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In Situ Reconnection of Nanoelectrodes Over 20 nm Gaps

on Polyimide Substrate
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Xueyan Zhao, Qihong Hu, Maoning Wang, Takhee Lee, Elke Scheer,*

and Dong Xiang*

The current densities in nowadays electronic circuitry are close to the electro-
migration threshold that may result in the fracture of circuits due to electro-
migration, hampering further miniaturization of integrated chips. Flexible
electronic devices, which use a flexible material instead of rigid silicon as a
substrate, might be prone to fracture problems also due to obligatory mechanical
deformation. However, finding the location of fractured nanogaps and in situ
repairing such atomic-scale fractured circuits are currently unavailable. To this
end, a method is developed to in situ heal nanogaps as large as 20 nm between
metallic electrodes on the polyimide (Pl)-covered substrate via voltage sweeping,
which is typically employed to generate nanogaps rather than heal nanogaps.
The reconnection of nanoelectrodes is realized only when the underneath PI is
treated with oxygen plasma etching. Assisted by X-ray photoelectron spectros-
copy, it is revealed that inductively coupled O, plasma etching not only changes
the surface topography but also changes the chemical binding structure of PI,
which in return can be used to immobilize metal atoms migrating along the PI
surface to gradually close the nanogap, providing an in situ self-healing paradigm

approaching the electromigration thresh-
old which may “burn” the smallest con-
striction of the circuit and hence result
in the failure of circuits.*™® On the other
hand, for functionalized electronic devices
based on flexible substrates,”~'% mechani-
cal deformation also leads to the breakage
of nanoelectronic circuits.""'? Therefore,
it is highly desired to reconnect such frac-
tured electrodes to reestablish the function
of the electronic devices. However, repair-
ing such atomic scale fractured circuits in
situ faces great challenges by traditional
methods (e.g., welding),* because
atomic scale gaps are quite difficult to be
addressed by welding, and the whole chip
may be completely destroyed by the heating
of soldering. Local deposition of conductive
material using a focused ion beam and

for repairing the atomic scale fractured circuits.

1. Introduction

Continuously shrinking the size of components in electronic cir-
cuits is critically important to follow Moore’s Law.[! Although
modern fabrication techniques have reduced the lateral feature
size in the circuits down to nanometers, further miniaturizing
functional electronic circuits still meets great challenges.”
One of the challenges is that the current density in circuits is

dielectrophoresis might be successfully
used,"”" but are incapable of being
applied after packaging.

To this end, we put forward a straightfor-
ward approach to in situ reconnect the gaps on the flexible poly-
imide (PI)-covered substrate by voltage sweeping and metal atom
trapping, i.e., via trapping the metal atoms migrating along the
PI surface driven by electromigration. The concept of electromi-
gration has been considered as a failure mode in microelectronic
circuitry for a long time due to that it causes the breakdown of
circuitry.’! Previous study further demonstrated that cracks
formed due to electromigration can disappear upon the
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application of a high-density current at the right duration and the  electrical circuit, showing that a tunable voltage is applied to
closure of the cracks result from the electro-migrative mass dif-  the electrode pair, see Figure S3 (Supporting Information) for
fusion.[2! Here, we show that electromigration combined with  detailed information. Figure 1b,c shows the scanning electron
atom trapping can be employed to heal (to close) the nanogapina  microscope (SEM) images of the sample before and after dozens
more controllable manner. Two types of nanogaps on PI sub-  of voltage sweeps. It can be found that the initial gap (=5 nm) of
strates were prefabricated in our experiments: one is fabricated  the sample has been enlarged (=20 nm) after voltage sweeps in a
by direct electron beam lithography (EBL), and the other one is  large range (up to +8V). With a close examination of
fabricated by burning a nano-constriction via local current heat-  the SEM image, it can be found that a part of the sharp tip of the
ing. We found that both types of nanogaps (even larger than left electrode is removed from the electrode, resulting in the
20nm) can be reconnected by performing voltage sweeps if  enlargement of the gap size. The removal of atoms from the elec-
the substrates had been pretreated by O,-contained plasma etch-  trode tip is also observed for other samples when the voltage
ing. In contrast, the reconnection of electrodes was not observed ~ sweeps range is enlarged, see Figure S4 (Supporting Information).
regardless of the gap sizes (even as small as 5 nm) if the substrate ~ We attribute the enlargement of the gap size to metal atom migra-
was not pretreated by plasma etching. The underlying mecha-  tion driven by the electric field"***% and the field emission
nism for the interesting observation is proposed, showinga route  current,””*® which strongly depends on the curvature of the elec-
for self-healing nanoscale circuits in case of that they are not trode. We will discuss this point in more detail later.
embedded in an insulator. Figure 1d—f depicts the current-voltage (I-V) curves of the
sample under different small voltage ranges. Asymmetric I-V
curves were observed. The measured current at the level of doz-
2. Results and Discussion ens of pA is assigned to the field emission current caused by the
electric field concentrated at the electrode tip.[?”"*®) The measured
A gold nanoelectrode pair on a PI layer above a silicon wafer was  current at level of dozens of pA with asymmetric -V curves is
prefabricated by a standard process of EBL, see Figure S1 and S2  assigned to the field emission current caused by the electric field
(Supporting Information) for detailed information. PI is rou-  concentrated at the electrode tip rather than the tunneling cur-
tinely used as bulk substrate material for flexible electronics  rent through air or PI based on the factors: 1) the tunneling cur-
and also as a cover layer to provide electrical isolation to other  rent should be quite small far below pA with a gap size of ~5 nm
substrate materials.?>?*! Figure 1 shows the electrical character- ~ since the tunneling current exponentially decreases with the
ization of the sample employing an unetched PI substrate with  increase of the gap sizel*?); 2) the tunneling I-V curves of a nano-
an initial nanogap of ~5nm. Figure 1a is the scheme of the  gap typically show a symmetric shape since it is independent of
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Figure 1. |-V characterization and SEM images of the sample using unetched Pl as substrate. a) Schematic diagram of the electrical measurement
employing unetched PI. b) SEM image of the sample before the voltage sweeps and c) after dozens of voltages sweep up to (-8, 8 V). The gap size
was enlarged from &5 to ~20 nm after voltage sweeps. d—f) The IV curves of the junction within a small voltage range. The numbers show the time order
within one voltage sweep. g—i) The |-V curves of the junction when the voltage sweep range was enlarged. Reproducible conductance switching was
observed.
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the topography of the electrodes®>”; and 3) the field emission -V
curves will show asymmetric shape once the curvatures of two
electrode tips are different.

Notably, no current jump and no hysteretic behavior are
observed even if the voltage range is enlarged to +1.5V.
However, as the voltage sweeping range was further increased to
+2.0V, a reproducible conductance switching phenomenon was
observed as shown in Figure 1g—i. This switching was accompa-
nied by a symmetric shape in the -V curves, i.e., the asymmetric
-V curves become symmetric after switching, as demonstrated in
Figure S5 (Supporting Information). Moreover, it was observed that
the trigger voltage for the switching shifted to a higher value as the
voltage sweeping window was expanded. Upon further enlarging
the sweep range to +8 V, the -V curves became unstable and unre-
producible. The mechanism for the switch phenomenon will be
addressed later. Here, we point out that the I-V curves never show
linear ohmic behavior, indicating that the two electrodes do not con-
nect even upon a high voltage bias. The disconnection of two elec-
trodes was also observed for other samples on the unetched PI with
a gap size of ~25 nm and ~15 nm after dozens of voltage sweeps,
see Figure S6 (Supporting Information).

We further fabricated an electrode pair above PI with a gap
size of ~20 nm, and then the PI surface was treated by induc-
tively coupled plasma (ICP) etching using O, gas and CHF;.
The unprotected PI layer (=200 nm in thickness) was removed
during the etching process, see Figure S1 (Supporting
Information) for detailed information. Figure 2a presents a sche-
matic diagram of the electrical circuit. Figure 2b shows a sym-
metric S-shaped I~V curve in the voltage range —0.4 to 0.4 V.

www.small-structures.com

Figure 2c shows that the symmetric I-V curves transform into
asymmetric I~V curves when the voltage sweep range is enlarged
to £1.0 V. Simultaneously, a pronounced hysteretic behavior
becomes evident, and the whole negative current level gradually
increases with repeated voltage sweeps, as shown in Figure 2d.
The gradually increased current and pronounced hysteretic
behavior indicate that the properties of PI inside the gap and/or
the geometry of the electrodes are gradually changed upon repe-
tition of the voltage sweeps.!"”!

Interestingly, the current suddenly jumps to a high level from
~ —0.5pAto~ —1.6 mA at V~ 1.2 V after approximately 20 volt-
age sweeps (Figure 2e), and then the I-V curve shows a linear
shape (Figure 2f), i.e., presents ohmic behavior, signaling that
a direct metallic contact has formed. The conductance of the cir-
cuit is calculated to be G~ 610 pS>>1 Gy, confirming that the
two electrodes are connected after the current jump, where
Go=2e*h '~ 77uS is the conductance quantum. The -V
curves present linear characterization and show high reproduc-
ibility when the sweep window is enlarged to [-0.6, 0.6 V], indi-
cating that the nanogap is stably reconnected by Au atoms. It can
be predicted that the stability of the healed nanogap will be
enhanced when the electrodes (metal atoms) are buried by other
materials or covered by other materials during the encapsulation
process since the surrounding material will restrain the migra-
tion of Au atoms. To identify what happened during the -V
sweeping process, we took a series of SEM images of the sample
before and after I-V sweeping.

Figure 2g shows an SEM image of the sample before voltage
sweeps, and Figure 2h shows an SEM image of the sample after
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Figure 2. Connection of the nanoelectrodes over 20 nm gap on the etched PI. a) Schematic diagram of the sample and the electrical measurement circuit.
The insert shows a pair of suspended electrodes connected with a Pl film underneath the electrodes. b—f) I-V curves of the junctions at different bias
voltage ranges. The arrows/numbers indicate the direction/time order within one voltage sweep. g) SEM image of the investigated sample before I-V
sweeping. h) SEM image of the sample after repetition of 20 voltage sweeps. i) SEM image of the sample after a further repetition of 20 voltage sweeps.
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about 20 voltage sweeps (i.e., after the conductance jump). It can
be clearly seen that the morphology of the electrode near the gap
drastically changed, and the bottom of the two electrodes seem to be
bridged by some material after voltage sweeping, see Figure S7
(Supporting Information) for detailed analysis. Figure 2i shows
that the nanogap between two electrodes was further filled by
some materials upon further voltage sweeps. Based on the obser-
vation that the -V curves present a metallic linear shape, we
claim that this bridging material should be an electric conductor.
To test the reliability of the voltage-driven-connection approach,
we further fabricated the second type of nanogap by burning the
constriction and tried to reconnect them. Interestingly, it is
observed that two separated electrodes can be reconnected even
though the gap size is much larger than 20 nm, see Figure S8
(Supporting Information) for detailed information.

Comparing Figure 1 and 2, it becomes evident that the surface
characteristics of the PI substrate, altered through plasma etch-
ing, play a crucial role in the connection of the nanoelectrodes. It
has been reported that oxygen-argon plasma pretreatment not
only increases the roughness of the PI surface but also changes
its chemical binding structure."! In more detail, O, plasma etch-
ing makes the smooth surface of PI rough by generating a grass-
shaped topography®” and significantly increases the amount of
O,-containing functional groups such as carboxyl (-COO), car-
bonyl (=CO), ether (-CO), and hydroxyl (OH) groups due to

(a) O o
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chain scission.**** Fourier transform infrared spectroscopy
analysis has proven that C—O bonds were generated after the
0, plasma treatment.*® X.ray photoelectron spectroscopy
(XPS) and high-resolution electron energy loss spectroscopy have
shown that evaporated Al reacts preferentially with C-O groups
to form C—-O-Al complexes due to their high reactivity.**=% We
conjecture that a similar mechanism may be at play here as well,
although the chemical reactivity of Al and Au is different.
Meanwhile, in situ generation of C—Au covalent contacts has also
been reported under certain conditions.?>*? Therefore, we
assume the terminal functional groups generated by the O,-
plasma etching result in the distinguished behavior of the etched
PI compared to the unetched PI.

Figure 3a shows the synthesis route of the PI used in our
experiments. The poly (amic acid) (PAA, precursor of PI) was
mass produced by polymerizing pyromellitic dianhydride
(PMDA) with 4,4'-oxydianiline.*"! Then, the PAA was imidized
into PI films (=75%) by curing them at 200 °C in ambient con-
ditions for cross-linking."*** The oxygen ion will attack the
imide ring (O=C-N-C=0) in the plasma etching process, mak-
ing the carbonyl (C=0) change into the carboxyl group with a
terminal C—O group.®”!

To identify what had been changed during the etching pro-
cess, XPS was performed to analyze the chemical composition
of the PI surface by measuring the binding energy of C Is, N
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Figure 3. Synthetic route to PAA and PI, and XPS of polyimide (PMDA-ODA). a) Synthetic route to prepare PAA and PI. Mechanism of O, plasma reaction
at the Pl surface. b) XPS spectra of the PI before and after etching showing the C 15, N 15, and O 15 peaks. ¢) Zoomed O 15 XPS spectra of the etched and

unetched PI.
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Is, and O Is of PI, as presented in Figure 3b. The ratio of the O/C
intensities for etched PI increased significantly compared to the
one of unetched PI, which indicates that O,-containing groups
were introduced during O, plasma etching. The O 1s XPS
spectra of PI are shown in Figure 3c, and the C 1s XPS spectra
of PI are shown in Figure S9 (Supporting Information). The
peaks centered at 531.3 eV in etched PI and 531.6 eV in unetched
PI are assigned to the imide groups (O=C-N), and the peaks cen-
tered at 531.8 eV in etched PI and 532.0 eV in unetched PI are
assigned to carboxylic acid groups (COOH).[*l The peak located
at 533.0eV was attributed to the C-O-C group in the cyclic
anhydride.[*>*°)

We find that the peak height of O=C-N of the etched PI is
lower than the one of the unetched PI, indicating a ring-opening
reaction of the imide groups. Meanwhile, the peak height of
—COOH in the etched PI is higher than the one in the unetched
PI, indicating the carbonyl group is changed into the carboxylic
acid group (COO™) with a terminal C—O bond,** as presented
in Figure 3a. The resulting C—O bond can serve as a reaction site
to increase the adhesion between the gold atoms and PI by form-
ing a C—O—Au bond.*"**!

The earlier findings shed light on the mechanism of junction’
conductance switching on the unetched PI and reconnection
of the electrodes on the etched PI, as presented in Figure 4.
Figure 4a—c shows the schematic of conductance switch mecha-
nism above the unetched PI. Due to the short distance between
the two electrodes (a few nanometers) and the sharp shape of
electrodes, the electric field may be sufficiently strong to induce
a field emission current even at low bias voltages.l*®! Driven by
the electric field, certain atoms may migrate toward the electrode
tip, resulting in the formation of an even sharper tip with atomic-
scale curvature. Correspondingly, the movement of gold atoms
toward the tip will lead to an increase in the field emission cur-
rent, as illustrated in Figure 4b. Conversely, when the bias volt-
age is reversed, the gold atoms at the tip undergo rearrangement,
potentially causing the atomic sharp tip to become blunter, as
shown in Figure 4c. This process subsequently leads to a

www.small-structures.com

decrease in the current. During the voltage sweeping process,
the polarity of the bias voltage is periodically changed that results
in reversible conductance switching, see Figure S10 (Supporting
Information) for detailed analysis. The rearrangement of the
atoms always makes two electrodes have similar curvature.
Therefore, the I-V curves after atom rearrangement (conduc-
tance switching) become more symmetric. Please note that with
a further increase in the applied bias voltage, the movement
of gold atoms might become violent, and these atoms might
migrate away from the electrode surface which will result in
the enlargement of the gap size, as previously demonstrated
in Figure 1b,c.

In contrast, the connection of two gold electrodes on the
etched PI substrates can be schematically explained by
Figure 4d-f. Excited by the electric field and field emission
current, the gold atoms may escape from the electrode
surface,"*?*?"] migrating along the PI surface toward the oppo-
site electrode. In contrast to the pristine PI with a quite smooth
surface, the ICP etched PI has a quite rough surface which will
reduce the mobility of gold atoms on the PI surface, as shown in
Figure 4d. Meanwhile, many active reaction sites generated dur-
ing the O, plasmonic etching process will greatly improve the
adhesion between the metal atoms and the PI by forming
C-0-Au bonds.*® In other words, these migrating atoms have
the opportunity to be trapped by -COO™ groups, forming metal
atom complexes,*’~*% as schematically shown in Figure 4e. The
accumulation of metal atoms within the gap leads to an increase
in current (as well as hysteretic behavior) and ultimately results
in the connection of the initially gapped electrodes, as shown in
Figure 4f. In contrast, the smooth surface and absence of bond-
ing groups of unetched PI make it difficult to trap migrated gold
atoms. Consequently, connecting the two electrodes using
unetched PI becomes highly challenging due to the lack of a pre-
cursor for atom accumulation within the nanogap.

To confirm that the reconnection of electrodes truly originates
from metal atoms migrating and trapping along the PI surface,
we further fabricated a vertical stacked gold-PI-gold junction, in

€Y o (©) | |
] I
| <o
._:+ ~— <o <o
L 3 o> -0
Field emission current Au atoms movement Reversed voltage/current
(d) © (~) M ~
Ll
-C00  -COO" COO  -COO -C00"  -COO
Pl PI Pl

O, plasma etching

Au atom migration/trapping

Reconnection of electrodes

Figure 4. Schematic diagram of atoms rearrangement at the electrode surface and atoms migration along the etched Pl surface. a—c) Plan view of the
surface morphologies of the electrodes on the unetched PI under the action of field emission current. The red arrows indicate the direction of the current.
The blue balls and gray arrows indicate the electrons and their moving directions, respectively. d—f) Side view of the reconnection process of two electro-
des. d) The O ions attack the backbone of the PI molecular chain to break imide bonds and form new bonds (e.g., -COQO™) in the O, plasma etching
process. A rough surface is generated during the etching process. e) The process of gold atoms migrating along the Pl surface upon a voltage sweep. The
migrated metal atom may be trapped by the etched Pl serving as a precursor for the atom acumination. f) The accumulation of metal atoms results in the
reconnection of nanoelectrodes.
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which the two gold layers are completely insulated by the PI layer,
and thus the atoms migration between the gold electrodes was
blocked by the PI layer (since it is almost impossible for the
atoms penetrate through PI interior to reach the faced electrode),
see Figure S11 (Supporting Information) for detailed informa-
tion. In this case, only symmetric S-shaped [-V curves are
observed under different bias ranges, and the current jump is
never observed, confirming the migration/trapping of the atoms
along the PI surface is a critical step for the realization of elec-
trode reconnection.

Although we only report the technique to in situ reconnect the
electrodes by using the O, plasma etched PI to trap the electro-
migrated Au atoms, our strategy, in principle, can be used to trap
the electromigrated Cu or Al atoms beyond Au atoms, since
the Cu or Al atoms can react with C-O groups as well to form
C-0O-Cu or C-O-Al complexes.*¢! Additionally, we think that
our findings may be rationally translated into benefiting the state-
of-the-art chip industry by facilitating the fabrication of silicon-
based or single-molecule-based field-effect transistor, see Figure
S12 (Supporting Information) for detailed information.

Finally, let us analyze the morphology change in the gap area
displayed in the SEM images of Figure 2. A bare gap size of
~20 nm between the electrodes can be observed before the volt-
age sweep, as shown in Figure 2g. Nevertheless, we believe that
the two electrodes are not completely broken, i.e., they are con-
nected by a thin PI layer underneath the electrodes that cannot be
completely removed by the etching process, which is hard to be
detected in the SEM image due to the weak secondary electron
scattering of PI. When the gold atoms were trapped on the etched
PI surface inside the gap, the SEM image shows that the two
electrodes are reconnected due to the strong secondary electron
scattering of gold atoms (Figure 2i).

3. Conclusion

With the ongoing miniaturization of functional building blocks
in microelectronic circuits, the breakdown of electronic circuits
may become an awkward problem. However, it faces a great chal-
lenge to in situ repair a nanoscale circuit with atomic scale frac-
tured nanogaps by traditional methods. Here, we proposed a
method to reconnect nanogapped electrodes over 20 nm gaps
on etched PI substrates, no need to locate the position of nano-
gaps. The in situ healing of the nanoscale circuit is achieved by
using the O, plasma etched PI substrate to trap migrating metal
atoms which progressively fill the nanogap between two metal
electrodes. This straightforward technique (I-V sweeps) with
low drive voltage (~2 V) not only shows an advantage to heal
nanoscale circuits insitu which is urgently desired in the
chip-related industry but also enables us to adjust multiple con-
ductance states of the in-plane junctions toward realizing an
atomic scale switches.

4. Experimental Section

Fabrication of Nanogapped Electrodes on Etched PI: The first type of
nanogap was fabricated by EBL. A silicon wafer (or thin spring steel) sub-
strate was immersed in acetone, ethanol, and deionized water for ultra-
sonic cleaning. After that, a Pl layer was spin-coated on top of the
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silicon wafer (or spring steel) followed by a heating process to harden
it. A layer of positive photoresist (poly(methylmethacrylate), PMMA) with
a thickness of approximately 200 nm was spin-coated on the Pl layer, fol-
lowed by a curing process. The designed electrode pattern was obtained
using electron beam writing (Sigma 500 and ELPHY Quantum, Zeiss,
German). A standard development procedure was applied by immersing
the substrate into a development solution, after which the substrate was
transferred into isopropanol to stop the development process. After devel-
oping, a thin film of gold was deposited on the sample surface via ion
sputtering, and then the sample was immersed in acetone to remove
the redundant PMMA and above metal layer. Finally, part of the Pl under
the gold electrode was etched by ICP etching to obtain a suspended nano-
bridge, where a thin Pl film underneath the electrodes cannot be fully
removed, see Figure S1 (Supporting Information) for detailed information.
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the author.
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