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Abstract

When scaling the lateral size of a ferroelectric random access memory (FeRAM) device down to
the nanometer range, the polarization switching-induced displacement current becomes small and
challenging to detect, which greatly limits the storage density of FERAM. Here, we report the
observation of significantly enhanced injection currents, much larger than typical switching
currents, induced by polarization switching in BiFeOs; thin films via conductive atomic force
microscopy. Interestingly, this injected current can be effectively modulated by applying
mechanical force. As the loading force increases from ~50 nN to ~750 nN, the magnitude of the
injected current increases and the critical voltage to trigger the current injection decreases.
Notably, changing the loading force by an order of magnitude increases the peak current by 2 — 3
orders of magnitude. The mechanically-boosted injected current could be useful for the
development of high-density FeERAM devices. The mechanical modulation of injected current may
be attributed to the mechanical force-induced changes in barrier height and width of the interfacial

layer.

1. Introduction

Ferroelectric random access memory (FeRAM) and other ferroelectric based non-volatile
memories in general, use electrically switchable polarization states to store binary bits of
information.!> FeRAM has attracted great interest because of its high endurance, fast read/write
speed, and low power consumption.®” However, commercial FeRAM devices still possess

relatively low memory densities due to scalability issues.!” One of the key factors limiting



scalability is that the polarization switching-induced displacement current can be too small to
detect when the cell area is very small (note: current is measured to characterize the polarization
state in FeRAM).!! To enhance the displacement current, ferroelectric materials with large
spontaneous polarizations (100-200 uC/cm?), such as BiFeOs (BFO), Pb(Zr,Ti)Os, and PbTiO3!*
14 can be employed. However, even with these materials, the enhancement in displacement current
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remains limited. For example, Kwon et al.”> measured a displacement current on the order of only

10 pA in a BFO nanocapacitor with a lateral diameter of 300 nm. However, such small currents do
not meet the requirement of high signal-to-noise ratio for a high-density memory device.'
Therefore, exploring alternative mechanisms that could boost the current associated with

polarization switching could have profound implications in terms of characterizing the polarization

state and in turn overcoming the FeRAM scalability issue.

Recently, Li et al. reported the observation of an injected current induced by polarization switching
in a Ga-doped BFO film with a 200-nm top electrode. Notably, the injected current was reported
to be more than two orders of magnitude larger than the displacement current (typically a few pA),
which provides a promising way to downscale FeRAM devices.!” Li et al. further revealed that the
injected current may originate from a polarization switching-induced change in the barrier height
of the non-ferroelectric interfacial layer (IL) existing between the electrode and the ferroelectric
layer. However, if the initial barrier height of the IL is very large, it can impede the charge transfer
and thus make the injected current much smaller than expected.!®?° One intuitive solution is a
careful engineering of the IL during the fabrication of the ferroelectric layer and the electrode,?!
which, however, makes the fabrication process tedious and error prone. In exploring an alternative
solution, Das et al. reported that the tunneling current across an ultrathin (11 unit cells) dielectric

film can be systematically modified by applying mechanical force with an atomic force microscope



(AFM) tip due to the flexoelectric control of the tunneling barrier profile.?? Since the IL of interest
in a ferroelectric film is essentially a several-unit-cell thick dielectric layer (see evidence in Ref.
[15]) of similar thickness as that in the work of Das et al., we propose that application of
mechanical force may be an effective approach to modulate the interfacial barrier and thus boost

the injected current in BFO films.

To demonstrate this idea, we use a ~50 nm BFO film as a model system and measure the current-
voltage (I—V) characteristics under different loading forces applied by an AFM tip. It is observed
that as the loading force increases, the magnitude of the injected current increases and the critical
voltage to trigger the current injection decreases alongside the coercive fields for switching.
Possible mechanisms are discussed in terms of the mechanical modulation of barrier height and

width of the IL.

2. Materials and Methods

Epitaxial BFO/Cag.96Ce0.04MnO3 (CCMO) bilayers were fabricated on LaAlO3 (LAO) (001)
substrates using pulsed laser deposition with a KrF excimer laser (A=248 nm). The target-to-
substrate distance was set at ~5.5 cm, and the laser fluence and repetition rate were fixed at
~0.63 J/cm? and 8 Hz, respectively. The CCMO electrode layer was first deposited at 680 °C and
then the temperature was increased to 700 °C for the growth of the BFO film. The oxygen pressure

was kept at 15 Pa during the growth of both CCMO and BFO films.

The crystal structures were examined by X-ray diffraction (XRD; PANalytical X'Pert PRO) and
transmission electron microscopy (TEM; Titan™ ETEM G2, Thermo Fisher Scientific). AFM and
piezoresponse force microscopy (PFM) images were recorded on a commercial AFM (Cypher,

Asylum Research). The PFM images were acquired using Dual AC™ Resonance Tracking mode



with 1.0 V AC voltage near the ~350 kHz resonance frequency.?? Band excitation piezoresponse
spectroscopy (BEPS)?* and conductive atomic force microscopy (C-AFM) were performed using
another commercial AFM (MFP-3D, Asylum Research). Unless otherwise specified, the loading
force for AFM, PFM, and C-AFM was ~100 nN, which was much lower than that required for the
structural phase transition (~400 nN). A National Instruments module controlled via a LabView
interface was used for BEPS measurements. Force—voltage characteristics were measured by
performing BEPS as a function of force (up to ~925 nN) applied to the sample surface via the AFM
tip. Forces ranging from ~50 to ~925 nN in increments of ~125 nN were applied. The DC voltages
(Vpc) were varied over 64 stepsas0 V—+10V—->0V — -10 V— 0 V in increments of 0.625 V,
while the AC voltage (Vac) was kept at 1.0 V and ~350 kHz. The resulting data were fitted to a
simple harmonic oscillator model using custom MATLAB scripts. For all AFM-based experiments,
conductive Pt/Ir coated probes (PPP-EFM, Nanosensors) with a spring constant of 2.0 + 0.2 N/m
(as calibrated via the Sader method®’) and a resonance frequency of ~77 kHz were used. The
deflection sensitivity (50.1 £ 0.1 nm/V) of the cantilever was determined by measuring 10 force-
distance curves on a glass slide. The loading force used in this work has an estimated error of ~10%

based on the spring constant and deflection sensitivity uncertainties.?® The voltage was defined to

be positive when the tip was positively biased.

3. Results and Discussion

The topography of a typical ~50 nm BFO film grown on the CCMO-buffered LAO substrate,
showing distinct features of the BFO mixed phases, is presented in Figure 1a. Specifically, the flat
regions are attributed to the tetragonal-like (T”) phase while the stripe-like regions correspond to

the mixed T’ and rhombohedral-like (R”) phases. These topographic features are consistent with



those of previously reported mixed-phase BFO films grown on the LAO substrates.?” When grown
on the CCMO-buffered LAO substrate, the BFO film is subjected to a large compressive strain of
4.3% (note: the in-plane lattice constants of bulk BFO, CCMO, and LAO are ~3.96 A, ~3.77 A,
and ~3.79 A, respectively).?® The large compressive strain can induce the formation of the T’ phase.
As the film grows thicker (~50 nm for our BFO film), the strain relaxes and hence the R’ phase,
which is more stable than the T’ phase in the bulk form, is formed.?*: 3° The existence of mixed T’
and R’ phases can also be evidenced by the XRD and TEM results (see Figure S1 and S2), which
display characteristic (00/) diffraction peaks from both T” and R’ phases of BFO and display as

bright (T”) and dark (R’) in Figure S2 (a). A mixed-phase BFO film was used in this work in order

to show the universality of the mechanical modulation of current injection in different phases.

Figure 1. (a) Topography and vertical PFM (b) amplitude and (c) phase images after poling the
mixed-phase BFO film grown on a CCMO-buffered LAO substrate with +8 V (left box) and -8

V (right box).

Vertical PFM amplitude and phase images were measured after poling the BFO film with +8 V
and -8 V applied to the left and right boxes (1.5 um x 3 um), respectively. As seen in Figure 1b, c,
the +8 V-poled regions show ~180° phase contrast and domain walls are observed at the boundaries

of the -8 V-poled region, indicating that the domains in the 8 V-poled regions are aligned in the



opposite out-of-plane directions. In addition, it is deduced that the as-grown region has a

downward polarization.
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Figure 2. Vertical PFM (a, b) phase images after poling with tip biases of (a) -4/+2 V and (b) -
5/+43 V and gradually increasing the loading force. The poled regions are the same as those in
Figure. 1b, c. (c) Average phase hysteresis loop under different loading forces obtained from BEPS
measurements on 5 X 5 grids and (d) the coercive voltages (Vc) obtained from c. Blue and green

dashed lines in d indicate the applied voltages in a and b, respectively.

It has been reported that the mechanical force loading on a ferroelectric film can greatly influence
domain switching.?!: 3 Therefore, the switching behavior of our BFO film needs to be further
studied considering the effects of both electric field and mechanical force. First, the +8 V and -8
V-poled regions (as shown in Figure 1c¢) were re-poled with tip biases of -4 V and +2 V, which

were less than the negative and positive coercive voltages under ~100 nN, respectively, based on



our preliminary measurements. As the tip was scanned from bottom to top, the loading force was
increased from ~100 nN to ~900 nN in increments of ~100 nN every ~330 nm. The applied forces
were determined by the product of the spring constant, deflection sensitivity, and tip deflection
(see details in Methods and Materials). Then, the resultant PFM phase images were measured, as
shown in Figure 2a. At the tip bias of -4 V, no 180° domain (out of plane) switching occurs when
the applied force is lower than ~900 nN, but the domains can be fully switched when the applied
force reaches ~900 nN. By contrast, at the tip bias of +2 V, only partial domain switching occurs
even when the applied force reaches ~900 nN. Next, the tip biases were increased from -4/+2 V to
-5/+3 V, respectively, and similar measurements were repeated. As shown in Figure 2b, the tip bias
of -5 V (+3 V) can fully switch the domains at the applied force of ~200 nN (~700 nN). These
results demonstrate that both positive and negative voltages required for downward and upward

domain switching, respectively, decrease with increasing loading force.

To further investigate the effect of loading force on the domain switching, BEPS measurements
with applied forces ranging from ~50 nN to ~925 nN were performed on 5 x 5 grids in the as-
grown regions of the film. The resultant topography and PFM images after BEPS measurements,
shown in Figure S3, demonstrate that no surface damage occurs even under ~925 nN. Figure 2c
shows the average hysteresis loops, which become narrower as the loading force increases. Despite
the presence of a large compressive strain, which typically leads to an upward polarization, we
observe imprint favoring a downward polarization. The asymmetry of the £Vc might then be
associated with built-in fields associated with ferroelectric/electrode interfaces.!” ** The decrease
in both positive and negative coercive voltages (determined in Figure S3) with increasing loading
force is apparent in Figure 2d. One can also see from Figure 2d that at the critical voltage of -5 V

(+3 V), the domain switching occurs when the loading force reaches ~140 nN (~650 nN),



consistent with the results shown in Figure 2b. It is therefore confirmed that increasing mechanical
force can decrease both positive and negative coercive voltages. At first glance, this result seems
similar to previous reports on mechanically-induced flexoelectric effect inn ferroelectric films.3"
32,3436 However, a different observation based on phase-field modeling of the flexoelectric effect
was reported previously, namely, that the positive coercive voltage decreased while the negative
coercive voltage increased with increasing mechanical force.?” The apparent discrepancy between
our findings and previously reported observations suggests that mechanisms besides the

flexoelectric effect may arise in our BFO film, as discussed later.
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Figure 3. (a) Typical /-V curve measured under the loading force of 750 nN and corresponding
PFM phase loop. I—V curves measured with (b)) 0OV —-+8V - 0Vand (c)0V—->-8V -0V
for four sequential cycles (absolute current is shown). Insets in b and ¢ show the sequence of the
applied voltage. Black and red arrows represent the voltage sweep direction for current and phase,

respectively.

While the mechanical force influences the domain switching significantly, the question remains
whether it can also modulate the conduction behavior. We therefore investigated the -V
characteristics by locating the tip on the as-grown film with different loading forces. Figure 3a

presents the typical /—J curve under a ~750 nN loading force. One can clearly observe two current



peaks located at -4 V and +2.5 V, respectively. These voltages coincide with the coercive voltages,
as shown in Figure 3a, suggesting the current peaks are related to the polarization switching.'?
However, the current peak at -6 V represents typical leakage behavior and is not directly relevant

to the polarization switching.?®

To further distinguish whether a current peak is related to the polarization switching or not,
unipolar voltage sweeps were applied with the same 750 nN loading force. Figure 3b shows the
I—V curves measured with 0 V — +8 V — 0 V for four sequential cycles. Prior to the first cycle,
a preset pulse (-8 V, 4 s) was applied to switch the polarization to the upward direction. Only the
black /—V curve, i.e., the first cycle, presents a large current peak at +3 V while the other three
subsequent cycles show no current peaks. For the unipolar negative voltage sweeps (see Figure
3c¢), the current peak at -4.5 V appears only in the first cycle, a behavior similar to that of the
current peak at +3 V. However, there is another current peak at -8 V, which appears in every cycle.
Because the polarization switching occurs only in the first cycle and the voltages of +3 V and -4.5
V are close to the coercive voltages, the two current peaks at +3 V and -4.5 V are thus confirmed
to be polarization switching-related. It is also known that the leakage current exists in every cycle;
therefore, the current peak at -8 V is attributed to leakage current and is not directly relevant to the

polarization switching.

To further understand the nature of the current peak at the vicinity of coercive voltage, the nominal
polarization is calculated by integrating the current over time in the peak region (note: the leakage
current was deducted using a positive up — negative down (PUND) method; see Figure S4). The
calculated nominal polarizations are 979 mC/cm? and 212 mC/cm? for the positive and negative
switching, respectively, assuming a contact area with a radius of 25 nm. These nominal

polarization values are four orders of magnitude larger than the polarizations of BFO (~60 uC/cm?

10



and ~130 puC/cm? for the R> and T’ phases, respectively).’® 4° Therefore, the polarization
switching-induced displacement current can be excluded as the major origin for the current peak
observed in our BFO film. Some previous works reported that band alignment can be modified by
polarization, leading to non-volatile resistive switching where the modified resistance state can
persist even after the completion of polarization switching.*! However, here we observe that the
current is enhanced only during the polarization switching while it drops significantly after the
completion of polarization switching. Besides, the tip force-mediated migration of oxygen
vacancies can also be excluded from the observed result because the low resistance state (LRS)
turns into high resistance state (HRS) quickly with increasing voltage at the same voltage polarity
instead of maintaining the LRS until the reverse migration of oxygen vacancies occurs at the
opposite voltage polarity. The origin for the presence of current peak during polarization switching
may thus be attributed to the polarization switching-induced injected current as observed by Li et
al.!” In brief, during the polarization switching, the polarization charge can temporally induce a
large electric field at the ferroelectric/electrode interface (several MV/cm),*> which reduces the
barrier height and triggers a significant charge injection. Subsequently, some of the injected charge
carriers may become trapped at the interface and screen the polarization charge. This can restore
the barrier height and in turn result in the decrease of current.?° A current peak is therefore formed
owing to the polarization switching-induced charge injection followed by charge trapping. This
charge injection-mediated mechanism is supported by the observation of higher current peak with

increasing voltage sweep rate in Figure S5.
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Figure 4. Typical /—V curves measured with (a) increasing and (d) decreasing loading forces on
the BFO film. (b, ) /—V curves in the positive voltage region from a and d, respectively. (c)
Nominal polarization (Pnominal) and (f) voltage corresponding to the current peak (Vpeak) as a
function of loading force. The insets in (b, €) show the /- curves at low forces in the green dashed

area; the red arrows indicate the order in which the forces are applied. The legends in (b, €) are the

same as those in (a, d).

We now focus on the modulation of observed injection currents via control of the mechanical force.
We measured a series of /—V curves with the loading force increasing from ~50 nN to ~750 nN
(Figure 4a). As the negative branches of the /—V curves are significantly affected by the leakage
currents, only the positive branches will be further analyzed (see Figure 4b). The current peak is
weak under a small loading force and increases with increasing loading force. After the loading
force reached ~750 nN, it was gradually reduced to ~50 nN and the corresponding /—V curves

were measured to test the reversibility of the mechanical modulation. As shown in Figure 4d, e,
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the current peak gradually reduces as the loading force decreases from ~750 nN to ~50 nN. The
nominal polarizations under different loading forces are plotted in Figure 4c. The nominal
polarization increases (decreases) with increasing (decreasing) loading force, and it reaches a
maximum value of ~89 mC/cm? under the loading force of ~750 nN. The difference (around an
order of magnitude) between this nominal polarization value and that in Figure 3 may be due to
film inhomogeneity or a decrease in the actual contact area. In addition, Figure 4b, e also show
that as the loading force increases (decreases) the current peak shifts systematically leftward
(rightward) along the voltage axis, signifying the decrease (increase) of the voltage to trigger the
current injection (i.e., Vpeak in Figure 4f). This trend for Vpeak is similar to that of the coercive
voltage (see Figure 2d), further verifying the correlation between the current peak and the
polarization switching. It is noteworthy that the mechanical modulation of the current peak can be
observed in both T’-phase and mixed-phase regions, demonstrating the universality of this
phenomenon (see Figure S6). The current peak increases with increasing force well below 400 nN
(the threshold force of stress-mediated phase transitions) and the absence of current peak in the I-
V curves of unipolar cycles 2—-4 at 750 nN (where such transitions could occur) in Figure 3b-c
indicates that stress-mediated phase changes are not the driving mechanism for the enhancement
of mechanically-enhanced switching currents in our studies. Moreover, Figure S7 demonstrates
that the enhancement of the current peak with increasing loading force is unlikely to be caused by
the contact area change as the leakage current does not vary with the same trend as the current
peak. In addition, the current peaks remain relatively stable after switching the device for 50000
cycles using alternating 6 V and -6 V pulses (pulse width: 0.5 ms) under a high loading force of

750 nN, demonstrating good endurance of polarization switching and associated current injection.
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Figure 5. Schematic illustrations of the mechanism for the mechanical modulation of current
injection in a ferroelectric film. Energy band diagrams of the metal-coated tip/interfacial layer
(IL)/ferroelectric (FE) structure at a positive tip bias under (a) weak and (b) strong loading forces
(solid black arrows). The orange and blue arrows indicate tunneling and thermionic emission,
respectively. The purple arrows indicate flexoelectric polarization while the arrows with black

outlines indicate ferroelectric polarization (Figure S8).

The above results demonstrate that applying mechanical force can enhance the current peak as
well as reduce Vpeak. The mechanism may be illustrated by the schematic model shown in Figure
5. When the applied loading force is small, the effective barrier height of the IL between the tip
and the BFO film is relatively high. Thus, the current flowing across the barrier, either by
thermionic emission or tunneling, is low. When the loading force becomes large, the effective
barrier height may be reduced due to the flexoelectric effect.? On the other hand, the large loading
force can also squeeze the interface layer (a rough estimation of the squeezed width is given in the

supporting information), which is directly under the tip, as calculated by the finite element method,
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effectively narrowing the barrier width.’!" ¥ Both reduced barrier height and narrowed barrier
width can contribute to the enhanced current. In addition, the narrowed barrier width may reduce
the voltage dropped across the IL, and thus, the actual voltage across the ferroelectric layer may
increase. This can be supported by the observation of the increase of amplitude response with
loading force (Figure S3h).** In addition, the mechanical force may flatten the energy barrier
between two polarization states and thus result in a reduced coercive voltage. Therefore, a smaller
applied voltage can trigger the polarization switching and associated current injection, thus

reducing Vpeak.

4. Conclusion

The I-V characteristics of epitaxial BFO thin films on CCMO-buffered substrates were measured
using C-AFM. Current peaks located at the vicinity of the coercive voltages were observed, and
they were demonstrated to be the polarization switching-induced injected currents. We applied
different mechanical forces via the AFM tip to modulate the current peak. By increasing the
loading force, the current peak becomes higher and the voltage to trigger the current peak decreases,
which may be explained by the reduced barrier height and narrowed barrier width. We have
therefore demonstrated an effective approach, i.e., applying mechanical force, to modulate the
polarization switching-induced injected current. Since this injected current can be modulated to be
many orders of magnitude larger than the displacement current, our finding may thus benefit the

development of high-density FeRAM devices.
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I. Supplementary figures
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Figure S1. XRD 6-26 scan of the BFO/CCMO/LAOQ epitaxial thin film. The peaks at ~19.2° and

~22.3° correspond to the T’ and R’ phases, respectively. The other two unmarked peaks at ~20.3°

and ~21.2° may correspond to two transitional monoclinic phases that emerge along with the
transition from the T’ phase to the R’ phase.

50

Figure S2. (a) Dark-field TEM image of the cross-sectional area of a mixed phase region in a BFO
thin film on a CCMO-buffered (001) LAO substrate. High resolution bright-field TEM images of
the cross-section of (b) the BFO top surface (top interface layer (IL) is in between Pt and BFO
layers) and (c) the BFO bottom surface (bottom IL is in between BFO and CCMO layers). Both
top and bottom ILs are ~1 nm and the CCMO layer is ~10 nm from the TEM images.
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Figure S3. (a, d) Topography and PFM (b, c) amplitude and (c, f) phase images (a—c) before and
(d—f) after BEPS measurements. Force was increased from 50 nN to 925 nN and back in 125 nN
nm steps. DC voltages of 0V — +10V -0V — -10 V — 0 V in 0.625 V steps were applied at
each applied force along with an AC voltage of 1 V. Comparing (a) and (d), no topography damage
is observed after application of force. The PFM amplitude and phase images in (e) and (f),
respectively, show domain switching after BEPS measurements. Averaged (g) phase and (h)
amplitude hysteresis loops of 25 points (5 x 5 grids) at each applied force from 50 nN to 925 nN.
The coercive voltages are determined from (g) at the intersects of the loops on the -90-degree axis
(gray dashed line). The legends in (g) apply also to (h). The changes in the nose-like features
arising in amplitude loops, that could be related to stress-induced phases transitions or ferroelastic
wall motion, are relatively small enough to suggest that the contribution of such transitions to the
overall hysteresis behavior (and particularly the coercive voltages) is relatively minor.
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Figure S4. (a) Modified positive up—negative down (PUND) waveform. (b) The currents measured
in the positive, up, negative, and down pulses are denoted as Ip, lu, In, and Ip, respectively. (c) I-
V curves of Ip—ly and In—Ip, which were used to calculate the positive and negative nominal
polarizations, respectively. Note that only the current in the peak region was integrated over time
to calculate the nominal polarization, while the leakage current, which was not fully deducted by
the PUND method (see red dashed circle), was manually excluded in the calculation. The whole
cycle including 2000 points and the duration of each pulse is 2 ms. A contact area having a 25 nm
radius is assumed (tip radius is ~25 nm); the nominal polarization is 2—-3 orders of magnitude
higher than the polarization of BFO even if the contact radius is 100 nm.
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Figure S5. I-V curves measured with different voltage sweep rates at 750 nN.
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Figure S6. 1-V curves with increasing loading forces in (a) a mixed-phase region and (b) a T’-
phase region. In both regions, the current peak increases and shifts to lower voltage with increasing
loading force. Though the phase can change from T’ to R’ above a certain force (~400 nN), a
similar trend is observed in both locations.
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Figure S7. 1-V curves with increasing loading force in one location. As the loading force increases
from 900 nN to 1050 nN, the current peak becomes higher while the leakage current does not.
Even though the leakage current at 900 nN is higher than at 100 nN, the current peak enhancement
is much larger than that of the leakage current. Therefore, the enhancement of the current peak
cannot be simply explained by the contact area change.
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Figure S8. I—V curves measured following cycling. Alternating 6 V and -6 V pulses (pulse width:
0.5 ms) were applied to switch the BFO film at 750 nN and the I-V curves were recorded after the
specified number of cycles. The current peaks remain relatively stable after 50,000 cycles,
demonstrating good endurance of polarization switching and associated current injection.

I1. Estimation of the width change of the interface layer
A rough estimation is performed with the following equations and parameters:

=3 (1)
o=2 0
g =" 3)

with a loading force (F) of 1000 nN, a contact area (A) radius of 25 nm (i.e., the tip radius), and a
Young’s modulus (E) of 100 GPa. 2 The estimated compressive strain (g) is 0.005. With the BFO
thickness (L) of ~50 nm extracted from the TEM image (Figure S2), the estimated width change
(4r) of the IL is around 0.25 nm. However, because the tip typically has a spherical shape, the
applied pressure could be higher. Thus, a width change of 0.25 nm is a conservative lower limit.
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