np| ‘ Flexible Electronics

ARTICLE

www.nature.com/npjflexelectron

Amorphous FeZr metal for multi-functional sensor

1n electronic skin

Minhyun Jung', Eunha Lee? Dongseuk Kim?, Kyungkwan Kim*, Changjin Yun*, Hyangsook Lee?, Heegoo Kim?, Kungwon Rhie* and

Sanghun Jeon'

The composition of an amorphous metal, which is well known for having no slip plane or slip direction, can be tailored for
enhanced strength and a lower Young’s modulus under mechanical stress. Unlike crystalline metals, elastic amorphous metals can,
in principle, be used as a flexible electrode in soft, wearable electronics. A metal with a lattice structure absorbs external energy,
which causes structural deformations, while an amorphous metal does not absorb energy. Therefore, amorphous metals have
excellent mechanical properties that can overcome the limitations of crystalline metals. However, voids inside such metals are easily
formed according to Thornton’s model, which results in the formation of mesoporous (10-50 nm) rods due to the spatial separation
of metal atoms. We eliminated the porosity in amorphous metals by controlling the kinetic energy of sputtered metal atoms and
ions. Optimized Fes3Zrg; has an amorphous structure with a strength of 2.88 GPa and a Young's modulus of 76.6 GPa. With this
amorphous metal, we fabricated a stretchable and multi-functional sensor for electronic skin that enables the detection of pressure,
temperature and light and also serves as a heater. In this work, we demonstrate the feasibility of the amorphous metal FessZrg; in

soft electronics for use in various industrial applications.
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INTRODUCTION

An amorphous metal (e.g., metallic glass or liquid metal) is a metal
that does not have a crystalline structure, unlike a typical
crystalline metal (e.g., Ti, Au, or Pt). All metals are processed into
the desired shape at a temperature above the melting point. As
the temperature is lowered, the atoms are arranged in a crystalline
structure. Rapid cooling at a rate of more than 10° degrees
per second can result in a metal with an amorphous structure
because the migration of atoms is limited prior to the cooled
arrangement of the atoms. An amorphous metal exhibits physical
properties that differ from those of a crystalline metal, and as a
material, it has remarkable mechanical properties' and proces-
sability.” Due to the advantages of the amorphous structure,
amorphous metals have become an option for soft electronics
(stretchable and wearable electronics). Since the discovery of
amorphous metals? more than 30 atomic elements have been
reported as constituents of amorphous metal-forming alloys,
including most transition metals and alkali metals.’~'? Research on
amorphous metals has generally progressed from a narrow range
of eutectic systems with a trial-and-error approach. Amorphous
metals can also be alloys made from metals with different atomic
radii. Alloys of Fe compositions in particular have been studied in
many fields due to their high conductivity and excellent bonding
with other materials.”

Electronic skin (e-skin) is an assembly of sensors that sense
various physical and chemical stimuli. These sensors are similar to
the sensory receptors in human skin that deliver various tactile
and thermal signals to the brain. Although research on e-skin that

mimics the various structures and senses found in nature,
including those in the human body, is ongoing, developing e-
skin with high durability and various detection devices remains a
challenge. Flexible sensors will inevitably be required for body-
attachable devices, and research has been carried out such as
metal wave structures,"® conductive polymers,'>'® embedded
nano particle,’® and biocompatible material with pyramidal
structure?® on a flexible platform. Highly reliable and flexible e-
skin with various detection modes may be used in the healthcare
and humanoid robot areas.’* In order to realize such devices, a
high-performance, high-reliability, body-attachable health mon-
itoring system is required. However, most previous reports did not
describe the detection of various stimuli (such as pressure,
temperature, or optical), and the problems associated with the
reliability of organic materials and several problems pertaining to
uniformity remain to be solved.

Here, we propose a high-performance, multifunctional (pres-
sure, temperature, optical sensor, and heater) device made of an
amorphous metal, which is suitable for wearable electronics that
must maintain integrity even under external types of force such as
stretching and bending. We deposited the FessZrg; (atomic
percent; at%) amorphous alloy, which has excellent mechanical
properties and retains certain electrical properties under physical
stimulation such as bending or stretching on a flexible substrate.
We secured the feasibility of e-skin using amorphous metal-based
resistance-changing pressure sensors, temperature sensors, and
photosensors based on In-Zn-0 thin film transistors to check the
health status of a user. We also fabricated a micro-heater to inject
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appropriate medicine. This e-skin, which integrates a multi-
purpose sensor capable of excellent performance, can be used
in a wide range of applications, such as human-machine
interactive interfaces, healthcare-monitoring systems, and even
medical diagnostic devices.

RESULTS AND DISCUSSION

With various experiments, we demonstrated that amorphous
metals are suitable for use in flexible electronics. Metals with a
general lattice structure have long-range-ordered grain bound-
aries that allow electrons to move freely, and they exhibit high
levels of electrical and thermal conductivity. In addition, the crystal
structure of these metals has a slip plane and a slip direction.
Owing to these physical properties, structural deformations occur
along the slip plane when a certain level of external force is
applied. However, amorphous metals consist mainly of alloys
composed of two or more materials, with atoms of different
atomic radii. Further, the electro-mechanical properties of
amorphous metals differ from those of crystal metals due to their
indiscriminate arrangements of atoms.

As shown in Fig. 1a, the discontinuity of a crystalline metal
begins at the slip plane of the lattice with the application of
external force. However, because an amorphous metal does not
have a lattice structure, atomic deformation occurs but the metal
does not break easily (see Fig. 1b). To evaluate the outstanding
mechanical properties of the amorphous metal investigated here,
we compared FeZr thin films with a general crystalline metal. For
the comparison, the thickness of all metal thin films used in the
experiment was fixed at 50 nm. Figure 1c¢, d depict surface images
of titanium and amorphous metal FeZr thin films after bending.
Because the Ti thin film has a lattice structure, large cracks form
after external stress is applied. These cracks were confirmed by
optical microscopy (SEM images are also presented in Supple-
mentary Information S1). Titanium thin film is difficult to use as a
metal electrode after bending owing to its high resistivity
stemming from such large cracks. However, the FeZr thin film
showed no significant changes in the metal resistance, and no
critical cracks were observed, even after bending. In Fig. 1e, f, the
mechanical properties of the amorphous metal FeZr were found
to be the best among various metals in terms of the sheet
resistance in the bending and elongation tests (see the
Supplementary Information Video S1).

According to the Thornton model, we can classify the film
microstructure with a zone model upon sputtering with different
argon pressures, melting temperatures of the target, and substrate
temperatures. The growth of the FeZr thin film fits the Thornton
model. The film deposited at a low pressure level has a dense
structure with a smooth surface morphology while the film
deposited at a high pressure level has a columnar structure with a
rough surface and voids between the columns.®* However, this
model does not explain the physical process of each type of
growth structure, and it stems wholly from experimental results.?
For a clearer understanding of thin film growth, we considered
three basic modes of atomic growth: the Volmer-Weber (island
growth), Stranski-Krastanov (layer with island growth), and Frank-
van der Merwe (layer growth) modes.

At high pressures, the mean-free paths of Fe and Zr atoms are
short as their potential to interact with argon atoms increases. In
addition, this condition decreases the mobility of atoms at the
surface of the growing film, leading to a void structure due to a
shadowing effect.?® Due to the low kinetic energy, atoms start to
interact with each other and form atomic clusters, leading to the
formation of a columned structure with randomly located voids
according to the Volmer-Weber mode (see Fig. 2a). In contrast, at
intermediate pressures, dense FeZr is formed on the surface of the
substrate. However, it gradually grows with a columned structure
in the Stranski-Krastanov mode (see Fig. 2b). Moreover, a compact
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amorphous structure is formed by a long mean-free path which
arises due to the high kinetic energy of the atoms deposited at a
low pressure. This condition decreases the amount of interaction
between the deposited atoms with argon, leading to the
formation of a smooth surface of thin film. It also allows sputtered
atoms to be adsorbed to the surface of the film and prevents
them from diffusing to form an equilibrium lattice. Deposition into
an amorphous structure with an alloy metal is easy because each
element effectively suppresses the atomic mobility of the other
atom. In such a case, the amorphous film becomes a uniformly
arranged film without voids or grain boundaries in what is known
as the Frank-van der Merwe mode (see Fig. 2¢). Thus, the growth
structure of the film depends on the deposition pressure (see Fig.
2d-f).

In our study, to investigate the amorphous metal film structure
considering the kinetic energy of sputtered atoms, we deposited
50 nm FeZr films at different working pressures of 3, 7, and 11
mTorr. Here, we analyzed the structure of the FeZr thin film under
the different pressures and adjusted the void structure inside the
thin film in each case. We also present cross-sectional views of the
three samples. High-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) images revealed that the
FeZr thin film deposited at a high pressure (Fig. 2g) has a void
structure between the columns. The film deposited at intermedi-
ate pressures (Fig. 2h) has a mixture of compact and void
structures. In contrast, the thin film deposited at a low pressure
(Fig. 2i) has a compact amorphous structure.

These results indicate that the film structure changes gradually
from a column with voids to a compact amorphous structure as
the kinetic energy of the deposited atoms increases. Metal thin
films having a void structure have weak mechanical properties
because fractures can easily form in the columns inside the thin
film when external force is applied. However, the FeZr thin film
with a perfect amorphous structure shows excellent mechanical
characteristics under different types of stress, such as bending and
stretching. The electrical hysteresis of the FeZr thin film was less
than 10% when the film was stretched by 20% (see Supplemen-
tary Information S2 and S3).

In an additional material analysis of FeZr, we characterized the
structure of the amorphous metal by means of an energy-
dispersive X-ray spectroscopy analysis with different deposition
pressures using HAADF-STEM (see Fig. 3). We were able to control
the size and thickness of the pores in the FeZr thin film while
reserving the amorphous structure. As shown in Fig. 3a, b, FeZr,
which is an amorphous metal, forms a complete amorphous
structure because it is deposited on a substrate with high energy
during sputtering when the deposition pressure is low. However,
we confirmed that at higher deposition pressures, more porous
voids are formed between the surface and the interface with the
substrate (see Fig. 3¢, d). We characterized transmission electron
microscope (TEM) images under two deposition conditions to
confirm whether the amorphous metal develops a crystalline
structure or retains an amorphous structure as the deposition
pressure is increased. Fast Fourier transform of the TEM images
confirmed that the FeZr thin film deposited at a high kinetic
energy level has a compact amorphous structure, whereas the
opposite case has a partially crystalline structure. By using these
properties of the compact-amorphous-structured FeZr, it is
possible to form a structure having excellent mechanical
characteristics under external different types of physical stress,
such as stretching and bending (see Supplementary Information
Figs. S4 and S5).

Subsequently, we measured the performance capabilities of our
amorphous metal-based multi-mode sensor. First, for a pressure
sensor, we used micro-pyramid-structured polydimethylsiloxane
(PDMS). An amorphous FeZr metal layer was deposited onto the
PDMS microstructure by a sputtering process. Then, FeZr was
deposited onto the back of polyethylene terephthalate (PET) for
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use as a counter electrode. Given that a PDMS microstructure is
flexible, the pyramidal structure will be deformed under mechan-
ical stimuli. With the change in the contact area between the
upper electrode and the lower electrode, we can measure the
current change out of the pressure sensor. The current-change
characteristics of the pressure sensor can be expressed as Eq. 1.
1 VopAc

Al =-
P Lea

m

From the perspective of physical geometry, the length of the
contact area between the top electrode and the pyramid
structure, (Lca) and the contact area (A¢) of the deformed pyramid
change due to external force. Consequently, when the operating
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voltage (Vo) and the resistivity of the deposited metal (o) are
constant, the resistance of the contact area will change with
external force, and a current change due to this geometric
deformation will be detected. A wide range pressure-sensing
capabilities and rapid response speeds are essential to realize a
type of electronic skin that mimics human tactile perception.
Figure 4a (the inset in the figure shows a schematic view of the
pressure sensor) shows the performance of our pressure sensor in
a range of 100 Pa-5 kPa. The linear current-voltage curves show
ohmic behavior with different loading pressures. With an increase
in the loading pressure, the current level increased as well. A fast
response time (~25 ms) was also noted, as shown in Supplemen-
tary Information Fig. S6. Figure 4b also indicates that it is possible
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Fig.2 Growth mode and analysis of amorphous metal thin film. Schematic diagram of amorphous metal layer with different growth modes. a
Volmer-Weber mode which has column structure, b Stranski-Krastanov mode with partial voids, and ¢ Frank-van der Merwe mode with
compact amorphous structure. Schematic of atomic growth with d low, e intermediate, and f high kinetic energy. TEM images of FeZr thin film
with different sputtering pressure w/ Pt capping layer. g 11mTorr, h 7mTorr, and i 3mTorr, respectively

to measure the heart rate with a skin-attached amorphous metal-
based pressure sensor. This figure depicts the measurement of the
peak values of a typical pulse (see Supplementary Information
Video S2). We can check the health condition of the user using the
blood flow amplitude P, and reflected wave (P,: wrist, Ps: lower
body) due to the contraction of the heart muscle. For example, the
radial artery elevation index (Alr = P,/P,), radial diastolic augmen-
tation (DAl = Ps/P,), and the travel time of waves reflected from
the hand (Tg) are commonly used for a quantitative evaluation of
atherosclerosis.>’ In previous reported stretchable electronics,
metallic interconnection with various structures were adopted.?®
However, in this case, it is hard to avoid increase in resistance due
to the increase in length of the electrode. In our approach, we
used fully deposited FeZr as a conductive layer and can be
operated at extremely low voltages (~1 mV). High-performance
and low-power-consumption characteristics are suitable for
wearable devices with limited power capacities. Figure 4¢, d show
the high durability (~10°) of the FeZr pressure sensor in
comparison with devices manufactured using crystalline metals
(Ta, Ti). The response/relaxation curves of the pressure sensor
were evaluated for 100,000 cycles at 1 kPa. During the repeated
cycles, there was a degradation of current value less than 15% of
the initial state. These results demonstrate the outstanding
performance of the proposed sensor. To evaluate the performance
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of our pressure sensor as an acoustic sensor, we measured the
response of the pressure sensor to various sounds, as shown in
Fig. 4e, and the response to music as well, as demonstrated in Fig.
4f. These results indicate that our sensors can be applied to a
variety of applications. (Measurement schemes are shown in
Supplementary Information Fig. 57)

Furthermore, we fabricated a temperature sensor with an
amorphous metal thin film layer next to the pressure sensor on
the same plane. Because we can make these sensors tiny and
given that these components are integrated, we can introduce the
concept of multimodal sensor capable of detecting pressures as
well as temperatures at the same time (see Fig. 5a). The crystalline
metal layer exhibits a positive temperature coefficient on
resistance (TCR), indicating that the resistance increases with the
temperature. However, because an amorphous metal does not
have a lattice structure, the initial resistance of an amorphous
metal is higher than that of a crystalline metal layer, but its
resistance decreases with an increase in the temperature,
indicating that FeZr has a negative TCR.** This phenomenon is
repeatable unless the amorphous structure is ordered in a lattice
structure at temperatures above 500 °C. Thus, we have experi-
mentally demonstrated that an amorphous metal can function as
a temperature sensor (see Fig. 5b). This result shows that the FeZr
temperature sensor is most sensitive with an absolute TCR value of

Published in partnership with Nanjing Tech University



M. Jung et al.

Fig. 3  Analysis of structural properties of amorphous metal. a The transmission electron microscope (TEM) image of FeZr deposited at 3mTorr.
Inset shows the fast-Fourier-transform (FFT) data. b The energy dispersive X-ray spectroscopy (EDS) data of FeZr deposited at 3mTorr. Scale bar
is 30 nm. ¢ TEM image (inset shows the FFT data) and d EDS data of FeZr deposited at 11mTorr. Scale bar is 30 nm

5.30405 Q/°C in comparison with gold (1.1854 Q/°C) and platinum
(0.81561 Q/°C). Moreover, the experimental results indicate a
linear shape curve for a dynamic range of 25-150 °C. In addition to
measuring the temperature-sensing performance of FeZr, we also
produced a heater that can inject drugs into humans through the
skin in the form of a micro-needle or a capsule that reacts at a
certain temperature. To demonstrate the performance of the
amorphous metal as a heater, FeZr thin film was deposited onto
PET and voltage of 10V was applied. The temperature was then
measured over time, as shown in Fig. 5c. We found that the
temperature was raised and then became saturated at 80 °C. This
result indicates that the thin film can sufficiently operate as a
heater (see Supplementary Information Fig. S8).

We also utilized the amorphous FeZr thin film as metal
electrodes for a photo-thin film transistor (TFT). The photo-TFT
based on In-Zn-0O (IZO) is known to be a device with excellent
photoreactivity.3®*' The high optical absorption of the I1ZO layer
can be attributed to carrier generation, causing a drastic increase
in the photocurrent of the 1ZO TFT at 400-550 nm (2.2-3.1eV).
Unfortunately, however, research on stretchable gate insulate and
the channel materials for transistor is still in progress. In this study,
we focused on the feasibility of amorphous metal as an electrode
of flexible electronic devices. Therefore, we fabricated 1ZO TFT
individually on rigid silicon wafer and electrically connected
amorphous FeZr (50 nm) on PDMS was performed as a stretchable
electrode. As a result, we were able to measure the characteristics
of an 1ZO photo sensor with FeZr electrodes which yielded a
saturation mobility of 3.12cm?eV~"'s™", a threshold voltage level
of 4V, and a subthreshold swing of 810 mV/decade in a dark state
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(drain voltage 10 V). Figure 5d shows the transfer characteristics of
the photosensor with a channel width and length of 100 um and
50 um, respectively. The dependence of the photo-TFTs was
measured under light wavelengths of 550, 500, 450, and 400 nm
and at a power of 200 pWcm 2 The experimental result shows
that IZO TFTs with FeZr electrodes are sensitive to specific
wavelengths. In addition, our TFT retained a certain level of
electrical characteristics with an on current of 1.4 uA when the
FeZr metal electrodes were stretched 15% (see Fig. 5e). Most
previously reported stretchable devices have been carried out
with structural aspects such as zig-zag, horseshoe and wrinkling
rather than elongation of the material itself.3>** This result clearly
demonstrates the feasibility of FeZr for use as a core material in
stretchable electronics created using conventional semiconductor
fabrication processes.

As mentioned above, we can diagnose health condition of user
through the data acquired by our device and detect external
physical stimuli such as pressure, temperature, and light. Further,
an implemented heater on a flexible platform can also inject a
drug through the skin to the user. In addition to evaluating the
comprehensive performance of a single device, we also evaluated
an array of multimode sensors and utilized them as e-skin (see
Supplementary Information Fig. S9). The real-time mapping results
indicate that pressure and temperature in a 5 X 5 array system can
be successfully monitored. Despite the fact that the pressure and
temperature sensors use the same resistance change principle, we
applied a vertically stacked structure, and each signal was received
separately. As a result, distributions of both pressures and

npj Flexible Electronics (2019) 8
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temperatures applied from the same area can be detected
without interference.

The low Young’s modulus of amorphous bulk metals results in
negligible structural deformation under mechanical stress. How-
ever, void in amorphous metal films can form easily according to
Thornton’s model. By adjusting the incident ion energy of a
sputtered metal, we eliminated the porous rods in amorphous
metals. In this work, we analyzed the physical and mechanical
properties of an amorphous metal thin film while considering
several sputtering process parameters. FeZr metal film deposited
at a low pressure (~3 mTorr) presents a perfectly amorphous
structure without pores, thereby showing outstanding physical
and electrical properties even under mechanical forms of stress
such as stretching and bending. We employed an optimized

npj Flexible Electronics (2019) 8

amorphous FeZr electrode as a soft and wearable tactile sensor, a
heater, and as a healthcare patch. In addition, this material was
utilized as the core electrode of a photo sensor and switched
transistor devices. Our amorphous FeZr-integrated sensor formed
on a flexible platform presents a high range of pressure sensitivity
(100 Pa-5 kPa), temperature sensitivity (~150 °C) photo responsiv-
ity (400-550 nm) levels and can function as a high-performance
heater (~80°C) that can be used for comprehensive diagnostics
and drug infusion applications. The results presented here indicate
that an amorphous metal is well suited for use in soft, wearable,
and multi-functional electronics. We expect that amorphous
metals and amorphous metal-integrated devices will be innova-
tive elements in soft electronics such as healthcare patches and
e-skin.
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METHODS
Device fabrication

To fabricate the mold with the pyramid structures, various sizes of
squares were patterned on a silicon substrate with photolithography and
etched for 1 h at 90 °C in KOH aqueous solution (44 wt%). After making
the silicon mold, PDMS was poured, and it was left in a vacuum jar for 2 h
to eliminate air bubbles. Then, PDMS was cured by thermal annealing
process for 1 h at 80 °C. The PDMS was peeled off the silicon mold and
cleaning was carried out using IPA. The amorphous metal FeZr (50 nm)
as the conductive layer for the multifunction sensor was deposited on
the PDMS using a DC magnetron sputtering system (RF power: 50 W/
3 mTorr) under a patterned shadow mask. The temperature sensor was
designed to have a comb-like pattern for optimal effect and the FeZr was
deposited next to the pyramid structure. The photo sensor was
performed with IZO phototransistor. P-type silicon wafer <100> with
thermal oxide layer (300 nm) was prepared as a substrate. Then, the 1ZO
(40 nm) layer was deposited using an RF sputtering system (DC voltage:
300 V/RF power: 100 W/5 mTorr). After photo lithography process for
pattering the channel layer, the metal electrodes and line for all
transistors consisted of FeZr (50 nm).

Published in partnership with Nanjing Tech University

Characterization

Surface images for the detailed material analysis of various metal thin films
were observed by field-emission scanning electron microscopy (Tescan
MIRA3). The electrical characteristics of the amorphous metal thin film
were evaluated using a customized bending and stretching machine and a
4-point probe system with LabVIEW. The performances of the multi-
functional sensors were measured using a universal measurement probe
system (Teraleader UMP-1000) and a source meter (Keithley 2401). In order
to evaluate and characterize the performance of the temperature and
photo sensor, performance measurements were carried out with a
semiconductor parameter analyzer (Agilent 4156 C) and a custom-made
temperature control system. The thermal images for evaluating the
temperature dependence of the heater and temperature sensor were
measured using an infrared camera (FLIR C2). The electrical characteristics
of the photo sensor with different wavelength were evaluated using a
wavelength spectrometer (Uni nanotech).
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