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ABSTRACT: We characterized the electrical properties of a field-effect transistor

(FET) and a nonvolatile memory device based on a solution-processable low i \\ oA ¥ RN // Y
bandgap small molecule, SilTDPP-EE-C6. The small molecule consisted of { v
electron-rich thiophene-dithienosilole-thiophene (SilT) units and electron- Ambivolar T _:“TDPP'EECGN e
deficient diketopyrrolopyrrole (DPP) units. The as-spun SilTDPP-EE-C6 FET teiehbin oot ey

107
device exhibited ambipolar transport properties with a hole mobility of 7.3 X 107> _ z
cm?®/(V s) and an electron mobility of 1.6 X 107> cm?/(V s). Thermal annealing at s.E’ "
110 °C led to a significant increase in carrier mobility, with hole and electron £ £ o
mobilities of 3.7 X 107 and 5.1 X 10™* cm?/(Vs), respectively. This improvement 2 e I,
is strongly correlated with the increased film crystallinity and reduced z—7z 2 R
intermolecular stacking distance upon thermal annealing, revealed by grazing .= ‘e o[
incidence X-ray diffraction (GIXD) and atomic force microscopy (AFM) R 3‘:)|‘t‘gg°e“(°v8)°12° 0w o?taggo( -

measurements. In addition, nonvolatile memory devices based on SilTDPP-EE-
C6 were successfully fabricated by incorporating Au nanoparticles (AuNPs) as
charge trapping sites at the interface between the silicon oxide (SiO,) and cross-linked poly(4-vinylphenol) (cPVP) dielectrics.
The device exhibited reliable nonvolatile memory characteristics, including a wide memory window of 98 V, a high on/off-
current ratio of 1 X 10%, and good electrical reliability. Overall, we demonstrate that donor—acceptor-type small molecules are a
potentially important class of materials for ambipolar FETs and nonvolatile memory applications.

KEYWORDS: donor—acceptor-type small molecules, ambipolar field effect transistor, nonvolatile memory, crystallinity, hole mobility,
charge trapping

1. INTRODUCTION polymers have emerged as a promising class of donor—
acceptor-type polymers, which exhibited high carrier mobilities
over 1 cm?/(Vs) due to the strong 7—r interactions among
planar electron-deficient DPP moieties.””*" OFETSs constituted
with DPP-based polymers often showed ambipolar behavior
presumably because their HOMO and LUMO levels lie close to

Realizing large-area flexible OFETs requires high-performance the Fermi levels of source/drain electrodes.””* It should be
and solution-processable organic electronic components, such note.:d Athat ambipolar semiconductor ?HOWS tbe simple
as conducting, semiconducting, and dielectric materials.®""! fabrlcanon. of _comp lemePtarY metal ox1de‘ sem1conf1uctor
Among these components, the development of new semi- (CMOS)-like inverters without complex mlcropage;gr}mg of
conducting channel materials is of paramount importance. n-channel and p-channel semiconducting materials.

A number of donor—acceptor-type low-bandgap polymers Recently, solution-processable small molecules have become
composing of electron-rich donor and electron-deficient an emerging and promising set of alternatives to donor—

Organic field-effect transistors (OFETSs) have great potentials
for their use in large-area flexible displays, radiofrequency
identification (RF-ID) tags, and memory devices because of
their solution processability and high compatibility with flexible
substrates and thus have been intensively investigated.' >

acceptor blocks have been developed for semlconductmg acceptor-type polymers.' These? compounds o.ﬁ"er a straightfor-
channel materials in OFETs. For instance, thlophenes and ward synthesis, are easily purified and functionalized, do not
selenophenes 3 are good electron-rich donors and isoindi-

14,15 16,17 :
gos, diketopyrrolopyrroles (DPP), benzothiadia- Received: January 11, 2014
zoles,”'® and naphthalenedicarboximide'® are well-known Accepted: April 7, 2014
electron-deficient acceptor blocks. Especially, DPP-based Published: April 7, 2014
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Scheme 1. Synthesis of the Si1TDPP-EE-C6
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suffer from batch-to-batch variation, and are intrinsically
monodisperse.>* >’ Despite these advantages, only one report
has described the successful demonstration of ambipolar
behavior from donor—acceptor-type small molecules, to the
best of our knowledge.37 Moreover, although solution-
processable conjugated small molecules are potentially useful
in transistor-type nonvolatile memory devices that function by
trapping charges in the dielectric layers, they have not been
explored for such applications.

In this paper, we report the synthesis, characterization, and
device properties of a low bandgap silole-based small molecular
semiconductor, SilTDPP-EE-C6, containing electron-rich
thiophene—dithienosilole—thiophene (SilT) units and elec-
tron-deficient diketopyrrolopyrrole (DPP) units. The combi-
nation of SilT and DPP units was chosen because (i) 2-
ethylhexyl chained dithienosilole groups as well as thiophenes
were known to be good electron-donating units and also
promote very close 7—7 stacking®>** and DPP moieties would
act as an excellent electron-deficient units as explained above.
Synthetic routes to this molecule are shown in Scheme 1. The
as-spun SilTDPP-EE-C6 exhibited ambipolar transport char-
acteristics and thermal annealing increased carrier mobilities
significantly because it increased the film crystallinity and
facilitated the close intermolecular stacking. Moreover, the
SilTDPP-EE-C6 molecule was successfully used as an active
channel material for nonvolatile memory devices where Au
nanoparticles (AuNPs) were embedded between SiO, layers
and cross-linked poly(4-vinylphenol) (cPVP) dielectric layers.
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The resulting device exhibited reliable nonvolatile memory
characteristics and good electrical reliability.

2. EXPERIMENTAL SECTION

2.1. Materials and synthesis. 2-Bromo-5-hexylthiophene, N-
bromosuccinimde (NBS), 1.6 M n-butyllithium (BuLi) solution in
hexanes, N,N,N’,N’-tetramethylethylenediamine (TMEDA), 1.0 M
trimethyltinchloride solution in tetrahydrofuran (THF), and bis-
(triphenylphosphine)palladium(II) dichoride (PdCl,(PPh;),) were
purchased from Aldrich and TCIL 3-(S-Bromothiophen-2-yl)-2,5-
bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,SH)-
dione was purchased from Lumtec. Common organic solvents were
purchased from Daejung and J. T. Baker. THF was dried over sodium
and benzophenone prior to use. All other solvents (toluene, DMF,
CH;0H, and CHCl;) were used as received without further
purification.

Synthesis of (5-hexylthiophen-2-yl)trimethylstannane (1). 2-
Bromo-5-hexylthiophene (1.0 g, 4.05 mmol) was added to a 50 mL
frame-dried reaction tube with a magnetic bar. Ten milliliters of
anhydrous THF as solvent was added to the reaction tube, which was
then cooled to —78 °C using a dry ice/acetone bath. 1.6 M n-BuLi
solutionin hexane (6.32 mL, 10.11 mmol) and TMEDA (1.52 mL,
10.11 mmol) were added slowly. The reaction mixture was warmed up
to 0 °C slowly and stirred for 2 h. The reaction mixture was cooled
again to =78 °C and 1.0 M trimethyltinchloride solution in THF
(10.11 mL, 10.11 mmol) was added to the reaction mixture slowly.
This mixture was warmed up to RT gradually and stirred for 8 h. After
reaction completion, 50 mL of H,O was added to the reaction mixture,
which was extracted with 200 mL of CHCI; three times. The
combined organic layer was dried over anhydrous MgSO,. The solvent
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was evaporated to yield yellowish oil compound 1. (The product was
used for next reaction without further purification) Yield: 1.2 g, 93%.
"H NMR (CD,Cl,, § ppm) 0.27—0.42 (m, 9H), 0.91 (m, 3H), 1.32—
1.38 (m, 6H), 1.68 (m, 2H), 2.84—2.88 (m, 2H), 6.90 (s, 1H, aromatic
proton), 7.05 (s, 1H, aromatic proton)

Synthesis of 4,4-bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-
silolo[3,2-b:4,5-b’]dithiophene (2). 2,6-Dibromo-4,4-bis(2-ethylhex-
yl)-4H-silolo[3,2-b:4,5-b']dithiophene (1.0 g, 1.73 mmol) was added
to a SO mL frame-dried reaction tube with a magnetic bar. Fifteen
milliliters of anhydrous THF was added to the reaction tube, which
was then cooled to —78 °C using a dry ice/acetone bath. 1.6 M n-BuLi
solution in hexane (2.71 mL, 4.34 mmol) and TMEDA (0.65 mL, 4.34
mmol) were added slowly. The reaction mixture was warmed up to 0
°C slowly and stirred for 2 h. The reaction mixture was cooled again to
—78 °C and 1.0 M trimethyltin chloride solution in THF (4.34 mL,
4.34 mmol) was added to the reaction mixture slowly. This mixture
was warmed up to RT gradually and stirred for 8 h. After reaction
completion, S0 mL of H,0 was added to the reaction mixture, which
was extracted with 200 mL of CHCI; three times. The combined
organic layer was dried over anhydrous MgSO,. The solvent was
evaporated to yield brown oil compound 2. (The product was used for
the next reaction without further purification.) Yield: 1.2 g, 91%. 'H
NMR (CDCly, § ppm) 0.29—0.44 (m, 18H), 0.75—0.90 (m, 12H),
0.90—0.99 (m, 2H), 1.15—1.30 (m, 16H), 1.40—1.53 (m, 4H), 7.07 (s,
2H, aromatic proton)

Synthesis of 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-
(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (3). To a 100
mL flame-dried reaction tube with a magnetic bar were added
compound 1 (645 mg, 1.948 mmol), 3-(S-bromothiophen-2-yl)-2,5-
bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (980 mg, 1.62 mmol), 20 mL of anhydrous toluene, and S mL of
anhydrous DMF. The reaction solution was degassed by three freeze—
pump—thaw cycles. Bis(triphenylphosphine)palladium(II) dichoride
(PdCL,(PPh;),) (57 mg, 0.081 mmol) was then added to the reaction
mixture, which was stirred at 90 °C for 4 h. After reaction completion,
the reaction mixture was cooled to RT and poured into 200 mL of
methanol to yield red colored precipitates. The precipitates were
filtered and purified by column chromatography using an eluent of
DCM:hexane (1:1, v/v) to give a black solid compound 3. Yield: 900
mg, 73%. 'H-NMR (CDCl;, § ppm) 0.85—0.90 (m, 15H), 1.20—1.36
(m, 22H), 1.66—1.71 (m, 2H), 1.85—1.90 (m, 2H), 2.80—2.84 (m,
2H), 4.02—4.04 (m, 4H), 6.75 (d, 1H, J = 3.6 Hz, aromatic proton),
7.14 (d, 1H, J = 3.6 Hz, aromatic proton), 7.24 (d, 1H, J = 4.8 Hz,
aromatic proton), 7.26 (d, 1H, J = 4.8 Hz, aromatic proton), 7.61(d,
1H, ] = 5.2 Hz, aromatic proton), 8.86 (d, 1H, J = 4.0 Hz, aromatic
proton), 8.95 (d, 1H, J = 4.4 Hz, aromatic proton).

Synthesis of 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-
(5'-hexyl-[2,2'-bithiophen]-5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (4). To a 100 mL round bottomed flask with a magnetic bar
were added compound 3 (1.07 g 1.548 mmol) and 20 mL of
dichloromethane. The reaction mixture was cooled to 0 °C using an
iced water bath. NBS (331 mg, 1.858 mmol) was added to flask in one
portion and the reaction mixture was stirred at 0 °C for 2 h. After the
reaction was finished, 200 mL of H,O was added to the mixture, which
was extracted with 200 mL of CHCI; three times. The combined
organic layer was dried over anhydrous MgSO, and the solvent was
evaporated under reduced pressure. The crude product was purified by
column chromatography using an eluent of CHCly:hexane (1:1, v/v)
to yield a dark reddish solid compound 4. Yield: 1.1 g, 92%. "H-NMR
(CD,Cl,, 5 ppm) 0.88—0.91 (m, 15H), 1.28—1.37 (m, 22H), 1.67—
1.72 (m, 2H), 1.83—1.91 (m, 2H), 2.82—2.86 (m, 2H), 3.93—4.03 (m,
4H), 6.79 (d, 1H, J = 3.2 Hz, aromatic proton), 7.19 (d, 1H, ] = 3.6
Hz, aromatic proton), 7.26 (d,1H, J = 4.4 Hz, aromatic proton), 7.28
(d, 1H, J = 4.4 Hz, aromatic proton), 8.59 (d, 1H, J = 4.0 Hz, aromatic
proton), 8.95 (d, 1H, J = 4.0 Hz, aromatic proton).

Synthesis of 6,6'-(5,5'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-
b']dithiophene-2,6-diyl)bis(thiophene-5,2-diyl))bis(2,5-bis(2-ethyl-
hexyl)-3-(5'-hexyl-[2,2'-bithiophen]-5-yl)pyrrolo[3,4-c]pyrrole-1,4-
(2H,5H)-dione) (Si1TDPP-EE-C6). To a 25 mL flame-dried reaction
tube with a magnetic bar were added compound 2 (106 mg, 0.143
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mmol), compound 4 (231 mg, 0.300 mmol), 8 mL of anhydrous
toluene, and 2 mL of anhydrous DMF. The reaction solution was
degassed by three freeze—pump—thaw cycles. Bis-
(triphenylphosphine)palladium(II) dichoride (PdCL(PPh,),) (S mg,
0.007 mmol) was then added to the reaction mixture, which was
stirred at 90 °C for 8 h. After reaction completion, reaction mixture
was cooled to RT and poured into 100 mL of methanol to yield black-
colored precipitates. The precipitates were filtered and purified by
column chromatography using an eluent of CHCly:hexane (1:1, v/v)
to give a desired black solid. Yield: 150 mg, 58%. 'H-NMR (CD,Cl,,
5 ppm) 0.83—0.92 (m, 42H), 1.05 (m, 4H), 1.20—1.40 (m, 62H),
1.66—1.71 (m, 4H), 1.91 (m, 4H), 2.71-2.85 (m, 4H), 4.02 (m, 8H),
6.77 (d, 2H, J = 3.6 Hz, aromatic proton), 7.16 (d, 2H, ] = 3.6 Hz,
aromatic proton), 7.22 (d, 2H, J = 4.0 Hz, aromatic proton), 7.28 (d,
2H, ] = 44 Hz, aromatic proton), 7.34 (s, 2H, aromatic proton), 8.90
(d, 2H, J = 4.0 Hz, aromatic proton), 8.94 (d, 2H, ] = 4.4 Hz, aromatic
proton). MS (MALDI-TOF), [M + H] *, 1797.8; Found, 1798.2
(Figures S1 and S2 in the Supporting Information show 'H-NMR
and MALDI-TOF spectra, respectively).

2.2. Material Characterization. '"H NMR spectra were taken
using a Bruker Advance 400 spectrometer (400 MHz). Molecular
weights were measured by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS), performed on a
Bruker Autoflex instrument. Differential scanning calorimetry (DSC)
measurements were conducted using a PerkinElmer Pyris 1 DSC
instrument (heating rate = 10 °C/min, under nitrogen). UV-—visible
absorption spectra were taken on a PerkinElmer Lamb 9 UV—vis
spectrophotometer. Cyclic voltammograms were recorded on a CH
instrument electrochemical analyzer (scan rate =50 mV/s). A degassed
acetonitrile containing 0.1 M tetrabutylammonium hexafluorophos-
phate (TBAPF) was used as an electrolyte solution. The working
electrode was the SilTDPP-EE-C6 coated Pt wire, the counter
electrode a Pt wire, and the reference electrode Ag/Ag". The reference
electrode potential was calibrated with the Fc/Fc* potential, which was
assumed to be 4.8 eV below the vacuum level.® The crystalline
characteristics of the SilTDPP-EE-C6 films were investigated by
GIXD measurements at the 8-ID-E beamline of the Advanced Photon
Source (APS) at Argonne National Laboratory, USA. The surface
morphologies of the SilTDPP-EE-C6 films were examined by tapping
mode AFM (D3100 Nanoscope V, Veeco). Electrical properties of the
OFETs were recorded using Keithley 2400 and 236 source/measure
units under vacuum (1 X 1075 Torr) and in dark.

2.3. Device Fabrication. OFETs and nonvolatile memory devices
based on Sil1TDPP-EE-C6 were fabricated on a substrate comprising a
highly doped n-type Si wafer (gate electrode) onto which a 300 nm
thick silicon oxide (SiO,) layer (gate insulator) was thermally grown.
After cleaning the Si wafer in piranha solution (30 min, 100 °C) and
washing with distilled water, the SiO, surface was modified with
octadecyltrichlorosilane (ODTS, Gelest, Inc.) to reduce electron
trapping by the silanol groups on the SiO,. The water contact angle of
the ODTS-treated surfaces was 112°. The nonvolatile memory device
was fabricated by thermally depositing a 1 nm thick Au layer onto the
SiO, layer. The substrate was subsequently annealed at 100 °C for 10
min to form the AuNPs. A layer of poly(4-vinylphenol) (PVP) mixed
with a poly(melamine-co-formaldehyde) (PMF) cross-linking agent
(in a weight ratio of 2:1) was spin-coated onto the SiO, layer bearing
AuNPs at 150 °C for 1 h for cross-linking of PVP. To form the
semiconductor layer for OFET and nonvolatile memory, a 40 nm thick
SilTDPP-EE-C6 film was spin-cast using a 0.5 wt % chloroform
solution onto the ODTS-treated SiO, substrate or the cross-linked
PVP (cPVP)/AuNPs/SiO,, respectively. The spin-cast films were dried
in a vacuum chamber (24 h) and then thermally annealed for 30 min
in a vacuum chamber at 25, 80, and 110 °C. Finally, Au source/drain
electrodes with a thickness of 50 nm were thermally vacuum-deposited
through a shadow mask onto the SilTDPP-EE-C6 film. The channel
length and width were 50 and 800 pm, respectively.

dx.doi.org/10.1021/am500080p | ACS Appl. Mater. Interfaces 2014, 6, 6589—6597
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3. RESULTS AND DISCUSSION

Scheme 1 shows the synthetic route of the low-bandgap small
molecule, SiITDPP-EE-C6. The optical electronic properties of
SilTDPP-EE-C6 were measured using cyclic voltammetry and
UV—visible absorption spectroscopy. The cyclic voltammogram
of SilITDPP-EE-C6 exhibited an oxidation onset (E,.0,) at
0.30 V and a reduction onset (B, ) at —1.37 V, as shown in
Figure la. The corresponding HOMO and LUMO levels were
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Figure 1. (a) A cyclic voltammogram obtained from a SilTDPP-EE-
C6 film along with a ferrocene/ferrocenium redox curve. (b) UV—
visible absorption spectra of SilTDPP-EE-C6 in solution and in the
film state.

—5.10 and —3.43 eV, respectively. The electrochemical energy
gap (E&w) was 1.67 eV. These data suggest that a hole injection
from Au electrodes (work function ~5.1 eV) to the SilTDPP-
EE-C6 channel would be preferable to an electron injection.
Figure 1b presents UV—visible absorption spectra in solution
and in the thin film state. A solution containing SilTDPP-EE-
Cé6 displayed a strong absorption band over the range 500—780
nm with a maximum absorption at 678 nm. An optical bandgap
(Egopt) of 1.65 eV was obtained from the onset of the
absorption spectrum in solution. The absorption of the film
displayed a large red shift with an absorption onset of 840 nm
(1.48 eV). This observation suggested that there are strong
intermolecular interactions among the SilTDPP-EE-C6 mole-
cules with a molecular stacking of “phase I” (see below GIXD
section for details). Upon thermal annealing at 110 °C, the
absorption band over the range 500—750 nm became more
intense, while the intensity of the absorption band at longer
wavelengths did not change. This change suggested that the
molecular stacking switched to more-ordered and well-packed
“phase II” while film crystallinity was increased. The optical
electronic properties are summarized in Table 1. Differential
scanning calorimetry (DSC) measurements exhibited a melting
temperature (T,,) at 189 °C and a clear crystallization
temperature (T.) of 158 °C, as shown in Figure S3 in the
Supporting Information.

To gain a deeper understanding of the electronic structure,
electronic transitions, and molecular geometries of SilTDPP-

Table 1. Redox Potentials, HOMO/LUMO Levels, and
Bandgaps of SilTDPP-EE-C6

opsetor Eopseed  HOMO?  LUMO®  E,.°  E..“¢
( VA4 (V) GG I GY)
SilTDPP- 0.30 —1.37 —-5.10 —3.43 1.67 1.65

EE-C6

“HOMO = —(Egpuion + 48) eV. PLUMO == (Eqperpea + 4.8) eV.
= (LUMO —HOMO) eV. Eg opt Was determined from the onset
of the UV—visible absorption spectra in solution.

EE-C6, we conducted quantum mechanical calculations using
density function theory (DFT) and time-dependent DFT (TD-
DFT) methods (Figure 2). A simplified SilTDPP-EE-C6
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Figure 2. (a) Energy levels (left) and frontier molecular orbitals of the
simplified SilTDPP-EE-C6 (right). (b) Molecular geometry of the
energy-minimized simplified SilTDPP-EE-C6 molecule with dihedral
angles. (c) UV—visible absorption spectrum of the simplified
SilTDPP-EE-C6 (red), which is based on the TD-DFT (B3LYP)
calculations of the transition energy and oscillator strength (blue).

molecule, in which the alkyl chains were shortened to methyl
groups, was geometrically optimized to an energy minimum
using Gaussian 09 at the DFT B3LYP level with the 6-
31+G(d,p) basis set. The HOMO and LUMO surface plots of
the simplified SilTDPP-EE-C6 molecule revealed highly
delocalized orbitals along the molecular backbone (Figure
2a). The optimized molecular geometries indicated that the
molecular backbone was quite flat (Figure 2b). The low
dihedral angles ensured effective overlap among the 7-orbitals,
which reduced the optical bandgap and facilitated tight
intermolecular packing (see below, the discussion of the
GIXD data). The TD-DFT calculations predicted a UV—visible
spectral shape (Figure 2c) that agreed well with the spectral
shape obtained from SilTDPP-EE-C6 in solution. Thus, the
transitions from (HOMO-2 and HOMO-1) to LUMO and
(HOMO-1 and HOMO) to LUMO+1 were found to be
responsible for the absorption band observed at short
wavelengths. The HOMO-to-LUMO transition with a high
oscillator strength was found to be responsible for the
absorption band observed at longer wavelengths.
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Figure 3. (a) Transfer characteristics at a fixed V}, of =80 V or +80 V for SilTDPP-EE-C6 OFETs annealed at three temperatures: 25, 80, 110 °C.
(b) Hole and electron mobilities of Sil TDPP-EE-C6 OFETs as a function of the annealing temperature. (c) Output characteristics of OFETs based

on 110 °C-annealed SilTDPP-EE-C6 films.

Bottom-gate top-contact organic field—effect transistors
(OFETs) were prepared to evaluate the electrical properties
of the SiITDPP-EE-C6 layers. Figure 3a shows the transfer
characteristics (drain current (I) — gate voltage (V;)) at drain
voltages (V) of —80 or +80 V, for SilTDPP-EE-C6-based
OFETs annealed at three temperatures: 25 (as-spun), 80, 110
°C. Ambipolar behavior were clearly displayed in the hole—
enhancement at V, = —80 V and electron—enhancement
operational modes where V, = —80 V and V, = +80 V,
respectively. The carrier mobilities were estimated in the
respective saturation regimes according to the relationship I, =
CuW(Vg — Vy)?/2L, where W and L are the channel width
and length, respectively, C,; is the specific capacitance of the gate
dielectric (11 nF/cm?), Vy, is the threshold voltage, and y is the
carrier mobility. An OFET based on the as-spun SilTDPP-EE-
C6 exhibited average hole and electron mobilities of 7.3 X 1075
and 1.6 X 1075 cm?/(Vs), respectively. Thermal annealing of
the SilTDPP-EE-C6 films considerably increased the carrier
mobilities. The carrier mobilities of the device are summarized
in Table 2 and their trend is shown in Figure 3b. The average

Table 2. Carrier Mobilities of OFETs Based on the
Si1TDPP-EE-C6 at Three Annealing Temperatures

25 °C 80 °C 110 °C
hole mobili 73 (+£55) X  52(+30)Xx 3.7 (+10) X
(em?/(V s)) 107° 1074 1073
electron mobility 1.6 (£06) X 25(£13)x 51 (+3.0)x
(em?/(V s)) 107° 107° 107*

hole and electron mobilities of the OFETs based on the 110
°C-annealed SilTDPP-EE-C6 film were 3.7 X 10> and 5.1 X
10™* cm?/(V s), respectively. Note that the hole mobility was
high compared to the mobilities obtained from other DPP-
based small molecules,””* ™ and this molecule is the second
example of solution-;)rocessable small molecules that showed
ambipolar behavior.>” The enhanced carrier mobilities can be
attributed to the increased intermolecular stacking of Sil1TDPP-
EE-C6 film (discussed below). Figure 3c shows the output
characteristics (Ip—Vp) associated with hole or electron
accumulation in the 110 °C-annealed Sil1TDPP-EE-C6
OFETs. These curves displayed typical ambipolar character-
istics: diode-like behavior at a low gate bias and saturation
behavior at a high gate bias. The asymmetry between the hole
and electron conduction properties was associated primarily
with a greater efficiency in hole injection and a less efficiency in
electron injection, from the Au to the SilTDPP-EE-C6
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molecular channel, because of the energy level alignment
between the Fermi level of the Au electrode and the molecular
HOMO/LUMO levels.

The microstructure of the SilTDPP-EE-C6 thin film, which
influenced the OFET performance, was characterized using
synchrotron GIXD measurements. Figure 4a shows the GIXD
images of the as-spun and 110 °C-annealed molecular films.
The as-spun film exhibited a strong (100) diffraction peak with
second and third order peaks and a weak (010) reflection along
the out-of-plane (g,) direction, whereas a (010) diffraction peak
was clearly observed along the in-plane (q,) direction. Thermal
annealing of the molecular film at 110 °C resulted in more
intense (h00) peaks along the g, direction and (010) peaks
along the g, direction with the other diffraction peaks in the q,,
plane as well.

The GIXD patterns were analyzed in detail by extracting the
1D profiles along the g, and g, directions. Figure 4b shows the
out-of-plane profiles extracted along the g, direction at q, =
0.00 A™" for the GIXD patterns of the SilTDPP-EE-C6 films.
The as-cast SilTDPP-EE-C6 film showed strong (h00)
diffraction peaks that corresponded to a d(no0) spacing of 15.6
A, while the 110 °C-annealed SilTDPP-EE-C6 film showed
more pronounced (h00) reflections with higher order peaks
that corresponded to a dg) spacing of 18.9 A. The d,y
spacing was nearly the same as the molecular width, i.e., the
distance between the terminal carbon atom and the terminal
carbon atom in the ethylhexyl groups on the DPP units. The in-
plane profile, which was extracted along the g, direction at g, =
0.03 A™' (Figure 4c), revealed that upon annealing, the (h00)
peaks disappeared and the (h00)’ peaks appeared. This result
was consistent with the results obtained from the out-of-plane
profile. Moreover, the (010) peak, which corresponded to a
d(o10) spacing of 3.7 A, disappeared, whereas an intense (0102’
peak, which corresponded to a dg) spacing of 3.5 A,
appeared.

These GIXD results indicated that thermal annealing
induced the SilTDPP-EE-C6 films to undergo a phase
transition from an ordered phase I, with d(0) = 15.6 A and
do10) = 3.7 A, to a well-ordered and tightly stacked phase II,
with d(jo0) = 189 A and d(5,0) = 3.5 A. At the same time,
thermal annealing promoted the development of an edge-on
orientation among the crystalline SilTDPP-EE-C6 molecules,
in which 7—n stacking interactions among the molecular
backbones were oriented parallel to the substrate and the side
alkyl chains pointed upward and downward. It was further
corroborated by comparing the molecular width to the lamellar
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Figure 4. (a) GIXD patterns obtained from the as-spun (top) or 110 °C-annealed (bottom) SilTDPP-EE-C6 films, (b) Out-of-plane X-ray
diffraction profiles extracted along the g, direction at g, = 0.00 A7, (c) In-plane X-ray diffraction profiles along the g, direction at g, = 0.03 A™", (d)
AFM topographic (left) and phase (right) images of the as-spun SilTDPP-EE-C6 film, and (e) AFM topographic (left) and phase (right) images of

the 110 °C-annealed SilTDPP-EE-C6 film.

spacing measured in the phase IL It should be noted that the
overall features of the well-stacked edge-on oriented Sil1TDPP-
EE-C6 molecules in the phase II provided an explanation for
the improved hole mobility upon thermal annealing: well-
ordered close m—r stacking interactions would benefit charge
transport along the semiconducting channel parallel to the
substrate.

The surface morphologies of the as-spun or 110 °C-annealed
SilTDPP-EE-C6 films were examined. Images d and e in Figure
4 show the topographic and phase images of the corresponding
films, respectively. The as-spun SilTDPP-EE-C6 films
exhibited featureless morphologies, whereas the films that
were thermally annealed at 110 °C induced the crystalline
nanostructures among the SilTDPP-EE-C6 molecules. The
enhanced crystalline nanostructures resulted in the increase of
the surface roughness from 0.5 to 7.4 nm. Collectively, the
GIXD and AFM images demonstrated that thermal annealing
significantly impacted the molecular film morphology and
offered an explanation for the observed SilTDPP-EE-C6
OFET device performances.

SilTDPP-EE-C6 layers were also used to fabricate non-
volatile memory devices. Figure Sa shows the device structure
where AuNPs embedded at the interfaces between the cPVP
and SiO, layer acted as charge trapping sites. The memory
hysteresis loop was obtained from the nonvolatile memory
based on 110 °C-annealed SilTDPP-EE-C6, which demon-
strates the dependence of Vi sweep range on the memory
hysteresis property. At the V; sweep from +20 to —20 V, the
SilTDPP-EE-C6 OFETs fabricated on the cPVP/AuNPs/SiO,
exhibited unipolar p-type transistor behavior with a lower hole
mobility (4.9 X 107* cm?/(Vs)) compared to the SilTDPP-EE-
C6 OFETs prepared on the ODTS-treated SiO, gate
dielectrics. The lower hole mobility and the absence of electron
conduction were attributed to the relatively high number of
electron trap sites of the cPVP/AuNPs/SiO,. Figure Sc
summarizes the change in memory window that was
determined by the shifts in the threshold voltages (V)
between the forward and reverse Vg sweeps, as a function of
the V;; sweep range. During the V;; sweep from +20 to —20 V,
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Figure 5. (a) Schematic diagram of the configuration of a SilTDPP-
EE-C6-based nonvolatile memory device prepared with the ¢PVP/
AuNPs/SiO, substrate. The lower panel shows SEM images of the 1
nm-thick AuNPs layer. (b) A memory hysteresis loop obtained from
the nonvolatile memory device based on a 110 °C-annealed Si1TDPP-
EE-C6 film (Vp = —40 V). (c) Change in memory window as a
function of the applied V. (d) Shifts in the transfer curves at Vj, =
—40 V upon application of Vi = +100 V (program) or —100 V
(erase).

a little significant bias hysteresis (2.7 V) was observed; however,
a Vg > =+ 30 V resulted in a reversible bias hysteresis with a
reproducible negative Vy, shift, and the memory windows of the
devices increased significantly with increasing V. The +100 V
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sweep yielded a huge Vi, hysteresis of 98 V. The memory
windows of the devices depended strongly on the applied
electric field at the gate electrode because the number of charge
carriers injected into and trapped within the AuNPs increased
with the applied electric filed. The number of trapped charges
can be calculated using the equation An = C-AVy,/e, where C,
and e are the specific capacitance of the gate dielectric (9.8 nF/
cm?) and the element charge, respectively. The total number of
trapped charges obtained at Vg = +£100 V was calculated to be
approximately 2.5 X 10" cm™. The calculated number of
trapped charges was strongly correlated with the AuNP density,
which was estimated based on the SEM images, as shown in the
lower panel of Figure Sa. The AuNP density was found to be
roughly 1.2 X 10" cm™. This number indicated that two
electrons, on average, were stored in one AuNP. Figure S5d
shows the reversible shifts in the transfer curves after the
application of a program (P) voltage of Vg = +100 V and an
erase (E) voltage of Vg = —100 at a V, = 0 V for 1 s. That is,
when the device was subjected to a programmed V; of +100 V,
the hole carriers injected from the AuNPs to the SilTDPP-EE-
C6 layer accumulated at the dielectric/organic interface to
produce a high conductivity and a positive Vy, shift. By contrast,
the application of a negative Vi of —100 V for erasure resulted
in the transfer of hole carriers at the SilTDPP-EE-C6/cross-
linked PVP interface to the AuNPs. The trapped hole charges
in the AuNPs resulted in a low conductivity and a negative Vi,
shift.

The retention time and cycling tests were performed to
characterize the operational stability of the SilTDPP-EE-C6
nonvolatile memory device. Figure 6a presents the retention
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Figure 6. (a) Retention time and (b) cycling tests of nonvolatile
memory devices based on SilTDPP-EE-C6.

characteristics of the devices. The retention time was
determined to exceed 10° s after application of a Vg = + 100
V. The P/E states were maintained during repeated cycling
tests, which included 50 cycles with a switching speed of 1 s
(Figure 6b). These results demonstrated the good stability and
reversibility of the SilTDPP-EE-C6 nonvolatile memory
device.

4. CONCLUSIONS

We demonstrate the synthesis and characterization of a low
bandgap dithienosilole-cored semiconducting small molecule,
SilTDPP-EE-C6. The as-spun SilTDPP-EE-C6 exhibited a low
carrier mobility that improved significantly upon thermal
annealing. The hole and electron mobilities of devices prepared
from the 110 °C-annealed SilTDPP-EE-C6 films were found to
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be 3.7 X 107 and 5.1 X 107* cm?®/(V s), respectively. The
enhancement of the OFET performance was strongly
correlated with the enhanced crystalline nanostructures in the
semiconducting films via thermal treatment. SilTDPP-EE-C6
was tested for its utility in nonvolatile memory devices. A
SilTDPP-EE-C6 memory device exhibited reliable nonvolatile
memory characteristics, including a wide memory window of 98
V, a high on/off-current ratio of 1 X 103 and good electrical
reliability. Note that this is the first report demonstrating that
solution-processable small molecules can be applied in both
ambipolar transistors and nonvolatile memory devices.
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