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Designing Strained Interface Heterostructures for

Memristive Devices
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and Jennifer L. M. Rupp*

Material heterostructures have provided discoveries and excite-
ment to engineer novel electro-chemo-mechanic properties for
fast ion conductors under strain.l'”! Ton conductors and modu-
lating their transport properties are of paramount importance
for applications like energy, information technology or sensors,
requiring high functional density and properties tailored for the
application.B1% This challenges scientists to develop new tools
and routes to provide the means to precisely control the mate-
rial architectures.

The constituents of ion conductor heterostructures can be
defined as two oxide materials that are consecutively stacked
at varying layer count and layer thickness and grown with a
given orientation on a single-crystalline substrate. The resulting
lattice mismatch at the interfaces leads to compressive and
tensile strain in the two constituent materials, respectively.
Choosing one of the materials to be a conductive phase allows
the active modulation of the oxygen ionic transport dependent
on the magnitude of interfacial strain through the number of
interfaces at a constant total film thickness.''""3] Up to now,
most of the studies in this area have been directed toward a
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fundamental understanding without device integration and
performance design. However, strained heterostructure oxides
may offer a direct integration as functional thin film com-
pounds with tunable carrier transport for novel circuit elements
with extended functionalities in the future.

In the last few years the field of ionic memristive memories
(also often referred to as memristors or resistive switches) rap-
idly emerged and received considerable attention due to their
potential to replace electronic transistor based technology in
future memory and computing architectures.!*8 This is
because ionic memristive devices offer lower power consump-
tion, shorter read/write times, superior endurance, etc., com-
pared to conventional technologies.'! Redox-based memris-
tive memories rely on the control of ionic carriers in oxide
thin films under a strong bias stimulus.-2!l Despite the huge
progress made in the field of memristive memories, material
design criteria and tools still need to be developed to open new
avenues for material architectures. Here, alternative ways of
designing these oxide film structures to alter their carrier flux/
concentration profiles under bias for ionic memristive devices
to modulate the property of “memristance” are needed. Nowa-
days, most devices are based on a single oxide film, either crys-
talline or amorphous,?? as the switching element, relying only
on doping to control material properties.

For modulating the charge transport, strain engineering is a
promising material design tool. It has been shown that strain
modulation can alter the resistivity by several orders of mag-
nitude, and can induce large changes in the activation energy
when compared to classic doping approaches.?3] Although the
impact of strain modulation in ionic heterostructure oxides is
clearly demonstrated, no study has been carried out as to how
ionic transport-strain modulation affects, on the one hand,
the property of “memristance,” and also the performance in a
real device. Here, the question of how to design material het-
erostructures and integrate them into strained ionic memris-
tive devices is explored for the first time for the property of
memristance.

To rationally connect the control of strain at heterostructure
interfaces to charge transport and memristance, it is necessary
to gradually increase the overall strain through an increased
number of interfaces, while keeping the ceria-to-erbia ratio and
the total film thickness constant. Any such model system must
consist of a switching oxide heterostructure sandwiched later-
ally between two metal electrodes at reasonably small distances
in order to achieve the required electric field strength, which
is one of the fundamental requirements of the memristive
device. This forms the basis to systematically design strained
model ionic heterostructures to modulate the physical property
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of memristance. Referencel?’l reported through a microdot con-

tacting route the successful contacting and strain engineering
of heterostructures to measure its impact on “resistance” for
the system Gd,;Ce90;_s/Er,03. On the other hand, memris-
tive devices are operated at room temperature with high elec-
tric fields, conditions under which strain effects are expected to
affect ionic conduction most strongly.?12#2°] However, devices
based on strained ionic conducting oxide heterostructures to
alter “memristance” still do not exist, require novel fabrica-
tion routes at smaller dimensions compared to state-of-the-art
microdots, and principles are still to be proven.

We use lattice strain modulation as a new design tool in
oxide heterostructures to gain fundamental insights on the
control of oxygen ionic transfer, and to expand our knowledge
significantly beyond the previously studied implication on the
property of resistance,?3l newly through this work, to the phys-
ical property of “memristance.” This could enable a novel ionic
type of electrochemical device, namely, the strained ionic mem-
ristor based on oxide heterostructures. In the present study, we
carry out a systematic investigation of structural and transport
properties of compressively strained microdot heterostructure
oxides to design a well-described model system and relate to
the newly suggested operation as strained memristive memory
through alteration of memristance.

We fabricate biaxially strained heterostructure oxide micro-
dots to study the influence of strain on oxygen anionic switching
and the memristive behavior, Figure 1a. The microdots are fab-
ricated using pulsed laser deposition (PLD), ablating thin films
onto single crystalline sapphire substrates. Our thin film model
system consists of two different materials, Gdy,Ce 90, 5 and
Er,0;. One material, in our case Gd, ;Ce( 9O,_s, is more conduc-
tive than the second one by several orders of magnitude.l?6:%7]
The second material serves in this case only to impose com-
pressive lattice strain on the conductive Gd,;Ce( 90, s phase
and to therefore modulate the electrical transport in the hetero-
structure, Figure 1b. This strain-imposing phase, here Er,0;,
is chosen to be an electrical insulator.?®! The two phases, con-
ductive and insulating, are stacked consecutively; the total film
thickness was kept constant at a thickness of 275 nm + 10%,
while the number of interfaces was actively varied, that is, from
6 to 60 interfaces. As a result, the heterostructure oxide micro-
dots with a low number of interfaces are supposed to have
less strain acting on the ionic conductor lattice and interfacial
strain increases with an increasing number of interfaces for the
microdot, since the strain is the biggest at the interfaces. Now
to rationally access the strained interfaces down to nanoscale,
it is necessary to develop a unique device design with sideways
attached electrodes contacting the free-etched heterostructure
dots on a chip. The switching mechanism for ceria-based mem-
ristive devices is based on oxygen vacancy conduction in the
ion conductor balanced by electronic carriers,?”-**3% which we
will now actively tune by imposing the strain field in various
degrees with the insulating erbia layer and monolayer thick-
ness variations in the heterostructure dot device. Herein, to
operate the device units on the chip newly as memristors it is a
prerequisite to apply high electric field strengths, in the range
of MV m™!, for operation as memristive memory. In order to
achieve this, a substantial reduction in the device size relative to
previously reported microdot devices!?}! was necessary. Hence,
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Figure 1. Strained multilayer microdots. a) Schematic view of the microdot
system. b) Schematic view of one of the Gdg;Ceq 9O, _s/Er,O; interfaces
illustrating the use of interfacial lattice mismatch to generate strain and the
applied conduction model. ) Optical image of the electrode arrangement
on the chip with the ceramic microdots in between the contacting bridges.
d) SEM image of the strained microdot on the chip. e,f) Annular dark field
STEM cross-sectional view of a 6 and 60 interfaces Gdg1Ce90;_5/Er,03
multilayer sample, respectively. g) Diffractogram of Gdg;Ceq 40, s layer
displaying fluorite structure (computed from region 1 in (h)). h,j) Bright
field HRTEM images of Gdg1Ceq 9O,_s/Er,O; interface(s) in 6 and 60 inter-
face samples, respectively, with highlighted regions labeled “1” and “2”
indicating the areas used to compute diffractograms. i,k) Diagram illus-
trating the results of the Miller plane spacing measurements in the out-
of-plane and in-plane directions in the conducting oxide phase. The six
interface sample contains a more relaxed region “2” positioned 12 nm from
the interface, and a more strained region “1” adjacent to the interface, i,
whereas the conducting phase in the 60 interface sample is fully strained, k.
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the challenge to realize these high field strengths and to con-
tact the strained interfaces directly through sideways attached
electrodes at small distances had to be overcome. In this work,
we present successfully contacted microdot switching struc-
tures to alter “memristance” with a small size of =2.5 um
diameter, Figure 1c,d. Importantly, this is now roughly a one
order of magnitude decreased microdot size when compared
to the state-of-the-art in literature which was previously used to
alter “resistance”?’l and is an important step to realize those
new memristive switches under strain. These microdots were
fabricated using photolithography and physical dry-etching, to
obtain devices at micrometer scale, see Experimental Section
and Section S1 (Supporting Information) for details on the
microfabrication process flows and materials etch rates.
High-resolution transmission electron microscopy (HRTEM)
imaging and diffraction techniques have been successfully
employed to investigate oxide heterolayers, such as Fourier
analysis of high-resolution images to investigate crystallo-
graphic orientation relationships at heterolayer interfaces.
Here, we apply both TEM and scanning transmission electron
microscope (STEM) imaging and diffraction analyses to assess
heterostructure layer growth, and the strain state of the con-
ducting oxide phase. In cross-sectional annular dark field STEM
images, we observe well-defined layers of Gd,;Cey¢0, 5 and
Er,0; stacked consecutively with monolayer thicknesses down
to 3 nm, Figure lef. Oriented growth of the multilayer het-
erostructure using sapphire substrates allows for well-defined
interfaces between the two materials, which we demonstrate on
two examples using HRTEM imaging for the 6 and 60 inter-
face modulated heterostructure oxides in a microdot. In PLD
grown material systems columnar growth can be observed.
This implies that at the phase boundaries between the mate-
rials interfaces of high quality can be obtained, but in the
system there are still grain boundaries present. While keeping
the total device thickness constant, the number of interfaces
is being increased. This results in an increase of the strain-
affected volume over the total device. The growth conditions
employed here result in oriented growth of columnar grains
in the out-of-plane [111] direction. The influence of different
growth rates for Gd,;Ce90,_s and Er,05 can also be observed
in the cross sections, see also Section S1 (Supporting Informa-
tion) for deposition rates, Table S1.1 (Supporting Information).
Diffraction analysis reveals that the cubic fluorite structurel3!l
is present throughout the heterostructure microdots for the

www.advancedsciencenews.com

Gdy1Ce90,_s phases, Figure 1g. Following a similar TEM dif-
fraction approach to strain mapping in confined Si thin films,3?
Fourier analysis of HRTEM images was used to make a relative
assessment of lattice distortion in the conducting ceria phase
for the 6 and 60 interface modulated samples.

Miller plane spacings, dyy, in the out-of-plane [111] direction
and the approximately in-plane [311] direction were measured
in the Gdy;Cey90,_s phases of the heterostructure microdots
using diffractograms (e.g., Figure 1g and Section S2, Sup-
porting Information). Diffractograms, like selected-area elec-
tron diffraction patterns, provide a reciprocal space represen-
tation of the lattice fringes visible in an HRTEM image as an
array of diffraction spots. Diffractograms were computed here
by Fourier transforming the highlighted regions labeled “1”
and “2” in the HRTEM images, see Figure 1h,j for 6 and 60
interfaces, respectively. The highlighted regions are =11 nm
tall (i.e., in the direction normal to the Er,03;/Gd,Cep 9O, s
interface), with region “2” in the six interface heterostructure
microdot positioned 12 nm from a heterolayer interface. For
the six interface heterostructure we assumed region “2” to be
more relaxed, as it is furthest from an interface. Importantly,
compared to region “2” in the six interface sample, the 60
interface sample exhibits elongation in the out-of-plane (111)
spacing by 4.5 £ 0.2%, which is accompanied by a contrac-
tion in the in-plane (311) spacing by 2.1 £ 0.2%. This is con-
sistent with interfacial compressive strain in region “1” of the
60 interface sample. In contrast, when compared to region “2”
in the six interface sample (12 nm from the interface), the out-
of-plane (111) spacing in region “1” (adjacent to the interface)
is only elongated by 1.2 + 0.2%. In conclusion, we report fully
strained Gdg;Cey90,_s layers for the 60 interfaces microdot
with in-plane compression, and in contrast, relaxation toward
the center of the Gdy;Cey 90, s layers for the six interfaces
microdot. This analysis is detailed in Table 1. The oriented
growth was further confirmed by XRD, see Section S3 (Sup-
porting Information).

To understand if Gd segregation at the interfaces could play
a role in modulating the memristance, we investigated the
Gd,1Ce(90,_s cation distribution in the Gdy;Ce¢0,_s/Er,0;
interface region of an as-prepared heterolayer sample via elec-
tron energy-loss spectroscopy (EELS) in a STEM, see Section
S4 (Supporting Information). Gdg;Ceq9O,_s spectra acquired
near the Gdg;Ceq9O, s/Er,0; interface (within 2.5 nm) and
relatively far from the interface (22-28 nm) were compared

Table 1. Comparison of Gdg1Ceq 90, 5 out-of-plane and in-plane Miller spacing obtained through TEM and out-of-plane strain obtained through

Raman spectroscopy.

Microdot constituents No. of interfaces microdot Region TEM diy, TEM ds1, Raman Fy, (out-of-plane) strain
A A [%]
GdgCeq905_5/Er,03 6 (Figure Th) - 2 3.02+0.06 1.68+0.02 0.0085
Gdo1Ce0s0,-5/Er;0; 6 (Figure h) - 1 3.05+0.04 1.64£0.01 0.0085
Gdo1Ce0s07-5/Er;0; 60 (Figure 1j) - 1 3.16+0.05 1.65+0.01 0.61
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to determine if there was a significant difference in the ratio
of intensities of the cerium (Ce Mys) to gadolinium (Gd Mys)
signals, which is proportional to the ratio of elemental concen-
trations.®l The difference in measured intensity ratios in the
layer and interface regions was found to be negligible within
the measurement error in this case, indicating that the two
regions exhibit approximately equal area-averaged cation stoi-
chiometry, see Figure S4.1 (Supporting Information) for details.
Therefore, it is reasonable to conclude that cation segregation
does not play a role in the strain and interface-induced modifi-
cation of the overall memristive response in these heterostruc-
ture devices. EELS also indicated that Ce ions in the interface
region were reduced relative to Ce ions in the layer region, a
consequential point discussed below and in Section S4 (Sup-
porting Information).

We successfully present a novel design strategy for the het-
erostructure microdots, which are deployable for testing as
switching device to alter memristance. We analyze the strain
state near the interface and in the relaxed zones by HRTEM,
showing the evolution of strain relaxation within the thin film
and the in-plane and out-of-plane strain anisotropy. This allows
us to locally resolve the strain states at the interfaces and in the
center of the layers. In the following we investigate the influ-
ence of interface modulations on structure and the property of
memristance.

Motivated by the opportunity to modulate the interfacial
strain through the number of interfaces and monolayer thick-
ness for the Gdy;Cey90,_s/Er,0;3 heterostructure unit in the
device architectures, we turn to Raman microscopy to probe
the atomistic near-order correlations and provide a first Raman
mapping relative to the device structure features and vibrational
modes, Figure 2a. We use cluster analysis to decompose the
hyperspectral map into single clusters, which can be assigned
to the materials and device segments, Figure 2b,c.

Raman spectroscopy is a particularly useful type of vibra-
tional spectroscopy to investigate such systems, as exemplified
by Kreisel et al.,?* for the following reasons: First, we excite the
interactions between the cation- and anion sublattices which
makes this technique particularly sensitive to changes in the
oxygen sublattice.>! Since the ionic transport in the conduc-
tive phase of Gdy;Ce(90,_s relies on the oxygen sublattice, this
allows us to draw conclusions about structure-transport inter-
actions. Second, we can measure with high spatial resolution
(=360 nm),*® which is useful for measuring our micrometer-
sized devices using a 532 nm laser for excitation. Unlike TEM,
Raman spectroscopy directly probes the full extent of the thin
film sample in out-of-plane direction. Third, it allows us to
directly study the strain states at the interface through interpre-
tation and analysis of the change in the ionic bond strengths
through the shift of the frequencies of the Raman bands. When
a bond of a heterostructure oxide phase is stretched or com-
pressed it changes its vibrational frequency, thereby altering
the peak position of the respective mode. Analyzing the Raman
spectra, Figure 2d, we first turn to the reference sample made
from pure Gd,;Ce4O,_s in a single thin film microdot device.
A single Raman-active peak is visible, originating from the
unstrained fluorite structure for only one triply degenerate F,,
mode, in agreement with literature.l”38 The efficiency of scat-
tering I is given by
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eRie,

1=C2, (1)
]

where C is a constant, R; is the Raman tensor of a phonon j,

and ¢; and e, are the polarization vectors of the incoming and

scattered beams, respectively. For Gd,,Ce0,_s fluorite struc-

ture-type the Raman tensors for the three directions of the

crystal coordinate system are given by

00 0 0 0 d 0 d o
R/ oo d|R|OOOIR[doOO (2)
0 d o d 00 000

In the absence of stress the three optical Raman modes
have the same frequency of about 464 cm™ as the isotropic
cubic crystal system is from a group theoretical point of view
symmetry inverse, see Loudon for details.?) In the spectra of
the Gdy;Cey90,_5/Er,03; heterostructure microdots we can
observe a peak splitting of the triply degenerated F,, mode
into the in-plane F,, and the out-of-plane F;, modes related to
strained Gd,;Ce(90,_g cubic fluorite structure, Figure 2e and
inset of Figure 2g. Usually Raman modes denoted A or B rep-
resent singly degenerate modes, E doubly degenerate modes,
and F (or T) triply degenerate modes. Here, the peak splitting
is denominated F,, and F;, to improve the traceability. The
splitting of the triply degenerate F,, mode is associated with
a decrease of symmetry for biaxially strained samples where
the isotropy between in-plane and out-of-plane direction is
lifted.*#2l The strain analysis through Raman microscopy is
focused on the Gdj;Ce90,_s modes, since this is the phase
that is relevant for the transport behavior, that is, all current
flows through this phase. Importantly, this finding agrees with
the observation in TEM where we see the elongation along the
out-of-plane axis, more pronounced with increasing in-plane
compression, as detailed in Figure 1h-k and Table 1. This
lifting of the symmetry could also influence Poisson's ratio.*’!
Information on erbia Raman spectra assignment is presented
in detail in Section S6 (Supporting Information).

We observe a monotonic shift of the relevant Raman
band with an increase in the number of interfaces for the
Gd1Cey90,_s/Er,03 heterostructure dots, Figure 2f. The
strain is largest at the interface and relaxes toward the inte-
rior of the layers, this means when we start to decrease the
monolayer thickness at a constant total film thickness for the
Gdg1Ce(90,_s phase, the strain fields can relax less, leading to
an overall increase of strain in the system and the splitting of
the F,, Raman mode is most pronounced. Viz., this agrees with
the TEM analysis, Figure 1h-k. The strain associated with the
frequency shift is computed through density functional theory
(DFT) calculations. Frequencies of the Raman-active stretching
modes were computed in the fluorite unit cell with different
amounts of imposed in-plane strain, Figure 2g. The underes-
timation of the Raman frequencies in the calculations can be
explained by the missing larger Gd ions, which are expected to
blue shift the frequencies. The magnitude of relative changes
as a function of strain is, however, expected to be reliably pre-
dicted. Using the values obtained thereby, we were able to cal-
culate strains in the Gd,;Ce(90,_s phase ranging from relaxed
(unstrained) to —1.26% compressive strain for 60 interfaces
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Foo heterostructure microdots. We want to point

out that these strain values obtained via DFT
Gd, 1Ceg 40,5 calculations are in good agreement (within
+0.1%) with strain values obtained by high-
pressure Raman studies on ceria crystals.[*
For further information on how to analyze
Raman scattering data from strained samples
see Section S5 (Supporting Information).

Local Raman mapping was successful
and used for the first time on a heterostruc-
ture microdot device to probe memristance
in connection with DFT computations to
access the strain states and to show anisot-
ropy present in the conductive Gd,;Ce 90, 5
phase of t}_le 'microdot. Density functional

theory predictions were used to analyze the

Raman map i data and relate the experimentally obtained

of device ' 0 60 values to compressive strains at the internal
Wavenumber / cm . .

interfaces. Results of Raman mapping meas-

u - PNEEVEY H F 5, stretching mode urements are consistent with those from

aforementioned TEM analysis. We use these

results to further study the implication on

memristance under strain for the microdot

devices.

As an initial step to characterize the trans-
port behavior of our samples, they were
subjected to a preforming procedure in
accordance with literature.>%% After suc-
cessful preforming the samples were inves-
tigated with cyclic voltammetry, Figure 3 and
Table 2. We observe for the single-phase
Gd1Cey90,_5 sample that with increasing
Experimental results E Computational results positive  voltage there is a continuous

increase in current, Figure 3a. Once we

0.0 ] { o i have reached the maximum and decrease
the voltage again, the current decreases as
well with a slight hysteresis. For the negative
polarity a similar behavior can be observed.
* After increasing the current with rising
voltage at negative polarity we reach the neg-
ative maximum, then we decrease the voltage
again and observe a continuous decrease
of current until zero voltage is reached.
- Hence, changing the polarity of the device
resets it back to the high resistance state
5 B F, (outof-plane) vaidthiré one switching cycle. The unstrained
. F (m plane) 01Cep 90, s microdot reveals an asym-

-1.4 ++——r——r—— — metric hysteretic memristive switching curve
10 100 -2 B 0 with a low Rug/R,, ratio of =1.5 in the posi-
Monolayer thickness / nm theor. strain / % tive branch. We ascribe the asymmetry of the
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Figure 2. Structural characterization, mapping, and interfacial strain state. a) Raman device
map to investigate the structural consistency of the microdots. The yellow, red, turquoise, and  single-phase sample shows the triply degenerate F,,
purple colors represent different materials obtained through cluster analysis. The purple rim  mode. e) Splitting of the Gdg;Ce( 90, 5 bands due
represents an overlay of the yellow Gdg;Ce 40, s signal and the turquoise sapphire signal.  to symmetry change in out-of-plane and in-plane
b) Cluster analysis of Raman modes extracted from the Raman device map showing the = modes. f) Analysis of the band shifts using the
Gdg1Cep 90, s single phase device. c) Cluster analysis of Raman modes extracted from the  computational results to compute the magnitude of
Raman device map showing the electrodes and the substrate, respectively. d) Micro-Raman interfacial strain. g) DFT simulations to correlate the
spectra of the compressively strained microdots. F,; and Fy, denote the relevant cationic-ani- ~ Raman frequency shift to strain states. Inset: Raman
onic Gdg;Cey90,_s Raman bands. The diamonds represent Er,O3; bands. The Gdy;Ce 90,5 mode splitting in the sample reference system.
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Figure 3. Electrical characterization through cyclic voltammetry and memristive behavior. a) I-V curve of the unstrained Gdg1Ce(40,_; single-phase
microdot. b) I-V curve of the six interfaces sample. c) -V curve of the 40 interfaces sample. d) I-V curve of the 60 interfaces sample with a strain of
—1.26%. This curve shows an additional crossing at negative polarity. The R,g/R,, ratio increase from 1.5 to 15 when increasing the compressive strain

from unstrained to —1.26%.

current—voltage profile to the initial preforming step applied
with positive polarity discussed in ref. [46].

Now increasing the compressive strain on the Gd,;Ce(90,_5
heterolayer phases of the microdot increases the hysteretic
opening at positive polarity while maintaining the volatile
switching characteristics, Figure 3b—d. This leads to an increase
of the R,g/R,, ratio, see also Table 2. When the compressive
strain on the conductor of the heterolayer dot is increased
to —1.26% the switching characteristics of the systems are

changing to a nonvolatile behavior, Figure 3d. For the positive
branch a further increase of the R.g/R,, ratio can be observed,
reaching more than one order of magnitude. Analysis of the
microdots’ current-voltage profiles revealed that the OFF-state
(high resistance state) remains virtually unchanged with respect
to strain at the heterostructure interfaces in the Gdy;Ce¢0,_0
phase, Figure 4a. Importantly, it is the conductivity of the ON-
state (low resistance state) of the heterostructure dot device
that is being modulated by the effective strain imposed on the

Table 2. Analysis of the |-V profiles in resistive switching for strained heterolayer microdots.

Microdot constituents No. of interfaces

Gdg1Ceg90,_s mono-

Er,0; monolayer In-plane strain Roff/Ron ratio  Persistence

microdot layer thickness [nm] thickness [nm]
Gdg1Cep 90,5 (Figure 3a) - Single phase 275 - Unstrained 1.48 Volatile
Gdo1Ce40;_5/Er,05 (Figure 3b) - 6 61 30 ~0.61% 2.00 Volatile
Gdg1Cep90,_5/Er,O3 (Figure 3c) - 40 9 4.5 —0.74% 5.39 Volatile
Gd1Ceg 90, _s/Er,O5 (Figure 3d) - 60 6 3 -1.26% 14.94 Nonvolatile
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Figure 4. Strained interfaces to control memristance. a) The interfacial state of the system acts primarily on the ON-state, the OFF-state remains
unchanged. b) This behavior leads to a minimum R,g/R,, ratio at the unstrained sample and an increased Ryg/R,, ratio with an increasing number

of interfaces.

Gdy1Ce 90, s phase under the high local electric fields. We
report that increasing the effective compressive in-plane strain
up to —1.26% in the Gd,;Ce(¢0O,_s phase of the heterostructure
microdots results in an increase of the R.g/R,, ratio by one
order of magnitude, Figure 4b. In the present study, we operate
for the first time memristive heterostructure microdots to alter
memristance at room temperature under high local electric field
strength of about 80 MV m™! and observe for increased strain
the enlargement in the assigned R.g/R,, ratio of the switch.

We interpret the finding as follows in light of the atomistic
structure investigations by Raman and TEM measurements,
Figure 5a,b. Earlier, Gao et al.*’l investigated the switching
behavior of single-phase ceria films through in situ TEM
studies, revealing resistive switching by a filamentary-type
mechanism, mediated by reduced Ce,O; portions within the
ceria films. Also, Song et al.*8l reported a preferential reduc-
tion of ceria at the interfaces within heterostructures formed
with zirconia-based oxides as second constituent material. They
find that ceria reduction at the interface is independent of the
strain, since the Ce3" concentrations are identical for compres-
sive and strain fields applied. However, DFT studies showed
that under compressive strain both neutral (i.e., thermally cre-
ated) and ionized (i.e., charge-compensating for Gd*" dopants)
oxygen vacancies prefer to be located at the Ce,03/ZrO, inter-
face.*) Such a cerium reduction at the interface is consistent
with our own EELS observations, and we confirm the latter
results for the CeO,/Er,0; interface based on our own DFT
computation where we plot the energy as a function of the
distance to the interface, Figure 5c. Additional information to
the DFT calculations of vacancies at the CeO,/Er,0; interface
is presented in Section S7 (Supporting Information). Together
with our own structural TEM, EELS, and Raman investiga-
tions, we propose that reduction of ceria takes place close to the
(strained) interfaces, increasing the interfacial Ce*" concentra-
tion during preforming under high electric field strength in our
heterostructure microdot devices for memristance modulation.
This is comparable to reduction effects of PLD-grown ceria
layers relative to the air interface that are described by Chueh
et al.P% using XPS. See Section S8 (Supporting Information)
for detailed defect chemical equations on the ceria reduction at
the strained interfaces.

wileyonlinelibrary.com
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We now turn to the effect of the systematically modulated
strained volumes in the ceria-based phases of the hetero-
structures on the memristive response: By two independent
structural investigation methods, TEM and Raman, Figures 1
and 2, we show that the magnitude of strain and, importantly,
of its biaxial lattice distortion is systematically increased with
increasing number of interfaces in the microdot, Table 1.
Second, in the heterostructure dots with a low interface count,
a relaxed and less biaxially distorted zone is found within the
ceria-based monolayer structures for distances greater than
12 nm from the interface. The overall higher degree of biaxial
lattice distortions in the ceria-based heterostructure dots with
60 interfaces (high strain) has an effect on both the ionic and
electronic charge carriers and the mixed conductivity. A forma-
tion energy reduced by up to several tenths of eV results in
an increased effective concentration of oxygen vacancies also
balanced by an increased number of electronic carriers (in line
with our EELS observations).*83% The oxygen vacancy mobility
is reduced due to increased migration barriers under compres-
sive strain!’®l as also confirmed by our DFT calculations (Sec-
tion S7, Supporting Information). Here, the curvature of the
lowest unoccupied bands in pure CeO, is found to increase
with increasing compressive strain, meaning that the electrons
resulting from oxygen vacancy formation, which reside in these
bands, are characterized by a lower effective mass and hence
higher mobility with increasing compressive strain, Figure 5d.
For the highly strained (high interface count) microdot het-
erostructures, the high biaxial strain thus leads to an increase
in the electronic mobility that can be used for modulation of
the memristance in the ON-state. The excess electrons created
populate the Ce 4f band.P! The overall conductivity is given by
O-tot(RT,highE,totalV) [e ]Xq"’,uvo [ ] (Zq) (3)
where 0y, stands for the total conductivity over the total volume
of the Gdy;Ce(0,_s phase of the device. y, and uyq. represent
the electronic and ionic mobilities, respectively; [¢'] and [V;] are
the electronic and ionic charge carrier densities and q repre-
sents the elementary charge. The modulation of the electronic
charge carrier densities balanced by oxygen ionic vacancies
and their mobilities, respectively, gives rise to the memristance
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Figure 5. Reduced interfacial states in heterostructures. a) The strained interfaces give rise to an increase in the number of charge carriers. The com-
pressively strained volumes decrease the mobility of the oxygen ions. In samples with a low number of interfaces the strain relaxes toward the center
of the Gdg;Cey90,_s phase, decreasing the fraction of strained material with respect to the total device volume. The total conductivity is given by
O tot(RT high E totalv) = e X [€]+ Ly, X[V5], where 0 stands for the total conductivity over the total volume of the Gdg1Ceq 90,5 phase of the device. i,
and pyo. represent the electronic and ionic mobilities, respectively; [¢'] and [V6] are the electronic and ionic charge carrier densities. b) In samples
with a high number of interfaces the device volume is fully strained. The influence on charge carrier densities and mobilities is much larger. c) DFT
calculations show it is energetically favorable for the defects to be located close to the interfaces. d) Increasing the compressive strain reduces the
effective mass of the electrons, thereby increasing the electronic mobility, as confirmed through DFT calculations.

modulation after preforming. This interplay of electronic and
ionic conductivity also explains the change of persistence in
highly strained and high interface count samples. At low tem-
perature conditions the conductivity is predominantly elec-
tronic.’2%% The increase in memristance, that is, the formation
of the hysteresis during cycling is a product of the changed con-
ductivities, due to the formation of reduced filaments of ceria
during the bias sweep at the phase boundary with erbia,*”! facil-
itated through the interfaces!*¥ and modulated by the compres-
sive in-plane strain. The introduction of the additional crossing
in the current-voltage signal of the high interface count sample
can be explained through the mechanism of filament break-
down: When the maximum voltage is reached and the bias is

Adv. Mater. 2017, 29, 1605049
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swept back to zero, the filament of reduced material is reoxi-
dized through transport of oxygen ions to the filamentary-type
interfacial portion of Ce**. This ionic transport is governed
by compressive strain, and as a consequence slowed down,
because oxygen ions must diffuse inward from the electrodes
or the edge of the device. Only if the ionic transport is very
slow (i.e., in devices with a high level of compressive strain)
the filament is stable enough to keep the kinetically frozen
low resistance state while cycling back to zero voltage and then
start cycling with opposite polarity. Another reason supporting
these characteristics is the overall change in relaxed (nonre-
duced) volumes as confirmed in our HRTEM measurements.
Samples with a lower interface count have thicker individual
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Gdg1Cey90,_s layers; therefore, more material is available
which acts as oxygen reservoir.’* A varying magnitude of strain
in the Gdj;Ce;90, s phases and interfacial effects altered by
the interface count in the heterostructure microdots of the
devices structurally govern the break in cubic symmetry, raising
oxygen vacancy sites and in turn, can be actively used to tune
the memristance property.

The results show a new, exciting way to use multilayered het-
erostructure oxides as a functional building block to control the
degree of biaxial strain in ionic conductors, and demonstrate
for the first time their direct implication for devices with tuned
memristive properties by strain. The resistive switching and
memristive behavior could be changed from volatile to nonvola-
tile memristance upon strain modulations in the conducting
phase of the heterostructure oxide units on the example of
Gdg1Ce(90,_s/Er,03 materials. The successful decrease of the
microdot size by one order of magnitude compared to state-of-
the-art in literature to reach an electrode separation of 2.5 um,
yielding electric field strength of up to 80 MV m™, allowed
accessing the property of “memristance” for strained multi-
layer heterostructures. The systematic and successful increase
of strained volume in the Gdy;Cey90,_s phase of the hetero-
structure microdots was proven by Raman microscopy together
with DFT simulations to interpret the experimental results.
Raman imaging was used as a novel method to locally relate
the chemical mapping of the material and strain states to the
device structure. The results obtained by Raman microscopy
and complementary TEM analysis clarify that local strain relax-
ation could be observed within the low interface count sample
in the conducting phases of the heterolayer dots. We reveal
that for the high number of interfaces, tuning the repetitions
of ceria and erbia layers down to 3 nm, the increased biaxial
strain distortion results not only in a modulation of the ionic
conductivity primarily through the changed migration barriers,
but also the electronic mobility via strain-induced enhanced
electronic mobility. Furthermore, the defect concentration at
the interfaces is increased with greater strain levels. We provide
a successful integration and design of strain levels and lattice
biaxial distortion to tune the charge carrier transport in an ionic
heterostructure oxide, and demonstrate their direct implication
as novel microdot devices to modulate the property of mem-
ristance. The presented materials design concepts and insights
are useful to make new architectures for micro-electrochemical
devices beyond classic doping strategies, not only for digital
information storage applications based on memristance but
also for related fields such as energy harvesting and storage
devices.

Experimental Section

Pulsed Laser Deposition Targets: The powders, GdgCe 90, s (Praxair,
Woodinville, WA) and Er,03 (Sigma-Aldrich, Switzerland), were uniaxially
and then isostatically pressed at 440 bars for 2 min to form ceramic
targets. Sintering was carried out isothermally at 1650 °C for Er,O3 and
at 1400 °C for Gd,,Ce0.90,_s with hold times of 24 h for Er,0O3 and of
4 h for Gdg1Ceq 90, s Heating and cooling rates were 5 °C min~' each.

Pulsed Laser Deposition Thin Film Fabrication: Mono- and heterolayer
film depositions were carried out on round single crystalline, double-
side polished (0007)-oriented sapphire substrates (Stettler sapphire,

wileyonlinelibrary.com
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Switzerland). Before deposition, the PLD chamber (Surface Technologies,
Germany; KrF excimer laser, 248 nm) was pumped to a pressure of
4 x 107® mbar. The deposition was performed at 700 °C, at an oxygen
pressure of 0.0267 mbar, and with a target—substrate distance of 85 mm.
The laser energy during deposition was kept constant at 0.81 ] cm™
To get different layer thicknesses the number of pulses was adjusted
accordingly, for growth rates see Section S1 (Supporting Information).

Microdot Heterostructure and Sideways Contact Microfabrication: After
thin film deposition carried out by pulsed laser deposition, the samples
were subjected to photolithography to create a pattern of dots on the
films that can be used to make the microdots. Those dots are the
template for the microdots. This pattern was made with spin-coating AZ
4533 Photoresist (Microchemical, Germany) to achieve a thickness of
4.3-4.6 um. After letting the sample rest and soft-bake it at 100 °C for
90 s the sample was exposed in a MA6 mask aligner (SUSS MicroTec,
Germany) with a dose of 190 m) cm™ at 405 nm. After a short resting
time the sample was subjected to post-baking at 115 °C for 20 s. After
another resting period the sample was developed in two different
puddles filled with AZ 826 developer for 39 s in each puddle. Finally,
the sample was dried in an N, stream. In the next step, the microdots
were etched using an Oxford Plasmalab 80. After the dots were free
etched the pattern for the electrodes had to be defined. AZ nLof 2020
(Microchemical, Germany) was spin-coated onto the sample. After a
resting period the samples were soft-baked at 110 °C for 180 s followed
by another resting period. The samples were exposed with a dose of
75 m) cm™2 at 365 nm. After another resting period they were post-
baked at 110 °C for 90 s. After a final resting step for rehydration the
samples were developed in two puddles of AZ 726 for 45 s each. Then
the samples were dried in an N, stream. The details of the fabrication
process flow are given in Section S1 (Supporting Information).

Structural Characterization: The ceramic PLD targets and as-deposited
thin films were characterized by X-ray Diffraction (Bruker D8, Cu Kc).
Confocal Raman microscopy and Raman mapping (WITec CRM200,
WITec, Germany) was done using a 532 nm wavelength laser for
excitation with a spectral resolution of 0.7 cm™. Fitting was done by
OriginPro 9.1 using a Gaussian function.

Microstructural Characterization: Scanning electron microscopy (SEM,
LEO 1530) was used to analyze the surface topography and cross
sections. Preparation of the TEM lamellas was performed using focused
ion beam (FIB) scanning electron microscope (Zeiss NVision 40).
The gallium beam-induced deposition of the protection layer and then
subsequent milling were carried out at 30 kV and 300 pA. HRTEM
images were acquired using an FEI Tecnai F30 FEG operating at 300 kV.
The annular dark field STEM images were recorded using a FEI Talos
F200X operated at 200 kV. Fourier diffractogram analysis was performed
using the Gatan DigitalMicrograph software package.

Electrical Measurements and Microdot Device ~Characterization:
Device contacting was done using Pt needles and 3D micropositioners
(Everbeing, Taiwan). All electrical measurements were carried out with
a Keithley 2612B source measurement unit (Keithley Instruments,
USA). Preforming was performed using a positive voltage of 200 V with
a ramping-up speed of 1 V s™'. After reaching the maximum voltage
a compliance current level of 200 nA was set. Previous experiments
showed that a current higher than 200 nA can lead to device failure.
Preforming was successful if the current reached the set compliance
level of 200 nA and stayed there until the hold time of T h ended. Cyclic
voltammetry was carried out with maximum amplitudes of £200 V with
a sweep rate of 500 mV s™'. Each sample was cycled at least 50 times to
ensure stability.

DFT Calculations: The density functional theory calculations were
performed with the VASP codel®! using the PBEsol exchange-correlation
functional.’® Wavefunctions were expanded in planewaves up to a
kinetic energy of 500 eV for PAW potentialsP”*® with explicit Ce 4f
states, while Er 4f states were frozen in the core in an Er’* configuration.
For the four-atom fluorite unit cell a 12 x 12 x 12 I'-centered reciprocal
space mesh was used, which was reduced to 3 x 3 x 3 for the 96-atom
cubic supercell and to 2 x 2 x 1 for the cell used to describe the CeO,/
Er,O; interface. In the calculations, Gd doping was implicitly included
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by removing an O atom along with two electrons from the simulation
cell when creating an oxygen vacancy, which electronically mimics the
presence of a 2Gdcys [V6] cluster. Phonon calculations were carried out
within the frozen phonon method implemented in the Phonopy code.]

Supporting Information

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