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ous approaches can now be described as fol- 
lows. In Fig. 4, A and C, the angle between the 
polariton wave vector and the z axis is fixed, but 
not its magnitude. In the absence of dispersion, 
this leads to a shock-wave singularity because 
of the constructive interference of waves of 
arbitrary q. In Fig. 4B, both the angle and q are 
predetermined because the components of q 
orthogonal to ez are set by the grating. These 
considerations apply to the imaging experi- 
ments of (1 7) and to early work on polariton 
propagation (27) where the direction of motion 
can be identified with that of the Cherenkov 
expression. Finally, consider single-pump exci- 
tation when the source lateral dimensions are 
sufficiently large that the wave vectors of the 
pump pulse and the polariton are nearly col- 
linear. In this case, the phase-matching condi- 
tion is q = CL[n(o,) + o,ri(o,)]/c - fileg (o,). 
Because q = !2/c0 at low frequencies, it is clear 
that phase matching can only be attained at 
sublurninal speeds, in agreement with Eq. 6; see 
Fig. 2C. Under the same (quasi-planar) condi- 
tions, and not too far from the pump pulse, the 
field for the grating method results from the 
interference between two polaritons at, say, q, 
= ?2n/ t  and q,, = 0, where t is the grating 
spacing (12-17). This and Eq. 7 give qzt = 
2 ~ r ( n ~ v ~ / c ~I)-"', leading to E - sin(2.rrxIe)-
sin[qz(z - vt)]. This field is represented in Fig. 
4B by the rectangle with the checkerboard pat- 
tern (28). 
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Directed Assembly of 
One-Dimensional Nanostructures 

into Functional Networks 
Yu Huang,'* Xiangfeng Duan,'* Qingqiao ~ e i , '  

Charles M. ~ i e b e r l - ~ t  

One-dimensional nanostructures, such as nanowires and nanotubes, represent 
the smallest dimension for efficient transport of electrons and excitons and thus 
are ideal building blocks for hierarchical assembly of functional nanoscale 
electronic and photonic structures. We report an approach for the hierarchical 
assembly of one-dimensional nanostructures into well-defined functional net- 
works. We show that nanowires can be assembled into parallel arrays with 
control of the average separation and, by combining fluidic alignment with 
surface-patterning techniques, that it is also possible t o  control periodicity. In 
addition, complex crossed nanowire arrays can be prepared with layer-by-layer 
assembly with different flow directions for sequential steps. Transport studies 
show that the crossed nanowire arrays form electrically conducting networks, 
with individually addressable device function at each cross point. 

Nanoscale materials, for example, nanoclus- rication (1-4). Research focused on zero-
ters and nanowires (NWs), represent attrac- dimensional nanoclusters has led to substan- 
tive building blocks for hierarchical assembly tial advances, including the assembly of ar- 
of functional nanoscale devices that could rays with order extending from nanometer to 
overcome fundamental and economic limita- micrometer length scales (4-9). In contrast, 
tions of conventional lithography-based fab- the assembly of one-dimensional ( ID)  nano-
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structures, such as NWs and carbon nano- 
tubes (NTs), has met with much less success 
(10-12), although these materials offer great 
potential as building blocks for applications 
in nanoelectronics (1-3, 13-1 6) and photon- 
ics (1 7). 

To achieve the substantial potential of 
NWs and NTs in these and other areas of 
nanotechnology will require the controlled 
and predictable assembly of well-ordered 
structures. We report an approach for the 
hierarchical assembly of 1D nanostructures 
whereby NWs are aligned in fluid flows with 
the separation and spatial location readily 
controlled. Crossed NW arrays were also pre- 
pared with layer-by-layer assembly with dif- 
ferent flow directions for sequential steps. 
Transport studies show that the crossed NW 
arrays form electrically conducting networks, 
with individually addressable device function 
at each NW-NW cross point. This approach 
can be potentially used for organizing other 
1D nanostructures into highly integrated de- 
vice arrays and thus offers a general pathway 
for bottom-up assembly of new electronic 
and photonic nanosystems. 

The gallium phosphide (Gap), indium 
phosphide (InP), and silicon (Si) NWs used 
in these studies were synthesized by laser- 
assisted catalytic growth (1, 18, 19) and sub- 
sequently suspended in ethanol solution. In 
general, we assembled arrays of NWs by 
passing suspensions of the NWS through flu- 
idic channel structures formed between a 
poly(dimethylsiloxane) (PDMS) mold (20) 
and a flat substrate (Fig. 1). Parallel and 
crossed arrays of NWs can be readily 
achieved with single (Fig. 1A) and sequential 
crossed (Fig. 1B) flows, respectively, for the 
assembly process as described below. 

A typical example of parallel assembly of 
NWs (Fig. 2A) shows that virtually all the 
NWs are aligned along one direction, i.e., the 
flow direction. There are also some small 
deviations with respect to the flow direction, 
which we will discuss below. Examination of 
the assembled NWs on larger length scales 
(Fig. 2B) shows that the alignment readily 
extends over hundreds of micrometers. In- 
deed, alignment of the NWs has been found 
to extend up to millimeter length scales and 
seems to be limited by the size of the fluidic 
channels, on the basis of experiments carried 
out with channels with widths ranging from 
50 to 500 Fm and lengths from 6 to 20 mm. 

We carried out several types of experi- 
ments to understand factors controlling the 
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alignment and average separation of the 
NWs. First, we find that the degree of align- 
ment can be controlled by the flow rate. With 
increasing flow rates, the width of the NW 
angular distribution with respect to the flow 
direction (e.g., inset in Fig. 2C) substantially 
narrows. Comparison of the distribution 
widths measured over a range of conditions 
shows that the width decreases quickly from 
our lowest flow rate, -4 m d s ,  and ap- 
proaches a nearly constant value at -10 
m d s  (Fig. 2C). At the highest flow rates 
examined in our studies, more than 80% of 
the NWs are aligned within 25" of the flow 

Fig. 1. Schematic of fluidic A 

direction (inset, Fig. 2C). Our observed 
results can be explained within the frame- 
work of shear flow (21,22). Specifically, the 
channel flow near the substrate surface re- 
sembles a shear flow and aligns the NWs in 
the flow direction before they are immobi- 
lized on the substrate. Higher flow rates pro- 
duce larger shear forces and hence lead to 
better alignment. 

In addition, the average NW surface cov- 
erage can be controlled by the flow duration 
(Fig. 2D). Experiments carried out at a con- 
stant flow rate show that the NW density 
increases systematically with flow duration. 

channel structures for flow as- 
- ~ 

sembly. (A) A channel formed 
when the PDMS mold was 
brought in contact with a flat 
sub&ate. NW assembly was 
carried out by flowing an NW 
suspension inside the channel 
w ih  a controlled flow rate for a 
set duration. Parallel arrays of 
NWs are observed in the flow 
direction on the substrate 
when the PDMS mold is re- 
moved. (9) Multiple crossed 
NW arrays can be obtained 
by changing the flow direc- 
tion sequentially in a layer- 
by-layer assembly process. 

first layer second layer crossed array 

-20 0 20 
A Angle (deg.) 

4 5 6 7 8 9 1 0 V  0 10 20 30 40 
Flow rate (mmls) Time (min.) 

Fig. 2. Parallel assembly of NW arrays. (A and B) SEM images of parallel arrays of InP NWs aligned 
by channel flow. The scale bars correspond to 2 ym and 50 ym in (A) and (B), respectively. The 
silicon (Si0,ISi) substrate used in flow assembly was functionalized with an NH,-terminated 
self-assembled monolayer (SAM) by immersion in a 1 mM chloroform solution of 3-aminopropyl- 
triethoxysilane (APTES) for 30 min, followed by heating at llO°C for 10 min (70). All of the 
substrates used in the following experiment were functionalized in a similar way unless otherwise 
specified. (C) NW angular spread with respect to the flow direction versus flow rate. Each data 
point in the figure was obtained by statistical analysis of angular distribution of -200 NWs (e.g., 
see inset). The inset shows a histogram of NW angular distribution at a flow rate of 9.40 mmls. (D) 
The average density of NWs versus flow time. The average density was calculated by dividing the 
average number of NWs at any cross section of the channel by the width of the channel. All of the 
experiments were carried out with a flow rate of 6.40 mmls. 
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In these experiments, a flow duration of 30 order of 100 nm or less. We note that the rapidly on NH,-terminated monolayers, 
min produced a density of about 250 NWs deposition rate and hence average separation which have a partial positive charge, than on 
per 100 pm or an average NW-NW separa- versus time depend strongly on the surface either methyl-terminated monolayers or bare 
tion of -400 nm. Extended deposition time chemical functionality. Specifically, we show SiO, surfaces. It is also important to recog- 
can produce NW arrays with spacings on the that the Gap, InP, and Si NWs deposit more nize that the minimum separation of aligned 

NWs that can be achieved without NW-NW 

Fig. 3. Assembly of 
periodic NW arrays. 
(A) Schematic view of 
the assembly of NWs 
onto a chemically pat- 
terned substrate. The 
Light gray areas corre- 
spond to NH,-termi- 
nated surfaces, where- 
as the dark gray areas 
correspond to either 
methyl-terminated or 
bare surfaces. NWs 
are preferentially at- 
tracted to the NH,- 
terminated regions of 
the surface. (B and C) 
Parallel arrays of Cap 
NWs aligned on poly- 
(methyl methacrylate) 
(PMMA) patterned sur- 
face with 5- and 2-p,m 
separation. The dark regions in the image correspond to residual PMMA, whereas the bright regions 
correspond to the NH,-terminated SiO,/Si surface. The NWs are preferentially attracted to NH,- 
terminated regions. The PMMA was patterned with standard electron beam (E-beam) lithography, and 
the resulting SiO, surface was functionalized by immersion in a solution of 0.5% APTES in ethanol for 
10 min, followed by 10 min at 100°C. The scale bars correspond to 5 p.m and 2 p.m in (0) and (C), 
respectively. (D) Parallel arrays of Cap NWs with 500-nrn separation obtained with a patterned SAM 
surface. The SiO,/Si surface was first functionalized with methyl-terminated SAM by immersion in pure 
hexamethyldisilazane (HMDS) for 15 min at 50°C, followed by 10 min at llO°C. This surface was 
patterned by E-beam lithography to form an array of parallel features with a 500-nm period, followed 
by functionalization with APTES (70). The scale bar corresponds to 500 nm. 

Fig 4. Layer-by-layer 
assembly and trans- 
port measurements of 
crossed NW arrays. (A 
and B) Typical SEM 

E 
images of crossed ar- 
rays of InP NWs ob- 
tained in a two-step 
assembly process with 
otthogonal flow direc- 
tions for the sequen- 
tial steps. Flow direc- 
tions are highlighted 
by arrows in the imag- 
es. (C) An equilateral 
triangle of Cap NWs 
obtained in a three- 
step assembly process* 
with 60" angles be- 
tween flow directions, 
which are indicated by 
numbered arrows. The scale bars correspond to 500 nm in 
(A), (B), and (C). (D) SEM image of a typical 2 by 2 cross 
array made by sequential assembly of n-type InP NWs with 2 
orthogonal flows. Ni/ln/Au contact electrodes, which were 
deposited by thermal evaporation, were patterned by E- 
beam lithography. The NWs were briefly (3 to 5 s) etched 
in 6% HF solution to remove the amorphous oxide outer h 
layer before electrode deposition. The scale bar corre- 9.2 
sponds to  2 wm. (E) Representative I-V curves from two- U 
terminal measurements on a 2 by 2 crossed array. The 
green curves represent the I-V of four individual NWs (ad, -0.8 -0,4 0.0 0.4 0.8 
b~ cf, eh), and the red curves represent I-V across the four Voltage (V) 

contacts will depend on the lengths of the 
NWs used in the assembly process. Recent 
progress demonstrating control of NW 
lengths from the 100-nm to tens-of-microme- 
ter scale (23) should increase the range of 
accessible spacings without contact. 

Our results demonstrate ordering of NW 
structure over multiple length scales-orga- 
nization of nanometer diametcr wires with 
100-nm to micrometer-scale separations over 
millimeter-scale areas. This hierarchical or- 
der can readily bridge the microscopic and 
macroscopic worlds, although to enable as- 
sembly with greatest control requires that the 
spatial position also be defined. We achieved 
this important goal by using complementary 
chemical interactions between chemically 
patterned substrates and NWs (Fig. 3A). 
Scanning electron microscopy (SEM) images 
of representative experiments (Fig. 3, B to D) 
show parallel NW arrays with lateral periods 
the same as those of the surfacc patterns. 
These data demonstrate that the NWs are 
preferentially assembled at positions defined 
by the chemical pattern and, moreover, show 
that the periodic patterns can organize the 
NWs into a regular superstructure. It is im- 
portant to recognize that the patterned surface 
alone does not provide good control of the 1D 
nanostructure drganization. Assembly of NTs 
(10, 11) and NWs (24) on patterned sub- 
strates shows ID nanostructures aligned with, 
bridging, and looping around patterned areas 
with little directional control. Our use of fluid 
flows avoids these substantial problems and 
enables controlled assembly in one or more 
directions. By combining this approach with 
other surface-patterning methods, such as 
nanoscale domain formation in diblock co- 
polymers (25) and spontaneous ordering of 
molecules (26), it should be possible to gen- 
erate well-ordered NW arrays beyond the 
limitations of conventional lithography. 

Our general approach can be used to or- 
ganize NWs into more complex crossed 
structures, which are critical for building 
dense nanodevice arrays, with the use of the 
layer-by-layer scheme illustrated in Fig. 1B. 
The formation of crossed and more complex 
structures requires that the nanostructure-sub- 
strate interaction is sufficiently strong that 
sequential flow steps do not affect preceding 
ones: We find that this condition can be 
achieved. For example, alternating the flow 
in orthogonal directions in a two-step assem- 
bly process yields crossbar structures (Fig. 4, 
A and B). Both figures show that multiple 
crossbars can be obtained with only hundreds 

n-n crossed junctions (ab, cd, ef, gh). of nanometer separations between individual 
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cross points in a very straightforward, low- 
cost, fast, and scalable process. Although the 
separations between individual NWs are not 
completely uniform, a periodic array can be 
easily envisioned with a patterned surface as 
described above. These crossbar structures 
can yield functional devices (see below). 

We believe that our approach for directed 
assembly of multiple crossed NW arrays offers 
substantial advantages over current efforts, 
which have used random deposition (1 4, 16), 
direct manipulation of individual NWs and NTs 
(15), and electric fields (12, 16, 27) to make 
single crossed structures. With random deposi- 
tion and manipulation, it is difficult to obtain 
multiple crossbars required for integrated nano- 
devices. Although electric fields enable more 
control over assembly, this method is also lim- 
ited by (i) electrostatic interference between 
nearby electrodes as separations are scaled be- 
low the micrometer level and (ii) the require- 
ment of extensive lithography to fabricate the 
electrodes for assembly of multiple NW device 
structures. Our fluidic approach is intrinsically 
very parallel and scalable and, moreover, it 
allows for the directed assembly of geometri- 
cally complex structures by simply controlling 
the angles between flow directions in sequential 
assembly steps. For example, an equilateral tri- 
angle (Fig. 4C) was assembled in a three-layer 
deposition sequence with 60' angles between 
the three flow directions. The method of flow 
alignment thus provides a flexible way to meet 
the requirements of many device configura- 
tions, including those requiring assembly of 
multiple "layers" of NWs. 

An important feature of this layer-by-layer 
assembly scheme is that each layer is indepen- 
dent of the others, and thus a variety of homo- 
and heterojunction configurations can be ob- 
tained at each crossed point by simply changing 
the composition of the NW suspension used for 
each step. For example, it should be possible to 
directly assemble and subsequently address in- 
dividual nanoscale devices using our approach 
with n-type and p-type NWs (1 6,19) and NTs, 
in which the NWs and NTs act as both the 
wiring and active device elements (15). A typ-
ical 2 by 2 crossbar array made of n-type InP 
NWs, in whlch all eight ends of the NWs are 
connected by metal electrodes, demonstrates 
this point (Fig. 4D). Transport measurements 
(Fig. 4E) show that current can flow through 
any two of the eight ends and enable the elec- 
trical characteristics of individual NWs and the 
NW-NW junctions to be assessed. The current- 
voltage (I-V) data recorded for each of the four 
cross points exhibit linear or nearly linear be- 
havior (red curves) and are consistent with ex- 
pectations for n-n type junctions. Because sin- 
gle NW-NW p-n junctions formed by random 
deposition exhibit behavior characteristic of 
light-emitting &odes (LEDs) (16), we believe 
that our approach could be used to assemble 
high-density and individually addressable nano- 
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Fast Drop Movements Resulting 
from the Phase Change on a 

Gradient Surface 
Susan Daniel, Manoj K. Chaudhury,* John C. Chen 

The movement of liquid drops on a surface with a radial surface tension gradient 
is described here. When saturated steam passes over a colder hydrophobic 
substrate, numerous water droplets nucleate and grow by coalescence with the 
surrounding drops. The merging droplets exhibit two-dimensional random mo- 
tion somewhat like the Brownian movements of colloidal particles. When a 
surface tension gradient is designed into the substrate surface, the random 
movements of droplets are biased toward the more wettable side of the surface. 
Powered by the energies of coalescence and collimated by the forces of the 
chemical gradient, small drops (0.1 to 0.3 millimeter) display speeds that are 
hundreds to thousands of times faster than those of typical Marangoni flows. 
This effect has implications for passively enhancing heat transfer in heat ex- 
changers and heat pipes. 

The movements of liquids resulting from unbal- analysis devices (2-4) . Although the usual Ma- 

anced surface tension forces constitute an im- rangoni motions are triggered by variations in 

portant surface phenomenon, known as the Ma- temperature or composition on a liquid surface, 

rangoni effect (1). When regulated properly, a surface tension heterogeneity (5-7) on a solid 

these types of flows are of value in several substrate can also induce such motion. The typ-

industrial applications, such as the design and ical speeds of these flows (speeds ranging from 

operation of microfluidic and integrated DNA micrometers to millimeters per second) on a 
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