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High-Performance Organic Electrochemical Transistors
Achieved by Optimizing Structural and Energetic Ordering

of Diketopyrrolopyrrole-Based Polymers

ll-Young Jo, Dahyun Jeong, Yina Moon, Dongchan Lee, Seungjin Lee, Jun-Gyu Choi,
Donghyeon Nam, Ji Hwan Kim, Jinhan Cho, Shinuk Cho, Dong-Yu Kim, Hyungju Ahn,

Bumjoon J. Kim,* and Myung-Han Yoon*

For optimizing steady-state performance in organic electrochemical
transistors (OECTs), both molecular design and structural alignment
approaches must work in tandem to minimize energetic and microstructural
disorders in polymeric mixed ionic—electronic conductor films. Herein, a series
of poly(diketopyrrolopyrrole)s bearing various lengths of aliphatic—glycol
hybrid side chains (PDPP-mEG; m = 2-5) is developed to achieve
high-performance p-type OECTs. PDPP-4EG polymer with the optimized
length of side chains exhibits excellent crystallinity owing to enhanced

applications such as transduc-
tion/amplification  of ionic—electronic
signals and the detection of ions and
molecules.'™#*! The operation principles
of OECTs involve ion injection into the
active channel by the gate bias and the
electrochemical doping of the active
channel by electrolyte ions for charge
compensation.> 1 To this end, active
semiconductors in OECTs need to ensure

lamellar and backbone interactions. Furthermore, the improved structural
ordering in PDPP-4EG films significantly decreases trap state density and
energetic disorder. Consequently, PDPP-4EG-based OECT devices produce a
mobility—volumetric capacitance product ([uC*]) of 702 F V- cm
and a hole mobility of 6.49 + 0.60 cm? V= s, Finally, for achieving the
optimal structural ordering along the OECT channel direction, a floating film
transfer method is employed to reinforce the unidirectional orientation of
polymer chains, leading to a substantially increased figure-of-merit [z C*] to
over 800 F V-' cm~' s7'. The research demonstrates the importance of side
chain engineering of polymeric mixed ionic—electronic conductors in
conjunction with their anisotropic microstructural optimization to maximize

OECT characteristics.

1. Introduction

Organic electrochemical transistors (OECTs) have drawn great
attention as biocompatible electronics due to their diverse

both ion and electron transport capabili-
ties, and these materials are classified as
organic mixed ionic—electronic conductors
(OMIECs).l'>161  As  efficient OMIECs,
the conjugated materials grafted with hy-
drophilic glycol side chains have been suc-
cessfully demonstrated following poly(3,4-
ethylenedioxythiophene):poly(styrene
sulfonate)  (PEDOT:PSS).'781  Unlike
highly dense inorganic compounds or
metal/covalent organic frameworks, gly-
colated polymers with inherently soft
characteristics possess facile ion perme-
ability but simultaneously exhibit imperfect
semicrystalline characteristics and disor-
dered fractions in their solid films.[1%2"]
Thus, to maximize the steady-state
performance of OECTS, the enhancement of polymer ordering
has been attempted through diverse approaches such as molec-
ular structure optimization,???] solvent engineering,[?*?*] and
pre/post-treatments.[25-%]
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In terms of molecular design, extensive structures of con-
jugated backbones and glycol side chains remain unexplored,
suggesting potential for further enhancement of OECT perfor-
mance. In particular, the side chain engineering in conjugated
polymers plays a decisive role in determining the electrical per-
formance by affecting the morphological and energetic order-
ing of polymers.[?82°] First, a side chain structure influences the
packing efficiency of the polymer film, which should be secured
to develop sufficient charge percolation pathways through well-
ordered crystalline phases.[**) Moreover, the microstructural or-
dering of polymers is related to their energetic disorder.3!3?I
Therefore, highly ordered microstructures of polymer films sup-
press the formation of trap states, thereby, facilitating charge car-
rier transport.¥] Meanwhile, in addition to molecular optimiza-
tion, the overall polymer chain alignment along the active chan-
nel direction is highly desired to maximize device characteris-
tics. Accordingly, a number of film forming methods have been
developed to reinforce polymer packing efficiency and control
chain orientation by utilizing mechanical forces!**! and solu-
tion phase alignment.3-38] However, the majority of these tech-
niques have been demonstrated only for conventional polymers
with aliphatic side chains, not for conjugated polymers with gly-
col side chains. This could be attributed to less efficient poly-
mer packing by relatively flexible glycol side chains and the dif-
ficulty in selecting an appropriate processing solvent that can in-
duce chain alignment as well as provide sufficient processabil-
ity for glycolated polymers.[**! Therefore, the molecular design
rules that can minimize the intrinsic disorders of glycolated poly-
mers and enable film forming methods for the maximization of
polymer chain alignment should be established, thereby enhanc-
ing steady-state performance and the relevant figure-of-merit of
OECTs, the product of charge carrier mobility (1) and volumetric
capacitance (C¥*).[*0]

To this end, the side chain structure of glycolated polymers
needs to be developed by addressing the following requirements.
1) Since glycol side chains have higher chain flexibility than
aliphatic chains, glycol side chains often induce serious mi-
crostructural disorders in polymer packing and additional en-
ergy tail states that can function as trap states.[*! This justifies
the use of aliphatic—glycol hybrid side chains, while each frac-
tion should be balanced to ensure not only good polymer order-
ing by aliphatic moieties but also facile ionic transport by gly-
col moieties.[*'=*1 2) The different rigidities of various backbone
structures (e.g., thiophene, diketopyrrolopyrrole, naphthalenedi-
imide, and isoindigo) should be considered.[***¢! The rigid poly-
mers consisting of multiple fused rings require long and/or
branched side chains to enable not only their processing in so-
lution but also sufficient time to construct well-ordered pack-
ing structures through polymer self-assembly during solution
processing.[*’! For example, Gao et al. adjusted the side chain
structures of diketopyrrolopyrrole (DPP)-based polymers for use
in organic field-effect transistors (OFETs), where the polymer
with the optimized side chains exhibited improved crystallinity
and u value, compared to those with shorter side chains.[*8] 3)
At the same time, the length of side chains should be delicately
controlled so as not to be excessively elongated, thereby main-
taining the preaggregated state of polymers in solution and, in
turn, forming large crystalline domains in film.*-! In particu-
lar, the existence of polymer preaggregates in solution is crucial
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for enabling the intentional control of chain orientation by align-
ing the preaggregates through external mechanical stimuli.>2>]
Therefore, through the abovementioned optimization of molec-
ular structures and film forming methods, it is anticipated to
realize well-ordered polymer films enabling high device perfor-
mances.

Herein, we report a series of DPP-based polymeric OMIECs
with systematically controlled structures of glycol side chains.
The number of ethylene glycol (EG) repeating units is modu-
lated from two to five, thereby, naming the polymer PDPP-mEG
(Where mis 2, 3,4, and 5). Among the polymer series, PDPP-4EG
with the medium length of glycol side chains shows the most
crystalline and well-ordered characteristics. Thus, PDPP-4EG ex-
hibits the highest OFET saturation hole mobility value and the
lowest trap density of states. In parallel, OECT devices are fabri-
cated to investigate the correlation between structural/energetic
characteristics and OECT figure-of-merits (uC*). In particular,
PDPP-4EG enables an excellent uC* value, which is attributed
to its highly optimized charge carrier mobility. Finally, a float-
ing film transfer method is employed to generate the anisotropic
alignment of glycolated polymer chains along the active chan-
nel direction in OECT devices. The OECT devices based on
PDPP-4EG films aligned in a direction parallel or perpendic-
ular to the source-to-drain channel are fabricated to examine
the effect of the polymer chain alignment on the resultant uC*
value.

2. Results and Discussion

Comprehensive strategies ranging from the molecular design
of DPP-based polymers to a film alignment method were em-
ployed to minimize the structural and energetic disorders in
polymer films and, thus, enhance the resultant OECT steady-
state performances (Figure 1a). Regarding chemical structures,
we introduced hexyl aliphatic spacers between the DPP back-
bones and the glycol side chains to prevent the latter from ham-
pering the polymer microstructural ordering.*?) The length of
hexyl spacers was inspired by the branching point of DPP-based
polymers that can maximize the polymer crystallinity and the u
in OFET devices.I’* Additionally, the number of glycol repeat-
ing units as side chains was systematically controlled from 2 to
5 in order to analyze their effects on polymer properties. After
exploring various backbone spacers, 2,2"-bithiophene (T2) was
selected as the optimal structure to produce a high device per-
formance. The synthetic procedures of monomers and corre-
sponding polymers are detailed in the Supporting Information
and their chemical structures were confirmed through nuclear
magnetic resonance (NMR) analysis (Scheme S1 and Figures
S1-S6, Supporting Information). Since the peaks in the '"H NMR
spectra of PDPP-3EG, -4EG, and -5EG polymers were broad-
ened compared to those of PDPP-2EG, the molecular weights
(MWs) of PDPP-3EG, -4EG, and -5EG polymers were expected
to be higher than that of PDPP-2EG. As similar to previously re-
ported DPP-based polymers,1>>~81 MWs could not be measured
via chloroform- or 1,2,4-trichlorobenzene-based size-exclusion
chromatography due to aggregation of polymers and overesti-
mation of MW. Instead, the numbers of repeating units in the
polymers were assessed through matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-ToF MS).
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Figure 1. a) Chemical structures of the synthesized polymers and schematic illustration of this research; the molecular design rule of the polymers
and the method for controlling their chain alignment were investigated to reduce microstructural /energetic disorders and enhance OECT performance.
b) Normalized UV-vis absorption spectra of the polymers in solution and film states indicating the preaggregated behaviors of the polymers in solution
states. c) Potential-dependent UV—vis absorption spectra of a representative PDPP-4EG polymer film. d) Changes in the absorbance at the maximum
absorption wavelength. e) Changes in the maximum absorbance at the applied bias of 0.8 V (blue) and volumetric capacitances (red) of PDPP-mEG.

However, even the MALDI-ToF measurement brought about in-
decisive results in determining the MWs (Figure S7, Supporting
Information), since the high MW parts of polydisperse polymers
can be underestimated.[>!

The optical property of the polymers was examined using
ultraviolet-visible (UV-vis) absorption spectroscopy (Figure 1b).
The other three polymers except for PDPP-2EG produced sim-
ilar absorption spectra in both solution and film states. Mean-
while, PDPP-2EG showed an unsaturated and relatively blue-
shifted absorption spectrum probably due to its lower MW,
which could be attributed to the short side chains and the re-
sultant low solubility during the synthesis. The PDPP-3EG, -
4EG, and -5EG polymers showed similar maximum absorption
wavelengths (4,,..8) in both solution and film states, ~800 nm
(Table 1 and Figure 1b), indicating the preaggregated state of
polymer chains in solution.[®] Furthermore, the prominent 0-0
vibronic transition peaks were observed in PDPP-3EG, -4EG, and
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-5EG polymers, which suggest the presence of J-aggregates.[61:62]
Such anisotropic head-to-tail forms of J-aggregates could be
transferred to the formation of aligned polymer chains in the

Table 1. Optical and electrochemical properties of the polymers.

Polymer Amaxsol®) A film Eoaq” Eoxorg”) 1pd)
[nm] [nm] 4 I\ [eV]
PDPP-2EG 706 720 0.47 0.15 -5.21
PDPP-3EG 805 810 0.44 0.09 -5.15
PDPP-4EG 805 810 0.42 0.08 -5.14
PDPP-5EG 800 803 0.42 0.06 -5.12

% Chloroform solution; b Oxidation onset in a 0.1 m NaCl aqueous electrolyte;
9 Oxidation onset in 0.1 m tetrabutylammonium hexafluorophosphate in acetoni-
trile; ¥ Calculated from IP = —5.12 eV—e(Eqy org—Enj2), Where Ey 5 is the half-wave
potential of a ferrocene/ferrocenium redox couple.
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Figure 2. Representative geometry-normalized a) transfer, b) output, and c) transconductance curves of OECT devices with 0.1 m NaCl aqueous elec-
trolytes. d) g, versus (WdL™1) (Vy,—V;) plots. ) Benchmarking of the figure-of-merit [uC*] values of the polymers reported in the previous literature and
this research. For a fair comparison, only the information of OECT devices using NaCl, KCl, or phosphate buffered saline solutions as gate electrolytes

were collected.

resultant film when external stimuli such as shear/mechanical
forces are applied (vide infra).[63-6]

The oxidation onsets in the presence of aqueous (E,,,) and
organic (E,, ) electrolytes and the corresponding ionization po-
tentials (IPs) were evaluated through cyclic voltammetry mea-
surements (Table 1; Figures S8 and S9, Supporting Informa-
tion). The gradual decreases in E,,, (0.44-0.42 V) and E .,
(0.09-0.06 V) values were observed for PDPP-3EG, -4EG, and
-5EG polymers, while PDPP-2EG showed relatively high E,
(0.47V)and E, ., (0.15 V) due to its relatively low MW and broad-
ened bandgap. PDPP-3EG, -4EG, and -5EG displayed neglectable
current reduction during five redox cycles in an aqueous elec-
trolyte solution. Furthermore, to investigate ion doping and poly-
mer oxidation behaviors, spectroelectrochemistry was performed
using the polymer films immersed in the 0.1 m NaCl aqueous
solution (Figure 1¢; Figure S10, Supporting Information).[¢-68]
Upon bias, the intensity of both z—z* transition (350-520 nm)
and intramolecular charge transfer (ICT) (520-900 nm) peaks
were gradually decreased in all polymer films. For quantitative
comparison, the change in absorbance was tracked depending
on the applied potential at the maximum absorption wavelengths
of ICT peaks. Except for PDPP-2EG, the other polymers started
to be oxidized at the same potential of 0.5 V and exhibited sim-
ilar absorbance changes (Figure 1d). On the other hand, PDPP-
2EG was oxidized from a higher potential of 0.7 V with less ab-
sorbance change. In addition, electrochemical impedance spec-
troscopy (EIS) was carried out to examine the correlation between
electrochemical oxidation behavior and C* of each polymer. The
corresponding Bode and C*-V plots are provided in Figures S11
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and S12 of the Supporting Information. Consistent with the re-
sult of spectroelectrochemistry, PDPP-3EG, -4EG, and -5EG poly-
mers yielded similar C* values of 114, 108, and 108 F cm~3, re-
spectively. Meanwhile, PDPP-2EG exhibited a lower C* value of
98 F cm~ (Figure 1e), which may be ascribed to its lower MW as
evidenced by NMR and UV-vis absorption spectra.

To evaluate the electrical/electrochemical characteristics of the
polymers, OECT devices were fabricated using a 0.1 M NaCl aque-
ous electrolyte.[®) The active polymers were spin-cast by using
chloroform but any pre- or post-treatments were not applied to
extract their intrinsic properties. Detailed fabrication procedures
are described in the Supporting Information. The representative
transfer, output, and transconductance (g,,) curves of OECT de-
vices are provided in Figure 2a—c and Figure S13 (Supporting In-
formation). The OECT devices based on PDPP-3EG, -4EG, and
-5EG polymers showed on/off drain current ratio (I, /I ) val-
ues in the range of 10°~10° while PDPP-2EG-based devices pro-
duced a relatively low I, /I 4 of 10*. The higher I_ /I ; values
of the OECTs compared to those of the OFETs (~10%; vide in-
fra) were attributed to the doping process by ion injection and
the resultant amplified on currents, as evidenced by the above-
discussed spectroelectrochemistry and EIS results. Meanwhile,
it is noteworthy that u values are the primary determinants that
differentiate the performance of OECT devices, considering that
there is no significant difference among the C* values and dop-
ing efficiency of PDPP-3EG, -4EG, and -5EG polymers, except
for PDPP-2EG. Among the polymers, PDPP-4EG exhibited the
highest drain current (I)) and peak g, (g, m.,) Value. To fairly
compare material characteristics and exclude the effects of device
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Polymer o Vin Ermnorm [uC* [uC? Hogcr® Ton
[nm] I\ [Secm™] [FVlem™'s™] [FVlem s [em? V=1 s77] [ms]
PDPP-2EG 127 +2 —0.66 1.7+03 20 22+1 0.12 + 0.02 289 + 24
PDPP-3EG 116+ 4 -0.61 763 +5.9 491 466 + 34 3.95 + 0.46 160 + 5
PDPP-4EG 121+5 —0.60 1371+ 114 702 684 + 33 6.49 + 0.60 39+2
PDPP-5EG 128 +2 —0.60 63.3+£5.6 346 318 +29 3.08 +0.29 1541
? Thickness of active channels; * Peak transconductance normalized by active channel geometry (WdL™); 9 Extracted from the fitting of g,,, versus (WdL™") (Vy,—Vs) plots;

d)Average and standard deviation values from the [uC#] value of each device; ) Calculated by dividing [uC#] figure-of-merits by C* values. The metrics were obtained by

averaging at least four devices.

geometry and bias condition, [uC*] values were extracted from
the g, versus (WdL™!)(V,,—V;) plots of OECTs with various de-
vice geometries (Figure 2d). Intriguingly, PDPP-4EG showed a
[4C*] of 702 F V7! cm™! 71, which presents a very high value
among accumulation-mode OECT materials when comparing
the intrinsic performance of materials by excluding the effect
of mechanical engineering and molecular weight fractionation
(Figure 2e; Figure S14 and Tables S1 and S2, Supporting In-
formation). This [uC#*] value is also higher than those of ther-
mally annealed or acid/ionic liquid-treated PEDOT:PSS films
for depletion-mode OECTs (Table S3, Supporting Information).
Meanwhile, PDPP-3EG and PDPP-5EG exhibited [uC*] values of
491 and 346 F V7! cm™! s7!, respectively. By contrast, PDPP-
2EG had a sharply decreased [uC*] of 20 F V-! cm™! s7!, where
this phenomenon has been reported for other polymers with
very short glycol side chains.[”>’!] We suppose that the poor per-
formance of PDPP-2EG could be attributed to inferior domain
connectivity resulting from its low MW. The PDPP-4EG pro-
duced the highest yggcr 0f 6.49 + 0.60 cm? V-! 57! and geometry
(WdL™")-normalized peak gm (g, jorm,) of 137.1 + 11.4 S cm™,
followed by PDPP-3EG (uopcr = 3.95 £ 046 cm? V7' s7!, g
=763+ 59 S cm™!), PDPP-5EG (ugpcer = 3.08 + 0.29 cm? V-
s, g vomm = 63.3 £5.6 S cm™'), and PDPP-2EG (uppcr = 0.12 +
0.02cm? Vst g o =17+03Scm™).

In addition to steady-state device performance, transient char-
acteristics are also important for rapid response to ion/molecule
signals. Therefore, the transient performance of OECT de-
vices was evaluated by time constants upon switching on (z,)
(Table 2; Figure S15, Supporting Information). 7, values sig-
nificantly decreased from 289 + 24 ms (PDPP-2EG) and 160 +
5 ms (PDPP-3EG) to 39 + 2 ms (PDPP-4EG) and 15 = 1 ms
(PDPP-5EG). Overall, both PDPP-4EG and PDPP-5EG exhibited
fast responses to gate bias, owing to facilitated ion transport
through relatively long glycol side chains. Furthermore, opera-
tional stability tests were performed by turning OECT devices on
(Vg = —0.7 V) and off (V; = 0.0 V) repeatedly for a duration of
1.5 h (Figure S16, Supporting Information). Interestingly, PDPP-
3EG and -4EG devices maintained 99% and 88% of the initial
on-currents, respectively, while PDPP-2EG and -5EG devices re-
tained only 28% and 33% of the initial on-currents, respectively.
These results could be attributed to the morphological degrada-
tion in the films due to the relatively low molecular weight of
PDPP-2EG and the high swelling degree of PDPP-5EG, respec-
tively.

To evaluate the electrical characteristics of the polymers inde-
pendent of swelling and ion-mediated doping, bottom-gate top-
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contact OFET devices were also fabricated, where 200 nm-thick
SiO, served as a gate dielectric with a capacitance of 17.3 nF cm™2.
The detailed procedures for OFET device fabrication and electri-
cal characterization are provided in the Supporting Information.
The representative transfer curves and the corresponding tran-
sistor mobility (uqper) at the saturation regime are presented in
Figure 3a and Table 3. The OFETs based on PDPP-3EG, -4EG, and
-5EG polymers exhibited I, /I 4 values exceeding 10%. In agree-
ment with OECT results, PDPP-4EG showed the highest yqppr of
4.0 X 1072 cm? V~! 571, while PDPP-2EG, -3EG, and -5EG poly-
mers exhibited relatively lower ugppr values of 4.0 x 1073, 3.1 x
1072, and 2.0 X 1072 cm? V! 571, respectively. In parallel, to in-
vestigate the energetic disorder in polymer films, subthreshold
swing (S) values and the corresponding number of interface trap
states (N,,) were calculated (Figure 3b and Table 3), as the change
of electrical current in the subthreshold regime is dependent
on the presence of trap states as well as charge carrier density
determined by the applied electric field.l’?) In comparison with
PDPP-2EG (19.2 V dec™!), PDPP-SEG (11.1 V dec™!), and PDPP-
3EG (9.3 V dec™!), PDPP-4EG exhibits a low Sg value of 7.1 V
dec™!, resulting in the lowest N, value of 1.3 x 10'* eV~ cm™2.
To further quantify trap states in polymer films, thermal admit-
tance spectroscopy (TAS) was performed to obtain the energetic
profiles of trap density of states (tDOS) (Figure 3c).”>7#] The de-
vice fabrication process and the derivation of tDOS values are de-
tailed in the Supporting Information. In a low energy depth of
0.25-0.4 eV, PDPP-3EG and -4EG showed suppressed energetic
disorders with similarly low tDOS of 6.2 X 10%° and 5.8 x 10
cm™3, respectively (Figure 3d and Table 3), whereas PDPP-2EG
and PDPP-5EG exhibited relatively high tDOS values of 4.2 x 1018
and 2.2 X 107 cm~3, respectively. Interestingly, the discrepancies
in the tDOS of the polymers became more distinct in a higher
energy depth of 0.4-0.5 eV, as exemplified by the lowest tDOS
value of PDPP-4EG (3.3 x 10' cm™3). Therefore, PDPP-4EG fea-
tured the lowest degree of energetic disorder in the family, which
is clearly reflected in its OFET and OECT device characteristics.
To disclose the origin of the difference in device performances
and energetic disorders of PDPP-mEG, the microstructures of
oxidized polymer films were investigated through ex situ 2D
grazing-incidence X-ray scattering (2D GIXS) analysis. Consid-
ering that ion-induced microstructural deformation upon dop-
ing/dedoping is not negligible, it is important to interpret the ox-
idized polymer morphology that can directly replicate the on-state
OECT channel. The GIXS line-cut profiles and the correspond-
ing images are provided in Figure 4a,b and Figure S17 (Sup-
porting Information). All the polymers formed highly edge-on

© 2023 Wiley-VCH GmbH
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Figure 3. a) Representative OFET transfer curves. b) Comparison of the saturation mobility and the number of trap states of the polymer series. c) tDOS
spectra of devices based on the polymer series. d) Comparison of the trap density of states depending on trap depths.

Table 3. Electrical properties in the OFET devices and trap density of states of the polymer series.

Polymer Horer® Ss° N;”) tDOS g4y tDOS 04 v
[em? V=157 [V dec [10" ev-T ecm2] [em™3] [em™3]
PDPP-2EG (4.0+0.2) x 1073 19.2+3.0 3.6+0.6 42x 10" 8.2 x 104!
PDPP-3EG (3.1+0.1) x 1072 9.3+ 1.1 1.7+0.2 6.2x 10 2.1x 10
PDPP-4EG (4.0 £0.3) x 1072 7.1+ 1.0 13+0.2 5.8 x 10 3.3 x 107
PDPP-5EG (2.0 £0.5) x 1072 1.1+ 1.9 20+03 2.2x 107 4.7 x 10%°

? Saturation hole mobility averaged over at least five OFET devices; ) Average values over at least five OFET devices; 9 Trap density of states where the energy depth of traps
is from 0.25 to 0.4 eV; )Trap density of states where the energy depth of traps is from 0.4 to 0.5 eV.

oriented packing, as evidenced by highly ordered lamellar stack-  for suppressing energetic disorder and facilitating charge carrier
ing in the out-of-plane direction and z—z stacking in the in-  transport as demonstrated by the results shown in TAS and tran-
plane direction. PDPP-3EG and -4EG featured higher fourth-  sistor analyses. Consistent with the abovementioned results in
order lamellar peaks than PDPP-2EG and -5EG, which showed  an oxidized state, the same trend in crystalline properties was
up to third-order lamellar peaks. For quantitative comparison,  observed in a neat state without ion injection (Figure S18, Sup-
the crystal coherence lengths (L) and paracrystalline disorder pa-  porting Information). The PDPP-4EG exhibited the highest L_,,,
rameters (g) of (100) lamellar peaks were estimated, which are  of 11.7 + 0.4 nm and the lowest g, of 16.0 + 0.3% among the
summarized in Table 4.7’ PDPP-4EG exhibited the strongest  polymer series.

crystalline properties with an L_,y, of 11.7 + 0.4 nm, which is To further compare the crystalline properties of the polymers,
higher than those of PDPP-2EG (5.9 + 0.2 nm), -3EG (8.2 +  differential scanning calorimetry (DSC) analysis was performed
0.3nm), and -5EG (10.5 = 0.5 nm) (Figure 4c). In addition, PDPP-  during the first heating cycle (Figure 4e). To directly correlate with
4EG produced the lowest gy, (16.0 + 0.3%) value when com-  the polymer morphologies in transistor devices, polymer films
pared to PDPP-2EG (20.8 + 0.4%), PDPP-3EG (18.3 + 0.3%),and  were prepared by spin-coating their chloroform solutions identi-
PDPP-5EG (17.6 & 0.4%) (Figure 4d). In the case of (010) 7—z  cal to those in device fabrication and collected into DSC pans for
stacking peaks, there were negligible differences in the L. and g-  the measurements.’% Interestingly, endothermic melting tran-
values of the polymer series (Table S4, Supporting Information).  sitions appeared in PDPP-4EG and -5EG, whereas exothermic
From these results, it can be concluded that PDPP-4EG film had  cold crystallization transitions were found in PDPP-2EG and -
well-developed crystalline domains with the lowest microstruc-  3EG. The cold crystallization peaks of PDPP-2EG and -3EG in-
tural disorder among the PDPP-mEG family, which are beneficial ~ dicate the existence of imperfectly crystallized polymers. This
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Figure 4. GIXS line-cut profiles of the oxidized polymer films in the a) in-plane and b) out-of-plane directions. Plots of c) the coherence lengths and d)
the paracrystalline disorder parameters of PDPP-mEG polymers from (100) scattering peaks, which were averaged from at least three different films for
each polymer. e) DSC thermograms of the polymers during the first heating cycle. The dashed lines signify the integrated regions for the calculation of

phase transition enthalpies. f) Comparison of the cold crystallization enthalpies and melting enthalpies of the polymers.

result suggests that the crystallization of the polymers was sup-
pressed during the film formation due to the kinetic reason as-
sociated with the low solubilities of the polymers that cause fast
precipitation.””78] By contrast, PDPP-4EG and -5EG could pro-
duce well-developed crystalline structures owing to their long
side chains. To quantitatively compare the amounts of crystalline
phases, the sum of melting enthalpy (AH,)) and cold crystal-
lization enthalpy (AH_.) was calculated. PDPP-4EG exhibited the
highest enthalpy of 4.2 ] g™!, followed by those of PDPP-3EG (3.5
J g71), PDPP-2EG (2.7] g!), and PDPP-5EG (1.1] g™!) (Figure 4f
and Table 4). Taking into account the GIXS and DSC results,
the PDPP-4EG film contained the most strongly developed crys-
talline structures that are beneficial to reducing energetic disor-
der and obtaining a high p value.[*¥]

Since the ideal polymer film microstructure for an OECT
channel cannot be achieved solely through molecular design,
it is highly desired to induce additional chain alignment along
the OECT channel. To this end, a unidirectional floating film
transfer method (UFTM) was employed to induce anisotropic
chain alignment in PDPP-4EG films (Figure S19, Supporting
Information).”*# It is noted again that the preaggregation
of PDPP-4EG in chloroform is advantageous to form readily
aligned polymer chains (J-aggregates) in the solution phase
(Figure 1D). As the preaggregated polymer solution was released
onto the viscous hydrophilic liquid, the polymer chains under-
went unidirectional compression due to a viscous drag force
(see the Experimental Section in the Supporting information
for details).®!l By film transfer, the parallel alignment of poly-

Adv. Mater. 2024, 36, 2307402
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mer backbones could be preserved in solid films. The resultant
anisotropic morphology of transferred polymer films could be ef-
fective for charge carrier transport along the active channel di-
rection compared to randomly oriented spin-cast polymer films
(Figure 5a).

To verify the polymer chain alignment, UV-vis absorption
spectroscopy was performed under optical polarizers. When the
polarizer was placed in parallel with polymer backbone orien-
tation, the UFTM PDPP-4EG film showed higher absorbance
than in the case of perpendicular orientation (Figure 5b). The
dichroic ratio and the corresponding 2D order parameter were
1.9 and 0.31, respectively. Consistently, polarized optical mi-
croscopy exhibited the anisotropic polymer chain alignment in
transferred films (Figure S20, Supporting Information). To in-
vestigate the anisotropy of film morphology at a smaller scale,

Table 4. Crystalline characteristics of the polymers.

Polymer Le100® 2100 AHY AH,,P)
[nm] [%] Uegl Ugl
PDPP-2EG 59+0.2 20.8 +04 2.7 -
PDPP-3EG 82+03 183 +0.3 3.5 -
PDPP-4EG 11.7+04 16.0 + 0.3 - 4.2
PDPP-5EG 10.5 £0.5 176 £ 0.4 - 1.1

? Extracted from GIXS line-cut profiles of the oxidized polymer films. Averaged from
at least three different films for each polymer; ) Obtained from DSC thermograms.
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Figure 5. a) Optical photographs of PDPP-4EG-based active channels prepared by spin-casting (left) and UFTM (parallel; middle, perpendicular; right).
b) UV-vis absorption spectra of transferred PDPP-4EG films with a polarizer in parallel (orange) and perpendicular (gray) to the source—drain chan-
nel direction. c) AFM topography images of spin-cast (left) and UFTM (right) PDPP-4EG films with the corresponding FFT-processed images (inset).
d) 2D GIXS patterns and e) corresponding line-cut profiles of PDPP-4EG films prepared by UFTM (parallel and perpendicular). f) Schematics of polymer
chain alignment in active channels prepared by spin-casting (left) and UFTM (parallel; right). Geometry-normalized g) transfer, h) transconductance,
and i) output curves of the OECTs based on PDPP-4EG films prepared by UFTM (parallel; orange), spin-casting (blue), and UFTM (perpendicular;
gray). j) Comparison of [uC*] and uggct values extracted from PDPP-4EG films prepared by UFTM (parallel; orange), spin-casting (blue), and UFTM
(perpendicular; gray).
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Table 5. Characteristics of OECT devices based on PDPP-4EG films pre-
pared by the UFTM method (parallel vs perpendicular).

Direction Emnorm ) [uCHP) Hogct® c
[Sem™] FVTem™'s™]  [em?V's7']  [Fem™3)

Parallel 1699+ 7.4 804 +7 7.83 +0.05 103 +3

Perpendicular 51.8 +£6.6 267 + 34 2.55+0.33

% peak transconductance normalized by active channel geometry (WdL™);
®) Extracted from the fitting of g, versus (WdL™")(Vy,—Vc) plots; 9 Calculated by
dividing [uC*] figure-of-merits by C* values. The values were obtained by averaging
at least five devices.

atomic force microscopy (AFM) and GIXS were performed. In
contrast to isotropic spin-cast films, PDPP-4EG films transferred
by the UFTM process showed anisotropic chain alignment in the
AFM images which was also confirmed by the corresponding
fast Fourier transform (FFT)-processed AFM images (Figure 5c).
In addition, the GIXS result obtained in the parallel direction
to polymer backbone orientation exhibited a higher intensity of
(010) z—r stacking peak than that in the perpendicular direction
(Figure 5d,e). As depicted in Figure S21 of the Supporting Infor-
mation, the parallel alignment of polymer backbones is beneficial
for lateral intrachain charge transport between source and drain
electrodes in OECT devices.[®?] It is noted that a similar tendency
was reported in the previous literature where the intensity of in-
plane (010) stacking for unidirectionally aligned backbones was
weakened in perpendicular films.!®¥] As illustrated in Figure 51, it
is expected that the polymer films where polymer backbones are
aligned in parallel to the source/drain electrodes should exhibit
more efficient charge transport than those with random chain
orientations originated by spin-casting.

For a fair comparison, OECT devices comprising PDPP-4EG
films prepared by UFTM were fabricated using the same condi-
tions (e.g., polymer solution preparation and device dimensions)
as those based on spin-cast PDPP-4EG films. The OECTs based
on UFTM PDPP-4EG films aligned with the parallel direction-
ality yielded a very high figure-of-merit [uC*] of 804 + 7 F V!
cm™ s7' and a g, om Of 169.9 £ 7.4 S cm™!, which were ap-
proximately fourfold larger than those in the perpendicular di-
rection (Figure 5g—j and Table 5). This suggests that intrachain
charge transfer along polymer backbones in the parallel direction
is much more effective than interchain charge transfer through
adjacent z—r stackings in the perpendicular direction. Note that
the average C* value of UFTM films (103 + 3 F cm™?) was very
close to that of spin-cast films (107 + 4 F cm™?) since the C* is not
sensitive to the change in polymer film crystallinity or morphol-
ogy (Figure S22, Supporting Information).®* Therefore, com-
pared with spin-cast films, the improvement in the [uC*] value
of OECTs based on UFTM PDPP-4EG films mainly originated
from the enhanced uqpcr values (7.83 + 0.05 vs 6.49 + 0.60 cm?
V-1 s71). This result implies the necessity of controlling polymer
orientation and lowering microstructural disorders through uni-
directional film alignment techniques and their potential to max-
imize OECT performances. Regarding the optimal UFTM condi-
tion, various factors such as the types and temperature of liquid
substrates and processing solvents need to be further controlled
which is, however, out of scope in this work.
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3. Conclusions

We have developed a series of DPP-based polymers contain-
ing aliphatic—glycol hybrid side chains, where the length of the
aliphatic chain is fixed as hexyl and the number of EG repeat-
ing units is systematically controlled from two to five. The poly-
mer series except PDPP-2EG exhibited similar electrochemical
properties and C* values due to the same backbone. Meanwhile,
PDPP-4EG featured the most enhanced microstructural ordering
and well-developed crystalline domains, as revealed by DSC and
GIXS results. In addition, PDPP-4EG exhibited the highest uqpgr
value in OFET devices and afforded the lowest tDOS, indicating
the most suppressed energetic disorder of PDPP-4EG. The ben-
eficial properties of PDPP-4EG resulted in fast electronic trans-
port in OECTS, thereby producing a yggcr of 6.49 + 0.60 cm? V!
s7! and a [uC*] figure-of-merit of 702 F V! cm™ s7!. In addi-
tion to the optimal molecular design, a unidirectional film align-
ment technique has been first applied to fabricate the active chan-
nels of OECTS to control the packing orientation with respect
to the channel direction. Through UFTM, anisotropic and less-
disordered crystalline domains were obtained, enabling an even
higher [uC*] value over 800 F V! cm™' s71. This study highlights
the importance of delicate side chain engineering of OMIECs and
chain alignment techniques to realize OECTs with exceptionally
high steady-state performance.

Supporting Information

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