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Abstract

In this article, we investigate an active plasmonic element which will act as the key building block for future photonic devices. This
element operates by modulating optical constants in a localised fashion, thereby providing an external control over the strength of
the electromagnetic near field above the element as well as its far-field response. A dual experimental approach is employed in
tandem with computational methods to characterise the response of this system. First, an enhanced surface plasmon resonance ex-
periment in a classical Kretschmann configuration is used to measure the changes in the reflectivity induced by an alternating elec-
tric current. A lock-in amplifier is used to extract the dynamic changes in the far-field reflectivity resulting from Joule heating. A
clear modulation of the materials’ optical constants can be inferred from the changed reflectivity, which is highly sensitive and de-
pendent on the input current. The changed electrical permittivity of the active element is due to Joule heating. Second, the resulting
expansion of the metallic element is measured using scanning Joule expansion microscopy. The localised temperature distribution,
and hence information about the localisation of the modulation of the optical constants of the system, can be extracted using this
technique. Both optical and thermal data are used to inform detailed finite element method simulations for verification and to

predict system responses allowing for enhanced design choices to maximise modulation depth and localisation.

Introduction
Active plasmonics has been gaining attention from the research ~ emerging subfield of plasmonics, which focuses on controlling
community for its role in the development of photonic devices electromagnetic fields at the nanoscale through external manip-

[1,2], low-loss waveguides [3], and imaging systems [4]. Itis an  ulation of the materials’ properties. Here, we present the charac-
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terisation of a recently developed active plasmonic element [5]
through two complementary experimental methods. Active
plasmonic elements have applications in future imaging tech-
nologies and as modulators in optoelectronic couplers for
photonic circuits. Finite element method (FEM) simulations are
used to validate both experimental approaches, allowing for
cross-verification of results and giving greater insight into the
underlying physical phenomena.

Surface plasmon polaritons (SPPs) are mixed states of photons
and electron density waves propagating along the interface be-
tween a conductor and a dielectric. As a result of this phenome-
non, an electric field strongly confined in the z-direction is pro-
duced at the interface. As direct excitation of a smooth metallic
surface does not form SPPs, certain configurations have been
developed to provide the conditions allowing for its formation.
These were initially proposed by Otto [6] and Kretschmann and
Raether [7]. To meet momentum-matching conditions neces-
sary for the formation of SPPs, such configurations rely on the
presence of an optically denser dielectric material with which
the light interacts before reaching the metal. Light-matter inter-
actions which give rise to the formation of SPPs can be classi-
fied into a sub-field of photonics known as plasmonics [8]. In-
vestigations into SPPs provide vital insights into fundamental
physical phenomena at the nano- and mesoscales [9-15], as well
as more practical applications in Raman spectroscopy in the
form of surface-enhanced Raman spectroscopy (SERS) [16] and
other spectroscopic techniques [17,18]. SPPs also find uses in
fields such as ultrasensitive detection methods [19,20], as their
formation is highly dependent on refractive index changes, and
sub-wavelength optics [21]. Our active plasmonic element also
provides the potential for an even more sensitive technique.
Active plasmonics has further advantages due to the tunable
nature of the physics underneath and its ability to interact with
electronic circuits [22].

The performance of the active element can be characterised in
terms of modulation localisation and depth. Localisation
addresses how confined the active control is at the nanoscale,
while modulation depth is an indicator of how well the external
manipulation changes the properties of the device. Characterisa-
tion of both localised temperature distribution and optical con-
stants plays a key role for further applications and is required to
optimise the operation parameters for the active plasmonic ele-

ment.

Previous studies [23,24] investigated the effects of gap size
using a fine tunable mechanical separation as a means to control
the intensity of a travelling SPP on silver. In contrast, in the
present work, the modulation of the device’s response is ob-

tained through changes in the optical constants via electrical
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signals. It is well understood that heating affects the electrical
permittivity of metals [25-28] and dielectrics [29,30]. This, in
conjunction with Joule heating, is used to generate the desired

effects.

The active plasmonic element proposed (Figure 1) consists of a
nano- or mesoscale constriction in a 48 nm thick layer of silver.
Applying a current through the silver layer results in increased
heating at the constriction due to the reduced cross section.
Consequently, given the dependence of the materials electric
permittivity on temperature, the optical response will change
locally.

82 nm
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Figure 1: An AFM image of a 10 x 10 um? constriction in a 48 nm thin
silver film on a sapphire substrate. The total area of the AFM image is
30 x 30 pm2. Two cuts (black channels) split the silver layer (grey) into
two parts, connected only by the bridge depicted in the image. Under
the application of a current, the metal heats up due to the Joule effect.
The presence of a constriction in the metal (the bridge) results in a
localised heating effect.

In this work, we have adapted two unconventional correlative
methods to investigate the system exploiting their ability to
directly probe the parameters of interest. The first method is
based on an attenuated total reflection (ATR) setup whose
versatility is enhanced through the addition of a lock-in ampli-
fier (LIA) investigating the changes in the reflectivity induced
by a modulated electric current. The acquisition of a surface
plasmon resonance (SPR) curve is a common method to charac-
terise a plasmonic far-field response [31] which is highly sensi-
tive to small changes in the refractive index of the metal and
dielectric. Because of this extreme sensitivity, small changes in
the local temperature, and hence in optical constants, will result
in subtle but appreciable changes of reflectivity in the SPR
curve. Homodyne detection, with the modulated electric

currents as reference, enables a detailed examination of the

111



microscale active plasmonic element. Temperature changes are
induced by the applied current through the microoptical ele-
ment. Analysis of both the lock-in signal and the classical SPR
curve from angular interrogation enables the deduction of the
complex optical constants. Furthermore, the presence of strong
peaks indicates the ability to maximise the modulation of the el-
ement’s optical response. While the classical SPR response
integrates over the whole illuminated area, the LIA curve
extracts the changes in reflectivity localised to the active ele-
ment. This leads to a modulated local near field, which has ap-
plications in the development of new imaging technologies
using this localised field to go beyond the diffraction limit of
light. Because the temperature is geometry-dependent in the
constriction, it is necessary to map the thermal distribution in
the vicinity of the element. The experimental complementary
method therefore investigates the thermal response of this active
plasmonic element at a high spatial resolution. Knowledge of
the distribution leads to predictions on how the near field will
be locally affected, which is key for understanding the behav-
iour of the active plasmonic element. The heating distribution is
investigated by means of scanning Joule expansion microscopy
(SJEM) [32]. The technique provides a method to obtain the
relative temperature distribution at the nanoscale starting from
the measurement of induced thermal expansion, which can be
directly mapped in a standard AFM-based image using a LIA.
This also provides great insight into nanomechanical thermal

interactions.

Knowledge of both physical parameters, the optical response,
and heating allows cross-verification and understanding of the
underlying mechanisms causing changes in the active plas-
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monic element. The FEM simulation software COMSOL Multi-
physics has been used to predict and confirm the dynamic tem-

perature distribution and the optical response of the system.

Experimental

The manufacturing of the active plasmonic elements employed
in the present work is detailed in [5]. At first, a 48 £ 2 nm film
of silver is deposited on a sapphire substrate via physical vapour
deposition (PVD). After this, two separate AFMs are used to
machine channels in the silver film to create the desired
constriction, which in this case measures 10 um. The tip of the
AFM is held at a set loading force in contact with the thin metal
film and moved to remove the silver.

The investigations carried out consist of two experimental
correlative methods. The first method is the above discussed en-
hanced SPR experiment, based on an ATR setup whose sensi-
tivity is enhanced through the addition of a lock-in amplifier.
The second method probes the temperature distribution sur-
rounding the active element through SJEM mapping the ther-
mal expansion of the metallic surface using an AFM. Both
methods are further reinforced through the use of three-dimen-
sional simulations. A description of the experimental methods
of both investigations is detailed below as well as the FEM pa-
rameters used to simulate the behaviour of an active plasmonic
element.

Enhanced SPR experiment

For angular interrogation of the plasmonic response of the
active plasmonic element, an enhanced SPR experiment
(Figure 2) was used. The system under investigation consists of

Signal »{ Lock-in amplifier —¢
generator t
| ? PD, PDs
AP
Laser [t H-/
FO-C == ,

P Prism +
e R . interface
' P: polariser (B in plane of page) ! with‘element
1 FO-C: fibre optics with collimator
+ PD;: photodiodes
1 A: aperture, @ = 300 um : 45.86 deg
' BS: beamsplitter Stepper
 Laser: Oxxius 561 nm, 0.2 mW | 9.9 stage motor

Figure 2: A schematic of the enhanced SPR experiment.
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a constriction in the silver film such that a current modulated at
a particular frequency affects its optical properties via Joule
heating. The signal is acquired by a photodiode and further
processed by a lock-in amplifier (Ametek 5210), with the
driving signal of the modulated voltage acting as reference. The
DC component of the light results in a typical SPR curve while
the modulated signal from the lock-in amplifier produces a
more sensitive signal. This yields the variation in the optical
constants as a function of the thermal modulation of the active

element.

An Oxxius single-frequency CW laser at 561.4 nm, typically
incident at 0.2 mW after filtering, was used as the incident light
source. The collimated light from an optical fibre was spatially
filtered through a 300 pm aperture and a polariser aligned to the
plane of rotation ensuring p-polarisation for SPP excitation as
seen in Figure 2. The reference light is recorded after the aper-
ture and reflected from a cube beam splitter, with the signal
photodiode placed on the 20 arm of a high-accuracy (18 arcsec
resolution) Siemens 6-26 X-ray diffractometer stage with
inbuilt goniometer to collect light reflected from the interface.
The absolute angular position is manually determined by
aligning multiple back reflections, with an estimated error of
approximately 4.5 arcmin. The stage’s gearing is driven by a
high-current pure sine signal such that motor steps cannot be
missed, thus eliminating this as a source of error. The
Kretschmann configuration was placed horizontally at the
centre of the stage rotating at 0. This configuration consists of a
fused silica prism with a sapphire slide optically coupled using
refractive index matching oil (n = 1.516). This configuration
was also used in the simulations. A sapphire slide was used as
the deposition substrate for a thin silver film of 48 nm. The inci-
dent angles were referenced to the air—prism interface. The
sinusoidal current was generated using a function generator
with a current buffer to ensure impedance matching to the
system under investigation. A transimpedance-amplified photo-
diode signal with active DC and high-frequency filtering was
fed to the lock-in amplifier, while the non-filtered signal was re-
corded for the SPR reflected signal. The modulated voltage
applied was of the same form as the simulations with frequency
f =631 Hz and offset such that the resultant signal was entirely
positive.

At each angular position, the signals from the photodiodes were
continuously recorded for one time constant following an
adequate rest period, after which the in-phase components of
the lock-in amplifier (X-components) were recorded using an
Arduino-controlled analog-to-digital converter. The reference
phase of the LIA was chosen to maximise X. The LIA was set to
a time constant of T = 300 ms, with second-order low-pass

filtering and a sensitivity of 30 mV to avoid spurious input
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overloads. Once this set was recorded, the stage was moved
1 x 1072 degrees to the next angular position in the scan. The
substrate used to generate the SPR response is sapphire with a
refractive index of n = 1.7717 at A = 561 nm.

SJEM experiment

To further characterise the active plasmonic element, in comple-
ment with the SPR curve measurements above, the thermal
distribution due to Joule heating of the active element was
measured through the use of scanning Joule expansion micros-
copy. The application of a current to the metallic element results
in Joule heating. As stated previously, this heating results in an
appreciable change in the optical constants of the silver
enabling modulation of its plasmonic response. This heating
also results in thermal expansion of the element. This expan-
sion will result in deflection of an AFM cantilever scanning the
surface. If a sinusoidal voltage is applied to an electrically con-
ducting sample, such as the active plasmonic element discussed
here, the resulting thermal expansion will be periodically modu-
lated at the frequency of the applied voltage. When an AFM
scan is performed on an element which is periodically modu-
lated, the expanded surface will also be captured by the AFM.
A lock-in amplifier can then be used to extract the periodically
occurring expansion of the topography from a surface scan per-
formed while the element is modulated at a known frequency.
This is the basis for SJEM measurements.

Here, SJEM measurements have been performed using an
Oxford instruments Cypher-S AFM and a signal recovery 7270
DSP lock-in amplifier. Figure 3 illustrates the setup used to
perform such measurements. An Adama NM-RC probe (spring
constant: 290.3 N/m, nominal resonance frequency: 8§14 kHz)
has been used in contact mode to scan the topography of an
electrically modulated sample with a loading force of 1.9 pN.
This particular probe is intended for use in nanomechanical
operations such as lithography and machining. The high spring
constant of this cantilever has the advantage of minimising the
unwanted deflection of the cantilever resulting from electro-
static interaction of the potential on the surface and the probe.
The tip is constructed from wear-resistant diamond with a tip
radius of 10 = 5 nm. The deflection sensitivity of the probe was
measured to be 81.09 nm/V.

To perform an SJEM measurement, a sinusoidal voltage is
applied to the metallic element. The surface of the element is
then scanned with an AFM in contact mode. Contact mode was
selected in this case to ensure the probe captured the deflection
due to thermal expansion while minimising artifacts caused by
the periodic potential on the surface. The sample was driven
with a frequency of 1227 Hz, well below the 170 kHz limita-

tion on the response time of the z-piezo control of the scanner in
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Figure 3: Schematic describing the experimental setup used to perform SJEM measurements on a modulated element.

the Cypher AFM. This frequency is also well below the reso-
nance frequency of the selected cantilever avoiding unwanted
resonant oscillations in the cantilever as a result of the periodic
force applied by the expanding surface when deflecting the can-
tilever. In principle, the drive frequency of the active element
could be the same for both experiments. However, the higher
frequency provided an increased number of heating cycles over
which to integrate given the chosen scan parameters listed
below. Ideally, the active element would be modulated in the
same fashion in both experiments. However, the information
extracted in both cases does not depend on the drive frequency,
given the thermal relaxation time of such a metallic element on
a sapphire substrate is of the order of nanoseconds, and as such
there is no need for matching drive frequencies. AFM scans
were performed on a 30 x 30 um? window with a setting of
512 points per line. The resulting pixel size is 58.7 nm. AFM
scans were then performed at a scan rate of 0.1 Hz resulting in
the tip being over each pixel of the image for approximately
10 ms. At a drive frequency of 1227 Hz, this corresponds to
more than ten cycles of expansion and contraction per point for
the lock-in amplifier to integrate over. The time constant for the
lock-in process was set to 10 ms to match the time the tip is
over each pixel. The sensitivity of the LIA was set to 200 uV.
The applied voltage was set based on the current density
through the sample so as to match the conditions in the above
SPR measurements as closely as possible. The Cypher-S AFM
is capable of detecting dynamic changes in height of the sam-

ple down to the sub-picometer scale. Scans were performed at

multiple current densities to demonstrate the differences in tem-
perature distribution surrounding the sample as a function of
applied current. For higher current densities, a wider distribu-
tion of the temperature is expected. A current buffer was used to
ensure the current density through the element was consistent
throughout an AFM scan. The probe was left electrically
floating during scanning. While leaving the probe floating is
counterproductive from the perspective of minimising electro-
static interaction, the possibility of current flow through the tip
to ground is eliminated. As with the LIA phase selection for the
SPR measurements discussed above, the phase was selected so
as to maximise the X-component of the LIA signal. STEM mea-
surements were performed for current densities of 45, 48.2,
51.8, 54, and 58 mA/umz, the results of which can be found
below.

Simulations

Finite element analysis simulations using COMSOL Multi-
physics 6.0 were employed to cross-verify the results obtained
from both methods. The schematic in Figure 4 illustrates the

steps involved in performing such simulations.

Initially, a model of the silver structure described above was
built on top of a sapphire substrate. This model is a representa-
tive subsection of the substrate and silver film on which the
physical active element was fabricated. The thermal behaviour
of the element was simulated for an applied alternating

electrical potential with a DC offset through the thin silver layer
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Figure 4: Flow diagram of simulation process.

and compared to experimental findings. A temperature bound-
ary condition was imposed on both the bottom and lateral

surfaces of the model, keeping them at room temperature
(293.15 K).

An alternating voltage with a DC offset Vj,(¢) =
Vo - (1 + sin(27ft)), where Vi = 200.0 mV and f = 631 Hz, was
applied across the silver layer. The voltage was chosen so as to
guarantee a correspondence with the experiments in terms of
current density. The application of a voltage with an AC com-
ponent resulted in a spatial temperature distribution changing
periodically as a function of the time. The temperature distribu-
tion shown in the Results section below in Figure 12 refers to
the point in time # = 1.68 ms. Results in terms of temperature
distribution were therefore used to cross-verify the experimen-

tal findings coming from the SJEM experiment.

The second part of the computational work focused on the
changes induced by the temperature on the optical properties of
the system under analysis. Such changes lead to differences in

‘ COMPARISON

EXPERIMENTAL RESULTS

the reflectivity curve acquired by means of the enhanced SPR
experiment. In order to back up the experimental findings, elec-
tromagnetic simulations were performed both in a cold state,
using room temperature refractive indices, and in a hot state.
Johnson and Christy [33] electrical permittivity values were
used to model the silver layer at room temperature. The electro-
magnetic simulations of the heated system were performed
starting from a temperature distribution extracted from the ther-
mal simulations previously performed (¢ = 1.68 ms). This means
that a temperature value is associated to each spatial point.
Starting from two tables, one for sapphire and one for silver,
containing spatial coordinates and corresponding temperature
values, the data illustrated in Winsemius et al. [27] were used to
model the influence of temperature on the silver’s permittivity
while for sapphire results from Thomas et al. [34] were em-
ployed. The resulting tables, again one for each material, con-
taining the spatial points and refractive indices were subse-
quently imported into COMSOL to define the heated materials.
All values were evaluated at the selected operational wave-
length A = 561 nm. For reference, in the following Table 1, we

Table 1: Refractive indices for silver and sapphire at room temperature and at the highest temperature reached by the structure at time t = 1.68 ms.

Sapphire Silver
temperature (K) 293.15 338.26 293.15 340.00
n 1.7697 1.7703 0.056299 0.060110
K 0.0 0.0 3.6867 3.6868
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report the refractive index values for both sapphire and silver at
room temperature and at the highest temperature reached by the
simulated structure. The refractive index of air was taken as
nair = 1.00.

The optical response of the sapphire—metal-air structure was
quantified in terms of reflectivity at different incoming excita-
tion angles, computed by means of COMSOL optical simula-
tions. A two-dimensional simulation space was set up in
COMSOL, and the electromagnetic waves in the frequency
domain module were used to set up the problem (see Figure 5).
The input port was set to simulate an incoming TM wave, and
Floquet periodic conditions were imposed on the side bound-
aries. A perfectly matched layer (PML) was added on top of the
air layer in order to avoid back reflection. Total reflectivity data

were collected at the output port.

Integrating this simulation setup with the temperature distribu-
tion output from the previous step allows for an accurate repre-
sentation of temperature-dependent changes on the reflectivity
curve. This produces a representation of the modulation depth
which is seen when looking at the difference of hot and cold
states using a lock-in amplifier.

Results
First, the results of the SPR curve with the lock-in amplifier
which measures the difference between a heated and room tem-

perature constriction are presented. Subsequently, the results
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Figure 5: FEM optical simulation setup.

obtained from SJEM measurements are analysed. Finally, both
experimental results are compared with simulations.

Enhanced SPR experiment
Figure 6 shows the experimental data and simulated SPR

curves. It is clear that all expected main features of the curves

1.0

0.8 1

0.6 1

0.4 1

0.2 1

R & AR (normalised)

-0.6 - - -

42 43 44 45

46 47 48 49 50

Angle relative to interface normal (degrees)

Figure 6: Plots of the enhanced SPR curves for a sapphire—silver—air configuration excited at 561 nm showing the typical shape in red and orange,
and AR response, taken from the lock-in amplifier (X) component, or the effective difference between the coldest and hottest states in blue and green
for a modulated 20 pm square active element. Orange shows the experimental curve normalised to the simulation maximum for an applied (RMS) cur-
rent density of 71 mA/um2. The angular position of the TIR response of the experimental SPR curves has been calibrated to the simulation. The solid
lines are a centred moving average for each experimental curve. Experimental errors are considered below in Figure 8. The results of COMSOL 2D
optical simulations were computed for a system at room temperature and with a temperature distribution extracted from thermal simulations. The
curves presented are the average between those two states (red) and their difference (green).
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are present for both approaches. The SPP angle corresponds
to a minimum in reflection and, in this case, was 46.07°. The
results show a critical total internal reflection (TIR) angle
at approximately 42.7° from the surface normal. Both results
are in line with theoretical predictions for the employed sub-
strate.

While the experimental measurements are exploiting a continu-
ous sinusoidal modulation which oscillates between two states
(i.e., hot and cold), the simulations are comparing only these
extreme states. The simulation was performed on sapphire and
silver at room temperature and at the heated state. In the experi-
ment, the resulting SPR curve, recorded in parallel to the
extracted lock-in curve, is effectively a weighted average of all
temperature states. Therefore, the simulated SPR curves ob-
tained from both the cold and the heated structure were aver-
aged to obtain the red curve in Figure 6, and their relative
difference was taken to generate the green curve.

The slight discrepancy between the minimum in the measured
SPR curve (orange) and the theoretical version (red) is assumed
to be ascribable to the data set used to model the simulated ma-
terials. To describe silver’s optical constants at room tempera-
ture, Johnson and Christy [33] data were employed, but the
refractive index of the silver material used in the experiments
differs slightly. The measured SPR curve is slightly broader
than the simulated one. This is due to experimental broadening
(in particular, the divergence of the laser beam), surface rough-
ness, and further temperature-induced degradation effects that
are not taken into account in the simplified simulation setup em-
ployed.

Beilstein J. Nanotechnol. 2023, 14, 110-122.

In order to determine the quality of the agreement between
simulations and experimental data, we additionally carried out a
comparative study between two electromagnetic simulations.
Both simulations were set up at room temperature (293.15 K,
cold state) and using the same substrate, but the silver layer was
characterised in two different ways, using two of the most cited
sources in the field. At first, the refractive index was defined
using Johnson and Christy dataset [33]. Subsequently, the same
simulation was repeated exploiting data from Wu and
co-workers [35]. The result in terms of SPR curve is plotted in
Figure 7.

Directly comparing the simulated and experimental plasmonic
resonance positions between the SPR curves in Figure 6, there
is a difference of 0.07° in the position of the plasmonic dip.
While this is outside the estimated error accumulation of
approximately 0.02° on the experimental data, the two simula-
tions show a discrepancy of 0.14°. This clearly shows that the
shift measured between the experimental SPR curve and the
simulated one can be brought back to the difference between lit-
erature data for refractive indices and the optical properties of
the film.

On close inspection of Figure 6, in contrast to simulations, the
experimental measurements reveal additional peaks on the
leading edge of the main peak about 45.0°. Detailed analyses
reveal this is due to ageing of the silver and surface modifica-
tions. There are others at about 45.5°, which, altogether, will be
discussed in a subsequent paper. At this stage, experiments with
active elements of different sizes reveal that the ratio between
heated and non-heated surface illuminated by the laser beam
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Figure 7: SPR curves resulting from electromagnetic simulations performed on a similar structure at room temperature. Different data sets were em-
ployed to model the silver layer. There is a noticeable shift in the position of the minimum of the two curves.
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influences the intensity of this effect. The ability to observe
these details demonstrates the high sensitivity of this technique
to the differences in optical constants of small areas under in-
vestigation. This effect, while highly interesting, deserves its
own dedicated investigation and, hence, falls outside the scope
of this paper.

In Figure 8, the response of both the typical SPR curve and
the LIA signal at four selected current densities and, hence,
varied temperature, are shown. Current densities of
71-143 £ 1 mA/um? in steps of ~24 mA/um? were used for a
20 um square element. While not identical to the SJEM experi-
mental current densities, we ensure that they are of similar mag-
nitude, 45-58 = 1 mA/pmz, hence, enabling comparison be-
tween the experiments. The increasing temperature is seen

through the typical SPR curves as a broadening in the plas-

42 43 44 45 46 47 48
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Figure 8: Plots of the enhanced SPR curves showing the typical SPR
curve shapes (top) for a sapphire—silver—air configuration excited at
561 nm and the effective change in reflectivity (bottom) for a 20 pm
square active element modulated with an applied (RMS) current densi-
ty of 71143 mA/um? in steps of ~24 mA/um2. The lock-in signal error
is estimated at 0.5%. The inset emphasises the shift in the plasmonic
resonance position for increasing temperatures with the error of the
SPR signals included in black. The current densities were applied in
ascending order. The solid lines are a centred moving average for
each curve.
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monic dip and shift of the minimum angle towards higher

angles, as expected.

Experimentally, the SPR curve is measured directly by the
photodiode. The modulation depth of the reflected light selected
here, in this simple geometry, is of the order of 1% with respect
to the total light intensity. To improve the signal-to-noise ratio,
a lock-in amplifier is used to detect modulated signals refer-
enced at the driving frequency. The aforementioned SPR char-
acteristics manifest in the X-component signal of the lock-in
amplifier, which originates from the changes in the temperature
and is highly sensitive to a modification of the systems mor-
phology with a fixed phase relationship.

As the temperature is modulated, these alterations occur in
tandem with the driving frequency. The increased temperature
affects a change in the optical constants of the system, thereby
altering the SPR curve including its resonance position. The
difference is measured directly with the driving signal as refer-
ence using a lock-in amplifier. This in-phase signal of the LIA

is a direct measurement of the changes in the SPR curve.

In conclusion, both the ATR response and its characteristic
plasmonic dip in reflectivity are present in the simulated curve
and their angular position show a very good agreement with ex-
perimental results. The relative difference between the two
curves behaves in line with the observed lock-in signal, as re-

ported in Figure 6, validating the measurements.

SJEM experiment

Figure 9 shows an AFM image of the silver surface in a
30 x 30 pm? window centered on the active element. On the left
is a topographical image of the surface showing the element,
which consists of a constriction of approximately 10 x 10 ym?
in the silver film. The accompanying colour bar denotes the
height of the sample in reference to the sapphire substrate
below. The dark regions are areas where the silver has been re-
moved as described above. On the right is an SJEM measure-
ment showing the thermal distribution around the active ele-
ment by mapping the thermal expansion of the silver element
for each pixel of the image. The SJEM image shows the largest
expansion occurring at the centre of the element, decreasing
away from the centre of the element approximating a Voigt
function. The associated colour bar shows the highest expan-
sion as lighter coloured regions and areas of lower expansion as
darker regions. The expansion around the element is representa-
tive of the temperature distribution in the heated state of modu-
lation and appears to follow the expected spread.

Figure 10 shows a Voigt function fit to a profile along the

centre of the expansion image seen in Figure 9. The measured
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Figure 9: Left: Topography of the active element. AFM scan of 30 x 30 pm? area of a 10 pm wide constriction in a 48 nm thin silver film. Right: Expan-
sion of active element due to applied voltage V(t), as defined above, for a current density of 44 mA/um?2. Both scans are 512 x 512 pixels yielding a

spatial step size of 58.7 nm.

data is well represented by this fit function. The data shown in
Figure 10 corresponds to the profile shown on the bottom left of
Figure 11. The data has been translated along the x-direction so
as to centre the peak of the fit at 0 pm for the purposes of visu-
alisation. The area of the element is shown by the shaded region
labelled “Constriction area” in Figure 10. From this shaded
region we can see that the Voigt fit is centered slightly to the
side of the centre of the element. This difference has been attri-
buted to asymmetries in the fabricated structure resulting from
the machining process [5].
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Figure 10: Experimental data showing the expansion profile for a
45.0 mA/um?2 modulation and relative fitting with a Voigt function. The
shaded area corresponds to the surface of the constriction. The posi-
tion along x was shifted so to have the distribution centered around 0
for visualisation purposes. Estimated errors on the SJEM measure-
ment are shown every twenty-fifth data point.

As with the enhanced SPR measurements above, the effect of
varying current has been investigated through repeated SJEM
measurements under differing applied V(¢). Figure 11 shows the
results of these measurements. The images at the top show the
spatially resolved thermal expansion across the active plas-
monic element. The plots below show line profiles through the
centre of the element at each current density. The shared y-axis
allows for the comparison of expansion values measured at each
current density. As the current density increases, the expansion
of the element is seen to increase. This is in line with expecta-
tions as the temperature of the element should increase with in-
creasing current density through the element. It should be noted
that the positive x-direction here is moving from top to bottom
along the profiles shown on the SJEM images in Figure 11. As
expected, raising the current causes an expansion of the ele-
ment in each case. Additionally, the thermal distribution
broadens as the temperature of the element increases. The
following detailed FEM simulations were used to verify the
above results and can additionally be utilised to extract absolute
temperatures from the dynamic SJEM measurements.

In Figure 12, we see the thermal effects of the modulated cur-
rent across the structure under analysis simulated through
COMSOL Multiphysics. As described in the first panel, the
highest temperature region is clearly localised in the neighbour-
hood of the restriction, and the distribution spreads across the
surrounding area following a profile with a FWHM ~17.7 pym.
This is more clearly depicted in Figure 12d, illustrating the tem-
perature profile as a function of the x-coordinate. For compari-
son, Figure 10 shows an equivalent profile obtained experimen-
tally for a 10 x 10 pm? structure with FWHM ~19.4 um. The
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Figure 11: Thermal expansion of active element at varied current densities of 45.0, 48.2, 51.8, 54.0, and 58.0 mA/umZ2. Accompanying line profiles
show expansion along the centre, represented by white lines shown in the SJEM images, of the element. The scale bars provided on the SUIEM
Images are 10 um wide. Errors are assumed to be the same as shown in Figure 10 for all measurements shown.
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Figure 12: Results of thermoelectrical simulations done with COMSOL. (a) Surface temperature distribution for the whole structure and (b) in the
neighbourhood of the constriction. (c) Temperature distribution on the xz-surface at y = 0 and (d) temperature distribution profile along the x-direction.

simulation results for the thermoelectrical effects are in line DISCUSSION

with the experimental results observed through AFM detection  This research characterises an active microscale optical ele-
of thermal expansion, showing the same distribution, and simi- ment which can be electrically controlled. The resulting
lar FWHM, as Figure 10. responses of the systems were investigated using two experi-
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mental approaches. First, a homodyne detection enhanced SPR
setup was used to provide access to the modulation of the elec-
tric field. This method provides access to the modulation of the
electric field induced by varying Joule heating. Second, the
spatially resolved thermal distribution of the active plasmonic
element and the surrounding environment was measured
through the use of SJEM. This information is required to fully
model the spatial distribution of the induced electric field

changes.

While this investigation focused on the behaviour of a single
active plasmonic element, the combination of high localisation
and the ability to modulate individual plasmonic elements at
unique frequencies enables the design of arrays of such active
elements which can be operated simultaneously. This could be
applied to arrays of elements whose size and pitch is below the
diffraction limit of light enabling sub-diffraction-limit applica-
tions.

As before, a combination of experimentally verified simula-
tions and direct investigations through SJEM allows various pa-
rameters to be analysed, such as the exact geometry and corre-
sponding localisation. This aids in optimisation with the aim to
further improve on physical constraints.

Both experimental methods, along with simulations, provide the
basis for an optimised design of the discussed active plasmonic
element giving access to a variety of possible applications. This
plasmonic element was developed to be used as a key feature in
a new sub-diffraction-limit imaging technique currently under
development.

Conclusion

In summary, using correlative methods to investigate a single
device provides complementary information about desirable
material properties intrinsic to the active plasmonic element.
Only the combination of both experimental methods discussed
here provides the complete set of information required for an

optimised design of the element.
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While significant research has investigated the processing and properties of high-performance terpolymer fibers, much remains to

be understood about the internal nano- and microstructures of these fibers, and how these morphologies relate to fiber properties.

Here we use a focused ion beam notch technique and multifrequency atomic force microscope mapping to characterize the internal

structure and local mechanical properties within Technora® fibers. We find a highly fibrillated structure that appears to connect

with both the fiber’s molecular chemistry and full-fiber mechanical properties. In addition, through detailed comparisons with

Kevlar® K29 fibers, we find remarkable differences between the internal structures of the two fibers, and posit connections be-

tween our measurements and multifunctional performance studies from the literature.

Introduction

High-performance polymer fibers have enabled ground-
breaking advancements in numerous applications, from
personal armor to tires to sports equipment, that aim to maxi-
mize mechanical performance while minimizing weight. The
successes achieved with forerunners in the field, such as
Kevlar® and ultrahigh molecular weight polyethylene
(UHMWPE), have driven tremendous interest in new fiber

chemistries and processing techniques. The development of

Technora® in 1987 marked a new approach to polymer fiber
design, with an emphasis on aligning extended molecular chains
rather than optimizing crystallites. This strategy aimed to
explore new chemistries that could enhance multifunctional
aspects of fibers without adversely affecting fiber mechanical
properties. Indeed, in developing Technora®, Teijin Ltd. had
four principal aims: to manufacture a (i) cost-effective fiber

with (ii) similar mechanical properties to Kevlar® that was (iii)
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heat-resistant and (iv) soluble in organic solvents [1]. A highly
oriented fiber structure exhibiting these characteristics was
achieved through a terpolymer chemical formulation, consisting
of terephthaloyl chloride (TPA), p-phenylenediamine (PPD),
and 3,4'-diaminodiphenyl ether (DPE) (Figure 1a). Compared to
Kevlar®, which includes 50% concentrations of the first two
monomers alone (forming p-phenylene terephthalamide
(PPTA)), the molecular structure of Technora® substitutes DPE
for half of the PPD monomers [1-5]. Of course, this distinction
in fundamental chemistry has significant implications for the
structures and properties of the resulting fibers.

a ) 0 C e NHz
0
o NH;
NH;
Kevlar® 50% 50% --

OUTPUTS
Topography

Stlffness & E;

‘ INPUTS \/

Figure 1: Materials and methods overview. (a) Three primary mono-
mers utilized in Technora® fibers: terephthaloyl chloride (TPA),
p-phenylenediamine (PPD), and 3,4'-diaminodiphenyl ether (DPE),
from left to right in the ratios shown [1-4]. Corresponding percentages

also shown for Kevlar®. (b) Micrograph of a FIB-notched Technora®
fiber. Dashed line highlights a shear plane between the two notches.
The fiber readily opens along this plane, exposing internal fiber sur-
faces for characterization. (c) Multifrequency AFM schematic. A canti-
lever is driven by a blue laser that simultaneously excites the cantile-
ver at its first and second resonance frequencies (f; and fo). The
response of the cantilever as it scans across the exposed internal fiber
surface provides information about the local fiber internal morphology
and mechanical response (stiffness and transverse elastic modulus
(ET)).-

To date, structure—property characterizations of Technora® in
the literature have primarily focused on (i) X-ray diffraction
(XRD), (ii) nuclear magnetic resonance (NMR) spectroscopy,
and (iii) fiber tensile properties. Interestingly, although Tech-

nora®

is noncrystalline, it can be effectively modeled through
XRD as a paracrystalline material such as Kevlar®. Within this
framework, the Technora® paracrystalline distortion parameter,
a measure of crystalline “sinuosity”, was lower (i.e., indicated

better alignment) than in all Kevlar® classes explored in a study

Beilstein J. Nanotechnol. 2023, 14, 1004-1017.

by Wu and Blackwell [3]. In characterizing the lateral molecu-
lar organization in Technora® from XRD, the researchers care-
fully noted that the broad lateral apparent crystallite “peak” in

Technora®

was likely not a single peak, but rather an aggrega-
tion of many individual peaks [3]. Ferreira et al. made similar
observations from XRD and concluded that this broad peak re-
flected an “ordered but not crystalline” fiber structure [6]. In ad-
dition, analytical modeling of XRD spectra suggested that the

® are

three principal monomers that comprise Technora
randomly sequenced, a conclusion later supported by extensive
NMR studies [2,5]. Despite this highly unique chemical struc-
K29

fibers possess similar elastic moduli and tensile strengths [6,7].

ture, research has shown that Technora® and Kevlar®

These studies also show that Technora® exhibits a narrower dis-
tribution in tensile strength, as well as greater creep and fatigue
resistance [6,7]. Separate studies of fiber multifunctional prop-
erties also showed that Technora® exhibits resistance to mois-
ture and chemical degradation [1,8].

The aforementioned studies have provided critical insights into
the structure—property relationships of Technora® fibers. How-

ever, our understanding of Technora®

would greatly benefit
from direct, real-space characterization of the internal struc-
tures of these fibers. Real-space measurements could effec-
tively integrate observations of features at different length
scales and verify the applicability of analytical structural
models used to date. Over the last several years, a “focused ion
beam (FIB) notch” technique has been developed and em-
ployed to address these gaps in understanding of the internal
and UHMWPE [9-13].

Here we extend this technique to Technora® by notching indi-

structures of fibers such as Kevlar®

vidual fibers (Figure 1b), gently opening them along shear
planes to expose internal surfaces, and then scanning across
those surfaces using an atomic force microscope (AFM)
(Figure 1c). AFM scans yield internal nano- and microscale to-
pography, stiffness, and transverse elastic modulus (ET) maps
of internal structural features and local mechanical responses in
real space. (See the Experimental section for additional details.)
As Technora® has often been compared to Kevlar® K29 fibers,
we focus further on comparing the internal structures of these
two fiber classes and relate our observations to extensive me-
chanical testing reported in the literature. Our findings shed new
light on the unique interior morphologies of Technora®
terpolymer fibers and, in turn, highlight important considera-
tions for the development of future classes of high-performance
fibers.

Results
AFM characterizations of Technora®

AFM maps enable direct characterization of both fiber nano-

and microstructures in real space. Large-scale maps span across
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the fiber diameter to highlight prominent microstructural fea-
tures. For Technora®, both the topography and stiffness maps
(Figure 2) revealed a consistent microstructure across the fiber
diameter at this length scale. Complementing topography and
stiffness maps, lateral line profiles (e.g., dashed line, Figure 2a)
quantified both topography and stiffness variations across the
diameter. Topography and stiffness (Figure 2¢) were remark-
ably uniform across the diameter as well.
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Figure 2: Fiber-wide Technora® AFM maps. (a) Topography map
across a full fiber cross section. The arrow (bottom left) denotes the
longitudinal direction (i.e., fiber axis direction), while the lateral dashed
line denotes the line profile in (c). (b) Stiffness map across a full fiber
cross section. (c) Representative lateral topography and transverse
stiffness line scans (bright and dark lines, respectively).

Only two notable features deviate from our consistent topogra-
phy and stiffness measurements: (i) slopes from the outer edges
inward and (ii) a sudden jump at a lateral position of ca. 5 pm.
It should be noted that the slopes are very shallow in real space,
with height variations of ca. 700 nm or less spanning several
micrometers along the diameter. The sudden jump correlates
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precisely with the lone compliant (dark) longitudinal band in
the stiffness map. Based on comparisons with other fibers, we
expect that these features resulted from the way this particular
fiber split open after FIB notching. Likewise, the lone drop in
stiffness makes sense, as the AFM probe experiences a local
reduction in tip—substrate contact area. However, similar topog-
raphy and stiffness jumps forming a compliant band were not
observed elsewhere in the fiber.

Topography and stiffness maps also reveal constituents throug-
hout the microstructure that preferentially align with the main
fiber axis, as parallel longitudinal lines on topography and stiff-
ness maps can be traced from the top to the bottom of each map.
No apparent skin—core differentiation in the microstructure
(e.g., as in Kevlar®) is observed [11,13-16]. The lack of evi-

® was referenced in

dence for a skin—core structure in Technora
an earlier study by Derombise et al. [17], but to our knowledge,
this is the first time this has been directly shown through real-

space mapping.

Complementing these full-fiber scans, high-resolution topogra-
phy and stiffness maps on smaller fiber subdomains were also
obtained to study the nanostructure of Technora®. From
detailed topography maps, we found that the well-aligned sur-
face features observed on the full-diameter map were fibrillar in
structure (Figure 3a). The surface consisted of a branched
network of fibrils closely aligned to the fiber axis, as high-
lighted in Figure 3b. The widths of individual fibrils varied sub-
stantially (20-45 nm) along their length. Unlike in other
polymer fibers we have explored to date, in Technora®, these
features regularly merge and separate from one another, inter-
secting at nodes and splitting off into fibrils with distinct dimen-
sions [9-13]. Likewise, some fibrils appear to protrude into and
out from the primary surface exposed by FIB notching,
suggesting that this branched network exists in three dimen-
sions within the fiber.

Combining these topographical observations with stiffness
maps (Figure 3c), a few important features emerged. Along the
fiber axis, we observed longitudinal bands of high topography
and, nearby, longitudinal bands of low stiffness. Stiffness maps
also revealed bands of high stiffness spanning hundreds of
nanometers laterally (i.e., left-to-right in each map), along with
slightly elevated topographical ribbons. To assess the repeata-
bility of these measurements, we analyzed several nanoscale
maps in other representative regions of Technora® fibers and
compared trace and retrace profiles (Figure 4). One example is
highlighted in the red box (Figure 4a,c) that corresponds to the
red shaded part of the profile measurements (Figure 4b,d). Ad-
ditional examples of these observations in the profiles are high-
lighted in blue but not imposed on the AFM maps for clarity. In
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Figure 3: AFM maps of the internal nanostructure within a Technora®
fiber. (a) Topography map, 2.5 x 1.25 pm. (b) Copy of the topography
map with selected fibrils marked in blue highlighting the branched
structure of fibrils aligned with the fiber axis. (c) Stiffness map of the
same domain. Scale ranges for each scan are approximately (a, b)
0-12 nm and (c) 0.5-2.5 N/m dark to light.

each highlighted region, there was clearly a correlation be-
tween topography and stiffness, but the precise nature of this

correlation required higher resolution analysis of line profiles.

From lateral profiles such as Figure 5a, we observed that
domains with high topography directly corresponded to high
stiffness. Those lateral profiles indicate that low-stiffness longi-
tudinal bands in the red boxes in Figure 4 do not coincide
precisely with the fibrils; instead, they are slightly offset. The
manner in which these compliant regions are offset from the
fibrils appears to be random. They are not consistently to the
left or right of the fibrils, and the offset persists regardless of
the AFM probe scanning direction (i.e., trace or retrace,
Figure 4). In longitudinal line scans (Figure 5b), we found the
same topography—stiffness correlation. Topographically high
regions were also stiff. This profile confirms what appear as
“ladder rungs” in the blue boxes, supporting the presence of a
branched network. These off-axis structures appear fainter than
the axial fibrils because of their smaller relative changes in stiff-
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ness and height. Finally, to probe the nature of the nodes be-
tween branches in the fibril network, we obtained profiles
across nodes as well (Figure 5c). Clearly, nodes are substantial-
ly taller (ca. 5 nm) than other features along both the longitu-
dinal and lateral directions (1-2 nm), reflecting the fact that
discrete fibrils merge. The locally elevated stiffness also reaches
the same value as individual fibrils and “ladder rungs”. As the
stiffness of the material indirectly reflects the underlying struc-
ture, these comparable stiffness values suggest that the material
organization in nodes matches that within individual fibrils.
Together, these findings provide quantitative details about the
branched network of fibrils that defines the nanostructure of

Technora®.

Technora® vs Kevlar® K29

To further highlight the unique internal nanostructure of Tech-
nora®, we compare topography and stiffness maps of Tech-
nora® to the more widely studied Kevlar® K29 [9,11-13]. In
particular, we focus on representative 1 ym X 1 pm subdomains
inside fibers from each class. In topography maps (Figure 6a),
Kevlar® possesses well-packed, distinguishable, 20-25 nm
wide fibrils that align closely with the fiber direction. Sharp
lateral variations in topography in the lateral direction are ob-
served, akin to vertical steps from left to right, which indicate
the interfaces between adjacent fibrils. Fibrils also oscillate with
respect to the fiber axis, both laterally and “vertically” (i.e., into
and out of the surface plane), reflecting the well-known pleated
sheet microstructure within Kevlar® [14]. In contrast to this
morphology, Technora® (Figure 6b) shows thin, separated
fibrils that are not arranged in close concert with one another.
Various fibrils exhibit small oscillations with respect to the
fiber axis and protrude into and out of the underlying surface,
suggesting a random misorientation of constituents compared to
the densely packed and well-oriented sets of fibrils in Kevlar®,
The aforementioned “branched network” of fibrils is also
apparent in Technora® but not in Kevlar®.

Comparing corresponding stiffness maps over each domain
provides additional insights into these fiber nanostructures.
Fibrils in Kevlar® stiffness maps (Figure 6¢) were clear with
compliant longitudinal bands at the interfaces between adjacent
fibrils. In addition, gradations in transverse stiffness were ob-
served in the longitudinal direction, coinciding with adjacent
pleat components in the microstructure (ca. every 250 nm along
the fiber axis) [11,13,14]. However, Technora® stiffness maps
over the same area (Figure 6d) exhibited “mosaic” topography
and stiffness maps.

To further characterize and compare these nanostructural fea-

®

tures in Kevlar® and Technora®, we quantitatively analyzed

both lateral and longitudinal line scans within each of these
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Figure 4: Quantitative AFM maps of internal Technora® fiber nanostructures. (a) Topography map of 1 pm x 1 pm region within a Technora® fiber.
(b) Left-to-right trace and retrace line scans through the red box in (a). The peak shaded in red corresponds to the prominent fibril highlighted in (a),
while peaks shaded blue highlight repeated observations in other peaks. (c) Stiffness map over the same 1 pm x 1 pm region. (d) Stiffness trace and

retrace profiles corresponding to the topography profiles in (b).

maps. Lateral topography line scans in Kevlar® (Figure 7a)
showed sharp jumps of up to tens of nanometers near fibril
interfaces, likely reflecting interfaces between “stacks” of fibrils
[11,18]. In contrast, Technora® lateral topography scans over
the corresponding domains were much flatter, with roughly an
order of magnitude smaller fluctuations in height. Similar
results were found in longitudinal topography profiles
(Figure 7b), that is, Technora® structural variations along the
fiber axis were substantially lower than those in Kevlar®.
Whereas the out-of-plane pleated sheet microstructure in
Kevlar® introduces topological variations of tens of nanome-
ters along the fiber direction, Technora® profiles were smooth
and lacked prominent microstructural motifs.

Closely related observations can be made from stiffness maps
of the two fibers. From lateral profiles (Figure 7c), Kevlar®
transverse stiffness at fibril interfaces dropped down to ca. 90%
of the mean stiffness value. While longitudinal Kevlar® trans-

verse stiffness variations (Figure 7c) were not as significant as
lateral variations, they still varied up to +60% of the mean and
correlated well with components of the “pleated sheet” internal
structure [11,13,14]. In contrast, maximum variations in Tech-
nora® transverse stiffness were less than £15% of the mean
both laterally and longitudinally and showed no recurring

patterns in stiffness variations.

Transverse elastic modulus quantifications
We present these last results as relative stiffness variations
because multiple AFM tips needed to be used to survey these
multiple subdomains. Monitoring tip wear is cumbersome when
targeting a broad survey of different regions of multiple fibers,
so the results above only reflect a semi-quantitative, relative
comparison. To complement these qualitative comparisons, we
also quantitatively compared the transverse elastic modulus
(ET) obtained on suitable subdomains within Technora® and
Kevlar® K29 fibers.

1008



37
363
353

w
340
335

D
324

QO
N

Height (nm)

O =~ N W H O O N ©@©

o

50 100 150
Lateral Position (nm)

200

3.7
=
25 3.6 %

2
5 3.5 3
@

340
()

335
=}
328

Z
0.5 315

~

Height (nm)
(@)]

0 3
0 50 100 150 200
Longitudinal Position (nm)

6 37
C) .
5 368

]

353

34$
)

335
D
324
1 Z
3.1\3/
0 3
0 50 100 150 200
Longitudinal Position (nm)

Height (nm)
w

N

Figure 5: Nanoscale topography—stiffness profile correlations. (a) Rep-
resentative lateral line scan. (b) Representative longitudinal line scan.
(c) Longitudinal line scan over a node. Thick light lines correspond to
topography (height), while thin dark lines denote transverse stiffness.
In all cases, shaded boxes highlight correlations between locally
elevated topography domains and increases in transverse stiffness.

Figure 8 highlights aggregate frequency distributions in trans-
verse elastic modulus (bold top lines) and individual distribu-
tions (lower lines) obtained from multiple subdomains of Tech-
nora® and Kevlar® K29 fibers. In Technora®, individual distri-
butions (i.e., distributions within any one region) were narrow
with clear peaks (Figure 8a). While several scans showed
frequent readings near 2.6 GPa, Et centered around
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1.5-1.6 GPa in most scans. Taken together, this led to a total
distribution with a mean of 2.00 GPa and a mode (i.e., highest
peak) of 1.53 GPa. In contrast, K29 individual distributions
(Figure 8b) appeared as plateaus ranging from 0.5 to 3.5 GPa.
When present, shallow peaks in K29 arose near these upper and
lower limits, resulting in a plateau in the overall frequency dis-
tribution. The mean for K29 was 2.18 GPa. The mode of this
total K29 distribution was 2.79 GPa, though a second peak near
1.1 GPa was virtually as likely to occur based on this distribu-

tion.

Figure 8c isolates each total distribution to facilitate direct com-
parisons between them. In addition, vertical shaded boxes in
Figure 8c indicate the mean values from full-fiber transverse
compression experiments reported in the literature for each fiber
class (2.68 GPa for Kevlar®, 1.64 GPa for Technora®) [8,19].
These average values coincide very closely with the modes of
each distribution from our nanoscale AFM measurements.

Discussion

In this study we have, for the first time, isolated and directly
characterized the internal structures of Technora® fibers using
AFM. Here we elaborate and contextualize several aspects
related to our findings. First, we describe how this real-space
characterization provides new information about the Technora®
fiber nanostructure. We then focus on fiber microstructures,
highlighting how this technique expands upon conclusions from
previous studies. Lastly, we comment on how characterizing the
structural composition in real space relates to Technora® perfor-
mance parameters. In particular, through comparisons with the
Kevlar® K29 structure, we discuss structure—property relation-
ships that explain the mechanical properties of these two fibers.
We also analyze several critical multifunctional performance
parameters highlighted by the developers of Technora® and
explore how they relate to the fiber structures. Together, we
believe these analyses help elucidate structure—property rela-
tionships within high-performance polymer fibers.

Technora® nanostructure

In terms of the Technora®

nanostructure, our measurements
directly reveal two key motifs: (i) the presence of nanoscale
fibrils that are well aligned with respect to the fiber axis and
form a branched network and (ii) nanoscale domains with high
local transverse stiffness. Through WAXD studies, Ferreira et
al. deduced that Technora® fibers are “ordered but not crys-
talline” [6]. This conclusion aligned well with corresponding
WAXD and NMR studies, which indicated that the molecules
within Technora® include random monomer sequences [2,3,5].
Adjacent extended-chain molecules would not be able to form
crystallites, as random sequences of molecules including the

DPE monomer (which locally changes chain orientation) would
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Figure 6: Internal AFM maps of Kevlar® K29 vs Technora®. (a, b) Topography maps of Kevlar® and Technora®, respectively. (c, d) Corresponding
transverse stiffness maps of Kevlar® and Technora®, respectively. Scale ranges for each scan are approximately (a) 0-200 nm, (b) 0-30 nm,

(c) 0-0.2 N/m, and (d) 2.6—4.4 N/m dark to light. Figure 6c was adapted from [12] (© 2018 E. Sandoz-Rosado et al., distributed under the terms of the
Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/).

prevent neighboring molecules from forming cohesive extend-
ed crystals. This would lead to a mixture of ordered and disor-
dered subdomains with varying alignment, as schematized in
Figure 9. Nevertheless, Ozawa hypothesized that well-aligned,
extended chain molecules consisting of 50% PPTA concentra-
tion could still effectively transfer applied loads between adja-
cent chains [1].

These previous characterizations of the molecular chemistry of
Technora® appear to explain the branched network of nano-

scale fibrils we observe. Despite the randomly sequenced
terpolymer chemistry, nanoscale fibrils still clearly form in
Technora®. The branched network likely results from local
variations in the strength of intermolecular interactions. For ex-
ample, misalignment between adjacent molecules (e.g., due to
molecular “bends” within DPE molecules) or weak intermolec-
ular interactions (e.g., due to distributions in monomers capable
of intermolecular hydrogen bonding) may make it energetically
favorable for sets of molecules to branch apart at different junc-
tures rather than to remain together within a fibril. These unique
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Figure 7: Line profiles across Kevlar® and Technora® subdomains. (a) Overlaid lateral profiles in Kevlar® K29 and Technora® across topographical
maps. The inset highlights the line in the Technora® topography map corresponding to the profile shown. (b) Representative longitudinal topograph-
ical line scans within the same maps. (c) Lateral line scans of transverse stiffness, corresponding to the topographical scans in (a). (d) Longitudinal
transverse stiffness scans corresponding to lines in (b). The inset highlights the vertical line in the Technora® stiffness map.

molecular structures cannot lead to a truly crystalline fiber, but
evidently, they are still strong and concentrated enough to form
the nanoscale fibrils we repeatedly observe throughout Tech-
nora® fibers.

At the same time, a random monomer sequence should result in
a heterogeneous map of transverse stiffness within the material.
Here the stiffness maps of Technora® sharply contrast with
those of Kevlar®. In Kevlar®, the primary observable nanos-
tructural features are sets of adjacent fibrils with well-defined,
compliant interfaces (Figure 6). In Technora®, both lateral and
longitudinal line scans (Figure 5a,b) show that elevated fibrils
exhibit high transverse stiffness. This high stiffness suggests
that the material within Technora® fibrils is well-ordered, that
is, lacking compliant nanoscale subdomains that may arise from
voids, mismatched molecules, or other defects. Furthermore,
line scans across nodes (Figure 5c) show virtually the same
stiffness as neighboring fibrils, indicating that these nanoscale

features can merge and separate without affecting transverse

mechanical responses. Overall, our nanoscale characterizations
of AFM topography and stiffness maps corroborate earlier find-
ings that suggested Technora® possesses (i) repeated longitu-
dinal features along the crystalline axis and (ii) a broad distribu-
tion of apparent lateral crystallite sizes, implying an ordered but
non-crystalline structure [3,6]. Moreover, we directly uncover
fibril constituents within Technora® fibers and relate their nano-
scale structures to previous studies of the fibers’ fundamental
chemistry.

Technora® microstructure

We can also use our real-space AFM scans to highlight two ob-
servations regarding the microstructure of Technora® fibers.
First, WAXD studies previously suggested that Technora® does
not possess the same degree of “three-dimensional order” as
Kevlar® [3]. Our line scans over representative 1 um X 1 ym
regions of Technora® and Kevlar® fibers (Figure 7) support this
analysis. Discrete fibrils can be clearly traced throughout the

core microstructure of Kevlar®. At fibril interfaces, we see
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Figure 8: Transverse elastic modulus distributions from multifre-
quency AFM scans. (a) Frequency distributions from individual Tech-
nora® scans, as well as total distribution across all scans (thick red
line). (b) Corresponding individual distributions and total distribution
from K29. (c) Comparison between total frequency distributions. Solid
vertical lines denote mean bulk values reported from published
microscale experiments [8,19].

sudden topographical jumps up to tens of nanometers. This indi-
cates that, when the fiber is separated after FIB notching, the
crack that forms the exposed surface follows these interfaces
rather than fracturing crystallites within the fibrils. In contrast,

the exposed plane within Technora®

is significantly flatter and
less well-defined, as evidenced by surface fibrils penetrating
into and out of the exposed surface. Without forming crystal-
lites in the lateral direction, there appears to be a lack of consis-
tent lateral packing in Technora®; thus, the fiber cannot break
along well-defined planes. This explains how the complex
nanostructure translates up to the microstructure, leading to

®

more disorder in 3D space in Technora® compared to Kevlar®.
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The other unique microstructural aspect is the lack of a fiber
skin in our real-space AFM scans of Technora®. In Kevlar®, the
skin is a prominent feature up to ca. 1 pm thick and readily
observable with AFM and other techniques [11,13,16,20,21]. It
is expected to arise during Kevlar® fiber processing due to dif-
ferent cooling rates near the surface of the fiber and inside the
fiber; consequently, Kevlar® fibers that undergo post-process-
ing heat treatments possess thinner skins [11,13,15]. In previous
studies, we corroborated this trend for different classes of
Kevlar® fibers using real-space AFM scans, as skin regions
contained distinct topographical features and lower stiffness
than the Kevlar® fiber core [11,13]. For Technora®, however,
no such features were ever observed. There are shallow topo-
graphical gradations near the outer edges of the fiber
(Figure 2c), but these are distinct from the sharp changes at the
skin—core interface we observed in Kevlar®. Moreover, there
are no clear stiffness variations near the periphery compared to
the fiber center, suggesting no change in the underlying materi-
al structure across the fiber diameter. We expect that this lack of
a skin—core structure is yet another manifestation of the non-

®

crystalline structure within Technora™, resulting in an osten-

sibly homogeneous microstructure throughout the fiber.

Transverse elastic modulus quantifications

We begin our discussion of the transverse elastic modulus mea-
surements by focusing on the distributions in Et values
(i) within each fiber type and (ii) between the two fiber classes.
Both means and modes are important statistical averages to
consider in the context of these experiments. The mean provides
an overall average mechanical response, but it is more sensitive
to impacts of individual scans than the mode, which tells us the
Et value measured most frequently in different areas. For ex-
ample, in the overall E distribution in Technora® (Figure 8a),
the highest peak (i.e., the mode) is centered at 1.53 GPa, while
secondary peaks and shoulders in the distribution arise at other
values, for example, at ca. 2.6 GPa and, less prominently,
around 0.5 GPa. Yet for Technora®, it is interesting to note that
multiple individual peaks center around the mode of 1.53 GPa.
While the Kevlar® K29 mean Et is only 9% higher than that of
Technora®, the shapes of the individual and total distributions
resembled plateaus with shallow peaks. Technically, the mode
of the K29 measurements is 2.79 GPa, but another shallow peak
in the plateau centered appears at 1.1 GPa.

In contrast to the modulus maps in Technora®, the distinctions
between the local E1 measurements within fibrils and their
interfaces are very clear in Kevlar®. Image thresholding of K29
modulus maps indicates that the most compliant regions are
near interfaces, which can also be readily observed from lateral
line scans (Figure 7c). However, these interfaces are not

uniformly compliant, that is, different interfaces exhibit unique
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Figure 9: Schematic of possible molecular sequencing in Technora® fibers. (a) With random sequences of molecular subunits (e.g., ACBC, top left),
adjacent extended chain molecules can form ordered or disordered subdomains, per theoretical schematics highlighted in (b) and (c). Fibrils directly
observed in this study suggest that even some disordered subdomains can have sufficiently strong interactions to form fibrils.

Ev values. Each one is consistent along the fiber axis (i.e., the
stiffness along any particular interface is uniform), but they are
not consistent with one another. This compliance likely stems
from a local reduction in contact area, as sudden changes in
height up to tens of nanometers can occur at these interfaces
(Figure 7a). Nevertheless, these are “real” E values; in other
words, these local gaps in the fiber would affect Et of the full
fiber. Individual Kevlar® fibrils typically exhibit their highest
Et values toward their centers; however, the modulus values
among fibrils vary. The apparently independent values of fibrils
and their interfaces can explain the overall plateau-like distribu-
tion of Et in Kevlar®. In addition, the fundamental chemistry of
Kevlar® (Figure 1) leads to a well-ordered molecular structure
(i.e., “ACACAC..." in Figure 9), which should enhance load
transfer at this scale compared to Technora®. Together, the
more uniform molecular sequencing and the resulting micro-
structure in Kevlar® appear to explain why K29 has higher

®

mean and mode Et values than Technora™ in our measure-

ments.

Finally, it is important to compare our nanoscale AFM measure-
ments of transverse moduli with full-fiber transverse compres-
sion experiments conducted in other studies. We find that the
modes from our AFM-based measurements correspond closely
with the full-fiber E1 values from two different studies [8,19].
For Technora®, remarkably similar quantitative values (AFM:
1.53 GPa; mean full-fiber: 1.64 GPa) may reflect how the
microstructure throughout the fiber (Figure 2) consistently
reflects the nanostructure (Figure 4). Thus, we would expect the

E1 measurements to be similar across length scales.

The analysis for Kevlar®, however, is more complicated. Our
nanoscale ET measurements indicate stiffer average mechanical

responses in Kevlar® K29 than in Technora®

, in agreement
with the aforementioned full-fiber experiments [8,19]. Howev-
er, we must acknowledge the plateau-like nature of the distribu-
tion in our measurements, with a second peak near 1.1 GPa.
Moreover, at the full-fiber level, the skin—core structure in
Kevlar® must be considered. Previous studies have suggested
that Kevlar® skins are more compliant than the cores
[11,13,20,21]. We have implicitly focused on Kevlar® cores,
but when full Kevlar® fibers are subjected to transverse
compression, we would expect a mixed mechanical response
based on both core and skin stiffness. Thus, our broad distribu-
tions in nanoscale Kevlar® values and this clear distinction be-
tween nano- and microstructural characterization of Kevlar®
make this comparison less conclusive than that of Technora®.
Nevertheless, the fact that these materials exhibit similar trans-
verse elastic responses at the nanoscale and across the full fiber
is noteworthy, and appears to support the validity of quantita-
tive materials characterization at the nanoscale with this tech-

nique.

Technora® vs Kevlar® K29:

structure—property connections

Tensile properties

The structural distinctions between Technora® and Kevlar®
K29 have fascinating implications for the tensile mechanical
properties of these fiber classes. Studies have shown that their
mean single-fiber tensile properties, for example, tensile

strength and elastic modulus, are quite similar [6,7]. In addition,
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Technora® single-fiber tensile strengths are more consistent
than those of Kevlar® K29 [6,7]. The similar mean tensile prop-
erties appear to support the hypothesis put forth by Ozawa, that
is, a well-defined crystal structure is not required for a high-per-
formance polymer fiber, provided that fixing extended-chain
molecules and aligning them with the fiber axis can be achieved
through other means [1]. Indeed, the tensile strengths of high-
performance paracrystalline fibers are nearly an order of magni-
tude lower than those of their constituent molecules and crystal-
lites, so other structural factors play a considerable role in
limiting fiber properties [22]. To this end, the more consistent
strength values of Technora® appear to stem from two sources.
First, as noted by Morgan et al., a paracrystalline fiber such as
Kevlar® will have preferential fracture planes across its core, in
agreement with AFM profiles shown here (Figure 7c) that
clearly demarcate a fracture path between fibrils [15]. When a
crack extends into the fiber core, the failure will be brittle and
thus more prone to variation. In contrast, Technora® has no
such preferential planes, which may explain its more consistent
strength values [6,7]. Indeed, we observe stray fibrils protruding
in and out of the FIB-notched surfaces of Technora® and no
consistent fracture planes (Figure 7c), which would necessitate
fibrils breaking or separating in a manner inconsistent with

brittle failure.

Second, the presence or absence of skin—core differentiation
likely plays a critical role in dictating the distributions of the
tensile strengths of these fibers as well. Sahin et al. suggest that
the skin—core interface dominates the ultimate tensile strength
of Kevlar®, as evidenced by a “sword-in-sheath” pullout of the
core from the skin during tensile tests [23]. Kevlar® fibers with
larger skins typically exhibit higher tensile strength as well,
suggesting that the load-bearing capabilities of these fibers are
significantly diminished once a crack permeates the skin
[11,13,16]. This interface appears to be another mechanism that
leads to a somewhat brittle failure in Kevlar®, resulting in a dis-
tribution in single-fiber tensile strengths. In contrast, the lack of

®

skin—core differentiation in Technora™, evidenced here via real-

space scans, should also lead to more consistent strength values.

Additional mechanical properties

Significant connections can also be made between the struc-
tures of Technora® and Kevlar® fibers and other mechanical
properties, such as creep and fatigue. Ferreira et al. demon-

® hor Kevlar® fibers exhibit

strated that, while neither Technora
significant amounts of creep deformation, Technora® fibers
creep slightly less [6]. They hypothesized that this distribution
stems from more local links between adjacent molecular chains
in Technora® than between crystallites in Kevlar® [6].
Extending this molecular-level hypothesis, it is likely that the

highly fibrillated nanostructure in Technora® (Figure 3 and
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Figure 4) has the same effect. Local, randomly distributed load
transfers between fibrils could more effectively inhibit creep at
this length scale than highly aligned fibrils such as those in
Kevlar®. Creep behavior could also be affected considerably by
the microstructures of the fibers. In Kevlar®, the well-defined
pleated microstructure would be prone to deform under creep,

® microstructure would be

while the heterogeneous Technora
less likely to deform in a consistent manner throughout the fiber

[24].

These structure—property connections appear to correlate with
the fatigue behavior of these fibers as well. Ferreira et al. found
that Technora® fibers exhibited the same tensile moduli through
80 load cycles, while Kevlar® K29 fiber moduli changed
several times under cyclic loading [6]. Most notably, after 20
cycles, a new regime of lower tensile modulus under high loads
was observed in Kevlar®, which the authors attributed to inter-
faces between PPTA crystallites breaking irreversibly [6].

Ozawa also found that Technora®

was more resistant to fatigue
than Kevlar® and attributed this difference to two fundamental
molecular mechanisms: the more compliant molecular chain
and the “less developed” crystal structures in Technora® [1].
These molecular-level features likely explain the nanoscale fea-
tures in our AFM maps, as discussed earlier. In turn, it appears
that this heterogeneous structure makes Technora® fibers less

prone to both creep and fatigue than Kevlar®.

Multifunctional properties

Beyond establishing connections between fiber structures and
mechanical properties of Technora® and Kevlar®, it is also im-
portant to highlight how structural features relate to multifunc-
tional properties. One such property is resistance to chemical
attacks. By measuring the tenacity (i.e., tensile strength) of
Kevlar® K29 and Technora® fibers immersed in both basic and
acidic solutions, Ozawa found that Technora® fibers are typi-
cally an order of magnitude more resistant to chemical attacks
than Kevlar® K29 [1]. A small but important subset of ambient
“chemical” attacks includes moisture sensitivity. Ozawa ob-
served substantially larger tenacity reductions in Kevlar® than

in Technora®

as a function of ambient moisture [1]. Minoshima
et al. also found that Kevlar® K29 fibers absorbed about
6.6 times more deionized water than Technora® when
immersed, which resulted in larger reductions in full-fiber E1
for Kevlar® [8]. These findings appear to reflect the distinct
fiber microstructures. In Kevlar®, the well-defined pleated sheet
structure allows for preferential planes through which interca-
lating chemicals can permeate and interact with the material
[1,15]. This is particularly true for the interfaces we observe be-
tween fibrils, where needle-like voids can coalesce and create
ideal planes for chemical infiltration [25]. In contrast, the

branched filaments within Technora® fibers present no such
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consistent internal planes. Indeed, Ozawa hypothesized that
Kevlar® has much wider “internal surfaces” than Technora®,
making the former more sensitive to chemical effects [1]. This
hypothesis aligns very well with our line scans (Figure 6),
which show Kevlar® exhibiting longer and more clearly defined
interfaces than Technora®. Thus, through real-space AFM mea-
surements, we have expanded upon previous hypotheses by
uncovering how these internal morphological features take

shape, helping to explain how structures affect fiber properties.

Conclusion

Here we present internal structural characterizations of FIB-
notched Technora® fibers using multifrequency AFM mapping.
We observe a homogeneous microstructure throughout the fiber
without any evidence of a fiber skin near the periphery. At the
nanoscale, we observe a highly fibrillated structure well aligned
with the fiber axis with significant fibril branching, junctions,
and weaving in and out of the exposed surface. Combining to-
pography maps with stiffness maps, we find that locally
elevated regions exhibit higher stiffness, regardless of scanning
direction, orientation with the fiber axis, or the relative heights
of different sections (e.g., single fibrils versus nodes between
multiple fibrils).

Our nano- and microscale characterizations of Technora®

are
further aided by extensive comparisons with Kevlar® K29,
which possesses similar mechanical properties despite a signifi-
cantly different internal structure. Comparisons of AFM maps
from each fiber class revealed that the Technora® nanostructure
includes (i) more fibril branching, (ii) less-defined interfaces,
and (iii) more homogeneous stiffness profiles than in Kevlar®
K29. These semiquantitive comparisons of stiffness were
further supported by direct quantification of transverse elastic
modulus (ET) of both fiber types, which showed more consis-
tent ET measurements in Technora® than in Kevlar® K29.
Nanoscale ET measurements in Technora® also matched excep-
tionally well with previously reported macroscopic measure-
ments, which would be expected for a homogeneous micro-
structure. In contrast, our nanoscale measurements did not
match as well with macroscopic measurements of Kevlar® K29,
perhaps as a result of the skin—core structure present in Kevlar®
K29 but absent in Technora®.

Taken together, our characterizations uncover the internal struc-
tures of these fiber classes, which in turn help explain the me-
chanical and multifunctional performances of these fiber classes
reported in other studies. In the future it would be especially
interesting to carry out higher resolution scans within these
fibers to characterize atomic structure [26]. Flat Technora®
subdomains may be especially amenable to this characteriza-

tion, which could shed more light on the sequencing of molecu-
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lar subdomains (Figure 9) discussed here and in previous
reports [2-5]. In addition, it would be interesting to apply the
FIB notch technique to Kevlar® and Technora® fibers that
underwent mechanical conditioning (e.g., fatigue) and/or chem-
ical treatment to complement prior characterizations and
improve our understanding of the mechanisms that determine
the multifunctional performance of these fibers.

Experimental

Materials

Individual Technora® T-240 fibers were extracted from a 65
decitex yarn. Fibers were mounted onto cardstock specimen
holders, fixed with adhesive at two points approximately 15 mm
apart from one another, and conductively coated with a
gold—palladium mixture to mitigate sample drift, for example,
due to sample charging effects inside the FIB chamber [9].
Kevlar® K29 fibers also discussed in this report underwent the
same preparation techniques.

Focused ion beam notching

Conductively coated fibers were cut with a FIB as discussed in
detail in an earlier study [9]. In summary, 2-3 pm wide
through-cuts were notched into each fiber (Figure 1b),
extending halfway up or down the fiber diameter on opposing
ends. This creates a shear plane that readily splits the fiber
under slight tension, exposing internal surfaces that can be
probed with AFM. Notches were obtained using a gallium ion
beam inside an FEI NanoV600 dual beam system, with ion
beam voltage and current of 16 kV and 3.3 nA, respectively.
After FIB notching, specimens were mounted onto magnetic
discs with double-sided tape as shown (Figure 1c¢) for AFM

characterization [9].

The internal fiber surfaces produced by FIB notching closely
match corresponding surfaces obtained using other techniques,
as previous studies have shown for Kevlar® [9,11,14]. While
microtomy can also be used to access internal fiber surfaces,
marks from the microtome blade often remain visible [9], which
is a disadvantage compared to FIB-notched surfaces. However,
each FIB notch must be carefully prepared so that it laterally
cuts through half of the diameter, or slightly more. Undercut-
ting prevents a shear plane from forming, yielding a highly
fibrillated internal surface that cannot be characterized with
AFM, as stray fibrils protrude from the surface and move when
contacted by the tip. In contrast, overcutting leads to transverse
failures near the notches without producing an internal shear
plane.

Multifrequency atomic force microscopy scanning

The exposed internal surfaces of FIB-notched fibers were

scanned using a Cypher AFM with an ARC2 controller
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(Asylum Research). Olympus AC200TS cantilevers (k = 9 N/m
(nominal), k = 12-21 N/m (measured)) were used for AFM
scans. By simultaneously exciting the AFM cantilever to its first
160-190 kHz and f, =
900-1150 kHz, Figure 1c) and applying two distinct control

and second resonance (f; =

conditions (amplitude modulation (AM) and frequency modula-
tion (FM) to the first and second modes, respectively), maps of
surface topography, transverse stiffness, and transverse elastic
modulus across the fiber were obtained. Typical (setpoint/free
air) amplitudes for the first mode were ca. 25/50 nm. Second
mode amplitudes (always held constant, in and out of contact)
were approximately 1-2 nm. Some images were enhanced by
approximately doubling both the setpoint and free air ampli-
tudes while maintaining the amplitude ratio close to 50%.
Typical map sizes and resolutions ranged from 500 nm x
500 nm (512 x 512 pixels, ca. 1 nm/pixel) to 20 x 20 pm
(2048 x 2048 pixels, ca. 10 nm/pixel), depending on whether
the map was intended to characterize fiber nanostructure or
microstructure.

To clarify, both transverse stiffness and transverse elastic
modulus maps obtained with AFM provide information about
the local mechanical response of the material. Transverse stiff-
ness (or “stiffness”), quantified in [N/m], makes no assump-
tions about tip—substrate interactions such as tip size or shape. It
is primarily useful for semi-quantitative mapping to show the
relative fluctuations in stiffness within different regions. How-
ever, stiffness itself is not a material property, that is, using
AFM tips with different shapes and sizes, or worn tips, will
yield different stiffness values. Thus, when presenting trans-
verse stiffness values, we focus on the relative variations within

different maps.

Maps of transverse elastic modulus (ET), quantified in [GPa],
directly quantify nanoscale material properties of the fiber
surface, though they present additional challenges versus
stiffness maps that must be addressed. In particular, tip
wear has to be carefully monitored to ensure that the tip
radius is well characterized in each scan. Here we focused E1
analysis on small fiber subdomains (typically 500 nm X 500 nm,
ca. 1 nm/pixel) to reduce the likelihood of tip wear. In addition,
subdomains were initially mapped out with “sacrificial”
AFM tips, and Et distributions were only then obtained
from scans with fresh, well-characterized AFM tips. In quantita-
tive scans, the shape of each AFM tip was taken to be a cylin-
drical punch, and the tip radius was calibrated by scanning on
polystyrene (ETps = 2.7 GPa, Bruker) as a control substrate
before and after each scan on a fiber surface. E1 quantifications
from fiber maps were only kept when mean Et pg values varied
by less than 10% between the pre- and post-scans on poly-

styrene.
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To ensure repeatability of measurements and observations,
AFM maps and quantitative data were each obtained from at
least one region in two separate Technora® and two separate
Kevlar® fibers. The ET measurements were the most restrictive
considering the need for pre- and post-scans to confirm calibra-
tion. Additional scans were obtained from other regions within
the same fibers, as well as other fibers, and we observed similar
features to those reported here. For clarity, our analysis has
focused on regions that were most clearly defined in AFM

scans.

Line profiles, Et distributions, and other quantifications of
AFM maps were characterized using the Gwyddion software
package [27]. Additional details on multifrequency AFM
mapping theory, analysis and applications have been provided

in earlier literature reports [10,28,29].
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Abstract

We have prepared ferromagnetic nanostructures intended for the investigation of high-frequency magnetization dynamics in
permalloy (Py) nanodisks using Lorentz transmission electron microscopy (LTEM) and electron holography. Py nanodisks were
fabricated on thin silicon nitride (SiN) membranes using three different fabrication methods: lift-off, ion beam etching (IBE), and
stencil lithography. They were further analyzed using different instruments, including scanning electron microscopy, LTEM, and
electron holography. A bilayer of positive PMMA resist was utilized in the first fabrication method to form an undercut structure
that guarantees a clean lift-off procedure. The second approach used dry etching with an Ar beam to etch a thin Py film, while an
electron-beam-patterned negative resist mask kept the desired structure. In the third process, nanostencils (shadow masks) with
submicrometer apertures were milled on SiN membranes using a focused ion beam. Furthermore, we have developed a new TEM
sample preparation method, where we fabricated Py nanostructures on a bulk substrate with a SiN buffer layer and etched the sub-
strate to create a thin SiN membrane under the Py nanostructure. Finally, we observed the vortex dynamics of the Py nanodisk
under magnetic fields using LTEM and off-axis electron holography. A correlation between preparation methods and the properties

of the Py nanostructures was made.

Introduction
The ability to study the spatial distribution of magnetization in  cessing. A vortex spin configuration has been observed in Py
ferromagnetic nanostructures is important for developing nano-  nanodisks [1,2] with independent polarity and helicity [3]. Since

electronics, particularly for data storage and information pro- then, many studies have been done on manipulating magnetic
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vortices inside Py nanodisks using micromagnetic simulations
[4-6] and a variety of magnetic measurement techniques includ-
ing magnetic force microscopy [7], transmission electron
microscopy (TEM) [1,8-11], scanning transmission X-ray
microscopy [12,13], and magneto-optical Kerr effect microsco-
py [14,15]. Possible applications of Py nanodisks were pro-
posed for zero-hysteresis magnet sensors, magnetic logic
devices, and data storage [16]. Py is a nickel-iron alloy
(80 atom % Ni and 20 atom % Fe) that has a small coercive
field (H.) [17] and low magnetostriction (Ag) [18], as well as
high permeability and high saturation magnetization (M) [19].

TEM offers high spatial resolution for magnetic imaging. TEM-
based magnetic imaging techniques such as Lorentz microsco-
py and electron holography, along with simultaneous structural
and chemical characterization techniques such as electron
diffraction, 4D STEM, and energy-dispersive X-ray (EDX) and
electron energy loss spectroscopy (EELS), enable a correlative
characterization to investigate magnetic information down to
the nanometer/atomic scale. However, the corresponding sam-
ples need to be prepared on electron-beam-transparent mem-
branes, which are very fragile and can easily break during stan-
dard lithography procedures. Although a lift-off approach has
been demonstrated [20], alternative methods may be advan-
tageous in terms of structural resolution, process simplicity,
and the absence of resist residues [21]. We have fabricated
ferromagnetic nanodisks on a conventional TEM grid from

TedPella® using three different fabrication methods.

In the first method, a bilayer of positive PMMA resist yielded
an undercut structure. The resist was patterned using an elec-
tron beam, which offers higher resolution than other sources
(e.g., UV light) because of the smaller wavelength of electrons.
Since the use of an ultrasonic bath will destroy the free-standing
membrane, the undercut must be deliberately made larger to
ensure a clean lift-off process. The larger undercut is realized
by multi-dose exposure, which consists of two parts: The main
exposure is for patterning the nominal structure, and an addi-
tional exposure is for patterning the outline of the nominal
structure. This additional exposure is performed with a lower
dose than the main exposure so that it does not induce chain
scission in the top resist layer, but only in the bottom resist
layer, which is more sensitive. The result of the multi-dose
exposure was controlled by observing a cross section of the de-
veloped bilayer resist using a SEM in snapshot mode to avoid
melting of the PMMA resist. The second approach involved
etching a thin Py film with an ion beam while preserving the
intended structure with an electron-beam-patterned negative
resist mask. Redeposition of etched material was found to
construct fences at the edges of the structures. Fences and edge

roughness from the imperfect lift-off process were reported to

Beilstein J. Nanotechnol. 2024, 15, 1-12.

influence the magnetic properties of nanostructures [22]. The
third method, stencil lithography, makes use of a shadow mask,
which was fabricated by milling submicrometer apertures on a
conventional TEM grid using a focused ion beam. This method
avoids the resist-based fabrication, which is common in prepar-
ing nanodisk samples for TEM [8,20].

We have also developed a method of sample preparation for
patterned nanostructures starting from a bulk substrate. This
method is versatile and might be useful for more complicated li-
thographically patterned nanostructures to be examined using
TEM. The results of the fabrication methods mentioned above
were examined using SEM. This is important because the struc-
tural information (disk dimensions and deformation from
fences) later correlates to the magnetic properties. A magnetic
vortex configuration occurs only under the right diameter/thick-
ness ratio, otherwise either a single or multiple magnetic
domains will appear.

After Py nanodots of various sizes were fabricated, we used
Lorentz transmission electron microscopy (LTEM) and off-axis
electron holography to study their magnetic domain structure.
The microscope is operated in a magnetic-field-free mode. In
this case, the objective lens is turned off, and the Lorentz lens is
used instead to focus the electron beam onto the back focal
plane. As the electron beam passes through the sample, the
in-plane sample magnetization exerts a Lorentz force onto the
electron beam, which deflects the beam. The force on each elec-
tron in the beam is given by

F =—-e(vxB), (1)

where F is the force, e is the charge, v is the relativistic velocity
of the electron beam, and B is the magnetic field exerted by the
sample.

In the case of a vortex structure, the electron beam is deflected
by the circularly oriented magnetic fields. The magnetic
contrast can hardly be observed when the image is in-focus but
becomes more visible when the image is defocused. On one
side of the focus, the magnetization of the vortex deflects the
electron beams inwards, which then overlaps and results in a
white contrast in the center. On the other side of the focus, the
beam will be deflected outwards leaving an empty area and,

therefore, a dark contrast in the center [23].

Off-axis electron holography is obtained from the interference
(holograms) of the electron wave modulated by the magnetic
sample and a coherently tilted reference plane wave. The inten-

sity of the hologram can be represented in the form of



Lot (r) = |‘I’i (r)+exp[2miq ~r]|2

a2 . AT+ O @
=1+4 (r)+2Al(r)cos[2n1q r+(p1(r)],

where Wj(r) stands for the electron wavefunction in the image
plane i with amplitude A; and phase @, r is a two-dimensional
vector in the sample plane, and q is the two-dimensional recip-
rocal space vector related to the tilt of the reference wave. Note
that the phase @;(r) is now separated in the third term inside the
cosine; it can be retrieved by taking the fast Fourier transform
(FFT) of the intensity [24]. The phase shift can then be used to
recover the in-plane magnetic information inside the sample.

Results and Discussion

Fabrication on a commercial SiN membrane
Lift-off

The lift-off procedure is described in Figure 1. We use PMMA
and its copolymer as a positive resist to create a bilayer resist.
The copolymer (AR-P 617.08) is a methyl methacrylate and
methacrylic acid copolymer dissolved in 1-methoxy-2-propanol
with a solid content of 8%. Its viscosity is 36 mPa-s. After spin-
ning at 4000 rpm and baking at 200 °C for 25 min, it has a
thickness of around 500 nm. To spin coat a 3 mm TEM grid
(Figure 2a,b), we used a special adapter (Figure 2c). The high
baking temperature and the relatively long baking duration were
chosen because the copolymer must be solid to prevent dissolu-
tion by the PMMA layer. In addition, the baking temperature
can control the sensitivity of the copolymer. The higher the
baking temperature of the copolymer, the more sensitive the
copolymer gets. This is because more anhydride 6-rings form,
which break apart more easily than the aliphatic chain
remainder during electron beam exposure [25]. AR-P 679.04 is
polymethylmethacrylate (PMMA) dissolved in ethyl lactate

1mm
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with a solid content of 4%. Its molecular weight is 950,000, and
it has a high resolution as well as a low sensitivity. Its viscosity
is 16.4 mPa-s. After spinning at 4000 rpm and baking at 180 °C
for 5 min, it has a thickness of around 300 nm. The exposure is
carried out using an electron beam lithography system Vistec
EBPG 5000+ operating at 100 kV. Working on a thin trans-
parent membrane also allows for high-resolution patterning
since there is less electron scattering during exposure [26].

PMMA resist
Copolymer resist (MMA)

Substrate

1. Spincoating and Softbake

/ 2. E-beam Exposure

—

/ 4. Metal Deposition

Figure 1: Lift-off fabrication process.

3. Development

Substrate

5. Lift-off

The purpose of applying two layers of resist is to create a large
undercut by using a bottom layer that is more sensitive than the
top layer. This prevents the unwanted deposition of metal that
sticks to the side of the resist after lift-off. A larger undercut
was achieved on multilayer resist with the help of multiple
exposures [27]. The idea is to expose the resist layer by layer:
The bottom resist was deposited and exposed. Then, aluminium
was deposited as a spacer between the bottom and top layer to
prevent the top layer from dissolving the lower one. Next, the

1mm

c)

Figure 2: SEM images of the 3 mm TEM window grid that provides nine windows of free-standing 50 nm thick SiN membrane. (a) Front side and

(b) back side. (c) Spin coating adapter for the 3 mm TEM grid.



top resist layer was deposited and exposed to the nominal size.
The structure was developed from top to bottom including
removal of the Al spacer. The development of the bottom layer,
in other words the size of the undercut, is controlled only by the
development time. In a more recent study, the Al spacer was
omitted, and the development was done with one solution since
the bilayer resist is made from PMMA and its copolymer [28].
The process is quite time-consuming since the exposures are
done layer by layer.

Considering the two techniques, a one-time exposure is possible
with the help of high accelerating voltage during electron beam
exposure. In this process, rather than doing one resist deposi-
tion and exposure after another, the layer selectivity is con-
trolled by the electron beam dose and the sensitivity of the two
layers. Only in the copolymer (higher sensitivity) the chain scis-
sion reaction occurs at low doses; at higher doses, both layers
were exposed. The exposure scheme is given in Figure 3.

The doses were chosen by considering that the copolymer is
2-3 times more sensitive than PMMA [25]. If the exposure dose
is too small, then the undercut will not develop; if it is too high,
then PMMA will dissolve in a larger area than the nominal di-
ameter. It takes approximately 15 min development time to get
2 um undercut that is shown in Figure 3b.

Once the resist was developed, we deposited a 50 nm thick
layer of Py using magnetron sputtering through the resist aper-
ture. We used DC magnetron sputtering in a pure Ar environ-
ment at a pressure of 1 Pa to deposit Py at room temperature.
The effective permalloy target had a diameter of 8 mm. The
sputtered material almost forms a parallel beam when it ap-
proaches the substrate at a target—substrate distance of around
8 cm. The sputtered film was investigated under HRTEM. It
was revealed that the film is polycrystalline with a lattice
spacing of 0.36 nm (Figure 4), which correlates to the lattice
constant of Py.

. Main dose (600 puC/cm?)

. Outline dose (180 uC/cm?)

a)
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Figure 4: HRTEM image of a Py nanodisk. The grain sizes are around
6 nm.

The lift-off technique allows for the fabrication of arrays of
220 nm disks spaced 80 nm apart (see Figure 5c). With the help
of the undercut, there is significantly less debris of metal after
lift-off (Figure 5a). In comparison, the arrows on the lower part
of Figure 5d demonstrate the lift-off result without a big
undercut, which leads to fences of Py deposited on the sides of
the resist. There are, however, a few limitations to consider:
The spin-coated resist may be inhomogeneous (edge bead
effect) on smaller substrates, reducing the region where high-
quality structures may be obtained. Furthermore, one cannot
deposit metals at high temperature, and one has to establish a
good thermal contact during metal deposition to prevent the
resist mask from melting as the substrate temperature is above
the glass transition temperature of the resist.

lon beam etching

The IBE process (Figure 6) is as follows: The first step is to
deposit Py on the substrate; then a negative resist is spin-coated
on top. The resist used is AZ® nLof 2020 diluted with AZ®
EBR solvent. The producers describe this as a photoresist (UV),
but it is also compatible with electron beams. It is spun on top
of Py at 4000 rpm and baked at 110 °C for 1 min. The resulting

Figure 3: (a) Electron beam exposure scheme. (b) Cross section of developed resist with multi-dose exposure on a bulk substrate taken by SEM in

snapshot mode.
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Figure 5: (a) SEM image of a Py disk (1 pm diameter, 50 nm thickness) at a tilt angle. (b) TEM image of a Py disk with 1 um diameter. (c) SEM image
of a 200 nm disk array with 50 nm spacing. (d) SEM image of Py nanodisks of different sizes.

thickness is around 448 nm for 1:1 diluted resist and around
203 nm for 1:2 diluted resist. The resist is exposed to
120 pC/em? at 100 kV and then post-exposure baked at 110 °C
for 2 min. The development is done by submerging the sample
in AZ® 726MIF containing 2.38% tetramethylammonium
hydroxide (TMAH) for 20 s.

negative resist

NiFe (80 nm)

Substrate

Substrate

1. Metal deposition 2. Spincoating

—

“

4. Development

/
T =

6. Oxygen plasma

Substrate

3. E-beam exposure

5. lon etching

Figure 6: lon beam etching process.

Once the resist is developed, IBE is performed. Since the ions
diverge as they travel, the substrate is rotated to obtain a
uniform ion flux on the substrate and a uniform etching rate be-

tween inner and outer sides. The highest etching rate can be
achieved when the substrate is tilted at 45° since the etching
rate of the primary beam is much bigger than the redeposition
rate of etched materials. As observed in Figure 7, there was
redeposition of etched material along the edge of the resist. This
can be avoided by taking an additional step before etching the
Py: The resist is heated at 120 °C for 5 min to reflow the resist
and to create a meniscus shape, thus, decreasing the redeposi-
tion at the edge of the resist during etching.

The advantage of IBE are the well-defined structures with good
edge sharpness (Figure 8). This technique offers high resolu-
tion for structures down to 200 nm, and dense structures with
spacings as small as 50 nm can be created. Another advantage is
the ability to deposit metal at high temperatures as the resist
mask is applied after the metal deposition. However, there are
also some drawbacks to consider. The sample is physically
etched by argon bombardment, which results in a non-selective
etching of the material. Non-selective etching means that not
only Py is etched but also the resist and the SiN membrane.
Areas around the nanodisks are thicker and rougher because of
the lower etch rate near the structures and the redeposition of
Py. In addition, the much thinner areas of the membrane away
from the nanostructures can affect the overall mechanical
stability of the membrane. Dry etching is generally better suited
for bulk substrate applications as discussed in section “Prepara-
tion of nanostructures starting from a bulk substrate”.
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1.01 pm

Figure 7: Comparison between normal patterned resist (top) and reflowed resist (bottom). From left to right: patterned resist, nanodisk after IBE, and

nanodisk after plasma cleaning.

Figure 8: (a) SEM image of a Py disk (1 pm diameter, 80 nm thickness) at a tilt angle. (b) TEM image of a Py disk with 1 um diameter. (c) SEM image
of a 200 nm disk array with 50 nm spacing. (d) SEM images of nanodisk with different sizes.

Stencil lithography

Stencil lithography was implemented back in 1978 to fabricate
thin-film Josephson devices [29]. The principle behind stencil
lithography is to deposit materials onto the substrate through the
aperture of a hard mask. Rather than placing the mask directly
on the substrate and then removing it, as in traditional resist-
based fabrication, stencil lithography employs a separate mask

that is later aligned on the substrate and retains its aperture after
the pattern transfer. This technique has advantages including
simplicity in process, reusable masks, and the absence of resist
masks. The latter eliminates common challenges associated
with resist such as the edge bead problem and resist melting
during deposition. This approach is ideal for applications on

small substrates where spin coating of a homogeneous resist



layer is difficult. This technique is particularly suitable for TEM
application because TEM grids have the SiN membrane that can
be used as a hard mask.

The mask fabrication process (Figure 9a) is the following: A
200 nm thick sacrificial layer of aluminium was deposited by
means of evaporation on a conventional TEM grid with a free-
standing SiN membrane. The aluminium layer serves as a
support for the free-standing membrane and as a conductive
layer for better imaging during FIB milling. Then FIB milling
was performed to create apertures in the SiN membrane repre-
senting the patterns to be transferred to the sample. Last, the al-
uminium layer was removed by submerging the mask in TMAH
3% solution. In this project, a TEM substrate with nine free-
standing SiN membranes was used as a hard mask. We lay an
identical substrate flat on the mask in a flip-chip configuration.
The mask is aligned so that all nine windows are on top of each
other, and the asymmetrically broken windows serve as an ori-
entation aid. Substrate and mask were fixed using Kapton® foil
with an adhesive layer. After deposition, the foil can be re-
moved and the mask can be detached. The mask can still be
used, but the resulting nanodots will be smaller than those ob-
tained from the previous deposition because the aperture size on
the mask is reduced by residual deposited material.

As seen in Figure 9c, the structure has a blurring effect. One of
the sources of blurring in stencil lithography is the geometry of
the source—stencil-substrate configuration. The deposited struc-
ture is larger than the stencil aperture. Their size difference (the
blurring size) is proportional to the size of the source and the
distance between the substrate and the mask, and inversely

"an Ind an Ing

1. Conventional
TEM grid

2. Deposit Al 200 nm
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proportional to the sample-to-source distance [30]. It is then re-
quired to decrease the distance between the mask and the sub-
strate as well as to employ an evaporation process from a
distant point-like source. Furthermore, metal deposits on the
mask aperture leads to clogging, causing masks to become inef-
fective after multiple uses.

Preparation of nanostructures starting from a

bulk substrate

To avoid the delicate procedure of fabricating nanostructures on
a free-standing SiN membrane, we initially fabricated the nano-
structures on a 200 pm thick Si substrate with 100 nm thick SiN
buffer layers on both sides. The buffer layers were deposited
with low-pressure CVD to ensure stress-free films. The fabrica-

tion process is shown in Figure 10.

— - —

1. Flip sample (nanostructure facmg down)

2. Spincoat negative resist

Bl e

3. UV exposure and development

~U

5. KOH 20% wet etching

4. lon beam etching
! : !
Figure 10: SiN membrane preparation on a nanostructure.

FN-—-r.

3. FIB Milling

4, Remove Al with
TMAH 3% solution

Blurring effect

N

100 nm

Figure 9: (a) Hard mask preparation. (b) SEM image of the hard mask. (c) SEM images of deposited Py and a 1 um Py disk.



First, we made the nanostructure using lift-off or IBE methods
on the bulk substrate. Then we protected the nanostructure with
a resist and patterned AZ®5214E resist on the back side of the
substrate using the image reversal technique. A window in the
SiN buffer layer was prepared by ion beam etching through the
aperture in the mask of AZ®5214E resist, and the remaining
SiN layer served as a hard mask for the wet etching of the sub-
strate’s back side in 20% KOH solution. The KOH solution was
heated to 60 °C to accelerate the process to an etching rate of
approximately 9 um/h in the direction perpendicular to the sub-
strate surface. Using a warmer KOH solution resulted in a faster
etch rate but led to much stronger bubbling and roughening of
the Si surface with the creation of micropyramidal hillocks [31].

The surface alignment of the Si substrates is parallel to the
{100} crystallographic plane of Si, and the anisotropic KOH
etching results in a 54.7° slope with respect to the etched
surface on the sidewalls. Because of the (010) edge orientation
of Si substrates, etching occurs faster in diagonal directions
of the substrates, resulting in sharp edges on the structure
(Figure 11b).

1

L1

500 pm
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Magnetic measurements

Setup

All TEM magnetic measurements were performed using an FEI
Titan HOLO G2 60-300 microscope with an acceleration
voltage of 300 kV with two biprisms. The microscope was used
in the Lorentz mode, which gives a spatial resolution up to
2 nm. The sample was mounted on a standard double-tilt holder
and inserted into the microscope. The magnetization of the sam-
ple was first saturated out-of-plane by switching on the objec-
tive lens of the TEM and then allowing it to relax. To switch the
magnetic configuration, a small objective-lens field was
applied, which resulted in in-plane (Hj,) and out-of-plane
(Hoop) fields applied to the sample (Figure 12) depending on the
sample tilt. We kept the tilt angle constant and applied different
intensities of the objective-lens field. The magnetic states of the
sample were characterized under each condition using LTEM
and off-axis electron holography.

Lorentz TEM
The dynamics of the magnetic vortex with external magnetic

field applied using the objective lens was first studied using

Figure 11: (a) Lithography mask. (b) Etched substrate still attached to the bulk substrate. (c) Free-standing SiN membrane. (d) The TEM substrate
glued to a 3 mm ring is mounted on the TEM holder. (e) LTEM image of a 1 pm Py disk on a SiN membrane. The small dots are residuals of the

protective resist layer.
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Figure 12: Tilted sample and the external magnetic field component.

Lorentz TEM. The initial magnetic configuration of the Py
nanodisks after relaxation is shown in Figure 13c. In order to
ascertain the coercive field of the sample, we applied the
external field until the contrast was no longer visible, which
means we saturated the magnetic components until all pointed
to the same in-plane direction. The motion of the vortex with
the field was studied using the following field sequence. First,
we saturated the magnetic configuration by applying a large
field. Then we decreased the external field until we observed
the vortex followed by increasing the field in the opposite direc-
tion. In the end, we decreased the field to zero. LTEM images
were captured at different magnetic fields along this sequence
and are presented in Supporting Information File 1.

As the external magnetic field is applied, the vortex core (bright
or dark spot) moves perpendicular to the applied field toward
the edge of the disk such that the magnetization component
aligned with the field grows bigger. The vortex core displace-

ment near zero external field is in linear proportion to the

Electron beam

Overfocus Fresnel image

a) b)
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applied magnetic field, which is consistent with prior results
[32]. At the saturation field, the vortex core disappears because

the magnetization is now in a single-domain state.

When the external magnetic field decreases, the formation of
the vortex does not occur immediately, but after the field
reaches about 30 mT (nucleation field), the bright spot appears
near the edge of the disks. The same observation was made as
we applied the opposite field direction until saturation and
started decreasing it. The saturation field is larger than the nu-
cleation field, which agrees with other works [7,8,33].

Off-axis electron holography

The limitations of LTEM are that (1) the magnetic contrast is
visible only under defocused conditions, which significantly
limits the spatial resolution, and that (2) magnetization informa-
tion is not quantitative unless multiple LTEM images are taken
at different focuses for further reconstruction using the trans-
port of intensity equation. Using off-axis electron holography,
we were able to directly measure the phase shift induced by the
in-plane magnetization in focus and quantitatively. Using the
same parameters as in the LTEM experiment, we kept the tilt
angle of the sample constant and started with increasing the
external field from O to 530 Oe (Figure 14 upper row), which is
bigger than the saturation field we observed during the LTEM
experiments. Then, we decreased the magnetic field back to
0 Oe (Figure 14 bottom row). We observed the movement of
the vortex core with an applied objective-lens field. The vortex
state started with counterclockwise helicity and moved perpen-
dicular to the applied field. The magnetization before and after
saturation was not similar under an external field of 335 Oe
since nucleation started after the external field decreased to
around 300 Oe. The results are consistent with the observations
from LTEM.

|

Figure 13: (a) Simplified illustration of the LTEM technique. (b) LTEM image of a 1 um Py disk. (c) LTEM image of a 400 nm disk array.
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0 Oe

Figure 14: Magnetic induction map of a nanodisk under various magnetic fields obtained by off-axis electron holography. The fringes outside of the

disk are probably caused by the charging of the SIN membrane.

Conclusion

Electron beam lithography in combination with lift-off and IBE
methods for the preparation of Py nanodisks has been opti-
mized. The results have been compared using SEM and TEM.
In addition, the application of stencil lithography for the prepa-
ration of Py nanodisks has been demonstrated, and the results
were compared with the results obtained with electron beam li-
thography.

Among these methods, dry etching stands out for its sharp and
well-defined edges, while the hard mask method offers the least
precise results. In a broader comparison, IBE outperforms the
lift-off technique, delivering cleaner and more reproducible
nanostructures with better spatial resolution. Lift-off fabrica-
tion allows for the creation of nanodisks with dimensions
ranging from 400 nm to 1.6 um, but as the size decreases, struc-
tural precision diminishes. In contrast, dry etching can yield
nanodisks as small as 200 nm with high precision. However, it
is important to consider that the IBE process may result in
thinner SiN membranes, potentially compromising their me-
chanical stability. Furthermore, IBE, which is a physical etching
process, redeposits a non-volatile metal layer on the resist,
creating fences on the edge of the structure and contaminating
the silicon nitride membrane. A possible solution is replacing
IBE with reactive ion etching (RIE). Using RIE, there would be
less redeposition since the reaction between gas and etched
metal will form a gaseous compound or volatile particles, which
can be pumped out. RIE of nickel—-iron alloys has been carried
out using inductively coupled plasma RIE with argon and chlo-

rine [34] or with NH3 and CO [35]. Stencil lithography requires
further optimization although possible applications are attrac-
tive because of the flexibility of the patterns, reusable masks,
and resistless fabrication. This would be useful because TEM
grids are too small for standard lithography. After all, spin-
coated resist on TEM grids has inhomogeneous thickness
because of edge beads, which become too large relative to the
diameter of the TEM grid. Alignment of the stencil mask in a
flip-chip configuration with the sample under clean room condi-
tions prior to metal deposition plays an important role as a
single dust particle can increase the gap between the mask and
the sample up to about 100-fold, thereby increasing the shad-
owing effect greatly.

KOH etching opens further applications for TEM sample prepa-
ration for more complicated high-resolution nanostructures. We
have developed a straightforward method to prepare a SiN
membrane with nanostructures on one side. This method allows
for the use of an ultrasonic bath, higher deposition tempera-
tures, and a homogeneous resist layer, all of which are difficult
to obtain with free-standing SiN membranes, resulting in more
reproducible results. In principle, some characterizations that do
not require an electron-beam-transparent membrane can be
done while the nanostructures are on a bulk substrate. Once all
measurements have been completed, KOH etching can be con-
ducted, and as a result, the sample is placed on a free-standing
SiN membrane and can be studied under TEM. This is useful
for future high-frequency correlative characterization of multi-

layer spintronic devices. Another possible further development



is to use a different membrane, for example SiC (lattice con-
stant a = 0.435 nm), since it can grow as a single-crystalline
layer and ensure epitaxial sample growth on top of it, for exam-
ple, the growth of NbN (a = 0.439 nm) with a lattice mismatch
of 1%. Epitaxial growth of Py films on single-crystal SiC mem-
branes is also feasible. Py epitaxial films were obtained on
single-crystal MgO substrates [36] that have a lattice constant
of 0.42 nm. It was demonstrated that the epitaxial SiC layer can
serve as an excellent mask material for KOH etching of Si [37].
However, etching to a crystalline membrane might be different
from etching to a free-standing amorphous SiN membrane. The
structural integrity of a free-standing crystalline membrane
during KOH etching is still to be investigated. An alternative to
KOH etching would be FIB milling [38] or RIE [39].

Supporting Information

Supporting Information File 1

Video of Lorentz TEM measurements.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-1-S1.mp4]
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