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Preface

MOTIVATION

This book is focused on questions that arise in the design of functional electronic systems that have
dimensions of a few microns. Is it physically reasonable to entertain the idea that such systems might
ultimately exist? The designation, nanomorphic cell, has been used to convey the thought that the
functionality and size of such a system is defined by what the system must accomplish and by the
environment within which it must operate. The prefix nano is used to suggest that components of
the micron-scale system will likely have nanometer dimensions. The word morphic literally means
in the shape of and its use is to convey the idea that the intended application shapes the functionality of
the nanomorphic cell. Typically, the system volume must accommodate an energy provider, sensors
and communication, and computation and memory — all within just a few cubic microns. To help fix
ideas, it is imagined that an application for the nanomorphic cell might be to collect in vivo infor-
mation on the health of living cells that it encounters and to communicate its findings to an external
decision-maker. Of course, the application space for the nanomorphic cell would be much larger than
this illustration.

What gives rise to the hope that a nanomorphic system might be possible? One source of hope is
that the scaling of integrated semiconductor components will almost certainly continue. Leading-edge
manufacturing as this book is written produces devices whose minimum feature size is on the order of
25 nanometers and there is the expectation that devices with minimum feature sizes of five nanometers
may be feasible. The number of devices on a one centimeter by one centimeter chip exceeds one billion
and will certainly approach several hundred billion when the physical scaling limits for CMOS
technology are reached. A second reason to believe that nanomorphic systems may be feasible is the
trend to produce systems-on-a-chip whose components are not restricted to electrical logic gates and
memory systems but also can include other components such as sensors, communication components,
and energy sources. Although current systems-on-a-chip are far larger physically than the proposed
nanomorphic system, the integration of elements that function in different physical domains is already
taking place.

As will become evident in the book, available energy defines what a nanomorphic cell could
accomplish and thus it is reasonable to ask whether there are existing systems that could serve as
inspiration for the nanomorphic cell. One such example is the living cell whose physical size is
comparable to the nanomorphic cell and whose complexity and energy efficiency for its operations are
unparalleled. It is fair to say that the objectives of the living cell differ somewhat from those of the
nanomorphic cell, but the analogy of the living cell as a special kind of computer is not too far-fetched.

PHILOSOPHY

The nanomorphic cell is inescapably multidisciplinary and for the authors the writing challenge has
been to discuss succinctly a broad range of disciplines in such a way that physical insights into

vii



viii Preface

performance are manifest. The goal was to write the book in such a way that it is useful to a broad
audience of workers in biology, chemistry, physics, medicine, and engineering. The vocabulary across
all of these fields is necessarily vast and it is therefore important to carefully develop terminology that
supports the exchange of ideas across these diverse disciplines. Throughout, an effort has been made to
utilize basic physics, chemistry, biology, materials, and engineering concepts in order to make the
book more broadly useful. At the same time, the models that have been introduced are sufficiently
powerful so that insights into the limits of particular technologies should be evident. Often, these
approximate models can be refined by the inclusion of appropriate pre-factors due to their fidelity to
the science upon which the model is based. The authors have successfully utilized sections from the
book in a multidisciplinary graduate class in engineering and the students from several disciplines have
had no difficulty grasping the concepts offered by the book. The book will best serve the reader with an
introductory background in physics, chemistry, and biology.

The reader will notice that the style of writing in the book is a mix between the expository style of
textbooks and the tightly referenced style of scientific articles. Wherever possible, proofs are offered
based on fundamental science in an effort to provide the reader with insights into the physical limits for
the various technologies that are discussed. However, the breadth of the topics covered requires that
contact be made with the scientific literature in each of the topical areas to provide quantitative data
and to give a sense of the status of the various technologies that are discussed. An effort has been made
to briefly present these literature references in an orderly manner that relates to and supports the
expository material.

OBJECTIVES

Each of the chapters develops conclusions using ‘best-case scenarios’ that are constructed so as to be
consistent with the fundamental laws of physical sciences. The fundamental limits that result, for say
energy sources, often stimulate a response from the audience that is something like “Have you
considered ...7” This is exciting since it indicates that, upon hearing the claimed limitation, the
listeners are stimulated to suggest alternative scenarios. Indeed, the reader is encouraged to read each
chapter critically since the results given represent the current understanding of fundamental physical
limits and new knowledge about the physical world is constantly resulting from research. The primary
objective of this book is to stimulate the reader’s creative response to the challenges that are proposed
and innovative solutions are always welcome.

STRUCTURE

Chapter 1 introduces the concept of the nanomorphic cell, and makes a reference to the state-of-the-art
of the integrated microsystems. Chapter 2 is devoted to a study of the potential of various energy
sources whose dimensions are in the 10-micron range. The volume constraint for the nanomorphic
system forces the search for extremely scaled energy sources and energy conversion mechanisms.
Chapter 3 considers the projected capability of computation and memory systems when ultimately
scaled devices are used. It is shown that energy barriers are a fundamental concept in defining the
ultimate scalability of transistors and a discussion of the physics of device-to-device communication is
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also included. In Chapter 4, an overview of biological sensors, again limited to 10 microns in size, is
undertaken with an emphasis on sensitivity, selectivity, and settling times for various sensors.
Emphasis is on electrical, biochemical, and thermal sensors operating in an environment of thermally
induced noise. Chapter 5 discusses the limits of electromagnetic communication systems when the
systems are constrained to dimensions on the order of 10 microns. It turns out that the communication
of a bit of information over distances of the order of 1 meter is much more costly from an energy
expenditure perspective than any other activity of the nanomorphic cell. Chapter 6 focuses on the
comparison of the computational capabilities of the in silico nanomorphic cell with those of the in
carbo living cell. Chapter 6 is very multidisciplinary since it requires the integration of data from many
sources to enable a model for the living cell as a computer. Indeed, in carbo systems are the most
dramatic existence proof for functional micron-scale systems.

Throughout the text, an effort is made to rely primarily on basic physics and chemistry to provide
insight into the limits that are set forth. The goal is to provide fundamental understanding of the
underlying mechanisms that limit the nanomorphic cell capabilities. The authors agree that more
detailed models would provide more refined estimates for the various limits but believe that if at all
possible, a physical understanding of limiting factors should precede detailed calculations.

NOTATION

Due to the multidisciplinary nature of the book, notation from several different scientific areas was
required. It sometimes happens that different fields will utilize different notation for the same physical
variable. The decision was made to utilize notation consistent with that commonly used in the
particular discipline in each chapter to the greatest extent possible. Therefore, a list of symbols with
definitions is provided for each chapter.
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1.1 INTRODUCTION

Suppose that it is desired to design an autonomous system embedded in the human body whose
mission is to analyze the health of cells that it encounters and to report its findings to an external agent.
The living cell, which is an organic autonomous system, provides an existence proof that functional
and autonomous systems are possible at the scale of a few microns. This text investigates the feasibility
of the design of a functional inorganic system on the same physical scale as the living cell, i.e., with
overall dimensions of several microns. One reason to believe that such a design might be possible is the
remarkable progress that has been made in technologies for semiconductor chips, where some of the
devices on the chip already have dimensions on the order of a few nanometers, and dimensional scaling
is anticipated to continue for a few more generations. In addition, there is a trend to incorporate more
functionality onto a single chip by including devices whose domains of operation are not only elec-
trical but also mechanical, thermal, chemical, etc. These ‘system-on-a-chip’ designs may point the way
to integrated chips with increasing degrees of functionality. The term ‘nanomorphic cell’ is used herein
to reflect the fact that emphasis is on inorganic integrated systems whose inspiration is derived from
their biological counterparts. (The term ‘morphic’ literally means ‘in the shape of’.)

To help fix ideas, imagine that the nanomorphic cell is to be injected into the body to interact with the
living cells and to support certain diagnostic and/or therapeutic actions. In order to do this, it is stipulated
that the nanomorphic cell must acquire data indicative of the health of the living cells that it contacts,
analyze the sensed data, and communicate its findings to an external agent. Since the nanomorphic cell is
untethered, it must either harvest energy from its surroundings or carry an embedded energy source.

Microsystems for Bioelectronics the Nanomorphic Cell 1
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2 CHAPTER 1 The nanomorphic cell

Subjectively, it seems reasonable to postulate that an embedded system of this size would contain
only minute and harmless amounts of materials that in larger quantities might be harmful to the body
and, furthermore, that the normal body waste disposal processes could manage the removal of
nanomorphic cells when they have reached the end of their useful lives. The nanomorphic cell would
need to employ some sort of triggering mechanism to signal its elimination from the body. Of course,
this is all hypothetical and would need to be verified, e.g., by careful toxicology studies. The in vivo
functional nanomorphic cell is used as an example throughout the text as a vehicle to motivate the
study of the impact of extreme scaling on system component performance limits.

1.2 ELECTRONIC SCALING

Electronic circuits and systems are constructed from a number of components, the most basic of which
is the semiconductor transistor (see Chapter 3), that is used in digital applications as a binary switch.
Tremendous progress has been achieved in reducing the physical size of semiconductor transistors —
within the last 40 years, the number of transistors in a ~1 cm? integrated circuit (IC) chip increased
from several thousand in the 1970s to several billion in 2010. The long-term trend of transistor scaling
is known as Moore’s Law: The number of transistors in an IC chip approximately doubles every two
years (see Fig. 1.1a). Moore’s Law has been one of the major drivers for the semiconductor industry.
The increased complexity of the ICs, accompanied by exponential decline in cost per function, has
resulted in increased functionality and expansion of application space of semiconductor products.

The tremendous increase in the number of transistors per chip was enabled by scaling — devel-
opment of technologies to make smaller and smaller transistors, whose critical feature size decreased
from ~10 pim in the 1970s to ~20 nm (transistor gate length, L,) in 2010 (for brief definitions of feature
sizes see Box 1.1). According to the International Technology Roadmap for Semiconductors (ITRS)
[1], feature sizes may be as small as ~5 nm by 2022 (the trend of decreasing critical device size is
shown in Figure 1.1b). At this nanoscopic scale, the properties of matter may be different from those of
bulk materials and the physical effects of these nanomaterials may play a role in nanodevice operation.
Fabrication of such tiny structures requires significant technological advances, thus nanofabrication.
The entire field is often called nanotechnology and the subfield related to electronics is called
nanoelectroncs. To be sure, the chips themselves typically have a footprint on the order of 1 cm?; in
other words the current and most of anticipated nanotechnological solutions are implemented with
devices with nanometer features while the integrated system features are in the millimeter range.

While the scaling limits of individual devices can be estimated from physical considerations [2],
the question remains open of how small a functional system can be and still offer useful functionality.
To address this question, it is important to understand not only the device characteristics, but also how
connected systems of these devices might be used to perform complex functions. In the context of this
text, a ‘system’ performs a number of ‘functions’ (F) in response to external stimuli, which are taken to
be information flows (I). A schematic representation of a microelectronic system is shown in
Figure 1.2. It contains six essential units:

S — A sensing unit that receives inputs (information) from the outside world.
A — An actuator that performs an ‘action’ on the outside world.

C — A communication unit that transmits information to the outside world.
M - A memory unit that stores instructions, algorithms, and data.
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(a) Transistor counts for Intel microprocessor integrated circuits in 1971-2009; (b) Corresponding critical feature

size, F, in ICs (see Box 1.1)

2010 Lg~20 nm and F~45 nm.

BOX 1.1 SEMICONDUCTOR ROADMAP

A very useful resource for estimating the progression of semiconductor IC technology is the International Technology
Roadmap for Semiconductor (ITRS) [2], which is updated biannually. Generation of ITRS is a worldwide endeavor
and it represents a consensus 15-year technology forecast from a worldwide group of leading industrial technolo-
gists — experts from academia and government agencies. The 2007 edition of ITRS forecasts FET minimum feature
size (gate length Lg) of ~5 nm and transistor density of ~10'° transistors/cm? for high-performance microprocessor
chips [2]. In addition to gate length, another characteristic feature size is the ‘half pitch’ F, which is equal to the
width of the interconnect wires in the memory array (and the separation between the neighbor wires). For example, in
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Block diagrams for arbitrary electronic system: (a) with external energy supply; (b) with internal energy source

L - A logic unit that processes information collected from A and that provides summary
information for transmission by C.

E — An energy source that powers operations of all units. The energy can be supplied to the system
from an external energy source (Fig. 1.2a) or/and the system can have an internal energy source
(Fig. 1.2b). In the former case, an energy converter must be embedded into the system. In the
latter case a finite supply of energy is implied.

Each of the above essential system units occupies certain volume in space and, taken together, they
determine the scaling limits of an electronic system. Investigation of these limits is the primary
purpose of this text.

1.3 NANOMORPHIC CELL

The nanomorphic cell concept refers to an atomic-level, integrated, self-sustaining microsystem with
six primary components: energy supply, sensing, actuation, computation, memory, and communica-
tion. It is a model system, designed to analyze the physical scaling limits of electronic systems, which
for future reference is postulated to be confined within a 10 pm x 10 um x 10 pm cube [3]. A cartoon
for the hypothetical nanomorphic cell is shown in Figure 1.3.

Volume is one of the primary design constraints for the nanomorphic cells and it will be shown in
the subsequent chapters that this resource should be very carefully allocated among all functional
units. Literally every atom must play a role when one needs to fit all functional units into the 10 tm x
10 pm x 10 pwm cube (Fig. 1.4). From an application point of view, the nanomorphic cell can be
considered as an extreme example of a class of systems known generically as autonomous micro-
systems, for example WIMS (wireless integrated microsystems) [4], PicoNode [5], Lab-on-a-Pill [6],
and Smart Dust [7]. A brief discussion of these will be given at the end of the chapter.

1.3.1 The nanomorphic cell vis-a-vis the living cell

The living cell is a marvelous machine that is the cornerstone of all living things and that has
embedded mechanisms for (i) staying alive and for (ii) reproducing itself. It is not an exaggeration to



1.3 Nanomorphic cell 5

Communicatiol

QL

Energy
-

Control

@ ¢

~10 mm

Sensor
Jdosuag

FIGURE 1.3

Cartoon for the nanomorphic cell showing essential components and physical scale

say that the living cell is purposeful [8]. In order to achieve the goal of staying alive, cells need to
acquire information about their environment. Next, the cell needs to appropriately respond to the
information, e.g., about changes in temperature, water availability, nutrients supply, dangerous species,
and many other factors. The ability to acquire and use such information is critical for organism survival
[9]. As was recently stated by A. Kinkhabwale and P. Bastiaens (Max Planck Institute of Molecular
Physiology), ‘to live is to compute’ [8].

The second goal of reproduction itself involves a series of precise tasks which requires
controlled flows of information and matter ensuring that all atoms forming the cell are positioned in
a specific place within the cell. Recently, Antoine Danchine at the Institut Pasteur in Paris, France
suggested that a living cell (e.g. a bacterium) can be considered a computer making computers [10].
The author argues that a cell has all essential attributes of a computer, i.e. a machine expressing
a program.

The studies of the living cell as a functional microsystem may help engineers to understand the
physical limits of scaling for functional electronic systems. Or, vice versa, lessons from extremely
scaled electronic systems may help biologists to gain new insights into the fundamental questions of
theoretical biology, such as ‘“What is the minimum size of Life?’ [11], or “What is the minimum energy
needed to support Life?” [12].

In this section, a brief overview of unicellular organisms is presented with an emphasis on system
size and energy. Other system-level parameters such as ‘speed of operation’, informational complexity,
etc. will be discussed in Chapter 6.
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Major functional blocks:
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An atomistic view on nanomorphic cell- Very limited space needs to be shared by sensors, power supply, and
electronic components. At this scale, every atom must play a role

Functional blocks in the living cell are complex biomolecules, such as proteins, DNA, and RNA
(see Box 1.2).

The two main groups of living cells, the prokaryotes and eukaryotes, are shown in Figure 1.5. The
prokaryotes (Fig. 1.5a,b) and eukaryotes (Fig. 1.5¢) are commonly distinguished by the presence
(eukaryotes) or absence (prokaryotes) of an internal membrane, encapsulating the DNA, thus forming
a nucleus inside the cell. Another key difference is that eukaryotes utilize a number of specialized
subunits (organelles) in their operations. One important subunit is the mitochondrion, the internal cell’s
power supply. It is sometimes argued that the presence of mitochondria is the main distinction between
prokaryotes and eukaryotes [15].

BOX 1.2 MACROMOLECULAR ELEMENTS IN THE CELL

Proteins — Macromolecules with typical dimensions of a few nanometers that serve as basic building blocks of living
organisms. There are thousands of different types of protein in a cell. Different proteins play different roles in the
cell. Structural proteins provide ‘bricks’ to form the living tissues. Enzymes are proteins that catalyze biochemical
reactions. Many proteins in living cells appear to have as their primary function the transfer and processing of
information [13, 14], including sensing, logic, and short-term memory functions.

DNA (deoxyribonucleic acid) — A macromolecule whose primary function is the long-term storage of information
about the cell. This information controls cellular metabolism, replication, and overall survival functions.

RNA (ribonucleic acid) — A type of macromolecule whose primary roles in the cell are to read-out information
encoded by DNA, to carry this information to certain locations in the cell, and to facilitate protein synthesis. There
are several different kinds of RNA specialized for different functions.
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Two primary groups of living cells (shown at approximate relative sizes): (a, b) prokaryotic cells ((a) bacterium,
(b) cyanobacterium) and (c) a eukaryotic cell

While the cells are very complex structures consisting of many components, several of the most
essential components can be identified in analogy to the autonomous microsystem parts shown in
Figure 1.2. All cells have a cell envelope, which protects structural integrity of the cell. Inside of the
envelope, there is a memory unit consisting of DNA molecules. This unit stores all information about the
cell, which is used, e.g., for the cell’s replication. The logic unit of the cell consists of two major groups
of ‘molecular devices’: (1) different types of RNA molecules, which read-out information from the DNA
and carry this information to certain locations in the cell and (2) proteins, many of which have as their
primary function the transfer and processing of information, including sensing, logic, and short-term
memory functions. The cell also contains ribosomes, which also can be regarded as part of the cell’s logic
unit as will be discussed in Chapter 6. A ribosome is a biomolecular formation that consists of proteins
(~35%) and RNA (~65%). The size of ribosomes is ~20 nm. The function of ribosomes is to synthesize
the protein molecules according to commands from DNA (transferred by the messenger RNA).

Typical prokaryotes are bacteria (see Box 1.3). The bacteria do not have significant internal energy
sources and they almost entirely rely upon the energy from their environment, e.g. dissolved nutrients.
It is commonly argued that smaller cells are more efficient at resource uptake due to the greater
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BOX 1.3 UNICELLULAR ORGANISMS

Bacteria and Archea — The prokaryotic single-cell organisms, the smallest among all living species. The total number
of prokaryotes on Earth is estimated to be 4-6 x 10°° cells. The corresponding amount of their cellular carbon is
~3.5-5.5 x 10%* kg, which constitute 60-100% of the estimated total carbon in plants [16]. Probably the most
studied bacterium is Escherichia coli (E. coli) with size of ~1 pm. It is often considered the model organism in
microbiology.

Cyanobacteria — The bacteria that utilizes photosynthesis to power itself. For example, Prochlorococcus marinus
(P. marinus), which is among the smallest photosynthetic organisms known today (cell size 0.5-0.7 um), is also the
dominant photosynthetic organism in the ocean [25].

Eukariotic microalgae — Smallest single-cell plants. A typical example is chlorella. Microalgae cells contain
photosynthetic organelles, the chloroplasts, and they play a very important role for the life on Earth, as they produce
~50% of the atmospheric oxygen.

Protozoa —Single-cell animals. A typical example is ameba (amoeba). Another interesting single-celled organism
is euglenathat exhibits both plant and animal traits, and can obtain energy from sunlight through photosynthesis, or
consume nutrients from organic materials in its exterior.

surface-to-volume ratio — this is one of the reasons the prokaryotes, e.g. bacteria, are among the
smallest living species with a typical size of ~ 1 wm. Also it makes motility an essential attribute of
bacterial microsystem, as a permanent search for energy is mandatory. Bacteria commonly have
a locomotion actuator, the flagellum (Fig. 1.5a).

Another type of prokaryotic cell is cyanobacteria, whose distinct feature is an internal energy source
based on light harvesting (photosynthesis). The photosynthetic ‘unit’ consists of a system of internal
concentric membranes (thylakoids) containing photosynthetic pigments, such as chlorophylls. Special
light-harvesting antennas (phycobilisomes) are attached to the photosynthetic membranes, which
enhances the efficiency of the light-harvesting process. Cyanobacteria do not have flagella, apparently
due to their internal energy source which makes the motility function not as critical as in bacteria.

Eukaryotic cells, typically about 10 pm in size, are larger than prokaryotes. Their larger size allows
them, in principle, to draw on multiple energy sources, such as chemical and solar energy. Specifically,
eukaryotes have special organelles acting as internal power supplies such as mitochondria for chemical
energy conversion and chloroplasts, which utilizes solar energy through photosynthesis. An essential
feature of both mitochondria and chloroplasts is that they possess their own separate DNA genomes
that control the electron transport in energy-producing reactions. In other words, both mitochondria
and chloroplasts act as precisely controlled ‘smart’ energy sources for biological cells. Also eukaryotic
cells can have significant internal energy storage typically in the form of glucose polymers such as of
starch (plant cells) or glycogen (animal cells). Multicellular organisms (including the human body)
consist of a large number of eukaryotic cells. Note that the two main categories of the living cells
shown in Figures 1.5a,b and 1.5c¢, if viewed as autonomous microsystems, can be related to the two
classes of the microsystems shown in Figures 1.2a and 1.2b. Box 1.3 contains brief definitions for some
of the common classes of single-cell organisms.

1.3.2 Cell parameters: Mass, size, and energy

The cell consumes energy in order to interact with its environment and build another cell, i.e. replicate. In
addition, according to the second law of thermodynamics, all complex non-equilibrium systems are
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Table 1.1 Examples of mass, size, and power consumption of the cell, averaged within different
taxonomic groups

Cell average within
different taxonomic

groups Wet mass, kg Volume, pm?® Size, pm Power, W
Prokaryote 2 x 107'° 2 1.3 107
Cyanobacteria 7 x 107" 70 4 25 x 1078
Eukariotic microalgae 6 x 10712 6000 18 5x 107"
Protozoa 3 x 107" 3 x 10* 32 25 x%x 107"
Human cells 10712 1000 ~10 4 x 1072

(Source: [12))

subject to spontaneous degradation. Therefore living organisms must spend some energy to fight accu-
mulating disorder, for example to repair damage by replacing some ‘broken’ macromolecules, etc. [17].

A characteristic measure of the rate of energy consumption, or power, by living organisms is their
metabolic heat rate. Studies across a broad spectrum of the organisms have revealed a striking
observation that their mean metabolic rates are confined in a narrow range between 0.3 and 9 Watts per
kilogram of body mass [12]. Table 1.1 presents examples of mass, size, and power consumption of the
cell, averaged within different taxonomic groups (the numbers were derived from [12]).

It is interesting to estimate the rate of energy consumption of the cellular structure of the human
body. First, note that approximately 70% of the living cell (‘wet mass’) is due to water. Therefore as an
order-of-magnitude estimate, it is reasonable to assume that the cell has a ‘wet’ mass density close to
the density of water (1 gran1/cm3). Thus, a cell with a size of 10 pm has a mass of 1 ng or 107'? kg.
Now, since a typical weight of a human can range between 50 and 100 kg, an approximate number of
cells in the body is 5 X 1013—1014, as is consistent with numbers in the literature. Next, since the
average power consumption per cell in mammals is 4 x 107" W (Table 1.1), multiplying this rate by
the number of cells results in 200400 W for human power consumption. By comparison, the average
power per person can be derived from medical studies of daily energy intake as follows. The typical
total energy expenditure of men aged 30-39 years is 14.3 MJ/day = 3400 kcal/day [18]. Thus the
corresponding average power is P = E/t = 14.3 MJ/(24 h x 3600 s) ~165 W.s.

The two different estimates for human power consumption differ by about a factor of 2. The difference
is in part due to variation in the size and in energy consumption rates of various human cells. Also, the
number assumed for human cell power in Table 1.1 is an average across many different mammals [12].

1.4 CURRENT STATUS OF TECHNOLOGIES FOR AUTONOMOUS
MICROSYSTEMS

1.4.1 Cardiac pacemakers

This class of devices represents an example of successful commercialization for implantable
bioelectronic systems. It also is a clear illustration of how the success of miniaturization in
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semiconductors enabled new application domains. In fact, the development of an implantable
cardiac pacemaker entirely depended on the commercialization of the transistor in the 1950s
allowing the design of miniature battery-powered electrical circuits [19]. Thanks to Moore’s
law, the complexity of the semiconductor components of pacemakers has tremendously increased
with time, while their size and mass have decreased (Fig. 1.6). Modern pacemakers contain
microprocessors, memory, different sensors, data transmission, etc. It should be noted, however,
that the further scaling of the pacemaker system size has decreased in recent years mainly due
to the 1i3mited scalability of power supplies (modern pacemakers weigh ~20 g and have a volume
~10 cm”).

1.4.2 Lab-on-a-pill: Wireless capsule endoscopy systems

Currently, there are several commercially available wireless capsule endoscopy systems [21, 22]. The
endoscopes typically contain miniature video cameras, an LED light source, a radio transmitter (with
antenna), and batteries [21]. A typical size of the ‘pill’ envelope is ~1 x 3 cm, with an approximate
volume of ~ 10 cm® and weight of ~4 g [21].

The swallowable capsules can also contain sensors, e.g. pH, temperature, and pressure [21]. A
representative example is a miniaturized device enabling real time in situ measurements in the
gastrointestinal (GI) tract that was reported in [6]. It contains temperature (silicon diode) and pH
(ISFET) sensors along with an integrated radio transmitter using 433.92 MHz frequency. The radio
transmitter is equipped with an integrated loop antenna (1/16 A) that sends data to a base station
connected to a computer. The device also contains a permanent magnet used for non-visual
tracking of the system. The system control unit was fabricated on a 44-pin 4.5 mm x 4.5 mm
silicon die using 0.6 tm CMOS process. The encapsulated lab-on-a-pill was 1.2 mm X 3.6 cm in
size, weighed 8 g, and was powered by a 3 V power supply consisting of two Ag,O battery cells
SR48 (75 mAh). During operation, the data transmission distance was limited to ~1 m. The power
consumption of the device was 4.75 mW in the standby mode and 15.5 mW in the data trans-
mission mode.
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FIGURE 1.6

Pacemaker mass/size trends (adopted and updated from [20])
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1.4.3 ‘Smart Dust’

The term ‘Smart Dust’ is used to describe different wireless sensor network devices of ~1 mm? in size
[7, 23]. An individual wireless sensor node typically contains sensors, hardware for computation and
communication, and a power supply [7]. These nodes (also called ‘motes’) are assumed to be
autonomous and programmable and are able to communicate with each other. Originally, the concept
was driven by envisioned military applications. It was recently proposed that a network of autonomous
sensor nodes could form a ubiquitous, embedded computing platform [5, 7]. Operational prototypes of
such modes on the order of ~ 1 cm® have been demonstrated. One of the smallest motes using passive
optical communication was only 16 mm® in volume and was powered by a solar-cell source [26]. The
challenging target of demonstrating a fully operational mote 1 mm? in size has yet to be achieved. The
most difficult components to scale are energy sources and RF communication components.

1.4.4 Wireless integrated microsystems (WIMS)

In WIMS, the emphasis is on adding non-electrical components to the wireless sensor microsystems
[4, 24]. The combination of semiconductor and microelectromechanical elements (MEMS) into one
hybrid system considerably enhances system functionality and expands the application space. An
important application space is in the area of neural probes, where electronics is integrated with
micrometer-scale multi-electrode arrays [24]. Another WIMS example is miniature high-resolution
pressure sensors that are used, for example, for cardiovascular measurements. Perhaps one of the
most impressive examples of a hybrid WIMS system is a prototype gas chromatography system, for
high-sensitive chemical detection. The demonstrated prototype of this complex automated system
had a volume of only ~200 cm’ (on the order of 10 x 10 x 2 cm) and further developments are
intended to eventually achieve wristwatch implementations [4]. In general, the combination of
embedded signal processing and wireless communication with MEMS is enabling broad new
applications, covering different areas, including homeland security, health care, food and environ-
mental monitoring, etc.

1.5 CONCLUDING REMARKS

Scaling of semiconductor device technology provides encouraging opportunities for making new
functional systems across a broad application spectrum. Electronic devices, such as transistors, can be
made very small, ultimately exhibiting feature sizes of a few nanometers. However, while corre-
sponding miniaturization efforts for systems are currently underway, the overall system sizes remain
relatively large, typically on the centimeter scale. As a general rule, functional systems are more
difficult to miniaturize than devices. A practical shorter-term goal for a small autonomous micro-
system would be to achieve ~1 mm® volume. Moreover, while the scaling limits of individual elec-
tronic devices have been estimated from physics-based considerations, the question of how small
a functional system can be and still offer useful functionality remains open.

The focus of this text is on autonomous systems whose dimensions are two orders of magnitude
smaller than today’s 1 mm target. Thus, a focus of the ensuing chapters is on physical limits for the
various components of the nanomorphic cell. The nanomorphic cell abstraction proposed in this book
may allow one to analyze the fundamental limits of attainable performance for nanoscale systems in



12 CHAPTER 1 The nanomorphic cell

much the same way that the Turing machine and the Carnot engine support such limit studies for
information processing and heat engines respectively.

Since the living cell, which is an organic autonomous system, provides an existence proof that
functional and autonomous systems are possible at the scale of a few microns, the size of the nano-
morphic cell is postulated to be of ~10 tm, a typical size of the living cell (see Table 1.1). In fact, the
living cell is a marvelous machine, which, in order to achieve the goal of staying alive, not only
acquires, processes, and uses information, but also does it at incredibly low rates of energy
consumption in the range of femptowatt to nanowatt. Such levels of power would be a dream target for
electronic microsystems.

There is a parallel in thinking about micron-scale integrated systems to that which occurred when
integrated circuits technology redefined manufacturing of electronic systems. It is hoped that future
research will lead to a similar conceptual leap for the fabrication of systems like the nanomorphic cell.

The studies that follow in this book on limits for the required technologies indicate that a functional
micron-scaled system might be feasible. This suggests possible new research directions in extremely
scaled microsystems and semiconductor bioelectronics, including, for example, integrated micro-scale
energy sources, intelligent microsensor arrays, and very low-energy communication and computation.
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2.1 INTRODUCTION

Embedded energy sources are a key enabler for applications with limited or no physical access to
external energy supplies. For nanomorphic micron-scale systems, such as integrated analytical
microsystems, implantable diagnostics, drug delivery devices, etc., the available volume for on-board
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energy supplies is very limited. Thus, the capacity of an energy supply, both in terms of energy stored
and the rate at which it can deliver energy, can place severe constraints on system design.

In this chapter, fundamental scaling limits for a variety of micron-sized energy sources are
investigated, including the galvanic and fuel cells, the supercapacitor, and radioisotope sources.
Further, it is sometimes possible to directly harvest energy from the surrounding environment when
the delivery of the energy can be either unintentional or directed. In the unintentional category,
energy sources might include ambient electromagnetic, solar, vibration, fluid flows, thermal grad-
ients, etc. An overview of the energy available for harvesting from a variety of sources is also
provided.

BOX 2.1 MAIN CONCEPT: ‘ATOMIC FUEL’

All known sources of energy use the released energy from breaking or forming inter-atomic or intra-atomic bonds. It
is important to remember, therefore, that the minimum energy-storing element is the atom or molecule and that
energy release is always accompanied by ‘burning atoms.’ The total energy available is proportional to the number of
energy-releasing atoms, Nx

E = eNg

Where ¢ is the energy released per atom.

BOX 2.2 AVOGADRO’S NUMBER
According to Avogadro’s Law, the number of molecules in one mole of any substance is constant. It is called
Avogadro’s Number Na:

Ny = 6.022x10%3 moj-!

The number of atoms, n,, in a unit mass of a substance can be found from Avogadro’s Number, Ny, and the
molar mass, M, which corresponds to the relative atomic mass from the Periodic Table expressed, e.g., in grams.
Na
M

For example, for metallic Zn, M = 65 g/mole and n,, = 9.26 x 10?! at/g
The atomic density, which is the number of atoms in a unit volume of a substance can be found as:

Nm =

pNa
Nat = p*Nm = m

where p is the density of the substance (often shown in the Periodic Table).
For metallic Zn, p = 7.14 g/em® and n,; = 6.61x10%? at/cm?®.

M

305
A cell of the Periodic Nes
Table representing Zn 7.

14
|
I
Yol
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BOX 2.3 GEOMETRIC RELATIONS IN SOLIDS
Atomic density — Number of atoms per unit of volume (e.g. per cm®):
Nat = N3p = N
Number of atoms per unit of length in an arbitrary direction (e.g. per cm):
np~~/N3p
Nearest-neighbor distance:
la—a~ s

Surface concentration — Number of atoms per unit of area in an arbitrary cross-section (e.g. per cm?):

2
Ns = Nop~ns

2.2 ELECTROCHEMICAL ENERGY: FUNDAMENTALS OF GALVANIC CELLS
AND SUPERCAPACITORS

A galvanic cell, in its simplest form, consists of two metal electrodes separated by a layer of elec-
trolyte, which allows for ion transport between the electrodes (Fig. 2.2.1). The right (negative) metal
electrode in Figure 2.2.1 loses its atoms, e.g. Li or Zn, which are converted into ions (through an
electrochemical reaction), e.g. Lit, Zn2+, A13+, as they go into solution. The electrode becomes
negatively charged, due to excess electrons that flow through the external connection. Thus, in the
galvanic cell, ‘atomic fuel’ is consumed at the negative electrode to produce electricity: For every 1-2
electrons that flow through the external circuit, a metal atom must go into the electrolyte solution as

External
Load

apo.}o9|d aAlebau

apo.a3o3|a aanisod
9)Ajono39|d

FIGURE 2.2.1

Schematic diagram of a galvanic cell
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Table 2.2.1 Electrochemical energy density metrics for several metals
Characteristic energy

Negative , Electrc_vde density metrics**
electrode potential
reaction (V)* N  J/ecm® J/g Reference
AR+ Al -1.68 3 486E+04 1.80E+04 [1-3
Mg?*/ Mg -2.38 2 333E+04 1.91E4+04 [3]
MnZ*/Mn -1.18 2 3.07TE+04 413E4+03 [1]
Ti2H/Ti -1.63 2 294E+04 B654E+03  [4]
Lit/Li -3.05 1 2.23E + 04 4.20E + 04 Commercial lithium batteries
Zn>*/Zn -0.76 2 1.61E+ 04 2.25E 4 03 Commercial zinc-carbon batteries
Fe®"/Fe -0.44 2 119E+04 1.51E4+03  Ni-Fe
Cd%*/Cd -0.40 2 5.95E + 03 6.88E + 02 Commercial nickel-cadmium batteries
:glectrode potential vs. the standard hydrogen electrode.

Calculated using formulas in Box 2.2.

a positively charged ion M. When the supply of the metal fuel atoms is exhausted, the galvanic cell
can no longer provide energy.

2.2.1 Energy stored in the galvanic cell

Because the typical chemical bonding energy per electron is on the order of a few eV, the typical
potential difference V produced by such a system is ~ 1 Volt. Thus, one atom of the atomic fuel
produces energy ¢ ~ eV and the total stored energy E,.q can be estimated as

Estored = €Ngy = eNej*Ngi*V~eNg»V (2.2.1)

where e is the charge on an electron, N,; is the number of electrons released per atom, and N, is the
number of atoms comprising the metal electrode.

The upper bound for the energy in an electrochemical source can be estimated by using the fact that
the number of molecules (or atoms) in one mole of matter is given by Avogadro’s Number, N4y = 6.02 x
10% at/mol, and that the atomic density in all solids, n,,, varies from 10% to 10** at/cm®:

J
Emax~e*Na+(1V) = 1.6 x 10719+6.02 x 102 ~10° — (2.2.2a)
mole
J
or Emax~e*ng+(1V) = 1.6 x 1071°+10% ~10* = (2.2.2b)
cm

In Table 2.2.1, the gravimetric (J/g) and volumetric (J/cm®) electrochemical energy densities for
several metal electrodes are characterized.

"The electrochemical community refers to the ‘negative electrode’ as the ‘anode’ and the positive electrode as the ‘cathode.’
However, physicists and electrical engineers use an inverted notation. Because of conflicting conventions for anode and
cathode usage and because this paper primarily targets an audience beyond the professional electrochemical community,
the terms ‘positive electrode’ and ‘negative electrode’ are used.
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Finally, from (2.2.2b), if the entire volume of a 10 pm-sized system is filled with the atomic fuel,
a maximum of about 107> Joule would be available.

The energy output is limited by the number of atoms available for conversion. When all atoms from
the negative electrode are converted into ions and the source is depleted, then continued use requires
one of the following actions:

1. Replace the cell.

2. Recharge the cell by applying external electric energy and reversing the electrochemical reactions
(converting ions back to atoms).

3. ‘Refill’ the cell by replacing the electrode material. Conceptually, this is how fuel cells operate.
Some examples will be discussed in Section 2.2.4.

Of course, in reality the 10 pm® volume must be shared with other components, and indeed a more
accurate account for use of the volume would also include all essential components of the galvanic
cell, i.e. the anode, cathode, electrolyte, and encapsulation.

2.2.2 Power delivery by a galvanic cell

The power delivery by a galvanic cell is
P=-= (2.2.4)

where ¢, is the energy release time and E; is the energy released by the surface atoms, which are in
contact with the electrolyte and available for electrochemical reaction. Using an approximate rela-
tionship between the number of atoms in the volume n,, and atoms on the surface n; (see Box 2.3),
obtain: E, = z?-nsze-n?,{3 (2.2.5a)
The energy release time 7, in the limit (e.g. very small resistance of the electrolyte) depends on the time
constants of the electrode redox reaction (i.e. ion formation), which are in the range of 10722104 s
[23].
The upper bound for the power of an electrochemical source can now be estimated as

~—e

1.6.1071° w
213 L 1-(108)i~ 1

at *Nay 10774 W (225b)

Pmax
s

assuming ¢ ~1 eV, ny, ~ 10** at/cm® and tg ~ 107 s.
Finally, from (2.2.5b) for a 10 pum-sized galvanic cell, the upper bound of attainable power is ~ 10~°
Watt.

2.2.3 Current status of miniature galvanic cells

Remarkable progress on miniature battery technology has been reported. For example, Cymbet Corp.
has a rechargeable thin-film Li battery with package dimensions of 5.00 x 5.00 x 1.05 mm [5]. The
output voltage is 3.8 V and the battery capacity is 12 [LAh. This battery targets such applications as
non-volatile SRAM, localized power sources for microcontrollers, etc. It should be noted, that while
Li-based batteries are the primary choice for powering portable devices (because of their energy
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density), other kinds of batteries may better fit the constraints for extremely scaled bioelectronic
systems:

1. Li appears to be one of the best materials from the point of view of energy storage; it has the largest
standard electrode potential (=3.05 V) and it is the lightest solid material (p = 0.53 g/cm?).
Therefore, Li-based batteries provide the highest gravimetric energy density (J/g), as indicated
in Table 2.2.1, which is an important consideration for lighter-weight portable applications and
for transportation. However, for applications where space is the primary constraint, other metals
such as Al, Mg, Mn, and Ti outperform Li in volumetric energy density. In terms of volumetric
proficiency, e.g., Zn (the most popularly used primary battery at present) is comparable to Li.

2. The operating voltage, V, is above 3 Volts in Li batteries; this is attractive from the point of view of
maximizing the total stored energy E,q, Which, according to (2.2.1), is directly proportional to V.
On the other hand, the energy dissipation in the load for electronic circuits is proportional to V2. For
example, as is discussed in Chapter 3, Box 3.6, operation of electronic devices always involves
charging and discharging of an equivalent capacitor C; the corresponding energy dissipated in
an elementary switching event is

Eg = CV? (2.2.6)

The total number of the operations the system can perform with a given energy supply (e.g. elementary
binary switching events) is according to (2.2.1) and (2.2.6):

Esmred 1
NSW = —~—

2.2.7
E., "V (2.2.7)

Thus, the total number of switching events decreases as voltage increases (Fig. 2.2.2). For these
reasons the operating voltage should be below 1 V (for more on this see the following sections). If Li

3.50E+09 - C=1fF

3.00E+09

2.50E+09

2.00E+09

1.50E+09 -

# of switching events

1.00E+09 -

5.005+08 1 \*&n.“_‘_‘_'

0.00E+00 T T
0 0.5 1 1.5 2 25 3 3.5 4 4.5

V (Volts)

FIGURE 2.2.2

The total number of elementary switching events for fixed total energy as a function of operational voltage
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sources were used in the nanomorphic system, they would require voltage conversion, consume

additional volume, and dissipate additional energy due to energy conditioning.

3. Encapsulation may be the most important issue for very small batteries, especially when electrode
materials that are not compatible with water are used. Lithium violently reacts with water and the
need for a package (case) may impose a limit to practical miniaturization [6—8]. To address this
problem, caseless microbatteries have been proposed for bio-implantable applications [6]. In
fact, such caseless microbatteries consist only of two electrodes immersed in physiological
fluids such as the subcutaneous interstitial fluid, blood, serum, etc. Polymer-coated Zn and Ag/
AgCl could be used as negative and positive electrodes respectively, since these materials are
generally regarded as potentially harmless and could therefore be used for in vivo galvanic
microcells [6]. An experimental cell Zn|serum|Ag/AgCl made with a fine Zn fiber anode was
shown to operate at 1V and 13 pA/cm? for about 2 weeks [7]. Extreme cell miniaturization is
currently in progress and preliminary results on experiments with galvanic cells having
a 10 um-disk Zn anode have been reported [8]. As another example, a miniature Zn-Pt galvanic
cell utilizing gastric fluid in the stomach as the electrolyte was described in [31]. The size of
the fabricated battery was 10 mm x 8 mm X 4 mm. In experiments using simulated gastric
fluid (80 mM HCI, 34 mM NaCl, and 10 uM digestive enzyme pepsin) as the electrolyte, this
battery generated 1 mW of power.

2.2.4 Miniature biofuel cells

The primary attraction of fuel cells is that their energy capacity is not limited as long as energy (in
chemical form) is supplied externally. For bioelectronic applications, e.g., it is attractive to use a small
amount of energy stored in a biological organism to power, for instance, the nanomorphic microsystem
[32]. One important ‘biofuel’ is glucose — CgH204. The glucose—O, biofuel cell is a promising
candidate for micropower source [8—11,33,34]. The two reactants (glucose and O,) are blood-supplied
and are present in most tissues.

Another important ‘molecular fuel’ in biosystems is adenosine 5’-triphosphate (ATP) —
C10H16N5013P3. The ATP energy storage density is ~ 6.6 X 10* Jkgor ~3 x 10* J/mole [12,13]. This
corresponds to ~0.3 eV per ATP molecule, which is comparable to ~ 1 eV in the galvanic cell.
However, in biosystems, the ATP is dissolved to a typical concentration of 1-10 mM (10°°—10">
mole/cm®) [12,13], and thus the maximum stored energy in ATP is reduced to ~0.03-0.3 J/em®. One
possible approach to boosting the energy density of micro-biofuel cells is to use a microfluidic
‘concentrator’ [13].

The upper bound for the power of a fuel cell harvesting power from a human body can now be
estimated in the same way as (2.2.5) using parameters in Table 2.2.2:

e o5 L6-107Y

2 4
Prax ~—*&*n -30+(3-10'8)° ~0.1 —

i BRI o (2.2.8)

(assuming glucose fuel with ¢ ~ 30eV,n ~ 3 x 10'8 molecule/cm3, and g ~ 107 S).

Similar calculations for ATP resultin ~0.002 W/cm?>. Finally, for a 10 pm-sized biofuel cell, the
upper bound of attainable power is ~ 107’ Watt for glucose and ~ 10~° Watt for ATP.

Biofuel cells are currently an active area of research and recent reviews for the field are contained
in [33] and [34]. An example of a very small caseless cell, consisting of two bio-electro-catalyst-coated
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Table 2.2.2 Characteristics of biofuels available in living systems
Glucose ATP

€, eV/molecule ~30 ~0.3

Concentration in human blood, mM ~5 10

n, molecule/cm?® ~3x 10'® ~6 x 10'8

Max. power density, W/cm? 0.1 0.002

Max. power in hanomorphic cell, W 1077 107°

carbon fibers 7 pm in diameter and 2 cm in length, gave a 0.26 mm? footprint and a 0.0026 mm?
volume [10]. This cell demonstrated continuous generation of 4.4 LW in a physiological, glucose-
enriched buffer solution (30 mM glucose). Operation of this miniature biofuel cell implanted in
a living plant (grape) has also been demonstrated, generating 2.4 uW [11].

2.2.5 Remarks on hiocompatibility

With caseless microbatteries, consisting of two electrodes immersed in physiological fluids, dilute
quantities of metal are injected into the body — a potentially undesirable event. However, the total mass
of metal in the 10-tm cube does not exceed 10 ng, which is many orders of magnitude less than typical
dietary intakes [14,15] or even regulated drinking water concentrations [16], as shown in Table 2.2.3.
The injected nanodoses of elements and compounds would be many orders of magnitude below their
‘toxicity’ or ‘nutrition’ levels. Therefore, the contribution of micron-scale galvanic cells should be

Table 2.2.3 Electrochemical energy density metrics along with typical dietary and regulated
drinking water concentrations for several metals
US EPA
drinking
Negative Characteristic Max. total Typical water
electrode Electrode energy density mass in 10 dietary regulations
reaction potential (V) (J/cmd) pm cube intakes [14]
ART/A —1.68 4.86E + 04 3x 10 °%g n/a 5x 107° g/L
Mg®*/Mg -2.38 3.33E + 04 2x10°%g 0.3 g/day [14]  ~10"2mg/L*
Mn®*/Mn -1.18 3.07E + 04 7x107°%g 2 x 1078 g/ 5x 107° g/L
day [14]
Zn?t/zZn —-0.76 1.61E + 04 7x10°%g 1073 g/day 5x 108 g/L
[14]
Fe2*/Fe —0.44 1.19E + 04 8x 10 °%g 1072 g/day 3x 1074 g/L
[14]
Cd?*/Cd —0.40 5.95E + 03 9x10°%g 17 x 107 5x 1076 g/L
g/day [15]
‘Not regulated by EPA — the number in the table represents a typical value.
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well below limits that would affect human health. (Biocompatibility estimates depend obviously on the
number of devices.)

In this section, the limits of energy storage for several different material systems for galvanic and
fuel cells have been examined in the context of their applicability as energy sources for the nano-
morphic cell. Although the amount of energy available is quite small in either case, this study suggests
that the idea of using galvanic cells as an energy source for micron-scale systems is not out of question.
The ultimate usefulness of galvanic cells in this context depends strongly on the volume and energy
requirements and trade-offs for sensing, computation, and communication that are discussed in
subsequent chapters.

2.2.6 Miniature supercapacitors

The micro-scale electrochemical sources described in the previous sections have power output in the
W range, which could be sufficient for some applications (e.g. sensing, logic, control), but too small
for others (e.g. signal transmission). Integration of a micro-scale battery with a micro-scale super-
capacitor may help boost the power output of the system [10,11].

A schematic diagram of a supercapacitor is shown in Figure 2.2.3. One plate of the capacitor is
formed by the metal electrode, while the electrolyte forms the second plate. In order to make external
contact, a second electrode is needed. The two-electrode structure shown in Figure 2.2.3 is in effect
two capacitors connected in series (a capacitance exists at each of the electrode/electrolyte interfaces).

If the negative electrode/electrolyte capacitance is C_ and the positive electrode forms a capaci-
tance C,, the resulting capacitance of the two serial capacitances is

c.C, c_
C = = ol
C_ + C+ C—: —+ 1

(2.2.9)

If C_ = C; (symmetric capacitor), the resulting capacitance C = C_/2. If C_ << C; (asymmetric
capacitor), C = C_.

There are two energy storage mechanisms in supercapacitors. The first mechanism results from the
formation of an electrical double-layer at the electrode/electrolyte interface. The second energy
storage mechanism is due to the voltage-dependent fast electrochemical (faradaic) reactions occurring
at the electrode surface between electrode atoms and ions of the electrolyte. The double-layer
capacitance always exists at the metal/electrolyte interface. In addition, the faradaic capacitance effect
can occur with certain electrode materials. The two mechanisms each have their characteristic

capacitances.
The capacitance of a double-layer supercapacitor can be estimated from a standard equation [17]:
KA
c == (2.2.10)

where &) = 8.85 x 10~ F/cm is the permittivity of free space, K is the relative dielectric constant
of the interpolate layer, d is the thickness of the interpolate layer (Fig. 2.2.3), and A is the surface area
of the capacitor plates.

The basic idea in supercapacitors is to maximize C by creating the minimum possible d in (2.2.10)
due to the use of the electrical double-layer at the metal—electrolyte interface (Fig. 2.2.3). For
concentrated aqueous electrolytes, d = 0.5—1 nm [17]. By using this value and the dielectric constant
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FIGURE 2.2.3

inside the double-layer, K ~ 10 for aqueous electrolytes [17], (2.2.9) gives the specific capacitance
(the capacitance per unit area, c,=C/A) as C; ~10-20 pF/cm>.

The faradaic capacitance (pseudocapacitance) is defined as C; = {, where g is the charge trans-
ferred during the electrochemical reaction. The maximum value of ¢ is limited by the surface density
of atoms n, (which in all solids varies from ~10'* at/em? to ~10'> at/em?):

Gmax ~e*ns~1.6 X 10*'9-10‘5~10*4£2 (2.2.11)
cm
For V~1V, the faradaic capacitance per unit area is Cy ~ 100 E/cm? or about 10x larger than the
double-layer capacitance.

The total capacitance can be further increased by increasing surface area using porous electrode
materials with high specific surface a; (total area per unit mass). Different forms of activated carbon
offer the highest specific surface — on the order of 1000 m*/g [17-21]. The upper bound for the specific
surface of carbon was estimated in [18] based on atomic packing considerations of graphene sheets in
graphite (Fig. 2.2.4). Since the size of the pores cannot be less than the distance between the neighbor
sheets, & = 0.335 nm, this distance gives us a lower bound for the pore size (and therefore the upper
bound of porosity). Let the total surface of one graphene sheet be A = 2lw (both sides result in the
factor of two), the volume v = w3, and the mass v (p = 2.267 g/cm’ for graphite). The specific area of
such ‘ultimately porous’ carbon is
L - (22.122)
m pv plwd  pd

or numerically:
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Atomic structure of graphite used to estimate the upper bound for porosity in carbon materials. The size of an
‘ultimate’ pore cannot be less than the distance between neighbor graphene sheets, 6

2 cm? m?
= =26x 10" — = 2600 — 2.2.12b
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This simple estimate is consistent with rigorous calculations of, e.g., the specific surface area of the
‘ropes’ of parallel single-wall nanotubes in the limit of ultimately small nanotube diameter [21].
A widely used characteristic number is the gravimetric specific capacitance (per unit mass):

Cm = Qg*Cg (2.2.13)

Assuming that the value of g, in (2.2.12b) is an approximate upper bound for all material systems and
using the above estimates ¢y ~ 10 uF/cm2 (double-layer) and ¢; ~ 100 |vlF/cm2 (faradaic) for specific
capacitances, the approximate upper bound for the gravimetric specific capacitances: ¢, ~ 300 F/g
(double-layer) and ¢, ~ 3000 F/g (faradaic) is obtained. Table 2.2.4 contains specific capacitances of
several materials systems and compares these with the upper bound numbers.

For a cubic electrode of size [, the total surface area is

pd B
If [ = 10 um, then A ~ 0.06 cm” and the total capacitance of a double-layer supercapacitor is
~(5- 10)% % 0.06 cm*> = 0.3 — 0.6 wF(upper bound). The specific capacitance of the faradaic

capacitors is roughly 10-20 times larger, and therefore ~ 10 UF is the upper bound for the 10-Lm size.
The energy stored in the capacitor is

A = mea, — (2.2.14)

E=— (2.2.15)



26 CHAPTER 2 Energy in the small: Integrated micro-scale energy sources

Table 2.2.4 Specific capacitances of several materials systems

Double-layer capacitors cm, F/g Ref.
Upper bound ~300 [18] and this work
Activated carbons/ag-H>SO» 200 [19]
Activated carbon/NaCl-gelatine 80 [26]

Faradaic capacitors

Upper bound ~3000 this work
RuO./ag-HoSO4 900 [30]
MnO,-nH,0O/ag-NaCl 200 [24]
MnFe»0,4/ag-NaCl 100 [25]

While it might be desirable to increase the voltage V for larger stored energy, the maximum voltage
Vimax Of the electrochemical double-layer capacitors is fundamentally limited by the electrolysis
threshold voltage. For aqueous electrolytes, V,,,,, = 1.2 Volts, and thus the maximum energy stored in
the capacitor Epax ~0.5:0.6 ,uF-(l.ZV)2 = 4 x 10~ 7J(double-layer) and ~ 107/ (faradaic).

The capacitor voltage can be increased to some extent by using organic electrolytes (V4 ~ 2.5 V)
or ionic liquids — organic molten salts (V. ~ 4 V). In the latter case, Emax ~5+10~%J(double-layer)
and ~10~*J (faradaic).

The power delivery by discharge of a capacitor is

E

P=- (2.2.16)

where ¢ is the energy release time, which depends on the time constants of the electrode reactions (e.g.
the formation/relaxation of double-barrier or redox reactions) t,;, and the capacitor discharge time #¢:

t =t +1c 2.2.17)

The electrode reaction time is t,; ~ 1078 s for the double-barrier formation process and t,; ~ 10~ for
faster redox reactions [23]. The capacitor discharge time 7 ~ 2RC (double-layer capacitor, roughly
90% V-discharge, 99% E-discharge), where R is the resistance of the electrolyte, which can be
calculated using the conventional formula:

d
R = —
oA

In (2.2.18), ¢ is the conductivity of the electrolyte, A = 1% is the planar electrode area, and d is the
electrolyte layer thickness. The electrolyte layer thickness must be at least larger than 2 x the double-
layer thickness; therefore, following [18], assume d = 2 nm for the hypothetical best case scenario. For
d =10 um and ¢ ~ 0.7 S/cm (concentrated aqueous electrolyte), the resulting resistance R ~ 0.3 Q.
For the ionic liquids ¢ ~ 0.01 S/cm, which results in R ~ 20 Q.

Characteristic parameters driving the performance of supercapacitors are given in Table 2.2.5,
along with estimates using (2.2.15)—(2.2.18) for the energy and power delivery by a 10 pum-sized
supercapacitor. Note that the upper bound for power is ~1 W.

(2.2.18)
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Table 2.2.5 Estimated parameters of near-ideal 10 um-sized double-layer and faradaic
supercapacitors

Capacitor Double-layer Faradaic
Electrolyte Aqueous lonic Aqueous lonic

Vimax (Volt) ~1.2 ~4 ~1.2 ~4

Crmax (F) ~6x1077 ~6x 1077 ~107° ~107°
Rmin (©) ~0.3 ~20 ~0.3 ~20

ter (5) ~1078 ~1078 ~107* ~107*

to (9) ~4x1077 ~2x107° ~6x1076 ~4x107*
t () ~4x1077 ~2x107° ~1074 ~5x107*
Emax (J) ~4x1077 ~5x107° ~7x107° ~8x107°
Prax (W) ~1 ~0.2 ~0.07 ~0.16

Miniature supercapacitors: Discussion on the status and research needs

As seen from Table 2.2.5, the double-layer supercapacitors have higher potential for power delivery
than the faradaic capacitors. Studies of new mechanisms of electrode—electrolyte interactions could
help to improve the achievable capacitance. For example, it was recently shown, using porous carbon
materials with a very small pore size (< 1 nm), that a 50% increase in the double-layer capacitance
could result [21]. The authors [21] suggest that this effect is due to the decrease of the effective double-
layer thickness d in (2.2.10), which is determined by the size of the pore.

It should be noted, however, that the double-layer capacitors achieve their highest power performance
in strong electrolytes, such as sulfuric acid. This raises encapsulation issues and thus makes scaling to
small dimensions difficult. For maximum voltage, organic molten salts are needed and must be encap-
sulated. The need for encapsulation may impose a practical scaling limit on double-layer capacitors.

For autonomous bioelectronic microsystems, it is desirable to minimize or eliminate the encap-
sulation issue (see the related discussion in the microbatteries section above). In principle, it might be
possible to make a caseless supercapacitor which uses the physiological fluids (e.g. NaCl-based) as the
electrolyte [20]. Research to explore new electrode materials with supercapacitance behavior in NaCl
electrolyte is therefore needed. It appears that for caseless applications, the faradaic supercapacitors
are more suitable. Mn-based materials are promising for these applications. For example, hydrated
amorphous or nanocrystalline manganese oxide, MnO;-H;0, exhibits capacitances ~200 F/g in NaCl
solutions [24]. Also, MnFe,O4 was found to exhibit a large faradaic capacitance of > 100 F/g in NaCl
electrolyte and high-power delivering capabilities of >10 kW/kg [25].

NaCl-contained biopolymer solid electrolytes could have a potential for use in biocompatible
double-layer supercapacitors [26]. Such electrolytes have an ionic conductivity of up to 0.1 S/cm [26].
Supercapacitors made of Black Pearl Carbon electrodes and NaCl-doped electrolytes have demon-
strated a specific capacitance ~ 80 F/g [26].

Conductive polymers are also attractive materials for faradaic micro-supercapacitors. They have
specific capacitance of 100-300 F/g and can in principle be synthesized accurately to the sub-micron
scale by electrochemical methods [27]. Both electrodes and electrolytes can be made from the
conductive polymers. For example, in [28], all-solid polymer flexible miniature supercapacitors were
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fabricated using polypyrrole (PPy) as electrodes and solidified polyvinyl alcohol (PVA) as electrolyte.
The lateral dimensions of the capacitor were 2 x 2 mm and the thickness was much less than 1 mm. The
capacitor structure could be deformed, rolled up, etc., without changes in performance. The structure
had a capacitance of several mF and was tested at a maximum voltage of 0.6 V. In principle, such an all-
solid polymer capacitor could have better scalability due to relaxed encapsulation constraints.

It should also be noted that embedded miniature supercapacitors would find many applications in
semiconductor microelectronics. For example, in order to respond to the power integrity problem in
microprocessors, integrated thin-film high capacitances are needed [29]. Currently existing super-
capacitors are not available in a planar format suitable for on-chip integration. The potential for
integrated miniature supercapacitors for microprocessors was recently discussed in [29].

In conclusion, embedded miniature supercapacitors appear to be a potentially feasible power
source, whose estimated upper bound for power lies between 0.1 and 1 W.

2.3 ENERGY FROM RADIOISOTOPES
2.3.1 Radioisotope energy sources

Electrochemical sources described in previous sections have energy output ~1 eV/atom, which is related to
the energy of inter-atomic bonds. Thus, the maximum energy stored in, e.g., a 10 um-sized box is
~107° J. In principle, the ‘intra-atomic’ energy (i.e. of nuclear bonds) is much higher and therefore its
utilization seems very attractive for embedded micro-power sources in size-constrained systems [35-37].

The energy of radionuclides is released in energetic particles, typically a- (He ions), - (electrons),
and Y- (electromagnetic radiation) particles. a- and P-emission can in principle be utilized in energy
sources. Several examples of a- and B-radioisotopes are given in Table 2.3.1.

The energy release by radionuclides can be calculated using the radioactive decay formula:

E(t) = Eu*N(t) = Eu No GXP(—_Z) (2.3.1)

where Ny is the initial number of the atoms, N(?) is the number of atoms that have not released an
energetic particle by the time ¢, 7 is the ‘mean life time’ of a radioactive atom, and ¢ is the average
energy of the particle released by a radioactive atom. For a-emission (discrete energy spectrum,
Fig. 2.3.1a), ¢ = Ey,x, while for B-emission (continuous energy spectrum, Fig. 2.3.1b), the average
energy of electrons is approximately 1/3 of the maximum energy Epax[39].

Another common characteristic time of radioactive reactions is the radionuclide half-life #;,,
which is related to the mean life time 7 as

tiyp = tln2 (2.3.2)
The total energy released by the radioactive sources is
E = eN, (2.3.3)

The average power delivery by a single-atom radioactive reaction is ¢/t and the power of N radioactive
atoms is
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Table 2.3.1 Characteristic parameters of several radioisotopes
@
R E e (Emax)s

Radioisotope eV @1 (s) um [56]  “J/ecm® ®w/cm?® Comment

(o) 2"°Po 5.4 x 108 1.7 x 107 ~26 23x10"° 1.4 x10° Has been
investigated as
a light-weight
energy source
for space
applications

(o) 28 Pu 5.5 x 10° 4.0 x 10° ~27 4.4 x 10" 11 Early use in
pacemakers
(Medtronic,
Numec Corp.
[38])

(8) ®H 1.86 x 10* 56 x10° ~4 49 x10* 88x107° Usedto
produce light in
self-illuminating
watches

(8) ©Ni 6.69 x 10* 4.6 x10° ~34 23x10° 51x1072  Demonstrated
[35,45-47]

8 "Pm 224 x10° 33 x10°  ~300 3.5 x 108 1.1 x 10° Early use in
Betacell 400
pacemakers [4]
Used in QynCell
batteries

Maximum energy of an energetic particle.

©@Mean life time of a radioactive atom.

©Stopping range in silicon.

“@Total energy stored in the radioactive source.

©Total power released by the radioactive source.

(a) (b)

2 >
-'7, :'ﬁ E
§ | g -
= £ i
Kinetic energy ¢ &= lEm. Kinetic energy E.x
3 ax
FIGURE 2.3.1

Energy spectra of: (a) a-particles (immediately after decay) and (b) B-decay electrons



30 CHAPTER 2 Energy in the small: Integrated micro-scale energy sources

eN| 0
T

P = (2.34)
The characteristic parameters of several radionuclides, including their energies and power metrics, are
given in Table 2.3.1. It would seem that to maximize energy output, the radionuclide with the most
energetic particles would need to be used. However, there is a severe constraint on the minimum size of
the radioisotope energy sources arising from the ability of matter to absorb radiation. The energy
released by radionuclides needs to be captured and converted into a usable form of energy, which can
be achieved by the materials adjacent to the radioisotope source. All existing schemes of energy
capture/conversion are based on the interaction of the energetic particles with the absorbing matter.
Products of this interaction are excess charge, electromagnetic radiation, and heat.

The absorbing matter is characterized by its ‘stopping power.” The distance L to the point where the
energetic particle has lost all its energy is called the range and it presents a characteristic minimum size
for the radioisotope energy source. Stopping ranges in Si for a- and B-particles of different energies are
shown in Figure 2.3.2. The stopping range can be approximated by a power function:

L(e) =bek (2.3.5)

where b and k are constants, which depend on the type and energy of the energetic particle and on the
absorbing material.

The size of a radioisotope energy source (lower bound) is a sum of the ‘fuel compartment’ size
r and the absorber stopping thickness L (given by (2.3.5)), i.e. § = r 4+ L (Fig. 2.3.3a). The size
of the ‘fuel compartment’ determines the maximum energy storage, E = €Ny, and power delivery
of the source. This size depends on the total number of fuel atoms in the compartment’s volume

(No = v-ngp):
E \3 Pt \3
F~vh — ( ) — < f)* (2.3.6)
ENgt ENgt

where E is the total energy stored by the radioisotope source and n,, is the atomic density of the
radioisotope. Thus, the lower bound on the size of a radioisotope energy source is

Pt \3
S = bek + ( T)’ (2.3.7)

EN gt

The maximum power of radioisotope energy sources as a function of total size is shown in Figure 2.3.3b.

2.3.2 Energy conversion

The two large classes of the radioisotopic energy converters are thermal and non-thermal [42].

In principle, conversion of the particle energy into heat allows for ~100% energy collection.
However, in conversion of the thermal energy into useful work, the upper bound of the useable output
energy is given by the Carnot efficiency limit:

T,
Eour = (1 _T_L) *Eu, = nEgp (2.3.8)
h

where E,, is the absorbed energy.
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Size constraints of a radioisotope energy source: (a) a schematic drawing of the energy source, consisting of
a ‘fuel compartment’ and an ‘energy absorber’, (b) maximum power as a function of total size

Assuming T, = 300 K (ambient) and 7, = 400 K (a practical operational limit for Si VLSI), the
Carnot efficiency 1 = 25%.

Interaction of - and PB-particles with semiconductor-absorbing matter results in the creation of
electron-hole pairs which can be separated at different electrodes and, thus, create a potential
difference between the electrodes. This is analogous to the effect of incident photons in photovoltaic
cells and is referred to as ‘alphavoltaics’ and ‘betavoltaics’.

One of the factors determining the efficiency bound for betavoltaics is the electron-hole creation
energy, E,_,, which depends on the semiconductor bandgap E,. The minimum E, ., (impact ionization
threshold) is E.j, yin ~ 3/2Eg, resulting from the momentum conservation requirement. As was dis-
cussed in [43], the average energy of the electron-hole pair creation can be approximately written as
E,_n~2E,;,, . Next, one needs to take into account that a fraction A of the particle kinetic energy
goes directly to the lattice vibrations; thus:

E,p~3E, +A (2.3.9)%

Relation (2.3.9) approximately holds for all semiconductors and for all types of incident particles (e.g. o,
B, 7). For example, in silicon, the pair-creation energy is 3.6 eV for a-particles and 3.8 eV for electrons.
The maximum conversion efficiency can be estimated as:
Eg Eg
=== =_—" 2.3.10a
T E, . 3E,+A ( )
This equation can be re-written by dividing both the numerator and denominator by E,:
1

3+

n = (2.3.10b)

S

2As it was shown in [9], factor of 14/5 in (2.3.9) gives a more accurate approximation, but for the expository level of the
discussion in this study we use factor of 3.
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Table 2.3.2 Recent results on alpha- and betavoltaic radioisotope energy sources

Semi- Year,

conductor Eg, eV Area lsc Voc P n Source Ref.

SiC 3.2 1 cm? 2 nA 2V ~1 pW 4.5% 3%p 2006 [3]

SiC 3.2 05mm?  21pA  ~055  ~5pW - B3N 2007 [2]
V

InGaP 1.85 1 cm? 05nA 04V 0.01nW  0.04%  2*'Am 2006 [9]

As follows from (2.3.10b), higher theoretical efficiency is expected for larger E, and the maximum
efficiency 1,ux ~ 33% (for silicon, n ~ 29%).

A typical betavoltaic cell consists of a radioisotope [ electron emitter integrated with a semi-
conductor pn-junction and operates in a manner similar to how a photovoltaic cell operates. The
efficiency of such a cell will be less than given by (2.3.10) due to geometrical reasons: the radio-
isotope emits particles isotropically over 4T steradian, while only particles emitted in the direction
of the pn-junction are absorbed for conversion. Therefore, only about one-quarter of all emitted
particles will be available for conversion. To enhance particle collection, two-sided cells have been
proposed. Overall, if planar prn-junctions are used, the particles emitted in the direction perpen-
dicular to the surface of the semiconductor will not be collected. The number of these non-collected
particles is 27/4T = 1/2, and thus the upper bound for the efficiency of planar apha/betavoltaic
devices is given by (2.3.10) divided by two or ~15%. Of course this number will be further
decreased by parasitic effects in the semiconductor (not considered here). In principle, the spherical
device geometry of Figure 2.3.3 would considerably enhance the conversion efficiency; however, the
feasibility of such a design is unclear.

2.3.3 Current status of miniature radioisotope energy sources

Table 2.3.2 presents several recent results on alpha- and betavoltaic radioisotope energy sources. The
characteristic parameters of the sources are the open-circuit voltage V,,., the short-circuit current /.,
the conversion efficiency 7, and the power P.

Recently, a MEMS radioisotope micropower generator was demonstrated [1,11-13]. The process is
as follows. Emitted charged particles (e.g. electrons) are collected by a microcantilever. As a result,
electrostatic force is produced between the cantilever and the radioisotope film. The cantilever is
attracted toward the film, and thus produces mechanical movement, which could be further converted
into electricity by, e.g., the piezoelectric effect [12]. The volumetric energy density of such a generator
powered by ®Ni isotope was estimated to be 5.0 x 107> J/cm>[11] and thus, about 50 pJ of energy can
be stored in a 10-Um cube.

2.4 REMARKS ON ENERGY HARVESTING

In the context of the nanomorphic system, energy harvesting refers to the collection of energy from
external sources and its conversion into electrical form to power the system [48,69]. The biofuel cell,
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discussed in Section 2.2.4, is an example of harvesting from unintentional sources, i.e. from the ambient
environment. Energy can also be harvested from intentional sources that transmit energy to the nano-
morphic cell for conversion and conditioning. In the spirit of autonomous system operation, delivery by
directed external energy sources covered herein does not include electrical connections, e.g. wires. The
external energy accessible for harvesting can be in the form of radiation (solar, laser, RF), mechanical
(vibrations), thermal, etc. As will be shown in this section, the amount of energy available for harvesting
is fundamentally limited by the level of energy available in the ‘safe” ambient environment, e.g. as defined
by various regulatory agencies. Therefore, the remarks below are more concerned with the energy
available for harvesting rather than details of operation of particular energy-harvesting devices.

2.4.1 Radiation

Solar energy

One sustainable source of energy in Earth’s environment is the sun, whose energy can be converted
into electricity by a photovoltaic cell. The operation of the photovoltaic cell is based on interaction of
light with semiconductor-absorbing matter, creating electron-hole pairs that can be separated at
different electrodes, and thus create a potential difference between the electrodes.

Operation of the photovoltaic cells and their use for energy production has been thoroughly studied
[49,50]. Table 2.4.1 illustrates the solar power available at the Earth’s surface under various envi-
ronmental conditions. According to this table, the maximum energy available to a photovoltaic system
is given by the product of the solar energy density and the area of the photovoltaic cell. The maximum
solar irradiance is ~ 1000 W/m?; thus, for the system size of ~10 um we obtain:

P~1000

w
-+(107°m)> =107 W
m

Table 2.4.1 Solar irradiance for typical terrestrial conditions

Ppeak

Tamb (°C)* (W/m?)** Note
High irradiance, high temperature +45 1100 Very hot and sunny summer day in
(HIHT) a desert location
Normal irradiance, cool +18 1000 Summer day in a cool coastal region
environment (NICE)
High irradiance, low temperature —1...48 1000 Early spring day in Central Europe
(HILT)
Medium irradiance, high +27... 600 Very hot but cloudy and humid
temperature (MIHT) +33 summer day
Medium irradiance, medium +7...+14 350 Warm and cloudy day
temperature (MIMT)
Low irradiance, low temperature -0.6...0 260 Winter day in Central Europe
(LILT)

Tamp= @ambient temperature.
Ppeak— peak irradiance.
(data taken from [51])
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which is about an order of magnitude less than the power density attainable from a galvanic cell of the
same size. Note that this estimate assumes 100% conversion efficiency, which is clearly overly
optimistic. The overall efficiency of practical photovoltaic systems ranges between 11% and 30%,
which would substantially reduce the output power.

Laser energy

In principle, one can think of powering an autonomous microsystem with a highly collimated laser
beam. If the beam is focused to the spot diameter of ~10 m, a beam power density of ~1 W/cm? would
supply the power of ~1 UW to the nanomorphic cell, i.e. about the same power as a galvanic cell.
Limits on laser power exposure by humans are subject to safety regulations. Figure 2.4.1 shows
maximum permissible exposure limits for laser radiation of humans for different wavelengths and
exposure times [51].

Of course direct laser powering is not an option for operations where the target location is not
discernible; however, it might be considered for some applications. Photovoltaic laser power
converters have been demonstrated for larger-scale systems [52, 53]. In [53], a near-infrared laser
(A = 810 nm) was used to recharge a lithium battery in a device implanted in a live rat. A photovoltaic
cell array embedded under the skin received the near-infrared light and generated electricity sufficient
to charge a battery. The total detection area of the photocells was 2.1 cm? and the power density of
incoming radiation was 22 mW/cm? (limited by the permissible skin temperature rise). It was shown
that 17 min of laser illumination can provide enough energy to run a commercial cardiac pacemaker

10° T T T T T T T
104
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10

MPE (W/cm?)
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108
400-700 nm

10|

10° L

10'6 ! 1 1 L i
10 105 10* 1073 102 10" 1 10 102 103

Exposure time (s)

FIG. 2.4.1

Maximum permissible exposure for skin exposure to a laser beam [5]
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for 24 h. It is important to note that in the above experiment [7], the dominant cause of the skin
temperature rise was heating of the photocell array rather than the direct absorption of laser irradiation
by the skin.

RF/microwave energy

The concept of wireless transmission of electrical energy via RF/microwave radiation is more than
a century old, stemming back to Tesla’s experiments. Today it is routinely used in radio-frequency
identification (RFID) tags. Possibilities of using RF/microwave energy for powering small autono-
mous devices are also being explored [48,55].

The main issue associated with powering a microsystem with radiofrequency (RF) radiation is that
when the radiation wavelength is larger than the receiving antenna size (which would be comparable to
the 10-pum size of the nanomorphic cell), the absorption efficiency of the receiving antenna dramat-
ically decreases. This problem is analyzed in detail in Chapter 5. For example, if the RF frequency is
300 GHz (wavelength of 1 mm), the efficiency of a 10 um-long antenna is ~ 10~*. Moreover,
non-directional radiation from the source will also result in a dramatic increase in total required
radiative energy as a function of distance between the transmitter and receiver (Frij’s law discussed in
Chapter 5). However, the levels of RF radiation in the human living environment are strictly regulated.
As follows from the IEEE standards on the maximum permissible exposure limits for RF electro-
magnetic fields (Fig. 2.4.2), the maximum permissible exposure of radiation with wavelength of 1 mm
is 10 mW/cm?. Even if one assumes 100% receiving efficiency, the maximum power delivered to the
microsystem is 10® W, which is less than that of a galvanic cell. With ~10~* antenna efficiency the
power delivery is on the order of 107'% W.

IEEE C95.1-1999/ ANSI C95.1-1999
Field Strength Limits
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FIGURE 2.4.2

Maximum permissible exposure limits for RF electromagnetic fields [9]
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Kinetic energy

The harvesting of kinetic energy, e.g. in the form of vibration, is sometimes regarded as an attractive
source for powering wearable systems [48,57-62,69]. The ambient vibration is usually characterized
by its amplitude x, frequency f, and acceleration magnitude a. Examples of typical vibration sources
are shown in Table 2.4.2. The exposure action value (EAV) is a limit set on occupational exposure to
vibration/noise where beyond those values, employers must take steps to monitor the exposure levels.
An upper extreme limit exposure limit value (ELV) is provided as well to give a margin. Figure 2.4.3
depicts admissible exposure limits for vibration.

Below, a simple order-of-magnitude estimate of the vibrational energy available from the ambient
environment is given. The kinetic energy of a body of mass m moving with velocity u is

mu®

E =% (2.4.12)

The energy density (energy per unit volume) is

Ey pu2
R R s 2.4.1b
! v 2 ( )
where p is the density of the body or the media. Vibration is represented by a periodic (not necessarily
harmonic) movement with frequency f (period ® = 1/f), where the amplitude x is reached in t = ®/4
(quarter period). Thus, the characteristic velocity of the process is
x  4x

Ek,

~- =" =4 2.4.2
u~ =g = 24.2)
Similarly, the characteristic acceleration is
4
a~% - 5” — duf = 16x> (2.4.3)
From (2.4.1b), (2.4.2), and (2.4.3), the vibrational energy density is
2
Ep = 8px?f2 = 224 244
k pxfT =5 72 (2.4.4)
The power density of ambient vibration can be obtained by dividing (2.4.4) by t = T/4 = 1/4f:
Py = =Y = 32 = 245
v ; px°f 87 (24.5)

For a numerical estimate, let f~ 10 Hz and p ~ 20 g/cm’®, which is close to the densest natural solids, such
as gold (pay = 19300 kg/m?), platinum (pp, = 21 450 kg/m?), iridium (pg; = 22 500 kg/m?), and osmium

Table 2.4.2 Examples of typical vibration sources [64]

Source Frequency, Hz Amplitude, Cm
Air compressors 4-20 1072
Pumps 5-25 1078
Transformers 50-400 107

Foot traffic 0.55-6 107°
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Admissible exposure limits for vibration
(adapted from [16])

(pos = 22 610kg/m’). The numbers of characteristic vibrational power densities calculated using (2.4.5)
are shown in Figure 2.4.3. It can be seen that for the vibration levels below the exposure action value
(bottom zone), the vibration power available for harvesting is about 1 mW/cm?>. For a nanomorphic cell
10 pm in size, this would result in ~1 pW. Even for vibration levels above the exposure limit value (top
zone), the available power is below 0.1 W/cm? or 100 pJ per nanomorphic cell.

The above analysis deals only with the kinetic (vibrational) energy available from the ambient
environment, without any references to the efficiency of the energy-harvesting device (100% effi-
ciency is assumed). In practical demonstrations, typical output power of the vibration energy gener-
ators is about 100 pW/cm>[10—15], which is about one order of magnitude lower than the upper bound
estimates obtained in this section.

Thermal energy
If a temperature difference exists within a material structure, thermal energy can be extracted, e.g. by
the thermoelectric effect. Miniature thermoelectric generators are currently being explored as an
autonomous power source for some wearable electronic devices [48,65—69]. The principle of ther-
moelectricity is illustrated in Figure 2.4.4 (see also Chapter 4, Box 4.5): electrons from the hot side
have larger kinetic energy and therefore move towards the cold side. As a result, excess negative
charge is accumulated on the cold side and therefore an electrical voltage is created between the hot
and cold sides. If now the two sides are electrically connected to an external load, power will be
delivered to the load (Fig. 2.4.5).

The maximum electric power (upper bound) P,,,, which can be extracted from an input heat flux
Q" is given by the Carnot efficiency already discussed in Section 2.3:

Prax = OF (ThT_hT“) — (2.4.62)

T
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V=¢- ¢,

FIGURE 2.4.4

Thermoelectric effect: Difference in temperatures between hot (7,) and cold (7,) side of a material structure
results in electrical potential difference V = ¢.-¢4 between the two sides

FIGURE 2.4.5

Thermoelectric generator

The ‘unused’ heat energy constitutes the output heat flux O, which must be removed from the system:

0" = Q0" —Ppax = 0F Te (2.4.6b)
Ty
Thus, the maximum electrical power delivery by a thermoelectric generator is limited by the amount of
heat passing through the structure. Note that the output heat flux O is fundamentally limited by the
properties of the ambient heat sink, which in terrestrial conditions is usually air or water at 7, = 300 K.
Therefore it is instructive to express the maximum electric power P, as a function of the output heat
flux Q™:

T, — T,
T,

It is clear from (2.4.6c) that the performance of a thermoelectric generator is limited by the heat
removal rate from the system. In this regard, it is important to note that while for larger-scale ther-
moelectric converters, special techniques are often utilized to significantly improve the heat flow, such
as heat spreaders, liquid heat exchangers, radiators, etc. [67]. These techniques serve as an agent
between the system and the ambient environment and can occupy significant volume. In the case of the
nanomorphic cell, where space is strictly constrained, volume extensions would utilize valuable space
needed for other functionalities. Thus, the nanomorphic thermoelectric generator should function as
a completely passive energy-harvesting system with direct heat exchange with the surrounding,

Prhax = Q7

(2.4.6¢c)
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typically air or water at 7, ~ 300 K. Furthermore, for many applications, especially with living
systems, direct contact with an ambient water reservoir is not feasible, leaving air as the remaining
option. On the other hand, for exterior application, conditions simulating forced air convection may
exist, such as wind chill. Another limitation for nanomorphic thermoelectric generators is that rela-
tively small temperature gradients are likely, especially for applications with living systems (for
example, utilizing human warmth). In view of the above, the limits of heat removal will be estimated
for the following assumptions:

1. Main mechanism for heat transfer: Forced convection to ambient air
2. Ambient temperature: T, = 300 K
3. Max. temperature difference: AT = T), - T, ~ 5 K.

To estimate limits of Q°, we consider an ideal case of heat transfer to the ambient environment, which
represents an abstraction for forced convection [70, 71]. The heat removal is mainly due to the transfer
of thermal (kinetic) energy by the collision of the ‘hot” atoms/molecules of the body surface (at T = T)
with ‘cold’ ambient molecules (air or water) at 7, = 300 K. After collision with a ‘hot’ surface atom,
the ambient molecule absorbs additions energy AE and therefore becomes ‘warm’, i.e. T > 300 K.
These ‘warm’ ambient molecules will reduce the energy transfer rate (in practice this corresponds to
the local increase in the ambient temperature resulting in a decrease of cooling efficiency). To deal
with this, forced cooling needs to be employed, where each ‘warm’ molecule is forcefully replaced by
a fresh ‘cold’ ambient molecule at 7, = 300 K. In this case, the cooling rate is determined by the supply
rate of ‘cold’ ambient molecules.

To estimate the maximum cooling rate by active gas/liquid cooling, we consider a chain of atoms at
temperature 7 and a flow of ‘cold’ ambient molecules falling on the surface (Fig. 2.4.6). At the
surface, the ‘cold’ ambient molecules of mass m,, collide with the ‘hot’ atoms of mass m;, collect some
of the heat energy, and move away from the surface atoms. ‘Cold’ ambient molecules in the incoming
flow would have a velocity component, u#, normal to the surface. The normal velocity is made up of two
parts: the directed flow component ug and thermal component u’ (kinetic energy ~ kgT, = Y2mqu' 2):

W = “% (2.4.7a)
Mg

2kpT,

mq

u=uytu = u+ (2.4.7b)

O, m ®
Q,
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FIGURE 2.4.6

A depiction of the heat transfer from a heated surface by interaction with ambient molecules
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where m,, is the molecular mass of the ambient molecules and T, is the ambient temperature. Since the
direction of the thermal component is random, the average velocity of incoming ambient molecules is
(u) = up.

After colliding with the surface, the ambient molecules absorb certain energy (E)from the surface
atoms. The corresponding heat transfer rate (heat power) per surface atom is

(AE)
At
For an estimate of (E), consider the set of possible elastic collisions of two bodies with different
masses m; and m; (see Appendix). When considering a collision of two atoms with velocities v and

u = ugp £ u’ we have eight possible realizations, as shown in Figure 2.4.7.
Since all realizations have equal probability, the expected energy transfer is the mean value:

s (2.4.8)

AEy 4 +AEy - +AE 1 +AE; - +£04+04+0+40
8

Expressions for each term in (2.4.9) are given by (A4) and are displayed in Fig. 2.4.7. Using them and
taking into account (2.4.9) gives:

(AE) =

(2.4.9)

(AE) = w(2kpAT — maud) (2.4.10)

where u = ™ _ is the reduced mass and AT = T}, — T,.

. Mma+m, .. . . .
The time 1nterval between two collisions of the ambient molecules with surface atoms is

At = — =% 2.4.11)

where n, is the atomic density of the ambient media (e.g. air or water).
From (2.2.10) and (2.4.11), the heat transfer rate per channel is

(AE)

q="7 = (kAT — mauf)~ugm, (2.4.12)
and per unit area is .
0 = q+ny = p(2kpAT — maul)ug+n, (2.4.13)
The maximum of (2.4.13) is reached when
d
de — 0 (2.4.14)
u
from which there results: 2ka AT
Uomax = % (2.4.152)
a

and

4un, [2(kgAT)?
3 3my,

Omax = (2.4.15b)
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FIGURE 2.4.7

Energy transfer between two elastically colliding balls

A numerical estimate of Q,,,, can be made for a silicon surface (m; = 28 a.m.u.) and air
(mg = 29 am.u., n, = 2.7 x 10" cm™). The temperature of the ‘hot’ surface is 7j, = 305 K and the
temperature of ambient air is 7, = 300 K. For these conditions, the plot Q(ug)is shown in Figure 2.4.8
and

w
Omax = 1.92—
cm

Thus, the maximum electric power delivery of a 10 um-sized thermoelectric generator, calculated
from (2.4.6¢) for T, = 305 K and 7. = T, = 300 K, is

Prax ~1078W
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Maximum heat removal rate for forced air cooling (7, = 300 K) of a Si surface (T, = 305 K)

2.5 SUMMARY

In this chapter upper bounds for energy and power of nanomorphic implementation of different energy
sources were derived based on fundamental physics of operation and assuming ideal conditions.
Results of the derivations in this chapter are summarized in Table 2.5.1. It can be seen that the
electrochemical galvanic cell provides the best combination of stored energy and power delivery
among the options considered. In subsequent chapters the galvanic cell power and energy estimates
will be used as a reference for available energy and power.

Table 2.5.1 Energy and power of nanomorphic implementation of different energy sources
Stored energy, J Power, W

Galvanic cell 1070 1076

Supercapacitor 107 1

Radioisotopes 107° 1074

(Bio) Fuel cell Sustainable 1078

Solar Sustainable 107

Laser Sustainable 1077

RF Sustainable 10781072

Vibration Sustainable 1072

Thermal Sustainable 1078

APPENDIX: A KINETIC MODEL TO ASSESS THE LIMITS OF HEAT REMOVAL

A simple approach to represent heat transfer in a body is to consider the transfer of energy that occurs
when two masses collide. In Figure Al, energy is transferred from moving Ball 1 with mass m; to
stationary Ball 2 with mass m;.
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FIGURE A1

Two colliding balls of arbitrary masses and initial velocities

The energy transfer in this system can be calculated from the momentum and energy conservation:

—2 — 72 2
— —m m mV my U
mv +mu =mV +mU 12V + 2214 = 12 22 (Al)

where v and u are the corresponding velocities of Balls 1 and 2 before collision, while Vand U are the
corresponding velocities after collision.
Solution of (A1) for Vand U is:

V=uv

mp — nyp 2m2
+u
my + mp my + mp
2m1 nyp —mp
u
my + nmy my + my

(A2)

U=v

Let the energy of Ball 1 before the collision be E1j; and after the collision E,. Similarly, the energy of
Ball 2 before and after collision is correspondingly E;, and E»,,.
Energy change in Ball 1 as a result of the collision is:

4 4m3 4 —
AE, = Eyp —Eq = @( 2oy = ml(v2 i 5 —u? ! 5 — uv (s W122)>
2 2\ (m +my) (mi + my) (mi + my)
_ 4mimy (vzﬂ B u2@> o 2mymy(my — my)
(my +ma)* \ 2 2 (m1 +my)?
(A3)
or
4 2 -
AE = M) WM (A4)
(my +my) (my +my)
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Symbol Meaning
a Acceleration
A Surface area
ag Specific surface area
b Constant
Cm Gravimetric specific capacitance
Cs Specific capacitance
C Capacitance
Ct Faradic capacitance
Thickness
e Electron charge, e = 1.6 x 107'°C
E Energy
= Semiconductor bandgap
f Frequency
| Current
k Constant
ks Boltzmann constant, kg = 1.38 x 1072 J/K
K Dielectric constant
| Length
la-a Nearest-neighbor distance between atoms
L Stopping range
m Mass
M Molar mass
N, Nat, N3D Atomic density
N1p Number of atoms per unit of length
Ns, Nop Surface concentration of atoms
Nm Number of atoms per unit mass
Na Avogadro’s Number, Na = 6.022 x 10%® mol™
Nat, N(t), No Number of atoms
Nei Number of electrons
Nsw Number of switching events
p Heat transfer rate per atom
P Power
ol Electric charge
Q Heat flux
r Radius
R Resistance
S Size

(Continued)
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Symbol Meaning

t Time

t1/0 Radionuclide half life

T Absolute temperature

v Volume

Vv Voltage

w Width

X Amplitude

) Distance between the neighboring atomic planes (for graphite d = 0.335 nm)

A Particle kinetic energy transferred to lattice vibrations

€ Energy released per atom

€ Permittivity of vacuum, gy = 8.85 x 10~ '* F/cm

n Efficiency

(C) Period of oscillation

n Reduced mass

p Density of substance

o Conductivity

T Radionuclide mean life time

0] Electric potential

~ Indicates order of magnitude
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3.1 INTRODUCTION

The autonomous microsystem must have an electronic control unit, which is assumed to be
a specialized micro-scale computer. The capability of the unit is determined by its complexity (e.g.
the device count) and its energy of operation. Moreover, as will be discussed in Chapter 5, the
system’s ‘intelligence’ (which is derived from a composition of logic and memory elements) needs
to be maximized to reduce the communication costs. Thus system scaling limits need to be studied to
understand the amount of ‘intelligence’ that could be expected from a volume of matter 10 {im in
size.

In this chapter, fundamental scaling limits for micro-scale electronic circuits, constructed from
binary devices and interconnects are investigated. These device and interconnect models are developed
from basic physics using a generic energy barrier representation for binary devices. In order to estimate
circuit performance, it is necessary to relate the device and interconnect system properties such as
switching energy and switching times, number of electrons, etc., to the physical layout of the
processor. It will be argued that the layout geometry can, in the limit, be viewed as an assembly of
small square (cubic) tiles, to each of which is associated size, energy and travel (i.e. delay) time
parameters derived from basic physics. The estimates of limits are performed for the device and
interconnect systems assumed to operate at the threshold of failure (which corresponds to the lowest
energy consumption). Implications for higher levels of device and system reliability are also
considered.

BOX 3.1 MAIN CONCEPT: BINARY SWITCH

Information of an arbitrary kind and amount (such as letters, numbers, colors, or graphics specific sequences and
patterns) can be represented by combination of just two states. The two states (known as binary states) are usually
marked as digits 0 and 1, thus information is represented in digital form.

A typical example of a binary switch is an electrical switch (Fig. B3.1). The switch can be only in two positions:
open or closed (Fig. B3.1a). Connected binary switches can also perform logic operations such as AND (Fig. B3.1b),
OR (Fig. B3.1c), etc. Certain combinations of logic operations are equivalent to arithmetic operations.

(a) (b) (c)
—0 O—

Two states of a switch (a) and examples of implementing fundamental logic operations:(b) AND, and (c) OR

FIG. B3.1

Modern integrated circuits (IC), also known as ‘chips’, contain millions and billions of controllable electronic
switches, called transistors, which will be discussed later in this chapter (see Box 3.4).
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3.2 INFORMATION AND INFORMATION PROCESSING

Information can be defined as a technically quantitative measure of the distinguishability of a physical
subsystem from its environment [1,2]. One way to create distinquishable states is by the presence or
absence of material particles (information carrier) in a given location. For example, information is
encoded in DNA through specific locations of certain molecular fragments, information of a printed
English text is created by positioning die particles on paper. Several examples of distinguishable states
used to create information are shown in Table 3.1. A more detailed quantitative discussion of the
concept of information is provided in Chapter 6. Also, comprehensive discussion of the topic in [3] can
be recommended for additional reading.

Information of arbitrary kind and amount (such as letters, numbers, colors, or graphics specific
sequences and patterns) can be represented by combination of just two distinguishable states, 0 and 1.
The maximum amount of information, which can be conveyed by a system with just two states is used
as a unit of information known as a 1 bit (abbreviated from ‘binary digit’).

A system with two distinguishable and controllable states forms a basis for the binary switch, the
fundamental computational element in information-processing systems (Fig. 3.1).

Three essential properties of a binary switch are Distinguishability, Controllability and Commu-
nicativity. We say that a binary switch is Distinguishable if and only if the binary state (0 or 1) can be

Table 3.1 Examples of distinguishable states used to create information
Information coding

system Number of Distinguishable states

English alphabet 27:a, b, c, ...z, ‘space’

Morse code 3: e (‘dot’), — (‘dash’), ‘space’

Genetic code (DNA) 4: A (adenine), C (cytosine), G (guanine), T (thymine)
Binary code 2:1and 0

(A
e

WRITE

FIGURE 3.1

Constituents of an abstract binary switch
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determined with an acceptable degree of certainty by a measurement (READ operation). The binary
switch is Controllable if an external stimulus can reliably change the state of the system from O to 1 or
from 1 to O (WRITE operation). The binary switch is communicative if it is capable of transferring its
state to other binary switches (TALK operation).

An arbitrary binary information-processing system consists of N binary switches connected in
a certain fashion to implement a specific function (e.g. logic, arithmetic etc.). Each binary switch is
characterized by a dimension L and switching time ¢y, (or switching frequency f = 1/,,). A related
dimensional characteristic is the number of binary switches, N (or the number of binary switches per
unit area, n). If area is fixed, to increase N, the characteristic dimension, L, of the binary switch must
decrease:

1
N ~ 7 3.D

One indicator of the ultimate performance of an information processor, realized as an interconnected
system of binary switches, is the maximum binary throughput (BIT); that is the maximum number of
binary transitions per unit time:

BIT = N = N-f (3.2)
[SW
One can increase the binary throughput by increasing the number of binary switches N, and/or by
decreasing the switching time, i.e., the time to transition from one state to the other, g, Increased
binary throughput has historically resulted in an increased information-processing system capability.
Table 3.2 shows several examples of Intel microprocessors characterized by the number of switches
(transistors), switching (clock) frequency, and their maximum binary throughput.
Another fundamental characteristic of a binary switch is the switching energy Eg,, and the related
power dissipation by a system of N binary switches is:

N
-E,, = BITEj, (3.3)

tSW

P =

In the next sections the fundamental relations for np;, 5, Es, and the corresponding implications for
the computing systems are investigated.

Table 3.2 Examples of Intel microprocessors with respect of the number of switches, switching
frequency, maximum binary throughput and their computational capability*

# Switches Switching (clock) Max. binary Capability/
Processor (transistors) frequency throughput application
8008 3500 200 kHz 7 x 108 General calculators
8080 6000 2 MHz 1.2 x10'° 15t PG
Pentium 376 000 000 3.73 GHz 1.4 x 10'® High-performance
Extreme 965 desktop

"Data from the Intel Microprocessor Quick Reference Guide (http://www.intel.com/pressroom/kits/quickreffam.htm).
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BOX 3.2 INFORMATION CARRIERS

Information-processing systems represent system states in terms of physical variables. To create, change, and
communicate between the states, information carriers are needed, and are generally material particles of a given
kind. Examples of information carriers are electrons, ions/atoms, photons, etc. The corresponding physical attri-
butes associated with information carriers could be: electrical charge (e.g. electrons or ions), spin (usually elec-
trons), electromagnetic field (intensity and/or polarization), etc. Devices using different information carriers/state
variables are often grouped in categories, such as Electronics, Spintronics, and Photonics. This chapter is mainly
focused on electron-based devices (although many derivations and conclusions are universal across all information
carriers). As the authors argued in [4], electronic devices (compared to spintronic and photonic devices) appear to
be more suitable in systems where size and energy are primary constraints. Recently, a new class of nano-scale
devices have been reported, which uses ions as information carriers [5-8]. These nanoionic devices may have
potential for scaling beyond the limits of the electron-based devices. Interestingly, ions are believed to play
a fundamental role in information processing by biological systems [9].

3.3 BASIC PHYSICS OF BINARY ELEMENTS
3.3.1 Distinguishable states

One way to create physically distinguishable states is by the presence or absence of material particles
in a given location. Figure 3.2a shows an abstract model for a binary switch whose state is represented
by different positions of a material particle. In principle, the particle can possess arbitrary mass,
charge, etc. The only two requirements for the implementation of a particle-based binary switch are (i)
the ability to detect the presence/absence of the particle in e.g., the location xi, and (ii) the ability to
move the particle from x to x; and from x; to x. If it is assumed that the information-defining particle
in the binary switch has zero velocity/kinetic energy, prior to a WRITE command, then it would
remain where placed without constraints. However, each material particle at equilibrium with the
environment possesses kinetic energy of %2 kgT per degree of freedom due to thermal interactions,
where kg is the Boltzmann’s constant and T'is temperature. The permanent supply of thermal energy to
the system occurs via mechanical vibrations of atoms (phonons) and via the thermal electromagnetic
field of photons (background radiation).

(a) (b)

State 0 State 1
State 0 State 1
B a _ E,
O ) —
Xo X; Xo Ax X;

FIGURE 3.2

(a) Creating distinguishable states by different positions of a material particle and (b) energy barrier to preserve
the binary states
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The existence of random mechanical and electromagnetic stimuli means that the information
carrier/material particle located in xy (Fig. 3.2a) has a non-zero velocity in a non-zero temperature
environment and that it will spontaneously move from its intended location.

In order to prevent the location of the particle from changing randomly due to thermal excitation,
energy barriers can be constructed that limit particle movements. The energy barrier, separating the
two states in a binary switch is characterized by its height E; and width a (Fig. 3.2b).

The barrier height, E;, must be large enough to prevent spontaneous transitions (errors). Two types
of unintended transitions can occur: ‘classical’ and ‘quantum’. The ‘classical’ error occurs when the
particle jumps over barrier. This can happen if the kinetic energy of the particle E is larger than Ej. The
corresponding probability for over-barrier transition I1¢ (referred herein as ‘classic’ error probability),
is obtained from the Boltzmann distribution as:

Il = exp<— ki—bT>' 3.4
Another class of errors, called ‘quantum errors’, occur due to quantum mechanical effects. These
effects play a measurable role in a small system with energy (E), momentum (p), space (/) and time (¢)
scales for the processes occurring in the system are very small such that the characteristic physical
parameter, the action, S ~ E-f ~ p-1, is comparable with the quantum of action h = 6.63 x 10°* J-s,
also known as Planck’s constant. The corresponding relations are known as Heisenberg Uncertainty
Principle:

Ax<Ap ~h

3.5a
AE<At ~ h (3.52)

The relations (3.5) are usually treated as coarse approximations with not well-defined boundaries. In
certain cases, however, it is possible to define constant, o, such that the indicated relational forms in
(3.5a) are more definitive:

Ax+Ap > ah

(3.5b)
AE-At > ah

In principle, there are rules, for selection of o depending on the boundary conditions [26], however
elucidation of the selection criteria is beyond the scope of this text.

Typical values of o used in the literature are: 1, Y2, %4, Y2m, Yam. For a number of model problems it is
possible to determine a represented sharpest obtainable bound [11-13]. In this case, the relations
(3.5b) can be treated as equalities, and used for quantitative estimates with reasonable accuracy. For
example, the sharpest obtainable bound for the coordinate-momentum relation of a free moving
electron was found to be o = Y47 and thus [11]:

NSRS

AxAp > 3.6)

where h = h/2T is the reduced Planck’s constant.

Equation (3.6) will be used to estimate the limits of distinguishability due to the ‘quantum errors’,
which occur due to quantum mechanical tunneling through a barrier of finite width a. If the barrier is
too narrow, spontaneous tunneling through the barrier will destroy the binary information. The
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conditions for significant tunneling can be estimated using the Heisenberg uncertainty relation (3.6); as
is often done in the texts on the theory of tunneling [10].

Consider again a ‘two-well’ bit in Fig. 3.2b. As is known from quantum mechanics, a particle can
pass (tunnel) through a barrier of finite width even if the particle energy is less than the barrier height,
E}. An estimate of how thin the barrier must be to observe tunneling can be made from (3.6) as follows.

The well-known relations for kinetic energy, E, and momentum, p, of a particle of mass m and
velocity v are:

p =my (3.7a)
2 2
my p
EFE=—=— 3.7b
2 2m ( )
or
p = V2mE (3.7¢)

For a particle in the well, E,;, = 0 and E,, = Ep, and corresponding momenta pnj, = 0 and
Pmax = V/2mE}p. Thus the uncertainty in momentum is:

Ap = pmax — Pmin = V/2mEp, —0 = /2mkE, (3.8)

From (3.6) and (3.8) we obtain:

h
v/ 2mEpAx > 3 3.9

Equation (3.9) implies that by initially setting the particle on one side of the barrier, one can find the
particle on either side, if 4x is larger than the barrier width a. Stating it differently, Ax is the uncer-
tainty interval of particle localization, and a particle can be found anywhere within this interval. If
a barrier is present within the position uncertainty interval Ax, and the barrier width a is less than Ax,
the particle does not ‘feel’ the presence of the barrier (see Fig. 3.2b). That is, the condition for losing
distinguishability is Ax > a, and the minimum barrier width is:

h
Ax ~ apin = ag = ——— 3.10
min H ) szb ( )
where ay is the Heisenberg distinguishability length for ‘classic to quantum transition’.
For a < ay, tunneling probability is significant, and therefore particle localization is not possible.
To estimate the probability of tunneling, re-write (3.10), taking into account the tunneling
condition a < Ax to obtain:

h
\/2m<a\/E;,) < > (3.11)
1. From (3.11), we can also write the ‘tunneling condition’ in the form:
22
1-= M VE, >0 (3.12)
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Since for small x, exp(—x) ~ 1 — x, the tunneling condition then becomes:

( 2v/2m
exp( ——

-a-\/E,> >0 (3.13)

2. The left side of Eq. (3.13) has the properties of probability. Indeed, it represents the tunneling
probability through a rectangular barrier given by the Wentzel-Kramers-Brillouin (WKB)
approximation [11]:

2/2m
h

HWKB ~ exp( — 'd'\/E) (31421)

This equation also emphasizes the parameters controlling the tunneling process. They are the barrier
height E}, and barrier width a as well as the mass m of the information-bearing particle. If separation
between two wells is less than ay, the structure of Figure 3.4b would allow significant tunneling. In
fact it is instructive to examine the physical meaning of (3.10), which was marked as the condition of
significant tunneling or ‘classic to quantum transition’. Substituting (3.10) into (3.14a) gives an
estimate for tunneling probability through a rectangular barrier of width ay as:

2vV2m
h

HWKB ~ exp( — -aH-\/E_;,> = exp(—l) = (0.37 (314b)
Thus, the Heisenberg distinguishability length ag from (3.10) corresponds to a tunneling probability of
approximately 37%.

As was discussed above, there are two mechanisms for spontaneous transitions (errors) in the
binary switch: the over-barrier transition (‘classic’ error) and through-barrier tunneling (‘quantum’
error). The probabilities of the classic and quantum errors are given by (3.4) and (3.14a) respectively.
Assuming the two barrier transitions are independent, the joint error probability of the two mecha-
nisms is:

ey = Tl + 1_IQ - 1_[C'l_IQ (3.15)
Or, from (3.4) and (3.14a), we obtain:

E 242 hEp + 2akpT~/2mkE,
I, = exp(—%) +exp( hm-a\/E_b> —exp(— bt Zk;;T m h) (3.16)

3.3.2 Energy barrier framework for the operating limits of binary switches

Limits on barrier height

The minimum energy to effect a binary transition is determined by the energy barrier. The work
required to suppress the barrier is equal to or larger than Ej. Thus, the minimum energy for a controlled
binary transition is given by the minimum barrier height of a binary switch. The minimum barrier
height can be found from the distinguishability condition, which requires that the probability of errors
IL<0.5, in which case the switch is being operated at the threshold of distinguishability. First,
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consider the case when only ‘classic’ (i.e. thermal) errors can occur. In this case, according to (3.4),
repeated here for convenience:

Ep
I, = I¢ = exp< — kB—T> 3.17)
These classic transitions represent the thermal (Nyquist-Johnson) noise. Solving (3.17) for Il = 0.5,
obtain the Boltzmann’s limit for the minimum barrier height, Epp as

EbB = k3T1n2 = O.7kBT (318)

Equation (3.18) corresponds to the minimum barrier height, the point at which distinguishability of
states is completely lost due to thermal over-barrier transitions. In deriving (3.18), tunneling was
ignored, i.e. the barrier width is assumed to be very large, a >> ap.

Next, we consider the case where only quantum (i.e. tunneling) errors can occur. In this case,
according to (3.14a):

2vV2m
h

IL,, = Ilg ~ exp( - -a-\/Eb) 3.19)
Solving (3.19) for Il = 0.5, obtain the Heisenberg’s limit for the minimum barrier height, Epy as

2

— (In2)? (3.20)

E =
bH = a2

Equation (3.20) corresponds to a narrow barrier, a ~ ag, the point at which distinguishability of states is
lost due to tunneling transitions. In deriving (3.20), over-barrier thermal transitions were ignored, i.e.
the temperature was assumed close to absolute zero, 7— 0.

Limits on size

The minimum size of a binary switch L cannot be smaller than the distinguishability length ay. From
(3.6) and (3.18) one can estimate the Heisenberg’s length for the binary switch operation at the
Boltzmann’s limit of energy:

h
HB = mkgT In 2

For electrons (m = me = 9.31 x 107! kg)) at T = 300 K obtain agg ~ 1 nm.

(3.21)

Limits on speed

The next pertinent question is the minimum switching time 7,,;,. This can be derived from the Hei-
senberg relation for time and energy:

AEAt >

NSRS

(3.222)

or h
Tmin = TH = AR (3.22b)
where Ty is the Heisenberg time, which represents the zero-length approximation for the switching

speed. For the Boltzmann’s limit, £ = Epg (3.18), obtain
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_ h
"~ 2kgTIn2
Note that while (3.22b) can be regarded as an imprecise upper bound for timing physical events, it also
can be refined for certain model problems [12, 13]. For example, the sharpest obtainable bound for the
passage time, e.g. from point A to point B, was shown to be [13]:
h
Fmin = SAE

THB =2:10 s (3.23)

(3.24)

(i.e. h instead of % is used).

Combined effect of classic and quantum errors

Now consider the case where both thermal and tunneling transitions contribute to the errors in the
operation of a binary switch. In this case, the total error probability is given by (3.16). An approximate
solution of (3.16) for Il = 0.5 is

2

n
Epmin = kpTIn2+ o — (In 2)% (3.25)

Equation (3.25) gives a generalized value for minimum energy per switch operation at the limits of
distinguishability that takes into account both classic and quantum transport phenomena. The plot
given in Figure 3.3 shows the numerical solution of Eq. (3.15) and its approximate analytical solution
given by Eq. (3.25) for I,,, = 0.5. Tt is clearly seen that for ¢ > 5 nm, the Boltzmann’s limit,
Epp = kpT In 2, is a valid representation of minimum energy barrier height, while for a < 5 nm, the

—e— numerical
O analytical

Negligible Quantum
Tunneling Effect

E,/kyT

0.5

FIGURE 3.3

Minimum energy per switch operation as a function of minimum switch size
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minimum energy barrier height (and therefore the switching energy) must be considerably larger to
retain a switching error probability of <0.5.

Main Point I:

Tunneling cannot be ignored for a < 5 nm, which sets a practical limit for scaling of binary switches

Quantum conductance

The Heisenberg relations can be used to evaluate the limits on electrical conductance [27].

Consider an elementary act of electrical conductance for an electron passing from reservoir A with
energy E4 to reservoir B with energy Ep. The corresponding voltage (potential difference) between
A and B, Vyp and the current, I4p flowing from A to B are:

Es—E AE
vas = EA=Es _ |AE] (3.26a)
e e
g = ~ (3.26b)
A = Ao .
Let At be the minimum passage time (3.24):
h h
At = — = — 3.27
2AE  2eV (3.27)
Putting (3.27) into (3.26b), and taking into account Ohm’s law, i.e. I = V/R, we obtain:
262 1%
Iy = V=— 3.28
AB Y R (3.28)
where h
Ry = — = 12.9kQ (3.29a)
2e2
is quantum resistance. A related parameter is quantum conductance:
1 2
Gy = — = — 3.29b
"= o A ( )

The quantum resistance/conductance sets the limit on electrical conductance in a one-electron channel
in the absence of barriers.

v v

Ry 12.9kQ
An example of practical realization of the one-electron conductance channel is single-atom contact
formed by 1-valence atoms such as Cu, Ag, or Au. Indeed, experiments with the single-atom contacts

demonstrated the minimum contact resistance of 12.9 k{2 for gold [28]. Multi-valence atoms can have
several electrons available for conductance, thus forming several parallel conductive channels, thereby

Iy (3.30)
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increasing conductance. For example, experiments with single-atom contact of alumimum atoms
(three valence electrons) showed three times lower contact resistance than for the gold atom (one
valence electron) [28]. Another way to increase the number of parallel channels and thus decrease the
resistance is to increase the number of conductive atoms, i.e. increase the cross-sectional area of the
conductor.

If a barrier is present in the electron transport system, the conductance will be decreased due to the
barrier transmission probability I < 1. The electrical conductance in the presence of barrier is
obtained by multiplying the barrier-less quantum conductance (3.29b) by the barrier transmission
probability II:

1

G = - = Gp-II 3.31
R 0 (3.31)

Equation (3.31) is a form of the Landauer formula [29] for a one-electron conductive channel.

BOX 3.3 ENERGY BARRIERS

The physical implementation of an energy barrier depends on the choice of the information carrier (see Box 3.2). In
all cases, the energy barrier creates a local change of the potential energy of a particle. For example, for electrons,
the energy barrier formed due to a change of electric potential energy of a particle from a value eg; at the coordinate
X, to a larger value e, at the coordinate x, as shown in Figure B3.3a (e is the electron charge, and ¢ is the electric
potential). The difference eAp = e(p, — ¢1) is the barrier height E,. In a system with an energy barrier, the force
exerted on a particle by the barrier is of the formF = e ?,—‘;’. Asimple illustration of a one-dimensional barrier in linear
spatial coordinates, x, is shown in Figure B3.3a.

(a) (b)

o(x)

A

F=F, +F21‘_"
‘/:..—__:

(==t | L
4 dngy | x —d=x

’ 1
- . . @4—@—»

.
X X Fiz Fz

®

FIGURE B3.3

An illustration of the energy barrier in a material system: (a) abstraction; (b) a physical implementation
example using fixed charges

As an example, consider a barrier for an electron (negatively charged) formed by two fixed positive charges
separated by a distance d, as shown in Figure B3.3b. The barrier is a result of electrostatic (Coulombic) forces acting
on the electron.
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BOX 3.4 ENERGY BARRIERS IN MATERIAL SYSTEMS

Energy barriers (for electrons) in material systems are commonly formed at the interfaces between two materials
with different concentration of electrons. Examples are shown in Figure B3.4:

(a) The barrier at the metal-vacuum interface (also called the workfunction) has a typical height of 4-5 eV for stable
metals. The transition region from low to high barrier energies is about 1 nm.

(b) The barrier at the contact between two different metals is characterized by the contact potential difference
(CPD). A typical barrier height is ~100 peV, and the size of barrier region is ~0.1 nm (for more discussion
see Box 4.5 in Chapter 4).

(c) A barrier between a metal and a semiconductor, also called Schottky barrier has a typical barrier height of
~0.5-1 eV (for Si). The size of the barrier region (depletion length) W depends on the concentration of
carriers in semiconductors; typically W~ 10-1000 nm

@y (b)

Ey,~4-5¢V
Vacuum
~1 nm
Metal D
(C) (d) conduction band|
Semiconductor E,~0.5-1eV P

Ey~05-1ev conduction band T T

_________________________ n . :valence
Metal L—»i band

W~ 10-1000 '
nm W~ 10-1000 nm

FIGURE B3.4

Energy barriers in material systems: (a) metal-vacuum; (b) metal-metal, (c) Schottky barrier; (d) pn-junction

(d) A barrier is formed between two regions of a semiconductor with different types of conductivity, also called pn-
junction (more details are provided in Chapter 5). The typical barrier height is ~ 0.5-1 eV (for Si); the size of the
barrier region (depletion length) W depends on the concentration of carriers in semiconductors; typically W ~
10-1000 nm.

3.3.3 A summary of device scaling limits

Based on the arguments in the previous sections, an arbitrary binary device can be represented by
a generic barrier model of Figure 3.4. The energy barrier is needed to preserve a binary state in the
presence of classic (thermal) and quantum (tunneling) errors (noise). The barrier properties, namely
barrier height, Ep, and barrier width, a, determine the lower bound on the operational energy and size
of binary device, as it is summarized in Table 3.3.
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BOX 3.5 SEMICONDUCTOR FIELD EFFECT TRANSISTOR

The energy barrier for electrons can be formed by built-in charges placed in a material system, an approach utilized
in semiconductor devices. When certain impurity atoms are introduced into a matrix of semiconductor material (a
process known as doping), these atoms spontaneously ionize, thus forming built-in positive or negative charges in
the semiconductor matrix. For example, the atoms of phosphorus (P), when introduced into silicon (Si), are charged
positively (P™), while the atoms of boron (B) in Si are charged negatively (B7). The concentration of impurities in the
semiconductor matrix is very small (typically 0.002-200 ppm). A combination of silicon regions doped with P and B
shown in Figure B3.4a results in a barrier structure shown in Figure B3.4b. In order to control the barrier height in
the semiconductor structure, a metal electrode (gate) is coupled to the barrier region, separated by a thin layer of
insulator. When a voltage V;is applied to the gate, an electric field is created between the gate and the barrier region.
This electric field changes the barrier height, thus allowing electrons to pass. The structure of Figure B3.3 is used in
devices called field effect transistors (FET) and is represented symbolically as shown in Figure B3.4C.

(a) v (b) .
o) Q
o Metal o
x Metal
gate Insulator gate
7| RIS -’ [ .. Insulator
source channel drain channe

source 8p8 drain

n@ ********** 5

Semiconductor Semiconductor

gate

" T
channel

source drain

FIG. B3.5

Semiconductor field effect transistor: (a) materials system; (b) barrier representation; (c) schematic symbol

The generic materials component of FET are: a metal (gate), a gate insulator (separates the gate from the
semiconductor region), and a semiconductor (where the barrier is formed). The name for the device is MIS FET. In
most practical cases, the insulator is made of oxide (SiO», and more recently HfO5), and the most common name for
this class of devices is MOSFET. Silicon MOSFET binary switches form the platform for modern digital electronics.

3.3.4 Charge-based binary logic switch

In this section, an analysis is offered for the electron-charge-based binary switch. For electrons, the
basic equation for potential energy is the Poisson equation:

r__Z (3.32)
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FIGURE 3.4

A barrier model for a binary switch: (a) schematic energy diagram; (b) generic floorplan

Table 3.3 Energy—space-time device boundaries

Boltzmann limit Heisenberg limit

Emin |—min tmin

e, = exp<f %) AxAp > & AEAt > 1
in __ _ h 1 _ _h2

Ein = kpT In 2 W TH = 3aF

Boltzmann-Heisenberg limit°
Eg~1072"J apg~1 nm tug~0.02 ps

Tay is the Heisenberg distinguishability length for ‘classic to quantum transition’, m = m, the free electron mass.
ZIH is the Heisenberg time, which represents the zero-length approximation for the switching speed.
Sang and 1. are, respectively, the Heisenberg length and time calculated for the Boltzmann’s limit, E, = kgTIn2.

where p is the charge density, &y = 8.85 x 107'? F/m is the permittivity of free space, and ¢ is the
electric potential. According to (3.32), the presence of an energy barrier is associated with changes in
charge density in the barrier region. As discussed in Box 3.5, the barrier-forming charges can be
introduced in a semiconductor material by doping (this is illustrated in Fig. B3.5, for a doped silicon
structure where the barrier is formed by ionized impurity atoms such as P* and B™). The barrier height
Ejpp depends on the concentration of the ionized impurity atoms [15]:
N, N7
Epo = kT In—2—4 (3.33)

n;

where, N, is the concentration of negatively charged impurities (acceptors, e.g. B7), N; is the
concentration of positively charged impurities (donors, e.g. P*), and n; is the ‘intrinsic carrier
concentration’ in an undoped semiconductor (for Si, n; = 1.45 X 10" cm™ ).
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The energy diagram of Figure B3.5b is typical for many semiconductor devices, for example, field
effect transistors (FET). The barrier region corresponds to the FET channel that lies beneath the gate,
while the wells correspond to the source and drain. To enable electron movement between the source
and drain, the barrier height must be decreased (ideally suppressed to zero). To do this, the amount of
charge in the barrier region needs to be changed, according to (3.32). A well-known relation connects
the electrical potential difference A@ = Vand charge, Ag, through capacitance:

Agq
C = Ao (3.34)
In field effect devices, in order to change charge distribution in the barrier region, and hence lower the
barrier, a voltage is applied to an external electrode (gate), which forms a capacitor with the barrier
region (in bipolar devices external charge is injected into the barrier region to control the barrier
height). When voltage V, is applied to the barrier region, the barrier will change from its initial height
Eyo (determined by impurity concentration — Eq. 3.33):

Eb = EbO - eVg (335)
The voltage needed to suppress the barrier from Ejpg to zero (the threshold voltage V;) is:

E
y, = Ew
e

(3.36)
Thus operation of all charge transport devices involves charging and discharging capacitances to
change barrier height, thereby controlling charge transport in the device. When a capacitor C is
charged from a constant voltage power supply Vy, the energy Eg;, is dissipated, i.e. converted into heat
(see Box 3.6 for derivation and [16] for further discussions):
2
Ccv,

Egy = —= 3.37
dis ) ( )

The minimum energy needed to suppress the barrier (by charging the gate capacitor) is equal to
the barrier height Ej;. Restoration of the barrier (by discharging gate capacitance) also requires
a minimum energy expenditure of Ep. Thus the minimum energy required for a full switching cycle is
at least 2E},.

Note that in solid state implementation of binary switch, the number of electrons in both wells is
usually large. The electrons strike the barrier from both sides, and the binary transitions are determined
by the net electron flow, as is shown in Figure 3.5. Let N,q be the number of electrons that strike the
barrier per unit time. The expected number of electrons N, 4 that transition over the barrier from well A
per unit time is:

E
Noa = Nuo exp< - kB—bT) (3.38)

The corresponding current Iap is:

E
Iig = e*Noa = eNy exp( —kB—”T> (3.39)



3.3 Basic physics of binary elements 67

BOX 3.6 ENERGY DISSIPATION BY CHARGING A CAPACITOR

Energy dissipation by charging a capacitor is a central concept of microelectronics. In fact, operation of all elec-
tronic devices involves charging/discharging corresponding capacitors. When a capacitor is charged from a constant
voltage power supply, the energy is dissipated, i.e. converted into heat. Consider a typical model circuit consisting of
a capacitor C in series with a resistor R (Fig. B3.6). Suppose a constant voltage of magnitude V is applied to the
circuit at = 0 and electrical charge flows to the capacitor. The charging of the capacitor is characterized by a time-
dependent voltage drop both on the resistor and the capacitor:

t
Vr(t) = Vexp<f R—C> (B.3.6.1a)
Ve(t) = V<1 7exp<7 %)) (B3.6.1b)
The energy dissipated in the resistor R during charging is:
VR, Vo t\1%, cv?
Ep 7/0 “E ot = ﬁ/0 {exp<fﬁ>} dt = < (B3.6.2)
—> ;
vIZ
Vi R
1T t
V
C
2
—

FIGURE B3.6

Generic RC circuit

Note that the energy dissipated in the resistor is independent of the resistance value R. As a result of the
charging process, the capacitor stores the energy Ec = ¥%CV 2, and thus the total energy required for a constant
charging voltage is CVZ2.

Electrons in well B also can strike the barrier and therefore contribute to the over-barrier transitions
with current Igs. Thus the net over-barrier current is:

I = Iap —Ipa (3.40)

The energy diagram of Figure 3.5a is symmetric, hence Iag = Iga, and I = 0. Therefore, no binary
transitions occur in the case of the symmetric barrier. In order to enable rapid and reliable transition of
an electron from well A to well B, an energy asymmetry between two wells must be created. This is
achieved by energy difference eVap between the wells A and B (Fig. 3.5b).



68 CHAPTER 3 Nanomorphic electronics

(a) N Iga
0000 . L0000
(b) N
Iga
eVyup
A L H
0000 . B
eVag
Q000
(c)
A
O000O0—
eVap B
~—0O000O

FIGURE 3.5

Fundamental operation of multi-electron binary switch: (a) no energy difference between the wells A and B
resulting in a symmetric energy diagram; (b) Energy asymmetry is created due to energy difference eVag between
the wells A and B; (c) state CHANGE operation: the barrier height £, is suppressed by applying gate potential V,
while energy difference eVag between the wells A and B is maintained

For such an asymmetric diagram, the barrier height for electrons in the well A is Ep, and for
electrons in the well B is (E, + eVap). Correspondingly, from (3.39) and (3.40) the net current is

E E, — eV, E \%
-t 5) -t o 3]

(3.41a)

Substituting (3.35) for E;, we obtain:

Ey — eV %
I = eN,o exp(—b”TTeg) [1 —exp(—ekBATB)] (3.41b)
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Expressing Eyg as eV, from (3.36) and using the conventional notations I = I (source-drain current) and
VB = Vs (source-drain voltage) we obtain the equation for subthreshold I-V characteristics of FET [17]:

Iy = Iy exp (M) {1 - exp( - eV‘“)] (.41¢)

kpT kgT

The minimum energy difference between the wells, eVapmin, can be estimated based on the distin-
guishability arguments for CHANGE operation, when E} is suppressed by applying the gate voltage,
e.g. E, = 0 (Fig. 3.5¢). For a successful change operation, the probability that each electron flowing
from well A to well B is not counterbalanced by another electron moving from well B to well A should
be less than 0.5 in the limiting case. The energy difference eVyp forms a barrier for electrons in well B,
but not for electrons in well A, therefore, from (3.4) we obtain:

eVap = Ep = kgTn2 (3.42)

min ‘min

If N, is the number of electrons involved in the switching transition between two wells, the total
minimum switching energy is

Esw,,, = 2Ep + N.eVap = (Ne + 2) kgT In 2 (3.43a)

IfN, =1,
Esw, = 3kgTIn2 =102 (3.43b)

3.3.4 Charge-based memory element
A digital memory element, in its most fundamental form, consists of:

1. Two states 0 and 1, which are equally attainable and distinguishable.
2. A means to control (change) the state.
3. A means to read the state.

In electron-based memory, the two distinguishable states are created by the presence (e.g. STATE 0) or
absence (e.g. STATE 1) of electrons in a specific location, called the storage node.

A material structure to implement an electron-based memory element must satisfy two require-
ments: (1) Charge retention: very small flow of charge in store mode (practical requirement for the
retention time of non-volatile memory is 7, ~ 10 years) and (2) Charge injection: Sufficiently large
flow of charge during write mode. In the store mode the charge must be confined within a storage node,
whose dimensions define the size of the memory element. In order to prevent charge losses, the storage
node is defined by energy barriers of sufficient height Ej, to retain charge (as shown in Fig. 3.6). Barrier
parameters Ej and a (assumed symmetrical) are the critical considerations for memory operation, as
will be discussed below. The two-barrier diagram of Figure 3.6 serves as a generic abstraction for all
types of electron charge-based memories, for example: DRAM, floating gate (Flash/SONOS), etc.

Assume the memory element stores one electron. The corresponding characteristic one-electron
escape time #; is:

e
o= (3.44)

N
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A generic abstraction for a charge-based memory element

The two mechanisms of the charge loss are over-barrier leakage and through-barrier tunnel leakage. In
both cases the leakage current from the storage node can be calculated from the Landauer formula (3.31):

Iy = Go-V-1I (3.45)

In (3.45) Gy is the quantum conductance, Gy = 2732, II is the barrier transmission probability, and
V= kg—g is the thermal voltage.

The probability of thermal overbarrier transitions is the Boltzmann probability (3.4). From (3.45)
and (3.4) the one-electron over-barrier current /,,_, is:

e Ep
l,_p = 2 —kpT- - — 3.46
o= 2o 55) a0
The factor of 2 in (3.46) appears because escape is possible over either of two barriers that confine an
electron as shown in Figure. 3.6.

The electron escape time (the retention time) due to over-barrier transport is:

h E,
te_p = —— exp( =2 3.47
T (kBT> (3.47)

If over-barrier leakage is the only mechanism of charge loss (when the barrier width a is sufficient to
suppress tunneling), the escape time is equal to the one-electron retention time, ¢, ) = t,.
For a specified #,, the required minimum barrier height is:

2T
Epmin = kpT In (TBt> (3.48)

In the case of the ‘minimum non-volatile memory’ requirement, i.e. t, > 10 years (3.48), gives Ep;in >
1.29 eVat T = 300 K.

A second source of charge loss is electron tunneling. The tunneling probability is given by (3.14a)
and the corresponding tunneling current /7 is:

2vV2m
h

Ir = z%-kBT-exp<— -a-\/E;,) (3.49)
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The electron escape time due to tunneling is:

h 2v2m
tr = —— ca*\E 3.50
T = ks CXP( P b) (3.50)
The total retention time due to both mechanisms can be estimated as:
e
ty = ———— 3.51
Ry (3.51)

Suppose that the barrier height is large enough to suppress over-barrier escape, i.e. Ej > Ep,yi,, Where
Epmin is given by (3.48). In this case, the retention time will be determined by the tunneling time, #7:
t, = tr. The minimum barrier width for a specified retention time, can be estimated from (3.50), e.g. for
t, = 10 years:

h kgT

= — B
dmin =5 omEy b

As a numerical estimate for 7, > 10 years, Epyi,, > 1.29 eV, m = m, and T = 300 K (3.52) gives
Amin ~ 5 nm.

Note that in Egs. (3.46-3.52) a simple sum of escape probabilities was used. Strictly speaking, for
a one-electron case, Eq. (3.15) should be used. However, for sufficiently large barriers (e.g. barriers
required for 10 years retention) the simple sum of probabilities is a good approximation.

(3.52)

Main Point l:

To satisfy the practical non-volatility requirement (i.e. retention time > 10 years) the characteristic dimension of
an electron-based memory element a > 5 nm, which is an estimate for the practical limit for scaling of electron
charge-based memory elements

3.4 SYSTEM-LEVEL ANALYSIS
3.4.1 Tiling considerations: Device density and speed

The binary switch, represented by a one-barrier-and—two-wells energy diagram of Figure 3.4a also
suggests a generic topology for the ultimately scaled device, shown in Figure 3.4b. While the smallest
barrier size is limited by tunneling, it can be shown (see Appendix 1) that the smallest well size, w, is
limited by the quantum confinement, and in the limiting case, wy,;, ~ agp ~ a. Thus, the two-dimen-
sional floorplan of a smallest possible binary switch is a 3a x a rectangle consisting of 3 square tiles of the
same size a. The most compact layout for an array of devices must allow at least one tile between each
device for insulation as shown in Figure 3.7. The tiling representation of binary switches allows one to
calculate the maximum theoretical packing density of binary switches on a 2D plane [18,19]:
1

o (3.53)

Nmax =

From the values of a given in Table 3.3, the maximum theoretical device density rmax ~ 10> cm™ is
obtained.
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FIGURE 3.7

Most compact device layout (Joyner tiling [18,19])

As was shown at the end of Section 3.3.2, tunneling cannot be ignored at barrier width a < 5 nm
(Fig. 3.3), which is consistent with the Semiconductor Roadmap projections for ultimate scaling [14].
Also, the typical packing density of transistors in practical microprocessors is less than (3.53) and,
based on the ITRS data [14], it can be approximated as:

1
(20a)*

nMpPU ~ (3.54)

For a = 5 nm, nypy ~ 10 cm™.

The next pertinent question is the minimum switching time. Note that in physical systems, the
Heisenberg speed limit is approachable only in ‘dimensionless’ systems, i.e. where the material
particle is moving a distance not exceeding the Heisenberg length. It is straightforward to show (see
Appendix 2) that if the travel distance L is larger than ay, the minimum travel time is increased as

L

an

T~—Ty (3.55)
In most of this chapter, the focus is on 2D layout of electronic circuits. Indeed, 2D (planar) technology
is representative of current practice. However, 3D systems are emerging, and will be necessary for the
nanomorphic cell. In the following sections, a snapshot of the 3D layout for logic and memory is given.

3D Tiling: Logic

The tiling approach outlined above can be extended to the 3D case (Fig. 3.8). The three-dimensional
layout of a smallest possible binary switch is a 3a X a X a cuboid consisting of 3 cube tiles of the same
size a (Fig. 3.8a). The most compact layout for a 3D array of devices must allow at least one insulating
(‘white’) tile between each device as shown in a top view by Figure 3.8b. The corresponding minimal
insulated switch has dimensions of 4a x 2a x 2a. Next, in a functional circuit interconnects are needed
between the switches, and assuming the minimum interconnect metal tile of size a, the space occupied
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FIGURE 3.8

A generic 3D layout of the binary switch (a) and its top view (b)

by one switch in a functional circuit is Sa X 3a X 3a. Thus the maximum density that could be
expected for 3D organization of a functional circuit of binary switches for a ~ 5 nm is

1 1 17 bit

T Sax3ax3a 458 o3 (3.56)

n3p

3D Tiling: Memory

The memory device is generally more complex than the two-barrier storage node structure shown in
Figure 3.6. In addition to the storage node, there is also a sensor, which reads the state, i.e. the presence
or absence of an electric charge in the storage node. The sensor is typically an electrical charge/
voltage-sensitive device such as transistor, and in the limit it can be represented by a binary switch of
Figures 3.4 and 3.8. Also, in a typical memory system, the memory devices (cells) are connected to
form an array, and individual cells in the array are selected for read or write operations. In order to do
this, memory devices in the array are located at the point of intersection of selection line x (the bitline —
BL) and selection line y (the wordline — WL). These lines form contacts to the memory elements,
which need to be included in the total volume estimate of the memory cell.

FET

sensor

Storage :
node |
1
1

(3un piom) aulf 123135

FIGURE 3.9

A generic charge-based memory element including, storage node, sensor and selector components
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FIGURE 3.10

(a) 3D tiling layout of generic charge-based memory element, (b) the corresponding side view

Space occupied by one memory element in a 3D array can be estimated using 3D tiling similarly as
was done previously for the binary switch. From Figure 3.10, the cell volume (including the necessary
insulating and metal tiles) is 7a X 5a X 5a and thus the maximum density that could be expected for
3D memory array for a ~ 5 nm is:

1 1 16 it

~ = 3.56
Ta X 5a x 5a 17543 cm? ( )

n3p

3.4.2 Adjustment for system reliability

The energy to process one bit in practical devices is higher than kg7In2 due to strong reliability
requirements (very low error probability II, and therefore larger E},) and a large number of electrons,
N, involved in each switching event. The three main factors that determine practical values for Ej, and
N, are system reliability, fan-out, and long communication requirements, as discussed below.

The requirement that all N devices in the logic system operate correctly raises Ej, higher than Eppy;i,
(3.18). The probability Il of a correct operation of all N switches in a circuit is:

Hsyst = (1 - Herr)N (3.57)

where it is assumed that switch errors are independent.
From (3.57) for Il given by (3.16), one can calculate device Ej required for reliable system
operation:

E, — ln<1 - 1~/1'[Sys,>1 (3.58)
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Table 3.4 E, for different system reliabilities and for different
number of devices (in the units of kgT)

N Eo(IT = 0.5) Ep(IT = 0.99)
1 0.69 4.61

10 2.70 6.90

100 4.98 9.21

1000 7.27 11.51

10* 9.58 13.81

10° 11.88 16.11

10° 14.18 18.42

107 16.48 20.72

108 18.79 23.02

10° 21.09 25.32

10'° 23.39 27.63

The values of E}, (in the units of kgT) for different system reliabilities (correctness probabilities) and
for different numbers of devices are shown in Table 3.4.

It is interesting to observe that the incremental energy cost in going from 50% to 99% reliability is
not large. Therefore, the failure threshold analysis offered herein provides reasonable estimate for
lower limits of energy—space—time characteristics of an information-processing system.

3.4.3 Models for connected binary switches

Devices must communicate with each other to support computation, and there is an energy cost
associated with communication. In electron-based devices (e.g. MOSFET) this implies that when the
electron passes from state ‘0’ to state ‘1’ in one binary device (sending), it needs to activate several
downstream devices (receiving).

Juxtaposed switches

In a typical digital circuit, the barriers (gates) of these receiving devices are electrically coupled to
a well of the first (upstream) device. Consider first the case of communication between two near-
neighbor ‘stacked’ or juxtaposed switches as shown in Figure 3.11. When the information carrier
charge from the first (upstream) device is moved from state ‘0’ to state ‘1°, it changes the barrier height
of the downstream switch, and therefore enables the switching from ‘0’ to ‘1’ in the second device also.

The ‘stacked’ configuration of Figure 3.11 requires also ‘stacked’ 3D physical layout. If all binary
switches are located in one plane (planar layout is employed in modern integrated circuits), an
additional conducting line is needed to connect the well of the upstream device to the barrier (gate) of
the downstream device. In practice, this extension is achieved by interconnect systems (Fig. 3.12).
Note that the interconnect system can be represented as a combination of the square tiles in the plane. It
is straightforward to show from both topological and physical considerations that in the limiting case,
the size of the interconnect tile is equal to the device tile a. In the following, the plane is tiled with
squares of size a.
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FIGURE 3.11

Communication between two ‘stacked’ binary switches: the charge in the “1” well of the upstream device controls

the barrier height of the downstream device

(a) (b)

H

FIGURE 3.12

Tiled planar layout of interconnected binary switches: (a) minimum-length connection, and (b) a long connection

Connecting hinary switches via wires: Extended well model
The junction of a conductor (e.g. metal wire) to the gate or well of a binary switch is ideally barrierless
(i.e. ideal ohmic). Thus, a device well connected to a wire can be represented by the extended well
model, where the well size is equal (approximately) to the wire length L.

The question of how reliably the charge in the extended well of the sending device A in Figure 3.13
controls the receiving device B is next addressed. Assume that one electron is needed to control the
barrier of the receiving device, thus one electron passes from the well ‘0’ to the extended well ‘1’ in
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FIGURE 3.13

Extended well model for two communicated binary switches

0-1 switching of the sending device A (N, = 1). The electron is not localized and it can freely move
along the line of length L and the probability to find this electron only at gate B is given by:

My = (3.592)

and the communication error probability is

M, = 1—Tlz = 1_% (3.59b)

For example, if L = 4aq, the probability that the ‘messenger’ electron is located within the gate B I1p =
0.25. This effect is known in technical literature as shot noise, which is signal fluctuation due to the
discrete nature of electrical charge. In order to increase the probability of successful communication,
the number of electrons must be increased. If N, electrons are added to fill the ‘pool’, and these
electrons move independently of each other (which is the case for electrons in metals), the commu-
nication error probability is

I, (Ne) = (1 - Z)N (3.60)

Equation (3.60) gives the probability that no N, electrons are located within the gate B.
Note that the number of tiles, k, needed to form an interconnect system of length L is:

=L (3.61)
a

To increase the probability of successful control, the number of electrons, N,, in the interconnect line
must be increased and this results in the probability of placing an electron on downstream gate B as:

N,
My = 1— <1 —Z>Ne —1- (1 —]i) (3.62)

The solution of (3.62) for N, is:
B In(1 — II)
(1=

The number of electrons N, needed for communication between two binary switches connected by
a wire of length L is given in Table 3.5 for several probabilities of success.

N, = 10g17%(1 —1I) (3.63)
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Table 3.5 The number of electrons N, for communication between two binary switches
for probabilities of success 0.5 and 0.99

L/a N (I = 0.5) N (II = 0.99)
2 1 7

10 7 44

100 69 459

1000 693 4603

10* 7x10° 5x10%

10° 7x10* 5x10°

10° 7x10° 5x10°

107 7x10° 5x107

Since, according to (3.43a) the switching/communication energy per device, Ej,, is proportional to
the number of electrons, as follows from Table 3.5, communication at distance is energetically a very
costly process.

3.4.4 Fan-out costs

In Figure 3.13, an ‘upstream’ binary switch activates only one ‘downstream’ device, which can only
replicate the input value, i.e. communication. More complex circuits are required for logic operations,
where the necessary attributes of logical inference are convergence and branching. Therefore, for logic
operations, the ‘upstream’ binary switch needs to control at least two other ‘downstream’ binary
switches (Fig. 3.14a). The number of the downstream devices that are driven by a given upstream
device is called ‘fan-out’ (F). The minimum fan-out required for branching is F,,;, = 2. In practical
systems, fan-out typically ranges between two and four.

The probability that N, electrons in the interconnect line of device A will be found in the gates of

both B and C is:
1\ ?
IIg,,,c = Ip-Ilc = Il = (1 - (1 —%) ) (3.64)

o— ‘b’
a N
: 7l

B

NN
s AN
HEEEN

FIGURE 3.14

Device abstraction of connected binary switches: (a) barrier model; (b) generic floorplan
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In general

1\
ae= (1 (-)") as

where F is number of receiving devices, or fan-out. Solving (3.65) for N, obtain
In(1 — v/II)

n(1— )
From simple geometrical considerations illustrated in Figure 3.14b, the minimum interconnect length
in 2D topology is

N, = (3.66)

Lin = 2aF (3.67a)
and thus the k term in (3.66), which is the number of interconnect tiles becomes:
i 2aF
ki — Lmin _ 20E o (3.67b)
a a

Table 3.6 presents the number of electrons needed to guarantee the specified reliability of circuit
operation given by (3.66) for the minimum interconnect length.

3.4.5 Energy per tile
In Section 3.3.4, the total switching energy was derived as (3.43a), repeated here for convenience:
Esw = (Ne+2)Ep (3.68a)
if N, =1 and Ej, = kgTIn2 then
Esw,, = 3kgTIn2 (3.68b)
Each device (e.g. FET) consists of three tiles and thus the switching energy per tile in a device is:
eqg = kgT (3.68¢)

One also can calculate the switching energy per interconnect tile using (3.66) and (3.68a). Figure 3.15
displays the energy per tile for different interconnect lengths (measured in the number of tiles) for
different fan-outs. It can be seen that in the limit of long interconnects, the energy per tile is constant
and it varies from about 0.7kgT/tile to 1.8kgT/tile for F = 1-4.

Table 3.6 Fan-out costs

F Nc (IT = 0.5) N (IT = 0.99)
2 5 19

3 9 32

4 14 45

5 20 59

6 26 74
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Interconnect energy per tile: (a) long interconnect limit; (b) minimum interconnect limit

Now, assuming that fanout F is uniformly distributed from F = 1 to F = 4 between different
fragments of a circuit, the average energy per interconnect tile can be calculated from (3.66) and

(3.68a) as:

(€)ong = 1.33k5T (k—»oo) (3.69)
and (e shore = 1.18kgT (k= kpin = 2F) (3.69b)
Comparing (3.68c), (3.69a) and (3.69b), obtains:

eq = (&i) = kT = (&), (3.69¢)

i.e. in the limit, the average energy per functional tile of both devices and interconnect is approxi-
mately the same.

3.4.6 Implications for nanomorphic cell: Numerical estimates of energy
per bit operation

Based on results obtained in previous sections, the energy needed for operation of a micro-sized logic
unit that controls operations of a nanomorphic cell can be estimated. In the estimates offered below,
a minimum barrier width @ ~ 5 nm is assumed with corresponding 2D device density, n ~ 10'° cm >
(a practical limit projected by the Semiconductor Roadmap [14]). Assume further that the system
reliability (the probability of a correct operation of all N switches in a circuit) is II = 0.99. The
following analysis begins with a larger-scale system, such as a semiconductor chip, to serve as
a reference point before considering a small-scale nanomorphic cell.

Large-scale chip: 2D system with size ~1 cm

From (3.54), for a ~ 5 nm, a planar lay-out of a digital circuit on the area 1 cm X 1 cm results in N =
10'° transistors in the unit. The barrier height required for 99% system reliability is Ej, = 27.63kgT
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(from Table 3.4) and the number of electrons per switching event is N, = 19 (from Table 3.6 for
a minimum fan-out F,;, = 2). Substituting the data into (3.68a), there results:

Egy = (N, +2)Ep, = (19 +2)+27.6kgT =~ 580kpT = 2-10"18J

This estimate is consistent with ITRS projections for the switching energy per transistor in micro-
processor chips [4].

Small-scale chip: 2D system with size ~10 pm

A planar lay-out of the control unit of the nanomorphic cell on the area 10 um x 10 pum results in
approximately 10? transistors in the unit. As a reference, the Intel 8080 microprocessor contained 6000
transistors (Table 3.2). Therefore a 10-im processor could have reasonable complexity, e.g. sufficient
for general purpose computing. The barrier height required for 99% system reliability is E, =
13.81kgT (from Table 3.4) and the number of electrons per switching event is N, = 19 (from Table 3. 6
for a minimum fan-out F' = 2). Substituting the data into (3.68a), we obtain:

Egy = (N +2)Ep, = (19 +2)+13.8kpT = 290kpT = 107187

As one can see, system scaling allows for approximately two-fold energy reduction per switch.

For a limited energy supply of ~107° J as estimated in Chapter 2, the total number of binary events
that could be performed by the control unit is:
Estored 1075-]

Esy 10~187 /bit

Npir = ~ 1013 binary operations

These estimates suggest that the micro-scale processor could have reasonable complexity and could
perform extensive information processing with the available micron-scale energy supply. In the next
section further opportunities are discussed that could reduce the energy of logic operations.

3.4.7 Device opportunities for beyond the planar electronic FET: A nanomorphic
cell perspective

Opportunities in 3D systems

All of the above derivations were done for planar lay-out, i.e. 2D topology, the basic geometry of
mainstream integrated circuits. However a 2D topology also results in long interconnects, and
therefore increased energy of operation, since more electrons are required for reliable switching.

In a hypothetical 3D topology for binary switches, the generic shape of the binary switch corre-
sponding to the energy diagram of Figure 3.4 could be a cylinder, and the 3D organization of switches
would allow for ‘stacked’ configurations of Figure 3.11, without as many additional wires as in 2D
layout (see Figs 3.12 and 3.14). It could enable ‘wireless’ communication between the sending devices
A and several receiving devices, as is shown in Figure 3.16. In principle, as many as six receiving
switches can be electrostatically coupled to one sending switch and thus eliminate many circuit
connectors. This could dramatically reduce the number of electrons needed for branched communi-
cation (fan-out) — since, in principle one electron is sufficient to drive the nearby devices (in practice,
several electrons may be needed). Note that the advantages of 3D topology increase with fan-out, thus
suggesting a larger fan-out design approach might be desirable for 3D. Even for low fan-out, at least
one order of magnitude in energy reduction could be expected (Fig. 3.17).
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FIGURE 3.16

3D organization of binary switches. The central switch can be electrostatically coupled to up to six other switches
(three are shown) without interconnecting wire

Small-scale chip: 3D system with size ~10 um

In a 3D configuration, the maximum packing density of binary switches is ~10'7 devices/cm? (3.56)
which corresponds to ~10® devices in a 10-pm cube. From Table 3.4, the corresponding device barrier
height is E, = 18.79 eV (99% system reliability). The number of electrons per switching event can be
much smaller in 3D than in 2D due to interconnect minimization as discussed above. In fact, in the limit
only one electron, N, = 1, is required for fan-out F = 2—6. Substituting these data in (3.68a) we obtain:

Egy = (No +2)Ep = (1 +2)+18.79pT =~ 56kgT =2 x 107197

Thus, 3D topology could potentially provide significant reductions in energy use, but will require the
invention of new devices (e.g. nanowire transistors) and new process integration technologies.
Nanowire field effect transistors (NWFET) are currently studied by many groups worldwide [20],
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FIGURE 3.17

Fan-out costs in 2D and 3D topologies
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and they are regarded as promising candidates both for extremely scaled digital circuits and for other
applications such as sensors (as will be discussed in Chapter 4). Studies of scaling limits of nanowire
transistors suggest the minimum barrier (channel) length in Si NWFET to be about 5 nm [21].

Devices utilizing information carriers other than electron charge

Nanowire-based FETs (NW FET), while substantially different from planar devices (currently
employed in semiconductor chips) are electron-based transistors (though of different geometry), and
thus have the same fundamental limits of scaling as planar devices. That is set by the minimum width
of the energy barrier, ap;,. If the barrier is too narrow, excessive quantum mechanical tunneling
through the barrier will destroy the operation of transistor. Indeed, tunneling leakage is a major factor
which limits transistor scaling. The minimum barrier dimension was derived in Section 3.3.1 and is
repeated here for convenience:
h

a~—— (3.70a)
2 szh

which can be re-written as: h
avm~ ——
2V2E,
As was discussed in this chapter, the practical size limit for electron-based devices is ~5 nm.
Note that the size in (3.70) depends inversely on the square-root of mass of information carrier, m,
and larger mass would allow for smaller devices, since tunneling would be suppressed. Thus heavier
mass information-bearing particles may be a candidate for devices smaller than 5 nm in critical size [22].
The suggestion that a heavier mass information carrier is preferable for nm-scale devices may seem
counterintuitive. A common-sense observation is that lighter mass moves faster and requires less
energy to move. However, the switching time at a given energy actually remains constant for scaled
devices as long as the length-square-root-of-mass product L,/m remains constant. An elementary
illustration of this statement is shown below, and a more detailed treatment of the problem can be
found in [22].
The transfer time needed for a particle of velocity v to move a distance L is:

(3.70b)

t = — (3.71a)
v

Using the relation between particles’ velocity and their kinetic energy E = ’"TVZ, obtain for L = a:

[m
t=ay[5Ee a/m (3.71b)

Note also that the tunneling relation (3.70b) contains the product a+/m, and for fixed energy, the
product a/m remains constant for a given tunneling probability. Thus, in principle it might be possible
to scale down below electron device limits, if the mass of the information-bearing particle is increased
properly, such as:

a/m = const (3.72a)

or 1
Mopy ~ P (3.72b)
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Note that for dimensional scaling with barrier height/operational energy held constant, the switching
time will remain constant, i.e. devices using heavier particles should not be inferior to electron-based
devices.

Several recent demonstrations indeed suggest the possibility of physical realizations for a sub-5 nm
binary switch. The atomic-scale switch reported in [5, 23], for example, opens or closes an electrical
circuit by the controlled reconfiguration of silver atoms within an atomic-scale junction. Such ‘atomic
relays’ operate at room temperature and the only moveable parts of the switch are the contacting
atoms, which open and close a nm-scale gap. Experimentally, a critical device size (gap) of 1 nm was
reported [23]. The atomic relay operates at a relatively low voltage of 0.6 V. The experimentally
measured switching time was 1 s, though the authors projected the switching time for optimized
devices will be in the range of 1 ns [23].

Moving atoms/ions also plays a key role in the mechanism for the operation of a recently reported
‘memristor’, utilizing TiO; thin films, where the switching occurs due to ionic motion of oxygen
vacancies [8, 24, 25]. Memristor-type devices may have a potential for extreme scaling. Also, some
researchers believe that memristors could offer a new fundamental circuit element, which could allow
for realization of complex functions with lower device count. The latter is very important for nano-
morphic cell applications, where volume is one of the primary concerns. The model of memristive
behavior has recently been proposed as a possible mechanism in the adaptive behavior of unicellular
organisms (amoebas) [25], and it was suggested that memristors could be used to build biology-
inspired electronic circuits [25].

As a final remark, ions in liquid electrolytes play an important role in biological information
processors, such as the brain. For example, in the human brain, the distribution of calcium ions in
dendrites may represent another crucial variable for processing and storing information [9]. Calcium
ions enter the dendrites through voltage-gated channels in a membrane, and this leads to rapid local
modulations of calcium concentration within dendritic tree [9]. Based on the brain analogy, the binary
state could be realized by a single ion that can be moved to one of two defined positions, separated by
a membrane (the barrier) with voltage-controlled conductance. These or similar structures might be
used to make an atom-based binary switch scalable to ~1 nm or below.

3.5 SUMMARY

In this chapter bounds for energy and complexity of a nanomorphic implementation of logic control
unit were developed based on fundamental physics and assuming ideal conditions/best case scenarios.
The idea of an energy barrier was developed and used as a unifying concept for the analysis of the
physical scaling limits for the binary switch (e.g. field effect transistor) and for estimates of switching
energies and times. Also the interconnect lines were included using a model of the probability of
transmitted electron location that was ultimately used to quantify energy losses. Results of the deri-
vations in this chapter are summarized in Table 3.7. It was shown that the micro-scale processor could
have reasonable complexity and perform extensive information processing with the available micron-
scale energy supply discussed in Chapter 2.

Aggressive FET scaling is mandatory for implementation of micron-scale systems, in order to
achieve a full functionality of the logic unit. Transition from planar (2D) layout to a 3D configuration
could result in a significant energy reduction. A summary of projected characteristic device critical
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Table 3.7 Projected device characteristics for binary switches for different system size
and topology

System System

size Topology Epit a, nm n N
Lower bound 2D, 3D ~3kgT =10"2° 1 nm ~10%cm=2 -
~10"®cm™®
2022 planar FET ~ ~ cm 2D 600ksT~2-10""%J  5nm 10" cm—2 1010
2022 planar FET ~ ~10pum 2D 260kgT~ 10718 5nm 10'° cm~2 10%
2022 NW FET ~10 um 3D 56kgT~2-107"°J 5nm 10" cm™2 107

size (a), operation energy (Ep;,), device density (n) and the total number of devices in system (N) is
given in Table 3.7. The transition to 3D circuits will require a new device geometry, e.g. cylindrical
nanowire, and new interconnect strategies.

Devices beyond FET also need to be analyzed for their potential to offer more functionality at less
device count and/or smaller energy of operation. In the nanomorphic cell, volume utilization and
energy minimization are the two main criteria for device evaluation.

The volumetric constraints imposed by the nanomorphic cell suggest device scaling beyond the
limits of the electron-charge-based FET needs to be explored. Device scaling below 5 nm might utilize
information-bearing particles whose mass exceeds that of the electron. It has been shown theoretically
that ‘atomic switches’ based on moving atoms as information carriers can offer superb switching
characteristics relative to electron-based devices in deep nanometer domain [22]. ‘Nanoionic’ devices
have already attracted the attention of several research groups and several promising experimental
devices have been recently demonstrated [5,6,8,23-25].

APPENDIX 1: QUANTUM CONFINEMENT

Consider a particle (e.g. an electron) confined in a one-dimensional potential well of width w with
abrupt (vertical) walls (Fig. Al.1). The Heisenberg coordinate-momentum relation (3.5b) for o = 1
and Ax = w results in

Apew > h (Al.1)

Let the electron possess a certain kinetic energy E and therefore, a momentum +p = +/2mE (the &+
reflects the fact that the direction of the momentum is undefined (i.e. right or left). Thus

Ap = p— (—p) — 2p = 2V2mE (A12)
Substituting (A1.2) in (Al.1) results in
2wV2mE > h (A1.3)

or

wv2mE > g (Al.4)
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FIGURE A1.1

Electron confined in a rectangular well

Thus the minimum kinetic energy (also called the ground-state energy) of a particle in a well is
/’12

_ Al.5
8mw? ( )

Emin =
Equation (A1.5) coincides with a standard solution of a quantum mechanical problem for a particle in
a rectangular box with infinite walls [11].

Note that the ground state energy E,;;, is always above the bottom of the well and it moves higher
when the width of the well decreases, an effect called quantum confinement. Quantum confinement
sets a limit on the minimum width of the well for the binary switch shown in Figure 3.4. If the well is
formed by barriers of finite height Ej, the effective barrier height for a particle confined in the well is
less than Ej:

Ep, = Ep — Enmin (AL.6)

If the effective barrier becomes very small, the particle can jump over due to, e.g., thermal excitations.
Thus an estimate for the minimum size of the well is suggested by E, = E,;;;,. From (A1.5):

10 —

Exact solution [11)
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FIGURE A1.2

Effective barrier height for an electron confined in a potential well
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h

Wmin ~ 5 SE, (A1.7)

Note that (A1.7) is close to the Heisenberg distinguishability length ag (3.10) derived for tunneling.
Generally speaking, Eq. (A1.5) describes a situation of infinite height of the walls [11], and for

a finite barrier height, the solution is obtained numerically (see e.g. [11] for a detailed procedure).
However (A1.5) can still be used for order-of-magnitude estimates in the case of low barriers. For
example, let Ej, = kgT , then the effective barrier for a confined particle as a function of the well size is
plotted in Figure A1.2 calculated using approximation (A1.5) and by an exact numerical solution [11].
As can be seen, both approaches yield similar result for larger w, e.g. w ~ 10 nm and diverge for smaller
w, remaining however within a reasonable range for order-of-magnitude estimates. As an interesting
observation, the simple approximation (Eqgs. A1.5 and A1.7) suggests wy,;, ~ 4 nm, where the effective
barrier for electron becomes very small. On the other hand, the exact solution says that at w ~ 4 nm the
effective barrier height is ~kgT'In2, i.e. the Boltzmann’s limit for the minimum barrier height (3.18).

APPENDIX 2: DERIVATION OF ELECTRON TRAVEL TIME (EQ. 3.55)

The travel time of the electron along the distance L is determined by electron’s average velocity (v):

L
T~— (A2.1)
(v)
In this treatment, ballistic transport is assumed as the best-case scenario, and thus constant acceleration
motion, for which

Vmin T Vmax

(v) = 3 = V“;" (A2.2)

(Vnin 18 assumed to be zero).
The maximum velocity v,,, can be found from the energy balance relation:

2
E = Mmax (A2.3)
2
From (A2.2) and (A2.3):
Vmax E
= = 4/ A2.4
() = = 2 (A24)
and from (A2.1) and(A2.4) the electron’s travel time is:
2
t~ Ly (A2.5)
E

Next, from Table 3.3:

riH_h2\/2mE7\/2mE_ 2ﬁ (A2.6)
ayg 2 h  E  VE ’
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Substituting (A2.6) into (A2.5) we obtain the result for minimum travel time (3.55):

T = i TH (A2.7)
ag

LIST OF SYMBOLS

Symbol Meaning

a Energy barrier width, tile size

ay Heisenberg distinguishability length

aHp Boltzmann-Heisenberg length

BIT Maximum binary throughput

C Capacitance

d Distance

e Electron charge, e = 1.6 x 107'°C

E Energy

Ep Energy barrier height

Esw Switching energy

f Frequency

F Force

F Fan-out

G Conductance

Go Quantum conductance, Gg = 7.75 x 10™° AV

h Planck’s constant, h = 6.63 x 1034 J-s

h Reduced Planck’s constant h = h/2p = 1.055 x 107°* J-s
/ Current

k Number of tiles

kg Boltzmann constant, kg = 1.38 x 10722 J/K

L/ Length

m Mass

Me Electron mass, me = 9.31 x 107" kg

n Device packing density

n; Intrinsic carrier concentration in an undoped semiconductor (for

Si, nj = 1.45 x 10'°cm™)

N Number of binary switches

Ny Concentration of ionized acceptor impurities in semiconductor
NY Concentration of ionized donor impurities in semiconductor
Ne Number of electrons

p Momentum

P Power

R Resistance

Ro Quantum resistance, Ry = 12.9 kQ
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Symbol Meaning
S Action
T Time, time interval
ty Heisenberg time
Absolute temperature
v Velocity
v Voltage
Vg Gate voltage
Vi Threshold voltage
w Width of potential well
X Coordinate
Constant
& Permittivity of free space, gy = 8.85-107'2 F/m
&d Energy per device tile
(ei) Average energy per interconnect tile
(&) ite Average energy per tile
I Probability
p Charge density
TH Heisenberg time
0] Electric potential
~ Indicates order of magnitude
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4.1 INTRODUCTION

The nanomorphic cell must have mechanisms that enable it to obtain information about the external
environment and, in particular, about the state of a target living cell. It is stipulated that the nano-
morphic cell must measure external parameters in a non-invasive way. Thus, an essential function of
the nanomorphic cell for bio-applications is to receive and transform signals from its environment and
biological signals from the living cell into an electrical form for subsequent processing and analysis to
provide a basis for further actions. For the purposes of this discussion, the sensors must be of a size
commensurate with that of the artificial cell.

In this chapter, the basic principles of sensor elements are discussed and scaling projections for
micron-sized sensors are investigated. The barrier model (as in the FET) is shown to be a generic
abstraction for many classes of sensors. The concept of the signal-to-noise ratio is important for
understanding sensor scaling while the barrier formulation is used to derive a model for thermal
Johnson-Nyquist noise. It is argued that in many cases, sensors can be regarded as either digital or

Microsystems for Bioelectronics the Nanomorphic Cell 9 1
Copyright © 2011 Elsevier Inc. All rights of reproduction in any form reserved.
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analog devices (e.g. transistors) and that the scaling limits of sensors are therefore close to the limits of
the binary switches, which were derived in Chapter 3 from basic physics. In fact, the field-effect
transistor is used in many practical implementations of chemical sensors. It is shown that a nanowire-
based FET performs the best for many bio-chemical sensing applications.

The discussion in this chapter is focused on three types of sensors: (i) bio-electrical; (ii) bio-
chemical; and (iii) bio-thermal. While other types of sensors, for example light or pressure sensors, are
also essential for nanomorphic measurements, the size and scope of this book does not allow for an
inclusive study of different sensors. In principle, scaling behavior of other types of sensors can also be
analyzed within the barrier model framework and readers may find such an exercise worthwhile.

This chapter, by its nature, is an integration of concepts from both biological and physical sciences.
To aid the reader, a brief glossary of biological terminology used herein is included at the end of the
chapter.

4.2 SENSOR BASICS

A sensor is a device which converts an external physical stimulus into a distinguishable and
processable signal, usually in electrical form [1]. Sensors are sometimes defined as a whole system,
comprising, e.g., (i) a transducer, which generates an electrical signal in response to an external
stimulus, (ii) an electronic amplifier, which increases the intensity of the signal, (iii) a signal processor,
(iv) a display, etc. [1]. In this text, a narrower definition of a sensor is used: a device directly responding
to external stimuli, i.e. a transducer.

Examples of external physical stimuli are mechanical (e.g. pressure, motion, vibration), electrical
(e.g. voltage), thermal (e.g. temperature difference), electromagnetic (e.g. light), chemical (e.g.
presence/absence of particular chemical species), etc.

In response to the external stimulus, the sensor generates an electrical signal, which is further
processed by a control unit and eventually provides a basis for further actions by the nanomorphic cell.
In its simplest form, a sensor generates a binary YES/NO response by distinguishing between the
presence and absence of a particular external stimulus. In other words, a sensor must have at least two
distinguishable states. As was discussed in Chapter 3, creation of the distinguishable states requires
energy barriers within the sensing device. Indeed, in many cases, a sensor can be regarded as a switch,
whose barrier is deformed by different stimuli, e.g. pressure, light, temperature, presence of ions in
a solution, etc. Note that the FET discussed in Chapter 3 is indeed an electrical sensor, whose stimulus
is the presence/absence of an electrical charge on the gate electrode. In fact, a charge-sensing tran-
sistor, e.g. the FET, is usually a receiving device downstream from the sensor that is used for signal
conditioning (e.g. amplification, filtering, etc.), as is shown in Figure 4.1.

Due to the intrinsic similarity between a sensor and the FET, the fundamental scaling limits of
sensors are, in principle, the same for the FET, which were discussed in Chapter 3. However, there are
additional constraints for sensors arising from requirements of sensitivity, selectivity, and response
time, as will be discussed in this chapter. Also, while sensors can be used in a digital (i.e. binary) mode,
in most cases they are used as analog devices (see Box 4.1). As a side note, some sensors can be
powered, at least partially, by the energy of the external stimulus. For example, a thermoelectric
temperature sensor (e.g. thermocouple/thermopile) can be used as an energy source converting heat
into electricity, as was discussed in Chapter 2.
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External stimulus

A
FIGURE 4.1

A generic model of a minimal sensor configuration: transducer (T) and a downstream device used for signal
conditioning, e.g. amplifier (A)

BOX 4.1 DIGITAL AND ANALOG DEVICES

The binary switches, discussed in Chapter 3, are used to represent and process information in digital form: they have
two states (known as binary states), which are marked as the digits 0 and 1 (see Box 3.1). As was discussed in
Chapter 3, in digital operation, the barriers in the switches (e.g. the FET) are abruptly set from highto lowvalues and
vice versa.

The barrier height can also be decreased gradually to a value somewhere between its maximum and minimum
values. Devices (e.g. the FET) operating in the continuous mode are called analog, while devices operating in the
discrete (e.g. binary) mode are called digital. Most sensors are analog devices.

In many microelectronic systems, both analog and digital parts co-exist. To enable interaction between the two,
signal converters are used: analog-to-digital (ADC) and digital-to-analog converters (DAC).

4.3 ANALOG SIGNAL

Figure 4.2 contrasts analog and digital forms of data representation. An analog signal is a time-varying
quantity s(¢), which if transformed into digital form (e.g. by an analog-to-digital converter ADC), each
point of s(#) is then represented by a sequence of pulses of constant duration and amplitude. Note that
measurement of a continuous analog quantity requires a certain finite time interval, 7, and the observed
value of s(¢) is a time average over the interval T:

;=1 / syt @.1)
0

Obviously, the recorded time average value 5, will depend on the measurement time 7 and on how
rapidly the analog signal changes in time, which can be characterized by the signal’s highest and
lowest frequencies, fi and f; respectively. The difference Af = f — f is called bandwidth. In the
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FIGURE 4.2

Examples of analog (top) and corresponding digital (bottom) signals. The digital signals shown in the figure
represent several sample points of the analog signal, generated by an analog-to-digital converter. Recording/
conversion of each point of the analog signal requires certain sampling time t which should typically be much
smaller than the signal duration s

discussion below it is always assumed that f; = O (Hz). The highest frequency (and therefore the
bandwidth) is related to the signal’s time duration, ¢, as

1
Af =fu~— (4.2)

Note that in theory, for a signal of finite time duration, fy — o0. In practice however, the highest
frequency of a signal is understood to be that frequency below which the main (e.g. 90%) part of the
signal’s energy is located. For such a ‘relaxed’ definition, formula (4.2) holds for most practical cases.

As can be seen from Figure 4.2, for reliable analog recording, the recording interval, 7, (sampling
time) must be much less than the signal duration: T << t; or fy >> fg.

The fundamental limit on the minimum sampling time is given by the Nyquist-Shannon-
Kolmogorov theorem:

1 t

Tmin < m ~ 2l 4.3)



4.3 Analog signal 95

To illustrate (4.3), consider strategies for detecting a single rectangular pulse of duration f
(Fig. 4.3) by using a repetition of rectangular sampling pulses of duration 7. Two things need to
happen for a successful detection: (i) the sampling signal needs to ‘catch’ the measured signal,
i.e. there must be a time overlap between the two, and (ii) the recorded time average value s; of
the detected signal should be reasonably close to the actual value, s,. In the following, we
require that in a ‘minimal successful measurement,” the measured value should be no less than
a half of the actual value, i.e. 5; > . First let T >> #; (Fig. 4.3b). In this case, the probability the
sampling and the measured signals overlap is close to 1. However, the measured time average
value of the signal over interval 7, according to (4.1) is s; —0. For more accurate time average
measurements, T should be reduced, e.g. T ~ #; (Fig. 4.3c). However, if the repetition interval is
larger than ¢, there is a non-zero probability that the sampling will miss the measured signal. If
T < t5, the overlap probability is always 1 and it is easy to show that if T = #¢/2, then 5; > s,,/2
(Fig. 4.3d).

() e
-fs
0
A
(b)Sm s e — T>> 1
I
P <+ T R _
0 < > 5, —0
A
(C)sm I e Tt
T T |1
0 L 5,.=0...5,
T~ /2
—_
5,2 %

FIGURE 4.3

lllustration to the sampling theorem: different strategies for detection of a single rectangular pulse (see text for
discussion)



96 CHAPTER 4 Sensors at the micro-scale

4.4 FUNDAMENTAL SENSITIVITY LIMIT OF SENSORS: THERMAL NOISE

In Chapter 3, a detailed analysis of the barrier structure (Fig. 3.5) for digital operation (binary switch)
was performed and a basic FET equation (3.41) was derived. In fact, the FET equation (3.41) also
describes the gradual or analog operation when the controlling gate voltage V, varies continuously,
resulting in continuous change in the current /, passing through the FET:

E, —eV, Vv
I = eNy exp( - bOTTe&) [1 - exp( - e/q:?)] 4.4

As was shown in Chapter 3, the limiting factor for operation of digital binary switches is error
probability. In analog devices, the equivalent measure of errors that limit the ability to detect a small
signal is noise.

In an ideal digital switch, the current (4.4) is very low (nearly zero) in a steady state and it abruptly
changes to a high value for a very short switching event. However, in the steady state of analog
applications, there is a non-zero current /o. When an external signal V, is applied to the gate, the
current changes to a value /;. One measure of sensitivity of a sensor is an ability to distinguish between
I and Ip. A ‘minimal’ requirement on the ratio of the signal current to the steady-state current can be
written as:

I
=2 45
I (4.5a)

or for output signal amplitude Al = I — Iy:
Al =1y I

= _ —2_1=1 4.5b
Iy Iy Iy (4.5)

From (4.4) and (4.5), a minimal input signal amplitude AV, = V,; — V, can be calculated as

AVs = = 18mV (4.6)

Note that (4.6) is equivalent to (3.18).

Next, the derivation of (3.41), now (4.4), is revisited, keeping in mind the analog operation of the
same structure (Fig. 4.4), and an expression for thermal noise is derived. This derivation was inspired
by the elegant treatment by Luca Callegaro at the Istituto Nazionale di Ricerca Metrologica (Italy) [2].

The average current flowing through the barrier structure during a finite sampling time 7 will be
first derived. If only one electron passes the barrier during the sampling time, the effective recorded
current 18

i=< @.7)

The probability that at least one electron will pass the barrier during the time 7 can be determined as
follows. The probabilities that an electron striking a barrier will pass over the barrier is given by the
Boltzmann probability discussed in Chapter 3 (e.g. 3.4):

E
I = exp( — kB—bT) (4.8a)



4.4 Fundamental sensitivity limit of sensors: Thermal noise 97

Ey

IaB
G::> Iga
eVaB
A £ a7
0000 | ™. b

eVap ™.,

Q00O

FIGURE 4.4

A barrier structure depicting analog operation (dashed lines show intermediate reduction in barrier height, Ep)

Ep+eV
Mg = eXp< S AB) (4.80)
Note that:
TIga eVap
_ _ 4.8
s e"p( ksT (4.8¢)

ITop and IIgy are the probabilities of ‘success’ in one trial. The number of trials k during time interval
Tis
k = t+No 4.9)

where N is the number of electrons that strike the barrier per unit time (in probability language, Ny is
the attempt frequency).

The probability that at least one electron will pass through the barrier during a sampling
time T is

w(k) = 1—(1—T0)* (4.10a)
For smaller k:
(k) = keTI (4.10b)

Now, the average value of the barrier current and the mean square value can be calculated using
standard formulae for weighted mean:

(I => mil (4.11a)
() => mil} (4.11b)

Z’Ti =1 (4.11c)



98 CHAPTER 4 Sensors at the micro-scale

The electrons strike the barrier from both sides and there are three possible random events contributing
to the current.

1. One electron passes the barrier from A to B, with probability 74p resulting in a current isp:

E
map (1) =k+Tlpp = 1*No exp( - “f;) (4.12a)
irg = ; (4.12b)

2. One electron passes the barrier from B to A, with probability Tga resulting in a current iga:

Ey + eV,
mpa(f) = k-Tgs = tNp exp(—%i“) (4.12¢)
iga = ; (4.12d)

3. No electrons pass the barrier in either direction during the sampling time T with probability m:

mo = 1 — (wap + 7Ba) (4.12¢)
ip =0 (4.12f)
Using (4.11a) and (4.12 a—f), the average current is:

. ) e
(I) = iap*map(t) — ipa*mpa(t) + 0+ (1 — (wap + wpa) = ;‘TNO(HAB —IIga)

eNo(ITyp — Tlpa) (4.13a)

Note that the average current is independent of the sampling time. One can re-write (4.13a) as

(I) = eNy(ITgp — IIps) = eNy exp( — ﬂ) <1 — exp< — Wﬂ)) (4.13b)
kBT B

which is identical to (3.41a).
The current can also be expressed using Ohm’s law: I = V4p/R, where R is an effective resistance of
the barrier structure:

Vv, V
Iy = % = eNoIlpp (1 - exp< - e}{;‘j{*)) (4.13c)
from which using (4.8c):
Iyg = ——|——F—— 4.14
4B 7R eNg (1—exp(—%ﬁ) 19
The mean square value of the current according to (4.11a) and (4.12 a—f) is
2

. . e
(1) = &% +map(c) +iompa(z) = —No(Iap + Ip4) (4.152)
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or using (4.8c):

2 2 2
e II e II e ev,
(r) = 7N0(HAB +ﬂHAB) = 7N0HAB<1 +H—BA> = 7N0-HAB<1 —&-exp(—ﬁ))
B

Iap AB kgT
(4.15b)
Substituting (4.14) for [Ipg we obtain:
1+ exp( - ev"ﬂ)
V, ksT
Py =0 s 4.15¢)

1— exp( - e,(‘;@?)

Let x = eVp/kpT and investigate the case when V45— 0. For small x, exp(-x) ~ 1 — x, and thus

?) =2

'R 1-(1-x) t R x 1R x "1© R eVup R

Vap 1+ (1— Vap 2 — Vap 2 Vap ksT — 2kpT 1
ap 1+ (1—x) eVap2—x eVap 2 ¢ Vap kgl 2Kp - @16

QAo

Finally, using the fundamental relation between the signal bandwidth 4f and the minimum
sampling time (4.3) we obtain:

() = 4kT'f’TAf (4.17a)
or
(Vi) = (I) « R* = 4kpTRAf (4.17b)

The subscript on the left-hand side of (4.17a—b) stands for ‘noise’, as the above results indicate that
non-zero values of electrical signal can be measured even in the absence of external bias, i.e. V4g — 0.
Indeed (4.17a-b) are the Nyquist-Johnson relations for thermal noise.

Thermal noise can also be expressed as noise power:

(Py) = (I7) * R = 4kpTAf (4.17¢)

The analog signal is always measured in the presence of noise and the operational limit of analog
devices (e.g. the detection limit of sensors) is set by the signal-to-noise ratio (SNR), which is usually
defined in terms of a power ratio:

(Ps)
(Pn)

Often it is convenient to express the signal-to-noise ratio through signal amplitude, for example
voltage V or current /;. From (4.17a—c) for R = const. obtain:

2 2
SNR = (%) = G—) (4.18b)

(Vs, 15, V,, and I, are the root mean square values of signal and noise voltage or current amplitudes
respectively.)

SNR =

(4.18a)
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4.5 WHAT INFORMATION CAN BE OBTAINED FROM CELLS?

The state of a living cell can be monitored by sensing different physical parameters at or near the cell
surface [3]. Some examples are given below categorized by the nature of the stimulus.

()

(i)

Chemical. Examples of cell chemical signals are ions, such as HY or Ca?*, smaller organic
molecules, such as sugar, lactones, and larger biomolecules, such as proteins, DNA, etc. One
important chemical indicator of the physiological state is pH, which is related to the
concentration of hydrogen ions or protons HY (see Box 4.2). For example, studies of the
mammalian cell’s acidification rate (the rate of proton extrusion into extracellular medium)
have shown that under steady-state conditions, one cell produces on average ~10’—10® protons
(H™) per second [4]. If a particular function of the cell is activated, the number of extruded
protons can increase manyfold. For example, if the antimicrobial function phagocytosis is
stimulated in a type of white blood cell, neutrophils, the acidification rate is increased more
than fourfold from 1.3 x 107 H'/s in the resting state to 5.5 x 10’ H'/s [4].

Electrical. Electrical signaling has a primary importance for the nervous system. Cells that have
the ability to generate electrical signals are called electrogenic cells (see Box 4.3), such as brain
cells (neurons) and heart cells. For example, neurons are characterized by ‘action potential’

BOX 4.2 PH OF A SOLUTION

pH (from Latin potentia hydrogeni — power of hydrogen) is a measure of the acidity of a solution. The property of
acidity is directly related to the concentration of hydrogen ions H* or protons. Quantitatively, it can be approxi-
mately expressed as

where [H" ] is the molar concentration of dissolved hydrogen ions.

cases, an indicator of health. Table B4.1 contains examples of pH of some important liquid constituents of both the
exterior and interior of living organisms.

Table B4.1 Examples of pH of some important liquid constituents of both the exterior and interior of
living organisms
Medium pH
Distilled water 7
Seawater 7.5-8.4
Human blood 7.36-7.44
Human skin 4.5-6.0
Human saliva 5.6-7.6
Gastric juice (acid) 1-2
pH= —log [H*}

In living systems, pH is tightly regulated and is an important measure of the physiological state and, in many
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BOX 4.3 ELECTRICITY AND THE CELL

The discovery of the mechanisms underlying cellular electrical activities was led by pioneering work by Hodgkin and
Huxley,? who were awarded a Nobel Prize in Physiology for Medicine in 1963.

The electrical elements of living cells are comprised of ion pumps and gated ion channels in the cells’
membranes. The electrical activity of a cell is due to conditional opening of the channels in the cell’s membrane
which allows ions to flow to and from the cell’s exterior. The ion pump (ion transporter) is a special protein that
moves ions across the membrane. Potassium K* and sodium Na* ions are primary contributors to the membrane
current, although some other ions, e.g. chlorine CI” and calcium Ca™, play a role. The ion current results in a voltage
drop across the cell’s membrane (~5 nm thick). For example, in the cardiac myocytes, which are cells responsible
for generating the electrical signals that control the heart rate, the resting heart cell membranes are charged
positively on the outside and negatively on the inside due predominantly to K* ion gradient which results in
a transmembrane potential of about ~90 mV.?

Because of the importance of electrical measurements/stimulations in heart and brain functions, it is essential
to implement accurate electrical measurements for living systems. There are three main categories of experimental
measurements of electric signals in the brain:*©

1. Local field potentials — electric potential sensed in the immediate proximity to neurons using microelectrodes of
a size comparable to the cell’s size.

2. Electrocorticogram — electrical measurements using electrodes ~1 mm in size, placed on the cortical surface.

3. Electroencephalogram— electrical measurements using electrodes on the centimeter scale placed on the surface
of the scalp.

?A. L. Hodgkin and A. F. Huxley, “A quantitative description of membrane current and its application to conduction and excitation in nerve”,

J. Physiol. 117 (1952) 500-544.

bW, A. Tacker and L. A. Geddes, “The laws of electrical stimulation of cardiac tissue”, Proc. IEEE 84 (1996) 355-365.

°C. Bédard, H. Kroger, A. Destexhe, “Model of low-pass filtering of local field potentials in brain tissue”, Phys. Rev. E 73 (2006)
051911.

(intracellular) and ‘local field potential’, the latter of which is the composite extracellular
potential field derived from several hundreds of neurons around an electrode tip. The
individual action potentials of neurons have a typical duration of 1 millisecond and
intracellular amplitude of 100 mV. The extracellular signals (local field potential) have
a frequency of 1-100 Hz and potential of ~5 mV. Electrical measurements at the cell
membrane provide essential information on the cell’s state. A reliable interface between
neurons and electrical sensors is required for neuro-electronic devices, including neuro-
prostheses and neuro-computers [5].

Cellular electricity can also be a source of energy in living systems. For example, the
electric eel has several thousands of specialized cells used to generate electricity
(electrocytes), each cell producing ~0.1 V. The electrocytes in an electric eel are connected
in series and can generate voltage up to ~ 600 V. The operating principle of electrocytes
has inspired a recent proposal for a new energy source to power medical implants and
other small-scale devices [5].

(iii) Light. Some cells are naturally bioluminescent, which means they emit light under certain
conditions. For example some strains of bacterium V. cholerae are luminescent [7]. Another
luminescent bacterium, Xenorhabdus luminescens, has been found in human wounds [8]. In
addition to naturally luminescent cells, today different light-emitting living cells can be
genetically engineered and used as ‘microbial biosensors’ [9], e.g. for detection of toxic
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materials. Also, the ability to track the light-emitting cells within an organism provides powerful
in vivo imaging technology [10]. In current applications, light emitted from such in vivo reporters
is detected by an external photosensor through the skin and other tissues; thus, the sensitivity of
the method is severely limited by the tissue absorption. Implementations of nanomorphic cells
could dramatically expand the capability of the technology for in vivo imaging of light-
emitting probes.

(iv) Thermal. Living cells are open thermodynamic systems and they continuously exchange matter,
energy, and entropy with the surrounding medium [11]. Therefore, bio-calorimetry, which
monitors the thermal parameters of biosystems, is an important methodology as it provides
direct information about the physiological state of organisms [11, 12].

4.6 SENSORS OF BIOELECTRICITY

The primary technological challenge in the development of electrical biosensors is that the charge
carriers in the living cells are ions in electrolytes, but in solid-state devices, the charge carriers are
electrons. Therefore, integration between microionics and microelectronics is needed [13].

The electrical elements of living cells are comprised of ion pumps and gated ion channels in the
cells’ membranes. The electrical activity of a cell is accompanied by the opening of the channels which
allows ions to flow from/to the cell’s exterior. The time scale of this ‘ionic’ event is on the order of
milliseconds [14,15]. The current flowing through the ion channels causes a voltage change in the
electrolyte, which can be sensed by a FET-type device. To enable the ‘electronic—ionic’ interface, the
FET is fabricated without a traditional metal gate electrode; instead, the ion-conductive electrolyte acts
as a controlling gate electrode as shown in Figure 4.5. If an ion-sensitive material such as silicon
dioxide is used as a gate insulator, the ‘gate-less’ FET will sense the change of ion concentration. Such
a structure is referred to as an electrolyte—oxide—silicon FET or EOS FET [13-19]. It is also called an
ion-sensitive field-effect transistor (ISFET).

To sense extracellular electrical activity, the cell must be brought in proximity to the FET channel,
as the extracellular electrolyte plays the role of an FET gate. The FET/transistor hybrid is sometimes

(a) (b)

e ———
source channel

FIGURE 4.5

‘lonic’ field-effect transistor: (a) materials system; (b) barrier representation
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(a) ( b) ' Leen

channel

Ly

FIGURE 4.6

Recording of electrical activity of an electrogenic cell with FET biosensor: (a) electrical abstraction; (b) schematic
of Cell-FET configuration

called a Cell-FET [5]. Such FET biosensors have been successfully used to record electrical signals
from individual cells [5,13-20].

A schematic configuration of the Cell-FET is shown in Figure 4.6. Note that there is a gap or
cleft in the junction between the cell membrane and FET sensing surface. The cleft is filled with
electrolytes. Studies by the Peter Fromherz group at the Max Planck Institute for Biochemistry
(Germany) [13,14,16-20] have shown that this thin sheet of electrolytes is an inherent
component of interface between a living cell and a solid surface (e.g. of a semiconductor FET
sensor). Experiments with rat neurons have shown that a typical thickness of the cleft is 5cleﬂ
~ 50 nm [18].

The scaling sensitivity trade-offs of FET biosensors have been also analyzed in [17, 18]. Based on
signal-to-noise ratio (SNR) considerations, it was argued that the optimum ‘sensing’ area A, of the
FET gate/channel region should be close to the cell size [18]. The arguments are summarized in
a simplified form as follows.

Consider a planar Cell-FET with an open gate size L, and gate surface area Ag ~L§. The FET gate
area is in proximity to a cell of size /.. (Fig. 4.6b).

The thermodynamic limit for the signal-to-noise ratio in Cell-FET interfacing is set by the thermal
noise [14]. In Section 4.3, the Nyquist-Johnson relation for thermal noise was derived:

V2 = 4kpTRAf (4.15b)

Note that the Ohmic resistance of electrolytes in the cleft between the attached cell membrane and the
transistor contributes to the thermal noise:

dcleft 1
R left = o< — (419)

cle; Ag Ag

or
1 1
2
~ 4.2

vt (4.20)
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On the other hand, the Cell-FET gate voltage (signal) is proportional to the gate charge density (charge
per gate area):
vo~4q 9 4.21
S vab: (4.21)
The gate charge ¢ is directly proportional to the number of ionic channels, N, in the ‘sensing’
area, i.e. the cell area in contact with the gate. There are two possible cases, depending on the relative
sizes of the gate and the cell:

lcell < Lg

In this case the gate charge is determined by the cell area:

q ~ Nep ~ Acen ~ 12

cell

(4.22)

Note, the gate charge g remains constant (the entire cell area is exposed) and as a result, the charge
density and signal voltage (4.21) decrease as gate area increases:

2

12
V, ~ L_211 (4.23)
4

1cell > Lg

In this case, the gate charge is directly proportional to the gate area in contact with the cell:
2
g~ N~A;~L, (4.24)

The corresponding signal voltage remains constant, independent of gate size:
~ =5 = const (4.25)

The signal-to-noise ratio of the Cell-FET can be defined as

2
SNR ~ (“;) (4.26)

n

Figure 4.7 illustrates the behavior of input signal and noise in a planar Cell-FET. As can be seen,
the signal-to-noise ratio of the Cell-FET reaches a maximum at Ly = lcoyy (Ag = Acenn).

Examples of typical gate dimensions of practical FET biosensors are 2 im x 20 pim, 6 m X
7 wm, and 22 pm x 24 pm [14, 16]. The RMS noise in the range 2 Hz-2 KHz is ~5 UV for larger
transistors and 14 PV for smaller devices [14]. A larger FET allows for ‘full-cell’ recording,
while smaller devices can be used to record, e.g., vesicle releases [16]. It is projected that for
detection of small vesicles with diameter ~50 nm, a FET sensor with gate area ~0.5 pm” will be
needed. In this case, the projected signal amplitude is ~400 LV at a detection limit ~300 wV. The
latter example could be regarded as an approximate practical scaling limit for planar FET
biosensors.
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FIGURE 4.7

Scaling behavior of input signal-to-noise ratio of planar Cell-FET biosensor

4.7 CHEMICAL AND BIOCHEMICAL SENSORS
4.7.1 Planar ISFET sensors

An ion-sensitive FET can also be used to analyze the chemical composition of a solution. The simplest
goal would be to measure the pH level, which is related to the concentration of hydrogen ions. The
ionic activity of the cell can be measured by the ion-sensitive FET (ISFET) described in the previous
section. In biological experiments, the ISFETs are often used as a pH sensor measuring concentrations
of H* ions [21]. Many biochemical reactions are accompanied by changes in pH. For example,
bacterial metabolism of sugar in many instances results in a significant pH drop of the medium and can
be detected by an ISFET-based biosensor [22].

The ISFET, in its basic configuration, is not selective, i.e. it does not distinguish between different
ions or molecules. If ISFETs are used for selective detection of, e.g., organic molecules, the FET
sensing surface must be covered (‘functionalized’) by certain chemically selective compounds, for
example different enzymes [21]. If certain target molecules are present in the solution, the enzymes
catalyze biochemical reactions that result in a pH change. In a glucose ISFET sensor, the glucose
oxidase enzyme promotes glucose conversion to gluconic acid, which is accompanied by the
formation of H* ions [23]. Enzyme ISFETSs have been developed for the detection of different ana-
lytes, for example glucose, penicillin, urea, pesticides, and many others [21].

The ISFET can also be functionalized by other biorecognition molecules — ‘molecular receptors’,
such as single-stranded DNA or proteins [21]. The receptor molecules have high binding affinities to
the selected target molecules, as opposed to other molecules in the solution. The target molecules
attached to receptors in the ISFET gate area can change barrier height and therefore FET current due
to, e.g., molecular dipoles or net charges.
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The detection limit of planar FET biosensors is usually in the range of ~10~> mol/L (~10 pM) [21].
Much smaller concentrations are characteristic for individual cell activity, e.g. in the fM to pM range,
for nanomorphic configurations (see Box 4.4). Therefore, sensors with lower detection limits are
needed.

BOX 4.4 MOLECULAR CONCENTRATIONS IN NANOMORPHIC CONFIGURATIONS

Molar concentration is a measure of the quantity of certain molecules, atoms, or ions in a solution. The molar
concentration, u, is defined as the number of moles per unit volume:

w = Nmol
NA'V

where N, is the number of molecules of a given type present in the volume, v, of the solution and N4 is Avogadro’s
Number. A typical unit of molar concentration is 1 molar = 1 M = 1 mol/L.

Consider a nearly spherical cell with a ‘radius’ rse;; ~5 pm. The approximate volume of such a cell is vge) ~ 4/3mr
~5 x 10 cm3 = 0.5 pL. Suppose only one biomolecule of a certain type is present in the cell. The corresponding
molar concentration is

1
o = ——~3pM
el ™ NaVeen
Next, consider a cell that is confined within a closed spherical volume of radius rs as shown in Figure B4.4a.

Suppose the cell expels one molecule to its exterior. The resulting molar concentration for such a closed volume
configuration (CVC) is

channel

Ly

FIGURE B4.4

Nanomorphic configurations for (bio)chemical sensing: (a) closed volume configuration, (b) Cell-FET-like
configuration

1 3

i 4”(’?"3@//)

For example pic,c = 0.5 pM for rg = 10 pm and iy = 3 fM for rg = 50 pm, both for reey = 5 pm.

Finally, perhaps the smallest possible sampling volume for biochemical sensing is the volume of the ‘cleft’
in the Cell-FET-like configuration (Fig. B4.4b), which was discussed in Section 4.4. The cleft volume for dcjer
~50 nm and Lg ~ 10 pm is veert ~ 5 fL and the corresponding molar concentration is pcerr ~ 300 pM for one
molecule.

Heve =
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4.7.2 One-dimensional nanostructures for biosensing

In 2001, Charles Lieber’s group at Harvard demonstrated that using one-dimensional (1D) FET
structures (for example Si nanowires) for chemical sensing will dramatically enhance device
sensitivity [24]. The sensitivity enhancement by using a nanowire (NW) channel FET is due to the
very high surface-to-volume ratio and small cross-sectional area of the nanowire [23-25]. In
a conventional (2D) FET, the gate charge changes the channel conductance only in a thin channel-
gate insulator interface region, while in NW devices, the conductance is modulated at the ‘bulk’
level, resulting in higher sensitivity [25]. The ion sensitivity of NW FET increases as the NW radius
decreases. Below, a simple analysis to illustrate this point is offered for a p-type doped NW FET pH
Sensor.

Consider a NW FET structure with a nanowire of diameter d = 2r and length L (Fig. 4.8a). As an
example, it is assumed that the NW is made of silicon and is doped by acceptor-type impurities (such
as boron) to a concentration N, to achieve a reasonable conductivity. The current through the nanowire
is proportional to the cross-sectional area, A, of the NW channel:

; V. VA Vm?
NW,O—R—pL— oL

(4.27)

(p is the resistivity of the nanowire).

When HY ions are adsorbed on the NW surface, the NW surface region of width W becomes
depleted of mobile charge carriers (see Boxes 3.3-5 in Chapter 3). The depleted near-surface region of
NW has a low conductivity, and therefore the conductive cross-section A, of the NW decreases as
shown in Figure 4.8b.

(a) (b)

Depleted (non-conductive) region

Conductive cross-section, A

FIGURE 4.8

Nanowire FET sensor: (a) a schematic view; (b) a cross-section of NW showing external surface charge and
internal charged depletion layer
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The corresponding current through the NW of length L and cross-section area A, (Fig. 4.8b) is

V VA Ver(r—w)?
Inw = — = _ Yemlr = W) (4.28)
R pL pL

The relative change in current due to the adsorption of ions is a measure of device sensitivity
(see Eq. 4.5 in Section 4.3) and this change is given as (assuming W << r)
Al 2_(r=Ww)? 2W-W? _2uW 2W

eI (rz I BILLPS AL (4.29)

r2 r

INW70 r r

The depletion width, W, can be estimated based on the charge neutrality condition, i.e. the total positive

charge of ions absorbed at the surface, gy, is equal to the total negative charge, g, of ionized acceptors
in the depleted volume of the nanowire:

qs = 4d

(4.30)
eng * 2wrl. = eN, * 2wrLW

where n; is the surface concentration of absorbed charge (cm’z), and N, is the volume concentration of
jonized acceptor impurities (cm ™).
From (4.28), the depletion width W can be found as

ng
W =— 4.31
N, (4.31)
Putting (4.31) into (4.29), the NW FET sensor sensitivity is
Alynw _ 2 ny

== (4.32)
Inwp 1 Ng

Because of its high sensitivity, the nanowire FET shows promise for both chemical and
biochemical microsensors. Si-NW FETs for pH sensing have been demonstrated in [23-26]. Typical
NW sensor dimensions are ~50-100 nm in diameter and several um in length [23-26]. The
conductance of the silicon nanowires has been shown to be directly related to the pH of the
surrounding environment. For example, more than one order of magnitude in current change resulted
by varying pH values from 6.0-8.0 [26]. Smaller devices exhibited even greater sensitivity. In [25], the
NW pH sensor was tested in the pH range 2-12 and a sensitivity of ~80 nS/pH was achieved.

The Si-NW FET pH sensors have been used, for example, to monitor real-time cellular responses —
specifically, T-lymphocyte activation. Addition of a species-specific antibody to a suspension con-
taining T-cells results in the release of acid by the cells, which causes current decreases in the NW
sensor [26].

While nanostructured silicon is a popular material for biochemical sensing applications, some
other materials also show promise. Carbon nanotubes (CNT) have attracted interest in biosensing
applications [27, 28]. For example, CNT biosensors were used for real-time detection of poly-L-lysine
with a detection limit of ~1 pM [27].

The CNT diameter can be as small as 1 nm (comparable with the size of a single protein), while
a typical length of the CNT for biosensing applications is 1-100 pm, and thus the CNT can span
a single cell. In principle, they could be used as (quasi) non-invasive probes to contact or even puncture
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passivation

FIGURE 4.9

Suspended CNT sensor interfacing with a macrophage cell
(adapted from [28])

the cell’s membrane [28]. In an interesting recent experiment by the Cees Dekker’s group at Delft
University, a suspended CNT FET sensor was used to monitor a macrophage. (Macrophages play an
important role in the human immune system by engulfing and ingesting pathogens.) In [28], a FET
sensor, equipped with a suspended nanowire channel, was utilized to interrogate single macrophage
cells. The structure of the suspended 1D channel FET allowed the macrophage to surround the channel
(Fig. 4.9) as it is naturally ‘programmed’ to do. This preliminary result suggests an intriguing
possibility of a macrophage cell ingesting an electrical sensor and thus the possibility of electrically
monitoring processes inside the cell [28].

Another application for one-dimensional FET sensors is the direct detection of biological
macromolecules. As was discussed above, this application requires that the nanowire be functionalized
by binding, e.g., a receptor molecule to the surface of a NW sensor. NW FETs functionalized with
antibodies were successfully utilized for detection of antigens (immunodetection) at less than 100 fM
concentrations [26]. As another example, NW FET sensors were functionalized with biotin for
selective detection of streptavidin proteins. Concentrations of the streptavidin molecules as low as
10 fM were detected (at SNR of 140) and the detection floor was projected to be ~70 aM [26].

The detection limit of nanobiosensors has also been the subject of recent theoretical studies by the
group of Alan Alam at Purdue University, who used Monte Carlo simulations to connect detection
limits with the time required for detection. It was reported that experimentally measured concentra-
tions may be influenced by statistical effects [29,30].

4.8 THERMAL BIOSENSORS
4.8.1 Basic principles

Monitoring the thermal environment in very small volumes, e.g. around the living cells, can also provide
important information about their physiological state; however, the small size of the cells places
anumber of constraints on the design and operation of thermal sensors. For example, as was discussed in
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Chapter 1, typical bacteria whose dimensions are approximately 1 pm, have a volume ~10~'% cm?

(or ~1 fL) and metabolic power P.;; ~ 107'°~107'> W. On the other hand, a typical human cell is of the
size ~10 pm, with a volume 107 cm?® (or 1 pL) and metabolic power P, ~ 10712210710 w.

Below, some scaling considerations for bio-thermal sensors are addressed. First, a well-known
relation in thermal physics relates the amount of heat, O, released or absorbed within a physical system
to the corresponding temperature change AT:

Q == CthAT = CV(]1°V'AT (433)

where Cy, is the ‘thermal mass’ or thermal capacitance, c,,; is the volumetric heat capacity, and v is the
thermometric volume. Table 4.1 shows values of c¢,,; for different substances.

Note that the volumetric heat capacity for most solid and liquid substances lies in the interval 1.5-4
J/em?®-K (water’s heat capacity of 4.2 J/cm®- K is the largest of all known substances). Therefore in the
analysis below, an ‘average’ volumetric heat capacitance is assumed to be:

J
em3 K

Next, from (4.33), the temperature change due to the release/absorption of heat Q is

AT = 0 = g (4.34a)
Cool *V 3V

Cyol ~ const ~ 3

Note that in thermal measurements, sensor components add to the thermometric volume and it may
also generate additional heat as a result of its operation; thus

Q: Qu+Qs
V = Vg + Vg

where Q, and v, are respectively the heat and volume of the sensor ‘addenda’, and Qs and v are the
sampling heat and volume.

10,40

AT =
3 vy + v

(4.34b)

Table 4.1 Volumetric heat capacity for different substances
Substance Cvoh ¢
Water 4.2
Human brain tissue ~3.7
Copper 3.5

Gold 2.5

Zinc 2.8
Silicon 1.7
Silicon oxide (fused silica) 1.5
Silicon nitride 2.4
Polyethylene ~2.1
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Clearly, for accurate thermal measurements, the influence of the sensor addenda must be minimized,
i.e. Q, << Qyand v, << v; Therefore zero-power sensing (Q, ~ 0) is desirable at a small scale, where
the input heat energy directly generates an output electrical signal. Also, for nano-bio-thermometry it
is critical that the sensor thermal mass is small compared to the measured sample, i.e. the sensor
volume should be minimized.

4.8.2 FET-type thermal sensors

In principle, a FET-like barrier structure can be used for temperature measurements. As was
extensively discussed in this and previous chapters, the current through a barrier structure (e.g. of

Fig. 4.4) is
Ep Vag
I = eN, — =) (1- _AB 435
Mewn( o) (1-ew( 7)) 35

Since the current (4.35) has a temperature dependence, it is possible to determine temperature from
current measurements. Suppose the sensor current is Iy at T = Ty = 300 K and I = I; at certain
temperature 7; = Ty + AT, where AT is a small temperature increment. From (4.35) we obtain:

I Ey /1 1
ho o (EBe(l 1 4.36
T (kB (To Tl) > (430

(In (4.36) it is assumed that the number of electrons that strike the barrier per unit time, Ny, is
temperature independent. In reality, Ny depends on the temperature; however, it is easy to show that for
small AT = T; — Ty and sufficiently high barriers, one can assume Ny = const.)

A simple transformation of (4.36) yields:

k I 1 1
Bin(L) == — = (4.37a)
E, Iy To T
Now requiring 1;/Ip = 2 (as was discussed in Section 4.3, see Eq. 4.5) and Ty = 300 K we obtain:
1 kp -1
T, =(———In2 4.37b
1"\]1’1 (300 Eb n > ( )

For Ej, = 1 €V, Tjpin = 305.48 K, and therefore AT = 5.48 K.

Figure 4.10 shows values of AT for Ej, values in the range 0.5-1 eV (typical for silicon devices),
calculated using formula (4.37). For comparison, more accurate calculations taking into account
temperature dependence of Ny in (4.35) are also shown (dashed line).

From the above discussion, the measurement of temperature-dependent current through
a barrier structure (or in other words the resistance of the structure) provides a useful method for
thermal measurements. Indeed, a broad class of temperature sensors is based on the resistance-
based devices, such as thermistors, semiconductor FET- and diode-based thermal sensors.
However, these devices in general have limited sensitivity [31] and they may not be sufficiently
sensitive for small-scale bio-measurement, where typical temperature variations are less than 1 K.
Another drawback of the resistance-based thermal sensors is their heat generation during operation
as a result of current flow. As was discussed in Section 4.6.1, this is an undesirable effect in small-
scale temperature measurements. Nevertheless there are attempts to utilize semiconductor barrier
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FIGURE 4.10

Temperature sensitivity of a barrier structure: minimum temperature increment AT required for a /;/lp = 2. Solid
line represents approximate model (Eqg. 4.37) and the dashed line, more accurate calculations taking into
account temperature dependence of Ny in (4.35)

structures, such as Schottky barriers (see Box 3.4 in Chapter 3), for small-scale thermal
measurements [32].

4.8.3 Thermoelectric sensors

Zero-power sensing (Q, ~ 0) is desirable at a small scale, where the input heat energy directly
generates an output electrical signal. Such thermoelectric transducers (thermocouples) are
described in Box 4.5 and they are the typically used for thermal measurements from very small
objects [33-37].

To estimate the detection limit of cell thermometry, consider the configuration of Figure 4.11. The
sampled cell is located near the surface of the nanomorphic cell, separated by a ‘cleft’. Such
a configuration is similar to the Cell-FET-like configuration, discussed in Sections 4.4 and 4.5. (The
cleft volume for (3cleﬂ ~ 50 nm and L ~ 10 pm is Ve ~ 5 X 1072 cm® = 50 fL.)

With a metabolic power of cell P, the amount of heat released in the cleft volume vef; during
sampling time 7 is

1
05 ~ EPcell'ts (4.38)

(the 2 factor appears because in the nanomorphic configuration of Figure 4.11, only a half of the cell is
in contact with the measuring device).
The temperature change in the cleft due to heat Q; is given by (4.34) and the signal voltage
generated by the thermocouple is
S Qs

Vs = STAT = —
s T 3 v+ v

(4.39)

where St is the Seebeck coefficient of the thermocouple (see Box 4.5).



4.8 Thermal biosensors 113

BOX 4.5 THERMOELECTRICITY

As was discussed in Chapter 3 (see Boxes 3.4 and 3.5), when two different media are brought in contact, a barrier is
formed at the interface due to different charge concentrations. For example, in a junction between two different
metals, a barrier, known as a contact potential difference (CPD), is formed as a result of different electron
concentrations. Such metal junctions are used as thermoelectric sensors (and more generally as energy converters),
known as thermocouples. A thermocouple is made from two dissimilar metals Me; and Me, joined together, as
shown in Figure B4.5, to form two junctions: junction 1 and junction 2. The two metals have different concentrations
of electrons, respectively ne; and nez, and there are CPD barriers, E,, at both junctions. Next, at a given temperature
(e.g. T; at junction 1 and T, at junction 2), there will be an over-barrier electron flow in both directions. The electron
flow depends on the number of electrons that strike the barrier per unit time. Note that the number of electrons is
now different at each side of the barrier (dissimilar metals); for a symmetrical barrier (barrier height is the same at
both sides), there would be a preferential current supply from the side with the higher concentration of electrons.
Since at equilibrium the net current must be zero, the barrier shape is deformed to create the asymmetry needed to
accommodate the difference in electron supply. As a result, the barrier at the side with the higher supply will be
higher by a certain amount, eg;, as follows from the zero net current condition:

(a) JUNCTION1 JUNCTION 2 (b)

T T2
Me 1 Me 2 Me 1

Thermocouple: (a) physical structure; (b) corresponding barrier model

g Ep + e
Nﬁxp(—ﬁ) - Ngexp<—%rl"’l> (B4.1)

Note that NV; and N represent the number of electrons available at the barrier interface, i.e. two-dimensional
electron concentration, which, in turn, is related to the 3D bulk electron concentration in metal n, as follows:

FIGURE B4.5

N2D ~ Ng (B4.2)
From (B4.1) and (B4.2), the potential shift at junction 1 (at temperature T;) is:
2 kg Ne2
_c’B ez B4.3
Similarly for junction 2 (at temperature Tz):(P1 3¢ ! Ne1 ( a)
_ 2 ks Nep
@Yo = §?T2|nn—el (B43b)
And the overall potential difference (voltage) across the ends of the thermocouple circuit is:
_ _ 2 kB Ng2 _
V=001 = <3 s AT = S7AT (B4.4)

where Stis ‘thermopower’ or the Seebeck coefficient of the thermocouple. It is a measure of the sensitivity of the
thermocouple temperature sensor in V/K.

As a numerical example, consider the Ni—Au thermocouple discussed in this chapter. Electron concentration in
metals is approximately equal to their atomic concentration, ne ~ . Thus Neay ~ 6 x 1022 cm™3, neyi~ 9 x 1022

cm~3, and from (B4.4) we obtain:
V
Viie g~ (23 %) AT

which is close to the experimental value of St= 22.5 uV/K for thermoelectric power of the Ni-Au thermocouples®. In
order to increase the voltage output, several thermocouples are often connected in series, forming a thermopile (TP).

?D. D. Thornburg and C. M. Wayman, “Thermoelectric power of vacuum-evaporated Au-Ni thin-film thermocouples”, J. Appl. Phys. 40 (1969)
3007-3013
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Vs

Trer
FIGURE 4.11

‘Minimal configuration’ for cell thermometry: The sampled cell is located near the surface of the nanomorphic cell

The sampling volume vy is the volume formed by the cleft:
vy = L**3ciep (4.40a)

Suppose the thermocouple is formed by two metal wires of length L and cross-sectional
dimension w. Then the volume of the addenda is assumed to be half of the total volume of the
thermocouple:

Vg = Lw?. (4.40b)
Thus, the signal voltage from (4.39) is

V, = Sl Peeits

—_ 441
3 (LW2 + Lzﬁcleﬁ) ( )

As was discussed in previous sections, the thermodynamic limit for the signal detection set by the
thermal noise:

V2 = 4kpTRAf (4.15b)

where Af ~ I/t; and R is the resistance of the thermocouple wires: R = p% and p is the mean
resistivity of the thermocouple wires (see Table 4.2).
The signal-to-noise ratio of the sensor is

i - (V) (SrPeents)* I w2 @)
Vn 9( 2 4kBTR6f 72kBT 14 :

Lw? + Lzsclefl) L(sz + Lzadfﬁ)z
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Parameter

Metabolic power of the cell, Pcey
Ambient temperature, T

Volumetric heat capacity of sampling
substances, cyof

Cleft between the cell and the base of the
Sensor, Ocleft

Spatial dimension of the base of the
sensor, L

(Min.) length of thermocouple wires, L
(Max.) Width of thermocouple wires, w
Resistivity of thermocouple wires, p

Thermocouple’s sensitivity, St
Sampling volume

Numerical value

1072 W (1 pW)
300 K

3 J/em3-K

50 nm
10 pm
10 um
<10 pm
5 puQ-cm

20 V/K
5x107"%2cm3 (51L)

Table 4.2 Parameters for scaling analysis of bio-thermal measurements

Rational

For different single-cell organisms P can
be in the range 107'°-107"° W

Numerical convenience for ‘room
temperature’

For most solid and liquid substances ¢y,
lies in the interval 1.5- 4 J/cm®-K — see
Table 4.1

An inherent gap at the interface between
living cell and a solid surface [18]

Nanomorphic cell size

Nanomorphic cell size

Nanomorphic cell size

Approx. average for Ni-=Au system:

pni = 6.9 pQ-cm, pay = 2.2 uQ-cm
Approx. value for Ni-Au TC (see Box 4.5)
Vs = L. defert

Note that w and ¢, are the only two variables in (4.42).

The signal-to-noise ratio of the thermocouple sensor in the nanomorphic configuration as a function
of the cross-sectional dimensions of the thermocouple wires is shown in Figure 4.12 for different values
of t;. As can be seen from Figure 4.12, the optimal cross-sectional dimension w of the thermocouple
wires is ~0.7 pm, and thus the total volume of the thermocouple is 2Lw = 10 pm® = 107'? cm®.

t=12 ms
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FIGURE 4.12

Signal-to-noise ratio of the thermocouple sensor in the nanomorphic configuration as a function of the cross-
sectional dimensions of the thermocouple wires
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Table 4.3 State of the art of chip-based calorimeters for nanothermal measurements (adapted
from [33])
Thermal Power
Group Volume sensor resolution Comment
CalTech [33] 3.5nL Ni-Au TP* 4.2 nW Monitoring of urea hydrolysis and water/
methanol mixing
TU Freiberg [12] 6 L BiSb-Sb 10 nW Monitoring of metabolic activities of
TP* bacterial biofilms, bacteria cultured in
suspensions, and single fish embryos
U. Glasgow [35] 720 pL Ni-Au TP* 13 nW Monitoring of metabolic activity of a single
living cell
Vanderbilt U. [36] <500 pL Ti-Bi TP* 150 nW Monitoring of evaporation of water droplets
PennState [31] 15nL Si-Au TP* 300 nW Monitoring of enzymatic reactions: glucose
oxidation and urea hydrolysis
TP = thermopile.

4.8.4 Remarks on the state of the art of nano-bhiocalorimetry

Table 4.3 summarizes examples for small-volume thermal monitoring of biological and chemical
processes. Thin-film thermocouples are commonly used as sensors in these applications. Remarkable
progress in on-chip nano-biocalorimetry has been achieved in recent years, and further developments
might make nanomorphic thermal measurements plausible. According to the analysis presented in this
section, nano-thermal measurements, in principle, could be performed with sufficient sensitivity and
time resolution to detect the state of a living cell. Moreover, it appears that for a number of tasks,
thermal measurements might be a preferable way to obtain critical information. One example is
detection of alive and dead cells at different scales. In fact, recently, a group at TU Freiberg introduced
chip calorimetry as a new monitoring tool to gather information about the physiological state of
biofilms [12,37]. Formation of biofilms, which are aggregates of microorganisms, such as bacteria,
may cause serious medical problems, as biofilms are involved in many infectious diseases in the body.
Biofilm formation on implanted prosthetic devices is also an important issue. Biofilm cells show
increased resistance to antimicrobial agents, such as antibiotics, and therefore fast and quantitative
monitoring of the effects of antimicrobial treatments on the physiological state of biofilms is
important. Chip calorimetry has demonstrated the potential to perform economical and fast investi-
gations of the effects of biofilm treatment [37].

4.9 CONCLUDING REMARKS

In this chapter, several types of sensors were discussed: (bio)electrical, (bio)chemical, and (bio)
thermal. In spite of the very different natures of stimuli, all these sensors were discussed within the
framework of the barrier model, which is a useful abstraction to analyze scaling limits of sensors.
Similar analyses based on the barrier model can be performed for other types of sensors, for example
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light or pressure sensors; unfortunately, the size and scope of this book does not allow for a complete
study of sensors.

A ‘nanomorphic configuration’ was assumed in the analyses of sensor operation throughout this
chapter, which implies lateral dimensions of the sensing surface of ~10 pm and an inherent gap
(‘cleft’) of ~ 50 nm at the interface between the living cell and the sensing surface. The volume of such
a ‘cleft’ is very small, ~5 fL, and such a small volume might make the task of, e.g., biochemical and
bio-thermal measurements easier compared to test-tube scale measurements. For example, the lower
concentration range for biochemical sensing would be ~100 pM, which is within the experimentally
reported detection capabilities for biochemical sensors, utilizing one-dimensional structures.

It appears that the 1D structures, such as semiconductor nanowires and carbon nanotubes, might be
essential for nanomorphic biosensing, as they have better sensitivity than planar devices and allow for
the picomolar detection of biomolecules. In addition, 1D structures with very small diameters, such as
carbon nanotubes, could be used as (quasi) non-invasive probes to contact or even puncture the cell’s
membrane or be ‘ingested’ by a cell. This suggests an intriguing possibility of electrically monitoring
processes inside the cell.

The discussion offered in this chapter considers only a few of the basic steps involved in bio-
detection, mainly related to the signal transduction. There are other steps, which were not covered
here, including: (i) pre-sensing steps: extraction, separation, amplification and (ii) post-sensing steps:
read-out, signal conditioning, and data processing. The latter may need special attention as the power
consumption due to sensing operation is dominated by downstream analog circuits.

In general, sensing of different physical stimuli (e.g. electrical, chemical, or thermal) appears to be
plausible in nanomorphic configurations, with sufficient sensitivity and time resolution to detect the
state of a living cell. It appears that for a number of tasks, thermal measurements might be a preferable
way to obtain critical information. One example is detection of alive and dead cells at different scales.

Understanding mechanisms, by which living cells interact with the external world, not only allows
one to monitor cell activities, but also could inspire broader developments. For example, the mech-
anisms underlying cellular electrical activities, such as ion pumps and gated ion channels, might also
provide operating principles for a new efficient energy source to power medical implants and other
small-scale devices [6].

GLOSSARY OF BIOLOGICAL TERMS

Antibody: A specialized immune protein produced because of the introduction of an antigen
into the body and which possesses the remarkable ability to combine with the very
antigen that triggered its production. Antibodies are also called immunoglobulins.

Antigen: Antibody generator — a molecule that triggers the production of antibodies that will
bind to the antigen.

Biofilm: An aggregate of microorganisms in which cells are stuck to each other.

Biotin: Vitamin B,

Electrogenic cells: Cells that have the ability to generate electrical signals. Examples are neurons
(brain cells), cardiac myocytes (heart cells), and specialized ‘electrical power’
cells (electrocytes) used in electrical organs of electric fish.
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Enzymes:

In vivo:
Lymphocytes:

Macrophages:

Polylysine:
Streptavidin:

Vesicle:

Proteins that promote (catalyze) (bio)chemical reactions. For example, the glucose
oxidase enzyme promotes glucose (CgH2O¢) conversion to gluconic acid
(CeH1207).

Refers to a biological study that takes place within the living organism.

A type of small white blood cell that plays a large role in defending the body
against disease. There are two types of lymphocytes:

B cells make antibodies to attack bacteria and toxins.

T cells attack body cells that have been taken over by viruses or have become
cancerous.

A type of large white blood cell. Macrophages play an important role in the human
immune system by engulfing and ingesting infectious agents (pathogens). Human
macrophages are about 20 [lm in size.

(poly-L-lysine) is a small polymer of the amino acid L-lysine that is produced by
bacterial fermentation.

A type of protein widely used in molecular biology for detection of various
biomolecules.

A relatively small intracellular, membrane-enclosed reservoir that stores substances.

LIST OF SYMBOLS

Symbol

A
Cvol
Cin
d

e
Ep
f
I
k
ke
L,
lcen
Nat
Ne
Ns
No
Na
Na
Nmol

Meaning

Area

Volumetric heat capacity

Thermal capacitance

Diameter

Electron charge, e = 1.6 x 107'°C

Energy barrier height

Frequency

Current

Number of trials

Boltzmann constant, kg = 1.38 x 1072 J/K
Length

Cell size

Atomic concentration

Concentration of electrons

Surface charge concentration

Number of electrons that strike barrier per unit time
Concentration of ionized acceptor impurities in semiconductor NW
Avogadro’s Number, Na = 6.022 x 10%® mol™'
Number of molecules
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Symbol Meaning

P Power

Peelr Cell’'s metabolic power

q Electric charge

Q Heat energy

r Radius

R Resistance

SNR Signal-to-noise ratio

sit),s, s. Analog signal quantity

St Seebeck coefficient

t Time

T Absolute temperature

v Volume

v Voltage

w Cross-sectional dimension/width

w Depletion width

Ocleft Cleft thickness

Af Bandwidth

u Molar concentration

II Probabilities of ‘success’ in one trial

w(k), m Probabilities of ‘success’ in k trials

p Resistivity

T Time interval, sampling time

0] Electric potential

o Indicates proportionality

~ Indicates order of magnitude
References

[1] D. Grieshaber, R. MacKenzie, J. Voros, E. Reimhult, Electrochemical Biosensors — Sensor Principles and
Architectures, Sensors 8 (2008) 1400-1458.

[2] L. Callegaro, Unified derivation of Johnson and shot noise expressions, Am. J. Phys. 74 (2006) 438—440.

[3] L. Bousse, Whole cell biosensors, Sensors and Actuators B 34 (1996) 270-275.

[4] J.C. Owicki, J.W. Parce, Biosensors based on the energy metabolism of living cells: The physical
chemistry and cell biology of extracellular acidification, Biosensors & Bioelectronics 7 (1992) 255-272.

[5] A. Poghossian, S. Ingebrandt, A. Offenhausser, M.J. Schoning, Field-effect devices for detecting cellular
signals, Seminars in Cell & Developmental Biology 20 (2009) 41-48.

[6] J. Xu, D.A. Lavan, Designing artificial cells to harness the biological ion concentration gradient, Nature
Nanotechnology 3 (2009) 666-670.

[71 C.J. Grim, E. Taviani, M. Alam, A. Huq, R.B. Sack, R.R. Colwell, Occurrence and expression of lumi-
nescence in Vibrio cholerae, Appl. and Environ. Microbiol. 74 (2008) 708-715.



120 CHAPTER 4 Sensors at the micro-scale

(8]

(9]
[10]

[11]

[12]
[13]
[14]

[15]
[16]

[17]

(18]

[19]
[20]
(21]
[22]
(23]
(24]
[25]
[26]
(27]
(28]

[29]
[30]

(31]

P. Colepicolo, K.-W. Cho, G.O. Poinar, J.W. Hastings, Growth and luminescence if the bacterium Xen-
orhabdus luminescens from a human wound, Appl. and Environ. Microbiol. 55 (1989) 2601-2606.

S.F. D’Souza, Microbial biosensors, Biosensors & Bioelectronics 16 (2001) 337-357.

B.W. Rice, M.D. Cable, M.B. Nelson, In vivo imaging of light-emitting probes, J. Biomed. Optics 6 (2001)
432-440.

J.-L. Garden, H. Guillou, A.F. Lopeandia, J. Richard, J.-S. Heron, G.M. Souche, et al., Thermodynamics of
small systems by nanocalorimetry: From physical to biological nano-objects, Thermochimica Acta 492
(2009) 16-28.

J. Lerchner, A. Wolf, H.-J. Schneider, F. Mertens, E. Kessler, V. Baier, et al., Nano-calorimetry of small-
sized biological samples, Termochimica Acta 477 (2008) 48-53.

P. Fromherz, Three Levels of Neuroelectronic Interfacing: Silicon chips with ion channels, nerve cells, and
brain tissue, Ann. N.Y. Acad. Sci. 1093 (2006) 143-160.

M. Voelker, P. Fromherz, Nyquist noise of cell adhesion detected in a neuron-silicon transistor, Phys. Rev.
Lett. 96 (2006) 2281102.

H. Lee, D. Ham, R.M. Westervelt (Eds.), CMOS Biotechnology, Springer, 2007.

J. Lichtenberger, P. Fromherz, A cell-semiconductor synapse: Transistor recording of vesicle release in
chromaffin cells, Biophysical J. 92 (2007) 2262-2268.

M. Voelker, P. Fromherz, Signal transmission from individual mammalian nerve cell to field-effect tran-
sistor, Small 1 (2005) 206-210.

M. Voelker, Neurochips: field-effect devices for communication with cells, SRC/NSF Forum on
Nano-Morphic Systems: Processes, Devices, and Architectures, CA, Stanford University, Stanford,
November 8-9, 2007.

P. Fromherz, Joining microelectronics and microionics: Nerve cells and brain tissue, Solid-State Electron
52 (2008) 1364-1373.

I. Peitz, P. Fromherz, Electrical interfacing of neurotransmitter receptor and field effect transistor, Eur.
Phys. J. E 30 (2009) 223-231.

C.-S. Lee, S.K. Kim, M. Kim, Ion-sensitive field-effect transistor for biological sensing, Sensors 9 (2009)
7111-7131.

M. Castellarnau, N. Zine, J. Bausells, C. Madrid, A. Juarez, J. Samitier, et al., ISFET-based biosensor to
monitor sugar metabolism in bacteria, Mat. Sci. Eng. C28 (2008) 680-685.

E. Stern, A. Vacic, M.A. Reed, Semiconducting nanowire field-effect transistor biomolecular sensor, IEEE
Trans. Electron. Dev. 55 (2008) 3119-3130.

Y. Cui, Q. Wei, H. Park, C.M. Lieber, Nanowire nanosenosrs for highly sensitive and selective detection of
biological and chemical species, Science 293 (2001) 1289-1292.

I. Park, Z.Y. Li, X. Li, A.P. Pisano, R.S. Williams, Towards the silicon nanowire-based sensor for intra-
cellular biochemical detection, Biosensors and Bioelectron. 22 (2007) 2065-2070.

Eric Stern, J.F. Klemic, D.A. Routenberg, PN. Wyrembak, D.B. Turner-Evans, A.D. Hamilton, et al.,
Label-free Immunodetection with CMOS-Compatible Nanowires, Nature 445 (2007) 519-522.

J.N. Tey, LPM. Wijaya, Z. Wang, W.H. Goh, A. Palaniappan, S.G. Mhaisalkar, et al., Laminated,
microfluidic-integrated carbon-nanotube based biosensors, Appl. Phys. Lett. 94 (2009) 0131107.

I. Heller, W.T. T Smaal, S.G. Lemay, C. Dekker, Probing macrophage activity with carbon-nanotube
sensors, Small 5 (2009) 2528-2532.

PR. Nair, M.A. Alam, Performance limits of nanobiosensors, Appl. Phys. Lett. 88 (2006) 233120.

J. Go, M.A. Alam, Statistical interpretation of ‘femptomolar’ detection, Appl. Phys. Lett. 95 (2009)
033110.

L. Wang, D.M. Sipe, Y. Xu, Q. Lin, A MEMS thermal biosensor for metabolic monitoring applications,
J. Microelectromech. Syst. 17 (2008) 318-327.



References 121

[32] T.K. Hakala, J.J. Toppari, P. Tormé, A hybrid method for calorimetry with subnanoliter samples using
Schottky junctions, J. Appl. Phys. 101 (2007) 034512.

[33] W. Lee, W. Fon, B.W. Axelrod, M.L. Roukes, High-sensitivity microfluidic calorimeters for biological and
chemical applications, PNAS 106 (2009) 1525-15230.

[34] Y. Zhang, S. Tadigadapa, Calorimetric biosensors with integrated microfluidic channels, Biosensors and
Bioelectronics 19 (2004) 1733-1743.

[35] E.A. Johannessen, J.M.R. Weaver, P.H. Cobbold, J.M. Cooper, Heat conduction nanocalorimeter for
pL-scale single-cell measurements, Appl. Phys. Lett. 80 (2002) 2029-2031.

[36] E.B. Chancellor, J.P. Wikswo, F. Baudenbacher, M. Radparvar, D. Osterman, Heat conduction calorimeter
for massively parallel high throughput measurements with picoliter sample volumes, Appl. Phys. Lett. 85
(2004) 2408-2410.

[37] F. Buchholz, A. Wolf, J. Lerchner, F. Mertens, H. Harms, T. Maskow, Chip calorimetry for fast and reliable
evaluation of bactericidal and bacteriostatic treatments of biofilms, Antimicrobal Agents and Chemo-
therapy 54 (2010) 312-319.



CHAPTER

Nanomorphic cell
communication unit

CHAPTER OUTLINE

LT o S 123
Electromagnetic radiation............ccceeeieciicceiiii e n e e e e e nnn 124
Basic RF communication SYSEIM ........ccccccciricciriiccirce s cete s s e e s ss e e s e e e s s sme e s s ssn e s e sne e e s ane e e s smnmnennnnne 124
EM Transducer: A [in€ar antenNa .........ccccccereeeeinsrrssrsssmrsssee s e ssses s snssssee s snesssnessmesssnesssnesesnesssnasssnsesen 127
BaSIC PIINCIPIES ettt e e et 127
SHOIT @NTENNAS .. et e et e e et e e et e e e e et e e ean s 128
Lz (o LT 1 Lo A=Y i £ o] 1= g TN 130
Free-space single-photon limit for energy in EM communication...........cccccceermiiccicsceennnnscccemceeeeessssennnes 131
Thermal noise limit on communication SPECLIUM.............cemieiiieicciieirer e e e e e s smmne e e e e e nen 134
Thermal background radiation ........oouuu i e 134
MinimumM detectable ENEIEY .. .o e e e e eaanas 134
The THz communication option (A = 100 [UM).....ccccieeeeereereneeseeresersesessessnsesssssssssssessnssnssnsesssssssssens 136
Wireless communication for hiomedical applications.........ccceecccoieiiinncccserr e e 139
Optical wavelength communication option (A~1 [LM) .cocioiiiiiieiiiice e 140
Basic principles of generation and detection of optical radiation .......ccccooeeviiiiiiiiiiiine e, 140
Scaling limits of OPtOEIECTIONIC AEVICES ...vuuuiiieiiiiii e 144
Status of p-scaled LEDS and PDS ........cccoeiiiiminiimniisie s s s sas s s ssss s s s e s 146
CONCIULING FEMAIKS .....eeeeeieiiiiiiesseeeerisssesssnneeeeeesssssmnreeeeessssssmnne e e eesssasmmneeeeesasassnnnnneeeeeessssnnnnennnenssnsnnn 147
LiSt Of SYMDOIS....coiiieiiieccirirc e e e e e e s s e e s s me e e s ae e e e s ame e s e s ne e e e s mneee s nne e e e sanne e e nnenannnnnn 148
23] (=T -] L 150

5.1 INTRODUCTION

Communication is an essential function of autonomous microsystems. Suppose that the nanomorphic
cell collects data that need to be communicated to a receiver external to the body. It follows that the cell
must be equipped to transmit and receive data and, of course, there are space and energy questions that
arise in this connection. The purpose of this chapter is to explore the physical limits for a micron-scale
communication system and especially to obtain lower bound estimates for the energy required to
transmit one bit of data.

For autonomous operation, the communication channel should be wireless since it is assumed that
the nanomorphic cell is untethered. Also, from a practical point of view, it would be advantageous for
transmission from the nanomorphic cell to be omnidirectional, i.e. uniform in all directions

Microsystems for Bioelectronics the Nanomorphic Cell 1 23
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independent of the position and orientation. The limits of such convenience-based ubiquitous
communication will be the focus of this chapter.

An important notion is that communication is the transmission of physical effects from one system to
another [1], and therefore the limiting cases can be analyzed using the principles of fundamental physics,
similar to those used in Chapter 3. The principal physical effect used for ubiquitous communication is
electromagnetic radiation. The analyses offered in this chapter center on the electromagnetic transducer
(e.g. the antenna) since its scaling directly impacts communication system performance.

5.2 ELECTROMAGNETIC RADIATION

Time varying electrical or magnetic fields produce self-propagating waves of electromagnetic (EM)
energy, which propagate in space at the speed of light, ¢ (in vacuum, ¢ = 3x 10® m/s), and are used to
transfer energy and information. Specifically, if an electron moves with acceleration (or deceleration),
it produces electromagnetic radiation. When an alternating current (AC) of frequency » is flowing in
a conductor, electromagnetic radiation of the same frequency is emitted from the conductor into its
external environment. The generated electromagnetic wave propagates through space and it can affect
the behavior of other electrons at large distances from the emitter. This constitutes the basic principle
of ‘wireless’ communication, e.g. radio.

Electromagnetic waves are, as all other waves, characterized by their frequency, v, and wavelength,
A (see Box 5.1). Electromagnetic radiation is classified according to the frequency/wavelength, as
shown in Figure 5.1. For wireless communication, radio, microwave and infrared parts of the spectrum
are typically used. In the case of nanomorphic cell, radiation wavelengths in the THz to PHz regime
(A~10-100 pm) are comparable to the physical size of the cell.

While in classical electrodynamics and in most engineering treatments electromagnetic radiation is
regarded as a continuous phenomenon, quantum physics has revealed the granular nature of electro-
magnetic radiation, which is primarily manifested through the interaction of radiation with matter, e.g.
in emission and absorption processes. The smallest amount of radiation energy, which can be emitted
or absorbed, is called the quantum of radiation or photon (Box 5.2). The quantum nature of the
electromagnetic radiation becomes especially apparent when the scale of objects and interactions is
small, e.g., in the micrometer and nanometer range — the nanomorphic cell.

Although an electromagnetic signal can be physically analyzed in various ways, it will be
instructive to consider extreme cases only. One extreme is a classical continuous-wave detection,
which implies a large number of photons. This case typically occurs in radiofrequency (RF)
communication. The other detection extreme is a ‘counter’, an instrument which records the incidence
of single photons. The discrete photon regime is more typical for optical communication. In the
following the basic principles of both RF and optical communication will be considered.

5.3 BASIC RF COMMUNICATION SYSTEM

A schematic block diagram for a radio communication system is shown in Figure 5.1. It consists of
a transmitter and a receiver. The essential components of a radio transmitter are:

T1: An oscillator that generates AC current of certain carrier frequency, which is the source of EM
radiation.
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T2: An antenna, which serves as a transducer to convert the AC current into EM radiation.
T3: A power amplifier that increases the strength of the AC signal fed to the antenna (optional).
T4: A modulator that transfers the user’s information to the EM carrier.

The radio receiver typically consists of:

R1: An antenna, the sensor/transducer, that absorbs the EM radiation and converts it into AC
current.

R2: The ‘tuner’ selects the AC frequency of a given carrier from a multitude of frequencies
absorbed by the antenna.

R3: An amplifier to increase the strength of the AC signal received by the antenna (optional).
R4: A demodulator (detector) to extract the original informational signal from the AC carrier.

BOX 5.1 TRAVELING WAVE

Wave propagation produces periodic features both in time and in space as shown in Figure B5.1 for a sine wave. The
time component is characterized by the oscillation period @ (the time for one complete cycle of an oscillation, e.g.,
the time interval between two neighbor maxima points 1 and 2. ® = t,— t; in Fig. B5.1) and frequency v= 1/6 (the
number of the cycles per unit time), as shown in Figure B5.1. In turn, the distance between two neighbor wave
maxima in space (say between points 1* and 2*) is called the wavelength. In a traveling wave, the relationship
between the time and space components can be derived from the basic motion relationship: L = wur. Thus if u= ¢
(the electromagnetic wave in vacuum) and t = 0, the distance between the corresponding maxima points in space,
1* and 2*, that the wave propagates during one period is

A=c0=2"C (B5.1)
14
A simple example of a traveling wave is the plane wave, which is described by the sine function
A(x,t) = Ag sin <27rvt - %x) (B5.2)
At © (period)
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Space and time components of a traveling wave

FIGURE B5.1
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Electromagnetic spectrum

BOX 5.2 PLANCK-EINSTEIN EQUATION

In 1905, the general validity of the concept of continuous electromagnetic radiation was seriously called into
question in an article by Albert Einstein®. In this work, Einstein argued that light and other forms of electromagnetic
radiation can be emitted or absorbed only in discrete quantities, the ‘radiation quanta’, which were later also called
photons. The energy of the photons, E,,, was shown to be related to the frequency and wavelength of the radiation as

Epp = hv = % (B5.3)
where h is Planck’s constant, h = 6.63 x 107% J-s.

Relation (B5.3), sometimes called Planck-Einstein equation, revealed the granular structure of electromagnetic
radiation and it was used to explain experimental phenomena such as the photoelectric effect. In fact this was the
primary discovery, for which Einstein was awarded the Nobel Prize in 1921 ‘for his services to Theoretical Physics,
and especially for his discovery of the law of the photoelectric effect’.

The notion of the light quantum as a particle also carries with it the concept of particle ‘size’. For many purposes,
for example to choose a detector of appropriate width, an effective ‘size’ for the photon is roughly its wavelength, A.?)

(1) A. Einstein, “Generation and conversion of light with regard to a heuristic point of view”, Ann. Phys. 17 (1905) 132-148.
(2) B.R. Frieden, “Information-based uncertainty for a photon”, Optics Commun. 271 (2007) 71-72.
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Block diagram of a radio communication channel

5.4 EM TRANSDUCER: A LINEAR ANTENNA
5.4.1 Basic principles

One way to produce EM radiation is to create a directional flow of accelerating/decelerating electrons,
e.g., by inducing alternate electrical current in a linear metal wire — an antenna, as shown in Figure 5.3.
The radiation properties of such an antenna strongly depend on the antenna length. The effects of the
antenna size are due to the propagation properties of the wave along the antenna wire. When an oscil-
lating voltage source is attached to one end of the antenna, the electric field will push the first electron
(Fig. 5.3), which will in turn push the second one, then the third one, etc., thus creating a train of electron
displacements. The speed of the train is close to the speed of light, c. These displacements will propagate
until the other end of the wire is reached, at which point the last electron hits a barrier and is reflected
back, changing the direction of its movement to an opposite (in this idealistic picture, possible energy
losses are neglected). Now there are two trains, moving in opposite directions and if they ‘collide’, wave
propagation is annihilated. Thus, efficient radiation by a short antenna is possible only during the time
interval, 7, before the wave propagates distance L, to the end of the antenna:
o Lo Lans

"= e 5.1)

For longer antennas, conditions can be found for non-destructive wave propagation along the antenna.
Destructive ‘collisions’ of waves are avoided when the direct and the reflected waves are synchro-
nized. This means that the wave must arrive to its point of origin after traveling distance 2L, in the
same phase, i.e. the time to travel is equal to the period of the oscillation:

2Lant
c

= n® (5.2a)
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or
2L ®
T — pe (5.2b)
A
where n is an integer (n = 1, 2, ...). Thus an ‘optimum’ antenna length is
A
LO]]Z‘ = n-—- (5.2C)
2
Common practical antennas are the half-wave antenna (n = 1, L,,, = M2) and the full-wave antenna
n=2, Lyy= )\)

5.4.2 Short antennas

While short antennas (L, << A) are much less efficient, they are often used when the system
dimensions are strictly constrained. Below an intuitive order-of-magnitude analysis of the radiation by
a short antenna is offered. A short straight wire has a capacitance C,;.:

Chire ~ €0Lant (5.3)
The corresponding energy stored in the wire is
cv?
£= (5.4)

For simplicity, the alternating (e.g. sine form) voltage V(z) applied to the wire will be approximated by
triangle wave, as shown in Figure 5.3:

Lant

t
Va~4Vo— = 4V, (5.5)

(S A

FIGURE 5.3

An intuitive interpretation of wave propagation and energy loss in short antennas
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The average value of voltage in the interval from 0 to Ly, (Lo << A) is

L
(Va) = 2V, A’ (5.6)
Putting (5.6) into (5.4) obtain:
c(v, 1 2 2
E = <2A> ~¢oLan* 4V0( ;’”) = 280La,,,V2( ‘;’”) (5.7)

Next, the maximum power which can be radiated during the time interval,T, of non-destructive wave
propagation (5.1) is

c
Lant

E
Praa = ; =E- (5.8)

Substituting (5.7) into (5.8), obtain the maximum power radiated by a short antenna:

Lant\ 2 Lant\2 V(Lo \? Lant\ 2
Praa~2e0Lant V3 (Tl> .Lc — 2.vg(goc).< At> ~Z?( A’) ~1§zo< A’) (5.9)
ant

where Zy = i = 377 Q is the impedance of free space.

Note that Z ’) in (5.9) has dimensions of resistance and is called the radiation resistance of

the antenna:
Lant\ Lant\
Rmd~Zo( A’) ~377( A’) (5.10a)

More rigorous derivations of the short antenna radiation resistance can be found in the antenna theory
literature [2,3]. The resulting expressions can differ depending on the input assumptions. For example,
Blake [2] obtains (assuming uniform current distribution):

Lan\*
Ryga = 790( - ) (5.10b)
while Jackson [3] gives (for non-uniform current distribution):
L 2
Rugd = 197( ,\l) (5.10¢)

The formulas (5.10a—10c) were derived for short antenna approximations assuming L, << A and,
generally speaking, they are not applicable to the longer antennas with L,,,;~ \. For example, an exact
solution for an ideal half-wave antenna is [2]

Ry = 73.1Q (5.10d)

It is interesting to note that application of (5.10a) to a half-wave antenna yields an estimate of 94 Q
in radiation resistance, which is remarkably close to the value given in (5.10d). This suggests
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that the functional form of (5.10a) can be used as an order-of-magnitude approximation up to
Lant = )\/2.

5.4.3 Radiation efficiency

According to (5.9), the radiated EM power, P,,q4, in short antennas is diminished by the square of the
ratio of antenna length to wavelength. The total input power, P;,, needed to radiate the power P, s the
sum of the radiated power and loss power (conductor and dielectric loss):

Pin = Prad +Ploss (511)

The antenna radiation efficiency can be defined as

Praa Praa
Nyad = = — (5.12)
Py Prad + Ploss
The antenna circuit can be represented as a loss resistance R, in series with radiation resistance R,

(Fig. 5.4). The corresponding radiated and loss powers are:

Praa = I"Rrad (5.13a)
Pioss ~12Rloss (5.13b)
From (5.13) and (5.10) obtain:

Prad~ Z() (Lant>2 (5 14)

Ploss Rloss A

Zo (Lum>
n _ Praa _ (Prad/Ploss) _ Rioss \ 4 (5.15)
rad Prad + Pioss (Prad/Ploss) +1 ZO<LM,)2 +1
Ripss \ A

Since Zy/R),y is a constant for a particular configuration, it follows that for sufficiently small L, the
radiation efficiency is approximately
Zo (Lant\?
Mrad = = ( “’”) (5.16a)

Rloss A

Next, as it is argued in [4], high ohmic losses are expected for very small antennas operating in the THz
regime. Even if an ideal antenna with resistivity of bulk copper is considered, the resistance of a wire
50 wm long and 0.1 wm in diameter would be more than 100 €. Additionally, in wireless transmission
of information from the human body, the antenna is immersed in an electrically lossy medium which
will further increase Rj, [5]. It can therefore be assumed in the order-of-magnitude estimates of
nanomorphic cell antenna that R,z ~ Zo (377 Q), and thus

L 2
nmd~( i’”) (5.16b)
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Depiction of a typical antenna circuit model

BOX 5.3 ANTENNA

An antenna system provides a practical means of transmitting to a distant point in space energy (in the EM form) and
information. The antenna performance is characterized by the efficiency of transmission and the signal distortion.*?
In general, for an efficient antenna the antenna length should be comparable to the operational wavelength, L ,: ~ A.

(a) (b)

FIGURE B5.3

Common simple antennas: (a) linear half-wave dipole and (b) loop antenna

Some common simple antennas are the linear half-wave dipole (Fig. B5.3a) and the loop antenna (Fig. B5.3b).
Small loop antennas (i.e. the loop circumference 27tr < AM4) are often used in size-constrained applications.

(1) LJ. Chu, “Physical limitations of omni-directional antennas”, J. Appl. Phys. 19 (1948) 1163-1175.

5.5 FREE-SPACE SINGLE-PHOTON LIMIT FOR ENERGY IN EM
COMMUNICATION

First, a communication system operation in free space will be considered so that the effects of the
transmission medium such as absorption of radiation can be ignored. The minimum energy require-
ments in EM communication can be estimated based on the fact that the radiation can be emitted or
absorbed only in discrete increments — photons (see Box. 5.2). This means, among other things, that at
least one photon must be absorbed by a receiving device and the photon energy (Box 5.2) can be
viewed as the lower bound on the energy of EM communication.
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Y

FIGURE 5.5

[llustration of communication between a nanomorphic cell and an external device

Consider the case of a uniformly radiated electromagnetic wave connecting a 10-|tm nanomorphic
cell to an external device located at a distance, » from the cell (Fig. 5.5). As was stated above in the
limit, at least one transmitted photon must be absorbed by the external detector for successful
communication. If the location of the external receiving device relative to the nanomorphic cell is
unknown, then in order to guarantee that at least one photon will reach the detector, the entire sphere of
radius r must be ‘covered’ with photons. The area ‘covered’ by one photon of wavelength A is ~ A% and
therefore the total number of photons needed to be emitted into the solid angle of 47 steradians (a
complete sphere) is

4mr?
/'{2
Note that (5.17) is a variation of the Friis formula for signal strength attenuation with increased

distance [6,7].
The energy of each photon is

Ny~

(5.17)

h
Epy = hv = TC (5.18)

Thus, the energy associated with one full ‘communication packet’, i.e. the minimum energy required
to transmit one bit of information such that it is equally accessible at all points on the sphere, is
approximately

4nr? he  4wher?

= ——— (5.19)

A A

As was discussed in the previous section, the size of the transducer (e.g. the antenna) needs to be about
the same as the radiated wavelength, A (in order to maximize antenna efficiency). Let the antenna size

Ecom = Nag* Eph ~
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be limited by the cell size, i.e. A~ L.~ 10 um. If the distance between the cell and the receiver » = 1 m,
Eq. (5.19) gives Eom~2.5x107 J/bit. Note that this energy estimate is a lower bound on commu-
nication and it does not consider, e.g., efficiencies of the transducer and detector, noise, etc.

The above result (5.19) reveals that the ubiquitous (i.e. omnidirectional) communication by the
extreme microsystem is relatively costly from an energy point-of-view. For example, given a total
available energy of ~ 1075 J , as was evaluated in Chapter 2, and E,,,, ~2.5% 10°° J/bit, the maximum
number of bits the cell could send is

Estored 10-%J
Ecom 2.5 x 1097 /bit

Npir = ~4000 bits (5.20)
A comparison between the number of binary switching operations Np;; obtained with 107° T (see
Chapter 3) and the number of omnidirectional bits transmitted with the same amount of energy is given
below.

Computation Communication
Esw ~ 1078 J Ecom ~ 107°4J
Npit ~ 10" Npit ~ 10°

As can be seen, the communication is a very costly process compared to computation. The undirected
transmission of one bit of data is vastly more costly from an energy point of view than switching the state
of a single transistor. Note that the above derivation is very conservative since neither issues of noise nor
transmission losses have been taken into account. This will be considered in the following sections.
It is instructive to compare the result (5.19) to the existing radios under consideration for the
wireless sensor network applications [7,8]. Figure 5.6 displays the experimental data along with the
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FIGURE 5.6

Energy to send a bit: a comparison of the single photon limit (5.13) with the energy per ‘useful bit" data for
wireless sensor network communication [8]
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single photon limit (5.19). It can be seen that in the 1 GHz frequency range (~cm system size) the
energy per ‘useful bit’ (defined in [8] as a weighted average energy) is ~107''=107'° J for commu-
nication distance » = 10 m. Note that the experimental data are ten orders of magnitude above the
corresponding single-photon limit (Fig. 5.6). This suggests there might be ways to reduce the energy
per communicated bit. Indeed, a number of schemes have been proposed to minimize energy use in
communication, e.g., by data rate optimization, simpler modulation schemes, etc. [7,8]. As can be seen
from Figure 5.6, however, as smaller system sizes are considered and therefore higher carrier
frequencies are used, the improvement margin decreases. Therefore it will be difficult to lower the
communication energy beyond the current levels. For a 10-lim-scale system size, even the single-
photon energy limit is considerably larger than the practical communication energy for the cm-scale
systems.

Several options could be considered to minimize the energy expenditures for communication. First,
as follows from (5.19), E.om~ 1/A° and therefore using EM radiation of longer wavelength appears to
be beneficial as it would reduce communication energy. However, as was discussed in the previous
section, efficient radiation requires the antenna size to be comparable with the wavelength (e.g. M/2).
One option is to use an external antenna whose length is larger than the size of the nanomorphic cell.
Carbon nanotubes are promising for such antennas [4,9] as they offer suitable length range, smaller
diameter, and good conductive properties. Another problem arising from the use of longer wavelengths
is the decreasing energy of photons (5.18) and thus a larger number of photons is needed to overcome
thermal noise. The option of using longer wavelength radiation for nanomorphic cell communication
will be discussed below.

5.6 THERMAL NOISE LIMIT ON COMMUNICATION SPECTRUM
5.6.1 Thermal background radiation

Derivations of energy for communication in the previous section assume a limiting case when only one
transmitted photon is absorbed by the external detector to generate a distinguishable signal. This
assumption can be regarded as a plausible theoretical limit, if the photon energy is larger than the
energy of thermal photons, i.e. E,, >> kgT. However, for A~ L¢.;~10...50 pm this exactly coincides
with the peak of thermal radiation at 7 = 300 K (see Fig. 5.7). Thus, communication in this range is not
a feasible option due to the very strong background noise. Therefore it is necessary to explore
communication options for the nanomorphic cell beyond the thermal radiation band (circa 5-50 nm).
One option is to use larger wavelength, e.g. A > 100 um (THz range); the other option is to go a much
shorter wavelength, e.g. A~ 1 um (near infrared optical range).

5.6.2 Minimum detectable energy

Next, as it follows from the physics of radiation (see Box 5.2), the minimum energy required for the
transmission of one bit of information cannot be less than one quantum, #v. On the other hand, no
communication is possible with an energy less than kg7 The minimum detectable energy due to the Av
and kpT constraints is shown in Figure 5.8. In the shorter wavelength region of Figure 5.8, where hv >
kgT, the smallest detectable energy is that of one photon which must have energy greater than k7. As
the wavelength is increased, the energy of the photon will decrease until it becomes smaller than kgT.
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Integral power (radiant emittance): P,,=459 W/m”
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Thermal radiation spectrum at 7= 300 K
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Minimum detectable energy at 7= 300 K

(adapted from [10])

In this case, single-photon detection is impossible and many photons need to be received for each one-
bit package:

kT kgT
Ny > B2 _ 182, 521
P T T The (5:212)

If one assumes the minimum detectable energy to be a factor of x > 1 larger than the thermal energy
kgT, the minimum number of photons in the ‘detectable bit’ is

: xkgT xkgT
;r,l:n: " = e (5.21b)
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5.7 THE THz COMMUNICATION OPTION (A = 100 puM)

As was discussed in Section 5.4, using EM radiation of longer wavelength appears to be beneficial as it
would reduce communication energy. This would require an external antenna with a length larger than
the size of the nanomorphic cell. An example of a nanomorphic cell with an external half-wave
antenna for 100-|m transmission is shown in Figure 5.9 (‘to scale’). This corresponds to 3 THz
frequency and such a range is currently unattainable by existing technologies (see Box 5.4).

According to (5.21a) and Figure 5.8, communication at A = 100 wm occurs in a multiphoton mode
and the communication energy per bit can be estimated by multiplying (5.19) by (5.21b):

Arher? )ckBTA _ xdmr?

e 7 ksT (5.22)

Ecom~

The numerical result for A = 100 um and r = 1 m gives Eq,,~x-(5 X 10712y 7.

Next, the number of photons needed can be estimated based on the power signal-to-noise ratio
argument discussed in Chapter 4. The detection limit in the presence of noise is set by the signal-to-
noise ratio (SNR), which is usually defined in terms of a power ratio. A ‘minimal’ requirement on the
SNR can be written as

P
SNR = =2 =2 (5.23)

n

~

When the detector absorbs one photon of energy E,; = hvV, the corresponding signal power is:

h
Py = Ppy~== (5.24)
where ¢ = 5 is Heisenberg time, defined in Chapter 3:
h
'H = — 5.25
H=5 E (5.25)
~25 m ~25 m
B ReEnE L R > e >

FIGURE 5.9

A nanomorphic cell with an external half-wave antenna for 100 um
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BOX 5.4 T-RAYS: CHALLENGES AND OPPORTUNITIES

Terahertz EM radiation (T-rays) with frequencies ~100 GHz-10 THz (free-space wavelength ~30 pm-3 mm) lies
at the boundary between light and radio waves. The terahertz regime is one of the least explored spectral bands and
is currently regarded by some as very promising for a growing range of applications, including screening, biomedical
imaging, and wireless communication.*~*

There are two difficult problems in practical use of the T-rays:

1. Transmission THz gap: The THz radiation is strongly absorbed by water and water vapor. This makes it difficult to
use THz radiation for communication in vivo.

2. Instrumental THz gap: There are currently very limited device capabilities for signal generation and detection in
this frequency range.

While sensitivity of the terahertz radiation to water is a significant disadvantage for communication, this may
turn out to be very beneficial for the purposes of bio-sensing and bio-imaging, as it allows one, e.g., to quantify the
water content of biological tissues.® The ‘instrumental THz gap’ is being gradually narrowed by advances in silicon
CMOS FET technology, which has already entered the sub-THz domain (>100 GHz). New devices are also being
investigated, e.g., the resonant tunneling diode (RTD) is a promising device for THz generation.® Ideas for using
carbon nanotubes for terahertz emitters and detectors have even been recently discussed.®’

(1) J. Grade, P. Haydon, and D. van der Weide, “Electronic terahertz antennas and probes for spectroscopic detection and diagnostics”, Proc.
IEEE 95 (2007) 1583-1591.

(2) 1. Hosako, N. Sekine, M. Patrashin, S. Saito, K. Fukunaga, Y. Kasai, P. Baron, T. Seta, J. Mendrok, S. Ochiai, and H. Yasuda, “At the dawn of
a new era in terahertz technology”, Proc. IEEE 95 (2007) 1611-1623.

(3) A.R. Orlando and G.P. Gallerano, “Terahertz radiation effects and biological applications”, J. Inrared Milli. Terahz Waves 30 (2009) 1308-
1318.

(4) W.L. Chan, J. Deibel, and D.M. Mittleman, “Imaging with terahertz radiation”, Rep. Progr. Phys. 70 (2007) 1325-1379.

(5) K. Urayama, S. Aoki, S. Suzuki, M. Asada, H. Sugiyama, and H. Yokoyama, “Sub-terahertz resonant tunneling diode oscillators integrated
with tapered slot antennas for horizontal radiation”, Appl. Phys. Express 2 (2009) 044501.

(6) M. Rosenau da Costa, O. S. Kibis, M.E. Portnoi, “Carbon nanotubes as a basis for terahertz emitters and detectors, Microelectronics J. 40
(2009) 776-778.

BOX 5.5 TRANSMISSION AND ABSORPTION OF EM RADIATION

When an EM radiation beam passes through a physical medium different from a vacuum, part of its energy is
absorbed by the medium. As a result, the intensity (power density) of the beam transmitted through a layer of
substance with thickness Electromagnetic spectrum ¢ is reduced according to the Beer-Lambert law:

p = po exp(— a+9d) (BV5.1)

where pp and p are the power densities (intensities) respectively of the incident radiation and radiation coming out
and a is the absorption coefficient, which is characteristic of a given substance.

The related parameter characterizing the transparency of a medium to the radiation is the transmission coef-
ficient, n:

n=Lr (BV5.2)

From (BV5.1) and (BV5.2):
n = exp(—a-o) (BV5.3)
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From (5.24) and (5.25), the single-photon power is

Eph - 2E§h 2/’lC2

~_P = 5.26
s tH h A2 ( )
Next, the thermal noise power derived in Chapter 4 is
P, = 4kgTAv (5.27)
The bandwidth Av is related to the signal’s time duration f; = ty as
1
Av~— (5.28)
Is
From (5.27) and (5.28):
2E,
P, = 4kBTTph = SkBT% (5.29)

Now, the minimum number of photons per one-bit signal, N;;}li“, can be obtained combining (5.23),
(5.26), and (5.29):

P, min 2R 1A he 1

On _ . Lo NE 5.30
P, Ph 32 8kgT ¢ A 4kpT ©-30)
. SkgT
min hi 2 (5.30b)

If one now compares (5.30b) and (5.21b), the factor x in (5.21b) can be found: x = 8. By substituting
x = 8 into (5.22), the lower bound on the energy per bit in longer wavelength communication
(A >> Leey) is

2
Econz“’%kBT (5.31)
The numerical result for A = 100 um and r = 1 m gives E o ~4 X 107" 7.

While the estimate of communication energy per bit for A = 100 um is encouraging, since it is
almost two orders of magnitude smaller than the estimate in Section 5.5, additional practical
constraints need to be taken into account. The most important constraint is transmission losses.
All living tissues contain a large amount of water; therefore, the absorption of EM radiation by
water cannot be ignored for in vivo operations. In fact, the maximum absorbance of EM radiation
by water is between 100 and 10 pm, as can be seen in the absorption spectrum in Figure 5.10a.
Figure 10b shows the corresponding transmission spectrum of THz radiation through a layer of water
100 pm thick. For A = 100 pm, the transmission coefficient is close to 10, which raises the
communication energy per bit 1000xto ~ 107® J. If one assumes acceptable transmission loss to be, for
example, somewhat less then 10, then according to Figure 5.10b, the wavelength should be ~1 mm

or larger. If the wavelength is increased without a corresponding increase in antenna length, the
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FIGURE 5.10

Absorption (a) and transmission (b) spectra of THz and IR radiation in water [11]

radiation efficiency will be diminished by the square of the ratio of antenna length to wavelength, as it
was discussed in Section 5.4:

32mr?
Ecom~ T kT
The numerical result for L,,,; = 50 pm and » = 1 m gives E .y, ~2 X 107'°J. This number represents an
optimistic estimate as it does not include many other possible noise sources, first of all the photon shot
noise [1,10], which makes the single-photon communication problematic.

A\2 32w
) = 2 T (5.32)

Lant L?

5.8 WIRELESS COMMUNICATION FOR BIOMEDICAL APPLICATIONS

Ultra-small wireless communication systems are an important part of emerging bioelectronic devices,
including wearable and implantable devices. These devices may further be organized in wireless body
networks (BAN) [12]. The need for dramatic miniaturization drives the need for revision of the
traditional design of communication systems such as shown in Figure 5.2 [12]. For example, in the
transmitter, a loop antenna could be used as an element of the oscillator that defines the carrier
frequency, thus making a power amplifier unnecessary for the short transmission range [12]. Progress in
microelectronic device technology allows for further scaling of most of the circuit components of the
communication system, with the antenna being a remarkable exception. In fact, a key challenge in the
design of communication systems for on- or in-body application is the stringent constraint on antenna
size [12], which is a critical issue [12—15]. One example of an application where extremely small
antennas are needed is the retinal prosthesis system [13]. Various techniques are used to make mini-
aturized antennas, such as meander line, spiral geometries, fractal designs, etc. Recently, 3D wire dipole
antennas have been shown to be promising for implantable data-telemetry in retinal prosthesis [13].
The antenna issue has been made even more difficult for today’s practical bioelectronic devices
because of existing regulations. The RF frequencies allocated by current regulations for use in
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Table 5.1 Capsule endoscopy image transmitter systems

Power, Frequency, Energy/ Transmitter
Group mwW MHz bit (nJ) efficiency
Zarlink ZL70101* [16] 17.5 403/434 21.9 2.03%
Nordic nRF2401* [16] 37.8 2400/2500 37.8 2.65%
AnSem NV, 2004 [17] 1.8 433 18.0 5.56%
Natl. Tsing Hua U, 4 416 2 0.1%
2005 [18]
Tsinhua U, 2007 [19] 7.9 2400 7.9 0.06%
Natl. Taiwan U, 2007 [20] 19.5 400 13.0 0.65%
MIT, 2007 [21] 6 1350-1750 4.9 20.57%
KU Leuven, 2009 [16] 2 144 1 0.79
“Commercial product.
(adapted from [16])

biomedical implants are in the Medical Device Radiocommunication Service band (MedRadio) at
401-406 MHz. The corresponding wavelength is more than 1 m, which makes the efficient A/2
antennas impractical [14], transmission inefficient, and thus power consumption by transmitters
relatively high. Table 5.1 shows examples of data for image transmitter systems used in swallowable
capsule endoscopes [16].

5.9 OPTICAL WAVELENGTH COMMUNICATION OPTION (A~ 1 pM)

As was indicated in Section 5.6.1, communication at ~ 1 wm (infrared radiation) is another option to
avoid the thermal radiation peak (Fig. 5.7). This wavelength also has good transmission properties
through water (Fig. 5.10). On the other hand, omnidirectional communication by the nanomorphic cell
is practically forbidden, since according to (5.19) the minimum energy required to send a bit of
information at A = 1 pm is ~2.5 x 107° J, which would be close to the total energy budget of the
nanomorphic cell. In principle, directional transmission would reduce the number of photons in the
packet and therefore the total energy consumed. However, the orientation problem must be solved,
which may require additional energy expenditure. One not very elegant solution would be to use as
many external detectors as possible or even a surround of receivers (e.g. MRI-like) scheme. This could
limit the application space, but would reduce transmission energy. In general, the short wavelengths do
not allow ubiquitous communication by the nanomorphic cell. However, in contrast to the THz regime,
generation and detection of optical (~ 1 pm) radiation allows for the use of devices whose physical
size is commensurate with the dimensions of the nanomorphic cell.

5.9.1 Basic principles of generation and detection of optical radiation

For generation and detection of the radiation in optical range, e.g. A~ 1 pm (near infrared), semi-
conductor diode-type barrier structures (see Chapter 3) are commonly used, which belong to the
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BOX 5.6 OPTICAL ANTENNAS

While classical metal antennas are used as transducers of EM radiation radiowave regime (e.g. A > 1 mm),
semiconductor optoelectronic devices, such as light-emitting diodes and photodiodes are used in infrared/optical
regime (e.g. A < 10 um). Recently the concept of an optical antenna has been proposed that would perform the
transducer function in a fashion analogous to standard radiowave/microwave antennas'’~>). This is currently an
emerging area of research and the developments of optical antennas may dramatically improve the efficiency of
conventional optoelectronic devices such as light-emitting diodes, photodiodes, and photovoltaic cells. It is
interesting to note that the principle of the optical antenna is apparently utilized in living matter. For example, as
was briefly discussed in Chapter 1, the phycobilisomes, special proteins attached to the photosynthetic
membranes in cyanobacteria, act as light-harvesting antennas which enhance the efficiency of the light-harvesting
process.

(1) L. Novotony, “Optical Antennas: A New Technology that Can Enhance Light-Matter Interactions,” The Bridge, 39(2009) 14-20.
(2) P. Bharadwaj, B. Deutsch, and L. Novotony, “Optical Antennas,” Ad5.in Optics and Photonics 1 (2009) 438-483.
(3) H. Li and X. Cheng, “Optical Antennas: A boost for infrared radiation”, J. Vac. Sci. Tech B 26 (2008) 2156-2159.

family of optoelectronic devices (see however Box 5.6). The light-generating transducer is called
a light-emitting diode (LED) and the light detector is a photodiode (PD). In this section, basic
principles and scaling properties for LED and PD are outlined. For a detailed analysis of
optoelectronic device operation, readers are referred to the basic texts on semiconductor devices,
e.g. [22].

The diode (Fig. 5.11a), as was discussed in Chapter 3, is a semiconductor material system with
a barrier formed by built-in charges due to ionized impurity atoms (dopants).

If the impurity atoms are charged positively (eject electrons into the system), an n-type region
is formed in the semiconductor matrix. The extra electrons provided by the ionized dopants
can move freely in the material and thus contribute to electrical conductance. These unbound
electrons occupy energy states in the conduction band of the semiconductor as shown in
Figure 5.11.

If, on the other hand, the impurity atoms are charged negatively (capture electrons from the
system), a p-type region is formed in the semiconductor matrix. The electrons captured by
dopants originate from the initially neutral atoms of the semiconductor matrix. These atoms with
absent electrons are charged positively and are called electron holes. The holes can recapture
electrons from neighboring neutral atoms; therefore hole migration occurs in the materials system
as a result of jumps of bound electrons between neighboring atoms. These bound electrons
occupy energy states in the valence band of the semiconductor. Instead of analyzing the jumps of
bound electrons, it is convenient to consider movement of holes as positive quasiparticles of
charge +e. Like unbound electrons in the conduction band, the holes in the valence band can
move freely and contribute to electrical conductance. Note that the energy states of freely moving
electrons in the conduction band and holes in the valence band are separated by the ‘forbidden’
energy gap E, (Fig. 5.11a). This energy gap is an essential factor in operation of optoelectronic
devices.

If two regions with different types of conductance, i.e. n-type and p-type, are brought in contact,
they form a pn-junction and the corresponding two-terminal device based on a pn-junction is called
a diode. The pn-junction is characterized by energy barriers Ej (both for electrons and for holes) and
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(a) Conduction band

A

Conduction band

©oloF

Valence band

Valence band

b P . Conduction band
o 0og. ST
Conduction band : ‘ﬂ :

- & T l ; .-
¢ ' ! 4—@ @ @ Valence band
[ g OO0

Valemand """""""

Conduction band

(c)

Valence band
FIGURE 5.11

Typical energy band diagrams of LED and PD based on a pn-junction: (a) unbiased pn-junction; (b) forward
biased LED; (c) reverse biased PD

by barrier length W (also called depletion length because this region is depleted of free carriers), as
shown in Figure 5.11a. The barrier E, prevents movement of electrons from the n-region into p-region
and vice versa, movement of holes from the p-region into the n-region. The barrier (depleted) region of
length Wacts as the active region of the optoelectronic devices, where photons are generated (LED) or
absorbed by producing an electrical signal (PD).

If now an electrical bias is applied to the pn-junction with the negative side on the n-region and
positive side on the p-region, the external electric field opposes the direction of the built-in electric
field of the pn-barrier. As a result, the barrier height is reduced and more electrons and holes can pass
through the barrier region (Fig. 5.11b). In this forward bias regime, light can be generated in certain
types of semiconductors. In the barrier region, an electron and hole can collide and the hole captures
the electron forcing it to ‘fall’ from the conductance into the valence band, thus reducing its energy by
E,. Energy conservation requires that this energy must be released in some form. In light-emitting
diodes, this occurs by emission of a photon with energy hv~ E, (Fig. 5.11b).
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A LED emits light only when the external bias voltage is above a certain ‘threshold’ level, Vy; , also
called turn-on voltage. The approximate relation between the photon wavelength and the turn-on
voltage is

eVy~E, = h% (5.33)
The wavelength or ‘color’ of light is determined by the semiconductor bandgap E,, which depends on
the material’s composition. Several examples of LED implementations are shown in Table 5.2. Typical
materials used in LED emitting in the near-infrared range, i.e. A~1 pm, are GaAs and AlGaAs.

The pn-junction can be also used for detecting photons (the corresponding device is called
a photodiode). This process is just the reverse of the light-generation process described above. When
a photon is absorbed by a neutral atom in the barrier region, it can excite a bound electron to the
conduction band, provided the energy of the absorbed photon /v > E,. As a result an electron-hole
pair is formed. The built-in electric field in the barrier region separates electrons and holes preventing
them from re-annihilation. These generated electrons and holes are collected in the n- and p-regions
respectively and a photocurrent is produced. The photodiode can operate in two modes. The first mode
is when zero bias is applied to the pn-junction (Fig. 5.11a). This is called photovoltaic mode and is
used, e.g., in solar cells. If instead an electrical bias is applied to the pn-junction with the positive side
on the n-region and negative side on the p-region, the external electric field has the same direction as
the direction of the built-in electric field of the pn-barrier. As a result, both the barrier height, E;, and
the length of the barrier region, W, are increased (Fig. 5.11c). This regime of operation is called reverse
bias. The increased barrier region (active region) can absorb more photons (i.e. larger signal) and also
exhibit a smaller junction capacitance resulting in faster response times. At higher reverse biases the
photodiode can operate in avalanche regime when photogenerated carriers gain sufficient kinetic
energy to excite additional electron—hole pairs, resulting in internal gain inside the photodiode. The
avalanche PD can, in principle, detect even single photons [23].

Typical materials used in photodiodes are Si (A = 0.2—1.1 pm), Ge (A = 0.4—1.7 pm), and InGaAs
(A = 0.8-2.6 um). The minimum detectable wavelength of EM radiation is determined by the bandgap
of the semiconductor material.

Generic structures of a light-emitting diode and a photodiode are shown in Figure 5.12. Note that,
in principle, semiconductor emitters and detectors of EM radiation are equivalent to two-dimensional
arrays of many ‘atomic antennas’ [24]. Scaling limits of both LED and PD can be assessed by
analyzing dimensions of the optical window, d (which is close to the device lateral dimensions), and
the active region, W; this analysis follows.

Table 5.2 Examples of LED implementations

Color Wavelength LED turn-on voltage Material

Near Infrared A > 0.8 pum Vi~ 15V GaAs, AlGaAs

Red A =0.61-0.76 pm Vi~ 2V AlGaAs, GaAsP, AlGalnP
Green A = 0.50-0.57 pm Vi~ 25V InGaN, GaP

Blue A = 0.45-0.50 pm Vi~ 3V InGaN
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(a)

Optical window

Top metal contact

Active region

Bottom metal contact

(b)

Top metal contact

Optical window

Active region

FIGURE 5.12

Generic structures of a light-emitting diode (a) and a photodiode (b)

5.9.2 Scaling limits of optoelectronic devices

Operation of all light-emitting and light-absorbing devices can be viewed in the context of a light beam
passing through an aperture (optical window in Fig. 5.12). Scaling limits of these devices can be
assessed based on the ability of photons to pass through the small optical windows. It can be intuitively
argued that transmission through a small opening should be difficult if the opening diameter is less
than the effective ‘size’ of photon, which is on the order of wavelength A. Indeed, Bethe [25] calculated
the transmission of light through a hole with radius » << A in an infinitely thin, ideally conducting film
and found that the transmission falls proportionally to (7/A)*. Specifically, the expression for the Bethe
transmission efficiency 7p (normalized to the aperture area) is [26]

64

=53 (kr)* (5.34)

B
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Since k = 2T/A, (5.34) can be re-written as

64 (27 \* 64 r\4 r\4
_ T = et () =374 5.35
8 277r2< A r) 2772 " (A) (a) (5-35)

Note that the numerical factor in (5.35) is very close to Zg = 377 €2, the impedance of free space, and
the equation for the light transmission efficiency resembles the antenna equations discussed earlier in
Section 5.4 (except that /A is now raised to the power of four rather than the power of two).

It is also interesting to note that application of (5.35) to a ‘half-wave’ size opening, with the hole
diameter d = 2r = M2 results in 1) = 1.46, i.e. reasonably close to 1. This suggests that the functional
form of (5.35) can be used as a first-order approximation for the transmission cut-off for A > 4r [26].

The transmission efficiency is further decreased, if the non-zero thickness of the opening is taken
into account. Equations (5.34) and (5.35) were obtained with the assumption of zero-thickness, which
holds when the hole thickness 0 << A. For a simple estimate again apply the ‘half-wave’ condition, i.e.
the opening thickness affects the transmission if 0 > A/2. A ‘thick’ aperture can be represented as
a series of ‘thin’ apertures, each of which is A/2 thick. The transmission through this concatenation of
apertures can be treated as a series of transmissions through n = 20/\ thin apertures, each having
a transmission coefficient of (5.35). The total transmission coefficient in this case is

o =[G )

and this results in a very sharp cut-off of light transmission through thick apertures.

It can be concluded that for energy-efficient operation, the spatial dimensions of optoelectronic
devices should be larger than the incident wavelength. In fact the optical window should be larger than
A to minimize the effects of the aperture thickness (5.36). In the following, the minimum size of
transmitting LED in a nanomorphic cell will be assumed to be d = 2 um. The thickness of the active
layer will be assumed to be W~ 1 pum so this nanomorphic LED could be fit into a 2 um cube.

An estimate of the energy needed to activate a LED can be made based on a simple LED circuit
model shown in Figure 5.13. A control switch is used to connect a voltage source to the LED; thus
pulses of light can be generated to send information. Indeed such a simple scheme could be suitable for
the nanomorphic cell application due to the minimum number of components. Note that there is always
an LED internal resistance and capacitance as shown in Figure 5.13. The resistance R is due to finite
(usually relatively large) resistivity of semiconductor materials resulting in, e.g., noticeable contact

I's
A
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—0" o=\, VN -
\ \
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FIGURE 5.13

A simple LED circuit model
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resistance. Also, all pn-junctions have junction capacitance, due to the finite size of the barrier length
(depletion length) W, which acts as an effective insulating layer separating two ‘plates’ formed by n-
and p-regions. The junction capacitance of a nanomorphic LED can be estimated as

- 60Kd2
W
A numerical estimate for a GaAs LED (Kggas = 13.1) with dimensions d = 2 um and W = 1 um gives
Cpn~5 x 107'°F.
When the switch in Figure 5.13 is in the ON state, the LED is activated after the junction capacitor
Cpn is charged to a voltage larger than the turn-on voltage Vi, (see (5.33) and Table 5.2). Let Vy~1V;
then the energy of charging the junction capacitor needed to activate the LED will be

Cpn (5.37)

Cou Vi 5x10716.12

2 2
Equation (5.38) can be used as an optimistic estimate of the energy needed to send a bit of information
using directional optical communication at A~ 1 pm.
It should be noted that in practical LED there are additional factors which severely limit efficiency.
In fact a considerable portion of light generated in a LED is trapped inside by internal reflection due to
a high refractive index of light-emitting semiconductor materials. This internal reflection limits the
photon extraction efficiency. For example, a conventional planar InGaN light-emitting diode has the
photon extraction efficiency of less than 5% [27]. Different approaches to enhance light extraction
include the use of shaped die, rough surfaces or textured semiconductor surfaces, micro-lens arrays,
and photonic crystals [27]. However all these techniques require an increase in the total size of the
structure compared to the active region, and thus are difficult to implement in the nanomorphic cell.

= 251071y (5.38)

Erpp =

5.10 STATUS OF p-SCALED LEDs AND PDs

Currently, there is considerable interest in development of LEDs and PDs of several micrometers in
size (LLED and pPD). Example application drivers for pLLED are microdisplays, as well as different
bioelectronic applications, such as lab-on-chip systems, neural stimulation, etc. [27-29]. There remain
open questions regarding the performance of optoelectronic devices with device size scaling [28]. A
recent example of the small ‘conventional’ LLEDs are arrays of InGaN disk-shaped light-emitting
diodes with a diameter of 12 {m and emission wavelength of A = 408 nm, i.e. d/A = 30 [27].

A new class of light emitters, the light-emitting transistor, has been recently proposed [30,31]
targeting high-speed optical data communication. Scaling properties of this light-emitting transistor
have been investigated and devices with emitter aperture size as small as 5 lm have been demonstrated
[31]. The peak emission wavelength of the device was~ 1 [im, i.e. d/A = 5.

‘Unconventional’ subwavelength LEDs based on quantum dots have also been reported, which
target special applications, such as single-photon sources [32]. In [32], quantum dot (InAs/GaAs)
light-emitting diodes were reported with an active area of 0.6 um, emission wavelength of 1.3 um
(d/\ = 0.5), and efficiency of ~0.01% [32].

Developments in microphotodiodes are supported by several emerging bioelectronic applications,
such as retinal implants for artificial vision [32,33], ‘video pills’ for visual inspection inside the human
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body [33], biomolecular recognition [35], etc. Recently an image sensor has been demonstrated [33],
realized on 1.1 x 1.3 mm? silicon, which has a pixel array of 208 x 186 pixels. The pixel pitch was 4.6
pm and the size of optical window was about 2 m. The maximum spectral sensitivity of these uPD
was about 640 nm, thus d/A = 3.

5.11 CONCLUDING REMARKS

This chapter reviewed the limits of ubiquitous communication for a nanomorphic cell. Electromag-
netic radiation is the primary physical effect used for such ubiquitous communication and this chapter
has focused on the basic physics of information transmission via electromagnetic radiation. Estimates
were offered for the size/volume and energy required for communication in the nanomorphic cell
environment. Discussion in the chapter was devoted primarily to transducers of electrical excitation
into electromagnetic waves and vice versa. While there are a number of different components in an EM
communication system, it is argued that the size and efficiency of a transducer are the gating factors for
nanomorphic cell communications. Therefore, the limiting analyses offered in this chapter center on
the electromagnetic transducer (e.g. antenna, LED, etc.) since its scaling directly impacts communi-
cation system performance.

Based on the physics of electromagnetic radiation, the primary physical parameter, which deter-
mines the scaling limits of the communication system, is the radiation wavelength A compared with
the size of the nanomorphic cell, L..;. A condition for an efficient EM transmission is A~ L.y, and
therefore the size of the nanomorphic cell pre-determines the choice of the radiation wavelength used
for communication.

If omnidirectional (uniform) radiation from the antenna is required, then an argument is presented
for the energy required to uniformly ‘paint’ a sphere with information-carrying photons whose size is
defined by the transmission wavelength. It was shown that the energy required to provide one photon
uniformly over the surface of the receiving sphere depends inversely on the cube of the transmitted
wavelength. When the transmitted wavelength is commensurate with the size of the nanomorphic cell
(about ten microns), then it follows that the energy required for omnidirectional radiation of distance
one meter is about nine orders of magnitude greater than the energy required to operate one logic
switch.

Larger EM radiation wavelength would, in principle, reduce the energy of omnidirectional commu-
nication. However, if the communication wavelength is much larger than the antenna length, the radiation
efficiency of the antenna is very low — a crucial concern for the energy-limited nanomorphic cell.

Another difficult problem for nanomorphic communication is the background thermal radiation.
Interestingly, at room temperature, the thermal radiation spectrum dramatically peaks around the ten-
micron wavelength. This means that electromagnetic radiation for wavelengths in proximity to ten
microns must carry sufficient energy, i.e. enough photons, to overcome the background thermal noise.
This is again a challenge for the energy-constrained nanomorphic cell. Therefore it is necessary to
explore communication options beyond the thermal radiation region (circa 5-50 nm). One option is to
use larger wavelength, e.g. A > 100 um (THz range), and the other option is to go a much shorter
wavelength, e.g. A~1 m (near infrared optical range).

In the case of THz radiation, with wavelengths greater than one hundred microns (an external
antenna of approximately the same size is required), the energy for omnidirectional communication
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could be substantially lower for the same transmission distance than for ten-micron wavelength
transmission. Unfortunately, if the nanomorphic cell is used in an in vivo application, one encounters
a limitation due to the strong absorbance of water in this range of wavelengths. Another grand
challenge for the utilization of THz radiation is that the integrated circuit technology has not yet been
developed to support signal generation and detection.

The other possibility that avoids the peak of the thermal noise spectrum is the use of optical
wavelengths, e.g., on the order of one micron (near-infrared). Existing optoelectronic technologies
could in principle support operation at~ 1 wm wavelength. However, omnidirectional communication
by the nanomorphic cell is practically forbidden for this regime, since the energy required to send a bit
of information at A = 1 pm is close to the total energy budget of the nanomorphic cell. Different
schemes of directional transmission could reduce the number of photons in the packet and therefore
the total energy consumed. However, the orientation problem must be solved, which might require
additional energy expenditure. Alternatively, directional transmission could be augmented by using as
many external detectors as possible or even a surround of receivers (e.g. MRI-like). This certainly
limits the application space but a general conclusion is that the optical wavelengths do not allow
ubiquitous communication by the nanomorphic cell. However, in contrast with the THz regime,
generation and detection of optical (~ 1 pum) radiation allows for the use of devices whose physical
size is commensurate with the dimensions of the nanomorphic cell. A brief review of the physics of the
operation of optoelectronic devices, such as light-emitting diodes and photodiodes, was given in this
chapter followed by an analysis of the scaling limits for optoelectronic devices. While there are many
factors limiting the efficiency of optoelectronic devices, the scaling limits of these devices universally
depend on the ability of light to pass through an aperture/optical window under which they are placed.
It was argued that the size of the optical window should be larger than the radiation wavelength for an
efficient light transmission. The estimates of the minimum energy for the 1-im directional commu-
nication are 6—7 orders of magnitude less than for the omnidirectional communication schemes.
However, the energy to send a bit is still about two orders of magnitude larger than the energy required
to operate one logic switch. Thus, comparisons of the energy costs to ‘process’ one bit with the
communication energy costs to transmit one bit of information suggests that the overall design goal
should be to minimize communication and to maximize the ‘intelligence’ of the nanomorphic cell.

LIST OF SYMBOLS

Symbol Meaning

c Velocity of light in vacuum, ¢ = 3 x 108 m/s
C Capacitance

Con pn-junction capacitance

Cuwire Wire capacitance

d Diameter

e Electron charge, e = 1.6 x 107'°C

E Energy
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Symbol Meaning

Ep Energy barrier height

Ecom Communication energy per bit

Eg Semiconductor bandgap

Eiep LED turn-on energy

Epn Photon energy

Estored Stored energy

Esw Switching energy

h Planck’s constant, h = 6.63 x 10734 J-s
I, lo Current

Kk Wave number, k = 27t/\

ks Boltzmann constant, kg = 1.38 x 10723 J/K
K Dielectric constant

L Distance, length

Lant Length of antenna

Leey Length of nanomorphic cell

Lopt Optimum antenna length

n Integer

Nz Number of photons emitted into solid angle of 47 steradians
Npit Number of bits

Nph Number of photons

o, Po Radiation power density (intensity)
Pin Input power

Ploss Loss power

P Noise power

Poh Detected photon power

Prag Radiation power

Ps Signal power

r Radius

R Resistance

Rioss Loss resistance

Rrad Radiation resistance

R /o Radiiation resistance of half-wave antenna, Ry, o = 73.1 Q
SNR Signal-to-noise ratio

Lt Time, time interval

ty Heisenberg time

ts Signal time

T Absolute temperature

u Velocity

V, V(t), V4, Vo Voltage

Vin Threshold/turn-on voltage

w Barrier length/depletion length

(Continued)
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Symbol Meaning
Zo Free space impedance, Zy = 377 Q
o Absorption coefficient
Ay Bandwidth
0 Thickness
& Permittivity of free space, ey = 8.85-107'2 F/m
n Transmission coefficient
B Bethe transmission efficiency
Nrad Radiation efficiency
C] Period of oscillation
A Wavelength
v Frequency
T Time interval
o Indicates proportionality
~ Indicates order of magnitude
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6.1 INTRODUCTION

In Chapters 2-5, scaling properties of essential units of autonomous electronic systems have been
investigated: energy sources, information processing (logic and memory), sensing, and communication.
The reader is now equipped with the quantitative estimates of performance parameters for each of the
above units, when the size of the unit is ~10 pim. The next task is to assemble all units into an integrated
system and to analyze the performance of this in silico system, assuming a best case scenario.

It is intriguing to compare the ultimately scaled in silico systems with natural in carbo systems, i.e.
living cells. In fact, the living cell is an excellent example of a functioning micron-sized information-
processing system and it will be used as a benchmark for comparison with operation of a nanomorphic
cell, a micron-sized electronic system. Therefore, a goal of this chapter is to develop a framework for
estimating the information-processing capabilities both of a living cell and a nanomorphic cell.

As prerequisites for quantitative assessments of the in silico and the in carbo functional micro-
systems, theoretical models for information and information processors are introduced in this chapter.
Then the living cell is characterized as an information-processing system in the context of the theo-
retical framework of a Turing Machine and a von Neumann Universal Constructor.

The study of the living cell as a functional microsystem may help engineers understand the limits of
scaling for functional electronic systems and offer new insights that avoid some of the restrictions of
classical approaches to information-processing devices and architectures. Conversely, lessons from the
extremely scaled electronic systems may help biologists gain new insights on how cells function.

BOX 6.1 IN SILICO AND IN CARBO SYSTEMS

In silico, in its original meaning, is a phrase used to mean ‘performed on computer’ in analogy to in vivo, which is
commonly used in biology and refers to processes occurring within living organisms. In this text, the expression in
silico is used in a broader sense, referring to different processes occurring in an electronic microsystem (which is to
a large extent made from silicon). This is in contrast to similar processes in living cells, which are to a large extent
made of carbon, thus being in carbo systems.

6.2 INFORMATION: A QUANTITATIVE TREATMENT

The concept of information has been discussed qualitatively in Chapter 3, with respect to different infor-
mation carriers. In this section, a quantitative definition of information is introduced. The simplest special
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case of equal probability of occurrence of information events is initially considered to provide an intro-
duction to mathematical information concepts. For a general and rigorous mathematical treatment of the
concept of information, the reader is referred to treatises on information theory, for example [1-5].

6.2.1 An intuitive introduction to information theory

This section follows the introductory approach to information theory used by Leon Brillouin [2].
Assume that N different events can occur and that all N events have equal probability of occurrence.
Physically occurring information events can be represented as symbols encoded in states of physical
matter (e.g. distinguishable states created by the presence or absence of material particles). The
information function I(N) then can be informally defined as a measure of the likelihood that one of N
events will occur (e.g. a given symbol to appear). The less likely an event is, the larger is the surprise at
its occurrence, and thus the information gained. For N events with equal probability of occurrence, the
probability, p, of realization of one out of N events, and thus the likelihood of the event, is:

P=y (6.1)
Obviously, the larger N is, the smaller is the probability of occurrence of a selected event, and
therefore the larger is the information gained. Thus, information should be an increasing function of
N. In contrast, if N = 1, only one event can occur (e.g. just one symbol, always present) — there is no
uncertainty and therefore no information is gained from the observation of this event, i.e. I(1) = 0.
It is convenient to require that the information exhibit an additive property, i.e. if information is
received from different independent sources, the total information is the sum of the information
acquired from each source. For example, consider a situation where a decision is made based on
several, say two, inputs and each input has several independent realizations; for example, Input 1 has
K realizations and Input 2 has L realizations. In this case, the total number of possible outcomes, from
the Fundamental Principle of Counting,is N = K-L.

Fundamental Principle of Counting: If there are m ways to do one thing, and n ways to do another, then there are
(m x n) ways of doing both.

The additive property of information requires that

I(K-L) = I(K)+1(L) (6.2)
We thus seek a function that satisfies the equation:
flxr-x2) = flx1) +£(x2) (6.3a)
the solution of which is
f(x) = log x (6.3b)

(It can be proven rigorously, that logarithm is the only mathematical function satisfying (6.3a) — for
the proof see [3].) Now, an information function satisfying the above requirements is

I(N) = ClogN (6.4)
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where C is a constant. The choice of the base of the logarithm and the constant C depends on the
system of units. The natural logarithm (In), decimal logarithm (Ig), and logarithm to the base-2 (1d) are
the most convenient choices.

6.2.2 Units of information

For a quantitative treatment of information, a system of units of /(N) in (6.4) is needed. Note that the
log base and the pre-log constant are interdependent: two logarithms with different bases b; and b, for
the same argument are directly proportional to each other:

log, xlog;, x
(6.5)
log, x = log;, by+log, x = C'+log, x

where C' = log,, b>.

In principle, different logarithm bases can be used, depending on the application. Most universal
units are associated with the minimum number of alternatives sufficient for a decision process. The
smallest number of different symbols N,,;, = 2 (the binary choice). It is convenient to require that the
informational content of the binary choice equals to:

I12) =1 (6.6a)
Correspondingly,
Clog,2 =1 (6.6b)
or
1
= 6.6
log,2 (6.6c)

Now, to eliminate the pre-log constant, require C = 1 and, from (6.6¢), obtain the base b = 2.
Now the final expression for binary information is

I(N) = log, N (6.7)

The unit of information defined by (6.7) is called a bit (binary digit).
Example I: Information content of a binary word of length » (i.e. consisting of n ‘1’s or ‘0’s). The
total number of possible combinations in this case is N = 2", and therefore:

I(n) = log, 2" = nlog,2 = n bit (6.8)

Example 2: Information content of English alphabet (upper bound).

The English alphabet contains 26 letters. Consider written text as a sequence of events (each letter
is one event): then each event will have 27 possible outcomes (including the blank space).

Assuming equal probability of occurrence for each letter, the information per symbol for K = 27
using (6.7) is:

I = log, 27 = 4.75 bit/letter
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In actual use, different letters have an unequal probability of occurrence (see Example 3 in Section
6.2.3 below). As will be shown in Section 6.2.3, the number obtained in Example 2, represents the
upper bound for information per symbol.

Example 3: Information content of proteins (lower bound) [5].

All living organisms use the same 20 amino acids (called common or standard amino acids) [6] as
building blocks for the assembly of protein molecules (see Table 6.1). They form the ‘alphabet’ of
proteins, the main building blocks of living systems. Proteins are made from long (e.g. hundreds of
units) sequences of different amino acid ‘symbols’, which are folded in complex 3D arrangements. For
example, the average size of proteins in E. coli bacteria is 360 ‘symbols’ [9] and the structural
information of the corresponding linear chain of amino acids is

Iy = log, 20°%° = 360log, 20 = 1556 bit

It is important to note that the above number represents the lower bound and the information
content of the 3D protein structure is much greater than that of the amino acid sequence I [5].

Note that in the Examples 2 and 3, the information content of a non-binary system (i.e. N =27 and
N = 20) was presented with binary units. This applies to an arbitrary non-binary system — the
information content of a system with an arbitrary number of outcomes can be described using binary

Table 6.1 Standard amino acids: Symbols of the ‘alphabet’ of Life

Name Molecular formula Abbreviation 3-letter abbreviation
Alanine C3H,NO, A Ala
Arginine CeH14N4O5 R Arg
Asparagine C4HgNoO3 N Asn
Aspartic acid C4H7NO4 D Asp
Cysteine CgH7NOLS C Cys
Glutamic acid CsHgNO4 E Glu
Glutamine CsH1oN20O3 Q Gln
Glycine CoHsNOo G Gly
Histidine CgHgNz02 H His
Isoleucine CeH13NO2 | lle
Leucine CeH13NO5 L Leu
Lysine CeH14N205 K Lys
Methionine CsH11NOoS M Met
Phenylalanine CgH11NO» F Phe
Proline CsHgNO» P Pro
Serine C3H/NO3 S Ser
Threonine C4HgNO3 T Thr
Tryptophan C11H12No05 W Trp
Tyrosine CoH11NO3 Y Tyr
Valine C5H11N02 V Val
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units. Let the system have N outcomes, N > 2. We can present N as N = 2%, where g is a real number.
Now, using (6.4), obtain:

I(N) = ClogN = Clog28 = Cglog2 (6.9)

and thus:

Main Point I:

Information of different types can be represented in the binary form, i.e. by bits!

Thermodynamic units

Another unit system appears from the similarity between (6.9) and the famous Boltzmann’s formula
for entropy used in thermodynamics (this equation is inscribed on Boltzmann’s tomb):

S=klogW =kglnW (6.10a)

where W is the number of possible realizations or microstates in a material system and kg is Boltz-
mann’s constant, one of the fundamental physical constants, kg = 1.38 x 10723 J/K.

In a system with only two microstates, W = 2, the information content of the system in thermo-
dynamic units (J/K) is

[ =kgln2 (6.10b)

Note that the mathematical definitions of information (6.4) and thermodynamic entropy (6.10a) are
identical in form. This has an important implication as it connects the concept of information to
physics. For example, it allows for estimates of the information content of arbitrary material systems
[4], including living organisms — an idea developed further in later sections of this chapter.

6.2.3 Optimum base for computation

As was shown in the previous section, information can be mathematically presented as a logarithm
function of different bases (corresponding to a different number of symbols in the ‘alphabet’). It is
interesting to consider the most economical representation for a number, N. There are two factors
contributing to the cost of numeric representation. The first factor is the number of symbols in the
alphabet (or number of different numeric digits) b, which is the base of the system. The second factor is
the length w of the sequence of the symbols needed, e.g. to represent a number in the range between
0 and N. For a given b and w the range is

N =b" (6.11)
Correspondingly, the length of the sequence needed to represent the range from O to N is
w = log, N (6.12)

Both b and w need to be minimized in order to obtain an efficient representation for numbers with
range N. To do this, let the information efficiency function W be the product of b and w:

W= bw (6.13)
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To find the minimum of (6.13), the derivative of (6.13) must be zero:

P = (bw) =0 (6.14)
Substituting (6.12) into (6.14), there results:
(blog, N)' =0 (6.15)
Using the rule of changing base, obtain:
log, N = llr:l—];, (6.16)
Now the derivative of (6.15) with respect to b, using (6.16), is:

) ) 111 Inb—1

Equating (6.17) to zero, there results:
Inb—1=0 (6.18a)
or
bopr = e = 2.71828... (6.18b)

which is the theoretical optimum base for computation. In practice, the base (the number of the
symbols in the ‘alphabet’) must be an integer, thus the nearest integer base is b,,; = 3. The graph of the
function bw = blog, N is shown in Figure 6.1. As can be seen from the graph, for an economic
representation of information, the computational base should be chosen among lower numbers, e.g.
from 2 to 4. In addition to the ‘economy principle’ discussed above, there can be additional criteria for
choosing the appropriate base of computation. For example, in electronic computing, base-2 is used
(since ‘ON’ and ‘OFF’ states of an electronic switch can be used to represent binary numbers).

17
N=100
16

15| Electronic
computing

14

13

Y=blog,N

12
11
10

FIGURE 6.1

Information efficiency function ¥(b) = blog,/N as a function of the computational base, b (the plot corresponds to
N = 100). Note that ¥(2) = ¥(4)
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On the other hand, in living organisms, base-4 is used to encode information in DNA, possibly for
better error protection. As an interesting observation, as can be seen in Figure 6.1, the information
efficiency functions are equal for the bases 2 and 4: W(2) = W(4). This can be shown as follows:

log, N 4 logy N

W(4) = 4logy N = 4- log, 4 5

= 2log, N = ¥(2) (6.19)

Main Point Il:

The information efficiency of the computational base-2 used by in silico electronic computing is equal to the
base-4 used by in carbo systems.

6.2.4 General case: Non-uniform probability of occurrence of information events

The concept of information also encompasses non-equal probabilities of occurrence for different
symbols (events). Repeating the arguments in the beginning of this section, information is a measure of
the likelihood that one of N events will occur (e.g. a given symbol to appear). The ‘likelihood’ in turn
can be quantitatively described as the probability of occurrence of a given event, p;, i = 1,.., N. Thus
one can define the information function as

I(pi) = —Clog p; (6.20)

The minus sign in (6.20) is due to the fact that the probability p < 1, and thus log p < 0. It is useful for
the information function to be non-negative, i.e. I(p) > 0, thus the minus sign. The information
function (6.20) has the additive property, required earlier. Suppose a decision is to be made based on
the joint occurrence of two independent inputs, characterized by the probabilities p; and p;. The
probability of a joint event 1&2 is the product pj2 = p; X p», and the corresponding information gain is

I(p12) = I(p1-p2) = —Clogpip» = —Clogp; — Clogps = I(p1) +1(p2) (6.21)

Note that the function /(p) (6.21) is consistent with the earlier obtained function /(N) (6.4) in the case
of equal probability of occurrence of all N events (p = 1/N). Indeed:

1
I(p) = —Clogp = —Clogﬁ = ClogN = I(N) (6.22)

Next, for the arbitrary probabilities of occurrence of N symbols, the average information content per
symbol can be calculated using standard formulae for weighted mean (or expected value):

N N N
(I = Zpili(Pi) = Z—Cpi logp; = _Czpi log pi (6.23)
i i ;

This is a famous formula due to Claude Shannon, known as Shannon’s entropy equation.
An important property of the average information function (6.23) is that it attains a maximum when
all the probability values p; are equal. For example, for N = 2, (6.23) becomes:

{(I(p1,p2)) = —C(p1Inpy +p2 Inpy)

6.24
p1+p2 =1 (€29
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Table 6.2 The probability of occurrence of different letters in English
Probability of Probability of Probability of
Symbol occurrence, p Symbol occurrence, p Symbol occurrence, p
A 0.063 J 0.001 S 0.052
B 0.0175 K 0.003 T 0.047
C 0.023 L 0.029 U 0.0225
D 0.035 M 0.021 \ 0.008
E 0.105 N 0.059 wW 0.012
F 0.0225 O 0.0654 X 0.002
G 0.011 P 0.0175 Y 0.012
H 0.047 Q 0.001 Z 0.001
| 0.055 R 0.054 0.214

Let p; = x, and therefore p, = 1 — x:

(I(x)) = —C(xInx+ (1 —x)In(1 —x)) (6.25)
Seeking @ = 0, the maximum of (I(x)) is found as follows:
aiy — d B o B o
e Cdx(xlnx—l—(l x)In(l1 —x)) = =C(lnx—1In(1 —x)) = 0

(6.26)
Inx—In(l1—x) =0

X =

—~ NI

Thus, the function (I(p1,p2)) = (I(p;))attains it maximum when p; = p, = %

The proof for N = 2 can be generalized for an arbitrary number of symbols (see Appendix).

Example 4: Information content of English alphabet II (a detailed calculation).

In a real language, different letters have different probabilities of occurrence. The probability of
occurrence of different letters in English is shown in Table 6.2. Applying Shannon’s Equation (6.23)
and using Table 6.2, obtain:

27

(I) = = pilog, pi = 4.03 bit/letter
i=1

Main Point lll:

When the probability of occurrence of different symbols is not known, it is still possible to calculate the upper
bound for the average information function.

Note that the above result (4.03 bit/letter) is reasonably close to the estimate in Example 2 where
equal probabilities of occurrence was assumed (i.e. 4.75 bit/letter).
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6.2.5 Information content of material systems

The overall information content of a material system consists of information about the system’s
composition and shape [4,7]. Consider a computer with the task of controlling the assembly of
a structure from building blocks. Let the total number of the building blocks be K and assume there are
N different kinds of building blocks. Next, assume a serial process with one building block added to the
assembled structure per step. In the general case, for each step the computer must: (a) select the
appropriate category of the building blocks, and (b) calculate x-, y-, z-coordinates of the position for
each of the building blocks. According to (6.7), the information associated with the selection process
(a) is logy N, while information associated with 3-dimensional positioning is 37, where # is the length
of the binary number representing each coordinate. A number length, n = 32 bits will be used in all
subsequent treatments (it is usually sufficient for representing arbitrary numbers in a ‘floating-point’
format). Now, the information per assembly step is

I} = log, N+ 3n (6.27)
And the total information required for the assembly is

Iy = K(logy N + 3n) (6.28)

6.2.6 Information content of a living cell

Next imagine that individual atoms are to be assembled to construct a living cell. The E. coli bacterium
will be used as a model cell because the most detailed information about its cellular composition is
available (see [9-11]).

The elemental composition of a typical bacterial cell, such as E. coli [10], is shown in the second
column of Table 6.3. The corresponding number of atoms can be calculated from the mass of the cell.
The cell wet weight of E. coli is ~10-15 kg = 10-12 g. The cell dry weight is usually assumed to be

Table 6.3 Estimated composition of E. coli [10]

Element % of dry weight m, kg Nat

C 50 2 x 10716 8 x 10°
0 20 6 x 107" 2 x 10°
N 14 4 x 107" 2 x 10°
H 8 2 x 1077 1% 10'°
P 3 9 x 1078 2 x 108
S 1 3x 1078 6 x 107
K 1 3x 1078 5 x 107
Mg 0.5 2 x 1078 4 % 107
Ca 0.5 2 x107'8 2 x 107
Fe 0.2 6 x 1071° 6 x 10°
Total 98.2% 3x 10716 3 x 10"
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30% of the wet weight and thus is ~3 x 10-13 g. Multiplying this number by the percentage of
a given element in the composition yields the total mass, m;, of corresponding atoms in the cell (third
column in Table 6.3). The number of atoms of the given element can be calculated based on:

Mat

Ny = ——4
(1 amu) M

(6.29)
Where 1 amu = 1.66 x 107* g is the atomic mass unit and M is the molar mass of the corresponding
element (see Box 2.2 in Chapter 2). The resulting number of atoms in the cell is given in the fourth
column of Table 6.3.

This estimate results in the total number of atoms in an E. coli cell ~ 3 x 10'°.

Next, the the amount of information that needs to be processed to assemble a new cell can be
calculated using (6.28) with K = 3 x 10', N = 10, and n = 32 bit:

Loyt ~ 3+101%+ (1og,10 4 3+32) ~3+10"2bir (6.30)

Expression (6.30) represents an upper bound on the information content that must be processed to
assemble a new cell. This estimate can be refined in a number of ways [4]. For example, since the
atomic composition, i.e. the frequency of occurrence of different elements, is known (Table 6.2), the
Shannon Equation (6.23) can be used for a more accurate estimate of I; (left to readers).

Earlier in this chapter, close relations between information and thermodynamic entropy of
a system were briefly discussed. In fact, this relationship has allowed for experimental estimates of
the information content of living cells based on microcalorimetric measurements. It has been
concluded that the major consumption of energy during a cell’s reproduction cycle arises from the
correct placement of molecules within the cell [8]. The experimental information estimates for
bacteria range from 10''-10"? bits per cell [8]. Note that result (6.24) correlates well with exper-
imental estimates. In the following, the conservative edge of the estimated range, i.e. .. ~ 10"
bits, is used.

6.3 ABSTRACT INFORMATION PROCESSORS
6.3.1 Turing machine

Alan Turing designed a paper model for universal computation which solves a broad spectrum of
mathematical and logical problems in a finite number of steps [12]. This model, now called the Turing
machine, is a hypothetical device that manipulates a finite set of symbols (in the simplest case ‘0’s and
‘1’s) according to a finite set of rules. The Turing machine consists of a line of symbols written on an
infinite tape and a monitor or a read/write head with a finite number of internal states, i.e. finite
automaton. The monitor reads a symbol from the input tape and consults its rule list. It then performs
two actions: (i) it modifies the internal state of the monitor and (ii) it writes a symbol on the output tape
(in the original design there was one input/output tape, later, machines with two and more tapes were
proposed). A diagram of the Turing machine is shown in Figure 6.2a. Further developments of this
concept led to the Universal Turing Machine that was a prototype of a general-purpose computer —
a machine that could perform all possible numerical computations [13]. All practical computers have
capabilities equivalent to the Universal Turing Machine.
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Abstract information processors: (a) Turing machine and (b) von Neumann universal constructor

6.3.2 Von Neumann universal automaton

John von Neumann further developed Turing’s concept in application to practical computers. In
particular, von Neumann was concerned with the question of complexity of automata that are capable
of universal computation. Each automaton contains a certain number of discrete elements (e.g. tran-
sistors, resistors, diodes, etc.). The internal complexity of the system (i.e. the number of discrete
elements K) defines the system capability. As von Neumann put it [14]: ‘if one constructs the
automaton (A) correctly, then any additional requirements about the automaton can be handled by
sufficiently elaborated instructions. This is only true if A is sufficiently complicated, if it has reached
a certain minimum of complexity’. In other words, a system cell must surpass a certain internal
complexity threshold if it is to perform arbitrarily complex tasks by virtue of elaborate software
instructions. This measure is sometimes called the von Neumann threshold [16], which is the smallest
complexity of the system that could emulate general-purpose computing. Von Neumann hypothesized
that the minimum circuit complexity required to implement general-purpose computing is on the order
of a few hundred devices [15]. Recently the question of the minimal complexity of information
processors was discussed in [16,17]. To estimate the von Neumann threshold, a 1-bit general-purpose
computer was considered (referred to as the Minimal Turing Machine), which contained an arithmetic-
logic unit and sufficient memory [9]. The minimum number of devices in the Minimum Turing
Machine (MTM) was obtained in [9] to be Kysras = 314, which is consistent with von Neumann’s
conjecture [15].

Von Neumann also worked on a general theory for complicated automata that would include both
artificial machines, such as digital computers, and natural machines, such as living organisms [14].
Note that the Turing machine and related digital computers have inputs and outputs of completely
different media than the automata themselves. Based on the generic nature of information, which
is independent of the choice of its material carriers, von Neumann suggested the concept of
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a self-reproducing universal automaton, the Universal Constructor, which is the Turing machine
expressing the output of computation in the same media as the automaton themselves: ‘...one imagines
automata which can modify objects similar to themselves, or effect synthesis by picking up parts and
putting them together, or take synthesized entities apart’ [13,14]. A scheme of the von Neumann
universal constructor is shown in Figure 6.2b. This revolutionary concept of computers making
computers significantly expanded the horizons of the information universe. Among other things, it
revealed the nature of manufacturing as an information-transfer process.

6.3.3 Living cell as a Turing machine

Living cells, such as bacteria, have the formal attributes of a Turing machine, i.e. a machine expressing
a program [5,18]. In fact, the cell can be thought of as von Neumann’s universal constructor, as the cell
expresses the output of its information processing on the matter constituting the building blocks of the
cell itself — thus a computer making computers [18]. In addition, single-cell organisms have been
shown to exhibit the ability to learn, the ability to communicate with each other, various complex
social behavior, etc.

The input information for the in carbo information processor comes from two sources: (i) from the
cell’s surroundings via a number of sensors called receptors, and (ii) by the cell’s internal memory unit,
the DNA molecule. The cell processes the input information via a series of biochemical processes, with
two kinds of biomolecules playing a major role: RNA and proteins, which constitute the logic unit of
the cell.

The output information of the in carbo processor has at least three components: (i) assembly of
matter to make a new cell; (ii) actuation of motility organs, such as flagella, in response to external
stimuli; and (iii) communication with other organisms.

The rest of this chapter deals with detailed characterization of the in carbo information processors
in terms of the quantitative parameters of its units and with comparison between the in silico
(nanomorphic cell) and in carbo systems.

6.4 IN SILICO AND IN CARBO SYSTEMS: A DESIGN PERSPECTIVE
6.4.1 In silico integration: Nanomorphic cell

As has already been discussed in Chapter 1, the 1000 um? volume (e.g. 10 pm x 10 pm x 10 um cube)
of the nanomorphic cell must have the energy source, the control unit (includes logic and memory
subunits), the communication system, and the sensor system. The goal of this section is to discuss the
trade-offs that must be made in allocating volume resources for each of these subsystems. The work in
the previous chapters will serve as a basis for volume allocations and the estimates of subsequent
impacts on the performance of the nanomorphic cell.

Figure 6.3a shows a ‘final’ design of the nanomorphic cell as it has evolved throughout this book. It
differs from the initial picture introduced in Chapter 1 (Fig. 1.3) in several ways:

1. The control unit in Figure 1.3 has been divided into logic and memory units in Figure 6.3.
2. The abstract multiparameter sensors in Figure 1.3 have been replaced by two specific sensors:
a nanowire/nanotube FET (NWFET) bio(chemical) sensor and a thermocouple-based temperature
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sensor (TC). These choices for sensors for the nanomorphic cell are based on the discussion of
several sensing options in Chapter 4.

3. The communication unit envisioned in Figure 1.3 as radio communication via an antenna to
transduce electromagnetic radiation has been replaced by the infrared optical communication
channel using a photodiode (PD) and a light-emitting diode (LED) to receive and transmit
infrared signals respectively.

4. A galvanic cell has been selected for the energy source of the nanomorphic cell based on its
superior volumetric energy and power characteristics, as discussed in Chapter 2.
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Table 6.4 Volumetric parameters of the generic components of the nanomorphic cell
Component Component volume Volumetric density*
Energy n/a 10* J/em® = 1078 J/pm®
Control Logic 32 =3.8 x 107" um®* 10" bit/cm® = 10° bit/um®
Memory 453% = 5.6 x 107° pm®** 10'® bit/em® = 10 bit/um?®
Sensing Thermal 10 pm? n/a
(Bio)chemical 2.5 % 107 um® n/a
Communication Transmitter @0 = 8 pm>* n/a
Receiver @202 = 8 pm3*
:Gross value, taking into account device spacing and interconnects.
a = 5 nm (projected minimal characteristic length in electronic devices).
"X = 1 um (infrared optical communication channel).

In the following, an allocation of volume for each of the units of the nanomorphic cell is offered based
on the results of the limiting studies performed in Chapters 2—-5 and tabulated in Table 6.4.

Note that some of the nanomorphic cell components are composed of relatively homogeneous
collections of identical devices. For example, the memory and logic units are composed of a large
number of devices, whose total number is proportional to the allocated volume. The capacity of the
galvanic energy source is also proportional to its volume. Thus, logic, memory, and energy units have
volumetric densities as performance parameters (Table 6.4).

On the other hand, the remaining primary components, e.g. sensors, the communication trans-
mitter, and receiver, may be present as single components. They have fixed component volumes
determined by the physics of their operation (Table 6.4).

Now, the available 1000 um3 is to be partitioned so as to provide adequate volume for all of
the required components. Based on the data in Table 6.4, it appears that 100 pm® could provide
sufficient volume to support all the ‘singular’ devices (leaving 900 pm?® to be divided between
energy, logic, and memory). The allocation strategy can be illustrated as follows. From Table 6.4,
the total volume occupied by sensors, as well as by the communication transmitter and receiver,
occupy a net volume slightly above 26 um?>, thus leaving ~74 pum® for the corresponding signal
processing/conditioning circuitry (SC), e.g. for signal amplification, filtering, analog-to-digital
and digital-to-analog conversion, etc. Assuming equal volume for each of the four signal-
processing units (i.e., the thermal and chemical sensors, transmitters and receiver) provides
~18 um® per unit. This volume in principle allows for a reasonable complexity for the signal
processing units, e.g. assuming a 3D circuit topology, the maximum number of transistors per
signal processing unit is:

18 um® x 10° bit/um> = 2 x 10° (equivalent digital FET)

(As was discussed in Chapter 4, the signal-conditioning circuits are constructed from devices
similar to those in the logic unit, i.e. FET-type devices, which can operate both in analog and
digital modes. In general, analog devices used in the signal-conditioning circuits are larger than the
digital FET.)
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With respect to the remaining 900 pm® of volume, suppose that one third of this volume or 300 pm?®
is allocated to each of these components. The overall count of the homogeneous components of
a nanomorphic cell is:

Energy: 300 pm’ x 107 J/um® =3 x 1077
Logic: 300 pm® x 10° bit/um® = 3 x 10 bit
Memory: 300 pm® x 10* bit/um® = 3 x 10° bit

The computational capability of the nanomorphic cell that could be provided by the above levels of
complexity is likely to be sufficient for the sense—analyze—announce function of the cell.

6.4.2 Introduction to in carbo systems design

Figure 6.3b presents an abstraction of a living bacterial cell (such as E. coli) as an in carbo functional
microsystem. Similarly to the in silico microsystem of Figure 6.3a, it contains a DNA-based memory
(M), cytoplasmic proteins implementing logic functions (L), membrane proteins acting as sensors (S),
etc. The energy is supplied in chemical form via energy-storing molecules (E) such as glucose (glucose
is sometimes referred to as E. coli’s ‘favorite dish’). Usually the internal storage of chemical energy is
very limited in bacteria and therefore a constant supply of ‘energetic molecules’ from the outside is

Table 6.5 Essential parameters of E. coli

Macroparameters Ref.
Cell length 2 um 9]
Cell diameter 0.8 um (rod) 9]
Cell total volume 1072 cm® =1 pm® [9]
Cell surface area 6 x 10 cm? = 6 pm? [9]
Cell wet weight 1072 g 9]
Cell dry weight 3x 108 g 9]
Molecular processor

Number of all RNA/cell 222 000 9]
Number of cytoplasmic 1 000 000 9]
proteins

Number of ribosomal 900 000 9]
proteins

Number of all proteins 3 600 000 9]
Time for cell replication 20-60 min* [9,48,52,53]
Time for DNA replication 40 min [48,53]
Energetics

Number of glucose/cell 200 000-400 000 9]
Number of ATP/cell 500 000- 3 000 000 ]|

Cell metabolic rate (power) 1.4 x 107" W [11,52]
"A typical cell replication time of 40 min is used in all subsequent numerical analyses
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critical for survival of bacteria. To communicate with other cells the bacteria eject special signal
molecules, which are detected by the recipient cells. Sometimes, cells can emit light, and there is some
indication the process might also be used for interaction with the external world.

Data on the structure, composition, and operational parameters of the E. coli bacterium will be used
to construct a benchmark in carbo system because the data for the E. coli are available with a great
level of detail and accuracy (see Table 6.5). In the following sections, a snapshot discussion on each of
the functional units of in carbo microsystem will be offered, i.e. energy source, memory, logic, sensing,
and communication.

6.5 IN CARBO LONG-TERM MEMORY: STORING INFORMATION IN DNA

The in carbo memory unit (M in Fig. 6.3) contains information about the structure and operation of
a living cell. The information is encoded digitally, in chemical form, by means of biomolecules, such
as DNA and RNA. As indicated earlier, DNA coding uses the base-4 (quaternary) system. Recall also
that base-4 has exactly the same information efficiency as base-2 used in digital computing and is near
the optimum base for computation. The four states are represented by four molecular fragments called
nucleobases (or simply bases): adenine (A), cytosine (C), guanine (G), and thymine (T). The chemical
structures of these molecular state-symbols are shown in Figure 6.3.

The four molecular state-symbols in DNA are attached in series to a flexible ‘tape’ built from sugar
and phosphate groups, the whole structure and principle of information storage resembles magnetic
tape storage [19]. The complete DNA molecule consists of two complementary ‘tapes’, forming the
famous double helix. Each state-symbol on the first ‘tape’ forms a pair with a complementary state-
symbol on the second ‘tape’: adenine (A) forms a pair with thymine (T), while cytosine (C) forms
a pair with guanine (G), thus the complimentary base-pairs are A-T (T-A) and G-C (C-G). Infor-
mation content in each ‘tape’ is identical but is written with different (complimentary) sequences of
symbols.

The base-pair (bp) is a common unit of information stored in DNA (one bp corresponds to circa 3.4
A of length along the ‘tape’). Its relation to the binary information is set by (6.7) for N = 4 (the number
of DNA state-symbols):

I(bp) = log, 4 = 21(bir) (6.31)

Thus, 1 bp = 2 bit.

Data on the DNA storage capacity (genome size) along with some macroparameters for several
representative cellular organisms are given in Table 6.6. Note that the single-cell protozoan, Amoeba
dubia, stores a huge amount of information (670 giga base-pairs or 1.34 Tbit) [20]) in its DNA. This is
orders of magnitude larger than information stored in the human genome (~6 Gbit) and is the largest
DNA storage capacity known for any organism.

6.6 IN CARBO LOGIC INFORMATION PROCESSION

When in silico electronic information processors are considered, such as a microprocessor or
microcontroller, they are commonly referred to as logic units. They consist of a large number of
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Table 6.6 DNA storage capacity (genome size) for several representative cellular organisms.
Characteristic system macroparameters are provided for convenience

Cell Volume, ums Size, pm Power, W Genome size

(Bacteria) — E. coli 1 0.8 x 2* 1.4 x 1078 4.6 x 10° bp = 9.6 Mbit
(Cyanobacteria) - P. marinus 0.1 05x 0.7~ ~107'° 1.75 x 10° bp = 3.5 Mbit
(Protozoa) - Amoeba dubia ~107 ~310%** ~107® 670 x 10° bp = 1.34 Thit
Human cells**** ~1000 ~10 ~4 x 1072 ~3 x 10° bp = 6 Gbit
‘Rod.

“Prolate spheroid.
“"Length in locomotion.
Average parameters.

(a) (b)

A: CsHgNs R o C: C4HsN;0
- 1)
H‘
HY
. H

FIGURE 6.4

Chemical structure of four molecular state-symbols used for encoding information in DNA: (a) adenine; (b)
cytosine; (c) guanine; and (d) thymine (the drawings are adapted from Wikipedia)

binary switches (transistors), which are generally viewed as logic devices (discussed in detail in
Chapter 3). The total number of binary switches is a characteristic parameter of computational
performance for a logic unit [16]. However, many binary switches inside of the logic unit are
organized to perform short-term memory functions in the form of, e.g., registers and cache
memories to support the logic operation. In fact these memory elements are necessary compo-
nents of any general-purpose logic processor, including the minimal Turing machine [16]. If the
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BOX 6.2 DNA MEMORY: READ AND WRITE OPERATIONS

READ: Different parts of the DNA memory of the cell are continuously accessed to support its operation. One
example is signal transduction, which is the DNA-mediated/controlled process of cellular response to external
stimuli. The outcome of signal transduction could be, e.g., change in metabolism, gene activation, alterations
in cell’s movements, etc. In fact, one initial stimulus can trigger a cascade of gene expressions, which can
result in complex physiological events. The set of genes and the order in which they are activated in response
to stimuli are often referred to as a genetic program. In fact, the DNA memory not only allows for continuous
access to its different parts, it also acts as memory with multi-access capability by distinct computing units
[47].

WRITE: The view that DNA is a read-only memory has undergone a dramatic change in recent years. Indeed
(almost) exact copying of the parental DNA to the offspring, called vertical gene transfer, is the basis for inheritance
and until recently was regarded as the only or at least vastly predominant mechanism for transferring the genetic
information.

There is, however, an alternative mechanism for transfer of the genetic information, which is /ateral
(horizontal) gene transfer [48-51]. This can happen, for example, by a direct uptake (‘swallowing’) of naked
DNA by a cell from its environment, by a virus, or by direct physical contact between donor and recipient cells.
For example, fragments of the imported outside DNA can be integrated into the host DNA and thus new
information is written in the memory unit. Until the advent of the genome-sequencing era, a prevailing opinion
among the research community was that lateral gene transfer was a rare and insignificant event. Currently it is
recognized that in prokaryotic, e.g. bacterial cells, lateral transfer is the predominant form of genetic varia-
tions and is one of the major driving forces for bacterial evolution. In fact, the scale of lateral gene transfer
can be very large: for example two different strains of E. coli, which differ more radically in their genetic
content than all mammals. The lateral gene transfer is also observed in eukaryotic cells, however its scale and
role remains unclear.

memory elements built into a logic unit are organized in an array (e.g. cache memory in
a microprocessor), a considerable portion of the logic circuitry is devoted to retrieving infor-
mation from the memory array — thus serving as memory interface circuitry. All of the above
memory-related elements are part of the logic unit in contrast to the more permanent and usually
physically separate memory unit such as the magnetic hard disk drive or flash memory. If one
applies a similar convention to the in carbo cellular information processor, the DNA component
described in the previous section is described as the memory unit, while molecular elements used
to retrieve the information from DNA and carry this information to certain locations in the cell
can be regarded as part of the cell logic. Thus, in such a convention, the RNA molecules (see
Box. 1.2) in Chapter 1 are counted as logic devices.

Many proteins in living cells have as their primary function the transfer and processing of
information [21-24], and thus they also contribute to the logic devices count. Proteins can work
as nano-devices by altering their 3D structural arrangement (conformation), and therefore they
function according to the chemical-physical inputs from their microenvironments [23]. It should
be noted that many proteins are used to build various macromolecular structures of the cell,
while others participate in the cell’s metabolism (the ‘core function’). Such proteins should be
excluded from the computational devices count [21]. However, as recent studies indicate, the
proportion of components devoted to computational (signal) networks as opposed to those
devoted to core functions increases with the complexity of the cell and are absolutely dominant
in humans [23].
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Some proteins and RNA in the cell are organized to form ribosomes. The function of ribosomes is
to synthesize the protein molecules according to commands from DNA (provided by mRNA), and thus
the ribosome can be regarded as a part of the cell’s logic unit and, more exactly, its output interface.

An order-of-magnitude estimate for the number of logic devices in, e.g. E. coli, can be made based
on the following considerations.

Logic device count includes all RNA and some protein molecules in the cell. According to Table
6.1, the total number of RNA molecules in the E. coli cell is

Ngya = 2.2 x 10° (6.32a)

which can be regarded as a lower bound on the number of logic devices.
Also, the number of all proteins inside the cell is

Nay protein — 2.6 x 106 (6.32b)

Therefore, an estimated upper bound on the number of logic devices is the sum

Nena + Nait protein~3 % 10° (6.32¢)

On the other hand, according to the convention adapted in this section, all proteins in ribosomes are
counted as part of the logic unit (output interface). The number of ribosomal proteins is:

Nr-protein = 9 x 10° (6.32d)
Therefore conservative estimate for the number of logic devices is
Nlogic ~Ngna + Nr-protein ~ 106 (6.32¢)

A caveat needs to be mentioned when the number of ‘logic’ biomolecules in the in carbo systems is
compared to that of in silico logic devices: While the in silico devices are typically binary switches (see
Chapter 3), the in carbo devices can in principle represent multi-valued logic elements, as the number
of different states in biomolecules (e.g. different 3D conformations of protein molecules) can be more
than two.

6.7 IN CARBO SENSORS

Living cells need to get information about their environment in order to survive and reproduce. To do
this they contain sophisticated sensing mechanisms to monitor their surroundings [24-26]. They can
react to information about a range of external parameters, e.g. temperature, nutrients availability,
dangerous chemicals, light, magnetic field, etc. The in carbo sensors (S in Fig. 6.3), called membrane/
transmembrane receptors, usually are specialized proteins embedded in the cell’s envelope. They react
to different chemical and physical stimuli from the surroundings, e.g. by altering their 3D confor-
mation. The receptor response in turn initiates a cascade of follow-up chemical events, known as signal
transduction. Signal transduction can involve many agents and it eventually results in changes in the
behavior of the cell.

The receptors usually form distinct clusters on the membrane surface that can include thousands of
receptor proteins [27]. In E. coli, the receptor clusters are primarily localized at the cell poles [27].
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BOX 6.3 DEATH RECEPTORS (DEATH SENSORS)

Perhaps the most intriguing types of cell sensors are death receptors, which participate in the cell’s suicide
mechanisms in multicellular organisms of animals, including humans. The cell suicide mechanism, called
apoptosis, allows control of the cell number in tissues and elimination of those individual cells, which may threaten
the survival of the living organism. Failure of a cell to commit suicide may result in cancer, while early suicide of the
cells contributes to severe disorders such as Parkinson’s and Alzheimer’s diseases [28].

Certain cells have special sensors, which detect the presence of extracellular death signals and, in response,
switch on the cell’s internal suicide process [28].

6.8 IN CARBO COMMUNICATION

Single-cell organisms can send external signals to communicate with one another and even with higher
organisms by several mechanisms, such as: (i) chemical communication via signal molecules; (ii)
optical communication via bioluminescence; and (iii) ‘tactile’ communication via direct contact.

6.8.1 Chemical cell-to-cell communication

Single-cell organisms, such as bacteria, can communicate to each other by release and detection of
special signal molecules [29-36]. The realization that bacteria communicate and alter their behavior
accordingly, has led to a dramatic intensification of research in this area. In fact, in recent years there
has been a paradigm shift in understanding of the unicellular world from the view of the non-
cooperative bacterial cell to a new vision of complex social behavior of bacteria [33]. Cells use
chemical signaling, e.g., to detect population density (‘quorum sensing’) and to exchange information
about the local environment, the spatial distribution of the cells, etc. In general, chemical cell-to-cell
communication coordinates the behavior of a cell population to increase access to nutrients, provide
for collective defense, or enable the community to escape in case of threats to its survival [33].
Moreover, cross-interaction of microbes with higher organisms such as plants or mammals has also
been reported [33].

The signaling molecules upon ejection from the sender cell move through the extracellular
medium, e.g. by diffusion, and if met by another cell, attach to its membrane receptors, thus triggering
changes in the function of the recipient cell. As a rule, the signal molecules are relatively small, which
allows for sufficient mobility by diffusion in an aqueous environment. Two representative types of
signaling molecules are (oligo)peptides (OP), which are short chains of 5-20 amino acids, and N-acy!
homoserine lactones (AHL). While the oligopeptides and AHL signal molecules are specific to a given
type of cell, a new type of molecule, termed Al-2 (autoinducer 2), has recently been identified as
a universal signaling molecule that is produced and sensed by a large number of different species [34].
The AI-2 molecules appear to be the universal ‘language’ for interspecies communication, the
‘bacterial esperanto’ [35]. Until recently, the chemical structure of AI-2 remained unknown, and only
in 2002 [34], the structure of the AI-2 was determined to be furanosyl borate diester (molecular
formula CsH;gO7B). The presence of boron in the signal molecule is very intriguing, as boron
previously had no defined biological function [29]. Later, another derivative of AI-2, not containing
boron, was also identified [36].
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Table 6.7 Example signal molecules used in cell-to-cell communication: molecular weight
and the metabolic energy cost of production

Signal molecules Molecular formula Molecular weight Energy/molecule, Ejq

Oligopeptides (OP) GluArgGlyMetThr 664 ~1077 J (184 ATP)
(CooHagNgO13S)*

N-acyl homoserine CgH1204N* 188 ~4 x 1078 J (8 ATP)

lactones (AHL)

Autoinducer-2 (Al-2) CsH1007B** 193 ~5 x 10720 J (1 ATP)

"CSF (Bacillus subtilis).
“LuxLM (Vibrio Harvey).
"Al-2 (Vibrio Harvey).

Energy costs of communication

The metabolic energy cost of production of different signal molecules was estimated in [31] and is
shown in Table 6.7. The total energy of communication depends on the number of signal molecules
involved, which in turn depends on the communication distance (also called cell-to-cell ‘calling
distance’), as is discussed below.

Communication distance

Chemical signaling is used for short-distance communication, typically <10 pm, although longer
communication distances up to 78 [im have been observed [30]. A simple model for estimates of the
limits of chemical communication is presented below.

FIGURE 6.5

Cell-to-cell (bio)chemical communication
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Consider a nearly spherical sender cell with a ‘radius’  ~ 5 um. Suppose the sender cell expels Ny;q
signal molecules to its exterior and a neighbor recipient cell is located at distance R from the sender
(Fig. 6.5). As was discussed in Chapter 4 (Box 4.4), the resulting molar concentration within
a spherical volume of radius R is

Nji 3
Hsig = 37 (6.33a)
4 ar <R3 — r3)
Alternatively, the number of molecules for a given concentration is:
4
Nyig = §7r <R3 — r3> *Na* Ugig (6.33b)

The total energy of communication is the product of the number of ejected signal molecules and the
energy cost E, of production of each signal molecule (see Table 6.6).

Ecom = Nsig*Esig (6.33¢c)

The minimal concentration of signal molecules detectable by a recipient cell was found to be in the
range g, = 1-10 nM [32]. Assuming [l;;, = 5 nM, i.e in the middle of the range, the required Ny;o
(6.33b) and thus the energy of communication E,,,, (6.33c) can be calculated as a function of distance,
R, for the three categories of typical signal molecules listed in Table 6.6. The plot of required energy
for communication as a function of transmission distance is shown in Figure 6.6.

As can be seen in Figure 6.6, in carbo communication is an energy-costly process as it also is for in
silico systems (discussed in Chapter 5). In fact, for signal molecules OP or AHL, if the communication
distance reaches ~ 200 pm, then the required communication energy approaches the total energy that the
cell (e.g. E. coli) uses during the entire reproduction cycle, E,,, = E..;; = 3 X 1071 (see Section 6.9
below for a discussion of energy properties of the cell). If a communication time ., ~1s is assumed,
then the communication power Py, = Ecom/fcom can exceed the total operational power of the cell
(e.g. ~107"° W for E. coli) at distances ~ 100 um, even if low-energy signal molecules AI-2 are used.
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g ¥
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FIGURE 6.6

Communication energy costs vs. distance for three types of signal molecules.
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6.8.2 Optical signaling/communication

Many unicellular organisms are able to emit light [37-39]. The luminescence typically occurs as
a result of a biochemical reaction catalyzed by special proteins, generally referred to as luciferase. A
typical wavelength of emitted light is A ~ 500 nm and thus the energy of emitted photons (see Chapter 5)
is Epp, ~ 4 x 107" J or ~2.5 eV. As has already been discussed in Chapter 5, the photon emission
process is very energy costly. Indeed, by emitting light a bacterial cell can consume up to 20% of its
energy, which is a very energy costly expenditure for bacteria [38].

The biological role of the bioluminescence remains unclear. If the light bacteria form a symbiosis
with a higher organism (e.g. bacterial light organ in many fish), this host organism can use the light
emitted by bacteria to attract prey, escape from predators, or for communication [38]. In return for light
production, the bacteria are provided with nutrients, protection, etc.

Luminescence of free-living bacteria poses even more questions, as the energy cost of the process is
very high and is difficult to justify. One view is that there is a positive selection and that the selection
mechanism may relate to the dispersion and propagation of the bacteria [37]. For example, it can be
speculated that for some marine bacteria, the attraction of organisms that will ingest them is advan-
tageous [37].

The cell-to-cell communication function of light emitted by cells is not proven. It should be noted,
however, that luminescence in most bacteria is under cell-density-dependent regulation and is trig-
gered by the ‘quorum-sensing’ process discussed above. In fact, the discovery of chemical commu-
nication via signal molecules stemmed from the studies of bacterial luminescence, which led to the
notion of quorum sensing [39].

There is a school of thought that some bacteria and other living cells may have a direct mechanism
of communication via the emission and detection of light, the phenomenon referred to as biophoton
emission [40, 41]. Biophoton emission differs from classical bioluminescence both in light intensity,
i.e. ~10* photons/s per cell in bioluminescence [37] vs. ~10 photons/s per cell in biophoton emission
[40], and wavelength, i.e. bioluminescence typically refers to visible light (e.g. A ~ 500 nm [39]) while
biophoton emission often refers to ultraviolet range (e.g. A ~ 300 nm [40]). There are studies suggesting
that biophotons act as transmitters of information [40, 41]. However, the research community has yet
to reach a consensus on the nature and biological role of radiation by living cells. One of the difficulties
associated with quantitative research in this field is the low level of optical signals generated by
bacteria relative to the environmental photon background.

6.8.3 Direct contact communication

Some single-cell organisms, such as myxobacteria, communicate with each other by direct cell contact
(so-called C-signaling system) [42]. Such tactile communication probably utilizes the least energy of
all cellular communication mechanisms.

6.9 IN CARBO ENERGY SOURCE

Bacteria such as E. coli depend on a constant energy supply from their environment. The favorite food
of E. coli is glucose. However, the reserves of glucose that are typically stored inside the cell are very
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limited (see Table 6.5), and therefore harvesting of chemical energy from outside of the cell is
mandatory. For example, the E. coli cell contains up to 400 000 glucose molecules (Table 6.5) and each
glucose molecule can produce ~30 eV ~ 5 x 107'® J of energy (see Table 2.2.2 in Chapter 2). Thus,
based on Table 6.5, the total energy stored in cellular glucose in an E. coli cell is ~2 x 107 J. Note that
in addition to glucose, energy is also stored in a number of derivatives of the glucose catabolism
process; therefore the total stored energy is somewhat larger, though it remains in the range estimated
above for glucose.

On the other hand, the power consumption of E. coli is about 1.4 x 10~'> W (Table 6.5) and the cell
divides approximately every 2400 seconds (40 minutes — see footnote for Table 6.5). Thus the total
energy the cell uses during one division cycle is

Eeel = 1.4x 1073 W x2400s =3 x 107107 (6.34)

When starving, E. coli consumes some of its ribosomes as an internal source of both energy and
nutrients (e.g. carbon and nitrogen) [43]. In fact, starvation of a population of E. coli cells results in
disintegration of some of the cells (lysis) within a few hours. Those cells that remain alive are then able
to utilize the remnant of dead bacteria to support their existence [44].

While at typical conditions occurring in nature E. coli does not have significant internal energy
storage, there are also exceptions. At some abnormal conditions E. coli can synthesize as much as 20%
of its dry weight as glycogen (glucose polymer) [54], which corresponds to ~107° J of stored energy.
This amount of energy is equivalent to ~3x the cell cycle energy budget (6.34).

Many bacteria do not survive under long deprivation of nutrients. However, there can be
remarkable exceptions in which some bacteria have developed amazing mechanisms and optimi-
zation strategies to live under nutrient limitations [44—46]. Also cells can utilize other sources of
energy such as light as was briefly discussed in Chapter 1. Eukaryotic cells, on the other hand, which
are generally larger and more complex than bacteria, can store a considerable amount of energy
internally.

6.10 BENCHMARK IN CARBO INFORMATION PROCESSOR
6.10.1 Top-down estimate of overall computational performance

As was discussed above in Section 6.2.6, a conservative edge for estimated information content of
a bacterial cell such as E. coli is I.; ~ 10" bits. In other words, for the correct placement of all
molecules within the cells, e.g. by the von Neumann’s universal constructor, 10" bits needs to be
generated by the cell processor. This quantity will be referred below as the binary information content
per task, I = Ieen, where ‘task’ refers to a completed assembly of a cell.

A measure of the information-processing rate can be made for the time required for a cell to
reproduce itself. A typical reproduction time of an E. coli cell is 2400 seconds (Table 6.5), and this is
taken to be time required for one computational task/cycle, #,,5. Thus the number of bits that must be
processed per second (bit rate), Fy, carbo, DY the E. coli cell is:

Trask 1011
Fin—carbo = ~

HK o — =107 bit :
o 2400 0’ bit/s (6.35)
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It is assumed that each operation of the in carbo logic ‘device’ processes one bit, then Fj;,; qpo can be
interpreted as having units of switching events per second. The power consumption of E. coli is about
1.4 x 107> W (Table 6.6) so that
P = Fin_carbo*Epir (6.36)

where Ey;; is the energy per equivalent binary operation, and from (6.35) and (6.36), the energy per bit
operation in the in carbo information processor can be estimated as:

Peen  14:1071
Finfcarho 107

Note that since there are approximately N ~ 10° logic devices in E. coli (see Section 6.6), the average
frequency at which each device operates can be estimated as:

Epiy = =~ 1072 I /bit = 10 kgT (6.37)

Fin_e 107
f~’”T“”"’~1—06~ 10Hz (6.38)

Finally, it should be noted that the energy utilization per switching event given by (6.37) may be quite
conservative. The total number of equivalent binary operations needed to generate output information
of 10"! bits may be greater than 10'". Nevertheless even at the conservative edge, the estimated energy
utilization per switching event is quite impressive. This number can be compared to the best-case
scenario for in silico processors (Table 3.7 in Chapter 3):

In silico: 1071 — 10718 J
In carbo: 10720 ]

As can be seen the energy per bit operation in the in carbo systems is at least one or two orders of
magnitude lower than the most optimistic projections for in silico systems.

6.10.2 Bottom-up look: Memory and logic of in carbo vs. in silico

Memory

As was discussed in preceding Section 6.5, the in carbo processor of E. coli contains ~10 Mbit of DNA
memory (Table 6.6), all confined within a 1 pm® volume, and this results in a 3-dimensional memory
density of ~10" bit/cm® (assuming the memory is uniformly distributed throughout the volume). In

contrast, the 3D density of the ‘minimal electronic memory’ is ~10'® cm™, as was derived in Chapter 3.

Logic
In Section 6.6, the number of logic elements in E. coli was estimated to be ~10°, thus implying
10"® cm™ device density. In contrast minimum size electronic logic elements can be packed in a 3D
volume with a maximal density of ~10'7 cm™ as discussed in Chapter 3. A summary for the in silico/in
carbo comparison is given in Table 6.8 for 1 m and 10 [im systems respectively (the data for 10 pm in
carbo system is obtained by scaling of the 1 um E. coli. cell data).

It is clear from Table 6.8 that the in silico system is less dense in the limits of scaling and that it is
less energy efficient at the device level than a corresponding in carbo system. In the following, a few
thoughts are offered as a possible explanation for these significant differences in performance.
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Table 6.8 Comparison of element properties of the in silico and in carbo systems for 1 pm
and 10 pm overall dimensions

1-pm system In silico* In carbo

Memory ~10° bit ~107 bit

Logic ~10* bit ~10° bit

Energy per bit ~1078y ~1072%y

Power 108 W (max available) ~107"8 W (average used)
Heat flux 0.17 W/cm? ~107° W/em?

10-pm system In silico* In carbo

Memory 3 x 10° bit ~10"° bit

Logic 3 x 107 bit ~10° bit

Energy per bit ~1078y ~1072%y

Power 107 W (max available) ~107'° W (average used)
Heat flux 0.17 W/cm? ~107° W/ecm?

"See Section 6.4.1 for a detailed discussion.

6.10.3 Power and heat dissipation

The maximum power available for the nanomorphic cell can be estimated using (2.2.5b) from Chapter
2 and the energy source space allocation discussed in Section 6.4.1. The result is that the maximum
available power P ~ 10°® Wand P ~ 10~ W respectively for the overall dimensions / = 1 pm and / = 10
um. The surface area of the nanomorphic cell is A = 6/* (cubic shape assumed) and therefore the
maximum heat flux, Q, generated by the nanomorphic cell is

P

0=1 (6.39)

The values for the nanomorphic cell power and dissipated heat are given in Table 6.8. Note that the heat
density generated by the nanomorphic cell is always below 1 W/cm?, and this amount of heat is
manageable by conventional techniques (see Chapter 2 for an in-depth discussion of heat removal).
Also, from Table 6.8 the heat flux for the in carbo cell is at least four orders of magnitude lower than
that for the in silico cell.

6. 10.4 Design secrets of an in carbo system

Heavier mass of information carrier

As it was argued in Chapter 3, a heavier mass of the information carrier allows for smaller separation
between distinguishable states and therefore more states per unit volume or area. The characteristic
dimension, a, as given by the Heisenberg relation (see Chapter 3 for details) decreases as the mass of
the information carrier increases:

h

a~—— (6.40)
2 2mEb
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For example, DNA memory uses molecular fragments (nucleotides) as information carriers, each
consisting of more than 10 atoms. The molecular information carriers are densely packed in a linear
array with distance between nucleotides of only 0.34 nm [19]. By comparison, the critical dimension
of electron memory is ~5 nm, i.e. more than ten times more that of DNA. This explains the 1000x
difference in volumetric memory density between electronic and DNA memory, i.e. 10'® bit/cm® of
electronic memory vs. 10" bit/cm® for DNA memory.

Utilization of ambient thermal energy

For in silico systems thermal energy (~ kgT) must be managed as it may destroy the state or divert the
information carrier from its intended trajectory; for example in communication between several logic
elements. In order to overcome the deleterious effects of thermal energy each logic or memory element
must contain a barrier Ej, > kgT. Moreover, in the communication with other elements, N carriers must
be sent to the recipient elements, each of which must have kinetic energy Ey > kgT. As a result the total
energy of device operation, as it was derived in Chapter 3, becomes

Esw = 2Ep + N+Ex (6.41)

and it can be significantly large, usually >100 kgT.

In contrast, the in carbo systems utilize thermal energy to effect data exchange/transmission
between, e.g., logic-to-logic or memory-to-logic elements. All computational molecules move within
the cell’s space by thermally excited random walk with no extra energy required, and thus the second
term in (6.41) is eliminated. In carbo systems actually uses thermal energy in the transmission of
information!

Flexible/on-demand 3D connections/routing

Once more, referring to Eq. (6.41), in in silico systems most energy is consumed by interconnect. This
is due to the need to pump a large number, N, of carriers (electrons) into the interconnecting wire for
reliable communications. As was shown in Chapter 3, for reliable communication, N must dramati-
cally increase for longer path lengths and/or more receiving devices (fan out). In electrical circuits the
connection paths are pre-determined and in many instances, the electron travels a long distance from,
e.g., point A to point B. Devices of in carbo systems are usually free to travel in all three dimensions
within the cell and they don’t follow a fixed path.

6.11 SUMMARY

In this chapter, the essential units of the nanomorphic cell (energy, control, communication and
sensing) were combined within the 1000 pm® volume (e.g.10pumx 10pmx 10pm cube). The corre-
sponding trade-offs that must be made in allocating volume resources for each of these units were
discussed. It was concluded that the computational capability of the nanomorphic cell that could be
sufficient to enable the sense-analyze-announce function of the cell.

Also, in this chapter an effort has been made to compare the projected performance of the nano-
morphic cell (in silico system) with that of the living cell (in carbo system). The approach was to adopt
the view of the living cell as a ‘universal constructor’, a type of computer that makes copies of itself,
and that was first suggested by von Neumann. In order to provide a common framework for
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comparisons, it was necessary to introduce a few concepts from mathematical information theory. One
interesting observation from this study was that the base-2 information system, prevalent in digital
computation and base-4 system used by biological system are equally efficient numerical/symbolic
representations.

To develop quantitative comparisons between the in silico and in carbo systems, it was
necessary to estimate the size of permanent memory and the number of logic-processing units in
the living cell. The E. coli cell, which has been widely studied, was used to develop estimates for
the number of each of these elements and to bound the amount of information that must be
generated by the cell to effect reproduction. There exist estimates of the power consumption of
various living cells and these data were used to develop estimates of bounds for the energy
consumption of the ‘computational components’ of the living cell, and for their effective rates of
information processing.

Living cells can communicate/socialize with neighboring cells by various means including
biochemical molecule emission, direct contact, and possibly optical. In relation to the communication
schemes of nanomorphic cell, it occurs that cell-to-cell communication in both in silico and in carbo
systems requires a significant and similar expenditure of energy.

The comparisons offered in this chapter suggest that the amazingly complex living cell is
unexcelled in the efficient use of limited energy sources to perform the computation needed to
support its existence. It has also been argued that the living cell is demonstrably superior in device
density and energy consumption to the most optimistically scaled electronic cell of comparable
dimensions. Further careful analyses are needed to refine the estimates offered herein but the
underlying message is that practitioners of energy-efficient inorganic computation may find the
computational strategies of the living cell to be a source of inspiration for more efficient
computation.

APPENDIX: CHOICE OF PROBABILITY VALUES TO MAXIMIZE
THE ENTROPY FUNCTION

Let

K K
J=-CY pi 1n<pi>+A(Zp,-— 1) (AD)

i=1 j=1

In (A1), C is an arbitrary constant and A is a Lagrange multiplier enforcing the constraint that the
sum of probabilities must be one. It is necessary that the derivative of J with respect to each probability
be equal to zero. Therefore,

oJ
Fw. = —Clln(p;))+1]+2=0; i = 1,2,....K (A2)
Di

It follows that

pi = e%_l; i = 1,27...,K (A3)
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Clearly from (A3), each of the probabilities is equal to the same constant and we must have that the
sum of the probabilities is one, i.e.,

K

S pi= 1 = ket (A4)
i=1

i clion(D) as

The substitution of (AS) into (A3) yields the choice for probabilities that maximize (Al):

(A4) can be solved for A to yield

(C[l + In(1/K)] B 1) ln(l) |
pi=e ¢ —e \KJ — & i= 12K (A6)
The maximum value of the information entropy that results is
£ * * K 1
- C;pi In(p}) = —c;?n(E) = CIn(K) (A7)

LIST OF SYMBOLS

Symbol Meaning

A Area

b Computational base, logarithm base

C Constant

E Energy

f Frequency

F Bit rate

/ Information

ks Boltzmann constant, kg = 1.38 x 10723 J/K
K L, N Integer numbers

/ Length

m Mass

M Molar mass

Na Avogadro’s Number, N = 6.022 x 10%® mol™
o) Probability

P Power

Q Heat flux

r, R Radius

S Entropy
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Symbol Meaning

t Time

A Wavelength

u Molar concentration

Y Information efficiency function

o Indicates proportionality

~ Indicates order of magnitude
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Concluding remarks

In this book, the thought-problem of designing a highly functional, micron-scale electronic system has
been explored in the context of possible in vivo applications in the human body. The idea of designing
this nanomorphic system, although inspired by the continued scaling of feature sizes of transistors and
memory elements in integrated circuit technology, extends the scaling concept in at least two ways.
First, additional components of the nanomorphic cell such as energy sources, sensors and commu-
nication systems must also be scaled into micron or submicron dimensions. This property of the
nanomorphic cell has a relation to system-on-a-chip technology but with an increased emphasis on the
variety of components that must be scaled and assembled into an integrated system. A second
differentiation from classical integrated circuit technology is the physical size of the nanomorphic
system and the implied fabrication technology. In the integrated circuit case, the systems have
dimensions on the order of centimeters; much larger than the micron-scale dimensions of the nano-
morphic cell.

One of the encouraging findings in the book is the degree of support for realization of the nano-
morphic cell provided by the continued scaling of logic and memory elements. It appears that thou-
sands of logic and memory elements could be integrated into the 10 micron nanomorphic cell if scaled
device feature sizes in the far submicron regime are achieved by the industry as planned. Such devices
are projected to be available in the 2020 timeframe by the International Technology Roadmap for
Semiconductors. Moreover, it is expected that these devices will become more energy efficient in their
operation as a result of continued feature size scaling. (1) Nevertheless, there is a continuing need to
dramatically decrease device switching energy over the best scaled projections in order to reduce
demands on energy use for computation and sensing.

One clear implication of the topics addressed in this book is that the nanomorphic cell must
perform its functions at the extremes of energy efficiency. Only micro joules are likely to be available
from energy sources in the small volume of the nanomorphic cell and this energy must support all cell
functions. The examination of potential energy sources given in Chapter 2 emphasized the limits
attainable for energy per unit volume and energy per unit mass for a variety of energy sources
including the super capacitor, the fuel cell, radio-isotope sources, and various energy-harvesting
techniques. Each of these energy sources occupies a different location in the power—energy space. In
vivo energy harvesting is an appealing idea since operation of the nanomorphic cell could be extended
for a considerable period of time. However, it appears that only a miniscule amount of energy could be
captured by most of the known techniques and that this would need to be converted into a form for use
by the nanomorphic cell. However, conditioning of the harvested energy would require utilization of
some of the very limited volume of the cell. The galvanic cell was chosen as a model energy source in
the book but even if all of the 10 micron cube volume is devoted to the galvanic cell, only about one
micro joule of energy could be stored. (2) The need for an adequate supply of energy to support the
necessary functions of the nanomorphic cell is a possible show-stopper and creative solutions are
needed.

Microsystems for Bioelectronics the Nanomorphic Cell 1 87
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Another conclusion from the studies in Chapter 5 is that the uniform electronic transmission of
data, even for distances on the order of one meter, is very costly from an energy use perspective. This
communication challenge is made more difficult by the small size of the cell which dictates that
antennas should have dimensions on the order of a few microns. The net result is that directed
transmission (not omnidirectional) will probably need to be used at wavelengths on the order of one
micron, i.e., the near optical/infrared regime for which device technologies exist for implementation
on the scale of nanomorphic cell dimensions. Ideas are needed that enable energy-efficient commu-
nication to an external agent for in vivo applications. (3) Would ‘on-the-fly’ networks of nanomorphic
cells that require largely local communication distances of a few microns between cells offer an energy
efficient approach to the communication challenge?

Chapter 4 on sensors emphasized the importance of selectivity, sensitivity, and registration period
in these sign of sensor systems. A first-principles treatment was offered to analyze these parameters for
classes of biological sensors including chemical, thermal, and bio-electrical. An encouraging
conclusion was that nanowire-based sensors may offer a technology for nanomorphic cell sensor
applications that is substantially superior to sensors based on the use of bulk material. (4) The
performance of the nanomorphic cell sensors ultimately determines the usefulness of the cell and
research is needed to ensure that both false positives and false negatives are reduced to an absolute
minimum.

The search for existing complex, micron-scale systems with a high degree of functionality and
operational energy efficiency against which to benchmark the nanomorphic cell led to consideration of
the living cell as a benchmark candidate. The phrases in silico and in carbo were adopted and used to
differentiate the underlying material systems used by the nanomorphic and living cell respectively. In
order to make the comparison meaningful, a model of the living cell as a computer was developed and
compared with the nanomorphic cell. (The term computer used here embraces not only the normal
logic and memory elements but also its input/output systems.) The analyses offered in Chapter 6
suggest that the in carbo system is much more energy efficient in the implementation of its compu-
tations than the in silico system. This assessment should be viewed as preliminary and the authors
encourage further research to sharpen the comparisons offered herein. In any case, it seems clear that
innovation is needed to obtain in silico systems that compare favorably with in carbo systems. (5) This
appears to be an area of research where significant breakthroughs in the understanding and therefore
the design of in silico (or inorganic systems) could be obtained.

Almost certainly some form of three-dimensional assembly will be required for the nanomorphic
cell. The technology for three-dimensional assembly is just beginning to emerge for integrated circuits,
most often taking the form of stacked memory layers attached to the surface of a microprocessor chip
and electrically connected to the chip. The conventional assembled system in this case is on the order
of centimeters in scale and the assembly accuracies (e.g. placement) are of the order of micrometers.
The nanomorphic cell dramatically reduces the size of the assembled system and the problem of
testing a fabricated system to which few external connections can be made is indeed challenging. (6)
New assembly (radically different and likely ‘bottom-up’) technologies are required for the fabrication
of the nanomorphic cell if it is to move from ‘thought problem’ status to physical realization.

Design tools and system architectures for the nanomorphic cell are likely to be very different from
conventional tools and architectures if the desired functionality is to be achieved. For example, the cell
is likely to contain functional elements in all three dimensions and the computational architectures that
it will employ may be bio-inspired. Moreover, repair of the cell for in vivo applications is not possible,
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thus forcing an emphasis on the design of reliable systems. (7) Research is needed to develop three-
dimensional computer tools that enable the design and test of the multi-functional nanomorphic cell.

The focus of the book has been on trade-offs between various information technologies that are
needed to support the activities of the nanomorphic cell. However, there are other scientific and
technological considerations that might need to be considered, depending on the application. For
example, although materials and their properties have been utilized throughout the book, it has not
been possible to address materials research in a comprehensive manner. It is clear that advances in
materials will further enable micron-scale systems; for example, as indicated herein, it appears that
carbon nanotubes could be important for sensor technologies in nanoscale biological applications. In
a biological context, the compatibility of materials with living systems remains an important area of
research.

In many applications, the nanomechanical capabilities of the cell are important to achieving
intended functionality. For example, if the nanomorphic cell requires a means for self-locomotion,
then the design space is further complicated by the need to enlarge the energy/volume trade-offs to
include nanomechanical systems. It is also conceivable that the nanomorphic cell could be required to
take some form of therapeutic action based on its findings, e.g., inject medication, and this could also
require the use of nanomechanical actuators. Although not covered in the book, connections to
nanomechanics can easily be envisioned for the nanomorphic cell.

This book describes some of the physical considerations and associated limits that are manifest
when one considers the design of a system whose dimensions are on the scale of microns. In spite of
the many technical challenges, some of which are identified above, the quest for functional micron-
size systems does not appear to be beyond consideration. To be sure, the challenges are not easy, but it
is hoped that this book will be of value to those who must address the design of micron-scaled systems
at the limits of semiconductor technology and that it will inspire creative approaches to these
challenges.
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with selective detection, 105-6
Si-NW FETs, 108
Chemical signals from living cells, 100
Chip-based calorimeters for nanothermal measurements, 116
Chloroplasts, 8
Communication:
about communication for nanomorphic cells, 1234,
147-8
see also Antennas; Biomedical application of wireless
communications; Electromagnetic (EM) basics;
Electromagnetic (EM) communication; Optical
wavelength communication
Computers making computers concept, 165
Contact potential difference (CPD), 113
Cyanobacteria, 8

DNA (deoxyribonucleic acid), 6
for information storage, 168, 169-71

E. coli:
energy for, 176-7
essential parameters, 168
reproduction time, 177-8
Electricity and the cell, 100-1
about the electrical elements of cells, 101
cellular electricity, 101
electrocorticogram, 101
electroencephalogram, 101
extracellular signals, 101
ion pumps, 101
local field potentials, 101
signals from living cells, 100-1
Electrochemical energy density metrics, 18, 22
Electrogenic cells, 100-2
Electromagnetic (EM) basics, 124-6
basic principles, 127-8
EM spectrum, 126
photons, 126
Planck-Einstein equation, 126
Planck’s constant, 126
traveling waves, 125
see also Antennas
Electromagnetic (EM) communication, 131-9
free-space single-photon energy limit, 131-4
10 pm nanomorphic cells, 132
antenna size issues, 132-3



Friis formula, 132
minimizing energy considerations, 134
useful bit concept, 134
terahertz radiation (T-rays), 136-9
Beer-Lambert law, 137
challenges and opportunities, 137
signal-to-noise (SNR) issues, 136-8
transmission and absorption, 137
thermal noise limit, 134-5
minimum detectable energy, 134-5
thermal background radiation, 134-5
Electromagnetic (EM) radiation/transducers, 124-31
basic principles, 124, 127-8
see also Antennas
Electron travel time, 87-8
Electronic scaling, 2—4
Embedded energy sources, 15-16
Energy harvesting, 33-43
about energy harvesting, 33
heat removal limits, kinetic model for, 43—4
kinetic energy, 37-8
laser energy, 35-6
RF/microwave energy, 36
solar energy, 34-5
thermo electric generators, 38-42
Energy issues see Binary switches, energy barrier framework;
Energy harvesting; Kinetic energy for harvesting;
Nanomorphic cells, energy estimates;
Radioisotope energy sources; RF/microwave
energy
Energy per tile, binary switches, 79-80
Entropy function, probability values to maximize, 181-2
Error probability, sensors, 96
Eukaryotes/eukaryotic cells, 6-8
Eukariotic microalgae, 8

Fan-out costs, binary switches, 78-9
convergence and branching, 78
electrons for a given reliability, 79
energy per tile, 79-80
Field effect transistors (FETSs), 63—4
energy diagram, 66, 68
FET-type thermal sensors, 111-12
see also Cell-FETs; Chemical and biochemical sensors
Friis formula, 132
Fuel cells see Biofuel cells, miniature

Galvanic cells:
basic principles, 17-18
energy release time, 19
energy stored, 18-19
output limit, 19
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miniature biofuel cells, 21-2
miniature cells, current status, 19-21
rechargeable thin-film Li batteries, 19
power delivery, 19
Glucose, as a biofuel, 21

Heat removal limits, kinetic model for, 43—4
Heisenberg coordinate-momentum relation, 85
Heisenberg distinguishable length, 57-9, 87
Heisenberg Uncertainty Principle, 56

In carbo systems, basics, 168-9
abstraction presentation, 166
DNA-based memory, 168
E. coli essential parameters, 168
energy supply, 168
In carbo systems, communication, 173-6
chemical cell-to-cell, 173-5
communication distances, 174-5
energy costs, 174-5
molecule molecular weights, 174
N-acyl homoserine lactones (AHL) molecules, 173
(oligo)peptide (OP) molecules, 173
signal molecules, 173
direct contact, 176
myxobacteria, 176
optical signaling, 176
bioluminescence, 176
biophoton emission, 176
luciferase, 176
luminescence, 176
In carbo systems, design secrets, 179-80
ambient thermal energy utilization, 180
flexible/on-demand 3D connections/routing, 180
mass of information carrier, 179-80
In carbo systems, energy sources, 176-7
E. coli foods/survival methods, 1767
In carbo systems, information processing, 169-72
by living cell proteins, 171-2
logic units, 169-71
memory interface, 171
ribosomes, 172
RNA molecules in E. coli, 172
In carbo systems, long-term memory (DNA), 169-70
chemical structures, 170
DNA storage capacity, 170
In carbo systems, power and heat dissipation, 179
In carbo systems, processor benchmarks, 177-80
bottom up look, in carbo vs. in silico, 178-9
logic, 178-9
memory, 178-9
top-down performance estimate, 177-8
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In carbo systems, processor benchmarks (Continued)
E. coli cells, 177-8
energy utilization, 178
in silico comparison, 178
In carbo systems, sensors, 172-3
death receptors, 173
membrane/transmembrane receptors, 172
signal transduction, 172
In silico integration see Nanomorphic cells, in silico
integration
Information content of a living cell, 162-3
E. coli example, 162-3
Information content of material systems, 162
Information, general case, 160-1
English alphabet example, 161
non-equal probabilities and likelihood, 160-1
Shannon’s entropy equation, 160-1
with weighted mean formulae, 160
Information, optimum base for computation, 158-60
information efficiency function, 158-60
living cell as a Turing machine, 165
Turing machine, 1634
Von Neumann universal automaton, 164-5
Information theory, intuitive introduction, 155-6
additive property of information, 155
information function, 155-6
Information, units/quantitative treatment, 156-8
bit (binary digit) unit of information, 156
English alphabet example, 1567
information content of proteins example, 157-8
logarithmic treatment, 156-7
thermodynamic unit system, 158
Boltzmann’s entropy formula, 158
Information/information processing, 53-5
about information, 53
binary switches, 52—4
information carriers, 55
Intel processors, throughput and computational
capability, 54
maximum binary throughput (BIT), 54
switching energy, 54
Intel processors:
computational capability, 54
transistor counts1971-2009, 3
International Technology Roadmap for Semiconductors
(ITRS), 2-3, 187
Ton-sensitive FETs (ISFETs), 102, 105

Kinetic energy for harvesting, 37-8
exposure action value (EAV), 37
exposure limit value (ELV), 37
exposure limits, 38

power density of ambient vibration, 38
typical vibration sources, 37

Lab-in-a-pill: Wireless capsule endoscopy systems, 10
Landauer formula, 62
Laser energy, 37-8
Li batteries, rechargeable thin film, 19-21
about the batteries, 19-20
advantages, 20
caseless microbatteries, 21
encapsulation issues, 21
number of switching events, 20—1
Light-emitting diodes (LEDs), 140-7
about LEDs, 1404
efficiency issues, 146
energy requirements, 145-6
generic structure, 144
implementations, 143
p-scaled LEDs, 1467
Living cells, 4-8
chemical signals from, 100
electrical signals from, 100-1
eukaryotes, 6-7
light signals from, 101-2
macromolecular elements, 6
mass/size/energy examples, 8-9
minimum energy, 8
prokaryotes, 6-7
reproduction, 5
ribosomes, 7
spontaneous degradation, 9
staying alive, 4-5
thermal energy from, 102
as a Turing machine, 165
computers making computers concept, 165
see also In carbo systems...

Macrophage monitoring experiment, 109

Medical Device Radiocommunication Service band
(MedRadio), 140

Memory units of DNA molecules, 7

Memristor type devices, 84

MEMS radioisotope micropower generator, 33

Microelectronic system, schematic representation, 2—4

Miniature supercapacitors see Supercapacitors, miniature

Mitochondria, 6, 8

Molar concentrations, 106

Molar mass, 16

Moore’s Law, 2

Motes, 11

Multicellular organisms, 8

Myxobacteria, 176



Nano-biocalorimetry see Thermal biosensors
Nanodevice operation, 2
Nanoelectronics, 2
Nanofabrication, 2
Nanomaterials, 2
Nanomorphic cells, 1-12
about nanomorphic cells, 1-2, 4, 11-12
vis-a-vis the living cell, 4-8
atomistic view, 6
concluding remarks, 187-9
need for 3D computer tools, 189
need for energy supply solutions, 187

need for in silico design breakthroughs, 188

need to decrease energy demands, 187

need to reduce false positives/negatives, 188

new assembly technologies required, 188
would local communication help?, 188

Nanomorphic cells, beyond the planar electronic FET, 814

memristor-type devices, 84
opportunities in 3D systems, 81-2
small scale chip, 3D, 10pum, 82-3

use of a heavier mass information carrier, 83—4

use of single ion for storage, 84
use of a sub-5nm binary switch, 84
Nanomorphic cells, as communication units:
about the cells and communication, 1234
ubiquitous communication, 124
Nanomorphic cells, energy estimates, 80-1
about energy estimates, 80, 84-5
large scale semiconductor chip, 80-1
need for nanowire (NW) FETs, 82
small-scale chip 2D system, 81
small-scale chip 3D system, 82-3
Nanomorphic cells, in silico integration, 165-8
communication unit, 166
control unit, 165-6
galvanic cell, 166
sensors, 165-6
volumetric parameters, 167-8
Nanoscopic scale, 2
Nanotechnology, 2
Nanowire (NW) FETs, 83, 107-8
Nyquist-Johnson relations for thermal noise, 99
Nyquist-Shannon-Kolmogorov theorem, 94-5

One-dimensional (1D) FET, 107

Optical wavelength communication, 140-7
about optical communication, 140
basic principles, 140—4
Bethe transmission efficiency, 144-5

light-emitting diodes (LEDs), energy requirements, 145-6

p-scaled LEDs and PDs, 146-7
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optical antennas, 141

photon detection, 143
scaling limits of devices, 144
transmission efficiency, 145
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see also Light-emitting diodes (LEDs); photodiodes (PDs)

Photodiodes (PDs), 1414
generic structure, 144
p-scaled PDs, 1467

Photon detection, 143

Photons, 126

Photovoltaic laser power converters, 35-6

Planar ISFET sensors, 105-6

Planck-Einstein equation, 126

Planck’s constant, 56, 126

Prokaryotes/prokarytic cells, 6-7

Proteins, 6

Protozoa, 8

Quantum confinement, 85-7

Quantum resistance/conductance, binary switches, 61—4

Radiation see Energy harvesting
Radio energy sources/radionuclides, 28-30
average power delivery, 28
energy release particles, 28-9
radionuclide half-life, 29
total energy released, 30
Radio-frequency identification (RFID) tags, 36
Radioisotope energy sources/radionuclides, 28-33
absorbing matter/stopping power, 30
characteristic parameters, 30
current status, 33
energy conversion, 30-3
alpha- and beta sources, results, 33
betavoltaic cells, 33
electron-hole creation energy, 32
maximum conversion efficiency, 32
energy source size, 28-30
MEMS radioisotope micropower generator, 33
radiation absorbing matter, 30
radiation stopping range, 30
total energy stored, 30
typical betavoltaic cell efficiency, 33
Reliability, binary switches, 74-5
RF communication systems, 124—7
RF/microwave energy, 36
field strength limits IEEE and ANSI, 36
maximum permissible exposure, 36
RFID tags, 36
Ribosomes, 7, 172
RNA (ribonucleic acid), 6
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Sampling analog signals, 95
Scaling, electronic, 2—4
Seebeck coefficient, 11214
Sensors:
about sensors, 91-3, 117-18
barrier current derivations, 97-9
electrons crossing barriers, 96-8
error probability, 96
noise, 96
Nyquist-Johnson relations for thermal noise, 99
sensitivity limits, 96-9
signal-to-noise ratio, 99
thermal noise derived from basic FET equation, 96-9
thermal noise expressed as noise power, 99
see also Analog signals; Bioelectricity sensors; Chemical
and biochemical sensors; Thermal biosensors
Shannon’s entropy equation, 160-1
Si-NW FETs, 108
Signal-to-noise ratio, 99
Smart dust, 11
Solar energy, 34-5
Spontaneous degradation, 9
Spontaneous tunneling, 567
Supercapacitors, miniature, 23—-8
about supercapacitors, 23
activated carbon with, 24-5
capacity estimation, 23
characteristic parameters, 27
conductive polymers for, 27
electrode reaction time, 26
energy storage mechanisms, 23
energy stored, 25
faradaic capacitance (pseudocapacitance), 24
gravimetric specific capacitance, 25
NaCl-contained polymers for, 27
porous electrode materials, use of, 24
power delivery by discharge, 26
schematic diagram, 24
status and research needs, 27
voltage, 26

Terahertz radiation (T-rays), 136-9
challenges and opportunities, 137
signal-to-noise ratio (SNR) issues, 136-8
Thermal biosensors, 109-17
basic principles, 109-11
chip-based calorimeters for nanothermal measurements,
116

FET-type sensors, 111-12
heat generated by, 110
parameters for scaling analysis, 115
scaling considerations, 110-11
state of the art remarks, 116-17
thermoelectric sensors/transducers (thermocouples),
112-16
Seebeck coefficient, 112—-14
signal-to-noise ratio, 115-16
thermodynamic limit for signal detection, 115
volumetric heat capacity for different substances, 110
Thermal energy/thermo electric generators, 38—42
about power limitation, 39-40
heat removal rate from system, 39-40
assumptions for limit of heat removal, 40
cooling rate estimation, 40—1
energy transfer between colliding balls, 40-1
maximum rate, forced air cooling, 42
maximum electric power delivery, 41
Thermal noise expressed as noise power, 99
Thermoelectricity, 113-14
contact potential difference (CPD), 113
Seebeck coefficient of a thermocouple, 114
Three dimensional (3D) systems, 81-3
connections/routing, 180
need for tools, 189
tiling issues, 724
Tiling see Binary switches, tiling considerations
Traveling waves, 125
Tunneling, spontaneous, 567
Turing machine, 163—4
living cell as, 165
Universal Turing machine, 163—4

Unicellular organisms, 8

Vibration, see also Kinetic energy for harvesting
Volumetric heat capacity for different substances, 110
Von Neumann universal automaton, 164-5
self-reproducing universal automaton concept, 165
Universal Constructor, 165
Von Neumann threshold, 164

Wentzel-Kramers-Brillouin (WKB) approximation, 58

Wireless capsule endoscopy systems, 10

Wireless communication for biomedical applications,
139-40

Wireless integrated microsystems (WIMS), 11
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