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A heptafluorene, F(Pr)5F(MB)2, a dodecafluorene, F(MB)10F(EH)2, and polyd&etylfluorene),
PFO, were used to prepare field-effect transistors. Monodomain and polydomain glassy-nematic films as
well as glassy-amorphous films were prepared for the measurement of hole mobility. In a monodomain
film, the w, value is determined by the chain length in oligofluorene and the persistence length in
polyfluorene. Mobility in a polydomain film lies between andup of a monodomain film. Amorphous
films possess the lowest mobility of all presumably because of the geometric and energetic disorder. The
OFET containing a monodomain glassy-nematic film of F(MB)10F(EH)2 exhibits a field-effect mobility
of 0.012 cnd/Vs with an on/off current ratio of 1.& 10%, a substantial improvement over a monodomain
glassy-nematic film of PFO.

Introduction stable against recrystallization when left at room temperature
for over two years. The ability to resist crystallization from
the glassy-nematic state is essential to the prevention of
device failure. In the absence of chain entanglements, bends,
or kinks, all acting as charge traps, monodisperse oligofluo-
renes are expected to yield a high charge carrier mobility.
From a device perspective, a highly anisotropic mobility
suppresses cross-talk in logic circuits and pixel switching
elements in displays.

There has been a recent surge of interest in organic semi-
conductors with high carrier mobility in the broad context
of organic electronics through ordering at the molecular level,
as in single-crystalliné]*8polycrystalline}®-24 and vitrified
pquid-crystalline films25-2° Although mobility exceeding that
of amorphous silicon has been achieved, difficulties with film

Since the late 1980s-conjugated polymers have been
actively pursued for photonics and electronics, such as field-
effect transistors (FET$);? light-emitting diodes;> solar
cells® and solid-state lasefsTypically purified by precipita-
tion, conjugated polymers are characterized by a distribution
in chain length and chemical composition. In contrast,
monodisperse conjugated oligomers are structurally uniform
with superior chemical purity accomplished by recrystalli-
zation or column chromatograpfy*? For instance, mono-
disperse oligofluorenes are capable of self-organization into
uniaxially aligned, defect-free films for the realization of
strongly polarized and highly efficient organic electrolumi-
nescence at a performance level consistently better than tha
of polymer analogue® 16 Furthermore, spin-cast glassy-
nematic films comprising monodisperse oligofluorenes are (13) Whitehead, K. S.; Grell, M.; Bradley, D. D. C.; Inbasekaran, M.; Woo,

E. P.Synth. Met200Q 111-112, 181.
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Figure 1. (a) Molecular structures of the organic semiconductors. (b) Schematic diagram of the organic field-effect transistors used in this study.

processing, reproducibility, and air stability remain to be °C for 1 h toachieve full imidization. The resultant polyimide (PI)

overcome. Single-crystalline films are limited to a small area. film with thickness of 400 nm was uniaxially rubbed with a velvet

Polycrystalline films can be prepared across a large area,cloth. Atomic force microscopy (AFM, Nanopics1000, Seiko

but mobility varies with chemical impurities, crystal grain instruments Inc.) images revealed that the rubbed PI surface had a
; ; o t-mean-square roughness (RMS) of 5.40 nm. Films with a

size, crystallographic defects, and the orientation and order'°° _

of 7-stacks. Thermotropic poly(9:@ioctylfluorene), PFO, thickness ranging from 40 to 60 nm of F(Pr)5F(MB)2, F(MB)10F-

. S (EH)2, and PFO, as depicted in Figure 1a, were prepared by spin-
and poly(9,8-dioctyl-fluoreneeo-bithiophene), F8T2, have coating from 0.5 wt % solutions in chloroform at a spin rate of

been attempted to address the issue of processability into; 500 pm, The surface of spin-coated PFO film on the rubbed P!
large-area films without grain boundar®s?’ The present  had RMS of 4.05 nm. The synthesis and purification of oligofluo-
study takes advantage of molecular self-assembly of mono-renes were as described previou$hand PFO with a weight-
disperse oligofluorenes for the preparation of FETS. Glassy average molecular weight of 140 000 g/mol and a polydispersity
nematic oligofluorenes have been explored for two reasons:factor of 1.9 was used as received from American Dye Source,
the molecular order prevailing in the liquid crystal state can Inc. On the basis of heating scans of differential scanning
be frozen into the solid state by cooling across the glass calorimetry, F(Pr)5SF(MB)2 has a glass transition temperaflye,

transition temperature, and monodomain glassy liquid-crystal :géfg’clz ("’"\;‘g)ionlze(rgzt)ig'ao'isg_troﬁ’iizt;f’(‘:smo: timé)erat%%;;ts
films can be readily prepared across a large area. Further- ; asdga andalc beyon
Y prep 9 °C; and PFO has &, at 75°C and aT. at 285°C. The organic

more, a stronge-orbital interaction prevails in monodisperse . S ; .

. . . semiconducting films were aligned by thermal annealing under N
ollgofIL_Jorene fllm_s, as evidenced by the pronounced hyp(_)- atmosphere at 160, 140, and 220 for F(Pr)5F(MB)2, F(MB)-
chromism (see Figure 4a of ref 10). Hence, monodomain 1or(EH)2, and PFO, respectively, over a period/ph followed
glassy-nematic films of oligofluorenes have the intrinsic merit by guenching to room temperature. Note that thermal annealing
of interchains-orbital interaction without grain boundaries.  was performed at a temperature slightly ab®yéor oligofluorenes,
Here we report on the hole mobility in monodomain and and substantially abovE, for polyfluorene because of its relatively
polydomain glassy-nematic films, as well as glassy- high melt viscosity. The resultant monodomain glassy-nematic films
amorphous films comprising monodisperse oligofluorenes were characterized by UWis—NIR spectrophotometry (UV-3150,
and poly(9,9-dioctylfluorene), to investigate the effects on Shimazu) for the determination of orientational order parameter.
mobility of the oligomer’s chain length, the polymer’'s OFETs were fabricated on rubbed and unrubbed PI with a top
persistence length, and the film morphology. gate geometry shown in Figure 1b. The 40-nm-thick gold source-
drain electrodes with an interdigitated configuration were deposited
through a shadow mask. The channel lengtiind widthW were
75 um and 5 mm, respectively. Films of F(Pr)5F(MB)2, F(MB)-

Clean glass substrates were spin-coated with a polyamic acid 10F(EH)2, and PFO were formed by spin-coating. Monodomain
precursor solution (Nissan SUNEVER150) and then baked at 280 glassy-nematic films were prepared following the same procedure

as described above. On unrubbed PI, polydomain glassy-nematic
(25) Redecker, M.; Bradley, D. D. C.; Inbasekaran, M.; Woo, EABpI. and glassy-amorphous films emerged with and without thermal
26 FSTr}r/isn.glF\(;tLtégag' <N4,“31;1r(])0iq 1. Friend. R H. Inbasekaran. M. W anlnea:]ilng, respleclztivel)(/aOn top of thekorganic sergi)condu(;:ting filrr:js,
! o H Ry » ™ H » ML WU, poly-chlorop-xylylene (diX-C, Daisankasei Co. Ltd.) was deposite
\7,\4""\(\0/8_0’ E.P. Grell, M., Bradiey, D. D. GAppl. Phys. Leti2000 by CVD with a thickness ranging from 500 to 800 nm to serve as
(27) Heeney, M.; Bailey, C.; Giles, M.; Shkunov, M.; Sparrowe, D.; a gate insulator for OFET8:3! The dielectric capacitance of the
Tierney, S.; Zhang, W.; McCulloch, Macromolecule2004 37, 5250.
(28) O'Neill, M.; Kelly, S. M.; Adv. Mater. 2003 15, 1135.
(29) McCulloch, I.; Zhang, W.; Heeney, M.; Bailey, C.; Giles, M.; Graham, (30) Yasuda, T.; Fujita, K.; Nakashima, H.; TsutsuiJpn. J. Appl. Phys.,

D.; Shkunov, M.; Sparrowe, D.; Tierney, $. Mater. Chem2003 Part 1 2003 42, 6614.
13, 2436. (31) Yasuda, T.; Fujita, K.; Tsutsui, Proc. SPIE2003 5217, 202.
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polydomain nematic film contains fine threaded textures (b),
and a monodomain nematic film is devoid of disclinations
(c). Anisotropic absorption spectra are compiled in Figure 3
for monodomain glassy-nematic films consisting of (a) F(Pr)-
5F(MB)2, (b) F(MB)10F(EH)2, and (c) PFO. The absorption
dichroic ratioRysis defined ag\/An, the absorbance parallel
over that perpendicular to the nematic director as defined
by the rubbing direction on the polyimide alignment layer.

S0 um The values of the orientational order parame®afs= (Raps
S — 1)/(Raps + 2), are also included in Figure 3. Note the
marginal increase in the orientational order parameter from
heptafluorene (0.77) to dodecafluorene (0.79), but the
substantial decrease to PFO (0.66), indicating a relative ease
of aligning oligomers under the processing conditions stated
in the Experimental Section. In contrast, vanishtagvalues
were observed for polydomain glassy-nematic and glassy-
amorphous films of all three materials.

Shown in Figure 4a are the source-drain curreqtitage
(Io—Vp) relationships for &/ from 0 to—70 V for an OFET
comprising a monodomain F(MB)10F(EH)2 film on a PI
layer rubbed parallel to the direction of current flow. Above
the threshold voltage, the field-effect mobility can be
calculated from the slope of the linear portion|pfs.{*/? as
a function ofVs. From the plot in Figure 4b, a field-effect
mobility of 0.012 cnd/Vs emerged with a threshold voltage
of —43 V and an on/off ratio of 1.& 10% In the same device
structure, a monodomain glassy-nematic film of PFO yielded
a mobility of 5.8 x 102 with an on/off ratio of 7.4x 10°.

The HOMO energy levels of F(MB)10F(EH)2 and PFO were
found to be 5.9 and 5.8 eV, respectively, indicating little
difference in hole injection barrier from Au (5.1 eV). A
simulation of OFETs has shown that a large injection barrier
Figure 2. Polarizing optical micrographs of (a) a glassy-amorphous film; from source-drain electrodes to organic semiconductor causes
(b) a polydomain glassy-nematic film; and (c) a monodomain glassy-nematic a large decrease in field-effect mobili#y.In view of the

film of F(Pr)5F(MB)2 with a thickness ranging from 40 to 60 nm. nearly identical hole injection barrier, a higher field-effect
insulating layer per unit are@; ranged from 5.68 to 3.55 nF/ém moblllty of F(MB)_:LOF(EH)Z than that of PFO can be.
The OFETs were completed by depositing a gold gate electrode attributed to the_ dlfferencg of hole transport properties in
through a shadow mask to form a 5-mm-wide and 30-nm-thick these two materials. The linear plot lef versusVp, for the

line as a gate electrode. The film thickness was determined with a OFET comprising a glassy-amorphous F(MB)10F(EH)2 film
Sloan Dektak 3 profilometer in all cases. All the OFETs were for aVg from 0 to —70 V is presented Figure 5a. The plot
temporarily exposed to air prior to characterization by an Agilent in Figure 5b furnished a field-effect mobility of 1.6 10>

4156C precision semiconductor parameter analyzer in a vacuumcn?/Vs with a threshold voltage of-23 V and an on/off
atmosphere. The electric parameters were estimated using a standarghtio of 37.

analytic theory of MOSFET according to the following equation: Figure 6 shows the transfer characteristics (at a drain
e voltage of—100 V) of OFETs with channel parallel (open
|D,sat=I#(Ve_VT)2 circles) and perpendicular (open squares) to the nematic
director in a monodomain glassy-nematic film of F(MB)-
wherelp s4tis the saturation drain curren; is the threshold voltage, 10F(EH_)2' The characteristics of polydomain glassy-nematic
Vs is the gate voltage, andis the field-effect mobility. The highest ~ (OP€n triangles) and glassy-amorphous (crosses) F(MB)10F-
occupied molecular orbital (HOMO) energy levels were determined (EH)2 films are also shown. Itis clear that thermal annealing
by photoemission spectroscopy (AC-2, Rikenkeiki) using spin-cast led to a significant enhancement in the drain current. The

films on an indium-tin-oxide electrode. results on the field-effect mobility for all films of F(MB)-
10F(EH)2, F(Pr)5F(MB)2, and PFO are summarized in Table
Results and Discussion 1, wherew, andup represent mobility parallel and perpen-

dicular, respectively, to the nematic director in a monodomain
glassy-nematic film, and:, and u, represent that of a
polydomain glassy-nematic and a glassy-amorphous film,
respectively.

Polarizing optical micrographs of glassy-amorphous, poly-
domain glass-nematic, and monodomain glassy-nematic films
encountered in this work are illustrated with spin-cast films
of F(Pr)5F(MB)2 in Figure 2. An amorphous film appears
to be dark at all orientations of the rubbing direction (a), a (32) Bolognesi, A.; Di Carlo, A.; Lugli, PAppl. Phys. Lett2002 81, 4646.
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Figure 3. Polarized absorption spectra of-460-nm-thick monodomain glassy-nematic films parallglgnd perpendicularl{) to the rubbing direction.
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Figure 4. (a) Plots of thdp versusVp at variousVg values for the OFET Figure 5. (a) Plots of thdp versusVp at variousVg values for the OFET
consisting of a monodomain glassy-nematic F(MB)10F(EH)2 film. (b) Plots consisting of a glassy-amorphous film of F(MB)10F(EH)2. (b) Plots of the
of the Ip (left) and square root offy (right) versusVg at Vp = —100 V. Ip (left) and square root dfp (right) versusVg atVp = —100 V.

As shown in Table 1, the field-effect mobilities of w and how the aliphatic pendant structure affectsGrell,
monodomain glassy-nematic films are anisotropic, viz. charge et al. reported a persistence length of 8.5 nm for PFO in
transport parallel to the backbone orientation is greater thandilute solution®* For F(Pr)5F(MB)2 and F(MB)10F(EH)2,
that perpendicular. Anisotropic charge transport has also beerthe extended oligomer length was estimated by molecular
reported for a F8T2 film aligned by thermal anneatfhgr simulation (MM2, Alchemy) at 5.9 and 10.1 nm, respec-
a regioregular poly(3-dodecylthiophene), P3DDT, film aligned tively. It is anticipated that the longer the oligofluorene’s
by drawing method® The anisotropy factoru/un, was extended length, without incurring intrachain defects, or the
reported to be 58 for F8T2 and 8 for P3DDT. These values polyfluorene’s persistent length, the higher the value
are comparable to that of our experimental results. The because of the lesser number of interchain hops over the
anisotropy factor was evaluated at 6, 9, and 11 for F(MB)- same FET channel length. The observed trend,,ifr(MB)-
10F(EH)2, F(Pr)5F(MB)2, and PFO, respectively. This is 10F(EH)2> PFO> F(Pr)5F(MB)2, suggests that both hepta-
opposite to the trend iRy @ consequence of the interplay and dodecafluorenes are devoid of chain defects, thus
between two factors: how chain or persistence length affectsensuring the advantage of oligomers at a critical chain length.

(33) Nagamatsu, S.; Takashima, W.; Kaneto, K.; Yoshida, Y.; Tanigaki, (34) Grell, M.; Bradley, D. D. C.; Long, X.; Inbasekaran, M.; Woo, E. P;
N.; Yase, K.Appl. Phys. Lett2004 84, 4608. Soliman, M.Acta Polym.1998 49, 439.
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Table 1. Hole Mobility in OFETs Parallel (u) and Perpendicular () to the Rubbing Direction of Monodomain Glassy-Nematic Films, in
Polydomain Glassy-Nematic Films g.), and in Glassy-Amorphous Films fi,)

i Ux uo Ua
(cm?IVs) (cm?IVs) (cm?IVs) (cm?IVs)
F(MB)10F(EH)2 1.2+ 0.2x 102 51+0.3x 102 1.940.1x 103 15+ 0.3x 105
F(Pr)5F(MB)2 1.7+ 0.4x 1073 7.8+1.8x 104 194+ 0.1x 104 21+1.1x10°%
PFO 5.8+ 0.7 x 103 22+03x10°3 52+0.5x 104 3.3+ 05x 104
10 e F(MB)10F(EH)2, lead to the mobility enhancement in
Source-drain voltage (V) monodomain glassy-nematic films over glassy-amorphous
? =-100 3 films, wfua = 800, 81, and 18 for F(MB)10F(EH)2, F(Pr)-
= st 5F(MB)2, and PFO, respectively.
=
o 10
3 Summary
-% Field-effect transistors were fabricated using hepta- and
S 40° ] dodecafluorenes, F(Pr)5F(MB)2 and F(MB)10F(EH)2, and
g : E a polyfluorene. Hole mobilities were measured for devices
3 ] comprising monodomain and polydomain glassy-nematic
@ E films as well as glassy-amorphous films. Oligofluorenes were
10" L more readily aligned into monodomain films via thermal
0 20 40 -60 -80 annealing at a lower temperature, resulting in a higrg¢
Gate voltage (V) than polyfluorene. Glassy-amorphous films possess the

Figure G-d Transferlcharacteristi_cs‘d(b = )—%0? \ <;f2 a]rj_|OFET Cﬁér;;p(risigg lowest mobility of all because of the geometric and energetic
a monodomain glassy-nematic F(MB)10F(EH ilm paral an : o : _ :
perpendiculari{) to the rubbing direction, and those of OFETs comprising disorder. The mo,blllt)_/ of a monodomain glassy-nematic
a polydomain glassy-nematia) and a glassy-amorphous Y F(MB)10F- F(MB)10F(EH)2 film is enhanced over that of a glassy-
(EH)2 film. amorphous film by a factor of 800. In monodomain films,
o _ _ - they value is determined by the oligofluorene’s chain length
Above this critical chain length, there is sufficient overlap znd the polyfluorene’s persistence length. For F(MB)10F-
between neighboring chains to enable interchain hopping (EH)2, 4, was evaluated at 0.012 &ds with an on/off ratio
beyond intrachain charge transport. Nevertheless, the oligo-of 1.0 x 10¢. This mobility value is twice that of polyfluorene
mer length cannot be increased indefinitely without encoun- in the same device structure. It is concluded that monodis-
tering chain entanglemgr_n, bends, and kl_nks that. have aNperse glassy-nematic conjugated oligomers hold great po-
adverse effect on mobility. For lack of information on  tential for use in field-effect transistors because of their
intermolecular packing in the presence of disparate al'phat'csuperior chemical purity, structural uniformity and regularity,

pendant structures and on the roughness perpendicular to thgng ease of processing into uniaxially aligned defect-free
rubbing direction, it is impossible to offer an interpretation fjjms.

of the observed trend ing at this time.
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