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Technology and metrology of new
electronic materials and devices

Scaling of the metal oxide semiconductor (MOS) field-effect transistor has been the basis of the

semiconductor industry for nearly 30 years. Traditional materials have been pushed to their limits,

which means that entirely new materials (such as high-k gate dielectrics and metal gate electrodes),

and new device structures are required. These materials and structures will probably allow MOS

devices to remain competitive for at least another ten years. Beyond this timeframe, entirely new

device structures (such as nanowire or molecular devices) and computational paradigms will aimost

certainly be needed to improve performance. The development of new nanoscale electronic devices

and materials places increasingly stringent requirements on metrology.

ERIC M. VOGEL

The University of Texas at Dallas, Department of Electrical Engineering, 2601
North Floyd Road, Richardson, Texas 75083, USA; previously at the National
Institute of Standards and Technology, Semiconductor Electronics Division,
100 Bureau Drive, MS 8120, Gaithersburg, Maryland 2089, USA.

e-mail: eric.vogel@utdallas.edu

For over 30 years, the planar silicon metal oxide semiconductor
(MOS) field-effect transistor (FET) has been the basis of integrated
circuits"?. In 1970, integrated circuits contained thousands of
MOSEFETs, each having dimensions of tens of micrometres. Today’s
chips contain almost one billion MOSFETs, each having physical
dimensions of tens of nanometres. The exponential increase of
device density (Moore’s Law?) and scaling of device dimension into
the nanotechnology regime (see Fig. 1) have resulted in the vast
improvements observed in numerous electronic devices, from PCs
and mobile phones to control systems found in automobiles and
jet airplanes. Although considerable innovation and investment
was required to realize this rate of dimensional scaling, until
recently very little has changed in the materials and design of the
basic MOSFET. In the future, a variety of new materials and device
structures will be required to continue MOSFET scaling">*'°.
Furthermore, as silicon MOSFET technology approaches its
limits", entirely new device structures and computational
paradigms will be required to replace and augment traditional
MOSFETs. These possible emerging technologies span the realm
from transistors made of silicon nanowires to devices made of
nanoscale molecules.

Whether one is considering future nanoscale planar silicon
MOSFETs or an emerging technology to replace the MOSFET,
the electronic properties of all of these nanodevices are extremely
susceptible to small perturbations in properties such as dimension,
structure, roughness and defects, which means there is a significant
need for precise metrology. Furthermore, the insertion of a variety
of new materials into the conventional MOSFET and radically new
materialsand devices for potential emerging replacement technologies
(for example, molecular and spin) present further challenges for
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metrology. Although the devices and materials being considered
for future MOS technologies and beyond are broad, the overarching
challenges to metrology remain. The ability to measure the physical,
chemical and electronic properties that control final device electrical
characteristics will be crucial to the research and development of
future electronic devices.

TECHNOLOGY

TRADITIONAL MOS
As illustrated in Fig. 2a, the traditional MOSFET consists of a
silicon substrate, a highly doped polysilicon gate electrode, a
gate dielectric of SiO,, and doped source and drain. In 1970,
the MOSFET channel length was approximately 10 um, the SiO,
gate dielectric thickness was approximately 100 nm, and the
operating voltage was approximately 10 V (refs 2,12). For over
30 years, the device density and speed of integrated circuits has
been increased by reducing the MOSFET lateral dimension as
shown in Fig. 1. To maintain, or improve, device performance
when reducing channel length, most other device parameters
need to be scaled: the substrate doping must be increased,
the depth of the source/drain junction must be decreased, the
supply voltage must be decreased and the capacitance of the SiO,
gate dielectric must be increased (that is, SiO, thickness must
be decreased).

Although there have been some changes of materials in the past
30 years (for example, moving from aluminium to highly doped
polysilicon gate electrodes in the 1970s, the addition of lightly doped
drain extensions in the 1980s, the addition of nitrogen to the SiO,
gate dielectric to form silicon oxynitride in the late 1990s), the basic
structure and materials of the traditional MOSFET have seen very
little change. Today’s MOSFET has an effective channel length of
approximately 30 nm, a silicon oxynitride gate dielectric thickness
of approximately 1.2nm and a supply voltage of approximately
1.1 V. Although it may be possible to manufacture traditional MOS
devices with a thinner layer of silicon oxynitride, tunnelling leakage
current larger than that associated with the 1.2 nm gate dielectric
(>10 A cm™) results in unacceptably high power dissipation (>10 W)
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Figure 1 Moore’s Law and scaling of transistor dimensions. The number of
transistors (red triangles), transistor minimum lateral feature size (blue circles), and
transistor minimum physical oxide thickness (yellow circles) as a function of time
(data extracted from the Intel web site). The exponential increase in the number of
transistors on an integrated circuit (Moore’s Law®) requires the lateral dimensions of
the transistor to scale downward. In order to improve the performance (speed) of the
transistor, the physical oxide thickness must scale at approximately the same rate.
Exponential fits to the data are shown as lines in the figure.

for the integrated circuit. Furthermore, because of high electric fields,
the highly doped polysilicon no longer behaves as a metal and exhibits
significant depletion, further limiting MOSFET performance. Owing
to the fundamental limits associated with traditional MOSFET
materials, new materials (‘materials-limited MOS’) and/or structures
(‘non-classical MOS’) will be required to realize future improvements
in MOSEET performance.

MATERIALS-LIMITED MOS

Insulators with high dielectric constant (for example, HfO,) are
being developed to replace silicon oxynitrde’. High-k dielectrics
allow a high capacitance with a thicker film so as to reduce the
direct tunnelling leakage current. However, these dielectrics have
a large number of technological problems, perhaps the worst of
which is a generally poor interface with silicon. A wide variety of
metals (for example, Ru, Ta, Pt, W, N and Si binaries and ternaries)
are being considered as possible replacements to highly doped
polysilicon'*'. The work function of the metal (minimum energy
needed to remove an electron from the metal to vacuum) is critical
in defining the threshold or turn-on voltage of the FET. Metal
gate electrodes that have a work function similar to highly doped
n-type silicon and highly doped p-type silicon must be found. The
metal must have low resistance to current flow to ensure the speed
of the device and be thermodynamically stable during subsequent
processes, which can reach temperatures of ~1000 °C. Finally, the
metal must not degrade the electrical properties of the underlying
high-« dielectric.

New materials for the substrate are also being developed and
produced to directly improve the speed of the MOSFET without
necessarily decreasing device dimensions. The most widely studied
substrate material to date is strained silicon, formed either by
growing silicon on top of relaxed Si,_,Ge, or by introducing strain
through the side using Si, ,Ge, source/drains®. The smaller lattice
constant of silicon as compared to Si, Ge, results in strain and
pronounced mobility enhancement for both holes and electrons.
Because of their high mobility, III-V materials (for example,
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InGaAs, InSb) on a silicon platform are also being considered as
future substrate materials’.

NON-CLASSICAL MOS

To extend beyond the performance improvements found with
dimensional scaling and new materials for planar MOSFETs,
non-classical MOSFET structures are also being considered. The
simplest is that of silicon-on-insulator (SOI), as shown in Fig. 2b,
where the active silicon is on a layer of thick silicon dioxide, which
decreases the parasitic junction capacitance from the source/
drain to the substrate®'?, thereby increasing the speed of the FET.
In partially depleted (PD) SOI, the silicon depletion layer is less
than the thickness of the silicon, whereas in fully depleted (FD)
SOI, the silicon depletion layer is greater than the thickness of the
silicon. FDSOI exhibits nearly ideal drain current-gate voltage
characteristics (ideal sub-threshold slope) because the back
substrate has little control over the channel.

A more radical non-classical device structure is the tri-gate or
finFET as illustrated in Fig. 2c (refs 2,5,15-17). These devices exhibit
good short-channel behaviour because the wrap-around gate can
strongly control the channel but they pose a host of technological
problems. For example, a high-quality gate oxide must be formed
on an etched sidewall, the wire of silicon must typically be undoped
to maintain a correct and controlled threshold voltage, and the fin
height and width must be scaled appropriately".

BEYOND MOS

It is likely that MOSFET dimensional scaling with changes in both
materials and device structure will enable necessary improvements
in device performance well into the next decade. However, at
some point, new ‘beyond-MOS’ devices will be needed to improve
performance'’. The devices being considered for beyond MOS can
be roughly organized into four classifications: confined-dimension,
molecular, strongly correlated and spin®'®".

Confined-dimension devices include memories based on
nanocrystals®, thin semiconductors for resonant tunnelling diodes?,
quantum dots for cellular automata®>*, carbon nanotube* or bottom-
up nanowire transistors®?*, and single-electron transistors”. The
basis of molecular electronic devices is the behaviour of the electronic
properties of single molecules or monolayers®. The potential for
molecular electronics originates from its nanoscale dimension, the
possibility of synthesizing very specific electronic properties, and the
promise of fabrication through self-assembly. Although numerous
molecular devices have been demonstrated, there is still significant
controversy concerning the repeatability of measurements and the
understanding of charge transport®-*!. Forming ohmic but non-
interacting metallic contacts to molecules is a specific problem.

Devicesbased onstrongly correlated materialsinclude ferroelectric
memories® and ferromagnetic logic devices. Ferroelectric materials
such as (Ba,Sr)TiO; exhibit memory function through spontaneous
changes in dipole moment with the application of an electric field.
Ferromagnetic devices formed of materials such as Fe, Ni, and Co
have computational states based on local ferromagnetic orientation.
The foundation of spin-based devices such as the spin MOSFET?>*,
spin-torque transistor®, and spin-gain transistor* is the use of electron
spin as the computational state. These devices are of interest because
of their inherent low power dissipation as compared with charge-
based devices. However, such devices are still in their infancy.

Silicon-based MOSFETs are approaching device densities of
10° devices per chip (with ten year reliability), lateral dimensions
of 10nm, and gate delays of 1ps. Finding a technology with
substantially better capabilities to simply replace the MOSFET in
conventional architectures is highly unlikely*”. Instead, these beyond-
MOS technologies are more likely to be used as a modification to
the MOS platform or in wholly different architectures (for example,
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Figure 2 lllustrations of silicon transistors. a, A traditional n-channel MOSFET uses a highly doped n-type polysilicon gate electrode, a highly doped n-type source/drain, a
p-type substrate, and a silicon dioxide or oxynitride gate dielectric. b, A silicon-on-insulator (SOI) MOSFET is similar to the traditional MOSFET except the active silicon is on a
thick layer of silicon dioxide. This electrical isolation of the silicon reduces parasitic junction capacitance and improves device performance. ¢, A finFET is a three-dimensional
version of a MOSFET. The gate electrode wraps around a confined silicon channel providing improved electrostatic control of the channel electrons.

quantum?®?¥, defect tolerant and biologically inspired*) aimed
at applications that complement MOS. For example, one potential
implementation of a quantum computer involves the use of dopants
in silicon and single-electron transistors®. Quantum computers are
exponentially more efficient than binary computers at applications
such as searching a non-sorted database and number factorization.
However, the probabilistic nature of quantum computing limits its
applicability to more general computing.

METROLOGY REQUIREMENTS

Given the wide breadth of materials and devices being
considered for future MOS and beyond, it is impossible to
cover every measurement challenge adequately and it is not
the purpose of this review to discuss all possible measurement
tools and methods. However, there are important overarching
measurement challenges that pervade most of these seemingly
disparate technologies. The following describes these themes by
illustrating the sensitivity of device behaviour to properties such
as dimension, structure, and composition, and gives examples of
solutions to these measurement challenges.

NANOMETRE DIMENSION

Perhaps the most fundamental measurement challenge for
future MOSFETs and emerging devices is that of dimension,
both horizontal (that is, critical dimension or linewidth) and
vertical (film thickness). By 2010, the most recent edition of the
International Technology Roadmap for Semiconductors (ITRS)!
predicts that state-of-the-art MOSFETs in manufacturing will have
physical gate lengths of approximately 20 nm controlled to within
approximately 2 nm. In order to precisely measure a difference of
2 nm, the precision (30) of the critical dimension measurement
must be much smaller — 0.37 nm (in the order of one atom) — by
2010. By 2020, the required precision drops to 0.12 nm. This is even
more critical for devices such as finFETs or nanowire FETs that have
extremely narrow channels. Figure 3 shows the drain current versus
gate voltage characteristics for a finFET with different silicon fin
widths. The off-state current (V, = 0 V) varies by almost two orders
of magnitude for a 2 nm change in the fin width (approximately
one order of magnitude for every two atomic layers). This extreme
sensitivity of electrical properties to nanoscale dimension illustrates
the importance of dimensional metrology. Scanning electron
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Figure 3 Simulation of a finFET. Drain current versus gate voltage characteristics
of a finFET (illustrated in Fig. 2) for different values of fin width (Tg) as defined in
Fig. 2. The increase of the characteristic slope at low gate voltages with decreasing
Tg is due to increased electrostatic control of the gate over carriers in the channel.
The strong sensitivity of the current at 0 V on T (almost one order of magnitude

in current for every 2 nm change in Tg) illustrates the need for highly precise
dimensional measurements with precision much less than 1 nm. Courtesy of

T.-J. King, Univ. California, Berkeley.

microscopy (SEM), transmission electron microscopy (TEM) and
atomic force microscopy are being developed to meet these needs*-
*. As the dimensions of future devices approach the atomic scale,
sample preparation, which can alter the dimension to be measured,
becomes increasingly important.
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Figure 4 The structure of silicon quantum dots. Tomographic reconstruction of the
silicon plasmon signal at 17 eV, visualized by volume rendering (white ‘fog’) and an
iso-surface at fixed threshold (blue shapes) for silicon quantum dots embedded in
Si0,. In modelling and predicting the behaviour of devices based on silicon quantum
dots, it is largely assumed that the quantum dots are perfectly spherical. These
results indicate that the silicon dots are not perfectly spherical, illustrating the need
for three-dimensional structural measurements at the nanoscale. Courtesy of

A. Yurtserver and D. Muller, Cornell Univ.
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Figure 5 The importance of compositional metrology. Schematic illustration of a
nanowire with surface disorder induced by shell doping. The mobility of electrons in
silicon nanowires is a critical parameter that strongly impacts its measured electrical
behaviour. Numerical results by Zhong®' have suggested that doping of an outer shell
of a silicon nanowire while keeping the core of the nanowire unperturbed may result
in an increase in the electron mobility (in contrast to bulk silicon). There are currently
no techniques capable of mapping the composition of nanowires at the spatial
resolutions necessary to experimentally verify this result. Reprinted with permission
from ref. 61. Copyright 2006 American Chemical Society.

The vertical dimension (thickness) of materials being considered
for future devices is also critical® 7. The thickness of silicon
dioxide in today’s MOSFET is approximately 1.2 nm controlled to
within 0.04 nm"*. This means that the precision (30) of the critical
dimension measurement must be 0.0048 nm. Similar requirements

28

are found for a wide variety of future devices and materials. FDSOI
FETs will have silicon thicknesses approaching 15nm and will
require 0.0075 nm measurement precision by 2010. Resonant
tunnelling diodes will have extremely thin quantum wells and self-
assembled monolayers for molecular electronics have thicknesses in
the order of nanometres.

Indirect techniques such as spectroscopic ellipsometry, X-ray
reflectivity, and capacitance-based measurements are being used
and developed to measure thickness in this regime"**. These
indirect techniques typically require some a priori knowledge of
the fundamental properties and constants of the materials being
measured. The breadth of materials being considered for future
devices and the fact that their properties may change in the nanoscale
complicates these indirect measurements. Furthermore, techniques
available today to measure thickness to within 0.04 nm typically
require large spot sizes or sample areas to achieve enough signal.
For example, spectroscopic ellipsometers have a measurement
diameter from micrometres to millimetres and capacitance-voltage
measurements are typically made on test structures measuring
tens of micrometres. Therefore, these techniques provide a
measure of film thickness averaged over the probed sample. As
device dimensions continue to scale into the nanometre regime,
the assumption that thickness determined from large probes is
relevant to the electrical device of interest (for example, a MOSFET
with 30 nm channel length) is likely to become less valid. For
example, the strain associated with a nanoscale MOSFET may have
a strong impact on the growth and thickness of a dielectric. The
value of thickness obtained from a large-area capacitor or optical
measurement may not be relevant to the technology or device of
interest. As the dimensions of future devices approach the atomic
scale, technologically relevant measures of dimension become
increasingly important.

THREE-DIMENSIONAL STRUCTURE

It is not only the lateral and vertical dimension of a nanodevice
that is important or even necessarily relevant. The complete
structure in multiple dimensions is critical for many devices and
materials. For planar MOSFETSs, line edge roughness (LER), line
width roughness (LWR) and surface roughness is critical. By 2010,
the ITRS predicts that LWR must be less than 1.4 nm and that the
precision (30) of the LWR measurement must be 0.28 nm, in the
order of one atom'.

Furthermore, many of the devices being considered do not
possess simple planar geometries. The exact shape, rather than simple
dimension, of a nanowire has been shown to strongly influence its
final electrical properties*™. The thickness of a dielectric or film
surrounding a nanowire is likely to be non-uniform. It is largely
assumed that silicon quantum dots embedded in SiO, (for use in
optical and memory applications) are spherical. However, as shown
in Fig. 4, recent plasmon tomography measurements indicate that
silicon particles have complex morphologies and high surface to
volume ratios rather than the commonly assumed near-spherical
structures. These complex morphologies would affect quantum-
confined excitons and interface density of states, directly impacting
final device properties®*2. A model that attempts to predict the
electrical properties of devices based on spherical silicon quantum
dots may be incorrect. Techniques such as TEM holography and
tomography, aberration correction SEM, and STM have shown
promise for measuring structure at the dimensions of interest™-*°.

ATOMIC COMPOSITION

The electrical properties of many devices are sensitive to small
changes in composition or even the placement of small numbers
of atoms. By 2010, the distribution of dopant atoms within the
conventional MOSFET must be characterized with 3 nm spatial
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resolution and 4% accuracy'. Characterizing the dopant distribution
of nanowire devices is even more critical®. For example, it has been
theoretically shown that shell-doping of nanowires, as illustrated
in Fig. 5, results in enhanced electron mobility®’. Rigorously
confirming this prediction would require measurement of dopant
profiles on the atomic scale.

Beyond dopants, another issue with bottom-up nanowires is
that small amounts of metal catalyst used to grow the nanowires can
migrate into the nanowire and affect the electrical properties®. It
has also been shown that small numbers of bonded water molecules
can change the conduction properties of carbon nanotubes from
p-type to n-type®*** and the conductivity of single molecules has been
shown to be strongly affected by single charged surface atoms®. One
approach to quantum information processing proposes using single
phosphorous atoms to make a quantum computer®. All of these
technologies and issues point to the need for significant improvements
in compositional metrology.

New characterization technology and understanding is needed for
the problems described above, namely, characterizing compositions
approaching single atoms with spatial resolution approaching
angstroms. Common dopant profiling techniques such as secondary
ion mass spectroscopy (SIMS) are not possible on these three-
dimensional structures. Techniques for two-dimensional dopant
profiling, such as scanning capacitance microscopy, are not easily
performed on nanowires because the effective tip size is larger than
the nanowire, but development is ongoing®”. Techniques such as
annular dark-field scanning transmission electron microscopy (ADF-
STEM) have shown some success in detecting individual atoms®~".
ADF-STEM is a Z-contrast technique — the intensity scattered by an
atom is approximately proportional to its atomic number (Z) squared.
Achieving atomic resolution requires extremely sensitive cross-sectional
sample preparation (~5-nm-thick samples with thickness variation less
than the contrast associated with one atom). Further development of
compositional metrology will be required for future electronic devices.

ELECTRONIC STRUCTURE AND PROPERTIES
Electronic density of states, dielectric function, bandgap, work
function and density of electrically active defects are perhaps the
properties most directly related to electrical-device behaviour. For
example, future MOSFETs will likely have a complex stack of materials
in which the density of states, work function and defect density will
be critical. The metal gate electrode may consist of a thick top contact
metal gate electrode and a thin layer of metal used to control effective
work function'. It has been shown that, in the nanoscale regime,
the thickness of this thin metal layer is a key parameter defining
effective work function as measured from device characteristics'.
The gate dielectric will consist of a high-permittivity material (such
as HfO,) on a very thin layer of SiO, to reduce the interfacial defect
density near the substrate. The band offsets between these dielectrics,
the substrate material and the gate electrode determine not only the
tunnel current through the gate stack, but also the threshold voltage
of the device””. Electrically active defects at the interfaces of these
materials degrade device reliability as well as the effective mobility of
carriers in the substrate”".
Similarissuesarepresentinbeyond-MOSdevices. Anunderstanding
of the local density of states of the molecules comprising the self-
assembled monolayer is critical to understanding transport through the
molecules™. The energy offsets and electrically active defects between
the molecules and its electrodes are perhaps even more critical**”. The
bandgap and electronic structure (semiconducting versus metallic) of
carbon nanotubes are critical to their electrical behaviour”%. A low
electrically active defect density is critical to achieving high negative
differential resistance in resonant tunnelling diodes® and to charge
offset stability in single electron devices®. Scattering is an important
problem limiting spintronic devices®.
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Figure 6 Does the molecule matter? Shown are typical experimental hysteretic
current—voltage curves of Al/AIO,/molecule/Ti/Al planar crossbar devices
incorporating Langmuir—Blodgett organic monolayers of a, eicosanoic acid (C,,) and
b, chlorophyll-B. The fact that the above hysterisis affect is observed for two very
different molecular species suggests the importance of the interface of the metal
electrodes with the molecule. The results illustrate the importance of performing
compositional and structural measurements on the final device of interest since the
entire device (molecule and electrodes) is critical to its final electrical properties.
Reprinted with permission from ref. 30. Copyright (2005) Springer Science and
Business Media.

Techniques such as photoelectron spectroscopy and inverse
photoelectron spectroscopy have been used to map the valence and
electron density of states in thin dielectric films”>*. One- and two-
photon photoelectron spectroscopy has also been used to determine
the electronic structure of self-assembled monolayers around the
Fermi level®. These techniques are primarily applicable to planar thin
films and monolayers and cannot typically be used to map the spatial
dependence of properties. Scanned probe techniques such as scanning
Kelvin probe microscopy®® and versions of scanning tunnelling
microscopy can provide information on local electronic structure®.
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However, the size of the probe tip is a limiting factor. Techniques such
as fluorescence, Raman spectroscopy and Rayleigh scattering have
been used to measure the bandgap of carbon nanotubes™**%#%. The
ability to measure the electronic density of states, band offsets, and
electrically active defect density as a function of energy and space
provides valuable information for engineering the final electrical
properties of MOS and beyond devices.

PROPERTIES OF DEVICE STRUCTURES

Measurement of electronic materials prior to their placement
in a device structure is an important part of developing a new
electronic device. However, the nanoscale dimension and the
processing necessary to fabricate the device is critical to its
final physical and electrical properties. For example, straining
silicon by depositing it on Si,_Ge, is being used for enhancing
carrier mobility. However, the final strain found in the device
is determined not only by the lattice mismatch between the
epitaxial silicon and Si,_ ,Ge,, but also by many other materials
and processing steps associated with the final device such as
sidewalls, capping layers and thermal processes>*. Measuring
properties such as composition, strain and structure within the
final nanoscale device structure is crucial.

The final device structure can also dramatically change the
intended electronic properties of the material of interest. For
example, the interaction between the electrodes and molecules
in molecular electronics is critical to the transport properties
of the final device. The current-voltage characteristics of cross-
bar device structures containing eicosanoic acid and chlorophyll
B, respectively, are shown in Figs 6a and 6b (ref. 30). Eicosanoic
acid is a simple molecule and is expected to act as a passive film
with simple tunnelling current-voltage behaviour. The hysterisis
observed for this simple molecule and its qualitatively similar
characteristics to chlorophyll B (a very different molecular species)
suggests that the final electrical properties are determined not
only by the molecules, but also by the interaction of the molecule
with its electrodes. Techniques such as inelastic tunnelling
spectroscopy, which probe vibrational modes of the molecules
through measurement of the device current-voltage behaviour,

have been developed to determine which molecular species and
bonds are present in the final device structure®. Techniques such
as backside-incidence Fourier-transform infrared spectroscopy
have been used to investigate the interaction of top-metallization
with molecular monolayers®. The above molecular electronics
example illustrates the importance of performing characterization
of the full integrated device structure.

Electrical test structures can be used to characterize the
physical properties of nanoscale materials. For example, electrically
active defects in the gate dielectric of the MOSFET are at densities
(~10"cm™) that typically cannot be measured using physical
characterization techniques. Methods such as charge pumping have
been developed which permit sensitive extraction of both the energy
and depth dependence of these defects”. This technique determines
the electrically active defect density by measuring the amount of
current associated with the capture of free carriers induced by
applying periodic pulses to the gate of a FET. By comparing the depth
and energy dependence of the extracted electrically active defect
density from transistor measurements with physical measurements
of composition and structure, important insights on the physical
origin of the defects can be elucidated. This approach of integrated
technology and measurement will be increasingly critical to future
technological development (Box 1).

As another example, the ability of an injected spin-polarized
current to retain its spin polarization (spin injection efficiency)
is an important parameter in spin-based devices such as lateral
spin valves. The spin injection efficiency of a spin valve can be
deduced through measurement of the voltage induced by spin
accumulation using separate detectors fabricated with the spin
valve®. It has been shown that the exact configuration of the
detector affects whether the measured value is due only to the
signal of interest from the channel of the spin valve or includes
other spurious affects®. The extreme sensitivity of the electrical
properties of nanoscale devices on their physical properties
can be exploited to precisely characterize many properties of
nanoscale materials. However, care must be taken to ensure
that the test structure and analysis of these indirect electrical
measurements provide meaningful properties and do not

Box 1 It . | ht ovel

The metrology requirements described in this review suggest that a single characterization tool is needed that can measure the
location (to within 0.001 nm) and type of every atom within a three-dimensional device structure of interest (even if the structure
is buried below 100 nm of material) and provide information on other parameters of interest such as electronic density of states
and strain as a function of position. It is apparent that there will not be a characterization tool available to meet all of these
challenges in time to have an impact on the development of new electronic materials and devices required by the semiconductor
industry. Nevertheless, development continues at a rapid pace without the ability to physically measure every parameter of interest.
For example, the semiconductor industry is developing uniaxial strain engineering through heteroexpitaxy or capping layers to
enhance MOSFET performance>*. As there are currently no metrology tools available that can measure strain magnitudes of
interest within the nanoscale MOSFET, researchers are calibrating strain levels by applying known stress to a transistor while
measuring drive current.

Furthermore, every characterization method has strengths and weaknesses. There is typically not one characterization method that
provides all of the information necessary to describe a given property of a material. The complexity and dimensions of the materials and
devices being considered often result in different measured values for nominally the same property of a given material. For example,
the thickness of ultrathin silicon dioxide measured using transmission electron microscopy (TEM), spectroscopic ellipsometry (SE) and
capacitance—voltage (C-V) can give results varying by as much as 20% (ref. 47). The thickness measured using TEM depends on sample
preparation as well as the methodology used to define the interface. The thickness measured using SE and C-V depends dramatically on
the model assumed in data interpretation®.

Although developing a single metrology capability to provide increasingly accurate measurements is critical, it is also extremely important
to develop a fundamental understanding of the interrelationship between measurements from many different physical characterization
tools and measurements of the technology of interest. This approach may be the only way to obtain the information necessary to develop
new electronic materials and devices.
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include spurious effects that are not directly associated with the
electronic material of interest.

QUTLOOK

The silicon transistor has been a technological and economic
engine for over three decades. Metrology has been an important
infrastructure enabling the exponential increase of device density
and exponential decrease of device dimension. New nanoscale
materials and devices will be required to sustain this technological
revolution but the extreme sensitivity of the electronic properties
of these devices to their nanoscale physical properties and the
insertion of radically new materials present significant challenges
to metrology. The ability to measure the physical, chemical and
electronic properties of these new materials and devices will
become even more critical in continuing the advance of the MOS
and finding technologies to extend or replace it.

doi: 10.1038/nnano.2006.142
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