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• Heat dissipation in electronic 
systems

• Nanoscale energy conversion
– Thermo electric

– Micro refrigerators
– Solar cells 

• Nanoscale biological energy 
conversion
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Magnetic Mechanical
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Microprocessor Evolution

Source: IntelSource: Intel
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FIGURE 1.2 A Pentium® chip with 3.3 million transistors.  Such 
microprocessors are at the heart of today’s personal computers.  (Courtesy 

of Intel Corporation.)

Integrated Circuit Chips (1990s) 
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Microprocessor Power TrendsMicroprocessor Power Trends
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Prof. Avram Bar-Cohen, University of Maryland
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Non Uniform Heat Generation in VLSI Chips

Steve Kang et al. Electrothermal analysis of VLSI Systems, Kluwer 2000

ProblemProblem

DT=20C

Mean-time-to-failure due to 
electromigration increase x5

110C

108C90C80C

1 cm

On chip temperature contour
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Motivation: Fiber Optics Communication Evolution
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Howard Banks, "Life at 100 billion bits per second", Forbes Magazine, Oct. 6, 1997
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Optical Fiber
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Semiconductor LaserSemiconductor Laser

• Lasers used in high-speed, multi wavelength fiber optic 
communication systems need temperature stabilization.

Wavelength Division Multiplexing

0 1 0 1 1 0
0 1 0 1 1 0

~ 100 km~ 100 km ~ 100 km

DlDlDlDl ~ 0.4 nmDlDlDlDl ~ 0.4-1 nm
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McMasters& Cummings, Journal of Aircraft, Jan-Feb 2002

Airplanes - Past, Present, Future (2002 perspective)

How far exponential growth in electronic and optics will 
continue?



11AS  7/12/2005

Electronics
Quantum

Group
Electronics
Quantum

Group
Global Energy Demand Will Continue to GrowGlobal Energy Demand Will Continue to Grow
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Lewis Norman, Halliburton Energy Services

National Nanotechnology Initiative Southern Regional Workshop
May 23, 2002
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S=
DV
DT

Seebeck: a
b

V

T1 T2

a

Temperature difference between two junctions can produce a voltage
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Peltier:

Peltier Effect (1834)Peltier Effect (1834)

Thomson:

Commercial TE Module
• DT=72C (no heat load)
• Individually Fabricated, Big
• Cooling density <10W/cm2

• Efficiency 6-8% of Carnot

When the current flows from material (a) into material (b) and then back to 
material (a), it heats the first junction and cools the second one (or vice 
versa). Thus, heat is transferred from one junction to the other one.
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Single ratio (Z=S2s/b) can explain the 
efficiency (COP) and maximum cooling of 
the thermoelectric cooler.

Z =
S2s
b

Z =
(Seebeck)2 (electrical conductivity)

(thermal conductivity)

This figure shows the efficiency of the thermoelectric cooler as a function of ZT (non-dimensional). In late 1950’s, BiTe-
based material was discovered to have ZT~1.  This is still the best material available commercially. 
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• Recent studies in nanostructured thermoelectric 
materials led to a sudden increase in  (ZT)300K > 1

• Higher ZT reported experimentally at higher T.

A. Majumdar, Science303, 777 (2004)
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PbTe/PbTeSe Quantum Dot
Superlattices

Ternary: ZT=1.3-1.6
Quaternary: ZT=2
DDDDT=43.7 K, Bulk DDDDT=30.8 K
T.C. Harman, Science, 2002

DDDDT=32.2 K,  ZT ~2-2.4
R. Venkatasubramanian, Nature, 2001

�� �� � �� ��	 ��
 �� � � � 
� � � � ��� � � � � � � � 	 � � � � � �� � ��� � � � �

Superlattices/ Quantum Dot Thermoelectrics 
T. C. Harman (2002) and R. Venkatasubramanian (2001)
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Deposition

1.1.4 Molecular Beam Epitaxy (MBE)
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Nanoscale Engineering of Materials

1.1.4 Molecular Beam Epitaxy (MBE)

MBE at UCSC, 
262 Baksin Engineering Building
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Strain-Relaxed Si/SiGe Superlattice Structures

200 period,
SiGe/Si superlattice

Barrier

SiGe
Cathode

SiGe/SiGeC
relaxed SL buffer

Si (001) Substrate
Anode

• Active SL has
sharp, coherent
interfaces

• Few defects

• Substrate
dislocations
under blocking
SiGe/SiGeC SL

SiGe
Si

1 µm

Hot electron Cold electron

In collaboration with Dr. Ed Croke, HRL Laboratories Inc.
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Scanning Electron Micrograph of Thin Film Cooler

Cathode

Barrier

Anode

Metallic 
contact for 

top 
connection

100 microns
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256 Analog  
256 ser ial 

PCI interface 

Hamamatsu C4675 16x16 pixel 
photodiode ar ray Four 64 channel in-house designed signal 

conditioning, A/D boards Avnet Development Kit, 
Vir tex2, 128Mb RAM 

PC running LabVIEW 

J. Christofferson, 
A. Shakouri 
Review of 
Scientific 
Instruments
Feb 2005.

Dedicated circuit for each pixel of the camera 

Both DC and AC coupling, FPGA for offload processing
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Ultra high resolution thermal imaging

• Temperature resolution: 0.006oC

• Spatial resolution: submicron

• 256 channel lock-in camera <20kHz, 123dB (1sec) 

J. Christofferson and A. Shakouri, Review of Scientific Instruments, 2005 
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Possible ApplicationsPossible Applications

• Electric power generator 
with no moving part

• Waste heat recovery

• Microscale power sources

Thermionic Energy Conversion Center Thermionic Energy Conversion Center 
@ UCSC@ UCSC

Cathode Barr ier Anode

Energy

Hot electron

Cold electron
HotHot ColdCold

Spacecraft Power Source
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Goal: Efficiency >20%, Power>1W/cm2, Thot=300-650C

 

Shakouri, Director 
Nemanich, Assoc. Director, Vacuum devices 

Majumdar, Assoc. Director, Solid-state devices 

Thermionic Energy Conversion Center 

Gossard 
UCSB 
MBE 

ErAs/InGaAs 

Narayanamurti 
Harvard 

BEEM, Ballistic 
Transistor 

Bowers 
UCSB 

Devices, Array 
modules 

 

Sands 
Purdue 

Laser CVD 
TiN/GaN 

Sitar 
NCSU 
HOD  

Substrate 

Ram 
MIT 

System model 
characterization 

Majumdar 
Berkeley 

 

Thermal, Phonon 

Nemanich 
NCSU 

N-Diamond 
emitter 

Advisory Board 
D.L. Smith (LANL), H. Lyon (Marlow),  
H. Streckert (Gen. Atomics), D. King, G. 
Samara (Sandia), L. Bloxham (Lockheed), 

Ben Heshmatpour (Teledyne) 

Vacuum 
Thermionics 

Shakouri/Schmidt 
UCSC 

Transport theory,  
TE, ZT charact. 

Stemmer 
UCSB 

TEM Analysis 
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Image from D. Klenov

J.M. Zide, et. al. Appl. Phys. Lett. (2005) 
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Why nanoparticles reduce thermal conductivity?Why nanoparticles reduce thermal conductivity?

W. Kim, A. Majumdar , et al. (UC Berkeley)

Bulk InGaAs ErAs:InGaAs
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160x(10nm (InGaAs)0.6(InAlAs)0.4/20nm (n-InGaAs)0.97Er0.03) on 474 mm doped InP substrate 

200x(75Å SiGe0.16/ 75Å SiGe0.24) on 403 mm doped Si substrate 

Peter  Mayer , Rajeev Ram et al. (MIT, UCSB) Inter n. Conf. Thermoelect. 2005

SiGe 
superlattice

ErAs: 
InGaAs/InGaAlAs
superlattice
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Tuning Resonance Energy (Bandgap) in NanoparticlesTuning Resonance Energy (Bandgap) in Nanoparticles

e

h

Eg of QD
Eg of
Insulator

DEDEDEDE

Evident Technologies
Rajeev Ram, MIT

Optical Properties of Quantum DotsOptical Properties of Quantum Dots
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Hybrid Hybrid NanorodNanorod/Polymer Solar Cell/Polymer Solar Cell

Alivisatos, Berkeley

• 7x60nm CdSe nanorod + conjugated  
polymer (poly-3 hexylthiophene)

• External quantum efficiency 54%

• 1.7% power conversion efficiency 
(AM1.5)

7x60nm

7x7nm

7x30nm

7x60nm

Control
Rod Length: electron transport
Rod Diameter: light absorption wavelength
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Solid-State lighting can have major impact on world 
energy needs

Red LEDs 10X more efficient than 
red-filtered incandescents
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Terry A. Michalske, Sandia National Laboratories
National Nanotechnology Initiative Southern Regional Workshop

May 23, 2002
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(NANOMACHINES)

• Nature uses molecular gears and 
motors that are fuelled by ATP 
(Nature’s gasoline)

• These can now be made in the 
laboratory
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Flagellar Motor

Feature Specif ications

Diameter 45 nm

Speed 6000-60,000 rpm

Power output 10-9 hp

Power output per unit weight 10hp per pound

Power source Proton current (H+,Na+)

Cylinders (torque generation) 8

Different kinds of parts 30

Gears Forward and Reverse

Prof. Manson, Texas A&M

JEFF JOHNSON Hybrid Medical Animation



37AS  7/12/2005

Electronics
Quantum

Group
Electronics
Quantum

Group

F1-ATPase

F0-ATPase

Carlo Montemagno, Cornell

Molecular Motor: Enzyme ATP Synthase
(ATPase) 
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Summary• Micro-refrigerator on a chip
• 40x40 – 150x150mm2 based on Si, InP, etc.
• 7C cooling at 100C 

• > 500W/cm2

• 20-40ms

• Solid-state thermionic energy conversion
• Metallic superlattices and embedded nanoparticles 

• Reduction in lattice thermal conductivity 6� 3 W/mK
• Increase Seebeck coefficient 200� 600mV/K 
• Power generation >5W/cm2 for DT=300C

Students/postdocs
UCSC   
Zhixi Bian, Rajeev 
Singh, Mona 
Zebarjadi, Yan Zhang 
Daryoosh Vashaee
Tammy Humphrey

Berkeley 
Woochul Kim
Susanne Singer

Harvard 
Kasey Russel

MIT 
Peter Mayer

Purdue 
Vijay Rawat 

UCSB 
Josh Zide, Gehong 
Zeng, J-H Bahk Acknowledgement: ONR MURI

Program Manager:  Dr. Mihal Gross
NCSU 
Franz Koeck
Xianglin Li

SUMMARY


