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Various cyclohexyl end-capped oligomeric semiconductors based on oligothiophene, oligothiophene-
fluorene, and perylene diimide have been synthesized using Stille and Suzuki coupling. These materials
exhibit increased solubility over their unsubstituted and hexyl-substituted counterparts and have been
successfully employed as the active component in organic field-effect transistors. The morphology of
vacuum-deposited films made with these oligomers has been investigated using atomic force microscopy
(AFM), transmission electron microscopy (TEM), and X-ray diffraction (XRD). Field effect mobility as
high as 0.17 ci#fV-s was observed in fluorene-thiophene oligomers deposited at elevated substrate
temperatures. With the series of materials, a correlation between the size of the endgroup with respect to
the size of the inner semiconducting core of the molecule is found to be an important factor in orienting
the molecules with their long axis perpendicular to the substrate surface in the thin film phase, and
directly related to charge transport in these materials.

Introduction authors demonstrated that molecular design could be used

Coniugated olidomers and polvmers represent one of th to control the packing arrangement of molecules in the thin
onjugated oligomers and polymers represent one ot tneg, phase and the field-effect mobility in the device was

most |mpor'Fant classes of advanced m aterlgls n recerlt years|‘mpr0ved by a factor of 50 by controlling the molecular order
The extensive amounts of research in the field are driven by .

the promise of low-cost processing aplications that are in the evaporated film. This important characteristic of
P . St p 9 applic: oligomeric materials has since been demonstrated in other
typical of organic materials over their inorganic counterparts.

. N . ~" conjugated systen?s.
The greatest advantage of organic materials is the diversity Another important aspect of coniugated oligomers is that
of structures and tunability of properties offered through P P Jug g

. B . they are monodisperse with respect to molecular weight and
molecular design. Recently, great strides have been made in y P P g

areas such as thin-film transistérslight-emitting diodes, can be considered as mode_ls for_ conducting p(_)lymer_s n
. 5 s . . which structure-property relationships can be obtained with
photovoltaic cells;> and nonlinear optical devicés.

Tvpicall . iconduct divided into t respect to electronic, photonic, thermal, and morphological

ypically, o.rgam(_: semiconductors are divided into two roperties of their corresponding polydisperse high-molec-
major classes: conjugated polymerg and'thelr correspondin lar-weight analogues. In fact, monodispersed oligomers have
oligomers. In bpj[h classes of materials, it 'has' been demon'also been used to elucidate the folding properties of
strated that efficiency of charge transport is directly related

. . . . olymers??
to long-range packing of molecules in semiconductor films. POty

. ) . . . To date, the best FET mobilities reported for oligomeric
The classic example of electrical properties being dominated . ; . ; )
. ) _semiconductors are higher than those obtained with conju-
by molecular order is that of FETs based on an oligomeric

sexithiophene as demonstrated by Servet and Garitiee. gated polymers. Almost all of the high-performance oligo-
' mers in the literature involve straight alkyl chain function-

alization at thex- andw-ends of the conjugated ring system
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Cyclohexyl Oligomers

in the use of cyclohexyl end-capping groups with several
different conjugated oligomeric systems that yield good
performance in thin film devices. The cyclohexyl group adds
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7.78 (d,J= 7.0 Hz, 1 H), 7.72 (dJ = 7.5 Hz, 1 H), 7.54 (dJ =
7.5 Hz, 1 H), 7.43 (s, 1 H), 7.467.24 (m, 3 H), 3.88 (s, 2 H),
2.61 (m, 1 H), 1.981.79 (m, 4 H), 1.541.31 (m, 6 H)13C NMR

steric bulkiness at the periphery of the molecule that provides (75 MHz, CDCh), oc 143.16, 139.52, 126.58, 126.15, 125.52,

for improved solubility without having a detrimental effect
on the molecular packing in the thin film phase. Also, with

the series of materials, we observe a correlation between the
size of the endgroups with respect to the semiconducting

core of the molecule and how it relates to the thin film phase
crystal structure of vacuum-deposited ultrathin films at
different substrate temperatures.

Experimental Section

Chemicals and MethodsAll chemical reagents were purchased
from Aldrich Chemical Co. unless otherwise stated. Solvents were
purchased from Fisher. Tetrahydrofuran (THF) was distilled over
sodium/benzophenone ketyl, aNgN-dimethylformamide (DMF)

was purchased anhydrous or otherwise dried over Linde type 4-A

molecular sieves.

Instrumentation. Nuclear magnetic resonance (NMR) spectra
were recorded on a General Electric QE-300 spectrometer at 30
MHz for *H NMR and 75 MHz for'3C NMR. Chemical shiftsd)

are reported in parts per million and the residual solvent peak was

used as an internal standard.

X-ray Diffraction Measurements. For morphological charac-
terizations, the materials were deposited onto SiSiafers
simultaneously with the FET devices. The X-ray diffraction studies
were collected in reflection mode on a Scintag XDS2000 diffrac-

tometer at room temperature equipped with Peltier germanium solid-

state detector in thef2range 3-11C° with a step size of 0.02
and a step time of 10 s.

Microscopy Techniques.The same samples used for X-ray
diffraction were examined in ambient conditions by AFM with a
PicoSPM Il (PicoPlus, Molecular Imaging) in the magnetic AC
mode (MAC mode). MAC mode uses a magnetic field to drive a
magnetically coated cantilever in the top-down configuration. Type
I MAC-levers with a spring constant of 2.8 nN/M with about 10-
nm tip radius were used for all scans. In situ annealing was
performed inside an environmental chambes &8nosphere) with
a PicoSPM 1l in contact mode using a Lakeshore temperature
controller (donated by Molecular Imaging) from 25 to 280. A
temperature ramp of 8C/min was used that provided excellent
imaging conditions at temperatures above 2@0 Additionally,

124.90, 123.41, 122.65, 119.62, 119.54, 44.81, 36.87, 34.72, 26.98,
26.21 ppm.

Synthesis of 2-Bromo-7-cyclohexyl-9H-fluorene N-Bromo-
succinimide (NBS) (1.02 g, 5.7 mmol) in DMF was added by
addition funnel to 2-cyclohexyl-9H-fluorene (1.3 g, 5.2 mmol) in
DMF (total volume~50 mL) at room temperature in the dark and
stirred overnight. The mixture was then poured into ice water (250
mL). The precipitate was filtered, washed with methanol, and dried
in air. The crude product was subjected to flash chromatography
using silica gel with hexanes as the eluent. Evaporation of the
solvent resulted in 1.62 g of white powder (yield, 98%).NMR

(300 MHz, CDC}), 0y 7.66 (d,J = 8.0 Hz, 2 H), 7.59 (dJ = 8.0

Hz, 1 H), 7.47 (ddJ = 7.8, 1.1 Hz, 1 H), 7.38 (s, 1 H), 7.23 (dd,
J=7.8,1.1Hz, 1H),3.85(s, 2H), 257 (m,, 1 H), 1:9D.75 (m,

4 H), 1.52-1.25 (m, 6 H).33C NMR (75 MHz, CDC}), 6c 145.09,
143.02, 140.73, 138.41, 133.47, 129.63, 128.07, 125.77, 123.42,
120.79, 119.84, 119.71, 44.69, 36.63, 34.65, 26.91, 26.15 ppm.

0 Synthesis of 2-(7-Cyclohexyl-9H-fluoren-2-yl)-4,4,5,5-tetra-

methyl-1,3,2-dioxaborolane A nitrogen-flushed three-neck round-
bottom flask was charged with 2-bromo-7-hexyl-9H-fluorene (1.1
g, 3.4 mmol), bis(pinacolato)diboron (0.94 g, 3.7 mmol), potassium
acetate (0.99 g, 10.2 mmol), and [tHis(diphenylphosphino)-
ferrocene]dichloropalladium (8 mg, 0.02 mmol), complex with
dichloromethane (1:1). Dimethyl sulfoxide (DMSO, 40 mL) was
then added, and the mixture was bubbled with nitrogen for 15 min.
After the reaction mixture was heated at 80 for 16 h, it was
cooled to room temperature and poured into-isgater (200 mL).

It was then extracted with Gi€l, (20 mL x 3) and the combined
organic layer was dried over anhydrous magnesium sulfate. The
solvent was removed by rotary evaporation and the residue was
passed through a flash silica gel column with hexane/methylene
chloride (v/v, 1:1) as the eluent to give white crystals (0.79 g, yield
63%).'H NMR (300 MHz, CDC}), oy 7.97 (s, 1 H), 7.81 (ddJ

= 7.6 Hz, 1H), 7.73 (m, 2H), 7.40 (s, 1H), 7.22 (d= 7.8 Hz,

1H), 3.86 (s, 2H), 2.55 (m, 1H), 1.93..74 (m, 4H), 1.56-1.19

(m, 18H).

Synthesis of 5,5Bis-(7-cyclohexyl-9H-fluoren-2-yl)-2,2-
bithiophene (CHFTTF). To a solution of 2-(7-cyclohexyl-9H-
fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.76 g, 2.0
mmol) and 2,2dibromobithiophene (0.33 g, 1.0 mmol) dissolved

the film morphology and in-plane crystal structure were determined in toluene (5 mL) was added sodium carbonate (1.08 g, 10 mmol)
using a JEOL transmission electron microscope. Films 400 A thick dissolved in water (5 mL) followed by the addition of phase-transfer
were deposited on carbon-coated TEM grids and diffraction images agent Aliquot 336 (0.4 g, 1 mmol). The mixture was bubbled with
of these films were recorded at a primary electron beam energy of hitrogen for 15 min, then tetrakis(triphenylphosphine)palladium-
100 kV. (0) (80 mg, 0.069 mmol) was added. The mixture was heated to

Oligomer Synthesis_The Synthetic protoc0| for the O|igomers 85°C for 48 h under nitrogen. The reaction mixture was cooled to

used in this work is outlined in Scheme 1.

Synthesis of 2-Cyclohexyl-9H-fluoreneA Grignard reagent of
cyclohexylmagnesium bromide, prepared by the reaction of cyclo-
hexyl bromide (9.45 g, 58 mmol) with Mg (1.53 g, 63 mmol) in

room temperature and poured into methanol (100 mL). The yellow
precipitate was filtered off, then washed with water, dilute acid
(5% HCI), and water again. The crude product was washed with
hot methanol and hot acetone three times (100>m8) to remove

ether (100 mL), was added dropwise into a solution of 2-bromo- the starting material as well as the possible monosubstituted
9H-fluorene (13.83 g, 56.5 mmol) in ether (100 mL) containing bByproduct. The product was further purified by three vacuum

1,3-his(diphenylphosphino)propane]dichloronickel (I1) (Ni(dpQ)
(0.16 g, 0.3 mmol) as catalyst over a period of 30 min. After stirring
for 20 h, the reaction mixture was quenched with 0.1 M HCI and

sublimations to give a bright yellow powder (0.55 g, yield 82%).
IH NMR (300 MHz, CDC}), oy 7.97 (s, 2H), 7.83 (d, 2H), 7.74
(d, 2H), 7.70 (d, 2H) 7.62 (m, 2H), 7.40 (m, 4H), 7.22 (d, 2H)

extracted with ether. The combined ether solution was washed with 3-91 (s, 4H), 2.57 (m, 2H), 1.951.75 (m, 8H), 1.56-1.21 (m,

H,0 three times and dried over anhydrous MgSA&fter removal
of the solvent, the resulting white powder was subjected to
purification by flash chromatography using silica gel with hexane
as the eluent (8.7 g, yield, 62%4H NMR (300 MHz, CDC}), oy

12H). Elemental analysis found: C, 82.44; H, 6.25; S, 9.40. Calcd
for CseHs2S,: C, 83.84; H, 6.42; S, 9.73.

Synthesis of 2-CyclohexylthiopheneA Grignard reagent of
cyclohexylmagnesium chloride, prepared by the reaction of cyclo-
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Scheme 1. Synthesis Scheme of Various Cyclohexyl Endcapped Oligomers Used in This Work
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hexyl chloride (5.34 g, 45 mmol) with Mg (1.02 g, 42 mmol) in
ether (100 mL), was added dropwise into a solution of 2-bro-
mothiophene (6.36 g, 39 mmol) in ether (75 mL) containing 1,3-
bis(diphenylphosphino)propane]dichloronickel (I1) (Ni(dpgpiy)
(0.16 g, 0.3 mmol) as catalyst over a period of 30 min. After stirring
for 20 h, the reaction mixture was quenched with 0.1 M HCI and

CHPTCDI

purifications (yield, 90% by NMR)!H NMR (300 MHz, CDC}),
on 7.01 (d,J = 3.3 Hz, 1 H), 6.93 (dJ = 3.3 Hz, 1 H), 2.86 (m,
1H),2.111.81 (m, 4 H), 1.6+1.54 (m, 6 H), 1.48-1.31 (m, 12
H), 1.12-1.06 (m, 6 H), 0.91 (tJ = 6.9 Hz, 9 H).

Synthesis of 5,8'-Dicyclohexyl-[2,2;5',2";5",2"""lquater-
thiophene (CH4T). Tributyl-(5-cyclohexyl-thiophen-2-yl)stannate

extracted with ether. The combined ether solution was washed with (3.57 g, 7.8 mmol), 5,5dibromo-[2,2]bithiophene (1.20 g, 3.7

H,0 three times and dried over anhydrous MgS&fter removal
of the solvent, the resulting liquid was subjected to purification by

mmol), and Pd(PPh3)4 (15 mg, 0.1 mol %) were added to DMF
(~25 mL) in a one-neck flask equipped with a condenser. After

flash chromatography using silica gel with hexane as the eluent three freeze pump-thaw cycles, the solution was heated to 100

(3.4 g, yield 53%)H NMR (300 MHz, CDC}), 6y 7.15 (dd,J =
5.2, 1.1 Hz, 1 H), 6.97 (dd] = 5.2, 4.6 Hz, 1 H), 6.85 (dd] =
4.6, 1.1 Hz, 1H), 2.88 (m, 1 H), 2.311.76 (m, 4 H), 1.481.34
(m, 6 H). 13C (75 MHz, CDC}), dc 152.26, 126.33, 122.043,
121.631, 39.30, 35.45, 26.44, 25.90.

Synthesis of Tributyl-(5-cyclohexyl-thiophen-2-yl)stannate.
BuLi (2.5 M in hexane) (7.6 mL, 19 mmol) was added to a solution
of 2-cyclohexylthiophene (3.0 g, 18 mmol) in THF-a78 °C. After
lithiation, tributyltin chloride (6.18 g, 19 mmol) was added to the
mixture. The reaction was allowed to warm to room temperature
for 3 h. After normal workup, the product was used without further

°C for 24 h. After the mixture was cooled to room temperature, it
was filtered and washed with hexane and THF to remove starting
material and any monocoupled product. The product was Soxhlet
extracted with CHGl overnight to remove residual catalyst (1.51
g, yield 84%).1H NMR (300 MHz, CDC}), oy 7.06 (d,J = 3.9
Hz, 2H), 7.02 (d,J = 3.9 Hz, 2H), 6.73 (m, 4H), 2.81 (m, 2H),
2.09 (m, 4H), 1.86 (m, 4H), 1.75 (m, 6H), 1.53.28 (m, 6H).
Elemental analysis found: C, 67.93; H, 6.07; S, 26.01. Calcd for
CogH3z0Ss: C, 68.07; H, 6.11; S, 25.92

Synthesis ofN,N’'-Bis(cyclohexyl)perylene-3,4,9,10-tetracar-
boxyldiimide (CHPTCDI). A mixture of perylene-3,4,9,10-tetra-
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Figure 1. X-ray diffraction data acquired for a 400-A-thick film GfHFTTF deposited at a substrate temperature of K3@left). The peak at@ = 3.1°
is assigned as the first order andi@pacing of 29.940.6) A is obtained from the average of all the successive reflections assigned above. The tilted
orientation of CHFTTF is represented schematically on the right for one molecular layer.

carboxylic dianhydride (10 g, 25.5 mmol), cyclohexylamine (7.6 difficulty in forming the cyclohexylmagnesium bromide

g, 76.5 mmol), and glacial acetic acid (0.2 g) was charged into a species. Also, in the synthesis@H4T, coupling of lithiated
one-neck flask witm-methylpyrrolidone (100 mL). The solution  thjophene with bromocyclohexane was attempted but unsuc-
was heated to 96C for 20 h. After cooling to room temperature, — cagsfy| due to the inaccessibility of backside attack possibly

the precipitated product was filtered, washed with methanol, because of the bromine group being in an equatorial position
acetone, and ethyl acetate, and Soxhlet extracted with €€l . . . . . . . ’
effectively locking the ring in a chair configuration.

48 h to remove excess starting materistd NMR (300 MHz,
CDCl) 6y (Ar—H show AB2 splitting pattern) 8.65 (d, = 8.1, All of the oligomers were characterized By NMR and

4H), 8.59 (d,J = 8.1, 4H), 5.05 (m, 2H), 2.622.50 (m, 4 H), elemental analysis and the results were consistent with the
1.92 (m, 4H), 1.63 (m, 6H), 1.491.26(m, 6H). Elemental analysis  predicted chemical structures. All the oligomers are mod-
found: C, 77.96; H, 5.45; N, 5.05; O, 11.54. Calcd for erately soluble in chloroform and other halogenated solvents
CaoHsoN204: C, 76.74; H, 5.38; N, 4.91; O, 11.08. at room temperatur€HFTTF has the lowest solubility~¢1

FI_ET De_vice Fabrication. Both the “top” and “_bottor_n” _contact mg/mL in CHCE at room temperature) of the three oligo-

configurations were used to make the FET devices similar to those mers, but its solubility is greater than that of the unsubstituted

previously reported in the literatuf€.The n-doped silicon substrate . .
functions as the gate electrode. A 3000-A silicon dioxide dielectric and hexyl'SUbSt'tlj'Fed version of the same molee@elPTC-
DI has a solubility of~1.5 mg/mL in CHC} at room

layer with a capacitance per unit aregd)(of 1.1 x 108 F/cn? 4 )
was thermally grown on the gate substrate. For the “top” contact temperatureCHA4T is the most soluble in chloroform2
geometry, gold electrodes were deposited after the semiconductorn@/mL at room temperature) and is also soluble in other
deposition by using shadow masks witW4L varying from 6 to nonpolar solvents such as toluene, cyclohexane, dioxane, and
20, whereL = 40—200 um. The semiconductor layer was then benzene. This is twice as soluble as that reported for a
deposited over the entire electrode/dielectric surface. The OrganiCdihexyI-version of 4T. Before device fabrication, the materi-
semiconductors were deposited at a rate of-A.5/s under a g5 were purified by sublimation under vacuum (4T orr)
pressure of~5.0 x 1077 Torr to a final thickness of 400 A 4 jeact twice to reduce impurities that might cause charge

determined by a quartz crystal m_onltor in th_e_ evaporation chamber. traps or unwanted dopants in the oligomeric semiconductor
The substrate temperature during deposition was controlled bylayer

heating a copper block where the substrate was mounted. The
electrical characteristics were obtained at room temperature in air Morphology. Figure 1 shows the X-ray diffractogram of
using a 4145B Hewlett-Packard (HP) semiconductor parameter CHFTTF films grown on top of 3000-A-thick Si©films

analyzer. For the “bottom” contact geometry, gold electrodes thermally grown on highly doped S1000substrates at a

forming channels of 25@m width (W) and 1.5-25um length () substrate temperature of 13C. The diffractograms were
were photolithographically defined. A solution of the semiconductor taken in the reflection geometry using Ni-filtered CuK
in the appropriate solvent was then drop-cast or spin-coated OVer - diation at a scanning rate of 0.20/min. The films

the entire substrate surface. - - .

revealed narrow, intense peaks with multiple orders of
reflection consistent with a single preferred orientation. The
peak at 2 = 3.1° is assigned as the first-order reflection

Synthesis. The synthesis of the cyclohexyl-endcapped and the remaining peaks are successive orders of reflections.

oligomers was carried out through a series of cross-coupling The averagel-spacing from the 10 diffractions is 29.9 A
reactions that involved Suzuki or Stille coupling. The with a standard deviation of 0.6 A. This is consistent with
synthetic routes and corresponding structures are shown inlayers that are a single molecule thick. A tilt angle of 21
Scheme 1. It is worth noting that the yield from Grignard/ can be calculated from the idealized length of 32.1 A (based
Kumada coupling of 2-bromofluorene or 2-bromothiophene on energy minimization with MM2) which does not account
with bromocyclohexane was lower than expected due to thefor the interdigitation of endgroups between layers. The

Results and Discussion
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Figure 2. MAC mode AFM images of 40-nniCHFTTF films deposited
onto Si/SiQ at (a) 25°C (topography and phase), (b) 130 (topography
20 x 20 um), (c) 130°C (topography, 7x 7 um), and (d) 150°C
(topography and phase).

amount of crystallinity in the films depends strongly on the
substrate temperatur@g(,) during deposition. At substrate
temperatures below 7%, there was very little crystallinity
observed in the films (no orders of diffraction B, = 25
°C and @ = 3.07,d = 28.7 A atTsp = 75 °C). Multiple
orders of diffracted beams were seenTaf, = 115, 130,
and 140°C with ad spacing consistent with that shown in
Figure 1. The film deposited &, = 150 °C showed two
peaks (B =3.22,d=27.4 A and # = 17.6,d =5.0 A).
Figure 2 shows the magnetic-AC (MAC-mode) AFM of
400-A-thick films of CHFTTF deposited at (a) 25C
(topography and phase), (b) 13C (topography, 20x 20
um), (c) 130°C (topography, 7x 7 um), and (d) 150°C
(topography and phase). The morphology of the film

Locklin et al.

as determined by AFM and is in good agreement with the
interlayer spacing deduced from X-ray analysis, confirming
the existence of single-molecule-thick layers in an end-on
orientation. At 130°C, some of the grains are larger than
10 um which is exceptionally large in an organic semicon-
ductor thin film. Cracks in terraced grains (as shown in
Figure 2c) were observed, possibly due to the mismatch in
thermal expansion coefficient between the SGbstrate and
the organic semiconductor (see Figure 4). Postannealing of
the film from 25 to 250°C was attempted with in-situ AFM

in contact mode to “heal” the cracks but there was no
observable change in morphology.

If the substrate temperature during deposition is increased
to 150 °C, the underlying molecules grow parallel to the
substrate in a vertical arrangement (not shown in the image)
but a significant amount grow perpendicular, and their
presence probably induces a lowering of charge transport,
as seen below by the decrease in mobility. It is unclear from
the image the exact orientation of the outermost layers or if
nucleation of these defects arises from crystallization between
grain boundaries of underlying layers. At such a high,
other factors such as temperature-activated competing pro-
cesses that result in nucleation of the bulk phase or surface
diffusion limits may play a rolé! A similar behavior has
been observed with a hexyl-substituted F3TF and with
unsubstituted oligothiophen&#? This may account for the
overall decrease in crystallinity observed in the X-ray
measurements at this temperature.

We have also probed the film morphology and in-plane
structure of CHFTTF afs,, = 120°C using TEM (Figure
3). It can be seen that the film is formed by extended, single
crystalline grains with typical diameters of-3 um. Figure
3b shows a TEM diffraction image recorded from the large
grain in the center of Figure 3a (illuminated circular area)
at a primary beam energyp, = 100 kV. The diffraction
pattern corresponds to a rectangular in-plane (parallel to the
substrate surface) unit cell with dimensionsac 9.6 A, b
=5.6 A. The large number of visible higher diffraction order
spots corroborates the high crystal perfection of the probed
grain. Considering the area of the rectangular unit cell, it is
highly likely that it actually containdwo CHFTTF mol-
ecules. Furthermore, there are systematic absences of the (h0)
and (Ok) odd order diffraction spots in the diffraction image
(see white circles) which can be explained by a “herringbone”
alignment of these two molecules in the rectangular unit cell
with a (nearly) p2gg plane symmetry grotig? Such an
arrangement is depicted in the lower-right inset which
represents a top-view scheme of the in-plane unit cell. For

deposited at 258C consists of very small and homogeneous the plane symmetry group to be p2gg, the second molecule
grains with an average diameter of about 70 nm. Increasingis required to be located in the center of the unit cell while
the substrate temperature during deposition results in athe azimuthal angles of the two molecules need to have equal

substantial increase in size of the grains in which molecules absolute values with opposing signs® and®). However,

are closely packed parallel to each other in a vertical

arrangement (with their long axes nearly perpendicular) with (11) Ruiz, R.; Choudhary, D.; Nickel, B.; Toccoli, T.; Chang, K.-C.; Mayer,

respect to the substrate. This packing arrangement allows

A.; Clancy, P.; Blakey, J. M.; Headrick, R. L.; lannotta, S.; Malliaras,
G. Chem. Mater2004 16, 4497.

faster growth in directions parallel to the layers than (12) Horowitz, G.; Hajlaoui, M. EAdy. Mater. 2000 12, 1046.
perpendicular to them, so that the crystals form thin plates (13) Ertl, G.; Kippers, JLow Energy Electrons and Surface Chemistry

with a terraced structure as the molecules form multiple (14)
layers. The step height between layers for Figure 2c is 29 A

VCH Verlagsgesellschaft: Weinheim, 1985.
Clarke, L. JSurface Crystallographylohn Wiley & Sons Ltd: New
York, 1985.
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Figure 4. TEM image of aCHFTTF film deposited at a substrate
temperature of 140C. The high substrate temperature yields a closed,
smooth surface with very large crystalline grains that exhibit several
fractures. The azimuths under which the cracks appear are not arbitrary,
but mostly correspond to the short adss well as the two diagonals of
the pseudohexagonal in-plane unit cell.

are fractures formed postdeposition, evident from the fact
that the terrace edges on both sides of the gaps match exactly.
The most likely origin for the occurrence of these cracks is
that on cooling, mechanical stress is released which originates
from the different thermal expansion coefficientsGHFT-

TF film and TEM grid. The cracks are observable by AFM
on films deposited onto Si/Siat aTs,, = 130 °C.

The azimuths along which the cracks appear are not
arbitrary, but instead reflect the pseudohexagonal geometry
of the in-plane unit cell. Note that the in-plane lattice would
be hexagonal if the two molecules in the in-plane unit cell
were not tilted against the substrate surface plane (see inset
in Figure 3b). The cracks are found to be largely parallel to

. ) ) ) _ the short axisa, and the two diagonals of the in-plane unit
Figure 3. (A) TEM image of a 400-A-thickCHFTTF film showing large,

single crystalline grains. The gray circle in the center corresponds to the C?”’ direction.s \_NhiCh are separateq byo &hd 120 (See

area illuminated by the electron beam while the diffraction image shown Figure 4). This is also along the axis where ®EHFTTF

in (B) was obtained. (B) TEM diffraction image/¢ = 100 kV). The  mglecules aremost denselypacked. The correspondence
diffraction pattern corresponds to a rectangular in-plane unit cell (lower- b h K d th d | ked latti
right inset) with two molecules per unit cell. From the apparent weak e_tween t € cracks _ah the mOSt' ensely packed lattice
intensity of odd order the (h0) and (Ok) diffraction spots a herringbone- azimuths is not surprising, considering the fact that crystal
like arrangement of the two molecules in the unit cell can be concluded. fgce separation phenomena like cracks or cleavage are
h ¢ th in-pl ) I b usually associated with a minimum surface energy config-
the symmetry of the actual In-plane unit cell cannot be , 4iion je., favorably occur along close-packed surfaces
exactlyas sketched in the inset of Figure 3b (p2gg) because 3p) or directions (2D). One of the cracks, visible in the
the long molecule axis exhibits a tilt with respect to the upper right corner of the image, corresponds to one of the

substrate surface plane (as discussed above). Furthermoreyecond most densely packed azimuths (equivalent to the long
the CHFTTF molecule itself lacks the required “internal” it cell axish).

mirror symmetry (i.e., the electron density is slightly Figure 5 shows the topoaraphy MAC-AEM imades of
anisotropic in both sides of the molecule defined by the long CH4g'JI' deposited alra, = (F;)%SECy(b) 80°C. and (C(‘)J 95
su ) )

molecule axis_)‘.3 Stilll, the obse_rved very wgak int-ensity of o At room temperature, the grain size ranges from 50 to
odd order diffraction spots is a clear indication for a 544 nm with a significant amount of morphological defects
_herr!ngbone type in-plane arrangement close to that sketche%uch as screw dislocations and grain boundarieSsft=
in Figure 3b. 80 °C, the grains size increases to 300 nm. AtTsu, =
IncreasingTsu, = 140°C during deposition oCHFTTF 95 °C, terraced grains as large agB are observed with
does not alter the crystal structure of the film, but yields an thickness steps af = 23 A, consistent with single molecular
interconnected film morphology with very large crystalline stacks CHAT d = 21.3 A from a MM2 calculation). XRD
grains. Figure 4 also shows several fractures observed withindata for the films at all temperatures show first- and second-
the large crystalline grains (small dark gaps). Unlike the dark order diffractions at@ = 4.24,d=20.8 A, and & = 8.52,
grain boundaries visible in Figure 3a, the gaps in Figure 4 d = 10.4 A.
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_ 500%m’ :
Figure 5. MAC-AFM of CHAT deposited at (a) 28C (topography), (b) 80C (topography), and (c) 95C (topography).

Table 2. Average Field-Effect Mobility2 and On/Off Ratio® for
CHAT (WIL = 20, L = 200 M) Deposited at Different Substrate
Temperatures (Tsub, °C)

25°C 60°C 80°C 95°C
u (Cé/V-s) 0.021 0.038 0.030 0.030
on/off ratio 3x 1P 4 x 10° 2 x 10° 1x10°

aMobility is calculated using currents from the saturated regiht@n/
off ratio calculated for gate voltages 0 t6100 V.

§ 'I : \ 5 :) Table 3. Average Field-Effect Mobility2 and On/Off RatioP for
Py 7 ¢ CHPTCDI (W/L = 20,L = 200 uM) Deposited at Different
Substrate Temperatures [sub, °C)

25°C 125°C
u (CMB/V+s) 42x 1075 1.9x 104
on/off ratio 90 100

aMobility is calculated using currents from the saturated regiht@n/
off ratio calculated for gate voltages 0 t6100 V.

in Tables 3. Representativiys vs Vps at differentVg are
shown for each oligomer in Figure 7. As expect@HlFTTF

; and CHA4T operated in a typicap-channel accumulation
. ) \ regime whileCHPTCDI showedn-channel behavior. There

Figure 6. AFM (topography and phase) @HPTCDI deposited at (a) 25 is slight leakage from the gate to the drain, which can be
°C and (b) 125°C. seen in Figure 7 close to the origin, due to both the active
Table 1. Average Field-Effect Mobility? and On/Off Ratio® for material and gate being unpatterr€é This can be im-
CHFTTF (W/L = 6, L = 40 uM) Deposited at Different Substrate proved significantly by patterning both the organic semi-

Temperatures (Tsus, °C) conductor and gate electrode. The field effect mobility,
25°C 75°C  115°C 130°C  150°C was estimated fronfips in the saturation regime according
u(cmPiV-s)  87x10°  0.04 0.11 0.17 0.03 to Equation 1, where is the channel lengtiyis the channel
onfoffratio  2x 10° 5x10° 5x10° 8x1¢° 1x10° width, C; is the capacitance of the Si@sulating layerVe
aMobility is calculated using currents from the saturated regih@n/ is the gate voltage, an¥y is the threshold voltage. The

off ratio calculated for gate voltages 0 t6100 V. e . . .
g g mobilities at differentTs,, are summarized in Tables 1, 2,

Figure 6 shows the MAC-AFM topography and phase and 3.
images of CHPTCDI deposited at (a) 28C and (b) 125
°C. The film atTsu, = 25 °C consists of small, irregular WG
crystallites with random orientation and a significant amount ps— H “lWVe T Vr.
of grain boundaries. Also, no diffraction peaks were observed

in the X-ray, indicating a poor crystalline structure throughout - . .
the film. WhenTeuis increased to 125C, the grains begin From Table 1, it is evident that the observed mobility can

to coalesce with a domain size of250 nm. A lamellar be correlated with film morphology (grain size) and increas-
arrangement is evident from the phase image. Two ordersing crystallinity with an increasingsu, The mobility reaches
of diffraction (20 = 5.1%, d =17.0 A, ¥ = 9.95, d = 0.17 cn#-V~ st whenTgy = 130°C. This is higher than
8.87 A) were observed in the X-ray diffraction. the mobility observed for unsubstituted and slightly higher

FET Behavior. The electrical properties of films of than hexyl-substituteBTTF A5The decrease in mobility at
CHFTTF, CHA4T, andCHPTCDI were characterized in a

TFT configuration with a 300-nm-thick SiQdielectric on (15) Dodabalapur, A.; Laquindanum, J.; Katz, H. E.; BaoAgpl. Phys.
highly doped n-Si which served as the gate electrode. Two Lett. 1996 69, 4227. _ _ A o
gold top contacts served as the source and drain, with the® Jvaf.teé;('; F;‘?.gselrj'sﬂéf'hqog?%()cda%é\l/gau\fyi?f Eétgﬂ“,_r".’l_gﬁgm\ﬂ/r" L,

WL ranging from 6 to 20 (wherke = 40—200um) as noted 200Q 16, 6054.
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-25+ V= = 20. It is worth noting that Katz et al. observed a mobility
(a). ° 100V of 0.23 cnV 151 with DH4T but only with aW/L = 1.5
-20+ (active area= 4 x 1072 mn?). When aW/L = 4 (active
S0V area= 4 mn¥) was used, the mobility decreased at least 1
154 order of magnitudé® In a later report, a mobility of 0.02
< cm?V~1-s71 was obtained by the same group with a larger
% 0] 60V WIL 19
5 40V With CHA4T, there is a only a slight increase in at
20V elevated temperatures of deposition although the morphology
0 oV of the films exhibited significant changes in grain size and
structure as observed with AFM. The reason may be because
5 . . : . of the greater chance of encountering traps or defects when
0 20 40 -60 80 -100 such a large device is testeld € 200um). In each case of
Vos varying Teu, the on/off ratio was exceptionally high with
. CHAT, approaching 10at Ty, > 80 °C.
(b). 1oy Garnier et al. have also reported a mobility of 0.03
" cn?V 15t for films spin-coated from chloroform at a
substrate temperature of 12@.2° This is exceptional for
B0V solution deposition and is due to the good solubility of DHAT
z in halogenated solvent&HA4T has a high solubility of &
2 60V 102 M in bromobenzene at 40C and was spin-coated or
= drop-cast onto devices in the bottom contact geometry.
40V Mobilities and on/off ratios as high as 0.06 &n's* and
20V 10° were obtained witlCH4T (W/L = 10,L = 25um) using
ov a drop-casting method in a closed, static atmosphere of
54 i i i . . solvent vapor similar to that reported by Katz ef’alhe
0 20 -40 -60 80 -100 films fabricated by spin-coating do not show continuous
Vs morphology as observed under optical microscopy, but rather
form crystals as large as Gm randomly distributed over
0.05+ V&= the substrate surface. More detailed studies on the solution
©). 1 1oV processing of CH4T will be reported elsewhéte.
0'04'. In the case ofCHPTCDI, the mobilites shown in Table
0.034 3 atTsup= 25 and 125C are much lower than that observed
< 80V with alkyl-substituted®TCDI derivatives where mobilities
:g 0.02- as high as 0.6 cfiv—1-s ! have been observed with dioctyl-
1 60V PTCDI by Malenfant et af® The mobility of CHPTCDI is
0.01+ 0V similar to that of a diphenyl substituted PTCDI first reported
l 20V by Horowitz et aP* Chesterfield et al. have recently observed
0004 ov a terraced structure morphology by AFM with a dipentyl-
-0.01 . 4 ] ] ] PTCDI grown at elevated temperature where a mobility of
0 20 40 60 80 100 0.1 cn?V-1-s~ was obtained® It should also be noted that
v Jones et al. have synthesized a perylene derivative with the

DS

core cyanated at the 1, 6, 7, and 12 positions that contains

Figure 7. Representativéys vs Vps characteristics of (aCHFTTF (Tsup : .
cyclohexyl substituent®. In this case, the crystal structure

= 115 °C, WIL = 6), (b) CH4T (Tsup = 60 °C, WIL = 20), and (c)
CHPTCDI (Tsup= 125°C, WIL = 20) at different gate voltages prepared
at elevated substrate temperatures.

(18) Katz, H. E.; Lovinger, A. J.; Laquindanum, J. Ghem. Mater1998
— o i : 10, 457.
Tsub= 150 Cis prObably due to the SUb_Stam'al amount of (19) Someya, T.; Katz, H. E.; Gelperin, A.; Lovinger, A. J.; Dodabalapur,
nonvertical growth of the molecules with respect to the A. Appl. Phys. Lett2002 81, 3079.

; ; ; ; (20) Garnier; F.; Hajlaoui, R.; El Kassmi, A.; Horowitz, G.; Laigre, L.;
substrate as described in the AFM section above. It is also Porzio. W.. Armanini. M.. Provasol, Fhem. Mater1098 10, 3334,

possible that there is an increase in the distance betweenz1) Katz, H. E.; Siegrist, T.; Lefenfeld, M.; Gopalan, P.; Mushrush, M.;

grains at the semiconductor/dielectric interface which may Ocko, B.; Gang, O.; Jisrawl, NI. Phys. Chem. B2004 108 8567.

. - . 22) Locklin, J.; Mannsfeld, S. C. B.; Bao, Z. Manuscript in preparation.
account for the decrease in mobility. This has been observedéz3) Malenfant, P. R. L.; Dimitrakopoulos, C. D.; Gelorme, J. D.; Kosbar,

with copper phthalocyanines deposited at above 200C.Y7 L. K.; Graham, T. O.; Curioni, A.; Andreoni, WAppl. Phys. Lett.
: i ; 2002 80, 2517.
Table_ 2 ShO\{V§ the fl,eld effect mobility GIHAT at V&YlOU§ (24) Horowitz, G.; Kouki, F.; Spearman, P.; Fichou, D.; Nogues, C.; Pan,
T This mobility is higher than that of vacuum-deposited

X.; Garnier, F.Adv. Mater. 1996 8, 242. o
films of dihexyl-a-quarterthiophene in devices withVs/L (25) Chesterfield, R.; McKeen, J. C.; Newman, C. R.; Frisbie, C. D.;

Ewbank, P. C.; Mann, K. R.; Miller, L. LJ. Appl. Phys2004 95,

6396.

(17) Bao, Z.; Dodabalapur, A.; Lovinger, A. Appl. Phys. Lett1996 69, (26) Jones, B. A.; Ahrens, M. J.; Yoon, M.-H.; Facchetti, A.; Marks, T. J.;
306. Wasielewski, M. RAngew. Chem., Int. EQR004 43, 6363.




3374 Chem. Mater., Vol. 17, No. 13, 2005 Locklin et al.

is influenced by the substitution of the core, amdhannel High mobilities were observed when oligomers were vacuum
mobility as high as 0.1 cfv ~1-s"* was observed. In the case deposited at elevated substrate temperatures. Studies of the
of the unsubstitute€HPTCDI, apparently the cyclohexyl  crystallinity and thin-film morphology suggest that the size
substituents are too small to influence a packing arrangemeniof the endgroup with respect to the semiconducting core is
conducive to forming large terraced grains due to the large crycial in ordering the oligomer in an end-on perpendicular
size of the inner PTCDI core. It is an important observation alignment that is conducive to high field-effect mobility.
that the influence of endgroup size should be taken into More studies are underway regarding the influence of
account when designing new organic semiconductors, espe
cially when fused multiple aromatic ring structures are
involved.

‘endgroup size and structure on the exact packing orientation
and amount of intercalation when multiple layers are formed.
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