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Molecular Tailoring to Achieve Long-Term Plasticity in
Organic Synaptic Transistors for Neuromorphic

Computing

Naryung Kim, Gyeong-Tak Go, Hea-Lim Park, Yooseong Ahn, Jingwan Kim,
Yeongjun Lee, Dae-Gyo Seo, Wanhee Lee, Yun-Hi Kim,* Hoichang Yang,*

and Tae-Woo Lee*

Organic synaptic transistors (OSTs) using intrinsic polymer semiconductors are
demonstrated to be suitable for neuromorphic bioelectronics. However, diketo-
pyrrolopyrrole (DPP)-based copolymers are not applicable to neuromorphic
computing systems because the DPP polymer film has demonstrated only short-
term plasticity with short retention (<50 ms) in synaptic devices because of their
intrinsic difficulty of electrochemical doping. To expand their applications toward
neuromorphic computing that requires long-term plasticity, artificial synapses
with extended retention time should be developed. Herein, molecular tailoring
approach to extend the retention time in the ion-gel-gated OSTs that use DPP is
suggested. The molecular structure is controlled by changing alkyl spacer lengths
of side chains. As a result, the doping process is more favorable in DPP with long
alkyl spacer, which is confirmed by high doping concentration and slow dedoping
rate. Therefore, dedoping of ions is more suppressed in DPP with long alkyl side
chain that exhibits extended retention time (~800 s) of the OSTs. These opti-
mized DPP-based OSTs obtain high pattern recognition accuracy of ~296.0% in
simulations of an artificial neural network. Molecular tailoring strategies provide
a guideline to overcome the intrinsic problem of short synaptic retention time of
the OSTs for use in neuromorphic computing.

1. Introduction

Biological nervous systems detect various
stimuli,"V! perform learning and memoriza-
tion activities,”™ and use the processed
information to guide management of the
bodies that they inhabit.**! These proces-
sess entail transmission of a huge number
of neural signals through a neural network
that is composed of neurons connected by
synapses."*® During the processes, the
synaptic plasticity of synapses contributes
significantly to information flow, data proc-
essing, and memory functions.”! Emulation
of these biological synapses in artificial elec-
tronic synapses will have a wide range of
applications including neural network, neuro-
morphic circuits, and optoelectronic neuro-
morphic system.®!

Organic synaptic transistors (OSTs) have
advantages of low energy consumption,®*-*"
simple fabrication,">*"! mechanical flexibil-
ity,?? and biocompatibility.*** Furthermore,
the ion-gel-gated OSTs (IGOSTs) directly
emulate the biological phenomena by which

neurotransmitters diffuse through the synaptic cleft from the pre-
to the postsynaptic membranes, that is, a presynaptic electrical
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spike from a gate electrode drives migration of anions in an ion gel
in p-type IGOSTs.>?! This ionic migration electrically generates
a postsynaptic response in a drain electrode. OSTs are regarded as
promising components of next-generation neuromorphic sys-
tems. However, the OSTSs using intrinsic polymeric semiconduc-
tor films have often suffered from short synaptic retention time,
which is not suitable for neuromorphic computing.*”)

Diketopyrrolopyrrole (DPP)-based donor-acceptor (D-A)
derivatives (DPP-DAs) as semiconducting copolymers have been
extensively investigated for organic transistors,”*% due to their
advantages such as low cost,*” mechanical flexibility,**% high
mobility, and tunable optoelectrical properties by molecular
design.3** However, DPP-DAs are not easily electrochemically
doped by anion dopants?®! and thus have been employed only for
neuromorphic bioelectronics to realize artificial nerves that
mimic peripheral nerves of biological bodies because the film
showed only shortterm plasticity with short retention time
(<50 ms).?>%¢ Various OSTs with DPP-DAs cannot show
long-term plasticity for neuromorphic computing, and their
use is still limited to artificial peripheral nervous systems, which
require only short decay time in synaptic devices. To expand their
applications toward neuromorphic computing that requires long
retention time, artificial synapses with extended retention times
should be developed.?’=*% The decay behavior of DPP-based
OSTs (DPP-OSTs) depends on charge dynamics of ion migra-
tion, trapping, and detrapping occurring around the interfaces
between organic semiconducting (OSC) layer and ion gel under
a pulsed gate bias."®?® This is affected by the interaction between
OSC films and ions in the ion gels.® Thus, the molecular inter-
action and resultant microstructure of DPP-DAs must be engi-
neered to yield the desired properties, but this task requires
understanding of the relationship between the structural charac-
teristics and the synaptic characteristics of DPP-OSTs.

Here, we demonstrated a facile approach that uses molecular
engineering to control synaptic retention time of the DPP-OSTs.
To investigate how the molecular structures of DPP-DAs affect
synaptic decay behavior of the DPP-OSTs, we changed the
lengths of the alkyl spacers of the side chains in the DPP-DAs
and then found that the molecular engineering also controls
the microstructures of the DPP-DA films. It was found that the
synthesized DPP-based copolymer with longer alkyl spacer-
branched side chains showed excellent n-conjugated ordering in
both nonannealed and annealed films, where the polymer chains
were oriented in an edge-on form with respect to the film surface,
in comparison to the short alkyl spacer DPP-based copolymer
where closely attached side-chains hindered the planarity of
n-conjugated backbones. The resulting DPP-DA films could pro-
duce distinct decay characteristics in DPP-OSTs; a combination of
extended linear alkyl spacer and appropriate thermal treatment
improved n-conjugated ordering of the DPP-DAs with increasing
grain sizes and extended the retention time of the DPP-OSTs.
Especially, the time-dependent doping levels of the DPP-based
copolymer films with different side-chain lengths were systemati-
cally characterized using UV-visible absorption analysis to isolate
bulk doping effect from the three-terminal device structures. The
results strongly supported that, DPP-DA with long alkyl side chain
allows high doping concentration and slow dedoping rate. Finally,
use of the optimal condition of DPP-OSTs (longer side chain with
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thermal treatment) for neuromorphic computing achieved simu-
lated ~96.0% recognition accuracy of MNIST handwritten digits.

2. Results and Discussion

DPP-OSTs were fabricated with a top-gate, top-contact structure.
Dilute solutions of diketopyrrolopyrrole selenophene-vinylene-
selenophene (DPP-SVS) copolymers in chlorobenzene were spin
cast to form OSC layers on glass substrates that were treated
using self-assembled monolayers (SAMs), and ion gels were used
as gate insulators (Figure 1a). In the devices, a metal probe tip of
a gate electrode mimics the axon of the preneuron and fires a
presynaptic electrical spike to drive anions to diffuse through
the ion gel toward OSC layers. The drain electrode is considered
to be the dendrite of the postneuron.

For molecular engineering, we synthesized two types of DPP-
SVS polymers, one (“24SVS”) has short alkyl spacer groups of C1
(total 24 carbons in the alkyl side chain) (Figure 1b) and the other
(“29SVS”) has long alkyl spacer groups of C6 (total 29 carbons in
the alkyl side chain) between the branched alkyl side chains and
DPP moieties (Figure 1c).***% To investigate effects of micro-
structures in DPP copolymers, some samples were thermally
annealed at 200 °C for 10 min after spin coating of each solution,
thatis, four types of DPP-SVS films were prepared: films that had
been dried at room temperature without thermal annealing
(24SVS_RT; 29SVS_RT) and films that had been annealed
(24SVS_Ann; 29SVS_Ann). The films (both 24SVS and 29SVS)
have ~30 nm of thickness which was confirmed by atomic force
microscopy (AFM). From previous research that measures ther-
mogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) curve of 24SVS and 29SVS, the thermal annealing at
200°C only induces crystallinity change and does not induce
thermal degradation.***!]

In UV-vis absorption spectra of the four types of DPP-SVS
copolymer films, all the spectra showed dual-band absorption
peaks broadly ranging from 400 to 1000 nm, originating
from the intramolecular charge transfer in D-A copolymers
(Figure 1d,e).?**? 29SVS films had a maximum vibrational peak
of around 800 nm, which was red shifted by ~20 nm compared to
the peak of 24SVS films. The shift mainly occurs because of the
existence of the long alkyl spacer of C6 in the side chains, which
could drastically decrease a steric hindrance of the bulky branched
end group (Cy,H3) of the side chain to form planar n-conjugated
structures, resulting in a more close-packed planar structure even
in the as-spun film.2**%*% In 24SVS films, closely attached alkyl
branches hindered the planarity of n-conjugated backbones. After
annealing, the UV-vis absorption peaks of both the 24SVS and
29SVS films were slightly redshifted, which indicated an enhanced
n-n stacking by facilitating the molecular reorganization. For
29SVS, which can form intrinsically better n-conjugated backbones
even under a fast solvent evaporation condition, however, the
short-time annealing did not much change the UV-vis absorption
spectrum. These results are consistent with previous studies.[*”

For more quantified structural analysis, chain ordering and
orientation in these cast films were revealed using 2D grazing-
incidence X-ray diffraction (2D GIXD). The 2D GIXD patterns
showed clear reflections at (h00) and (020), oriented along
the Q, and Q, axes, respectively (Figure 2). The presence of
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Figure 1. Schematics of a) device structure of the DPP-OSTs with DPP-SVS polymers and chemical structure of b) 24SVS and c) 29SVS. Normalized
UV-vis absorption spectra of d) 24SVS and e) 29SVS before (RT) and after thermal treatment at 200 °C for 10 min (Ann).

highly ordered X-ray reflections related to (h00) crystal planes
suggests that all the DPP-SVS derivatives were favored to be ori-
ented with an edge-on chain conformation on the substrates.
Under the same thermal annealing condition, the 29SVS films
displayed more distinct X-ray reflections with narrower full width
at half maximum (FWHM) than the 24SVS films; the 29SVS
films had ordered chain packing with preferential edge-on orien-
tation on the substrate. After thermal annealing, both (h00)
and (020) peaks became distinct; this evolution implies that
the chain ordering of the DPP-SVS polymers was increased, and
n-conjugated plane orientation amplified. As a result, 1D out-of-
plane (Q,) and in-plane (Q,) X-ray diffraction profiles (Figure 2b,c)
showed that the ordering and orientation of the m-conjugated
planes decreased in the order: 29SVS_Ann >29SVS_RT >
24SVS_Ann > 24SVS_RT. The lattice parameters of the four-
type DPP-SVS films were extracted from the 2D GIXD patterns
and are summarized in Table 1. The FWHM at (200) reflection
was the lowest value of 0.053 in 29SVS_Ann and the highest
one of 0.104 in the 24SVS_RT film. The average grain size
(G, referred as coherence length) of these DPP-SVS derivative
films was calculated using the following Scherrer Equation
G =kA/pcosO, where k is 0.9, 1 is the wavelength of the X-ray,
and 3 is the FWHM of the (200) reflection.'**! These observations
indicated that G was the largest value of 21.4 nm in 29SVS_Ann
films and the smallest of 10.9 nm in 24SVS_RT films. The trend
of G was 29SVS_Ann > 29SVS_RT > 24SVS_Ann > 24SVS_RT.
In addition, 7= stacking distance, d(o,0) Spacing became shorter
in the 29SVS films of 3.65 A than 3.80 A (for the 24SVS system).
The difference occurs because, as previously demonstrated in
UV-vis absorption spectra, the long alkyl spacer in 29SVS min-
imizes the steric hindrance of the alkyl side branches, resulting
in more excellent ©-conjugated ordering.*”? AFM morphologies

Adv. Intell. Syst. 2023, 5, 2300016 2300016 (3 of 10)

(Figure S1, Supporting Information) of these films showed per-
colated nanodomains. In addition, root-mean-squared roughness
values were between 0.85 and 1.05 nm, that is, the overall DPP-
SVS film morphologies were not significantly affected by either
the alkyl chain length or the thermal treatment.**** However, n-
conjugated chain packing and orientation could be finely modu-
lated by alkyl spacer length and thermal treatment.

For typical IGOSTs including these DPP-SVS films, current—
voltage (I-V) transfer curves (Figure S2, Supporting Information)
showed large clockwise hysteresis during gate voltage sweeping, 2>
This trend is attributed to ion doping and dedoping of the
n-conjugated polymer layers in the operating IGOSTs. At the same
thermal annealing condition (RT or Ann), 29SVS films produced
higher drain current (Ip) than 24SVS one in DPP-OSTSs, because
the long separation of the alkyl branches from the conjugated back-
bone in 29SVS was known to drive better charge transport paths
along w-conjugated planes formed by the DPP-based derivatives.***"
Additionally, short-time annealing at 200 °C increased Ip, originating
from the extension of n-conjugated structure, as demonstrated by the
UV-vis absorption spectra and GIXD results.

DPP-OSTs that used the four types of the DPP-SVS had different
synaptic properties. Recent research on microstructural change of
electrolyte/OSC interfaces has revealed that the ions are initially
trapped in the amorphous region, but the depth of ion penetration
into the OSC layer can be expanded to the side chains of the crys-
talline regions by increasing the amplitude, number, and frequency
of stimulations."***”) The trapped ions, especially those trapped in
crystallites, cannot easily diffuse back to the ion gel, so an excitatory
postsynaptic current (EPSC) decays slowly.*”!

All devices showed spike-number dependent plasticity (SNDP)
(Figure 3a). EPSCs were triggered by applying various numbers
of spikes. In all the DPP-OSTs, the EPSC induced by a single
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Figure 2. a) 2D GIXD patterns and b) 1D out-of-plane (Q,) and c) in-plane (Q,) X-ray profiles of four-type DPP-SVS films.

Table 1. Lattice parameters of four-type DPP-SVS copolymer films
extracted from 2D GIXD patterns.

Film Type (100) peak (020) peak FWHM (00, G( = ki/fcosb)
Lamella n—n stacking A [nm]
distance [A] distance [A]
24SVS_RT 22.42 3.80 0.104 10.9
24SVS_Ann 20.84 3.80 0.072 15.8
29SVS_RT 26.23 3.65 0.067 16.9
29SVS_Ann 25.83 3.65 0.053 21.4

spike decayed quickly, but as the number of spikes was
increased, the EPSC increased, and the decay time increased:"**!
this trend emulates biological synaptic plasticity which occurs
when successive action potentials arrive at a preneuron and
increase the quantity of neurotransmitters that are released into
the synaptic cleft, thereby amplifying the ionic signal and
strengthening the postsynaptic potential; this is an effective
way to regulate the importance of chemical information in

Adv. Intell. Syst. 2023, 5, 2300016 2300016 (4 of 10)

biological systems.>*”) When one spike was applied, EPSCs
were lower in the annealed films (24SVS_Ann and 29SVS_Ann)
than in the nonannealed films (24SVS_RT and 29SVS_RT).
However, after several spikes, EPSCs were higher in the
annealed films (24SVS_Ann and 29SVS_Ann) than in the
nonannealed films (24SVS_RT and 29SVS_RT); this change
is mainly attributed to the fact that the annealed films
(24SVS_Ann and 29SVS_Ann) had higher chain ordering and
larger grain size than the nonannealed films (24SVS_RT and
29SVS_RT). 24SVS_Ann and 29SVS_Ann have well-ordered
n-conjugated structures, large grain size, and small grain bound-
ary density, so that bis(trifluoromethylsulfonyl)imide ([TFSI]")
anions from the ion gel cannot easily penetrate the annealed
films. Therefore, when stimulated with only one spike, these
films had lower EPSC levels than the nonannealed films.
However, several spikes are sufficient to drive [TFSI]” anions
into both the amorphous and crystalline regions;*>*?! these
trapped [TFSI]” anions could not easily escape from the bulk
film, so successive spikes amplified the EPSC, and its decay time
increased.
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Figure 3. Spike number-dependent plasticity of the DPP-OSTs using a) 24SVS_RT, 29SVS_RT, 24SVS_Ann, and 29SVS_Ann films with 1, 10, and 30
spikes (spike voltage=—2V, spike duration=280ms, spike interval =80 ms). Synaptic characteristics of the DPP-OSTs with 24SVS_Ann and
29SVS_Ann. b) EPSC triggered by a single spike (left) and by two consecutive spikes (right). c) PPF index as a function of time interval from 80 to
560 ms. d) EPSC gain of Ayo/A; with different spike frequencies from 0.625 to 6.25 Hz. e) Spike voltage-dependent plasticity from — 2.5 to — 3.3 V.
f) Spike duration-dependent plasticity of 24SVS_Ann (left) and 29SVS_Ann (right) from 80 to 640 ms. g) Synaptic decay time by fitting the SNDP curves
after 50 spikes with triexponential functions (spike voltage = —3V, spike duration = 80 ms, spike interval = 80 ms).

The side chain-dependent chain ordering and orientation of
DPP-SVS affected the EPSC response. The 29SVS samples (high
chain ordering and orientation, large grain size) achieved higher
EPSC than the 24SVS samples under 1, 10, and 30 spikes
(Figure 3a). One different trend to note is that the annealed films
(24SVS_Ann and 29SVS_Ann) showed the lower EPSC under 1
spike than nonannealed films (24SVS_RT and 29SVS_RT)
despite their higher chain ordering in films. & — & stacking dis-
tances were narrower in 29SVS than in 24SVS, in addition to the
more ordered n-conjugated structures and larger grain size in
29SVS than in 24SVS. As for side chain length, the effect of this
compact n — stacking distance is combined with the high
n-conjugated ordering and large domain size. Accordingly,
DPP-OSTs that used 29SVS had high EPSC while applying mul-
tiple gate voltage spikes. When 30 spikes were applied, the EPSC
after 40 s from the stimulation was 873% relative to the initial
baseline for 29SVS_Ann case, whereas it was 217% for 24SVS_Ann.

Adv. Intell. Syst. 2023, 5, 2300016 2300016 (5 of 10)

This difference can be caused from both doping concentration
and charge mobility difference due to higher ordering and larger
grain size of the 29SVS copolymers than the 24SVS films, which
indicates that this side-chain engineering increased long-term
potentiation (LTP), which is crucial to implement long-term
memory behavior for neuromorphic computing.>*% All results
indicate that the doping concentration of the DPP channel by
ions is a key parameter to modulate the synaptic properties, espe-
cially short-term potentiation (STP) and LTP, in the DPP-OSTs.
The 29SVS_Ann device with the highest ordering and largest
domain size showed the highest EPSC and longest decay time
(Figure 3a). The DPP-OSTs showed paired-pulse facilitation
(PPF), which is a representative characteristic of STP.>!
(Figure S3, Supporting Information). To measure the PPF char-
acteristics, two consecutive spikes were applied, separated by a
time interval At. If the second spike was applied before the cur-
rent induced by the first spike decayed to the initial value, the
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EPSC induced by the second spike is higher than the first
one.’3% This temporal synaptic plasticity is expressed as PPF
index of A,/A;, where A; is the first of the EPSC and A, is
the second peak. In all the devices, PPF index increased as
80 < At <560 ms decreased. 29SVS_Ann had the highest PPF
index ~1.37 at At=80ms. In contrast, the 24SVS_RT showed
the lowest PPF index ~1.13 at At=80ms.

The typical EPSC of the IGOSTs (Figure 3b) showed an
increased response to the second stimulus after the first stimu-
lus. DPP-OSTs that used 24SVS_Ann showed different PPF than
DPP-OSTs that used 29SVS_Ann (Figure 3c). Two consecutive
electrical spikes (80 < At < 560 ms) were applied to the gate elec-
trode of each DPP-OST. In both devices, as At decreased, PPF
index increased. PPF index can be empirically approximated
using a double-exponential decay term as

PPF =1+ Ciexp(—At/7) + Crexp(—At/z7c) 1)

where C; and C, represent phase-facilitation magnitudes,[5 A1,
is the characteristic relaxation time (tens of milliseconds) of the
rapid phase, and ., is the characteristic relaxation time (hun-
dreds of milliseconds) of the slow phase. Curve-fitting yielded
74 =66.48 ms and 7, =583.3ms for the 24SVS_Ann device
and 74 =91.65ms and 7, =811.0ms for the 29SVS_Ann
device. The increased length of the chain length extended the
time constants.

The fabricated DPP-OSTs also showed spike-rate-dependent
plasticity (SRDP).l* (Figure 3d). Ten consecutive spikes were
applied, and the SRDP property was quantified by EPSC gain
of Ajp/A;, where Aq is the peak value of EPSC after the tenth
spike, and A; is the peak value after the first spike. The EPSC
gain of A;(/A; was measured with various rates of electrical pulse
trains. As spike rate increased from 0.625 to 6.25 Hz, the EPSC
gain of A;o/A; increased; this change emulates high-pass filtering
characteristics of the biological synapse.***%*¥! The 29SVS_Ann
with slow decay time had higher A;o/A; (=500% at 6.25 Hz) than
did 24SVS_Ann (=130% at 6.25 Hz). At 6.25 Hz, the EPSC after
40 s from electrical pulse stimulation was 405% relative to the ini-
tial baseline for 29SVS_Ann case, whereas it was 183% for
24SVS_Ann, demonstrating longer retention property of the
29SVS_Ann device (Figure S4, Supporting Information).

The strength of EPSC was effectively modulated by the spike
amplitude and the width of voltage spikes (Figure 3e,f). As the
spike number and amplitude were increased, the EPSC increased,
because increased synaptic input by high voltage and extended
pulse duration increased the number of [TFSI]” anions that pene-
trated the bulk DPP-SVS films. These synaptic characteristics with
various voltage amplitude and spike duration showed similar
trends to other synaptic characteristics, that is, higher EPSC
and slower decay properties in 29SVS_Ann devices than in
24SVS_Ann ones.

To compare the LTP properties, the decay time was obtained
by the EPSC decay curves after 50 spikes to triexponential func-
tions (Figure 3g).

I'= Iy + Liexp(—t/z1) + Lexp(—t/7;) + I;exp(—t/z3) ()

where I, is the initial current, I;, I, and I5 are prefactors of
EPSC, and 74, 75, and 73 are their characteristic relaxation time.
7, is the relaxation time constant which corresponds to the
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backdiffusion of ions from electrical double layer, and time con-
stants of 7, and 73 are related to dedoping of [TFSI] ~ anions from
amorphous and crystalline regions, respectively.”> Time con-
stants of 71, 7,, and 73 of 24SVS_Ann are 0.36, 2.79, and
45.78 s, respectively, and these values are respectively increased
to 0.31, 1.58, and 151.51s, for 29SVS_Ann device. The
29SVS_Ann device showed higher z; value of decay time, which
is related to LTP, than the 24SVS_Ann device, so 29SVS_Ann
showed longer retention than the 24SVS_Ann case. These results
suggested that the synaptic weight retention can be tailored by
proper microstructural modulation and side-chain engineering,
and this approach is feasible toward neuromorphic computing.
Compared with previously published DPP-OSTs, 29SVS_Ann
device shows longer retention time (Table S1, Supporting
Information).

Low energy consumption is also one of important advantages
of neuromorphic computing. The energy consumptions of
IGOSTs are estimated as E~ Vp* Ip*t, where Vp =50mV is
drain voltage, Ip = 19.2nA (24SVS_Ann), 19.3 nA (29SVS_Ann)
is drain current, and t=20ms is spike duration, respectively
(Figure S6, Supporting Information). The estimated energy con-
sumptions E~19.2 (24SVS_Ann), and 19.3 p] (29SVS_Ann) is
comparable to other IGOSTSs that enable energy-efficient com-
puting systems (Table S2, Supporting Information).

To isolate the effect of bulk doping in the 24SVS_Ann
and 29SVS_Ann films, we conducted time-dependent UV-vis
absorption spectral measurements during real-time electrochem-
ical reaction of two different DPP-SVS films (24SVS_Ann and
29SVS_Ann) in the ion-gel (Figure 4). This approach excluded
the complex carrier dynamics that occur in three-terminal device
structures. During a 30 s doping process, a voltage was continu-
ously applied to DPP polymer films that were coated on ITO
glasses. The bluish color of DPP-SVS films clearly became trans-
parent (Figure 4b, dashed line); this is evidence of electrochemi-
cal reaction.” Then a 45s dedoping process was conducted
without any electrical bias to confirm reverse electrochemical
reaction ; after this process, the film color returned to its the ini-
tial bluish (Figure 4b, red box). To quantify the doping and
dedoping levels in the two films, the absorption spectra were nor-
malized to facilitate comparison (Figure 4c,d). The normalized
absorption decreased during the doping process; specifically,
the dual-band peaks of the DPP-SVS films gradually disappeared.
This change implies that the both amorphous and crystalline
regions become oxidized.*®! During the dedoping process, the
absorbance curves of both 24SVS_Ann and 29SVS_Ann films
returned to the initial states.[*®!

This electrochemical reaction can be simplified by presenting
only the changes of the maximum absorption peaks (Figure 4e).
At 30s, the normalized maximum absorption peak of the
29SVS_Ann spectrum was reduced to <0.6, whereas that of
the 24SVS_Ann film decreased only to 0.9. This result confirms
that the effective doping level was higher in 29SVS_Ann film
than in 24SVS_Ann film. The effective doping rate is determined
by the net balance between doping and dedoping dynamic behav-
iors. The trapped anions in the large-grain and highly ordered
n-conjugated bulk film of 29SVS_Ann could not easily diffuse
back to the ion gel.**™! Thus, the effective doping rate was
higher in the 29SVS_Ann film than in the 24SVS_Ann, so the
absorbance of the 29SVS_Ann film decreased sharply during
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Figure 4. a) Schematic of experimental setup to measure time-dependent UV-vis spectra during real-time electrochemical reaction of the DPP-SVS films
in the ion gel during electrochemical reaction. b) Optical images of the 29SVS_Ann film at initial state (black box), after doping for 30 s (blue box) and after
dedoping for 45 s (red box). Normalized time-dependent absorption spectra of ¢) 24SVS_Ann and d) 29SVS_Ann films. From 0 to 30, doping was
performed, and from 30 to 75, dedoping was processed. e) Time evolution of normalized values of maximum absorption peaks from (c,d).

the doping process. After 30's, a dedoping process was executed,
so the reduced absorbance spectra recovered toward the initial
state; this change is evidence of dedoping behavior. The
24SVS_Ann film completely returned to its initial state after
dedoping, but the 29SVS_Ann film maintained some of its dop-
ing level (=0.9). This phenomenon is consistent with the slowed
synaptic decay of the 29SVS_Ann device, in that slowing requires
extension of the duration for which anions remain in the film.

The ionic transport is generally faster in the amorphous region
than the crystalline region.”***®! Because 24SVS_Ann film exhib-
its lower crystallinity than 29SVS_Ann film, 24SVS_Ann film is
expected to have faster ionic transport than 29SVS_Ann film.
Therefore, 24SVS_Ann film was expected to have a higher dop-
ing rate and faster dedoping rate than 29SVS_Ann film. However,
29SVS_Ann film shows a higher doping rate and slower dedoping

24SVS_Ann

Backbone

Alkyl
Sidechain

Large Steric
Hindrance

e Crystalline DPP

= Amorphous DPP

lon doping of DPP-SVS

than 24SVS_Ann. Therefore, doping of [TFSI|™ anions in
29SVS_Ann is considered electrochemically more favorable than
doping in 24SVS_Ann. We suggested that this electrochemical
preference of doping process is due to steric hindrance between
branched alkyl side chains and doped ions (Figure 5). The DPP
with a long alkyl side chain (both 24SVS_Ann and 29SVS_Ann)
has steric hindrance between side chains.*"*”) The 29SVS_Ann
film is less sterically hindered than 24SVS_Ann, which is proved
by the redshift of UV-vis absorption spectra. The introduction of
ions that induces lattice expansion of lamellar spacing will
be more hindered in the 24SVS_Ann film than in the
29SVS_Ann films: doping in 29SVS_Ann will be more facilitated
by the low steric hindrance (Figure 5, left) while doping in
24SVS_Ann will be more difficult by high steric hindrance
(Figure 5, right).

29SVS_Ann

TFSI anion

Backbone

Alkyl
[Sidechain,

Small Steric
Hindrance

Figure 5. Schematic diagram of hypothesized mechanism. 24SVS_Ann film exhibits large steric hindrance between alkyl side chain and doped [TFSI] ~

anions (left), and 29SVS_Ann film exhibits small steric hindrance (right).
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Because of the difference in the doping/dedoping process
between 24SVS and 29SVS, STP and LTP behaviors can be
explained. 29SVS_Ann device shows a higher PPF ratio and
EPSC gain in SRDP than 24SVS_Ann device. For STP, larger
amounts of [TFSI]” anions will be doped into the amorphous
region of 29SVS_Ann film than 24SVS_Ann film, resulting in
a higher PPF ratio and EPSC gain in SRDP. For LTP, crystallinity
of DPP and steric hinderance will both affect the decaying prop-
erty. This is well matched with EPSC of 29SVS device that is
larger than that of the 24SVS device. 29SVS_Ann exhibits the
largest EPSC because of high doping rate of 29SVS and improved
charge transport after thermal annealing. The large domain and
highly ordered n-conjugated 29SVS_Ann film had a longer syn-
aptic retention time than 24SVS_Ann film.["®'% Also, doping of
[TFSI]” anions is electrochemically preferred in 29SVS_Ann
device, so large amounts of anions are doped in the 29SVS_Ann
films and dedoping shows slow decay in 29SVS_Ann IGOST.
IGOST with 29SVS shows a larger increase in retention time after
thermal annealing than IGOST with 24SVS. The steric hindrance
effect becomes more strengthened in highly crystalline samples
because the crystalline regions are more closely ordered than the
amorphous region; therefore, steric hindrance mainly affects the
electrochemical doping into the crystallite. For highly crystalline
(thermally annealed) samples, the retention time was significantly
increased by molecular engineering. To enhance the effect of
molecular engineering, microstructural engineering is required
to achieve long retention times for neuromorphic computing appli-
cations. These results demonstrate the utility of side-chain engineer-
ing and thermal treatment for modulation of chain ordering and
domain size to tailor the synaptic decay characteristics of the
DPP-OSTs. We concluded that the IGOST with the 29SVS_Ann
is an optimal condition to achieve long synaptic retention.

To demonstrate the viability of the optimized IGOST as neuro-
morphic computing components, we considered an artificial

www.advintellsyst.com

neural network (ANN) composed of a crossbar array of the opti-
mized IGOST (29SVS_Ann). The pattern recognition using ANN
was simulated using the MNIST database of handwritten digits
(Figure 6).°*°% The ANN consists of 8 x 8 and 28 x 28 pixels,
which are computed as 64 and 784 input neurons (preneurons).
300 neurons were used as a hidden layer for the backpropagation
algorithm and 10 output neurons (postneurons) were used to
represent digits from 0 to 9. To make the discrete conductance
states, 50 negative pulse trains of —3.0V and 50 positive pulse
trains of +1.2V were used with constant drain voltage of
-0.4 V. Because the conductance state has a volatility which limits
online training of OSTs, we defined the conductance state for
simulation. The multiple conductance state G; was measured
at saturation time, which is defined as the time t when conduc-
tance exhibits deviations AG(t) =1 — |/ L;_¢ 05| < 0.5%, where
AGq(t) is the variation at time t, I, is the current at t, and I,
0.0s is the current of the previous measurement point, with
0.05 s as the time between successive measurements. The input
image is passed through the various layers and classified
(Figure 6a).1°” The potentiation and depression cycles were con-
sistently repeated over 1,000 spikes (Figure 6b). 60 000 images
were used for training and 10 000 images were used for testing
to calculate the recognition accuracy with the 20 epochs.® The
ideal numerical results showed 96.7% recognition accuracy for
the 8 x 8 MNIST simulation and 98.0% recognition accuracy
for the 28 x 28 MNIST simulation. Our IGOST showed recogni-
tion accuracy of 95.8% for the 8 x8 MNIST simulation
and 96.0% for the 28 x 28 MNIST simulation (Figure 6c¢,d).
Considering the device-to-device deviation, recognition accuracy
was calculated as 93.6% for the 8 x 8 MNIST simulation and
95.5% for the 28 x 28 MNIST simulation, which show lower
accuracy than single device (Figure S7, Supporting Information)
These results demonstrate that appropriate molecular engineer-
ing to control the microstructure in films has achieved the
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Figure 6. Simulation of pattern recognition with the optimized DPP-OST array (29SVS_Ann). a) A schematic of the pattern recognition for 28 x 28 pixel
handwritten digits. b) 50 potentiation and depression cycles from writing (-3 V) and erasing operation (+1.2 V) with spike duration and time interval of
80 ms. For reading, drain voltage = —0.4 V was used. Recognition accuracy of c) small digits (8 x 8) and d) large digits (28 x 28) in MNIST simulation.
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long-term plasticity of DPP-OSTs and their applicability as com-
ponents in neuromorphic computing.

3. Conclusion

We suggest a facile approach that uses molecular engineering to
increase synaptic retention time of the DPP-OSTs. To determine
the effect of the molecular structure of DPP-SVS polymers on
synaptic retention time of the OSTs, by changing alkyl spacer
lengths of the DPP-SVS, the molecular structure of the
DPP-SVS is modulated. Subsequent thermal annealing further
improves the microstructure of the film to have better crystallin-
ity. Increase in side chain length and thermal annealing caused
increase in the chain ordering, orientation, and grain size of the
DPP-SVS films. The 29SVS_Ann DPP-OST showed the highest
PPF and EPSC gain in SRDP for STP and the longest retention
time for LTP. The steric hindrance between ions and alkyl side
chain is proposed to explain the effect of side-chain length in syn-
aptic behavior. The time-depedent UV-vis absorption spectra
during real-time electrochemical reaction can prove that side-
chain engineering affected the doping concentrations and dedop-
ing rates of the 24SVS_Ann and 29SVS_Ann; small steric
hindrance of 29SVS_Ann induces electrochemically favorable
ion doping. In addition, high crystallinity of 29SVS_Ann also
suppresses back-diffusion of penetrated ions, so the 29SVS_Ann
shows slow synaptic decay behavior. In simulations, an ANN
composed of DPP-OSTs that used 29SVS_Ann achieved accuracy
~96.0% in recognition of MNIST handwritten digits. Our molec-
ular tailoring strategies to control the synaptic retention time of
the intrinsic polymer semiconductors provides useful guildeline
to engineer the molecular structure of semiconducting polymers
for use in neuromorphic computing.

4. Experimental Section

Device Fabrication: Poly-[2,5-bis(2-decyltetradecyl) pyrrolo[3,4-c]pyrrole-
1,4-(2H,5H)-dione-(E)-(1,2-bis(5- (thiophen-2-yl)selenophen-2-yl)ethene]
(24SVS; M, =101kDa, PDI=1.70) and poly [2,5-bis(7-decylnonadecyl)
pyrrolo [3,4-c]pyrrole-1,4(2H,5H)-dione-(E)-1,2-bis(5- (thiophen-2-yl)
selenophen-2-yl)ethene] (29SVS; M, =127 kDa, PDI = 1.28) were synthe-
sized using a palladium-catalyzed Stille coupling reaction as reported pre-
viously.[*” The surfaces of the glass substrates were modified using SAM
treatment.®' The glass substrates were first cleaned with acetone and iso-
propyl alcohol in an ultrasonic bath and then dried. Then 2.4 mm octade-
cyltrimethoxysilane (Sigma Aldrich) solution in trichloroethylene (>99%,
Sigma-Aldrich) was spin coated on a UV/ozone-cleaned substrate at
2000 rpm for 30's. The substrates were stored in vacuum for 12 h with
an open vial that contained 10 mL of ammonium hydroxide solution
(25% in water, Sigma-Aldrich). Then the substrates were rinsed in toluene
and dried at room temperature. The iongel was obtained by mixing
ionic liquid 1-Ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide
(IEMIM][TFSI], Sigma-Aldrich) and poly(styrene-block-methyl methacyrlate-
block-styrene) triblock copolymer (PS-PMMA-PS, Polymer Source) in ethyl
acetate (Sigma-Aldrich) (1:9:90 in weight). The DPP-SVS solutions were
prepared in chlorobenzene (Sigma-Aldrich) at the concentration of
5mgmL™" and then spin coated at 1000 rpm for 60 s on the SAM-treated
glass substrates. The films were thermally annealed at 200 °C for 10 min in
N, glovebox. The pristine films were held in a vacuum chamber to
completely evaporate the solvent. As source and drain electrodes,
50 nm-thick gold was deposited on the films by thermal evaporation
through shadow masks in a high-vacuum chamber (=107Torr). For
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all the devices, the channel length was 50 ym and the channel width
was 1500 pm. Subsequently, ion gel was drop cast on the channel regions
and then dried in a vacuum chamber for 12 h.

Device Characterization: Synchrotron-based 2D GIXD was performed on
all the films at the 3C, 6D, and 9 A beam lines at the Pohang Accelerator
Laboratory (PAL, Republic of Korea). AFM (Multimode 8, Bruker) was per-
formed on the same batch samples.[? UV-vis absorption spectra of films
were measured using a UV-vis spectrophotometer (Lambda 465, Perkin
Elmer). For time-dependent UV-vis absorption spectral measurements,
—3V of voltage was applied to Pt wire for 30 s during the doping process.
45 s of dedoping process was conducted without any electrical bias to con-
firm reverse electrochemical reaction. DPP copolymer-coated ITO sub-
strate was grounded to induce an electrochemical reaction of the polymer
film. All electrical characteristics were measured using a Keysight B1500A
semiconductor device analyzer under N, in a glovebox.

MNIST Simulation: The crossbar array simulation of ANNs was simu-
lated using the “Cross Sim” platform (Sandia National Laboratory, USA).
The MNIST dataset of 60000 handwritten digits was used for training,
using backpropagation. Then 10 000 handwritten digits were used for the
recognition accuracy test. A three-layer network (input neurons, hidden
neurons, and output neurons) was used for MNIST simulation. 8 bits were
used for analog to digital converter (ADC)/digital to analog converter
(DAC) in peripheral circuits for MNIST simulation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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