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Abstract

®

CrossMark

MXenes are atomically layered carbides and nitrides of transition metals that have potential for
micro-devices applications in energy storage, conversion, and transport. This emerging family
of materials is typically studied as nanosheets or ultra-thin films, for which the internal defects
are mostly nanoscale flake-flake interface separation type. However, micro-devices applications
would require thicker films, which exhibit very high density of microscale pores. Electrical
conductivity of thicker MXenes is significantly lower than nanosheets, and the physics of defect
size and density control are also different and less understood. Current art is to perform high
temperature annealing to improve the electrical conductivity, which can structurally alter or
degrade MXene. The key contribution of this study is a room-temperature annealing process
that exploits the synergy between electrical pulses and compressive mechanical loading.
Experimental results indicate over a 90% increase in electrical conductivity, which reflects a
decrease in void size and density. In the absence of compressive loading, the same process
resulted in a conductivity increase of approximately 75%. Analytical spectroscopy and
microscopy indicated that the proposed multi-stimuli process kept the MXene composition

intact while significantly decreasing the void size and density.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Since their discovery in 2011, two-dimensional (2D) layered
carbides and nitrides of transition metals, known as MXenes,
have rapidly emerged due to their attractive physical
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properties [1]. MXenes are generally obtained by removing
the intermediate element from their MAX phase precursor,
which stems from the chemical formula M, AX,,. Where M
denotes a transition metal, A denotes an A-group of elements,
X denotes carbon and/or nitrogen, and n denotes the layers
of X. They have been touted for mostly energy, electronic,
and photonic systems applications, including supercapacitors
[2, 3], batteries [3, 4], electromagnetic interference shielding
[5, 6], wireless communication [7], water treatment [8], and
photonic devices [9]. More recent studies have led to scal-
able processing, which is required for micro-engineering
applications. In addition to conventional photolithography,

© 2023 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-6439/acbfc4
https://orcid.org/0000-0003-1958-1354
https://orcid.org/0000-0001-6535-5484
mailto:mah37@psu.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6439/acbfc4&domain=pdf&date_stamp=2023-3-10
https://creativecommons.org/licenses/by/4.0/

J. Micromech. Microeng. 33 (2023) 045007

L C Sharp et al

the fabrication processing is amenable to other mass pro-
duction techniques, such as laser scribing, screen printing,
stamping, and extrusion printing [10]. An example of micro-
electro-mechanical systems (MEMS) integration is the planar
interdigital supercapacitor, which has recently been shown to
outperform conventional sandwich design in energy density
[11]. This is important for co-fabrication of power sources
in the same circuit board as the micro-electronic devices.
Another impactful application area is sensors, where MXene
can be integrated with MEMS devices as the active sensor
material [12]. Their attractive gauge factor (~770) and strain
compatibility (30%—-130%) implies not just high sensitivity,
but also flexibility -required for wearable MEMS sensors [13,
14]. Recently, electrochemical actuators converting electrical
energy into mechanical energy have been demonstrated [15].
Further research on the electro-mechanical response will facil-
itate MXene applications in MEMS and mm scale devices as
power generation, sensor, or even actuation units.

While nanoscale MXene flakes show mostly inter-layer
defects (hence exhibiting excellent properties), MEMS applic-
ations will require thicker (on the order of microns) films.
Thick MXene films have high density of microscale pores,
bringing significant changes in the physical properties. There-
fore, the study of defect characterization and control is
important for technological applications. Commonly, thermal
annealing [2, 16-19] is performed to improve the MXene
properties. However, MXenes undergo structural oxidation
and degradation when exposed to high temperatures in an
oxygen-containing environment, which results in negative
effects on the electrical conductivity [20]. To avoid oxida-
tion, thermal annealing of MXenes has been performed at tem-
peratures of up to 1500 °C in vacuum or inert environments
[18, 21, 22]. Overall, thermal annealing is an effective way to
alter TizC,T,, but the required temperatures lead to structural
oxidation under ambient conditions [20].

In this study, a non-thermal room temperature (RT) anneal-
ing process is presented for Ti3C,T, MXene films that can
achieve >90% reduction in electrical resistivity. Throughout
this paper, the term ‘anneal’ is used to describe the reduc-
tion or mitigation of defects, even though the formal defin-
ition implies the application of high temperatures for a pro-
longed period of time. The technique requires only electrodes
and hence could be compatible with most types of MEMS
applications. Here, instead of a DC current, very high cur-
rent density but low duty cycle pulses are applied. The elec-
trical pulses produce an electron wind force (EWF) when the
pulsating high-energy electrons are scattered by defects. In
this process, electron momentum is absorbed by the defective
regions, giving rise to a mechanical force. The very low duty
cycle of the pulses implies that Joule heating is dissipated, and
there is minimal or no increase in temperature. In addition to
the electrical pulses, we investigate the effect of simultaneous
compressive mechanical loading. The concept behind com-
pressive loading is to close the pores inside the specimens as
much as possible to maximize the electrical contact between
the flakes that constitute the sample. Our hypothesis is that

compressed pores with increased electrical contact will allow
efficient generation of EWF, which mobilizes the defects to
influence their size and density. To compare the effective-
ness of compressive loading, these results were compared with
those of samples annealed using electropulsing only. The pro-
posed process takes place at RT and has the unique advant-
age that it can be completed in ambient environments without
oxidation. It is important to note that the inherently low tem-
perature of this technique makes it very different compared to
rapid thermal annealing (RTA). RTA is performed at temper-
atures higher than 1000 °C [23], whereas this process can take
place at RT. It is a well-established technique for annealing and
activation in ion implantation and improved contacts forma-
tion. It has also been applied for a broad variety of applications
such as oxidation, chemical vapor deposition, phase change,
and residual stress.

2. Experimental methods

The as-received TizC,T, MXene film was obtained with a
diameter of 50 mm and thickness of 500 pym from Nano-
chemazone, as shown in figure 1(a). The circular spots in
the specimen were due to the vacuum packaging on the
patterned substrate. Small coupons were cut from a large
specimen without including any spot features. The smaller,
rectangular-shaped samples were mounted on card stock sub-
strates, as a low thermal conductivity substrate (approximately
0.05 W mK ") is suitable for the annealing process. Electrical
connections were made using silver epoxy. A Northrop Grum-
man eDrive laser system controller diode-based pulsing instru-
ment was used to generate a DC pulse current. The eDrive
was powered by a Sorensen DCS 100-12E power supply set
to 20 V DC. The electrical signal generated by the eDrive
was characterized using a Rigol DS 1104 oscilloscope. For all
experiments, the electrical signal generated from eDrive con-
sisted of a peak current of up to 15 A, a frequency of 2 Hz, and
a pulse-width of 40 us. The current density, pulse-width, and
duty cycle values were chosen after performing preliminary
experiments with the objective of appreciable decrease in res-
istivity without any rise in temperature. Higher current density
results in higher EWF, but also at the cost of potentially higher
Joule heating. Smaller pulse-width ensures minimal temperat-
ure rise because phonon speed is slower than electrons, while
the smaller duty cycle allows enough time for heat dissipa-
tion. A visual representation of the electrical signal is shown
in figure 1(b). The eDrive was also used to sense the elec-
trical current during electropulsing. This sensed current was
used to calculate the resulting current densities through the
samples during the annealing. Electropulsing was performed
for only 4 min for all samples. To compress the TizC,Ty
MXene samples during electropulsing, a three-dimensional
(3D) printed adapter with a mass of 20 g was used to con-
centrate a 2.2 kg mass down to a 3 mm wide distance, which
was placed on top of the samples. This experimental setup of
the mass and 3D printed adapter resulted in a total mass of



J. Micromech. Microeng. 33 (2023) 045007

L C Sharp et al

—_
(=3
—

(a)

Current Amplitude

0 0.5 1

L5 2

(=1
(=4
2
(=4
= Oscilloscope
2
=3

(©) =

Mass SENSE SET FRED Pu eDrive
2HZ 400US
Sample :f;;’j;
Substrate

Figure 1. (a) As-received Ti3C, T, MXene film with 500 pm thickness, (b) electropulsing signal generated for electron wind force
annealing, and (c) schematic of experimental setup for electron wind force annealing with electropulsing and compressive loading.

2.26 kg that was concentrated down to a 3 mm wide surface.
A schematic of the experimental setup for EWF annealing is
shown in figure 1(c).

The temperature and thermal changes during electropulsing
were measured using an Optris PI 640i thermal infrared (IR)
imaging camera. It is important to note that, owing to the com-
pressive loading experiments, the setup obstructed the line of
sight, and thermal imaging was not performed. These spe-
cimens are expected to exhibit lower temperatures because
the force application platform functions as a heat sink. Rig-
orous temperature mapping was performed for samples that
underwent exclusively electropulsing. The experimental setup
for exclusively electropulsing was identical to that shown in
figure 1(c), with the exception of removing the adapter and
mass, and adding the thermal IR camera to record the thermal
data. The electrical resistance pre- and post-EWF annealing
was determined from the current—voltage (I-V) curve, which
was supplied and measured with a Keithley 2400 source meas-
urement unit. The resistance was converted to resistivity by
multiplying by the constant cross-sectional area and dividing
by the length of the sample. Post-annealing resistivity meas-
urements were performed immediately after annealing and
repeated at least 24 h later to determine the time depend-
ence of the EWF annealing process. For all measurements,
Kelvin probe connections were used to minimize the con-
tact resistance. Because this EWF annealing process was per-
formed at RT, potential resistivity measurement errors due to
thermal expansion or the thermal coefficient of resistivity were
avoided.

All specimens in this study were characterized with Raman
and x-ray diffraction (XRD) spectroscopy for the crystal struc-
ture and phonon vibration. Raman spectroscopy was per-
formed a Horiba LabRam HR Evolution instrument with a
50x long working distance objective and a numerical aper-
ture of 0.5. An average Duoscan spot diameter of 20 um was
utilized to reduce the effective power density of the laser and
to increase the measured Raman spectral response. Raman
spectral data were obtained using a 785 nm wavelength laser
with laser power maintained at approximately 1.7 mW, a
300 gr mm~' grating, and a confocal hole size of 200 pm.
Acquisitions were recorded with 60 s integration and three
accumulations. Lorentzian peak fitting of the Raman spec-
tral data was performed using the Origin software. A min-
imum of three locations were recorded for each sample. XRD
was performed with an Empyrean III diffractometer (Malvern
Panalytical Ltd) using copper (Cu) K-« radiation source. Data
was collected in continuous scanning mode at tube voltage of
45 kV and current of 40 mA with a step size of 0.0167°. Fur-
ther elemental composition investigation was performed with
energy dispersive spectroscopy (EDS).

Surface and cross-sectional images of the Ti;C, T, MXene
samples were obtained using FIB SEM before and after EWF
annealing. Cross-sectional milling was performed using a FEI
Helios NanoLab 660 dual-beam SEM with a Gallium ion
source. The acceleration voltage of the ion beam was set to
30 kV during milling. Rough milling was performed with
a current of 65 nA to remove the material, while polishing
of the cross-sectional wall was performed with a current of
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2 nA. Surface SEM images were obtained using a typical elec-
tron beam at a magnification of 8000 x. Cross-sectional SEM
images were taken with a typical electron beam at a tilt angle
of 52° and a magnification of 20 000x. A tilt-correction fea-
ture was utilized to maintain the aspect ratio of the images.

3. Results and discussion

High current density electropulsing with very low duty cycle
has been performed on MXene thick films. The core aspect
of this process is that the current spikes are too short (2040
micro-seconds) and sparsely spaced over time (0.5 s) to allow
any heat accumulation. Therefore, the specimen temperature
remains very close to ambient. This is the major difference in
comparison to conventional electro-migration, a damage phe-
nomenon where uncontrollable rise of temperature governs the
damage process [24]. In both cases, mechanical stress is gen-
erated but there is a significant difference between the basic
mechanics in electropulsing and electromigration. In elec-
tropulsing, the only source of mechanical stress is the electron-
defect interaction. Here, high energy electrons are scattered
by the defects and interfaces in materials, resulting in the
electrons losing their momentum during the process. The lost
momentum essentially imparts mechanical force on the defect-
ive atoms. On the other hand, the mechanical stress in elec-
tromigration is predominantly thermo-mechanical in nature,
where the gradients in temperature field as well as thermal
expansion coefficients in heterogeneous materials give rise to
the stress [25]. Therefore, it is important to note that this pro-
cess of electropulsing is a significantly modified version of
conventional electromigration that eliminates the temperature
field and any thermomechanical stress. The overall effects are,
therefore, benign and not damaging.

Table 1 lists the experimental results obtained for the
two experimental categories. The samples labeled ‘C” denote
that external compressive loading was applied during elec-
tropulsing, while samples labeled ‘E’ denote electropulsing
with no external loading. Utilizing a synergistic EWF anneal-
ing process consisting of electropulsing and compressive load-
ing, a maximum resistivity reduction of 96.65% was achieved
at RT. The reduction in resistivity was achieved for sample
C1 at a current density of 7.4 A mm~2, after 4 min of EWF
annealing. However, it is important to note that with or without
external compression, the annealing took place within a few
seconds of time. The time vs resistive curve is, therefore,
highly non-linear, showing dramatic decrease in resistivity
in the first two seconds and rapidly decaying effects there-
after. The scientific explanation behind such behavior is rooted
in the difference of the proposed electropulsing and conven-
tional electromigration phenomena. As described earlier, there
is no heat accumulation or temperature rise in this process.
Hence, the high current density pulses can be thought of as
high energy mechanical shock pulses. The first few pulses
minimize the defects by reducing their density or reconfigur-
ing them in relation to the direction of current flow, so that
they are not as responsive to the remaining current pulses.
Therefore, most of the observable effects take place in the

first few pulses. Another important finding of this study is that
when the post-annealing resistivity measurement was repeated
over 24 h later for the same sample, the resistivity increased
slightly, but the resulting reduction was still 94% relative
to the pre-annealing resistivity. This result indicates that the
annealing process was partially, but not completely, perman-
ent. Table 1(a) summarizes the EWF annealing data obtained
for this process. It is important to note that the resistivity of
the samples much higher than that reported in the literature.
This is because most studies have investigated films that are
orders of magnitude thinner. For example, specimens thin-
ner than 1 pm show only inter-flake separation as the dom-
inant defect, whereas the 500 microns thick film used in this
study showed a very large density of pores with a wide distri-
bution of void size. In table 1, the assignment C denotes the
sample that underwent electropulsing and compressive load-
ing. Samples C1-C3 displayed a 90% reduction in resistiv-
ity when measured immediately after EWF annealing. How-
ever, all the samples displayed a slight increase in resistivity
when measured >24 h later, which indicates that the process is
not completely permanent and time-dependent. The increase
in resistivity from the immediate to repeated measurements
varied largely but appeared to be less for the samples that dis-
played a higher initial resistivity reduction, such as samples
C1 and C2.

Table 1(b) displays a summary of the achieved reduction in
the resistivity of the samples that underwent the EWF anneal-
ing process without any mechanical compression. The max-
imum resistivity reduction was 78% for sample E1 with a cur-
rent density of 10.4 A mm™2, after 4 min of annealing. This
result is comparable to a previous study, where a 72% res-
istivity reduction was achieved with a DC current flow with a
current density of more than 37 A mm~2 [26]. This suggests
that a limit on resistivity reduction exists for Ti;C,T, MXene
through purely electrical or EWF annealing. This limit was a
resistivity reduction in the mid 70% range. As mentioned pre-
viously, this reduction can be improved by adding compressive
loading. It is important to note that this process is permanent
and not time dependent.

An advantage of electropulsing for EWF annealing is that
the annealing process can be performed at significantly lower
temperatures, as shown in Table 1(b). Figure 2(a) illustrates the
maximum temperature of 30.7 °C for sample E1. Figure 2(b)
illustrates the maximum temperature of 26.0 °C for sample E2.
These samples indicated that the annealing process could be
completed at RT. Because the electrical signals for this process
and the process including compressive loading are identical
and the current densities are very similar, it is safe to assume
that the process with compressive loading can also be com-
pleted at RT. In contrast, our previous study on annealing
via DC yielded a resistivity decrease of approximately 70%
at 120 °C [26]. As previously mentioned, Tiz;C,T, and other
titanium carbide MXenes are oxidized in high-temperature
environments in the presence of oxygen. For this reason, the
temperature should be minimized during the EWF annealing
process under ambient conditions.

Raman analysis with a 785 nm excitation laser provided
access to the plasmonic resonance enhanced Raman modes
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Table 1. Electrical resistivity data as an indication of annealing effectiveness, (a) electropulsing and compressive loading, and

(b) exclusively electropulsing.

(a) Electropulsing with compressive loading

Immediate

Pre-annealing post-annealing

Immediate
resistivity

Repeated
post-annealing

Repeated
resistivity

Sample resistivity (Ohm m) resistivity (Ohm m)  reduction (%) resistivity (Ohm m) reduction (%)
Cl 3.518 x 1072 1.180 x 1073 96.65% 1.829 x 1073 94.80%
C2 1.252 x 1072 5.535 x 10~* 95.58% 7.518 x 10~* 94.00%
C3 3.704 x 1072 3.299 x 1073 91.09% — —
Cc4 1.636 x 1072 2.049 x 1073 87.48% 5.646 x 1073 65.48%
C5 4.120 x 1072 7.253 x 10~* 82.40% 1.003 x 1073 75.65%
c6 3.065 x 1073 1.141 x 1073 62.78% 1.718 x 1073 43.93%
(b) Exclusively electropulsing

Pre-annealing Post-annealing Resistivity Maximum

Sample resistivity (Ohm m) resistivity (Ohm m)  reduction (%) temperature (°C)
El 2367 x 1073 5217 x 10~* 77.96% 30.7
E2 1.788 x 1073 5.369 x 10~* 69.96% 26.0
E3 2.123 x 10~* 7.024 x 107 66.91% 27.0
E4 7.372 x 1073 3.151 x 1077 57.25% 272
E5 2.182 x 107 1.030 x 107> 52.77% 27.6
E6 9.194 x 107 4613 x 1072 49.83% 29.6
E7 9.577 x 10~* 4.999 x 10~* 47.80% 27.0
E8 2915 x 1073 1.561 x 1073 46.45% 29.2

w123 cm~! (Eg, Ti2-C in-plane mode), w3:728 cm™! (Aig,
C out-of-plane mode), and wg:513 cm~! (A ¢» Ty out-of-plane
mode). Examination of the changes in the Raman spectral
response between the as-received MXene and EWF-annealed
specimens in figure 2(c) shows that the w; and w3 peak max-
imum positions remain unchanged after annealing. However,
the full width at half maximum increased (<0.1 cm~1), as
indicated by the small peaks in the residual spectrum. The
residual spectrum was the EWF-annealed spectrum minus
the original as-received spectrum. The w; and w3 peak posi-
tions were determined to be sensitive to the type of surface-
terminated functional groups. Raman spectroscopy is a well-
established technique to identify chemical compounds, and
very elaborate ‘finger-printing’ schemes are available for
MXenes [27]. Since the experimental results agree with the lit-
erature within the sensitivity of the instrument, it was deduced
that there was no modification to the composition of the T,
species due to the EWF annealing. The notable difference
in Raman spectroscopy post-EWF annealing is the increase
in the relative signal amplitude for the ws—w; modes, all of
which are associated with T, vibrations [28]. This relative
increase in the signal intensity of the w4—w7 modes can be
attributed to an increase in the T, concentration within the ana-
lyzed volume [27]. A time-dependent study of the as-received
MXene specimen, measured one month later, also showed an
increase in the ws—w7; mode intensities, with a <1/3 signal
increase measured in the EWF-annealed samples. In summary,
the changes in the structure and composition of the EWF-
annealed MXene samples, as determined by Raman spectro-
scopy, were minimal, with only a moderate change in the over-
all T, concentration.

Surface and cross-sectional FIB SEM images were
obtained for the as-received Ti;C, T, MXene, as well as for
samples C2 and E1. Five separate locations of cross-sectional
SEM images were investigated for each of these three speci-
mens to study the spatial variability. This ensures that a rep-
resentative set of results can be obtained. Surface images were
taken at a magnification of 8000x, whereas cross-sectional
images were taken at a magnification of 20000 x.

Surface SEM images are shown in figures 3(a), (d) and
(g). Although there is variation in the samples, there is no
apparent visual difference in the surface roughness or sur-
face structure after EWF annealing. Because the same samples
could not be compared before and post-EWF annealing, an
analysis of the internal pore size was performed for each
cross-sectional FIB SEM image using ImageJ software and
compared to the as-received sample. Justification for such
automated image processing includes the speed and accuracy
during large volume data analysis. Analyzing the pore char-
acteristics manually would be inaccurate and time-intensive.
Numerous cross-sectional SEM images were investigated for
this study, while figure 3 only shows a representative example.
The cross-sectional FIB SEM images and the corresponding
internal pore size distributions can be viewed in figures 3(b),
(c), (e), (f), (h) and (i). Cross-sectional images were pro-
cessed in ImageJ by cropping to a 12—-14 pm? area of con-
stant illumination, applying a bandpass filter, and thresholding
the shades to locate the internal pores, which corresponded to
the darkest 13%—15% of shades. The porosity volume fraction
for all EWF-annealed samples decreased slightly compared
to that of the as-received sample. The as-received sample had
a porosity volume fraction of approximately 14.4%, whereas
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Figure 2. Infrared thermal image of (a) sample E1, (b) sample E2, and (c) Raman spectral averaged response from the original as-received

MXene sample compared with the electron wind force (EWF) annealed samples and normalized to the w; resonance peak at 123 cm™".

sample E2 displayed the lowest porosity volume fraction of
12.1%. Additionally, the average internal pore size for all
EWF-annealed samples was lower than that of the as-received
sample. The as-received sample displayed an average internal
pore size of 2163 N m?, whereas samples C2 and E1 displayed
average internal pore sizes of 1994 N m? and 2014 N m?,
respectively. This was also reflected in the normalized fre-
quency histograms of the internal pore sizes for each sample,
as shown in figures 3(c), (f) and (i). There is a drastic shift from
medium-to large-sized pores in the as-received sample to small
pores in the EWF-annealed samples. This was evident based
on the normalized frequency of the smallest (<600 N m?) pore
size. For the as-received sample, 26.1% of the pores had an
area of <600 N m?. For the EWF-annealed samples, 38.4—
38.8% of the pores displayed an area of <600 N m?, with
the largest percentage coming from sample C2. Generally,
there was a decrease in all medium-to large-sized pores from
the as-received to EWF-annealed samples, with the largest
reduction coming from medium-sized pores with an area of

1

approximately 3000-6000 N m?. Although there was only a
minor change in the porosity volume fraction, it was evident
that there was a drastic change in the frequency of nearly all
pore sizes, resulting in a smaller average internal pore size
after EWF annealing. These results were obtained for a relat-
ively small area under compression (roughly same size as the
specimen width). Yet, very consistent results were observed,
with resistivity improvements far above the measurement res-
olution. A future study with increased compression area is,
therefore, expected to show better annealing results.

A major motivation for the new annealing process is the
ability to reduce electrical resistivity via defect mitigation,
while not altering specimen chemical composition. This is
an advantage compared to high temperature annealing, where
new compounds can be created based on the chemical environ-
ment and the temperature. In addition to Raman, XRD spectro-
scopy as well as EDS were performed. Figures 4 and 5 display
the typical signatures of Ti3C,T, MXene when compared to
the literature [18, 29, 30]. This clearly indicates that the new
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Figure 4. X-ray diffraction (XRD) characterization of the MXene
specimen revealing the typical peak signatures.

technique can anneal without any undesired chemical altera-
tion that commonly takes place with high temperature thermal
annealing.

To provide a mechanistic understanding of the effect of
external compressive load on the EWF annealing, three core
aspects of the problem can be noted: (a) the large spread in
the pore size and shape in the as-received MXene, (b) EWF is
highly inhomogeneous in spatial sense, and (c) EWF anneal-
ing is very effective in mobilizing defective atoms as in one
or 2D defects (such as interface), but it may not produce
enough magnitude of forces to mobilize 3D or microscopic
pores. The first aspect is schematically shown in figure 6,
where the spectrum of defects starts at the atomic scale with
interfaces between nanoscale flakes. These defects are essen-
tially surface-type and not visible with SEM imaging or unless
atomically resolved. The other end of the spectrum has micron
sized pores. The size and shape of defects influence the effect-
iveness of EWF, which is inherently inhomogeneous in nature.
This is the second core aspect of the problem; EWF ori-
ginates only when the electrons encounter defects or inter-
faces. It is important to note the difference between the homo-
geneity of electron-lattice scattering that gives rise to Joule
heating (intentionally suppressed in this study as mentioned
earlier). This makes the EWF a highly inhomogeneous or
defect-specific force in nature [31]. In addition, EWF is also
influenced by the inhomogeneity arising from shape of the
pores. A lenticular or elliptical pore may induce more current
crowding (and hence higher magnitude of EWF) compared to
a circular pore [32].
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Figure 5. Elemental composition characterization with energy dispersive spectroscopy.

Figure 6. SEM images and schematic diagram showing multi-scale nature of the defects in thick MXene films. Type 1 defects are
non-compliant, while type 2 defects are compliant and thus responsive to external mechanical stress. Dashed lines show the closing of type
2 compliant defects under external mechanical compressive stress. Reproduced from [33]. CC BY 4.0.

We propose that without any externally applied compress-
ive force, the EWF annealing is most effective at minimizing
atomic scale defects, such as interfaces between the MXene
nanoflakes. These are shown in relatively solid-resembling
areas in a low magnification cross-sectional view in figure 6.
The EWF magnitude may not be large enough to mobilize
defects of larger length-scale. This is where external com-
pressive force is helpful. For very high aspect ratio defects
(labeled as type 2 in figure 6) the structural compliance is also
high, and the compressive force can bring the surfaces in con-
tact (resembling an interface between two layers of solids) as
shown by the dashed line. Under the influence of external com-
pression, EWF is very effective on these defects because their
surfaces can be brought to close contact while the current is

passed through the specimen. For low aspect ratio micropores,
(labeled as type 1 in figure 6), the compliance is very low.
Therefore, these pores do not close under the external force
and are also not responsive to the EWF annealing (with or
without external compression). This is why the smallest micro-
pores (visible through SEM imaging) do not decrease in pop-
ulation, whereas there is appreciable decrease in the density
of larger, more compliant pores. It is important to note that
mechanical stress significantly influences both electromigra-
tion and EWF phenomena. In particular, compression has been
shown to reduce the extent of electromigration damage [34],
which can be interpreted as a positive influence for this study.
Finally, it should be noted that the proposed conceptual mech-
anisms are mostly fundamental in nature and cannot be used
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to ascertain deviations from the idealness of any experiments.
For example, only high-fidelity simulations can account for
the exact size and shape of the defects as well as the mathem-
atical complexity (nonlinear as well as spatially inhomogen-
eous) of the current density effects on electromigration and
electropulsing [24]. Similarly, a potential non-parallel com-
pressive field (such as mis-aligned compressive load) would
still compress a type 2 (figure 6) defect albeit to a lesser
extent. Since the type 2 defects are seen to be randomly dis-
tributed in the thick film, the effect of any slight misalign-
ment in the direction of compression may not have prominent
effect.

4. Conclusion

The outstanding properties of MXenes reported in the literat-
ure are due to the length-scale of the specimen. For example,
nanosheet specimens exhibit inter-layer or flake-separation-
type defects. On the other hand, MXenes that would be
necessary for micro-engineering applications are an order of
magnitude thicker, and as shown in this study, exhibit a pre-
dominance of pores with a large spread in size. Therefore,
the key annealing mode in thicker films is the elimination of
void-type defects. The core theme of this study is that com-
pressive loading can be highly effective when applied syn-
ergistically with electrical pulses. It has been demonstrated
that EWF annealing with electropulsing and compressive load-
ing can achieve >90% reduction in the electrical resistivity
of TisC,T, MXene. This reduction could likely be further
improved by optimizing both electropulsing and compressive
parameters.

The resistivity reductions in this study were primarily
achieved by reducing the (a) interfacial defects for nano-flakes
and (b) density of larger and higher aspect ratio pores that
are structurally compliant to any external compressive load.
Internal porosity analysis of FIB SEM cross-sectional images
performed in ImageJ showed a reduction in both the average
pore size and porosity volume fraction, with the most signific-
ant change being a reduction in pore size. After EWF anneal-
ing, the frequency of smaller pores (<600 N m?) increased
significantly, while the frequency of nearly all other pore sizes
decreased after EWF annealing. The reduction in pore size
can likely be attributed to the magnitude of the current density
and current detour effect. Finally, the Raman spectra showed
no major changes in the TizC,T, composition. Considering
that this annealing process took place at room temperature,
changes in composition or reductions in surface terminations
were not expected. In other words, this new annealing pro-
cess improves the properties of MXene without affecting its
intrinsic chemistry and microstructure. This demonstration of
low temperature defect control can potentially impact MEMS
sensor and energy applications for improved performance.
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