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The Berkeley Emerging Technologies Research Center 

1.1 Executive Statement 

The Berkeley Emerging Technologies Research (BETR) Center is a hub of physical electronics 

research at the University of California, Berkeley. It serves as a nexus for interactions between 

faculty and student researchers and leading semiconductor companies for long-term research 

collaborations and knowledge transfer. Research activities in the BETR Center encompass a wide 

range from the search for new materials and manufacturing processes to the development of novel 

computing and memory devices and the design of heterogeneous integrated systems. 

The mission of the BETR Center is to foster innovation in materials, processes and devices 

toward the vision of ubiquitous information systems for enhancing health and quality of life 

in our global society. 

For the last five decades, steady miniaturization of the transistor has yielded continual 

improvements in integrated-circuit performance and cost per function, with dramatic impact on 

virtually every aspect of life in modern society. This proliferation of information and 

communication technologies has enabled cloud computing and the Internet of Things, which 

together with recent advancements in machine learning give rise to the vision of an artificially 

intelligent world with systems for coordinating critical infrastructure for smart cities, managing 

personalized health care and medicine for smart hospitals, automating vehicles and traffic flow for 

smart highways, and optimizing manufacturing and logistics for smart factories. 
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The real-time processing of large quantities of data required by artificially intelligent systems is 

possible today because of the dramatic improvement of the capabilities of computing devices. This 

exponential increase of computation power in the last 120 years is described in Kurzweilôs Law, 

which predicts that computing systems are rapidly approaching the capability of the human brain. 

Underlying Kurzweilôs Law is Mooreôs Law, describing the evolution of transistors fueled by 

advancements in materials, processes, and structures that have enabled transistors to be 

miniaturized to sub-20 nm feature sizes in the most advanced chips today. However, as 

fundamental limits are approached, transistor scaling will not be as straightforward in the future 

as it has been in the past. Alternative approaches for improving chip functionality, cost per function 

and energy efficiency eventually will thus be necessary to sustain the rapid growth of the 

semiconductor industry beyond the next decade. 

The BETR Center is ideally positioned to address these challenges by bringing together a broad 

range of world-renowned leaders in electronic devices and technology research. The BETR team 

of UC Berkeley professors, postdocs, and students collaborates across the disciplines of electrical 

engineering, computer science and materials science to build the technological foundation for 

future ubiquitous information systems. Considering that artificially intelligent systems must 

always be awake, interactive, and networked across many devices, it is imperative that future 

electronic systems are more energy efficient in order to be ubiquitous, and they need to be 

compatible with flexible substrates to be wearable. 

 

1.2 Leadership Team 

To meet the need for a new industry growth paradigm (beyond Mooreôs Law), the BETR Center 

brings together research leaders whose collective expertise spans not only materials, structures and 

manufacturing processes for nanoelectronics, nanomagnetics, nanophotonics and optoelectronics 
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but also computational imaging and metrology, and IC design and system architecture. In fact, 

BETR faculty co-directors have contributed significant innovations to sustain Mooreôs Law in the 

last few decades, including the development of ñspacer lithographyò (also known as self-aligned 

double patterning, SADP) for patterning of sub-lithographic features, the ñFinFETò (a fin-shaped 

field-effect transistor structure) for transistor scaling to below 10 nm, and most recently the 

ñnegative capacitance FETò (comprising a ferroelectric-dielectric bilayer gate-insulating film) to 

reduce transistor operating voltage.    

 

Faculty co-Directors (in alphabetical order) 
 

Ana Claudia Arias 

Printed and Flexible Electronics 

Dr. Ana Claudia Arias is a professor in the Department of Electrical 

Engineering and Computer Science at UC Berkeley. She received her Ph.D. 

in Physics from the University of Cambridge, UK in 2001. Prior to that, she 

received her masterôs and bachelorôs degrees in physics from the Federal 

University of Paraná in Curitiba, Brazil in 1997 and 1995, respectively. 

Dr. Arias joined the University of California, Berkeley in January of 2011. 

Before that she was manager of the Printed Electronic Devices Area and a Member of Research 

Staff at PARC, a Xerox Company. She went to PARC, in 2003, from Plastic Logic in Cambridge, 

UK where she led the semiconductor group. Her research focuses on the use of electronic materials 

processed from solution in flexible electronic systems. Dr. Arias uses printing techniques to 

fabricate flexible large area electronic devices and sensors. 

 

Jeffrey Bokor 

Embedded Memory, Millivolt Switches, Integrated Systems 

Dr. Jeffrey Bokor is the Paul R. Gray Distinguished Professor of Engineering 

in the Department of Electrical Engineering and Computer Sciences at UC 

Berkeley, with a joint appointment as Senior Scientist in the Materials Science 

Division at Lawrence Berkeley National Laboratory. Currently, he also serves 

as Chair of the Electrical Engineering and Computer Sciences Department. 

Dr. Bokor received the B.S. degree in electrical engineering from the 

Massachusetts Institute of Technology in 1975, and the M.S. and Ph.D. degrees in electrical 

engineering from Stanford University in 1976 and 1980, respectively. From 1980 to 1993, he was 

at AT&T Bell Laboratories where he did research on a variety of topics in laser science, advanced 

lithography for integrated circuits, as well as semiconductor physics and technology, and held 

several management positions. 

Dr. Bokor joined the Berkeley faculty in 1993. His current research activities include 

nanomagnetics/spintronics, graphene electronics, nanophotonics, and nano-electromechanical 

systems. He is a fellow of IEEE, APS, and OSA. 
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Ali Javey 

Flexible Electronics, Millivolt Switches 

Dr. Ali Javey is the Lam Research Distinguished Chair in Semiconductor 

Processing and a professor of Electrical Engineering and Computer Sciences 

at UC Berkeley. He is also a senior faculty scientist at the Lawrence Berkeley 

National Laboratory where he serves as the program leader of Electronic 

Materials (E-Mat). He is a co-director of Berkeley Sensor and Actuator Center 

(BSAC) and an associate editor of ACS Nano. 

Dr. Javey received a Ph.D. degree in chemistry from Stanford University in 2005 and was a Junior 

Fellow of the Harvard Society of Fellows from 2005 to 2006 before joining the faculty at UC 

Berkeley. His research interests encompass the fields of chemistry, materials science, and electrical 

engineering and focus on the integration of nanoscale electronic materials for various 

technological applications, including low power electronics, flexible circuits and sensors, and 

energy generation and harvesting. 

Dr. Javey is the recipient of numerous awards, including the Dan Maydan Prize in Nanoscience 

Research, the MRS Outstanding Young Investigator Award, the Nano Letters Young Investigator 

Lectureship, the National Academy of Sciences Award for Initiatives in Research, Technology 

Review TR35, and the NSF Early CAREER Award. 

 

Tsu-Jae King Liu 

Millivolt Switches, Embedded Memory, Integrated Systems,  

Dr. Tsu-Jae King Liu is the Dean of the College of Engineering and the Roy 

W. Carlson Professor of Engineering at UC Berkeley. Previously, she served 

as Chair of the EECS Department, Associate Dean for Research in the College 

of Engineering, and Faculty Director of the Marvell Nanofabrication 

Laboratory. She was also Senior Director of Engineering in the Advanced 

Technology Group of Synopsys, Inc. (2004-2006). 

She received the B.S., M.S. and Ph.D. degrees in Electrical Engineering from Stanford University. 

She joined the Xerox Palo Alto Research Center as a Member of Research Staff in 1992, to 

research and develop high-performance thin-film transistor technologies for flat-panel display 

applications. In 1996 she joined the faculty at UC Berkeley. Her research activities are presently 

in advanced materials, fabrication processes and devices for energy-efficient electronics. She has 

authored or co-authored over 550 publications and holds over 95 patents. 

Dr. Liuôs awards include the DARPA Significant Technical Achievement Award for development 

of the FinFET, the IEEE Kiyo Tomiyasu Award, the Intel Outstanding Researcher in 

Nanotechnology Award, and the Semiconductor Research Corporation (SRC) Aristotle Award. 

Dr. Liu is a Fellow of the IEEE and a member of the U.S. National Academy of Engineering, and 

she serves on the Board of Directors for Intel Corporation and on the Board of Directors for 

MaxLinear, Inc. 
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Ramamoorthy Ramesh 

Spin-Based Logic, Embedded Memory 

Dr. Ramesh is the Purnendu Chatterjee Chair Professor in Materials Science 

and Physics at UC Berkeley, and a Faculty Senior Scientist at Lawrence 

Berkeley National Laboratory. He pursues key materials physics and 

technological problems in complex multifunctional oxides. Using conducting 

oxides, he solved the 30-year enigma of polarization fatigue in ferroelectrics. 

He pioneered research into manganites coining the term, Colossal 

Magnetoresistive (CMR) Oxides. His work on multiferroics demonstrated electric field control of 

ferromagnetism, a critical step towards ultralow power memory and logic elements. His extensive 

publications on the synthesis and materials physics of complex oxides are highly cited (over 65,000 

citations, H-factor =144).   

He is a fellow of APS, AAAS & MRS and an elected member of the U.S. National Academy of 

Engineering and a Foreign member of the Royal Society of London. His awards include the 

Humboldt Senior Scientist Prize, the APS Adler Lectureship and McGroddy New Materials Prize, 

the TMS Bardeen Prize and the IUPAP Magnetism Prize and Neel Medal. He was recognized as 

a Thomson-Reuters Citation Laureate in Physics for his work on multiferroics.  

He served as the Founding Director of the successful Department of Energy SunShot Initiative in 

the Obama administration, envisioning and coordinating the R&D funding of the U.S. Solar 

Program, spearheading the reduction in the cost of Solar Energy. He also served as the Deputy 

Director of Oak Ridge National Laboratory and the Associate Lab Director at LBNL. 

 

Sayeef Salahuddin 

Embedded Memory, Accelerators for AI, Millivolt Switches 

Dr. Sayeef Salahuddin is the TSMC Distinguished Professor of Electrical 

Engineering and Computer Sciences at UC Berkeley. He is the co-director of 

the Berkeley Center for Negative Capacitance Transistors (BCNCT) and the 

Berkeley Device Modeling Center (BDMC), and he is an associate director of  

ASCENT, a multi-university research center within the DARPA/SRC JUMP 

initiative. 

His research lab explores the conceptualization and demonstration of novel device physics for 

logic and memory applications. Dr. Salahuddin is widely known for his discovery of the Negative 

Capacitance phenomenon in ferroelectric materials. 

Dr. Salahuddin has received the Presidential Early Career Award for Scientist and Engineers 

(PECASE), the highest honor bestowed by the US Government on early career scientists and 

engineers. He also received a number of other awards including the NSF CAREER award, the 

IEEE Nanotechnology Early Career Award, the Young Investigator Awards from the AFOSR and 

ARO and the IEEE George Smith Award. He is a Fellow of the IEEE and the APS. 
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Sophia Shao 

Accelerators for AI 

Dr. Sophia Shao is an Assistant Professor and an SK Hynix Faculty Fellow in 

the Electrical Engineering and Computer Sciences department at UC 

Berkeley. Previously, she was a Senior Research Scientist at NVIDIA 

Research.  

Dr. Shao received her Ph.D. degree in 2016 and S.M. degree in 2014 from 

Harvard University. Her research interests are in the area of computer 

architecture, with a special focus on specialized accelerator, heterogeneous architecture, and agile 

VLSI design methodology. 

Dr. Shaoôs work has been awarded a Best Paper Award (MICRO 2019) and Top Picks in Computer 

Architecture (2014). Her Ph.D. dissertation was nominated by Harvard for ACM Doctoral 

Dissertation Award. Dr. Shao is a Siebel Scholar, an invited participant at the Rising Stars in 

Electrical Engineering and Computer Science Workshop, and a recipient of the IBM Ph.D. 

Fellowship. 

 

Vladimir Stojanoviĺ 

Accelerators for AI, Optical Interconnects, Integrated Systems 

Dr. Vladimir Stojanoviĺ is Professor of Electrical Engineering and Computer 

Science at UC Berkeley. He received his Ph.D. in Electrical Engineering from 

Stanford University in 2005, and the Dipl. Ing. degree from the University of 

Belgrade, Serbia in 1998. He was also with Rambus, Inc., Los Altos, CA, 

from 2001 through 2004 and with MIT as Associate Professor from 2005 to 

2013. 

Research interests of Dr. Stojanoviĺ include design, modeling and optimization of integrated 

systems, from CMOS-based VLSI blocks and interfaces to system design with emerging devices 

like NEM relays and silicon-photonics. He is also interested in design and implementation of 

energy-efficient electrical and optical networks, and digital communication techniques in high-

speed interfaces and high-speed mixed-signal IC design.  

Dr. Stojanoviĺ received the IBM Faculty Partnership Award, the NSF CAREER Award, the 

ICCAD William J. McCalla, the IEEE Transactions on Advanced Packaging, and the ISSCC Jack 

Raper best paper award. He was an IEEE Solid-State Circuits Society Distinguished Lecturer for 

the 2012-2013 term. 
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Laura Waller 

Computational Microscopy 

Dr. Laura Waller is an Associate Professor of Electrical Engineering and 

Computer Science at UC Berkeley, leading the Computational Imaging Lab. 

She is a Senior Fellow at the Berkeley Institute of Data Science (BIDS), with 

affiliations in Bioengineering and Applied Sciences & Technology. From 

2016 to 2020 Dr. Waller held the UC Berkeley Ted Van Duzer Endowed 

Professorship. 

Dr. Waller was a Postdoctoral Researcher and Lecturer of Physics at Princeton University from 

2010-2012 and received B.S., M.Eng. and Ph.D. degrees from Massachusetts Institute of 

Technology in 2004, 2005 and 2010, respectively. She is a Moore Foundation Data-Driven 

Investigator, Bakar fellow, Distinguished Graduate Student Mentoring awardee, NSF CAREER 

awardee, Chan-Zuckerberg Biohub Investigator, SPIE Early Career Achievement Awardee and 

Packard Fellow. 

 

Ming C. Wu 

Photonics, Optical Interconnects, Accelerators for AI 

Dr. Ming C. Wu is Nortel Distinguished Professor of Electrical Engineering 

and Computer Sciences and Co-Director of the Berkeley Sensor and Actuator 

Center (BSAC) and the Berkeley Emerging Technologies Research (BETR) 

Center at UC Berkeley. Dr. Wu received his B.S. degree in Electrical 

Engineering from National Taiwan University in 1983, and M.S. and Ph.D. 

degrees in Electrical Engineering and Computer Sciences from the University 

of California, Berkeley in 1986 and 1988, respectively.  

From 1988 to 1992, he was Member of Technical Staff at AT&T Bell Laboratories, Murray Hill, 

New Jersey. From 1992 to 2004, he was Professor of Electrical Engineering at the University of 

California, Los Angeles (UCLA). He has been a faculty member at Berkeley since 2004.  

His research interests include silicon photonics, optoelectronics, MEMS, MOEMS, and 

optofluidics. He has published 8 book chapters, over 600 papers in journals and conferences, holds 

30 U.S. patents. His research has been successfully commercialized by OMM (MEMS optical 

switches, 1997) and Berkeley Lights (NASDAQ:BLI, optofluidics, 2011).  

Prof. Wu is Fellow of IEEE and Optical Society (OSA), and a Packard Foundation Fellow (1992 

ï 1997). He was a member of the IEEE Photonics Society Board of Governors from 2013 to 2016. 

His work has been recognized by the 2016 IEEE Photonics Society William Streifer Scientific 

Achievement Award, the 2007 Paul F. Forman Engineering Excellence Award, the 2017 C.E.K. 

Mees Medal from the Optical Society (OSA), and the 2020 Robert Bosch Micro and Nano Electro 

Mechanical Systems Award from IEEE Electron Device Society. 
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Eli Yablonovitch 

Millivolt Switches, Photonics, Accelerators for AI 

Dr. Eli Yablonovitch holds the James & Katherine Lau Chair in Engineering 

in the Department of Electrical Engineering and Computer Sciences at UC 

Berkeley. He is also the Director of the NSF Science & Technology Center 

for Energy Efficient Electronics Science (E3S). Dr. Yablonovitch received 

his Ph.D. degree in Applied Physics from Harvard University in 1972. He 

worked for two years at Bell Telephone Laboratories, and then became a 

professor of Applied Physics at Harvard. He joined Exxon in 1979 and Bell 

Communications Research in 1984, before joining UCLA in 1992. Since 2007 he is a faculty 

member at UC Berkeley. 

Prof. Yablonovitch introduced the idea that strained semiconductor lasers could have superior 

performance due to reduced valence band (hole) effective mass. With almost every human 

interaction with the internet, optical telecommunication occurs by strained semiconductor lasers. 

He is regarded as a Father of the Photonic BandGap concept, and he coined the term ñPhotonic 

Crystalò. The geometrical structure of the first experimentally realized Photonic bandgap, is 

sometimes called ñYablonoviteò. In his photovoltaic research, Prof. Yablonovitch introduced the 

4(n squared) (ñYablonovitch Limitò) light-trapping factor that is in worldwide use, for almost all 

commercial solar panels. His mantra that ña great solar cell also needs to be a great LEDò, is the 

basis of the world record solar cells: single-junction 29.1% efficiency; dual-junction 31.5%; 

quadruple-junction 38.8% efficiency; all at 1 sun. Dr. Yablonovitch is elected as a Member of the 

National Academy of Engineering, the National Academy of Sciences, the National Academy of 

Inventors, the American Academy of Arts & Sciences, and is a Foreign Member of the Royal 

Society of London.  
 

Executive Director 
 

Michael H. Bartl 

Center Administration 

Dr. Michael H. Bartl is the executive director of the Berkeley Emerging 

Technology Research (BETR) Center and of the NSF Science & Technology 

Center for Energy Efficient Electronics Science (E3S). Before moving to 

Berkeley, Dr. Bartl was a tenured faculty member at the University of Utah 

(where he still holds an appointment as research professor), and a visiting 

professor at the Technical University of Munich, Germany. He co-founded 

Navillum Nanotechnologies and published more than 65 papers about his research activities in 

functional nanostructured materials for energy and information technology applications. 

A native of Austria, Dr. Bartl earned his doctorate in chemistry from Karl-Franzens University 

Graz before conducting postdoctoral research at the UC Santa Barbara. He was the recipient of a 

ñDuPont Young Professorshipò, and he was named a Scialog Fellow by the Research Corporation 

for Science Advancement and a ñBrilliant 10ò researcher by Popular Science magazine. 
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1.3 Corporate Membership 

The BETR Center was established with the goal to foster 

long-term academia-industry research collaborations and 

knowledge transfer by connecting UC Berkeley faculty 

and students who are building the technological 

foundation for future electronic devices and information 

systems with leading semiconductor companies. The 

BETR Center model of mutually beneficial collaborations 

gives corporate members early access to innovative ideas 

and research results, while university researchers gain 

insights into technological challenges faced by industry 

and society, and by seeing the results of their research 

applied to solve real-world problems. Moreover, the 

BETR Center provides various opportunities for member 

companies to interact directly with its faculty co-directors 

and 100+ graduate students and postdocs, many of whom 

are prospective future employees. 

Since its inception in 2016, the BETR Center has seen a steady increase in the number of corporate 

members and we are delighted to currently have six leading companies in innovation in the 

semiconductor industry be part of the BETR Center. These companies are (in alphabetical order): 

Applied Materials, Atomera, Intel Corporation, Lam Research, SK Hynix, and TSMC. 

 

Each of the member companies is represented in the BETR Center Technical Advisory Board 

(TAB). The TAB meets biannually as part of the BETR Center Workshops in a closed session to 

promote dialog between industry and academia. As such, the TAB is a crucial body in providing 

all BETR faculty co-directors important feedback for on-going research and future directions. 

Moreover, since the TAB comprises members from across the industrial ecosystem, it provides 
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BETR Center researchers with multiple and holistic perspectives. Additional benefits of a BETR 

Center corporate membership include: 

Access to Periodic Research Webinars 

During the fall and spring semesters, the BETR Center hosts a series of webinars featuring 

leading-edge research within the fields of physical electronics and optoelectronics. Given by 

researchers from UC Berkeley and other research institutions, these webinars are accessible 

via an online meeting service. Recordings of most of these webinars are made available to 

corporate members via password-protected access on the BETR website. In the last year, the 

BETR Center hosted and shared 20 research webinars (see Appendix A for details). 

Attendance at Semi-Annual Research Reviews/Workshops 

The BETR Center holds two research reviews/workshops per year in which the latest research 

results are presented. These events include oral presentations, industry panels, and lightning 

talks and poster sessions by BETR students and postdocs, offering an opportunity to meet and 

interact with student presenters, who are potential candidates for internships and/or 

employment. In the last year, two BETR Workshops were held (agendas for the spring and fall 

workshops are given as Appendix B and Appendix C, respectively).   

Invitation to Berkeley EECS Annual Research Symposium (BEARS) 

Each year in February, UC Berkeleyôs Department of Electrical Engineering and Computer 

Sciences hosts a day-long research conference featuring a variety of informative talks by 

distinguished faculty members and advanced graduate students. BEARS gives industrial 

affiliates a look at some of the most exciting research being pursued in information science 

and technology. 

Customized Briefings 

Upon request, the BETR Center staff will facilitate the scheduling of meetings with individual 

BETR Center co-directors. Based on best efforts, they will also facilitate introductions to other 

research centers and programs at UC Berkeley, as well as to companies that are part of UC 

Berkeleyôs technology innovation ecosystem. 

Option to Direct Part of the Membership Contribution to a Faculty co-Director 

Each corporate affiliate may direct part of the monetary membership contribution to specific 

research project(s) or research team(s). Typically, this is request is made at the start of the 

annual membership period. The BETR Center co-directors will then review requests and 

endeavor to allocate part of the contribution to support those research topics. Acknowledgment 

of the companyôs support will be made in all publication of the results from studies that are 

funded specifically by the allocated portion of the companyôs gift.  

Facilitation of Technology Licensing 

Twice a year, a list of research publications and patent applications will be provided to all 

industry affiliates. Upon request, the BETR Center staff will facilitate introductions to the 

Industry Alliances Office and Office of Technology Licensing at UC Berkeley for technology 

licensing. 
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2 Research Activities 

2.1  Motivation and Overview 

The central goal of the BETR Center is to provide solutions for driving innovation in materials, 

processes and solid-state devices to enable future ubiquitous information systems. Research 

activities are motivated by three main challenges for ambient intelligence to become a reality:  

Looming Power Crisis for Computing: Electricity consumed by computing devices has 

increased exponentially with the proliferation of information and communication technology. 

To avoid a power crisis in the future, fundamentally new concepts for more energy-efficient 

logic switches and on-chip communication are needed. In addition to breakthroughs in solid-

state science and technology, innovations in circuit design and system architecture will be 

necessary to avert a power crisis for computing. 

Advent of the Internet of Things: The Internet of Things era of ubiquitous computing, 

wherein electronic devices are pervasive and wirelessly networked with access to cloud 

computing requires heterogeneous integration to diversify functionality and mechanical 

flexibility in mobile devices. For these to be affordable, new manufacturing techniques must 

be developed through interdisciplinary research into novel tools, processes, and materials that 

are compatible with low-cost plastic substrates.  

Proliferation of Big Data Applications: ñBig Dataò has become the main driver for advances 

in memory technology and high-performance computing with increasing need for storing and 

processing large data sets in real-time to derive actionable information. Hardware innovations 

(including non-von-Neumann architectures) and new computational algorithms and software 

systems will be needed to meet the demand within reasonable energy and cost constraints. 

Finding solutions to these grand challenges requires a 

concerted effort across disciplines and between academic 

and industrial researchers. In response, the BETR Center 

assembled a diverse group of UC Berkeley professors 

from electrical engineering, computer science and 

materials science, working with industry researchers, to 

build the technological foundation for future electronic 

devices and information systems. The BETR Center 

research teams are organized in six distinct, but highly 

collaborative, research thrusts (Figure 1): (1) Next-

Generation Devices (including Milli volt Switches and 

Embedded Memory), (2) Flexible Electronics, (3) 

Accelerators for AI, (4) System Integration, (5) Optical 

Interconnects, (6) Metrology. In the following, 

information for each of the research thrusts is provided, 

including key achievements in the last twelve months and 

a description of current and future projects.  

 
 
 
Figure 1. Research Thrusts of the BETR Center. 
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2.2 Millivolt Switches 

Research activities of the Millivolt Switches Thrust have been supported in part by directed 

membership contributions of TSMC, SK Hynix, and Atomera.  

Energy-efficient electronic devices are central to the BETR Centerôs research mission. Given 

recent advancements in cloud computing, social networking, mobile internet and data analytics, 

and the associated increase of battery-powered electronic systems, the development of intelligent 

systems that can operate at significantly reduced power consumption is now as relevant as ever. In 

fact, many of the ultra-low power electronics research projects in the BETR Center have originated 

in the Center for Energy Efficient Electronics Science (E3S) based on the recognition that the 

energy used to manipulate a single bit of information is currently ~100,000 times greater than the 

theoretical limit. Research on ultra-low power devices and circuits in the BETR Center is 

conducted by Professors Jeffrey Bokor, Ali Javey, Tsu-Jae King Liu, Sayeef Salahuddin, and 

Eli Yablonovit ch, and encompasses the search for alternatives to classical transistor-based digital 

logic. Examples include new circuit and system architectures leveraging zero-leakage nano-

electromechanical (NEM) relays, field effect transistors (FETs) with 2D materials as active layers, 

graphene nanoribbon transistors, and current-driven ultra-fast nanomagnetic switches.MS1-MS4 

 

2.2.1 Recent Achievements 

A. Graphene Nanoribbons 

Research on graphene nanoribbon 

(GNR) based millivolt switches in the 

BETR Center is led by the Bokor group 

(and Prof. Felix Fischer), in 

collaboration with BETR industry 

affiliate TSMC. The BETR team has 

successfully synthesized several distinct 

GNRs with ultra-narrow width (0.7-3.0 

nm), atomically smooth edges and 

uniform bandgap. Furthermore, as 

shown in Figure 2 (left), fabrication 

processes were developed to integrate 

GNRs into functioning FETs with 

excellent switching behavior (ON/OFF 

ratios of Ḑ105 and ON-currents (Ion) of 

Ḑ60 nA).MS3,MS5 However, since the 

bottom-up synthesis commonly takes 

place on catalytic metallic surfaces, the 

integration of GNRs into such devices requires their transfer onto insulating substrates, which 

remains one of the bottlenecks in the development of GNR-based electronics. In response, the 

Bokor group developed a method for the transfer-free placement of GNRs on insulators, involving 

 
 

Figure 2. Left. Schematic representation (top) and IDīVG characteristics 
(bottom) of 7-AGNR FETs with Pd sourceīdrain electrodes and local 
HfO2 back gate. Right. Schematic of the transfer-free synthesis of 
GNRs on SiO2/Si substrates. Typical AFM height images of a Ḑ100 nm 
gold thin film deposited onto a SiO2/Si substrate. 
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growth of GNRs on a gold film deposited onto an insulating layer followed by gentle wet etching 

of the gold, which leaves the nanoribbons to settle in place on the underlying insulating substrate 

(Figure 2, right).MS5 Meanwhile, the team has also demonstrated transfer-free fabrication of 

ultrashort channel GNR FETs using this process. Importantly, this transfer-free process can scale 

up well to 12-inch wafers, which is extremely difficult for previous techniques.  

 

B. Low-Temperature Semiconductor Processing  

Processing of high-quality semiconductors at 

near-ambient temperatures has become 

increasingly important for both 

transparent/flexible electronics and monolithic 

3D-CMOS architectures. While several 

solutions exist for n-type semiconductors, the 

Javey group recently reported a breakthrough 

for p-type semiconductors by successful 

thermal evaporation of tellurium thin films at 

cryogenic temperatures.MS6 Using this 

approach, the team fabricated high-

performance wafer-scale p-type field-effect 

transistors on various transparent and flexible 

substrates (Figure 3). The transistors have 

excellent properties, including high effective 

hole mobilities and ON/OFF current ratios, 

even under substantial bending. Moreover, 

various functional logic gates and 3D circuits 

were demonstrated by integrating multi-layered 

transistors on a single chip using sequential 

lithography, deposition and lift-off processes.  

 

C. Non-Volatile Nano-Electromechanical (NEM) Switches  

The Liu  group has pioneered the use of non-volatile nano-electromechanical (NEM) switches (or 

relays) for energy efficient computing.MS1,MS7 NEM switches use electrostatic force to 

mechanically actuate a movable structure to make or break physical contact between current-

conducting electrodes. Importantly, when the electrodes are separated physically by an air gap, no 

current flows across the gap, resulting in zero OFF-state current. Hence NEM switches have abrupt 

ON/OFF switching characteristics, in addition to robust operation across a wide temperature range, 

down to cryogenic temperatures.MS8 Moreover, NEM switches can be monolithically integrated 

with CMOS circuitry. This was demonstrated by the Liu group by implementation of non-volatile 

NEM switches using multiple metallic layers in the BEOL stack of a standard 65nm CMOS 

process, followed by a release etch after CMOS fabrication (Figure 4, left).MS9,MS10 Low contact 

 
Figure 3. Photographs of Te FETs fabricated by evaporation 
with a substrate temperature of ī80 C on 4-inch quartz wafer 
(top, left), on PET (top, right), and on Kapton (bottom, left) 
while bent (the thickness of the Kapton substrate is 50 ɛm). 
Bottom, right. Effective mobility and on/off current ratio of Te 
FET (8 nm) on Kapton substrate under different bending radii. 
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resistance and 

reconfigurable circuit 

functionality was verified 

by  operation of a vertical 

hybrid CMOS-NEM 

reconfigurable circuit. 

Program voltage is applied 

to either actuation 

electrode (Program0 or 

Program1) to 

electrostatically actuate the 

beam into contact with 

either D0 or D1 

respectively. The contact 

adhesion force is designed 

to be higher than the spring 

restoring force to achieve 

non-volatile contacting 

states. A hybrid CMOS-

NEM 2-input/1-output look-up table using 4x3 non-volatile NEM switch array is also 

demonstrated in Figure 4 (right).  

 

2.2.2 Current Projects 

Graphene Nanoribbon-Based Millivolt Switches 

(Prof. Jeffrey Bokor) 

In collaboration with UC Berkeley synthetic chemist Prof. Felix Fischer, this project focusses on 

the synthesis of novel graphene nanoribbons (GNRs) and their integration into functioning field 

effect transistor (FET) devices. Recently, they demonstrated the excellent switching behavior of 

GNR-based FETs with ON/OFF ratios of Ḑ105 and ON-currents (Ion) of Ḑ60 nA.MS3 Current work 

aims at upscaling GNR FET fabrication using a transfer-free placement of GNRs on insulators.MS5 

While the concept has been successfully demonstrated, the device performance was lower than 

with previous processes. The main focus now is to optimize this new transfer-free placement of 

GNRs process to increase both ON/OFF ratios and ON-currents. Since the transfer-free process 

can scale up well to 12-inch wafers, it is an important step toward large-scale integration of GNRs 

into electronic devices. 

 

NEM Switches Monolithically Integrated with CMOS Circuitry  

(Prof. Tsu-Jae King Liu) 

Nanoelectromechanical (NEM) switches can be operated at ultralow voltages (<20 mV) and have 

abrupt ON/OFF switching characteristics, in addition to robust operation across a wide temperature 

 
 

Figure 4. Left. Cross-sectional SEM image of a vertical NEM switch fabricated in standard 
65nm node, showing its five terminals in the as-fabricated state. Right. Input and output 
waveforms of a 2-input/1-output look-up table (LUT) based on non-volatile vertical NEM 
switches (top) and the corresponding truth table (bottom). 
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range. Taking advantage of ultra-scaled interconnect pitch in state-of-the-art CMOS technology, 

the team demonstrated that vertical non-volatile NEM switches can be implemented using multiple 

interconnect layers in the back-end-of-line (BEOL) stack of a standard 65nm CMOS 

process.MS9,MS10 Such integrated systems have enormous potential for CMOS power gating, 

configuration of field-programmable gate arrays, non-volatile back-up storage of information in 

SRAM and CAM cells, and energy-efficient, fast and reconfigurable look-up tables. With support 

of BETR industry affiliate SK Hynix , the current project focuses on demonstration of BEOL NEM 

switches at extreme temperature conditions and on technology scaling to achieve programming 

voltage of NEM switches in the range compatible with standard I/O CMOS circuitry. A significant 

step in this direction has recently been achieved by demonstrating functional vertical non-volatile 

NEM switches and hybrid reconfigurable circuits in TMSCôs 16nm FinFET CMOS process.  

 

Monolithic 3D CMOS 

(Prof. Ali Javey) 

The Javey group has been exploring new materials and process schemes to enable synthesis of 

high electronic grade semiconductors at very low temperatures to enable monolithic 3D CMOS. 

That has been the primary challenge in achieving such architectures. They have developed a new 

growth mode, where single crystalline structures of III-V's can be grown on any substrate, 

including amorphous oxides at ~200 ̄ C with high carrier mobility. Current work aims at exploring 

to advance the use of this platform for back-end electronics and 3D CMOS. In another approach, 

the group is looking at semiconductors, like Te that can self-crystalize at temperatures even below 

room temperature arising from their unique crystal structures.  

 

 

2.2.3 Publications (Millivolt Switches ï MS) 

MS1. F. Chen, H. Kam, D. Markovic, T.J. King Liu, V. Stojanovic, and E. Alon, ñIntegrated Circuit Design with 

NEM Relays,ò Proc. IEEE/ACM ICCAD, pp. 750-757, Nov 2008. 

MS2. S.B. Desai, S.R. Madhvapathy, A.B. Sachid, J.P. Llinas, Q. Wang, G.H. Ahn, G. Pitner, M.J. Kim, J. Bokor, 

C. Hu, H.-S.P. Wong, and A. Javey, ñMoS2 Transistors with 1-Nanometer Gate Lengths,ò Science, vol. 354, 

pp. 99-102, Oct 2016. 

MS3. J.P. Llinas et al., ñShort-Channel Field-Effect Transistors with 9-Atom and 13-Atom Wide Graphene 

Nanoribbons,ò Nature Communications, vol. 8, pp. 633, Sep 2017. 

MS4. Y. Yang, R. Wilson, J. Gorchon, C.-H. Lambert, S. Salahuddin and J. Bokor, ñUltrafast Magnetization 

Reversal by Picosecond Electrical Pulses,ò Science Advances, vol. 3, pp. E1603117, Nov 2017. 

MS5. Z. Mutlu, J.P. Llinas, P.H. Jacobse, I. Piskun, R. Blackwell, M.F. Crommie, F.R. Fischer, and J. Bokor, 

ñTransfer-Free Synthesis of Atomically Precise Graphene Nanoribbons on Insulating Substrates,ò ACS 

Nano, vol. 15, pp. 2635-2642, Jan 2021. 

MS6. C. Zhao, C. Tan, D.H. Lien, X. Song, M. Amani, M. Hettick, H.Y.Y. Nyein, Z. Yuan, L. Li, M.C. Scott, and 

A. Javey, ñEvaporated Tellurium Thin Films for p-type Field-Effect Transistors and Circuits,ò Nature 

Nanotechnology, vol. 15, pp. 53-58, Jan 2020. 

MS7. Z. A. Ye, S. Almeida, M. Rusch, A. Perlas, W. Zhang, U. Sikder, J. Jeon, V. Stojanoviĺ and T.-J. K. Liu, 

ñDemonstration of Sub-50 mV Digital Integrated Circuits with Microelectromechnical Relays,ò IEEE 

International Electron Devices Meeting, San Francisco, CA, Dec 2018. 

MS8. X. Hu, S.F. Almeida, Z.A. Ye, and T.-J. King Liu, ñUltra-Low-Voltage Operation of MEM Relays for 

Cryogenic Logic Applications,ò 2019 IEEE International Electron Devices Meeting (IEDM), San Francisco, 

CA, USA, pp. 34.2.1-34.2.4, Dec 2019. 
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https://advances.sciencemag.org/content/3/11/e1603117
https://pubs.acs.org/doi/10.1021/acsnano.0c07591
https://www.nature.com/articles/s41565-019-0585-9
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2.3 Embedded Memory 

Research activities of the Embedded Memory Thrust have been supported in part by directed 

membership contributions of SK Hynix.  

Large data sets coupled with long network latency result in significant energy inefficiencies in data 

centers. Processors consume energy mostly in the idle state, waiting for the network to return a 

data query or maintaining availability to service a remote query into local memory. Disaggregation 

of processing and memory resources and optimization of the network fabric, enabled by new 

memory technologies and silicon photonics, can provide for dramatically improved energy 

efficiency of warehouse-scale computers. The BETR Center research groups of Professors 

Jeffrey Bokor, Tsu-Jae King Liu, Ramamoorthy Ramesh, Sayeef Salahuddin, and Vladimir 

Stojanoviĺ pursue the goal of high-density non-volatile memory that can be monolithically 

integrated with CMOS circuitry, such as nanometer-scale magnetic and ferroelectric devices, and 

nano electro mechanical switches (NEMS) implemented in a back end of line process. This 

research involves fundamental scientific studies, to elucidate physical phenomena such as electric-

field control of magnetization in multiferroic-ferromagnet heterostructures (for voltage-controlled 

operation of nanomagnetic memory devices), develop ultrafast (few picoseconds) magnetic 

devices, as well as the integration of memory+logic fabrication processes and characterization of 

three-dimensionally integrated circuit structures.EM1-EM4 

 

2.3.1 Recent Achievements 

A. Ultrafast Magnetic Switching  

The Bokor and 

Salahuddin groups are  

developing current-driven, 

ultra-high speed magnetic 

elements for logic and 

memory with switching 

energies at the sub-

femtojoule level.EM4,EM5 

Magnetic systems are 

attractive logic switches 

since their non-volatility 

can be used to reduce static 

power losses. However, 

the low speed of magnetic 

switching has severely 

limited device 

applications. The BETR 

research team 

demonstrated that ultrafast 

 
Figure 5. Ultrafast SOT switching set-up. Photogenerated ~6-ps-duration electrical pulses 
are guided and focused by a coplanar waveguide into the magnetic stack, resulting in 
ultrafast SOTs. The sampled picosecond current pulse is shown at the back of the figure. 
The solid green line is a guide to the eye. 
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switching of magnetic materials is possible by hot electrons that are excited via electrical 

pulses.EM4 Moreover, a further breakthrough was recently achieved by the observation of spin-

orbit torque (SOT) switching of a ferromagnet with picosecond electrical pulses.EM5 In detail, it 

was discovered that photoconductive switches can be used to apply 6-ps-wide electrical pulses and 

deterministically switch the out-of-plane magnetization of a common thin cobalt film via spinï

orbit torque (Figure 5). First results indicate that the magnetization switching consumes less than 

50 pJ in micron-sized devices. Scaling down the device dimensions to 20 nm dimensions gives 

estimated switching energies of a few fJ, which is the current size of state-of-the-art magnetic 

memory devices.  

 

B. NEM-Based Relays for Embedded Memory 

The Liu  and Stojanoviĺ 

groups have teamed up 

with support by BETR 

industry affiliate SK 

Hynix  to explore system-

based integrated circuit 

implementations in the so-

called ñedge computingò 

scenarios, where the 

sensory and computation 

functions are severely 

energy limited. For 

example, the team has 

investigated the use of 

NEM-based relays for 

applications as look-up 

tables (LUTs) and for 

embedded memory, 

including arrays of 

reconfigurable NEM-

based interconnects for 

novel memory 

applications.EM3 For this, 

vertically oriented relays were designed and fabricated by a standard 65nm CMOS process, using 

the multiple interconnect layers in the back-end-of-line (BEOL) process (Figure 7).EM6,EM7 NEM 

switches are thus monolithically integrated with CMOS circuitry by performing a release etch after 

CMOS fabrication process with relatively low thermal budget. An analysis of the performance of 

NEMS switch-based embedded memories to increase the capacity and lower the energy-

consumption per node is shown in Figure 7. The results demonstrate that with proper process node 

scaling, the NEMory can achieve very competitive metrics compared to CMOS-based memories 

and ReRAM. 

 

 
 

Figure 7. Top. NEM switches fabricated using multiple layers in a standard BEOL 
process in 65nm CMOS technology showing simulated structure of a vertically oriented 
body-biased relay (left) and schematic cross-section after sacrificial oxide etch (right). 
Bottom. NEMory performance comparison with ReRAM and CMOS. 
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C. Magnetoelectric Spin-Orbit (MESO) Logic  

The Ramesh group 

is exploring 

pathways to 

drastically reduce 

the voltage 

requirement for 

electric field 

switching of 

multiferroics. 

Together with 

colleagues from 

Intel , the team 

developed a new 

logic computing 

concept based on a 

magnetoelectric 

spinïorbit (MESO) 

device with 

magnetoelectric switching nodes and spinïorbit-effect readout (Figure 8).EM8 The ultimate goal is 

to switch magnets purely with a voltage of just 100 mV, or below. When successful, this will 

represent a 35-fold reduction in voltage amplitude compared to state of the art and a corresponding 

1000-fold reduction in switching energy. This will also represent a paradigm shift in that no current 

will be necessary for switching magnetization.  

 

2.3.2 Current Projects 

Enabling MESO at 100 mV and Beyond 

(Prof. Ramamoorthy Ramesh) 

This project explores pathways to reduce electric field switching of multiferroics down to 100 mV 

using a new logic computing concept based on a magnetoelectric spinïorbit (MESO) device.EM8 

The project addresses the following challenges: 

1. Is it possible to switch magnets purely with a voltage of just 100 mV? When successful, 

this will represent a 35X reduction in voltage amplitude compared to state of the art and a 

corresponding 1000X reduction in switching energy. This will also represent a paradigm 

shift where no current will be necessary to switch magnetization. 

2. Is it possible to convert the state of a magnet into a voltage signal of the order of 100 mV? 

If successful, this will be 1000X improvement in the signal strength over the state of the 

art.  

3. Is it possible to switch a magnetic order at 10s of picoseconds or less either with voltage 

or current? Note that this speed is ~10X faster than the state of the art and will bring 

 
 

Figure 8. a) MESO logic transduction for a cascadable charge-input and charge-output logic device. 
b) MESO device comprising a spin-injection layer for spin injection from the ferromagnet to the 
topological material, an interconnect made of a conductive material, and contacts to the power supply 
and ground. 
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spintronic devices such as memory elements at the same level as the fastest electronic 

memory devices with the added advantage of non-volatility and infinite endurance.  

To achieve these goals, the team will pursue three approaches: (i) chemically dope BiFeO3 with 

La and Sm to reduce its coercive voltage; (ii) reduce the thickness of BiFeO3 to thicknesses as 

small as 10 nm, while retaining the ferroelectric/antiferromagnetic properties; (iii) explore oxide 

ferromagnets as the top contact. 

 

On-Chip Ultrafast Magnetic Switching 

(Profs. Jeffrey Bokor, Sayeef Salahuddin, Vladimir Stojanoviĺ) 

This project builds on the recent breakthrough of ultrafast spin-orbit torque (SOT) switching of a 

ferromagnet with picosecond electrical pulses.EM5 Currently, the team is exploring on-chip 

ultrafast magnetic switching and readout triggered by electrical pulses generated directly by 

CMOS circuits. Conventional CMOS scaling is projected to reach transistor speeds in the range of 

a few picoseconds, so such electrical pulses will be available on-chip. To take advantage of this 

technology, the team works on integrating magnetic device structures on advanced CMOS chips. 

Two challenges have to be overcome toward this goal: (1) Integration of an electrical readout into 

the circuit structure, and (2) reduction of both the switching energy and current to be compatible 

with CMOS technology. In fact, calculations revealed that energies and currents for the electrical 

switching of magnets could be as low as ~3.5 fJ and ~10ôs of ÕA, respectively, for a (20 nm)3 cell 

size. 
 

 

In -Memory and Normally-Off Computing Using Magnetic Nonvolatile Devices  

(Profs. Jeffrey Bokor, Sayeef Salahuddin, Vladimir Stojanoviĺ) 

This project focuses on the fabrication, design, and integration of in-memory and normally-off 

computing using magnetic nonvolatile devices with the goal of integrating three-terminal spin-

Hall memory devices with a CMOS latch. The basic idea has been to reduce power by turning off 

large portions of the computer that are not in use. By using non-volatile memory, the shut-down 

part of the computer can readily be restored to its original state, once it is needed, without needing 

to write to or read from external storage. By distributing the memory over the circuit (memory-in-

logic), additional power savings due to reduced interconnect length can be expected. Several spin-

based devices added to SRAM circuits were evaluated and analysis across a number of various 

benchmarks promises 35 percent energy savings with this type of memory. 

 

 

2.3.3 Publications (Embedded Memory ï EM) 

EM1. E. A. Tremsina, N. Roschewsky, and S. Salahuddin, ñMicromagnetic Analysis and Optimization of Spin-

Orbit Torque Switching Processes in Synthetic Antiferromagnets,ò Journal of Applied Physics, vol. 126, pp. 

163905, Oct 2019. 

EM2. N. Roschewsky, E. Walker, P. Gowtham, S. Muschinske, F. Hellman, S. Bank, and S. Salahuddin, ñSpin-

Orbit Torque and Nernst Effect in Bi-Sb/Co Heterostructures,ò Physical Review B, vol. 99, pp. 195103-

195108, May 2019. 
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https://aip.scitation.org/doi/10.1063/1.5121167
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EM3. K. Kato, V. Stojanoviĺ, and T.-J. K. Liu, ñEmbedded Nano-Electro-Mechanical Memory for Energy-
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2.4 Flexible and Wearable Electronics 

Wearable and flexible electronics is one of the main research areas in the BETR Center with the 

goal of developing a new manufacturing and deployment paradigm for wearable, interactive 

information devices, including displays, sensors, and logic devices. Research activities are guided 

by the recognition that electronic devices must be non-intrusive, easily deployed and inexpensive, 

to become a pervasive technology. Spearheaded by the research groups of Prof. Ali Javey and 

Prof. Ana Arias, wearable and flexible electronics research in the BETR Center entails the 

development of tools, processes and materials for roll-to-roll processing, layer transfer, high-

resolution printing, thin-film development, and packaging.FE1,FE2 

 

2.4.1 Recent Achievements 

A. Wearable Electronics for Sweat Monitoring 

The Javey group used 

its expertise in 

microfluidics to design 

and fabricate wearable 

electronic patches for 

continuous sweat 

monitoring at rest.FE3 

The microfluidic design 

was optimized to 

combat evaporation, 

enable selective 

monitoring of secretion 

rate, and reduce 

required sweat 

accumulation times. In 

fact, the group 

developed a wearable 

device for rapid uptake of nL minī1 cmī2 rates of thermoregulatory sweat at rest, enabling near-

real-time sweat rate and composition analysis at rest (Figure 9). Along with sweat rate sensors, the 

team also integrated electrochemical sensors for pH, chloride ion, and levodopa monitoring. They 

demonstrate patch functionality for dynamic sweat analysis related to routine activities, stress 

events, hypoglycemia-induced sweating, and Parkinsonôs disease, thus enabling continuous, 

autonomous monitoring of body physiology at rest. More generally, the developed patch can be 

used to study correlations between sweat rates and composition, helping to better understand 

analyte secretion mechanisms and guide how measured concentrations should be interpreted. 

Recently, the group also presented wearable sweat sensors with convenient glove-based form 

factors for sweat sensing under routine and even sedentary activity, making sweat-based biomarker 

monitoring practical for daily life.FE4  

 
 
 

Figure 9. Schematic of the microfluidic sweat analysis patch containing multiple layers (a) and 
a hydrophilic filler to enhance sweat collection (b). An optical image of the sweat patch on a 
userôs finger (c), or worn on various body locations (d), while continuously monitor both sweat 
secretion rate and compositions for long-term without external sweat stimulation (e). 
























































































































