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Abstract: This paper describes the self-assembly of small objguidyhedral metal plates with largest
dimensions of 10 to 3@m—into highly ordered, three-dimensional arrays. The plates were fabricated using
photolithography and electrodeposition techniques, and the faces of the plates were functionalized to be
hydrophobic or hydrophilic using self-assembled monolayers (SAMs). Self-assembly occurs in water through
capillary interactions between thin films of a hydrophobic liquid (a liquid prepolymer adhesive) coated onto
the hydrophobic faces of the plates; coalescence of the adhesive films reduces the interfacial free energy of
the system and drives self-assembly. By altering the size and surface-patterning of the plates, the external
morphologies of the aggregates were varied. Curing the adhesive furnished mechanically stable aggregates
that were characterized by scanning electron microscopy (SEM). For assemblies formed by plates partially
composed of a sacrificial material, a subsequent etching step furnished fully open, three-dimensional
microstructures. This work validates the use of capillary interactions for three-dimensional mesoscale self-
assembly in the 1@m-size regime and opens new avenues for the fabrication of complex, three-dimensional
microscructures.

Introduction self-assembly using capillary interactions can form large, regular

. . . . arrays (“crystals”) of components with largest dimensions of
Three-dimensional (3-D) structures with micrometer-scale 10-30 ,;m.

features are difficult to fabricate. This difficulty notwithstanding,
the characteristics of these structuréerge volumetric densities

of components, large ratios of interior surface area to volume,
and the potential for generating complex internal shapeake
them attractive as candidate materials with photonic band gap
properties, as components of heat exchangers, as supports for
catalysis or chromatography, and ultimately, perhaps, as plat-
forms around which to build 3-D microelectronic systeims.
Strategies for fabrication based on self-assembly provide new
routes to 3-D arrays of small objects: they create stable
constructs having a low level of defects, and they can be applied
to many structures and materiéfs! Here, we demonstrate that

Previous studies concerning self-assembly of small objects
have dealt mainly with colloidal crystatordered arrays of
particles having dimensions in the range of 1 nm teri.
Examples of colloidal crystal formation in natural systems
include the geological production of op&sind the biological
crystallization of proteins and virusé%4 Synthetic assemblies
of monodispered colloids with sizes ranging from 0.1 ten
are of interest in the preparation of photonic band gap materi-
als!>16 while superlattices of semiconducting (quantum dots)
and metallic nanocrystals-1100 nm in size are being studied
for potential electronic, optical, optoelectronic, and magnetic
device application§’1® The attractive forces used in the
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netic25 entropic?%27and capillary interaction® Most of these curable adhesive) is deposited selectively onto the hydrophobic
studies have examined close-packed arrays of monodispersedaces. When these liquid-coated plates are suspended in water
spheres, although a few assemblies of non-spherical colloidsand agitated, collisions between them allow contact and
have been reported: 35 coalescence of the adhesive films; this coalescence minimizes
Of late, a number of groups have begun to examine the self- the interfacial area between the adhesive and water and drives
assembly of non-spherical components with dimensions larger self-assembly. By controlling the geometries and surface proper-
than those of colloids. Cohn et al. have experimented with the ties of each face, we can tailor the strengths and directionalities
self-assembly of hexagonal platest mm in diameter using  of interactions between pieces.
mechanical agitation and graviéywhen placed on a slightly To simplify fabrication, this study examined the self-assembly
concave diaphragm and agitated by a loudspeaker, the platesf hexagonal plates in which all of the rectangular sides were
self-assembled into a two-dimensional (2-D) lattice. Smith and either hydrophobic or hydrophilic; both hexagonal faces had
co-workers have pursued a related strategy, fluidic self-assemblythe same wettability. The use of hexagonal plates limits the
(FSA), for the integration of microelectronic device elements number of slip planes in the resulting aggregates: arrays of
and substrates made of incompatible matefiétsn one system hexagonal plates have three (two translational, one rotational);
reported, trapezoidal GaAs blocks dispensed from a carrier liquid arrays of cubes, in contrast, have six (three translational, three
filled trapezoidal holes patterned on a silicon wafer. For a rotational). We expect fewer slip planes to correlate with fewer
number of years, physicists have used computation and experi-defects in the self-assembled arrays and with increased rates of
ments to study the flow and self-ordering behavior of granular assembly. We describe each type of plate using the notation
matter—including sand, spherical beads, and disfa a variety M1(~R1)IM2(~R2)IM1(~R1), where M and R refer to the
of applications such as the development of new technology for underlying metal and surface functionalities, respectively, of
powder processing. Recently, we described the formation of the faces, Mand R refer to those of the sides, and bold type
ordered, 2- and 3-D arrays of small objects via mesoscale self-refers to hydrophobic surfaces that are coated with adhesive.
assembly (MESA)-self-assembly using forces that operate over
distances comparable to the lateral dimensions of the compo-Results
nents being assembléd®’ In our initial work, we examined
mm-sized subunits that interact through capillary forces extend-

ing over millimeter range%:>7 Application of MESA to the these f 4 o allow the pi 1o self ble. A thi
fabrication of functional devices such as photonic band gap on hese faces, and 1o aflow the pieces 1o sell-assemble. n
film of silver on a silicon wafer served as a cathode and, later,

materials and self-assembling microelectonic systems, however, g - .
as a sacrificial layer. Electrodeposition of gold on the silver

will require miniaturization of the components to the submil- ) . . .
limeter- and, in some cases, submicrometer-scales. Recen{'lm throggh lithographically fabricated hexagqnal hples n
' ' photoresist generated hexagonal gold plates. Dissolution of the

reports from this laboratofyand from Hosokowa and co- . ) ”
workerd® have demonstrated two-dimensional MESA at the silver film after electrodeposition released plates that presented
gold at all of the faces. To make plates with gold sides and

fluid—fluid interface, using components with largest dimensions ¥~ . )
9 P 9 with top and bottom chromium or platinum-coated faces, we

of 100-600 um. In the present study, we show that self- evaporated chromium or platinum followed by gold onto the
assembly based on capillary interactions can form large, ordered,silver before lithography. We then electrodeposited gold fol-

three-dimensional arrays of }10n-sized objects. | db i f chromi lati the plat
Here, the objects that self-assemble are polyhedral, metallic(?:%ire )l/ae)vapora 1on of chromium or piatinum on the piates

pieces that are fabricated by photolithography; this type of L . .
fabrication is broadly generalizable to other shapes, sizes, and .After fapncanon, we modified the surface phemlstry of the
materials, and can generate large numbers of indistinguishableP/€C€S using SAME: Treatment of plates having Crif, on
units. The faces of the plates are functionalized to be either top and botto_m faces and gold exposed at the sides with
hydrophobic or hydrophilic using self-assembled monolayers hexadecanethiol - (HS(GHsCHs; HDT) generated ~ Cr-

SAM d a hvdrophobic liquid hot bl th iy (~OH)IAU(~CH3)|Cr(~OH) plates: a hydrophobic G
( s). and & hydrophobic liquid (a photocurable or thermally terminated SAM coated the gold surfaces, while a hydrophilic

Figure 1 summarizes a typical process used to fabricate plates
with defined hydrophobic faces, to deposit a hydrophobic liquid
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An Interdisciplinary Approach

native oxide coated the chromium surfaces. We prepared

hydrophobicAu(~CH3)|Au(~CH3)|Au(~CHa3) plates by treat-

ing plates that lacked chromium coatings with hexadecanethiol.
For the preparation of hexagonal plates having hydrophobic

top and bottom faces and hydrophilic sides, we examined two

different strategies. Our first approach employed orthogonal

SAMs on gold and chromium. ThioHSH) endgroups coor-

dinate to gold, and phosphonateRO;H>) endgroups coordinate

a variety of native metal oxides such as CpQ43° Treatment

of plates, having Cr/GO,4 on top and bottom faces and gold

exposed at the sides, with HS(@HPO;H, covered the

chromium surfaces with a SAM that exposed moderately

hydrophobic thiol (or, after oxidation, disulfide) endgroups (

(H20) ~ 50°), and the gold surfaces were covered with one

that exposed hydrophilic phosphonate endgrodp@HO) =

0°); in our notation, this treatment generat€d(~SH)|Au-

(~PGOsH>)|Cr(~SH) plates. In our second approach, we ex-

(38) Ulman, A.Chem. Re. 1996 96, 1533-1554.
(39) Gao, W.; Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L.
Langmuir1996 12, 6429-6435.
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@) . (b) 1% dodecytmethacrylate
Photoresist (4 um) + initiator in EtOH (~3 mL)

Au (6 nm)/Cr (40 nm)

S, S, g/ A (200 nm)/Cr (5 nm)

~Si

‘ Electrodeposit Au

Au
1) Dilute with water
2) Rotate cuvette

] Evaporate Cr
Cr (50 nm)

7 o

1) Dissolve photoresist with acetone
2) Dissolve Ag with 35% aq. HNO3

A—

hv (A~365 nm)
Sonicate in HS(CHz)15CH3 orA
(10 mM, EtOH) & Remove
<« Au, covered with @
Cr/Cra04 CHg-terminated SAM
(hydrophobic) = 10 um

i1

Cr (~OH) | Au (~CHg) | Cr (~OH) Vo
Figure 1. Fabrication and self-assembly of 4@3-sized Cr{-OH)|Au- g -
(~CH3)|Cr(~OH) plates. (a) Electrodeposition of gold through pat- oy
terned photoresist on an electrode of Si/$E/Ag/Cr/Au formed gold
plates. Evaporation of chromium and dissolution of the photoresist in o Ree
acetone, and of the silver film with nitric acid, released the plates as a Figure 2. A variety of Cr(~OH)|Au(~CH23)|Cr(~OH) plates—(a) and
sheet from the underlying silicon substrate. Sonication of the plates in (b) hexagons; (c) and Jchexagons with holes; (e) and) @tars; (g)
ethanol and subsequent filtration removed residual thin films of and () elongated hexagons; (i) and (j) indented hexagesef-
chromium that held plates together. Treatment of the plates in an assembled into multilayered, ordered arrays. The scale bar refers to 10
ethanolic solution of HS(ChhsCHs formed a hydrophobic SAM on  um, and shading refers to the location of adhesive on each piece.
the gold; the Cr/GO, faces remained hydrophilic. \Approximately

10 plates were placed in ethanol in a glass cuvette, @88 uL of allowed the liquid films to merge; this merging oriented
either a photocurable or thermally curable adhesive that served as,5nd juxtaposed the hydrophobic faces of the plates. Each

lubricant during self-assembly was added to the cuvette. Slow additiont f plat mbled within a few d int t of arr
of water diluted the ethanol, overflowed the cuvette, and precipitated ype of plate asse e alew days Into a Set of arrays

the adhesive selectively onto the hydrophobic faces of the plates. Axial with a Characterlstlc morphology that reflected the pattern of
rotation of the cuvette provided the agitation that allowed self-assembly Nydrophobic faces for that type of plate. After the self-
to proceed. After assembly, curing the adhesive by exposure to UV assembly reached completion, curing the adhesive with light
radiation or heat provided mechanically stable arrays that could be or heat locked the assemblies in pldéeControl experi-
removed for examination. ments underscored the importance of the hydrophobic adhesive
in the self-assembly process. When we rinsed the arrays with
ploited the differential coordination of isocyanide and thiol ethanol prior to curing the adhesive, the arrays dissociated into
functionalities to gold and platinum surfac®g! Isocyanide individual plates, presumably due to dissolution of the uncured
(—NC) endgroups coordinate to both gold and platinum, while adhesive. In addition, experiments performed with hydrophilic
thiol (—SH) endgroups can displace isocyanides from gold but Au(~PQOsHy)|Au(~PQOsHy)|Au(~PGOsH,) plates (made by treat-
not from platinunt®4! Treatment of plates, having platinum ment of gold plates with HS(CH1POsH,) did not result in
on the top and bottom faces and gold exposed at the sides, withiformation of arrays.
butane isocyanide (CN(CGHCHz; BIC) covered the platinum The most crystalline assemblies arose from~&H)|Au-
and gold surfaces with a hydrophobic Gtérminated SAM. (~CH3)|Cr(~OH) plates (Figures 2 and 3b). Here, the adhesive
Subsequent treatment with mercaptohexadecanoic acid (HS-+was isolated on the sides of the plates. Arrays that self-assembled
(CHy)15CO,H) displaced the hydrophobic BIC monolayer on from these pieces consisted of multilayered stacks that extended
gold with an alkanethiolate SAM that exposed hydrophilic further in the hexagonal plane than in the direction perpendicular
carboxylic acid endgroups but left intact the BIC monolayer to it. These stacks were internally well-ordered and externally
on platinum. In our notation, this treatment generated crystalline, with defined crystal faces characteristic of a
Pt(~CH3)|Au(~CO,H)|Pt(~CH3) plates. hexagonal lattice. By examining the aggregates under a micro-
A typical assembly started with-10° plates suspended in — . -
water in a cuvette, with a thin fim of hydrophobic achesive on o, (2)1n ouf el experinents we s 2 phitoouable adhesive as

the hydrophobic faces of each plate. Collisions between penetrate deeply into multilayered assemblies such as those shown in Figures
adhesive-coated faces induced by axial rotation of the cuvette2 and 3, some adhesive in the interior of these assemblies likely remained
uncured. When we attempted to use this same adhesive for the experiments
(40) Hickman, J. J.; Laibinis, P. E.; Auerbach, D. |.; Zou, C.; Gardner, described in Figure 4, the assemblies often broke apart during the subsequent
T. J.; Whitesides, G. M.; Wrighton, M. S.angmuir 1992 8, 357—-359. etching step. For this reason we ultimately chose to use a thermally curable
(41) Martin, B. R.; Dermody, D. J.; Reiss, B. D.; Fang, M.; Lyon, L.  adhesive in order to achieve uniform curing throughout the arrays. See the
A.; Natan, M. J.; Mallouk, T. EAdv. Mater.1999 11, 1021-1025. Experimental Section for details.
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ing adhesive exposed along the interstices in each plane: that
is, at the gaps between plates in a plane.

HydrophobicAu(~CH3s)|Au(~CH3)|Au(~CH?3) plates fully
coated with adhesive also formed internally well-ordered arrays
(Figure 3c). The external morphologies of these aggregates,
however, were very different from those of arrays of
Cr(~OH)|Au(~CH3)|Cr(~OH) plates. First, these crystals
extended further along the axis perpendicular to the hexagonal
plane than in the in-plane directions. Second, these arrays were
not externally crystalline. External crystal faces indicative of a
hexagonal lattice were absent, and the tops and bottoms of these
arrays were not flat. These changes in morphology were
accompanied by a different mechanism for formation of arrays.
Here, each suspension initially organized into rods, which then
bundled together into crystals ef10* pieces each.

Monolayers (Figure 3a) formed from g@n-thick Cr-
(~OH)|Au(~CH3)|Cr(~OH) plates, presumably due to the
increased stability afforded by a greater hydrophobic contact
area relative to the correspondingu#t thick pieces (Figure
2a). Single rods (Figure 3d) formed from bothuB+thick
Cr(~SH)|Au(~PGsH)|Cr(~SH) plates and 4tm-thick
Pt(~CH3)|Au(~CO,H)|Pt(~CHs3) plates; the similarity of these
aggregates established the expected hydrophobicity of the BIC
monolayer on platinum and validated the use of orthogonal
SAMs on gold and platinum in selectively derivitizing subunits
for mesoscale self-assembly. Neither the monolayers nor the
single rods were as well-ordered as the multilayers. In the case
Figure 3. The geometry and pattern of edge/face functionalization of of the single rods, many of the plates were misaligned with
hexagonal plates determines the shape of the resulting self-assembledespect to each other. When we slowly rotated a cuvette that
arrays.. The scale bar denotesm; Shading refers to the location of Contained e|ther monolayers or s|ng|e rodS, we Observed (us|ng
adhesive on each piece) @r(~OH)|Au(~CHg)|Cr(~OH) plates (6- 5 yicroscope) that these arrays often disassembled when they
um thick) assembled into monolayers.) @r(~OH)|Au(~CHz)|Cr- collided with each other or with the walls of the vessel. The

(~OH) plates (4«m thick) assembled into multilayers. )(Au- hanical K f | h d rods all
(~CH3)|Au(~CH3)|Au(~CHy) plates (4sm thick) assembled into mechanical weakness of monolayers, sheets, and rods allows

(RO UL

NEREERREEN
LR RRRRRS

bundles of rods. (diCr(~SH)|Au(~POsH,)|Cr(~SH) plates (6xm collisions to cause disassembly, and limits the sizes of the arrays.
thick, left) andPt(~CHj3)|Au(~CO;H)|Pt(~CHj) plates (4«m thick, As a further demonstration of the power of this strategy for
right) both assembled into rods. self-assembly, we prepared a three-dimensional, open-lattice

] i ) _ _ microstructure using a combination of additive (self-assembly)
scope at various times during the course of a single experiment,and subractive (sacrificial) processes (Figure 4). We fabricated
we observed that the assembly process leading to thesemetal/polymer composite plates using a variation of the strategy
multilayers took place in two distinct phases. Within the firSt o tjined in Figure 1. The cathode, consisting of a silicon wafer
few seconds of an experiment, each suspension of plates;gated with aluminum, chromium, and gold, was pattererned
organized itself into small unilamellar arrays oriented randomly \,ith toroidal holes using the negative chemical amplification
with respect to one ar]other; these arrays were typically qcist SU-84 After photolithography, the SU-8 formed a
composed of~_1(_)—100_ pieces each and pre;umably formed hydrophobic cross-linked polymer that served as a mask for
through association of individual plates. Agitation for extended the sequential electrodeposition of gold, silver, and gold into
periods e.l day) allowed the monolayers to disentangle and the holes. Evaporation of gold and chro’mium (;nto the plates,
coalesce into much larger arrays that consisted-off —1C° dissolution of the underlying aluminum layer, and treatment with

pieces each; at this stage further agitati_on did not induce any, .o+ yielded composite circular plates consisting of Cr-
observable condensation of these arrays into larger crystals. This,

latter phase of the assembly process is reminiscent of recrys-Egﬁ';i)LAug;g:';gﬁggtC;Sélﬁfgwcm)'Cr(NOH) fings sur-
talization events that occur in polycrystalline solfds. 9 P e )
These results were independent of the exact geometry of the Upon self-assembly, the circular plates formed a multilayered

assembling pieces: hexagons (Figure 2dp stars (Figure 2, hexagonal lattice (Figure 4a). Because circles cannot completely

e.f), elongated hexagons (Figure 2, g,h), and indented hexagon ile a plane, the resulti_ng assemblie_s contained pores formed
(Figure 2, i,j) all self-assembled into stacks of close-packed PY the gaps between circular plates in each plane. After curing
planes that were aligned to one another. Even plates that could® adhesive, treatment of the assemblies with aqueous nitric
not tile the plane completetyfor example, stars and indented acid dissolved the electrodeposited silver layer in each plate
hexagons-self-assembled into highly ordered structures. We @nd yielded a fully open lattice three-dimensional microstructure
believe that the remarkably good lateral alignment between (Figure 4a). Following a similar procedure, we also prepared

close-packed planes resulted from capillary interactions involv- terraced rod-shaped structures consisting of stacked gold rings
spaced by central posts of SU-8 (Figure 4b).

(43) Dini, J. W.Electrodeposition: The Materials Science of Coatings
and SubstratesNoyes Publications/William Andrew Publishing: LLC: (44) Lorenz, H.; Despont, M.; Fahrnl, N.; LaBianca, N.; Renaud, P.;
Norwich, NY, 1993. Vettiger, P.J. Micromech. Microengl1997, 7, 121-124.




Self-Assembly of 10m-Sized Objects J. Am. Chem. Soc., Vol. 123, No. 31, 20681

Photoresist plane in more than one way. Elimination of this redundancy

CriCra0p D (ydrophobic) . ] would require us to fabricate pieces that do not have flat top

CHs- : ; and bottom faces; we are currently investigating ways of

‘emiﬂsﬂm accomplishing this type of fabrication. The second type of defect

CHCm0 may represent a possible limit to the regularity of arrays that

rraly . . . .

— use only one force to effect self-assembly. Minimization of this

type of defect requires an appropriate choice of agitation;

agitation that is too strong or too weak results in misalignment

of individual pieces. Alternatively, self-assembly that uses two

orthogonal interactionsone in the plane, and one perpendicular
to the plane-should eliminate misalignment of this ségt.

We estimated the number of defects by counting the
misaligned pieces when we examined the arrays using a
scanning electron microscope. The density of defects was low
(~0.1-1% of plates) and appeared by microscopy to be
localized mainly at the surface of the arrays. We used diffraction
to characterize order in one case: that of the hexagons with
holes shown in Figure 2, c,d. The absence of diffraction, or
weak diffraction, would have suggested slip between planes.
When light from a laser illuminated one of these aggregates, a
hexagonal array of dots emerged, with up to third-order
2) 35% aq. HNO, diffraction spots clearly visible. This result shows that the
amount of slip in these crystals is small. We could not assess
the number of vacancies in the arrays by using microscopy or
diffraction.

@)

(b)

Photoresist
{hydrophobic)

CO2H-
terminated
SAM

Figure 4. (a) Metal/polymer composite plates each consisting of a
Cr(~OH)|Au(~CHz3)|Ag(~CH3)|Au(~CH3)|Cr(~OH) ring surround- )
ing a central post of the hydrophobic cross-linked photoresist SU-8 Conclusions

were fabricated using a variation of the electrodeposition strategy . . .
depicted in Figure 1. The circular plates self-assembled into a The results presented here constitute the first demonstration

multilayered hexagonal lattice containing pores formed by the gaps of the sglf-assembly Qf n(_)n'Sphe”Cal objects at th_am_)scgle, .
between circles in each plane. Treatment of the assemblies with aqueougNd validate the application of MESA to 3-D fabrication in this
nitric acid dissolved the electrodeposited silver layer in each circular Size regime. Our strategy separates the preparation of a 3-D
plate and yielded a fully open lattice three-dimensional structure. (b) Structure into two distinct parts: the fabrication of the individual
Circular plates each consisting of a AUCOH)|Ag(~COH)|Au- units, and their self-assembly. Here, the structure of the
(~CO.H) ring surrounding an SU-8 post self-assembled into rods assembling unitthe composition of the faces, their surface
through capillary interactions between the exposed regions of the chemistries, and the thickness of the adhesive layers coating
hydrophobic posts. Disso!ution of the silver layer in each plate yielded om—tailors the directionality and strength of interactions

a terraced rod-shaped microstructure. between pieces and determines the structure of the assembly.
The use of capillary forces to achieve self-assembly ofi-
sized plates, where the size of the cohering faces was as small

We rationalize the morphology of the aggregates obtained as 2um (Figure 2, ef), demonstrates that capillarity can provide
in these studies by using an analysis adapted from the study of2 practical basis for self-assembly at this scale.
crystal growth. Objects with hexagonal symmetry can pack in ~ The principal advantage of this strategy is that, compared
regular arrays that possess three symmetry axes: an axis withwith those techniques currently used to fabricate 3-D structures
six-fold symmetry oriented perpendicular to the plane of the micromachining® stereolithography? 3-D printing;*” assembly
hexagons (axid in Figure 3b) and two two-fold axes that lie by robotic placement of individual parts, and holographic
within that plane (axe® and 3). The different morphologies lithography—“8self-assembly is simple and can accommodate a
pictured in Figure 3 arise from variations of the extensions of wide variety of materials. Self-assembly also allows access to
the arrays along these axes. Extension of an array along an axi€omplex microstructures (Figure 4) that would be difficult to
correlates with the area of hydrophobic faces that are normal prepare using conventional techniques of microfabrication.
to that axis. For plates with hydrophobic sides, nearly all of the ~ One clear path for further development of these 3-D arrays
hydrophobic area lies perpendicular to the hexagonal plane. Ais the self-assembly of objects with dimensions smaller than
crystal face normal to one of the in-plane symmetry axes (axis 10 um. Because capillary forces become stronger relative to
3in Figure 3b) possesses greater surface area than a face normaither forces at smaller size scafésur approach to 3-D self-
to the other in-plane axis (ax®. Thus, arrays of these hexagons assembly should extend to the submicrometer scale; the fabrica-

are thickest alon@ and thinnest out of the plane (along axis @5)Tn o sh = 3 -~ p— |

; ; ; e assembly shown in Figure 3c contains an interesting example
1). In contrast, plates with all face,s hydrOphOblc' or with only of the second class of defect. Here, an individual plate can be seen occupying
top and bottom faces hydrophobic, are thickest aléngnd a gap in a column of hexagons, with its hexagonal faces lying parallel rather
thinner along2 and 3. than perpendicular to axis This type of defect is rare and likely arises

; ; ; . from the uniform hydrophobicity of th&u(~CH3)|Au(~CH3z)|Au(~CH3)
.DeTeCts in these crystals consist mainly OT tWO types: pieces used in this experiment, which enables the hexagonal and rectangular
misalignment between sheets of plates and misalignment offaces of the pieces to interact with one another through capillary bonding.

individual pieces. The first type of defect constitutes slip along _ (46) Frazier, A. B.; Warrington, R. O.; Friedrich, GEEE Trans. Ind.
one of the translational slip axes inherent in hexagonal arrays.E'e(it;‘))réiﬁs’e?t 4&_“3?&&% Chem. Mater 1997 9. 650663
These defects are especially common if, as in the case of (48) campbell, M.: Sharp, D. N.; Harrison, M. T.: Denning, R. G.:

indented hexagons (Figure 2, i,j), the plates can pack in the Turberfleld, A. J.Nature 200Q 404, 53—56.

Discussion
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tion of the individual pieces, and the functionalization of their Tr oz Au gal™, Technic, Inc.) at 60C with a platinum anode. The
surfaces, appears to be the most difficult aspect of this methodsolution was stirred at 300 rpm, and the current density was maintained

of fabrication. Another possibility for future work involves the ~ at1 mA cm? under these conditions aun thickness of gold formed

incorporation of electrical connections in the arfdy.8.949 in ~16 min..For electrodeposition of silyer, we used a silver cyanide
bath (Techni E-2, 9 Tr 0z Ag ga}, Technic, Inc.) at room temperature

with a silver anode. The solution was stirred at 200 rpm, and the current
density was held at 5 mA cr under these conditions g thickness
General. All chemicals and solvents were used as obtained from Of silver formed in~3 min. Using a mechanical profilometer, we found

Experimental Section

the indicated source. Silicon wafers (3 in., test grade; IBmils, any that the thickness of the electrodeposited metal typically varied by
orientation, 10 Qcm) were obtained from Silicon Sense (Nashua, +10% over the surface of a 3-in. wafer.
NH). Chromium, silver, gold, platinum, and aluminum evaporation Isolation and Derivitization of the Pieces After electrodeposition,

sources were obtained from Alfa Aesar or Materials Research Corp. a thin film of chromium or platinum was evaporated on the top of
Hexadecanethiol and mercaptohexadecanoic acid were obtained frompieces if required. We liberated the pieces from the wafer by dissolving
Aldrich. Positive photoresists and developers (SJR5440 and 1808 the sacrificial layer. Sacrificial layers of silver, aluminum, and titanium
photoresists; 453 and 351 developers) were obtained from Shipley were dissolved using 35% aqueous HN\& room temperature, 20%
(Marlboro, MA), and the negative photoresist SU-8-5 was obtained W/v aqueous NaOH at 60C, and 5% aqueous HF at 3ZC,
from Microchem Corp. (Newton, MA). Propyleneglycol methyl ether  respectively’! After rinsing away the etchant with water, we sonicated
acetate (PGMEA) was obtained from Aldrich. Gold (Techni-25E) and the plates in ethanol to break apart the residual thin films of metal that
silver (Techni E-2) electroplating solutions were obtained from Technic, held the plates together. We agitated the suspension of plates using a
Inc. (Cranston, RI). Dodecylmethacrylate was obtained from Poly- vortex mixer, allowed the heavy plates to settle, and decanted the
sciences, Inc. (Warrington, PA), and benzoin isobutyl ether, 1,6- residual thin flakes of metal; repetition of this procedureb4times
hexanediol diacrylate, and benzoyl peroxide were obtained from Yielded nearly pure metal plates. The plates were then filtered through
Aldrich. Absolute ethanol was obtained from Pharmco (Brookfield, CT), @ Nylon filter mesh having 5&m square openings (SpectraMesh,

and hexanes were obtained from VWR Scientific. Spectrum Laboratories, Inc.).

Preparation of Substrates.Silicon wafers were typically cleaned We formed alkanethiolate SAMs on the pieces by suspending them
for ~3 min in an oxygen plasma and then coated with the indicated in @ 2 mM ethanolic solution of the appropriate thiol, followed by
thickness of metal using an electron beam evapoPtor. incubation for several hours at room temperature. Orthogonal isocyanide

Substrates used in the preparation of the pieces shown in Figuresand alkanethiolate SAMs on platinum and gold, respectitielyere
2—4 were as follows: Figures 2 and 3a, 3b, and 3d (left): (Sisi0 formed using the procedure of Mallouk and co-work€rs.
Cr(5 nm)/Ag(200 nm)/Cr(50 nm)/Au(5 nm)); Figure 3d (right): (Si/ Self-Assembly.In a typical experiment-10° plates were suspended
SiOJ/Ti(200 nm)/Pt(50 nm)/Au(20 nm)):; Figure 3c: (Si/SIO in 3 mL of ethanol and transferred & 1 cmx 1 cm x 3 cm glass
Cr(5 nm)/Ag(200 nm)); Figure 4a: (Si/SHAI(200 nm)/Cr(15 nm)/ cuvette; ~30 uL of either a photocurable (96:2:2 w/w/w dodecyl-
Au(6 nm)); Figure 4b: (Si/SigTi(200 nm)Au/(5 nm)). methacrylate/benzoin isobutyl ether/1,6-hexanediol diacrylate)
Photolithography. Photolithograph§ was performed in a class 100~ thermally curable (85:14.5:0.5 wiw/w dodecyl methacrylate/1,6-
cleanroom in the absence of ambient ultraviolet light using a Suss MJB Nexanediol diacrylate/benzoyl peroxide) adhesive was then added to
3 mask aligner in contact mode with a 350-W mercury lamp. We the cuvette, and the ethanol was stirred until the adhesive had fully
obtained the chrome/soda lime photomasks used for photolithographydissolved. We then allowed the pieces to settle into one comner of the
from Advance Reproductions (North Andover, MA). cuvette and, using a Pasteur pipet, withdrew nearly all of the ethanol/
Substrates used in the preparation of pieces shown in Figures 2 ang?dhesive solution, leaving only enough to cover the piecé&OuL).
3 were primed by immersion for 10 min in 2 mM ethanolic solution of Water_was added slowly to the pieces, precipitating the adhesive mlxture
90:10 hexadecanethiol/mercaptohexadecanoic acid to promote adhesiofi¢/ectively onto the hydrophobic surfaces of the plates and causing the
of the photoresist. We then cleaned the substrates by rinsing them withPI€ces t0 aggregate. We continued to add watesQ(mL) to rinse
cleanroom-grade acetone followed by 1&Mvater, and dried them away _aII of the excess ethanol and adhesive. After rinsing, the_cuvette
under a stream of nitrogen. Wafers were typically coated with SIR5440 contained the liquid-coated plates and 3 mL of water, to which we
(Shipley) by spinning at 500 rpm & s and then accelerating to 4000 2dded~50 uL of concentrated ammonium hydroxide to promote
rpm for over~1 s and spinning an additional 30 s to give - ionization of the glass surface and prevent the pieces from adhering to
thick film. We placed the wafers on a hot-plate set at 105 baked the walls of the cuvette. _ _
them for 5 min, then removed them and allowed them to coot80 The cuvette was then rotated at-d0° tilt above the horizontal at
sec. The wafers were exposed s for every lum thickness of 100-200 rpm for 1—_3 days. Thi_s rc_)tation caused the aggregated pieces
photoresist, with the lamp set at 10 mW ch{4 = 405 nm). We to tumble and provided the agitation th_at aIIow_ed the self-assembly to
developed the wafers with 453 developer (Shipley). proceed.. After. assembly, the suspension 'of_pleces was deoxygenated
Substrates used in the preparation of the pieces shown in Figure 4by sparging with N and exposed to UV _radlatloﬁ & 36_5 nm for~1
were not primed prior to spin coating and were subjected directly to h) or heat (80°C fqr 18 h) to polymerize the adhesive. The arrays
the cleaning process described above. We coated the wafers with sy-vere ther_l mechanlcally stable and could be removed and examined
8-5 by spinning at 500 rpm fdb s and then accelerating to 3500 rpm by scanning electron microscopy.
for over~1 s and spinning an additional 15 s to give a-thick Acknowledgment. We thank Olivier Schueller for experi-
film. The wafer was then baked 1 min at 66 and 3 min at 90C, mental assistance, and Mallika Sastry, Stephan Dertinger, and
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cleaner to remove the SAM primer; unprimed substrates patterned with Defense Advanced R.esearc.h Projects Agency/Space and Naval
SU-8-5 were subjected to electrodeposition without cleaning. For Warfar Center San Diego/Air Force Research Laboratory, and
electrodeposition of gold, we used a gold sulfite bath (Techni-25E, 1 Mmade use of MRSEC shared facilities (NSF DMR-9809363).
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