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Abstract

Solution-processable thioalkylated bithiophene \agives with different lengths of
side chains$BT-n; n = 10, 12, 14, 16, 18) have been synthesized and characterized as p-
channel organic semiconductors for thin-film tratsis (TFTs). Based on a combination of
the highest performing SBT derivativ8RET-14) and quinoidals@TTRQsS) as p- and n-
channel materials, solution-processed small-motedolilk heterojunction (BHJ) ambipolar
thin-film transistors were fabricated, and the hisg devices showed air-stable and high
ambipolar performance with well-balanced electraod hole mobilities as high as 0.70 Tm
V! s! and 0.21 ch V?* s?, respectively. Furthermore, complementary-like einers
comprising two ambipolar thin-film transistors wetemonstrated, which exhibited a high
voltage gain of up to 81. Our study clearly demratietl that side chain engineering of small
molecular organic semiconductors had a significafiience on the electrical performance

of TFTs and BHJ transistors, as well as complenmgilee inverters.

1. Introduction

Organic electronics have been developed over tke flav decades, with the
advantages of large area processability at low fmwstarious applications, such as organic
thin-film transistors (OTFTs), organic light-emittj diodes (OLEDS), organic photovoltaics
(OPVs), and chemical sensors [1-11]. These devedopsnwere made possible through the
design and synthesis of many newmconjugated polymeric and small molecular organic
semiconductors [12-24]Among these, solution-processable small moleculéb Wigh
performance and ambient stability have attractéer@st due to their unique advantages of

versatile molecular structure, simple synthesisyqaurification, high purity, and synthetic



reproducibility [25-30]. Aromatic building blocksith good=n-conjugation are used for the
molecular design of these semiconductors as thiey optimal charge transport, and alkyl
chain substitutions are used for solution procebsal31-36]. Regarding the conjugated
heterocyclic aromatics, fused thiophenes have driaarest due to their planar backbone
structure with strong—n stacking and intermolecular S-S interactions, Wwheahances the
neighboring molecular orbital overlapping, and thsulting charge transport behavior [37-
50].

The study of compounds with ambipolar charge trarisg an important part of the
development of organic semiconductors. Since boté &nd electron transport is feasible for
ambipolar TFTs, they can be applied in complemgntaegtal-oxide semiconductor (CMOS)-
like inverters for logic circuits [51-58]. Althougimverters can be constructed using two
complementary transistors in a CMOS configurati@iVOS-like inverters using ambipolar
materials need only a single ambipolar semiconduetger. Therefore, there is no need to
pattern separate semiconductors, making it a dbsttiwe fabrication process for the
implementation of electrical circuits.

Compared with the high hole and electron mobiligefieved for unipolar small
molecular and polymeric organic semiconductors, llsmelecular ambipolar organic
materials showed rather insufficient performanc®-¢3]. This is due to the difficulty in
tuning the balanced energy levels with the workcfiom of the metal electrodes, as well as
the device instability in ambient conditions [62}.6@harge carriers from the electrodes must
be capable of transporting to both the HOMO and IQJMvels of ambipolar materials. For
instance, through the combination of electron doand acceptor building blocks in a
molecular unit, semiconducting polymers could agolish proper energy levels with good

ambipolar characteristics [65-72]. Although theravér been a few recent reports on
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ambipolar polymeric semiconductors with carrier ifigh> 1.0 cn?V™s* for both hole and
electron [73-76], there are few reports on ambipstaall molecular semiconductors, and
they showed relatively low mobilities. For instancambipolar silylethynylated N-
heteropentacenes were reported with a hole mohifityo 0.22 civ™*s? (in ambient air)
and electron mobility up to 1.1 éw™s* (under a vacuum), respectively [59]. Fluorine-
functionalized asymmetric tetraceno[dhiophenes were reported to exhibit maximum
hole and electron mobilities of 0.071 and 0.37°&it s* under a nitrogen environment,
respectively [60]. Balanced ambipolar mobilitiespeintacene derivatives were reported with
hole and electron mobilities of up to 0.51 and Oc4® V' s* under nitrogen atmosphere,
respectively [61].Although there have been a fewortss on ambipolar small molecular
semiconductors, the semiconducting films were mgdatbricated via vacuum deposition and
experienced decreased performance in ambient comsl{iic9-61].

Another promising method to form ambipolar semiaastdr films is to blend two
organic semiconductors with different polaritiessulting in a bulk heterojunction (BHJ)
structure [77-81]. The ambipolar organic bulk hejienction thin-film transistors can simply
be fabricated via a single solution process, whsolild reduce the fabrication cost of
electrical circuits. Reports on small molecularnoleambipolar organic semiconductors are
also rare, and those that have been published shlatiwvely low mobilities. For instance,
ambipolar characteristics with hole and electrorbitities of 0.01 and 0.001 chv™s™,
respectively, were reported by blending naphthaldimmide (NDI) derivatives [82]. An
optimized blend of thieno[3,2-b;4,5-b'|dithiopher(8TDT) derivative with n-channel
semiconductor, g, was reported to result in a BHJ ambipolar traoswmith balanced carrier
mobilities for holes and electrons of 0.03 and 0c@2 V' s, respectively [40]A recent

study by Zhu et al. reported ambipolar behavior &rdonor (DPTTA) and acceptor
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(DTTCNQ) charge transfer complex with hole and &tat mobilities of 0.77 and 0.24
cn’ V1 s respectively, for single crystal field-effectnisistors [83]. However, to the best
of our knowledge, there are no example of soluporeessed small molecular blends
demonstrating balanced ambipolar characteristidh Wwoth hole and electron mobilities
higher than 0.1 cAV~* s *in ambient.

To this end, a bithiophene-based solution procésgabype semiconducting SBT
series was synthesized in this stublig( 1). Different length of alkyl chains connected te th
bithiophene moiety was employed to deduce theiogistip between the length of the side
chain and the resulting charge transport charatiesi Furthermore, organic thin-film
transistors (OTFTs) of each series were fabricated] their electrical performance was
investigated. In particulaiSBT-14 with tetradecyl thioalkyl chain substituents (1)
exhibited promising p-type characteristics withehoiobility up to 0.30 cmV™* s*, and was
blended with n-type semiconductor mater@I'TRQs with various alkyl substituents
(DTTRQ (C3), (C6), (C11), and (C15)) to construct bulk heterojunction (BHJ) thin-film
transistors Kig. 2), which exhibited ambipolar characteristics. Fusieé&noquinoids were
selected as n-channel materials for blends, siheg have been reported to exhibit high
electrical performance with electron mobility agjthias 0.90 cAV~*stin ambient [84].
Furthermore DTTRQs employed in this study exhibit high solubilityoeigh for solution
process due to the presence of alkyl chains, vdalabilities of many quinoidal molecules
are too poor to fabricate devices via solution psscdue to the strongt stacking among
molecules [84]. Through the use of chain-modul®&d RQ s and optimization of the blend
ratio betweenSBT-14 and DTTRQs, the BHJ transistors showed ambipolar device
operations with balanced electron and hole mogdlitis high as 0.70 and 0.21%cw* s*,

respectively. To the best of our knowledge, thisuleis one of the highest balanced
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ambipolar characteristics for solution-processealsmolecules reported to date. Finally,
ambipolar BHJ transistors based 8BT-14 and DTTRQ (C11) were employed for the
fabrication of complementary-like inverters, and tlesulting devices showed a high voltage

gain of up to 81.
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Fig. 1. Chemical structure of the synthesized SBT sengsl@yed in this study.
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2. Experimental
2.1. General Methods

'H and *C NMR were recorded using a Bruker 500 or 300 imsént for all
materials, with reference to solvent signals. Msggsctrometric data were obtained with a
JMS-700 HRMS instrument. Differential scanning ca@try (DSC) was carried out under
nitrogen on a Mettler DSC 822 instrument (scanmatg of 10 °C miff). Thermogravimetric
analysis (TGA) was carried out using a Perkin EIM@&A-7 thermal analysis system, using
dry nitrogen as a carrier gas at a flow rate ofllOmin™ (heating rate of 10 °C mif), and
the reported decomposition temperatures reprelertetnperature observed at 5 % mass loss.
UV-Vis absorption was carried out in the indicasalvents at room temperature with a
JASCO V-530 spectrometer. Differential pulse voltaetry (DPV) experiments were
performed with a conventional three-electrode apnfation (a platinum disk working
electrode, an auxiliary platinum wire electroded annon-aqueous Ag reference electrode,
with a supporting electrolyte of 0.1 M tetrabutylaeniumhexafluorophosphate (TBA§
the specified dry solvent) using a CHI621C Eledternical Analyzer (CH Instruments). All
electrochemical potentials were referenced to afYFEcinternal standard (at 0.6 V).
Crystallographic data (excluding structure factdos)the structure(s) reported in this paper
were deposited with the Cambridge Crystallograpbiata Centre as supplementary

publication with the numbers CCDC 1819944 for SBTahd CCDC 1819945 for DTTRQ-3.

2.2. Synthesis
Starting materials (from Aldrich, Arco, or TCI Charal Co.) were of reagent grade
and used without further purification unless otheenindicated. Reaction solvents (toluene,

ether, and tetrahydrofuran) were distilled undeérogen from sodium/benzophenoneketyl,
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and halogenated solvents were distilled from £&-bromothiophenerj, 3,3'-dibromo-2,2'-
bithiophene §), 3,3'-bis(alkylthio)-2,2'-bithiophen®), 5,5'-dibromo-3,3'-bis(alkylthio)-2,2'-
bithiophene 10), tributyl(dithieno[3,2-b:2',3'-d]thiophen-2-yl)staane (1), and SBT-14
were synthesized as reported previously [91]. D®THRerivatives were synthesized

according to the previous report [84].

2.3. General Procedure for Stille Cross-Coupling&ns to Final Targets (SBT-10 — 18)

Under anhydrous conditions, Pd(RZH0.05 equiv) was added to a solution of
dibrominated compound40a-10e 1 equiv) and mono-stannylated dithienothioph&he?.2
equiv) in dry toluene. The resulting mixture wafiweed overnight under nitrogen. After
removal of solvent, the obtained residue was mdifby column chromatography on silica
gel with dichloromethane and hexanes as the eludntwas then further purified by
recrystallization in dichloromethane.
2.3.1. Synthesis of SBT-10

The title compound was obtained as a red soliddye67%). Mp: 151 °C*H NMR
(300 MHz, CDC}): § 7.41 (s, 2 H), 7.39 (d = 5.1 Hz, 2 H), 7.29 (d] = 5.4 Hz, 2 H), 7.19
(s, 2 H), 2.88 (t) = 7.2 Hz, 4 H), 1.68-1.58 (m, 4 H), 1.41-1.37 @rH), 1.32-1.21 (m, 24
H), 0.86-0.81 (m, 6 H)'*C NMR (125 MHz, CDGJ): § 141.94, 141.63, 137.12, 136.77,
132.57, 131.75, 130.91, 129.94, 127.16, 126.41,802A17.45, 36.44, 31.91, 29.60, 29.54,
29.36, 29.23, 28.78, 22.68, 14.10. HRM8/4{ FAB+) calcd for G4Hs0S;0 898.1120, and
898.1114 was found.
2.3.2. Synthesis of SBT-12

he title compound was obtained as a red soliddye#8%). Mp: 136 °C'H NMR

(500 MHz, CDC}): § 7.41 (s, 2 H), 7.38 (d, = 5 Hz, 2 H), 7.29 (d] = 5.5 Hz, 2 H), 7.19 (s,
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2 H), 2.88 (tJ = 7.5 Hz, 4 H), 1.64-1.59 (m, 4 H), 1.39-1.35 @H), 1.32-1.21 (m, 32 H),
0.87-0.84 (mb6 H).13C NMR (125 MHz, CDGdJ): 6 141.95, 141.63, 137.14, 136.78, 132.60,
131.77, 130.92, 129.95, 127.19, 126.41, 120.80,46136.44, 31.91, 29.70, 29.65, 29.60,
29.53, 29.36, 29.22, 28.76, 22.68, 14.04. HRM%z (FAB+) calcd for GgHssS10 954.1746,
and 954.1749 was found.
2.3.3. Synthesis of SBT-14

The title compound was obtained as a red soliddyie74%). Mp: 141 °C*H NMR
(300 MHz, CDC}): 6 7.42 (s, 2 H), 7.39 (dl = 5.4 Hz, 2 H), 7.29 (d] = 5.4 Hz, 2 H), 7.19
(s, 2 H), 2.29 (tJ = 7.5 Hz, 4 H), 1.68-1.58 (m, 4 H), 1.45-1.35 @rH), 1.32-1.21 (m, 40
H), 0.86 (t,J = 7.2 Hz, 6 H)**C NMR (125 MHz, CDGJ): 5 142.04, 141.72, 137.19, 136.90,
132.79, 131.92, 131.01, 130.52, 127.32, 126.37,792A17.49, 36.51, 31.93, 29.70, 29.65,
29.61, 29.60, 29.34, 29.22, 28.79, 22.67, 14.05M8Rm/z FAB+) calcd for G;HgeSi0
1011.2372, found 1011.2476.
2.3.4. Synthesis of SBT-16

The title compound was obtained as a red solieldy 43%). Mp: 129 °C*H NMR
(500 MHz, CDC}): § 7.42 (s, 2 H), 7.39 (dl = 5.0 Hz, 2 H), 7.29 (d] = 5.0 Hz, 2 H), 7.19
(s, 2 H), 2.88 (tJ = 7.5 Hz, 4 H), 1.65-1.61 (m, 4 H), 1.40-1.38 @rH), 1.32-1.21 (m, 48
H), 0.88-0.85 (m6 H).*C NMR (125 MHz, CDGJ): & 141.95, 141.63, 137.13, 136.78,
132.60, 131.77, 130.92, 129.95, 127.19, 126.40,782A17.45, 36.44, 31.93, 29.70, 29.66,
29.60, 29.53, 29.36, 29.21, 28.76, 22.69, 14.11MBRm/z FAB+) calcd for GgH74S10
1066.2998, and 1066.2999 was found.
2.3.5. Synthesis of SBT-18

The title compound was obtained as a red soliddy#e65%). Mp: 176 °C*H NMR

(300 MHz, CDCY): § 7.42 (s, 2 H), 7.39 (d} = 5.4 Hz, 2 H), 7.29 (d] = 5.1 Hz, 2 H), 7.20
10



(s, 2 H), 2.88 (t] = 7.5 Hz, 4 H), 1.68-1.58 (m, 4 H), 1.45-1.35 éH), 1.32-1.21 (m, 56
H), 0.89-0.85 (m, 6 H)This material was not sufficiently soluble to call&®C NMR. HRMS

(m/z FAB+) calcd for GoHg2S10 1122.3624, and 1122.3618 was found.

2. 4. Device fabrication

The OTFTs and complementary-like inverters wereriéabed with the top
contact/bottom gate (TC/BG) structure. The hightgdaped silicon wafers with thermally
grown 300 nm oxide (areal capacitance;=C1.4 nF crif) were cleaned via sonication in
acetone for 10 min and treated by air plasma farib (Harrick plasma, PDC-32G, 18 W).
Organic semiconductor layers (single componentend) were formed via solution-shearing
on PS-brush-treated substrates. The PS-brush<M.7 — 28 kg mél) treatments were
implemented following the general recipe [92]. Thencentration of organic material
solution, solvent type, substrate temperature, diten ratio, and shearing speed were
optimized. The solution-sheared substrates werealed in a vacuum at various temperature
for 30 min to remove the residual solvent. The khesses of semiconductor layers for a
single SBT layer (34 — 86 nm) and for blend orgditmas (31 — 60 nm) were measured using
a profilometer (DEKTAK-XT, Brucker). The Au laye(50 nm) with various channel widths
(W; 2000, 1000, and 500m) and lengths (L; 100 and %@n) were thermally evaporated to

define the source and drain electrodes.

2.5. Device Characterization
The electrical performances of OTFTs and compleargdike inverters were
characterized in ambient conditions at room tentpesawith a semiconductor parameter

analyzer (Keithley 4200-SCS) equipped with a prstsgion. Carrier mobilitiesp were
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determined in the saturation regime by the standelationship,usai= (2IpsL)/[WCi(Ve-
V1), (Ibs, source-drain current, L; the channel length, Wiarmel width, ¢ areal
capacitance of the gate dielectric (11.4 nF°irv; gate voltage, Y: threshold voltage). The
microstructure and surface morphology of the sendoator thin-films were measured by
atomic force microscopy (AFM, NX10, Park systemsp avide-angle X-ray diffraction

(XRD, Smatrtlab, Rigaku).

3. Results and discussion

3. 1. Synthesis

The SBT core was prepared in two steps, first the selectigprotonation of 3-
bromothiophene™) with LDA and then homocoupling in the presenceZafCL/CuCk to
afford dibromobithiophen8. Next, lithium alkylthiolate anion was prepared tbgating the
corresponding alkanethiol with n-BuLi, and the maghilic substitution oB with lithium
alkylthiolate in the presence of CuO/KI produ&eafter facile purification, with an overall
yield >70%. TheSBT core was dibrominated using n-bromosuccinimidentkend-capped
with dithienothiophene OTT), with a Stille cross coupling reaction df0 with
tributylstannylDDT (11) then used to produce the small moleculeBT-10 — 18

respectively $cheme L

12



Br

Br SR
é?ig LDA / \ NBS 7\ S
s” cucl, \ /' cuo, Klljjij;;7 BPJC;S;ﬁLJT_Br
g RS
7 8

ZnCl, DMSO

SBT (9) 10a-e
S
R CqoH>4, SBT-10
B\YE 1021,

S 11 S
L SN ! \ \ R = CygHye, SBT-14
Pd(PPh)s  \_J/ \} / s \/ s R = C4gH33, SBT-16

S SBT-n R= C18H37, SBT-18

Scheme 1Synthetic routes to the small molecu&RBT-10 — 18

3. 2. Thermal, optical, and electrochemical propest

Thermal properties of SBT derivatives were inveded using thermogravimetric
analysis (TGA) and differential scanning caloringefDSC). TGA revealed that th&BT
compoundsl — 5 exhibited good thermal stability, with ~5 wt % $oeccurring at 319 to
352°C (Fig. S1. Note that the two-connected alkyl chain breakotgurred during the
thermal decomposition for all fivBBT derivatives, which can be confirmed from their TGA
weight loss percentages. DSC showed 8T derivativesmelted at above 129 °Eifg. S2)
The data is summarized irable 1 The UV-Vis absorption spectra 8BT derivativesin o-
dichlorobenzene are shown kig. 3a The absorption spectra of all compounds in sofuti
state were almost identical and exhibited the marinabsorption wavelength&.{,) at 436-
439 nm. The absorption maximum $BT-18 was slightly blue-shifted (~ 10 nm) compared
to otherSBTs. The absorption maxima of the UV-Vis absorptigecira for spin-coated
films were slightly red-shiftedRig. S3 compared to those in solution state, indicatimg t

enhancement of molecular stacking in the solicestat
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Table 1
Optical, Electrochemical, and Thermal Properties SBT Derivatives. T,: melting
temperatureT . decomposition temperature; 5%).

. b)
Tm Td xmax Potential [V] HOMO LUMO

Compounds

] el hmP g g €V [ev)?
SBT-10 151 333 437 0.87 -1.69 -5.07 -2.51
SBT-12 136 319 439 0.88 -1.71 -5.08 -2.49
SBT-14 140 352 436 0.87 -1.62 -5.07 -2.58
SBT-16 129 337 436 0.86 -1.69 -5.06 -2.51
SBT-18 134 339 426 0.88 -1.72 -5.08 -2.48

3in 0-CgH4Clo. by DPV in 0-CgH,Cl, at 25 °C,E,= Oxidative potentialEeq= Reductive
potential.”?’ HOMO = -(4.24,); LUMO = -(4.24Ecq).

The electrochemical properties were investigatedliffgrential pulse voltammetry
(DPVs) ino-dichlorobenzene at 25 °C with a 0.1 M;R®F; solution, and Fc/Fcwas used
as an internal standard calibrated at +0.60 eV. deation and reduction potential curves
are shown irFig. 3b andFig. S4 respectively, and the data is summarizedable 1 The
estimated DPV data show that the oxidation and attalu potentials are located at 0.86 —
0.88 V and -1.62 — -1.72 V, respectively. Accordioghe equation: HOMO/LUMO = -(4.2
+ EodEred), @assuming ferrocene/ferrocenium oxidation at -é\8 the highest occupied
molecular orbital (HOMO) and lowest unoccupied noalar orbital (LUMO) energies of
SBT derivativeswere around -5.06 — -5.08 eV and -2.48 — -2.58 mgpectively. The
HOMO and LUMO energy levels @BT derivatives were almost identical, irrespective of

the thioalkyl side chain on the molecular backbone.

14
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Fig. 3. (a) UV-Vis spectra and (b) DPV curves BT derivativesin o-dichlorobenzene
solution.
3. 3. Single crystal analyses

Single crystals o65BT-10 were obtained using a slow solvent evaporatiorhotet
from solvent mixture (hexane and dichloromethaaayl the crystal structures are shown in
Fig. 4 with the results of their analysis Trable S1 As seen irFig. 44 all four S atoms in the
SBT unit are in one plane, and the intramolecuisiadce of S(Thio)S(R) is ~3.07 A. This
value is below the sum of the van der Waals rafiivo S atoms (~1.8 A), suggesting that
there are strong S(Thie®(R) intramolecular interactions. The alkyl chaare positioned
opposite to each other and the two end-capp@éd fused-thiophene moieties have the
dihedral angles of 7.2F{g. 4b) with the SBT unit. The molecular length $8T-10 was
23.8 A, and the inter planar distance betweerSBE molecules was ~ 3.48 Aig. 40). Figs.

4d—f show the molecular packing arrangements with giigainglef 72° and 50°.

15



Fig. 4. Single crystal structures of tf#®BT-10 (all hydrogen atoms have been omitted for
clarity). Red and black colors indicate sulfur aadbon atoms, respectively. (a) Top view of
two stackingSBT-10 molecules. (b) Front view of two stacki®@BT-10 molecules. The
interplanar distance between tBBT-10layers is ~ 3.48 A (the alkyl chains are omittéd).
Side view of twoSBT-10molecules. (d) Packing orientation of alkyl chajad) Molecular
packing arrangement &BT-10 moleculeswith slipping anglesf 72° and 50°.

Single crystalline propyl alkylate® TTRQ-3 was also obtained from a solvent
mixture of hexane and dichloromethane by slow eratpn of the solvent. Note that
DTTRQ-3 with shorter alkyl chains, compared to otl®FTRQs employed in this study,
might give insight into the molecular arrangemehttiee corresponding compounds. As
shown inFig. 5andTable S2 the two CN groups were almost coplangth the DTT main
core, with small torsion angles of 4.5-5.7° andi@ecular length was 13 A°ig. 5b). The
molecule exhibited a slipped 1D stacking arrangdr(fég. 5d). TheDTTRQ molecule was
connected with the neighboring molecules throughigizag” arrangement in the same layer,

with short intermolecular S-N distances of 3.08 #d &8.05 A Fig. 56. Theinter planar

distance between the “zig-zag” layers was 3.4Fi8.(5f).
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Fig. 5. Single crystal structure dDTTRQ-3 (all hydrogen atoms have been omitted for
clarity). Red and black colors indicate sulfur aradbon atoms, respectively. (a) Top view of
two DTTRQ-3 stacking molecules, (b) Front view of two stackingTRQ-3, (c) Side view;
inter planar distance of 3.4 A. (d) Slipped 1D kiag, (e) Top view of the zig-zag packing
arrangement oDTTRQ-3 molecules with the intermolecular S-N distance8 88 A and
3.05 A, and (f) Front view of the zig-zag packinmgaagement oDTTRQ-3 molecules with
interlayer distance of 3.40 A.

3. 4. Thin-film transistor characterization.

The thin films of SBT derivatives were characterized as active layerdFl's and
complementary-like inverters. The OTFTs were fadied with a top-contact/bottom-gate
(TC/BG) structure. The surface of the Si/${B00 nm) gate dielectric was treated with a PS
brush® The organic layers were formed by the solutiorashg method to make the highly
ordered and anisotropic crystalline structure [8-8'he gold electrodes were thermally
evaporated on the organic layer with various chbwidths and lengths. The seriesSBT
materials exhibited p-type characteristics, andr tekectrical performances are summarized

in Table 2 andFig. S5 These results clearly show the effects of sidarcengineering on

the SBT core. AlthougBBT-14 exhibited decent hole mobility (up to 0.30 Tvi’s %), other
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SBT derivatives with different lengths of alkyl sfituents showed much lower device

performance, with a hole mobility of 16- 10° cnf Vs ™.

Table 2
TFT Device Performance Parameters based on the Hihims of SBT Derivative$§. (u:
carrier mobility, by/los: current on/off ratioVr; threshold voltage).

ma>

m

Compound  Method ,SUtace N o o
SBT-10 (0.0(1390505003) (19¢7.7) x 18 -8+1.2
SBT-12 (o.ogdggé.ooooz) (54+6.5) x 18 -16+3.3
SBT-14  SS  PS-brush (0.2%58.03) (20+4.8) x 18 -3945.6
SBT-16 (o.oogfgfggooos) (2945.2) x 18 -3+1.7
SBT-18 (0.0&2%90003) (56+6.3) x 16 -20+4.3

& Measured in ambient and exhibited p-channel cheriatics. Maximum and average value among
multiple (>10) device measurements.

The BHJ OTFTs were fabricated based on blendets fof SBT-14 (as p-channel
semiconductor), the highest performing SBT derixaatn this study, and quinoidBITTRQs
(as an n-channel semiconductor) in identical sdly@#]. Four different kinds oDTTRQs
with different alkyl side chains were tested todfithe effects of side chains of quinoidal
DTTRQs on the BHJ transistor performance. The electpedlormances of the BHJ OTFTs
are summarized iffable 3, and the representative transfer and output cusaveshown in
Fig. 6 and S6. It can be seen that the BHJ OTFTs base®Bit-14 andDTTRQs showed
ambipolar characteristics that were stable in antltenditions. The device performance of
the ambipolar transistors was optimized by varyhgblend ratio o6BT-14andDTTRQs
(Tables S3— S5. The optimized devices based 8BT-14andDTTRQ (C11) showed air-

stable ambipolar charge transport behaviour witlartzeed electron and hole mobilities as
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high as 0.70 and 0.21 év™'s™, respectively Table 3). Note that this result is, to the best of
our knowledge, one of the highest balanced amhiprblaracteristics for solution-processed
small molecules reported to date. The ambipolarsistor exhibited diode-like output curves
which is due to the presence of both types of eesrin the active channel lay&¥. The
highly positive threshold voltage for the n-typefpemance and/or the negative threshold
voltage for the p-type operation imply electron dmule trapping at the phase-separated
interface of the two types of organic materials][8he BHJ transistors with oth&TTRQs
showed relatively lower device performance, witkcglon and hole mobilities of 0.021- 0.21
and 0.075 — 0.11 chiv s, respectively. For comparison, the other SBT degiies were
also blended with the four DTTRQs, and the resaitts summarized ifable S6with the
representative transfer curveshigs. S8— S11.Due to the poor p-channel characteristics
compared withSBT-14, the blended films yielded relatively poor ambgroperformance

(Table S6).

Table 3
Electrical Performance of the Bulk HeterojunctiomBipolar Thin Film Transistors based on
Blend Films ofSBT-14and Four DifferenDTTRQs?2

P -channel N-channel
Compound Compound max mab
Hn He
V/ V Vi V
(P type) (N type) (lvlha g) (V; Ior/'off (lvlea g) (V; Ion“off
(cm’V7's™h (cm’V7's™h
DTTRQ (C3) 0.075 -35  (12#3.1) © gi(;i% 0o 34 (5922
(0.069+0.004) 4.4  x10 ' 4)-' +5.6 x10°
0.11 -57  (10£2.3) 0.21 9.2  (4.4+3.6)
caraa RO (C6)  (008:0.02) +71 x10°  (0.184#0.03) #1.4  x10°
DTTRQ (C11) 0.21 -29  (10+3.2) 0.70 25  (5.2+2.9)
(0.1940.02) 3.8 x10®  (0.66+0.02) =+1.5 x10"
0.055
0.097 7.5 (11#5.8) 7.6 (10+4.8)
DTTRQ(C15) (9 005+0.002) +2.1  xif (0'0512)i0'00 27 x1d

% Measured in ambient and exhibited ambipolar charistics. Maximum and average value among
multiple (>10) device measurements.
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Fig. 6. (a) N-channel and (b) P—channel transfer chanatitey of BHJ ambipolar transistors
based on blends &BT-14andDTTRQ (C11). Channel widths and lengths of 100 and
100um were used, respectively.

The BHJ ambipolar transistors described hereinsaitable for the fabrication of
high-performance inverters, the building blocksimtegrated circuits. Therefore, we have
fabricated complementary-like inverters employiag tidentical ambipolar transistors, and
the transfer characteristics of the inverters drews in Fig. 7. Because of its unique
ambipolar characteristics, the inverter was capablgperating in both positive and negative
Vin and \bp. The performance of complementary-like inverteas asually be demonstrated
by the transfer gain, as defined asod¥dVn, where \byrand My are the output and input
voltages, respectively. We calculated the trangéens of the inverter at two different supply

voltages (\bp) of -100 V and 100 V. As shown in the resultsnagative \W and \bp, the
20



inverter showed a high maximum transfer gain of@iiJe at positive \ and \bp, a gain of

40 was obtained.

(a) ° Voo =100 V
o0~ " i 4180
20 | —— ‘ ——
= Voo 460
s -40 c
.é Ambipolar 140 'g
60}
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Ambipolar i
-80 : o
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.100—4__'.r.,-..'.._,,‘l:..lfl' - 0
-100 -80 -60 -40 -20 0
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(b)100

80
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20

ettt itiluduniimt’ T e - - - - mre .- ) 0

0 20 40 60 80 100

Fig. 7. Voltage transfer characteristics (VTCs) of compdatary-like inverters using two
identical ambipolar thin-film transistors based®BT-14andDTTRQ (C11) in the first (a)
and third (b) quadrants with the corresponding agdt gain. The inset shows the circuit
diagram, and the plots of gains (l)/dVy) are given in red.
Thin-film microstructure and morphology

The film microstructure and surface morphology bé tnew solution-processed
semiconductor thin films were characterized usindevangled-26 X-ray diffraction and
atomic force microscopy to evaluate device perforcea Conventiona#-20 XRD scans of

thin films were performed to investigate the mitrostural order in the semiconductor thin

films. As shown inFigs. S12aand S12¢ thin films of SBT-10 andSBT-14 showed multiple
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Bragg reflections with diffraction peaks up to tfigh- and sixth-order, respectively,
suggesting the highly crystalline microstructuretted corresponding thin film&BT-12 did
not exhibit any significant Bragg reflections, iodiing poor film textureKig. S120, while
SBT-16 and SBT-18showed relatively broad peaks with smaller inteesifigs. S12d, ¢
The film of SBT-10, SBT-12, SBT-14, SBT-16 and SBT-18exhibited (001) diffraction peaks
at ¥ = 5.58, 4.92, 4.80, 4.34, and 4.1, correspondind-$pacing of 15.8, 17.9, 18.4, 20.7
and 21.5 angstrom, respectively. As shown in tlsilte, SBTs with a longer side chain
length afforded largemd-spacings. The surface morphologies SBT derivatives were
characterized by AFM Hg. S13. Overall, solution-sheared films dBT derivatives
exhibited microscale terrace-like morphologies gldine shearing direction, with scattered
small aggregates. In particular, films 8BT-14 showed a relatively smooth surface with a
root-mean-square (RMS) surface roughness of 0.82nmte films of othelSBT derivatives
showed an RMS roughness of 1.21 — 7.69 Rig.(S13. Note that high film texture and
relatively smooth film morphology with good interazectivity of SBT-14 could afford better
electrical performance of the corresponding filmsmpared to otheBBT derivatives (vide
supra). It can also be implied that the differeehdgths of the alkyl chains in the
semiconducting molecule affect the overall film ploslogy [90].

Wide-anglef#-20 XRD and AFM were also used to characterize the Blddd films
of SBT-14andDTTRQs. The XRD results are shown kig. 8 andS14 — S18lt can be seen
that all the BHJ films o65BT-14 andDTTRQ exhibited two sets of Bragg reflections up to
the sixth peaks. Two sets of reflections for adirtal films correspond to the primary peak of
the single component filmsSBT-14 and DTTRQS), which indicates that BHJ films are
phase-separatedrig. 8) [78]. In particular, the primary XRD peaks forcekacomponent for

blend films ofSBT-14:DTTRQ(C11) were investigated in more detail, as showifrign 8B.
22



It can be seen that the relative intensity of thenary peak forSBT-14 increased, as the
blending ratio ofSBT-14:DTTRQ(C11) changed from 1:2 to 2:1. This microstructural trend
matches well with the corresponding device perforcea where BHJ ambipolar transistors
showed more of the p-channel characteristic asthéent ofSBT-14 increased in the blend

film (vide supra,Table S49.

23



(a)

DTTRQ(C6)

Intensity (a.u.)

[oe

Blended

SBT-14

3 4
20 (degrees)

(b)

SBT-14

SBT-14: DTTRQ =1:2

;
L

DTTRQ(C11)
L

3 4 5
20 (degrees)
(c)

3

L

=

(7]

=

@ [sBT-14

e

E M

DTTRQ(C15)

3 4 5
20 (degrees)

Fig. 8. Wide-angled-20 X-ray diffraction (XRD) scans for blend films &BT-14 and (a)
DTTRQ(C6), (b) DTTRQ(C11), and (c) DTTRQ(C15) with different blend ratios,
respectively.

Similarly, the surface morphologies of the orgaBidJ layers were measured by

AFM. As shown inFig. 9, all BHJ films exhibited two distinct phases, datwely large
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terraced region and light regions (as small dotsoonected lines). ComparedRms. 9a and

9c (SBT-14 with DTTRQ-6 andDTTRQ-15), the light regions irrig. 9b showed relatively
better connectivity within a two-phase discontinsioetwork structure, which might indicate
higher/balanced carrier mobilities of the corresfing device (vide supra). Furthermore, the
surface morphologies @BT-14DTTRQ-11 blend films were measured as a function of
blend ratio Figs. 9bandS19 S20. As the SBT-14 component increased from Eig.(9b)

to 1:1 Fig. S19 and 2:1 Fig. S20, larger grain sizes were observed with a highaghness
and worse interconnectivity than seen with theroed blend ratioKig. 9b). This surface

morphology trend matches well with the observedrasicopy imagesHg. S2J).
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Fig. 9. AFM topographic images for BHJ thin films &BT-14 and (a)DTTRQ(C6), (b)
DTTRQ(C11), and (c) DTTRQ(C15), respectively.The blending ratio of SBT-14 and
DTTRQ(Cn) is 1:2 (Table 3)Scale bar denotes jan and the arrow shows the shearing
direction.

4. CONCLUSION

In conclusion, solution-processable thioalkylatedhibphene derivatives with

different lengths of side chains have been syntkedsand employed as p-channel organic
26



semiconducting layers for thin-film transistors.eTthioalkylated bithiophene derivative with
a proper alkyl chain length showed the highest gnalel characteristics. Bulk heterojunction
ambipolar transistors were fabricated based on @im&zed combination of the highest
performing p-channel bithiophene derivative anchqgidal n-channel material, and exhibited
high and air-stable performance with well-balaneégttron and hole mobilities as high as
0.70 and 0.21 civ! s?, respectively. Furthermore, complementary-likeeirters fabricated

from the ambipolar transistors exhibited high vpitagain of 81. Our work reports one of the
highest ambipolar TFT performance based on solyironessable small molecular blends,
and demonstrates that the side chain engineerisghafl molecular organic semiconductors
has a significant influence on the electrical perfance of TFTs and complementary-like

inverters.
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Table S1.Summary of Crystal Structure Data ®BT-10

Bond precision:

Cell: a=5.2161(2)
alpha=83.8879(11)

Temperature: 200 K

Yo lume
Space group
Hall group
Moiety formula
sum formula
Mr

Dx,g cm—3

z

Mu Cmm—=1)
FOo0

FOO0"

bk, Tmax
Mref

Tmin, Tmax
Tmin'

C-C = 0.0025 A

b=13.4218(4)
beta=38.3815(10)

Calculated
1076.73(6)
P -1

-1

C44 H50 510
C44 H50 310
899 . 44
1,387

1

4.986

474.0

478 .13
6,16,19
4084
0.651,0.870
0,171

Wave length=1.54178
c=15.6551(5)
gamma=81.154(1)

Feported
1076.73(6)
P -1

-1

?

C44 H0 310
899 .44
1,387

1

4 .986
474.0

6,16,19
4069
(0.586,0.753

Correction method= ff Reported T Limits: Tmin=0.598 Tmax=0. 753 AbsCorr =

MULT [ —SCAN

Data completeness= 0,996
Rireflections)= Q.0307( 3787)

5= 1.052

Mpar= 245

Thetalmax)= 69.997
wh2{reflections)= 0.0862( 4063)
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Table S2.Summary of Crystal Structure Data DT TRQ-3.

EBond precision: C-C = 00047
Cell: a=14.5992(7)
alpha=30

Temperature: 296 K

Calculated
Yo lume 3697.3(3)
Space group Fbhca
Hall group -P Pac Zab
Moiety formula C20 H14 N4 33
Sum formula Ce0 Hi4 N4 53
Mr 406,53
Ox,g cm—3 1.386
il g
My (mm—1) (0.393
FO00 1660.0
FOO0" 16683. 41
bk, Tmax 19,14,34
Mref 4907
Tmin, Tmax 0.963,0.977
Tmin' 0.946

b=10.4541(4)
beta=90

Wave lenath=0. 71073
c=25.5360(11)

Feported
3897 .3(3)
Fbca

?

?

C20 H14 N4 S3
406 .53
1.366

8

0393
1680.0

19,13,34
4872
0.697,0.746

Correction method= & Feported T Limits: Tmin=0.697 Tmax=0.746 AbsCorr =

MULT [ =5CAN

Data completeness= 0 993
Rireflections)= 0. 0535( 2303)

5 =0.988

Mpar= 246

Thetalmax)= 28.450
wh2(reflections)= 0.1218( 4872)
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Table S3.Electronic performance of the devices based ogetldifferent blending ratios of
SBT-14 and DTTRQ (C6). Each of them was optimized with different solatishearing
conditions and measured in ambient.

Blending ratio P -channel N-channel
un (cnf 1e (cnf
SBT-14 DTTRQ (C6) 1 Vr (V) o loft 11 V1 (V) lord loft
Vs Vs
1 2 0.11 -51 8.4 0.21 9.9 4.0x10
1 1 0.00035 -2.0 4.7 0.0010 14 3.7x10
2 1 0.0031 7.9 3.4x10 0.0026 -38 5.4
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Table S4.Electronic performance of the devices based ogetldifferent blending ratios of
SBT-14 and DTTRQ (C11). Each of them was optimized with different solatishearing
conditions and measured in ambient.

Blending ratio P -channel N-channel
SBT-14 DTTRQ (C11) *\L/“ggnlf V1 (V) lord Lot (L,(lgqf V1 (V) lord loft
1 2 0.21 -31 1.2x10 0.70 24 7.0x10
1 1 0.0083 -6.0 33 0.022 -20 9.9
2 1 0.050 4.1 1.3x10 0.018 -8.8 5.9

47



Table S5.Electronic performance of the devices based ogetldifferent blending ratios of
SBT-14 and DTTRQ (C15). Each of them was optimized with different solatishearing
conditions and measured in ambient.

Blending ratio P -channel N-channel
SBT-14 DTTRQ (C15) Kl/h-gg-nf; Vr (V) lord loft *\L;_(lg_’l‘; V1 (V) lordloft
1 2 0.013 9.3 7.3 0.055 -8.7 6.4x10
1 1 0.0097 15 3.9 0.035 -17 2.9x10
2 1 0.097 -8.9 1.6x10 0.0062 -57 2.0
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Table S6. Electrical Performance of the Bulk Heterojunctidmbipolar Thin Film
Transistors based on Blend Films of Four Differ@Bifsand Four DifferenDTTRQs?2

P -channel N-channel
Compd. Compd. 1 v L
(Ptype)  (Ntype) (™9 Ay ol ) Vi (V) loflon
(cnfVis™hP (cnfVis™hP

DTTRQ 0.053 -19 (5.8+1.1)
(C3) i i (0.045+0.006) +3.2 x107
DTTRQ 0.00040 65 (1.6%0.3) 0.10 -15 (1.1+0.8)

SBT-10 (C6) (0.00031+0.00005) +3.7  x1( (0.08+0.02) +4.6 x10°
DTTRQ 0.0013 35 (2.5%0.4) 0.046 -7 (2.1+0.4)
(C11) (0.0009+0.0004) +4.8  x10’ (0.042+0.003) 2.8 x10"
DTTRQ 0.00057 51 (2.4+0.4) 0.0022 -32 (80.3)
(C15)  (0.00050+0.00003) +3.5  x10°  (0.0020+0.0002) +3.4 x10
DTTRQ 0.067 -27 (3.8+1.2)
(C3) i i i (0.055+0.004) +3.1 x10*
DTTRQ 0.11 -12 (9.2+2.3)

SBT-12 (C6) i i i (0.09+0.02) +2.4 x10*
DTTRQ 0.00012 22 (1.2+0.5) 0.033 -4.5 (1.6+0.4)
(C11)  (0.00009+0.00002) +3.5  x1( (0.027+0.003) +0.9 x107
DTTRQ 0.000012 63  (1.60.3) 0.0093 9.7 (4.1+0.8)
(C15)  (0.00008+0.00002) +2.8  x10°  (0.0087+0.0003) +1.3 x1(07
DTTRQ 0.15 -43 (3.6+0.4)
(C3) ) i ) (0.11£0.04) 3.3 x10°
DTTRQ 0.053 -16 (6.2+0.7)
(C6) i i i (0.050+0.003) +1.8 x107

SBT-16 DTTRQ 0.00012 51 (1.7+0.2) 0.0015 -73 (6.1+0.5)
(C11)  (0.00008+0.00002) +3.8  x1¢°  (0.0012+0.0001) =+5.7 x10°
DTTRQ © 00%82823%000( 84 (1.6+0.2) 0.0052 -34 (3.1+0.6)
(C15) ' 4)—' +2.6  x10°  (0.0049+0.0002) +2.5 x10"
DTTRQ 0.11 -13 (1.9+0.8)
(C3) i i i (0.09+0.01) +1.8 x10*
DTTRQ 0.00097 33 (1.4#0.3) 0.071 -21 (3.4+0.2)

SBT-18 (C6) (0.00088+0.00005) +3.8  x1(’ (0.068+0.003) +2.6 x10"
DTTRQ 0.0043 20 (3.6x0.4) 0.0038 -87 (2.9+0.5)
(C11) (0.0038+0.0003) +4.2  x10°  (0.0034£0.0004) +2.3 x10
DTTRQ 0.00047 24 (2.9+0.3) 0.0010 -155  (2.4+0.6)
(C15)  (0.00039+0.00004) +3.6  x10°  (0.0008+0.0002) +4.4 x10

2 Measured in ambient and exhibited ambipolar charitics.” Maximum and average mobility
value based on multiple (>10) device measurements.
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Reduction Potentials
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Fig. S4.Reduction potential curves 8BT compounds
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Fig. S6.(a) N type output curve (b) P type output curveBblJ ambipolar transistors based

on blends o6BT-14andDTTRQ (C11).
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Fig. S7. (Top) N-channel and (Bottom) P—channel transferradtaristics of BHJ
ambipolar transistors based on blendsS&T-14 and (a)DTTRQ (C3), (b) DTTRQ

(C6), and (c)DTTRQ (C15). Channel widths and lengths of 100 and 50um were
used, respectively for (a), and channel widths landths of 100Qum and 10Qum were

used, respectively for (b) and (c).
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Fig. S8. (Top) N-channel and (Bottom) P—channel transferradtaristics of BHJ
ambipolar transistors based on blendsS&T-10 and (a)DTTRQ (C3), (b) DTTRQ
(C6), (c) DTTRQ (C11), and (d)DTTRQ (C15). Channel widths and lengths of 1000

um and 5Qum were used, respectively.

57



. 10°
(@) Vps= 100V (b) 4o F Vps= 100V (c) Vps= 100V (d) Vps= 100V
o 10°F
10°F
100l 10
< L0 < <
2 - £10°f 2
107F 10
10°
10°f
) 107k 10°F
107 B ~ Y
20 0 20 40 60 80 100 20 0 20 40 60 80 100 20 0 20 40 60 80 100 20 0 20 40 60 80 100
V. (V) Vs (V) Vs (V) V. (V)
10° | Vos= 100V 10k Vps= ~100V
< <
240° 8
i 107k
107
10°
-100 -80 60 -40 -20 0 20 -100 -80 -60 -40 -20 0 20
Ve (V) Ve (V)

Fig. S9. (Top) N-channel and (Bottom) P—channel transferradtaristics of BHJ
ambipolar transistors based on blendsS8&T-12 and (a)DTTRQ (C3), (b) DTTRQ
(C6), (c) DTTRQ (C11), and (d)DTTRQ (C15). Channel widths and lengths of 1000

um and 5Qum were used, respectively.
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Fig. S10. (Top) N-channel and (Bottom) P-channel transferradtaristics of BHJ
ambipolar transistors based on blendsS&T-16 and (a)DTTRQ (C3), (b) DTTRQ
(C6), (c) DTTRQ (C11), and (d)DTTRQ (C15). Channel widths and lengths of 1000

um and 5Qum were used, respectively.
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Fig. S11.(Top) N-channel and (Bottom) P—channel transferradtaristics of BHJ
ambipolar transistors based on blendsS&T-18 and (a)DTTRQ (C3), (b) DTTRQ
(C6), (c) DTTRQ (C11), and (d)DTTRQ (C15). Channel widths and lengths of 1000

um and 5Qum were used, respectively.
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Fig. S12.0-26 X-ray diffraction (XRD) scans of solution-sheartih films of SBT-10 (a),

SBT-12(b), SBT-14(c), SBT-16(d), andSBT-18(e).
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Fig. S13. Solution-sheared thin-film AFM topographic imagk BT-10 (a), SBT-12 (b),
SBT-14 (c), SBT-16 (d), and SBT-18 (e). Scale bar denotes #gn and the arrow shows the

shearing direction.
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Fig. S14.6-20 X-ray diffraction (XRD) scans of BHJ thin film &BT-14:DTTRQ(C6) =
1:2.
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Fig. S15.6-20 X-ray diffraction (XRD) scans of BHJ thin film @BT-14:DTTRQ(C11) =
1:2.
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Fig. S16.6-20 X-ray diffraction (XRD) scans of BHJ thin film @BT-14:DTTRQ(C11) =
1:1.
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Fig. S17.6-20 X-ray diffraction (XRD) scans of BHJ thin film @BT-14:DTTRQ(C11) =
2:1.
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Fig. S18.6-20 X-ray diffraction (XRD) scans of BHJ thin film @BT-14:DTTRQ(C15) =
1:2.
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Fig. S19.BHJ thin-film AFM topographic image @BT-14DTTRQ(C11) = 1:1.Scale bar

denotes 2um and the arrow shows the shearing direction.
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Fig. S20.BHJ thin-film AFM topographic image @BT-14DTTRQ(C11) = 2:1.Scale bar

denotes 2um and the arrow shows the shearing direction.
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Fig. S21.Microscopy images for BHJ thin-film @BT-14DTTRQ(C11) = 1:2 (a), 1:1 (b),

2:1 (c).Scale bar denotes %0n and the arrow shows the shearing direction.
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Highlights:

« Solution-processabl e thioalkylated bithiophene derivatives are synthesi zed.

« Ambipolar transistors are fabricated based on bulk heterojunction small molecules.

- High electrical performance with carrier mobilities of 0.21 - 0.70 cm? V' st is achieved.

« Complementary-like inverters based on bulk-heterojunction transistors show high transfer

gain of 81.



