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Abstract 

 
Artificial synapse which composes of the neuromorphic electronics is emerging 

alternative memory to solve the inherent bottleneck of von-Neumann architecture. 

The massively parallel computation and analog conductance change which are 

representative features of neuromorphic computing require short-term plasticity 

(STP) as well as long-term potentiation (LTP). Ion-gel gated synaptic transistors 

(IGOSTs) based on ion migration are promising artificial synapses due to their 

ability to mimic the synaptic functions elaborately with low energy consumption 

and potential to be used for flexible soft-robotics. But, despite the importance that 

microstructure can tune the synaptic plasticity by affecting ion migration behavior, 

understanding between the microstructure of channel and synaptic characteristics is 

lack for IGOSTs. Also, researches on IGOSTs have been usually focused on 

mimicking STP toward artificial peripheral nerves although LTP is essential feature 

for artificial synapse. Herein, how microstructure engineering induce LTP in 

IGOSTs is explored based on diketopyrrolopyrrol (DPP) semiconducting 

copolymer film. From the systematic microstructure engineering by changing 

branching-position of side chain, solvent type, and comparing annealing effect, the 

IGOST which have highly crystalline morphology and larger alkyl-stacking 

distance show the most strengthened synaptic plasticity. In the optimized IGOSTs 

for LTP, high recognition accuracy ~ 96% is achieved as a result of artificial neural 

network simulation for handwritten digits. These results provide the comprehensive 

understanding of microstructure engineering to enhance the LTP in IGOSTs and 

suggest the feasibility of IGOSTs toward the neuromorphic computing. 
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Chapter 1. Introduction 

 

To solve the bottleneck and complexity of complementary metal-oxide-

semiconductor (CMOS) system based on von-Neumann architecture, neuromorphic 

architecture are promising alternatives to provide the parallel computing with low 

energy consumption.[1-4] Artificial synapse is the basic component of neuromorphic 

hardware, inspired from the biological synapse of brain.[5, 6] The important feature 

of biological synapse is synaptic plasticity that modulate the synaptic connection 

strength, which transfer and regulate the chemical information depending on their 

historical firing.[7, 8] The synaptic plasticity is believed as the basis of learning and 

memorization by modulating its strength from short-term plasticity (STP) to long-

term potentiation (LTP),[7, 8] where STP represents the synaptic change for a short 

period of time and LTP represents the persistent strengthened (potentiated) synaptic 

weight.[9-11] As well as the biological synapse, artificial synapse requires LTP to 

emulate the learning and recognition behavior by distinct conductance states and 

analog switching for neuromorphic computing.[1-3]  

Recently, organic artificial synapses have been proposed to mimic various 

synaptic functions with low energy consumption,[6, 12] simple fabrication,[6] 

mechanical flexibility,[13] and biocompatibility[14] which are suitable for numerous 

neuromorphic electronics including soft robotics,[15-17] artificial nervetronics[13, 18] 
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and neuromorphic computing.[3] Among them, electrochemical artificial synapses 

with battery-like redox reaction have been reported to have reproducible and non-

volatile discrete conductance states with linearity, suggesting the feasibility of 

organic neuromorphic circuits which perform near their theorical limit.[2, 3] 

However, inherent redox reaction and rapid entering into LTP mode of battery-like 

electrochemical synapses limit the delicate imitation of learning and forgetting 

behavior which occur from STP with short decay time.[19] Meanwhile, ion-gel gated 

organic synaptic transistors (IGOSTs) based on ionic migration have been focused 

as good candidates due to their elaborately controllable synaptic functions, [6, 12, 13, 

18-21] which are operated by two mechanism: electric-double layer (EDL) formation 

and ionic penetration into permeable organic semiconductor (OSC) layer.[13, 22, 23] 

EDL formation occur from accumulation and back-diffusion of ions near ion-

gel/OSC interface, which contribute to STP.[24] By increasing the number and 

frequency of stimulation, the depth of ionic penetration into OSC layer can expand 

(i.e., bulk-doping) and ions become gradually intercalated from amorphous regions 

into crystalline regions.[23, 25, 26] Bulk-doping involves the redox reaction of ions 

that are act as dopants, and the oxidized (or reduced) dopants increase the 

concentration of carriers as they are counterion of charged backbone for charge 

neutrality.[25, 26] Trapped ions cannot be easily diffused back to the ion-gel 

compared to the ions of EDL, which induce the LTP.[6] Hence, IGOSTs can emulate 
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both STP and LTP depending on their doping states, thus they have great 

advantages to be used as bio-realistic memory devices which develop the 

memorization state from temporal or short-term memory to the long-term 

memory.[9]  

However, there have been little consideration about the relation between 

device operation and microstructures of OSC channels where ions are intercalated 

despite the importance that the doping state of ions in the channel decide the 

operation mode of IGOSTs. The lack of understanding of OSC microstructure 

obstruct the design of proper synaptic performance of IGOSTs for various 

applications. Consequently, many researches about IGOSTs have been focused on 

STP toward the artificial peripheral nerve systems[13, 16-18] despite of the possibility 

toward the LTP and neuromorphic computing device. Recently, IGOSTs based on 

diketopyrrolopyrrole (DPP)-based donor-acceptor (D-A) copolymers (DPP-SVS 

IGOSTs) have been reported as sensorimotor synapses due to their excellent 

sensory signal detection ability via high charge carrier transport.[13, 15, 18] DPP-SVS 

copolymers have relatively low highest occupied molecular orbital (HOMO) level 

(typically -5 to 5.5 eV)[27-29]  due to their strong electron-withdrawing character,[29] 

thus the oxidation of dopants and the redox reaction as well as LTP are more 

difficult[13, 20, 30] compared to polymer of smaller HOMO level such as poly(3-

hexylthiophene) (P3HT, ~ -4.8 eV), which have been reported to have LTP.[6, 31] 
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Because of these natures, DPP-SVS IGOSTs usually have been known to operate 

by EDL formation with small hysteresis on their current-voltage (I-V) curve.[13, 18]  

As the LTP is important feature for developing biomimetic artificial 

synapse, it is crucial to induce LTP via consideration about the doping state and 

synaptic performance of IGOSTs, which have been showed STP. In this work, LTP 

of DPP-SVS IGOSTs are developed by controlling the microstructure of the DPP-

SVS OSC layer based on the morphological understanding. As the microstructure 

of semi-crystalline OSC layer is significantly affected from the solution process 

regarding the interaction of polymer chains and film formation[32], the types of 

solvent are compared. For spun-casted films, the device performance majorly 

depends on the chain alignment. To control the polymer conformation 

systematically, annealing effect and side-chain engineering are compared; the 

thermal annealing is the general way to make thermodynamically stable and relax 

the stress of polymer chains that are locked-in during evaporation of the solvents,[33, 

34] and changing the alkyl branching-position of side-chain in their chemical 

structure fundamentally alter the self-organization nature of polymers.[35]  

It is demonstrated that the morphology of DPP-SVS polymers are 

modulated depending on the microstructure engineering through grazing-incidence 

X-ray diffraction (GIXD), atomic force microscopy (AFM) and UV-Visible 

spectroscopy. The LTP shows the correlation with the chain alignment and 
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crystallinity, suggesting the optimal condition of DPP-SVS IGOSTs for 

neuromorphic computing. By using the optimal condition of DPP-SVS IGOSTs for 

LTP, artificial neural network using handwritten digits recognition is simulated and 

high pattern recognition accuracy ~ 96.0 % could be achieved. 
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Chapter 2. Morphological Change of DPP-SVS films 

depending on Microstructure Engineering 

 

2.1 Fabrication of DPP-SVS IGOSTs 

 
IGOSTS based on electrochemical doping were fabricated on an 

octadecyltrimethoxysilane (OTMS) self-assembled monolayers treated glass 

substrate (SAM-glass), as shown in Figure 1a. The metal probe tip mimics the 

axon of the pre-neuron and fires the presynaptic inputs to drift the anions toward 

the OSC active layers. The drain electrode is considered as the dendrite of the post-

neuron. These are very similar with the biological phenomena of the 

neurotransmitters diffusion toward the synaptic gap between the presynaptic 

membrane and postsynaptic membrane.[36] As the IGOSTs are based on ionic 

migration and corresponding the hole generation, we used the DPP-based π-

extended selenophene-vinylene-selenophene (DPP-SVS) copolymers which induce 

the strong intermolecular interactions, which result in conductive DPP backbone 

and effective hole transport.[34] A series of DPP-SVS D-A copolymers were 

synthesized in two types which have no spacer groups (C1, 24 carbons in the alkyl 

side chain) and have spacer groups (C6, 29 carbons in the alkyl side chain):  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) 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) (Figure 1b, c).[29, 34] The number average 
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molecular weight and polydispersity index (PDI) of polymers are represented in 

Chapter 4. To investigate the solvent effects for IGOSTs, chloroform (CF) which 

is non-aromatic and low boiling point solvent and chlorobenzene (CB) which is 

aromatic and high boiling point solvent were compared. After spin coating from 

each solution, thermal annealing was carried out for some samples to compare the 

effect of the crystallinity at 200°C for 10 minutes, which is optimal condition to 

have the most crystalline morphology for DPP-SVS copolymers.[29, 34] After 

deposition of electrodes, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

-imide ([EMIM][TFSI]) ion-gel was drop-cast. 

The UV-Visible absorption spectra of the DPP-SVS copolymers in thin 

films on the SAM-glass were examined as shown in Figure 2. 'RT' indicate the 

pristine (or non-annealed) films which means room temperature, and '200°C' 

indicate the annealed samples for each. The films exhibit broad dual-band 

absorption from 400 to 1000 nm which is the general feature of D-A copolymers 

due to their enhanced intramolecular charge transfer.[34, 37] 29SVS films showed 

remarkable red-shifted ~ 20 nm for a maximum vibrational peak around 800 nm 

compared to 24SVS films. These can be attributed to the reduced the steric 

hindrance by the alkyl spacer between branching point and backbone, resulting in 

more close-packed planar structure even in the pristine film.[29] The effect of 

thermal annealing which facilitate molecular reorganization[34] of 29SVS films 

were not very apparent compared to 24SVS films, suggesting more preferential 

ordered lamellar structure even in the pristine film on the bare glass substrate. With 

processing CB, the maximum peaks were also slightly red-shifted in all DPP-SVS 

copolymers which indicate enhanced π-π stacking because of longer crystallization 

time. 
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Figure 1. Schematics of (a) device structure of the IGOST and chemical 

structure of (b) 24SVS and (c) 29SVS. 
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Figure 2. UV-Visible absorption spectra depending on comprehensive 

microstructural engineering: UV-Visible spectra of (a) 24SVS and (b) 

29SVS films comparing chemical structure, solvent type and annealing 

effect. UV-Visible spectra of (a) 24SVS_CB and (b) 29SVS_CB films 

comparing SAM treatment effect. 
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2.2 Microstructure Analysis of DPP-SVS films 

 
To quantify the morphological change by microstructure engineering, 

GIXD was performed for the DPP-SVS films as shown in Figure 3. The presence 

of highly-ordered X-ray reflections related to (h00) crystal planes suggest that 

DPP-SVS copolymers have an edge-on oriented crystal structure with long-range 

order manner even in the pristine film. In the all samples, 29SVS films (right 

panels of Figure 3a and b) displayed more intense (h00) and (020) reflections 

compared to the 24SVS films (left panels of Figure 3a and b). These imply that 

29SVS copolymers form preferential edge-on orientation on the substrate and have 

more ordered chain packing even with the larger lamellar distance, due to the 

longer alkyl spacer (~5 Å) between the DPP backbone and branched side chains. 

Under the thermal annealing (down panels of Figure 3a and b), (020) peak become 

more distinctive (h00) peak intensity increase, implying that the more ordered -

conjugated structures were achieved in both in-plane and out-of-plane directions. 

Additionally, DPP-SVS films from CB solvents show the stronger peak intensities, 

indicating more long-range order of crystalline structure. Table 1 shows the 

calculated lattice parameter of DPP-SVS films extracted from Figure 3. 29SVS 

and 200°C samples showed stronger peak intensities and smaller - stacking than 

24SVS and RT samples, which indicate that larger and denser crystalline domain 
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were formed.[29] Notably, annealing effect is not very pronounced on lattice 

parameters in CF samples although the chain orientations are increased from the 

increasement of peak intensities in the annealed samples. These means that 

polymer chains of CF samples are locked-in their too earlier crystallization state 

due to their short evaporation time, thus applying thermal annealing cannot 

significantly change their crystal parameter, but more long-range order of their 

crystalline domain with enhanced polymer orientation could be achieved by 

relaxing of internal stress of polymers. 

Correspondingly, it was figured out that processing CF solvents of as-spun  

(CF (RT)) samples showed more initial state of crystal formation with nodule-like 

nanodomain morphologies as shown in the AFM topologies (especially for 

24SVS_CF (RT) sample, Figure 4). After thermal annealing on CF samples (CF 

(200°C)), overall crystallinity was increased as granular nanodomains grew with an 

increase in surface roughness. While, it is noteworthy that small nanograins were 

already formed on the CB (RT) samples due to relatively prolonged evaporation 

time for chain ordering,[32] thus larger grains could be achieved with little 

roughness change after post-annealing on the CB (200°C) samples. These results 

suggest that the proper microstructure engineering including the choice of aromatic 

solvent with high boiling point, introducing the optimal length of alkyl spacer in 

the alkyl side-chain, and the post-annealing process not only enhance the film 
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crystallinity and grain size, but also make more ordered edge-on orientation. 
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Figure 3. GIXD analysis for DPP-SVS films cast from (a, c) chloroform 

(CF) and (b, d) chlorobenzene (CB): (a, b) 2D GIXD patterns of DPP-

SVS films. (c, d) 1D out-of-plane (Qz) and in-plane (Qr) X-ray profiles 

extracted from (a) and (b). 
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Sample Solvent 
Thermal 
annealing 

(100) peak 
lamella 

distance (Å) 

(020) peak 
π-π stacking 
distance (Å) 

24 SVS 

CF 

RT 21.10 3.72 

200°C 21.07 3.76 

29 SVS 
RT 29.20 3.62 

200°C 29.83 3.63 

24 SVS 

CB 

RT 21.56 3.70 

200°C 21.56 3.64 

29 SVS 
RT 26.23 3.58 

200°C 27.23 3.58 

 

Table 1. Lattice parameters of DPP-SVS copolymer films from Figure 3. 
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Figure 4. AFM topographic images of (a, b, e, f) 24SVS and (c, d, g, h) 

29SVS films: spun cast from (a-d) CF and (e-h) CB, non-annealed (a, c, 

e, g) and after annealed (b, d, f, h). 
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2.3 I-V Transfer Characteristics of DPP-SVS IGOSTs 

 
To explore the effect of microstructure engineering to IGOSTs, I-V 

transfer characteristics were measured in N2 condition (Figure 5). The transfer 

curve with clockwise hysteresis indicate the injected charge carrier from the 

electrochemical reaction for charge neutrality by infiltrated ions.[20] The charge 

carriers would be increased as the number of doped ions increase, so that the area 

of transfer curve can be regarded as the indicator of the extent of doped ions.[22, 38] 

Accordingly, area of the transfer curve was calculated to estimate the doping effect 

and injected charge carrier density (Table 2). The integrated area of DPP-SVS 

IGOSTs was increased with the thermal annealing, processing CB solvent and 

using of 29SVS, which are consistent with tendency of increment of crystallinity. 

Thus, from the transfer curve which suggest the correlation between morphological 

change and bulk doping behavior of IGOSTs, it can be expected that synaptic 

properties would rely on the microstructure engineering corresponding the 

tendency of crystallinity.  

Recently, studies about microstructural change of electrolyte/OSC 

interface have reported that the ions are usually trapped in the amorphous region 

initially and doped into the alkyl side chain of crystalline regions subsequently with 

the notable increment of alkyl stacking distance as the doping states progress.[25, 26, 

39] From these previous studies and results of transfer curve, two processes of ionic 

migration mechanism in DPP-SVS IGOSTs can be suggested (Figure 5c): (i) fast 

motions of TFSI- anions near the ion-gel/OSC interface involving EDL formation 

and (ii) relatively slow ionic infiltration over DPP-SVS lamellar layers. As the ions 

reside in the alkyl side chain and infiltrate into the crystalline regions over a certain 
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threshold voltage, TFSI– anions are captured in the alkyl side chains in the (ii) 

process with corresponding electrochemical oxidation on the DPP backbone in 

both amorphous regions and crystalline regions.[22] Some energy barriers exist for 

ions to be trapped inside the crystallite, but once ions are trapped, the ions reside 

longer. [25, 26, 39] Thus, larger transfer curve can be obtained in more crystalline 

IGOSTs because denser crystalline structure capture ions longer and induce more 

carriers. Additionally, it is notable that transfer curve of 24SVS_CF (200℃) 

IGOST is bigger than 24SVS_CF (RT) IGOST despite of similar crystal parameters. 

The difference could be resulted from the increased orientation and larger 

crystalline domain of 24SVS_CF (200℃) IGOST, which can be interfered from 

stronger intensity of reflection peaks as shown in Figure 3. Thus, denser crystal 

structure and long-range order of crystalline domain affect the bulk doping and the 

resultant synaptic performances for DPP-SVS IGOSTs, suggesting the relation of 

LTP and crystalline morphologies tailored by microstructure engineering. 
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Figure 5. Transfer curve depending on microstructural engineering of 

DPP-SVS IGOSTs from (a) CF and (b) CB, measured at drain voltage 

of −0.4 V. (c) Schematic illustration of the IGOSTs mechanism by EDL 

formation and electrochemical bulk doping. 

 

 

 

 

 

 

 

 

 

(c) 
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Solvent Thermal annealing 24SVS (×10-7) 29SVS (×10-7) 

CF 
RT 0.66 7.90 

200 7.75 29.92 

CB 
RT 17.79 68.21 

200 17.87 147.96 

 

Table 2. Integrated area of each transfer curve from Figure 5.  
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Chapter 3. Synaptic Characterization of DPP-SVS 

IGOSTs depending on Microstructure Engineering 

 

3.1 Annealing Effect for DPP-SVS IGOSTs 

 
To investigate more detailed synaptic characteristics depending on the 

annealing effect, spike-number dependent plasticity (SNDP) was emulated as 

shown in Figure 6a and b. To clarify the effect of denser crystal structure and 

larger domain size on synaptic performance, IGOSTs from CB were compared for 

annealing effect (24SVS_CB (RT), 29SVS_CB (200℃) for each). Excitatory post-

synaptic currents (EPSCs) were triggered by applying various number of spikes. In 

all IGOSTs, a few spikes induce the short decay of EPSCs and a number of spikes 

induce the longer decay time and increase of current level, indicating synaptic 

potentiation.[7] In the excitatory biological synapse, the successive action potentials 

make more neurotransmitters release to the synaptic gap so that more receptors can 

detect the ionic signal, thus post-synaptic potential (PSP) become strengthened as 

the effective way to regulate the importance of chemical information.[10, 11] Like 

biological synapse, frequent and continuous stimulation induce the synaptic 

potentiation via SNDP so that the signal strength of electrical information could be 

enhanced in IGOSTs.  

In the RT IGOSTs, SNDP results showed more un-symmetric increasing 

scheme and shorter decay compared to 200℃ IGOSTs, which indicate the 

inherently weaker synaptic plasticity. Symmetric increment of EPSCs and synaptic 
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weights contribute to ideal analogous switching of neuromorphic computing[5, 6] 

where segmented conductance state is important.[2, 3] The reason of enhanced 

synaptic plasticity of 200℃ IGOSTs can be found in morphological analysis. In 

Figure 3, post-annealing make microstructure of DPP-SVS films more well-

aligned and edge-on morphology. Ions would be easier to be injected in well-

aligned polymers, thus the stimulation of IGOSTs which have highly oriented OSC 

layer could trigger more larger synaptic plasticity. Particularly, synaptic 

potentiation relative to the initial baseline at 80 sec for 29SVS_CB (200℃) IGOST 

was 871 % while it was 299% in 24SVS_CB (200℃) IGOST, indicating the 

enhanced LTP. Thus, the overall crystalline morphology with well-aligned polymer 

orientation of IGOSTs is important condition to induce the LTP. The other synaptic 

characteristics depending on annealing effect is shown in Figure 7. 
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3.2 Solvent Effect for DPP-SVS IGOSTs 

 
The effect of solvent type for synaptic properties were compared in 

Figure 6b and c based on annealed (200℃) samples. By SNDP, IGOSTs 

from CB showed relatively linear increment of EPSCs while IGOSTs from 

CF showed gradual increase of EPSCs. Among them, 29SVS_CB IGOSTs 

showed the most linear regime of EPSC increase EPSC. In Figure 8, spike-

rate dependent plasticity (SRDP) were emulated which depend on the 

frequency of electrical information. The results showed that the most 

frequent stimulation at 6.25 Hz evoked the largest potentiation, while the 

slowest stimulation at 0.625 Hz did not induce visible synaptic plasticity 

changes, which indicates that the back diffusion of anions was faster than 

accumulation during 0.625 Hz stimulation. These phenomena are related to 

the high-pass filtering characteristic of the biological synapse,[10] which 

regulate the importance of transmitted information depending on the signal 

frequency.[5, 40, 41] In Figure 9, the initial decay scheme was similar in both 

IGOSTs from CF and CB after 6.25 Hz stimulation, but sustainable 

potentiation even after 80 sec was obtained only in the 29SVS_CB IGOSTs. 

Notably, the 29SVS_CB IGOST showed 405% potentiation after 50 spikes, 

which express the LTP. There results indicate that the well-developed 

crystalline morphology of CB IGOSTs possess more enhanced synaptic 

plasticity than CF IGOSTs, which is originated from prolonged 

crystallization time during spin-coating. 
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Figure 6. SNDP of IGOSTs (each spike: −2 V, 80ms). (a, c, e) 24SVS 

IGOSTs and (b, d, f) 29SVS IGOSTs: (a, b) spun cast from CB solution 

and non-annealed (RT). (c, d) spun cast from CB solution and annealed 

(200℃). (e, f) spun cast from CF solution and annealed (200℃).  
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Figure 7. PPF and SRDP of IGOSTs from CB depending on annealing 

effect (each spike: −2.5 V, 80ms). (a) PPF index with different spike-to-

spike time interval. (b) SRDP index with different spike frequency.  
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Figure 8. SRDP of IGOSTs depending on solvent type of (a, c) 24SVS 

(200℃) and (b, d) 29SVS (200℃) IGOSTs (each spike: −3 V, 80 ms): 

spun cast from (a, b) CF (measured during ~ 8.0 sec) and (b, d) CB 

(measured for 20 spikes). 
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Figure 9. Decay scheme of IGOSTs by SRDP after stimulation of 8 

seconds (each spike: −3 V, 80 ms). Raw data is on the Figure 8. 
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3.3 Synaptic Characteristics of Optimized IGOST for LTP 

 
Up to now, relation between synaptic characteristics and microstructure 

was investigated, where extrinsic engineering including processing CB solvents 

and treating post-annealing and intrinsic chemical structure engineering by 

inserting alkyl spacer below the branching-point of the side chain make enhanced 

the synaptic plasticity. As a result, 29SVS_CB (200℃) IGOST was figured out as 

the optimal condition of device which showed the most strengthened LTP. To 

support this results and identify the ionic flux during bulk doping, we conducted 

the time-dependent electrochemical UV-Visible absorption spectra of DPP-SVS 

films in the [EMIM][TFSI] ion-gel and compared the results by intrinsic chemical 

structure engineering as shown in Figure 10. During doping, the gate voltage with 

–1 V was applied on the DPP polymer films spun on the SAM-ITO glasses for 30 

seconds to avoid the solvent electrolysis (for water, electrolysis begins around 1.2 

V).[42] During de-doping for 45 seconds, de-trapped behavior of ions was measured 

without any electrical bias to observe only back-diffusion. As the evidence of 

electrochemical reaction, visible color changes were observed during ionic doping 

in the DPP-SVS film,[22] which are represented in Figure 10b with the 

corresponding color box. As the de-doping process go along with the recovery of 

the absorbance spectra, the color of films also become recovered toward the initial 

blue color. The normalized absorbance spectra were reduced during doping process 

and recovered during de-doping process, which indicate the electrochemical 

reaction of the ions for OSCs (Figure 10c and d).[26] The maximum 0-0 peaks were 

plotted by normalizing into [0, 1] to observe the amount of optical change as 

shown in Figure 10e. It is noteworthy that the value of normalized maximum peak 
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of spectra at 30 sec was about 0.6 for 29SVS_CB film and almost initial state for 

24SVS_CB film. At the maximum doping state at 30 sec, the dual-band peaks were 

eliminated implying that the both amorphous and crystalline regions become 

oxidized.[26] Initial decrease of absorption peaks was larger for 29SVS_CB films 

indicating the initial ionic influx is larger, thus it might be attributed from the larger 

alkyl stacking distance. After 30 sec, reduced absorbance spectra was recovered 

toward the initial state indicating the back-diffusion of ions, i.e., de-trapping 

behavior. Interestingly, the electrochemical doping state for 29SVS_CB film was 

sustained until 75 sec with the normalized absorbance maximum peak around 0.9, 

which was still comparable with the minimum value of 24SVS_CB film. This 

phenomenon is consistent with the enhanced LTP behavior of 29SVS_CB (200℃) 

IGOSTs, which imply that more anions were trapped in 29SVS_CB (200℃) OSC 

channel. Thus, it is figured out that larger size of crystalline domains and well-

aligned with long-range order attribute to the ion trapping. In the 29SVS_CB films 

which have increased orientation, ion infiltration beyond the overall semi-

crystalline lamellar layers might be facilitated and relatively more ions would be 

captured in the crystallite due to larger domain size. Moreover, 29SVS_CB films 

have more nano-confined amorphous regions compared to 24SVS_CB films. As 

29SVS_CB films have larger ionic influx, trapped anions in entangled chains 

inside the amorphous region could showed slower decay than 24SVS_CB films 

due to the nano-confinement effect. From these results, we concluded that the 

29SVS_CB (200℃) films is optimal condition for LTP IGOSTs with the long-term 

retention associated with electrochemical reaction.  

In Figure 11, detailed synaptic properties were explored using the 

optimized IGOST. Figure 11a and b show the typical EPSCs of the IGOSTs. When 
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two spikes were applied successively, 2nd EPSC was stronger because ion 

migration increases due to the subsequent spike stimulation. This feature which the 

peak current become larger by the superimposed 2nd pulse is known as paired-pulse 

facilitation (PPF), the representative characteristic of STP (Figure 11c).[43, 44] Two 

consecutive presynaptic spikes were applied with the varying inter-spike interval 

from 80 ms to 560 ms. The PPF index was calculated by the ratio of the amplitudes 

of two EPSCs with following Equation 1 and plotted as a function of inter-spike 

interval.[18, 43]  

                                (1) 

As shown on the plot, the magnitude of facilitation increases when the inter-spike 

interval decreases. In the psychological field, PPF have been empirically 

approximated by using double exponential decay term which represent two 

components of facilitation as following,[43] 

                             (2) 

where t is the inter-spike interval and C1 and C2 represent the phase facilitation 

magnitudes.  and  is the characteristic relaxation time of the rapid phase 

lasting tens of milliseconds and the slower phase lasting hundreds of milliseconds. 

In our results,  = 91.65 s,  = 811.0 s for 29SVS_CB (200℃) IGOST, which 

is prolonged compared to 24SVS_CB (200℃) with  = 66.48 s,  = 833.3 s 

(Table 3). Therefore, not only typical PPF behavior but physiological STP was 

demonstrated. Figure 11d shows the EPSC gain extracted from the SRDP results 

by dividing the amplitude of the tenth EPSC (EPSC10) for the first EPSC 

(EPSC1),[13] also showing high-pass filtering behavior of IGOSTs with ~ 500 % 

EPSC gain in the 29SVS_CB (200℃) IGOST and ~ 130% EPSC gain in the 
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24SVS_CB (200℃) IGOST at the 6.25 Hz while 0.625 Hz stimulation induce little 

EPSC gain.[10] As the electric stimulation of neuromorphic electronics is defined by 

the voltage and width of spikes, synaptic-voltage dependent plasticity (SVDP) and 

synaptic-duration dependent plasticity (SDDP) were measured (Figure 11e and f). 

The larger synaptic input (i.e., larger voltage, wider pulse width) induced larger 

EPSCs due to the large amount of doping of TFSI– anions. 

To demonstrate the  prolonged decay time by LTP, we examined the 

memorization model using optimal extrinsic condition of IGOSTs based on the 

‘multistore model’ of human brain,[45] which explain the development of long-term 

memory by the synaptic plasticity.[46, 47] After few spike stimulations, the synaptic 

weight recovered fast with short decay time which can be represented as short-term 

memory (STM) mode. With the number of spikes increase, the synaptic weight and 

decay time are increased representing the long-term memory (LTM) mode. 

Followingly, the decay time of IGOSTs were compared in Figure 12 by intrinsic 

chemical structure depending on SNDP (Figure S1). 29SVS_CB (200℃) IGOST 

showed almost 3 times longer decay time compared to 24SVS_CB (200℃) IGOST. 

These results suggest that the synaptic weight retention can be tailored by proper 

microstructural engineering and imply feasibility toward the biomimetic memory.  
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Figure 10. (a) Experimental setup of time-dependent electrochemical 

UV-Visible spectra of DPP-SVS films in the ion-gel. (b) Optical images 

of 29SVS_CB film during doping (5 - 30 sec, from black to blue lines) 

and de-doping process (35 -75 sec, from sky-blue to red lines). 

Normalized time-dependent absorption spectra of (c) 29SVS_CB and 

(d) 24SVS_CB films. (e) Normalized change of maximum absorption 

peaks from (c) and (d). 
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Figure 11. Synaptic characteristics of optimized IGOSTs using 

29SVS_CB (200℃) films (each spike: −3 V, 80 ms). (a) EPSC triggered 

by a single spike. (b) EPSCs triggered by double spikes. (c) PPF index 

with different spike-to-spike time interval. (d) SRDP index with 

different spike frequency. (e) SVDP with different spike voltage. (f) 

SDDP with different spike duration. 
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Figure 12. Decay time of IGOSTs compared with chemical structure, 

calculated from Figure S1.  
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3.4 MNIST Simulations based on Handwritten Digits of 

Optimized IGOST 

 
Based on the synaptic characteristics and experimental demonstration, the 

synaptic learning capability of 29SVS_CB (200℃) IGOST was simulated using 

CROSSSIM for the MNIST (Modified National Institute of Standards and 

Technology) pattern recognition.[3, 48] Figure 13a shows a schematic diagram of a 

pattern recognition for “7” input using handwritten digits data sets and a crossbar 

array mapped into artificial neural network (ANN).[4, 48] This ANN consists of 

8×8[49] and 28×28 pixels,[50] which are computed as the 64 and 784 input neurons 

(pre-neurons). 300 neurons were used as hidden layer for backpropagation 

algorithm and 10 output neurons (post-neurons) from 0 to 9 were used. To make 

the discrete conductance states, 50 negative pulse trains of –3 V and 50 positive 

pulse trains of +1.2 V with constant drain voltage of –0.4 V were applied. The 

potentiation and depression cycles were consistently repeated when the spike 

number over the 1,000 (Figure 13b). Calculated reproducibility of conductance 

changes from Figure 3b is shown on Figure 14. Followingly, 60,000 images were 

trained for simulations and 10,000 images were tested[50] to calculate the 

recognition accuracy through the 40 epochs. In the results, our IGOST showed very 

high 96.0% and 95.8% accuracy for the 8×8 and 28×28 MNIST simulation, while 

the ideal numerical results showed the 98% and 96.7% accuracy respectively 

(Figure 13c and d). Thus, 29SVS_CB (200℃) IGOST could emulate the synaptic 

learning properties with high recognition accuracy near the theoretical value. These 

results prove the possibility of IGOST to be used as the neuromorphic components 
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for the bio-realistic soft robotics and neuromorphic computation which can emulate 

the various synaptic plasticity based on proper microstructure engineering. 
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Figure 13. Multi-conductance states and simulation for pattern 

recognition of optimized IGOSTs. (a) Schematic illustration of the 

pattern recognition for 28×28 pixels handwritten digits and the crossbar 

array mapped for ANN. (b) 50 potentiation and depression cycles from 

writing (–3 V) and erasing operation (+1.2 V) with time interval of 80 

ms, read at drain voltage of −0.4 V during 2.8 sec. Recognition accuracy 

in MNIST simulation for (c) 8×8 and (d) 28×28 pixels handwritten 

digits in ideal nuemerical result and device result. 40 epochs were 

performed. 
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Figure 14. The reproducibility of conductance changes of (a) writing 

and (b) erasing process during cycling. 
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Chapter 4. Experimental Section 

Self-Assembled Monolayer (SAM) deposition: To modify the substrate surface, 

self-assembled monolayer (SAM) treatment was conducted.[51] The glass substrates 

were cleaned with acetone and isopropyl alcohol in ultrasonic bath and dried to 

eliminate the organic matter and improve the wettability. 2.4 mM 

octadecyltrimethoxysilane (OTMS, Sigma Aldrich) in trichloroethylene (TCE, > 

99%, Sigma-Aldrich) solution was spun-cast on UV/ozone cleaned substrates at 

2000 rpm for 30 seconds to cover the surface. The substrates were vacuum-treated 

in the desiccator for 12 hours with a 10 millimeters of ammonium hydroxide 

solution (25% in water, Sigma-Aldrich). After then, the substrates were rinsed in 

toluene and dried at room temperature. 

 

Device fabrication: The polymer 24SVS and 29SVS were synthesized via 

palladium-catalyzed Stille coupling reaction as reported[29, 34] (24SVS: Mn = 101 

Kda, PDI = 1.70, 29SVS: Mn = 127 Kda, PDI = 1.27). The ion-gel including ionic 

liquid 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([EMIM][TFSI], Sigma-Aldrich) and poly(styrene-block-methyl methacyrlate-

block-styrene) (PS-PMMA-PS) triblock copolymer to form physical gels were 

dissolved in ethyl acetate (Sigma-Aldrich, 1:9:90, w/w/w).  The DPP-SVS 

solution were prepared in chloroform (Sigma-Aldrich, 4mg/mL) and 

chlorobenzene (Sigma-Aldrich, 5mg/mL) by considering the solubility, and spun-

cast at 1000 rpm for 60 seconds on bare or SAM-glass substrates. The films were 

thermally annealed at 200°C for 10 minutes in the N2 glove box. The pristine films 

were vacuumed in a vacuum chamber to evaporate the solvent. The gold source 
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and drain electrodes were deposited on the films (50 nm) by thermal-evaporation 

method through shadow masks in a high vacuum chamber (~10-6 Torr). In the all 

devices, the channel lengths (L) were 50 µm and the channel widths (W) were 

1500 µm. Subsequently, ion-gel was drop-casted on the channel and the devices 

were dried in a vacuum chamber for 12 hours.  

 

Device Characterization: 2D grazing-incidence X-ray diffraction (2D-GIXD) was 

performed on the films at 6D and 9A beam lines in the Pohang Accelerator 

Laboratory (PAL), republic of Korea.[52] Atomic force microscopy (AFM, 

Multimode 8, Bruker) was performed to obtain the film morphologies. UV-Visible 

absorption spectra of films were measured by a UV-Visible spectrophotometer 

(Lambda 465, Perkin Elmer). All electrical characteristics were measured by a 

Keysight B1500A semiconductor device analyzer. 

 

MNIST simulation: The crossbar array simulation of artificial neural networks 

(ANNs) was simulated by "CROSSSIM" platform (Sandia National Laboratory, 

USA). The 60,000 handwritten digits datasets and backpropagation were used for 

training. The 10,000 handwritten digits datasets were used to the recognition 

accuracy test. A three-layer network (input neurons, hidden neurons, and output 

neurons) was used for MNIST simulation. 
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Chapter 5. Conclusion 

 

In summary, the ion-gel gated synaptic organic transistors (IGOSTs) based 

on DPP-SVS polymers are fabricated which have various range of synaptic 

plasticity including STP and LTP. To induce the LTP for DPP-SVS IGOSTs which 

have been usually reported for STP, systematic microstructure engineering 

including side-chain engineering, using different aromatic solvent, and applying 

thermal annealing were conducted. From the morphological analysis based on 

GIXD and AFM, DPP films which have branching-position of the alkyl side chain 

away from the backbone, cast from CB solvent and thermally annealed (i.e., 

29SVS_CB (200°C) film) showed the most crystalline morphology with long-

range order and denser chain packing. Also, 29SVS_CB (200°C) IGOST showed 

the most strengthened LTP for SNDP which suggest the correlation between 

channel microstructure and synaptic characteristics in IGOSTs. To identify the ion 

trapping efficiency, time-dependent UV-Visible absorption spectroscopy in the ion-

gel was conducted for DPP-SVS films. It was revealed that TFSI- ions remain 

longer as well as the faster initial doping in the 29SVS films than 24SVS films. 

Thus, both larger lamellar distance and increased crystallinity with larger domain 

size and well-aligned orientation of 29SVS films facilitate the ionic influx toward 

the OSCs and trap the anions longer during de-trapping mode, which support the 

enhanced LTP of 29SVS_CB (200°C) IGOSTs. Detailed synaptic functions were 

emulated in the optimized 29SVS_CB (200°C) IGOST including SNDP, SRDP, 

PPF and long-term retention. Also, 8×8 and 28×28 MNIST pattern recognition 

were simulated based on the 50 discrete conductance states of the optimized 
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IGOST. In the results, high recognition accuracy of 95.8% and 96.0% were 

achieved which are very near the theoretical recognition accuracy. Our results 

provide the systematic bottom-up strategy for morphological design in DPP-SVS 

IGOSTs to enhance the synaptic plasticity from STP to LTP, suggesting the 

feasibility of IGOSTs for the non-volatile memory device toward the neuromorphic 

computing. 
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Chapter 6. Supporting Information 

 
Figure S1. SNDP depending on chemical structure of (a) 24SVS and (b) 

29SVS_CB (200℃) IGOSTs (each spike: −3 V, 80 ms). 

 

 

 

 

 

 

 



 

 ４３

 

Figure S2. Synaptic characteristics of 24SVS_CB (200℃) IGOSTs (each 

spike: −3 V, 80 ms). (a) PPF index with different spike-to-spike time 

interval. (b) SRDP index with different spike frequency. (c) SVDP with 

different gate voltage. (d) SDDP with different spike duration.  
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Material Solvent Annealing c1 c2 τ1 [s] τ2 [s] R2 

29SVS 

CB 

200℃ 0.0903 0.1322 91.65 811.0 0.9995 

24SVS 200℃ 0.3287 0.3065 66.48 583.3 0.99997 

 

Table S1. Fitting information of PPF index in Figure 11c and Figure S2a. 
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Figure S3. Synaptic depression behavior of optimized IGOSTs using 

29SVS_CB (200℃) films. (a) Long-term depression after 50 spike 

stimulation of −3 V. (b) Multiple PSCs showing the alternative synaptic 

potentiation (−3 V, 80 ms) and depression (+1 V, 80 ms). 10 spikes and 

30 spikes were applied. 
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Abstract 

 

뉴로모픽 전자 장치를 구성하는 인공 시냅스는 폰-노이만 구조의 고유

한 병목 현상을 해결하기 위한 대안적인 메모리 소자로 떠오르고 있다. 

뉴로모픽 컴퓨팅의 대표적인 특징인 대규모 병렬 연산 및 아날로그 전도

도 변화는 단기 가소성 (STP) 및 장기 증강 (LTP)을 필요로 한다. 이

온 이동을 기반으로 하는 이온-젤 게이트 시냅스 트랜지스터 (IGOST)

는 낮은 에너지 소모로 정교하게 시냅스 기능을 모방하며 유연 소프트 

로봇에 적용될 수 있다는 점에서 유망한 인공 시냅스이다. 그러나, 미세 

구조가 이온 이동 거동에 영향을 미쳐 시냅스 가소성을 조정할 수 있다

는 중요성에도 불구하고, 채널의 미세구조와 시냅스 특성 사이의 이해는 

IGOST에 대해 부족하다. 또한, IGOST에 대한 연구들은 LTP가 인공 

시냅스의 필수적인 특징임에도, 보통 인공 말초신경을 위한 STP 모방에 

집중되어 왔다. 이 연구는 미세구조 공학이 IGOST에서 어떻게 LTP를 

유도할 수 있을지 diketopyrrolopyrrol (DPP) 반도체 공중합체 (폴리

머) 필름에 기초하여 탐구한다. 측면 사슬의 분지 위치와 용매 종류를 

변경하고 어닐링 효과를 비교하는 체계적인 미세구조 공학으로부터, 높

은 결정질 모폴로지 및 더 긴 알킬 적층 거리를 갖는 IGOST가 가장 강

화된 시냅스 가소성을 보이는 것으로 나타났다. LTP에 최적화된 조건을 

갖는 IGOST에 대해, 손글씨를 인식하는 인공 신경망을 시뮬레이션한 

결과 96% 수준의 높은 재인식률이 달성되었다. 이러한 결과는 기존에 

STP가 주로 보고되었던 IGOST에 대해 체계적인 미세구조 공학을 수행
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함으로써 LTP를 향상시킬 수 있다는 것을 시사하며, IGOST가 뉴로모

픽 컴퓨팅에 쓰일 수 있는 가능성을 제언한다. 

 

 

주요어 : 뉴로모픽 전자소자, 유기 인공 시냅스, 장기 가소성, 미세구조 

공학, 이온-젤 시냅스 트랜지스터  

학   번 : 2018-27944 
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