RESEARCH ARTICLE

'-) Check for updates

small

www.small-journal.com

In Situ Observation of Low-Power Nano-Synaptic Response in
Graphene Oxide Using Conductive Atomic Force Microscopy

Fei Hui,* Peisong Liu, Stephen A. Hodge, Tian Carey, Chao Wen, Felice Torrisi,
D. Thanuja L. Galhena, Flavia Tomarchio, Yue Lin, Enrique Moreno, Juan B. Roldan,
Elad Koren, Andrea C. Ferrari, and Mario Lanza*

Multiple studies have reported the observation of electro-synaptic response

in different metal/insulator/metal devices. However, most of them analyzed
large (>1 um?) devices that do not meet the integration density required by
industry (10'° devices/mm?). Some studies emploied a scanning tunneling
microscope (STM) to explore nano-synaptic response in different materials,
but in this setup there is a nanogap between the insulator and one of the
metallic electrodes (i.e., the STM tip), not present in real devices. Here, it is
demonstrated how to use conductive atomic force microscopy to explore the
presence and quality of nano-synaptic response in confined areas <50 nm?
Graphene oxide (GO) is selected due to its easy fabrication. Metal/GO/metal
nano-synapses exhibit potentiation and paired pulse facilitation with low write
current levels <1 pA (i.e., power consumption =3 pW), controllable excitatory
post-synaptic currents, and long-term potentiation and depression. The results
provide a new method to explore nano-synaptic plasticity at the nanoscale,
and point to GO as an important candidate for the fabrication of ultrasmall
(<50 nm?) electronic synapses fulfilling the integration density requirements of

neuromorphic systems.

1. Introduction

Resistive switching (RS) is a phenomenon occurring in dif-
ferent metal/insulator/metal (MIM) devices that consists on

the adjustment of their electrical resist-
ance depending on the history of electrical
stresses applied.l!! Depending on the mate-
rials employed, MIM devices can exhibit:
i) two stable resistive states (often called
non-volatile RS), used to fabricate binary
electronic memories;!? and ii) one stable
and one unstable resistive state (often
called threshold RS), explored for the fab-
rication of electronic neurons, i.e., devices
for signal integration and electrical spike
generation in artificial neural networks
(ANNs);Pl and iii) multiple stable resistive
states (often called analogue RS), explored
for the fabrication of electronic synapses,
i.e., devices that define the strength of the
connection between electronic neurons in
ANNs.Bl The fabrication of state-of-the-
art electronic memories and ANNs using
MIM-like RS devices requires high inte-
gration density (>10'° devices/mm?),1l i.e.
the RS must be demonstrated in ultras-
mall devices (<100 nm?).>71 The smallest
memristors fabricated to date have sizes =2 nm x 2 nm and
a Pt/TiO,/HfO,/Pt structure,l® but just few RS cycles were
demonstrated and the switching voltages presented a high vari-
ability (>2 V). Ref. [7] presented a complete statistical analysis in
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10 nm x 10 nm memristors in with TiN/Hf/HfO,/TiN structure.
However, observing RS in small areas <100 nm? is challenging.

One approach to explore the presence of RS in a materials
system is the use of scanning probe microscopy (SPM) tech-
niques, as they allow to characterize multiple nano-sized MIM
cells (with sizes ranging from 1¥-50 nm?°). SPM techniques
like scanning tunneling microscopy (STM) and conductive
atomic force microscopy (CAFM) have been often employed to
study binary RS in different materials.'>'! However, the use
of SPM techniques to explore other types of RS (i.e., analogue,
threshold) for the fabrication of electronic synapses and neurons
is still incipient. Refs. [10,11] used the tip of a STM as a top elec-
trode to analyze nanogap-based Ag,S and Cu,S atomic switches,
and observed short term plasticity (STP, i.e., volatile changes
in resistance that recover after few milliseconds or seconds)!?
and long term plasticity (LTP, i.e., non-volatile changes in resist-
ance that remain stable for minutes or days).¥l However, in
refs. [10,11] the STM probe did not physically contact the device
surface. Therefore the electrical characteristics were affected
by the nanogap between tip and sample, which can be very
unstable and produce high point-to-point variability. On the
contrary, CAFM provides physical and stable contact between
tip and sample, as well as accurate control of the contact force
(Fc) between them,™ and it is overall more suitable than STM
to form nano-sized MIM contacts.

Here, we use CAFM to study the nano-synaptic response
in graphene oxide (GO) films prepared by liquid phase exfo-
liation (LPE)™! and deposited by spray coating on metal-
varnished Si wafers. The CAFM Pt tip is connected to a
Keysight B1500A semiconductor parameter analyzer (SPA), so
that ramped voltage stresses (RVS) and sequences of pulsed
voltage stresses (PVS) can be applied locally, and the current
signal can be simultaneously measured in situ from *1 pA to
11 mA.[%Y Our experiments indicate that nanosized (=50 nm?)
metal/GO/metal cells have different synaptic responses enabled
by volatile RS, such as potentiation and paired pulse facilitation
(PPF) at low current <1 pA, controllable excitatory post-synaptic
current (EPSC), smooth potentiation and depression, and non-
volatile bipolar RS, necessary to achieve reproducible LTP.

We use GO for multiple reasons. First, the materials
employed in RS devices are mainly transition metal oxides
(TMO), but there are difficulties in using them for analogue
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and threshold RS. Therefore, new materials need to be
explored®2%, GO has already shown non-binary RS2 in
large devices (areas > 7000 um?). Second, GO can be prepared
inexpensively via LPE. Spray-coating allows conformal coverage
surfaces with complex shapes.? This approach is very attrac-
tive from an industrial point of view. And third, GO is a lay-
ered material with high flexibility and transparency.?>2¢! Pre-
vious studies reported that GO-based devices exhibit multiple
RS-related phenomena, including STP, LIP, spike-timing
dependent plasticity (STDP) in modified GO-based transis-
tors,?l STP and PPF in Ag/N-GOQD/Pt (where N-GOQD
stands for N-doped GO quantum dots)??l and EPSC, and PPF
in crossbar arrays made of yarn coated with GO.[23] However,
the sizes of all GO-based memristive devices reported to date
are large (>7000 pum?).2-23 Electro-synaptic behaviors at the
nanoscale are required for GO to be used in high-density ANNs
(>10% devices/mm?). Here, we show that GO can exhibit mul-
tiple nano-synaptic electronic phenomena at the nanoscale,
attractive for the fabrication of ultrascaled electronic synapses
and neurons.

2. Results and Discussion

We prepare GO flakes by a wet chemical method as detailed
in Experimental Section. Transmission electron microscopy
(TEM) (Figure 1a) shows that these have areas >20 um?. The
GO flakes are then deposited on Au-varnished SiO, wafers
using a spray-coater (see Experimental Section), which allows
scalable fabrication of devices.’) The GO thickness on the
metal can be controlled by adjusting the pressure of the spray-
coater and the spraying time. Figure 1b is a topographic atomic
force microscopy (AFM) map of the surface of a GO/Au/SiO,
wafer. The root mean square roughness of the flat regions (i.e.,
without wrinkles) is =2.75 nm, as extracted by processing the
topographic AFM images offline, using the NanoScope Analysis
AFM software. This is similar to that of GO films prepared by
spin coating.?®l The ability of spray-coating to cover any com-
plex surface is demonstrated using bulk Pt tips as substrate.
Wettability measurements are used to confirm the existence
of oxygen-containing functional groups and the hydrophilic
nature of the flakes (see Figure Sla,b, Supporting Information).

Wl Fresh tip d GO-coated tip

Figure 1. Morphological characterization of spray-coated GO. a) TEM image of GO flake. Scale bar = 500 nm. b) Topographic AFM map of a GO/Au/
SiO, wafer. Scale bar = 500 nm. The color scale (Z-axis) is: black 0 nm, white 20 nm. ¢,d) SEM images of as-received Pt tip (without GO coating) and
GO-coated Pt tip (after coating). Scale bars are 2.5 um in (c) and 1 um in (d).
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Figures 1c,d are scanning electron microscopy (SEM) images
of a pristine bulk Pt tip (without GO) and a GO-coated bulk Pt
tip, respectively. These images show that conformal GO coating
is achieved (as indicated by the formation of wrinkles). Similar
results are found in other CAFM tips with different geometries
(see Figure Slc, Supporting Information).

To construct nanosized GO-based memristive electronic
synapses, we use two configurations. 1) A bulk Pt tip placed
at a single location on the surface of a GO/Au/SiO, wafer,
which leads to Pt/GO/Au nano-synapses with an effective area
(between tip and sample) <50 nm?,[® given that the typical
radius of the Pt tips is =8 nm (see Figure S2, Supporting Infor-
mation). 2) A GO-coated bulk Pt tip placed on the surface of a
Cu film, which leads to Pt/GO/Cu nano-synapses with slightly
larger effective areas <500 nm?, as the radius of the GO-coated
tip is larger than that of the uncoated tip, due to the additional
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thickness of the GO film (=65 nm, as demonstrated by close
inspection of SEM images, see Figure S2, Supporting Infor-
mation). Both types of structures are shown schematically in
Figure 2. More details about the estimation of the effective size
of the nano-synapses are in Note S1, Supporting Information.
Figure 2b plots the current versus voltage (I-V) curves
collected on a single location of the Pt/GO/Cu nano-synapse in
Figure 2a when exposed to a sequence of 20 RVS from 0 to 5V
across the Pt and Cu electrodes (Vqyp), using a standard CAFM
(see Figure 2d). During the forward -V curves (blue), only elec-
trical noise is initially detected (at Vyp <1 V). At Vyp = 1V, the
currents start to increase progressively. At Vyp = 3 V the cur-
rents increase abruptly until reaching the saturation level of the
CAFM (£5 nA). The backward -V curves (dark yellow) show a
current shift toward lower potentials, indicating that the resis-
tivity of the Pt/GO/Cu nano-synapse has decreased. The fact that
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Figure 2. Electrical measurement of metal/GO/metal. a) Schematic GO-coated Pt tip on Cu, forming a Pt/GO/Cu nano-synapse with area <50 nm?.
b) I-V sweeps in a Pt/GO/Cu nano-synapse showing volatile RS. c) Statistical analysis of the switching voltages of Pt/GO/Cu nano-synapse.
d,e) Schematic diagrams of standard CAFM and a CAFM connected to a SPA, respectively. f) Schematic of a Pt tip on GO/Au/SiO,, forming a Pt/GO/Au
nano-synapse with area <50 nm?. g-i) Current signal driven by a Pt/GO/Au nano-synapse when applying PVS with common width (W = 500 ns) and

amplitude (Vpyse = 2.5 V), and T=19.3, 9.3, 4.3 us, respectively.
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the currents during the backward I-V curve vanish at low volt-
ages (Vpp < 0.5 V), and that the next forward [~V curve exhibits
similar currents to the previous forward one, indicate that the
RS phenomenon is volatile. The variability from one cycle to
another, evaluated through the mean value (1) and standard
deviation (0) of the switching voltages,1?® is low (2.99 £ 0.32 V
for Vspr and 0.69 £ 0.28 V for Viygser), as shown in Figure 2c,
and comparable to that of TMO-based memristors,?”! indicating
the good reproducibility and reliability of the threshold RS
behavior. We observed similar threshold RS characteristics for
Pt/GO/Au synapses (see Figure S3, Supporting Information).

www.small-journal.com

To have dynamic information about the switching pro-
cesses (i.e., set and reset) we apply PVS to the metal/GO/metal
nano-synapses by connecting a SPA to the tip of the CAFM (see
schematic in Figure 2e). When applying fast (<500 ns) PVS, we
present the data for the Pt/GO/Au nano-synapses (Figure 2f),
because the dynamic current signals are more stable and repro-
ducible than for the Pt/GO/Cu ones. We apply PVS with a
pulse width (W) =500 ns, Vqpp ranging from =2.5 V (Vpyigg) to
0 V (Vggap), and different interval times (T) =19.3, 9.3, 4.3 us
(Figure 2g-i). Our experiments indicate that when longer
T =19.3 us is used (Figure 2g), the currents flowing across the
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Figure 3. Writing current and EPSC in Pt/GO/Au nano-synapses. a—c) Current signals driven by three Pt/GO/Au nano-synapses when applying PVS
with common W=1ms, T=2ms, and Vpy s =3 V. d) Current signals driven by Pt/GO/Au nano-synapses when applying PVS with common W =100 us,
T=1ms, and Vpy sg = 5 V. €) Writing current versus cell size for 20 memristive synapses reported in literature and this work. Refs. S7, S12, and $29-546
are listed in the Supporting Information (see also Table S3, Supporting Information). The orange region outlines the values closer to the technological
requirements, as defined in ref. [37]. f) Writing current versus pulse number for the plots in (a—c) showing that potentiation takes place in a linear
manner at low currents <1 pHA. g) EPSC response (bottom) in one Pt/GO/Au nano-synapse when applying four groups of PVS (G1-G4), each with
amplitudes of 3, 3.5, 4, 4.5, 5V (top). h) Average conductance change in the Pt/GO/Au nano-synapse for PVS of different amplitude, when repeating
the experiment in (g) four times in the same synapse.
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Pt/GO/Au nano-synapses can complete its relaxation (back to ini-
tial current level) after each pulse. On the contrary, when applying
shorter T'=4.3 us (Figure 2i), the currents relaxation is incomplete,
and the Pt/GO/Au nano-synapses are erratically potentiated.

By adjusting the width and interval of the PVS (W = 100 us
and T = 100 us), analogue potentiation and PPF at wide current
ranging from =40 nA to =100 PA is achieved when applying
different pulse amplitudes (Vpyisg = 3, 5 V and Vggap = 0 V),
as shown in Figure 3a—d. The speed of the potentiation can be
adjusted by tuning the pulse amplitude, and the current across
different Pt/GO/Au nano-synapses is similar, indicating that
the device-to-device variability is low. The observation of repro-
ducible analogical potentiation at low currents (<1 HA) across
ultrasmall areas <50 nm? represents a significant advance in
terms of write current and integration density compared to
previous literature (see Figure 3e). Here, we have the lowest
current during the write pulse (not read one) because the read
currents are below the intrinsic noise of the SPA operated in
pulse mode (i.e., =1 pA), therefore they cannot be measured
with this setup. The median power consumption in a poten-
tiation cycle (Pygpian), defined as the amplitude of the pulse
(Vpursg) multiplied by the median current during the cycle
(Imepian), is 3 UW, one of the lowest to date (see Table S3,
Supporting Information). At such current levels, the poten-
tiation happens in a linear manner (Figure 3f), which is also a
desired feature in electronic synapses for ANNs.3% The factor
=2 variability of the currents between different metal/GO/metal
synapses is small compared to state-of-the-art memristors, in
which currents fluctuations range from 583U to 10002°! from one
device to another. Pt/GO/Au nano-synapses also exhibit EPSC
response, i.e., transmission of spikes or action potentials from
the presynaptic (Pt) to the post-synaptic neuron (Au) across the
GO synapse. Figure 3g shows four groups of presynaptic pulses
with amplitudes of 3, 3.5, 4, 4.5, 5 V and T = 100 us applied
to the bulk Pt tip. The EPSC increases with both amplitude
and number of presynaptic pulses, Figure 3g. This type of
EPSC response is similar to that observed in biological excita-
tory synapses.!3? Corresponding excitatory responses (peak
values) in each pulse (Figure 3h) indicate that the conductance
of the Pt/GO/Au nano-synapses starts to increase from the
second group, and exhibits an overall increasing trend with the
number of groups (upward/downward instabilities from one
pulse to another have been observed, normal and similar to
those in multiple other studies, 37 although the overall trend
is increasing with the number of groups). There is a conduct-
ance decrease after one group with a stop time of 4 ms, indi-
cating a relaxation process of the nano-synapses.

When the polarity of the PVS is inverted (i.e., Vpyrsg = 4V,
with T = 100 pus and W = 100 us), the Pt/GO/Au nano-syn-
apses exhibit non-volatile conductance increase under long
(2000) sequences of PVS up, Figure 4a. When the bias is
switched-off the conductance does not recover its initial
value. The conductance of the Pt/GO/Au nano-synapses can
then be decreased by applying PVS with opposed polarity
(i.e., Vpurse = 4 V). This is seen in Figure 4a, which shows the
variability of the currents registered in each conductance state
(each box includes 200 data points). These electrical measurements
reveal that Pt/GO/Au nano-synapses exhibit stable long-term
potentiation and depression, necessary to implement L'TP.[1338]

Small 2021, 17, 2101100
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The goal of SPM-based investigations in the field of RS is to
demonstrate that the nano-synaptic response can be observed
in small areas <50 nm?, and to describe the quality of the RS
phenomenon (i.e., shape of the electrical plots). Multiple studies
have considered the switching mechanism in metal/GO/metal
memristors by interpreting electrical signals?-23l and chemical
techniques with low (>5 m) lateral resolution.?23% While these
are not the recommended methods to study the RS mechanism
(only chemical tools with nanoscale lateral resolution or first
principles calculations are),’! they can provide some insights.
Using a similar approach, our electrical measurements in
Figures 2—4 allow us to make reasonable suggestions. First, the
fact that the threshold (i.e., volatile) RS (Figures 2-3) is only
observed when the potentiation is realized by applying positive
voltage to the Pt electrode (see Figure S4a, Supporting Infor-
mation) indicates that this behavior is related to the forma-
tion of oxygen vacancies in the GO film. Under these biasing
conditions: i) the O%~ ions, which have a low (<0.7 eV) activa-
tion energy,™ try to move toward the Pt electrode; ii) the Pt*
ions, which have a high (>0.7 eV) activation energy,*? are not
able to move; and iii) the Cu* ions (in Pt/GO/Cu devices) and
Au* ions (in Pt/GO/Au devices) are pushed away from the GO
film. Therefore, the most probable atomic rearrangement is the
movement of 0% ions (including the transformation between
insulating sp® and conducting sp?), which should result in a
local increase of conductance.?*] The fact that the non-vol-
atile RS is only observed when the potentiation is realized by
applying a negative voltage to the Pt electrode (see Figure S4b,
Supporting Information) points to this being generated by
the penetration of metal into the GO film, i.e., Cu* ions in
Pt/GO/Cu and Au* ions in Pt/GO/Au. Under these biasing
conditions: i) the O?  ions, which have a low activation
energy,*!l try to move towards the Cu or Au electrode; ii) the Pt"
ions, which have a high activation energy,* are not be able to
move; and iii) the Cu* ions (in Pt/GO/Cu devices) and Au* ions
(in Pt/GO/Au devices), whose diffusivity is =3—4 times higher
than that of Pt can penetrate in the GO film. Therefore,
switching is enabled by a combination of movement of 0%
ions toward the Cu or Au electrode, plus penetration of Cu* or
Au* ions in the GO film, as observed in many other devices
with similar structure and electrodes. Furthermore, our GO
film is prepared LPE, which results in defects at the junctions
between flakes,™! favoring reversible ion migration at those
sites at lower electrical fields.

In order to further understand the conduction across the
metal/GO/metal nano-synapses, we carry out additional experi-
ments and calculations. The maximum conductance of the
Pt/GO/Au nano-synapses during the potentiation and depres-
sion cycles is =1.5 uS, Figure 4a, well below the quantum
conductance, Gy = 775 uS.[*! This indicates that RS is driven
by the accumulation of defects inside the dielectric, without
forming a conductive nanofilament (CNF) across the GO film.
In order to validate this, the width of the pulses is increased
(i.e., T=20 ms and W =10 ms). When the conductance of the
Pt/GO/Au nano-synapse surpasses G, the depression becomes
sharper (see Figure 4b). This is related to the rupture of a CNF
at the transition to sub-G, conductance. The RS non-volatility
when potentiating the Pt/GO/Au nano-synapses by applying
a negative voltage to the Pt electrode is confirmed via RVS,

© 2021 Wiley-VCH GmbH
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Figure 4. Non-volatile RS in Pt/GO/Au nano-synapses. a) Current driven by a Pt/GO/Au nano-synapse when applying PVS trains with Vpy se = -4V
(potentiation, trains 1-10) and Vpy.se = 4 V (depression, trains 11-15) to the Pt electrode (W =100 ps, T =100 ps). The value of the conductance is
also indicated. b) Conductance of a Pt/GO/Au nano-synapse when applying PVS, showing that above G, the disruption is sharp, indicating that a
filament was formed and disrupted. c) I-V characteristics collected in two Pt/GO/Au nano-synapses, showing non-volatile bipolar RS below Gy, with
Vser = —4 V and Veser = 5.5 V d) Statistical analysis of Vser and Vieser for a Pt/GO/Cu nano-synapse, showing that the switching voltage when using

Cu electrodes is lower than when using Au electrodes.

which exhibit Vsgr = —4 V and Vypgser = 5.5 V (see Figure 4¢,d).
The switching voltages can be further decreased when using
Cu as electrode (instead Au), as it has a higher diffusivity.l*’]
Figure 4e shows that Pt/GO/Cu nano-synapses exhibit non-
volatile bipolar RS with Vspp = 0.99 V and Vygspr = 0.78 V. The
variability of Vggr and Vigser from one cycle to the other is
consistent with that observed in other RS devices,?® and does
not represent a problem for their use as electronic synapse in
ANNs.[* The fact that bipolar RS is observed at conductance
<G, (Figure 4c,d) also indicates that no CNF is completely
formed across the GO film. We calculate the relative tempera-
ture increase in the metal/GO/metal nano-synapses during the
I-V curves in Figure 4c, using the model of ref. [48], as it fol-
lows the heat equation presented in Note S2, Supporting Infor-
mation. Our calculations (see Note S2, Supporting Informa-
tion) indicate that, at those current regimes, thermal effects are
negligible. The temperature increase for the maximum current
~30 HA (at =6 V) is <320 K. This observation further points to
ionic migration being responsible for RS, and to the fact that
no CNF is formed in either volatile (Figures 2 and 3) and non-
volatile (Figure 4a) regimes.

3. Conclusion

In conclusion, we probed the nano-synaptic response in
GO films in ultrasmall areas (<500 nm?) by using a CAFM
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connected to a SPA. The GO films were deposited on metal-
coated wafers and bulk Pt tips using an industry-compatible
spray-coating methodology, achieving conformal coating. The
metal/GO/metal nano-synapses emulate potentiation and PPF
at low current levels <1 HA, controllable EPSC and controllable
long-term potentiation and depression, and non-volatile bipolar
RS (necessary to emulate LTP) at higher current ranges. Both
RS mechanisms take place at very low operating currents (i.e.,
conductance <Gy, i.e., non-filamentary mechanism), resulting
in a very low power consumption (=3 uW). Our work provides
a route to detect nano-synaptic responses in different types
of materials, and indicates that GO may be an excellent RS
medium to fabricate small area (<50 nm?) memristive elec-
tronic synapses (operating at low current ranges) for high-den-
sity ANNSs.

4. Experimental Section

Graphene Oxide Preparation: GO is prepared as follows. Step 1 -
Pretreatment: Graphite flakes (3g, Sigma-Aldrich) are mixed with 98%
sulfuric acid (H,SO,, 12 mL), potassium persulfate (K;S,0g, 2.5 g),
and phosphorus pentoxide (P,Os, 2.5 g) and the mixture is heated to
80 °C for 5 h. The mixture is then diluted with de-ionized water (H,0O,
0.5 L), filtered, and washed with de-ionized H,O (thrice) to remove the
residual acid. The resultant is dried at 80 °C overnight. Step 2-Oxidation
by Hummers’ method:1*’l The pretreated graphite flakes are transferred
into 98% H,SO, (120 mL) cooled in an ice bath. Then, potassium
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permanganate (KMnO,, 15 g) is added gradually under stirring to
keep the temperature <20 °C. The mixture is stirred at 35 °C for 4 h,
and diluted with de-ionized (DI) H,O (250 mL). Afterwards the mixture
is stirred for 2 h at 90 °C, followed by the addition of DI H,O (0.7 L).
Hydrogen peroxide (H,0,, 30%, 20 mL) is then added, and the resulting
brilliant-yellow mixture is filtered and washed with hydrochloric acid
aqueous solution (HCl, 10 wt%) to remove metal ions. GO is then
washed repeatedly in order to remove residual acid with H,O until
neutral pH and then diluted to yield a GO dispersion with concentration
=5 g L. Immediately before spray coating, the GO is diluted with
ethanol to a give a final concentration =0.5 g L™". After the preparation of
GO, the flakes are dispersed in ethanol at a concentration =0.5 mg mL™
to make the GO ink.

Spray Coating: An air-assist atomizer (Specialty Coating Systems
Precisioncoat V) is used to deposit the GO ink. An array of ten
nanoprobes is positioned =8 cm under the spray nozzle. The flow rate
is set to 13.5 mL min™' to control the speed of liquid ejection from the
spray nozzle. An atomization pressure (i.e., the gas pressure applied
across the liquid ejected from the spray nozzle) =9 psi is used. The
nozzle is moved at =12.7 cm s™' across the array of nanoprobes to
cover them with GO ink. The coating process is undertaken at 20 °C to
minimize the surface roughness. The spray nozzle is passed over the
array of nanoprobes five times (i.e., five coating layers) to create the GO
film. The same conditions are used to coat the SiO, wafers.

Electrical Measurements: Three CAFM systems are utilized:
1) NX-HighVac from Park Systems, 2) Bruker Dimension Icon from
Bruker, and 3) Multimode V from Veeco. All equipped with Pt tips from
Rocky Mountain (model RMN-25PT300B), with a tip radius <8 nm and a
nominal spring constant =18 N m™". For all CAFM tests, the voltages are
applied to the CAFM tip, while keeping the sample substrate grounded.
The use of solid bulk Pt is important to ensure high stability (i.e., metal-
varnished Si tips degrade easily after some measurements) and make
data measurements highly reliable. When measuring PVS or I-V curves
with enhanced voltage and current ranges, electrical stresses are applied
to the CAFM tip using the SMU1 of a B1500A SPA, and the post-synaptic
currents are collected with the SPA SMU2, Figure 2e. The nominal
contact force between tip and sample during RVS and PVS is =2 nN,
in order to avoid GO film deformation. The contact resistance between
tip and a metallic sample is =10 Q, negligible compared to the high
resistance detected in the metal/GO/metal device due to the insulating
nature of the GO film.
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