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ABSTRACT: Wearable bioelectronics with emphasis on the

research and development of advanced person-oriented PtT62 tattoos
biomedical devices have attracted immense interest in the
past decade. Scientists and clinicians find it essential to utilize
skin-worn smart tattoos for on-demand and ambulatory
monitoring of an individual’s vital signs. Here, we report on
the development of ultrathin platinum-based two-dimensional
dichalcogenide (Pt-TMDs)-based electronic tattoos as ad-
vanced building blocks of future wearable bioelectronics. We
made these ultrathin electronic tattoos out of large-scale
synthesized platinum diselenide (PtSe,) and platinum ditellur-
ide (PtTe,) layered materials and used them for monitoring
human physiological vital signs, such as the electrical activity of
the heart and the brain, muscle contractions, eye movements, and temperature. We show that both materials can be used for
these applications; yet, PtTe, was found to be the most suitable choice due to its metallic structure. In terms of sheet
resistance, skin contact, and electrochemical impedance, PtTe, outperforms state-of-the-art gold and graphene electronic
tattoos and performs on par with medical-grade Ag/AgCl gel electrodes. The PtTe, tattoos show 4 times lower impedance and
almost 100 times lower sheet resistance compared to monolayer graphene tattoos. One of the possible prompt implications of
this work is perhaps in the development of advanced human—machine interfaces. To display the application, we built a multi-
tattoo system that can easily distinguish eye movement and identify the direction of an individual’s sight.

KEYWORDS: epidermal electronics, 2D materials, wearable electronics, lab-on-skin, healthcare monitoring, electro-oculography,
bioelectronics

tomically thin layered materials have recently emerged contrast to the hard and rigid silicon-based technology or any
Aas an entirely distinct class of materials with advanced, other bulk material, whose elements are not exactly compatible

peculiar, and often unexpected properties.l Transition with biological tissue due to mechanical mismatch,’ 2D
metal dichalcogenides (TMDs), with a generic MX, composi- materials bring essential advancement to the field. Typically,
tion, are perhaps the most well studied of these two-dimensional the single atomic layers of 2D materials are highly transparent in
materials, beyond graphene, up to date.? Changing the the visible wavelength region (97% transparency in the case of
constituents of M and X in certain combinations is allowed graphene).7 The above-mentioned electrical, optical, and
where M is a transition metal (e.g, Mo, W, Pt, V, etc.) and X is a mechanical properties of the 2D TMDs make them generally
chalcogen (S, Se, Te). While most of the TMDs known to date attractive as fundamental components of future wearable

bioelectronics.

are semiconducting or metallic, they are found to possess a
plurality of other properties for realizing fully 2D-based
electronic devices with an entirely different set of properties.
The layered structure associated with TMDs is of particular
interest, and the electronic properties vary drastically from bulk

Platinum is one of the most stable metals from the group 10
materials and is considered a noble metal (along with gold). It is
well-known for its resistance to corrosion,” catalytic properties,”’

to multi- and single-layered materials.”* Imperceptible thick- Received:  October 17, 2020
ness, typically in the range of 1 nm of a monolayer 2D material, Accepted:  January 11, 2021
makes it intrinsically flexible, yet soft and adaptable, allowing it Published: January 20, 2021

to conform to arbitrary shapes.” This allows the 2D materials to
establish very firm and reliable, yet soft, contact to soft and
squishy biological tissue without affecting its properties. In
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Figure 1. Schematic overview of Kapton-based Pt-TMD tattoo design and fabrication flow. (a) Evaporation of thin Pt on top of the Kapton film,

followed by TAC conversion into Pt-TMD. (b) Schematic of the TAC CVD process. (c) Post-CVD growth, the Pt-TMD/Kapton sample is fixed
on top of a TRT. (d) Mechanical patterning process of the Pt-TMDs grown on Kapton film. (e) Schematics of the final PtSe, and PtTe, tattoos

supported by Kapton.

and biocompatibility.'® Pt is frequently used in fundamental
research and industrial applications as an electrode, catalyst, etc.
Consequently, Pt-based TMDs (Pt-TMDs) were theoretically
expected and have since been proven experimentally to have
good air and water stability,'’ compared to that with other
TMDs. Pt-TMDs typically feature thickness-dependent semi-
conductor-to-metal transition,”'* ambient stability,11 and low
synthesis temperature.'”~"> Such properties position them as
top candidates for the development of wearable bioelectronic
devices.

Out of the different Pt-TMDs, two have recently attracted
immense interest owing to their distinctive thickness-mediated
change in electronic properties: platinum diselenide (PtSe,) and
platinum ditelluride (PtTe,). Monolayer PtSe, is a semi-
conductor with an indirect band gap of 1.25 eV, which
transforms into a metallic character with an increased number
of layers.”'® PtTe,, however, has a stronger interaction between
the interlayer chalcogen atoms (Te), making the out-of-plane
valence bond broader and overlapping, leading to its increased
metallic properties even with small layer numbers. Conse-
quently, PtTe, has metallic properties.'®”"*

An advantage of PtSe, and PtTe, compared to other TMDs is
their low-temperature growth requirements. The thermal-
assisted conversion method allows for the growth of high-
quality PtSe,”"*" and PtTe,'””" films on a large scale and at
temperatures as low as 400 °C, making it compatible with
polymeric substrates.'* The direct growth of 2D TMDs on
ultrathin polyimide allows the fabrication of flexible materials
with promising bioelectronic properties that have high prospects
of being the future building blocks of next-generation wearable
devices. PtSe, and PtTe, are considered promising for numerous
bioelectronic applications, yet none has been practically realized
so far. Biocompatibility of the PtSe, and PtTe, material has been
evaluated previously”' showing that both Pt-TMDs in flake form
have superior properties compared to the more common Pt/C
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due to the synergistic effect of platinum bonded to chalcogens,
hence reducing the toxicity level of the materials. In large-scale,
polymer-supported form, the Pt-TMDs are expected to have
little to no cytotoxicity.

In this present work, we show how PtSe, and PtTe, can be
used to develop multipurpose and reusable electronic tattoos
with diverse bioelectronics applications. In terms of electrical
conductivity, skin contact, and electrochemical impedance,
PtTe, outperforms graphene electronic tattoos™> and performs
on par or even better than classical Ag/AgCl gel electrodes
(despite the ~12 times smaller area). Skin-impedance-based
electrode characterization data are supplemented with the
electrical impedance spectroscopy (EIS) measurements, both
suggesting that ultrathin PtTe, is a promising material to be used
as an electrode for future bio- and neuro-interfaces. In the
present work, we showcase several applications of Pt-TMDs for
numerous wearable healthcare applications. One of them is
measuring electromyograms (EMG, muscle contractions) for
building next-generation human—machine interfaces. Record-
ing electro-oculograms (EOG), eye-movement-related electrical
activity, is demonstrated as the prototype application for the
imperceptible skin-worn electronic tattoos. By placing electro-
des on the top, bottom, and to the sides of a subject’s eye, we
built a soft and ultrathin interface that can capture eye
movements, hence, it can be further used for robotic interfaces.
Continuous and fault-free monitoring of electrocardiogram
(ECG, heartbeat) and electroencephalogram (EEG, brain-
waves) is an essential aspect of hospital-based biopotential
monitoring systems. Here, we performed these same tasks with
PtTe, and PtSe, tattoos, showing their applicability for
personalized and mobile healthcare. Body temperature monitor-
ing is another example of an essential vital biomarker. We have
found experimentally that the body temperature can be precisely
monitored utilizing PtSe, and PtTe, sensors that show opposite
signs in the measured temperature electrical coefficient (TEC).
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Figure 2. (a) XPS characterization of Pt 4f and Se 3d core levels obtained from PtSe, layers on SiO,/Si substrates. (b) XPS characterization of Pt
4f and Te 3d core levels obtained from PtTe, layers on SiO,/Si substrates. (c) Raman spectra of as-grown PtSe, and PtTe, layers. (d) Sheet
resistance and optical transmittance (at 550 nm) of PtSe, and PtTe, as a function of its thickness, pregrowth, and postgrowth.

RESULTS AND DISCUSSION

PtSe, and PtTe, used in this work are grown by a thermal-
assisted conversion (TAC)-based chemical vapor deposition
(CVD) process. The growth is performed at moderately low
temperatures, at about 400 °C, allowing us to grow the material
directly on top of select polymers.'* A classic temperature-stable
polymer commonly used in bioelectronic applications is Kapton,
known for its mechanical and temperature stability. In this work,
we use two kinds of Pt-TMD tattoos: some are grown directly
over Kapton, others are grown on SiO,/Si wafers and then
transferred onto an ultrathin temporary tattoo form utilizing
mechanical support of a 200 nm thick poly(methyl meth-
acrylate) (PMMA) layer.”” The TAC process requires platinum
to be predeposited on the samples’ surface (see Figure la and
Figure Sla). We use 6 nm thick Pt as the material source for
Kapton structures and 3 nm thick Pt as the source for SiO,/Si
growth material. The 6 nm thick Pt samples, post-CVD growth,
result in ~25 + 3 nm thick multilayer Pt-TMD that features
multiple out-of-plane growth planes (see Supporting Informa-
tion for details). The 3 nm thick samples typically result in ~15
+ 3 nm thick layered dichalcogenide, with a more uniform in-
plane layered arrangement, which has been deemed beneficial
for PMMA-supported tattoo material. After the CVD growth is
performed (Figure 1b), the Kapton-based samples are ready for
final processing. In contrast, the Si-based ones require further
additional transfer steps (see Methods for details). The PMMA-
and Kapton-based Pt-TMD tattoos are finally cut into desired
shapes by means of a cutter-plotter tool (Silhouette Cameo).
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The PMMA-based tattoos are just slightly scribed, while the
Kapton-based samples are cut through their thickness. The
Kapton samples are also fixed onto thermal release tape (TRT)
to allow precise and fault-free cutting (see Figure 1c,d). The final
devices are of arbitrary shape and either supported by a 25 ym
thick Kapton or a 200 nm thick PMMA (Figure le and Figure
S1i).

To confirm the quality of the as-grown PtSe, and PtTe, layers,
we carried out structural characterization employing X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy.
Figure 2a shows the Pt 4f and Se 3d core-level spectra obtained
from the Pt-deposited substrates after undergoing thermal-
assisted conversion to PtSe, layers in the CVD furnace. The Pt 4f
spectra show no elemental Pt signal, indicating that the entire
spectrum can be assigned to Pt*" that corresponds to PtSe,.
Similarly, the Se 3d spectra represent PtSe, whose spin-up state
(j=2+1/2)islocated at ~54 eV."* The XPS profile in Figure 2b
(left) shows the core-level peaks of Pt 4f at ~72.2 and ~75.1 eV
assigned to the doublet 4f,, and 4f;, of PtTe,. The XPS profile
reported in Figure 2b (right) shows the Te 3d core-level spectra
with peaks at ~576 and ~586 eV that correspond to the Te (IV)
species as well as the additional peaks at ~572.6 and ~582.9 eV,
corresponding to Te (0). The peaks obtained from the Pt 4f and
Te 3d core-level spectra of PtTe, are also consistent with
previous reports.”® Additionally, Raman spectra were collected
from the PtTe, and PtSe, layers directly grown on SiO,/Si
substrates. The Raman profiles in Figure 2c show two distinct
peaks corresponding to vibration modes for PtSe, and PtTe,
layers. The PtSe, samples exhibit two dominant peaks; E, mode
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Figure 3. (a) Pictures of Pt-TMD tattoos, with PMMA (left) and Kapton (right) polymeric support and built-up electrical contacts. (b) Typical
Bode diagram of the PtTe,—skin impedance. (c) Temporal exponential decay of the contact impedance (at 10 kHz) upon applying PtTe, tattoos
on the skin. (d—e) Proposed schematic of the time-related dynamic changes to Pt-TMD—skin interface with suggested equivalent circuits. Z g
and Zy,g represent direct tattoo—skin and indirect tattoo—air—skin complex impedances, respectively.

at 175 em™" and Ay mode at 205 cm™" correspond to the in-
plane and out-of-plane vibration motions of the Se atoms,
respectively.”* Similarly, the Raman spectra collected from
PtTe, show peaks at ~110 and 157 cm™" correspond to E; and
Ay modes.”>*¢

As one can see from the photographs (eg., Figure 3a and
Figure S17), the tattoos are not entirely transparent. This is
mainly due to the number of TMD layers, and the optical
transparency can be greatly improved if TMDs of smaller
thickness are used. Having confirmed the growth of PtSe, and
PtTe, layers, we investigated the thickness-dependent optical
properties using UV—Vis spectroscopy. Figure 2d shows the
optical transmittance (at S50 nm) along with sheet resistance
and of the PtSe, and PtTe, layers with respect to the material’s
thickness (see Figures S3 and S4 for the full data set). PtSe, films
become more semiconducting as the thickness decreases,
according to recent reports on PtSe,-based electrical devi-
ces.'””” The corresponding sheet resistance of the PtSe, layers
decrease from ~100 to ~1 k€/[] as the thickness increases. In
contrast to PtSe, films, PtTe, films retain their metallic transport
properties at varying thickness, which is in accordance with
recent reports.””"® The sheet resistance of PtTe, ranges from
~350 €2/[] at 1 nm, down to as low as ~31 Q/[] at 6 nm. PtSe,
and PtTe, layers with a Pt seed layer thickness of ~1 nm have
optical transmittance of ~50%, with a noticeable increase in the
optical absorbance with increased thickness, similar to the
observation in other 2D TMDs. The multilayered PtSe, and
PtTe, materials used in this study remain ultrathin with a
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postgrowth thickness of less than 30 nm (see Figure S4 for
details).

Once fabricated, both kinds of tattoos can be easily placed on
the skin for characterization and electrophysiology. The
temporary tattoo electrodes, supported by the PMMA, are
transferred similarly to the graphene electronic tattoos™ (see
Supplementary Video S3). PMMA provides a more impercep-
tible and intimate contact with the skin. As can be seen from the
Supplementary Video S1, the tattoos come in a very secure
contact with the skin, surviving motion, bending, and stretching.
On the other hand, the Kapton-based structures can be simply
held in place via a piece of Tegaderm or kind removal silicone
tape (KRST), making them reusable. Pictures of both types of
Pt-TMD tattoos supported by PMMA and Kapton on skin are
shown in Figure 3a and Figure S17.

To examine the electrode-to-skin impedance of Pt-TMDs and
compare them to the state-of-the-art, we fabricated tattoos made
of bare platinum, bare gold, PtSe,, and PtTe, over Kapton
substrates. The Kapton-supported Pt-TMD electronic tattoos
provide electronic properties superior to those of PMMA-
supported ones; hence they have been used for a majority of the
following studies, including skin impedance, electrochemical
impedance tests, and all electrophysiological data monitoring.
The tattoos were manufactured as explained above, with at least
five pairs of each kind used to study the electrode—skin
impedance. Graphene tattoos were fabricated as explained
elsewhere.”” Considering that the actual tissue impedance is in
the range of several hundreds of mQ to dozens of Q,* the skin
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spectroscopy data of the Pt-TMD’s interface capacitance and normalized impedance (at 1 kHz) correspondingly. In (a,c,d), the box represents
25 and 75% with a mean, outliers are +SD, and stars represent the best examples.

impedance value measured between the electrode pair placed
over the skin will give us the electrode—skin impedance. This
property is commonly considered as a figure-of-merit of the
wearable electrodes.”®** A typical Pt-TMD—skin impedance
plot can be seen in Figure 3b, featuring the regular 1/f frequency
dependency. The common figure-of-merit of skin—electrode
impedance is the value at 10 kHz, at the frequency the current
passes through both intra- and extracellular fluids, hence
providing most complete representation of the tissue
impedance. Moreover, 10 kHz is a common frequency used in
wearable electronic devices that feature current injection, as
higher current magnitudes can be safely injected into the tissue
at higher frequencies.”

A peculiar dynamics was observed for the case of Pt-TMD-
based tattoos, on which, just upon placement onto the skin, the
electrodes feature relatively high impedance (~10 kQ @10
kHz) that rapidly decreases over a time period of about 15 min
to reach a steady-state value of ~4 kQ (Figure 3c). We believe
this might be related to the structural properties of the thick Pt-
TMDs. As reported (and confirmed via high-resolution
transmission electron microscopy imaging) previously, CVD
growth of thicker (>6 nm seed layer) Pt-TMDs results in
domains of vertically aligned layers exposing their 2D edge sites
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on the surface (see Figure 3d)."**%** This would result in
uneven height distribution and nanoscale rough surface on the
material. When placed onto the skin, the rough nanosurface of
Pt-TMDs in combination with the microporous structure of skin
results in a high-impedance condition due to the presence of
trapped air, reducing the overall direct contact area. Over time,
the tattoos forge a more intimate contact with skin, reducing the
air gaps, and establishing a closer connection. Moreover, we
hypothesize that upon certain conditions (e.g., when Tegaderm
fixes the Kapton-based tattoos), the macroscopic sweat and
moisture gets trapped between the skin and Pt-TMD, further
improving the contact impedance.”® To corroborate this
hypothesis, we performed curve fitting of the frequency-
dependent impedance data measured over time upon
application over the skin (20 points, with ~90 s intervals). As
given in Figure 3e, the proposed equivalent circuits are
impossible to fit as the number of variables is too large, and
the model can converge at any arbitrary value. However, upon
fitting the impedance with a simple Randles circuit® (see Figure
SS), the resulting fit is profoundly unstable in the first 900 s after
tattoo application but yields relevant and reliable values after
900 s. The results indicate that the simplified Randles circuit
with low ohmic access resistance (<400 ), low contact
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forehead.

resistance (~200 kQ), imperfect (a = 0.85) capacitor, and a
constant phase element (CPE, ~8.5 nF) is a reasonable
estimation of the interface after ~900 s upon tattoo application
but is a poor estimation of the interface during the initial
transitory contact-forming stage. To show durability and
reusability of the reported Pt-TMD tattoos, two experiments
were performed. First, the tattoo pairs were placed onto the
subject’s forearm for a measurement, then peeled off, placed
back on, with ~20 min intervals, and repeated for 24 h. In the
other experiment, the tattoos were kept constantly on a subject’s
bicep for 24 h. Both results (see Figures S18 and S19) show that
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tattoo performance does not degrade but rather improves from
long-term intimate contact with skin.

To ensure that the figure-of-merit values of Pt-TMD-to-skin
impedance are most representative, we let the tattoos stay on the
skin for at least 20 min before performing the measurements.
Multiple batches of Pt-TMDs were utilized in order to make sure
that the data reported represent the median material behavior
and not a random sample. At least four pairs (N > 8) of each
tattoo kind were used to gather the statistically relevant data.
The impedance (at 10 kHz) distribution of the PtSe,, PtTe,, and
Pt samples is shown in Figure 4a. It is clear from the figure and
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the numbers that the PtTe, offers the lowest impedance,
averaging 4.94 + 1.61 kQ2. PtSe,, in comparison, averages at 7.24
+ 2.56 k€2, which is slightly worse than bare Pt with 6.75 + 0.59
kQ. The full statistical distribution of the electrode—skin
impedance values for PtSe, and PtTe, is given in Figure S6.
Electrode dimension is an important parameter to keep in mind
since the classical electrical circuit model states that the
electrode—skin impedance is inversely proportional to the
electrode’s area.>® Therefore, all electrodes utilized in this work
(except the Ag/AgCl gel ones) are made with a total area of 25
mm?. The Ag/AgCl electrodes cannot be cut smaller, and hence
we have trimmed them down to only ~100 mm? for electrode—
skin measurements. Still, they are kept at their original size of
~300 mm? for most of the electrophysiological measurements.
Regardless of such 4-fold difference in surface area, some of the
highest quality PtTe, tattoos have shown better performance
than the medical-grade Ag/AgCl gel electrodes. The sheet
resistance of polymer-supported Pt-TMDs was measured by
placing a strip of the material out of the same growth batch onto
the Ecoflex-covered glass with four soft conductive gold
electrodes. Ecoflex is used here to reproduce skin-like texture
and softness. The 4-point transfer length measurement (TLM)
was performed to estimate sheet resistance. The values reported
are averages from at least 2—3 strips of each kind. The sheet
resistance of PtTe, tattoos is impressively low, averaging at 56 +
49 Q/[], with the best-reported value of only 13 Q/[]. In
comparison, PtSe, tattoos hit about 1.11 + 2.37 kQ/[], which is
almost 20 times higher. This can be attributed to the different
nature of these two 2D materials: PtTe, is highly metallic,
whereas PtSe,, even in its bulk form, is semimetallic.

The overall plot of merit that combines sheet resistance and
skin impedance data for PtSe,, PtTe,, Pt, gold, Ag/AgCl, and
even monolayer graphene for comparison is shown in Figure 4b.
The major trend noticeable from the plot is that PtTe, is much
more promising for wearable applications than PtSe,. Both PtSe,
and PtTe, yield better skin impedance than bare Pt. PtTe,
outperforms almost every other competitor material, including
bare gold, and is on par with the medical-grade Ag/AgCl
electrodes. Significantly, both PtSe, and PtTe, outperform
monolayer graphene tattoos in terms of both electrical
properties, which is an important improvement, considering

graphene tattoos typically feature an advanced adhesion to
2,37

that
skin.

To supplement and corroborate the skin impedance values,
we have performed an EIS study of these materials. For EIS
experiments, the Kapton-supported TMD tattoos and control
samples were made with varied areas to achieve scalable results.
The EIS measurements were taken in a three-electrode
configuration; see details in the Methods section. Once
measured, the EIS data were evaluated and fitted with an
equivalent circuit, extracting the interface capacitance, and the
electrode impedance (at 1 kHz). Here, we report the EIS values
at 1 kHz as it is the most well-adapted frequency used as figure-
of-merit comparing microelectrode array systems.’® The area-
normalized interface capacitance and area-normalized electrode
impedance of PtSe,, PtTe,, Au, and Pt are shown in Figure 4c,d.
Similar to the skin impedance, PtTe, exhibits the most
outstanding performance, featuring notably high interface
capacitance of 62.2 + 8.2 uF/cm” and smallest normalized
impedance at 1 kHz of 35.4 + 18.6 Q-cm.” PtSe,, as expected,
shows a lower interface capacitance of 45.8 + 30.2 uF/cm” and
higher normalized impedance at 1 kHz of 472 + 151 Q-cm.” To
put these values in perspective, the normalized impedance at 1
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kHz of monolayer graphene averages at 74 + 173 Q-cm,**’
which is much higher than that of PtTe,. The high interface
capacitance and small normalized impedance are typically good
signs of a material’s performance and its usability for building
advanced microelectrode arrays (MEAs) for in vitro and in vivo
applications. It is essential to mention here that the electrodes
used for EIS in this work are macrosized compared to microsized
electrodes typically used in MEAs. We expect the overall
interface capacitance of the microsized Pt-TMDs to improve
when scaled down to microsized MEAs. Furthermore,
considering the 2D nature of PtTe,, its flexibility, and stability,
it is certainly a suitable bioelectronic material, and we expect the
works of PtTe,-based MEAs or in vivo probes to follow soon.
To begin with the electrophysiological measurements, TMD
tattoos were laminated on a subject’s chest to measure ECG. At
this moment and further, all electrophysiological measurements
were performed by means of a simple off-the-shelf open-source
board—Ganglion from OpenBCL In the case of ECG record-
ings, one pair of Pt-TMD tattoos were placed on the chest, as
schematically shown in Figure Sa. Another couple of Ag/AgCl
gel electrodes were placed nearby with similar spacing to provide
a direct signal comparison (see Figure Sa). A reference ground-
driven electrode was placed over the lower right of the abdomen.
The signals were sampled at 200 Hz and later filtered with a 60
Hz notch filter to remove the power line noise. The ECG signals
measured with Ag/AgCl and PtTe, are shown in Figure 5b,c
with clearly present characteristic ECG peaks (P, Q, R, S, T).*
The signal-to-noise ratio (SNR) of PtTe, tattoo-based record-
ings was as high as 84 + 6, while the nearby Ag/AgCl gel
electrodes yielded 61 + S. Similar ECG signal recordings with
the PtSe, tattoos are also shown in Figure S7. PtSe, tattoos’
performance is slightly lower, yet the SNR of 44 + 4 is high
enough to provide relevant signal information and shape,
especially considering the 12-fold difference in the electrode
size. Moreover, ECG can be recorded in a less sophisticated way
by placing two tattoos on opposite hands (e.g, forearms) and a
single reference electrode near a bone (e.g, elbow). Such data
are shown in Figure S8, featuring a clear and high amplitude
ECG signal having the essential large P, Q, R, S, and T domains.
EMG is a distinct, powerful, and useful electrical signal that
corresponds to the muscles’ physical contractions within the
body."' When a pair of electrodes biased in a differential manner
are placed over a muscle, the muscular contractions will generate
a net electrical potential. Typically, the larger the distance
between the two electrodes, the larger the differential signal
recorded from the pair. In order to record useful EMG signals,
we placed a pair of Pt-TMD tattoos on a forearm and another
pair of tattoos on a bicep, along with the pairs of Ag/AgCl
electrodes for direct comparison (see schematics on Figure 5d).
During a series of forearm contractions (mechanical expander)
and bicep curls, we clearly distinguished those movements via
simple monitoring of the EMG activity and the signal’s power.
One can see that the signal power from gel electrodes is higher
compared to that for Pt-TMDs, which is due to 12 times larger
electrode area as well as the almost S5 times higher spacing
between the electrodes. Nonetheless, as it can be seen from
Figure Sd for PtTe, and Figure S9 for PtSe,, we are able to
optimally recognize both: movements of the forearm and bicep
as well as differentiate between them. On the brighter side, Pt-
TMD electrodes feature lower noise, essentially displaying
higher signal specificity, equalizing the performance. The higher
signal specificity of Pt-TMD tattoos here relates to superior
adhesion to skin. Mechanical movements push the large gel
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Figure 6. (a) Schematic of the electrode placement for the EOG experiments performed with PtTe, tattoos. (b) EOG signals corresponding to
the differential channel recording left—right eye movements (violet here and after). (c) EOG signals corresponding to the differential channel
recording up—down eye movements (green here and after). (d) EOG recordings from both channels when the subject is gazing up, right, right,
left, down, down, and left consecutively with S s dwell time. () EOG recordings from both channels when the subject is looking
counterclockwise with four distinct stops: at “12”, “9”, “6”, and “3” o’clock. Straight and angular arrows in (d,e) correspondingly show the

direction of sight.

electrodes to move physically, creating motion artifacts, that
contribute to higher noise. As can be seen from the timetrace of
consecutive bicep and forearm movements (see Figure 5d),
often, the muscular movement associated with a bicep curl also
results in slight forearm muscle contractions, which is always
picked up by the large Ag/AgCl gel electrodes. These
nonspecific signals usually obstruct from making clear and
decisive interfacing, and as it is evident from the results
provided, smaller Pt-TMD tattoos suffer much less from this
problem.

The low contact electrode—skin impedance displayed by Pt-
TMDs is essential for most electrophysiological measurements
but especially for EEG. EEG signals are electrical signals
associated with the ever-active electrical activities inside the
brain.*”** There is a broad scientific community working on
EEG and its applications, mostly studying the correlations
between EEG signals and the underlying brain functions.
Developing a tattoo system that can be used for EEG recordings
(a) reliably, (b) with intimate contact and signal quality, and (c)
reusable is a high-impact task. To measure EEG signals, a couple
of Pt-TMD tattoos were placed on the subject’s forehead,
precisely onto the Fpl and Fp2 locations,** and sampled
separately with a common ground electrode connected to an
earlobe. The EEG recordings were typically collected over a
period of 120—240 s and featured specific patterns of subjects’
activities—their eyes being open or closed. After applying the
short-time Fourier transformation (STFT) onto the recorded
signals, the output spectrogram, as shown in Figure Se, reveals
the heatmap of signal frequency components and their power
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levels (in dB), distributed over the entire timetrace. It is well-
known that EEG, recorded from the forehead, should show
prevailing @ waves (8—13 Hz) when the subject’s eyes are
closed, especially at the Fp1 and Fp2 locations.*” As seen from
Figure Se and Figure S12, the spectrogram patterns pick up the «
waves when “eyes closed” with PtTe, and PtSe, tattoos and Ag/
AgCl gel electrodes. To specifically show the statistical presence
of a rhythms, we have averaged and plotted the spectral power
density from gel, PtSe,, and PtTe, electrodes with open and
closed eye intervals. As seen from the fast Fourier transform
(FFT) data (see Figure S13), there is a significant power density
peak around 8—13 Hz that corresponds to the & waves when
“eyes closed”, yet the peak is absent in the case of “eyes open”.

To showcase a human—machine interface enabled by the Pt-
TMD tattoos, we measured electrical signals associated with the
eye movements,"® which could easily be later channeled into a
computer, robot, or machine.””*® EOGs are very similar to the
EMG signals but are associated with the differences in
polarization of the eye’s cornea and retina.*” To record EOG
signals, we have placed four Pt-TMDs on a subject’s face: one
pair goes above and below the left eye, one tattoo on the left side
of the left eye, and the last tattoo on the right side of the right eye
(see Figure 6a for details). The tattoos placed on the sides of the
eyes are connected differentially into a single channel, and the
electrodes above and below the left eye are connected
differentially to the other channel. When the subject is looking
into a particular direction, specific cornea—retina depolarization
events create electric potential differences associated with the
movement. As seen from the timetrace recordings (see Figure
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6b), gazing left and right results in the distinct change of the
appropriate channel’s EOG signal. Similarly, gazing up and
down results in a specific pattern recorded by another pair of
electrodes (see Figure 6¢). The EOG signals, as shown in Figure
S14, for example, are very sharp and associated with rapid and
repetitive eye movements without a distinct baseline. When
slower gazing experiments are performed, a clear differentiation
can be made between various gazing patterns (e.g, up—down,
up—center, left—center, center—right, etc.). There is, however, a
certain “overshoot” signal that can be seen in some recordings
(see Figure 6b,c) when the eyes are returning from a peripheral
into straight positions. However, these “overshoots” are
directional and help distinguish the change of sight direction
in dynamics. Figure 6d shows the results of an elaborate,
nonroutine experiment when the subject was instructed to look
into the direction as conducted by the experimenter, online and
without any warning. It is visible that the patterns for looking
down, up, left, and right can be discretely identified. Such a
pattern is readily distinguishable, allowing us to differentiate
between arbitrary directions. Eye blinks do cause some troubles
and create certain events, mainly in the up—down channel, yet
they can be later postprocessed and removed.*

In the final EOG experiment, the subject was instructed to
perform more sophisticated eye movements that are not just
fixed to one degree of freedom (straight horizontal or straight
vertical) as before. Here, the subject performed circular eye
movements (like looking over a watch) counterclockwise with
four distinct stops: at 12, 9, 6, and 3 o’clock positions.
Astonishingly, those movements resemble a combination of the
aforementioned two-degree movements. For example, when
moving from 12 to 9, the recorded signal pattern is a
combination of the signals corresponding to “left” and “down”
(see Figure 6e for details). The results clearly indicate that the
TMD tattoos can constitute a technology that does advanced
eye-tracking for human—machine interfaces.

In addition to recording human electrophysiological signals,
the Pt-TMD tattoos can also measure skin temperature.
Continuous and precise human body temperature monitoring
is an important feature for next-generation wearables. Tracking
and monitoring the body core temperature changes is essential
to provide an early response to possible viral infection or disease.
With Pt-TMD tattoos, we have found the task of temperature
monitoring very intriguing. Here, the two dichalcogenides of
choice turned out to have opposite signs of temperature
electrical coefficients. The TECs were evaluated by measuring
the tattoo’s resistance while changing the environment’s
temperature and having a commercial thermocouple to control
the actual surface temperature. As one can see from Figures S15
and S16, the TEC of PtTe, has a positive sign, and the «a
coefficient ranges between 0.0004 and 0.0020, whereas PtSe,
features a negative TEC with the coeflicient between —0.0010
and —0.0013. Here, PtTe, behaves like the majority of metals
and increases its resistance with increased temperature. In PtSe,,
however, the resistance decreases with increased temperature
featuring negative TEC, which is unexpected, as the PtSe,
material used for this experiment is a highly conductive
semimetal. Furthermore, the overall temperature response is
linear over a broad temperature range tested, from 15 °C and
beyond 60 °C, which is well within the human body temperature
range. To validate Pt-TMD tattoos for measuring real-time skin
temperature, we placed them onto a subject’s forearm with a
thermocouple nearby. After approximately 2 min of control
measurement, an ice bag was brought in contact with the skin,
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held for a couple of minutes, then removed. The timetrace of
PtSe,’s resistance change and thermocouple’s response can be
seen in Figure S15b. As expected, upon being cooled, PtSe,
resistance had increased. Moreover, it is evident that there is no
lagin the response in comparison to commercial thermocouples;
that is, the slow decay of changes in resistance visible in Figure
S15b are associated directly with the temperature profile and not
to the materials’ properties.

In conclusion, we present in this work high-quality advanced
electronic tattoos made of Pt-TMDs, namely, PtSe, and PtTe,
that can used be for wearable bioelectronic applications. Both
PtSe, and PtTe,, particularly the latter, possess high
conductivity desirable for wearable and implantable electrodes.
In terms of electrode—skin impedance, a figure-of-merit for
wearable electrode systems, Pt-TMDs outperform graphene-
based electronic tattoos, state-of-the-art noble metal tattoos, and
medical-grade gel electrodes (see full comparison at Supple-
mentary Table S1). The tattoos are ultrathin, form intimate
contact with skin, and can be made via direct temperature
conversion of Pt on top of polymer substrates. Brainwaves, heart
function, muscle activity, skin temperature, and even eye-
tracking are shown to be accurately captured by means of Pt-
TMD electronic tattoos. The eye-tracking is of particular
interest as it applies to wearable human—machine interfaces. We
have successfully used two of the pairs of PtTe, and PtSe, tattoos
built on Kapton film for all electrophysiology modalities
reported in this work, including EEG, EMG, ECG, and EOG,
highlighting their reusability and versatility.

PtSe, and PtTe, Growth. The PtSe, and PtTe, layers were grown
on the substrates of choice (SiO,/Si, Kapton) using a two-step thermal-
assisted conversion process. Electron beam deposition (Temescal) was
used to deposit Pt films of desired thickness at a rate of 0.1 A/s on the
substrates. The Pt-covered substrates are then placed in the middle
zone of a CVD tube furnace with alumina boat containing tellurium
(Te) or selenium (Se) placed at the upstream region for tellurization or
selenization to obtain PtTe, or PtSe, layers, respectively. The CVD
tube is pumped down to a low pressure of 25 mTorr followed by
purging with argon (Ar) gas at a high flow rate to remove the moisture
and residual gases. For both PtTe, and PtSe,, the furnace is heated to
the growth temperature of 400 °C and held there for S0 min under a
constant flow of Ar. The furnace is left to cool to room temperature
naturally.

Optical Transmittance and Water Contact Angle Measure-
ments. The optical transmittance of PtSe, and PtTe, samples directly
grown on optically transparent willow glass were characterized using
ultraviolet—visible (UV—vis) spectroscopy (Cary WinUV spectropho-
tometer) in the wavelength range of 200—800 nm. Water contact angle
measurements on SiO,/Si substrates were carried out using a
goniometer (Rame Hart 90-U3-PRO), and the same water volume
was used to ensure uniformity of all measurements.

Raman and XPS Characterization. X-ray photoelectron spec-
troscopy characterization of PtSe, and PtTe, samples was carried out
using a Thermo VG Scientific K-a system under ultrahigh vacuum
conditions. The system has an energy resolution of ~0.5 eV and 100 W
X-ray spot of 400 ym®. The binding energy of C 1s, 284.5 eV, is used to
calibrate the XPS peaks, and Voigt functions are used for the peak
fitting. Raman spectroscopy was performed in a Renishaw inVia micro-
Raman system. The excitation wavelength of 532 nm with an incident
beam power of ~1 mW and exposure time of 10s is used for Raman
measurement.

Electrophysiology Data Collection. The EEG, EMG, ECG, and
EOG signals were all recorded via the Ganglion Open-BCI board.”*
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The board is a low-cost yet effective tool. The board itself is
approximately 8 X 8 cm in size and powered by a 3.3 V-6 V battery,
and has a BLE module on board, making it freely portable. The
Ganglion board features four high-impedance differential inputs. The
channels are sampled separately, using a maximum of four pairs of
electrodes (one pair for each channel) for monitoring EMG, EOG, and
ECG. In order to record EEG, the differential inputs can be connected
to a single reference electrode, which is typically located on the earlobe.
The board records data with a sampling rate of 200 Hz.

Skin Impedance Measurements. The electrode—skin impedance
is measured via a Hioki LCR meter IM3536, which has a max frequency
sweep range between 4 Hz and up to 8 MHz. For our study, however,
we narrowed the measurement window down to 10 Hz—1 MHz. The
measurements are performed in the constant voltage mode with S0 mV
AC amplitude, without DC bias. Each data point is measured four times
and averaged instrumentally. The frequency sweep is usually performed
three times, with each sweep taking approximately 90 s and 10 s delay
between sweeps. The measured values correspond to the electrode—
skin impedance as the tissue’s bioimpedance is much smaller when
compared to the typical electrode—skin impedance.’” During the
measurements, the skin moisture was not specifically monitored,
neither was it manually induced or changed during the experiments.
The characterization experiments were performed on one subject;
hence any subject-to-subject performance variability is diminished.

Electrophysiology Data Analysis. The data processing was
performed with MATLAB, and the designed code is available on
request. Raw ECG, EMG, ECG, and EOG data, as acquired by the
OpenBClI board, were utilized for analysis. The recordings are stored in
four separate channels, and the sample values are arranged in the form
of vectors. The raw signals have a significant noise in the 60 Hz
frequency region, and hence an appropriate 60 Hz notch filter was
implemented before any further processing. To analyze the ECG
signals, we performed a peak finding algorithm. From each peak found,
we extracted its amplitude, which was further averaged to get the
average signal (S) value. In order to find the noise, we extracted n
regions of 200 ms duration between two spikes and found the median
absolute deviation (MAD) of that timetrace. Twice MAD was
considered the noise (N). The signal-to-noise ratio is calculated
accordingly by dividing signal amplitude by noise level. The EEG
recordings were typically in the range of 120—240 s long. Two out of
four OpenBCI channels correspond to the Fp1 and Fp2 locations’ EEG
measurements, whereas the other two channels were turned off. First, a
60 Hz notch filter was implemented, followed by linear detrending to
remove the baseline. Also, a low-pass filter with a cutoff frequency of 50
Hz was designed and implemented to further cutoff the high-frequency
noise. As a crucial part of this analysis, STFT was implemented with the
Hamming window of 128 sample length and the FFT length of 512
samples. The STFT output as a matrix consisting of frequency and time
samples, the corresponding Fourier coefficients, and the power spectral
densities in dB units were stored separately and utilized for further
plotting. The formulas utilized here can be found elsewhere.*’

Electrical Impedance Spectroscopy. We utilized the Autolab
PGSTAT 128N potentiostat with NOVA software for data acquisition
and preliminary processing for EIS characterization. A 1X phosphate-
buffered saline solution was used as the standard electrolyte for the
measurements, Ag/AgCl as a reference electrode, Pt wire as a counter
electrode, and the material of interest (Pt, PtSe,, PtTe,, and Au) was
connected as the working electrode. Appropriate frequency ranges for
the plots were set, and measurements were taken. Areas of 20, 24, 30,
35, and 40 mm? of the 2D TMD and reference materials were utilized in
the EIS measurement runs.

Temporary Tattoo Fabrication. A layer of PMMA (950 A4) is
spin-coated on top of Pt-TMD/SiO,/Si at the rate of ~2500 rpm for 60
s and hard-baked at 200 °C for 20 min, resulting in ~200 nm thick
support layer. A TRT film (120 °C release temperature, 319SMS Nitto
Denko Revalpha) is carefully placed in contact with the PMMA,
avoiding bubble formation. It is important to note here that, prior to the
Pt evaporation and TMD growth, the SiO,/Si surface was treated with
oxygen plasma for S min to improve the surface’s hydrophilicity and
demote the material’s adhesion. The TRT/PMMA/Pt-TMD/SiO,/Si
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stack is then placed into a water bath for S—10 min for soaking. Then,
the TRT/PMMA/Pt-TMD is carefully mechanically delaminated from
the surface of SiO,/Si. The process works best in water due to the
specific interface of Pt-TMD and SiO,: the TMDs are hydrophobic,
whereas the SiO, is hydrophilic; therefore, upon peeling off, the water
propagates into the bulk of the film, coats SiO,/Si, and pushes the TMD
out, assisting in the separation. When the TRT/PMMA/Pt-TMD is
fully delaminated, it is dried slowly at room temperature. Before Pt-
TMD is transferred onto tattoo paper, the paper itself must be prepared.
The tattoo paper comes with a thin layer of poly(vinyl alcohol) (PVA)
on top, which must be removed. It is done by simply soaking the paper
in water for 30 s and picking up the partially dissolved PVA with
tweezers. When the PVA is removed, the tattoo paper can be dried out
by quick N, gun assisted drying and 10 min dry under ambient
conditions. The TRT/PMMA/Pt-TMD is then brought in contact with
the tattoo paper and placed on a hot plate at room temperature. The hot
plate is then slowly heated to 120 °C when the TRT is delaminated by
itself, leaving the PMMA/Pt-TMD on top of the tattoo paper. In order
to flip the PMMA/Pt-TMD to result in Pt-TMD facing up, it is simply
flipped onto another tattoo paper. The material is then shaped into an
arbitrary pattern with resolution down to 500 ym via a mechanical
plotter, Silhouette Cameo (see Supplementary Video S2 for details).**
To transfer onto skin, the tattoo is soaked in water again, causing the
paper to be slippery, allowing the transfer, and brought in contact with
human skin. Sliding away the tattoo paper, Pt-TMD tattoo will stay on
the skin; see Supplementary Video S3 for details. After the
measurements, the tattoos can be very easily removed by gentle
picking up via kind removal silicone tape for disposal (see
Supplementary Video S4).

Fabrication of Soft Tapes and Ecoflex Slides. In order to yield
the thinnest possible electrical contacts that at the same time adhere to
the skin, we utilized a 10 pm thick adhesive tape (Iwatani, ISR-
BSMKI10G) and evaporated a metal stack (Ni/Au, 10/90 nm) on top of
it. The tape is supported by the PET backing layer, which is delaminated
from PET right before placing the tape onto the skin.

To make the skin-resembling surface for resistance measurements,
we coated glass slides with a thick (2—4 mm) layer of Ecoflex 00-30,
which was cured at room temperature for 48 h.

Experiments on Human Subjects. All experiments were
conducted under the Institutional Review Board’s approval at the
University of Texas at Austin (protocol number: 2018-06-0058).
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