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pressure of 2 mtorr. The sputtering power and the deposition time was fixed
as 100 W and 10 min, respectively.

Device Fabrication: The flexible OELD was prepared onto the PI substrate
with the ITO film (anode) grown at 150 °C by an rf magnetron sputtering meth-
od. The OELD prepared in the present study consisted of a typical organic dou-
ble-layer structure, having hole-transporting and electron-transporting/emitting
layers between two electrodes: PI (250 um)/ITO (120 nm)/HTL (40 nm)/
ET&EML (70 nm)/Al (150 nm) device. N,N’-diphenyl-N,N’-(3-methylphenyl)-
[1,1"-biphenyl]-4,4’-diamine (TPD) and tris(8-hydroxyquinolinato) aluminum
(Alqs) are used as HTL and ET/EML, respectively. The TPD, Alqs, and alumi-
num (Al) cathode layers were prepared by a thermal evaporation method in a
vacuum of ca. 107 torr, monitoring the film thickness in situ by a thickness
monitor (STM-100/MF, Sycon Instruments Co.)

Measurements: The sheet resistance measurements were performed using a
four-point probe. All sheet resistance values were determined as the average of
three measurements for each film. The optical transmission spectra were mea-
sured with an UV-vis-near IR spectrophotometer (Varian, CARY 5E). The scan
range and the rate of transmission measurement were 200-800 nm and
600 nmmin~, respectively. X-ray diffraction (XRD) was used to characterize
the crystal structure of the ITO films. The X-ray source used was CuKa radia-
tion (A =1.5406 nm). From the analysis of the diffraction pattern, the preferred
orientation and the average grain size of the ITO films were determined and
calculated. The surface morphology of the ITO films were measured over a 2 x
2 wm? scan area by atomic force microscopy (AFM) (Nanoscope IIIa, Digital
Instruments Co.). AFM was also used to estimate the thickness of the ITO,
TPD, Algs, and Al layers, in which the tapping mode with a 125 um long etched
Si probe was used to avoid damage of the organic film surfaces during the scan-
ning process. The current density-voltage-luminance (/-V-L) data was taken
using an electrometer (Keithley 6517) and a photomultiplier tube (Hamamatsu
Photonics Co.) along with a candela meter (BM-8, Topcon Instrument Co.).
The electroluminescent (EL) spectrum of the device was measured by a high-
sensitivity fiber optic spectrometer (52000, Ocean Optics Inc.) with a 2048-ele-
ment linear CCD-array silicon detector. Measurement of the /-V-L and the EL
spectrum data was performed in a dark chamber under air at ambient condi-
tions without charging inert gases.
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Directed Colloidal Assembly of 3D Periodic
Structures™**

By James E. Smay, Gregory M. Gratson, Robert F. Shepherd,
Joseph Cesarano 111, and Jennifer A. Lewis*

Three-dimensional periodic structures fabricated from col-
loidal “building blocks” may find widespread technological
application as advanced ceramics,!! sensors,?! composites,m
tissue engineering scaffolds, and photonic[S] materials. Sever-
al strategies have recently been developed for precisely posi-
tioning colloidal particles in both two-! and three-dimen-
sional”! (2D/3D) arrays. These approaches commonly rely on
first creating patterned substrates via photolithography!®s’?
or microcontact printing (wCP).%**"° Such surfaces direct
colloidal assembly either epitaxially, i.e., as particles pack into
cavities, or through electrostatic interactions between oppo-
sitely charged particles and patterned features (e.g., self-as-
sembled monolayers or polyelectrolyte species) on the sub-
strate surface. Of these, only colloidal epitaxy has been used
to guide the assembly of 3D periodic structures, which consist
of colloidal crystals with a lattice constant on the order of the
colloidal dimensions.”! Many targeted applications,'™! how-
ever, require periodicity at length scales far exceeding colloi-
dal dimensions with lattice constant(s) ranging from several
micrometers to millimeters.

Direct-write techniques,®% such as robocasting,””’ ink jet
printing,'® hot-melt printing,'”! and micropen writing!'*!
involve assembly via a layer-by-layer deposition of colloidal-
based inks. Such techniques offer a powerful alternative for
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producing complex 3D structures, including space-filling sol-
ids and structures with high aspect ratio walls or spanning (un-
supported) elements. The latter structure, which exhibits the
desired 3D periodicity, places the most stringent demands on
ink design. Several ink designs have been explored including
dispersed colloidal fluids, 102 highly shear thinning colloidal
suspensions,”'%! and colloid-filled organic inks.'’®® Such inks
solidify either by liquid evaporation®!®¢! or a temperature-
induced phase change.'™ For example, robocasting!”*"! in-
volves the deposition of highly concentrated inks that undergo
a drying-induced pseudoplastic to dilatent transition. These
inks are well suited for assembly of space-filling solids.’
However, they are incapable of fully supporting their own
weight during assembly of spanning structures due to their ini-
tial fluidity and difficulties associated with controlling drying
kinetics during multilayer fabrication.

Here, we develop concentrated colloidal inks with interpar-
ticle interactions tailored specifically for robotic deposition
(Scheme 1) of 3D periodic structures with self-supporting fea-
tures. These inks must satisfy two important criteria. First,
they must exhibit a well-controlled viscoelastic response, i.e.,

Scheme 1. Schematic illustration of the robotic deposition apparatus used in
the directed assembly of concentrated colloidal gel-based inks. Inks are housed
in individual syringes mounted on the z-axis motion stage, and deposited
through a cylindrical nozzle (diameter ranging from 100 um to 1 mm) onto a
moving x—y stage. Typical build times for the mesoscale periodic structures illus-
trated in subsequent figures are ~10 min/part at an x—y table speed of 5 mms™.
(Note: Structures were assembled in a low viscosity oil reservior (not shown)
placed on the x-y stage.)

they flow through the deposition nozzle and then “set” imme-
diately to facilitate shape retention of the deposited features
even as it spans gaps in the underlying layer(s). Second, they
must contain a high colloid volume fraction to minimize
drying-induced shrinkage after assembly is complete, i.e., the
particle network is able to resist compressive stresses arising
from capillary tension.'!! These criteria require careful con-
trol of colloidal forces to first generate a highly concentrated,
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stable dispersion followed by inducing a system change (e.g.,
ApH, ionic strength, or solvent quality) that promotes the
fluid-to-gel transition illustrated schematically in Figure 1a.
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Fig. 1. a) Schematic illustration of the fluid-to-gel transition observed for colloi-
dal inks. b) A plot of zeta potential versus pH for bare and PEI-coated silica mi-
crospheres suspended in water. ¢) The corresponding log-log plot of their shear
elastic modulus versus shear stress for concentrated silica gels of varying
strength: open symbols denote weak gel (pH 9.50), black symbols denote strong
gel (pH 9.75), and gray symbols denote strong gel (in oil). (Note: The point-of-
zero charge for PEI-coated silica microspheres occurs at pH 9.75, which is sig-
nificantly above the value (~pH 2-3) observed for bare silica particles. The
weak gel had insufficient strength to support its own weight during deposition.
The mechanical properties of the strong gel were enhanced when the aqueous
fluid was replaced by oil.)

We demonstrate this ink design using a model system com-
prised of polyethyleneimine (PEI)-coated silica microspheres,
whose interactions were carefully modulated by changing so-
lution pH. PEI is a highly branched polyamine that contains
primary, secondary, and tertiary amine groups in a ~1:2:1 ra-
tio. Over the pH range of interest, PEI is positively charged
with approximately 50 % of these groups protonated at
~pH 6.2l Bare silica microspheres are highly negatively
charged over this pH range, as shown in Figure 1b. Due to
strong electrostatic interactions between these oppositely
charged species, PEI adsorbs strongly onto the silica micro-
spheres inducing charge reversal at pH 7 followed by subse-
quent charge neutralization at ~pH 10, as the number of
protonated groups along the PEI backbone decreases.'?! This
latter pH coincides with the point-of-zero charge (PZC) for
the PEI-coated silica microspheres, as shown in Figure 1b. In
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the absence of electrostatic repulsion, colloidal interactions
are dominated by long-range van der Waals forces driving the
microspheres into a highly flocculated state under these con-
ditions. This mechanism for tuning interparticle forces can be
readily extended to colloidal particles with alternate surface
chemistry (i.e., basic surfaces) through the selection of an
appropriately charged, anionic polyelectrolyte, such as poly-
(acrylic acid).

In our approach, we first generated a well dispersed silica
suspension (pH 7) to facilitate the high solids loading (> 45 %)
required, followed by inducing a fluid-to-gel transition
(~pH 10) to generate the desired viscoelastic response. A dra-
matic rise in elastic properties accompanied this phase transi-
tion, as shown in Figure 1c. Both the shear yield stress and
elastic modulus increased by orders of magnitude due to
strengthened interparticle attractions near this pH value,'" as

given by the following scaling relationship:!'*!

y—k(éq) (1)

where y is the elastic property of interest (shear yield stress
(zy) or elastic modulus (G’), k is a constant, ¢, is the colloid
volume fraction at the gel point, and x is the scaling exponent
(~2.5). The equilibrium mechanical properties of colloidal gels
are governed by two parameters: ¢, which is proportional to
their bond density, and ¢, which scales inversely with bond
strength. Because interparticle attractions intensify as pH
approaches the PZC, colloidal gels (of constant ¢) experi-
enced significant increases in their elastic properties.
Concentrated silica gels (pH 9.75) were utilized as inks for
directed assembly of the 3D periodic structures shown in
Figures 2 and 3. The ink was robotically deposited onto a mov-
ing x—y stage yielding a 2D pattern (Scheme 1). After a given
layer was generated, the stage was incremented in the z-direc-
tion (Az) and another layer was deposited. This process was
repeated until the desired 3D structure was created. The ink
flowed through the nozzle at the volumetric flow rate required
to maintain a constant deposition speed (v) of 5 mms™. As
the ink exits the nozzle, it forms a continuous, rod-like fila-
ment with a rigid (gel) core—fluid shell architecture that simul-
taneously promotes shape retention while allowing the rods to
fuse together at their contact points. This filamentary architec-
ture arises because the percolating network of attractive parti-
cles within the gelled ink is capable of transmitting stress
above ¢,.. When stressed beyond its yield point (z,), the ink
exhibits shear thinning flow behavior due to the attrition of

particle—particle bonds within the gel, as described by:!'*!

T=7,+ K" )

where 7 is the shear stress, n is the shear thinning exponent
(<1), K is the viscosity parameter, and y is the shear rate. This
behavior is reflected in the rheological response shown in Fig-
ure lc. Below 7,, G’ is independent of applied stress (i.e., the
system resides in the linear viscoelastic region). Above 7,, in-
terparticle bonds rupture leading to a sharp decrease in G’ is
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Fig 2. a) Optical images of a 3D periodic lattice assembled from concentrated
colloidal silica gels (pH 9.75), which experienced a transition from an initially
opaque state (i) to a translucent state (ii) to a final opaque state (iii), and their
corresponding compositional evolution (illustrated schematically) arising from
invasion percolation phenomena experienced during the drying process.
b) Weight loss behavior of the 3D structure during drying (blue curve) plotted
alongside the weight loss observed for both pure water (black curve) and the
lower volatility oil (gray curve). The optical transitions described in part (a) are
highlighted.

needed to facilitate flow. To maintain constant ink composi-
tion (¢) and, thus, prevent changes in ink rheology due to
water evaporation during assembly, the deposition process
was carried out in an oil reservoir. The 3D structures were re-
moved from this reservoir after assembly was completed and
then dried under ambient conditions.

Optical images and weight loss data of representative 3D
structures were acquired continuously during drying. Such
structures experienced dramatic changes in their optical
properties as drying proceeded (Fig. 2a). These observations
indicate that water evaporation is first accompanied by oil
invasion!™ into the pore network between colloidal particles.
This phenomena gives rise to a translucent 3D structure at
intermediate drying times (denoted by (ii) in Fig. 2b) due to
refractive index matching between the silica microspheres
and oil. Weight loss data (Fig. 2b) illustrates the accompany-
ing transition from a constant rate period of drying (water
evaporation) to a falling rate period of drying (due primarily
to oil evaporation) that is nearly coincident with the observed
transition in optical properties. Ultimately, the 3D structure
returns to an opaque state, as oil evaporates creating an
empty (air-filled) pore network at the culmination of the dry-
ing process.
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Fig. 3. Optical micrographs of 3D periodic lattices assembled from concentrated colloidal silica gels
(pH 9.75) and corresponding profilometry scans of their top surfaces for a) simple cubic geometry with
D =250 um, d =500 um, and # of layers =10 and b) simple tetragonal layer (#10) and underlying (layer
#9) layers is indicated by the accompanying color bars. c-f) Scanning electron micrographs of a simple
cubic lattice structure (a) acquired at different magnifications. The deposited rods maintain their cylin-
drical shape upon deposition and drying, as shown in the cross-sectional image (c). The highest magnifi-
cation image (f) illustrates the colloidal gel network that persists upon drying.

rods deposited on the top and underlying
layers exhibited excellent height uniformity
even across spanning distances approaching
1 mm. Higher magnification views of the
simple cubic lattice (Fig. 3c—f) illustrate
their cylindrical rod-like features, which are
preserved during the assembly and drying
processes, their smooth exterior surfaces,
and the disordered particle network that
comprises each spanning element.

The deflection of the spanning rods can
be estimated in the small strain limit by ap-
plying a simply supported beam with a dis-

tributed load model, as given by:m
—5Wd*
Imax = 3R4E] @)

where z,,,,, is the maximum rod deflection in
a given layer, W is the distributed load
(0.25 7peigD?), pers is the effective ink den-
sity (= pink—poit), & 1s the gravitational con-
stant, D is the rod diameter, d is the span dis-
tance between rods, E is the Young’s
modulus (=2G’(1+v)) and / is the moment of
inertia of the circular cross section (=mD"
64). A more detailed analysis is provided by
Smay et al.'’! A maximum spanning distance
of ~5mm was calculated for silica gels
assembled in oil with G” of 0.5 MPa and a
Poisson’s ratio (v) of ~0.5 using a criteria
of Zmax < -0.05D, where D =250 um,
pink =1.625 gem™ and po;=0.762 gem™. A
solid filling fraction as low as 4 % can be
achieved under these conditions. It should be
noted that transient compositional changes
arising during drying do not deleteriously
affect their spanning ability (Fig. 1c).

This directed assembly approach is robust
due to the generality of our ink design. Inks
can be produced from any colloidal material
provided their interparticle forces can be
tuned to yield the desired viscoelastic re-
sponse. The minimum ink elasticity required
to assemble a given periodic structure can be
estimated by setting z,.x=-0.05D, s=d/D,
and rearranging Equation 3 as follows:

G’ <1.4p.g gs*D 4)

where s is the normalized span distance (s < 1
for spanning structures). Stronger inks must

3D periodic structures were fabricated with varying center-  be formulated as the effective ink density, rod diameter, and nor-
to-center distance between rods to illustrate the ability of  malized span distance increases. These parameters are indepen-
strong silica gels to span unsupported regions (Fig. 3). A com-  dent of colloid size, polydispersity, and morphology, therefore,
parison of the optical images and corresponding laser profil-  colloidal inks can be created from a broad array of particulate
ometry scans (Fig. 3a,b) of fully dry structures reveals that  materials (e.g., ceramic, metallic, and polymeric colloids). With
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this as a guideline, we have developed suitable inks from a broad
array of materials, including those based on ferroelectric,'!
structural, and biocompatible ceramics, where the colloidal par-
ticles were neither monodisperse nor spherical.

In summary, we have demonstrated a new route for assem-
bling 3D periodic structures that involves direct patterning of
colloidal inks within a non-wetting fluid reservoir. Concen-
trated colloidal gels with the appropriate viscoelastic behavior
were robotically deposited to form spanning structures with
characteristic feature sizes ranging from ~100 pm to 1 mm.
This approach opens up an unexplored route for engineering
complex 3D structures from colloidal building blocks.

Experimental

Concentrated silica dispersions were prepared by first adding an appropriate
amount (0.5 mgm™ silica) of polyethylenimine (PEI, M,,=2000 g/mol; Aldrich
Chemical Co., Milwaukee, WI) to deionized water at pH 7. PEI, which is a
moderately charged cationic polyelectrolyte, served as the adsorbing layer. All
pH adjustments were made using certified 1.0 N KOH and HNO; (Fisher Sci-
entific). An appropriate amount of monodisperse silica microspheres (D =1.17
+0.02 um, p=2.25 gem™, and specific surface area of 2.67 m’g™"; GelTECH,
Orlando, FL) was then added to the solution. The suspension was sonicated
(Model 550 Sonic Dismembrator; Fisher Scientific, Pittsburgh, PA) for 10 min
with a 1 s on/off pulse sequence at 20 kHz. The pH was then readjusted to 7,
and the suspension was allowed to stir for 16 h on a magnetic stir plate. This
procedure created a uniform dispersion of silica microspheres in suspension.
The suspension was then sonicated once more followed by a final pH adjust-
ment to ~10 to induce the desired fluid-to-gel transition. The resulting colloidal
gel was homogenized, an aliquot of cellulose (Methocel F4 M; Dow Chemical
Co., Midland, MI) stock solution was added to yield a final cellulose concentra-
tion of 5 mgmL™, and the gel was once again homogenized by high-shear agita-
tion. Cellulose acted as a thickening agent, which increased the solution viscosi-
ty from ~1 mPas to 30 mPas to reduce the flocculation kinetics. This allowed
the rigid core—fluid shell architecture of the deposited filaments to persist there-
by promoting rod-rod adhesion.

Zeta potential (§) measurements (ESA 9800; Matec Applied Science, North-
boro, MA) were carried out on a pure silica and silica-PEI suspensions
(¢ =0.01) as a function of pH.

Concentrated silica gels (¢ =0.46) were prepared for rheological character-
ization and robotic deposition following the procedure outlined, which yielded
gels of varying strength: 1) weak gel (pH 9.50) and 2) strong gel (pH 9.75). In
addition, an oil-based, concentrated silica gel (¢ =0.46) was also prepared for
rheological characterization via controlled invasion of an appropriate volume
of the strong gel (pH 9.75) with the oil phase. The shear elastic modulus (G")
and yield stress (7,) were measured using a controlled stress rheometer (Bohlin
CVOR-200, Cranbury, NJ) fitted with a concentric cylinder geometry (C-14).
The C-14 bob was roughened with periodic grooves to mitigate possible wall-
slip effects [18]. Oscillatory measurements were carried out at 1 Hz and a stress
sweep was performed in ascending order. Prior to each measurement, a pre-
shear of 200 s™! was applied for 300 s followed by a 7200 s equilibration time to
ensure a uniform shear history and that the suspension had reached equilibri-
um. All measurements were carried out at a constant temperature of 22 °C.

Mesoscale periodic lattices were assembled using a robotic deposition appa-
ratus (JL2000, Robocasting Enterprises, Inc., Albuquerque, NM). The 3-axis
motion of the x—y and z-stages was independently controlled by a custom-de-
signed, computer-aided program (RoboCAD 2.0) that allowed for the construc-
tion of complex, 3D architectures in a layerwise deposition scheme. The lattice
structures produced consisted of a linear array of rods aligned with the x- or
y-axis such that their orientation was orthogonal to the previous layer, with
varying rod spacing (L) of 250 to 750 um. The ink was housed in a syringe (bar-
rel diameter =4.6 mm, EFD Inc., East Providence, RI) and deposited through a
tapered nozzle (diameter, D =250 um) at a volumetric flow rate (=0.257D%)
required to maintain a constant x—y table speed (v) of 5 mms. The deposition
process was carried out under a non-wetting oil to prevent drying during assem-
bly.

Optical images and weight loss during drying were captured simultaneously
with a digital camera and analytical balance. Digital images were captured every
60 s and sample mass was captured every 10 s until weight loss ceased. The
refractive indices of silica, water, and oil are 1.46, 1.37, and 1.49, respectively.
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The height profiles of these 3D structures were measured using non-contact,
laser profilometry (Model DRS-2000, CyberOptics Corp., Minneapolis, MN).
This profilometer employs a digital triangulation sensor that works by project-
ing a 670 nm, 0.95 mW laser on the test specimen and calculating the distance
from a reference point by determining where the diffuse reflected light falls on
a pixelized-array detector. The laser spot diameter was nominally 30 um
throughout the working focal range of +£5 mm with ~10 um distance resolution.
A computer controlled x—y translation stage was used to raster the laser over a
rectangular area (5 x 5 mm?), capturing height information for each structure
with a 10 x 10 yum? grid spacing.

SEM images were obtained with a Hitachi S-4700 Scanning Electron Micro-
scope (Hitachi Ltd., Tokyo Japan). After fabrication and drying, structures were
mounted and sputtered with gold for 1 min (Emitech K575 Sputter Coater,
Emitech Ltd., Ashford Kent, UK) prior to imaging.
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