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Organic electrochemical transistors (OECTs) can be used to create

biosensors, wearable devices and neuromorphic systems. However,
restrictions in the micro- and nanopatterning of organic semiconductors,
aswell as topologicalirregularities, often limit their use in monolithically
integrated circuits. Here we show that the micropatterning of organic
semiconductors by electron-beam exposure can be used to create
high-density (up to around 7.2 million OECTs per cm?) and mechanically
flexible vertical OECT arrays and circuits. The energetic electrons convert
the semiconductor exposed area to an electronic insulator while retaining
ionic conductivity and topological continuity with the redox-active
unexposed areas essential for monolithic integration. The resulting

p-and n-type vertical OECT active-matrix arrays exhibit transconductances
of 0.08-1.7 S, transient times of less than 100 ps and stable switching
properties of more than 100,000 cycles. We also fabricate vertically stacked
complementary logic circuits, including NOT, NAND and NOR gates.

Organic electrochemical transistors (OECTs) and other organic
semiconductor-based electronic components have the potential
to be of use in the development of wearable electronics' >, biosen-
sors*” and neuromorphic devices®°, due to properties such as low
driving voltages, excellent amplification and sensing capabilities,
structural versatility and potential for high-throughput produc-
tion" ", Recently, the development of conventional OECTs (cOECTs),
which have a coplanar source-drain electrode architecture, has led
to improved transconductance (g,,,) and switching speed metrics.
However, with a few notable exceptions®*", cOECTs have limited
temporal and/or operational stability, slow redox processes and poorly
balanced p-(hole-transporting)/n-(electron-transporting) OECT per-
formance. Thisrestrictsimplementationinadvanced signal processing

for bioelectronics and multiplexed state-of-the-art electronics'®8,
Moreover, this architecture severely limits geometric fill-factors for
high-resolution and compact complementary circuits. To address
these issues, vertically stacked OECT architectures (vertical OECT,
vOECT) have been developed®" . However, creating scalable pat-
terning methods for the semiconductor materials and optimizing
the architectural topology for efficient monolithic integration, is
technologically challenging for VOECTs. Such capabilities will though
berequired to achieve complex, high-density OECT arrays/circuits for
multifunctional data analysis™ ™.

While epitaxial silicon-based and inorganic semiconductors have
used photolithography to shrink transistor channel length and pat-
tern all circuit materials, this approach is problematic for organic
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Fig.1|Fabrication and monolithicintegration of VOECTs using e-beam
patterning. a, Cross-sectional illustration of the VOECT architecture used in

this study demonstrating the topologically continuous OSC film through the
in-channel active and out-of-channelinactive regions. b, VOECT fabrication
process: (i) thermal evaporation/photolithographic patterning of the bottom
source electrode; (ii) spin-coating of the organic semiconductor (OSC); (iii) direct
e-beam OSC patterning; (iv) active (e-beam unexposed) and inactive (e-beam
exposed) OSCs; (v) thermal evaporation/patterning of the top drain electrode; (vi)
application of a phosphate buffer solution (PBS) as the electrolyte and an
Ag/AgClgate electrode. ¢, lllustration of a vOECT array. d, Chemical structures
of the p-/n-type OSC polymers, gDPP-g2T and HOMO-gDPP, respectively, and the
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crosslinkable polymer Cin-Cell. Note, the OSC film is composed by a 9:2 weight
blend of bgDPP-g2T or bHOMO-gDPP and Cin-Cell to enhance the functional
stability of the device as described in ref. 21. e, CPOM images of abgDPP-g2T
VOECT through different fabrication stages (W =d =10 pm). f, CPOM image of a
bgDPP-g2T film after direct e-beam exposure. g, CPCOM image (top) and surface
height profile along the cutline (bottom) of abgDPP-g2T film. h-k, Transfer
characteristics of bgDPP-g2T (h) and bHOMO-gDPP (j) VOECTs before and after
0OSC patterning with a dose of 300 uC cm™. I, is the drain current. Dependence
of the g, and /,,,;on the e-beam dose for bgDPP-g2T (i) and bHOMO-gDPP (k)
VOECTs (error bars represent standard deviation for n =20, mean +s.d.).

semiconductors due to their limited chemical orthogonality with
photoresists and typical contamination of the channel material’*%. In
addition, conventional photolithography with such semiconductors
does not address the topological irregularities that prevent vVOECT
integration into active-matrix circuits. Thus, alternative micro- and
nanofabrication strategies for patterning organic semiconductors
for vOECTs will be required for integration as well as to suppress
parasitic/off-currents, reduce crosstalk between neighbouring

devices and minimize power consumption in high-resolution OECT
circuitarrays.

In this Article, we report monolithically integrated high-density
p-and n-type vOECT active-matrix arrays and complementary logic cir-
cuits. The devices are fabricated using direct electron-beam exposure
ofboth p-and n-channel organic semiconductor (OSC) films. Whileit is
known thate-beamlithography (eBL) can pattern many types of organic
and inorganic materials via different types of negative and positive
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Fig.2|vOECT ionic and electronic transport characterization and transient
response stability. a,c, Vertical impedance (Z) spectra of p- (a) and n-type (c)
OSCsatd.c.biasof 0.5 Vand -0.7 Vrespectively. b,d, Lateralimpedance spectra
of p- (b) and n-type (d) OSCs at 0.0 Vd.c. bias. The insets inaand b are the vertical
and conventional (lateral) EIS testing configurations, respectively. Inb, 300*
represents data collected when excess electrolyte was removed from the OSC.
All datawere collected in 0.1 M NaCl (aqueous) witha 0.02 V a.c. oscillation
amplitude. e,f, Transient response of bgDPP-g2T (e) and bHOMO-gDPP (f)
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VOECTSs. For the p-type bgDPP-g2T vOECTSs, V; is switching between 0 Vand
-0.5Vwith V,=-0.5V, and for the n-type bHOMO-gDPP vOECTs, V is switching
between 0 Vand +0.7 Vwith V,=+0.5V.g,h, Dependence of transient time

on channel dimensions for bgDPP-g2T (g) and bHOMO-gDPP (h) vVOECTs

(error bars represent standard deviation for n = 20, mean * s.d.). i,j, Cycling
stability (frequency of 10 Hz) of bgDPP-g2T (i) and bHOMO-gDPP (j) VOECTs.
Inalldevices W=d =10 um, L =100 nm, dose = 300 pC cm™.

resist chemistries”®*’, our eBL patterning-based approach offers three

additional advantages. First, semiconductor patterning is achieved
without using masks, resists, developing solvents or stripping; instead,
the OSC out-of-channel regionis directly exposed to the e-beam, mak-
ing it electronically inactive (insulating) but still ionically conduc-
tive. This eliminates the need for chemical solvents that can damage
the OSC and produce additional chemical waste. Second, ultra-small
and high-density VOECTSs can be fabricated with well-defined and
patterned electronically active (conducting) channel regions due
to the high-resolution of e-beam exposure (down to the submicro-
metre scale). Third, multilayer integration of high-performance and
high-density OECT structures is now possible due to the presence of a
planarized OSC films, which are topologically smooth and continuous.
With the approach, we fabricate monolithically integrated OECT arrays
with transconductances ranging from 0.08-1.7 S, transient times below
100 ps, densities up to~7.2 million OECT cm™and stabilities of greater
than100,000 cycles.

Semiconductor film patterning

The schematic representations and fabrication of asingle vOECT and
amonolithically integrated vOECT array are shown in Fig. 1a—c (see
Methods for details). As OSC channel materials, we employ recently
developed blends consisting of a redox-active polymer, gDPP-g2T
for the p-type OECTs and HOMO-gDPP for the n-type OECTs, with
a redox-inert photo-crosslinkable cinnamate-cellulose polymer
(Cin-Cell) in an optimal weight ratio of 9:2 (ref. 21) (Fig. 1d). Note,
unless specifically indicated, all experiments were carried out using
blends of OSC + Cin-Cell, which we refer to hereafter as bgDPP-g2T and
bHOMO-gDPP. The OSC films were deposited by spin-coating the cor-
responding blend solution onto an Ausource electrode (or Au parallel
line electrodes for arrays) which is (are) patterned by conventional
photolithography (see cross-sectional scanning electron microscopy
(SEM) images in Supplementary Fig. 1). Next, the area outside the
channel region(s) is e-beam irradiated (up to 1,000 pC cm™), which
is an energy exceeding those of typical C-C (3.63 eV), C-H (4.25 eV),
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Fig.3| Characterization of e-beam unexposed and exposed OSC films.

a,b, Out-of-plane one-dimensional line-cuts for GIWAXS patterns of bgDPP-
g2T (a) and bHOMO-gDPP (b) films under different e-beam doses. g is the wave
vector. ¢,d, FTIR spectra of bgDPP-g2T (c) and bHOMO-gDPP (d) films under
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different e-beam doses. e-h, Deconvoluted XPS spectra of bgDPP-g2T filmsin
the spectral regions of C1s (e,g) and S2p (f,h) before (e,f) and after (g,h) e-beam
exposure (dose =300 pC cm™).

C=C (6.34 eV) and C=0 (7.59 eV) bonds*’. Thus, e-beam exposure can
disrupt charge transport in the exposed region by a combination of
several mechanismsincluding chemical bond scission, new bond for-
mation and disruption of crystalline order®. A second perpendicularly
arranged Audrain electrode (Aulines) is (were) thermally evaporated
and patterned by photolithography, yielding devices with a channel
length (L) corresponding to the OSC film thickness (-100 nm) and
achannel area (W x d, see Fig. 1e) given by the overlap between the
two Au lines (in most experiments, 10 pm x 10 pm). Figure 1e,f shows
the cross-polarized optical microscopy (CPOM) images during/after
VOECT fabrication which indicate that upon e-beam irradiation, the
semiconductor film loses typical strong birefringence character-
istic of the ordered semicrystalline morphology. Note, the e-beam
exposure also allows submicrometre patterning of both bgDPP-g2T
and bHOMO-gDPP as shown in the CPOM images of Fig. 1g (top) and
Supplementary Fig. 2, respectively. The device (array) is completed
by dispensing a PBS electrolyte solution and using an Ag/AgCl gate
electrode. Note, achieving patterned electronically active islands
surrounded by electronically inactive areas, which are continuous
and non-relief as shownin the linecut of Fig. 1g (bottom) is key to the
present system-level circuit integration.

Representative transfer characteristics and electrical per-
formances of unpatterned/e-beam patterned bgDPP-g2T and
bHOMO-gDPP vOECTs at different e-beam doses are shown in Fig. 1h-k
and Supplementary Fig. 3 with all performance parameters collected
in Supplementary Table 1. These data demonstrate excellent switch-
ing behaviour for both p- and n-type patterned devices, achieving
maximum drain currents (/oy) 0f 1.7 x 102 A (drain voltage (V) =-0.5V,
gate voltage (V;) =-0.5V) and 4.3 x102 A (V,=+0.5V, V;=+0.7V),
respectively, with transconductances (g,,) of 82.9 mS and 45.1 mS,
respectively. Note, the performance parameters stabilize at a dose of
~300 uC cm?, while without patterning of the semiconducting layer
comparableg,, values are achieved (72.7 mS and 41.1 mS, respectively),
but the on/off current ratios (Ioy/ors) are remarkably lower (4.1 x 10*
and 9.9 x10° (unpatterned) versus 1.3 x 10° and 1.5 x 108 (patterned),
respectively). In addition, the gate leakage currents for both p- and
n-type vVOECTs are decreased after patterning of the OSC layer (<1076 A
(unpatterned) versus 107 A (patterned)). Thus, this channel pattern-
ing procedure substantially decreases both the off current (/o) and

the gate current (/;), which are known to increase circuit static power
consumption, and simultaneously suppresses crosstalk in the present
OECT arrays. Inaddition, area-normalized g, (8, ) and /oy (/oy 4) Values
for p- and n-type VOECTS, given by g, » = 8./(Wd) and Iy 5 = Ion/(WA)
(ref.31), are 829 uS pm2(16.7 kA cm™) and 451 pS pm2 (4.3 kA cm™),
respectively. Asa control, vVOECTs were also fabricated by e-beamirra-
diation of the entire semiconductor film, including the channel, and
were found to be essentially inactive (Supplementary Fig. 4). Thus, in
the present VOECT architecture the semiconductor channel areais only
‘electronically patterned’ while remaining physically connected to the
e-beam exposed, and electronically inactive, out-of-channel region.

Ionic and electronic charge transport

Animportant question here is whether the e-beam exposed vVOECT
area remains ionically conductive since this would also allow ions
to enter the device channel over the entire perimeter defined by
the crossed electrodes, versus only two segments as in our previ-
ously reported vOECT architecture (see cartoon in Supplementary
Fig.5)* . Tovalidate the ionic transport efficiency in the OSC, elec-
trochemical impedance spectroscopy (EIS) measurements were car-
ried out for both p- and n-type semiconductor films as a function of
e-beam exposuretime. EIS experiments were conductedin vertical and
lateral configurations (Supplementary Fig. 6)*°. Impedance-frequency
spectra of both bgDPP-g2T and bHOMO-gDPP show a clear increase
inimpedance at 0.5 Vand -0.7 V, respectively, confirming that elec-
tronic charge coupling is reduced by e-beam exposure (Fig. 2a,c). For
bgDPP-g2T, this change in material behaviour is seen more obviously
inthelateral EIS, where the shape of theimpedance spectrum changes
entirely, as seen in the large increase in impedance (Fig. 2b). Fitting
this curve to an equivalent circuit, it can be seen that the electronic
impedance across the filmincreases 100,000-fold after e-beam expo-
sure (Supplementary Table 2). Fits of the ionic resistance, however,
show that it remains relatively unchanged at 4.1 kQ and 4.4 kQ for
neat and exposed samples, respectively. Due to the higher threshold
voltage of the n-type, the deviceis ‘off” at 0 V before and after e-beam
exposure. As such, it is not unexpected to see smaller differences in
the spectrameasured on the lateral devices, where both show limited
electronic conductivity and similar ionic conductivity (Fig. 2d and
Supplementary Table 2). Thus, we confirm that e-beam irradiation

Nature Electronics | Volume 7 | March 2024 | 234-243

237


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-024-01127-x

a b c
! W=d=10 ym
gy (MS) 10 Vp=-07V
80~
8078 o0
7875 <
75-72 £
72-70 10
70
Tcm 10° 5
:.6 -o.z; ;o.z 0 ) .2
Vs (V)
d f
W Y oRdlidS £ N aiaiates
EENRENEEEN BAE RS !g!}
EEEN | &!:!Q
EEEEEEEEN "h'ﬁ"'
EEEEEEEESE ‘&E%Ss.n‘
EE AR EEEEN !g?g
EEE RN EEN L L Bl
EEE . 1 i:‘ﬁg
EEEEEEEEN 'ig-::’ﬁf
EEEEERNEE g’
9 l 60 gm=84<2114A976mS VT=—O.11tOAO173V
DL1 > 25 |
¥ XX
DL2 QV}V} V> Esof 120
X A S
DL3 V> V> V> V} 10
T T RS 15 -
RIS Ti0S )
DL10 ‘ ‘ ‘ ‘
O3o 60 90 120 -02 -01 O °
SL1 SL2  SL3 SL10 g,, (mS) v, (V)

Fig. 4 | High-density monolithically integrated vOECT arrays fabricated by
e-beam exposure. a, Photograph of 2-inch wafer-scale vOECT arrays comprising
bgDPP-g2T OECTs. Inset, zoomed-in microscope image of the vVOECT arrays.

b, Transconductance map of the wafer-scale VOECTSs; the spots indicate the
measured devices. ¢, Transfer characteristics of 100 bgDPP-g2T vOECTs
(W=d=10 pm).d-f, Low (d) and high (e) magnification optical microscopy

images, and CPOM image (f) of abgDPP-g2T vOECT array. g, Circuit schematic
of10 x 10 vVOECT active-matrix arrays (DL = drainline, SL = source line).

h, Transconductance distribution in the 10 x 10 bgDPP-g2T vOECT arrays.

i, Statistical distribution histograms of transconductance (left) and threshold
voltage (right) for 100 devices, which are all functioning.

maintains theionic conductivity of both p- and n-type organic semi-
conductor blends.

In addition, the /oy, g, and transient response times of the pre-
sent VOECTs with respect to the semiconductor channel dimension
were also analysed (Fig. 2e,f and Supplementary Fig. 7). We find that
Ion/8m of both p-vOECTs and n-type VOECTs increase linearly from
9.2x107%A/42.7mS t0 3.6 x10 A/L.7 S and from 2.3 x102 A/24.2 mS
t0 9.1x1072A/0.7 S, respectively, while the turn-on (z,y)/turn-off
(Torp) transient times decrease from 607/112 pis to 87/24 ps, and from
479/56 us to 65/13 ps, respectively, as the W x d channel dimension is
decreased from 200 x 200 to 5 x 5 um? (Fig. 2g,h and Supplementary
Fig.8),aresultinaccord with fasterion exchangeinsmaller devices and
among the shortest reported values for OECTs and comparable with
state-of-the-art electronics®?* *2, Furthermore, the transient response
characteristics were also measured to demonstrate the stability of both
the p- and n-type vOECTs. As shown in Fig. 2i,j, the present vVOECTs
sustain more than 100,000 repeated switching cycles with negligible
performance degradation, thus being among the most stable OECT
devices reported to date*™**,

Semiconductor film characterization

Before attempting monolithic integration, the effects of OSC e-beam
exposure were investigated by multiple techniques to understand the
origin of the semiconductor electronic patterning. Two-dimensional
grazingincidence wide-angle X-ray scattering (2D-GIWAXS) patterns
ofthe pristine/unexposed bgDPP-g2T and bHOMO-gDPP films exhibit
strong out-of-plane and in-plane reflections typical of these semicrys-
talline polymers (Supplementary Fig. 9)*". Upon e-beam exposure the
intensity of all reflections falls as the e-beam dose increases from 50
t01,000 pC cm2, as shown in the GIWAXS one-dimensional line-cuts
of both polymers (Fig. 3a,b). Amorphization can occur via molecu-
lar reorganization and/or chemical decomposition. To address this
point, Fourier transform infrared (FTIR) spectroscopy, ultraviolet
(UV)-visible-near IR spectroscopy and X-ray photoelectron spectros-
copy (XPS) measurements were carried out. The FTIR spectra of the
semiconductor films show strong absorptions at 2,800-3,000 cm™,
1,500-1,700 cm™and 1,000-1,200 cm™ assignable to C-H, C=C/C=0
and C-C/C-0 stretching modes in these polymers* (Fig. 3¢c,d). The
intensity of all peaks decreases uponincreasing the e-beamirradiation
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c,d, Transconductance profile of 16 x 16 VOECT arrays before (c) and after (d)
semiconductor channel patterning via e-beam exposure. e,f, Optical images

of afree standing flexible VOECT array delaminated from the glass carrier
substrate (e) and laminated to a fig leaf (f). g, Change of transconductance
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15 12 5

and threshold voltage during in situ bending tests of a flexible bgDPP-g2T
VOECT array as a function of bending radius. h, Change of transconductance
and threshold voltage of bgDPP-g2T vOECTs under mechanical strain (bent at
0.5 mmradius) during 1,000 cycles. g,h, Error bars represent standard deviation
forn=20, mean t s.d. Inset, opticalimage of the flexible VOECTs. In all devices
W=d=10 pm,L =100 nmand dose =300 pC cm™.

dose while abroad peak appears and intensifies at 2,800-3,000 cm™
(Supplementary Table 3). The latter can be assigned to one or more
O-H stretching modes. Interestingly, the intensity of the peaks at
1,000-1,200 cm™ decreases to a greater extent than those of the oth-
ersindicatingthat most of the e-beam promoted reactions occurs at/
near the C-Obonds, and therefore in the DPP portion of the polymer.
In addition, UV-visible-near infrared spectra of the polymer films
indicate that the strong intramolecular charge transfer absorption
bands at 890 nm for bgDPP-g2T and 975 nm for Homg-gDPP decrease
inintensity (-85% and ~86%, respectively) and blue-shifts (811 nm and
838 nm, respectively) as the e-beam dose reaches 1,000 nC cm?>2,
suggesting that reactive species disrupt the polymer backbone
T-conjugation (Supplementary Fig. 10 and Supplementary Table 4).
Furthermore, XPS measurements in Fig. 3e~h and Supplementary
Fig. 11 reveal the incorporation of oxygen as evidenced by formation
of completely new peaks in the Cls, S2p and Ols at binding energies
0f 289.76 eV (C(=0)-OH), 168.16 and 169.34 eV (5-O) and 535.70 eV
(C(=0)-0OH), respectively (Supplementary Table 5). Finally, film mor-
phology accessed by atomic force microscopy (AFM) (Supplementary
Fig.12) indicates phase separation between the p-/n-polymer and the
Cin-Cell additive inboth pristine/e-beam exposed blends, as reported
for the e-beam unexposed films in our previous work?. Interestingly,
the root-mean-square roughnesses of these films decrease from
3.1t02.6 nm (bgDPP-g2T) and 3.7 to 3.2 nm (bHOMO-gDPP) upon expo-
sure, in accord with reduced texturing of the e-beam exposed films
(Supplementary Table 6). Overall, the chemical and physical analyses
support the model in which semiconductor film electronic pattern-
ing and amorphization, mainly occur via backbone deconjugation
upon uptake of oxygen as hydroxylated species and not backbone/
chain fragmentation.

High-resolution vOECT active-matrix arrays
Next, VOECT active-matrix arrays of varying dimensions (W=d =10 pm,
metal line separation =10 pm) were fabricated to demonstrate

monolithic integration with an OECT density of 3.6 M cm™and to
analyse response statistics at both the macro- and micro-scale (see
optical microscope images in Fig. 4a). First, for abgDPP-g2T (p-type)
1,440 x 1,440 vOECT array fabricated on a 2-inch wafer (>2 M vOECTSs),
the transfer characteristics of 100 devices across the entire area were
measured to assess reliability (Fig. 4b,c) and exhibit outstanding device
uniformity with anaverage g,,0f 85.7 + 14.8 mS and a threshold voltage
(V1) of —0.11+£ 0.03 V (Supplementary Fig. 13). Next, various batches
of 10 x 10 p- and n-type vVOECT arrays were fabricated (see optical
microscope/CPOM images and equivalent circuits in Fig. 4d-g). All
p-/n-type VOECT arrays exhibit highly uniform performance with an
average g,,of 84.2 +14.9 and 43.1+ 9.1 mS and V; of -0.11 £ 0.02 and
0.44 +0.015V, respectively (Fig.4h,iand Supplementary Fig.14). Note
that all VOECT and complementary inverter pixels in arrays are con-
trolled by a common gate. While this integration is not suitable for
active-matrix applications it is important for numerous biomedical
applications requiring agrounded reference electrodein cell cultures
and tissues where the gate contact canbe alarge electrode located away
fromtheactiverecordingarea.In these cases, variation of single OECT
pixel conductanceis the result of local variation in ionic strength, ion
type and effective gate bias at the device due to the intimate contact
of the OECT array with the organ/tissue of interest.

Also fabricated were 16 x 16 bgDPP-g2T vOECT active-matrix
arrays, patterned by parylene encapsulationso as to display ‘NU OECT’
capital letters at the centre and assess the effects of OSC patterning on
pixel crosstalk (Fig. 5a,b and detail in Methods). The 2D areal mapping
of the array electrochemical signal (g,,,) was characterized as shown
in Fig. 5c (unpatterned) and Fig. 5d (patterned), clearly demonstrat-
ing the absence of crosstalk for the patterned vOECT array. Finally,
we also fabricated a bgDPP-g2T 10 x 10 vOECT array on a flexible
parylene substrate (2 pm thick, Fig. 5e,f) which exhibits excellent
performance metrics (g, = 85.4 £15.147 mS, V;=-0.11+ 0.08 V) as well
asoutstanding stability (g,,and V; variation < 2%) under various bend-
ing radii (from e to 0.5 mm) and mechanical cycling (0-1,000 times)
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Fig. 6 | High-resolution vertically stacked complementary circuits.

a,b, Schematicillustration (a) and optical microscope image (b) of a10 x 10 VSCI
array based on p-and n-vOECTs. ¢, A representative voltage output characteristic
ofaVSClalong with the voltage gain. d, Voltage gain distributionina10 x 10 VSCI
array. Note, for VSCl arrays measurement, the PBS electrolyte is applied with

0.8 1.2

Time (s)

2.0 2.4 2.8

the Ag/AgCl gate electrode. ef, lllustration (e) and output characteristics (f) of
aNAND logic circuit. Inset, optical image of the NAND. g,h, lllustration (g) and
output characteristics (h) of aNOR logic circuit. Inset, optical image of the NOR.
i,j, Cross-sectionalillustration of NAND (i) and NOR (j). k, Switching stability of
VSCllogic circuits. Inall devices W=d =10 pmand L =100 nm.

deformations (Fig. 5g,h). Note, while the current begins to degrade
over longer times because of electrolyte solvent evaporation, the per-
formance recovers by rinsing the devices with water and using a fresh
electrolyte drop (Supplementary Fig. 15). These observationsindicate
that the present vVOECT platforms are intrinsically stable.

Vertically stacked complementary logic circuits

Next, high-resolution vertically stacked complementary inverter (VSCI)
arrays, where p-type VOECTs are stacked on top of n-type VOECTSs,
were fabricated for integrated circuits. The VSCI cross-sectionand an
optical microscopeimage of a10 x 10 VSCl array are shownin Fig. 6a,b,
respectively. Note that the present non-relief organic semiconduc-
tor patterning method using e-beam exposure can achieve a density
of ~7.2 M OECTs cm2, which is >700-70,000 times more than in pre-
vious seminal studies?**® and OECT arrays***%, Note that this circuit
would be impossible to fabricate using our previous vVOECT fabrica-
tion approach?’, where the OSC is patterned/etched, since the top
and bottom electrode lines would otherwise make an electrical con-
tact, leading to a short circuit (see cartoon in Supplementary Fig. 16).

Arepresentative output characteristic of a VSClis reported in Fig. 6¢,
which varies from 0.5V to GND (ground, 0 V) by changing the input
voltage from O to 0.5 V. This array exhibits an average voltage gain
0f135.68 + 30.72 (Fig. 6d). The excellent performance and uniform-
ity of these VSCl structures encouraged the realization of large-scale
and high-resolution complementary circuits. Thus, two-input NAND
and NOR logic gates consisting of two p- and two n-type vVOECTs with
aside-gate architecture and a solid-state ion-gel gate dielectric (for
ion-gel preparation, see Methods) were demonstrated (Fig. 6e-j and
Supplementary Fig. 17)**°. A poly(3,4-ethylene-dioxythiophene):po
lystyrene sulfonate PEDOT:PSS) layer/Au side-gate was employed to
decrease the electrochemical impedance between the metal gate and
theion-gel dielectric layer (Supplementary Fig.18)***. Indeed, these
VOECT arrays with patterned gates and solid-state electrolytes exhibit
outstanding device stability with excellent performance metrics as
showninSupplementary Fig.19. Using this vertically stacked comple-
mentary circuit design the fidelity and spatial resolution of the logic
circuits is notably increased. Both circuits exhibit well-defined and
highly stable ‘1’and ‘0’ output logic levels depending on various input
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levels (Fig. 6k) and afford aremarkable integration, with a small circuit
dimension of only ~300 pm?, which s less than 17,500-fold smaller than
in previous reports?.

Conclusions

We have reported high-performance vOECTs for monolithically inte-
grated complementary logic circuits. The spatially selective e-beam
exposure strategy provides direct and high-resolution patterning of
organic semiconductors with excellent uniformity, high yield and scal-
able patternformation. Moreover, definition of semiconducting-active
channelislands that transition into semiconducting-inactive regions
enables active-matrix pixilation, which is impossible when using con-
ventional etch-patterned methodologies. Our approach should help
broaden the use of OECT circuits in fields such as biological systems,
neuromorphicelectronics and wearable electronics.

Methods

Materials synthesis

The compounds 3,6-bis(5-bromothiophen-2-yl)-2,5-di
(2,5,8,11,14-pentaoxahexadecan-16-yl)-2,5-dihydropyrrolo[3,4-c]
pyrrole-1,4-dione (1) (ref. 21) 5,5-bis(trimethyltin)-3,3’-bis
(2-(2-(2-methoxyethoxy) ethoxy)ethoxy)-2,2’-bithiophene (2) (ref. 53)
and the Cin-Cell** polymer were synthesized and purified according to
previously reported procedures. Hexabutyldistannane (3) was pur-
chased from Sigma-Aldrich. For the synthesis of polymer bgDPP-g2T,
92.67 mg of compound 1 (0.1 mmol), 81.62 mg of compound 2
(0.1 mmol), 3.00 mg of Pd,(dba), and 7.60 mg of P(o-tol), were mixed
and pump-purged for three cycles with nitrogen, and then 1.5 ml of
anhydrous toluene and 1.5 ml of dimethylformamide were added. The
reaction vessel was then sealed and heated at 110°C for 12 h. Then, the
polymer was end-capped with 20 pl of 2-(tributylstannyl)-thiophene
and 50 pl of 2-bromothiophene and heated at110°C for 1 h. After cool-
ing, the mixture was mixed with 100 ml of MeOH and 1 ml of concen-
trated HCI. The precipitate wasfiltered, dried and purified by Soxhlet
extraction using methanol, acetone, hexane and then chloroform.
The chloroform portion was concentrated and poured into 100 ml of
MeOH. The resulting gDPP-g2T polymer was obtained by vacuum filtra-
tion as a black solid (Mn = 39.7 kg mol™, yield 94%). The HOMO-gDPP
polymer was synthesized using the same method with 199.00 mg of
compound 1(0.21 mmol) and 124.57 mg of compound 3 (0.21 mmol),
5.00 mg of Pd,(dba),; and 13.00 mg of P(o-tol); were used as starting
materials. The pure HOMO-gDPP polymer was obtained as ablack solid
(Mn =16.4 kg mol™, yield 86%).

Vertical OECT and vertical complementary circuit fabrication
Solution preparation. For the semiconductor solution, gDPP-g2T,
HOMO-gDPP and Cin-Cell were dissolved in chloroform (20 mg ml™
concentration) and the solutions were stirred for >8 hbefore use. Next
these solutions were filtered through a 0.45 um polyvinylidene dif-
luoridefilter and the gDPP-g2T or HOMO-gDPP solution was mixed with
the Cin-Cell solutioninavolume ratio of 9:2 before use. For the ion-gel
solution, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (EMIM-TFSI, Sigma-Aldrich) and poly(ethylene glycol)diacrylate
(PEGDA, Sigma-Aldrich) were mixed with a volume ratio of 8:2, and
2-hydroxy-2-methyl-propiophenone (HOMPP, Sigma-Aldrich) was
added to the mixture with a volume concentration of 3%. The final
solution was stirred at 80°C for 6 h.

Vertical OECT array fabrication. A Si wafer with a300 nm thick ther-
mally grown SiO, was used asthe substrate and it was cleaned by ultra-
sonication in acetone and next isopropyl alcohol and finally treated
with an oxygen plasmafor 5 min. For the flexible devices, a2-pm-thick
parylene filmwas used as the substrate, which was deposited on carrier
glass by aparylene coater (Specialty coating system, PDS 2010, KISCO
Company) viachemical vapour deposition. For the electrical contact,

3 nm of Cr and 150 nm of Au were thermally evaporated as the bot-
tom source electrode and patterned by photolithography. Next, the
semiconductor blend solution was spin-coated onto the substrate at
3,000 r.p.m. for 20 s and the resulting film was patterned by e-beam
exposure and then cross-linked by UV irradiation (65 mW cm™) for30s
(Inpro Technologies F300S). A150 nm Au film was deposited by thermal
evaporationasthe top drain electrode and patterned by photolithog-
raphy. For the photolithographic patterning of the source and drain
electrodes, the S1813 photoresist was fist spin-coated on the Au film
and then exposed to UV light using maskless aligner (MLA 150). Next,
the S1813 photoresist film was developed by soaking the substrates
inthe AZ400K Au etchant solution. Finally, the remaining S1813 pho-
toresist film was stripped with acetone. A phosphate buffer solution
(PBS, 1x) was used as the electrolyte and an Ag/AgCl electrode as the
gate. Whenused, the encapsulation layer was prepared by spin-coating
SU-8-2002 at 3,000 r.p.m. for 20 s and the resulting film baked at 95°C
for 5 mand patterned by photolithography. For the solid-state ion-gel
gatedielectric-based devices,aPEDOT:PSS (Clevios PH1000, Heraeus)
with 1% of 3-glycidyloxypropyl)trimethoxysilane (GOPS) solution (as
across-linker) was spin-coated at 2,000 r.p.m. for 20 s on the Au gate
electrode and the resulting film (-200 nm thick) patterned by a lift-off
process™. Finally, theion-gel solution was drop-cast onto the side-gate
device as the gate dielectric and patterned by photolithography™.

Complementary vertical inverter array fabrication. The opposite
type of semiconductor blend solution was spin-coated onto the first
VOECT device/array at 3,000 r.p.m. for 20 s, patterned by e-beam
exposure and then cross-linked by UV irradiation as described
above. Next, a 150-nm-thick Au electrode functioning as the voltage
drain-to-drain (V,,) was fabricated as described for the source/drain
contacts. PBS (1x) and Ag/AgCl served as the electrolyte and the gate
electrode/V,, respectively.

Vertical NAND fabrication. A Si/SiO, wafer substrate was cleaned as
described previously. First, 3 nm of Cr and 150 nm of Au were ther-
mally evaporated as the ground electrode and patterned by pho-
tolithography. Next, the n-type bHOMO-gDPP blend solution was
spin-coated at 3,000 r.p.m. for 20 s, patterned by e-beam exposure
and then cross-linked by UV. A 150 nm Au was deposited by thermal
evaporation as the node electrode and patterned by photolithogra-
phy. Next, the n-type bHOMO-gDPP blend solution was spin-coated
againat3,000 r.p.m.for 20 s, patterned by e-beam exposure and then
cross-linked by UV. Then 150 nm Au was deposited by thermal evapora-
tionasthe outputelectrode (V) and patterned by photolithography.
Subsequently, a p-type bgDPP-g2T blend solution was spin-coated at
3,000 r.p.m.for 20 s, patterned by e-beam exposure and cross-linked.
A150 nm Au film was deposited by thermal evaporation as the V,, and
side-gate electrode and patterned by photolithography. Finally, the Au
Vppand side-gate electrodes, the PEDOT:PSS film and the ion-gel were
prepared as discussed above.

Vertical NOR fabrication. The Si/SiO, wafer substrate, the ground elec-
trode and the n-type bHOMO-gDPP film were prepared as described
above. Then 150 nm Au was deposited by thermal evaporation as
the V1 electrode and patterned by photolithography. The p-type
bgDPP-g2T film was then prepared as discussed above. Then 150 nm
Au was deposited by thermal evaporation as the node electrode and
patterned by photolithography. Finally, the p-type bgDPP-g2T film, the
Au Vp and side-gate electrodes, the PEDOT:PSS film and the ion-gel
were prepared as discussed above.

Organic semiconductor patterning. All polymer semiconductors
were patterned by e-beam exposure with a voltage of 50 kV, HC70
column mode with 18.683 nA beam current (Raith Voyager) and dose
of 300 pCcm™.

Nature Electronics | Volume 7 | March 2024 | 234-243

pZ Y


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-024-01127-x

Device and film characterization

AllOECTs, OECT arrays and circuits were characterized using an Agilent
B1500A semiconductor parameter analyser inambient air at room tem-
perature. The EIS measurements were conducted using a PalmSens4
potentiostat (PalmSens). For the vertical EIS, OSCs were spin-coated
onto 600 x 600 pm Au and patterned via sacrificial parylene peel. The
materialswereimmersedin 0.1 MNaCland an Ag/AgCl pellet electrode
was used as a gate. Biasranges of 0.5 V-0 Vand -0.7 V-0 Vwere applied
forthe p-and n-typesrespectively. For thelateral configuration, refer-
ence and counter electrodes were connected to the drain electrode
of an cOECT (W=100 pm, L =10 pm), and the source to the working
electrode. The OSCwas covered with 0.1 MNaCl,and 0 V d.c. with10 mV
alternating current (AC) oscillation was applied with frequency range
from1to10° Hz. For the cycling tests, the voltage pulse was generated
by aKeysight waveform generator (33,600 A). For NAND and NOR char-
acterization, square voltage pulses from0to +0.7 Vwithafrequency of
5Hzand 10 Hzwere applied as Vjy., and V;y5, respectively, by aKeysight
waveform generator (33,600 A), and V,,,; was measured by an Agilent
B1500A. SEM images were recorded with a Hitachi SUS030 FE-SEM.
Film morphologies were characterized using cross-polarized optical
microscopy (ECLIPSE LV150, Nikon) and AFM (Bruker ICON System).
Two-dimensional GIWAXS measurements were performed at beamline
8-ID-E at the Advanced Photon Source at Argonne National Laboratory.
Thesampleswereirradiated atincidence angles from 0.130° to 0.140°
in vacuum at 10.915 keV for two summed exposures of 2.5 s each. Sig-
nals were collected with a Pilatus 1 M detector located at a distance of
228.16 mm fromthe samples. FTIR spectrawere obtained inthe attenu-
ated total reflectance (ATR) mode (Bruker LUMOS). UV-visible-near
infrared spectrawere measured with a Varian Cary 100 and Perkin EImer
LAMBDA 1050 UV-visible spectrophotometers. The XPS spectrawere
measured with a Thermo Scientific ESCALAB 250Xi instrument at a
base pressure of 2 x 1078 mbar.

Data availability
Source data are provided with this paper. Additional data related to
thiswork are available fromthe corresponding authors uponrequest.
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