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ment effect at the higher energy side more easily than quan-
tum wires, we expect the SiNTs to be more useful for future
optoelectronic devices.

Experimental

Porous alumina templates were prepared by an anodization process. An alu-
minum foil (99.99 %, 0.13 mm thick, Aldrich) was electropolished in a perchlo-
ric acid/ethanol solution (ethanol (95 vol.-% )/perchloric acid (70 vol.-%) =5:1)
at 9°C at a constant dc (direct current) voltage of 18 V for 1.5 min. This
cleaned aluminum sheet was then anodized in a 0.3 M oxalic acid solution at
5°C at a constant applied voltage of 40 V for 6 h. The resultant aluminum oxide
layer was removed by dipping into an aqueous mixture of phosphoric acid
(6 wt.-%) and chromic acid (1.8 wt.-%) at 60 °C. The second anodization was
performed for 20 min at the same conditions in order to form a regular pore ar-
ray of hexagons. After pore widening by dipping into an aqueous solution of
0.1 M phosphoric acid for 10 min, we performed heat treatment to enhance the
crystallinity of the alumina templates at 500 °C for 30 min under Ar atmo-
sphere. A regular array of hexagonal porous alumina was formed on both sur-
faces of aluminum film. This template was brought into the MBE chamber to
grow SiNTs, where the chamber was evacuated to a pressure of 5x 107 torr.
The Si atoms/clusters were supplied for 10 min by electron-beam evaporator
with a growth rate of 0.07 As™. The substrate temperature was maintained at
400 °C in order to prevent the aluminum layer from being melted. After growth,
the sample was further heat treated at 600 °C or 750 °C under ambient condi-
tions for oxidation.

The morphology of the SiNTs was observed by the field-emission scanning
electron microscope (FESEM, JEOL-JSM6770F). High-resolution transmission
electron microscopy (HRTEM, JEOL-JEM3011, 300 keV) was also used to de-
termine the atomic details of the SiNTs. For HRTEM observations, small pieces
of SiNTs were peeled off from the alumina surface and suspended, followed by
further dispersion in isopropanol simply by stirring and sonication. The solvent
containing the SiNTs was dropped on a holey carbon micro-grid. The photolu-
minescence (PL) spectra were measured with a He-Cd laser (325 nm). The la-
ser beam diameter was about 0.3 mm with a power of 10 mW.
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Strongly Polarized and Efficient Blue Organic
Light-Emitting Diodes Using Monodisperse
Glassy Nematic Oligo(fluorene)s**
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Conjugated polymers have been intensively explored for
electronics, photonics, and optics over the past two decades by
taking advantage of the diverse structures and properties
made available through molecular design and synthesis.[” A
variety of device concepts have been demonstrated, such as
organic light-emitting diodes (OLEDs),?! organic lasers,”!
thin film transistors,[4] photoconductors,[S] and nonlinear opti-
cal devices.®! Polymers that can be spin-cast into large-area
thin films represent a material class complementary to low
molecular mass materials that can be vacuum deposited!”! for
LEDs. Recent studies have unraveled how photophysical
properties of conjugated polymer films can be affected by
interchain interactions and nanoscale morphology that are
kinetically locked-in during the spin-coating process,[S] caus-
ing temporal instability of emission spectra because of
ni-stacking. To a large extent, this problem has been overcome
by incorporating spiro-configuration, dendritic substitution,
exciton migration, or end-capping into the molecular struc-
ture.[>1%) Potentially useful as an efficient light source for
liquid crystal displays, linear™®™* as well as cross-linked!*>*!
nematic poly(fluorene) s have been actively pursued for polar-
ized electroluminescence (EL). The uniaxial alignment of the
conjugated backbones, which is imperative to polarized light
emission, has been accomplished by thermally annealing a
poly(fluorene) film on a conductive alignment layer. The re-
quired annealing temperature and time increase to 200 °C and
a few hours, respectively, with an increasing molecular weight.
For the preparation of a conductive alignment layer, varied
approaches have been attempted, such as uniaxially rubbing a
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spin-cast polyimide film with or without a
hole conductor as a dopant,'*">!! poly(p-
phenylenevinylene),!'*! or a complex con-
sisting of poly(3,4-ethylenedioxythiophene)
and polystyrene sulfonic acid, PEDOT/
PSSl A non-contact photoalignment
layer doped with a hole conductor appears
to be an attractive alternative.'>!*) An ad-
vantage of the PEDOT/PSS approach is the
prevention of phase separation encoun-
tered with doped alignment layers."® Effi-
cient unpolarized polymer light-emitting
diodes have also been constructed with
PEDOT/PSS as a hole injection and trans-
port layer.[19]

As a class of photonic materials, mono-
disperse conjugated oligomers are charac-
terized by a relatively short and uniform
chain length, solubility and chemical purity,
and ease of processing[zo] with a potential
for spontaneous uniaxial alignment mediat-
ed by nematic mesomorphism. Few existing
conjugated oligomers are capable of forming glassy nematic
films for polarized light emission with the exception of prop-
erly functionalized oligo(fluorene)s.”!! The potential of this
material class has also been substantially enhanced with ele-
vated glass transition and clearing temperatures while avoid-
ing spontaneous crystallization normally encountered with
low molecular mass organic materials. Here, we report the
first polarized OLEDs using monodisperse oligo(fluorene)s
on a PEDOT/PSS conductive alignment layer. These devices
exhibit deep blue emission with a peak dichroic ratio of up to
31.2, an integrated dichroic ratio of up to 24.6, and a lumi-
nance yield of up to 1.10 cd A™! without polarization analysis,
representing the best set of performance data reported to
date.

In a recent paper, we have reported a series of monodisperse
oligo(fluorene)s with the objective of identifying structural
parameters conducive to the formation of monodomain glassy
nematic films via spin-coating on a polyimide alignment
layer.”!! It was found that the oligomer’s chain length, pendant
structure, and molecular aspect ratio affect thermotropic prop-
erties, phase transition temperatures, glass-forming ability, and
absorption and photoluminescence dichroic ratios. Three
promising oligo(fluorene)s were selected for an exploration of
polarized OLEDs, viz. penta[9,9-bis(2-methylbutyl)fluorene]
(F(MB)5), 2,7-bis[9,9-bis(2-methylbutyl)-9",9",9”,9”-tetrakis(n-
propyl)-7,2";7’ 2”-terfluoren-2-yl1]-9,9-bis(n-propyl)fluorene
(F(Pr)SF(MB)2), and 2,7’-bis[9,9-bis(2-ethylhexyl)-9",9",-9”,9” -
9”7,9”,9”” 9””-octakis(2-methylbutyl)-7,2";7" 2”7”7 27" 2" penta-
fluoren-2-y1]-9,9,9’,9’-tetrakis(2-methylbutyl)-7,2’-bifluorene
(F(MB)10F(EH)2), as depicted in Figure 1, where the pen-
dant structures have been optimized with respect to the chain
length to realize glassy nematic films.

Shown in Figure 2 are the differential scanning calorimetry
(DSC) thermograms at a heating/cooling rate of +20°C min™'
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Fig. 1. Molecular structures with abbreviations of the three oligo(fluorene)s used in the present study.
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Fig. 2. The DSC heating and cooling thermograms at +20°Cmin~" of samples
preheated to 350°C without thermal decomposition followed by cooling at
—20°Cmin™" to =30 °C. Symbols: G, glassy; N, nematic; I, isotropic.

of samples that had been preheated to 350 °C without thermal
decomposition followed by cooling to —30°C, revealing an
absence of crystalline melting or crystallization as corrobo-
rated by hot-stage polarizing optical microscopy. While
F(Pr)SF(MB)2 was found to be thermally stable up to 380 °C,
F(MB)10F(EH)2 showed nematic mesomorphism up to
360 °C where thermal decomposition occurred. It is evident
that a longer conjugated backbone contributes to a higher
nematic-to-isotropic transition temperature, 7¢, and a broader
nematic fluid temperature range. The glass transition temper-
ature, T, increases from F(MB)5, a pentamer, to
F(Pr)SF(MB)2, an heptamer, but it is depressed by the bulky
2-ethylhexyl pendant to F(MB)10F(EH)2, a dodecamer, rela-
tive to F(Pr)SF(MB)2. The elevated T, and T, exhibited by
all three oligo(fluorene)s are desirable for device application.

Neat oligo(fluorene) films were prepared by spin-coating
from a UV-grade chloroform solution onto fused silica
substrates with a buffed PEDOT/PSS conductive alignment
layer. Upon drying under vacuum at room temperature, the oli-
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go(fluorene) film was annealed at 10 °C above its T, for a period
of 30-60 min, followed by cooling to room temperature at
5°Cmin”' in most cases to arrive at monodomain films. Suffi-
cient annealing time was allowed to reach an asymptotic value
in orientational order parameter, S,p=(R.,—1)/(Rap+2), in
which the dichroic ratio, R,, = A|/A_L, is the absorbance parallel
over that perpendicular to the nematic director, as defined by
the buffing direction on the PEDOT/PSS alignment layer. In
general, a longer annealing time was required for a longer oli-
go(fluorene) or a thicker film. The monodomain character of
the resultant glassy nematic films was ascertained by i) polariz-
ing optical microscopy to be textureless but optically anisotrop-
ic, and ii) electron diffractometry to be non-crystalline (see the
inset in Fig. 3a). The thickness of the conductive alignment layer
and that of the oligo(fluorene) film were measured by variable
angle spectroscopic ellipsometry following literature proce-
dures/”” As shown in Figure 3a for a 73 nm thick
FMB)10F(EH)2 film, S,,=0.82 emerged from UV-vis linear
dichroism, indicating a high degree of uniaxial alignment. Polar-
ized photoluminescence of the same film is also presented in
Figure 3a in terms of the emission intensity parallel (PL;) and
perpendicular (PL, ) to the nematic director. The photolumines-
cence dichroic ratio, Rpy = PL)/PL,, was evaluated at 20.3 and
15.5 at 424 and 448 nm, respectively.

For the construction of the polarized OLEDs, indium tin
oxide (ITO) coated glass substrates were treated with an oxy-
gen plasma before applying a PEDOT/PSS conductive align-
ment layer followed by an oligo(fluorene) film, both by spin-
coating. After the oligo(fluorene) layer was annealed as
described above, the following layers were vacuum-deposited
sequentially: 1,3,5-tri(phenyl-2-benzimidazolyl)benzene, TPBI,
as the electron-transport layer which also blocks holes and exci-
tons; lithium fluoride as the electron injection layer;*! and mag-
nesium/silver (20:1) as the cathode. The structure of the result-
ing OLED is depicted as the inset in Figure 3b. The
oligo(fluorene) structure and its thickness were varied to permit
an investigation of their effects on device performance. The
polarized EL spectra at a current density of 20 mA cm ™ are dis-
played in Figure 3b in terms of the emission intensity parallel
(ELy) and perpendicular (EL,) to the nematic director for a
35 nm thick F(MB)10F(EH)2 film. A comparison of Fig-
ures 3a,b reveals that the normalized photo- and electrolumi-
nescence spectra are nearly identical except the dichroic ratio.
The EL dichroic ratio, Rgr. = EL)/EL, was evaluated at 27.1 and
31.2 at 424 and 448 nm, respectively. The observed Rgr values
were found to be independent of current density. Across the EL
spectral range from 400 to 600 nm, the ratio of the integrated
ELjto EL, (i.e., the integrated dichroic ratio) was evaluated at
24.6 with a luminance yield of 1.07 cd A" measured without
_polarization analysis. The deep blue emission from this device
is indicated by the Commission Internationale de L’Eclairage
(CIE) coordinates (0.159, 0.062). The relationships between
_current density, applied voltage, and luminance, as shown
for F(MB)10F(EH)2 in Figure 3c, indicate a turn-on voltage
which decreases with a decreasing film thickness (less than 5 V
in both cases). Moreover, at 20 mA cm™ the 35 and 73 nm film
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Fig. 3.a) Linearly polarized absorption and photoluminescence (with unpolar-
ized excitation at 370 nm) spectra of an OLED containing a 73 nm thick
F(MB)10F(EH)2 film, with an inset showing the electron diffraction pattern;
b) device structure and the polarized EL spectra for an OLED containing a
35 nm thick F(MB)10F(EH)2 film at a current density of 20 mA cm™?, and
c) current density—applied voltage-luminance relationships for OLEDs con-
taining a 35 and 73 nm thick F(MB)10F(EH)2 films.

showed a luminance of 214 and 220 cdm™ at 6.2 and 9.5V,
respectively.

The device features and performance data at 20 mA cm™
for all the OLEDs prepared for the present study are com-
piled in Table 1. Within the F(MB)10F(EH)2 series, the high-
er degree of uniaxial alignment achieved with the thinner
films is manifested in the higher S,, and Rg; values. This is
probably due to the stronger surface anchoring provided by
the buffed PEDOT/PSS conductive alignment layer. The driv-
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Table 1. OLED device features and performance data at a current density of 20 mA cm™.

Device [a] Annealing time Thickness [b]  Saps[c]  Voltage Yield Rgy [d] R CIE
[min] [nm] [V] [cd/A] Ay A>  integrated (x,y)
Dodecamer, F(MB)10F(EH)2
A 60 73 0.82 9.5 1.10 173 154 14.4 (0.159,0.079)
B 60 48 0.84 6.4 0.97 133 194 153 (0.156,0.070)
C 30 35 0.88 6.2 1.07 271 312 246  (0.159,0.062)
Heptamer, F(Pr)SF(MB)2
D 30 70 0.80 72 0.98 147 105 11.7  (0.157,0.085)
Pentamer, F(MB)5
E 30 68 0.75 9.7 0.48 11.8 95 8.6 (0.159,0.091)

[a] Experimental uncertainties assessed with 5 sets of device A are as follows: film thickness, +5 nm; orientational order
parameter, £0.01; drive voltage, £0.2 V; yield, £0.07 cd/A; emission peak dichroic ratios, £0.7; integrated dichroic ratio,
+0.5; CIE coordinates, £0.002. [b] Determined by variable angle spectroscopic ellipsometry. [c] Orientational order pa-
rameter determined from UV-vis linear dichroism. [d] Emission peak maxima at 1, =424 and 4, =448 nm, dodecamer;
A1=420 and A, =448 nm, heptamer; and 4, =412 and 1, =444 nm, pentamer. [e] The EL spectra were integrated from 400

to 600 nm.

ing voltage decreases with a decreasing film thickness as ex-
pected, while the luminance yield remains constant within ex-
perimental uncertainties. With a comparable film thickness in
devices A, D, and E (i.e., 73, 70, and 68 nm, respectively),
both S,, and Rgp values decrease with a decreasing chain
length, consistent with the notion that the degree of uniaxial
alignment is determined by molecular aspect ratio. Note that
Sap values of 0.82, 0.80, and 0.75 correspond to R, values of
14.7, 13.0, and 10.0, a trend consistent with the Rg;. values re-
ported in Table 1. The lower driving voltage in device D in
comparison to A and E might have arisen from the higher
charge carrier mobility through the heptafluorene film be-
cause of the less bulky pendant group. The lower efficiency
observed for the pentamer device than the heptamer and do-
decamer devices is likely due to a higher barrier to charge car-
rier injection. Of the five OLEDs presented in Table 1, the 35
and 48 nm thick films show a greater Rg; value at the lower
energy emission peak than that at the higher energy peak, a
trend opposite to that of the three thicker films. The CIE co-
ordinates of all five OLEDs are closer to the National Televi-
sion System Committee standard blue, viz. (0.14, 0.08), than
previously reported polarized OLEDs using poly(fluor-
ene)s.'"3) Moreover, a luminance yield up to 1.10 cd A™, an
emission peak dichroic ratio up to 31.2, and an integrated di-
chroic ratio up to 24.6 are all superior to prior reports using
poly(fluorene)s. This set of performance data in a single de-
vice compares favorably with those achieved independently
using poly(fluorene)s, such as an emission peak dichroic ratio
of 25,[14] an integrated dichroic ratio of 21,[10] and a luminance
yield of 0.66 cd A™ with CIE coordinates of (0.17, 0.12).11"!
To elucidate the role played by the electron transport layer,
an OLED with the configuration ITO/PEDOT/oligofluorene/
LiF/Ca/Al1?4 containing a 50 nm thick F(MB)10F(EH)2 layer,
was fabricated for comparison. This device showed a lumi-
nance yield of 0.18 cd A™, demonstrating the importance of
TPBI for electron injection and carrier confinement in the
emitting layer to achieve a high efficiency. To investigate the
effects of molecular order on device performance, OLEDs

Adv. Mater. 2003, 15, No. 14, July 17 http://www.advmat.de

equivalent to those reported in Table 1 were prepared without
thermally annealing the oligofluorene films. The CIE coordi-
nates and luminance yields of the essentially isotropic OLEDs
were found to be similar to those observed for the aligned de-
vices (see Table 1). This is in sharp contrast to poly(fluorene)
based polarized OLEDs, in which thermal annealing often
causes color instability with a diminished efficiency.!'*!3®]

In summary, monodisperse glassy nematic oligo(fluorene)s
were successfully employed for the fabrication of strongly
polarized and efficient, deep blue OLEDs. The requisite uni-
axial molecular alignment was accomplished by spin-casting
oligo(fluorene)s onto a PEDOT/PSS conductive alignment
layer with subsequent thermal annealing under relatively mild
conditions. Superior chemical purity and ease of material pro-
cessing into monodomain films resulted in the highest EL di-
chroic ratio ever observed in polarized OLEDs. Furthermore,
the polarized OLEDs based on monodisperse oligo(fluor-
ene)s showed a deeper blue emission with a higher luminance
yield than those prepared with poly(fluorene)s. At roughly
the same film thickness, the EL dichroic ratio increases with
an increasing chain length because of the higher degree of
uniaxial molecular alignment. For a given oligo(fluorene)
sample, the thinner the film, the higher the EL dichroic ratio
because of the stronger surface anchoring furnished by the
conductive alignment layer. The EL dichroic ratio increases
with a decreasing film thickness in the case of dodecafluorene
with largely the same luminance yield.

Experimental

Procedures for the synthesis and purification of the oligo(fluorene)s used in
this study have been reported elsewhere [21]. Thermotropic properties were
characterized by differential scanning calorimetry (Perkin-Elmer DSC-7) in
conjunction with hot-stage polarizing optical microscopy (DMLM, Leica, FP90
central processor and F82 hot stage, Mettler Toledo). Films for electron diffrac-
tion (JEM 2000 EX, JEOL USA) were spin-cast on single crystalline sodium
chloride substrates and then floated off in a trough filled with deionized water
for mounting onto copper grids. As a conductive alignment layer, an aqueous
dispersion of PEDOT/PSS (Baytron P VP AI 4083, Bayer) was spin-coated at
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2500 rpm followed by drying at 120 °C for 30 min under argon before uniaxial
buffing was performed. Oligo(fluorene) films were prepared by spin-coating
from 0.25-0.80 wt.-%, UV-grade chloroform solutions at 4000 rpm to arrive at
a varying film thickness after thermal annealing at 10 °C above T, under argon.
After consecutive depositions of TPBI and LiF at 0.4 and 0.1 nm s\, the cath-
ode was applied by co-depositing magnesium and silver at 1.00 and 0.05 nms™,
respectively. Sublimation of all materials was conducted at a vacuum level of
107 torr or higher. After encapsulation in a dry nitrogen glove box, the OLEDs
were characterized using a Keithley 2400 source/measure unit and a PhotoRe-
search PR650 spectroradiometer capable of polarization analysis. A UV-vis-
NIR spectrophotometer (Lambda-900, Perkin-Elmer) with a linear polarizer
(H’NPB, Polaroid) was used to characterize linear dichroism. Photolumines-
cence was characterized using a spectrofluorimeter (Quanta Master C-60SE,
Photon Technology International) with a liquid light guide directing unpolar-
ized excitation at 370 nm onto the sample film at normal incidence. Polarization
analysis of both photo- and electroluminescence was performed using a pair of
linear polarizers.
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Deformation of Nanoscopic Polymer Structures
in Response to Well-Defined Capillary Forces**

By Mark P. Stoykovich, Heidi B. Cao, Kenji Yoshimoto,
Leonidas E. Ocola, and Paul F. Nealey*

The mechanical properties of materials in micro- and nano-
scopic systems are of critical importance in the processing,
design, and application of microelectronic devices, microelec-
tromechanical systems (MEMS), and nanoelectromechanical
systems (NEMS). Few methods, however, are available to
measure mechanical properties at the nanoscale. Nanoinden-
tation,!!! lateral force microscopy,””’ dynamic atomic force mi-
croscopy (AFM),?! frictional force microscopy (FFM),!* and
interfacial force microscopy (IFM)®! have been used to deter-
mine the out-of-plane mechanical and adhesion properties of
films and microscopic (but not nanoscopic) two- and three-di-
mensional (2D, 3D) structures. Quantitative measurements on
nanoscopic features using such tools may be precluded by the
size of the microprobe tips (usually greater than 50 nm in
diameter) and coupling of the mechanical properties to the
sampling volume,’*®! tip-sample interactions, and the rate of
energy dissipation.'®*! Consequently the application of
nanoindentation, AFM, FFM, and IFM mechanical tests on
sub-100 nm 2D and 3D structures is difficult. In recent years,
on-wafer measurement techniques have been applied to the
determination of the biaxial modulus, Young’s modulus, Pois-
son ratio, and coefficient of thermal expansion of thin films,"]
but less progress has been made regarding the mechanical
properties of 2D or 3D nanoscale features.®! In this paper, we
report on the design and implementation of test structures in
which well-defined capillary forces act on micro- and nano-
scopic polymer beams. We demonstrate that the deformation
of the beams can be quantified with respect to the initial ap-
plied forces. In addition, we present strategies for using the
test structures in combinatorial arrays to investigate the beam
properties in a high-throughput and statistically robust man-
ner. We anticipate that, with the development of appropriate
patterning techniques and deformation models, the test struc-
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