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Electrically Controlled Nano and Micro Actuation
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Nanoactuators are a key component for developing nanomachinery. Here, an
electrically driven device yielding actuation stresses exceeding 1 MPa with
integrated optical readout is demonstrated. 10 nm thick Al,O; electrolyte films
are sandwiched between graphene and Au electrodes. These allow rever-

sible room-temperature solid-state redox reactions, producing Al metal and
O, gas in a memristive-type switching device. The resulting high-pressure
oxygen micro-fuel reservoirs are encapsulated under the graphene, swelling to
heights of up to 1 um, which can be dynamically tracked by plasmonic rulers.
Unlike standard memristors where the memristive redox reaction occurs in
single or few conductive filaments, the mechanical deformation forces the
creation of new filaments over the whole area of the inflated film. The
resulting on—off resistance ratios reach 102 in some cycles. The synchro-
nization of nanoactuation and memristive switching in these devices is

at the nanoscale.l!! Several microactuators
have been demonstrated based on elec-
trostatic,”?! electro-thermal,’) magnetic,?
and piezoelectric forces,”! as well as
bimorphs.ll However, the transition to the
nanoscale raises a number of fabrication
and cost/complexity challenges. Small-
scale bimorphs, such as carbon-nanotube/
aluminum nanoactuators, are hard to fab-
ricate and position. Electroactive polymer
films have been used for large-scale
devices with areas of the order of m?, but
they lack local control, and are complex to
switch electrically.”~7 Organic molecules,
such as DNA, can be folded into struc-
tures with chemically triggered actuating

compatible with large-scale fabrication and has potential for precise and

electrically monitored actuation technology.

1. Introduction

Revolutions in nanotechnology rely on miniaturizing func-
tional components, which is a particular problem for nanoactu-
ators required to control nanostructures and manipulate matter
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capabilities in liquid environments,® but
these are inherently slow (typically sec-
onds). All these systems face challenges
in fabrication and operation when device
size is pushed towards the sub-100 nm
scale,®l where high actuation stresses (>1 MPa) are particularly
important, since van der Waals interactions, capillary forces,
and ionic charges become dominant.

Here we report an electrically driven nanoactuator based on
memristive switches, which is compatible with large-scale fab-
rication and incorporates optical readout capabilities. Memris-
tive devices have been proposed by Ref. [10] and demonstrated
in Ref. [11], and can be obtained with thin layers of oxides, as
well as protein-based materials,'>'3 by electrically inducing a
reversible local change in conductivity via ion migration at the
nanoscale. This ion migration triggers a redox reaction that is
often accompanied by gas release from the oxide, which is usu-
ally fatal for the memristive switch.['*-1% In our work, we instead
trap this gas in micrometer-sized tanks to create an electrically
driven reversible actuator based on memristive switching.

2. Results and Discussion

The functional component of the actuator is a thin Al,Os
film, sandwiched between a graphene electrode and a flat Au
substrate. The top single layer of graphene (SLG) is grown
by chemical vapor deposition (CVD)'”! (see the Supporting
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Figure 1. Device design. a) The Al,O; layer (¢t = 8 or 12 nm) is sandwiched between a separately contacted top SLG and bottom Au substrate to which
a potential Vis applied. Low-density 80 nm Au NPs under the SLG allow optical tracking. b,c) SEM images of device with Au fingers (false color yellow)

contacting the SLG pads (blue) sitting on Al,O3 (green). Scale bar: 200 pm.

Information), while the thin Al,O; film (thickness ¢t = 12 or
8 nm) is deposited via atomic layer deposition (ALD) on the
100-nm-thick bottom gold contact (Figure 1a; also see Experi-
mental Section). By incorporating gold nanoparticles (AuNPs)
under the SLG in a nanoparticle-on-mirror (NPoM) geom-
etry,'81 we optically track the state of the thin Al,O; film under
bias. Incident light is trapped in the plasmonic hotspot tightly
localized within the nanoscale gap between AuNP and Au sub-
strate, providing optical access to changes in the thin film mor-
phology and its dielectric properties.?”! Because Au NPs can be
deposited over areas of several cm? and their optical response is
reproducible, we optically probe large regions of the thin film in
real time. The NPs are drop-cast over the surface with a number
density controlled by the deposition time, and optimized to
ensure light collection for spectroscopy from individual NPs
within the collection spot.

The SLG and Au contacts are arranged as independent junc-
tions (Figure 1b,c) electrically isolated from each other so that
a voltage V can be applied across independent SLG-Al,03;—Au
structures. SLG is used as the top electrode for its con-
ductivity,?l  transparency (making the encapsulated
NPs optically accessible),?l flexibility (conforming to
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mechanical deformations in the underlying structure),?!l

and impermeability to gases.?!l Raman spectroscopy is
used to monitor the presence of defects,??l doping, 2324
and strain®?% (see the Supporting Information).
Using =1-100 cm? CVD SLG sheets and optical lithography
allows parallel fabrication of a number of junctions.
Electrical measurements are used to characterize the
junctions at room temperature. The initial state is insulating
with conductance in the 0.1-10 pS range for areas =500 um?
and t = 8 nm. The overlap region between SLG and Al,0;
with a junction area =500 um? corresponds to a conductance
per unit area ranging from 0.1 to 10 nS mm™2. Each junction
can be made conductive (switched on) by applying a critical
voltage across it. In the case of devices with 8 nm Al,O; layers,
this voltage is =5 V (for 12.5 nm thick layers devices switch
on at =7 V). The turn-on transition appears as a sudden jump
in current, in which the conductance rises to values in the
1-100 puS range, which for a typical junction area of 500 um?
corresponds to a conductance per unit area 1-100 uS mm™72.
In a given cycle, on—off resistance ratios as high as 10% are
observed (Figure 2a,b), which compare favorably to some of
the highest ratios in memristors.?-32l Reversing the voltage
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Figure 2. Device dynamics under applied potential. a) -V plot of transitions between on and off states driven by varying junction voltage to positive
or negative polarities. Magnitude of current || shown on logarithmic scale; legend color indicates order in which the measurements are taken, while a
current compliance limits the maximum current. b) Junction conductance in on and off states for cycles shown in (a). c) Single-device finger with SLG
(blue) on 8 nm Al,O5 (green) thin film on Au back contact. Low-density 80 nm Au NPs (red) are sandwiched between SLG and Al,O;. Dark-field images
obtained with application of d) 0V, €) 5V, and f) 6 V. Strong light scattering is observed for increasing voltages. Scale bar: 5 pm.

polarity across the junction drives the opposite reaction and
decreases the conductance back towards the initial state,
seen either in a sudden drop in current or in a more gradual
transition (Figure 2a). We note =5 cycles can be switched in
this way (Figure 2b), before the memristive behavior is com-
promised. In either state, the junction remains stable when
varying the voltage within a small range, between -1 and
1V. At 0V the junctions are stable for tens of hours. However,
sometimes a slight decrease in conductivity is observed. After
typically 5-10 cycles, the conduction state can no longer be
changed with voltage.

We perform further electrical measurements while opti-
cally imaging the SLG from the top (Figure 2c). When a field
exceeding 5 x 108 V m™ is applied (V, = 5Vfor t = 8 nm,
V, = 7V for t = 12 nm), we observe a strong scattering arising
from different regions of the SLG pad (Figure 2d—f). These
bright regions (which as we show below are caused by micro-
bubbles) expand faster as V is further increased, and merge into
fewer larger regions as they expand more. The AuNPs within the
bright regions change the color from red to yellow (Figure 3a,b),
signaling a modification of the NPoM gap. Such behavior is
consistently observed for all NPs. The NPoM geometry is thus
helpful to investigate the real-time dynamics of such thin films
or bubbles.

The formation of each bubble results in a blueshift of the
NP-coupled mode seen in dark-field scattering spectroscopy
(Figure 3c,d), together with a simultaneous increase in current
(Figure 3e). Reversing the voltage causes the bubbles to gradually
shrink, enabling voltage-driven height manipulation. Complete
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bubble deflation can be achieved, fully recovering the initial NP
spectrum (Figure 3f,g). Again the switching process in these
devices can be repeated =5 times (Figure 3f,g). As discussed below,
the failure occurs if the bubbles collapse enough after inflation
to allow O, escape from reservoirs at the edge of the Al,O;. In a
given junction, the location and relative size of the bubbles when a
device is first turned on are random, and a typical statistical distri-
bution of bubble heights is shown in Figure S2 (Supporting Infor-
mation). However, the location, size, and height of the bubbles are
maintained in successive switching cycles when using the same
electrical parameters, enabling the NPs on bubbles to undergo
repeatable transitions (Figure 3g). Once the voltage is turned off,
the position and size of the bubbles remain stable for months.

The NP blueshifts can arise from three different scenarios:
refractive index changes in the medium surrounding the NP
(scenario 1), alterations in spacer conductivity (2), or variations
in distance from the mirror, where it is sensitive to nanometer
displacements (3). Scenario 1 requires an unfeasibly high refrac-
tive index variation (in excess of An = 0.4) to account for a 50 nm
shift.'8 Variations in conductivity can induce a shift, due to
shorting of the optical charge oscillations between NP and
substrate,33 but requires a much larger increase in Al,O5 con-
ductivity than measured. Similarly, a vertical displacement of
the NP (3) could cause a shift of the coupled mode resonancel¥
needing the NP to be moved away from the mirror to induce
the observed blueshift. Proving this latter scenario thus requires
morphological analysis of the surface.

Angled scanning electron microscopy (SEM) images of
the bubbles reveal an inflation of the device surface with the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Optical evolution with applied potential. a,b) NP color switching in dark field imaging, with c) corresponding scattering spectra from this
NP. d) NP scattering spectrum for increasing voltages with €) corresponding measured current (line is guide to the eye). f) Scattering spectra when
plasmon resonance switches under voltage cycling —V<-> +V over the time sequence shown in (g). Positive voltages trigger blueshifts while negative

ones promptly recovers the initial condition.

AuNPs sitting on top (Figure 4a), confirming scenario 3.
Atomic force microscopy (AFM) topography measurements are
used to quantify the size of the larger bubble reservoirs (vis-
ible in dark-field microscopy), which can reach up to tens of
micrometers in diameter and up to 1 pm in height (Figure 4b,c,
see also the Supporting Information). The bubbles observed in
dark-field microscopy thus correspond to vertical displacements
of the device surface, which match the blueshift in the NPoM
scattering spectra.3Y In the early stage of inflation, bubble
actuation can only be detected in real time through the NP
scattering spectra, sensitive to sub-nanometer displacements
(see discussion in the Supporting Information). The additional
rise in scattering intensity of the NPoMs (Figure 3c) is caused
by interference effects when the distance exceeds 100 nm,>’!
which agrees with the height range measured using AFM.

The reservoir inflation could arise from several types of
deformation. Bulging of the Au bottom contact due to electro-
static forces between the electrodes is ruled out since bubble

Y (um)

x (um)

formation is not observed for negative applied voltages,
although electrostatic forces should be independent of voltage
polarity. SLG corrugation alone would not cause the bright scat-
tering regions observed in dark-field, because the SLG itself is
barely visible in microscopy. The AuNPs play no active role,
since the initial position of the bubbles is unrelated to the NP
positions. We conclude that changes in the Al,O; layer are
therefore responsible for reservoir inflation.

Thin Al,O; films are known to allow migration of oxygen
ions,*® and have widely been used in resistive switching
devices."3740l Tn such devices, a voltage applied across an
oxide layer such as TiO, or Al,0; drives O% ions towards one
of the electrodes. This leaves oxygen vacancies in the material,
doping the oxide and changing the resistivity of the layer, thus
making it suitable for resistive switching applications. In the
case of TiO,, 0> ion migration and vacancy formation have
been confirmed by spatially resolved X-ray spectromicroscopy.!
When using inert Pt electrodes, the ions can then oxidize upon

10 20 30
Cross section (um)

Figure 4. Bubble reservoir characterization. a) SEM image of inflated reservoir, with NPs sitting on top. Scale bar: T um. b) AFM topography image

with c) cross section showing reservoir height along the line.

Small 2018, 1801599

1801599 (4 of 8)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

reaching the positive electrode via the reaction 20? ~ — 4¢ +
Oy, forming bubbles of oxygen gas.'®) Until now however,
bubbles have only persisted while the voltage is applied, rapidly
disappearing once the bias is removed. Pt and Au are common
choices for the inert electrode materials in this type of mem-
ristor, since they have good conductivity and are not affected
by oxidation. There is no evidence that Au plays a catalytic role
in the redox reaction occurring during switching.*?) Modifica-
tions in the density of oxygen vacancies under applied voltage
have also been studied in NiO films, where growth of a metallic
Ni phase has been proposed as the switching mechanism, ']
although with no direct evidence in working devices.[*>*4 The
exact oxide reduction mechanisms are therefore still unclear.
Studying these in typical resistive switching devices based on
planar metal/oxide/metal junctions is problematic as they pre-
vent in situ access for optical or electron microscopies.

Our devices share the same structure as such resistive
switches. We conclude that reservoir inflation is similarly caused
by drift of O%~ ions which move towards the positive electrode,
there converting into oxygen gas. Our data thus confirm the

graphene :

www.small-journal.com

observation of oxygen bubbles reported so far only for TiO,,¢

consistent with high-angle energy-dispersive X-ray spectro-
scopy (EDX). The dynamics of the reservoirs and the increased
expansion speed with higher voltage also agree with previous
reports.l% The currently accepted view of the resistive switching
mechanism in valence-change cells is that the high-conductivity
state is due to a localized conductive filament,**! but its compo-
sition and structure have not yet been directly observed in situ.
Formation of these filaments has often been associated with local
deformation of the device in the form of crater-like structures,“l
and this seems consistent with the formation of a gas reservoir
bursting due to excessive pressure. In our devices, conduction
through the Al,0; film starts at a site where O%~ ion conductivity
is likely higher than the surroundings. Rapidly, this local migra-
tion of 0%~ ions forms O, gas at the Au electrode which lifts the
graphene/Al,O; film away from the Au, interrupting the conduc-
tion path. Conduction can then only occur through the migra-
tion of O% at the boundaries of the reservoir via new migration
paths formed in the Al,O; film, thereby continuously producing
more O, gas and enlarging the reservoir laterally (Figure 5a).
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Figure 5. Al,O; redox transformation into Al and O,. a) Thin Al,O; film (V = 0) separates into metallic Al and O, gas (V> 5 V) with a growing bubble
reservoir. b) Ratio of measured reflectivity after (R and before (R;) reservoir inflation (solid line), compared to the thin film model (dashed) with
increasing Al thickness dy, identifying da = 10 nm, and predicting the same inflation height as that found from AFM. c) Bubble height decreases as
temperature is lowered, due to decreasing volume of internal O,. Fit (line) shows ideal gas dependence h o T'/4.
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A corresponding solid-state electrochemical reaction is then
driven at the graphene electrode, Al>* + 3¢~ — Al° producing a
thin metallic Al film. Rather than localized conductive filaments,
found in most other memristors, which would be unfavorable
to grow the bubble, this scenario suggests a uniform Al film
forming near the surface of the reservoir.

To confirm this picture, we compare the reflectivity meas-
urements on a bubble region before and after reservoir
inflation. The SLG electrode in our devices is crucial for ena-
bling this real-time optical tracking of the redox underlayer.
We collect initial bright-field reflectivity spectra R; before
any voltage is applied on the top of each bubble with a 50x
objective, to focus broadband white light which is confocally
collected at a detection fiber. After forming the reservoir,
the modified reflectivity Ry is measured, and Ry/R; is plotted
to highlight the spectral changes. We compare R¢/R; with
transfer matrix calculations using a multilayer model of the
inflated reservoir structurel*’! (Figure 5b). By fitting the model
parameters (thickness of metallic Al film, thickness of residual
Al,O; layer, and height of gas reservoir; see Section S3,
Supporting Information) to the experimental data, we find a
complete disagreement unless a metallic Al film is present.
Optimizing the fits resolves an Al thickness of 10 nm, with
Al,Oj; residual film of 4.5 nm, and reservoir height of 165 nm
(in good agreement with the 175 nm average height from
AFM for bubbles of this size; Figure S3, Supporting Informa-
tion). Similar reflectivity changes are seen on other bubbles.
This optical modeling also confirms that the Al nanolayer sep-
arates from the Au substrate, storing the oxygen gas between
them.

The presence of gas is further demonstrated by cooling
down and optically tracking the changing size of a 1 um bubble
from 292 to 6 K in situ. Images taken at different temperatures
are used to infer the bubble height by fitting the interference
fringes from light reflected off the surface of the bubble and
off the bottom Au substrate with a simple model (Section S1,
Supporting Information). We observe a stronger decrease in
reservoir height as the temperature is lowered below 150 K
(Figure 5c¢), reducing by about a factor of two, and matching the
ideal gas law prediction h o< T'/# (liquefaction is not achieved at
these pressures; see also Section S2, Supporting Information).
The shape and size of the reservoir are fully restored when the
sample is heated back to 292 K, suggesting that temperature
control can also be used for nanoactuation and height fine-
tuning, in addition to electrical driving. We exclude the pres-
ence of water in the devices since the ALD growth occurs at
180 °C, and we do not observe any freezing signature at 0 °C.
To further prove the containment of pressurized gas, the tip
of an AFM probe is used to pierce a hole in the surface of an
inflated bubble, resulting in immediate deflation.

Given the presence of gas, we can infer its pressure from
the geometrical parameters of each bubble and the mate-
rial properties of its walls (Section S2, Supporting Informa-
tion). The strain in the bubble surface film is found from*®
€= 2h%/3a%, where h is the bubble height and a its base radius,
and ranges from 0.35% to 1% depending on the aspect ratio of
the bubble, corresponding to a stress level well below the ulti-
mate tensile strength of either graphenel* or Al,0;.°% Raman
spectroscopy is used to measure the strain in SLGPZ>20°1 for
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a similar bubble. Comparing to the deflated junctions yields
a shift (Figure S7, Supporting Information) corresponding to
a strain =0.1% (Sections S2 and S8, Supporting Information),
consistent with the estimate for the laminate SLG/AL,0; film.
Such strain values imply typical internal bubble pressures in
the range of 20 £ 10 atm (Section S2, Supporting Information).
We find the amount of oxygen required to give this pressure
is indeed a sizeable fraction of that locked up in the Al,O3
film (=60%, see Section S2, Supporting Information). Gene-
rally, smaller bubbles have higher internal actuation stress,
thus likely requiring an overpotential to initially drive the
reaction. As an estimate, a typical current of 1 nA applied for
1 min across a junction would correspond to the migration of
10'" O% ions. This matches a similar estimate of the number
of oxygen atoms trapped as O, in the bubbles assuming a pres-
sure of 20 atm and typical bubble sizes after inflation. This
is thus consistent with oxygen migration being a major con-
duction mechanism in our film. Furthermore, it explains the
failure mechanism of the devices, which is most likely caused
by localized damage to one of the encapsulating layers (SLG
and Al,O;), that allows O, to escape during switching and thus
inhibits the inverse reaction. Strain probably plays a key role in
the process. Thus, reducing it during actuation or increasing
the encapsulating layer stiffness would improve device cycla-
bility. A method to realize this is employing multilayer instead
of SLG as top electrode, and the use of a surface treatment on
top of the Al,Oj3 to reduce friction and aid conformal deforma-
tion of SLG to the surface. For bubble inflation, application of
a low voltage (=5-7 V depending on Al,O; thickness) for a long
time rather than a high voltage (>10 V) for a short time also
leads to better cyclability.

At room temperature and low voltage, we are able to revers-
ibly convert >60% of thin Al,O; films to metallic Al and back on
demand. Our choice of electrode/electrolyte materials, forming
chemically stable SLG/Al/Al,O; and Au/O, interfaces, is what
allows the reservoirs to remain stable for months when the bias
is removed. A negative voltage triggers the oxygen to recombine
with the Al, thus reforming the Al,O; film. This depends on
the impermeability of SLG to O,,°! while the strength of the
SLG/Al/ALO; film allows O, gas to be locally stored at high
pressures without rupturing its flexible container. The internal
pressure can be tuned by choice of layer thicknesses.

3. Conclusion

We have shown that SLG/Au electrodes combine with solid-
state electrolyte thin films of Al,0; to produce nanoactuators,
capable of yielding high stress, which are electrically controlled.
The applied electrical field drives O?- drift, creating local chem-
ical energy storage in the Al metal and O, gas which can be trig-
gered to recombine, thereby deflating the actuator. This device
geometry has much in common with memristive switches but
with an optically accessible electrode and provides new insights
into the switching mechanisms. Graphene electrodes improve
the reliability and resilience of this resistive switching. Revers-
ible redox of Al,O; is possible at room temperature under
benign conditions creating high-pressure oxygen micro-fuel
reservoirs under graphene encapsulation. Plasmonic rulers

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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allow the dynamics of this process to be studied in real time.
Both reactive species (Al and O,) are stored in proximity for
months. This promises a wide range of applications in nano
and micro actuation and local energy storage in pressurized
reservoirs, while allowing integration with current thin film
technologies.

4. Experimental Section

Sample Preparation: Device fabrication was started with evaporation
of a 20 nm Ti adhesion layer, followed by 100 nm of Au deposited by
evaporation onto a 285-nm-thick SiO, on Si substrate in a pattern
defined using optical lithography. The Al,O; layer was deposited by ALD,
without any prior adhesion layer, and using 60- and 90-layer deposition
cycles to provide different thicknesses for comparison. The ALD was
done at a temperature of 180 °C in a vacuum chamber, which ensures
a water-free Au-Al,O; interface. The Al,O; layer was subsequently
patterned via optical lithography and chemically etched using Microposit
MF-319. AuNPs (80 nm diameter) from BBI Solutions were drop-cast
on the substrate to obtain a number density of =0.1 um2 on the Al,O5
surface. SLG was grown by CVDI'”) and then deposited onto the chip
via wet transfer®23 and subsequently patterned with lithography and
reactive ion etching (see the Supporting Information).

Optical Microscopy and Spectroscopy: Optical dark-field images were
recorded on a custom-modified Olympus BX51. Samples were illuminated
with a focused white light source (halogen lamp). The scattered light was
collected through a 100x dark-field objective (Olympus LMPLFLN100xBD,
NA 0.8) and analyzed with a fiber-coupled (50 pim core diameter optical
fiber) Ocean Optics QE65000 cooled spectrometer. A standard diffuser
was used as a reference to normalize white light scattering. Reflectivity
measurements were performed through a 50x objective (Olympus
LMPLFLN100xBD, NA 0.5) using a reduced aperture size.

Atomic Force Microscopy: Topography of the sample was performed
using an Asylum Research MFP-3D atomic force microscope in non-
contact AC mode. Asylum Research AFM Software version 15 was used
for instrument control and data post-processing.

Raman  Spectroscopy: Graphene was characterized by Raman
spectroscopy after growth, after deposition on devices before
measurement, and after activation of devices, through a Renishaw InVia
spectrometer equipped with a 100x objective. The Raman spectra in
Figure S7 (Supporting Information) were measured at 514.5 nm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. Source data can be found at https://doi.org/10.17863/
CAM.25258.
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