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ABSTRACT: Substituted side chains are fundamental units in — M 10p =350 em’V's™

solution processable organic semiconductors in order to achieve © CaMy —.: et

a balance of close intermolecular stacking, high crystallinity, and & Cou 3 < o va
good compatibility with different wet techniques. Based on four ,  *y*¢* a3 et & g4 r—'!’%W Vi
air-stable solution-processed naphthalene diimides fused with 2- < LI R 2 Wy
(1,3-dithiol-2-ylidene)malononitrile groups (NDI-DTYM2) ¢ — sv " + '50.014

that bear branched alkyl chains with varied side-chain length ) §1E-3

and different branching position, we have carried out systematic CiaHay = i
studies on the relationship between film microstructure and L7 Caler Grain Size (nm?)

charge transport in their organic thin-film transistors (OTFTs).

In particular synchrotron measurements (grazing incidence X-ray diffraction and near-edge X-ray absorption fine structure) are
combined with device optimization studies to probe the interplay between molecular structure, molecular packing, and OTFT
mobility. It is found that the side-chain length has a moderate influence on thin-film microstructure but leads to only limited
changes in OTFT performance. In contrast, the position of branching point results in subtle, yet critical changes in molecular
packing and leads to dramatic differences in electron mobility ranging from ~0.001 to >3.0 cm* V™' s™. Incorporating a NDI-
DTYM?2 core with three-branched N-alkyl substituents of C; 4 results in a dense in-plane molecular packing with an unit cell area
of 127 A% larger domain sizes of up to 1000 X 3000 nm? and an electron mobility of up to 3.50 cm® V™' s7', which is an
unprecedented value for ambient stable n-channel solution-processed OTFTs reported to date. These results demonstrate that
variation of the alkyl chain branching point is a powerful strategy for tuning of molecular packing to enable high charge transport
mobilities.

1. INTRODUCTION molecular and polymeric semiconductors.”***~** These mobi-
lity values are comparable with the performance of vacuum
deposited OTFTs and approach the mobility of many organic
single-crystal transistors. To match the exciting progresses of
solution-processed p-channel devices, high-performance n-
channel OTFTs are highly desired since only few solution-
processed n-channel OTFTs exhibit mobilities >0.50 cm* V™!
s7137% This uneven development makes the exploration of
solution processable, air-stable n-type semiconductors and the
construction of high-performance solution-processed n-channel
devices a key issue in organic electronics.

Building on rapid developments and tremendous progresses in
the past two decades, organic thin-film transistors (OTFTs)
have been successfully demonstrated in various applications,
such as chemical/biosensors, electronic paper, and radio
frequency identification cards (RFIDs).'™"* In spite of these
great achievements, getting the true benefits of OTFTs in
ultralow-cost applications still remains a challenging task.
Fabrication of high-performance OTFTs via solution process-
ing techniques including roll-to-roll, spin coating, and inkjet
printing, etc. is widely believed to be a promising way to solve
this problem.”*™>® Very recent results indicate that high
mobilities well over 3.0 cm®> V™' s7! can be achieved by Received: November 26, 2012
many p-channel OTFTs based on solution processed small Published: January 18, 2013
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Figure 1. Molecular structures of NDI2HD-, NDI3HU-, NDI4HD-, and NDI20OD-DTYM2.

Significant improvements in semiconductor design and
device engineering have resulted in much-enhanced n-channel
OTFT performance and stability, enabling devices to be
fabricated with a variety of solution processing techni-
ques.** 3374 A breakthrough in n-channel polymers
occurred with the development of P(NDI20D-T2), a
donor—acceptor (D—A) copolymer of 2,6-naphthalenediimide
and 2,2'-bithiophene, by Watson et al. and Facchetti et al.
independently.””**~*! Top gate OTFTs based on P(NDI20OD-
T2) display electron mobilities of up to 0.85 cm* V! s71.%°
Moreover, a series of small molecules based on naphthalene
diimides fused with 2-(1,3-dithiol-2-ylidene)malononitrile
groups (NDI-DTYM2) have also been demonstrated re-
cently.3l_33’43 One of these derivatives;, NDI2OD-DTYM?2,
exhibits electron mobilities as high as 0.50—1.2 em? V71 s
when appropriately processed.*” It should be noted that the
devices based on NDI2OD-DTYM2 show prominent stability
which enables the construction of all solution-processed
OTFTs and organic circuits under ambient atmosphere.
Marder et al. recently reported solution processable bis-NDIs
with conjugated bridging groups.>* The corresponding devices
exhibited field-effect mobilities of up to 1.5 cm* V'™, which is
among the highest values for solution processed n-channel
OTFTs. These results represent important steps forward for
the solution-processed n-channel OTFTs.

From the point of molecular design, it has been widely
accepted that an ideal air-stable solution-processed n-type
materials should possess: (i) electron-deficient 7z-conjugated
backbones that facilitate close intermolecular 7—7 stacking and
efficient electron transport; (ii) appropriate energy level
(LUMO < —4.0 eV) which can ensure efficient electron
injection and ambient stable electron transport; and (iii)
suitable nonconjugated side chains to provide a balance
between good solubility, close intermolecular stacking, and
high crystallinity in the thin-film state. Compared with intensive
investigations on modulation of 7-conjugated backbones and
energy levels, studies on alkyl chain effect have received less
attention. In fact, from studies on conjugated polymers it is
known that the properties of alkyl chains including alkyl chain
length and density have significant influence on solution
processability, molecular packing, film microstructure, and
charge transport.”***~>* As a result, the design of appropriate
side chains is becoming an important strategy to achieve high-
performance solution processable semiconductors. An alkyl
chain length-dependent mobility of solution processable p-type
semiconductors has been reported by different groups.***>>°
The obvious difference in mobility is usually the result of
changed film microstructure. Apart from alkyl chain length, the
side-chain attachment density also has a big impact on the
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ordered molecular packing.*” For example, regioregular poly(3-
hexylthiophene) (P3HT) forms a lamellar structure, while poly-
[5,5’-bis(3-dodecyl-2-thienyl)-2,2’-bithiophene] (PQT) and
poly-(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophenes)
(PBTTT) exhibit more-ordered film structures. This phenom-
enon is mainly attributed to the low side-chain attachment
density of PQT and PBTTT, which allows eflicient side-chain
interdigitation and three-dimensional molecular packing.*’~>!
These reports clearly demonstrated that the side chain plays an
important role in influencing molecular packing and determin-
ing charge transport behavior. It should be mentioned that the
previous investigations are limited to the study of p-channel
semiconductors; studies on the critical role of side chain on
charge transport properties for n-channel organic semi-
conductors are thus highly desired.

Branched alkyl chains are widely used in solution processable
organic semiconductors to improve their solubility and the
compatibility with different solution processing techni-
ques.***®3*736 Previously it has been believed that the
branched alkyl chain is an unfavorable unit in charge transport
semiconductors to achieve a highly crystalline film, which is of
great importance for high-performance OTFTs.”’ Inspired by
the recent reports on high-performance OTFTs based on
semiconductors that bear branched side chains, the application
of branched alkyl chains in solution processable organic
semiconductors is now attracting increasing atten-
tion.* 293143523 15 our previous report, we observed that
the branched alkyl chain length and branching point have an
influence on the electron transport property of NDI-DTYM2-
based derivatives.*> More recently, Pei et al. reported significant
influence played by branching point of branched alkyl chain on
the p-channel FET performance of isoindigo-based conjugated
polymers.”> These results demonstrated the critical role of
branched alkyl chain on charge transport properties of solution
processable organic semiconductors. In spite of these
interesting progresses,z“’“”52 systematic investigation on
branched alkyl chain-dependent molecular packing and device
performance is still a challenging topic. It therefore makes deep
insight into the relationship between the nature of the branched
alkyl chain and device performance of great importance, but
challenging because: (i) the introduction of long branched alkyl
chain usually makes single-crystal growth difficult and limits in-
depth investigation of molecular packing; (ii) a series of
representative organic semiconductors with a variety of side-
chain lengths and branching points should be designed to
investigate the influence of branching points on OTFT
mobility. As a result, in-depth study on molecular packing in
thin-film state of a series of semiconductors with different
branched side chains is an effective approach to achieve a deep
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understanding of the important role played by branched side
chains.

Herein, systematic investigation on the branched alkyl chain-
dependent molecular packing and charge transport of NDI-
DTYM?2 derivatives (Figure 1) is reported. This study is carried
out by using a combination of OTFT characterizations, atomic
force microscopy (AFM), grazing incidence X-ray diffraction
(GIXRD), and near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy. The results indicate that the
properties of branched alkyl chain of NDI-DTYM?2 derivatives,
especially the position of branching point, critically influence
the molecular packing in thin-film state. Incorporating side
chains with an appropriate branching point, the molecule
NDI3HU-DTYM?2 displays large area, ordered molecular
packing with close intermolecular stacking and exhibits an
exciting electron mobility of up to 3.50 cm® V™' s7!. The
striking branched alkyl chain-dependent mobility clearly
demonstrates the critical role of side-chain engineering in
molecular design and contributes to a deeper understanding of
the relationship between the molecular structure and the
electronic properties.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. Four NDI-DTYM2 derivatives,
including NDI2HD-, NDI3HU-, NDI4HD-, and NDI2OD-DTYM2,
were synthesized as previously reported.>'*** The fluoropolymer
poly-(perfluorobutenylvinylether) (Cytop, CTL-809M) and a per-
fluorocarbon-containing solvent (CT-Solv.180) were purchased from
Asahi Glass Corp. and used as the gate dielectric for the top-gate
devices.

2.2, Device Fabrication and Measurement of OTFTs.
Fabrication of BGBC OTFTs. An n-type heavily doped Si wafer with
a SiO, layer of 300 nm served as the bottom-gate electrode and
dielectric layer, respectively. The Au source—drain electrodes (30 nm
thick) were sputtered and patterned by a lift off technique. The device
channel lengths, defined as the distance between source and drain,
were varied from S to 50 pm, and the channel width was maintained at
1.4 mm. Before deposition of the organic semiconductor, the gate
dielectrics were treated with octadecyltrichlorosilane (OTS) in a
vacuum oven at a temperature of 120 °C, forming an OTS self-
assembled monolayer. The treated substrates were rinsed successively
with hexane, ethanol, and chloroform. The organic active layer was
deposited on the OTS-treated substrates by spin coating from
chloroform solution (10 mg/mL). The resulting thin films were
annealed at different temperatures to improve the film quality and
morphology.

Fabrication of BGTC OTFTs. The thin films of NDI-DTYM2
derivatives were deposited on OTS-treated SiO,/Si substrates by spin
coating from their CHCl; solution (10 mg/mL). Thereafter, the
deposited thin films were annealed at different temperatures. Gold
source and drain contacts (30 nm in thickness) were deposited on the
organic layer by vacuum evaporation through a shadow mask, affording
a bottom-gate top contact configuration. The channel length and
width were 80 and 8800 ym, respectively.

Fabrication of TGBC OTFTs. Corning 7059 glass was used as the
substrate for all the top-gate devices after cleaning in an ultrasonic bath
with deionized water, acetone, and isopropanol, for S min each. The
gold source and drain electrodes were patterned by a photolithography
lift-off process. Then, an organic active layer was deposited by spin
coating from solution followed by an annealing treatment. Deposited
by spin-coating, S00 nm of CYTOP served as the dielectric layer.
Finally, 20 nm Al was deposited to serve as the gate electrodes.

Electrical Measurement of OTFTs. The OTFT measurements were
carried out at room temperature using a Keithley 4200 semiconductor
parameter analyzer. The mobilities were determined in the saturation
regime from the equation Ipg = (UWC,/2L)(Vg — Vi)?, where Ipg is
the drain—source current, y is the field-effect mobility, W is the
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channel width, L is the channel length, C; is the capacitance per unit
area of the gate dielectric layer, and Vr is the threshold voltage.

2.3. Thin-Film Characterization. The surface morphology of the
films was characterized with a Veeco Dimension 3100 atomic force
microscope (Digital Instruments) operated in the tapping mode. Lab-
based X-ray diffraction (XRD) experiments were carried out using a
Rigaku D/max-2500 X-ray diffractometer. Synchrotron-based GIXRD
measurements were carried out at the small/wide-angle X-ray
scattering beamline at the Australian Synchrotron. Fourteen keV
photons were used with the 2D diffraction patterns recorded on an
MAR-165 CCD detector. A grazing incidence angle of 0.09° was
employed that is close to the critical angle of the film, probing bulk
structure. The sample-to-detector distance was calibrated using a silver
behenate standard. Data acquisition times of 60 s were used with no
evidence found for beam damage when comparing data taken at
shorter and longer acquisition times. GIXRD data were analyzed using
the software SAXS1SID version 3299. XRD data are expressed as
function of the scattering vector, g, that has a magnitude of (47/4)sin
0, where 6 is half the scattering angle and 4 is the wavelength of the
incident radiation.*®

Surface-sensitive NEXAFS spectroscopy at the carbon edge were
recorded at the Soft X-ray Spectroscopy Beamline at the Australian
Synchrotron, Victoria, Australia.’”® Near perfect linearly polarized
photons (P & 1) from an undulator X-ray source with a high spectral
resolution of E/AE < 10000 were focused into an ultrahigh-vacuum
chamber on an ~04 X 1 mm sample area. X-ray absorption was
measured via total-electron yield, where the signal of all photoelectrons
ejected from the sample surface is measured by recording the drain
current flowing from the sample. The recorded signal was normalized
to the incident photon flux using the “stable monitor method”, in
which the sample signal is compared consecutively to a clean reference
sample, and the time variations in flux measured via a gold mesh.’!
Prior to sample measurements a clean sputtered gold specimen was
measured in order to determine the carbon contamination on the gold
mesh, and this contamination was assumed to be stable throughout the
following measurements. The normalized spectra were scaled by
subtracting a background which scales according to the atomic
scattering factors of the material prior to the onset of the first feature
setting (A (280 €V)) and dividing by A (320 eV). X-ray energy was
calibrated to the exciton peak of a highly oriented pyrolytic graphite
sample. The peaks’ intensities in the spectra give information about the
orientation of the transition dipole moments (TDM) with respect to
the plane of the substrate. The 1s (C=C) — #* TDM is
perpendicular to the conjugated ring plane of the NDI-DTYM2
molecules, and the average tilt angle of the TDM, <y>, can be
determined from the angular dependence of the resonance intensity, I,
via

I=1+ (3cos®* 0 — 1)(3cos*(y)—1) (1)

where 6 is the angle of incidence of the X-ray beam.®* The resonance
intensity was determined from the peak area via peak fitting using the
MatLab GUI ‘Whooska’ developed by Dr. Benjamin Watts.

3. RESULTS AND DISCUSSION

Four air stable n-channel solution processable NDI-DTYM2
derivatives with high electron mobility, namely NDI2HD-,
NDI3HU-, NDI4HD-, and NDI2OD-DTYM?2, are selected for
studying structure—property relationships (Figure 1).
NDI2HD-, NDI3HU-, NDI4HD-DTYM2 possess the two-,
three-, and four-branched N-alkyl chains of C,ys C;;4 and
Cyye respectively, with the comparable carbon atom numbers
of 16—18, to investigate the effect of branching point on the
electric properties. NDI20D-DTYM2, a well-investigated
semiconductor that bears the two-branched N-alkyl chain of
Ciys (20 carbon atoms) is also studied to make a comparison
with NDI2HD-DTYM2 (16 carbon atoms) and to enable
investigation on influence of side-chain length on device
performance.

dx.doi.org/10.1021/ja311469y | J. Am. Chem. Soc. 2013, 135, 2338—2349
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Figure 2. Output and transfer characteristics of BGBC OTFTs based on semiconductors of (a,b) NDI2HD-DTYM?2; (c,d) NDI3HU-DTYM2; (e,f)
NDI4HD-DTYM2; and (gh) NDI20D-DTYM2. Devices based on NDI2HD-, NDI3HU-, NDI4HD-, and NDI20OD-DTYM?2 were fabricated by
spin coating on OTS-treated Si/SiO, substrates annealed at 160, 160, 80, and 180 °C, respectively.

3.1. Thin-Film Transistor Characterization. OTFTs
based on NDI2HD-DTYM2, NDI3HU-DTYM2, NDI4HD-
DTYM2, and NDI2OD-DTYM?2 were fabricated by spin-
coating methods with bottom-gate bottom-contact (BGBC),
bottom-gate top-contact (BGTC), and top-gate bottom-contact
(TGBC) device configurations. All the devices exhibit similar
characteristics in air and under N, atmosphere, with well-
defined linear and saturation regimes (Figure 2). The bottom-

2341

gate devices show moderate hysteresis while top-gate devices
exhibit very low hysteresis (Figures S1 and S2). The OTFT
characteristics of the devices annealed at optimal temperatures
are summarized in Table 1. The collected data clearly
demonstrate the excellent device performance of optimized
OTEFTs with different organic active layer and different device
configurations. For the OTFTs of NDI2HD-DTYM2, the
BGBC showed electron mobilities of 0.15—0.34 cm® V! 57,

dx.doi.org/10.1021/ja311469y | J. Am. Chem. Soc. 2013, 135, 2338—2349



Journal of the American Chemical Society

Table 1. Optimized Device Performance of OTFTs Based on
NDI-DTYM?2 Derivatives with Different Device Structures”

mobilitzr (cm® threshold
device Vs av? voltage (V) av®  I../Lg av’
structure  semiconductor (max) min) max,
BGBC NDI2HD- 0.20(0.34) —0.51(0.30) 10°(107)
DTYM2
NDI3HU- 3.03(3.50) —2.54(0.17) 107(10%)
DTYM2
NDI4HD- 0.24(0.25) 7.07(2.53) 10° (107)
DTYM2
NDI20D- 0.50(0.65) 4.09(~1.96) 107 (10%)
DTYM2
BGTC NDI2HD- 0.12(0.18) 12.0(5.98) 10° (107)
DTYM2
NDI3HU- 2.50(2.62) 5.79(4.63) 10° (107)
DTYM2
NDI4HD- 0.18(0.25) 8.75(5.32) 10° (107)
DTYM2
NDI20D- 0.40(0.55) 10.4(8.78) 10° (10°)
DTYM2
TGBC NDI2HD- 0.08(0.11) 10.2(8.90) 10° (10°)
DTYM2
NDI3HU- 0.65(1.21) 8.85(5.21) 107 (10%)
DTYM2
NDI4HD- 0.0008(0.0009) 9.50(7.80) 10° (10%)
DTYM2
NDI20D- 0.15(0.30) 8.92(4.38) 10° (10°)
DTYM2

“All the films have been fabricated by spin coating and annealed at
optimized temperatures. “The average device characteristics obtained
from more than 30 devices for each materials, and the devices showed
comparable performance under ambient conditions and N,.

which are comparable to those of BGTC devices (0.10—0.18
cm® V7' s7') and slightly higher than those of TGBC devices
(0.05—0.11 cm* V™' s7"). An exciting device performance with
maximum electron mobility of 3.50 cm® V™' s7, I, /I = 8 X
108, Vi = 2.0V, and S = 1.39 V/dec was achieved for the BGBC
devices based on NDI3HU-DTYM?2. This mobility, which is a
new record for the solution-processed n-channel OTFTs,
approaches the performance of many excellent p- and n-
channel devices based on vacuum-deposited organic semi-
conductors. It should be noted that the NDI3HU-DTYM2-
based BGTC and TGBC devices exhibit maximum mobilities of
2.62 and 121 cm® V7' s7!) respectively. As for NDI4HD-
DTYM2, both BGBC and BGTC devices share the same
maximum electron mobility of 0.25 cm® V™' s7!, while TGBC
devices display rather low mobilities of ~0.0008 cm* V™' s7".
NDI20D-DTYM2-based BGTC and BGBC devices exhibit
maximum electron mobility of ~0.60 cm®> V™' s/, and a lower
mobility of 0.30 cm* V™' s7! was obtained for the TGBC
devices. As can be concluded from the above-mentioned
results, BGBC devices show superior mobilities in general
relative to the performance of BGTC OTFTs, while TGBC
devices exhibit the worst performances owing to the large
roughness of the top surface of the organic thin film.

For each kind of device geometry, a similar trend of branched
alkyl chain-dependent mobility can be clearly observed.
NDI3HU-DTYM2-based BGBC, BGTC, and TGBC devices
show the maximum mobility of 3.50, 2.62, and 1.21 cm?® V™
s™!, respectively. These values are obviously higher than the
performance of NDI2OD-DTYM2-based devices, which exhibit
optimal mobilities of 0.65, 0.55, and 0.30 cm* V™! 57! for
devices with BGBC, BGTC, and TGBC structures, respectively.
NDI2HD- and NDI4HD-DTYM2-based OTFTs with different
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device geometry display a mobility ranging from 0.009 to 0.34
cm? V™' 57!, Since the difference in the side-chain length and
the position of branching point constitutes the only difference
for these n-channel semiconductors, it implies that the nature
of the branched N-alkyl substituent has a profound impact on
the device performance of NDI-DTYM2 derivatives.

To further investigate the side-chain effect on the device
performances, we studied the dependence of the mobilities of
NDI-DTYM?2 derivatives-based BGBC devices on the anneal-
ing temperature. As shown in Figure 3, the mobility of
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Figure 3. Device mobility of NDI-DTYM?2 derivatives-based OTFTs
as a function of annealing temperature.

NDI3ZHU-DTYM2-based devices steadily increased for anneal-
ing temperatures up to 80 °C. When the annealing temperature
was >80 °C, the electron mobility of NDI3HU-DTYM2-based
OTFTs improved dramatically with increasing annealing
temperature. In particular the mobility increased from ~0.03
cm® V' s7! to well above 3.0 cm? V™! 57! after annealing at 160
°C. High mobilities of 0.5, 1.5, and 2.5 cm? V7! 57! can be
achieved after annealing at 100, 120, and 140 °C, respectively,
which indicates that the NDI3HU-DTYM2-based devices
possess potential applications in flexible electronic applications.
As for NDI2OD-DTYM2, the as-prepared devices exhibited a
low mobility of 0.05 cm® V™' s7. No obvious increase in
mobility was observed after annealing at a temperature lower
than 120 °C. The mobility increased dramatically to maximum
values of 0.65 cm® V' s7' after annealing at elevated
temperature of up to 180 °C. NDI2HD-DTYM2-based devices
display a different trend compared with OTFTs based on
NDI3HU- and NDI2OD-DTYM2. When the annealing
temperature increases, the mobility increased steadily from
~0.07 to ~0.20 cm®* V™' s7'. It should be mentioned that
NDI4HD-DTYM?2-based devices show a different phenomen-
on with the as-deposited device possessing a high mobility
>0.20 cm? V™! 57!, which decreases dramatically to a minimum
value of 0.001 cm* V™' s7! after annealing at a temperature
higher than 100 °C.

3.2. Thin-Film Microstructure. Atomic force microscopy
(AFM) was utilized to investigate the surface morphologies of
the fabricated thin films. Figure 4 shows the AFM images of
spin-coated thin films annealed at different temperature.
Although all films exhibit an ordered, terraced surface
microstructure after annealing at optimal temperature, the
annealing treatments lead to varied changes in morphology for
different semiconductors. All as-spun films of these NDI-
DTYM2 derivatives possess a similar morphology with small
domain size. Obvious changes of thin-film morphology and
domain size are found with increasing annealing temperature.

dx.doi.org/10.1021/ja311469y | J. Am. Chem. Soc. 2013, 135, 2338—2349
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Figure 4. AFM images of thin films of (a—e) NDI2HD-DTYM2; (f—j)
DTYM?2 after thermal annealing at temperatures of (a,fk,p) rt; (b,glq) 80
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Figure 5. XRD patterns of spin-coated thin films of (a) NDI2HD-; (b)
annealing at different temperatures.
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NDI3HU-; (c) NDI4HD-; and (d) NDI2OD-DTYM2 after thermal

NDI2HD-DTYM2 films annealed at 80—180 °C display a
steadily enhanced grain size (from as-deposited 100 X 1000 to
400 X 1000 nm* when annealed at 180 °C). A significant film
microstructure change was observed for the NDI3HU-
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DTYM2-based film after appropriate annealing. When the
annealing temperature was >80 °C, the grain size of the
NDI3HU-DTYM2-based film was enhanced dramatically from
100 X 1000 to 1000 X 3000 nm”. In comparison with the film
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morphology of the NDI3HU-DTYM2, the NDI4HD-DTYM2-
based film appeared less crystalline (the optimal grain size value
is 600 X 1000 nm?), although obvious changes in morphology
can also be observed after annealing at a temperature >80 °C.
As for NDI20OD-DTYM2, the obvious morphology changes
occurs at an annealing temperature >120 °C, and the optimized
grain size (800 X 2500 nm?”) was slightly smaller than that of
NDI3HU-DTYM?2 film.

Figure S shows the lab-based specular XRD patterns of thin
films of NDI-DTYM?2 derivatives annealed at different
temperatures. All the thin films exhibited sharp Bragg
reflections up to third or fourth order, suggesting a high
degree of crystallinity. The four NDI-DTYM2 derivatives are
found to exhibit different d-spacing distances in thin film. More
interestingly, an obvious phase transition, indicated by the
change in d-spacing with annealing, can be observed for the
thin films of these NDI-DTYM?2 derivatives. The as-deposited
film of NDI2HD-DTYM?2 exhibits three different phases with
d-spacing distance of 2.08, 1.63, and 1.42 nm, respectively. With
annealing above 80 °C, the peak corresponding to a d-spacing
of 2.08 nm shifts to 2.05 nm, with other peaks disappearing. In
the case of NDI3HU-DTYM?2, when the film is annealed at 120
°C, the reflection corresponding to a d-spacing at 1.62 nm
disappears, and the intensity of the reflection that corresponds
to a d-spacing of 2.21 nm is enhanced dramatically, indicating
that a phase transition has occurred during thermal treatment.
For NDI4HD-DTYM?2, the d-spacing changes from about 2.30
to 2.67 nm after annealing at 120 °C. This d-spacing (2.67 nm)
is much larger than that of the other NDI-DTYM?2 derivatives
(2.05-2.21 nm), suggesting the formation of a distinct
molecular packing. Finally, NDI2OD-DTYM?2 shows a phase
transition at an annealing temperature of 160 °C. The d-spacing
distances are 1.97 and 2.12 nm, respectively, before and after
the annealing treatment.

Since single crystals of NDI-DTYM2 derivatives are difficult
to grow because of the long branched side chains, thin-film
grazing incidence XRD measurements were performed to study
intermolecular stacking. GIXRD measurements were performed
on films prepared with annealing temperatures that correspond
to the optimum OTFT performance, with NDI2HD-,
NDI3HU-, and NDI2OD-DTYM?2 prepared with an annealing
temperature of 160 °C and NDI4HD-DTYM?2 prepared with
an annealing temperature of 80 °C (Figure 6). GIXRD
measurement was also performed on a NDI4HD-DTYM2
film annealed at 160 °C (Figure S3). As shown in Figure 6, all
films possess a large number of well-defined diffraction peaks,
which is remarkable for solution-processed thin films. The
clarity and number of the diffraction peaks indicates a high
degree of crystalline order. The diffraction patterns are
characterized by a series of reflections along g, consistent
with the peaks observed in specular lab-based diffraction
(Figure S). A number of vertical Bragg rods indicate that the
films are 2D powders with the a—b unit cell vectors of all grains
in the substrate plane but with random azimuthal orientation.

The unit cells of NDI2OD-, NDI2HD-, NDI3HU-, and
NDI4HD-DTYM2 were obtained by fitting the measured
diffraction peak positions (50, 44, SO, and 20 peaks,
respectively) with a least-squares fitting method (homemade
indexing software employing a modified Levenberg—Marquardt
algorithm). The so-determined unit cells for NDI20OD-
DTYM2: a = 1425, b = 1049, ¢ = 2237 A, a = 924°, f§ =
104.0°, y = 97.2°; NDI2ZHD-DTYM2: a = 12.46,b = 10.77, ¢ =
20.81 A, a = 97.6°, = 84.9°, y = 93.4°; NDI3SHU-DTYM2: a
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Figure 6. 2D GIXRD patterns for optimized thin film of (a)
NDI2HD-; (b) NDI3HU-; (c) NDI4HD-; and (d) NDI2OD-
DTYM2.

=13.60,b=9.72, c = 2148 A, & = 90.7°, B = 93.8°, y = 105.5°;
and NDI4HD-DTYM2: a = 14.37, b = 9.20, ¢ = 22.46 A, a =
90.7°, B = 88.8°, y = 112.2° are triclinic and reproduce all peak
positions within an error of 0.02 A™' (within the experimental
error in the area detector and scattering geometry). The unit
cell volumes of 3210.7, 2752.3, 2727.8, and 2747.5 A3 are
compatible with the assumption of a single molecule per unit
cell (molecular volumes estimated from the atomic vdW radii:
3075.7, 2630.0, 2785.4, and 2650.9 A%), and the numerical
correspondence between unit cell volumes and molecular
volumes corroborates the indexing (the molecular volumes are
smaller than the unit cell volumes which is a “reality check” that
the indexing is physically reasonable). All peaks in the
diffraction patterns of Figure 6 have been successfully indexed
(see Figure S4 for details) with all films exhibiting a triclinic
crystal structure with a single molecule per unit cell. Unlike the
diffraction patterns of conjugated polymers, 7—x stacking
distances cannot be directly extracted from patterns of Figure 6
as the peaks in Figure 6 correspond to the geometry of the unit
cell rather than the orientation of the molecules within the unit
cell. In-depth analysis based on the relative intensities of the
peaks in these diffraction patterns may permit determination of
the molecular configuration within the unit cell (and hence
n—n stacking distances). However, such analysis is time-
consuming and beyond the scope of the present work. In
contrast, to the well-defined patterns in Figure 6, the diffraction
pattern of the NDI4HD-DTYM?2 film annealed at 160 °C lacks
clearly defined off-axis scattering peaks while maintaining the
series of Bragg reflections along g, (Figure S3). The absence of
off-axis diffraction peaks suggests that well-defined out-of-plane
stacking is maintained in the 160 °C annealed NDI4HD-
DTYM?2 film, while long-range in-plane crystalline order has
been lost.

Although all OTFT-optimized films possess a similar triclinic
crystal structure, some differences in the unit cell structure are
noted. The four different molecules possess different in-plane
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Figure 7. NEXAFS spectra of optimized thin films of (a) NDI2HD-; (b) NDI3HU-; (c) NDI4HD-; and (d) NDI2OD-DTYM2.

unit-cell areas, with the in-plane unit cell area related to how
dense the aromatic units are packed in the substrate surface
plane. The in-plane unit cell areas of the four molecules are
found to be 133, 127, 122, and 148 A’ for NDI2HD-,
NDI3HU-, NDI4HD-, and NDI2OD-DTYM?2, respectively.
NDI2OD-DTYM?2 clearly has a significantly larger in-plane unit
cell area than the three other compounds, consistent with a
lower in-plane molecular packing density resulting from the
bulkier side group of NDI2OD-DTYM?2. Examining the in-
plane unit cell areas of the other compounds, the lowest in-
plane unit cell area is found for NDI4HU-DTYM2 which
suggests that NDI4HU-DTYM?2 may possess an advantage over
NDI2HD- and NDI3HU-DTYM2 with regard to OTFT
mobility. However, optimized NDI4HU-DTYM2 films also
possess the largest angular spread of the specular peaks along
q.- The angular spread of the (00I) peaks along g, is related to
the degree of alignment of the grains to the substrate surface
with larger peak spreads corresponding to greater misorienta-
tion. The grain orientation relative to the substrate is a known
factor in OTFT performance of small molecules and polymer
films.®> The angular spread (FWHM) of the second specular
peak at g, ~ 0.6 A™" (the (020) peak) is 5.78°, 5.14°, and 4.37°
for NDI4HD-, NDI2HD-, and NDI3HU-DTYM?2, respectively.
Thus the alignment of grains to the substrate is less faithful in
optimized NDI4HD-DTYM2 films than in optimized
NDI2HD- and NDI3HD-DTYM?2 films. This observation is
likely to be related to the fact that NDI4HD-DTYM?2 films are
optimized for an annealing temperature of <80 °C. The larger
optimum annealing temperatures for NDI2HD- and NDI3HU-
DTYM2 that result in improved grain size (as discerned from
the AFM data) are likely to cause improved grain alignment.
Indeed, the angular spread of the (020) peak in the NDI4HD-
DTYM2 film annealed at 160 °C is reduced (Figure S3),
however a loss of in-plane crystalline order is also brought
about by annealing at 160 °C. We note that the angular spread
of the (020) peak is least for NDI2OD-DTYM2 (2.89°),
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suggesting there is a trade-off between in-plane molecular
density and grain alignment.

Angle-resolved NEXAFS spectroscopy provides information
regarding the molecular orientation of the conjugated core
complementary to GIXRD. The angle-dependent NEXAFS
measurements were carried out on the NDI-DTYM2 films
prepared in the same ways as those for GIXRD analysis. Figure
7 shows the NEXAFS spectra between 283 and 291 eV
highlighting the resonant transitions found below the ionization
edge. In particular the peaks between 283 and 287 eV are
attributed to transitions from C-1s states to unoccupied 7*
orbitals. All NDI-DTYM?2 derivatives exhibit similar z*
NEXAFS structure consistent with all molecules possessing
the same conjugated core. Significant differences in the degree
of dichroism of the 7* peaks are found consistent with the
molecules exhibiting different tilting of the planar core from the
surface normal. Using eq 1 and averaging over the peaks found
in the 7* manifold, the average tilt angles of the 7* TDM for
NDI2HD-, NDI3HU-, NDI4HD-, and NDI2OD-DTYM2 are
found to be 63°, 66° 76° and 55°, respectively. Thus all
molecules adopt a preferential edge-on orientation to the
substrate, where a tilt angle of y = 90° corresponding to the
plane of conjugation being perfectly edge-on to the substrate
and y = 0° being perfectly face-on to the substrate. NDI2HD-,
NDI3HU-, and NDI4HD-DTYM2 all exhibit a more
pronounced edge-on orientation than NDI20D-DTYM2,
which is consistent with the smaller in-plane unit cell areas
measured by GIXRD. NDI4HD-DTYM?2 in particular exhibits
a notably high tilt angle of 76° which increases to 80° with
annealing to 160 °C (Figure SS).

3.3. Discussion. For typical OTFTs, the carrier transport is
mainly affected by the charge trapping in the intergrain regions
and intermolecular charge transport inside the domains.
Therefore, both film microstructure and intermolecular
stacking play an important role in determining the device
performance of OTFTs. Figure 8 summarizes the mobility of
OTFTs as a function of grain size for devices based on different
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Figure 8. Extracted mobility as a function of grain size for OTFTs
based on NDI-DTYM?2 derivatives.

NDI-DTYM2 derivatives. The four semiconductors show
different film morphology as indicated by the varied grain
size ranging from 3 X 10* to 3 x 10° nm* Increasing grain size
results in a linear increase of mobility for OTFTs based on
NDI2HD- and NDI2OD-DTYM2. 4- and 60-fold enhance-
ments in grain size lead to 2- and 5-fold improvements in
mobility for NDI2HD- and NDI2OD-DTYM2-based devices,
respectively. However, different phenomena are observed for
NDI3HU- and NDI4HD-DTYM2-based OTFTs. In particular
for NDI3HU-DTYM2 there are two linear regions in the
mobility vs grain size plot. An initial increase in grain size from
2 X 10° to 8 X 10° nm? brings about a 15-fold improvement in
carrier mobility from ~0.1 to ~1.5 cm® V' s7. A further
increase in grain size from 8 X 10° to 3 X 10° nm? results in a
steady increase in mobility from ~1.5 to ~3.0 cm? V™! 57, For
NDI4HD-DTYM2-based OTFTs, the electron mobility suffers
from unexpected decrease from 0.2 to 0.001 cm® V™' s™" along
with much enhanced grain size from 10° to 5 X 10° nm”. Since
the NDI-DTYM?2 derivatives with different side chain show
significantly different trends of grain size-dependent mobility,
this indicates that the change in film morphology is not the
exclusive reason for the significant variety in mobility.
Incorporating XRD results with device performance and
AFM measurments provides a better understanding of grain
size-dependent mobility. For NDI2HD- and NDI20OD-
DTYM?2, an obvious phase transition temperature occurs at
80 and 160 °C, respectively. It should be mentioned that the
annealing temperature is controlled from 80 to 160 °C to avoid

the influence of the solvent (when T < 80 °C) and the
appearance of large cracks in the film (when T > 160 °C). Since
no phase transition occurs, the steady increase of mobility for
NDI2HD- and NDI2OD-DTYM2-based OTFTs is attributed
to the enhanced grain size. As for NDI3HU-DTYM2-based
films, the phase transition occurs at 80—120 °C with a 15-fold
increase in device performance. When the annealing temper-
ature was further increased from 120 to 160 °C, a steady
increase in both grain size and extracted mobility was observed.
As a result, the two different grain size-dependent linear regions
for NDI3HU-DTYM2-based OTFTs with annealing temper-
ature of 80—120 °C and 120—160 °C are ascribed to the phase
transition and the enhanced grain size, respectively. In the case
of NDI4HD-DTYM?2, the phase transition, which occurs at
80—120 °C, appears to have a pronounced negative effect on
carrier transport. The phase transition of NDI4HD-DTYM?2
thin films leads to an unfavorable molecular packing and results
in a 2 orders of magnitude decrease in mobility despite an
increased grain size. Since the four NDI-DTYM2 derivatives
possess the same conjugated core, the varied intermolecular
packing, which is determined by the structure of the branched
alkyl chain, is the major reason for the different mobility of the
NDI-DTYM?2 derivatives.

From consideration of the AFM, XRD, GIXRD, and
NEXAFS measurements, the molecular packing of NDI-
DTYM2 derivatives is summarized as follows (Figure 9) with
key structural parameters of OTFT-optimized films were
summarized in Table 2. There are three different phases in

Table 2. Summary of Key Parameters Determined from
Structural Analysis of OTFT-Optimized Films

tilt (001) d- in-plane unit cell  (002) angular

semiconductor angle y  spacing (A) area (A?) spread

NDI2HD- 63° 20.8 133 5.14°
DTYM2

NDI3HU- 66° 22.1 127 4.37°
DTYM2

NDI4HD- 76° 23.3 122 5.78°
DTYM2

NDI2OD- 55° 21.3 148 2.89°
DTYM2

as-prepared NDI2HD-DTYM2 thin films. Annealing the film
produces a single phase with much enhanced grain size, in-
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Figure 9. Schematic of molecular packing for NDI-DTYM2 derivative-based thin films before and after thermal treatments.
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plane unit cell area of 133 A? vertical d-spacing of 20.8 A, and
backbone tilt angle of 63°. As-spun thin films based on
NDI3HU-DTYM2 show two different phases. When the
NDI3HU-DTYM2 film is annealed at temperatures above 80
°C, one phase dominates with an in-plane unit cell area of 127
A% d-spacing of 22.1 A, and a backbone tilt angle of 66°.
NDI4HD-DTYM2-based films annealed at 80 °C show a single
phase with an in-plane unit cell area of 122 A%, d-spacing of 23.3
A, and a backbone tilt angle of 80°. Annealing NDI4HD-
DTYM?2 at higher temperatures results in a dramatic increase in
d-spacing from 23.3 to 27.2 A. The much enhanced d-spacing
value (27.2 A) cannot be explained solely by the increased tilt
angle of conjugated backbone from 76° to 80°. Therefore, the
dramatic increase in d-spacing is probably attributed to a
vertical displacement of adjacent conjugated cores as
represented schematically in Figure 9. As for NDI20D-
DTYM2, a significantly larger in-plane unit cell area of 148
A? is found, with a d-spacing of 21.3 A and tilt angle of only
55°.

In previous reports, it has been accepted that variations in the
alkyl side-chain length can have a profound impact both on
intermolecular packing and orientation in thin films, which in
turn can influence the electronic properties.* In the case of
NDI2HD- and NDI2OD-DTYM2, the side-chain length
increases from C,q¢ to Cy,4. This increase in side-chain length
only brings about a modest increase in the (001) d-spacing
from 2.08 to 2.13 nm. Instead, the increased chain length leads
to a significant increase in the in-plane unit cell area from 133
to 148 A’ and a decrease in the tilt angle from 63° to 55°. Thus
the change in side-chain length mainly impacts the in-plane
molecular packing density. From Figure 8, NDI2HD- and
NDI20D-DTYM?2 exhibit similar dependence of mobility on
grain size, with the mobility of NDI2OD-DTYM2 OTFTs
consistently exhibiting higher values for comparable grain sizes.
The superior mobility of optimum NDI20OD-DTYM2 OTFTs
may then be attributed to the significantly lower angular spread
of the (002) peak of NDI20D-DTYM2 films (2.89°)
compared to NDI2HD-DTYM2 films (5.14°). Therefore,
longer branched alkyl side chains promote improved molecular
ordering both in terms of the assembly of large grains on OTS-
modified SiO, substrates and lower angular misorientation of
grains leading to higher charge carrier mobilities.

NDI2HD-, NDI3HU-, and NDI4HD-DTYM2 possess two-,
three-, and four-branched N-alkyl substituents of Cjo6 Cjj4
and Cj,4 respectively. The film morphology, backbone tilt
angle, and in-plane unit cell area of these three derivatives
significantly change as a function of branching position, while
they possess similar unit cells. Since NDI2HD-, NDI3HU-, and
NDI4HD-DTYM2 have comparable side-chain length (with
carbon atoms numbers of 16—18), the branching point of N-
alkyl substituent plays a critical role in influencing intermo-
lecular packing, which is responsible for the unprecedented
differences in electron mobility ranging from 0.001 to ~3.0 cm”
V™! s7!. We suggest that the branched side-chain induced
differences in molecular packing result from a competition
among strong 77— stacking interactions, hydrophobic inter-
actions between the long branched alkyl chains, and the steric
effect of the N-alkyl substitutes. A larger distance of branching
point from the backbones facilitates a decrease of the steric
hindrance of the branched alkyl chains and thus closer 7—=x
stacking. For the NDI-DTYM2 derivatives that have two-
branched N-alkyl substituents of C,y4 the steric effect limits
close 7—7 stacking. As a comparison, the three-branched N-
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alkyl substituents of C,4 facilitate a decrease of steric
hindrance facilitating improved m—z interaction. Further
increase in the distance of branching point from the backbone
(from three-branched N-alkyl substituents to four-branched
ones) leads to a denser in-plane packing and almost fully edge-
on molecular orientation. This efficient molecular packing
contributes to the high mobility (>0.20 cm* V™' s7") even for
the as-deposited OTFTs of NDI4HD-DTYM?2, in spite of small
grain size. However, the effective molecular packing of
NDI4HD-DTYM2 suffers from a phase transition to another
packing state after thermal treatment (>80 °C). To explain this
abnormal phenomenon, we suppose that the following possible
mechanism for NDI4HD-DTYM2. The changed intermolecu-
lar interaction and molecular orientation of NDI4HD-DTYM2
allows two different kinds of molecular packing, with one state
favoring carrier transport and another molecular dislocation
packing facilitating energy optimization. The molecular
transition between these two molecular packing models occurs
during the high temperature annealing (>80 °C). Although we
cannot obtain two exact molecular packing states of NDI4HD-
DTYM2, the XRD, AFM, GIXRD, and device performance
results enable us to suppose the lateral molecular dislocation of
NDI4HD-DTYM2 leads to reduced molecular overlap (even in
the case of closer cofacial packing), which undermines effective
charge transport in the thin film and results in the dramatic
decrease in mobility. Therefore, it can be concluded that the
distance of the branching point from the conjugated core affects
both the intermolecular stacking and molecular arrangement
significantly. Having a branched alkyl chain with the
appropriate branching point is therefore of vital importance
to achieving a balance of close molecular stacking, excellent
crystallinity, good solubility, and prominent charge transport
property in the thin-film state. Moreover, it should be
mentioned that the optimal annealing temperature for NDI-
DTYM?2 derivatives decreased from 180 to 80 °C as the side
chain changed from two-branched N-alkyl substituents to four-
branched N-alkyl substituents. This phenomenon suggests that
molecular engineering of side chains could provide an effective
way toward modulation of the processing temperature for
solution processable organic semiconductors.

4. CONCLUSION

In conclusion, we have demonstrated a systematic study on the
charge transport properties of four NDI-DTYM2 derivatives
having branched N-alkyl chain with different side-chain length
and position of the branching point. A combination of detailed
electrical measurements by using different OTFT geometries
and thin-film characterization (AFM, XRD, GIXRD, and
NEXAFS) reveals that the nature of the branched N-alkyl
substituent has a significant influence on film morphology and
molecular packing, thus affecting the charge transport proper-
ties. NDI2HD-DTYM2 (with two-branched N-alkyl chains of
Cis) and NDI2OD-DTYM2 (with two-branched N-alkyl
chains of C,,5) share a similar molecular packing but have
large differences in film morphology, indicating a moderate role
of side-chain length on molecular assembly properties for NDI-
DTYM?2 derivatives. The improved film crystallinity of
NDI2OD-DTYM?2 is responsible for higher electron transport
mobility (0.42—0.65 cm®* V™' s7') than that of NDI2HD-
DTYM2 (0.15—0.34 cm® V™' s7!). Considering the comparable
side-chain length of NDI2HD-, NDI3HU-, and NDI4HD-
DTYM2 (with two-, three-, and four-branched N-alkyl
substituents of Cg¢ Cy16 and C,y4 respectively), the limited
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changes in the position of branching point lead to significant
differences in both molecular packing and film morphology,
resulting in 3 orders of magnitude of variation in electron
mobility. With a three-branched alkyl chain, NDI3HU-DTYM2
films possess efficient in-plane packing and large grain sizes
enabling an exciting electron mobility of up to 3.50 cm* V™' 57",
which is a record value for ambient stable solution-processed n-
channel OTFTs. All of these results demonstrate that the
molecular modulation of organic semiconductor structure via
fine-tuning of branched side chains can provide an effective
approach to achieve high-performance solution processable
semiconductors and also aids in-depth understanding of
structure—property relationships.
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