
Overcoming Kinetic Barriers to Self-Assembly: 
Field-directed Colloidal Phase Transitions 

Postdocs: James Swan, MIT and Paula Vasquez, South Carolina
Collaborators: Alice Gast, Lehigh—Jan Vermant, KU Leuven

E. R. Dufresne, Yale—P. E. Hopkins, Virginia—A. M. Grillet, Sandia

Funding acknowledgments: NASA award nos. NAG3-1887, NAG3-2398, NAG3-2832, 
NNX07AD02G, and NNX10AE44G 

Department of Energy, Office of Basic Energy Sciences,
 Division of Materials Sciences and Engineering award no. DE-FG02-09ER46626

National Science Foundation award no. CBET–0930549

Eric M. Furst
Department of Chemical and Biomolecular Engineering &
Center for Molecular and Engineering Thermodynamics

University of Delaware



2

Making nanostructured materials
from tiny building blocks



3

Nanostructures

E. M. Furst—CMET/Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu

27University of Delaware      O!ce of Communications and Marketing      302-831-2791       www.udel.edu/ocm                       Brand Style Guide

Secondary Institutional Marks
Secondary logos are an essential part of an institution’s graphic identity 
system, in that they o"er additional options to convey the University’s identity 
in applications that require a di"erent treatment for visual appeal, emphasis 
or di"erentiation. The following secondary logos are approved for use by 
colleges, departments or units, based on the guidelines established in this 
Style Guide.

The two most commonly used secondary logos are the interlocking UD and 
the circle UD. The interlocking “UD” in both treatments is pulled directly from 
the University’s primary logo, clearly and strongly enforcing the institution’s 
visual brand identity. The interlocking UD should not be used within a 
statement or expression—this logo represents the University of Delaware and 
should be interpreted as such.

A more classic treatment, used less frequently, is the circle UD 1743. This 
version features the interlocking UD with the University’s name and founding 
date appearing in a circle around it. 

The University seal is the most restricted of all secondary logos and is  
not used in daily or routine communications. See the next page for more 
information on use of the seal.

SECTION THREE: IDENTITY SYSTEM

Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.

~45nm

react to and guide
the transport of

heat, light, charge, molecular species...

Transistor



E. M. Furst—CMET/Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu

27University of Delaware      O!ce of Communications and Marketing      302-831-2791       www.udel.edu/ocm                       Brand Style Guide

Secondary Institutional Marks
Secondary logos are an essential part of an institution’s graphic identity 
system, in that they o"er additional options to convey the University’s identity 
in applications that require a di"erent treatment for visual appeal, emphasis 
or di"erentiation. The following secondary logos are approved for use by 
colleges, departments or units, based on the guidelines established in this 
Style Guide.

The two most commonly used secondary logos are the interlocking UD and 
the circle UD. The interlocking “UD” in both treatments is pulled directly from 
the University’s primary logo, clearly and strongly enforcing the institution’s 
visual brand identity. The interlocking UD should not be used within a 
statement or expression—this logo represents the University of Delaware and 
should be interpreted as such.

A more classic treatment, used less frequently, is the circle UD 1743. This 
version features the interlocking UD with the University’s name and founding 
date appearing in a circle around it. 

The University seal is the most restricted of all secondary logos and is  
not used in daily or routine communications. See the next page for more 
information on use of the seal.

SECTION THREE: IDENTITY SYSTEM

Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.

Nanostructured materials

4

Comparison of the device physics principles of planar
and radial p-n junction nanorod solar cells

Brendan M. Kayes and Harry A. Atwatera!

Thomas J. Watson, Sr. Laboratories of Applied Physics, California Institute of Technology, MC 128-95,
Pasadena, California 91125

Nathan S. Lewisb!

Arthur Amos Noyes Laboratories of Chemical Physics, California Institute of Technology, MC 127-72,
Pasadena, California 91125

!Received 7 October 2004; accepted 15 March 2005; published online 23 May 2005"

A device physics model has been developed for radial p-n junction nanorod solar cells, in which

densely packed nanorods, each having a p-n junction in the radial direction, are oriented with the

rod axis parallel to the incident light direction. High-aspect-ratio !length/diameter" nanorods allow
the use of a sufficient thickness of material to obtain good optical absorption while simultaneously

providing short collection lengths for excited carriers in a direction normal to the light absorption.

The short collection lengths facilitate the efficient collection of photogenerated carriers in materials

with low minority-carrier diffusion lengths. The modeling indicates that the design of the radial p-n

junction nanorod device should provide large improvements in efficiency relative to a conventional

planar geometry p-n junction solar cell, provided that two conditions are satisfied: !1" In a planar
solar cell made from the same absorber material, the diffusion length of minority carriers must be

too low to allow for extraction of most of the light-generated carriers in the absorber thickness

needed to obtain full light absorption. !2" The rate of carrier recombination in the depletion region
must not be too large !for silicon this means that the carrier lifetimes in the depletion region must
be longer than #10 ns". If only condition !1" is satisfied, the modeling indicates that the radial cell
design will offer only modest improvements in efficiency relative to a conventional planar cell

design. Application to Si and GaAs nanorod solar cells is also discussed in detail. © 2005 American

Institute of Physics. $DOI: 10.1063/1.1901835%

I. INTRODUCTION

Inexpensive candidate materials for use in photovoltaic

applications generally have either a high level of impurities

or a high density of defects, resulting in low minority-carrier

diffusion lengths.
1
The use of such low diffusion-length ma-

terials as the absorbing base in a conventional planar p-n

junction solar-cell geometry results in devices having a car-

rier collection limited by minority-carrier diffusion in the

base region !Fig. 1". Increasing the thickness of the base in
such a cell will therefore produce more light absorption but

will not result in an increase in device efficiency. In the

absence of sophisticated light-trapping schemes, materials

with low diffusion lengths and low absorption coefficients

therefore cannot be readily incorporated into planar solar-cell

structures with high energy-conversion efficiency.
2

A semiconductor device consisting of arrays of radial

p-n junction nanorods may provide a solution to this device

design and optimization issue. A nanorod with a p-n junction

in the radial direction would enable a decoupling of the re-

quirements for light absorption and carrier extraction into

orthogonal spatial directions. Each individual p-n junction

nanorod in the cell could be long in the direction of incident

light, allowing for optimal light absorption, but thin in an-

other dimension, thereby allowing for effective carrier col-

lection. Nanorod-fabrication techniques have progressed to

the point where several materials can be incorporated into a

single rod, and nanorods with p-n junctions in either the

radial
3,4
or axial

5–8
directions have recently been reported.

These advances open up the possibility of incorporating na-

norods with p-n junctions in solar cells, if the significant

difficulties associated with the fabrication of a full solar-cell

device comprised of nanorods can be surmounted. Alterna-

tive approaches to achieving carrier collection in a direction

perpendicular to light absorption have been investigated.
9–11

a"
Electronic mail: haa@daedalus.caltech.edu

b"
Electronic mail: nslewis@caltech.edu

FIG. 1. !Color online" A conventional planar solar cell is a p-n junction

device. Light penetration into the cell is characterized by the optical thick-

ness of the material $#1/!, noting that the absorption coefficient ! is wave-
length dependent !see Sec. III B"%, while the mean-free path of generated
minority carriers is given by their diffusion length. In the case shown, light

penetrates deep into the cell, but the electron-diffusion length is too short to

allow for the collection of all light-generated carriers.

JOURNAL OF APPLIED PHYSICS 97, 114302 !2005"

0021-8979/2005/97"11!/114302/11/$22.50 © 2005 American Institute of Physics97, 114302-1
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Heterojunction photovoltaic

along the !111" direction !Fig. S1 #Ref. 12$". Nominally iden-
tical wire arrays were produced when Cu was used as the
VLS catalyst instead of Au #Fig. 3$. Figure S2 of Ref. 12
shows regions near each of the four corners of a 0.5 cm2

sample grown with a Cu catalyst, and illustrates the unifor-
mity achieved over large areas.

To characterize the electrical properties of the Si wires,
four-point probe and field-effect measurements were per-
formed on individual wires in the arrays. For these measure-
ments, the as-grown wires were removed from the growth
substrate by sonication in isopropanol and were then depos-
ited on a degenerately doped silicon wafer that had been
coated with 100 nm of Si3N4. The four-probe electrodes
were fabricated using photolithography, followed by evapo-
ration of 300 nm of Al and 900 nm of Ag, and finally by
lift-off of the resist. Annealed Al was observed to make suit-

able ohmic contacts to the wires. Back-gated measurements
indicated that the as-grown wires were n type, with a resis-
tivity of 0.1–0.6 ! cm, corresponding to dopant densities of
8"1015–5"1016 cm!3 !Fig. S3 #Ref. 12$",13 assuming that
the carrier mobility in these wires is the same as that in bulk
Si.

Si nanowires have been grown previously at
800–900 °C with SiCl4 /H2,14,15 but the Si microwires de-
scribed herein had optimal growth temperatures of
1000–1050 °C. At 950 °C and below, the wires either did
not grow straight, grew intermittently straight with kinks, or
grew straight but not aligned normal to the substrate #not
shown$. This difference in optimal growth temperatures be-
tween Si nanowires and Si microwires is not necessarily sur-
prising because size-dependent effects have been observed
for other aspects of VLS growth.16 At 1075 °C and above,
the wires grew straight and normal to the substrate, but sig-
nificant destruction of the surface oxide was observed during
the growth process, leading to a loss of the pattern fidelity
#Fig. S4 of Ref. 12$. Furthermore, the required thickness of
catalyst is proportional to the diameter of the wires being
grown, so 500 nm of catalyst material was required to pro-
duce %1.5 #m diameter Si wires. We believe that this rela-
tively thick catalyst layer, and/or the higher growth tempera-
tures, led to a significant problem with catalyst migration if a
buffer oxide was not present on the surface, in contrast to
earlier reports in which much thinner catalyst layers were
used.14,15

Device analysis has shown that photovoltaic efficiency is
maximized in wire arrays when the mean radius of the wires
is comparable to the minority carrier diffusion length.1 This
is because of a trade-off between increased current collection
and the loss of open-circuit voltage due to the increased
junction and surface area. Diffusion of gold into bulk silicon
at our VLS growth temperatures of 1000–1050 °C leads to
carrier lifetimes of $1 ns,17 which combined with carrier
mobilities expected for the observed dopant densities,13,18 in-
dicates minority carrier diffusion lengths of %1 #m. This is
in agreement with our near-field scanning optical microscope
measurements of the minority carrier diffusion length of Au-
catalyzed Si wires.13 As shown in the present work, photoli-
thography is an ideal method for enabling uniform arrays of
wires of this diameter to be grown over large areas. In cost-
sensitive applications such as photovoltaics, it would ulti-

FIG. 2. #a$ Edge-on, #b$ tilted, and #c$ top-down scanning electron micros-
copy #SEM$ views of a Au-catalyzed Si wire array having nearly 100%
fidelity over a large #$1 cm2$ area. The 100 #m scale bar applies to all
three panels, and in all cases the scale bar in the insets is 10 #m.

FIG. 3. Tilted SEM views of a Cu-catalyzed Si wire array having nearly
100% fidelity over a large #$1 cm2$ area. The scale bar in the inset is
10 #m.

103110-2 Kayes et al. Appl. Phys. Lett. 91, 103110 !2007"
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The potential advantage of nanorod arrays lies in the ability

in principle to prepare nanorods and nanorod arrays in a

highly parallelized fashion, possibly allowing the design to

be scaled up to large areas.

Although experimental methods to fabricate semicon-

ductor nanostructures for photovoltaic applications are de-

veloping rapidly, much less attention has been given to the

development of the device physics principles that govern the

operation of nanostructured solar cells. Notably, a model for

the charge transport in an excitonic, polymer/inorganic hy-

brid photovoltaic cell has recently been presented.
12
The

work described herein addresses a different case, focusing on

inorganic p-n junction solar cells in which the carriers are

delocalized electrons and holes. Our model allows compari-

son between the device performance of the radial p-n junc-

tion nanorod cell geometry, as a function of the material

properties and geometric device parameters of the cell, and

the performance of a conventional planar cell geometry. The

model involves solving the diffusion/drift equations for mi-

nority carriers, the current continuity equations, and Pois-

son’s equation in the geometry of interest. The model has

been applied to crystalline silicon and gallium arsenide, us-

ing a 100-mW/cm2 Air Mass 1.5 spectrum, to obtain quan-

titative comparisons between the performance of the radial

p-n junction nanorod geometry and the conventional planar

p-n junction cell geometry. Cell efficiencies, open-circuit

voltages, short-circuit current densities, and fill factors were

calculated as a function of cell thickness !which is the same
as the rod length in the nanorod case", nanorod radius, and
electron-diffusion length at fixed emitter- and base-doping

levels !sheath and core dopings in the nanorod case". Two
regimes were treated—!1" the trap density was assumed con-
stant through the material and thus the quasineutral-region

and depletion-region lifetimes were coupled, and !2" the
quasineutral-region trap density was assumed to be indepen-

dent of the depletion-region trap density. The analysis con-

sidered purely inorganic homojunction and heterojunction

devices with delocalized carriers and included the effects of

free-carrier recombination, recombination at the junction,

and surface recombination.

II. DEVICE PHYSICS MODELING

A. Device geometry and dimensions

The generalized band diagram and the geometries of the

planar and radial p-n junction nanorod cell structures are

depicted in Figs. 1–4. Both homojunctions and heterojunc-

tions can be treated within the same general framework. The

results for the planar case are well known
13
and will not be

described in detail herein !see Appendix".
The model for the radial p-n junction nanorod solar cell

was constructed by extending the analysis of the planar cell

geometry
14
to a cylindrical geometry. The p-n junction in the

nanorod was assumed to be abrupt, and the depletion ap-

proximation was assumed to be valid. The emitter layer !i.e.,
the exterior “shell” of the nanorod" was assumed to be n
type, while the base !i.e., the interior “core” of the nanorod"
was assumed to be p type. Light was assumed to be normally

incident on the top face of the nanorod. Recombination was

assumed to be purely due to the Shockley–Read–Hall recom-

bination from a single-trap level at midgap;
15
other recombi-

nation processes, such as Auger recombination, were ne-

glected. Surface-recombination effects were, however,

included.

To simplify the analysis and to allow for analytic solu-

tions, the carrier transport was taken to be purely radial. Al-

though individual rods may have a high resistivity, the IR

drop in a nanorod can still be very low because of the very

small current that will pass through each rod. Given a resis-

tivity #10−2 ! cm !appropriate for Si with doping

#1018 cm−3",16 a rod length #100 "m, and a current density
#0.05 A cm−2, the IR drop in a rod due to series resistance is
#10−5 V. Hence, the exterior of the rod was assumed to be
an equipotential surface relative to the core of the rod. The

total photogenerated carrier flux was calculated by an inte-

gration that is equivalent to summing up the contributions at

FIG. 2. Generalized band structure for a heterojunction nanorod structure.

Shown are the conduction and valence band energies, Ec and Ev, as well as

the Fermi energy Ef. #Ec is the discontinuity in the conduction band energy,
which may be nonzero for a heterojunction. The example cells in this paper

are homojunctions, and so #Ec=0. The x axis shows the schematic division
of the cell into four regions: the quasineutral part of the n-type material !of
width x1", the depleted part of the n-type material !of width x2", the depleted
part of the p-type material !of width x3", and the quasineutral part of the
p-type material !of width x4".

FIG. 3. Schematic cross-section of the radial p-n junction nanorod cell.

Light is incident on the top surface. The light grey area is n type, the dark

grey area p type.

114302-2 Kayes, Atwater, and Lewis J. Appl. Phys. 97, 114302 !2005"
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A device physics model has been developed for radial p-n junction nanorod solar cells, in which

densely packed nanorods, each having a p-n junction in the radial direction, are oriented with the

rod axis parallel to the incident light direction. High-aspect-ratio !length/diameter" nanorods allow
the use of a sufficient thickness of material to obtain good optical absorption while simultaneously

providing short collection lengths for excited carriers in a direction normal to the light absorption.

The short collection lengths facilitate the efficient collection of photogenerated carriers in materials

with low minority-carrier diffusion lengths. The modeling indicates that the design of the radial p-n

junction nanorod device should provide large improvements in efficiency relative to a conventional

planar geometry p-n junction solar cell, provided that two conditions are satisfied: !1" In a planar
solar cell made from the same absorber material, the diffusion length of minority carriers must be

too low to allow for extraction of most of the light-generated carriers in the absorber thickness

needed to obtain full light absorption. !2" The rate of carrier recombination in the depletion region
must not be too large !for silicon this means that the carrier lifetimes in the depletion region must
be longer than #10 ns". If only condition !1" is satisfied, the modeling indicates that the radial cell
design will offer only modest improvements in efficiency relative to a conventional planar cell

design. Application to Si and GaAs nanorod solar cells is also discussed in detail. © 2005 American

Institute of Physics. $DOI: 10.1063/1.1901835%

I. INTRODUCTION

Inexpensive candidate materials for use in photovoltaic

applications generally have either a high level of impurities

or a high density of defects, resulting in low minority-carrier

diffusion lengths.
1
The use of such low diffusion-length ma-

terials as the absorbing base in a conventional planar p-n

junction solar-cell geometry results in devices having a car-

rier collection limited by minority-carrier diffusion in the

base region !Fig. 1". Increasing the thickness of the base in
such a cell will therefore produce more light absorption but

will not result in an increase in device efficiency. In the

absence of sophisticated light-trapping schemes, materials

with low diffusion lengths and low absorption coefficients

therefore cannot be readily incorporated into planar solar-cell

structures with high energy-conversion efficiency.
2

A semiconductor device consisting of arrays of radial

p-n junction nanorods may provide a solution to this device

design and optimization issue. A nanorod with a p-n junction

in the radial direction would enable a decoupling of the re-

quirements for light absorption and carrier extraction into

orthogonal spatial directions. Each individual p-n junction

nanorod in the cell could be long in the direction of incident

light, allowing for optimal light absorption, but thin in an-

other dimension, thereby allowing for effective carrier col-

lection. Nanorod-fabrication techniques have progressed to

the point where several materials can be incorporated into a

single rod, and nanorods with p-n junctions in either the

radial
3,4
or axial

5–8
directions have recently been reported.

These advances open up the possibility of incorporating na-

norods with p-n junctions in solar cells, if the significant

difficulties associated with the fabrication of a full solar-cell

device comprised of nanorods can be surmounted. Alterna-

tive approaches to achieving carrier collection in a direction

perpendicular to light absorption have been investigated.
9–11
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FIG. 1. !Color online" A conventional planar solar cell is a p-n junction

device. Light penetration into the cell is characterized by the optical thick-

ness of the material $#1/!, noting that the absorption coefficient ! is wave-
length dependent !see Sec. III B"%, while the mean-free path of generated
minority carriers is given by their diffusion length. In the case shown, light

penetrates deep into the cell, but the electron-diffusion length is too short to

allow for the collection of all light-generated carriers.

JOURNAL OF APPLIED PHYSICS 97, 114302 !2005"

0021-8979/2005/97"11!/114302/11/$22.50 © 2005 American Institute of Physics97, 114302-1
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Heterojunction photovoltaic Thermal barrier material

along the !111" direction !Fig. S1 #Ref. 12$". Nominally iden-
tical wire arrays were produced when Cu was used as the
VLS catalyst instead of Au #Fig. 3$. Figure S2 of Ref. 12
shows regions near each of the four corners of a 0.5 cm2

sample grown with a Cu catalyst, and illustrates the unifor-
mity achieved over large areas.

To characterize the electrical properties of the Si wires,
four-point probe and field-effect measurements were per-
formed on individual wires in the arrays. For these measure-
ments, the as-grown wires were removed from the growth
substrate by sonication in isopropanol and were then depos-
ited on a degenerately doped silicon wafer that had been
coated with 100 nm of Si3N4. The four-probe electrodes
were fabricated using photolithography, followed by evapo-
ration of 300 nm of Al and 900 nm of Ag, and finally by
lift-off of the resist. Annealed Al was observed to make suit-

able ohmic contacts to the wires. Back-gated measurements
indicated that the as-grown wires were n type, with a resis-
tivity of 0.1–0.6 ! cm, corresponding to dopant densities of
8"1015–5"1016 cm!3 !Fig. S3 #Ref. 12$",13 assuming that
the carrier mobility in these wires is the same as that in bulk
Si.

Si nanowires have been grown previously at
800–900 °C with SiCl4 /H2,14,15 but the Si microwires de-
scribed herein had optimal growth temperatures of
1000–1050 °C. At 950 °C and below, the wires either did
not grow straight, grew intermittently straight with kinks, or
grew straight but not aligned normal to the substrate #not
shown$. This difference in optimal growth temperatures be-
tween Si nanowires and Si microwires is not necessarily sur-
prising because size-dependent effects have been observed
for other aspects of VLS growth.16 At 1075 °C and above,
the wires grew straight and normal to the substrate, but sig-
nificant destruction of the surface oxide was observed during
the growth process, leading to a loss of the pattern fidelity
#Fig. S4 of Ref. 12$. Furthermore, the required thickness of
catalyst is proportional to the diameter of the wires being
grown, so 500 nm of catalyst material was required to pro-
duce %1.5 #m diameter Si wires. We believe that this rela-
tively thick catalyst layer, and/or the higher growth tempera-
tures, led to a significant problem with catalyst migration if a
buffer oxide was not present on the surface, in contrast to
earlier reports in which much thinner catalyst layers were
used.14,15

Device analysis has shown that photovoltaic efficiency is
maximized in wire arrays when the mean radius of the wires
is comparable to the minority carrier diffusion length.1 This
is because of a trade-off between increased current collection
and the loss of open-circuit voltage due to the increased
junction and surface area. Diffusion of gold into bulk silicon
at our VLS growth temperatures of 1000–1050 °C leads to
carrier lifetimes of $1 ns,17 which combined with carrier
mobilities expected for the observed dopant densities,13,18 in-
dicates minority carrier diffusion lengths of %1 #m. This is
in agreement with our near-field scanning optical microscope
measurements of the minority carrier diffusion length of Au-
catalyzed Si wires.13 As shown in the present work, photoli-
thography is an ideal method for enabling uniform arrays of
wires of this diameter to be grown over large areas. In cost-
sensitive applications such as photovoltaics, it would ulti-

FIG. 2. #a$ Edge-on, #b$ tilted, and #c$ top-down scanning electron micros-
copy #SEM$ views of a Au-catalyzed Si wire array having nearly 100%
fidelity over a large #$1 cm2$ area. The 100 #m scale bar applies to all
three panels, and in all cases the scale bar in the insets is 10 #m.

FIG. 3. Tilted SEM views of a Cu-catalyzed Si wire array having nearly
100% fidelity over a large #$1 cm2$ area. The scale bar in the inset is
10 #m.

103110-2 Kayes et al. Appl. Phys. Lett. 91, 103110 !2007"
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The potential advantage of nanorod arrays lies in the ability

in principle to prepare nanorods and nanorod arrays in a

highly parallelized fashion, possibly allowing the design to

be scaled up to large areas.

Although experimental methods to fabricate semicon-

ductor nanostructures for photovoltaic applications are de-

veloping rapidly, much less attention has been given to the

development of the device physics principles that govern the

operation of nanostructured solar cells. Notably, a model for

the charge transport in an excitonic, polymer/inorganic hy-

brid photovoltaic cell has recently been presented.
12
The

work described herein addresses a different case, focusing on

inorganic p-n junction solar cells in which the carriers are

delocalized electrons and holes. Our model allows compari-

son between the device performance of the radial p-n junc-

tion nanorod cell geometry, as a function of the material

properties and geometric device parameters of the cell, and

the performance of a conventional planar cell geometry. The

model involves solving the diffusion/drift equations for mi-

nority carriers, the current continuity equations, and Pois-

son’s equation in the geometry of interest. The model has

been applied to crystalline silicon and gallium arsenide, us-

ing a 100-mW/cm2 Air Mass 1.5 spectrum, to obtain quan-

titative comparisons between the performance of the radial

p-n junction nanorod geometry and the conventional planar

p-n junction cell geometry. Cell efficiencies, open-circuit

voltages, short-circuit current densities, and fill factors were

calculated as a function of cell thickness !which is the same
as the rod length in the nanorod case", nanorod radius, and
electron-diffusion length at fixed emitter- and base-doping

levels !sheath and core dopings in the nanorod case". Two
regimes were treated—!1" the trap density was assumed con-
stant through the material and thus the quasineutral-region

and depletion-region lifetimes were coupled, and !2" the
quasineutral-region trap density was assumed to be indepen-

dent of the depletion-region trap density. The analysis con-

sidered purely inorganic homojunction and heterojunction

devices with delocalized carriers and included the effects of

free-carrier recombination, recombination at the junction,

and surface recombination.

II. DEVICE PHYSICS MODELING

A. Device geometry and dimensions

The generalized band diagram and the geometries of the

planar and radial p-n junction nanorod cell structures are

depicted in Figs. 1–4. Both homojunctions and heterojunc-

tions can be treated within the same general framework. The

results for the planar case are well known
13
and will not be

described in detail herein !see Appendix".
The model for the radial p-n junction nanorod solar cell

was constructed by extending the analysis of the planar cell

geometry
14
to a cylindrical geometry. The p-n junction in the

nanorod was assumed to be abrupt, and the depletion ap-

proximation was assumed to be valid. The emitter layer !i.e.,
the exterior “shell” of the nanorod" was assumed to be n
type, while the base !i.e., the interior “core” of the nanorod"
was assumed to be p type. Light was assumed to be normally

incident on the top face of the nanorod. Recombination was

assumed to be purely due to the Shockley–Read–Hall recom-

bination from a single-trap level at midgap;
15
other recombi-

nation processes, such as Auger recombination, were ne-

glected. Surface-recombination effects were, however,

included.

To simplify the analysis and to allow for analytic solu-

tions, the carrier transport was taken to be purely radial. Al-

though individual rods may have a high resistivity, the IR

drop in a nanorod can still be very low because of the very

small current that will pass through each rod. Given a resis-

tivity #10−2 ! cm !appropriate for Si with doping

#1018 cm−3",16 a rod length #100 "m, and a current density
#0.05 A cm−2, the IR drop in a rod due to series resistance is
#10−5 V. Hence, the exterior of the rod was assumed to be
an equipotential surface relative to the core of the rod. The

total photogenerated carrier flux was calculated by an inte-

gration that is equivalent to summing up the contributions at

FIG. 2. Generalized band structure for a heterojunction nanorod structure.

Shown are the conduction and valence band energies, Ec and Ev, as well as

the Fermi energy Ef. #Ec is the discontinuity in the conduction band energy,
which may be nonzero for a heterojunction. The example cells in this paper

are homojunctions, and so #Ec=0. The x axis shows the schematic division
of the cell into four regions: the quasineutral part of the n-type material !of
width x1", the depleted part of the n-type material !of width x2", the depleted
part of the p-type material !of width x3", and the quasineutral part of the
p-type material !of width x4".

FIG. 3. Schematic cross-section of the radial p-n junction nanorod cell.

Light is incident on the top surface. The light grey area is n type, the dark

grey area p type.
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new parameter to evaluate the applicability of low thermal
conductivity materials based on the usable area of the
material of interest. This parameter, the thermal conductiv-
ity of a “unit cell” of a material, is given by !uc ) !m/Auc,
where !m is the measured thermal conductivity of the
nanosystems and Auc is the minimum, repeatable cross
sectional area of the solid matrix of the unit cell. Ideally, Auc

should be as large as possible so that !uc is minimized for
low thermal conductivity applications. In the previously
measured nanowires, Auc is defined as the cross section area
of the nanowire.

Following this logic, recent work by Yu et al.10 studied
the thermal conductivity of Si nanomesh films that were
theorized to have phononic crystal properties. Phononic
crystals are the acoustic wave equivalent of photonic crys-
tals, where a periodic array of scattering inclusions located
in a homogeneous host material causes certain frequencies
to be reflected by the structure (for a review, see ref 11). The
nanomeshes studied by Yu et al. exhibited thermal conduc-
tivities similar to those of the lowest thermal conductivity
nanowires. These nanomeshes were able to be developed
as films with a 100 µm2 areal footprint, alleviating the
aforementioned stability aspect of the nanowires, but the
nanomesh films were only grown to !20 nm film thick-
nesses. Therefore, the unit cell area as previously defined is
still of the same order of magnitude as many of the Si
nanowires. In the case of the nanomeshes, Auc is defined as
in-plane, cross sectional area of an individual ligament in the
nanomesh, explicitly defined by Yu et al.10

In response to the previously mentioned research, in this
work, we investigate the thermal conductivity of single
crystalline silicon PnCs with a thickness of 500 nm, pore
spacings of several hundreds of nanometers, and areal
footprints of !10000 µm2. We measure the thermal con-
ductivity in the cross plane direction of these PnCs with time
domain thermoreflectance; this direction of thermal propa-
gation exhibits Auc nearly 3 orders of magnitude larger than
that of the nanomeshes. Although the PnCs studied in this
work have band gaps in the gigahertz regime, well below
terahertz phonon frequencies known to affect thermal
transport in silicon,12 the periodic nature of the PnCs coher-
ently alter the phononic spectrum, which affects the thermal
conductivity. In addition, incoherent phonon scattering at
the physical boundaries of the PnC lattice will also cause a
reduction in the phonon thermal conductivity. We use this
to describe the thermal conductivity reduction in the PnCs
studied in this work by accounting for phonon scattering and
dispersion changes in the specific PnCs examined in this
study.

The fabrication of the PnC begins with 150 µm silicon-
on-insulator (SOI) wafers, where the buried oxide (BOX)
layer is 3 µm thick. The !100", n-type, top Si layer where the
PnC devices are realized is 500 nm thick and has a resistivity
of 37.5-62.5 !·cm. The PnCs are formed by etching
circular air holes of diameter d ) 300-400 nm in the top

Si, arranged in a simple cubic lattice, with center-to-center
hole spacings, a, of 500, 600, 700, and 800 nm. The samples
studied here specifically have: d/a ) 300/500 nm (3/5), 300/
600 nm (3/6), 400/700 nm (4/7), and 400/800 nm (4/8). In
the cross plane direction, these PnCs have solid matrix unit
cell areas of Auc ) a2 - !d2/4. Release areas are also etched
in the top Si to the BOX, and the PnC membranes are
suspended above the substrate by removing the BOX in
vapor phase hydrofluoric acid (VHF). Figure 1a shows a top-
down image of a membrane containing two PnCs with a )
500 nm and d ) 300 nm. The membrane is 60 µm wide
and 200 µm long and is comprised of two PnCs separated
by a 20.5 µm wide unpatterned area. The length of each PnC
is 80 µm for a total of 160 periods when a ) 500 nm. The
600, 700, and 800 nm lattice constant devices have the
same membrane width, length, and spacing between the
PnCs and contain 133, 115, and 101 PnC periods, respec-
tively, maintaining a nearly constant PnC length of 80 µm
for each sample. Figure 1b shows a side image of a PnC
membrane and its suspension above the substrate to isolate
thermal effects in the membrane. Figure 1c shows a close
in image of a Si/air PnC.

We measured the thermal conductivity of the PnCs with
the time-domain thermoreflectance technique (TDTR).13,14

Our specific experimental setup is described in detail in ref
15. TDTR is a noncontact, pump-probe technique in which
a modulated train of short laser pulses (in our case !100 fs)
is used to create a heating event (“pump”) on the surface of
a sample. This pump-heating event is then monitored with
a time-delayed probe pulse. The change in the reflectivity
of the probe pulses at the modulation frequency of the pump
train is detected through a lock-in amplifier; this change in

FIGURE 1. (a) Top-down image of a membrane containing two PnCs
with a ) 500 nm and d ) 300 nm. The membrane is 60 µm wide
and 200 µm long. A 20.5 µm wide area between the PnCs is located
in the center of the membrane. The length of each PnC is 80 µm for
a total of 160 periods. (b) Side image of a PnC membrane showing
its suspension above the substrate. (c) Close in image of a Si/air PnC
showing the lattice constant, a, and hole diameter, d. In the cross
plane direction, these PnCs have solid matrix unit cell areas of Auc
) a2 - !d2/4.
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still of the same order of magnitude as many of the Si
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in-plane, cross sectional area of an individual ligament in the
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In response to the previously mentioned research, in this
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crystalline silicon PnCs with a thickness of 500 nm, pore
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footprints of !10000 µm2. We measure the thermal con-
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that of the nanomeshes. Although the PnCs studied in this
work have band gaps in the gigahertz regime, well below
terahertz phonon frequencies known to affect thermal
transport in silicon,12 the periodic nature of the PnCs coher-
ently alter the phononic spectrum, which affects the thermal
conductivity. In addition, incoherent phonon scattering at
the physical boundaries of the PnC lattice will also cause a
reduction in the phonon thermal conductivity. We use this
to describe the thermal conductivity reduction in the PnCs
studied in this work by accounting for phonon scattering and
dispersion changes in the specific PnCs examined in this
study.

The fabrication of the PnC begins with 150 µm silicon-
on-insulator (SOI) wafers, where the buried oxide (BOX)
layer is 3 µm thick. The !100", n-type, top Si layer where the
PnC devices are realized is 500 nm thick and has a resistivity
of 37.5-62.5 !·cm. The PnCs are formed by etching
circular air holes of diameter d ) 300-400 nm in the top

Si, arranged in a simple cubic lattice, with center-to-center
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600 nm (3/6), 400/700 nm (4/7), and 400/800 nm (4/8). In
the cross plane direction, these PnCs have solid matrix unit
cell areas of Auc ) a2 - !d2/4. Release areas are also etched
in the top Si to the BOX, and the PnC membranes are
suspended above the substrate by removing the BOX in
vapor phase hydrofluoric acid (VHF). Figure 1a shows a top-
down image of a membrane containing two PnCs with a )
500 nm and d ) 300 nm. The membrane is 60 µm wide
and 200 µm long and is comprised of two PnCs separated
by a 20.5 µm wide unpatterned area. The length of each PnC
is 80 µm for a total of 160 periods when a ) 500 nm. The
600, 700, and 800 nm lattice constant devices have the
same membrane width, length, and spacing between the
PnCs and contain 133, 115, and 101 PnC periods, respec-
tively, maintaining a nearly constant PnC length of 80 µm
for each sample. Figure 1b shows a side image of a PnC
membrane and its suspension above the substrate to isolate
thermal effects in the membrane. Figure 1c shows a close
in image of a Si/air PnC.

We measured the thermal conductivity of the PnCs with
the time-domain thermoreflectance technique (TDTR).13,14

Our specific experimental setup is described in detail in ref
15. TDTR is a noncontact, pump-probe technique in which
a modulated train of short laser pulses (in our case !100 fs)
is used to create a heating event (“pump”) on the surface of
a sample. This pump-heating event is then monitored with
a time-delayed probe pulse. The change in the reflectivity
of the probe pulses at the modulation frequency of the pump
train is detected through a lock-in amplifier; this change in
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with a ) 500 nm and d ) 300 nm. The membrane is 60 µm wide
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a total of 160 periods. (b) Side image of a PnC membrane showing
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ity of a “unit cell” of a material, is given by !uc ) !m/Auc,
where !m is the measured thermal conductivity of the
nanosystems and Auc is the minimum, repeatable cross
sectional area of the solid matrix of the unit cell. Ideally, Auc

should be as large as possible so that !uc is minimized for
low thermal conductivity applications. In the previously
measured nanowires, Auc is defined as the cross section area
of the nanowire.

Following this logic, recent work by Yu et al.10 studied
the thermal conductivity of Si nanomesh films that were
theorized to have phononic crystal properties. Phononic
crystals are the acoustic wave equivalent of photonic crys-
tals, where a periodic array of scattering inclusions located
in a homogeneous host material causes certain frequencies
to be reflected by the structure (for a review, see ref 11). The
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nanowires. These nanomeshes were able to be developed
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by a 20.5 µm wide unpatterned area. The length of each PnC
is 80 µm for a total of 160 periods when a ) 500 nm. The
600, 700, and 800 nm lattice constant devices have the
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PnCs and contain 133, 115, and 101 PnC periods, respec-
tively, maintaining a nearly constant PnC length of 80 µm
for each sample. Figure 1b shows a side image of a PnC
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thermal effects in the membrane. Figure 1c shows a close
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15. TDTR is a noncontact, pump-probe technique in which
a modulated train of short laser pulses (in our case !100 fs)
is used to create a heating event (“pump”) on the surface of
a sample. This pump-heating event is then monitored with
a time-delayed probe pulse. The change in the reflectivity
of the probe pulses at the modulation frequency of the pump
train is detected through a lock-in amplifier; this change in
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with a ) 500 nm and d ) 300 nm. The membrane is 60 µm wide
and 200 µm long. A 20.5 µm wide area between the PnCs is located
in the center of the membrane. The length of each PnC is 80 µm for
a total of 160 periods. (b) Side image of a PnC membrane showing
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plane direction, these PnCs have solid matrix unit cell areas of Auc
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FIG. 3. Thermal conductivities of three different films an or-
dered film (2b), a disordered film (1d), and a moderately or-
dered/disordered film (2d) along with the thermal conductivity of
bulk, single crystalline TiO2 (Ref. 24), a polycrystalline sputtered
film with 17 nm grain size [25], and an amorphous TiO2 film [26].
The thermal conductivity of the nanoparticle based films nearly an
order of magnitude lower than the sputtered TiO2 film with similar
grain sizes. The measured thermal conductivities of the nanoparticle
films have similar values of � as the amorphous film but temperature
trends similar to the polycrystalline sputtered film indicating that the
phonon transport in the nanoparticle films is not limited by the inter-
atomic spacing or lack of periodicity as in the amorphous film.

As the amorphous phase of a solid is the most representative
phase of a medium with interatomic spacing-limited phonon
scattering events, we compare Eqs. 2 and 3 to the thermal con-
ductivity data of the amorphous film [26] in Fig. 4 assuming
n = 2.94 � 1028 m�3, which is calculated from the mea-
sured mass density of the amorphous film [25]. Equation 3 de-
scribes the measured thermal conductivity of the amorphous
TiO2 films much better than Eq. 2, so the lower limit given in
Eq. 3 will be used for comparison with the nanoparticle films.

To understand the phonon scattering mechanisms contribut-
ing to the observed thermal conductivities in the nanoparti-
cle films, we model the thermal conductivity in an individ-
ual nanoparticle with Eq. 1 using the three-phonon and impu-
rity scattering times determined from the bulk fit and incor-
porate an additional grain boundary scattering time given by
⇥g,j = d/vj , where we approximate d in the nanoparticles
as 15 nm from high resolution TEM of the nanoparticles, as
previously mentioned. This approach, while accounting for
phonon scattering mechanisms in the nanoparticle, does not
explain the different observed � in the “ordered” (film 2b)
and “disordered” (film 1d) films. To explain this, we con-
sider the effect of thermal boundary resistance, R, between
the nanoparticles by taking the overall thermal conductivity

FIG. 4. (Left) Minimum limits proposed by Cahill et al. [10]
(�C given by Eq. 2) and Hopkins and Beechem [29] (�H given by
Eq. 3) compared to the thermal conductivity data of the amorphous
film [26]. (Right) Thermal conductivity of film 2b (ordered) and film
1d (disordered) as a function of temperature. The temperature trends
of the experimental data are different than those predicted by the min-
imum limit. We model the thermal conductivity of the films by con-
sidering Umklapp, impurity and grain boundary scattering and inter-
particle thermal boundary resistance. L = 260 nm and L = 48 nm
correspond to the length and width of a TiO2 nanoparticle, respec-
tively, and are the bounds on the distance a phonon can propagate
before scattering.

of the nanoparticle film as [30] � = �p/ (1 +R�p/L), where
L is the characteristic distance that the phonons traverse in the
nanoparticle before scattering at the nanoparticle-nanoparticle
interface and �p is calculated from Eq. 1. We estimate the
thermal boundary resistance as R = 2.0 � 10�1 W�1 m2 K,
an average value for resistances involving oxides [21, 30],
and consider two limiting cases of phonons propagating the
length (260 nm) or width (48 nm) of the nanoparticle be-
fore experiencing an interfacial scattering event. As seen in
Fig. 4, the model accounting for “most-ordered” (2b) and
“most-disordered” (1d) films describes the measured data re-
markably well. For comparison, we also show the theoretical
minimum thermal conductivity of TiO2 calculated with Eq. 3
using the measured density of the films (2.74 g cm�3). The
theoretical minimum thermal conductivity, which describes
the amorphous TiO2 film thermal conductivity very well, does
not capture the temperature trends in the nanoparticle packed
films. The temperature trends of the nanoparticle films, which
are indicative of a polycrystalline material and similar to the
polycrystalline, sputtered film shown in Fig. 3, are however
well predicted by the model in Eq. 1 when accounting for
Umklapp scattering, which means that three-phonon scatter-
ing events are still playing a role in the thermal transport. The
magnitude of the thermal conductivity is lowered by particle-
particle interface scattering, with this scattering rate increas-
ing with nanoparticle disorder. To illustrate this point further,
we show the prediction of the minimum limit at T = 300 K
given by Eq. 3, �H, in Fig. 2. The ordering of the nanoparti-
cles in the films, as quantified by the ordering parameter, P2,
gives a unique way to tune the thermal conductivity of the
films to values below the theoretical minimum limit.

Overall, the thermal conductivity of the nanoparticle film is
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TiO2
–phonons

Figure 2.2: (a) SEM image of ellipsoidal titanium dioxide particles. The major axis is
2b = 260± 62nm and the minor axis 2a = 48± 8nm, resulting in an aspect
ratio of 5.35±0.88. (b) High magnification TEM of particles. (c) Powder
XRD of particles shows that the particles are primarily composed of anatase
crystalline phase of titanium dioxide. The top three panels correspond
to the peaks for the three crystalline phases of titania [8, 9]. (d) The
density of particle suspension determined from density meter measurements
as function of particle mass fraction. The density of particles is 2.74±0.10
g/cm3.
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2b = 260± 62nm and the minor axis 2a = 48± 8nm, resulting in an aspect
ratio of 5.35±0.88. (b) High magnification TEM of particles. (c) Powder
XRD of particles shows that the particles are primarily composed of anatase
crystalline phase of titanium dioxide. The top three panels correspond
to the peaks for the three crystalline phases of titania [8, 9]. (d) The
density of particle suspension determined from density meter measurements
as function of particle mass fraction. The density of particles is 2.74±0.10
g/cm3.
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FIG. 1. SEM images of the deposited films. (Left) A disordered film:
⇤ = 0.24, ⇥ = 125 µm s�1. (Right) An ordered film: ⇤ = 0.52,
⇥ = 1, 500 µm s�1. The arrow denotes the coating direction. The
scale bar is 1.0 µm.

tation order parameter of the samples and the thermal con-
ductivity, indicating that there is some level of tunability be-
tween the thermal transport in the film and the orientation of
the nanoparticles. The magnitude of the thermal conductiv-
ity of these nanoparticle samples are similar to the thermal
conductivities of nanoporous sol-gel and nanofiber-composite
TiO2 films [22, 23], yet our nanoparticles are non-porous and
the films functionally dependent on nanoparticle orientation.

To examine the temperature trend in � of the TiO2 films,
we measure the thermal properties of three different films over
the range from 77 300 K: an ordered film (2b), a disordered
film (1d), and a moderately ordered/disordered film (2d). The
average thermal conductivities of three films as a function of
temperature are shown in Fig. 3. Representative error bars are
shown which represent the standard deviation calculated from
the 5 different measurements on each sample. For compari-
son, we also plot the thermal conductivity of bulk, single crys-
talline TiO2 (Ref. 24), a polycrystalline sputtered film with
17 nm grain size [25], and an amorphous TiO2 film [26]. We
estimate the grain sizes in the TiO2 nanoparticles from high
resolution TEM images as �15 nm. The thermal conductivity
of the nanoparticle based films in this study are significantly
lower, nearly an order of magnitude in some cases, than the
sputtered TiO2 film with similar grain sizes. The measured
thermal conductivities of the nanoparticle films have similar
magnitudes of � as the amorphous film but temperature trends
similar to the polycrystalline sputtered film indicating that the
phonon transport in the nanoparticle films is not limited by the
interatomic spacing or lack of periodicity as in the amorphous
film. This implies that three-phonon scattering and boundary
scattering are still dominant phonon scattering events in these
nanoparticle films with low thermal conductivity.

To investigate the phonon mechanisms contributing to the
thermal conductivities of these TiO2 close-packed nanoparti-
cle films, we model the thermal conductivity in TiO2 with an
approach similar to that outlined by Mingo [27]. In short, we
treat the TiO2 samples as isotropic Debye media and model
the thermal conductivity with

�p =
1

3

X

j

Z

�j

Cj(⌅)v
2
j ⇤j(⌅) d⌅, (1)

where Cj is the volumetric heat capacity per normal mode
at frequency ⌅, vj is the phonon velocity, and ⇤j is the

FIG. 2. (Left) Schematic of our experimental geometry. (Right)
Thermal conductivity of the nanoparticle films, �, measured at the
room temperature as a function of order parameter, P2, estimated
from the SEM images. Also shown is the prediction of the minimum
limit at T = 300K given by Eq. 3, using the measured density of
the films. The ordering of the naoparticles in the films, as quanti-
fied by the ordering parameter, P2, allows tunability of the thermal
conductivity to values below the theoretical minimum limit.

scattering time and the summation is over the j polariza-
tions. Under the Debye treatment, the heat capacity is Cj =
h̄⌅3 (⇧f/⇧T ) /

�
2⇥2v3j

�
where h̄ is the reduced Planck’s con-

stant, f is the Bose-Einstein distribution, and T is the temper-
ature. For a TiO2 Debye crystal, we take the longitudinal and
transverse phonon velocities as 9,200 and 5,100 m s�1, re-
spectively [25] (note that this approach of modeling the ther-
mal conductivity of bulk TiO2 under the Debye approxima-
tion was also successfully employed by Lee et al. [25]). We
fit Eq. 1 to the thermal conductivity of bulk TiO2 to determine
the intrinsic three-phonon and impurity scattering times. The
best fit is shown as the black line through the bulk TiO2 data
in Fig. 3.

Where Eq. 1 gives the thermal conductivity of single crys-
talline TiO2, the opposite extreme of TiO2 transport is given
by the minimum limit to thermal conductivity. This limit,
originally proposed by Einstein [28], restricts the phonon
mean free path to the interatomic spacing. Cahill et al. [10]
later revised this limit to account for a Debye solid. In the
Cahill limit, ⇤ = ⇥/⌅, and assuming a Debye dispersion, the
thermal conductivity is given by

�C =
1

6⇥2
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Z
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h̄⌅2 ⇧f

⇧T
d⌅, (2)

The Cahill limit assumes that the phase velocity, vp, and the
group velocity, v, are equivalent. Recently, Hopkins and
Beechem [29] theorized that in the minimum thermal conduc-
tivity limit, the phase of the propagating phonon will be de-
stroyed at each scattering event (i.e., the interatomic spacing)
and therefore the phase velocity and group velocity must be
treated separately. Taking the phase velocity in the minimum
limit as vp = n�1/3⇤�1 = ⌅n�1/3⇥�1, where n is the inter-
atomic spacing, the limit proposed by Hopkins and Beechem
is given by [29]

�H =
n1/3
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Nanoparticle self-assembly will enable...

Applications, materials, and devices:

New nanomanufacturing processes
high rate, large scale, low cost

Energy (heterojunction photovoltaics, battery electrodes, ...)
Advanced coatings (thermal barriers, separation membranes)

Photonic, phononic, phoxonic (e-ink, optical switches, ...)
Microlens arrays (efficient lighting)

“Bottom-up” versus “Top-down”

E. M. Furst—CMET/Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu
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Directed self-assembly of a colloidal kagome lattice
Qian Chen1, Sung Chul Bae1 & Steve Granick1,2,3

A challenging goal in materials chemistry and physics is sponta-
neously to form intended superstructures from designed building
blocks. In fields such as crystal engineering1 and the design of porous
materials2–4, this typically involves building blocks of organic mol-
ecules, sometimes operating together with metallic ions or clusters.
The translation of such ideas to nanoparticles and colloidal-sized
building blocks would potentially open doors to new materials and
new properties5–7, but the pathways to achieve this goal are still
undetermined. Here we show how colloidal spheres can be induced
to self-assemble into a complex predetermined colloidal crystal—in
this case a colloidal kagome lattice8–12—through decoration of their
surfaces with a simple pattern of hydrophobic domains. The build-
ing blocks are simple micrometre-sized spheres with interactions
(electrostatic repulsion in the middle, hydrophobic attraction at
the poles, which we call ‘triblock Janus’) that are also simple, but
the self-assembly of the spheres into an open kagome structure con-
trasts with previously known close-packed periodic arrangements of
spheres13–15. This open network is of interest for several theoretical
reasons8–10. With a view to possible enhanced functionality, the
resulting lattice structure possesses two families of pores, one that
is hydrophobic on the rims of the pores and another that is hydro-
philic. This strategy of ‘convergent’ self-assembly from easily fabri-
cated16 colloidal building blocks encodes the target supracolloidal
architecture, not in localized attractive spots but instead in large
redundantly attractive regions, and can be extended to form other
supracolloidal networks.

Colloidal crystals are important for their proposed applications in
photonics, biomaterials, catalytic supports and lightweight structural
materials. They also serve as model systems in which to study the phase
behaviour and crystallization kinetics of atomic and molecular crys-
tals13–15. Usually composed of hard spheres that are homogeneous
in surface functionality, their spontaneous formation is mostly
induced by the minimization of entropy, which results in a limited
selection of attainable close-packed crystal types13–15. More complex
crystals assembled from similarly homogeneous spheres have been
constructed in binary colloidal17 and template-assisted systems18. To
achieve programmable formation of crystals, building blocks with
designed specific surface functionalities such as DNA linkers19,20 and
attractive ‘patches’5–7,21,22 have been proposed, but these approaches
pose synthetic challenges and can be difficult to generalize. For
example, the kagome lattice (see Fig. 1), which is of theoretical interest
for mathematical reasons8 as well as its relevance to mechanical
stability of an isostatic lattice9 and frustration in magnetic materials10,
is composed of interlaced triangles whose vertices have four contacting
neighbours. To construct it by direct assembly would require colloids
with four unevenly distributed patches on their equators to line up
precisely with their counterparts on neighbouring spheres (see
Supplementary Fig. 1a) but methods to obtain the desired colloids
are not immediately accessible.

Accordingly, we chose the kagome lattice as our target colloidal
crystal, and produce it using the following alternative strategy. To
reduce the need to start with a specific pattern of attractive spots on
each building block, we designed a building block with the orthogonal

attributes of minimal surface design combined with self-adjusted coor-
dination number. This simplifies the original four-patch decoration
scheme into one with two patches at opposite poles, each of which
subtends an angle in the plane large enough to allow coordination with
two nearest neighbours (see Supplementary Fig. 1b). This has the
advantage that established synthetic methods16 can be used to decorate
spherical particles with two hydrophobic poles of tunable area, sepa-
rated by an electrically charged middle band. Because each of the
hemispheres is chemically ‘Janus’ (two-sided)23 with the same middle
band, we refer to these as ‘triblock Janus’.

This motif causes neighbouring particles to attract at their poles in a
geometricalarrangementlimitedbytheirsize,whileavoidingenergetically
unfavourable contacts between the charged middle bands. After over-
night sedimentation, the density mismatch between our gold-plated
polystyrene particles and the water in which they are suspended con-
centrates the particles into a quasi-two-dimensional system. Our syn-
thetic scheme produces elongated caps (see Supplementary Fig. 2), which
further facilitates assembly into two-dimensional networks because it
allows two nearest neighbours only when the long patch axes of neigh-
bouring particles are parallel. Ordering is then switched on at will by
adding salt (3.5 mM NaCl in these experiments) to these spheres in

1Department of Materials Science and Engineering, University of Illinois, Urbana, Illinois 61801, USA. 2Department of Chemistry, University of Illinois, Urbana, Illinois 61801, USA. 3Department of Physics,
University of Illinois, Urbana, Illinois 61801, USA.
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Figure 1 | Colloidal kagome lattice after equilibration. a, Triblock Janus
spheres hydrophobic on the poles (black, with an opening angle of 65u) and
charged in the equator section (white), are allowed to sediment in deionized
water. Then NaCl is added to screen electrostatic repulsion, allowing self-
assembly by short-range hydrophobic attraction. b, Fluorescence image of a
colloidal kagome lattice (main image) and its fast Fourier transform image
(bottom right). Scale bar is 4mm. The top panel in c shows an enlarged view of
the dashed white rectangle in b. Dotted red lines in c highlight two staggered
triangles. The bottom panel in c shows a schematic illustration of particle
orientations.
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in a homogeneous aqueous solution. As MPS oligomers form and grow
larger, their solubility rapidly decreases causing them to phase-separate
as monodisperse oil droplets that grow without coalescing due to a
strong negative surface charge that develops from the dissociation of
MPS silanol groups. A following radical polymerization reaction first
grows a flexible shell onto the droplets and then, over a longer time
scale, polymerizes the inner oil causing the core to contract and the
shell to buckle (see Fig. 4) [44••].

2.5. Particle confinement

Physical confinement and attractive capillary forces have been suc-
cessfully combined to organize few monodisperse spherical particles
into a variety of colloidal aggregates with a predetermined size and
geometric structure.

Xia et al. created particle clusters using lithographically patterned
surfaces to trap polystyrene and silica beads into two-dimensional
arrays of cylindrical holes. The number of particles that each hole can
host (and their arrangements) is determined by geometry, and can be
changed by tuning the ratios between the size of the particles and the
dimensions of the hole. As shown in Fig. 5A, the particles' entrapment
occurs as a result of capillary, gravitational andelectrostatic forces acting
on the particles as the colloidal suspension slowly dewets through the
patterned surface. Next, the system is heated slightly above the glass
transition temperature of the colloidal material to permanently
bond together the spherical particles within each hole. Finally, the
patterned substrate (which consists in a thin film of photoresist) is
dissolved to release the resulting clusters. This approach is now
commonly referred to as template-assisted self-assembly (TASA). Xia

and coworkers used various templates to obtain cluster geometries such
as dimers, tetrahedrons, and zigzag chains. More complex heteroge-
neous aggregateswere obtained applying consecutive TASAdepositions
with particles of different sizes or composition (see Fig. 5A)[45,46].

A more practical and higher yield method of preparing small
clusters of equal-sized spherical colloids is emulsion drying. This
technique, which was pioneered by Velev et al. in 1996 [47] to
fabricate ordered colloid aggregates, was optimized for the prepara-
tion of polystyrene colloidal clusters with a precisely-defined
geometry by Manoharan et al. in 2003 [48••] and then adapted by
the same author and several other researchers to various colloidal
systems including inorganic colloids and binary mixtures [49–52].
Fig. 5B illustrates the original idea which consists of preparing an oil-
in-water emulsion in which spherical colloids are trapped at the
interface of the oil droplets. Subsequent evaporation of the oil phase
forces the spheres to pack into small clusters and bind to each other
via van derWaals interactions. The resulting clusters typically contain
between 2 and 15 spheres per cluster. For a given number of spheres n,
all clusters have the same configuration,which for n!11minimize the
second moment of the mass distribution [48••].

Recently, Elsesser et al. employed core–shell polymethylmetha-
crylate (PMMA) spheres featuring fluorescent cores and large non-
fluorescent shells to prepare, by emulsion drying, clusters that can be
dispersed in a density- and index-matching solvent and whose
position and orientation can be accurately determined in three
dimensions (3D) by tracking the fluorescent cores of the constituent
spheres (see Fig. 5B). This enables the use of confocal microscopy to
perform quantitative static and dynamic studies in dense suspensions
of non-spherical particles [53].

Fig. 4. Top: schematics summarizing various stretching deformation protocols used to prepare PS particles with different shapes. These deformation schemes involve consecutive
stretching, liquefaction and solidification steps. Method B, for example, yields the shapes shown in the SEM pictures on the right. (Reprinted with permission from Ref. [40•].
Copyright 2007 National Academy of Sciences, U.S.A.) Bottom: (A) diagram showing the synthetic steps involved in the preparation of dimpled particles. 1) Monodisperse silicon oil
droplets are nucleated via a base catalyzed condensation reaction from a homogeneous solution of hydrolysed 3-methacryloxypropyl trimethoxysilane monomer. 2) The droplets
are encapsulated into cross-linked polymer shells. 3) The liquid cores contract when polymerized and 4) drive a controlled shell buckling that forms spherical cavities. (B) Optical
microscopy pictures showing the oil droplets before and after the polymerization (step 4). (C) SEM image showing the morphology of the resulting dimpled particles. (Reproduced
from [44••]).
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hematite analogues. The growth of a silica shell on the hematite cores
is performed by a classical sol–gel polymerization of tetraethoxysilane
(TEOS) [14] in the presence of !-Fe2O3 seeds. The core surface is
usually pre-treated by adsorbing polyvinylpyrrolidone (PVP), which
acts as a coupling agent facilitating the deposition of silica on hematite
and enhancing the colloidal stability of the cores by providing steric
stabilization. This is critical during the initial phase of the SiO2 growth
when the bare hematite seeds are close to their isoelectric point
[15,16•]. After the formation of the SiO2 shell, the cores are usually
sacrificed through a selective chemical etching treatment to yield
hollow silica replicas of the template. In addition, fluorescent dyes
functionalized with silane moieties can be co-polymerized with TEOS
and incorporated into the silica shells to allow, for example, confocal
microscopy studies [16•].

Fig. 1 collects images of various shape anisotropic particles,
including ellipsoids, peanuts and cubes, that were recently fabricated
by template-assisted synthesis using hematite cores.

The first example (Fig. 1A) shows core–shell ellipsoids with an
adjustable aspect ratio that were prepared from thin hematite
spindles by a repeated seeded growth. Because the silica growth
rate was found to be dependent on the curvature of the substrate with
a faster growth on flat areas and a slower growth on the curved tip of
the hematite spindle, the final particle aspect ratio was simply
controlled by adjusting the thickness of the silica coating. This method
produces a sufficient quantity of ellipsoids (typically 1 cm3 of close-
packed ellipsoids per sample) to perform bulk studies of how the

density of macroscopic random packings depends on particle shape
[16•,17].

Using larger hematite templates Lee et al. prepared fluorescently
labeled peanut-shaped colloids (see Fig. 1B) and explored their phase
behavior under confinement by confocal microscopy. In this case,
because of the severe absorption of light due to hematite that hinders
confocal imaging, and its weak magnetic dipole moment that alters
the assembly, the cores were removed through etching using
concentrated hydrochloric acid [18•].

Similarly (see Fig. 1C), hematite cubes and the corresponding
fluorescently labeled hollow silica replicas were prepared by Rossi and
coworkers and were used to self assemble three-dimensional colloidal
crystals featuring a rare simple-cubic lattice structure. Owing to the
large size of both peanuts and cubes, their self-assembly dynamics can
be conveniently followed by optical microscopy as illustrated in Fig. 1C
(right) [19••].

2.2. Swelling and phase separation techniques

Controlled phase separation in seeded polymerization is a
technique that was pioneered by Sheu et al. in 1990 and has been
revisited and further optimized in the last few years by several
research groups [20•–27]. This method produces colloids with single
or multiple protrusions in a well-controlled manner and with high
yield. The resulting particles exhibit a variety of morphologies such as
dumbbell, triple rod, triangles, ice cream cone-like and popcorn-like.
The basic mechanism is a two step seeded polymerization that uses
cross-linked polymer colloids, typically polystyrene (PS) cross-linked
with divinylbenzene(DVB), as seeds. First, the seeds are swollen at
room temperature with a polymerizable monomer-based solution
and then they are polymerized at a higher temperature. The
polymerization of the monomer and in particular the increase in
temperature causes the hosting crosslinked polymer network to
shrink and expel the excess monomer in the form of a liquid
protrusion that polymerizes producing a new lobe onto the original
seed. Kegel et al. showed that the coupling between two disparate
relaxation times determines the volume of the phase separated
protrusion, thus allowing the particles' shape anisotropy to be varied
systematically by adjusting the time scales [27].

Kim et al. managed to control the directionality of the phase
separation by creating crosslinking density gradients in the seed
particle, thus allowing to selectively place individual ‘bulbs’ in well-
defined positions on the initial seed. This is illustrated in Fig. 2 (left)
showing that when a dimeric seed has one bulbwith a lower degree of
crosslinking density than the other, the swelling and polymerization
reaction causes the protrusion to develop laterally on this bulb,
resulting in a linear growth of the seed. On the other hand, if the dimer
is homogeneously crosslinked, both bulbs swell (and then contract) in
the same amount and the protrusion is shared between the two bulbs
forming a triangle. Ultimately this technique allowed Kim and
coworkers to generate particles with uniform rod, cone, triangle and
diamond shapes [20•,22•].

Park et al. further expanded this process by designing a multi step
seeded polymerization scheme that provided colloidal particles with
the symmetry of water molecules. The method relies on a controlled
swelling deformation driven by an opportunely modulated cross-
linking density gradient inside the linear trimer seeds that allows the
central lobe to swell and displace its center from the line connecting
the centers of the end lobes [25•]. The same authors also demonstrated
that nonspherical dumbbell-shaped colloids can readily be synthe-
sized via a two step seeded emulsion polymerization without
employing crosslinked seeds. Instead, they used spherical core–shell
particles with a hydrophobic polystyrene core and a hydrophilic
polymeric shell made of a random copolymer of styrene and
trimethoxysilylpropylacrylate (St-co-TMSPA). Upon adding a small
amount of toluene, they observed that the inner polystyrene core

Fig. 1. Silica particleswith unusual shapes canbepreparedusing templating hematite cores.
A: Starting from thin hematite spindles various core–shell silica ellipsoids are prepared
through a repeated silica seeded growth (partially adapted from [16•]). B: (left) SEMpicture
of hematite peanut-shaped colloids from which the hollow silica particles shown on the
right were templated. Scale bars are, respectively, 2.4 μm and 1.5 μm (adapted from [18•]—
reproduced by permission of The Royal Society of Chemistry). C: (left) SEM image showing
micrometer-sized hematite cubes coated with a 100 nm thick silica shell. After the coating,
the cores can be easily dissolved in concentrated hydrochloric acid to yield the hollow silica
cubes on the right. (right) An optical microscopy image documenting the self-assembly of a
cubic crystal from hollow silica cubes (courtesy of Laura Rossi).
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in a homogeneous aqueous solution. As MPS oligomers form and grow
larger, their solubility rapidly decreases causing them to phase-separate
as monodisperse oil droplets that grow without coalescing due to a
strong negative surface charge that develops from the dissociation of
MPS silanol groups. A following radical polymerization reaction first
grows a flexible shell onto the droplets and then, over a longer time
scale, polymerizes the inner oil causing the core to contract and the
shell to buckle (see Fig. 4) [44••].

2.5. Particle confinement

Physical confinement and attractive capillary forces have been suc-
cessfully combined to organize few monodisperse spherical particles
into a variety of colloidal aggregates with a predetermined size and
geometric structure.

Xia et al. created particle clusters using lithographically patterned
surfaces to trap polystyrene and silica beads into two-dimensional
arrays of cylindrical holes. The number of particles that each hole can
host (and their arrangements) is determined by geometry, and can be
changed by tuning the ratios between the size of the particles and the
dimensions of the hole. As shown in Fig. 5A, the particles' entrapment
occurs as a result of capillary, gravitational andelectrostatic forces acting
on the particles as the colloidal suspension slowly dewets through the
patterned surface. Next, the system is heated slightly above the glass
transition temperature of the colloidal material to permanently
bond together the spherical particles within each hole. Finally, the
patterned substrate (which consists in a thin film of photoresist) is
dissolved to release the resulting clusters. This approach is now
commonly referred to as template-assisted self-assembly (TASA). Xia

and coworkers used various templates to obtain cluster geometries such
as dimers, tetrahedrons, and zigzag chains. More complex heteroge-
neous aggregateswere obtained applying consecutive TASAdepositions
with particles of different sizes or composition (see Fig. 5A)[45,46].

A more practical and higher yield method of preparing small
clusters of equal-sized spherical colloids is emulsion drying. This
technique, which was pioneered by Velev et al. in 1996 [47] to
fabricate ordered colloid aggregates, was optimized for the prepara-
tion of polystyrene colloidal clusters with a precisely-defined
geometry by Manoharan et al. in 2003 [48••] and then adapted by
the same author and several other researchers to various colloidal
systems including inorganic colloids and binary mixtures [49–52].
Fig. 5B illustrates the original idea which consists of preparing an oil-
in-water emulsion in which spherical colloids are trapped at the
interface of the oil droplets. Subsequent evaporation of the oil phase
forces the spheres to pack into small clusters and bind to each other
via van derWaals interactions. The resulting clusters typically contain
between 2 and 15 spheres per cluster. For a given number of spheres n,
all clusters have the same configuration,which for n!11minimize the
second moment of the mass distribution [48••].

Recently, Elsesser et al. employed core–shell polymethylmetha-
crylate (PMMA) spheres featuring fluorescent cores and large non-
fluorescent shells to prepare, by emulsion drying, clusters that can be
dispersed in a density- and index-matching solvent and whose
position and orientation can be accurately determined in three
dimensions (3D) by tracking the fluorescent cores of the constituent
spheres (see Fig. 5B). This enables the use of confocal microscopy to
perform quantitative static and dynamic studies in dense suspensions
of non-spherical particles [53].

Fig. 4. Top: schematics summarizing various stretching deformation protocols used to prepare PS particles with different shapes. These deformation schemes involve consecutive
stretching, liquefaction and solidification steps. Method B, for example, yields the shapes shown in the SEM pictures on the right. (Reprinted with permission from Ref. [40•].
Copyright 2007 National Academy of Sciences, U.S.A.) Bottom: (A) diagram showing the synthetic steps involved in the preparation of dimpled particles. 1) Monodisperse silicon oil
droplets are nucleated via a base catalyzed condensation reaction from a homogeneous solution of hydrolysed 3-methacryloxypropyl trimethoxysilane monomer. 2) The droplets
are encapsulated into cross-linked polymer shells. 3) The liquid cores contract when polymerized and 4) drive a controlled shell buckling that forms spherical cavities. (B) Optical
microscopy pictures showing the oil droplets before and after the polymerization (step 4). (C) SEM image showing the morphology of the resulting dimpled particles. (Reproduced
from [44••]).
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Figure 17. SEM of mixed PbS.xCdS particles prepared by the 
addition of 0.50 cm" of 4.3 X mol dm-:' Cd(NO:,), and 1.00 
cm:' of 2.1 X lo-' mol dm-:' Pb(NO:dz to  20 cm'! of a lead sulfide 
"seed" sol (obtained by aging a solution of 1.2 X mol dm+ 
in Pb(NO&, 5.0 X lo-:' mol d m 3  in TAA and 2.4 X mol d m 3  
in HNOB at  26 "C for 21 h) and allowing the dispersion to  age 
at  80 "C for 30 ~ n i n . ~ ~  The longer bar equals 1 pm. 

and leadw were synthesized. In the latter case, depending 
on conditions, either spherical or cubic particles (e.g., 
Figure 18h) were precipitated. The exact chemical com- 
position of these compounds depended somewhat on the 
conditions of precipitation. 

Uniform colloidal magnetiteg1 was prepared by first 
precipitating iron(I1) hydroxide and subsequent aging in 
the presence of a mild oxidizing agent. Various ferrites 
were obtained using the same procedure by replacing a 
fraction of ferrous ions with other divalent metals, such 
as nickel,%obalt,93 (or hoth)P4 and strontium.96 
Figure 18c illustrates spherical particles of nicke1ferriteP2 
while hexagonal platelets in Figure 18d are of barium 
ferrite.95 Partial substitution of ferric ions by Cr(II1) 
yielded uniform chromite particles.97 

Finally, Figure 19 shows a recently prepared powder of 
NaMgFs which has the orthorhombic structure of neigh- 
b ~ r i t e . ~ ~  

Coated and Hollow Particles 
There are several reasons that make it useful to cover 

core materials with shells of different chemical compo- 
sition. One is to change physical (optical, magnetic, 
conductive, etc.) or chemical properties of a dispersion by 
the choice of the coating material. Furthermore, when a 
required particle shape is impossible to achieve by direct 
synthesis, cores of the desired morphology can be coated 
with another compound necessary for a given application. 

Shells of different thickness on various substrates can 
be produced either hy deposition of tiny precursor particles 
or by direct precipitation of a homogeneous layer on the 
core materials. In the first case one deals essentially with 

(90) Kim, M. J.; MatijeviE, E. J.  Mater. Res. 1991, 6, 840. 
(91) Sugimoto, T.; MatijeviC, E. J.  Colloid Interface Sei. 1980, 74, 

(92) Regszzoni, A. E.; MatijeviE, E. Corrosion 1982, 38, 212. 
(93) Tamura, H.; MatijeviE, E. J. Colloid Interface Sci. 1982,90.100. 
(94) Repazzoni, A. E.; Matijevif, E. Colloids Surf. 1983, 6, 189. 
(95) MatijeviC, E. J.  Colloid Interface Sei. 1987, 117, 593. 
(96) Fan, X.-J.; MatijeviE, E. J. Am. Cerom. Sot. 1988, 71, C60. 
(97) MatijeviE, E.; Simpson, C. N.; Amin, N.; Arjs, S. Colloids Surf. 

(98) Hsu, W. P.; MatijeviC, E., unpublished results. 
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Figure 18. (a) SEM of barium titanate particles obtained by 
aging at  60 "C for 2 h a solution of the following composition: 
titanium(1V) isopropoxide, [Ti(i-Opr)d = 5.0 X 10.' mol dm-3 
[Na2H2EDTAl = 1.0 X lo-* mold&, [BaCM = 5.0 X lW3 mol 
dm-3, and [H20,1 = 0.38 mol dm+; pH was adjusted to 9.9 by 
addition of NHz.~' (h) TEM of lead niohate particles obtained 
by aging at  50 "C for 4 h a solution of 8.0 X mol d m 3  Ph- 

mol dm-3 NbCls, and 1.0 x mol d m 3  Nat- 
HNTA in the presence of H ~ 0 2 . ~  (c) SEM of nickel ferrite 
particlesobtainedonagingat 90 T f o r  4 hcoprecipitatedferrous 
and nickel hydroxide gels in the ratio [Ni(OH)21/[Fe(OH)21 = 
0.5 in the presence of excess 6.0 X mol dm+ FeSOl and 2.0 
X 10.' mol d m 3  NaN03j2 (d) TEM of barium ferrite particles 
obtained by aging at  90 OC a system consisting of 1.25 X l W 1  mol 
dm-" FeCh 1.5 X 10.' mol dm-'KOH, 2.0 x lW1 mol d m 3  KN03, 
and 1.0 X lkZ mol 

2.0 X 

Ba(NO& as described in ref 95. 

Figure 19. SEM of neighborite, NaMgF:,, particles obtained by 
aging at  80 "C for 3 h a  solution of 1.6 X 10 ' mol dm-:' NaF and 
4.0 X lo-' mol dm-" MgC12,gn 

heterocoagulation, while the second process is dependent 
on the precipitation properties of the coating material and 
on the proper ratio of the amount of cores to the 
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Figure20. In) TEMofhematite(a-Fe,O,i particlescoatedwith 
silica by aging at 40°C for 18 hadispersion 01'72.1 mgdm 'cores 
in 2-propanol containing 0.45moldm-'NH., 3.05mol dm-'HJO, 
and 4.0 x 10 I mol dm- '  tetraethyl orthosilicate (TEOS).I ', (h )  
TEMofhematite particlmcoatedwithzirconium (hydrous) oxide 
by aging at 70 O C  ior 2 h an aqueous dispersion of 600 mg dm-' 
cores containing 5.0 X IO-' mol dm ' zircunium sulfate, 5 vol r: 
formamide, and 0.5 wt c; polylvinylpyrrolidone) (PVP).'*'- (c) 
TEM of polystyrene latex coated with yttrium hasic carbonate 
by aging at 90 "C for 2 h a dispersion of LOO mg d m  ' PS latex 
containing 5.0 X 10 'mu1 dm-' Y ( N O h  1.8 X IO-'moldm-'urea. 
and 1 . 2 ~  4 PVP.l,'s (d)TEMofhollowyttriaparticlmohtained 
hy calcining at ROO "C for 3 h coated particles shown in Figure 
20c.l 8 

concentration of the electrolyte solution which produces 
the shell. When the coating is formed by the deposition 
(heterocoagulation) mechanism, the optimum conditions 
are determined by the charge and other characteristics of 
both solid reactants, as expected in the particle adhesion 
process. 

Many different core materials, such as hematite, chro- 
mia, and titania, have been coated with the same shell 
(aluminum hydroxide),- or the same core material (e.g., 
hematite) was covered with layers of different chemical 
composition, including yttria," chromium (hydrous) 
oxide,IU1 zirconium (hydrous) oxide,Io2 or si1ica.I"' 

Electron micrographs (Figures 20a and b) of ellipsoidal 
hematite (a-Fe203) cores coated with silical''3 and zirco- 
nia.lo2 respectively, show uniform shells on each particle. 
Chemical characteristics of such solids are essentially 
determined by the composition of the outer layer. As an 
example Figure 21 displays the differential thermal 
analysis (DTA) data for hematiteand chromium hydroxide 
powders when precipitated alone, as well as of hematite 

(991 Kratohvil. S :  Matijevib. E. Ad". Ceromic M O I P I .  1987. 2. 798. 
i lWi Anken. R.; M a t i j w t .  E. J. Colloid lnrprfoce Sa. 1988.126.645. 
1101) Car& A ;  MatijeviP. E. I .on~mutr  1988. 4. 38. 
tlU21 Carg. A,: Matijevii, E. J. Colloid lnrerfare Sc,. 1988, 126.243. 
, I .  I )  Ohmori. hl ; hlntijevit. E. J Collotd lnrerfare Sn. 1992. 1511. 

594 

I I I 
200 LOO 600 SW 

TEMPERATURE ( 'C  ) 
Figure 21. Differential thermal analysis data for hematite, 
chromium hydroxide, and hematite particles coated with chro- 
mium hydroxide.'0' 

* 
AGING TIME 

Figure 22. Schematic presentation of the coating mechanism 
of positively charged polystyrene latex by yttrium basic carbonate 
at different urea concentrations as a function of aging time at 90 oc,m 
cores coated with chromium hydroxide; obviously the last 
two curves show the same behavior.'o' 

Inorganic shells can also be produced on organic cores, 
as demonstrated with zirconium (hydrous) oxideIo4 or 
yttrium basic carbonate'05 on polystyrene (PS) latex. The 
latter particles are illustrated in Figure 20c. The outer 
layer does not appear smoth under all conditions; the PS 
cores can be either partially covered or mixed dispersions 
may develop. In all these cases the coating is produced 
by the heterocoagulation mechanisms; thus, the size and 
the charge of the coating particles, precipitated in the 
presence of the latex, must control the processes involved, 
as schematically shown in Figure 22.L05 At first, positively 
charged finely dispersed yttrium basic carbonate is formed. 
With aging, urea decomposes and the pH of the system 
rises, eventually exceeding the isoelectric point (iep) of 
Y(OH)C03, which then interacts with the positively 
charged latex. At high urea concentrations this charge 
reversal occurs early while the Y(OH)COB particles are 
still very small, producing a smooth coating on deposition 
on the latex. At lower urea contents the pH change is 
slower and the particles of the coating material grow to a 
considerably larger size before charge reversal takes place, 
resulting either in rough shells or in mixed dispersions.'05 

(104) Kawahashi, N.;Perspun,C.;MatijeviE,E.J.Mater.Chem. 1991, 

(105) Kawahashi, N.; Mstijevit, E. J. Colloidlnterfaee Sci. 1990,138, 
I ,  577. 
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Figure 1 Representative examples of recently synthesized anisotropic particle building blocks. The particles are classified in rows by anisotropy type and increase in size
from left to right according to the approximate scale at the bottom. From left to right, top to bottom: branched particles include gold31 and CdTe71 tetrapods. DNA-linked gold
nanocrystals50 (the small and large nanocrystals are 5 nm and 10 nm respectively), silica dumb-bells72, asymmetric dimers73 and fused clusters17 form colloidal molecules.
PbSe74 and silver cubes10 as well as gold26 and polymer triangular prisms15 are examples of faceted particles. Rods and ellipsoids of composition CdSe75, gold76, gibbsite4

and polymer latex60 are shown. Examples of patterned particles include striped spheres77, biphasic rods14, patchy spheres with ‘valence’34, Au–Pt nanorods78 (the rod
diameters are of the order of 200–300 nm) and Janus spheres13. Images reprinted with permission from the references as indicated. Copyright, as appropriate, AAAS, ACS,
RSC, Wiley-VCH.

expanded the range of possible colloidal structures to include, for
example, tetragonal, trigonal, simple cubic and ionic phases41,42.
These phases are moving closer to attaining the structural
complexity that future applications require. Adding shape and
interaction anisotropy to the particles further extends the possible
assemblies to motifs potentially as complex as those seen in
molecular crystals.

Indeed, although a general predictable relationship between
anisotropic building-block structure and the structure and
symmetry of ordered arrays produced from these building blocks
is not yet in hand, nanocolloid assembly is governed by the same
thermodynamics that produces ordered equilibrium structures in
systems of atoms and molecules. In fact, molecular analogues
such as liquid crystals, surfactants and block copolymers exhibit
building-block anisotropy that is conceptually similar to and
as diverse as the examples in Fig. 1. Thus, potentially, if
non-idealities peculiar to particles such as jamming and gelation
are avoided, anisotropic nanocolloidal particles ought to assemble
into morphologies as diverse as those of molecules. Applying the

analogy between molecules and nanocolloids implied by statistical
thermodynamics allows a rough assessment of the possibilities.

First, consider the analogy with crystallography. Atomic and
molecular packings are well-studied subjects, not only in the
context of the possible crystallographic space groups, but also
in terms of their relationship to the underlying point group
of the molecular species. Powerful computational schemes can
predict energetically favourable configurations (at least at 0 K)42.
For atoms, a suite of highly symmetric near-close-packed structures
that balance the constraints of atomic size and charge neutrality
dominate. This motif seems to hold as well on the colloidal
scale42–44. In addition, because nanoparticle and colloidal macro-
ions, unlike atoms, have nearly continuously tunable size and
charge, ionic crystals with no known atomic or molecular analogue
have been discovered42,45,46.

Addition of the directionality associated at the molecular
scale with covalent and hydrogen bonding expands the possible
structures towards those that are more open (such as diamond
and zeolites) and anisotropic (such as graphite). The directionality

558 nature materials VOL 6 AUGUST 2007 www.nature.com/naturematerials

a) b) 

c) d) 

Figure 5: SEM images taken in area A in Figure 1 for a) 1:1 unstretched, b) 2:1, c) 3:1 and d) 4:1
aspect ratio ellipsoids showing good orientational, but not translational, order. The electric field
direction is approximately vertical in the plane of the page.
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scopic assemblies. In an interesting recent example,
the specific halogen bonding (XB), in a parallel fashion
to hydrogen bonding, was applied for the first time to
direct gold nanoparticle clustering.15 Gold nanoparticles
functionalized with an XB donor were found to un-
dergo progressive aggregation in the presence of a bi-
functional XB acceptor. Modulation of the assembly
time and template concentration resulted in the forma-
tion of either chainlike structures or large, dense assem-
blies. An alternative strategy to modulate nanoparticle
assembly involves understanding and using the distri-
bution and chemistry of the coordination sites in tem-
plate molecules. As recently shown,16 the degree of as-
sembly in gold nanoparticles increased with the
number of functional groups (pyridyl) in the templates
(between one and four). However, a more elegant ap-
proach was recently proposed for reversible clustering
based on pseudorotaxane host!guest interactions17

(Figure 2a), in which geometrical control allowed the as-
sembly into homodimers, trimers, and tetramers by
simply varying the initial symmetry of the template
molecule (Figure 1e). In this work, gold nanoparticles
functionalized with molecules containing electrochemi-
cally active guest units (tetrathiafulvalene), were al-
lowed to interact noncovalently with a template con-
taining host units (tetracationic cyclophane), resulting
in fully reversible assembly in solution, through cyclic
reduction (assembly) and oxidation (disassembly). The
pseudorotaxane concept was later extended by the
same authors into a polypseudorotaxane system, where
the host units were incorporated in a linear polymer,18

so that extended networks could be obtained, compris-
ing nanoparticles cross-linked with the polymer. Such
a selective “sponge” could capture or release nanopar-
ticles of different types by reduction or oxidation pro-
cesses, respectively. This concept of polymer-mediated
assembly was already introduced in 2000, under the
term “brick and mortar”,19 showing how modulation of
solvent polarity (Figure 2b) or temperature could trig-
ger the reversible hydrogen bonding between a linear
polymer and gold nanoparticles.

Proposed in 1996, the concept of DNA controlled
nanocrystal self-assembly,20,21 has gained extremely
high popularity.22!30 Gold nanoparticles can be func-
tionalized either by large numbers of DNA strands, lead-
ing to network materials,20 or by discrete numbers of
DNA strands, forming discrete assemblies.21 In this pro-
cess, gold nanoparticles capped with noncDNA strands,
were induced to assemble upon addition of a double-
cDNA template. Interestingly, the nanoparticle aggre-
gates could be easily disassembled upon heating (see
the following section and Figure 2e). DNA can thus pro-
vide fine control over interparticle spacing within free-
standing films, which can be used for instance to tune
the plasmonic and mechanical properties over
micrometer length scales.31 Additionally, the helical
structure of DNA makes it a particularly interesting tem-

plate since it allows introducing chirality in the nano-
particles assembly,32!34 which has become of enormous
interest in fields such as plasmonics and metamateri-
als.35 Even though chiral properties have been only reg-
istered so far from gold nanostructures made by litho-
graphic methods, solution phase assembly into chiral
geometries would offer advantages such as larger scale
production or reduced dimensionality that render it an
extremely appealing prospective.

From the examples listed above, it is clear that nano-
particle self-assembly has been successfully achieved
over distances of nanometers and micrometers. How-
ever, the need for real technological applications will re-
quire a controlled organization over much longer
length-scales. Therefore, block-copolymers (BCP), which

Figure 1. The universe of directed self-assembly by molecular interactions.
Available building blocks are classified in terms of aspect ratio (AR), rang-
ing from AR ! 1 (isotropic, mostly spheres (a"g)) through 1 " AR " 15 (rod-
like (h"j)) to AR # 15 (wires (k)). Self-assembly of gold nanoparticles on
templates (macromolecules17 (e); carbon nanotubes40 (f); block-
copolymers38 (g)) can lead to geometries that are complementary to those
of the templates. In template-free self-assembly, stimuli responsive mol-
ecules adsorbed on NPs surface induce controlled aggregation.
Temperature-sensitive DNA can induce particles clustering28,29 (a, b) via
H-bonding or induce formation of two-dimensional superlattices31 (c),
whereas light sensitive azobenzenes induce formation of colloidal crys-
tals52 (d) via molecular dipole"dipole interactions. Hydrophobic interac-
tions can induce assembly of nanorods into low symmetry clusters;66 (h)
chainlike structures63 (i) or spherical objects,63 (j) by tuning the volume frac-
tion of the different solvents. Similarly, highly anisotropic carbon nano-
tubes undergo assembly into bundles via H-bonding induced changes in
the medium polarity65 (k). Finally, hierarchical self-assembly can be
achieved using preformed assemblies as building blocks. Images reprinted
with permission from the references as indicated: (a) Copyright 2009 Nature
Publishing Group; (b) Copyright 2006 American Chemical Society; (c) Copy-
right 2009 Nature Publishing Group; (d) Copyright 2007 National Academy
of Sciences, U.S.A.; (e) Copyright 2009 American Chemical Society; (f) Copy-
right 2006 Royal Chemical Society; (g) Copyright 2009 Nature Publishing
Group; (i,j) Copyright 2007 Nature Publishing Group; (k) Copyright 2009
Royal Chemical Society.
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where the geometric values R, h, and a are taken from the SEM
image in Figure 2. The calculated energy difference is approxi-
matelyΔE! 10-13 J.Next,we estimate the total work doneon the
particleW ! ηε·2Ωt as it is deformed, where ε· is the strain rate, η
is the particle viscosity, and Ω is the dissipation volume.33,34

The rate of deformation occurs over tens of minutes ε· ! h/at !
10-3 s-1, and the volume deformed is on the order of the particle
volumeΩ! a3. The order ofmagnitude of the particle viscosity is

estimated by Ramı́rez et al. using the WLF equation and the
plateau modulus (0.2 MPa) η ! 108 Pa s.34 We find W ! ΔE,
verifying that the surface energies are sufficiently in high magni-
tude to drive this unusual shape transformation.

A summary of the shape transformation is shown in Figure 5f,
illustrating how spreading driven by surface tension along with
a concurrent change in the wetting properties of the particles
leads to the observed sequence of particle shapes (summarized in
Figure 5a-d). Particle deformation begins with the three-phase
contact angle at θ ! 90!. Surface tension forces deform the par-
ticle, pulling it along the interface and causing the equatorial ridge
shown in Figure 5a. The equilibrated shape at this point is shown
by the dashed line; it is symmetric and lenslike. However, as the
particle deforms, the particle-oil surface tension also decreases
relative to the particle-water surface tension. This drives the final
particle shape toward the anisotropic form shown in Figure 5d.

Figure 5. Summary of particle shapeswith the same initial gellan temperature of 90 !Cand varying incubation times. The initialmicrosphere
is shownby shape a, and shapes b-d correspond toparticle shapes shown inFigures 3a,b and 2a, respectively. The scale bar is 1μm.Belowwe
illustrate the proposed mechanism for the shape change. (e) The balance of surface tension forces leads to different positions and shapes of
particles in the oil-water interface. Undeformed particles sit at different heights, depending on the relative surface energies. In contrast, the
equilibrated shapes of deformable particles are shown on the right. (f) The overall particle shape change observed in this work is driven by the
deformation of the particle as well as relative changes in the particle-oil and particle-water surface energies. Dashed lines indicate the
equilibrated shape for the corresponding surface tensions.

(33) Frenkel, J. J. Phys. USSR 1945, 9, 385–391.
(34) Ramı́rez, L. M.; Milner, S. T.; Snyder, C. E.; Colby, R. H.; Velegol, D.

Langmuir 2010, 26, 7644–7649.

Fig. 2. Left: the growth of a new ‘bulb’ onto a PS dimer can be directed into a specific location by adjusting the crosslinking density gradient of the dimer. A linear growth occurs when bulb a has a higher crosslinking density than bulb b, while
when the crosslinking density of bulb a is equal to that of bulb b we observe a perpendicular growth forming a triangular particle. Below the correspondent SEM images of triple rod particles and triangle particles. (adapted with permission
from [22•]. Copyright 2007 Wiley-VCH). Right: schematic of merging of A liquid protrusions or B wetting layers, yielding the ‘colloidal molecules’ showed in the SEM pictures below. (Adapted with permission from [23•]. Copyright 2009
American Chemical Society).
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hematite analogues. The growth of a silica shell on the hematite cores
is performed by a classical sol–gel polymerization of tetraethoxysilane
(TEOS) [14] in the presence of !-Fe2O3 seeds. The core surface is
usually pre-treated by adsorbing polyvinylpyrrolidone (PVP), which
acts as a coupling agent facilitating the deposition of silica on hematite
and enhancing the colloidal stability of the cores by providing steric
stabilization. This is critical during the initial phase of the SiO2 growth
when the bare hematite seeds are close to their isoelectric point
[15,16•]. After the formation of the SiO2 shell, the cores are usually
sacrificed through a selective chemical etching treatment to yield
hollow silica replicas of the template. In addition, fluorescent dyes
functionalized with silane moieties can be co-polymerized with TEOS
and incorporated into the silica shells to allow, for example, confocal
microscopy studies [16•].

Fig. 1 collects images of various shape anisotropic particles,
including ellipsoids, peanuts and cubes, that were recently fabricated
by template-assisted synthesis using hematite cores.

The first example (Fig. 1A) shows core–shell ellipsoids with an
adjustable aspect ratio that were prepared from thin hematite
spindles by a repeated seeded growth. Because the silica growth
rate was found to be dependent on the curvature of the substrate with
a faster growth on flat areas and a slower growth on the curved tip of
the hematite spindle, the final particle aspect ratio was simply
controlled by adjusting the thickness of the silica coating. This method
produces a sufficient quantity of ellipsoids (typically 1 cm3 of close-
packed ellipsoids per sample) to perform bulk studies of how the

density of macroscopic random packings depends on particle shape
[16•,17].

Using larger hematite templates Lee et al. prepared fluorescently
labeled peanut-shaped colloids (see Fig. 1B) and explored their phase
behavior under confinement by confocal microscopy. In this case,
because of the severe absorption of light due to hematite that hinders
confocal imaging, and its weak magnetic dipole moment that alters
the assembly, the cores were removed through etching using
concentrated hydrochloric acid [18•].

Similarly (see Fig. 1C), hematite cubes and the corresponding
fluorescently labeled hollow silica replicas were prepared by Rossi and
coworkers and were used to self assemble three-dimensional colloidal
crystals featuring a rare simple-cubic lattice structure. Owing to the
large size of both peanuts and cubes, their self-assembly dynamics can
be conveniently followed by optical microscopy as illustrated in Fig. 1C
(right) [19••].

2.2. Swelling and phase separation techniques

Controlled phase separation in seeded polymerization is a
technique that was pioneered by Sheu et al. in 1990 and has been
revisited and further optimized in the last few years by several
research groups [20•–27]. This method produces colloids with single
or multiple protrusions in a well-controlled manner and with high
yield. The resulting particles exhibit a variety of morphologies such as
dumbbell, triple rod, triangles, ice cream cone-like and popcorn-like.
The basic mechanism is a two step seeded polymerization that uses
cross-linked polymer colloids, typically polystyrene (PS) cross-linked
with divinylbenzene(DVB), as seeds. First, the seeds are swollen at
room temperature with a polymerizable monomer-based solution
and then they are polymerized at a higher temperature. The
polymerization of the monomer and in particular the increase in
temperature causes the hosting crosslinked polymer network to
shrink and expel the excess monomer in the form of a liquid
protrusion that polymerizes producing a new lobe onto the original
seed. Kegel et al. showed that the coupling between two disparate
relaxation times determines the volume of the phase separated
protrusion, thus allowing the particles' shape anisotropy to be varied
systematically by adjusting the time scales [27].

Kim et al. managed to control the directionality of the phase
separation by creating crosslinking density gradients in the seed
particle, thus allowing to selectively place individual ‘bulbs’ in well-
defined positions on the initial seed. This is illustrated in Fig. 2 (left)
showing that when a dimeric seed has one bulbwith a lower degree of
crosslinking density than the other, the swelling and polymerization
reaction causes the protrusion to develop laterally on this bulb,
resulting in a linear growth of the seed. On the other hand, if the dimer
is homogeneously crosslinked, both bulbs swell (and then contract) in
the same amount and the protrusion is shared between the two bulbs
forming a triangle. Ultimately this technique allowed Kim and
coworkers to generate particles with uniform rod, cone, triangle and
diamond shapes [20•,22•].

Park et al. further expanded this process by designing a multi step
seeded polymerization scheme that provided colloidal particles with
the symmetry of water molecules. The method relies on a controlled
swelling deformation driven by an opportunely modulated cross-
linking density gradient inside the linear trimer seeds that allows the
central lobe to swell and displace its center from the line connecting
the centers of the end lobes [25•]. The same authors also demonstrated
that nonspherical dumbbell-shaped colloids can readily be synthe-
sized via a two step seeded emulsion polymerization without
employing crosslinked seeds. Instead, they used spherical core–shell
particles with a hydrophobic polystyrene core and a hydrophilic
polymeric shell made of a random copolymer of styrene and
trimethoxysilylpropylacrylate (St-co-TMSPA). Upon adding a small
amount of toluene, they observed that the inner polystyrene core

Fig. 1. Silica particleswith unusual shapes canbepreparedusing templating hematite cores.
A: Starting from thin hematite spindles various core–shell silica ellipsoids are prepared
through a repeated silica seeded growth (partially adapted from [16•]). B: (left) SEMpicture
of hematite peanut-shaped colloids from which the hollow silica particles shown on the
right were templated. Scale bars are, respectively, 2.4 μm and 1.5 μm (adapted from [18•]—
reproduced by permission of The Royal Society of Chemistry). C: (left) SEM image showing
micrometer-sized hematite cubes coated with a 100 nm thick silica shell. After the coating,
the cores can be easily dissolved in concentrated hydrochloric acid to yield the hollow silica
cubes on the right. (right) An optical microscopy image documenting the self-assembly of a
cubic crystal from hollow silica cubes (courtesy of Laura Rossi).

97S. Sacanna, D.J. Pine / Current Opinion in Colloid & Interface Science 16 (2011) 96–105
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couple to dielectric and metallic materials. Second,
electric fields can be readily modulated on-chip to
control suspension structure dynamically. Finally, in

addition to the magnitude and direction of the field,

interactions can depend strongly on the frequency of

the applied field. For example, the preferred orienta-

tion of ellipsoidal particles relative to an ac electric field

can depend on the frequency.17 Alternating current

electric fields have been used to align titania

ellipsoids17 and to create crystals of micrometer-scale

dumbbells.18

Here, we describe the formation of large crystals of
optical scale dumbbells by electric field assisted self-
assembly and characterize their structure and photonic
properties. We demonstrate that dumbbell crystals
display both the structural color associatedwith photo-
nic crystals and the birefringence and field-addressa-
bility of liquid crystals. Furthermore, we perform
numerical simulations of self-assembly that highlight
the critical importance of external fields in crystallizing
even simple anisotropic particles.

RESULTS AND DISCUSSION

We synthesize large quantities of monodisperse
polymer dumbbells at optical length scales using a
recently described process.3 Briefly, we start with a
suspension of monodisperse polystyrene spheres and
swell them with a mixture of styrene and trimethox-
ysilylpropylacrylate. Upon polymerization, these parti-
cles develop a spherical core-shell structure and form
dumbbells after another swelling and polymerization
step. The relative sizes of the two lobes can be con-
trolled by varying the amount of monomer used in
each step.19 The particles we use here have two lobes
of the same size, with a diameter of 267( 5 nm and an
overall length of 422( 7 nm, giving them a length-to-
diameter ratio, R, of 1.58.

While these dumbbells readily crystallize in confined
films,3 they resist crystallization in the bulk. As the film
thickness increases, dumbbells form ordered mono-
layers laying down, ordered monolayers standing up,
as shown in Figure 1a, and three variations of ordered
bilayers (down/down, down/up, and up/up).3 How-
ever, when these dumbbells are dried into thicker
films, they pack randomly, as shown in Figure 1b. These
observations are at odds with numerical simulations

Figure 1. Dumbbells crystallize in confinement, but not in
the bulk. (a) SEM image of dry dumbbells cast into thin films
by vertical deposition. Dumbbells form ordered mono- and
bilayers.3 (b) SEM image of dumbbells cast into an amor-
phous thick film. The fields of view in (a) and (b) are 7.6 μm
across.

Figure 2. Aqueous suspensions of dumbbells display reversible crystallization in ac electric fields. Aqueous suspension of
dumbbells at volume fraction ! = 0.13. Top row: Snapshots showing the onset of crystallization in an aqueous suspension of
dumbbells in an ac electricfield. Thedark stripe across thebottomof the frame is a gold electrode. The sample is imaged through
crossed polarizers. Bottom row: Snapshots showing the rapid loss of structural color and birefringence when the electric field is
turned off. The whole process can be seen in Supplementary Movie 1. The field of view in each image is 1.4 mm across.
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predicting the equilibrium phase diagram of hard
dumbbells, which suggests that these particles should
form structures with long-range order in thermody-
namic equilibrium at these volume fractions.9

To adopt a crystalline packing, dumbbells not only
have to arrange themselves on a periodic lattice but
also have to orient themselves in a specific direction. In
order to facilitate crystallization, we bias the particle
orientations with an external electric field.17,20,18 The
anisotropic polarizability of dumbbells causes them to
align themselves with the direction of the electric field.
The applied electric field also introduces long-range
interactions between particles that tend to locally
concentrate the suspension.21!24 In Figure 2, we de-
monstrate the capability to control the structure of
dumbbell suspensions with an external electric field.
With no applied electric field, the suspension is
strongly scattering with no structural color or birefrin-
gence. Initially, the sample is gray when viewed under
crossed polarizers because the random orientations
and positions of the dumbbells act to mix the polariza-
tion of light propagating through the sample. We then
apply an ac electric field (f = 50 kHz, E = 1040 V/cm)

with coplanar gold electrodes separated by a 0.85 mm
gap in a 20 μm thick glass sample chamber; a sche-
matic of the chamber is shown in Supplementary
Figure 1. About six seconds after the field is turned
on we see a wave of birefringence originating from the
electrodes, where the electric field strength is highest.
Within 36 s, there is strong birefringence and structural
color visible across the sample. The patchwork of
structural color across the sample points to polycrystal-
line domains on the order of 7 μm in width. The
crystallites can be further compacted by a step change
in the frequency of the applied electric field (from 50
to 10 kHz), as shown in Supplementary Movie 2,
which changes the form of the interparticle dipole
interaction.24 While we have not yet been able to
characterize the structure of these crystals, we expect
that they adopt similar structures to those that have
been recently described for micrometer-scale dumb-
bells in external electric fields.18 When the electric
field is turned off, structural color and birefringence
rapidly disappear. Field-switchable photonic crystals
have previously been demonstrated with spherical
particles,25 but suspensions of dumbbells may offer

Figure 3. Crystal structure of suspension dried in an ac electricfield. (a) SEM imageof crystal formedbydrying a suspensionof
dumbbells in the presence of an electric field. In this image, the electric field orientation is approximately vertical and the
direction of flow due to drying is from right to left. The field of view is 27 μm across. (b) SEM image highlighting crystal
structure. Two adjoining hexagons formedby the dumbbell lobes are highlighted by the yellowhexagons. The field of view is
3.6 μm across. (c) Model of the crystal structure suggested by SEM images. Two adjoining hexagons are highlighted and
correspond to the highlighted facet in (b). (d) Packing fraction versus aspect ratio for crystalline structures (line) and random,
jammed packings (circles) generated from numerical simulations described in the Methods section. The packing fraction for
the aspect ratio 1.58 dumbbells in a crystalline structure is ! = 0.7862 (").
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Figure 6 shows that !!!F /!L" is negative and that its
absolute value decreases with L* if no bond switch moves
are used. However, if bond switch moves are employed,
!!!F /!L" is actually positive and its dependence on L is
much reduced and nonmonotonic. Although !!F /!L*" /N is
rather large #in absolute value$ compared to kBT, the free-
energy difference as calculated by the integral in Eq. #18$ is
never very large for the aperiodic phase. This is because the
integration interval is no larger than the small region
#0.9"L#1$ where the aperiodic phase is stable.

2. Periodic crystal structure (CP1)

In order to obtain the lattice direction and lattice constant
for the CP1 phase, we perform NPT simulation with a vari-
able box shape %26&, as the lattice direction changes as a
function of density and L* %4&. We employ these configura-
tions in the Einstein crystal thermodynamic integration
method as described in Eqs. #13$–#15$ to obtain the Helm-
holtz free energy for varying L*; see Table I. We perform
NPT simulations to obtain the equation of state for varying
L*. We plot the equation of state for the CP1 phase in Fig. 4
and we find that the equation of state is indistinguishable
from those of the aperiodic crystal structure for L*=1. For
comparison, we plot the equation of state of the CP1 phase
for L*=0.92 in Fig. 5. We clearly see that the pressure P* is
higher for the aperiodic crystal structure than for the CP1
phase, as the dumbbells fit less efficiently in the aperiodic
crystal structure upon decreasing L*. We obtain the Helm-
holtz free energy as a function of $* by integrating the equa-
tion of state of CP1 for varying L*; see Eq. #17$.

3. Fluid phase

We employ the equation of state of Tildesley and Street
for the fluid phase of hard dumbbells, which is known to be
very accurate %1&.

4. Phase diagram

We determine the fluid-plastic crystal, fluid-aperiodic
crystal, and the aperiodic-CP1 crystal coexistence by em-
ploying the common tangent construction to the free-energy
curves. The resulting phase diagram, together with the data
from Refs. %4,5& for L*%0.9, is shown in Fig. 7. We checked
that the phase boundaries for the fluid-hcp plastic crystal and
the hcp plastic crystal-Cp1 coexistences hardly change com-
pared to the results from %4,5& for the fcc plastic crystal
phase. We find for L*&0.92 a fluid-aperiodic crystal phase
coexistence at low densities and an aperiodic-CP1 crystal
phase coexistence region at higher densities. The stable re-
gion of the aperiodic crystal phase increases upon increasing
L*!1. If we measure !!F /!L" and P in simulations that
include bond switch moves, the coexistence lines shift
slightly, such that the aperiodic phase is stable in a larger
region of the phase diagram, at the cost of the stability of the
CP1 phase and, to lesser extent, the fluid phase; see Fig. 8. In
Table II, the resulting coexistence data of both methods are
tabulated.

If we compare our densities of the fluid-aperiodic crystal
coexistence, $fluid

* =0.976 and $aper
* =1.085, with Ref. %17&, we

find a small deviation from their simulation results,
$fluid

* =0.990 and $aper
* =1.105, while the theoretical results

obtained from an extension of the Wertheim theory %27&,
$fluid

* =0.983 and $aper
* =1.094, agree slightly better with our

coexistence densities. We wish to note here that it is surpris-
ing that such a simple theory predicts the fluid-solid equilib-
rium very accurately, as many theories fail to predict the
freezing transition of molecular fluids.

IV. SUMMARY AND DISCUSSION

In this paper, we studied the phase behavior of hard
dumbbells. First, we investigated whether the fcc or the hcp
structure of the plastic crystal of hard dumbbells has the
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couple to dielectric and metallic materials. Second,
electric fields can be readily modulated on-chip to
control suspension structure dynamically. Finally, in

addition to the magnitude and direction of the field,

interactions can depend strongly on the frequency of

the applied field. For example, the preferred orienta-

tion of ellipsoidal particles relative to an ac electric field

can depend on the frequency.17 Alternating current

electric fields have been used to align titania

ellipsoids17 and to create crystals of micrometer-scale

dumbbells.18

Here, we describe the formation of large crystals of
optical scale dumbbells by electric field assisted self-
assembly and characterize their structure and photonic
properties. We demonstrate that dumbbell crystals
display both the structural color associatedwith photo-
nic crystals and the birefringence and field-addressa-
bility of liquid crystals. Furthermore, we perform
numerical simulations of self-assembly that highlight
the critical importance of external fields in crystallizing
even simple anisotropic particles.

RESULTS AND DISCUSSION

We synthesize large quantities of monodisperse
polymer dumbbells at optical length scales using a
recently described process.3 Briefly, we start with a
suspension of monodisperse polystyrene spheres and
swell them with a mixture of styrene and trimethox-
ysilylpropylacrylate. Upon polymerization, these parti-
cles develop a spherical core-shell structure and form
dumbbells after another swelling and polymerization
step. The relative sizes of the two lobes can be con-
trolled by varying the amount of monomer used in
each step.19 The particles we use here have two lobes
of the same size, with a diameter of 267( 5 nm and an
overall length of 422( 7 nm, giving them a length-to-
diameter ratio, R, of 1.58.

While these dumbbells readily crystallize in confined
films,3 they resist crystallization in the bulk. As the film
thickness increases, dumbbells form ordered mono-
layers laying down, ordered monolayers standing up,
as shown in Figure 1a, and three variations of ordered
bilayers (down/down, down/up, and up/up).3 How-
ever, when these dumbbells are dried into thicker
films, they pack randomly, as shown in Figure 1b. These
observations are at odds with numerical simulations

Figure 1. Dumbbells crystallize in confinement, but not in
the bulk. (a) SEM image of dry dumbbells cast into thin films
by vertical deposition. Dumbbells form ordered mono- and
bilayers.3 (b) SEM image of dumbbells cast into an amor-
phous thick film. The fields of view in (a) and (b) are 7.6 μm
across.

Figure 2. Aqueous suspensions of dumbbells display reversible crystallization in ac electric fields. Aqueous suspension of
dumbbells at volume fraction ! = 0.13. Top row: Snapshots showing the onset of crystallization in an aqueous suspension of
dumbbells in an ac electricfield. Thedark stripe across thebottomof the frame is a gold electrode. The sample is imaged through
crossed polarizers. Bottom row: Snapshots showing the rapid loss of structural color and birefringence when the electric field is
turned off. The whole process can be seen in Supplementary Movie 1. The field of view in each image is 1.4 mm across.
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predicting the equilibrium phase diagram of hard
dumbbells, which suggests that these particles should
form structures with long-range order in thermody-
namic equilibrium at these volume fractions.9

To adopt a crystalline packing, dumbbells not only
have to arrange themselves on a periodic lattice but
also have to orient themselves in a specific direction. In
order to facilitate crystallization, we bias the particle
orientations with an external electric field.17,20,18 The
anisotropic polarizability of dumbbells causes them to
align themselves with the direction of the electric field.
The applied electric field also introduces long-range
interactions between particles that tend to locally
concentrate the suspension.21!24 In Figure 2, we de-
monstrate the capability to control the structure of
dumbbell suspensions with an external electric field.
With no applied electric field, the suspension is
strongly scattering with no structural color or birefrin-
gence. Initially, the sample is gray when viewed under
crossed polarizers because the random orientations
and positions of the dumbbells act to mix the polariza-
tion of light propagating through the sample. We then
apply an ac electric field (f = 50 kHz, E = 1040 V/cm)

with coplanar gold electrodes separated by a 0.85 mm
gap in a 20 μm thick glass sample chamber; a sche-
matic of the chamber is shown in Supplementary
Figure 1. About six seconds after the field is turned
on we see a wave of birefringence originating from the
electrodes, where the electric field strength is highest.
Within 36 s, there is strong birefringence and structural
color visible across the sample. The patchwork of
structural color across the sample points to polycrystal-
line domains on the order of 7 μm in width. The
crystallites can be further compacted by a step change
in the frequency of the applied electric field (from 50
to 10 kHz), as shown in Supplementary Movie 2,
which changes the form of the interparticle dipole
interaction.24 While we have not yet been able to
characterize the structure of these crystals, we expect
that they adopt similar structures to those that have
been recently described for micrometer-scale dumb-
bells in external electric fields.18 When the electric
field is turned off, structural color and birefringence
rapidly disappear. Field-switchable photonic crystals
have previously been demonstrated with spherical
particles,25 but suspensions of dumbbells may offer

Figure 3. Crystal structure of suspension dried in an ac electricfield. (a) SEM imageof crystal formedbydrying a suspensionof
dumbbells in the presence of an electric field. In this image, the electric field orientation is approximately vertical and the
direction of flow due to drying is from right to left. The field of view is 27 μm across. (b) SEM image highlighting crystal
structure. Two adjoining hexagons formedby the dumbbell lobes are highlighted by the yellowhexagons. The field of view is
3.6 μm across. (c) Model of the crystal structure suggested by SEM images. Two adjoining hexagons are highlighted and
correspond to the highlighted facet in (b). (d) Packing fraction versus aspect ratio for crystalline structures (line) and random,
jammed packings (circles) generated from numerical simulations described in the Methods section. The packing fraction for
the aspect ratio 1.58 dumbbells in a crystalline structure is ! = 0.7862 (").
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Figure 6 shows that !!!F /!L" is negative and that its
absolute value decreases with L* if no bond switch moves
are used. However, if bond switch moves are employed,
!!!F /!L" is actually positive and its dependence on L is
much reduced and nonmonotonic. Although !!F /!L*" /N is
rather large #in absolute value$ compared to kBT, the free-
energy difference as calculated by the integral in Eq. #18$ is
never very large for the aperiodic phase. This is because the
integration interval is no larger than the small region
#0.9"L#1$ where the aperiodic phase is stable.

2. Periodic crystal structure (CP1)

In order to obtain the lattice direction and lattice constant
for the CP1 phase, we perform NPT simulation with a vari-
able box shape %26&, as the lattice direction changes as a
function of density and L* %4&. We employ these configura-
tions in the Einstein crystal thermodynamic integration
method as described in Eqs. #13$–#15$ to obtain the Helm-
holtz free energy for varying L*; see Table I. We perform
NPT simulations to obtain the equation of state for varying
L*. We plot the equation of state for the CP1 phase in Fig. 4
and we find that the equation of state is indistinguishable
from those of the aperiodic crystal structure for L*=1. For
comparison, we plot the equation of state of the CP1 phase
for L*=0.92 in Fig. 5. We clearly see that the pressure P* is
higher for the aperiodic crystal structure than for the CP1
phase, as the dumbbells fit less efficiently in the aperiodic
crystal structure upon decreasing L*. We obtain the Helm-
holtz free energy as a function of $* by integrating the equa-
tion of state of CP1 for varying L*; see Eq. #17$.

3. Fluid phase

We employ the equation of state of Tildesley and Street
for the fluid phase of hard dumbbells, which is known to be
very accurate %1&.

4. Phase diagram

We determine the fluid-plastic crystal, fluid-aperiodic
crystal, and the aperiodic-CP1 crystal coexistence by em-
ploying the common tangent construction to the free-energy
curves. The resulting phase diagram, together with the data
from Refs. %4,5& for L*%0.9, is shown in Fig. 7. We checked
that the phase boundaries for the fluid-hcp plastic crystal and
the hcp plastic crystal-Cp1 coexistences hardly change com-
pared to the results from %4,5& for the fcc plastic crystal
phase. We find for L*&0.92 a fluid-aperiodic crystal phase
coexistence at low densities and an aperiodic-CP1 crystal
phase coexistence region at higher densities. The stable re-
gion of the aperiodic crystal phase increases upon increasing
L*!1. If we measure !!F /!L" and P in simulations that
include bond switch moves, the coexistence lines shift
slightly, such that the aperiodic phase is stable in a larger
region of the phase diagram, at the cost of the stability of the
CP1 phase and, to lesser extent, the fluid phase; see Fig. 8. In
Table II, the resulting coexistence data of both methods are
tabulated.

If we compare our densities of the fluid-aperiodic crystal
coexistence, $fluid

* =0.976 and $aper
* =1.085, with Ref. %17&, we

find a small deviation from their simulation results,
$fluid

* =0.990 and $aper
* =1.105, while the theoretical results

obtained from an extension of the Wertheim theory %27&,
$fluid

* =0.983 and $aper
* =1.094, agree slightly better with our

coexistence densities. We wish to note here that it is surpris-
ing that such a simple theory predicts the fluid-solid equilib-
rium very accurately, as many theories fail to predict the
freezing transition of molecular fluids.

IV. SUMMARY AND DISCUSSION

In this paper, we studied the phase behavior of hard
dumbbells. First, we investigated whether the fcc or the hcp
structure of the plastic crystal of hard dumbbells has the
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couple to dielectric and metallic materials. Second,
electric fields can be readily modulated on-chip to
control suspension structure dynamically. Finally, in

addition to the magnitude and direction of the field,

interactions can depend strongly on the frequency of

the applied field. For example, the preferred orienta-

tion of ellipsoidal particles relative to an ac electric field

can depend on the frequency.17 Alternating current

electric fields have been used to align titania

ellipsoids17 and to create crystals of micrometer-scale

dumbbells.18

Here, we describe the formation of large crystals of
optical scale dumbbells by electric field assisted self-
assembly and characterize their structure and photonic
properties. We demonstrate that dumbbell crystals
display both the structural color associatedwith photo-
nic crystals and the birefringence and field-addressa-
bility of liquid crystals. Furthermore, we perform
numerical simulations of self-assembly that highlight
the critical importance of external fields in crystallizing
even simple anisotropic particles.

RESULTS AND DISCUSSION

We synthesize large quantities of monodisperse
polymer dumbbells at optical length scales using a
recently described process.3 Briefly, we start with a
suspension of monodisperse polystyrene spheres and
swell them with a mixture of styrene and trimethox-
ysilylpropylacrylate. Upon polymerization, these parti-
cles develop a spherical core-shell structure and form
dumbbells after another swelling and polymerization
step. The relative sizes of the two lobes can be con-
trolled by varying the amount of monomer used in
each step.19 The particles we use here have two lobes
of the same size, with a diameter of 267( 5 nm and an
overall length of 422( 7 nm, giving them a length-to-
diameter ratio, R, of 1.58.

While these dumbbells readily crystallize in confined
films,3 they resist crystallization in the bulk. As the film
thickness increases, dumbbells form ordered mono-
layers laying down, ordered monolayers standing up,
as shown in Figure 1a, and three variations of ordered
bilayers (down/down, down/up, and up/up).3 How-
ever, when these dumbbells are dried into thicker
films, they pack randomly, as shown in Figure 1b. These
observations are at odds with numerical simulations

Figure 1. Dumbbells crystallize in confinement, but not in
the bulk. (a) SEM image of dry dumbbells cast into thin films
by vertical deposition. Dumbbells form ordered mono- and
bilayers.3 (b) SEM image of dumbbells cast into an amor-
phous thick film. The fields of view in (a) and (b) are 7.6 μm
across.

Figure 2. Aqueous suspensions of dumbbells display reversible crystallization in ac electric fields. Aqueous suspension of
dumbbells at volume fraction ! = 0.13. Top row: Snapshots showing the onset of crystallization in an aqueous suspension of
dumbbells in an ac electricfield. Thedark stripe across thebottomof the frame is a gold electrode. The sample is imaged through
crossed polarizers. Bottom row: Snapshots showing the rapid loss of structural color and birefringence when the electric field is
turned off. The whole process can be seen in Supplementary Movie 1. The field of view in each image is 1.4 mm across.

A
RTIC

LE

Colloidal glass
Kramb, R. C., et al. Phys. Rev. Lett. 

105, 055702 (2010).



E. M. Furst—CMET/Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu

27University of Delaware      O!ce of Communications and Marketing      302-831-2791       www.udel.edu/ocm                       Brand Style Guide

Secondary Institutional Marks
Secondary logos are an essential part of an institution’s graphic identity 
system, in that they o"er additional options to convey the University’s identity 
in applications that require a di"erent treatment for visual appeal, emphasis 
or di"erentiation. The following secondary logos are approved for use by 
colleges, departments or units, based on the guidelines established in this 
Style Guide.

The two most commonly used secondary logos are the interlocking UD and 
the circle UD. The interlocking “UD” in both treatments is pulled directly from 
the University’s primary logo, clearly and strongly enforcing the institution’s 
visual brand identity. The interlocking UD should not be used within a 
statement or expression—this logo represents the University of Delaware and 
should be interpreted as such.

A more classic treatment, used less frequently, is the circle UD 1743. This 
version features the interlocking UD with the University’s name and founding 
date appearing in a circle around it. 

The University seal is the most restricted of all secondary logos and is  
not used in daily or routine communications. See the next page for more 
information on use of the seal.

SECTION THREE: IDENTITY SYSTEM

Interlocking UD,
Circle UD

Circle UD 1743

University Seal

Use only for 
engraving, etching or 

foil-stamping.

Self-assembly requires directing fields

18

AC electric fields

side FDEP

E

VAC 1-10mm

FORSTER ET AL . VOL. 5 ’ NO. 8 ’ 6695–6700 ’ 2011

www.acsnano.org

6697

predicting the equilibrium phase diagram of hard
dumbbells, which suggests that these particles should
form structures with long-range order in thermody-
namic equilibrium at these volume fractions.9

To adopt a crystalline packing, dumbbells not only
have to arrange themselves on a periodic lattice but
also have to orient themselves in a specific direction. In
order to facilitate crystallization, we bias the particle
orientations with an external electric field.17,20,18 The
anisotropic polarizability of dumbbells causes them to
align themselves with the direction of the electric field.
The applied electric field also introduces long-range
interactions between particles that tend to locally
concentrate the suspension.21!24 In Figure 2, we de-
monstrate the capability to control the structure of
dumbbell suspensions with an external electric field.
With no applied electric field, the suspension is
strongly scattering with no structural color or birefrin-
gence. Initially, the sample is gray when viewed under
crossed polarizers because the random orientations
and positions of the dumbbells act to mix the polariza-
tion of light propagating through the sample. We then
apply an ac electric field (f = 50 kHz, E = 1040 V/cm)

with coplanar gold electrodes separated by a 0.85 mm
gap in a 20 μm thick glass sample chamber; a sche-
matic of the chamber is shown in Supplementary
Figure 1. About six seconds after the field is turned
on we see a wave of birefringence originating from the
electrodes, where the electric field strength is highest.
Within 36 s, there is strong birefringence and structural
color visible across the sample. The patchwork of
structural color across the sample points to polycrystal-
line domains on the order of 7 μm in width. The
crystallites can be further compacted by a step change
in the frequency of the applied electric field (from 50
to 10 kHz), as shown in Supplementary Movie 2,
which changes the form of the interparticle dipole
interaction.24 While we have not yet been able to
characterize the structure of these crystals, we expect
that they adopt similar structures to those that have
been recently described for micrometer-scale dumb-
bells in external electric fields.18 When the electric
field is turned off, structural color and birefringence
rapidly disappear. Field-switchable photonic crystals
have previously been demonstrated with spherical
particles,25 but suspensions of dumbbells may offer

Figure 3. Crystal structure of suspension dried in an ac electricfield. (a) SEM imageof crystal formedbydrying a suspensionof
dumbbells in the presence of an electric field. In this image, the electric field orientation is approximately vertical and the
direction of flow due to drying is from right to left. The field of view is 27 μm across. (b) SEM image highlighting crystal
structure. Two adjoining hexagons formedby the dumbbell lobes are highlighted by the yellowhexagons. The field of view is
3.6 μm across. (c) Model of the crystal structure suggested by SEM images. Two adjoining hexagons are highlighted and
correspond to the highlighted facet in (b). (d) Packing fraction versus aspect ratio for crystalline structures (line) and random,
jammed packings (circles) generated from numerical simulations described in the Methods section. The packing fraction for
the aspect ratio 1.58 dumbbells in a crystalline structure is ! = 0.7862 (").

A
RTIC

LE

FORSTER ET AL . VOL. 5 ’ NO. 8 ’ 6695–6700 ’ 2011

www.acsnano.org

6696

couple to dielectric and metallic materials. Second,
electric fields can be readily modulated on-chip to
control suspension structure dynamically. Finally, in

addition to the magnitude and direction of the field,

interactions can depend strongly on the frequency of

the applied field. For example, the preferred orienta-

tion of ellipsoidal particles relative to an ac electric field

can depend on the frequency.17 Alternating current

electric fields have been used to align titania

ellipsoids17 and to create crystals of micrometer-scale

dumbbells.18

Here, we describe the formation of large crystals of
optical scale dumbbells by electric field assisted self-
assembly and characterize their structure and photonic
properties. We demonstrate that dumbbell crystals
display both the structural color associatedwith photo-
nic crystals and the birefringence and field-addressa-
bility of liquid crystals. Furthermore, we perform
numerical simulations of self-assembly that highlight
the critical importance of external fields in crystallizing
even simple anisotropic particles.

RESULTS AND DISCUSSION

We synthesize large quantities of monodisperse
polymer dumbbells at optical length scales using a
recently described process.3 Briefly, we start with a
suspension of monodisperse polystyrene spheres and
swell them with a mixture of styrene and trimethox-
ysilylpropylacrylate. Upon polymerization, these parti-
cles develop a spherical core-shell structure and form
dumbbells after another swelling and polymerization
step. The relative sizes of the two lobes can be con-
trolled by varying the amount of monomer used in
each step.19 The particles we use here have two lobes
of the same size, with a diameter of 267( 5 nm and an
overall length of 422( 7 nm, giving them a length-to-
diameter ratio, R, of 1.58.

While these dumbbells readily crystallize in confined
films,3 they resist crystallization in the bulk. As the film
thickness increases, dumbbells form ordered mono-
layers laying down, ordered monolayers standing up,
as shown in Figure 1a, and three variations of ordered
bilayers (down/down, down/up, and up/up).3 How-
ever, when these dumbbells are dried into thicker
films, they pack randomly, as shown in Figure 1b. These
observations are at odds with numerical simulations

Figure 1. Dumbbells crystallize in confinement, but not in
the bulk. (a) SEM image of dry dumbbells cast into thin films
by vertical deposition. Dumbbells form ordered mono- and
bilayers.3 (b) SEM image of dumbbells cast into an amor-
phous thick film. The fields of view in (a) and (b) are 7.6 μm
across.

Figure 2. Aqueous suspensions of dumbbells display reversible crystallization in ac electric fields. Aqueous suspension of
dumbbells at volume fraction ! = 0.13. Top row: Snapshots showing the onset of crystallization in an aqueous suspension of
dumbbells in an ac electricfield. Thedark stripe across thebottomof the frame is a gold electrode. The sample is imaged through
crossed polarizers. Bottom row: Snapshots showing the rapid loss of structural color and birefringence when the electric field is
turned off. The whole process can be seen in Supplementary Movie 1. The field of view in each image is 1.4 mm across.
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Directed Self-Assembly of Nanoparticles
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S elf-assembly (SA) refers to the pro-
cess by which nanoparticles or other
discrete components spontaneously

organize due to direct specific interactions
and/or indirectly, through their environ-
ment.1 Self-assembly is typically associated
with thermodynamic equilibrium, the orga-
nized structures being characterized by a
minimum in the system’s free energy, al-
though this definition is too broad.2 Essen-
tial in SA is that the building blocks organize
into ordered, macroscopic structures,
either through direct interactions (e.g., by
interparticle forces), or indirectly using a
template or an external field. In the present
review article the recent advances are con-
sidered from the perspective that in order
to successfully exploit nanoparticle self-
assembly in technological applications and
to ensure efficient scale-up, a high level of
direction and control will be required. The
thermodynamic forces that drive self-
assembly may need to be modulated,
either by rational use of chemistry or tem-
plating, or directed by means of external
fields. Directed self-assembly (DSA) still em-
ploys the basic principles of self-assembly
by carefully choosing and constructing the
building blocks, yet facilitates the process
by modulating the thermodynamic forces
without going into advanced and intricate
techniques. This may also give rise to novel
ordered nonequilibrium structures, free
from the constraints of entropy maximiza-
tion, and hence these systems can “reside”
in a state of local equilibrium within the glo-
bal free energy with low entropy states of-
ten characterized by complex spatial or co-
herent spatiotemporal organization.

We thus present an overview and an as-
sessment of the different methods and pos-
sible tools that have been proposed to di-

rect self-assembly. Chemistry is a first
element in the toolbox: using concepts
similar to those developed in supramolecu-
lar chemistry, molecular interactions can be
tailored and used to create ordered assem-
blies. Recent advances in this area have fo-
cused on designing particles with stimuli re-
sponsive interparticle interactions and
morphological or functional features that
result in directional interactions. Alterna-
tively, particles with specific physical prop-
erties can be designed to maximize their in-
teractions with external directing fields
(e.g., magnetic, electric, and even flow), or
directing surfaces (confined geometries, in-
terfaces). Especially the latter areas of self-
assembly and multiscale pattern formation
of nanostructured materials under external
fields are still poorly understood and offer
great potential for further work. Given the
breadth of the topic, and being conscious
that it would have not been possible to
make an exhaustive literature review includ-
ing all the significant contributions in each
area, we made a selection, which in our
opinion highlights the major developments
and the future directions.

*Address correspondence to
Jan.Vermant@cit.kuleuven.be,
furst@UDel.Edu,
Lmarzan@uvigo.es.

Published online June 22, 2010.
10.1021/nn100869j
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ABSTRACT Within the field of nanotechnology, nanoparticles are one of the most prominent and promising

candidates for technological applications. Self-assembly of nanoparticles has been identified as an important

process where the building blocks spontaneously organize into ordered structures by thermodynamic and other

constraints. However, in order to successfully exploit nanoparticle self-assembly in technological applications and

to ensure efficient scale-up, a high level of direction and control is required. The present review critically

investigates to what extent self-assembly can be directed, enhanced, or controlled by either changing the energy

or entropy landscapes, using templates or applying external fields.
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predicting the equilibrium phase diagram of hard
dumbbells, which suggests that these particles should
form structures with long-range order in thermody-
namic equilibrium at these volume fractions.9

To adopt a crystalline packing, dumbbells not only
have to arrange themselves on a periodic lattice but
also have to orient themselves in a specific direction. In
order to facilitate crystallization, we bias the particle
orientations with an external electric field.17,20,18 The
anisotropic polarizability of dumbbells causes them to
align themselves with the direction of the electric field.
The applied electric field also introduces long-range
interactions between particles that tend to locally
concentrate the suspension.21!24 In Figure 2, we de-
monstrate the capability to control the structure of
dumbbell suspensions with an external electric field.
With no applied electric field, the suspension is
strongly scattering with no structural color or birefrin-
gence. Initially, the sample is gray when viewed under
crossed polarizers because the random orientations
and positions of the dumbbells act to mix the polariza-
tion of light propagating through the sample. We then
apply an ac electric field (f = 50 kHz, E = 1040 V/cm)

with coplanar gold electrodes separated by a 0.85 mm
gap in a 20 μm thick glass sample chamber; a sche-
matic of the chamber is shown in Supplementary
Figure 1. About six seconds after the field is turned
on we see a wave of birefringence originating from the
electrodes, where the electric field strength is highest.
Within 36 s, there is strong birefringence and structural
color visible across the sample. The patchwork of
structural color across the sample points to polycrystal-
line domains on the order of 7 μm in width. The
crystallites can be further compacted by a step change
in the frequency of the applied electric field (from 50
to 10 kHz), as shown in Supplementary Movie 2,
which changes the form of the interparticle dipole
interaction.24 While we have not yet been able to
characterize the structure of these crystals, we expect
that they adopt similar structures to those that have
been recently described for micrometer-scale dumb-
bells in external electric fields.18 When the electric
field is turned off, structural color and birefringence
rapidly disappear. Field-switchable photonic crystals
have previously been demonstrated with spherical
particles,25 but suspensions of dumbbells may offer

Figure 3. Crystal structure of suspension dried in an ac electricfield. (a) SEM imageof crystal formedbydrying a suspensionof
dumbbells in the presence of an electric field. In this image, the electric field orientation is approximately vertical and the
direction of flow due to drying is from right to left. The field of view is 27 μm across. (b) SEM image highlighting crystal
structure. Two adjoining hexagons formedby the dumbbell lobes are highlighted by the yellowhexagons. The field of view is
3.6 μm across. (c) Model of the crystal structure suggested by SEM images. Two adjoining hexagons are highlighted and
correspond to the highlighted facet in (b). (d) Packing fraction versus aspect ratio for crystalline structures (line) and random,
jammed packings (circles) generated from numerical simulations described in the Methods section. The packing fraction for
the aspect ratio 1.58 dumbbells in a crystalline structure is ! = 0.7862 (").
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scopic assemblies. In an interesting recent example,
the specific halogen bonding (XB), in a parallel fashion
to hydrogen bonding, was applied for the first time to
direct gold nanoparticle clustering.15 Gold nanoparticles
functionalized with an XB donor were found to un-
dergo progressive aggregation in the presence of a bi-
functional XB acceptor. Modulation of the assembly
time and template concentration resulted in the forma-
tion of either chainlike structures or large, dense assem-
blies. An alternative strategy to modulate nanoparticle
assembly involves understanding and using the distri-
bution and chemistry of the coordination sites in tem-
plate molecules. As recently shown,16 the degree of as-
sembly in gold nanoparticles increased with the
number of functional groups (pyridyl) in the templates
(between one and four). However, a more elegant ap-
proach was recently proposed for reversible clustering
based on pseudorotaxane host!guest interactions17

(Figure 2a), in which geometrical control allowed the as-
sembly into homodimers, trimers, and tetramers by
simply varying the initial symmetry of the template
molecule (Figure 1e). In this work, gold nanoparticles
functionalized with molecules containing electrochemi-
cally active guest units (tetrathiafulvalene), were al-
lowed to interact noncovalently with a template con-
taining host units (tetracationic cyclophane), resulting
in fully reversible assembly in solution, through cyclic
reduction (assembly) and oxidation (disassembly). The
pseudorotaxane concept was later extended by the
same authors into a polypseudorotaxane system, where
the host units were incorporated in a linear polymer,18

so that extended networks could be obtained, compris-
ing nanoparticles cross-linked with the polymer. Such
a selective “sponge” could capture or release nanopar-
ticles of different types by reduction or oxidation pro-
cesses, respectively. This concept of polymer-mediated
assembly was already introduced in 2000, under the
term “brick and mortar”,19 showing how modulation of
solvent polarity (Figure 2b) or temperature could trig-
ger the reversible hydrogen bonding between a linear
polymer and gold nanoparticles.

Proposed in 1996, the concept of DNA controlled
nanocrystal self-assembly,20,21 has gained extremely
high popularity.22!30 Gold nanoparticles can be func-
tionalized either by large numbers of DNA strands, lead-
ing to network materials,20 or by discrete numbers of
DNA strands, forming discrete assemblies.21 In this pro-
cess, gold nanoparticles capped with noncDNA strands,
were induced to assemble upon addition of a double-
cDNA template. Interestingly, the nanoparticle aggre-
gates could be easily disassembled upon heating (see
the following section and Figure 2e). DNA can thus pro-
vide fine control over interparticle spacing within free-
standing films, which can be used for instance to tune
the plasmonic and mechanical properties over
micrometer length scales.31 Additionally, the helical
structure of DNA makes it a particularly interesting tem-

plate since it allows introducing chirality in the nano-
particles assembly,32!34 which has become of enormous
interest in fields such as plasmonics and metamateri-
als.35 Even though chiral properties have been only reg-
istered so far from gold nanostructures made by litho-
graphic methods, solution phase assembly into chiral
geometries would offer advantages such as larger scale
production or reduced dimensionality that render it an
extremely appealing prospective.

From the examples listed above, it is clear that nano-
particle self-assembly has been successfully achieved
over distances of nanometers and micrometers. How-
ever, the need for real technological applications will re-
quire a controlled organization over much longer
length-scales. Therefore, block-copolymers (BCP), which

Figure 1. The universe of directed self-assembly by molecular interactions.
Available building blocks are classified in terms of aspect ratio (AR), rang-
ing from AR ! 1 (isotropic, mostly spheres (a"g)) through 1 " AR " 15 (rod-
like (h"j)) to AR # 15 (wires (k)). Self-assembly of gold nanoparticles on
templates (macromolecules17 (e); carbon nanotubes40 (f); block-
copolymers38 (g)) can lead to geometries that are complementary to those
of the templates. In template-free self-assembly, stimuli responsive mol-
ecules adsorbed on NPs surface induce controlled aggregation.
Temperature-sensitive DNA can induce particles clustering28,29 (a, b) via
H-bonding or induce formation of two-dimensional superlattices31 (c),
whereas light sensitive azobenzenes induce formation of colloidal crys-
tals52 (d) via molecular dipole"dipole interactions. Hydrophobic interac-
tions can induce assembly of nanorods into low symmetry clusters;66 (h)
chainlike structures63 (i) or spherical objects,63 (j) by tuning the volume frac-
tion of the different solvents. Similarly, highly anisotropic carbon nano-
tubes undergo assembly into bundles via H-bonding induced changes in
the medium polarity65 (k). Finally, hierarchical self-assembly can be
achieved using preformed assemblies as building blocks. Images reprinted
with permission from the references as indicated: (a) Copyright 2009 Nature
Publishing Group; (b) Copyright 2006 American Chemical Society; (c) Copy-
right 2009 Nature Publishing Group; (d) Copyright 2007 National Academy
of Sciences, U.S.A.; (e) Copyright 2009 American Chemical Society; (f) Copy-
right 2006 Royal Chemical Society; (g) Copyright 2009 Nature Publishing
Group; (i,j) Copyright 2007 Nature Publishing Group; (k) Copyright 2009
Royal Chemical Society.
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