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Gary Rubloff - Background

• Current – University of Maryland (1996-present)

Founding Director, Maryland NanoCenter

Director/PI, DOE EFRC Nanostructures for Electrical Energy Storage

Research in nanostructure synthesis for energy storage and 

generation; atomic layer deposition; biofabrication and bioMEMS

• Past

 IBM Research & management (1973-93)

NCSU (1993-96)

Director, Institute for Systems Research (NSF-ERC), U. Maryland 

(1996-2001)

Research in ultraclean integrated processing, in-situ sensing & 

process control, semiconductor technology & manufacturing
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Nanofabrication
(FabLab)

Nanocharacterization
(NispLab)

Shared experimental facilities

Research
Faculty research groups

Partnerships

Collaborative research 

laboratories

Education
Nano educational programs

Outreach

Industry & govt
One-stop shopping

Partners’ Program

Infrastructure
Initiatives

Shared user facilities

Operations – web, 

facilities, information

Maryland NanoCenter (2004)
Bringing world-class scientists 

and engineers as well as 

fabrication and characterization 

infrastructure together to drive 

technology and fundamental 

understanding in nano

Sciences
College of Computer, Mathematical and 

Natural Sciences

Engineering
A. James Clark School

of Engineering

80+ faculty groups

Top 10 rankings (Small Times)

www.nanocenter.umd.edu

http://www.ireap.umd.edu/


Advances from Nanotechnology

Nanostructures for next-generation electrical energy 

storage
Massively parallel nanoengineered devices formed within nanopores

Much higher power and higher energy density
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Electrochemical 

capacitors

Li ion batteries

Electrostatic 

capacitors

Today’s EES

Future EES

Li ion Superbatteries

Nanostructured Electrochemical

Supercapacitors

Liu and Lee, JACS (2008)

Free-standing MnO2/PEDOT 

coaxial nanowires

Nanostructured Electrostatic

Supercapacitors

Banerjee, et al., Nature Nanotechnology (2009)

AAO-ALD embedded metal-

insulator-metal device



Nanostructures for Electrical Energy Storage (NEES)

www.efrc.umd.edu

A Department of Energy 
Energy Frontier Research Center

Initial $14M over 5 years

The EFRC will pursue multifunctional 
nanostructures as the basis for a next 
generation of high performance electrical 
energy storage to:
• power electric vehicles over long 

distances and recharge quickly, and 
• capture,  hold, and deliver energy from 

renewable sources.
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Heterogeneous Multifunctional Nanostructures

ions

electrons

Charge storage material
• High energy density

• Low electrical, ionic conductivity

• Low mechanical stability

Cathode: LiMnO2, LiFePO4, LiCoO2

Anode:   Si

Transport & support material

• High electrical conductivity

• High mechanical stability 

• High ionic conductivity

Low-D carbon, conducting polymer
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Opportunity for synergies
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Executive Summary  Energy Generation and Storage

1. Reduced vehicle mass

2. Improved functionality and durability

3. Enhanced power generation and storage and 

propulsion

4. Improved astronaut health management

5. Development of scalable methods for the controlled 

synthesis (shape and morphology) and stabilization 

of nanopropellants

6. Development of hierarchical systems 

integration tools across length scales (nano to 

micro)

7. Development of integrated energy generation, 

scavenging and harvesting technologies

8. Development of nanostructures materials 50% 

lighter than conventional materials with equivalent 

or superior properties

9. Development of graphene based nanoelectronics
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2. Integration of components

3. Hierarchical systems

1. Power generation & storage
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Energy Generation, Storage and Distribution
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Comments which follow:
- relevant to some embodiments
- (hopefully) broadly applicable
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1. Power Generation and Storage

• Nanostructures with high 

surface area, enhanced 

reactivity

• Nanomaterials engineered to 

further enhance surface 

reactivity

• Design guidelines based on 

physics & chemistry at the 

nanoscale

• Processes, equipment, and 

process integration

• Mechanisms controlling defects 

and reliability
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2. Integration of Nanocomponents
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• Integration of nanoscale

components into nanodevices
 Solar absorption & transport

 Electrodes & electrolytes

• Flexible substrates, platforms

• Large scale manufacturing

• Defects & reliability

• Integration of multiple energy 

functions at nanoscale (and above)

• Manufacturing processes & 

equipment

• Defect & reliability management 

strategies
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Integration of Nanocomponents
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3. Hierarchical Systems
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• Nano-to-macro component 

integration

• Device & process integration 

coupling micro- and nano-

fabrication

• Packaging and system-level 

performance

• Hierarchical modeling and 

simulation to inform system design

• Concurrent development at single 

process and system architecture 

levels

• Adaptive modeling architectures 

that exploit growing knowledge at 

the nanoscale
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Hierarchical Systems
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“Random” Heterogeneous 3-D Nanostructures
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J. W. Long, D. R. Rolison, Acc Chem Res 40 

(9), 854-862 (2007)

D.R. Rolison et al, Chem Soc Revs 

38 (1), 226-252 (2009)
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“Regular” Heterogeneous 3-D Nanostructures
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SEM images

Liu & Lee, J. Am. Chem. 

Soc. (2008)

P. Banerjee et al, Nature 

Nanotechnology (2009)

Nanoporous anodic Al oxide

1010 nanopores/cm2

Multilayer atomic 

layer deposition
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Nanostructures: Regular or Random?
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Regular (periodic)

• Rapidly growing research activity

• More amenable to characterization 
and understanding

• Tighter distributions for 
manufacturing

Random (aperiodic)

• Larger experience base

• Easier, cheaper manufacturing 
processes

• Potentially higher surface area

Upon scaleup to unprecedented, 

massive integration levels,  what 

factors will dominate? J.W. Long, B. Dunn, D. R. Rolison and H. S. White, 

Chem Rev 104, 4463–4492 (2004)

http://www.sc.doe.gov/bes/BES.html
http://www.efrc.umd.edu/


Exposed Nanostructures

Nanowire electrochemical supercap

Liu & Lee, J Am Chem Soc 130, 2942 (2008)

Active interfaces are 

exposed to fluids

- batteries

- supercapacitors

- fuel cells

- thermoelectrics

Nanowire electrode supercap
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Embedded Nanostructures

Nanorod solar cell concept, modeling

Kayes, Atwater, Lewis,

J Appl Phys 97, 114302 (2005)

Nanotube electrostatic supercap

Banerjee et al, Nature 

Nanotechnology 4, 292 (2009)

3-D solid state nanobattery

Roozeboom et al, Adv Materials 

19 (24), 4564 (2007)

Embedded nanowire solar cell

Banerjee et al, in progress
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Active interfaces are 

buried within solids

- solar cells

- solid batteries and 

supercapacitors
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Nanostructures: Exposed or Embedded?
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Embedded

• Well suited to solar PV

• Growing opportunity for 

batteries and supercapacitors

Exposed

• Primarily relevant to batteries, 

supercapacitors, and fuel cells

• Liquid electrolytes for storage 

devices have degradation and 

vapor pressure concerns

Significant issues for device design and process integration

Novel processes and combinations have impact on both

http://www.sc.doe.gov/bes/BES.html
http://www.efrc.umd.edu/


Engineering 3-D Structures at the Nanoscale
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• Specific processes and process sequences to 

form

 heterogeneous multifunctional nanostructures

 specific 3-D shapes

• 3-D geometry, material properties, and 

interfaces determine performance

exposed nanostructures

200
nm

embedded 
nanostructures

http://www.sc.doe.gov/bes/BES.html
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“3 self’s”: Processes Enabling Synthesis of 

Heterogeneous Nanostructures

Self-assembly  massive arrays of nominally identical, regularly 

arranged nanostructures

let nature do the work

Self-alignment  devices built upon/within the self-assembled templates

know where to go

Self-limiting (controllable) reaction  atomic scale control for thickness 

and conformality

stop when done
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add minimal lithography, top-down processes where needed 
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Process & Device Integration at the Nanoscale

• Integration is complex: process & equipment, sequencing, patterning, device design, 

massive interconnects, …

• Massive levels of integration  1010 nanodevices/cm2 ,  100 billion/in2

• Emphasize integration at nano level  major benefit in reducing mass, volume, footprint
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J.F.M. Oudenhoven, L. Baggetto, and P.H.L. Notten, Adv

Energy Mats 1, 10-33 (2011)
H.S. Min, B.Y. Park, L. Taherabadi, C.L. Wang, Y. Yeh, R. Zaouk, M.J. 

Madou, B. Dunn, J Power Sources 178, 795 (2008)
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Creating Viable Technology
• Nanostructure-based energy devices require massive integration levels

 At levels of semiconductor chips or beyond  

• Acceptable manufacturing yield demands “identical” structures with 
tight distributions
 Well known for regular nanostructures, mostly true for random nanostructures as well

• Multistep nanostructure fabrication requires “centering” of tight 
distributions to achieve acceptable yield

• Reliability requirements compound the challenge
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http://mvpprograms.com

1.5 σ drift  3.4 ppm defects
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Massive Integration above the Nano Level

• Packaging is critical (as always)

• Requires defect and reliability management

• System-level on-board sensors 

• Control chips to dynamically manage power, heat, etc.

• Underscores value of integration at nanoscale lower 

weight & volume

storage cell exposed packaged  

storage & control 

chips on substrate 
(flexible or board)

electrical energy

storage chip 
storage chips

control chip
boards packaged 

in system

http://www.sc.doe.gov/bes/BES.html
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Multifunctional Nanosystems
• Functional integration at the nanoscale

Can lower mass, volume

Can improve dynamic system management

 Processes and equipment common to different device functions
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solar (PV) and electrical energy storage

J.F.M. Oudenhoven, L. Baggetto, and P.H.L. Notten, Adv Energy Mats 1, 10-33 (2011)

solar (PV) and electrical energy storage biofuel cell and electrical energy storage

http://www.sc.doe.gov/bes/BES.html
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Hierarchical, Adaptive Modeling & Simulation
• Energy systems – vertically heterogeneous
 Nano components, micro fabrication, macro packages

 Design is difficult, optimization even harder

 Dependent on sometimes rudimentary nanoscience

• Hierarchical systems modeling & simulation  
 Represent vertical layers and interconnects between them

 Reflect state-of-art physical knowledge

 Adaptive: (sub)models can be updated with new knowledge

• Drive & optimize design by systems level metrics
 Performance metrics, utility functions

 Optimization and tradeoff analysis

 Optimization under uncertainty

 Prioritize research needed
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Responses and Recommendations

• Top technical challenges in the area of your presentation 
topic?
Materials, processes, and sequences to achieve predictable, 

heterogeneous high performance nanostructures

Understanding of tradeoffs betweeen regular and random 
nanostructure architectures

 Identification of credible application domains for exposed and 
embedded nanostructure devices

Fundamental mechanisms for defects and reliability in massive 
nanostructure arrays

• What are technology gaps that the roadmap did not cover?
Caveat: relevant roadmap section is quite brief, rendering question 

dubious

Modeling and simulation platforms to guide systems design and 
prioritize research

System-level strategies for managing defects, reliability and dynamic 
power and heat
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Responses and Recommendations

• What are some of the high priority technology areas that NASA 
should take?
Defect and reliability mechanisms that emerge with massive 

integration of nanostructures

 Integrated systems aimed at demonstrating multifunctionality at the 
nanoscale

Model-based system level design architecture, including adaptability to 
new nanoscience

• Do the high priority areas align well with the NASA’s expertise, 
capabilities, facilities and the nature of the NASA’s role in 
developing the specified technology?
DOE-BES and NSF investments are very significant, with different 

goals  opportunity for synergy

NASA roadmap aligned to missions  emphasize integration and 
nanoscience issues critical to serious applications
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Responses and Recommendations

• What specific technology we can call it as a “Game Changing 

Technology”?

Nanostructures as basis for next-generation energy devices and systems

Multicomponent, multifunctional nanostructures where components are 

optimized for nanosystem performance

Manufacturing processes at acceptable cost (shared with DOE, …)

• Is there a technology component near the tipping point? ( tipping 

point: technology insertion with small additional investment)?

Possible: nanodevices for solar PV, batteries/supercaps, SOFC

• In your opinion what is the time horizon for technology to be ready for 

insertion (5-30 year)?

 5-8 yrs
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Responses and Recommendations

• Provide a sense of value in terms of payoffs, risk, technical barriers 

and chance of success.

 High value, payoff and success likely within 10-15 yrs IF investment portfolio 

includes focus on:

 Integration issues AND methodology to manage and optimize (use modeling, 

include integration at nano level)

 Defect and reliability mechanisms at nanoscale that impact massive integration 

levels

 Manufacturing equipment and processes, and their integration
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