coupled to the ferroelectric
polarization. For example, the flexoelectric effect resulting from
a nanoscale strain gradient has been shown to play an
important role in novel ferroelectric functionalities, including
domain control,4 mechanical switching of polarization,5 flexo-
electric rotation of polarization,6 and the generation of new
modulated phases at the morphotropic phase boundary.7

However, the ability of the nanoscale strain gradient to control
other physical properties, such as electronic and magnetic
properties,18,19 has received little consideration to date. The
exploitation of such an effect would provide a general and
viable way of designing the physical properties and associated
functions of nanomaterials.
Here, we demonstrated the intriguing coupling between

electronic transport and the mechanical strain gradient,
emphasizing the potential key role of flexoelectricity in
nanoelectronics. Epitaxial thin films can have a very large
strain gradient (as large as 106 m−1), because the misfit strain of
a few percent can be relaxed within tens of nanometers (Figure
1a).4 The resulting internal flexoelectric field can have
substantial effects in semiconductors with small band gaps,
whose electrical transport depends strongly on the internal
field.20,21 For our studies, we used 100-nm-thick epitaxial
hexagonal HoMnO3 (HMO) (0001) thin films grown on
Pt(111)/Al2O3(0001) substrates as a model system. HMO is
known as a semiconducting dielectric material with a small
band gap of ∼1.5 eV.22 Also, HMO has the lattice mismatch of
+3.5% with the Pt(111)/Al2O3(0001) substrate. Thus, this
material offers a good opportunity to investigate how
flexoelectricity can contribute to the electronic transport and
functions.
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The internal electric field generated by flexoelectricity (Eflexo)
may promote novel electronic phenomena. One possibility is
unidirectional current flow, that is, the rectifying diode effect.
We found that our epitaxial HMO thin films on Pt(111)/
Al2O3(0001) substrates had a giant strain gradient of ∼106
m−1.4 From the strain gradient measured by grazing incidence
in-plane X-ray diffraction with synchrotron radiation, we
roughly estimated the depth profile of the resulting Eflexo in
our samples, using the following equation:11−13,23
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where e is the electronic charge, ε0 is the permittivity of free
space, a is the lattice constant, u is the in-plane epitaxial strain, z

is the distance from the film surface, ∂u/∂z is the strain
gradient, and λ is a constant close to unity. The exact λ value
for HMO is not known, but λ in most oxide systems usually has
a value on the order of unity.11−13 Figure 1b shows that, for a
reasonable λ value between 0.2 and 0.5, the estimated internal
field (Eflexo ≥ 10 MV m−1) can be large and comparable to that
in conventional p−n junctions or Schottky diodes.20,21,24 This
implies that flexoelectricity produced by a nanoscale strain
gradient can emerge as a practical means to tune electronic
properties.
To explore the flexoelectric effect on electronic transport, we

measured the local current−voltage (I−V) curves using
conductive atomic force microscopy (C-AFM). Our results
revealed several interesting features in the local transport of the
epitaxial HMO film. First, in most regions of the film, the local
I−V curves showed a rectifying behavior with a negative
forward bias (i.e., the reverse diode effect), as shown in Figure
2a. The rectification ratio, defined as the ratio of the negative
current divided by the positive current, was as large as 100 for V
= ± 9 V. Second, there existed a strong inhomogeneity in the
local transport. Along with a reverse diode effect in most
regions, we observed a forward diode effect with a positive
forward bias (Figure 2b) as well as a symmetric I−V curve
(Figure 2c) in the other small regions. Figure 2d shows 2 × 2
μm2 mapping images of the rectification ratios (i.e., |I(−9 V)/
I(+9 V)|) for an epitaxial HMO film, highlighting both the
dominant reverse diode effect and the strongly inhomogeneous
local transport.
We first discuss why the reverse diode effect dominantly

appeared in the epitaxial HMO films. The tensile strain gradient

Figure 1. Nanoscale strain gradient in an epitaxial thin-film system. (a)
Schematic diagram for (tensile) strain relaxation in epitaxial HoMnO3
thin films, resulting in a nanoscale strain gradient. (b) Distribution of
the estimated internal flexoelectric field (Eflexo) along the z direction,
according to the chosen λ value (ranging from 0.2 to 0.5) in eq 1.

Figure 2. Flexoelectric effect on the local transport. (a−c) Local current−voltage (I−V) curves, measured by conductive atomic force microscopy
(C-AFM) for epitaxial HoMnO3 thin films. For the C-AFM measurements, we used a solid Pt nanowire tip. The reverse diode effect was dominant
in the epitaxial HMO thin films, as shown in a. (d, e) Spatial distribution of local transport, measured for (d) epitaxial and (e) polycrystalline
HoMnO3 thin films. We mapped the measured rectification ratios (i.e., |I(−9 V)/I(+9 V)|) in the 2 × 2 μm2 region with ∼100 nm resolution.
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and the associated Eflexo in the films can cause the upward
flexoelectric polarization. Then, a positive (negative) bound
charge is induced at the top (bottom) HMO/Pt interface, as
schematically shown in Figure 3a. Independent measurements
of surface charge density support the build-up of positive
(negative) charge at the top (bottom) interface (Supporting
Information, Figure S1). With this bound charge distribution,24

the bottom interface may have a high Schottky barrier, while
the barrier height at the top is small. A simple quantitative fit of
the I−V curve gives a Schottky barrier of ∼0.5 eV, which is
comparable to the value predicted from the flexoelectric effect
(Supporting Information, Figures S2 and S3). With such an
asymmetric Schottky barrier, the injection of electrons is more
likely to occur at the top interface (Figures 3b and c). Thus, the
large flexoelectric effect produced by the nanoscale strain
gradient can induce unidirectional current flow, resulting in the
observed reverse diode effect (Figure 3d).
We should note that the measured I−V curves have

nonhysteretic characteristics, as shown in Figure 3d. There
are some other mechanisms for the rectifying conduction
behavior, such as electromigration of charged ions25 and the
piezo/ferroelectric effect.26 The I−V curves for these other
mechanisms usually involve a large hysteresis, whereas our I−V
results show little hysteresis. This suggests that our observed
diode effect could originate from the mechanical strain gradient,
which is robust under an external bias.
To obtain further insight, we measured the local I−V curves

for the 100-nm-thick polycrystalline HMO films grown on a
Pt/Si(001) substrate, using C-AFM. The polycrystalline HMO
films in Figure 2e exhibited symmetric I−V behavior, with little
diode effect (i.e., |I(−9 V)/I(+9 V)| ≈ 1) in most regions. Due
to the randomly oriented grains in the polycrystalline films, the
average strain gradient field, especially normal to the film
surface, is quite small (Supporting Information, Figure S4).
With such a small strain gradient and symmetric electrode

geometry (as in our case), nearly symmetric Schottky barriers
usually occur at each interface, due to the difference in the work
functions of HMO and Pt (Figure 3e). This can induce nearly
symmetric carrier injections (Figures 3f and g) and symmetric
I−V curves with weak back-to-back diode behavior (Figure 3h).
Note that, for epitaxial and polycrystalline films, we used the
same experimental conditions (i.e., the same electrode
geometry and film deposition conditions), except for the
substrates and the degree of the resulting strain gradient. Thus,
the reverse diode effect in epitaxial HMO films should originate
from the strain gradient, which was large enough to cause this
phenomenon.
To verify the flexoelectric diode scenario more directly, we

artificially generated a strain gradient in the polycrystalline
HMO films. Lu et al. recently demonstrated that a high AFM
tip force could generate a large strain gradient in the direction
normal to the film surface,5 as schematically shown in Figures
4a and c. Following the same methodology, we measured the
local I−V curve for polycrystalline HMO films by varying the
tip force. It was expected that an appreciable strain gradient
would be generated with a high tip force, with a low tip force
generating negligible strain gradient. We found that, with a high
tip force, the local I−V curves became asymmetric with a
positive forward bias (Figures 4c and d), compared with the
case using a relatively low tip force (Figures 4a and b). Thus,
we can explain this result by the artificial generation of a strain
gradient and associated Eflexo through the tip force, demonstrat-
ing the close correlation between the strain gradient and the
observed diode effect.
Now we discuss the strong spatial inhomogeneity observed

in the local transport of epitaxial HMO films (Figure 2d).
Regions with an areal portion of ∼78% exhibited the reverse
diode effect, implying the dominant existence of upward Eflexo

in the films. However, small regions with ∼10% and ∼12%
areal portions exhibited the forward diode effect (Figure 2b)

Figure 3. Flexoelectric rectifying diode effect. (a, e) Band characteristics for (a) epitaxial and (e) polycrystalline HoMnO3 thin films. We assumed n-
type conductivity of our films, since oxygen vacancies, the most common defects in oxides, can act as an electron donor. It should be noted that our
concept should work well, not depending on the conductivity type. (b, c, f, g) Schematic diagrams of carrier injection according to the applied bias
polarity for (b, c) epitaxial and (f, g) polycrystalline HoMnO3 thin films. (d, h) Representative local I−V curves for (d) epitaxial and (h)
polycrystalline HoMnO3 thin films.
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and a symmetric I−V curve (Figure 2c), respectively. We
observed that the polarity change of the diode effect occurred
within a very short length scale (i.e., over a few hundred
nanometers in epitaxial HMO films). This result implies the
strong spatial inhomogeneity of the Eflexo direction and
magnitude; some regions of 10% areal portion may exhibit a
downward Eflexo, while other regions with 12% areal portion
may have negligible Eflexo.
We can find a plausible explanation for the spatial

inhomogeneity of Eflexo and the local transport by referring to
the strain relaxation process. The relaxation of misfit strain in
epitaxial films is usually accompanied by the formation of misfit
dislocations,27 one of the most common origins for strain
relaxation. Near dislocations, there usually exists local
inhomogeneities in the direction of the strain gradient; that
is, the strain-gradient direction near dislocations can be
opposite to that of the surrounding regions (Figure 5). Several
previous theoretical and experimental studies have already
shown the reverse strain-gradient direction near misfit
dislocations in epitaxial thin-film systems.28,29 Thus, even if
Eflexo in our films is mostly upward, it might be either downward
or weak in small regions near the dislocations, resulting in
strongly inhomogeneous local transport.
Our study emphasizes that flexoelectricity can provide

important insight into nanotechnology and electronics.
Specifically, we demonstrated that the flexoelectric effect at
the nanoscale can generate a rectifying diode effect, which is
essential for modern electronics.20,21 Also, it can govern the
local transport characteristics, such as the spatial inhomogeneity
of conduction, in thin-film epitaxy systems. As a material gets
smaller in size, the strain gradient can become gigantic. Thus,
the flexoelectric effect should be seriously considered in the
design of electronic devices using nanoscale materials, such as
nanowires and nanodots.15−17

In conclusion, we demonstrated that the internal flexoelectric
field induced by a nanoscale strain gradient can be large enough

to generate a rectifying diode effect. There are several
noteworthy features of the flexoelectric diode effect. (1) Due
to the universal nature of flexoelectricity, in principle, we can
easily realize the diode effect in all dielectric materials. For
example, perovskite-type dielectric materials with a small band
gap, such as manganites and titanates, would provide further
opportunity to study the flexoelectric diode effect more
systematically (Supporting Information, Figure S5). (2) The
flexoelectric diode effect originates from a purely mechanical
strain gradient, completely different from conventional diodes
that depend on the asymmetry of the system, such as p−n
junctions or metal−semiconductor interfaces with Schottky
barriers. (3) A flexoelectric diode does not require a complex
junction structure like a p−n junction. Our results show that
proper consideration of flexoelectricity would be required to
advance novel nanoelectronic functionality.
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