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ABSTRACT: Crystalline oxide ferroelectric tunnel junctions enable

mme mories 10¢

persistent encoding of information in electric polarization, featuring _ el e O
nondestructive readout and scalability that can exceed current commercial | et (AL 2 ]
high-speed, nonvolatile ferroelectric memories. However, the well-established g Foonl —»
fabrication of epitaxial devices on oxide substrates is difficult to adapt to

silicon substrates for integration into complementary metal-oxide-semi- T

conductor electronics. In this work, we report ferroelectric tunnel junctions

based on 2.8 nm-thick BaTiOj; films grown epitaxially on SrTiO; growth substrates, released, and relaminated onto silicon. The
performance of the transferred devices is comparable to devices characterized on the oxide substrate, suggesting a viable route
toward next-generation nonvolatile memories broadly integrable with different materials platforms.
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F erroelectric memories allow high-speed, nonvolatile
information storage by encoding ‘0’ and ‘1’ states into
their switchable remnant polarizations. Given such advantages,
the ferroelectric random access memory (FeRAM) was once
expected to become a main form of commercial memory
devices," yet later faced substantial barriers such as low
scalability and destructive readout (data require rewriting after
reading) due to their capacitive readout process.” Recently, the
development of another form of ferroelectric memory, oxide
epitaxial ferroelectric tunnel junctions (FTJs), utilized a
resistive reading process by measuring the tunnel current,
which is strongly modulated by the ferroelectric polarization,
under small (<1 V) DC bias. The large tunnel current density
(>10 nA/um?) enabled by a small ferroelectric barrier
thickness (1—4 nm) made nanometer-sized devices feasible,
realizing data densities up to a few gigabit/ cm?. Furthermore,
the readout process is nondestructive, given that the reading
bias is far below the switching voltage (~2—5 V).>*
Although featuring such superior properties, the single
crystal oxide substrates the FTJs are typically grown on*™ are
incompatible with current silicon-based fabrication processes
(for example, it is difficult for oxide substrates to host Si
complementary metal-oxide-semiconductor (CMOS) control
circuits),'® limiting many further applications of the FTJs.
Direct deposition of FTJs on Si compromises the crystallinity,
yielding larger devices with diminished characteristics."
Deposition of epitaxial FTJs on Si by inserting SrTiO; buffer
layers has been demonstrated, yet factors critical for future
applications, especially device uniformity, are not fully
investigated.'> Moreover, this approach suffers complexities
arising to reduce the chemical reaction at the interface between

the oxide and Si as well as to retain the epitaxial
relationship.'>™'® Using high-power laser irradiation to lift
epitaxial oxides from native substrates'’~"® then transfer to Si
or transferring two-dimensional oxide nanosheets as an
epitaxial growth template®®*' on Si are other possible
fabrication methods, although FTJs for these cases have not
been reported. Here we demonstrate the transfer of epitaxial
FT]Js from oxide substrates to Si using released freestanding
films, greatly simplifying the fabrication process. The metrics of
transferred FT] performance, including tunnel current density,
switching voltage, and other specifications such as on—off ratio
and stability (uniformity and repeatability), are comparable
with epitaxial FTJs on oxide substrates reported here and in
the literature, paving paths toward possible future nonvolatile
memory applications.

Our approach to releasing FTJs from oxide substrates is to
insert an epitaxial, water-soluble Sr;Al,Oy4 layer between the
device heterostructure and the oxide substrate, followed by
selective etching of the sacrificial Sr;ALO, (Figure la) as
reported in ref 22. Previous work shows that this process is
minimally disruptive to the lattice structure of the transferred
layer, allowing us to maintain the high quality of the epitaxial
FTJ stacks after transfer. Elemental metal/BaTiO;/
La,;Sry3sMnO; FTJs are widely studied, and their performance
serves as a benchmark of the current FTJs.>~” For this purpose,
we grew a Sr;AL Oy (8.8 nm) sacrificial layer and a BaTiO,/
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Figure 1. Fabrication and structural characterization of the FT]Js transferred on SiO,-coated Si substrates. (a—d) Schematics of (a) an epitaxial
BaTiO; (2.8 nm)/Lay,Sry3;MnO; (10 nm)/BaTiO; (2.8 nm)/Sr;ALO4 (8.8 nm)/SrTiO; (001) heterostructure; (b) a released BaTiO,/
Lay;SrysMnO;/BaTiO; trilayer attached to a PPC/PDMS supporting polymer; (c) a transferred trilayer on SiO,/Si; and (d) a trilayer with
deposited Au (30 nm)/Cu (30 nm) electrodes. (e) Optical image of a § X 5 mm? transferred trilayer (enclosed in the dashed line) with Au
grounding electrodes on left and right for ohmic contacts of the Lay;Sr;MnOj5 layer (enclosed in the dotted line). Four pads at the corners of the
transferred trilayer are markers. (f, g) Surface morphology of the transferred trilayer (f) without and (g) with the Au/Cu electrodes (500 nm
diameter) measured by AFM. (h) GIXRD of an epitaxial trilayer and a transferred trilayer showing perovskite (113) and (113) peaks and no Debye
rings after transfer. The additional features observed in transferred trilayer GIXRD are from the SiO,/Si substrate.

Lay;Sry;MnO;/BaTiO; (2.8, 10 and 2.8 nm, respectively)
trilayer”>>* on a SrTiO;(001) substrate by pulsed laser
deposition (PLD, Figure 1a, see Supporting Information). The
uppermost BaTiO; layer forms part of the FTJ device; the
lower BaTiO; layer of equal thickness was designed to create a
symmetrically strained membrane. Next, the top surface of the
as-grown heterostructure was adhered on a polypropylene
carbonate (PPC)/polydimethylsiloxane (PDMS) support and
immersed in water, dissolving the Sr;Al,O4 and allowing the
growth substrate to be removed (Figure 1b). The released
trilayer was then relaminated on an oxide-coated (SiO, 300
nm) Si (001) substrate (Figure 1c). As the last step, arrays of
circular Cu/Au electrodes (30/30 nm thick, 500 nm diameter)
were fabricated on top, forming Cu-BaTiO;-Lay,Sr,;MnO;
FTJs using e-beam lithography (Figure 1d).

Figure le presents an optical image of a transferred FTJ
device trilayer on Si. Despite the large aspect ratio (S mm X §
mm X 16 nm), no physical cracks were observed on the
heterostructure across the entire surface. The 5 kQ in-plane
resistance of the trilayer, measured by wire-bonding through
two Au pads at two ends (Figure le), was in good agreement
with the 10.8 kQ (5.4 kQ) resistance of a 10 nm-thick epitaxial
(freestanding) La,,Sry3MnO; layer,** suggesting no significant
degradation of its electric properties during transfer. Atomic
force microscopy (AFM) on uncoated and electrode-coated
areas showed a smooth surface (arithmatic roughness R, ~ 0.4
nm, Figure 1f) and densely packed electrode arrays (Figure
1g), respectively. The single crystallinity of the transferred
trilayer was confirmed by grazing incidence X-ray diffraction

(GIXRD), where the characteristic (113) and (113) peaks of
the perovskite oxides were well-preserved for the trilayer, and
no Debye rings indicating polycrystallinity were observed
(Figure 1h).

The ferroelectric properties of the uncoated BaTiOj; in the
transferred trilayer were probed by piezoresponse force
microscopy (PFM) using a conductive AFM tip scanning
across a 2 pm X 2 ym area. Tip-Lay;Sry;MnOj; voltages of +4
V were applied following concentric-square patterns. The out-
of-plane PFM phase signal under contact resonance was
subsequently mapped out in the absence of bias voltage
(Figure 2a), revealing a phase contrast close to 180° between
areas previously exposed to positive or negative bias. This
strongly suggests the polarization of the BaTiO; layer was
nearly vertically aligned and switchable by the applied voltage.
Further switching tests by applying lateral stripe patterns with
voltage of +4 V on the same area controlled against the
possibility of irreversible electrochemical reaction (Figure
2b).*®> We also did not observe relaxation behavior of the
PFM phase map up to 30 min, which would be an indicator of
reversible migration of oxygen vacancies.”> To probe
hysteresis, we fixed the tip position and gradually incremented
and decremented the bias voltage between +4 V in a sweep
which was interspersed by measurements of the PFM signal in
absence of any bias. The resulting hysteresis loop in phase and
amplitude evidenced switching at a positive and negative
coercive voltage V., = +2.7 V and V__ = —1.9 V (Figure 2c),
similar to the value reported for epitaxial BaTiO; (2.8 nm) thin
films.” The small ~0.8 V asymmetry is attributable to an
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Figure 2. Ferroelectricity of the BaTiO; top layer in the transferred
trilayer probed by PFM. (a, b) Out-of-plane PFM phase map after
sequential biasing in (a) a concentric-square pattern and (b) a stripe
pattern. (c) Out-of-plane PFM phase and amplitude at two random
sites with gradually incremented and decremented bias voltage
showing characteristic hysteresis. The dashed line indicates the
positive and negative coersive voltages, V,, and V__.

interfacial nonswitchable, electrode-dependent polarized layer
imposed by asymmetric electrodes.”® PFM mapping and
hysteresis measurements on the as-grown epitaxial BaTiO/
Lay;Sry3MnO;/BaTiO;/Sr;AL,04/SrTiO;(001) yields similar
reversible switching behavior and asymmetry of the coercive
voltages, suggesting the ferroelectricity of the top BaTiO; layer
is well preserved after transfer (Figure S1). Note that the
incomplete 180° switching in the unreleased structure may be
attributed to the stress generated by the AFM tip due to the
different mechanical boundary conditions, including under
partial absorption of atmospheric humidity in the sacrificial
layer.*”

To probe the resistive switching behaviors of our Cu/
BaTiO;/La,;Sry3MnO; FTJs, a conductive AFM tip was used
to make electrical contact to the Cu top electrodes, and bias
voltages were applied to it with respect to the Lay,Sry;MnO;
bottom electrode. Voltage pulses of amplitude ranging from
—2.5 V to +3.5 V were applied across the FTJs and
interspersed by measurements of the DC conductivity at a
nominally nonperturbative bias of 0.2 V (Figure 3a). A >100-
fold contrast in tunnel current between the low-resistance state
(‘on’ state, ~200 nA/um?*) and high-resistance state (‘off state,
~0.5 nA/pum?) was observed, clearly distinguishing the binary
logic value stored in the FTJ. The switching voltages of V,, =
+2.9 V and V,_ = —1.5 V agreed well with the ferroelectric
coercive voltage V., = +2.7 V and V__ = —1.9 V measured by
PEM. The resistive switching behavior of 17 devices featured
similar ‘on’ and ‘off currents that were all separated at ~50
nA/um?* (Figure 3b), showing high uniformity of our devices.

To examine the compatibility of our memory devices and
the writing sequences generated by Si CMOS control
circuits,'® single voltage pulses at +3.5 V and —2.5 V were
applied on an FT]J. 100 repeated switchings similarly yielded a
~50 nA/um’ separation (Figure 3c), demonstrating good
repeatability. No significant decay of the resistive states was
observed at least for 30 min (Figure 3d), suggesting long-term
information retention, while ruling out the scenario of
polarization loss due to the imperfect electrode—tunnel barrier
interface causing inefficient depolarization field screening.”
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Figure 3. Resistive switching behavior of the transferred FTJs. (a)
Tunnel current measured at 0.2 V DC voltage after a gradually
incremented and decremented pulsed bias showing characteristic
hysteresis loops for two different junctions. (b—d) On (red, low-
resistance state, switched at +3.5 V) and off (blue, high-resistance
state, switched at —2.5 V) currents of (b) 17 different tunnel
junctions, (c) 100 subsequent switching for one tunnel junction, and
(d) one tunnel junction after pausing for up to 30 min after switching
to either ‘on’ or ‘off state. Green dashed line is the 50 nA/, ,umz line
separating ‘on’ or ‘off’ states.

To confirm that our transfer process maintains the high
quality of the FTJs fabricated on oxide substrates, we compare
the parameters characterizing the performance of our devices
with literature reported metal/BaTiO;/Lay,Sry;MnO; devices
(Figure 4) 27812 Our current densities ] of each state (200 nA/
pm” for ‘on’, 0.5 nA/um? for ‘off) and switching voltages V; of
~2 V per 2.8 nm of BaTiO; are similarly consistent with
literature reports of epitaxial devices. Importantly, our ‘on’
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Figure 4. Comparison of the metrics between the transferred FT]Js
and reported epitaxial FTJs with elemental metal/BaTiO;/
Lay;Sro3MnO; structures. (a) ‘On’ (solid symbols) and ‘off (open
symbols) tunnel current densities; (b) positive (solid symbols) and
negative (open symbols) switching voltages; (c) on—off ratios; and
(d) uniformity and repeatability by the standard variations (error
bars) of ‘on’ (solid symbols) and ‘off (open symbols) current
densities. The current densities in different reports are normalized to
readout voltage 0.2 V.



state current density is larger than 10 nA/um’, a representative
threshold below which further device downscaling to glgablt/
cm? is impeded due to the reduced signal-to-noise ratio,” and
our switching voltage V; is well above the reading bias voltage
of 0.2 V, enabling a nondestructive readout. Another core
parameter is the on—off ratio, the ratio between the current
density of the ‘on’ and the ‘off states, describing the ease of
distinguishing ‘0’ and ‘1’ in individual bits. Our ~100 on—off
ratio is highly comparable with the values reported for epitaxial
FTJs. We also compare the uniformity and repeatability,
quantified by the standard deviation of | for ‘on’ and ‘off
states; those of our devices (around 0.5 order of magnitude)
are slightly higher, but still comparable to the epitaxial devices.

We further performed a control experiment whereupon FTJs
were fabricated by depositing nominally identical Au/Cu upper
electrodes on as-grown epitaxial BaTiO;/La,,Sry;MnO3/
BaTiO;/Sr;Al,04/S1TiO5(001) and characterized in the
same manner as the freestanding FTJs. The switching voltages,
current densities, and on—off ratios were comparable across
the transferred FTJs (Figure 3a,b) and as-grown FTJs (Figure
S2), demonstrating that functional properties of the as-grown
heterostructure are robust to the transfer process with high
fidelity.

In summary, we have demonstrated a simple fabrication
method for oxide FTJs on silicon substrates by using a
freestanding film transfer ‘pick and place’ technique. A resistive
readout with ~100 on—off ratio was consistently realized with
all key figures of merit showing good agreement with literature
reports of FTJs on single crystalline oxide substrates. Our work
exemplifies a viable route to integrated and potentially
ultrathin epitaxial oxide devices on a Si platform, which
nonetheless benefit from the superior quality of epitaxial all-
oxide growth. Furthermore, transfer substrates need not be
limited to rigid materials such as Si and could include flexible
polymers for integration into flexible electronics.”®
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