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Thin Film Transistors Based on Alkylphenyl Quaterthiophenes:
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Thin films based on the akylphenyl-substituted quaterthiophené&sbig4-methylphenyl)-2,/2%',2"":
5",2""-quaterthiophenel], 5,5"-bis(4n-propylphenyl)-2,25',2":5" 2" -quaterthiophene?j, and 5,5'-
bis(4-hexylphenyl)-2,25',2"":5" 2"""-quaterthiophene3] were grown by vacuum deposition on thermally
grown SiQ substrates and characterized in a thin film transistor (TFT) configuration. Atomic force
microscopy and speculaf{26) X-ray diffraction (XRD) revealed films with small, crystalline grains,
in which the oligothiophenes were oriented “end-on” with respect to the Sildstrate. Interplanar spacing
increasedl = 28.0 A,2 = 29.5 A, 3 = 37.7 A), consistent with increasing alkyl tail length. Grazing
incidence X-ray diffraction (GIXD) of the films (c&850 A thick) revealed nearly equivalent in-plane

unit-cell areas{=44.1 2, 2=44.4 R 3=438 }).

The films functioned ap-channel semiconductors

in a TFT configuration, exhibiting nearly equivalent hole mobilitigsx{ 0.05+ 0.01, 0.04+ 0.01, 0.06

=+ 0.01 cni/Vs for 1, 2, and3, respectively). Variable-temperature measurements demonstrated that the
activation energy of the mobility for thin films & was~55 meV. The increasing alkyl chain length

does not appear to improve molecular ordering; however, the addition of a phenyl end-substituent appears

to greatly improve the on-to-off ratio in TFTs.

Introduction

Oligothiophenes, such as sexithiophene and its modified
forms, have emerged as attractive candidates for hole-

transport materials in organic thin film transistors (TFTs)
because of their stability and the ease with which their

electronic properties and solubility characteristics can be

adjusted through the introduction of chemical substitutnts.
The introduction of “end-cap” substituents at the 2-position

* Corresponding author. E-mail: wardx004@umn.edu (M.D.W.); frisbie@
cems.umn.edu (C.D.F.).
T University of Minnesota.
* Stanford Linear Accelerator Center.
(1) Handbook of Organic Conduct Molecules and Polymerdlalwa,
H. S., Ed.; John Wiley & Sons: New York, 1997; Vol—4.

(2) Facchetti, A.; Yoon, M. H.; Stern, C. L.; Katz, H. E.; Marks, T. J.
Angew. Chem., Int. EQ003 42, 3900.

(3) Wei, Y.; Yang, Y.; Yeh, JChem. Mater1996 8, 2659.

(4) Pappenfus, T. M.; Chesterfield, R. J.; Frishie, C. D.; Mann, K. R;
Casado, J.; Raff, J. D.; Miller, L. LJ. Am. Chem. So002 124,
4184.

(5) Bader, M. M.; Custelcean, R.; Ward, M. Bhem. Mater2003 15,
616.

(6) Garnier, F.; Yassar, A.; Hajlaoui, R.; Horowitz, G.; Deloffre, F.; Servet,
B.; Ries, S.; Alnot, PJ. Am. Chem. S0d.993 115, 8716.

(7) Mushrush, M.; Fachetti, A.; Lefenfield, M.; Katz, H. E.; Marks, T. J.
J. Am. Chem. So003 125, 31.

(8) Leclae, Ph.; Surin, M.; Viville, P.; Lazzaroni, R.; Kilbinger, A. F.
M.; Henze, O.; Feast, W. J.; Cavallini, M.; Biscarini, F.; Schenning,
A. P. H. J.; Meijer, E. WChem. Mater2004 16, 4452.

(9) Dell'Aquila, A.; Mastrorilli, P.; Nobile, C. F.; Romanazzi, G.; Suranna,
G. P.; Torsi, L.; Tanese, M. C.; Acierno, D.; Amendola, E.; Morales,
P.J. Mater. Chem2006 16, 1183.

(10) Murphy, A. R.; Chang, P. C.; VanDyke, P.; Liu, J.] &et, J. M. J;
Subramanian, V.; DeLongchamp, D. M.; Sambasivan, S.; Fischer, D.
A.; Lin, E. K. Chem. Mater2005 17, 6033.

(11) Chang, P. C.; Lee, J.; Huang, D.; Subramanian, V.; Murphy, A. R.;
Frechet, J. M. JChem. Mater2004 16, 4783.

10.1021/cm062831v CCC: $37.00

can provide stability against oxidation and polymerization
while minimizing steric interactions that can prohibit co-
planarity of the thiophene rings, as observed for oligo-
thiophenes with alkyl substituents on the backb&iié.
Properly designed end-cap substituents may improve crystal-
linity, encourage layer growth conducive to carrier transport
in TFTs, and promote dense intermolecular packing in two-
dimensional layers, yielding gains in intrinsic conductivity.
For example, the superior hole mobility exhibited by
oligothiophenes with alkyl substituents at the 2-positiott

has been attributed to improved crystallinity and layer
growth, the latter favoring hole transport in the direction
parallel to the film?? Phenylene substituents introduced at
the 2-positiof® or within the oligothiophene backbotfean
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reduce TFT “off” current$>?® a property that has been was heated at 98C overnight under nitrogen. After the reaction
attributed to the lowering of the highest occupied molecular was cooled to room temperature, ammonium chloride (50 mL) and

orbital (HOMO) and, consequently, a reduced propensity for heéxane (50 mL) were added, the organic layer was separated, and
doping upon exposure to oxygen. the aqueous layer was extracted with hexane<(80 mL). The

o e organic layers were combined, washed with watex(30 mL),

The elucidation of the factors most critical to TFT dried with MgSQ, filtered, and concentrated in vacuo to yield a

performance requires systematic and comprehensive 'nvesyellow oil. After purification by column chromatography on silica

tigations of the relationship between molecular structure, thin ge| (hexane), 2-(4+propylphenyl)thiophene was obtained as a clear
film morphology, crystal orientation, molecular packing ol (0.57 g, 90.0%)H NMR (300 MHz, CDCl,): & 7.52-7.57
density, and transport properties. Recently, our laboratory (m, 2H), 7.18-7.30 (m, 4H), 7.05-7.10 (m, 1H), 2.61 (t, 2H) =
examined the structure and transport properties of thin films 7.2 Hz), 1.571.77 (m, 2H), 0.9%1.03 (m, 3H).

based on a Sel’ieS Of m0|eCU|eS, tOIyI'nT'tOIyI (moleCl]JES Dry DMF (12 mL) was added to 2_(n-pr0py|pheny|)thi0phene

4, and5), in which the length of the oligothiophene core ( (0.573 g, 2.83 mmol), and the mixture was cooled-t6 °C.

= 3—5) was adjusted systematically but the end-caps were N-Bromosuccinimide (0.550 g, 3.12 mmol) was then added slowly
unchanged’ Herein, we describe a converse approach in to the chilled solution. After the solution was allowed to stand under
which the oligothiophene core is maintained constant=( nitrogen for 3 h, ice water (25 mL) was added to force precipitation
4) but the alkylphenyl substituents are changed=(Riethyl, of thg prodgct, whic_h was fi!tergd and washed with watgr. The
propyl, and hexyl; compounds 2, and3). Although TFTs resulting solid was dissolved in dichloromethane,; the solution was
based on vacuum- and solution-deposited films3dfave dried over MgSQ, filtered, and concentrated in vacuo to yield a

- greasy yellow solid of the product 2-bromo-5+t4sropylphenyl)-
been reportedhe studies presented here represent a morethiophene (0.631 g, 78.198H NMR (300 MHz, CDCl): 6 7.43

comprehe_nsive_ examination aimed at understanding the(d, 2H,J = 8.2 Hz), 7.18 (d, 2HJ = 8.4 Hz), 7.01 (s, 2H), 2.56
relationship of film morphology, crystal structure, and trap (¢ o4 j= 8.2 Hz), 1.56-1.75 (m, 2H), 0.96 (t, 3HJ = 5.8 Hz).
states to transport. Thin films of these compounds exhibit HREIMS: calcd for GsH13BrS [M+], 279.9921; found, 279.9901.
p-channel behavior with mobilities comparable to those Anal. Calcd for GsH:4BrS: C, 55.52; H, 4.66. Found: C, 55.55,
reported previously foB” and significantly improved on-  H, 4.59.

to-off ratios in all three compounds that are comparable to  preparation of 5,5"-Bis(4-n-propylphenyl)-2,2':5',2":5" 2"’
values observed in films of pentacene. Atomic force mi- quaterthiophene (2).A toluene solution (6 mL) of 2-bromo-5-(4-
croscopy (AFM) and specular9{-260) X-ray diffraction n-hexylphenyl)thiophene (0.230 g, 0.711 mmol),'HE(trimeth-
(XRD) reveal that the films are crystalline and form domains ylstannyl)-2,2-dithiophene (0.160 g, 0.323 mmol), and tetrakis(tri-
with low mosaicity. Furthermore, grazing incidence X-ray Phenylphosphine)palladium(0) (0.019 g, 0.036 mmol) was heated
diffraction (GIXD) reveals nearly identical in-plane unit-cell at 90 °C overnight under nitrogen. The resulting precipitate was

areas for compounds—3, in agreement with the equivalent co_IIec_ted, washed_ several times with methanol and hexanes, and
mobilities P 9 g dried in vacuo to yield a crude product (0.140 g, 67.0%). The crude

product was recrystallized from 1,1,2-trichloroethane/toluene to
. . yield an orange solid (56.8%)H NMR (300 MHz, CD2CI2): 6
Experimental Section 7.53 (d, 4H,J = 7.7 Hz), 7.08-7.23(m, 12H), 2.62 (t, 4H] = 7.7
Hz), 1.65-1.71 (m, 4H), 1.341.43 (m, 12H), 0.90 (t, 6H) =

Materials Synthesis and General ProceduresAll synthetic
y y 6.1 Hz). HREIMS: calcd for CA0H42S4 [M], 651.2169; found,

procedures were performed under an inert nitrogen atmosphere with
oven-dried glassware. Toluene and tetrahydrofuran were distilled 651'2161_' Anal. Calcd for fgHs,S:: C, 73.80; H, 6.50. Found:
(under nitrogen) from Na/benzophenone, &' -dimethylforma- C, 73.90; H, 6.44.
mide was vacuum distilled fro 3 A molecular sieves. All reagents Preparation of 2-Bromo-5-(4n-hexylphenyljthiophene A
and catalysts were purchased from Aldrich, Acros, and Alfa Aesar DMF (15 mL) mixture of 1-bromo-4-n-hexylbenzene (0.50 mL,
and used as received. Compounds-6j5(trimethylstannyl)-2,2 2.45 mmol), 2-(tri-n-butylstannyl)thiophene (0.78 mL, 2.45 mmol),
dithiophene and 5!5-bis(4-methylphenyl)-2/25',2":5", 2" -qua- and tetrakis(triphenylphosphine)palladium(0) (0.142 g, 0.123 mmol)
terthiophene 1) were synthesized according to published proce- Was heated at 90C overnight under nitrogen. After the reaction
durest2’ H NMR spectra were recorded on a Varian VXR-300 Was cooled to room temperature, ammonium chloride (50 mL) and
MHz instrument. Chemical shifts are reported in parts per million hexane (50 mL) were added, the organic layer was separated, and
(ppm) and referenced to the residual dichloromethane peak at 5.32the agueous layer was extracted with hexane<(30 mL). The
ppm. organic layers were combined, washed with watex (30 mL),
Preparation of 2-Bromo-5-(4-n-propylphenyl)thiophene. A dried with MgSQ, fiI'_[e_red_, and concentrated in vacuo to yielq _an
DMF (15 mL) mixture of 1-bromo-4+propylbenzene (0.54 mL, ~ °range oil. After purification by cqlumn chromatogrgphy on silica
3.48 mmol), 2-(trin-butylstannyl)thiophene (1.0 mL, 3.17 mmol), 9€! (hexane), 2-(4-hexylphenyl)thiophene was obtained as a clear

and tetrakis(triphenylphosphine)palladium(0) (0.179 g, 0.15 mmol) ©il (0.52 g, 87.0%)H NMR (300 MHz, CDCly): 0 7.49-7.53
(m, 2H), 7.16-7.27 (m, 4H), 7.03-7.08 (m, LH), 2.60 (t, 2HJ) =

7.9 Hz), 1.57-1.64 (m, 2H), 1.28-1.36 (m, 6H), 0.91 (t, 3H) =

(23) Hotta, S.; Ichino, Y.; Yoshida, Y.; Yoshida, Meynth. Met.2001,

(24) T@itaio%ig:h'm’ Y.; Yoshida, Y.; Yoshida, M. Phys. Chem. B00OQ Dry DMF (10 mL) was added to 2-(#-hexylphenyl)thiophene
(25) Horymg,X.—Ml.; Katz, H. E.; Lovinger, A. J.; Wang, B.-C.; Raghavachari, (0.521 g, 2.1.3.m.mol), and the mixture was cooled-6 °C.
K. Chem. Mater2001, 13, 4686. N-Bromosuccinimide (0.416 g, 2.34 mmol) was then added slowly

(26) Ponomarenko, S. A.; Kirchmeyer, S.; Elschner, A.; Alpatova, N. M.;  to the chilled solution. After the solution was allowed to stand under
Iz_{(?tl)”é’ 1|\g.,5|;lgauk, H.; Zschieschang, U.; Schmid, Ghem. Mater.  niyrogen for 3 h, ice water (20 mL) was added to force precipitation
(27) Mohapatra, S.; Holmes, B. T.; Newman, C. R.; Prendergast, C. F.; Of the product, which was filtered and washed with water. The

Frisbie, C. D.; Ward, M. DAdy. Funct. Mater.2004 14, 605. resulting solid was dissolved in dichloromethane, and the solution
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was dried over MgSg)filtered, and concentrated in vacuo to yield R M s N
a greasy yellow solid of the product 2-bromo-5fhexylphenyl)- O \S/ s\ s O R
thiophene (0.590 g, 86.1%H NMR (300 MHz, CD2CI2): § 7.46

(d, 2H,J = 8.2 Hz), 7.21 (d, 2HJ = 8.3 Hz), 7.05 (s, 2H), 2.62 R=CHs (1), C3Hy (2), CeHy3 (3)

(t, 2H,J = 7.4 Hz), 1.66-1.73 (m, 2H), 1.22-1.34 (m, 6H), 0.94 HsC CH,
(t, 3H, J = 6.8 Hz). HREIMS: calcd for C16H19BrS [M],
322.0391; found, 322.0368. Anal. Calcd for C16H9BrS: C, 59.44, \_/ S \_J

H, 5.92. Found: C, 59.34, H, 6.01. tolyl-3T-tolyl (4)

Preparation of 5,5"-Bis(4-n-hexylphenyl)-2,2:5',2":5",2""'- HsC O M s Vs O CH;
quaterthiophene (3).A toluene solution (6 mL) of 2-bromo-5-(4- \S/ s X s 4
n-hexylphenyl)thiophene (0.230 g, 0.711 mmol),"HB(trimeth-

ylstannyl)-2,2-dithiophene (0.160 g, 0.323 mmol), and tetrakis(tri- tolyl-5T-tolyl (5)
phenylphosphine)palladium(0) (0.019 g, 0.036 mmol) was heated Figure 1. Chemical structures of alkylphenyl-oligothiophenes.
at 90 °C overnight under nitrogen. The resulting precipitate was
collected, washed several times with methanol and hexanes, and
dried in vacuo to yield a crude product (0.140 g, 67.0%). The crude
product was recrystallized from 1,1,2-trichloroethane/toluene to
yield an orange solid (56.8%3H NMR (300 MHz, CD2CI2): ¢

7.53 (d, 4H,J = 7.7 Hz), 7.08-7.23 (m, 12H), 2.62 (t, 4H]) =

7.7 Hz), 1.65-1.71 (m, 4H), 1.341.43 (m, 12H),0.90 (t, 6H] =

6.1 Hz). HREIMS: calcd for GpH4S, [M+], 651.2169; found,
651.2161. Anal. Calcd for £gH4,Ss: C, 73.80; H, 6.50. Found:

C, 73.90; H, 6.44.

Structural, Thermal, and Electrical Characterization. Powder
X-ray diffraction of thin films and bulk powders were acquired
with a PANalytical X’'Pert Pro (Almelo, The Netherlands) high-
resolution X-ray diffractometer with Cu d§ (1 = 1.5418 A)
maintained by the Characterization Facility at the University of
Minnesota. Tapping mode atomic force microscope (AFM) images
were recorded in air using a Digital Instruments Dimension AFM.
Grazing Incidence X-ray Diffraction (GIXD) experiments were
performed at the Stanford Synchrotron Radiation Laboratory
(SSRL), beam line 7-2, at a wavelength of 1.549 A and incidence
angles of 0.20.2#. Thermal gravimetric/differential thermal  Figure 2. Topographic AFM images of (AL, (B) 2, and (C)3 film
analysis (TG/DTA) was performed using a Perkin-Elmer (Wellesley, morphology and (D) edge of a film d. Substrate temperatures during
MA) Pyris Diamond TG/DTA 6300. The temperature range was depositions were 75C for 1 and2 and 95°C for 3.

25;:00;_(|: W'thfla r:mp of5°c/ m't':' I quasi-reversible one-electron oxidations at essentially identi-
In FIMS O 1—o were grown by vacuum sublimation al | E° val = 0. V:2 = 0. \: = 1. V v
1077 Torr at a rate of 0.020.06 A/s, m a 3 kAthick thermally ca aues t=0 99+ — 0.99 V; 3 00 v VS
) : . " Ag/AgClin 0.1 M n-BusN*PR~/CH.CI,) that reflect similar
grown SiQ on <100>-oriented single-crystal silicon substrates. . . . .
gnergies for the highest occupied molecular orbitals

The optimized substrate temperature, as deduced from the size an ; i
quality of the crystalline domains, was505°C. Gold top contacts ~ (HOMOs). These values were slightly more anodic than that

were deposited by shadow masking. The TFT geometry used hadof unsubstituted quaterthiophert€’ (= 0.80 V vs Ag/AgCl),

a channel length of 20@m and a width of 200Qm. consistent with a slight lowering of the HOMO energy upon
Conductivity measurements were performed in the dark using a introduction of.the. alkylphenyl gnd_-caE?sThe electrochemi-
Desert Cryogenics probe station with a base pressurexofl—7 cal properties indicated that thin films &f-3 would behave

Torr (Desert Cryogenics, Phoenix, AZ). Temperature was controlled asp-channel semiconductors in a TFT configuration. More-
via a Lakeshore L-331 (Westerville, OH) controller between 80 over, the identicaE® values suggested a unique opportunity
and 295 K. Source and drain voltages were applied with a Keithley tg probe the relationship between crystal structure and
236 and Keithley 237 source measure unit, respectively (Keithley, gjectronic transport separate from any contributions from the
Cleveland, OH). Gate voltages were applied with a Keithley 6517A ¢ ocronic properties of the molecular constituents alone.

electrometer. Channel voltages were sensed with a pair of Keithley . . : .
6517A electrometers. Source and drain currents were independently Films of 13 (ca. 300 A thick) were deposited by vacuum

. . 6 .
monitored by the 236 and 237, respectively, to evaluate potential subllm_gtlon (1x 10™ Torr, SL:bstrate temperature during
leaks in the devices. All four units shared a common ground with deposition, Tsussrae Was 50-95 °C) on a thermally grown 3

an input impedance of ¥ 104 Q. kA thick SiO; film on highly doped<100>-oriented single-
crystal silicon substrates. Atomic force microscopy (AFM)
Results and Discussion of sample films, acquired in air using the tapping mode,

revealed terraced grains ranging in size freh25 to 1um
Film Morphology and Structural Characterization. The (Figure 2). The heights of the steps separating the terraces
homologous series of compounds'3;bis(4-methylphenyl)-  increased in the ordelr < 2 < 3, as expected on the basis
2,2:5,2":5",2"-quaterthiophenelf, 5,5"-bis(4-propylphen-  of the molecular lengths] (27.14 A) < 2 (31.12 A) < 3
yh)-2,2':5,2":5",2"-quaterthiophene 2§, and 5,5'-bis(4-
hexylphenyl)-2,25',2":5" 2" -quaterthiophene3]j exhibited (28) Meerholtz, K.; Heinze, Electrochim. Actal996 41, 1839.
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(42.55 A)2230AFM images at the edge of the films revealed A
several continuous layers suggesting partial layer-by-layer
growth (Figure 2D). Thin films oB exhibited cracks within

its domains ifTs,p was 96-95 °C and if the substrate was
not cooled slowly following deposition. Cracks were pre-
sumably a result of strain upon cooling due to the different
thermal expansion coefficients of the organic film and the
a-SiO,/Si substraté! Surprisingly, cracks did not appear to
have a detrimental effect on the electrical characteristics of
resulting devices.

Specular §—26) X-ray diffraction (XRD) revealed peaks
for each compound at®values assignable to multiple orders
of reflection of a highly oriented film (at least two orders of B
reflection for each film sample). Thetspacings associated
with the first-order reflectiondpy) for each film increased
in the orderl (28.0 A) < 2 (29.5 A) < 3 (37.7 A) (Figure
3A), comparable with the step heights observed by AFM.
The distance between the terminal methyl groups of mol-
ecules1-3 (i.e., the end-to-end distance), estimated by
assuming phenylalkane substituents with all-trans propyl and
hexyl chains, the all-anti structure of quaterthiophene,

(Cambridge  Structural Database reference code 2 3 4 5
PEWXAQO02?), and the accepted value for the van der Waals
radius of the terminal methyl group, increases in the otder C /\

Intensity (a.u.)

275 325 375
stabilized d001

N
-~
(6]
N
N—
()]

346 g/mol
“heavy”

impurities

Intensity (a.u.)

subsequent

27.14 R) < 2 (31.12 A) < 3 (42.55 A)2%0 Thus, thed -
( )=2( )= 3( ) 1S, oo evaporations

values were smaller than the end-to-end lengths for molecules
2 and3 and nearly identical for molecutke Thedogo: values
are consistent with tilt angles of @) 18.6 @), and 27.6
(3), assuming adjacent layers did not interdigitate and that
the alkyl chains retain the all-trans configuration and the
quaterthiophene cores have the all-anti structure. It seems ‘15‘_.,.’ \
unlikely that the smalledgo; values for2 and3 are due to — 9, "WV aN
syn conformations in the quaterthiophene cores, as this would 1 2 3 4
likely require in-plane lattice parameters that differ from 20
those observed for Compouﬂdn is reasonable to Suggest’ Figure 3. Specular XRD patterns of the (001) reflection (A) for films of
h h h I h . i 1-3; (B) films of 1 including additional “346” mass observed in mass

owever., that the Sma er'_t _an.'eXpede.l spacings | spectrometry and largetlpo; spacings after numerous evaporation runs
and 3 might reflect interdigitation of adjacent layers, or (presumably the interlayer spacing due to films composed of molecules
poss|b|y the eXlstence Of gauche Conformatlons |n the alkyl with hlgher molecular WelghtS thal'), and (C) films of3 from numerous

hai hich db d fford . evaporation runs illustrating the variationdgy; spacing for a given source
chains, which would be expected to afford smatlapacings  material
than all-trans chains. The energy of the gauche conformation
isca. 1 kcanO' higher than that of the anti conformation, para”e”sm; a fwhm of<0.1° is regarded as a signature of
and more dominant packing forces are known to prompt the 3 highly parallel orientation on a flat, highly uniform
introduction of gauche conformations in alkane substitu&nts.  substrate).
Rocking curves obtained for films af-3 revealed full width
at half-maximums (fwhm) of 0.030.0%, signifying excep-
tionally low mosaicity of the film (i.e., a high degree of

Intensity (a.u.)

Films were fabricated of all three compounds from
numerous synthesis and evaporation runs. It was observed
that the film morphology andqo: Spacing varied for all three
compounds when several evaporation runs were completed

(29) Kuribayashi, M.; Hori, KLig. Cryst.1999 26, 809. ; ; :
(30) Molecular lengths were measured by adding the length of quater- Sequentla"y' Compoun]:iwas found to form CrySta"me films

thiophene (C2C2 = 14.1 A), 4.3 A for each phenyl group (8.6 A  (grains<10um in diameter with some sections of the film

total), 1.45 A each for the €C bond from the phenyl to the first comprised of wavy, overlapping grains) from initial+3)
carbon in the alkyl chain (2.9 A total), 1.2 A for each additional@© . . : .
single bond of the alkane chain,&@ A for each terminal methyl  €vaporation runs with a freshly synthesized source material.

group (4 A total). The interlayer spacing of these crystalline filndiof ~ 19.0

(31) Coefficients of thermal expansion of crystalline &iSiO,, and : :
pentacene are 0.249 105, 0.05 x 10°5 and 1.2-1.3 x 10°5, A),z\rvas comparable with the previously re:porte(_:i value (12_3.2
respectively. CRC Handbook of Chemistry and Physics, Intemet  A).2” Subsequent evaporations produced films with crystalline

Version 2005Lide, D. R., Ed.; CRC Press: Boca Raton, FL, 2005; rain 25-1 um rvabl AFM an xhibi
http://www.hbcpnetbase.com, and Chapter 6 of this thesis. grains (\/0' 51 ) observable by and exhibited a

(32) Siegrist, T.; Kloc, Ch.; Laudise, R. A.; Katz, H. E.; Haddon, R. c.  distinctly differentdoo; Spacing observable by XRD (28 A).
Adv. Mater. 1998 10, 379. The dgo; Spacing remained constant for numerous evapora-

(33) ﬁ) géﬁ'ﬁéi’. %;L?g%%zwféjgoj%fng)’ beﬁigf]aﬁgs-'ﬁ’ ,\C,la\r’gn ng‘rd‘ tions and then started to shift to larger values (smaldr 2

M.; Parker, D. P.; Ward, M. DJ. Am. Chem. So@001, 123, 4421. This shift indyo; to larger values is consistent with impurities
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of higher molecular weight than the material of interest being phism$&-4° were known, the growing evidence for “thin-
present in the starting source powder (Figure 3B). Higher- film” phaseg'% in organic films with structures different
molecular-weight impurities would evaporate after the mate- from those of their bulk forms requires independent structural
rial of interest had been completely used. A batch of newly characterization of the thin film€4> This is particularly
synthesized source material was evaluated by mass specimportant because transport in TFTs is thought to occur in
trometry (Finnigan MAT 95, ThermoFinnigan, Waltham, the molecular layers near the dielectric layer above the gate
MA), and two masses were observed (346 and 510 g/mol). electrode*® Furthermore, the observation that structures of
The 510 mass corresponds to compotrahd the 346 mass  thin-film phases are influenced by the substrate maférfal
may be attributed to 5;5bis(4-methylphenyl)-2;zbithiophene, argues that structural characterization of these films should
a compound possibly formed by dimerization during syn- be performed directly on the dielectric material (typically
thesis. Therefore, it was determined that the second observedmorphous Sig) of the TFT used for characterization of
doo1 Spacing (28 A) was representative bfand that films the transport properties.

exhibiting thisdyo; spacing were characterized electrically. Despite the apparent high degree of crystallinity in thin
Sequential evaporations of source mate2iedvealed a shift  films, XRD patterns of powders df—3 were characterized
toward largerdgo; spacings for the first 3 evaporation runs by a small number of peaks with low intensities, suggesting
and then thelyy; spacing stabilized for subsequently depos- poor crystallinity of the bulk materials. Grazing incidence
ited films. Source materid performed similar t@; however, X-ray diffraction (GIXD) was performed on thin films of
only a few films were observed in a stabilizelgh, region these materials in order to characterize the in-plane molecular
before the interlayer spacing began to shift to larger values packing, which is crucial to understanding 2D transport. Our
(Figure 3C). For films of compoundsand3, samples were  laboratory recently reported a preliminary GIXD character-
selected for electrical characterization from the “stabilized” ization of a pentacene monolayer fachannel organic

doo1 region. The observedqo; spacing in films of3 falls semiconductor) grown on an amorphoaSiO, dielectric
between the values reported elsewhere for solution- andlayef’ that appears to adopt a crystal structure similar to
vapor-deposited films (37 and 39 A, respectivéty). the so-called thin film phas®.A principal advantage of

Thermal analysis was performed to evaluate the presenceGIXD is the ability to characterize the structure of films
of impurities. Thermal gravimetric and differential thermal grown on the Si@ dielectric layer instead of relying on
analysis (TG/DTA) were performed using freshly synthesized inference from data obtained by techniques that require other
source material and previously evaporated source materialsubstrates, such as electron diffractirf3
that corresponded to the region of stabilized interlayer
spacing. Melting temperatures were observed from the DTA (38) Antolini, L.; Horowitz, G.; Kouki, F.; Garnier, FAdv. Mater. 1998

: o . 10, 382.
traces obtained in air and were220—240 °C for all three (39) Fichou, D.J. Mater. Chem200Q 10, 571.
compounds. Mass loss was calculated from the TG traces(40) ,\ljlacAcht'a\Elti, kA.; ¥o§r3 I\A/IHC r?tem'scéltiaz;HluztcahingEéoG' R.; Ratner,
H e . AL Marks, 1. J.J. Am. em. S0 .
vaUIred up to 400C (presumably below the decpmposmon (41) Ostoja, P.; Maccagnani, P.; Gazzano, M.; Cavallini, M.; Kengne, J.
temperature for the compounds). A difference in mass loss C.; Kshirsagar, R.; Biscarini, F.; Melucci, M.; Zambianchi, M.;
i ; Barbarella, GSynth. Met2004 146, 243.
betwe.en freshly synthesized and preylously evaporatgd f 42) Minakata, T.. Imai. H.: Ozaki. M.. Saco. K. Appl. Phys1992 72,
material was observed. Freshly synthesized source material " 5220,

exhibited mass losses of 10.9, 9.2, and 2.6%lf&, and3 (43) Jentzsch, T.; Juepner, H. J.; Brzezinka, K.-W.; Lau,TAin Solid
: : . . Films 1998 315, 273.
respectively, and previously evaporated material exhibited (44) Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A. Appl. Phys1996

measured mass losses of 0.2, 6.6, and 0.05%, noticeably 80, 2501. ) )
lower than the mass loss observed for freshly synthesized®*®) ao‘fscyhn‘zr’?s,\’/l'e-tiég"é;150"‘{10107%"’3"1' W. A.; Vrijmoeth, J.; Klapwik, T.
material. The change in mass loss after a few evaporation(4e) Dodabalapur, A;; Torsi, L.; Katz, H. BScience1995 268 270.
runs indicates that light impurities were present in the freshly (47) Lang, P.; Ardhaoui, M. EI; Wittmann, J. C.; Dallas, J. P.; Horowitz,

hesized ial h ificafiai G.; Lotz, B.; Garnier, F.; Straupe, Gynth. Met1997, 84, 605.
synthesized materials. Vapor-phase purific source (48) Lang, P.; Horowitz, G.; Valat, P.; Garnier, F.; Wittmann, J. C.; Lotz,

materials was attempted; however, materials would either B. J. Phys. Chem. B997, 101, 8204.

; ; ; (49) Prato, S.; Floreano, L.; Cvetko, D.; Renzi, V. De; Morgante, A.
burn or produce too little materlal for evaporation runs. . Modesti, 5.J. Phys. Chem. B999 103 7788,
One of the factors that influence the transport properties (50) Chen, X. L.; Lovinger, A. J.; Bao, Z.; SapjetaChem. Mater2001,

i ic fi i i ; 13, 1341.
of crystalline organic films in TFTs is their molecular =\ W2 tlil o iouchi M. Ikeda, S.: Saiki, Burf, Sci2004 559
packing (i.e., the crystal structure). The structures of crystal- 77.

line organic films, particularly ones expected to adopt layered (52) Nagamatsu, S.; Kaneto, K.; Azumi, R.; Matsumoto, M.; Yoshida, Y.;
structures, often can be deduced from their bulk crystal vase, K.J. Phys. Chem. 2005 109 9374.
' Yy (53) Loi, M. A.; Como, E. Da; Dinelli, F.; Murgia, M.; Zamboni, R.;

structure3®:37 Structural characterization df—3, however, Biscarini, F.; Muccini, M.Nat. Mater.2005 4, 81.

i i i (54) DeLongchamp, D. M.; Sambasivan, S.; Fischer, D. A.; Lin, E. K;;
has. peen frus_trated py our inability to optaln _crystals of Chang, P.. Murhpy, A. R.: Fohet, J. M. J.: Subramanian, Yds.
sufficient quality for single-crystal X-ray diffraction. Even Mater. 2005 17, 2340.

if the Sing]e_crystaj structures (a|so exh|b|t|ng po|ymor- (55) Heinelj, C. E.; Dreyer, J.; Hertel, I. V.; Koch, N.; Ritze, H.-H.; Widdra,
W.; Winter, B. Appl. Phys. Lett2005 87, 093501.

(56) Da Como, E.; Loi, M. A.; Murgia, M.; Zamboni, R.; Muccini, M.
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J.J. Am. Chem. So@003 125 9414. (57) Fritz, S. E.; Martin, S. M.; Frishie, C. D.; Ward, M. D.; Toney, M. F.
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Figure 4. GIXD patterns for 300 A thick films ofl—3 (A—C). Miller
indices of peak assignments are labeled.

GIXD data obtained for films ofi—3 (ca 300 A thick)
revealed numerous diffraction peaks consistent with a high
degree of in-plane crystalline order (Figure 4). Each diffrac-
tion pattern could be indexed to a rectangular in-plane unit
cell (y = 90°) with dimensions consistent with two molecules
per unit cell. In-plane unit-cell areas are nearly identical for
1—-3(44.1, 44.4, and 43.8Arespectively), indicating similar
in-plane packing. Table 1 summarizes the calculated lattice

parameters, area, interlayer spacing, molecular length, mo-

lecular tilt, unit-cell volume, and density. It is possible that
compound3 has a slightly smaller in-plane unit-cell area
thanl and2; however, further GIXD experiments would be
necessary to verify this.

Electrical Characterization. The transport properties of
thin films of 1—3 were characterized in a thin film transistor
(TFT) configuration with top-contacts. THe—Vgs charac-
teristics for 1—-3 (Figure 5) demonstrate that the mobile
carriers are holes and that the calculated linear mobilities,

Table 1. Lattice Parameters, In-Plane Unit-Cell Area, Interlayer Spacing,

Fritz et al.
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Figure 5. Overlapping transfer curves for materidls3. Trace and retrace

characteristics are shown for each semiconductor.
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Figure 6. (A) Arrhenius plot of mobility vs temperature and (B) activation
energy,Ea, plotted vsVg — Vg for a TFT with a film of 3.

tin = 0.05+ 0.01, 0.04+ 0.01, 0.06+ 0.01 cn#/Vs for 1,

2, and3, respectively, are nearly identical. These values are
comparable to those reported previously3&trand roughly
2 orders of magnitude lower than that of pentacene, a current
benchmark for organic TFTs. Thglos ratios, however,
ranged from 1x 1 to 1 x 1C%, which are exceptionally

Molecular Length, Molecular Tilt, Unit-Cell Volume, and Density for

Oligothiophenes 13

molecule  a(A) b (A) y area (&) doo1 (A) molecular length (A) molecular tilt (deg)  V (A3) D (g/cn®)
1 5.70 7.74 90 44.1 28.0+£ 0.1 27.14 0 1235 1.37
2 571 7.78 90 44.4 29.5+ 0.3 31.12 18.6 1311 1.43
3 5.61 7.81 90 43.8 37.7£ 0.6 42.55 27.6 1652 1.31
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high for organic TFTs and are much improved in comparison
to values reported foB.3* Related molecules without the
added phenyl group present in compouBadsd3 have been
reported to have comparable mobilities but undesirably low
lon/loff ratios®64 This implies that the addition of the
alkylphenyl groups il—3 increased th&,/l ratio. Perhaps
this is due to the electron withdrawing character of the
alkylphenyl groups which slightly raises the oxidation

Chem. Mater., Vol. 19, No. 6, 2661

stres& by repeating the electrical measurements using a
periodically pulsed/y.®6 This reduced some of the hysteresis,
indicating that some of the trapping was due to bias stress.
The remaining hysteresis was removed when the devices
were tested in light, indicating that deep traps were present
in the film.

Conclusion

potential of the thiophene core, making the material some- Thin films of a series of alkylphenyl-substituted quater-
what less susceptible to air oxidation and thereby lowering thiophenes displayed reasonable mobilities and exceptional
loff, @ point noted earlier by Marks and colleagéedt. is lolof ratios, rendering them useful for applications in
also interesting that oligothiophenes end-substituted with OTFTs. Structural characterization revealed increasing in-
perfluoroalkylphenyl groups have been shown to exhibit terlayer spacings consistent with molecular lengths and

n-channel conductivity in TFTs, consistent with further
lowering of the HOMO and LUMO levels due to the
additional electron withdrawing effects of fluorife.

implying an increase in molecular tilt. In-plane unit-cell areas
were nearly identical fol—3, indicating similar molecular
packing. This was corroborated by the nearly identical carrier

To evaluate the role of traps in the transport properties of mobilities measured in TFTs d~3. Thermal analysis and

films of 1—3, the electrical characteristics of TFTs were
evaluated from 80 to 295K. Mobility 08 increased with

temperature, and an activation energy of 55 meV was

extracted from an Arrhenius plot (Figure 6A). It was also
instructive to determine the variation En over values of
Vs in the linear region (highVg). A range inEa of ~20
meV over 20 V (in Vg) was observed, suggesting a
distribution of trap energies (Figure 6B). Filmséxhibited
hysteresis for temperatures less than 2@80and films of1

XRD of numerous film samples provided insight to impuri-
ties and process variability present in the source materials.
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