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Product price will vary as this new technology is applicable to a 

wide range of products, from small and irregular shaped parts 

to large runs of hundreds of square feet of material. Depending 

on the application-specific performance requirements, the  

material costs will range from pennies per square foot for 

simple dielectric films to $10 per square foot for complex  

high-performance films.

Self-Assembly of Water-Soluble Nanocrystals. Patent applica-

tion number 10,683,810. (See Appendix A.)

Product Price

Patents or Patents Pending

“The broad reach of this 
rapid self-assembly process, 
delivering performance 
across multiple markets, at 
radically lower cost in an  
environmentally friendly 
manner, warrants serious 
consideration as a top  
innovation in this decade.”

 — Walt Werner, a principal engineer for 

Lockheed Martin (Maritime Systems and 

Sensors)
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Product’s Primary Function Many of today’s technologies and products, including semicon-

ductor devices, consumer electronics, and high-performance 

optical coatings depend on the ability to produce high-quality 

thin films. We developed a wet-solution-based process employ-

ing self-assembly as a new method to produce optical and elec-

trical thin films. This new process not only meets the demand-

ing requirements of these technologies but also expands the 

functionality of these films to deliver performance on multiple 

metrics concurrently. Elegant, simple, and with more options for 

development and manufacturing than conventional coating 

processes such as chemical vapor deposition (CVD) or sput-

tering, our technology involves chemical synthesis of mono-

disperse nanoparticles with controlled chemical composition, 

particle size, shape, and their further assembly into engineered 

nanoparticle composite films. 

Tailoring to Specific Product Requirements
Our nanoparticle surface chemistry enables dispersal in readily 

available commercial solvents, allowing easy and rapid produc-

tion of films through spin, dip, or spray coating under ambient 

conditions. During coating, evaporation of solvents induces 

self-assembly of the nanoparticles to form films of dense, close-

packed nanoparticles. In a further refinement, our process is 

also capable of producing nanocomposite films that are impos-

sible to manufacture through any conventional means. With 

the addition of secondary organic (e.g., polymers) or inorganic 

(e.g., silica) components, the nanoparticles self-assemble into 

ordered arrays embedded in a matrix of the secondary com-

ponent. The result is an ordered, high-density nanocomposite 

where the constituent materials are controllably incorporated 

on the nanometer scale. The functionality of the film can be 

tailored to a specific product requirement through choice of 

composition of the nanoparticles, the surrounding framework, 

or both. The chemical and physical nature of the nanoparticle 

films (or nanocomposite films) can be further modified (tuned) 

through a variety of near-ambient processes to tailor unique 

functions/properties. The ability to adjust material parameters 
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of the film at the particle synthesis, deposition, or post- 

deposition stages provides a powerful advantage over  

conventional deposition approaches, making possible highly 

engineered films to address specific material needs. 

What We Can Do That Conventional Processes  
Cannot Do
	 • �Using readily available chemicals, we can fine-tune film 

composition by using semiconductor, metallic, and/or 

magnetic nanoparticles to optimize optical,  

electrical, and/or magnetic properties. For instance, 

optimal single-layer anti-reflection coatings require a 

precise match between the substrate index of refraction 

and the index of refraction of the surrounding  

medium, following the formula:

  

	    �With our wet-solution-based coating process, it is  

possible to deposit a film and tune the index by 

changing nanoparticle composition, nanoparticle  

concentration, or both to exactly match the required 

index of refraction, thus yielding an optimal single-

layer anti-reflecting coating on optical glasses as 

well as on high-index substrates, such as germanium 

windows.

	 • �It is not uncommon for optical components with high-

performance optical coatings to reside in compart-

ments without climate control. As an example of the 

tailorability our coatings offer, we can make the surface 

of our nanoparticle optical films hydrophobic (water 

contact angle larger than 120º) to avoid fogging and 

icing problems that can cause deterioration of optical 

performance/function in situations where the optical 

device (e.g., sensor windows, optical sensor/detector, 

etc.) is used in wet/humid or cold environments. 

Product’s Primary Function

“The multifunctional  
ambient deposition of 
optical coatings eliminates 
the need for long cycle 
times and expensive …  
capital equipment while 
providing low stress  
deposits with improved 
yields. This technology 
will greatly improve many 
of our current and future 
products. The nanocrystal 
films will significantly  
improve the performance 
of electro-optical target-
ing systems while driving 
down the costs due to the 
increase in reliability.  
Additional applications  
of this technology within 
the Lockheed Martin  
Corporation include  
airframes, hulls, and  
advanced coatings for 
lenses and mirrors.” 

— Andrew Green, Director,  

Space Systems Technology,  

Lockheed Martin Corporation
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	 • �Ancillary properties of the product can also be ad-

dressed by applying the added flexibility our tech-

nique offers. As well as nanoparticle choice, the matrix 

composition can also be fine-tuned to optimize optical, 

electrical, and/or magnetic properties. For example 

choosing a polymer matrix yields a film with increased 

flexibility, while choosing inorganic matrix material 

produces films with greater hardness. The film  

durability can be tuned by choice of polymer or  

inorganic component and by taking advantage of 

chemical bonding to the surface rather than just  

physical adhesion methods.

	 • �Modification of the nanoparticle surface chemistry 

eliminates surface tension and drying stress, factors 

that can contribute to cracking and delamination in 

conventionally produced thin films. 

	 • �The wet-solution coating process can produce 

nanoparticle films under ambient conditions without 

using specialized, expensive equipment. Film thick-

ness (10s of nanometers to 1 micron) can be easily 

controlled by nanoparticle concentration and coating 

process parameters (such as coating speed) and large 

or complex parts that would not fit in most processing 

equipment can be coated. 

	 • �For the first time, quantum effects of individual 

nanoparticles and the collective behavior resulting 

from the coupling from neighboring nanoparticles 

allow development of new physical properties that 

are not attainable for conventional bulk materials; for 

instance, fabrication of the gold nanoparticle/silica 

nanocomposite (see Figure B-1) in a metal-insulator-

metal architecture. Due to a collective charge trans-

port mechanism involving hopping of electrons from 

one gold nanocrystal to another within the coating, a 

Product’s Primary Function

“…The coating process is sim-
ple, flexible, and compatible 
with current semiconductor 
fabrication process.  The ability 
to adjust material parameters 
of the film at the particle  
synthesis, deposition or post 
deposition stages with low 
cost and friendly environment  
provides a powerful new  
degree of freedom over  
conventional deposition  
approaches… 
…the quantum effects of 
individual nanoparticle and 
the collective behavior result-
ing from the coupling from 
neighboring nanoparticles 
bring new physical proper-
ties that are not available for 
conventional bulk materials, 
establishes a potential break-
through building block for 
fabrication of large memory 
flash drives…” 

– Youren Xu, Manager,  

New Mexico Materials Lab,  

Intel Corporation
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highly nonlinear current voltage behavior known as 

Coulomb blockade occurs. In this situation, the gold 

nanoparticle array behaves like a supercapacitor that 

holds and releases charges, establishing an important 

basis for fabrication of high-density memory chips. 

	 • �In addition to performing in many of the same ap-

plications as conventional thin film approaches, our 

approach opens up new product capabilities. For in-

stance, by using lithographically patterned substrates, 

we can coat magnetic nanoparticle films into diffi-

cult-to-fill, high-aspect-ratio pattern features for ap-

plications of high-density hard drives or flash memory 

chips.

	 • �Our approach is compatible with standard semicon-

ductor manufacturing processes, making insertion into 

standard product flows simple.

Product’s Primary Function
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Our approach works in ambient conditions. Chemical vapor 

deposition and sputtering approaches require nonambient 

process conditions. The following comparison matrix highlights 

some of the most significant differences between our approach 

and standard CVD and sputtering approaches.

Product’s Competitors
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Comparison Matrix

Feature Our Process CVD Sputtering 
1.) Equipment Costs $10-50K $3-10M $3-7M

2.) Material Toxicity Low High Low

3.) Tunable Material  
Properties

Yes Limited Limited

4.) Substrate Heating Room Temperature 100−1000 °C 100−600 °C 

5.) High Vacuum Ambient Pressure Sometimes Required Required

6.) Large/Irregular Parts Easy Difficult Difficult

7.) Surface Chemistry 
Functionalization

Yes No No 
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Thin film deposition for semiconductor devices, consumer elec-

tronics, and high-performance optical coatings is dominated by 

methods that require nonambient process conditions, includ-

ing high-temperature and/or high-vacuum. While progress in 

physical deposition techniques, such as sputtering and CVD, 

has allowed thin film deposition techniques to generally keep 

pace with the performance requirements of typical optical 

and semiconductor applications, this performance comes at a 

significant cost, impacting budget, logistics, and environmental, 

safety, and health areas. These impacts and the advantages of 

our approach are discussed below.

Equipment Costs
The facility and capital expenditures for high-vacuum and/or 

gas handling equipment make sputtering and CVD processes 

necessarily more expensive than ambient temperature/pres-

sure application systems, such as spin, dip, or spray coating. 

Capital expenditures for a high-tech CVD or sputtering sys-

tem capable of depositing square meters of coating run from 

$3M to $10M for the equipment alone. Dedicated lab space 

and facilities costs are not factored into this number. Contrast 

that with a wet-solution-based approach where the high-tech 

aspect of the coating has already been pushed to the chemistry 

of the nanoparticle solution, and only “low-tech” equipment 

such as sprayers, dip-tanks, rollers, and dryers are required.

Material Toxicity
Gas precursors required for conventional CVD processing can 

be highly toxic. For example, silane is pyrophoric (ignites spon-

taneously on exposure to air), and arsine is pyrophoric and 

rapidly fatal at exposures of 250 ppm. Materials with this level 

of toxicity require significant resources for handling, safeguards, 

and disposal. The liquid nature of the coating solutions in 

our approach simplifies the health risk management aspects 

dramatically. The precursors are so much less toxic than typical 

CVD process gases that many of our processes can be per-

formed open to the lab environment or, at most, in a vent hood.

Improvements Upon Competitive 
Products or Technologies
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Tunable Material Properties
Our approach allows us to tailor material properties at the syn-

thesis, surface chemistry, deposition, or post-deposition stages. 

CVD and sputtering approaches have only limited pre-deposi-

tion tunability. 

Substrate Heating
CVD and sputtering often require that the substrate be heated 

during deposition. CVD processes frequently use substrate 

heating to provide activation energy to drive precursor split-

ting and deposition. The properties of sputter-deposited films 

are typically greatly improved by heating the substrate during 

deposition. Low-thermal-budget applications that are now 

emerging in high-value missions are incompatible with high-

temperature/high-vacuum thin film deposition techniques. For 

example, optical coatings are required on plastics and low- 

softening-temperature glasses that deform at deposition 

temperatures typical of conventional processes, and thermally 

driven dopant diffusion destroys shallow electrical junctions, 

which today are measured in nanometers. Our room-tempera-

ture approach obviates substrate heating, making deposition 

on such materials practical.

Improvements Upon Competitive 
Products or Technologies

“Applications of this  
technology within Lockheed 
Martin Corporation are 
many and include  
advanced coatings for 
adaptive micro mirrors,  
airframes, airship hulls, 
and fighter jet lenses … It 
is a very unique and attrac-
tive alternative to  
conventional CVD and 
sputter deposited optical 
and electrical films with 
the added benefits of  
improved logistics, in-
creased producibility and 
cost reduction.”  

— Sharon Smith, Director,  

Advanced Technology,  

Lockheed Martin Corporation
Figure 1: A high-vacuum based deposition system
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High Vacuum
High vacuum is required for plasma sputtering source and 

plasma-enhanced CVD processes. High-vacuum equipment has 

a large footprint and requires dedicated lab space (see Fig-

ure 1), making at-assembly-line implementation difficult, and 

completely eliminating the possibility of in-the-field use. Our 

approach does not require vacuum of any kind, making it agile 

and flexible.

Large/Irregular Parts
It is established engineering wisdom that “nature abhors a 

vacuum.” Achieving and maintaining high vacuum in chambers 

large enough to coat square meters of material poses a  

significant challenge. In addition to the large footprint, coating  

logistics are complicated by the time it takes to pump the 

chamber down, which scales with the volume of the chamber. 

The requirement of a high-vacuum for sputtering or environ-

mental chamber for CVD necessarily limits the size of parts to 

be coated. Our wet-solution-based approach can be used to 

coat irregular shaped parts by dip, spray, or laminar flow coating 

(see Figure 2 next page), and can be used on large parts in a 

continuous roll-to-roll process to coat flexible sheets of material.

Surface Chemistry Functionalization
We can alter/functionalize the surface chemistry of the nano-

crystals composing our films prior to coating. The properties of 

the thin films deposited by sputter deposition and CVD deposi-

tion are necessarily bulk-like in nature, controlled by either the 

properties of the sputter target (sputtering) or the precursor 

gases (CVD) and therefore have limited surface functionaliza-

tion capabilities.

	 • �Our nanoparticle approach permits tailoring and  

functionalizing materials.

	 • �Our process precursors are comparatively inexpensive, 

environmentally benign, and readily available. 

Improvements Upon Competitive 
Products or Technologies
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	 • �Lowering the complexity of the deposition equipment 

allows for thin film deposition to occur in  

environments that were previously inaccessible,  

including at the assembly line, or in 

the field. 

	 • �Large and or irregularly shaped 

parts that cannot fit in available 

vacuum chambers for CVD or 

sputtering can be coated with 

our approach using laminar, 

spray, or dip coating methods. 

	 • �Standard temperature/pressure 

deposition makes it possible to 

address low-thermal-budget 

applications that cannot be 

serviced using CVD or sputter 

approaches. 

	 • �This technology provides the ability to conduct field 

repairs, which will improve supportability/logistics and 

the incorporation of new technology solutions not 

possible with currently available technology.

Improvements Upon Competitive 
Products or Technologies

LANTIRN sensor assembly on the bottom of an F-16  

Figure 2. (1) Spray coating anti- 
reflection layer on a goggle. (2) Spray 
coating metallic nanoparticle film on a 
temperature sensitive acrylic. (3) Spray 
coating magnetic nanoparticle film on 
a silicon wafer. (4) Spin coating a silicon 
wafer.
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Sandia National Laboratories partnered with Lockheed  
Martin Corporation to jointly develop this coating  
technology; to identify significant applications for 
industry, the Department of Defense (DoD), Department 
of Energy (DOE), and National Aeronautics and Space 
Administration (NASA); and to integrate this  
technology into product lines. (See CRADA and  
supporting letters from Lockheed Martin Corporation in 
Appendices E and F).

The initial application of this technology will be in optical coat-

ings. Products using this technology will have enhanced optical 

performance, producibility, durability, and supportability. One 

example of an optical application is as an anti-reflection  

coating on sensor windows for high-performance military 

aircraft such as the F-16, F-22, and the F-35 next-generation 

fighter, as well as UAVs (unmanned air vehicles). The ability to 

tailor the optical properties of these coatings enhances the 

optical performance for a wide range of optical sensors, from 

visual through the infrared. An exciting additional benefit will 

be supportability. In warfighting operations, these windows are 

subject to damage from a wide range of environmental factors, 

especially rain erosion and sand. Window coating repair is  

expensive and generally requires that the entire unit be  

removed from the aircraft and shipped to the manufacturer. We 

expect that this self-assembly technology will allow coatings 

to be repaired in the field by flight line mechanics, which will 

significantly reduce both the cost and logistics trail of  

replacement parts. Lockheed Martin envisions that the sensor 

system repair kit of the future will include applicator bottles of 

the coating, much like the touchup paint commonly used today 

to fix a scratch in car paint. 

Another optical application of this technology is for the ther-

mal management of aerostats and high-altitude airships. The 

application of an infrared-reflective (emissivity control) coating 

to the exterior of the airbag can be used to improve the stabil-

ity of the gas inflation pressure across diurnal cycles during 

Principal Applications

“The intent of this effort 
is to develop this coating 
technology in order to pro-
vide films that possess simi-
lar properties to those films 
that are fabricated with 
more expensive  
deposition processes while  
enabling tailoring of 
unique functions and 
properties. In addition, 
significant applications for 
industry and the DoD will 
be identified along with 
approaches to integrate this 
technology into our  
current/future product 
lines. The resulting tailorable 
film process and associ-
ated applications will have 
a significant impact on our 
products (F-16, F-22, F-35, 
UAVs, etc.).” 

— John M. Stratton, Director, New  

Business Funds and CRADA Management, 

Advanced Development Programs,  

Lockheed Martin Aeronautics Company
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long-term deployment of the lighter-than-air vehicle. This new 

application method, along with the optical and mechanical 

properties of this self-assembled thin film coating, is ideally 

suited to the treatment of the thousands of square feet of  

flexible fabric required for these large gas-filled structures.  

In addition to terrestrial-based applications for optical coatings, 

there are also space-based applications for this new coating 

technology. Future extraterrestrial telescopes and earth- 

sensing satellites will benefit from the flexibility and shock- 

resistant (both thermal and mechanical) nature of these self-

assembled coatings applied to mirrors and optical lenses. The 

NIRCam (near-infrared camera) for the upcoming James Webb 

Space Telescope is just such an example where this self-assem-

bly process may provide coatings with improved stability and 

lower stress over the wide thermal range that the telescope will 

experience.

Small, thermal-processing-sensitive MEMS (microelectrome-

chanical systems) devices for both terrestrial- and space-based 

devices, including sensors, will also benefit from the ability of 

this new coating technology to perform at ambient temperatures. 

Several device-specific components, such as adaptive  

micromirrors, which are extremely difficult to coat using  

conventional thin film coating techniques, have already been 

identified as excellent candidates for this new coating technology.  

Principal Applicantions

Aerostat Test Ballon

James Webb Space Telescope



2007 R&D 100 Award Entry Form

17

Applications that demonstrate the diverse impact this ap-

proach represents include:

1) High-density storage for high-density flash memory:
The ability to manufacture a film with isolated metallic 

nanoparticles in a dielectric backbone architecture is a build-

ing block for high-density memory where the individual com-

ponents are metallic nanoparticles approximately 2-10 nm in 

ordered 3D arrays with precisely controlled interparticle spac-

ing of 1-6 nm. 

2) High-density 3D interconnects for next-generation 
electronics:
Placing metallic nanoparticles in a low-viscosity solvent en-

ables filling, and subsequent interconnection, of complex 3D 

wiring networks, where conduction paths exist without line-of-

sight access to the surface. 

3) Electrical interconnects for frequency-dependent 
conductivity:
For some applications, it is desirable to have interconnects with 

different conductivity, depending on the frequency band. For 

example, the mechanisms for DC conductivity and RF conduc-

tivity are necessarily different. By optimizing material choice 

and interparticle spacing, we can affect the electron hopping 

and hence RF conductivity.

4) Magnetic coatings for information storage:
Using our approach, we can deposit metallic nanoparticles into 

high-density, patterned features to generate the starting mate-

rial for high-density information storage. 

All Other Applications

The Desert Hawk, the Air Force’s new aid  
in base protection.
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5) Sensor coatings for chemical and biological  
sensor platforms:
Nanoparticles of noble metals such as gold and silver are key 

components to surface-enhanced Raman scattering-based 

detection methods for chemical and biological sensors. Being 

able to place the nanoparticles in a rugged, accessible  

framework with nanometer-level separation increases both the 

reliability and sensitivity of such sensors.

6) Emissivity-tailored windows:
Controlling the amount of radiant energy reflected/transmit-

ted by windows can help reduce structural heating and cooling 

loads.

7) Fire shielding:
Materials with high reflectivity in the infrared can be important 

tools in suppressing the spread of fires within a structure. 

All Other Applications
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This process is expected to create a new paradigm for the 

production of thin films. It will result in significant advantages 

of reduced costs and increased manufacturing freedom in the 

production of semiconductor devices, consumer electronics, 

and high-performance optical coatings. The chemicals and 

process itself are also environmentally benign. Furthermore, the 

added flexibility and control over thin film properties open the 

door for engineered thin films with multiple functions. We feel 

that the breakthrough we have achieved and its certain impact 

on thin film deposition make our wet-solution-based self- 

assembly coating process worthy of consideration for a 2007 

R&D 100 Award.

The significance of our achievement is recognized by the  

scientific community. This technology was published in Science 

and was featured on the covers of Advanced Functional  

Materials, Chemistry of Materials, and Chemical Communications. 

(See Appendices C and D.) 

		

Summary
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Appendix A: Patents
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Figure B-1. Photograph of a transparent, self-assembled gold nanoparticle film coated on a microscope slide 

that covers a Sandia logo. The purple color of the film is indicative of the nanoparticle size.

(1) Photograph of self-assembled gold nanoparticle film showing uniformity and transparency. 

(2) Scanning electron microscope image of film showing uniformity on the micrometer length scales. 

(3) Transmission electron microscope image showing a uniform hexagonal arrangement of gold  

nanoparticles within an amorphous silica matrix. 

The film was produced by a simple, wet-solution-based, self-assembly coating process at ambient conditions. 

The ordered nanocrystal assembly is unattainable by alternative chemical or physical deposition processes 

like CVD or sputtering. This ordered arrangement imparts to the films collective, often nonlinear physical 

properties due to the properties of the individual nanoparticles and their coupled interactions. Resultant 

functionality is distinct from that of bulk materials or conventional composites.
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Figure B-2. Examples of various nanoparticle thin 

films. (1) A gold nanoparticle film on 2×2″ silicon wafer. 

(2) A magnetic nanoparticle film on acrylic plate. (3) A 

semiconductor nanoparticle film on acrylic plate.

Figure B-2: Examples of various coatings.
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Figure B-3 contains optical images of a gold nanoparticle film on a temperature-sensitive plastic substrate. 

This coating was deposited at room temperature to avoid thermal damage to the substrate. Notice that the 

film maintains its mirror-like quality even after significant bending. 

Figure B-3: Nanoparticle film on a temperature sensitive flexible plastic substrate. Coating maintains its mirror finish 
without cracking.
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RKKY interaction is not a settled matter (26).
Both single-dot and coupled-dot config-

urations (27) show roughly linear peak
splitting as a function of in-plane magnetic
field in the range B� � 2 to 4 T, with slopes
of �70 �eV/T. This slope is larger by a
factor of �1.5 than expected for the GaAs
g factor of 0.44, but is consistent with
g-factor measurements in other devices
made from the same wafer. Both the single-
dot and coupled-dot cases show an unex-
pected strengthening of the zero-bias peaks
with B� before splitting is observed (for
B� � 2 T). This is not understood at present
and will be investigated in more favorable
device geometries in future work.

We have demonstrated coherent control of
quantum dot spins by a nonlocal RKKY-like
interaction. The present results suggest an
approach to nonlocal control of spin and en-
tanglement (28–30), which may be relevant
to scaling of solid-state quantum information
processing beyond the constraint of nearest-
neighbor exchange.

References and Notes
1. An introductory review of the Kondo effect in quan-

tum dots is available in L. Kouwenhoven, L. Glazman,
Physics World 14, 33 (2001).

2. L. I. Glazman, M. E. Raikh, JETP Lett. 47, 452 (1988).
3. T. K. Ng, P. A. Lee, Phys. Rev. Lett. 61, 1768 (1988).
4. Y. Meir, N. S. Wingreen, P. A. Lee, Phys. Rev. Lett. 70,

2601 (1993).
5. D. Goldhaber-Gordon et al., Nature 391, 156 (1998).
6. A recent review of double quantum dots, with exten-

sive citations to the literature, is available in W. G.
van der Wiel et al., Rev. Mod. Phys. 75, 1 (2003).

7. H. Jeong, A. M. Chang, M. R. Melloch, Science 293,
2221 (2001).

8. J. C. Chen, A. M. Chang, M. R. Melloch Matter 1,
cond-mat/0305289 (2003).

9. D. Loss, E. V. Sukhorukov, Phys. Rev. Lett. 84, 1035 (2000).
10. D. Loss, D. P. DiVincenzo, Phys. Rev. A. 57, 120 (1998).
11. M. A. Ruderman, C. Kittel, Phys. Rev. 96, 99 (1954).
12. T. Kasuya, Prog. Theor. Phys. 16, 45 (1956).
13. K. Yosida, Phys. Rev. 106, 893 (1957).
14. A. C. Hewson, The Kondo Problem to Heavy Fermions

(Cambridge Univ. Press, Cambridge, 1993).
15. C. Jayaprakash, H. R. Krishnamurthy, J. W. Wilkins,
Phys. Rev. Lett. 47, 737 (1981).

16. B. A. Jones, C. M. Varma, Phys. Rev. Lett. 58, 843
(1987).

17. B. A. Jones, C. M. Varma, Phys. Rev. B 40, 324 (1989).
18. A. Georges, Y. Meir, Phys. Rev. Lett. 82, 3508 (1999).
19. R. Aguado, D. C. Langreth, Phys. Rev. Lett. 85, 1946

(2000).
20. W. Izumida, O. Sakai, Phys. Rev. B 62, 10260 (2000).
21. T. Aono, M. Eto, Phys. Rev. B 63, 125327 (2001).
22. R. Aguado, D. C. Langreth, Phys. Rev. B 67, 245307

(2003).
23. V. N. Golovach, D. Loss, Europhys. Lett. 62, 83 (2003).
24. Y. Utsumi, J. Martinek, P. Bruno, H. Imamura, cond-

mat/0310168 (2003).
25. The device was patterned using surface gates (Cr/Au)

fabricated by electron-beam lithography. Peripheral
dots have a lithographic area of 0.25 �m2; the central
dot has a lithographic area of 0.35 �m2. The device
was fabricated on a delta-doped GaAs/AlGaAs het-
erostructure with electron gas 100 nm below the
surface. Mobility 2 � 105 cm2/Vs and two-dimen-
sional electron density 2 � 1011 cm–2 give a trans-
port mean free path of �2.0 �m in the unpatterned
material.

26. C. M. Varma, personal communication.
27. N. J. Craig et al., data not shown.
28. T. J. Osborne, M. A. Nielsen, Phys. Rev. A. 66, 032110

(2002).

29. A. Saguia, M. S. Sarandy, Phys. Rev. A. 67, 012315
(2003).

30. F. Verstraete, M. Popp, J. I. Cirac, Phys. Rev. Lett. 92,
027901 (2004).

31. We thank C. Varma, B. Halperin, and A. Yacoby for
useful discussion. Supported in part by the Defense
Advanced Research Projects Agency (DARPA)–
Quantum Information Science and Technology
(QuIST) program, the Army Research Office under
DAAD-19-02-1-0070 and DAAD-19-99-1-0215, and

the NSF–Nanoscale Science and Engineering Center
program at Harvard. Research at UCSB was supported
in part by iQUIST. Supported by the Harvard College
Research Program (N.J.C.), NSF (J.M.T.), and Middle-
bury College (E.A.L.).

8 January 2004; accepted 11 March 2004
Published online 25 March 2004;
10.1126/science.1095452
Include this information when citing this paper.

Self-Assembly of Ordered,
Robust, Three-Dimensional Gold

Nanocrystal/Silica Arrays
Hongyou Fan,1,2* Kai Yang,3 Daniel M. Boye,4 Thomas Sigmon,3

Kevin J. Malloy,3 Huifang Xu,2 Gabriel P. López,2

C. Jeffrey Brinker1,2*

We report the synthesis of a new nanocrystal (NC) mesophase through self-
assembly of water-soluble NC micelles with soluble silica. The mesophase
comprises gold nanocrystals arranged within a silica matrix in a face-centered
cubic lattice with cell dimensions that are adjustable through control of the
nanocrystal diameter and/or the alkane chain lengths of the primary alkanethiol
stabilizing ligands or the surrounding secondary surfactants. Under kinetically
controlled silica polymerization conditions, evaporation drives self-assembly of
NC micelles into ordered NC/silica thin-film mesophases during spin coating.
The intermediate NC micelles are water soluble and of interest for biolabeling.
Initial experiments on a metal-insulator-metal capacitor fabricated with an
ordered three-dimensional gold nanocrystal/silica array as the “insulator” dem-
onstrated collective Coulomb blockade behavior below 100 kelvin and estab-
lished the current-voltage scaling relationship for a well-defined three-dimen-
sional array of Coulomb islands.

Despite recent advances in the synthesis and
characterization of nanocrystals and NC ar-
rays (1, 2), there remain numerous challenges
that limit their practical use. First, for exam-
ple, synthesis procedures generally used for
metallic and semiconducting NCs use organic
passivating ligands that make the NCs water
insoluble. This is problematic for biological
imaging and more generally for uniform in-
corporation of nanocrystals in hydrophilic
matrices like silica or titania needed for the
fabrication of robust, functional lasers (3, 4 ).
Second, while steric stabilization of nano-
crystals with organic passivating layers sup-
presses attractive particle-particle interac-
tions, thereby facilitating self-assembly of
NC arrays, it necessarily causes the arrays to
be mechanically weak and often thermally

and chemically unstable. Third, although
evaporation of NC dispersions has been used
to prepare quasi-3D NC arrays (5) and films
containing isolated 3D NC islands (6 ), there
exist no procedures to reliably fabricate 3D
NC arrays as uniform thin films. These com-
bined factors ultimately limit routine integra-
tion of nanocrystals into 3D artificial solid
devices, in which electronic, magnetic, and
optical properties could be tuned through
electron charging and quantum confinement
of individual NCs mediated by coupling in-
teractions with neighboring NCs (7, 8).

Here, we describe the direct synthesis of
water-soluble NC gold micelles and their fur-
ther self-assembly with silica into robust, or-
dered 3D NC arrays in bulk or thin-film
forms. The synthetic approach is general and
avoids the complicated multistep procedures
reported previously (9). Our concept is to
consider monosized, organically passivated
NCs as large hydrophobic molecules that, if
incorporated individually into the hydropho-
bic interiors of surfactant micelles, would
result in the formation of monosized NC
micelles composed of a metallic (or other)
NC core and a hybrid bilayer shell with pre-
cisely defined primary and secondary layer
thicknesses (Fig. 1H). The hydrophilic NC
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micelle surfaces provide water solubility and
allow further assembly or derivatization as
depicted in Fig. 1.

To individually incorporate NCs in sur-
factant micelles, we developed a microemul-
sion procedure (fig. S1) (10). A concentrated
nanocrystal solution, prepared in organic sol-
vent (e.g., chloroform, hexane), is added to an
aqueous solution of surfactant with a volume
ratio of 1:10 under vigorous stirring to create
an oil-in-water microemulsion. Organic sol-
vent evaporation (aided optionally by vacu-
um or heat treatments) transfers the NCs into
the aqueous phase by an interfacial process
driven by the hydrophobic van der Waals
interactions between the primary alkane of
the stabilizing ligand and the secondary al-
kane of the surfactant, resulting in thermody-
namically defined interdigitated bilayer struc-
tures (Fig. 1H and fig. S1). For single-tailed

surfactants, an alkane chain of eight or more
carbons is required to form micelles with
gold nanocrystals stabilized by C12 alkanethi-
ols [dodecanethiol (DT)]. Cationic, anionic,
and nonionic surfactants, as well as phospho-
lipids, can all form NC micelles (fig. S2),
allowing facile control of micelle surface
charge and functionality. In addition, fluores-
cent semiconducting CdSe NCs (stabilized by
trioctylphosphine oxide) have been formed
into NC micelles with maintenance of optical
properties, further supporting the general na-
ture and flexibility of this approach.

The formation and stability of individu-
al gold NC micelles (as opposed to aggre-
gated dimers, trimers, etc.) was confirmed
by ultraviolet (UV)–visible spectroscopy
and transmission electron microscopy
(TEM), where we observed no difference
between the positions and widths of the

plasmon resonance bands (�510 nm) of the
C12-alkanethiol–stabilized gold NCs in
chloroform and those of the corresponding
water-soluble NC micelles (Fig. 1D). In
addition, evaporation of the NC micelle
solutions resulted in self-assembly of hex-
agonally ordered NC arrays (Fig. 1C) as
expected for individual, monosized nanoc-
rystals. Judging from UV-visible spectros-
copy and TEM and the ability to make
ordered arrays, these solutions were stable
for more than 2 years at room temperature.

In aqueous media, NC micelles organize
hydrophilic components/precursors at the
surfactant/water interface through electrostat-
ic and hydrogen-bonding interactions by a
mechanism analogous to that of surfactant-
directed self-assembly of silica/surfactant
mesophases (used as precursors to so-called
“mesoporous silicas”) (11). For example, ad-
dition of tetraethyl orthosilicate (TEOS) un-
der basic conditions produced hydrophilic
oligosilicic acid species that organize with
NC micelles to form an ordered gold NC/
silica mesophase with face-centered cubic
(FCC) symmetry (space group Fm3m).
Figure 2A, curve b, shows a representative
low-angle x-ray diffraction (XRD) pattern of
an NC mesophase powder prepared accord-
ing to pathway i-ii-iii (Fig. 1) by using 2-nm-
diameter C12-thiol–stabilized gold NCs,
cetyltrimethylammonium bromide (C16TAB)
surfactants, and sodium hydroxide catalyst.
On the basis of FCC symmetry, the primary
peaks are assigned as 111, 220, and 311
reflections. Figure 3, A and B, shows repre-
sentative TEM images of [001]- and [012]-
oriented NC mesophases (prepared as for Fig.
2A, curve b) along with their corresponding
electron diffraction patterns. The TEM imag-
es are consistent with a unit cell with a �
�10.2 nm and a uniform, minimum (silica/
surfactant) spacing between NCs of �6 nm.
This ordered nanocrystal array was formed
spontaneously by self-assembly in aqueous me-
dia [rather than by solvent evaporation (12)].
Compared with other ordered NC arrays, the
embedding silica matrix provides for greater
chemical, mechanical, and thermal robustness
and, compared with other connected NC sys-
tems [for example, those prepared by DNA
hybridization (13, 14)], thermodynamically
controlled self-assembly provides greater order
and control of NC spacing.

Reducing the concentration of the gold
NCs, while maintaining a constant surfactant/
silica molar ratio, caused the progressive
transformation of the cubic, gold NC/silica
mesophase to a 2D hexagonal silica/surfac-
tant mesophase (Fig. 2A, curves c and d), as
is evident from the greatly diminished (111)
reflection in XRD pattern (d) and the appear-
ance of (100), (110), (200), and (210) reflec-
tions [Fig. 2A, curve d and magnified inset].
The highly ordered gold NC/silica array

Fig. 1. Processing diagram for the synthesis of water-soluble gold nanocrystal micelles and
periodically ordered gold NC/silica mesophases. (A) Gold nanocrystals were prepared according to
the method of Brust et al. (15), with 1-DT as a stabilizing agent. Heat treatments were employed
to further narrow the particle size distributions. (B) Thiol-stabilized nanocrystals are encapsulated
in surfactants (using an oil-in-water microemulsion technique) (fig. S1) to form water-soluble NC
micelles that, upon evaporation, self-assemble to form hexagonally ordered NC arrays as shown in
the TEM image (C). (D) UV-visible spectra of (a) gold nanocrystals in chloroform and (b) gold NC
micelles in water; both exhibit plasmon resonance bands at 510 cm�1. (E) Silicic acid moieties
formed by hydrolysis of TEOS are organized at the hydrophilic surfactant-water interface of NC
micelles, leading, under basic conditions, to a gold NC/silica mesophase (F) composed of NCs
organized in a periodic FCC lattice within a dense silica matrix. (G) Under acidic conditions that
suppress siloxane condensation, spin coating or casting results in ordered thin-film NC/silica
mesophases that are readily integrated into devices. (H) The lattice constant of the NC/silica
mesophase is controlled by the nanocrystal size, dp, the primary layer thickness of the
alkanethiol, d1, and/or the secondary layer thickness of the surfactant, d2 (Fig. 2). (I)
Polyethylene glycol surfactants or lipids can be used to prepare biocompatible water-soluble
NC micelles for biolabeling (27 ).
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forms within a limited NC/surfactant/silica
compositional range as expected for a ther-
modynamically defined mesophase. In this
case surfactant and gold are all incorporated
into NC micelles, allowing the host frame-
work to be essentially pure, dense silica
(polysilicic acid). Highly ordered NC me-
sophases also require monosized NCs. A
broad, poorly defined XRD pattern (Fig. 2A,
curve e) was obtained for a gold NC/silica
powder sample prepared as in Fig. 2A, curve
b, but using gold NCs synthesized according
to Brust et al. (15) and known to have a rather
broad size distribution (�50% compared
with �5% in the present study).

As suggested by Fig. 1H, changing the
primary NC particle size dp, the primary
layer thickness d1, or the secondary layer
thickness d2 allows adjustment of the NC
mesophase lattice constant. For example,
Fig. 2B shows the (111) d-spacing to change
linearly from �5.0 to 7.2 nm through variation
of dp from 1.0 to 3.3 nm. Figure 2C shows that
changing the secondary layer thickness d2 by 4
carbon units [CH3(CH2)n(NCH3)3

�Br–, nl �
11 to nm � 15] results in a 1.11-nm change in
(111) d-spacing (1.38 Å/C-C bond), consistent
with model predictions and structural studies.

In acidic conditions designed to minimize
the siloxane condensation rate (pH �2), path-
way i-ii-iv (Fig. 1) leads to the formation of
thin films using standard techniques like spin
coating, micromolding, or ink-jet printing.
By suppressing siloxane condensation and,
thereby, gel formation, solvent evaporation
accompanying coating induces self-assembly
of NC micelles into NC thin-film meso-
phases (Fig. 3C) in a manner similar to the
evaporation-induced self-assembly of cubic
or hexagonal silica/surfactant thin-film me-
sophases (16 ). The thin-film XRD pattern
(Fig. 2A, curve a) is consistent with a slightly
distorted mesophase (face-centered tetrago-
nal) due to constrained 1D shrinkage normal
to the substrate surface, observed consistently
for thin-film mesophases as a result of silox-
ane condensation (17 ). TEM images of films
(e.g., Fig. 3C) are qualitatively similar to
those of powders, although both XRD and
TEM indicate a slightly reduced unit cell
dimension (a � 9.6 nm).

The metallic NC mesophases are highly
ordered, fully 3D NC arrays. While several
experimental investigations of transport in
1D and 2D ordered arrays have been reported
(5, 7, 18), there are no comparable studies
performed on high-quality 3D arrays.

As an initial investigation of charge trans-
port, we fabricated planar metal-insulator-
metal (MIM) devices, incorporating a Au
NC/silica array as the insulator layer (see
schematic in Fig. 4), and measured their
temperature-dependent current-voltage
(I-V ) characteristics. Control samples were
fabricated by spin coating gold-free silica

sols designed to form silica layers compa-
rable to those of the silica matrices of the
NC/silica films.

Samples were mounted on a cold finger,
and direct current I-V measurements were
performed over the temperature range 300 K
to 78 K. The I-V curves for the gold NC/silica
capacitors are plotted in Fig. 4A. At room
temperature, the I-V curve is linear with a
zero-biased resistance of 14 M ohm, corre-
sponding to a film resistivity of about 3 �
106 ohm-cm. Nonlinearity in the I-V behavior
near zero bias is evident at 200 K and increas-
es with decreasing temperature. At 100 K and
below, conduction occurs through the gold
NC/silica insulator only above a minimum
threshold voltage, VT, indicative of a collec-
tive Coulomb blockade (19) resulting from
electrical isolation of the NCs. Comparison
measurements on gold-free control samples
showed no noticeable change in the I-V char-
acteristics over this temperature range.

Models of the (low voltage) electron
transport in an array of identical Coulomb
islands predict a thermally activated behavior
of the zero-bias conductance, G0 � exp[–Ea/

kBT ] (20), where Ea is the energy required to
charge an electrically neutral nanocrystal and
kB is Boltzmann’s constant. The Coulomb
charging energy can be expressed as e2/2C0,
where, for a completely isolated NC, the
capacitance C0 depends on the product of the
dielectric constant of the surrounding medi-
um ε and the nanocrystal radius r, C0 �
4�ε0εr. Using r � 1.5 nm for the NC radius
(determined by TEM) (Fig. 3A, inset a1) and
ε � 3.9 for the surrounding silica matrix, C0

is calculated to be 0.7 aF, corresponding to a
Coulomb charging energy of 123 meV.

The temperature-dependent conductance
of the Au/silica NC array is presented in Fig.
4A (inset). We observe a strict Arrhenius
behavior (G0 � exp[-Ea/kbT]) over the com-
plete temperature range 78 K to 300 K, at-
testing to the particle/array uniformity. Two-
dimensional NC arrays and granular films in
general often show a G0 � exp[-(Ea/kbT)1/2]
dependence caused by particle-size polydis-
persity (5, 20, 21). The experimental value of
the charging energy, Ea � 90 meV, deter-
mined from the slope in Fig. 4A (inset), is
less than the prediction for an isolated NC.

Fig. 2. (A) Representative XRD patterns of gold
NC/silica mesophases. (a) Gold NC/silica thin-
film mesophase formed by spin coating (Fig. 1,
pathway i-ii-iv). The pattern can be indexed as
an FCC mesostructure with lattice constant
a� 95.5 Å. The b, c, and d XRD patterns of bulk
gold NC/silica samples were prepared accord-
ing to pathway i-ii-iii (Fig. 1) by addition of
NaOH to an aqueous solution containing TEOS
and gold NC micelles. The weight percent of
gold NC micelles was progressively reduced
from b to d, while the TEOS/surfactant molar
ratios were kept constant. (b) Sample was pre-
pared by using 0.36 g 1-DT derivatized gold
NCs. The pattern is consistent with an FCC
mesostructure with lattice constant a � 102 Å.
(c) Sample was prepared by using 0.23 g 1-DT
derivatized gold NCs. The pattern is similar to
that of sample (b). However, the (220) and
(311) reflections are not resolved.
(d) Sample was prepared by using 0.12 g 1-DT
derivatized gold NCs. The XRD pattern (inset
magnified �3) is indexed as a hexagonal silica
mesophase with lattice constant a � 43.4 Å. A
small (111) peak attributable to the NC/silica
mesophase is still observed. (e) Sample was
prepared by using 0.36 g 1-DT derivatized gold
NCs. These NCs were synthesized directly by
the method of Brust et al. (15) without narrow-
ing the particle size distribution. The amounts
of TEOS and surfactant were the same as in b
to d. The broader NC size distribution reduces
considerably the extent of order. (B) Magnifi-
cations of the (111) reflections plotted linearly
for samples prepared as in (A)(a), using gold
NCs with successively smaller diameters
(�33 Å, �27 Å, �23 Å, �17 Å, �12 Å, �11 Å).
(C) Magnifications of the (111) reflec-
tions plotted linearly for samples prepared
as in (A)(b), with two different secondary
alkane chain lengths of the surfactant
[CH3(CH2)n]N(CH3)3

�Br–, nl � 15, nm � 11.
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Presumably, this discrepancy reflects the re-
duction of the charging energy arising from
the influence of the surrounding nanocrystals.
For 2D NC arrays with sufficiently small NC
spacings, both modeling and experiment
show the charging energy to vary reciprocally
with the number of nearest neighbors (5, 7 ).

Although 3D models of the NC charging
energy have not been formulated, it is antic-
ipated that interparticle capacitance could
easily account for the 33-meV reduction in Ea

observed here.
At low temperatures (T � 100 K) where

we observe Coulomb blockade behavior, the-

ory predicts that, for V � VT, current scales
as a power law, I � Io(V/VT – 1)�. The
scaling exponent � reflects the dimensionality
of the accessible current-conducting path-
ways, and, for 1D and 2D, both modeling (5,
7 ) and experiment (22) show � to equal ap-
proximately the array dimensionality. Figure
4B plots representative current-voltage scal-
ing data for our 3D gold/silica NC arrays at
77 K. The results show power-law scaling
with � � 2.7 (negative bias) and � � 3.0
(positive bias). Currently, there are no theo-
retical predictions or simulations of the 3D
scaling exponent; however, the greater value
of � observed here, compared with previous
studies of 2D (22) and quasi-3D arrays (5), is
consistent with the greater number of conduc-
tive pathways expected for a fully 3D array.

The formation of water-soluble NC mi-
celles and their self-assembly into ordered
3D mesophases provides a new means to
integrate model 3D NC arrays into robust
devices. The silica host matrix provides
compatibility with standard microelectron-
ics processing/patterning and helps elimi-
nate parasitic conductive pathways, en-
abling higher temperature operation. We
expect that by using more surfactant we
could provide a mesoporous low k silica
host (23), reducing the capacitance and al-
lowing yet higher (i.e., room temperature)
operation. The arrays we describe could be
the ideal media for the study of the
Hubbard Hamiltonian and the variety of
transport and collective phenomena pre-
dicted to occur for such systems (24, 25).
Beyond transport, these robust, highly or-
dered NC arrays could be useful for cata-
lysts and photonic devices such as lasers (4,
26 ), and the water-soluble NC micelle in-
termediates have shown promise for bio-
logical labeling or sensors.

Fig. 4. (A) I-V curves measured from 300 K to 78 K. The schematic shows
the MIM device architecture, which was fabricated with a 100-nm-thick
gold/silica NC array as the insulator. The inset plots the zero-bias
conductance (G0) versus 1/T. Data exhibit Arrhenius behavior with activation energy (Ea) of �90 meV. (B) At T � 78 K, current displays a power-law
dependence for V � VT with scaling exponent � � 2.7 (negative bias) and � � 3.0 (positive bias). VT and � were determined by the Levenberg-Marquardt
nonlinear least squares method (28) (fig. S3).

Fig. 3. Representative TEM images of gold
nanocrystal/silica mesophases. (A) and (B)
[100] and [210] orientations of bulk samples
prepared according to pathway i-ii-iii (Fig. 1)
and corresponding to Fig. 2A, curve b. (Inset a1)
High-resolution TEM of sample (A) showing
gold NC lattice fringes. (Inset a2) Selected area
diffraction pattern from the image in (A). (Inset
b) Selected area electron diffraction from the
image in (B). (C) TEM image of [211]-oriented
NC/silica thin-film mesophase. (Inset c) Select-
ed area diffraction pattern from image in (C).
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Probabilistic Integrated
Assessment of “Dangerous”

Climate Change
Michael D. Mastrandrea1* and Stephen H. Schneider2

Climate policy decisions are being made despite layers of uncertainty. Such de-
cisions directly influence the potential for “dangerous anthropogenic interference
with the climate system.” We mapped a metric for this concept, based on Inter-
governmental Panel on Climate Change assessment of climate impacts, onto
probability distributions of future climate change produced from uncertainty in key
parameters of the coupled social-natural system—climate sensitivity, climate
damages, and discount rate. Analyses with a simple integrated assessment model
found that, under midrange assumptions, endogenously calculated, optimal climate
policy controls can reduce the probability of dangerous anthropogenic interference
from �45% under minimal controls to near zero.

Article 2 of the United Nations Framework Con-
vention on Climate Change (UNFCCC) states its
ultimate objective as “Stabilization of green-
house gas concentrations in the atmosphere at a
level that would prevent dangerous anthro-
pogenic interference with the climate system”
(1). This level should be achieved within a time
frame sufficient to allow ecosystems to adapt
naturally to climate change, to ensure that food
production is not threatened, and to enable eco-
nomic development to proceed in a sustainable
manner. Thus, the criteria for identifying “dan-
gerous anthropogenic interference” (DAI) may
be characterized in terms of the consequences (or
impacts) of climate change (2). Although these
impacts, and a precise definition of DAI, are
subject to considerable uncertainty, a plausible

uncertainty range can be quantified from current
scientific knowledge (3). We argue that climate
change policy decisions should be conceptual-
ized in terms of preventing or reducing the
probability of DAI, a risk-management frame-
work familiar to policymakers and an outcome
to which more than 190 signatories to the
UNFCCC have committed.

Research related to global climate change
must deal explicitly with uncertainty about fu-
ture climate impacts. Due to the complexity of
the climate change issue and its relevance to
international policymaking, careful consider-
ation and presentation of uncertainty is impor-
tant when communicating scientific results (2,
4–7). Policy analysis regarding climate change
necessarily requires decision-making under un-
certainty (8–10). Without explicit efforts to
quantify the likelihood of future events, users of
scientific results (including policy-makers) will
undoubtedly make their own assumptions about
the probability of different outcomes, possibly
in ways that the original authors did not intend
(11, 12).

Assigning likelihoods to potential future
worlds is difficult, as noted by Grübler and
Nakicenovic (13), because any such esti-
mates will be highly subjective and based on
assessments of future societal behavior and
values. Uncertainty, they warn, may alterna-
tively be dismissed or replaced by spurious
expert opinion. Although the suitability and
effectiveness of techniques for presenting un-
certain results is context-dependent, we be-
lieve that such probabilistic methods are
more valuable for communicating an accurate
view of current scientific knowledge to those
seeking information for decision-making than
assessments that do not attempt to present
results in probabilistic frameworks (14).

We present a metric for assessing DAI: a
cumulative density function (CDF) of the
threshold for dangerous climate change. We
demonstrate its utility by applying it to modeled
uncertainty in future climate change using an
optimizing integrated assessment model (IAM).
IAMs are common policy analysis tools that
couple submodels of the climate and economic
systems, balance costs and benefits of climate
change mitigation to determine an “optimal”
policy (15), and often exhibit properties not
apparent in either submodel alone (16).

We chose Nordhaus’ Dynamic Integrated
Climate and Economy (DICE) model (17) for
our analysis because of its relative simplicity
and transparency, despite its limitations (16,
18). The IAM framework allows us to ex-
plore the effect of a wide range of mitigation
levels on the potential for exceeding a policy-
important threshold such as DAI. We do not
recommend that our quantitative results be
taken literally, but we suggest that our prob-
abilistic framework and methods be taken
seriously. They produce general conclusions
that are more robust than estimates made with
a limited set of scenarios or without probabi-
listic presentations of outcomes, and our
threshold metric for DAI offers a risk-man-
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Three-Dimensionally Ordered Gold Nanocrystal/Silica Superlattice
Thin Films Synthesized via Sol–Gel Self-Assembly**

By Hongyou Fan,* Adam Wright, John Gabaldon, Adrian Rodriguez, C. Jeffrey Brinker,
and Ying-Bing Jiang

1. Introduction

Nanocrystals (NCs) exhibit unique size-dependent optical,
electronic, and chemical properties. The ability to adjust prop-
erties by controlling size, shape, composition, crystallinity, and
structure has led to a wide range of potential applications for
NCs in areas such as optics, electronics, catalysis, magnetic stor-
age, and biological labeling.[1–6] Furthermore, NC assembly into
2D and 3D superlattices is of interest for development of “arti-
ficial solids” with collective optical and electronic properties
that can be further tuned by the NC spacing and arrange-

ment.[7–11] To date, there have been three approaches to the
fabrication of superlattice solids and thin films. The most com-
monly used approach involves evaporating a drop of NC or-
ganic solution on a solid support (e.g., a transmission electron
microscopy (TEM) grid, mica, highly ordered pyrolytic graph-
ite (HOPG), etc.), forming face-centered cubic (fcc), body-cen-
tered cubic (bcc), or hexagonal close-packed (hcp) superlattice
films.[2,12–14] Heath and co-workers reported a method to form
2D hcp superlattice films of silver NCs by Langmuir–Blodgett
deposition.[9] In a third approach, a homogenous precipitation
of superlattice solids was prepared by the slow addition of non-
solvents into an NC organic solution.[15,16] Over a long aging
time, well-shaped crystal superlattice solids with fcc structure
were finally obtained. The common problem in these ap-
proaches is that the NCs that have been used are alkane-chain
stabilized, and are therefore hydrophobic and soluble only in
organic solvents. The formation of an ordered NC superlattice
is limited to organic solvents, and relies on the van der Waals
interactions between interdigitated alkane chains surrounding
the NCs. The thermally defined, interdigitated alkane chains
result in weak mechanical stability of the superlattice. In such
materials, charge transport is conducted through the interdigi-
tated organic media between NCs.[7–11] Recent results indicate
that it is desirable to incorporate NCs in inorganic thin film
matrices such as silica or titania for achieving chemical and me-
chanical robustness and enhanced device functionality.[17–19]

Early efforts focused on the encapsulation of metal NCs inside
sol–gel matrices by introduction of metal nanoparticles[20] or
metal precursors followed by either thermal decomposition or
reduction.[21,22] Recently, mesoporous materials have been used
as templates to create hybrid silica materials infiltrated with
metal or semiconducting NCs.[23–27] There are several disadvan-
tages of the above methods, which include: 1) the NC arrays in-
side the final materials exhibit a poorly defined or less-ordered
structure. This is problematic for fundamental studies of charge
transport, where repeatable/reproducible results are required.
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Nanocrystals and their ordered arrays hold many important applications in fields such as catalysis, surface-enhanced Raman
spectroscopy based sensors, memory storage, and electronic and optical nanodevices. Herein, a simple and general method to
synthesize ordered, three-dimensional, transparent gold nanocrystal/silica superlattice thin films by self-assembly of gold nano-
crystal micelles with silica or organosilsesquioxane by spin-coating is reported. The self-assembly process is conducted under
acidic sol–gel conditions (ca. pH 2), ensuring spin-solution homogeneity and stability and facilitating the formation of ordered
and transparent gold nanocrystal/silica films. The monodisperse nanocrystals are organized within inorganic host matrices as a
face-centered cubic mesostructure, and characterized by transmission electron spectroscopy and X-ray diffraction.
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2) The methods have less control over particle sizes and load-
ing. 3) It is difficult to control the interparticle spacing pre-
cisely using these methods, and that is essential for achieving
new physical properties resulting from coupling between neigh-
boring nanoparticles.[9,11,28]

We recently reported a facile synthesis of water-soluble NC
micelles[29–31] and their self-assembly into ordered, 3D gold-
NC/silica superlattice arrays in a sol–gel process.[19] Under
basic conditions, fast silica hydrolysis and condensation led to a
heterogeneous self-assembly system and ordered arrays in sol-
id/powder form.[19] For device fabrication, thin films are more
desirable than powder. Herein, we report a detailed synthesis
of gold-NC/silica arrays in thin film form by a slow sol–gel pro-
cess under acidic conditions. We discovered that silica conden-
sation played an important role in the formation of ordered 3D
gold-NC/silica arrays. It is essential that the coating solution be
homogeneous to form ordered, transparent gold/silica thin
films without cracking. Extensive silica condensation leads to a
less-ordered gold/silica mesophase. To this end, the precursor
solution was prepared under acidic conditions (ca. pH 2), using
the addition of aqueous hydrogen chloride, to maximize the sil-
ica gel time and facilitate the self-assembly and formation of
ordered NC/silica thin films.[32,33] By using organosilsesquiox-
ane, we were able to tune the framework chemistry and dielec-
trics. The final film consists of monodisperse gold NCs
arranged within a silica or organosilsesquioxane host matrix in
an fcc mesostructure with precisely controlled interparticle
spacings.

2. Results and Discussion

Scheme 1 shows the schematic synthetic processes of such or-
dered superlattice thin films. Water-soluble gold NC micelles
were prepared by an interfacially driven microemulsion pro-
cess[19,29,31] using cetyltrimethyl ammonium bromide (CTAB)
and n-dodecanethiol (n-DT)-derivatized gold NCs. n-DT-
capped gold NCs were prepared according to the method of
Brust et al.[34] followed by heat treatment to narrow the gold NC
size distribution to approximately 7 % (see Scheme 1, step i).[35]

The thermodynamically favorable interdigitation between the
n-DT and CTAB layers stabilizes the gold NC micelles in aque-
ous solution.[30] Tetraethylorthosilicate (TEOS) was used as a
precursor and was added to the above solution, followed by hy-
drolysis and condensation under acidic conditions at room tem-
perature for 1 h. In addition to TEOS, bis(triethoxylsilyl) eth-
ane (BTEE) was used to tune the matrix composition within the
superlattice films. Ordered superlattice thin films were prepared
by spin-coating the above solution on substrates such as silicon
wafers, glass, etc. (see Scheme 1, step ii). In order to study the
siloxane condensation effect on the formation of an ordered
superlattice, the above solution was aged at room temperature
for different periods of time before spin-coating.

The gold/silica superlattice films have an average refractive
index of ca. 1.7 and thicknesses of 100 to 300 nm depending on
the spin rate. The film thickness can reach up to 25 lm when
casting. Figure 1D shows an optical microscopy image of a red-
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Scheme 1. Formation of water-soluble gold-NC micelles by surfactant/lip-
id encapsulation (i) and their self-assembly with soluble silica in a con-
trolled sol–gel process (ii) into ordered gold NC/silica superlattice films
through spin coating (iii); A) n-Dodecanethiol (n-DT)-stabilized, hydro-
phobic gold NCs; B) n-DT-stabilized gold NCs are encapsulated inside
surfactant micelles by an interfacially driven oil-in-water microemulsion
process [19]. C) Sol–gel self-assembly is conducted in acidic conditions;
water-soluble oligomeric silica species preferentially interact with gold NC
micelles and further self-assemble into fcc gold-NC superlattice films (D)
upon drying (iii).

Figure 1. UV-vis spectra of A) n-DT-stabilized gold NCs, B) a gold-NC/
silica superlattice film prepared using TEOS, and C) gold/ethyl bridged
silsesquioxane film prepared using bis(triethoxylsilyl) ethane. D) Opti-
cal microscopy image of as-prepared ordered gold/silica film on a glass
substrate that covers the logo of Sandia National Laboratories
(1 in = 2.54 cm).
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dish film that exhibits very good optical transparency. Optical
properties of the superlattice film were characterized using
UV-vis spectroscopy, as shown in Figures 1A–C. The superlat-
tice film exhibits a characteristic surface plasmon resonance
band at ca. 518 nm, as expected from gold NCs. In comparison
with the spectra of monodisperse n-DT-stabilized gold NCs,
the position and width of the surface plasmon band from the
gold superlattice film stays unchanged, suggesting that gold
NCs inside the film remain monodisperse. This was further
confirmed by TEM results (see below). Low-magnification
scanning electron microscopy (SEM) imaging (Fig. 2A) shows
that the film has a uniform and continuous surface without
macroscopic granularity or cracks. Figure 2B shows a high-res-

olution SEM image of the as-prepared film surface. Ordered
gold NCs are distributed uniformly on the film surface.

Figure 2C3 shows a representative low-angle X-ray diffrac-
tion (XRD) pattern of a superlattice thin film prepared accord-
ing to pathway i–iii (Scheme 1), using ca. 3 nm n-DT-stabilized
gold NCs, CTAB, and TEOS. The patterns can be indexed as
an fcc structure with unit cell a ∼ 10.5 nm. The primary peaks
are assigned as (111), (220)/(311), and (222) reflections. Fig-
ure 2C1 shows the XRD pattern of a film prepared using a spin
solution aged at room temperature for 24 h. The film exhibits a
lower degree of ordering, with the disappearance of the (220)/
(311) and an intensity decrease of the (222) reflections. Fig-
ure 3A shows a representative cross-sectional TEM image of

an ordered superlattice film. Periodically ordered regions are
observed throughout the whole film thickness. The sharp, con-
tinuous, and uniform air/film and film/substrate interfaces are
consistent with the SEM results, showing no steps, kinks, or
cracking, which appear in superlattice films prepared by evapo-
ration of NC solutions.[14,36,37] A representative plan-view TEM
image is shown in Figure 3B. The TEM images are consistent
with an fcc structure (Fm3m space group) with a measured unit
cell a ∼ 10.8 nm and a minimum average interparticle spacing
of ca. 2.3 nm. Note that the gold NC/silica superlattice thin
film has a larger unit cell than that of previous superlattice
films and solids.[38] This is due to the fact that here the gold
NCs are arranged within a silica matrix. A thin silica layer
exists between each individual gold NC. The silica insulating
layer was further confirmed by a high-resolution TEM image
(Fig. 3B, inset). As shown in the plan-view image (Fig. 3B),
regions of ordered gold-NC arrays inside silica exhibit no
preferred orientation, with a seamless transition between the
ordered domains of gold NCs. Within the film, the gold NCs
remain monodisperse, which is consistent with UV-vis results
(see Fig. 1).

The formation of ordered gold NC/silica thin films is analo-
gous to that of the self-assembly of surfactant and silica.
Charge interactions and hydrogen bonding between hydro-
lyzed silica and surfactant head groups on the NC-micelle
surface drive the formation of an ordered gold NC/silica meso-
phase.[39] However, the two systems exhibit a distinct tendency
to form mesostructures. Prior work on the self-assembly of
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Figure 2. A) Low-resolution SEM image of ordered gold NC/silica super-
lattice thin film. B) High-resolution SEM image from the same specimen
as in (A). C) X-ray diffraction patterns of gold NC/silica superlattice films.
Ordered gold/silica film prepared using a coating solution that was aged
under ambient conditions for 24 h (C1), and 5 h (C2). C3) Ordered gold/
silica film prepared using a coating solution without aging. C4) Ordered
gold/silsesquioxane film prepared using a solution that was aged under
ambient conditions for 24 h. C5) Ordered gold/silsesquioxane film pre-
pared using a solution without aging.

Figure 3. A) Cross-sectional TEM image of ordered gold NC/silica super-
lattice thin film. B) Representative plan-view TEM image of ordered gold
NC/silica superlattice films through complete film thickness showing a
seamless transition among three ordered domains [211] and [111]. Inset: a
high-resolution TEM image. C) Representative plan-view TEM image of or-
dered gold NC/silsesquioxane superlattice films prepared using BTEE.
D) Patterned gold NC/silica superlattice thin films fabricated by a micro-
molding method [42]. Inset: square-dot patterns with smaller feature size.
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pure surfactant and silica indicated that a series of mesostruc-
tures can be formed, including lamellar, 1D hexagonal, cubic,
and 3D hexagonal periodic symmetries.[39] In the case of the
self-assembly of NC micelles and silica, only fcc mesostructures
are preferentially formed, regardless of the basic and acidic
catalytic conditions. This is probably due to the fact that the
gold NC micelles are preformed in a homogeneous solution
and behave rather like a “hard” sphere, tending to form fcc
close packing, rather than “soft” pure surfactant micelles,
which are inclined to undergo phase transformation. Vital to
the formation of transparent, ordered gold-NC/silica superlat-
tice films is the use of stable and homogeneous spinning or
casting solutions that, upon evaporation of water, undergo self-
assembly of NC micelles and soluble silica. For this purpose,
we prepared oligomeric silica sols in NC micelle aqueous
solution with a low hydronium ion concentration (ca. pH 2),
which were designed to minimize the siloxane condensation
rate and thereby enable facile silica and NC micelle self-assem-
bly during spin-coating or casting.[32] The aging experiments
(Fig. 2C1–3) unambiguously demonstrate that extensive silica
condensation, which results in polymeric silica species, does
not favor self-assembly, leading to a less-ordered film. The
method is flexible, and allows the tuning of framework compo-
sition, and thus the dielectric (k) properties, by using different
sol–gel precursors. Organo-bridged silsesquioxane is an ideal,
low-k host, exhibiting chemical and mechanical robust-
ness.[40,41] In addition to silica, we have demonstrated the
synthesis of ordered gold-NC arrays inside an organosilses-
quioxane framework. The ordered gold-NC/silsesquioxane was
prepared using ∼ 3 nm n-DT-stabilized gold NCs, CTAB, and
BTEE. The corresponding XRD patterns (Fig. 2C4,5) and
TEM image (Fig. 3C) reveal that these films exhibit an ordered
fcc mesostructure. In addition, we observed from the XRD
results that, when using BTEE, the self-assembly is not
strongly affected by solution aging, unlike the case when using
TEOS. This is due to the fact that the organo-bridged precursor
has a relatively slower hydrolysis and condensation rate than
TEOS.[33]

The ability to form patterned films is essential for device fab-
rication. A homogeneous solution of gold-NC micelles allows
the use of several soft-lithographic techniques, such as micro-
molding, pen writing, and inkjet printing, to pattern the ordered
gold-NC/silica superlattice films.[41] We have demonstrated the
formation of patterned gold-NC/silica superlattice films based
on our previous work on patterning surfactant-templated silica
mesophases Figure 3D shows patterned stripes and dots con-
taining ordered gold-NC/silica superlattices fabricated using mi-
cromolding techniques.[42] The pattern sizes are determined by
the feature sizes of the poly(dimethylsiloxane) (PDMS) stamps.

In comparison to previous methods for assembling NC super-
lattices by the evaporation of a colloidal solution of NCs, our
method provides several advantages. First, unlike previous
superlattice films formed by the evaporation of organic flam-
mable solutions, the water-soluble gold-NC micelles allow
superlattice films to be fabricated in water, resulting in
enhanced safety and better compatibility with current semicon-
ductor-fabrication processing. Second, by using different sol–

gel precursors, our method allows simple tuning of framework
composition, and thus dielectric properties, between the gold
NCs. This is essential for achieving enhanced collective proper-
ties in such 3D superlattice films.[17,18] Furthermore, the inor-
ganic framework provides chemical and mechanical robustness
and prevents films from cracking, which is important for device
fabrication. It is believed that the formation of an NC superlat-
tice by organic solvent evaporation is an entropy-driven pro-
cess in which NCs organize in such a way as to achieve the
highest packing density or maximum entropy.[2,12,14,43] In our
method, silica condensation affects ordering during formation
of gold-NC/silica superlattice films. It is interesting to note that
previous methods of assembling NCs during solvent evapora-
tion led to two-level preferential orientations. First, the or-
dered NCs pack as an fcc structure with (111) planes parallel to
substrates.[13,14] Second, the crystal structure of each individual
NC is also orientated relative to the substrate.[13] In our system,
the films consist of ordered “domains” randomly distributed
throughout the film. From wide-angle XRD, we observed no
preferred orientation of gold crystal structure relative to the
substrate.

3. Conclusions

We have developed a simple and general method to synthe-
size ordered, 3D, transparent gold-NC/silica superlattice thin
films using self-assembly of water-soluble gold NC-micelles
and soluble silica by spin-coating. The self-assembly process
allows the facile tuning of the host-matrix composition by using
different sol–gel precursors, and provides compatibility with
standard microelectronics processing/patterning, enabling
higher temperature operation. Acidic sol–gel chemistry en-
sures spin-solution homogeneity and stability, facilitating the
self-assembly of soluble silica and NC micelles into ordered,
transparent gold-NC/silica films. The ease of preparing semi-
conducting and magnetic NC micelles using an interfacially
driven microemulsion process makes it possible to synthesize
ordered quantum dot/metal oxide and magnetic NC/metal
oxide arrays, and to integrate them into laser and memory
devices.[30,31] The robust, 3D NC/silica superlattice films are of
interest for the development of collective optical and electronic
phenomena, and, importantly, for the integration of NC arrays
into device architectures.[8,44] Ultimately, the ordered gold/sili-
ca superlattice films are ideal platforms for the fabrication of
molecular electronic nanodevices[45] and surface-enhanced Ra-
man spectroscopy (SERS)-based chemical and biosensors.[20,46]

4. Experimental

Synthesis of Gold NCs: n-Dodecanethiol-modified gold NCs were
synthesized using the method developed by Brust et al. [34]. An aque-
ous solution (60 mL) containing HAuCl4 (0.7 g, Aldrich) was mixed
with a solution of tetraoctylammonium bromide (4 g, Aldrich) in tolu-
ene (160 mL). The two-phase mixture was vigorously stirred until the
tetrachloroaurate was transferred completely into the organic layer
(judged by color changes: the aqueous phase became colorless and the
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organic phase became dark yellow). n-Dodecanethiol (0.34 g, Aldrich)
was added to the organic phase. A freshly prepared aqueous solution
(40 mL) of sodium borohydride (0.78 g, Aldrich) was added slowly,
with vigorous stirring; the reaction was complete after 20 min. After
further stirring for 2 h, the organic phase was separated and evaporated
in a rotary evaporator. Heat treatment at 140 °C was performed for 30–
45 min [35]. The gold NCs were then purified by two cycles of precipi-
tation, followed by size-selective precipitation using the solvent/non-
solvent pair of toluene/ethanol. In general, the gold NCs were dissolved
in toluene (10 mL) and precipitated using ethanol (50 mL).

Synthesis of Gold-NC Micelles: In a general preparation of water-sol-
uble gold-NC micelles, a chloroform gold-NC solution (3 mL) contain-
ing n-dodecanethiol-stabilized gold NCs (0.35 g) was added to deion-
ized water (8–12 g) containing CTAB (0.2 g) under vigorous stirring, to
form a solution. The chloroform was removed by quick heating to
transfer the hydrophobic gold NCs into the aqueous phase by encapsu-
lation. A dark-colored solution (stock solution) was finally obtained
and centrifuged at 2000 rpm for 5 min to remove any precipitate.

Gold NC/Silica Superlattice Thin Films: TEOS (0.08 g) or BTEE
was added to the above stock solution (1 mL), followed by the addition
of aqueous HCl solution (0.07 N or 1 N, 0.05 mL). The mixture was
stirred for 1 h at room temperature. Superlattice films were formed by
spin-coating at 500–2000 rpm. Aging studies were performed at room
temperature for the desired time.

Characterization: The XRD spectra were used to characterize the
3D ordered arrays (film), and were recorded on a Siemens D500 dif-
fractometer using Ni-filtered Cu Ka radiation with k = 1.54 Å in h–2h
(2h = 1–10°) scan mode using a step size ranging from 0.02 and a dwell
time of 2 s. TEM images were taken using a JEOL 2010 high-resolution
microscope equipped with a Gatan slow-scan charge-coupled device
(CCD) camera and operated at 200 keV. SEM images were taken with
a Hitachi S-5200 FEG high-resolution microscope.
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Hierarchically Organized Nanoparticle Mesostructure Arrays
Formed through Hydrothermal Self-Assembly
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We report a new self-assembly pathway that leads to supported and hierarchically organized gold
nanoparticle mesostructure arrays on solid substrates such as glass slide, thermal oxide, photopolymer
film, and mica. Using the nanoparticle micelle as a building block, hierarchical gold nanoparticle
mesostructure arrays were prepared by a hydrothermal nucleation and growth process through self-assembly
of nanoparticle micelles and organosilicates under basic conditions. Depending on the substrates used,
the shape, order, and orientation of the gold nanoparticle mesostructure during nucleation and growth
exhibit distinct features. Transmission electron microscopy and X-ray diffraction results revealed that
gold nanoparticles were organized as a face-centered cubic mesostructure with precisely controlled
interparticle spacing. Optical characterization using UV-vis spectroscopy shows a characteristic surface
plasmon resonance band resulted from the ordered nanoparticle arrays. This method provides new means
for colloidal self-assembly and for the fabrication of platforms for surface enhanced Raman scattering-
based sensors and electric and optical nanodevices with enhanced thermal, chemical, and mechanical
robustness.

Introduction

Synthesis of hierarchically structured materials holds both
fundamental and practical importance in optical, electronic,
and magnetic devices,1-6 catalysis and sorption,7 optical
elements,8 and sensors.2,3 Prior fabrication efforts include
biomimetic,9-11 self-similar,12 soft lithography,13 and rapid
printing14 methods. Recently, more progress has been made

in the synthesis of hierarchically ordered nanoparticle/
polymer macrostructures through interfacially driven self-
assembly of polymers with metal and semiconductor
nanoparticles.15-18 However, it has been recently suggested
that it is desirable to synthesize ordered nanoparticle arrays
inside inorganic matrixes that provide thermal, chemical, and
mechanical robustness needed for enhanced device perfor-
mance.3,19,20 Earlier efforts have focused on encapsulation
of metal nanoparticles inside sol-gel matrixes through
introduction of metal nanoparticles21 or metal precursors
followed by either thermally decomposing or reducing
them.22,23 Recently, mesoporous materials have been used
as templates to create hybrid silica materials loaded with
metal or semiconducting nanoparticles or nanowires through
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infiltration of precursor solutions followed by chemical or
electrochemical reduction or direct infiltration of nano-
particles.24-28 Several disadvantages for the above methods
include the following: First, the nanoparticle arrays inside
the final materials exhibit poorly defined or less-ordered
structure. This is problematic for the fundamental studies of
charge transport to get reproducible results. Second, the
methods have less control over particle sizes and loading.
Third, it is difficult for the above methods to precisely control
interparticle spacing that is essential for achieving new
physical properties resulting from coupling between neigh-
boring nanoparticles.5,29,30 Finally, as a result of the uncon-
nected pore channel or dead pore within the porous materials
that causes transport problems during infiltration, the result-
ing materials exhibited vacant areas that were not completely
filled with nanoparticles or nanowires.

Here we report a new self-assembly pathway that leads
to supported hierarchically ordered gold nanoparticle/
organosilicate mesostructure arrays on a glass slide, thermal
oxide, a photopolymer film, and mica. Using the nanoparticle
micelle as a building block, hierarchically ordered nano-
particle mesostructure arrays were prepared by a hydro-
thermal nucleation and growth process through self-assembly
of nanoparticle micelles and organosilicates under basic
conditions. Gold nanoparticles were organized as a face-
centered cubic (fcc) mesostructure with precisely controlled
interparticle spacing. Depending on the substrates used, the
shape, order, and orientation of mesostructures during
nucleation and growth exhibit distinct features. The surface
plasmon resonance in the visible region resulting from the
ordered gold nanoparticle arrays suggests the potential
applications for surface enhanced Raman scattering (SERS)-

based sensors2 and electric and optical nanodevices with
enhanced thermal, chemical, and mechanical robustness.18,19

Experimental Section

All materials were ordered through Aldrich without further
purifications.

Sample Preparation. Gold nanoparticles were prepared accord-
ing to the method reported by Brust et al.40 using dodecanethiol
(1-DT) as a stabilizing ligand. Before precipitation of 1-DT-stablized
gold nanoparticles, toluene was first evaporated at 40 °C under
vacuum. The resulting waxy black product was then heat treated
at 140 °C for 0.5 h. This heat treatment process enables Oswald
ripening and allows reorganization in nanoparticle size, leading to
much narrower nanoparticle size distribution (∼7%), which is
essential to form ordered nanoparticle crystal arrays. Gold nano-
particle micelles were synthesized according to previous work.3,31-33

A total of 0.1 g of sodium hydroxide was added to 9 mL of gold
nanoparticle micelle aqueous solution followed by adding 0.28 g
of bis(triethoxylsilyl)ethane (BTEE) in a 20 mL vial. After the
solution was stirred for 1 h at room temperature, glass slides or
fresh-peeled mica were placed vertically inside these vials. After
they were sealed, the vials were placed vertically inside an oven at
100 °C for 0-3 h. The slides were then taken out and rinsed by
deionized water and dried.

Characterizations. The X-ray diffraction (XRD) spectra were
recorded on a Siemens D500 diffractometer using Ni-filtered Cu
KR radiation with λ ) 1.54 Å in θ-2θ (2θ ) 1-10°) scan mode
using a step size ranging from 0.02° and dwell time of 2 s.
Transmission electron microscopy (TEM) images were taken at
JEOL 2010 high-resolution microscope equipped with Gatan slow
scan charge-coupled device camera and operated at 200 keV.
Scanning electron microscopy (SEM) images were taken using
Hitachi 5200 microscope.

Results and Discussion

The self-assembly process (shown in Scheme 1) involves
two steps: (1) preparation of a building block solution and
(2) hydrothermal nucleation and growth of nanoparticle
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Scheme 1. Formation of the Water-Soluble Nanoparticle Micelle and Preparation of Hierarchical Nanoparticle Mesostructure
Arrays through Hydrothermal Self-Assembly of Water-Soluble Nanoparticle Micelle Building Blocks with Organosilicatea

a (a) Organic monolayer capped, hydrophobic gold nanoparticles. (b) Nanoparticle micelle building blocks are formed through evaporation-driven transfer
of hydrophobic nanoparticles into the interior of surfactant/lipid micelles in an interfacially mediated oil-in-water microemulsion process. (c) Hierarchical
nanoparticle mesostructure arrays are formed via a hydrothermal self-assembly process.
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mesostructures. In the first step, the nanoparticle micelles
were synthesized through a surfactant encapsulation
process3,31-33 using 1-DT capped gold nanoparticles and
cetyltrimethylammonium bromide (CTAB; Scheme 1a).
Briefly, a monodisperse, DT-capped gold nanoparticle
chloroform solution was added to a CTAB aqueous solution
to form an oil-in-water microemulsion under vigorous
stirring. The highly volatile chloroform was then removed
by heating at ∼40 °C for ∼10 min. Evaporation of the
chloroform induces transfer of DT-capped, hydrophobic gold
nanoparticles into the hydrophobic core of surfactant micelles
through van der Waals interactions between the interdigitated
alkane chains of DT and CTAB, forming water-soluble gold
nanoparticle micelles. The second step involves the nucle-
ation and growth of nanoparticle mesostructure arrays in a
hydrothermal self-assembly process (Scheme 1b). BTEE was
chosen as the precursor for its preferential self-assembly with
the micellar interface and formation of well-controlled
external topology.12,34 In a typical synthesis, BTEE and
sodium hydroxide are mixed with a nanoparticle micelle
aqueous solution in a small vial (see Experimental Section).
After 1 h of stirring at room temperature, a substrate such
as a microscope slide, thermal oxide coated silicon wafer,
or fresh-peeled mica slide was vertically placed inside the
small vial. The vials were then sealed and placed inside an
oven at 100 °C for crystal growth.

Well-shaped and oriented nanoparticle mesostructure
arrays began to grow over several hours. These large
nanoparticle mesostructures covered the whole substrate.
Figure 1 shows a typical SEM micrograph of large area

arrays of the nanoparticle mesostructures grown on glass
slides. They are fairly uniform in shape and size (∼15 µm,
Figure 1A) with well-defined external topology. The high-
resolution SEM image (Figure 1B) shows that each individual
main unit exhibits flowerlike hierarchical structure, which
consists of three to five subunits with hexagonal shape and
size of ∼7 µm. A cross-sectional view of the main unit
(Figure 1B, inset) shows a height of about 8 µm. The TEM
image (Figure 1C,D) and low-angle XRD patterns (Figure
4) reveal that the gold nanoparticles self-assemble as a fcc
mesostructure inside the BTEE matrix. Figure 1C,D shows
representative TEM images of [110] and [100] orientations
of the nanoparticle mesostructure along with its correspond-
ing selected area electron diffraction pattern. The TEM
images are consistent with a unit cell of ∼10.6 nm and a
uniform, minimum interparticle spacing of ∼3 nm.

To study the formation mechanism, samples at different
growth times were examined by SEM (Figure 2) and XRD
patterns (Figure 3). Figure 2A-D shows hierarchical meso-
structures after growth for 10, 20, 30, and 40 min. After the
initial 10 min, the macroscopic seed sites (size < 0.5 µm)
had just begun to form with no recognizable shape. In the
XRD (Figure 3A), the appearance of a small hump between
2 and 3° suggests that, at this stage, the nanoparticles have
started to self-assemble, exhibiting short range order. After
20 min, the seeds begin to grow into a triangle shape with
size between 0.5 and 1 µm. On the XRD patterns, two peaks
are observed at low angle corresponding to cubic symmetry.
The first sharp peak is attributed to the (111) reflection, and
the second broad hump can be assigned to (220) and/or (311).
Between 30 and 40 min, hexagon-shaped subunits with a
size of 7 µm are developed. They are rather uniform in shape
and size. Some of them have merged into hierarchical
structures. XRD shows that the fcc mesophase began to form
as evidenced by the emergence of (311) and (222) peaks.
After 60 min, the hierarchical mesostructures have com-
pletely developed, each of which consists of three to five
uniformly merged subunits. The XRD (Figure 3A, curve e)

(34) Inagaki, S.; Guan, S.; Ohsuna, T.; Terasaki, O. Nature 2002, 416
(6878), 304-307.

Figure 1. Representative SEM and TEM micrographs of hierarchical
nanoparticle mesostructure arrays on glass slides. (A) Sample was prepared
on an amorphous glass slide using BTEE as the precursor under basic
conditions at 100 °C for 60 min. (B) A magnified SEM image of (A)
showing that the hierarchical mesostructure consists of three to five subunits.
The inset shows a cross-sectional image of a main unit of the hierarchical
mesostructure indicating that the crystal height is ∼8 µm. Representative
TEM images from [110] orientation (C) and [100] orientation (D). Inset in
part C shows the selected area electron diffraction pattern from the image
in part C and suggests the three-dimensionally ordered features.

Figure 2. SEM micrographs of samples at different growth times. Results
suggest that hierarchical nanoparticle mesostructure arrays are formed
through a heterogeneous nucleation and growth process on glass slides.
(A) At 10 min, ∼0.3 µm particles were observed. (B) At 20 min, crystals
with triangular shape were observed. (C, D) At 40 min, a single subunit
and some intermediate hierarchical structures have been formed.
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suggests that the fcc gold nanoparticle mesostructure has been
fully established by the full appearance of (111), (220), (311),
and (222) reflections. The enhanced intensity from the XRD
reflections of (111) and (222) during the crystal growth
course (after 40 min) suggests an orientated growth with
(111) planes parallel to the substrate. This is consistent with
the shape changes from triangular to hexagonal shape during
the growth phase.

Substrate surface properties strongly influence the nucle-
ation and growth of inorganic materials.35 In addition to

amorphous glasses, other substrates such as mica, thermal
oxide coated silicon wafer, and photo-curable polymer films
have been successfully used to grow hierarchical nanoparticle
mesostructures. In a controlled experiment, fresh-peeled mica
was used instead of glass, resulting in a distinct crystal shape.
Figure 4 shows a typical SEM image of the large nanoparticle
mesostructures formed on a mica surface. As with those
grown on glass, they are fairly uniform in shape and size
(∼12 µm) but possess circular rather than flowerlike topology
and have only one single unit instead of several merged
subunits. Another remarkable difference is that the orientated
mesostructure began to form at 30 min on mica, earlier than
on amorphous glass. This could be due to the fact that mica
has a crystalline surface with hexagonal patterns that
promotes preferential growth along (111) planes. Similar to
the case of amorphous glass, the XRD patterns (Figure 3B,
curves b and c) show enhanced reflections of the (111) and
(222) planes suggesting the (111) planes of nanoparticle cubic
mesostructure are parallel to the substrate. It is noteworthy
that prior work in self-assembly of silica and surfactants
indicated that only a one-dimensional hexagonal mesophase
was formed. It was proposed that surfactants form hemi-rod
micelles on the mica surface, leading to a one-dimensional
surfactant/silica mesophase.36 In the current system, nano-
particle micelles are preformed in a homogeneous aqueous
solution. Self-assembly with BTEE starts with “hard sphere”
nanoparticle micelle building blocks instead of “soft” pure
surfactant micelles or liquid crystals. Thus, the cubic
mesophase is preferentially formed.

Following growths longer than 40 min, precipitate was
observed in the bottom of the vial. To further explore the
formation mechanism, we filtered the growth solution and
performed XRD studies on the powders. Figure 3C shows
the XRD patterns from the precipitated powders after growth
for 40, 60, and 120 min. The irregular patterns suggest much
less organized nanoparticle/BTEE arrays. This unambigu-
ously establishes that the hierarchical nanoparticle meso-
structures are grown from the solution rather than deposited
via precipitation. Any gold nanoparticle agglomeration
occurring during growth could be expected to have signifi-
cant impact on the self-assembly process. A UV-vis
spectrometer was used to measure the wavelength of the
characteristic surface plasmon resonance, providing a mea-
sure of the size dispersity of gold nanoparticle micelles in
the solution during the growth process: relative to the
original DT capped gold nanoparticles, the gold surface
plasmon band exhibited no shift, both for as-prepared
solutions and after growth for 40, 60, and 120 min (see
Supporting Information, Figure S1). This suggests that the
gold nanoparticle micelles remain monodisperse during
growth and thus that the formation of the mesophase crystals
was initiated from nanoparticle micelle building blocks.

The optical properties of the hierarchical nanoparticle
mesostructures have been characterized using UV-visible
spectroscopy. Figure 5 shows the UV-vis spectra of the
hierarchical gold nanoparticle mesostructures on glass and
DT-stabilized gold nanoparticles in chloroform. Both samples

(35) Aizenberg, J.; Black, A. J.; Whitesides, G. M. Nature 1999, 398 (6727),
495.

(36) Yang, H.; Kuperman, A.; Coombs, N.; MamicheAfara, S.; Ozin, G.
A. Nature 1996, 379 (6567), 703.

Figure 3. (A) Low angle XRD patterns of hierarchical nanoparticle
mesostructure arrays on the glass slide grown (a-e) for 10, 20, 30, 40, and
60 min, respectively. The primary peaks for sample e can be assigned as
the (111), (211), (220), and (222) reflections of cubic mesostructure with
lattice constant a ) 109.1 Å. (B) XRD patterns of hierarchical nanoparticle
mesostructure arrays on mica grown (a-c) for 10, 30, and 60 min,
respectively. (C) XRD patterns of powder samples precipitated in solutions
at (a-c) 40, 60, and 120 min, respectively. These patterns show much less
order in comparison with those from the hierarchical nanoparticle meso-
structures. The samples were prepared using ∼2 nm gold nanoparticles,
CTAB surfactant, and sodium hydroxide.

Figure 4. Representative SEM micrograph of hierarchical nanoparticle
mesostructure arrays grown on a freshly peeled mica surface using BTEE
as the precursor under basic conditions at 100 °C for 60 min. Inset: a
magnified SEM image showing an individual mesostructure crystal.
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exhibit an absorbance at ∼519 nm that corresponds to the
gold surface plasmon resonance band. By comparison, we
observed no difference in the positions and peak widths of
the plasmon resonance band from the hierarchical gold
nanoparticle mesostructures and the DT-stabilized gold
nanoparticles in chloroform, which implies that gold nano-
particles remain monodisperse inside the BTEE matrix
without aggregation and that the hydrothermal self-assembly
process does not change the optical property of original DT-
stabilized nanoparticles. The results suggest the potential
applications of these hierarchical nanoparticle mesostructure
arrays for SERS-based sensors and integrated optical and
electrical platforms.2,37 Thermal and mechanical stability is
critical for nanoparticle arrays to be applied in practical
nanodevices. Heat treatment over time usually broadens the
nanoparticle size distribution.38 We expect that the BTEE
framework will provide extensive protection from thermally
induced particle agglomeration. After crystal growth at 100
°C for up to 3 h, the gold nanoparticles within the hierarchical
mesophase crystals remain monodisperse, as shown by TEM
(Figure 1C,D). Results from both TEM and UV-vis
spectroscopy imply that the inorganic framework provides
enhanced thermal stability, preventing gold nanoparticle
aggregation or sintering. Additionally, these hierarchical
nanoparticle mesophase crystals show seamless self-assembly
features without unit cell distortion or shrinking even after
heating to 100 °C for several hours, further confirming the
mechanical stability.

Conclusion

We have demonstrated for the first time a new hydro-
thermal self-assembly process to synthesize hierarchical
nanoparticle mesostructures. Results suggest that the forma-
tion of such crystals is a nucleation and growth process
initiated by self-assembly of nanoparticle micelle building
blocks and organo-bridged silane BTEE. The nanoparticles
were organized as a cubic mesostructure inside the inorganic
framework that allows high-temperature processing. The ease
of synthesis of semiconductor and magnetic nanoparticle
micelles31,32 makes it possible to extend this process to
synthesize hierarchically ordered semiconductor or magnetic
nanoparticle mesostructures. We expect that by using a
variety of optical-, electro-, and magnetic-active organo-
bridged silanes as framework, we will be able to synthesize
multifunctional mesophase crystals with novel collective
physical properties.39 Ultimately, the ordered mesostructure
arrays are ideal platforms for fabrication of SERS-based
sensors2 and charge-transfer-based electronic and optical
devices.1,4,6,37
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Ordered gold nanocrystal/silica particles were synthesized

through self-assembly of nanocrystal micelles and silicate.

Depending on the use of surfactants, and the kinetic conditions

of silica hydrolysis and condensation, well-shaped and irregu-

larly-shaped silica particles were formed, inside which the nano-

crystals self-organized in a face-centered cubic mesostructure.

The self-assembly and formation of ordered nanocrystal (NC)

arrays have recently received extensive attention due to new

physical properties resulting from the coupling of adjacent NCs

within the ordered arrays.1–8 In general, alkane chain-capped

monodisperse NCs were mostly used. Consequently, ordered

superlattice arrays were formed by the balanced forces of

interparticle attraction and steric interaction due to alkane chain

interdigitation. Mesoporous silicas have been used as templates to

create hybrid silica materials through direct infiltration of either

metal or semiconductor nanoparticles or precursor solutions,

followed by chemical reactions (e.g., reduction, etc.).9–13 In general,

the resulting hybrid materials maintained the morphologies of the

original template materials, such as film, powder, etc. Recently, we

have developed a new method for the synthesis of ordered NC/

silica arrays.3,14,15 In this method, water soluble NC micelles are

synthesized through the encapsulation of alkane chain-capped

monodisperse NCs within the core of surfactant or block

copolymer micelles.3,14–17 The self-assembly of NC micelles with

metal oxide precursors such as tetraethyl orthosilicate (TEOS) in a

controlled homogeneous sol–gel process leads to ordered and

uniform NC/silica thin films.3,15 The ordered films exhibit a face-

centered cubic (fcc) mesostructure. In this communication, we

report a heterogeneous self-assembly process to synthesize ordered

NC/silica particles, using NC micelles as building blocks to self-

assemble with silicate in a controlled low temperature sol–gel

process. Depending on the kinetic conditions of silica condensation

and the surfactants used to synthesize the NC micelles, both well-

shaped and irregularly-shaped silica particles are formed, inside

which the NCs self-organize as a fcc mesostructure.

Gold NC micelles were synthesized using our previously

developed surfactant encapsulation techniques via an interfa-

cially-driven microemulsion process.3,14,16,17 1-Dodecanethiol

(DT)-stabilized gold NCs were prepared using the method of

Brust et al.18 The NC size distribution was narrowed (,7%) by a

heat treatment and a size selective separation process, according to

our previous work.14,16 Based on the surfactant encapsulation

techniques, the gold NC micelles were synthesized using cetyl-

trimethyl ammonium bromide (CTAB) and cetyltriethyl ammo-

nium bromide (CTEAB). The extensive van der Waals interactions

between the surfactant chains and DT chains leads to an

interdigitated ‘‘bilayer’’ structure, stabilizing hydrophobic gold

NCs in aqueous solution.16,19–21 The NC micelles were stable over

a wide pH range, from acidic to basic conditions, allowing facile

control of the silica hydrolysis and condensation. In a typical

synthesis, acid (HCl) was added to an aqueous solution containing

monodispersed gold NC micelle building blocks, followed by the

addition of TEOS under vigorous stirring. After 10 minutes of

stirring at room temperature, the growth of well-shaped gold NC

silica arrays was conducted at 0 uC for 4 days. The powder was

collected using a filter and dried in a vacuum furnace at 50 uC
overnight. X-Ray diffraction (XRD), scanning electron micro-

scopy (SEM) and transmission electron microscopy (TEM) studies

were performed on the samples.

From the SEM images, we observed two distinct particle

morphologies. As Fig. 1 shows, the particles prepared using

CTEB-encapsulated NC micelles exhibit a well-defined external

surface morphology; the particle size ranging from 3–10 mm. The

XRD pattern in Fig. 2D shows three reflections in the low angle

region. The primary peaks can be indexed as (111), (221) and

(311), based on a fcc mesostructure; the average measured unit cell

a = 10.8 nm. The TEM images in Fig. 2A reveal that the gold NCs

are organized in an orderly manner inside each particle. The

measured unit cell from the [100] orientation (Fig. 2B), a, is

10.6 nm, which is close to that obtained from the XRD results.

Under identical experimental conditions, particles with irregular

surface morphology were formed when using NC micelles

prepared by CTAB, with a smaller surfactant head group than

that of CTEAB. Fig. 1B shows the SEM image of particles

resulting from the synthesis using CTAB-encapsualted gold NC

aChemical Synthesis and Nanomaterials Department, Sandia National
Laboratories, Albuquerque, New Mexico 87106, USA.
E-mail: hfan@sandia.gov; Fax: 505-272-7336; Tel: 505-272-7128
bThe University of New Mexico/NSF Center for Micro-Engineered
Materials, Department of Chemical and Nuclear Engineering,
Albuquerque, New Mexico 87131, USA

Fig. 1 SEM images of ordered NC/silica particles. A: Particles prepared

using CTEAB-encapsulated NC micelles. B: Particles prepared using

CTAB-encapsulated NC micelles.
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micelles. Most of the particles are composed of many smaller sub-

unit particles, with sizes of 1–2 mm and a cubic shape. Despite their

irregular topology, the TEM image (Fig. 2C) and electron

diffraction pattern (Fig. 2C, inset) indicate that the gold NCs are

still organized in an ordered and 3-dimensional fashion inside the

particles.

Initial experiments suggest that the formation of faceted gold

NC/silica particles is similar to the cooperative self-assembly

process to synthesize mesoporous materials.22–24 The whole NC

micelle behaves as a functional building block having a hydrophilic

interface with quaternary ammonium surfactant head groups.

These provide sites for further self-assembly with silica to form an

ordered mesostructure. According to previous work,4,25–27 the NC

size distribution is key to achieving highly ordered and faceted

superlattice arrays and solids. In our case, after synthesis using the

method reported by Brust et al.,18 the initial gold NC size

distribution was broad. Subsequent heat treatment at 140 uC for

30 minutes extensively narrowed this distribution.28,29 During heat

treatment, Oswald ripening occurred, reorganizing the NC sizes

and resulting in much more uniform size distribution.28,29 In

addition, size selective precipitation was carried out using the

solvents toluene and ethanol, which made the size distribution less

than 7% (size deviation). Encapsulation of such gold NCs within

surfactant micelles is driven by an interfacial self-assembly process,

in which van der Waals interactions between the hydrophobic

alkane carbon chains of CTAB or CTEAB and dodecanethiol

stabilize the NC micelle structure through alkane chain inter-

digitation.16,19–21 This is a typical physical chemistry process

without chemical reactions being involved, and should not affect

the NC size and size distribution after encapsulation. TEM studies

suggest the NC micelles maintain the narrow size distribution of

the original gold NCs, consistent with our previous observa-

tions.3,16,17 According to our recent studies,15 slow silica gelation

kinetics is the fundamental requirement for the formation of

ordered NC/silica arrays. Fast silica gelation kinetics lead to an

irregular morphology. Under acidic conditions (pH range 1.0–2.0),

TEOS first hydrolyses and then forms silica oligomers.30 A low pH

and low temperature (0 uC) ensured a slow silicate condensation

and gelation, which is favorable for the formation of ordered NC/

silica arrays. In addition, the balanced hydrogen bonding and

charge interactions between the quaternary ammonium groups,

silica species and water drive the condensation preferentially at the

NC–micelle interface.22–24,31 Using a long reaction time (4 days),

the slow self-assembly process leads to a well-shaped morphology.

Our results suggest that the size of the surfactant head group also

plays a critical role in controlling the particle morphology.

Although the formation mechanism is not yet clear, we

hypothesize that the bigger ethyl head groups of CTEAB take

up more of the space surrounding the micelles and block direct and

strong interactions between charged silicate species and the

quaternary ammonium groups. The weak charge interactions

between the silicate species and the quaternary ammonium groups

result in a slow assembly, and the formation of a well-organized

external topology. However, the smaller methyl groups leave more

space for silicate species and result in a stronger interaction with

the quaternary ammonium groups, resulting in faster assembly

and formation of irregular shapes. This has been observed in other

self-assembly systems to synthesize mesostructured silica with a

well-defined external morphology.32–36

Currently, more work is being conducted to gain a deeper

understanding of the fundamental factors that underlie morphol-

ogy control, including variations in pH range, the size and type

(ionic or non-ionic) of surfactant head group, temperature and

reaction time. By using NC micelles prepared with semiconductor

and magnetic NCs,16,17 we hope that this method can be extended

to synthesize similar well-shaped and faceted nanocomposite

particles with ordered semiconductor and magnetic NC arrays

inside. We expect that these well-shaped NC/silica particles could

bring new optical and catalytic properties.
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STEVENSON-WYDLER (15 USC 3710)
COOPERATIVE RESEARCH AND DEVELOPMENT AGREEMENT

(hereinafter “CRADA”) NO. SC99/01573 

Lockheed Martin Umbrella

BETWEEN
Sandia Corporation

(a wholly owned subsidiary of Lockheed Martin Corporation)
As Operator of Sandia National Laboratories
under its U.S. Department of Energy Contract

No. DE-AC04-94AL85000
(hereinafter “Sandia”)

AND
Lockheed Martin Corporation and Its Affiliates

(hereinafter “Participant”)

Lockheed Martin being a corporation of the State of Maryland
having a principal office in Bethesda, Maryland

Sandia and Participant being hereinafter jointly referred to
 as the “Parties.”

December 1, 2004

ARTICLE I.  DEFINITIONS

A.  “Government” means the United States of America and agencies thereof.

B.  “DOE” means the Department of Energy, an agency of the United States 
of America.

C.  “Contracting Officer” means the DOE employee administering Sandia’s 
DOE Contract.

D.  “Generated Information” means information produced in the performance 
of this CRADA.

E.  “Proprietary Information” means information which embodies (i) trade 
secrets or (ii) commercial or financial information which is privileged or 
confidential under the Freedom of Information Act (5 USC 
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ARTICLE II.  STATEMENT OF WORK

Appendix A, Statement of Work, identifies technical categories for  
projects under this CRADA.  Cooperative research is undertaken under  
this CRADA in accordance with Project Task Statements (PTS) describing 
specific work falling within one or more of the technical categories  
set forth in Appendix A.  Each specific PTS requires approval by DOE.   
Appendix A, Statement of Work, and the Project Task Statements are  
hereby incorporated into this CRADA by reference.

Appendix A
Statement of Work

CRADA No. SC99/01573

Lockheed Martin Umbrella

December 1, 2004

A.  PURPOSE

The purpose of this CRADA is to develop a range of mutually beneficial 
technologies to enhance the understanding and application of Advanced 
Sensors, Advanced Power Systems, Synthetic Environments, Data Transmis-
sion and Communications, Information Assurance, Knowledge Management, 
Compact High-performance Electronics, Photonics and Optical Comput-
ing, Unmanned Systems, Computational Fluid Dynamics, and Electromagnetic 
Launch Technology.  Each of these topics are critical to national securi-
ty and could enhance the effectiveness and competitiveness of one of the 
largest defense industry leaders in the United States. 

Background
This CRADA is a continuation of the DOE Defense Program’s initiative to 
promote synergy of efforts between private industry and the DOE National 
Laboratories. 

Early in 1998, Lockheed Martin’s corporate technical office took note of 
the broad interactions between Sandia and the Lockheed Martin companies 
and began evaluating technology areas of common interest and mechanisms 
for streamlining the contractual interactions.  The combination of these 
two drivers (the desire for a streamlined process and the identification 
of mutual technology interest areas) is the basis for developing the Um-
brella CRADA.  Lockheed Martin has also identified the funding mechanism 
with their organizations to make this collaboration possible. 

This proposed CRADA will strengthen cooperation and integration of future 
projects of mutual interest.
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