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Foreword

Nanotechnology research often demands skills in multiple disciplines, from phys-
ics and materials science to chemistry and measurement system design. Although it
would be impossible to predict all the technical innovations that nano research will
offer, it’s already clear that nanoscience will be a major driver of the economy of the
future. However, characterizing tomorrow’s nanoscale components and materials will
be far from trivial because many of their electrical properties lie at the very edge of the
measurement envelope.

To unravel tiny mysteries and turn nanoscale materials and devices into commercial
products, researchers must have tools with the flexibility to handle a variety of electrical
measurements, including current vs. voltage (I-V) characterization, resistance, resistivity
and conductivity, differential conductance, transport, and optical spectrum and energy.
They must also gain an in-depth understanding of the principles and pitfalls associated
with low-level electrical measurements.

Nanotechnology Measurement Handbook: A Guide to Electrical Measurements for
Nanoscience Applications offers practical assistance in making precision low-level DC
and pulse measurements on nanomaterials and devices. It is useful both as a reference
and as an aid to understanding low-level phenomena observed in the lab. It provides
an overview of the theoretical and practical considerations involved in measuring low
currents, high resistances, low voltages, and low resistances.

I hope you find this handbook helpful in your nanoscience research efforts.

Dr. Meyya Meyyappa

Chief Scientist for Exploration at the Center for Nanotechnology
NASA Ames Research Center, Moffett Field, California

IEEE Distinguished Lecturer on Nanotechnology

President of the IEEE’s Nanotechnology Council (2006-2007)
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| Introduction

Nanotech Innovations Hinge on Measurement
Technology and Close Alliances Between Researchers
and Instrumentation Designers

Nanotechnology has the potential to improve our quality of life in diverse ways, such
as faster electronics, huge memory/storage capacities for PCs, cheaper energy through
more efficient energy conversion, and improved security through the development of
nanoscale bio- and chemical-detection systems. Before these become commercial re-
alities, researchers must be able to characterize nano material and device properties
quickly and accurately.

Optical and electro-optical characterization techniques, such as scanning electron
microscopy (SEM), emission microscopy, atomic force microscopy, and ultra-violet
microscopy provide valuable information on nanostructures. However, electrical char-
acterization is essential to gain insight into phenomena that occur beneath the surface
of nanomaterials. For example, gate dielectrics in advanced semiconductors can have a
physical thickness of less than one nanometer; the performance of these dielectrics can
only be predicted by evaluating their equivalent electrical thickness. Similar consider-
ations apply to carbon nanotubes and silicon wires, which are the basis for many nano
innovations.

Alliances Shorten Time to Market

While government funding provides essential support for nano research, it is also
crucial to form alliances between industry and university researchers with complemen-
tary areas of expertise. This is especially true in testing, where complex devices and ma-
terials present unique measurement challenges. Historically, many scientific advances
occurred only after suitable investigative instruments became available. Nanotechnol-
ogy is following the same path. Nano researchers must either rely on instrumentation
companies or take time away from R&D to develop their own measurement systems.
Typically, researchers know the material and device physics intimately, but often lack
measurement expertise. Moreover, the pressure to commercialize research results as
quickly as possible and conserve resources means that researchers can’t spare the time
needed to develop in-depth measurement expertise.

However, instrument companies need the insights only researchers can provide in
order to develop measurement technologies that will advance the state of the art. Nano-
technology research spans multiple scientific disciplines, including electrical and elec-
tronic engineering, computer science, biotechnology, materials engineering, chemistry,
and physics. The commercial pressures instrumentation manufacturers face make it all
but impossible for any one company to develop equal levels of expertise in all these
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disciplines. Alliances with instrumentation companies allow leveraging the expertise of
individuals and organizations to create better solutions for researchers.

Measurement Complexities

The essence of nanotechnology research is to work at the molecular level, atom
by atom, to create structures with fundamentally new properties. Some of the current
research involves:

* Carbon nanotube materials and field emission devices

* Semiconducting nanowires of silicon and other materials
* Polymer nanofibers and nanowires

* Nano and molecular electronics

* Single electron devices

One of the main challenges in electrical characterization of these materials and
structures is dealing with ultra-low signal levels. Another challenge is the wide range
of behavior that these materials and components can exhibit. For example, polymer
materials can have resistances greater than one gigaohm. However, when drawn into
fibers less than 100nm in diameter and doped with various nanoparticles, a polymer
may be changed from a superb insulator into a highly conductive wire. The result is an
extremely wide range of test signals. Detecting tiny electrical signals at the low end of
the range requires high sensitivity, high resolution instruments such as electrometers,
picoammeters, and nanovoltmeters. Also using one of these instruments for high level
signals as well demands an instrument with a very wide dynamic range. Instrumenta-
tion designers require insight from researchers to tailor measurement solutions to this
wide range of needs.

In addition to DC measurements, some devices and structures may need to be char-
acterized with RF signals. Testing some nanoscale structures may involve measurements
of multiple RF harmonics far higher than 20GHz. This requires rigorous instrumenta-
tion design with reliable low-loss RF connections in the test head and dedicated elec-
tronic circuitry for each individual signal path. Otherwise, it becomes impossible to
achieve the resolution required for precision measurements that reveal subtleties in
nanometer structures.

Probing and Manipulation Tools Are
Key to Nano Measurements

Still, a sensitive instrument has limited value if it can’t be connected to a device un-
der test properly. For nanoscale devices, the instrument must be connected to a probing
system through a high quality signal path that allows rapid, low noise measurements.
Therefore, alliances between instrumentation designers and manufacturers of nano-

NANOTECHNOLOGY MEASUREMENT HANDBOOK 1-3



| Introduction

manipulation and nanoprobing tools are essential in constructing a complete meas-
urement solution.

By working together closely, nano researchers and instrumentation manufactur-
ers can create innovative and comprehensive measurement solutions that are essential
for developing the next generation of nanostructures, nanomaterials, MEMS (Micro-
Electro-Mechanical Systems), and semiconductor devices. These alliances will also be
instrumental in speeding up the transfer of nanotechnology from the research lab to
the production environment.
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Emerging Challenges of Nanotech Testing

Nanotechnology is an important new area of research that promises significant ad-
vances in electronics, materials, biotechnology, alternative energy sources, and dozens
of other applications.

Understanding how new building-block materials like nanocrystals, nanotubes,
nanowires, and nanofibers will perform in the electronic devices of tomorrow demands
instrumentation that can characterize resistance and conductivity over wide ranges.
Often, this requires the measurement of very small currents and voltages.

Nanotechnology research is advancing rapidly. In fact, many scientists and engineers
find their existing measurement tools lack the sensitivity or resolution needed to effec-
tively characterize the low-level signals associated with research in nanotech materials.
Meanwhile, others are scrambling to keep up with the rapid changes in measurement
requirements that new discoveries create.

The ability to create accurate and repeatable measurements at the nano-scale level is
critical to engineers seeking to develop these next generation materials.

The Challenges of Nanotech Testing

With nanoelectronic materials, sensitive electrical measurement tools are essential.
They provide the data needed to understand the electrical properties of new materials
fully and the electrical performance of new nanoelectronic devices and components.
Instrument sensitivity must be much higher because electrical currents are much lower
and many nanoscale materials exhibit significantly improved properties, such as con-
ductivity. The magnitude of measured currents may be in the femtoamp range and resist-
ances as low as micro-ohms. Therefore, measurement techniques and instruments must
minimize noise and other sources of error that might interfere with the signal.

An equally important, if often overlooked, factor is that research tools and instru-
ments must be easy to use and cost-effective. The importance of these characteristics
will grow as industry employment grows. Some of the present tools are unnecessarily
complex, with too many buttons on front displays that confuse users and make the
learning curve steeper. Also, data transfer mechanisms are often tedious and can re-
quire extensive amounts of storage media, graphical analysis can take too long, and
programming steals time away from research. Department heads and managers who
must make the hard choices about equipment investments should examine these issues
carefully, and compare instrument features before committing funds.

To advance the state-of-the-art rapidly, researchers can’t be bogged down with pro-
gramming chores and arcane details of instrument operation. User-friendly instruments
are important, not only to researchers and technicians, but also to design engineers
and manufacturing specialists who must take new discoveries and convert them into
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practical products. To meet this challenge, today’s state-of-the-art electrical character-
ization systems are typically PC-based with the familiar point-and-click, cut-and-paste,
and drag-and-drop features of the Windows® operating system. These system fea-
tures make test setup, execution, and analysis more time efficient by shortening the
learning curve.

There are also many difficulties when testing at the nanoscale level. For instance, it
is incredibly complex to probe down to the device level for failure analysis and other
testing. This requires new testing equipment, probers, and new nanotech measurement
standards.

The Need for Standards

With the proliferation of nanotechnology devices comes the need for quality stan-
dards for these devices, specifically, when it comes to testing. A new standard was worked
out and approved by the Institute of Electrical and Electronic Engineers (IEEE). The ap-
proved IEEE 1650™-2005 standard, known as “Standard Methods for Measurement of
Electrical Properties of Carbon Nanotubes,” gives the burgeoning nanotechnology in-
dustry one uniform and common set of recommended testing and data reporting proce-
dures for evaluating the electrical properties of carbon nanotubes. A carbon nanotube is
a tubular structure that has become a major focus of nanomaterials research because it
displays a variety of exciting properties for creating nanoscale, low power consumption
electronic devices. A nanotube can even act as a biological or chemical sensing device in
some applications, or as a carrier for individual atoms.

The new standard contains a variety of testing apparatus recommendations and
measurement practices for making electrical measurements on carbon nanotubes in
order to minimize and/or characterize the effect of measurement artifacts and other
sources of measurement error. The new testing standard should aid in the commer-
cialization of nanotubes by providing uniformity between lab researchers and design
engineers eager to put lab results into commercial use on the production line. Recom-
mended measurement data to report as specified in the new standard include electrical
resistivity, conductivity, carrier mobility, and non-linear behaviors.

The new standard promises to greatly aid in accelerating the commercialization of
nanoscale materials and electronic devices for the semiconductor industry, along with
many other industries. The new standard lets those buying carbon nanotubes speak
the same language as the manufacturers when it comes to the electrical properties and
quality of the products they’re purchasing.

Standards for “beyond CMOS” nanoelectronics will help create a common communi-
cation platform throughout the industry so we can all speak the same language as well
as create acceptable practices for electrical testing. Testing and measurement standards
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can be of added value to researchers who are looking for commonly accepted best prac-
tices and methods of reporting data on nanoelectronic device research.

The Need for Pulse Testing

During device development, structures like single electron transistors (SETS), sen-
sors, and other experimental devices often display unique properties. Characterizing
these properties without damaging one-of-a-kind structures requires systems that pro-
vide tight control over sourcing to prevent device self-heating.

With more devices shrinking in size, the demand for new kinds of test techniques
increases. Namely, as devices get smaller, the method of testing changes. No longer can
you send sizable currents through devices in order to test them. A current too large can
irreversibly damage a component.

What is needed are shorter bursts of energy. This comes in the way of pulse testing.

An instrument that can deliver an extremely short duration pulse, on the order of a
few nanoseconds, with tight control over parameters such as rise time, fall time, pulse

LU L | S R L LBk 3

Dl = RO T ST

O = WD i THE

Figure 1. This example of pulses created with the burst output mode shows how a user
can program a series of pulses.
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width, and voltage and current levels is a great asset to engineers and scientists doing
cutting edge research.

In addition, voltage pulsing can produce much narrower pulse widths than current
pulsing, so it’s often used in experiments such as thermal transport, in which the time
frame of interest is shorter than a few hundred nanoseconds. High amplitude accuracy
and programmable rise and fall times are necessary to control the amount of energy
delivered to a nanodevice.

Consequently, the need for pulsed sources has been growing over time. This need is
driven, in part, by the higher operating speeds of today’s electronic circuits. The higher
operating speed requires test equipment that can produce simulated clock and data
signals at the rate that the circuits will actually perform. Also, analog components used
in these circuits behave differently at higher speeds, so they can’t be characterized at DC
using traditional DC methods. See Figure 1.

As components become smaller, the need for pulsed testing techniques becomes
more critical. Smaller devices are more susceptible to self-heating, which can destroy
or damage the part or can change its response to test signals, masking the response the
user is seeking. Pulse testing is commonly used when characterizing nanoelectronic
devices.

Pulse generators are especially helpful for material characterization in nanotechnol-
ogy, which includes transient analysis and stress testing.
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Electrical Measurements on Nanoscale Materials

This discussion explains the importance of electrical measurements to the science
of nanotechnology, and presents practical considerations in making these measure-
ments. Topics include material and structural characteristics that can be explored
with electrical measurements and why these measurements are important for even
non-electronic nanoscale materials, such as those used in structural and biological
applications. The discussion then explains how to perform and evaluate electrical nano-
technology measurements, emphasizing the use of source-measure instruments with
nano-manipulators.

Testing for Unique Properties

Like the testing of other engineered materials, measurements made on substances
created with nanotechnology are aimed at discovering useful properties. Generally, the
relevant properties relate to specific applications or products. For bulk materials, the
bulk properties of interest may include tensile strength, phase transition temperature,
weight, hardness, electrical and thermal conductivity, etc. Nanotechnology offers ways
to create new materials that have improved properties for applications such as struc-
tural members, electronic circuit elements, optical devices, and a host of other uses [1].

In some respects, the testing of bulk materials and those created with nanotechnol-
ogy are similar. However, the nature of nanotech materials requires some novel testing
techniques. Since these materials are built at the atomic or molecular level, quantum
mechanics come into play. As a result of small particle sizes, the atoms and molecules of
these new materials may bond differently than they might otherwise in bulk substanc-
es. There may be new electronic structures, crystalline shapes, and material behavior.
Nanoparticles with these new properties can be used individually or as building blocks
for bulk material. While the discovery of bulk properties remains important, measure-
ments also need to uncover the characteristics unique to nanoscale structures.

An excellent example is the carbon nanotube (CNT). CNTs can be manufactured to
consist of a single sheet of carbon atoms oriented in a graphite-like structure, rolled up
into the shape of a tube only a few nanometers in diameter [2]. The smallest diameter
tubes are insulators (i.e., large bandgap materials). As the diameter of the CNT increases,
its bandgap decreases. With a large enough diameter, a CNT can become a semiconduc-
tor. At even larger diameters, CNTs exhibit metallic properties, acting like conductors.

Structure and Behavior of the Very Small

Particle size and structure have a major influence on the type of measurement tech-
nique used to investigate a material. Macroscopic materials can be viewed with optical
microscopes. For nanoscopic materials with particles smaller than 200 nanometers, a
scanning tunneling microscope (STM) or an Atomic Force Microscope (AFM) can be
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used. Table 1 outlines the relative sizes of particles considered as nanoscopic, meso-
scopic, and macroscopic.

Table 1. Relative sizes of various particle classifications.

Classification Particle Size

Macroscopic >300nm

Mesoscopic Varies with phase coherence length
Nanoscopic 0.5 —200nm

Atomic <0.5nm

SEM, STM, and AFM techniques are particularly useful for crystalline nano-particle
structures. Figure 1 illustrates the atomic structures for some typical crystals with well-
known forms, such as simple cubic (SC), body-centered cubic (BCC), or face-centered
cubic (FCC). Knowing the arrangement of atoms in those structures helps predict a
particle’s properties. However, on a nanoscopic scale, it is the particle’s size that fun-
damentally alters the physics of its behavior and dictates the use of other measurement
methodologies.

C) (b)
Figure 1. Common crystalline atomic structures:
(@) Simple Cubic (SC).
(b) Body-Centered Cubic (BCC).
(c) Face-Centered Cubic (FCC). Inorganic metals frequently have the FCC form.

Two important sets of properties change as particle sizes are reduced to nanometer
dimensions, i.e., the material’s chemical and electrical characteristics. This even applies
to biological materials. (See examples in Figure 2.) Therefore, most of these materials
require chemical and electrical testing to characterize them for practical product appli-
cations. For many of them, the actual quantity being measured is a low level current or
voltage that was translated from another physical quantity [3]. Direct electrical meas-
urements are possible on many nanoscopic substances with the probing instruments
and nano-manipulators now available.

Electronic Properties

As a substance is reduced to nanoscopic dimensions, both the band gap and the
distance between adjacent energy levels within the material’s electron energy bands
are altered. These changes, along with a particle’s nanoscopic size with respect to
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Figure 2. Molecular chemical composition of individual bases that form DNA. The linear
q e of these b in DNA encode unique amino acid sequences to build all
cellular components.

the material's mean free path (average distance an electron travels between scatter-
ing events), directly affect the electrical resistance of a nanoparticle. More generally, a
material’s bandgap directly influences whether a particle is a conductor, an insulator, or
a semiconductor.

These influential electronic properties allow, for example, a CNT to be used to cre-
ate a transistor switch [4]. One way to do this is by connecting a semi-conducting CNT
between two electrodes that function as a drain and source. A third electrode (the gate)
is placed directly under the entire length of the carbon nanotube channel (Figure 3).
For a semiconducting CNT, the introduction of an electric field through the channel
(via the insulated gate placed in proximity to the CNT channel) can be used to change
the CNT from its semiconducting state to its insulating state by increasing the gate
voltage. Decreasing the gate voltage will transition the device into a conducting state.
(See Figure 3b and earlier text on CNT bandgap and conducting states.) This conduc-
tion mechanism is analogous to the operation of a silicon MOSFET transistor switch,
which is created by doping silicon with either an electron acceptor or donor to alter the
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Nanotube
Source (Au) Drain (Au)

@ (b)

©

Figure 3. A CNT being used to create a new type of transistor switch:
(@) Microscopic view.
(b) Representation of switch cross-section.

(c) 1-V characteristics. As the gate voltage is increased, the channel current is reduced.
Negative gate voltage drives the CNT into a conducting region. (IBM Copyright)

material’s electronic conductivity in specific localities. (Additional information on CNTs
is available from the IBM Research Division, Nanoscience Department [5].)

Chemical Properties

The chemical properties of materials are also heavily influenced by the electronic
structure of the atoms within the molecules (bonding type, bandgaps, etc)) and by the
size and shape of the particles. Just as electronic properties change as particles are
reduced to nanoscopic dimensions, the bandgap and distance between adjacent lev-
els within electron energy bands alter chemical reaction possibilities. In a substance
composed of nanoscopic particles, a larger percentage of the atoms in the mass will be
exposed to the material’s surface. This also influences chemical properties, especially
for those molecules that can act as a catalyst.
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Properties Associated with Electrical Measurements

For macroscopic sized particles, electrons take on discrete quantums of energy that
lie within energy bands, with each band consisting of many energy levels that electrons
can share through their thermal energies. For a conducting material, electrons can be
thermally excited into the conduction band (i.e., electrons are present in the valence
as well as in the conduction band). For an insulator (bandgap > thermal energy of the
electron), enormous energy is required for an electron to transition from the valence to
the conduction band separated by the material bandgap. If a suitable amount of energy
is absorbed (> bandgap), then electrons can jump bands.

As a particle’s size is reduced to nanoscopic dimensions, the allowable energies
within the continuous bands separate into discrete levels (since there are far fewer
atoms in the mix). This occurs when the separation between energy levels approaches
the thermal energy of the electrons. See Figure 4. With fewer energy levels within the
specific energy band, the density of states of the material changes.

Conduction Band

& N

(C) (b)

Figure 4. As material is reduced from macroscopic dimensions to nanoscopic size, its
continuous energy bands (a) separate into discrete energy levels within the band (b)
and the bandgap increases.

The density of states is a measure of the number of energy options available to an
electron as it falls into a lower energy level by giving up energy or as it ascends to a
higher energy level after absorbing energy. A corollary is that if the density of states is
known, the size of the particle can be deduced.

The density of states can be used to engineer characteristics of a nanoscopic particle,
particularly a metallic or semiconducting particle. For example, these materials take on
color by selectively absorbing and reflecting light wavelengths. If the material cannot
absorb photons with certain wavelengths because its density of states has changed (re-
moving critical energy levels associated with absorption), then the color of the material
will change.
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If a particle becomes small enough, its physical size may approach the wavelength of
the material’s electrons. Quantum size effects must be considered whenever a particle
approaches this critical dimension. Because of quantum mechanics, the energy of a
particle’s electrons cannot be predicted by the bonding normally associated with the
bulk material.

Nevertheless, electron energy effects can be deduced from electrical measurements
when nanoparticles take part in a chemical reaction of the oxidation-reduction (RE-
DOX) type, such as the chemical-electrical conversion that takes place in fuel cells or
batteries. Briefly stated, every reaction of this type is associated with the transfer of a
specific number of electrons from one species to another. The number of electrons
transferred depends on the specific reaction(s) taking place and on the frequency of
the reactions (reaction rates). Electrical measurements of the transferred electrons can
be used to determine reaction rates by tracking the current and potential of the cell
with time. Reaction and conduction measurements are then used to track particle size,
density of states, reaction rates, and other nanoscopic properties.

Determining the Density of States

Characterizing the density of states is a fundamental activity in nanoscopic
material research. Density of states (3D dimensionality) as a function of energy can be
expressed as:

dng 4 (2m)’”

dE /N vE

p(E) =
This represents the number of electron states per unit volume per unit energy at
energy E, where:

m = the effective mass of the particle,

h = Plank’s constant, and

E = the energy (electron orbital location) in electron volts.

While the result is independent of volume (can be applied to any size particle), this
equation is of limited value if the particle size/structure is unknown. However, there
are other ways to determine the density of states experimentally from which the par-

ticle size can be found. The 0D and 1D density of states as applied to nanoparticles are
discussed below.

X-Ray Spectroscopy

The density of states can be measured by bombarding a material with electrons. The
energy of the bombarding electrons excites the material’s electrons into higher energy
levels. X-ray emission takes place as these electrons return to lower energy levels. The
x-ray emission energy indicates the difference between the energy level harboring the
excited electron and the level that recaptures the electron after the emission. Fewer
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energy levels mean fewer electrons are excited, yielding lower radiation intensities as
they return to lower energy states. A spectrographic analysis of the resulting x-ray emis-
sion energies and intensities vs. the bombarding electron energies reveals the density
of states for the material.

Direct Electrical Measurements

Since the density of states can be used to predict the electrical behavior of materials,
it is also possible to use electrical impedance measurements to derive density of states
information. Prior art has used a scanning tunneling microscope (STM) to tunnel a cur-
rent through a nanoscopic device. The density of states is found by plotting differential
conductance vs. applied voltage. Differential conductance is simply (di/dv).

In this technique, the quiescent current vs. voltage characteristics are established
through the STM’s high resistance contact with a low level AC modulation on top of the
quiescent operating point to measure the differential conductance, di/dv. When this con-
ductance is plotted against voltage, the graph indicates the material’s density of states.

Highly conductive materials possess an abundance of free energy levels in the con-
duction band, i.e., greater density of states (more individual allowed energy levels per
unit energy). Insulating materials have an electronic structure with a dearth of occu-
pied energy levels in the conduction band. Since density of states corresponds to the
density of these energy levels, a plot of conduction vs. voltage provides a direct measure
of the electronic density of states at each energy level (voltage across the device).

@

Figure 5. Nano-manipulator probing of nanoscale structures:

(@) Microscopic view of low impedance probe contact to a CNT for direct electrical
measurements.

(b) Photo of a nano-manipulator head assembly.

(Courtesy of Zyvex Corporation)
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SMU/Nano-manipulator Methodology

An alternate approach to this technique is to replace the STM and its high resistance
contact with a nano-manipulator that makes low resistance contacts to the nanoparticle.
Such an arrangement allows charge transport and density of states measurements with-
out an STM. This works well into the conduction region thanks to the low resistance
direct connections of the nano-probes on the material (particle) being tested.

The nano-manipulator and its probes, along with a source-measure unit (SMU), are
used to apply a current or voltage stimulus directly to the nanoparticle and measure its
corresponding voltage or current response. (See Figure 5.) The advantage of electrical
source-measure testing is rooted in the fact that a specific SMU measurement mode
(source current/measure voltage or vice versa) can be chosen based on the relative
impedance of the material or device under test (DUT). Furthermore, the measurement
mode can change dynamically as the impedance changes, such as occurs in CNTs act-
ing as semiconductor switches. This allows a much wider dynamic range of voltage and
current stimuli and measurements, thereby optimizing parametric test precision and
accuracy. SMU voltage and current sensitivity can be as good as 1 microvolt and 100
atto-amp.

Probing and Connection Issues

Electrical measurements on nanoscopic materials place stringent requirements on
the instrumentation. In order to measure conductivity, impedance, or other electrical
properties, and relate those measurements to the density of states, a galvanic connec-
tion must be made to the nanoscopic DUT [6]. This represents one of the major hurdles
to be overcome in the field of nanotechnology testing. There are only a few tools avail-
able and few device constructs that facilitate connections of this type.

Often, nanoscopic particles are classified dimensionally in terms of exactly what it
is about them that is small. Quantum wells represent material with nanoscopic meas-
urements in only a single dimension, such as a thin film. Quantum wires are small
in two dimensions (or diameter), and quantum dots are nanoscopic in all Cartesian
coordinates.

Particle self-assembly can be accomplished from silicon to silicon, where conven-
tional photolithographic techniques are used to make electrical connection pads for
probing. Particles that are long enough to straddle such pads (for example, carbon
nanowires) can be connected to the pads through externally generated electrostatic
fields. Figure 5 illustrates an example of this.

Although the properties of quantum wells, wires, and dots differ, it’s possible that
information about a particular material in the form of a quantum dot can be inferred
by examining the same material fashioned as a quantum wire or well (nano-film). Nano-
films are particularly easy to measure since only one dimension is small. Such a film

NANOTECHNOLOGY MEASUREMENT HANDBOOK 2-13



| Nanotechnology Testing Overview

might be deposited on a conductive substrate, allowing measurements through the
volume as well as over the surface, using appropriately placed macroscopic test pads
formed on the material surface. For conductive materials, separate pads for source and
measure can be deposited to create a Kelvin (4-wire) connection [7]. This type of circuit
eliminates test lead resistance from the measurement and improves accuracy. In any
case, a quantum well (nano-film) can be tested like any other bulk material.

A nano-manipulator and STM can also be used to make direct electrical connections
to nanoparticles. STMs do this by a tunneling current, established by closing the distance
between the STM tip and the nanoparticle to within a single electron wavelength.

Electrical Measurement Considerations

Electrical measurements on passive devices (any device that is not a source of
energy) are made by following a simple procedure: stimulate the sample in some way
and measure its response to the stimulus. This method also works for devices that have
both passive and active properties with linear or non-linear transfer functions. With
appropriate techniques, a source-measure algorithm can be useful for characterizing
sources of energy. Fuel cell and battery impedance spectroscopy are examples of such
measurements.

For nanoscopic particles, this general method takes the form of source-measure
testing to quantify impedance, conductance, and resistance, which reveal critical mate-
rial properties. This test methodology is useful even if the end application is not an
electronic circuit.

General Considerations

Important considerations in the characterization of nanoscopic particles include the
following:

1. Nanoscopic particles will not support the magnitude of currents that macro-
scopic device can carry (unless they are super-conducting). This means that
when a device is interrogated, the magnitude of a current stimulus must be
carefully controlled.

2. Nanoscopic particles will not hold off as much voltage from adjacent devices
as a conventional electronic component or material (such as a transistor).
This is due to the fact that smaller devices can be and are placed closer to-
gether. Smaller devices have less mass and they may be affected by the forces
associated with large fields. In addition, internal electric fields associated
with nanoscopic particles can be very high, requiring careful attention to
applied voltages.

3. Since nanoscopic devices are small, they typically have lower parasitic (stray)
inductance and capacitance. This is especially useful when they are used in
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an electronic circuit, enabling faster switching speeds and lower power con-
sumption than comparable macroscopic devices. However, this also means
that instrumentation for characterizing their I-V curves must measure low
currents while tracking the short reaction time.

Speed, Sensitivity, and Accuracy

Since nanoscopic test applications often require low current sourcing and meas-
urement, appropriate instrument selection and use is critical for accurate electrical
characterization. Besides being highly sensitive, the instrumentation must have a short
response time (sometimes referred to as high bandwidth), which is related to a DUT’s
low capacitance and ability to change state rapidly at low currents. This was illustrated
earlier in Figure 3¢ (I-V characteristics of a carbon nanotube used as a switch).

Measurement Topology

It's important to recognize that the switching speed of a source-measure test circuit
may be limited by the instrumentation used to follow the state of the device. This is es-
pecially true if a non-optimal measurement topology is used to observe the device. The
two possible topologies are source current/measure voltage or source voltage/measure
current.

When considering the measurement of low impedance devices (less than 1000Q),
the source current/measure voltage technique will generally yield the best results. Cur-
rent sources are stable when applied to lower impedances, and a good signal to noise
ratio can be achieved without great difficulty. This allows accurate low voltage response
measurements.

The alternative, source voltage/measure current, is not as well suited for low impe-
dances. Exceptionally low values of applied voltage are required to keep device currents
low and avoid destructive heating. At such low voltages, the source tends to contribute
excessive noise to the measured current (response). In other words, the source’s noise
voltage is a significant percentage of the total applied voltage. Additionally, voltage
sources are less stable with low impedance loads. There may also be current meas-
urement problems related to an instrument’s voltage burden (the voltage that develops
across the input of an ammeter circuit), which introduces additional error.

When measuring high impedance devices (impedance greater than 10,0000Q), the
source voltage/measure current technique is best. Stable voltage sources to drive high
impedances are easily constructed. When a well-designed voltage source is placed
across a high impedance, it will quickly charge the stray capacitance of the DUT and
test cables and rapidly settle to its final output value. The small current response of the
DUT can be accurately measured with an appropriate ammeter.

The alternative, source current/measure voltage, creates problems in high impe-
dance measurements. To keep the voltage response low enough for practical measure-
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ments, this technique requires a low current value. This means that it will take a great
deal of time to charge the device and cable capacitances. In addition, the high voltage
measurement circuits will draw some of the source current from the DUT. Since the
current is sourced, not measured, through the device, this current draw represents an
error in the measurement.

Electrical Noise

Measurement topology also has an impact on electrical noise, which is the ultimate
limitation on measurement sensitivity and accuracy. For low impedance voltage meas-
urements with a current source, the measurement circuits will be sensitive to DUT volt-
age noise and impedance.

For macroscopic devices, such as a resistor, the Johnson noise voltage at room tem-
perature (270°K) is expressed as:

V, =JAkTBR

where k = Boltzmann’s constant
T = Absolute temperature of the source in degrees Kelvin
B = Noise bandwidth in Hertz
R = Resistance of the source in ohms

which can be further simplified to:

Vy =6.5x107104/BR

Ammeter
Measurement
Resistor

Source -
Voltage —_ Device (DUT)
Current
— —— Measurement e =
= = Circuit = =
Noise Gain =1 + - S
DUT Impedance
@ (b)
Figure 6.

(@) Circuit model for the source voltage/measure current technique.

(b) Modified model illustrating the noise gain (op-amp noise “gained up”) when the
DUT impedance is low compared to the measurement impedance.
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This equation shows that as DUT resistance, R, decreases, the Johnson voltage noise
generated by the DUT also goes down. Conversely, high impedance devices stimulated
with a voltage source are limited by current measurement noise. The Johnson current
noise of a resistor at 270°K is:

VBR

I, =65x 10-10T

indicating that the noise goes down as DUT resistance increases.

For all particle sizes, in addition to Johnson noise, there could be a noise gain associ-
ated with the measurement topology chosen. Noise gain is a parasitic amplification of
the noise of the measurement system that is not present when the correct measurement
topology is chosen. For example, consider a source voltage/measure current topology.
An operational amplifier is used in many current measurement (ammeter) circuits, as
shown in Figure 6. To minimize noise gain, the ammeter circuit must operate at a low
gain with respect to its non-inverting input terminal.

Source-Measure Instruments

A commercial DC source-measure unit (SMU) is a convenient test tool for many
nanoscopic material and device measurements. SMUs change measurement topology
automatically (i.e., rapidly switch between source voltage/measure current and vice
versa). This makes it easier to minimize measurement noise while maximizing meas-
urement speed and accuracy.

As described earlier for a carbon nanotube, some nanoparticles can change state
with the application of an external field. When investigating such materials, an SMU
can be configured to source voltage and measure current for a nanoparticle in its high
impedance state. When the material is in its low impedance state, more accurate results
are achieved by sourcing current and measuring voltage. Furthermore, the SMU has a
current compliance function that can automatically limit the DC current level to prevent
damage to the material or device under test (DUT). Similarly, there is a voltage compli-
ance function when current is being sourced.

When using the compliance function, an SMU will satisfy the source value unless the
user’s compliance value is exceeded. For example, when an SMU is configured to source
voltage with a preset current compliance, if that compliance value is exceeded, the SMU
automatically starts acting as a constant current source. Its output level then will be the
compliance current value. Alternately, if the SMU is set to source current with a compli-
ance voltage, it will automatically switch to sourcing voltage (the compliance voltage) if
the DUT impedance and the current it draws begin to drive the voltage higher than the
compliance value.
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While a nanoscopic device, such as a CNT switch, can change states rapidly, the
change in instrument state is not instantaneous. Depending on the SMU model, the
switching time can range from 100ns to 100us. Although such switching speeds are
not fast enough to track a nanoparticle as it changes state, the time is short enough to
allow accurate measurements of both states while limiting DUT power dissipation to
acceptable levels.

Pulsing Techniques

Choosing the correct measurement topology to improve measurement speed and
minimize noise may still fall short of the test needs for some nanoscopic materials. For
example, it appears that some CNTs can switch 1000 times faster than conventional
CMOS transistor switches. This is too fast for the nano-amp ranges of commercial pico-
ammeters. Demanding devices such as these may require other techniques to improve
the speed of impedance measurements.

Low power pulsing techniques may offer a partial solution to this problem, and are
available in some SMU designs. The idea is to use a much higher test current or test
voltage and apply this large stimulus for a short sourcing cycle. The larger stimulus will
lower the sourcing noise (by improving the signal-to-noise ratio) and improve the rise
or settle time for a voltage pulse or current pulse, respectively. Quieter sources require
less filtering and permit a shorter sourcing cycle time (narrower pulse width). A larger
source stimulus also increases the response current or voltage so that higher instru-
ment ranges can be used, further minimizing the effects of noise. Since there is less
noise, the measurement acquisition time (integration period) can be shortened, thereby
speeding up measurements.

Avoiding Self-Heating Problems

A possible source of error is self-heating due to excessive electrical current through
the DUT. Such currents may even lead to catastrophic failure of the sample. There-
fore, instrumentation must automatically limit source current during device testing.
Programmable current and voltage compliance circuits are a standard feature of most
SMU-based test systems with pulsed current capabilities, and may be required to avoid
self-heating of some low resistance structures.

When an elevated test current is required, it must be sufficiently brief so that it does
not introduce enough energy to heat the DUT to destructive temperatures. (Nanoscopic
devices tolerate very little heat, so the total energy dissipated in them must be main-
tained at low levels.) In addition, care must be taken that the magnitude of the test cur-
rent is low enough that the DUT’s nanoscopic channel does not become saturated. (For
instance, a current channel 1.5nm in diameter severely limits the number of electrons
that can pass per unit of time.) Some nanoscopic devices can support only a few hun-
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dred nano-amps of current in their conductive state. Thus, a device’s saturation current
may define the maximum test current even in pulsed applications.

The equation below illustrates how duty cycle and measurement time in pulse mode
effect DUT power dissipation. To calculate power dissipation in pulse mode, multiply
the apparent power dissipation (V-I) by the test stimulus time and divide by the test
repetition rate:

N

]

~
NS

where: P, = Pulse power dissipation
P, = Apparent power (ie., V-I)
T, = Test time
T, = Test repetition rate

Pulse mode is also useful for density of state measurements using a low impedance
connection, such as through a nanomanipulator. Pulsing allows measurements at previ-
ously forbidden I/V locations due to particle self-heating.

Other Instrument Alternatives

Advanced AC+DC current sources, such as the Keithley Model 6221, also offer a
pulse mode. This waveform generator permits the user to optimize pulse current ampli-
tude, pulse intervals, pulse width, and trigger synchronization with a measuring instru-
ment, such as a nanovoltmeter [8]. With built-in synchronization, the nanovoltmeter can
take a reading within microseconds after a pulse is applied. This greatly facilitates dif-
ferential conductance measurements and allows resistance measurements from 10nQ
to 100MQ. Such an instrument combination is a high performance alternative to AC
resistance bridges and lock-in amplifiers.

These advanced instruments can measure differential conductance up to ten times
faster and with lower noise than earlier solutions. This is accomplished in a single
sweep, rather than averaging the results of multiple sweeps, which take more time and
are prone to error. In addition, these instruments can be used in delta mode, which
further improves measurement accuracy. Taken together, these techniques can improve
measurement accuracy by as much as three orders of magnitude compared to some test
solutions.

Electrical Impedance Spectroscopy

Electrical impedance spectroscopy is relevant to many devices that use nanoscopic
materials. One example is an electrochemical cell that uses a nanoscopic material as a
catalyst on a membrane electrode assembly (MEA). The reactive component of the cell’s
complex impedance provides a direct measure of the chemical reaction rate at the ter-
minals of the anode and cathode of the cell — which is a direct reflection of the catalyst
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operation. In other applications, the reactive component can describe the dielectric
charge distribution of a material and the ease or difficulty that an external field would
have in re-orienting the material dielectric.

This technique goes beyond the simple measurement of impedance magnitude with
a DC voltage or current. Complex impedance is an AC (or pulsed DC) property that
can be described as a vector with a magnitude and a phase. The phase describes the
relationship, in time, between the voltage or current stimulus (zero phase reference)
and the resultant current or voltage response. At any frequency, the impedance can
be described in this manner as a magnitude with an associated phase angle. Complex
impedances must be computed at a specific excitation frequency; phase angle changes
with frequency for any device that can be modeled as a resistance in series or parallel
with capacitance or inductance.

By measuring complex voltage and current, the vector impedance can be calculated
by dividing the complex voltage by the complex current. This requires only that the
relative time is logged with each voltage and current measurement. The final results are
found by computing the complex Fourier transform, which expands time domain data
into the frequency domain.

The complex impedance phase angle describes exactly the time lead or lag between
the stimulus and resulting DUT response, since any phase angle can be transformed
into a time by the following relationship:

Phase
360

= Time x Frequency

This is the shift in time between the stimulus and the response, regardless of wheth-
er each is a voltage or a current. So, if we record time along with voltage and current
measurements, we can, through an appropriate mathematical transform, compute the
complex impedance.

We have already discussed the importance of selecting the correct measurement to-
pology to minimize noise and maximize system speed. In addition, to accurately charac-
terize complex impedance, the instrument and measurement technique must allow an
appropriate sample rate. Furthermore, the instrument must have a stable time base in
order to compute the impedance mathematically. The required sample rate, acquisition
time, and mathematical transform will depend on the required accuracy and nature of
the DUT’s complex impedance. A discussion of these criteria can be quite lengthy and
is beyond the scope of this discussion. More information on digital signal processing is
available from Analog Devices Corporation [9].

Application Example: CNT Field Emission Display

Typically, when CNTs are made, both conducting and semiconducting forms occur.
When the two forms are separated, the conducting nanotubes can be used as emitters
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for field emission displays, and the semiconducting nanotubes can be used to make
electronic switches as discussed earlier. (See Figure 3.)

CNT field emitters play a role similar to that of the electron gun used in a cathode
ray tube. However, each pixel in a field emission display has its own electron gun, a
CNT field emitter. Each emitter must be smaller than the display pixel and able to emit
electrons without dissipating too much heat. Since the CNT acts as a cathode, and this
is a cold cathode emission process, a very high electric field intensity is required. This is
possible because of the CNT’s nanoscopic dimensions [10].

The CNT field emitters must have other properties that make this application practi-
cal. They must not erode away in the presence of the pixel currents flowing through
them. This means that the emitter material’s molecular bonding must be stronger than
the energies associated with the emission current. The physical characteristics of the
emitter must be such that a gate structure can be placed between it (the cathode) and
the phosphor-coated screen of the display (the anode). This gate is used to switch the
pixel on and off.

A field emitter display is a capacitive device, so the appropriate measurement topol-
ogy is the source current/measure voltage type. This data is used to calculate the field
emitters’ impedance, and measurements are taken for emitter conductance over the en-
tire operating frequency range. Emitter voltage is measured from the common cathode
to the common anode, with one or many emitters enabled via their addressable gates.
AC impedance can be measured from DC up to the maximum required refresh rate of
the display. Since emitters are electrical conductors, a low impedance with acceptable
capacitive and inductive components indicates a good display. Naturally, a conductor
such as this should have adequate densities of states in the conduction band to support
the required conduction current.

Even though nanoscopic devices tend to have low capacitance due to their small size,
additional mechanisms must be considered when they are combined with other materi-
als and structures, such as those in a field emission display. The macroscopic design of
such a display predicts a very high capacitance between the anodes, gates, and cathodes.
Nevertheless, due to the dimensions required for cold electron emission, each cathode
current must be in the range of nA to uA and must turn on or off quickly if the display is
to be used (and tested) as a raster device. This calls for measuring low currents at a high
bandwidth with the proper measurement topology and techniques discussed earlier.

Conclusions

The electronic structure of nanoscopic particles is a reflection of the atomic electron
energies and the distribution of orbitals for both molecularly shared and free electrons.
This kind of information can be used to describe how such materials will interact in the
presence of energy and other materials. The density of states in a material is directly
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related to its electronic structure and is useful in predicting or manipulating its proper-
ties. It can be found through direct electrical measurements of differential conductance.
Thus, the density of states can predict a material’s electrical impedance and vice versa.

Still, there is a right way and a wrong way to electrically interrogate a nanoscopic
material, depending on its impedance. For a low impedance material, the source cur-
rent/measure voltage method will result in the least electrical noise and allow the most
accurate response measurement with the widest bandwidth. For a high impedance
material, the source voltage/measure current method is more appropriate for similar
reasons. At times, the appropriate measurement mode must be used in unison with yet
another voltage or current source to activate or stimulate the device, such as is the case
with the field emission display.
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