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A Room-Temperature Ferroelectric Resonant Tunneling Diode

Zhijun Ma, Qi Zhang, Lingling Tao, Yihao Wang, Daniel Sando, Jinling Zhou, Yizhong Guo,
Michael Lord, Peng Zhou, Yongqi Ruan, Zhiwei Wang, Alex Hamilton, Alexei Gruverman,
Evgeny Y. Tsymbal, Tianjin Zhang,* and Nagarajan Valanoor*

Resonant tunneling is a quantum-mechanical effect in which electron trans-
port is controlled by the discrete energy levels within a quantum-well (QW)
structure. A ferroelectric resonant tunneling diode (RTD) exploits the switch-

able electric polarization state of the QW barrier to tune the device resistance.

Here, the discovery of robust room-temperature ferroelectric-modulated
resonant tunneling and negative differential resistance (NDR) behaviors in
all-perovskite-oxide BaTiO3/SrRuO;/BaTiO3; QW structures is reported. The
resonant current amplitude and voltage are tunable by the switchable polari-
zation of the BaTiO; ferroelectric with the NDR ratio modulated by =3 orders
of magnitude and an OFF/ON resistance ratio exceeding a factor of 2 x 10*
The observed NDR effect is explained an energy bandgap between Ru-t,; and

nificant attention as functional high-speed
devices and circuits for applications in
radio-frequency communications and
spintronics.>]  Resonant tunneling is
often accompanied by negative differen-
tial resistance (NDR), which represents a
decrease in the electric current resulting
from the alignment and subsequent mis-
alignment of the injection and QW energy
levels under increasing bias. It could be
argued that resonant tunneling and NDR
effects are among the most fascinating
features of RTDs, from the perspective of
both fundamental physics and nanoelec-

Ru-e; orbitals driven by electron—electron correlations, as follows from den-

tronic device applications.[®-]

sity functional theory calculations. This study paves the way for ferroelectric- To date, room-temperature resonant

based quantum-tunneling devices in future oxide electronics.

1. Introduction

A potential well sandwiched between two potential barriers is
called a quantum-well (QW) structure. An increased probability
of electron tunneling occurs when the electron injection energy
aligns with a discrete energy level within the well. This phe-
nomenon, known as resonant tunneling, is exploited in reso-
nant tunneling diodes (RTDs).[

Since the first observation of resonant tunneling in double-
barrier structures by Chang et al.,”l RTDs have attracted sig-

tunneling and accompanying NDR have

predominantly been studied in Si-based

or III-V compound semiconductors.>®

As the demand for faster and more com-

pact electronic devices pushes these conventional technologies

toward their physical limits, novel material platforms such as

complex oxides and 2D materials are now gaining significant
attention.[1%

Complex oxide materials have long been known to possess

a rich variety of physical properties such as ferroelectricity,

colossal magnetoresistance, multiferroicity, a quantum Hall

effect, and superconductivity."3 The rapid advances in the

development of layer-by-layer oxide heteroepitaxy of the past

several decades has enabled fabrication of atomically perfect
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all-oxide heterostructures with ultrathin tunneling barriers.*¥

Despite these developments, investigation of the resonant tun-
neling behavior in complex oxide-based QW structures is still
at a nascent stage. Recently, NDR was experimentally realized
at cryogenic temperatures in a QW superlattice designed by
inserting atomically thin LaTiO; (LTO) between SrTiO; (STO)
barrier layers. In another study, strong quantum oscilla-
tions of electrical conductance were observed in Lay;Sry3MnOs
(LSMO)/BaTiO; (BTO)/LSMO multiferroic tunnel junctions
(MFTJs) below 100 K and attributed to charged domain wall-
assisted resonant tunneling.”l These results point to the prom-
ising functional properties of RTDs based on complex oxides.

Simultaneously, the various demonstrations of robust fer-
roelectricity down to a few unit cells at room temperaturel®l
in the past decade triggered the quantum era of ferroelectrics.
The perspective by Tsymbal and Kohlstedt!"! ushered in the era
of the ferroelectric tunnel junctions (FTJs)*20-22l and related
tunneling electro-resistance (TER) effects.?3-2¢1 Furthermore,
various emergent properties have been combined in com-
plex oxide-based tunnel junctions to result in multifunctional
devices. For example, MFTJs with a ferroelectric barrier sand-
wiched between two ferromagnetic electrodes can provide the
combined functionalities of magnetic tunnel junctions (MTJs)
and FTTJs, useful in multilevel memories and electric-field-con-
trolled spintronics.[%”28]

These advances bring us to a unique crossroads—can we
exploit the intriguing interplay between electron tunneling
and ferroelectric polarization?*3! to modulate resonant tun-
neling at room temperature? That is, if ferroelectricity is com-
bined with the QW structure, can the ferroelectric polarization
switchable by an applied electric field control the QW energy
levels? This would bring an unprecedented set of advantages,
including a robust signal-to-noise ratio at room temperature,
and the possibility (in the case of a multiferroic barrier) to use
external magnetic fields to modulate the resonant tunneling
behavior.l'l Previous work by Wu et al. has demonstrated fer-
roelectric modulation of resonant tunneling in LaAlO; (LAO)/
BTO/LAO structures. Their design used the ferroelectric BTO
as the QW, which has a bandgap of similar order as the bar-
rier.3?l In contrast, the use of a metallic (i.e., lacking a distinct
bandgapl*®l) perovskite oxide such as StTRuO; (SRO) as the QW,
one could expect a significantly enhanced modulation effect of
resonant tunneling.

Here, we demonstrate room-temperature polarization-con-
trolled resonant tunneling and NDR in all-perovskite-oxide
BTO/SRO/BTO heterostructures. Our density functional theory
(DFT) calculations show that the observed NDR behavior can be
explained by a bandgap between excited Ru-ty, and Ru-e, states
induced by electron—electron correlations. The NDR displays
three key characteristics that can be exploited in electronic
devices. First, once the ferroelectric polarization is “SET” with a
fixed voltage, the resonant voltage scales directly with the magni-
tude of a “WRITE” voltage. The current ratio can then be modu-
lated by up to 3 orders of magnitude depending on the chosen
“SET” and “WRITE” voltage bias combinations. Second, the
magnitude of the peak current can be controlled by the “SET”
direction of polarization. Finally, we show that the NDR behavior
is maintained for thicker SRO well widths (up to 4.5 nm) and
that a large OFF/ON ratio over 20 000 can be obtained.
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2. Results and Discussion

Epitaxial BTO/SRO/BTO heterostructures were grown by
pulsed laser deposition onto (001) Nb-doped STO (NSTO) sub-
strates (see Experimental Sections). The RTD devices are com-
pleted by the growth of Pt top electrodes (100 um in diameter).
The film configuration and atomic structure of the BTO/SRO/
BTO RTDs are sketched in Figure 1a. The thickness of each
BTO layer is 3.5 nm, while the thickness of SRO is varied from
1.5 to 4.5 nm. X-ray diffraction (XRD) characterization con-
firms single orientation, epitaxial films with no parasitic phases
(Figures S1 and S2, Supporting Information). Figure 1b pre-
sents a cross-sectional scanning transmission electron micros-
copy (STEM) image of a representative BTO (3.5 nm)/SRO
(3 nm)/BTO (3.5 nm) heterostructure. Clean interfaces are
observed, suggesting good film quality and homogeneous layer
thicknesses. Using the NSTO substrate as reference (ansto =
3.905 A), the lattice parameters of BTO and SRO were extracted
(Table 1). Both the bottom (with in-plane lattice parameter
agro_1 = 3.90 A) and top (agro_» = 3.95 A) BTO layers are subject
to significant in-plane compressive strain (compared to bulk
BTO with agro pui = 3.99 A; ref. [34]). As a consequence, the
out-of-plane lattice parameter is elongated, with bottom cgro 1 =
4.19 A and top cgro 5 = 4.06 A, respectively. Regarding the SRO
layer, we find that it grows with an orthorhombic structure
in the (110), orientation. The lattice spacings are found to be
asro = 5.53 A and bgpo = 5.57 A, consistent with the reported
epitaxially constrained lattice parameters of SRO thin films in
the Pbnm space groupl® (measurement details in Figure S3,
Supporting Information). The importance of this orthorhombic
SRO in the QW structure is discussed in Figure 2.

Scanning probe microscopy was used to inspect the sur-
face quality and ferroelectric switching. Atomic force micros-
copy (AFM) topography images of BTO/SRO (3 nm)/BTO
film reveal that the heterostructure has smooth surfaces (root
mean square roughness of 350 pm) without pinholes or large
particles (Figure S4a, Supporting Information). The butterfly-
shaped switching spectroscopy piezoresponse force microscopy
(SS-PFM) amplitude and square phase hysteresis loops (Figure S4b,
Supporting Information) demonstrate robust ferroelectric
switching. Moreover, piezoresponse force microscopy (PFM)
phase and amplitude images of box-in-box poling domain pat-
terns in Figure S4c,d (Supporting Information) further confirm
the ferroelectric nature of the QW structure.

Having confirmed that the QW heterostructures are fabri-
cated with atomically sharp interfaces and demonstrate robust
ferroelectricity, we now discuss the transport characteristics.
The pulse train used for the current-voltage (I-V) measure-
ments is shown in Figure lc. Figure 1d presents the obtained
I-V response for a BTO/SRO/BTO RTD for the voltage pulse
range between 4 V for a 1.5 nm-thick SRO well. Reproducible
NDR behavior is observed for the positive bias direction. The
absence of a peak in the negative bias direction may be attrib-
uted to the large current level which hinders the observation of
an NDR effect."”

The smooth NDR peaks in our -V curves are in contrast
with the abrupt shaped curves reported for various complex
oxide junction structures.3°-38 Given the present QW design
structure, a smooth NDR peak is expected to be the hallmark

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Device structure and NDR behavior of BTO/SRO/BTO RTDs. a) Schematic of the BTO/SRO/BTO RTD configuration. b) Cross-sectional
STEM of a BTO (3.5 nm)/SRO (3 nm)/BTO (3.5 nm) RTD and fast Fourier transform (FFT) patterns of each layer. The image is observed along the
NSTO [010] zone axis. c) Pulse profile for I-V measurements. d) I-V curves of Pt/BTO (3.5 nm)/SRO (1.5 nm)/BTO (3.5 nm)/NSTO RTD and Pt/BTO
(3.5 nm)/NSTO heterostructure. e) Temperature-dependent and f) pulse-width-dependent |-V characteristics of BTO (3.5 nm)/SRO (1.5 nm)/BTO

(3.5 nm) RTDs. The arrows indicate the direction of the voltage sweep.

of resonant tunneling.™ Confirmation of this hypothesis was
obtained by measuring -V curves on a reference Pt/BTO
(3.5 nm)/NSTO single-barrier junction. As shown in the blue
data points in Figure 1d, in this reference sample the current
exhibits a rectification effect, showing no evidence of NDR.
Figure le shows temperature dependence [-V of the same
device which reveals a resonant tunneling feature for all tem-
peratures. On the whole, the resonant tunneling peak cur-
rent level increases as temperature decreases, which is more
obvious in the negative voltage region (detail in Figure S5, Sup-
porting Information). Such temperature-dependent increase of
the current can be ascribed to the enhanced carrier mobility at
low temperatures. In addition, to rule out the possibility that

Table 1. Lattice parameters of the BTO (3.5 nm)/SRO (3 nm)/BTO
(3.5 nm) heterostructure.

Materials a (A) corb (A)
Top BTO layer (pseudocubic) 3.95%0.02 4.06 +0.03(c)
Bottom BTO layer (pseudocubic) 3.90 £0.02 4.19+0.02(c)
NSTO substrate 3.905 3.905(c)
SRO layer (pseudocubic) 3.91+0.02 3.94 £ 0.04(c)
SRO layer (orthorhombic, Pbnm) 5.53+0.04 5.57 +£0.05(b)
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the NDR effect might be an interface trapping effect, fast pulses
without delay have been used to study the frequency dependent
I-V behavior of an RTD. The step of the applied voltage is
reduced to 20 from 100 mV used in previous measurements.
As shown in Figure 1f, the NDR effect can be clearly observed
with the pulse width reduced to 10 ns. Most notably, the curves
are nearly independent of the pulse width. Therefore, we can
furthur confirm that the NDR effect origins from the RT effect.

For practical RTD devices, a small tunnel lifetime (7) of elec-
trons on the resonant states helps to speed up the transport and
relaxation processes.’”) The tunnel lifetime 7, defined as 7 =
h/2AE, where h is the reduced Planck's constant and AE the
half width at half maximum of the resonant peak, is found to be
an average value of 0.47 fs for the BTO/SRO/BTO RTD shown
in Figure 1d. This value is orders of magnitude smaller than
that obtained in semiconductor QWs“l and superior to the life-
time (=0.7 fs) obtained in a quantum oxide superlattice.”

To explain the origins of the NDR behavior, we performed
DFT calculations (see Experimental Sections), specifically
considering the band structure and band alignment within
the SRO QW. Bulk SRO crystallizes in an orthorhombic
structure in the Pbnm space group.*!l (Figure 2a). Figure 2b
shows the orbital-projected density of states (PDOS) of bulk
SRO from generalized gradient correction (GGA)* plus

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Results of density functional theory calculations. a) Atomic structure of orthorhombic SRO (space group Pbnm). b) Projected density of
states (PDOS) onto Ru-t,; and Ru-e, orbitals for different Hubbard-U corrections. The vertical dashed line denotes the position of the Fermi energy.
¢,d) Schematic band alignment for the Pt/BTO/SRO/BTO/NSTO QW structure under zero bias (c) and finite bias (d).

Hubbard-U correction on the Ru-4d orbital, reflecting the
effect of the on-site electron—electron Coulomb repulsion. Con-
sistent with previous results,[l we find that the Ru-t,; bands
dominate around the Fermi energy while the Ru-e, bands lie
above the Fermi energy. The Hubbard- U correction pushes the
Ru-e, bands up in energy, while the Ru-t,, bands become more
localized. This leads to the opening of a bandgap between the
Ru-t,, and Ru-e, states above the Fermi energy due to electron—
electron correlations.

The presence of the bandgap in the spectrum of excited states
of SRO plays a key role in the observed NDR effect. Figure 2c
shows the schematic band alignment in the QW structure. With
small applied bias voltage, electron tunneling between the NSTO
and Pt electrodes occurs through the confined Ru-t,, states in
the bandgap of BTO. When the applied (positive) bias increases,
the narrowly populated NSTO band moves up in energy scan-
ning through the Ru-t,, states eventually reaching the top of
the Ru-t,, band. At this bias, the shallow NSTO band enters
the bandgap between Ru-t,, and Ru-e, states (Figure 2d), and
the SRO layer acts as an additional barrier, resulting in the cur-
rent drop and hence the NDR effect. We thus conclude that the
bandgap between Ru-t,, and Ru-e, states driven by electron—elec-
tron correlations is responsible for the observed NDR effect in
this Pt/BTO/SRO/BTO/NSTO QW structure.

Having explained the origin of the NDR effect in our RTDs, we
next demonstrate modulation of the resonant tunneling behavior
of the QW structures as a function of up and down “SET” ferro-
electric polarization directions. The corresponding pulse profiles
for each “SET” direction are illustrated in Figure 3a,b.

For both cases, a smooth NDR peak is observed (Figure 3c,d),
implying that RT occurs for both polarization directions. This

Adv. Mater. 2022, 2205359 2205359 (4 of 8)

observation is repeatable on multiple devices (statistics given
in Figure S6, Supporting Information), and the RTDs exhibit
good retention and fatigue performance (Figure S7, Supporting
Information). Following a fixed positive “SET” pulse (+6 V),
the resonant peaks show two pronounced effects (Figure 3c)
with increasing “WRITE” voltage. Both the peak current mag-
nitude and the resonance voltage systematically increase when
the “WRITE” voltage is changed progressively from —3.5 V to
—5 V. Note that no resonant peak is observed for smaller pulse
height of -2 to =3 V. In contrast, using a negative “SET” voltage
pulse of —6 V yields the opposite behavior (Figure 3d). Here,
the first resonance peak is observed at +2 V “WRITE” voltage
and the peak shifts to higher values, eventually vanishing. This
behavior is summarized in Figure 3e, where the peak current
and voltages are plotted as a function of “WRITE” voltage, dem-
onstrating unequivocal ferroelectric tuning of the RT. We find
that the resonance peak current magnitude and voltage are tun-
able (by a factor of 3 and 1.5, respectively) by changing both
magnitude and direction of the polarization.

These trends in the polarization-modulated -V charac-
teristics can be fully captured in a single current ratio plot
(Figure 3f). Here, the current ratios for “WRITE” voltages of the
same magnitude but opposite polarity are presented as a func-
tion of increasing positive “READ” bias. The shape of each pair
of the current ratio plots is a direct reflection of how the current
transport occurs for each individual “WRITE” magnitude.

For instance, no resonance peak is observed at negative -2 V
“WRITE” voltage (Figure 3c), whilst at +2 V “WRITE” voltage,
the peak appears at +2.5 V “READ” bias (Figure 3d). Hence
for small “WRITE” voltage magnitudes (i.e., 2 V), the cur-
rent ratio is the highest. The current ratio decreases smoothly,

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Ferroelectric polarization modulated RT behavior of a BTO (3.5 nm)/SRO (1.5 nm)/BTO (3.5 nm) RTD. a,b) Pulse profiles for |-V meas-
urements with positive and negative “SET” bias, respectively. ¢,d) -V curves for different “WRITE” pulse amplitudes corresponding to (a) and (b),
respectively. In (c), BTO films were “SET” by a +6 V pulse followed by a negative “WRITE” voltage pulse (-2 to —5 V) before each measurement. In
(d), BTO films were “SET” by a —6 V pulse followed by a positive “WRITE” voltage pulse (+2 to +4 V) before each measurement. The arrows in (c) and
(d) indicate the peak current. e) Peak current (circle) and peak voltage (square) as a function of “WRITE” voltage. The filled data points correspond
to positive “SET” voltage and negative “WRITE” voltage, and vice versa for the open data points. f) Current ratio between different polarization state
caused by first two pulses in (c) and (d). In the legend, the positive and negative voltages correspond to the “WRITE” voltage in (d) and (c), respectively.

eventually converging to a value of 1, with increasing bias.
This is attributed to two counter effects: first, for the positive
“WRITE” pulse, the current decreases following the resonant
tunneling peak, and second, for the negative “WRITE” pulse,
the current magnitude steadily increases.

For higher values of “WRITE” voltage (e.g., +3 V/-3 V),
the shape of the current ratio curve dramatically changes. For
the positive “WRITE” voltage, a clear peak in the current pro-
file is observed at +3.0 V “READ” bias (Figure 3d), while for
the negative “WRITE” voltage, there is just a smooth increase
(Figure 3c). As a result, the corresponding current ratio plot in
Figure 3f mirrors this rise and fall, with the peak being less
pronounced.

Adv. Mater. 2022, 2205359 2205359 (5 of 8)

On the other hand, the current ratios for the highest
“WRITE” voltages show an almost reverse trend. This is attrib-
uted to the fact that the resonance peak appears for the negative
“WRITE” voltages and is subdued or non-existent for positive
“WRITE” voltages. Taken together, this explains the lenticular
shape of the current ratios in Figure 3f, which unequivocally
demonstrates the NDR ratio within the same junction can be
modulated over nearly three orders of magnitude simply by
varying the “SET” and “WRITE” voltages.

The microscopic origins of the observed NDR phenomena
in terms of nanoscale domain structures and associated
conductivity changes within the ferroelectric have been studied
using a combination of PFM/conductive AFM (CAFM) scans.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Charge distribution and energy-band diagrams at zero bias and potential well width modulated RT behavior and resistance. a,b) Charge distri-
bution and energy-band diagrams for ferroelectric polarization pointing to Pt top electrode and to bottom NSTO, respectively. The “plus” and “minus”
symbols represent positive and negative bound charges, respectively. The “circled plus” and “circled minus” symbols in NSTO represent ionized
donors and electrons, respectively. Er denotes the Fermi level. c) Calculated BTO polarization and extra barrier-thickness-dependent potential of SRO
in Pt/BTO (3.5 nm)/SRO (1.5 nm)/BTO (3.5 nm)/NSTO RTD. Negative values of P correspond to the case where the ferroelectric polarization points
toward the top Pt electrode. d) R-V curves for different SRO thicknesses and resistance states. The arrows indicate the direction of the voltage sweep.

The domain orientation and portion as a function of applied
electric field magnitude (corresponding to the “SET” and
“WRITE” bias) and scanning times are investigated (data are
shown in Figures S8 and S9, Supporting Information), dem-
onstrating the domain switching dynamics. CAFM data (in
Figure S10, Supporting Information) reveals a higher conduc-
tivity in downward domain regions, which is consistent with
the data in Figure 3.

To explain the observed behavior analytically, we consider the
NSTO bottom electrode as an n-type semiconductor with elec-
trons being the majority carriers. As shown in Figure 4a, the
negative polarization charges at the BTO/NSTO interface repel
electrons when the ferroelectric polarization points upward (i.e.,
to Pt), developing a depletion region, effectively increasing the
barrier thickness. The coercive voltage required to switch the
polarization upward and downward are +2 V and —4 V, respec-
tively (Figure S11, Supporting Information). As the “WRITE”
positive pulse is increased from +2 V to +4 V (Figure 3d), the
ferroelectric polarization switches back to the upward direction,
and more negative ferroelectric bound charges accumulate at
the BTO/NSTO interface, thus widening the effective barrier
width. To interpret the behavior shown in Figure 3d, both the
effective polarization strengths and extra barrier width should
be considered. One simple way is to investigate the variation of
the potential in SRO well.

Figure 4c shows the calculated potential in the SRO well (¢)
as a function of the effective upward ferroelectric polarization
magnitude (P) and additional barrier thickness caused by the
depletion region at the NSTO/BTO interface (f.,,) at zero bias
voltage (see the Analytical Calculations Section in the Experi-
mental Section). We find that as the effective upward polariza-
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tion and extra barrier width increase, the potential of the SRO
well drops (as indicated by arrow 1 in Figure 4c), which then
raises the quantized energy levels. This pushes the resonant
peak to the right as the “WRITE” voltage is increased, which
is indeed observed upon increase of the “WRITE” pulse from
+2 to +4 V (Figure 3d). This also could explain why we are not
able to observe resonant peaks for -2 V and -3 V pulses in
Figure 3c; it is a combined effect of the relatively large effective
up polarization and resultant extra barrier width, which triggers
the relatively low potential of SRO (see arrow 2 in Figure 4c).

Second, we consider a larger “WRITE” pulse height (i.e.,
<—4 V) in Figure 3¢, which is sufficient to switch the ferroelec-
tricity polarization down. In this case, in contrast to the positive
“SET” voltage case, negative and positive polarization charges
accumulate at the bottom SRO/BTO and BTO/NSTO interfaces,
respectively (Figure 4b). The former decreases the potential of
the SRO well and raises the quantized energy levels; accord-
ingly, the latter leads to the attraction of electrons in NSTO
to accumulate at the interface and so the energy band bends
down at the interface and no extra barrier forms. The effect is
strengthened as the “WRITE” pulse height is increased. As a
result, the resonant peak once again shifts toward the right with
increasing “WRITE” pulse height in Figure 3c.

We next investigated how the well width influences
device resistance switching behavior. This is summarized in
Figure 4d where we plot changes in the junction resistance
with the full bias cycle (resistance-voltage R-V curves) for
three different SRO layer thicknesses (1.5, 3, and 4.5 nm). The
single-sweep [-V data are given in Figure S12 (Supporting
Information). A dominant NDR behavior is observed for all
SRO thicknesses, with a large OFF/ON ratio obtained for
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the larger well-widths; for instance, at a “READ” voltage of
40.1 V, the OFF/ON ratios reach as high as 2.3 x 10* (SRO
4.5 nm). The R-V curves for different SRO well widths in
Figure 4d reveal a strongly hysteretic behavior, similar to
previous reports on quantum oxide superlattices.™! Impor-
tantly, the enhanced OFF/ON ratio, in conjunction with the
dip of the R-V curve for the ON state near the resonant peak
(Figure 4d), further confirm RT in these devices. The retention
and cyclic endurance of a RTD device are shown in Figure S13
(Supporting Information). This indicates that we do not nec-
essarily need an ultrathin well to achieve RT in this system,
which: i) removes a significant thin-film fabrication constraint
and ii) promises more robust device performance.

3. Conclusions

We have reported smooth and robust room temperature NDR
behavior in Pt/BTO/SRO/BTO/NSTO QW heterostructures,
resulting from resonant tunneling. The ferroelectric polarization
direction is exploited to tune the resonant tunneling behavior
and achieve one of the largest OFF/ON ratios ever reported for
quantum devices with BTO as a ferroelectric barrier layer. Our
study opens the door to room temperature ferroelectric-based res-
onant tunneling diodes for use in future oxide nanoelectronics.

4. Experimental Section

Sample Fabrication: BaTiO3 (BTO)/SrRuO; (SRO)/BTO trilayers were
grown on (001)-oriented 0.7 wt% Nb-doped STO (NSTO) substrates
by pulsed laser deposition (PLD) (KrF excimer laser, A = 248 nm) at a
deposition temperature of 700 °C. BTO films were deposited at 1 Hz
repetition, under oxygen atmosphere of 10 Pa. The corresponding
parameters for depositing SRO were 2 Hz and 14 Pa. The thickness of SRO
was varied by controlling the number of pulses used during growth. After
deposition, the samples were kept at 700 °C for 10 min and subsequently
cooled to room temperature in an oxygen pressure of 10 Pa. Top Pt
electrodes of 100 um in diameter were patterned at room temperature
by DC sputtering through a shadow mask, under 0.5 Pa of pure argon
pressure and power of 40 W. Cross-section STEM samples were prepared
by focused ion-beam (FIB) techniques carried out on FEI Scios Dual Beam.

Structural and Scanning Probe Microscopy Characterization: The atomic
structure of the BTO/SRO/BTO trilayers on NSTO was inspected
using high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) on aberration-corrected FEI Titan Themis
electron microscope operated at 300 kV. Surface topography of the top
BTO thin film was tested using a commercial atomic force microscope
system (Cypher S, Asylum Research, US). The structure and orientation
of BTO films was also characterized by X-ray diffraction (XRD) using Cu
Ko radiation (1 = 1.5406 A, Bruker D8 Discover) (Figures S1 and S2,
Supporting Information). High-angle 6-26 scans were used to confirm
the orientation while ¢-scans and asymmetric reciprocal space maps
were used to confirm epitaxial growth of BTO.

Electrical Measurements: Ferroelectric domain structures and domain
switching behavior of the BTO/SRO/BTO trilayers were studied using the
piezoresponse force microscopy (PFM) (Cypher S, Asylum Research, US)
with Pt/Cr coated conductive probes (ElectriMulti 75G, BudgetSensors,
Bulgaria). The measurements were conducted under the Dual AC Resonance
Tracking (DART) mode. A Keithley 2400 SourceMeter was used to measure
current-voltage (I-V) characteristics of the RTDs. Each pulse duration was
composed of a “DWELL" time of 1 ms and reading (measuring) time of
20 ms. The gap between two pulses (delay time) was 1s.
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The data in Figure 3 were collected using the following protocol. For
all measurements the “SET” voltage pulse was +6 or —6 V. In Figure 3a,
the first pulse of +6 V is a “SET” voltage for the first |-V measurement
or a “RESET” voltage for the subsequent measurements. It is followed
by a “WRITE” voltage in the range between —2 V and —5 V. Both pulses
are 1s in width. Other parameters are the same with those in Figure 1c.
A similar procedure was used for the opposite polarization state on the
same pad with a “SET/RESET” pulse of —6 V followed by a “WRITE”
voltage between +2 and +4 V (Figure 3b). In both cases, the “READ”
voltage sweeps were the same. The pulse profile for Figure 4d is the
same as that in Figure 1c except for the scan range (from =5V to +5 V)
and rate (0.05 V s™). Resistance values reported here were obtained by
the ratio of applied voltage to the current (R = V/I). For both PFM and
I~V measurements, the external bias was applied to the bottom electrode
NSTO. Measurements in Figure 1f were performed using a Keithley 4200
SourceMeter to apply fast pulses. All measurements (except Figure Te)
were conducted at room temperature.

Density Functional Theory (DFT) Calculations: DFT calculations were
performed using the plane-wave ultrasoft pseudopotential method[*l
implemented in Quantum ESPRESSO.*’! An energy cutoff of 680 eV and
10 x 10 x 8 (20 x 20 x 16) k-point mesh were used for self-consistent
projected density of states (PDOS) calculations. The lattice constants
and atomic coordinates for bulk SRO were used in the calculations.t]

Analytical Calculations: In the calculation of BTO polarization and
extra barrier thickness-dependent potential of SRO (Figure 4c), the two
ferroelectric films were assumed to be identical in thickness (t7), and
the SRO layer was treated as an ideal equipotential for simplicity. The
potential of SRO (¢) could be obtained by using a Thomas—Fermi model
on screening and imposing short-circuit boundary conditions*l as

con M5 _
P =0 8{(0'5 P) )
where

_ by
9o =-glos @
and
Zip

o5 = Ef 3

s textra +2ﬁ % & ()

Eextra &f €1 €2

Os is the screening charge per unit area in Pt. The screening length
(6x) and dielectric permittivity (g.,) of Pt were taken as 0.45 A and 2,
(where g = vacuum dielectric constant), respectively.[] For the NSTO
electrode, the corresponding values are assumed to be 1A (6,,) and 10&
(&), respectively. The dielectric permittivity of BTO and extra barrier
were taken as 90&, (&) and 290¢&; (€ura), respectively.[#648]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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