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ABSTRACT: Flexible electronics has paved the way toward the
development of next-generation wearable and implantable health-
care devices, including multimodal sensors. Integrating flexible
circuits with transducers on a single substrate is desirable for
processing vital signals. However, the trade-off between low power
consumption and high operating speed is a major bottleneck.
Organic thin-film transistors (OTFTs) are suitable for developing
flexible circuits owing to their intrinsic flexibility and compatibility
with the printing process. We used a photoreactive insulating
polymer poly((+)endo,exo-bicyclo[2.2.1]hept-ene-2,3-dicarboxylic
acid, diphenylester) (PNDPE) to modulate the power con-
sumption and operating speed of ultraflexible organic circuits
fabricated on a single substrate. The turn-on voltage (V,,) of the p-
and n-type OTFTs was controlled through a nanoscale interfacial photochemical reaction. The time-of-flight secondary ion mass
spectrometry revealed the preferential occurrence of the PNDPE photochemical reaction in the vicinity of the semiconductor—
dielectric interface. The power consumption and operating speed of the ultraflexible complementary inverters were tuned by a factor
of 6 and 4, respectively. The minimum static power consumption was 30 = 9 pW at transient and 4 = 1 pW at standby.
Furthermore, within the tuning range of the operating speed and at a supply voltage above 2.5 V, the minimum stage delay time was
of the order of hundreds of microseconds. We demonstrated electromyogram measurements to emphasize the advantage of the
nanoscale interfacial photochemical reaction. Our study suggests that a nanoscale interfacial photochemical reaction can be
employed to develop imperceptible and wearable multimodal sensors with organic signal processing circuits that exhibit low power
consumption.

KEYWORDS: flexible electronics, organic thin-film transistors, polymer gate dielectrics, organic complementary circuits, turn-on voltage,
threshold voltage control, biosignal measurement

B INTRODUCTION challenge, especially when the multimodal sensor is fabricated
on a single substrate, which hinders the development of flexible
signal processing circuits for multimodal sensors. The circuits
that show low power consumption is hardly used for
processing high-frequency signals, while the circuits that
show high operating speed is not suitable for processing low-
frequency signals. For example, the chemical signals obtained
from sweat can be detected even at a low operating speed close
to direct current,'” whereas the power consumption should be

Flexible electronics is a promising technology for developing
next-generation wearable and implantable healthcare devices
that can be used for imperceptible and long-term biosignal
monitoring as well as in medical surgery.'~” One such recently
developed flexible healthcare device is a multimodal
sensor.'’~"* The multimodal sensor provides highly accurate
results, which aid in obtaining a deep understanding of human
health. Moreover, chemical and physical monitoring are crucial

for obtaining information on glucose levels, pH levels, lactate

production, and heart conditions (via electrocardio- Received: October 25, 2022 e
grams).10_13 Accepted: November 21, 2022
Integrating flexible circuits with transducers is necessary for Published: December 2, 2022

processing vital signals while retaining the imperceptibility of
multimodal sensors. The trade-off between low power
consumption and high operating speed of circuits is a major
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Figure 1. V,, shift of the OTFTs with a PNDPE gate dielectric under UV illumination. (a) The photochemical reaction of PNDPE under UV
illumination. (b) The device structure of OTFTs and the fabrication process of the organic circuits on a single substrate. The UV dose for the
transistors was adjusted using several masks, e.g, P, J/cm? for p-type transistors and P, J/cm? for n-type transistors. (c, d) Photographs of the
fabricated (c) p-type (DNTT) and (d) n-type (TU-1) OTFTs. Scale bar: 300 um. (e, f) Forward and reversed transfer curves of the (e) p-type and
(f) n-type OTFTs with PNDPE obtained at different UV doses (N = S). The inset in (e) shows the chemical structure of DNTT. (g) V,, of the n-
type OTFTs as a function of the UV dose given to the PNDPE film (N = S). The error bars show the standard deviation. The inset shows the

chemical structure of TU-1.

minimized because chemical sensors are often used for long-
term monitoring. By contrast, to measure physical signals, such
as myoelectricity, the required operating speed of the circuits is
several hundreds of hertz.'® Therefore, it is imperative to
develop multimodal sensors with flexible circuits, whose power
consumption and operating speeds can be tuned, on a single
substrate according to the biosignal type. In addition, with the
advent of the Internet of Things (IoT), wearable healthcare
devices are expected to be used in large quantities. Thus, it is
also important to reduce the manufacturing costs of the
devices.
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Researchers are now vouching for organic thin-film
transistors (OTFTs) for fabricating imperceptible IoT devices
with low costs and high material efficiencies because of their
intrinsic flexibility and compatibility with the printing
process.”®'°"'” One of the key fabrication techniques for
tuning power consumption and operating speed of the devices
is to control the turn-on voltage (V,,), which is the voltage
needed to reach a certain conductivity, or the threshold voltage
(Vi), which is the voltage at which a conductive channel is
established between the source and drain electrodes, of both
the p- and n-type transistors on a single substrate.”’”>” The

https://doi.org/10.1021/acsaelm.2c01444
ACS Appl. Electron. Mater. 2022, 4, 6308—6321


https://pubs.acs.org/doi/10.1021/acsaelm.2c01444?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01444?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01444?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01444?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c01444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

recently demonstrated silicon complementary metal-oxide
semiconductor technology allows control of V_, or Vg via
ion implantation in the channel.”* In the case of OTFTs, V,,
or Vy is controlled by modulating the semiconductor—
dielectric interfacial characteristics through self-assembled
monolayers, oxygen plasma exposure, and material doping in
organic semiconductors.”>~>® However, these methods often
require complex patterning processes, because of which tuning
the power consumption and operating speed on a single
substrate becomes a considerable technological challenge.

Modulating the nanoscale interfacial characteristics of
OTEFTs by light illumination is a useful method that allows
pattern formation on a single substrate using only a shadow
mask. The maximum resolution of such a pattern is several
hundred nanometers, which is approximately half of the
incident light wavelength, and this maximum resolution is
sufficiently high for fabricating organic integrated circuits. To
date, a few studies have reportedly been conducted on
interfacial photochemical reactions using photoreactive insu-
lating polymers.”*>” However, this seldom-reported polymer-
based method is not suitable for fabricating flexible multimodal
sensors because of their hysteresis characteristics and high
driving voltages.

In this study, a photoreactive insulating polymer poly(()-
endo,exo-bicyclo[2.2.1]hept-ene-2,3-dicarboxylic acid, diphe-
nylester) (PNDPE) was used to finely tune the power
consumption and operating speed of ultraflexible organic
circuits fabricated on a single substrate. The photopatterning of
PNDPE overcomes the trade-off between low power
consumption and high operating speed. The V., of the
OTFTs shifts when the nanoscale interfacial characteristics of
the OTFTs change under UV illumination on PNDPE. The
Voo shift occurs only where the UV radiation illuminates
PNDPE, and the amount of V, shift depends on the UV dose.
This suggests that the photopatterning can tune the power
consumption and operating speed of the complementary
circuits one-by-one on a single substrate. In other words, for
low-frequency signals, low-power circuits can be assigned for
signal processing, whereas for high-frequency signals, high-
speed circuits can be assigned on a single substrate by UV-
photopatterning of PNDPE. PNDPE forms a dense,
homogeneous, and ultrathin film that aids in the fabrication
of high-performance organic transistors.”’>* In addition,
PNDPE can be synthesized in large quantities (several
grams) with a more than 70% yield on a laboratory scale
and used for solution-based processes with nonhalogenated
solvents. The nanoscale interfacial characteristics of OTFTs
are typically modulated via the photo-Fries rearrangement of
an aromatic ester into hydroxy ketone upon ultraviolet (UV)
illumination without photoinitiators. In our previous study, we
demonstrated a method to control the Vi, of p-type OTFTs to
obtain high-performance organic unipolar circuits.”” In  this
study, we demonstrated the fine-tuning of both the power
consumption and operating speed of ultraflexible organic
complementary circuits as well as the V, of n-type OTFTs,
fabricated on a single substrate, through a nanoscale interfacial
photochemical reaction of PNDPE. The complementary
inverters and ring oscillators were fabricated on a large area
(6 cm X 10 cm) and an ultraflexible (total thickness < 2.4 ym)
single substrate. The V_, of n-type OTFTSs was controlled from
—1.2 to —0.4 V with a standard deviation in the range from 32
to 87 mV by changing the UV dose. Time-of-flight secondary
ion mass spectrometry (TOF-SIMS) analysis of the fabricated
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circuits was conducted, and the corresponding results implied
that the V,, of the OTFTs, fabricated on a single substrate, is
controlled one-by-one by patterning the UV-illuminated area
and that the V_, shift is correlated to the interfacial
photochemical reaction. The power consumption was tuned
by a factor of 6 such that the minimum static power
consumption was 30 = 9 pW at transient and 4 + 1 pW at
standby. The operating speed was tuned by a factor of 4, such
that the minimum stage delay time was of the order of
hundreds of microseconds at a supply voltage of 2.5 V. The
fabricated inverters were operated at 0.2 V, indicating that
these devices can be operated using various energy sources,
such as biofuel cells. Furthermore, we demonstrated electro-
myogram (EMG) measurements with PNDPE, suggesting that
the nanoscale interfacial photochemical reaction for OTFTs
can be used for tuning the circuit performances according to
the target biosignals. The nanoscale interfacial photochemical
reaction with PNDPE demonstrated in this study will
contribute to the development of imperceptible and wearable
multimodal sensors with organic signal processing circuits for
long-term monitoring with minimized power consumption.

B RESULTS AND DISCUSSION

Figure la illustrates the UV-induced photochemical reaction of
PNDPE, which was synthesized by a ring-opening metathesis
polymerization process (the detailed synthesis process is
reported elsewhere’). As shown in Figure la, the UV
illumination of PNDPE radicalizes the aromatic ester in its
side chain, followed by the photo-Fries rearrangement of the
ester into hydroxy ketones, cross-linking and other side
products such as phenol.’>*® These rearranged hydroxy
ketones or side products cause the V,, shift of the transistors.>’
Figure 1b shows the schematic of the UV patterning process
and structures of the p- and n-type bottom-gated top-contact
transistors fabricated on a single substrate. A 1-pm-thick
parylene (diX-SR) film was used as the substrate because of
the ultraflexibility and biocompatibility of parylene.”***” First,
aluminum was thermally evaporated to form an anodized 6-
nm-thick aluminum oxide layer. Then, a solution of PNDPE
(10 mg/mL) dissolved in anisole was spun to form a gate
dielectric of 18 + 1.4 nm thickness. The thickness of the
PNDPE gate dielectric was confirmed by surface profile
measurements (number of samples, N = 15) (Figure S,
Supporting Information). This PNDPE gate dielectric was
illuminated by a handy-type Hg lamp (peak wavelength, 4, =
254 nm) through metal masks. To control the interfacial
photochemical reaction of the transistors on a single substrate,
the UV dose was adjusted using several masks, e.g, P, J/cm*
for p-type transistors and P, J/cm? for n-type transistors. The
gate dielectrics were illuminated by UV light under a nitrogen
gas atmosphere to suppress any ozone-induced damage. Then,
a 20-nm-thick layer of dinaphtho[2,3-5:29,39-f]thieno[3,2-
b]thiophene (DNTT; p-type semiconductor) and a 20-nm-
thick layer of 4,8-Bis[S-[3-(trifluoromethoxy)phenyl]-2-thien-
yl]-24*8*-benzo[1,2-c:4,5-¢' ]bis[1,2,5]thiadiazole (TU-1,
benzobis(thiadiazole) derivative; n-type semiconductor),*®
were deposited at different positions on the substrate, and
gold source—drain (SD) electrodes were deposited via thermal
evaporation. Subsequently, the transistors were passivated by a
1-ym-thick diX-SR to improve their air stability and to
sandwich the transistors at a neutral strain position. Finally, the
contact pads for measurements were extracted via holes. The
detailed fabrication process is described in the Methods section
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Figure 2. Chemical analysis of the PNDPE film by TOF-SIMS. (a, b) Mass spectra of the positive secondary ions obtained from the PNDPE film
(a) with and (b) without UV illumination in the range from m/z = 0 to 700. The insets in (a, b) show the expanded mass spectra in the range from
m/z = 70 to 130. The mass spectra were obtained by integrating the total ion counts of the scanned area. (¢, d) Normalized intensity of the (c)
positive and (d) negative fragment ions. The intensity obtained from the UV-illuminated PNDPE film was normalized by that of the film without

UV illumination. The error bars show the standard deviations.

and Figure S2 (Supporting Information). The total device
thickness was less than 2.4 um. Figure lc,d shows the
photographs of the fabricated p- and n-type transistors, in
which the channel length and width were 14 and 140 pm,
respectively. The area of the gate electrode, organic semi-
conductor, and SD electrode was minimized to reduce their
overlapping. The gate electrode—semiconductor and gate—SD
electrode overlapping areas were 0.022 and 0.0032 mm?
respectively.

Figure le,f shows the transfer curves of the p- and n-type
transistors. The electrical characteristics of the transistors were
measured in air as well as under dark conditions at room
temperature (unless otherwise stated). The transfer curves
showed that the V, of the p- and n-type transistors were tuned
by changing the UV dose. As a result of the UV illumination,
the V,, of the fabricated transistors changed such that the p-
type transistors converted from enhancement mode toward
depletion mode (details of the p-type transistor characteristics
are described in our previous report”’), while the n-type ones
showed the opposite characteristics (i, depletion mode
toward enhancement mode conversion). The change in V,,
upon UV illumination possibly originated from an increase in
the number of electron traps at the interface because of the
formation of hydroxy ketones or the generation of dipoles in
the PNDPE gate dielectric film.*>***” In the case of p-type
transistors, deep electron traps or dipoles generate additional
hole carriers, which contribute to the positive V,, shift of the p-
type transistors. The density of traps at the interface between
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DNTT and PNDPE was investigated in our previous study, in
which UV illumination was found to increase the density of
these traps.’>** Similarly, in the case of n-type transistors, it is
expected that the deep electron traps and/or dipoles suppress
the electron carriers in the semiconductor, thereby contribu-
ting to the observed V, shift of the n-type transistors toward
enhancement. A negligible hysteresis was observed in both the
p- and n-type transistors at the source—drain voltage, Vpg = —2
and 3 V, respectively, even though the transistors were
operated in air. The n-type transistors exhibited high bias-stress
stability at low gate voltages; the source—drain current (Ipg)
was reduced by 3 and 6% for the nonilluminated and
illuminated n-type transistors at the supply voltage, Vg4 = 0.5
V (Figure S3, Supporting Information). The off-currents were
less than a few picoamperes, both with and without UV
illumination, and the on/off ratios were high (~5—6). The
small off-current and high on/off ratio can be attributed to the
modulation of the carriers only at the semiconductor—
dielectric interface, which is different from bulk doping in
organic semiconductors.”” As shown in Figure S4 (Supporting
Information), the gate current was very small, i.e., of the order
of several picoamperes or less. The mobility decreased from
1.8 X 1072 to 6.0 X 107 cm®* V™! s7" upon UV illumination
(Figure SS, Supporting Information).

The V,, of the n-type transistor was precisely controlled by
changing only the UV dose. We investigated the relation
between V, and the UV dose, and the corresponding results
are shown in Figure 1g. Evidently, V varied from —1.2 to

https://doi.org/10.1021/acsaelm.2c01444
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Figure 3. Cross-sectional TOF-SIMS analysis of the PNDPE film. (a—c) The depth profile of the C¢H;*, C;H;0,*, and AIOH" fragment ions in
the PNDPE film with a UV dose of (a) 0 J em™2, (b) 0.05 J cm™, and (c) 0.6 ] cm™, respectively. The intensity of each fragment ion was
normalized by that of the AIOH" fragment ion. The colored areas show the standard deviations. Here, the profiles for depths >18 nm do not reflect
the actual situation because, in these cases, the AlO, layer was etched only negligibly. (d) The depth profile of the normalized C,H;0O,"/CsH,"
intensity in the PNDPE film at different UV doses. The colored areas show the standard deviations. (e) The normalized C,H;0,"/C¢H;" intensity
at a depth of 0—3 nm as a function of the UV dose. The V, value, which is the same as that in Figure 1g, is also shown for comparison. The colored
areas show the standard deviations. (f, g) Cross-sectional images of the normalized C;H;0,*/C¢H;" intensity in the PNDPE film and at the
PNDPE-AIQ, interface at the UV dose of (f) 0.05 ] cm™ and (g) 0.6 J cm™2.

—0.4 V at Vpg = 3 V when the UV dose was changed from 0 to
0.8 J/cm® The in-plane standard deviation was in the range of
32—87 mV. The shelf-life stability measurements indicated that
the deviation of the V,, of the n-type transistor was less than
250 mV over 90 days (Figure S6, Supporting Information). V,
drastically changed at the initial UV illumination, and then the
Voo shifts gradually saturated with the increasing UV dose;
these results are consistent with those observed for the p-type
transistors.>

To investigate the surface properties of the photochemically
(UV illumination) reacted PNDPE as well as to assess whether
the UV-illuminated pattern expanded with the increasing UV
dose, the PNDPE film was analyzed by TOF-SIMS. TOEF-
SIMS is a powerful tool and suitable for investigating the
chemical properties of polymer gate dielectrics because it can
distinguish the properties of a film surface, which forms a
semiconductor—dielectric interface, from that in a film, which
is ineffective for OTFT’s characteristics. First, mass spectra
were measured to understand whether the intensities of
fragment ions changed by UV illumination. Figure 2a,b shows
the mass spectra of the positive secondary ions at the surface of
the PNDPE film, both with and without UV illumination, in
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the range from m/z = 0 to 700. The insets in Figure 2a,b show
the expanded mass spectra in the range from m/z = 70 to 130.
For the TOF-SIMS measurements, Bi;** ions were used as the
primary ions owing to their suitability for the analysis of
organic molecules. Details of the measurement setup are
described in the Methods section. Considering the chemical
structure of PNDPE, the peaks at m/z = 93, 95, and 121
observed in the mass spectra can be ascribed to the CgH;O",
C¢H,0", and C;HO," ions, respectively. These ions were
possibly formed by the fragmentation of the carbonyl a-
cleavage in the side chain of PNDPE. In addition, a peak at m/
z = 77 was observed, which might have originated from a
C¢H;* ion. The C¢H," ions were possibly partially formed by
the fragmentation of the cleavage at the aromatic ester in the
PNDPE film without UV illumination and partially by the OH
bond cleavage and a-cleavage in the UV-illuminated PNDPE
film. The negative secondary ion mass spectra shown in Figure
S7 (Supporting Information) indicate the formation of
CH, O™ (m/z = 92), CiH,O™ (m/z = 93), and C,H,0,”
(m/z = 120) ions. We compared the intensities of the peaks
corresponding to these fragment ions obtained from the
PNDPE film with and without UV illumination, and the results
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Figure 4. Characteristics of the OTFTs fabricated on a single substrate. (a) A photograph of the 1341 OTFTs that include 72 inverters and 60 ring
oscillators (24 S-stage, 24 9-stage, and 12 17-stage) fabricated on a single substrate. The transistor TEGs are marked using orange squares. The red,
pink, and blue squares, representing the “enhancement-like mode,” “middle mode,” and “depletion-like mode” inverters, respectively, indicate that
the complementary inverters showed different characteristics at different UV doses given to the PNDPE film. Scale bar: 10 mm. (b) A photograph
of the ultraflexible device. (c—e) Forward and reversed transfer curves of the p- and n-type OTFTs indicate that the performances of the
complementary inverters can be tuned by varying the UV doses: (c) p-type: 0.1 J cm™2, n-type: 0.4 ] cm™%; (d) p-type: 0.25 J cm™2 n-type: 0.03 J
cm™; and (e) p-type: 0.6 J cm™, n-type: 0] cm™2, (N = 5). (f—h) Forward and reversed output characteristics of the p- and n-type OTFTs. The
UV dose is the same as that described in (c)—(e). (i, j) V., of the (i) n-type and (j) p-type OTFTs as a function of the fabrication position (N = 5).

are plotted in Figure S8 (Supporting Information). Figure 2c,d Furthermore, the photochemically reacted PNDPE film was
shows the intensities of the fragment ions obtained from the etched by Ar-ion clusters, and the corresponding depth profiles
UV-illuminated PNDPE, normalized by those obtained from and cross-sectional images were analyzed to evaluate the
the non-UV-illuminated PNDPE. The normalized intensity of surface properties of the films at the nanoscale. We focused on

the C;H;O," and C¢H;" ions, whose intensity ratios showed
the largest increment and decrement under UV illumination,
respectively. Figure 3a—c shows the depth profiles of the
C,H;0,", C¢H,*, and AIOH" ions at different UV doses. The
corresponding intensities were normalized by the points where
the intensity of the AIOH" ion signal was almost constant.
When the UV dose was increased, the normalized intensities of
the C,H;O," and C¢H;" ion signals increased and decreased,

the C,H;O," ion peak was 5S5. One of the possible reasons for
the intensity difference is the ionization efficiency of fragment
ions; for instance, salicylaldehyde shows the reference peak at
m/z = 122 (molecular ion), while phenylacetate shows the
reference peak at m/z = 93 (ascribed as a C¢gH;O" ion)."” The
ionization efficiency also depends on matrix effects and the
ease of vaporization of the fragment ions. The normalized

intensities of the C4Hs", CsH;O", and C¢H,0" ion peaks were respectively, across the PNDPE—AIO, interface. Here, we
0.35, 1.7, and 0.37, respectively. In terms of negative secondary considered a depth of 18 nm, where the normalized intensity
ions, the normalized intensities of the C;H,0™, C;H;O™, and of the AIOH" jon signal was approximately 0.5. Additionally,
C,H,0,” ion peaks were 5.7, 0.36, and 20, respectively. the profiles for depths >18 nm did not reflect the actual
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of the complementary inverter. (f) Peak power consumption of the complementary inverter at different doses as a function of Vyq (N = 6). The

error bars show the standard deviations.

situation because the AlO, layer was only negligibly etched
during these measurements. The observed steep increase in the
signal intensity near the surface can be attributed to the
measurement conditions, such as the difference in the
concentration of the Ar-ion clusters during the initial and
final sputtering.

To evaluate the progress of the photochemical reaction of
PNDPE as the influence of the intensity changes caused by the
measurement conditions was suppressed, we calculated the
C,H;0,"/C¢H;" intensity ratio. As shown in Figure S9
(Supporting Information), the depth profiles of the C;H,O"
ion, whose signal intensity decreased with UV illumination,
and that of the CcH;* ions were found to be almost uniform
across the PNDPE film when the corresponding intensities
were normalized by the intensity of the C4H;" ion signal. This
result suggests that normalization can reduce the influence of
intensity changes caused by the measurement conditions.
Figure 3d shows that the normalized C,H;0,"/C¢H;" ion
signal intensity obtained from the vicinity of the UV-
illuminated film surface was dependent on the depth of the
PNDPE film, while a negligible dependence of this intensity
ratio was observed for the non-UV-illuminated film. The
intensity obtained from the film with 0—3-nm-deep etched
profiles was 1.7 times higher than that obtained from the film
with 12—1S5-nm-deep profiles (Figure S10, Supporting
Information). Figure 3e compares the normalized C,H;0,*/
C¢H;" ion signal intensity with the V,, shift of the n-type
transistors as a function of the UV dose. The steep increase in
the normalized intensity between 0 and 0.05 J is consistent
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with the steep change in V. Based on these observations, it
can be stated that the photochemical reaction progressed more
near the PNDPE surface, i.e., the reaction rate of the film with
12—15-nm-deep is 60% when the one with 0—3-nm-deep is
defined as 100%, and that the V_, shift is correlated to the
interfacial photochemical reaction. We further investigated the
photochemical reaction of the PNDPE film from depth profile
imaging. As shown in Figure S11 (Supporting Information),
PNDPE was illuminated through a patterned metal mask.
Figure 3fig shows the cross-sectional images obtained by
summing the C,H;0,"/C4H;" ion signal intensities emitted
from a 500 ym X 200 pm area. In the cross-sectional images
without normalization, as shown in Figure S12 (Supporting
Information), the contrast between the illuminated and
nonilluminated areas is clearly visible, indicating that the
photochemical reaction occurred only in the illuminated area.
In addition, we confirmed that the photochemical reaction
progressed in the vicinity of the surface with the increasing UV
dose, which is consistent with the depth profile, and that the
UV-illuminated pattern near the surface did not significantly
expand with the increasing dose. In other words, the
photochemical reaction that shifts the V, of the transistors
occurred mostly within the UV-illuminated area near the
surface at the nanoscale. Therefore, it can be inferred that the
V,n of the OTEFTs, fabricated on a single substrate, is
controlled one-by-one by patterning the UV-illuminated area.

To demonstrate that the performances of the ultraflexible
organic integrated circuits can be tuned by the nanoscale
interfacial photochemical reaction, we fabricated complemen-
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Figure 6. Performance of the ring oscillator at different UV doses given to the PNDPE gate dielectric (different mode). (a) The schematic circuit
diagram of the ring oscillator and an external buffer, and the device photo of the 17-stage ring oscillator (channel width; p-type/n-type = 1:5). Scale
bar: 2 mm. (b, ¢) Output waveforms of the (b) “enhancement-like mode” and (c) “depletion-like mode” ring oscillators. (d) Stage delay of the ring

oscillator, with different modes, as a function of Vy,.

tary inverters and ring oscillators on a single substrate.
Complementary inverters are essential building blocks for
analogue and digital circuits because their static power
consumption is lower than that of unipolar inverters. Ring
oscillators are required for generating clock signals and are thus
useful for developing devices such as matrix arrays. Figure 4a
shows an optical image of the fabricated devices. In total, 1341
transistors consisting of 117 test element groups (TEGs), 72
inverters, and 60 ring oscillators (24 S-stage, 24 9-stage, and 12
17-stage) were fabricated over a large 6 cm X 10 cm substrate.
The inverters displayed in red, pink, and blue squares in the
expanded image showed different characteristics. The details of
the fabrication conditions are depicted in Figure SI13
(Supporting Information). As shown in Figure 4b, the circuits
were fabricated on an ultraflexible and biocompatible parylene
substrate, making them suitable for application in impercep-
tible biosensors. Figure 4c—e shows the transfer curves of the
p- and n-type transistors, which constituted complementary
inverters with three different characteristics. The V_, of the
transistors was controlled using five differently patterned metal
masks and by varying the UV dose. In the “enhancement-like
mode” inverters, the UV doses for the p- and n-type transistors
were 0.1 and 0.4 J/cm?, respectively, so that the V,, of both
transistor types was close to 0 V. V, = 0.01 and —0.48 V in p-
and n-type transistors, respectively. This configuration sup-
pressed the power consumption of the inverters. On the
contrary, in the “depletion-like mode” inverters, the UV doses
for p- and n-type transistors were 0.6 and 0 J/cm?, respectively,
to realize a V, that enabled both types of transistors to operate
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in depletion mode. V,, = 1.2 and —1.2 V in p- and n-type
transistors, respectively. In this configuration, the operating
speed of the inverters improved significantly. Therefore, Figure
4c—e indicates that the V,, shift originating from the
photopatterning of PNDPE can be utilized to tune the
power consumption and operating speed of inverters on a
single substrate. To simulate the input/output characteristics
of the complementary inverters, the output curves of the p-
and n-type transistors were measured at different doses, as
shown in Figure 4f—h. The output curves of the n-type
transistors are plotted as the output voltage, V. = Vpg, and
those of the p-type transistor are plotted as V_, = Vgq — Vpg.
In these figures, both transistor types show linear character-
istics in the nonsaturated regime, which is preferred for
deducing the rail-to-rail characteristics of the inverters.”' The
expected output voltage and through-current of the inverter are
shown by black circles, indicating the rail-to-rail characteristics
of the “enhancement-like mode” and “middle mode” inverters.
Figure 4ij presents the dependence of the V,, of both
transistor types on which position the transistors are fabricated
within the substrate. The transistor TEGs were fabricated on
the upper, center, and bottom parts of the substrate, as
displayed in the orange squares in Figure 4a. The V,, of both
transistor types showed no significant dependence on the
fabricated position on a single substrate. The maximum
standard deviations of V, for the n- and p-type transistors
were approximately 130 and 190 mV, respectively. Notably,
the deviation in V,, can be attributed to the handy-type lamp
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Figure 7. Mechanical flexibility test of the n-type OTFTs. The device photo of (a) the OTFT rolled up along a cylinder with a radius of 0.6 mm (R
= 0.6 mm) and (b) the crumpled (R = crumpling) OTFT. (c) Forward and reversed linear- and log-scale transfer characteristics of the n-type
transistor with and without UV illumination of the PNDPE film obtained for each bending test. (d) The V,, and (e) Ips plots of n-type OTFTs at

different UV doses for PNDPE under each bending test.

that radially irradiated the UV light on the films. Therefore, the
deviation in V,; can be reduced using a collimated light source.

We first demonstrated the tuning of the power consumption
by fabricating inverters with different operating modes. We
measured the characteristics of the complementary inverters at
different Vg4, as shown in Figure Sa—c. The operated inverter
characteristics are shown using solid lines in Figure Sa—c. The
device photo and circuit diagram of the inverter are shown in
Figure 5d,e. Negligible hysteresis was observed in the supply
voltage. The gray lines in Figure Sa—c show the through-
currents at Vyq. Figure Sf summarizes the power consumption
at the peak through-current calculated from six inverters. The
power consumption of the “enhancement-like mode,” “middle
mode,” and “depletion-like mode” inverters at Vg4 = 0.5 V were
220 + 46 pW, 770 & 21 pW, and 1.45 + 0.14 nW, respectively,
indicating that the power consumption was tuned by a factor of
approximately 6. Moreover, at Vg = 0.2 V, the minimum static
power consumption was 30 & 9 pW at transient and 4 + 1 pW
at standby when the “enhancement-like mode” inverters (N =
6) were used. To the best of our knowledge, this power
consumption is the lowest among those of the previously
reported flexible organic complementary inverters that include
polymer gate dielectrics (Table S1, Supporting Information).
In this study, the inverter was assumed to operate such that the
noise margin could be found by the “maximum equal criterion”
(Figure S14, Supporting Information).

The minimum driving voltages for the “enhancement-like
mode,” “middle mode,” and “depletion-like mode” inverters
were 0.2, 0.3, and 0.5 V, respectively. Because of these low
driving voltages, a variety of energy sources, such as biofuel
cells, can be used to drive these devices for a plethora of
applications.”” The difference between the minimum driving
voltages of the inverters with different modes can be attributed
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to the change in the resistive divider ratio of the transistors.
This implies that the resistive dividing ratio can be finely tuned
by controlling V.. The “enhancement-like mode” and “middle
mode” inverters almost showed a rail-to-rail operation, whereas
the “depletion-like mode” inverters did not show rail-to-rail
characteristics, which can also be attributed to the change in
the resistive dividing ratio. The trip point of the fabricated
inverters showed small deviations; all of the fabricated inverter
characteristics are shown in Figure S15 (Supporting
Information). The gains of the “enhancement-like mode,”
“middle mode,” and “depletion-like mode” inverters were 34,
22, and 14, respectively, at V4 = 4 V (Figure S16, Supporting
Information).

Furthermore, the operating speeds of the inverters and ring
oscillators could be tuned using inverters with different
operating modes. We measured the stage delay of the ring
oscillators, i.e., the delay time per inverter. Figure 6a shows the
circuit diagram and optical image of a 17-stage ring oscillator.
We fabricated a variable channel width in the n-type transistors
(140, 420, 700, and 1120 pm), and the transistor with a
channel width of 700 ym (channel width; p-type/n-type = 1:S)
is shown in Figure 6a. Varying the channel width of the n-type
transistors did not produce significant deviation in their V, as
shown in Figure S17 (Supporting Information). Figure 6b,c
shows the output waveforms of the ring oscillators consisting
of the “enhancement-like mode” and “depletion-like mode”
inverters, respectively. The ring oscillators were passivated with
a metal encapsulation layer to evaluate their performance
under more stable conditions. The oscillations were observed
even at low supply voltages of 0.3 and 0.5 V for the
“enhancement-like mode” and “depletion-like mode” inverters,
respectively, with an almost rail-to-rail swing. The n-type
transistors with different channel widths also showed
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Figure 8. EMG measurements using a complementary organic inverter. (a) The experimental setup to measure EMG signals from the arms of the

subject, a healthy woman. One of the two electrodes was for V;, and

V.

o and the other was connected to the ground (GND). A “depletion-like

mode” inverter was used as the amplifier. (b) Power spectra of the EMG signals before and after the amplification. (c) Reference and output EMG
waveforms before and after the amplification. The dotted vertical lines represent the peaks of the EMG signals and confirm the relation between the
two signals. The compound action potentials were extracted by squeezing the muscles.

oscillations, as shown in Figure S18 (Supporting Information).
The oscillation frequency increased as the channel width
increased because of the larger transconductance of the n-type
transistors.

Figure 6d shows the relationship between the stage delay
and Vy, of the “enhancement-like mode,” “middle mode,” and
“depletion-like mode” ring oscillators (channel width; p-type/
n-type = 1:5). The stage delay was systematically tuned by
controlling the V,, of the transistors. The stage delay t; was
calculated as t; = 1/(2Nf), where N is the number of inverter
stages and f is the measured oscillation frequency. It was
observed that at Vg = 0.5 V, the “enhancement-like mode,”
“middle mode,” and “depletion-like mode” ring oscillators
showed stage delays (oscillation frequencies per stage) of 37
ms (14 Hz), 11 ms (45 Hz), and 8.4 ms (59 Hz), respectively.
Thus, the operating speed was tuned by a factor of
approximately 4. The “depletion-like mode” ring oscillator
showed the smallest stage delay, mainly because of the largest
transconductance of the transistors. This phenomenon can be
explained by the theory reported by Zschieschang et al., who
mention that the stage delay of a ring oscillator is inversely
proportional to the transconductance of transistors.”’ Because
the transconductance increases with the absolute value of Vg

V. the depletion-mode transistors, which have the
maximum absolute value of Vg — V_, at a certain Vg, show
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the largest transconductance. At Vyq = 2.5V, the stage delay of
the “depletion-like mode” ring oscillators was 919 pus,
suggesting that the complementary circuits can be applied to
physical signal measurements, such as in electromyography.
The yields of the ring oscillators fabricated on three substrates
were high: the yields were 93.1% (67 of 72), 98.6% (71 of 72),
and 69.4% (25 of 36) for the S-, 9-, and 17-stage ring
oscillators, respectively. Because the yields of the 117 TEGs
and 72 inverters were 100%, the reduced yield of the ring
oscillators could be attributed to the noise margin of the
inverters.

The fabricated devices are suitable for application as
imperceptible wearable sensors because of their high
mechanical flexibility. To assess the mechanical flexibility of
the n-type transistors, bending tests were performed. The
mechanical flexibility of the p-type transistors was assessed in
our previous study.” We compared the transistor character-
istics derived with and without bending. For comparison, the
characteristics were first measured by placing the transistors on
a flat surface (R = infinity), then again measured after rolling
them along a cylinder with a radius of 0.6 mm (R = 0.6 mm),
and finally, after crumpling (R = crumpling), as shown in
Figure 7a,b. Figure 7c shows the transfer characteristics of the
UV-illuminated and non-UV-illuminated n-type transistors
obtained from each bending test. The transistor characteristics,
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ie, V,, and Ips did not change significantly after the
transistors were rolled up as well as after they were crumpled.
Figure 7d,e shows the V_, and Ipg plots at each bending
condition, indicating that V, and Ig were almost identical in
each test. The V_, of the transistors with and without UV
illumination changed to 5 and 45 mV, respectively, after the
test under the condition R = 0.6 mm and to 4 and 27 mV,
respectively, after the test under the condition R = crumpling,
The Ipg of the transistors with and without UV illumination
changed by 1 and 7%, respectively, under the condition R = 0.6
mm and by 4 and 10%, respectively, under the condition R =
crumpling. Furthermore, we performed cyclic bending tests to
investigate the bending durability. The device was attached to
a bending machine, in which the bending radius was set to 1
mm, as shown in Figure S19a,b. The transfer curves of the
OTFTs were measured in intervals of 200 bending cycles up to
1000 cycles. Figure S19¢,d shows the V., and lIgl plots
normalized by the results when the bending cycle was 0.
Negligible changes in V,, and IIpgl were observed after the
1000 bending cycles. Thus, these results, together with the
previously demonstrated high mechanical flexibility of p-type
transistors (demonstrated in our previous study), validate the
ultraflexibility of the fabricated organic complementary circuits.

Finally, we demonstrated that the nanoscale interfacial
photochemical reaction for the OTFTs can facilitate biosignal
measurements. In this study, we measured EMG signals, which
have a high-frequency component among biological signals,
and demonstrated that the “depletion-mode” inverter (high-
speed inverter) can measure the EMG signals more accurately
than the “enhancement-mode” inverter (low-power inverter).
As shown in Figure 8a, two electrodes were attached to the
arms to extract the EMG signals. The compound action
potentials were generated by squeezing the muscles in the
arms. The input EMG signals (V,,) were passed through a
complementary organic inverter and then extracted as output
(Vo) through a buffer circuit and a two-channel analogue-to-
digital converter (PowerLab, AD instrument, Dunedin, New
Zealand). The reference EMG signals (V) were monitored
via another wire without passing them through the inverter. A
“depletion-like mode” inverter was used as an amplifier, which
is suitable for measuring high-frequency signals, including the
EMG signals. The two supply voltages (Vg4 and V) were
input while satisfying the relation Vg4 — V; = 4 V such that the
voltage of the input EMG signals would meet the trip point of
the inverter. Figure 8b compares the power spectra of V¢ and
Vour The frequency components of the measured signals are
broad in the near DC to 100 Hz range, suggesting that these
are surface EMG signals; the power amplification gain is ~100.
For comparison, Figure S20a shows the power spectra of V.
and V,, obtained using an “enhancement-like mode” inverter.
Figure 8c shows the EMG waveforms as V¢ and V. A clear
difference is observed between the resting potentials and the
compound action potentials. The expanded compound action
potentials between 0 and 0.5 s are displayed and compared as
V.ef and V,, indicating that the waveforms are well consistent.
The coefficient of correlation between V. and V_, is —0.73.
Figure S20b shows the V¢ and V,,, waveforms obtained when
the enhancement-like mode inverter was used. Although
amplification is evident in some peaks, the correlation
coefficient is —0.43. This result indicates that for EMG
measurements, signal amplification can be obtained only using
a “depletion-like mode” inverter. Notably, the power
consumption is estimated to be 640 nW for the “depletion-
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like mode” inverter and 380 nW for the “enhancement-like
mode” inverter; the “enhancement-like mode” inverter shows
lower power consumption. Therefore, it is preferable to use the
“enhancement-like mode” inverter for measuring biosignals
with low-frequency components, such as chemical signals.
These results collectively indicate that nanoscale interfacial
photochemical reactions for OTFTs can be used for tuning the
circuit performances according to the target biosignals.

B CONCLUSIONS

In this study, the power consumption and operating speed of
ultraflexible organic circuits integrated on a single substrate
were finely tuned through a nanoscale interfacial photo-
chemical reaction with a photoreactive gate dielectric, PNDPE.
Organic complementary inverters and ring oscillators were
fabricated on a large area (6 cm X 10 cm) and an ultraflexible
(total thickness < 2.4 um) single substrate. The V,, of the n-
type OTFTs was controlled from —12 to —0.4 V with a
standard deviation of 32 to 87 mV by changing the UV dose.
TOF-SIMS analysis of the fabricated circuits implied that the
V,, of the OTFTs, fabricated on a single substrate, is
controlled one-by-one by patterning the UV-illuminated area
and that the V_, shift is correlated to the interfacial
photochemical reaction. The power consumption and
operating speed of the inverters were tuned by a factor of
approximately 6 and 4, respectively, on a single substrate. A
minimum power consumption of 30 + 9 pW at its transient
and 4 + 1 pW at standby was observed using the
“enhancement-like mode” inverters, indicating that among
the known OTFTSs containing polymer gate dielectrics, our
“enhancement-like mode” devices consume the lowest amount
of power. Within the tuning range of the inverter operating
speed, the “depletion-like mode” inverters exhibited a
minimum stage delay time of the order of hundreds of
microseconds at a supply voltage of 2.5 V. The fabricated
inverters were operated at 0.2 V, and thus a large number of
energy sources can be used to drive these devices, including
biofuel cells. The fabricated devices show high mechanical
flexibility. Furthermore, we demonstrated EMG measurements
with PNDPE, suggesting that the nanoscale interfacial
photochemical reaction for OTFTs can be used for tuning
the circuit performances according to the target biosignals. The
demonstrated nanoscale interfacial photochemical reaction
with PNDPE is expected to propel the development of
imperceptible wearable multimodal sensors containing organic
signal processing circuits for long-term monitoring with low
power consumption.

B METHODS

Materials. Parylene (diX-SR) was provided by Daisan Kasei
(Tokyo, Japan). DNTT was purchased from Nippon Chemical
Industrial Co., Ltd (Tokyo, Japan), TU-1 was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), and Cytop was
purchased from AGC Inc. (Tokyo, Japan). PNDPE was synthesized
according to a previously reported procedure.’® In this case,
powdered PNDPE was dissolved in anisole at a concentration of 10
mg mL™' and sonicated for several hours. The solution was then
stored in the dark for a few days and subsequently filtered by a mesh
with a 45-um pore radius.

Device Fabrication. The devices were fabricated using a
previously reported process, as described here.> First, a thin layer
of Cytop was spin-coated on a fluorinated glass substrate, followed by
the formation of an ultraflexible 1-um-thick parylene film by chemical
vapor deposition (SCS Labcoter, Specialty Coating Systems Inc.,
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Indiana). Next, a 100-nm-thick aluminum gate electrode was
thermally evaporated, through a shadow mask, using a vacuum
evaporator (EX-200, ULVAC, Inc., Kanagawa, _]apan). The aluminum
gate electrode was anodized using citric acid (500 mL, 1 mmol) as the
electrolyte and a Pt electrode as the cathode to form an alumina
(AlO,) layer, which was then treated with oxygen plasma at 100 W for
30 s to reduce the impurities on it. The PNDPE was then spun at 500
rpm for S s and at 3000 rpm for the next 20 s. The PNDPE films were
baked at 60 °C for 1.5 h to reduce the residual solvent. A handy-type
Hg lamp (4, = 254 nm, P = 0.2 mW cm™ at the sample surface)
(SUV-16, AS ONE CORPORATION, Osaka, Japan) was used to
illuminate the films through shadow masks to induce the photo-Fries
rearrangement. Then, 20-nm-thick DNTT and TU-1 layers were
thermally evaporated at an evaporation rate of 0.03 and 0.01 nm s,
respectively. Next, the source and drain electrodes were formed by
thermally evaporating gold at a substrate temperature of —10 °C to
suppress the thermal expansion of the shadow masks. The device was
passivated by a 1-um-thick parylene film to place the device at a
neutral strain position. Finally, the source and drain electrodes were
extracted out through holes formed by a 532 nm laser (T-Centric
MD-T1000W, KEYENCE CORPORATION, Osaka, Japan) and the
gold layer on the top of the device.

Measurements and Analyses. To measure the thickness of the
PNDPE film formed on the silicon surface, it was first scratched by a
brass tweezer and then scanned by a stylus surface profiler
(DektakXT, Bruker Corp., Massachusetts). The transfer and output
curves of the transistors were measured by a semiconductor parameter
analyzer (B1500A, Keysight Technologies, Inc., California). V,, was
defined as the cross-section point between the subthreshold slope and
the 107'% A current line. The mass spectra and depth profile images
were acquired by TOF-SIMS (TOF.SIMSS, ION-TOF GmbH,
Muenster, Germany), in which Bi;** ions were used as the primary
ions. The acceleration and post-acceleration voltages of the Bi;"* ions
were 25 and 9.5 kV, respectively. The pulse width of the launched
Bi;*™* ions was 17.8 ns, which was compressed by bunching. The
positive and negative secondary ions were scanned in an area of 300
um?. In total, 16 scans were performed with 256 pixels per scan. The
vacuum pressure was less than 4 X 1077 Pa. The PNDPE film was
formed on a highly doped silicon and silica substrate to suppress the
charging. To evaluate the operation speed of the ring oscillator
precisely, a commercially available voltage buffer was installed at the
last stage of the ring oscillator. To obtain the depth profile and cross-
sectional images, the PNDPE films were etched by Ar-ion clusters. A
cyclic bending test was performed with a bending machine (Tension-
Free Folding Clamshell-type Jig DMX-CS, Yuasa System Co., Ltd.,
Okayama, Japan). The transistors were set to the folded position of
the machine such that the bending radius was 1 mm. In the EMG
measurements, the offset voltages of V¢ and V,, were suppressed by
differentiating the results with the moving average. V¢ and V,,, were
filtered through a mains filter.
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