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8.1 Introduction

The quest for smaller, faster semiconductor devices is rapidly approaching the so-called
“end of the roadmap”’ for silicon-based devices, in which the thickness of the gate oxide is
becoming too small to maintain the macroscopic properties of that mainstay of the semi-
conductor industry, SiO,. As the thickness approaches the size of the intrinsic ring struc-
ture of SiO,, the electronic integrity of the gate oxide becomes compromised, and
undesirable characteristics such as leakage and dielectric breakdown cannot be managed
effectively. This situation is the driver for the search for alternative, high dielectric constant
(high-k) gate structures. The introduction of new materials to augment a thin SiO, inter-
layer raises the possibility of new kinds of impurities entering either SiO, or the Si
substrate, and that dopant atoms may enter new configurations, adversely affecting
macroscopic device properties. It therefore becomes very valuable to be able to characterize
these nanometer scale device structures with probes that are sensitive to individual atoms,
ideally in three dimensions. At the same time, the ability to determine local electronic
structure with similar resolution and sensitivity would reveal any local defect states
introduced into the band gap as a result of these impurity or dopant atoms. In conjunction
with theoretical calculations of electronic structure, it would then become possible to
link the atomic-scale characterization of actual device structures to their macroscopic
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260 Defects in Microelectronic Materials and Devices

characteristics, and thus to find the true atomic origins of, for example, high leakage
current or low mobility.

In this chapter, we describe the latest advances in aberration-corrected scanning trans-
mission electron microscopy (STEM), which have in the last few years brought this vision
to a practical possibility. The ability to correct for the primary aberrations of electron lenses
represents a revolution in the field of electron microscopy. The rate of instrumental
advance today is faster than at any time since the invention of the electron microscope in
the 1930s, as shown in Figure 8.1 [1]. Aberrations occur inevitably in round lenses, as a
result of physics, and not only from imperfections, as was recognized by Scherzer over 70
years ago [2]. The spherical aberration of the simple round lens has limited electron
microscope resolution for most of its history, as was appreciated by Feynman in his 1959
lecture, [3] “There’s Plenty of Room at the Bottom,” where he explicitly called for a
100-fold improvement in resolution by overcoming spherical aberration, ““why must the
field be symmetric?”” Designs for aberration correctors have existed for over 60 years [4],
but they require multipole lenses, which makes such schemes enormously complex.
It was not until the era of the fast computer and the efficient detection of the charge-
coupled device that it has become ]gractically possible to measure aberrations with the
necessary sensitivity, ~1 part in 10, and to control all the multipoles to the required
accuracy. Focusing, or tuning, the aberration corrector involves optimization in a space
of 40 or more dimensions, which has proved to be beyond human capability. Therefore, it
is not so surprising that the successful correction of aberrations in electron microscopy has
had to wait for the computer age.

Now, aberration correction has been successfully achieved both in the conventional
transmission electron microscope (TEM) [5] and in the STEM [6]. In the STEM, direct imaging
of a crystal lattice has been achieved at subangstrom resolution; see Figure 8.2 [7].
But aberration correction brings more than just a factor of 2 or 3 in resolution. As shown,
in the STEM it also brings a greatly improved signal-to-noise ratio, resulting in the ability
to image individual Hf atoms inside the nanometer-wide gate oxide of an advanced
dielectric device structure [8]. Furthermore, since the lens aperture is much wider after
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FIGURE 8.2

Direct imaging of a Si crystal in the <112> projection showing resolution of pairs of Si columns just 0.78 A apart,
obtained with a VG Microscopes HB603U dedicated STEM equipped with a Nion aberration corrector. (Adapted
from Nellist, P.D. et al., Science, 305, 1741, 2004. With permission.)

aberration correction, the depth of field is much smaller, and it becomes possible to locate
atoms in three dimensions to a precision better than 1 nm in depth and 0.1 nm in lateral
position [9,10]. Three-dimensional mapping of heavy atoms inside SiO, has become pos-
sible, and in principle, three-dimensional spectroscopy should be feasible. With this level of
sensitivity, new insights are available into the microscopic defects in device structures and
their influence on device characteristics. From such knowledge, properties can be calcu-
lated from first principles, enabling the determination of the atomic-scale defects respon-
sible for macroscopic device properties such as leakage and mobility, leading to improved
device design.

8.2 Scanning Transmission Electron Microscopy

Figure 8.3 shows a schematic diagram of a STEM. As in any scanning microscope, the
image is built up sequentially, pixel by pixel, as the probe is scanned across a specimen,
and a variety of signals can be detected to form an image. The two most important imaging
signals are the transmitted electron signal, which gives a bright-field image, and the
scattered electron signal, which gives a dark-field signal. These two images are comple-
mentary, giving quite different information about the sample. The bright-field image can
be arranged to give a high-resolution phase contrast image just as seen in a conventional
TEM [11]. A phase contrast image is a coherent image formed by interference between
diffracted beams, and fringes in the image can be black or white depending on whether the
interference is constructive or destructive, which depends sensitively on parameters such
as specimen thickness and microscope focus. Consequently there can be significant ambi-
guity on where the atoms actually are, and direct interpretation of atomic structure from
the image is generally not feasible. Instead, simulations of trial structures are usually
performed.
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FIGURE 8.3

Schematic of a STEM. A finely focused probe is scanned over a specimen and an image is built up point-by-point.
Simultaneous bright-field and dark-field images are possible or the bright-field detector may be replaced with an
electron spectrometer to provide atomically resolved spectroscopic imaging. (Adapted from Pennycook, S.J. et al,,
Philos. Trans. R. Soc. London, Ser. A, 354, 2619, 1996. With permission).

The annular (or high-angle annular) detector gives an image of quite different character,
which is essentially an atomic-resolution map of the specimen’s scattering power [12,13].
The intensity of electrons scattered by a specimen is approximately proportional to its
mean square atomic number (Z), and also its thickness, at least up to a few tens of
nanometers, by which time most of the beam has been scattered and the image saturates.
The annular dark-field (ADF) image is therefore an incoherent image, which has a directly
interpretable relationship between object and image, just like the image formed with an
optical camera or projector. Because of these characteristics, the image is often referred to
as a Z-contrast image. High-Z atoms can be directly distinguished in the image, and
unexpected configurations can be immediately apparent, properties that have been very
useful in identifying many unexpectedly complex defect arrangements at semiconductor
interfaces [14-20]. Until recently, however, Z-contrast images have been substantially
noisier than the phase contrast images obtained in conventional TEM. This is because
only a small current can be focused into a small spot, which is then scanned sequentially
over the field of view. Conventional TEM images are obtained with a broad, high-current
beam, with all image points being imaged in parallel.

In recent years major improvements in STEM instrumentation have occurred, including
the successful incorporation of high-resolution STEM capabilities into commercial
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FIGURE 8.4

Schematic showing the action of spherical aberra-

tion in overfocusing high-angle rays. (Adapted

from Varela, M. et al., Annu. Rev. Mater. Res., 539,
(a) (b) 2005, With permission.)

microscope columns with efficient detectors [21]. In particular, the development of aber-
ration correctors has dramatically improved STEM performance [22,23]. For around 60
years, spherical aberration has been the major limitation to microscope resolution. As
shown in Figure 8.4, spherical aberration is the tendency for high-angle rays passing
through the lens to be overfocused, meaning that beyond a certain maximum aperture
they are not usefully contributing to the focused spot but produce an extended tail in the
image. Thus, spherical aberration results in a maximum effective aperture. Microscope
resolution is proportional to A /6, where A is electron wavelength and 6 is the semiangle of
the objective lens. By correcting for the lowest-order aberrations of the objective lens, the
aperture can be opened up by a significant factor of between 2 and 3, which translates
directly into improved resolution. However, not only has reducing the probe size
enhanced the resolution, but also, the same current can now be focused into a smaller
probe, giving a vastly higher peak intensity in the narrower beam. As a result, the signal-
to-noise ratio in aberration-corrected images is greatly improved compared to uncorrected
images, and the sensitivity to individual high-Z atoms is enormously increased [24-36].
Another key advantage of the STEM is that multiple detectors can be used to obtain
complementary images with pixel-to-pixel correlation. Simultaneously acquired bright-
field and dark-field images can be directly compared, although the optimum focus for
each is slightly different so that a focal series of images may be necessary for quantitative
work [37]. Figure 8.5 shows simultaneously acquired, aberration-corrected phase- and

(a)

FIGURE 8.5

Simultaneously acquired (a) Z-contrast and (b) phase contrast images of a poly-Si/HfO,/SiO,/Si gate dielectric
structure obtained with the aberration-corrected HB603U. (Adapted from Rashkeev, S.N. et al., Microelectron. Eng.,
80, 416, 2005; van Benthem, K., Rashkeev, S.N., and Pennycook, S.J., in Characterization and Metrology for ULSI
Technology, American Institute of Physics, Richardson, TX, 2005, 79. With permission.)
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Z-contrast images of a poly-Si/HfO,/Si0,/Si gate dielectric structure in which the different
characteristics are very clear [38,39]. In the phase contrast image, the SiO, shows the
speckle pattern typical of an amorphous material, caused by random interference effects
within the structure, and the crystalline regions show lattice fringes. The Z-contrast image
is dominated by the high scattering power of the HfO, (Z =72 for Hf compared to 14 for
Si and 8 for O). In the thin gate oxide layer there are small bright spots visible that
represent single stray Hf atoms [8]. These are not detectable in the phase contrast image.

The exact position of the Si/SiO, interface is difficult to determine from the phase
contrast image without extensive simulations, and it has therefore been proposed that
microscopic measurements of dielectric layer thickness be determined from intensity traces
across the Z-contrast images [40]. The incoherent nature of the Z-contrast image makes it
reasonably immune to the influence of specimen thickness and interface roughness. An
incoherent image is given by a mathematical convolution of a specimen object function
with a resolution function of the optical instrument. In the case of ADF STEM, the
resolution function is the intensity profile of the scanning probe, which is convoluted
with the specimen scattering power. A useful concept is that of an effective probe, which
is the probe profile integrated through the thickness of the specimen. In a crystal aligned to
a major zone axis, the probe can channel along the columns. At the same time some
intensity is scattered to high angles leading to probe broadening. In the amorphous
oxide there is no channeling, but beam broadening remains. Because of the change in
beam channeling, the effective probe will change somewhat as it is scanned across
the Si/SiO, interface. However, these effects are generally small and normally ignored.
The method proposed for thickness determination assumes the same effective probe in the
crystal and in the oxide. For any radially symmetric probe profile, a convolution with a
step function (for example, the abrupt change in intensity from Si to SiO,) will lead to a
blurring of the image intensity, with the point of inflection locating the interface. Hence,
differentiating the intensity trace will regenerate the form of the effective probe. If now the
interface has structural roughness, this will further broaden the intensity profile. However,
the point of inflection will remain as the mean interface position, which is why the method
is relatively immune to details of the specimen and microscope parameters.

The above procedure is illustrated in Figure 8.6. Differentiating the ADF intensity
profile gives a peak at the interface position. Note, however, that the derivative trace is
somewhat asymmetric. This illustrates the different channeling conditions on either
side of the interface, and is indicative of the potential errors in the method. Also, the
width of the derivative peak, ~5 A, is much broader than the width of the probe, which is
definitely of the order of 1.3 A, since it is resolving the Si dumbbell separation at 1.26 A.
This is probably mostly due to interfacial roughness; however, even abrupt interfaces
typically show a transition in intensity that is broader than expected from a simple
convolution model. Such behavior is not predicted even by sophisticated image simula-
tions. The problem is an unexplained background intensity in the images, which is
higher for higher-Z materials, and the background intensity does not change abruptly
across the interface. This issue is often referred to as the Stobbs factor, and is yet to be
resolved [41].

Perhaps the most important simultaneous signals in STEM are obtained by replacing
the bright-field detector with an efficient, parallel detection, electron spectrometer. Then,
it becomes possible to use the ADF image to locate atomic planes or columns and to
perform spectroscopy from specific columns selected from the image. The first atomically
resolved spectroscopic analysis was demonstrated in 1993, in which a characteristic
Co edge was measured plane-by-plane across a CoSi,/Si interface [42]. The drop in
measured Co concentration in moving from the last plane of the silicide to the first plane
of the Si well exceeded the 50% points required to demonstrate atomic resolution. Later,
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FIGURE 8.6

Z-contrast image of an Si-SiO, interface obtained with the uncorrected HB603U STEM. Its probe size of about 0.13
nm is still sufficiently small to resolve the Si dumbbells. A vertically averaged line trace (grey) is fitted with a
smooth curve (dashed line), differentiated (dotted line), and the width can then be compared to the theoretically
calculated probe profile (solid line). Reasons for the increased interface width can be interfacial roughness, and
also probe broadening effects. (Reproduced from Diebold, A.C. et al., Microsc. Microanal., 9, 493, 2003. With
permission.)

column-by-column spectroscopy became common [43-48], but recently, with the incorp-
oration of aberration correctors into STEM columns, the improvements have become even
more spectacular. First was the spectroscopic identification of an individual atom inside a
bulk solid as shown in Figure 8.7, [49] and second, the recent achievement of true,
two-dimensional atomic-resolution maps [50], as opposed to point spectra obtained from
columns chosen from the Z-contrast image, both achievements due to the higher signal
levels available after aberration correction.

Not only does electron energy loss spectroscopy (EELS) provide compositional informa-
tion from the energies of characteristic absorption edges, but also the fine structure on
those edges gives information on local electronic structure in a similar manner to x-ray
absorption spectroscopy (XAS). Figure 8.8 shows spectra characteristic of bulk Si and SiO,,
and of the (rough) interface between them which shows additional peaks due to suboxide
bonding [51]. STEM and EELS have developed into a powerful tool for the atomic and
electronic characterization of interfaces in device structures [52-59]. Compared with XAS,
EELS has the benefit of spatial resolution at the atomic level, and can probe changes that
occur as the probe is moved across an interface, whereas XAS provides an average
measurement. The problem, as always, is that EELS has poorer count statistics and so
quantitative analysis is always limited by signal-to-noise.

Whereas the motivation for aberration correction was primarily the resolution, implicitly
the lateral resolution, a somewhat unanticipated advantage has been the gain in depth
resolution, which is given by 21/6°. So a factor of 2 or 3 improvement in the transverse
resolution brings also a factor of 4-9 in depth resolution. We have moved from a situation
where the depth of field of the microscope is typically greater than the specimen thickness
(the image is a projection of the specimen) to a situation where the depth of field is usually
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FIGURE 8.7

Spectroscopic identification of a single La atom in a column of Ca in the perovskite CaTiOs. (a) Z-contrast image of
CaTiO; showing traces of the CaO and TiO, {100} planes as solid and dashed lines, respectively. A single La
dopant atom in column 3 causes this column to be slightly brighter than other Ca columns, and EELS shows a clear
La My 5 signal (b). Moving the probe to adjacent columns gives reduced or undetectable signals. Results obtained
using a VG Microscopes HB501UX STEM equipped with a Nion aberration corrector. (Adapted from Varela, M.
et al., Phys. Rev. Lett., 92, 095502, 2004. With permission.)

Interface

Intensity

FIGURE 8.8

Si L EELS edges obtained from an Si/SiO, interface compared to spectra from Si and SiO, far from the interface.
Due to the high band gap in SiO, the edge onset is shifted higher in energy. The spectrum from the interface shows
the presence of states in the band gap of 5iO, indicating suboxide bonds. (Reproduced from Pennycook, S.J. et al.,
Encyclopedia of Materials: Science and Technology, Elsevier Science Ltd., Kidlington, Oxford, 2001 p. 1. With
permission.)
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FIGURE 8.9

Probe intensity distributions for three generations of STEM, (a) an uncorrected VG Microscopes HB501UX 100 kV
STEM with depth of field ~45 nm, (b) the aberration-corrected HB603U 300 kV STEM with depth of field ~3.7 nm,
and (c) for a next generation fifth-order aberration-corrected 200 kV microscope with predicted depth of field ~1
nm. Intensities are shown on a logarithmic scale and curves have been shifted vertically to locate maxima at zero
defocus. (Reproduced from Borisevich, A.Y., Lupini, A.R., and Pennycook, S.J., Proc. Nat. Acad. Sci. USA, 103, 3044,
2006. With permission.)

smaller than the specimen thickness, as illustrated in Figure 8.9. This means that we are
able to optically section the specimen, rather as in a confocal optical microscope.
A through-focal series of images becomes a depth sequence of images, which can be
reconstructed to obtain useful information on the three-dimensional structure of the object
[9,10]. The sectioning is opposed by the tendency of a crystal to channel the electrons along
atomic columns [60], and so the method works best in amorphous materials or, if aligned
crystals are used, the columns should be weakly channeling, i.e., low Z.

For more detailed discussions on STEM and the benefits and applications of aberration
correction the reader is referred to several recent reviews [32,34,37,61-63].

8.3 Theoretical Microscope

Density-functional total-energy calculations provide valuable complementary insight
into atomic-scale structure and the only quantitative link to macroscopic properties.
Theory can validate impurity or defect configurations seen in the microscope as stable,
low-energy structures, and provide formation and migration energies, predict local elec-
tronic structure for comparison with EELS data, and, as we show later, even predict
transport properties. This joint approach to understand structure and property relation-
ships has proved fruitful in many semiconductor systems. In some cases theoretical
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predictions stimulate experimental observations, while in other cases experiment comes
first and theory provides the rationalization.

As an example of the additional insights available from complementary theory and
experiment, we present the case of As-doped grain boundaries in Si. This began as a
theoretical study motivated by the observation that experimental segregation energies
for As in Si grain boundaries are around 0.5 eV; whereas, available theory predicted
segregation energies of around 0.1 eV [64]. The reason for this discrepancy was soon
found to be the assumption that impurities would be present in the boundary as isolated
atoms. It was well known that grain boundaries in tetrahedrally coordinated semiconduct-
ors were fully rebonded, i.e., contained no dangling bonds. Priory theory assumed that As
is incorporated in the grain boundary just like in the bulk, i.e., at isolated substitutional
sites. The new hypothesis was that As dopants form pairs, each atom obtaining its
preferred threefold configuration, as shown in Figure 8.10 [65]. The segregation energy
per As atom increased threefold for certain sites. Z-contrast images of As in a Si grain
boundary (see below) confirmed the formation of As pairs in certain sites, as predicted. It
is the environment of the grain boundary that allows the As—As distance to increase,

Si Si

As As

(a) (b)

(©

FIGURE 8.10
(a) Arsenic (As) prefers threefold coordination, so isolated As dopants create Si dangling bonds. (b) As dimers,
however, can lower their energy by relaxing away from each other leaving no dangling bonds. This can only be
accomplished in the grain boundary environment. (c) Plot showing the reduced charge density between the As
dimers compared to between Si atoms. (Adapted from Maiti, A. et al., Phys. Rev. Lett., 77, 1306, 1996. With
permission.)
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FIGURE 8.11

Z-contrast image of a 23° 3 =13({510} <001> tilt grain boundary in Si, with schematic diagram showing the
boundary to comprise three dislocation cores which are then mirrored across the boundary plane. As is seen to
segregate only to one of the three dislocation cores, seen as bright triangles in the image. Results obtained with the
uncorrected HB603U. (Reproduced from Chisholm, M.F. et al., Phys. Rev. Lett., 81, 132, 1998. With permission.)

allowing the repulsive energy of near neighbor As atoms to be avoided, an example of
cooperative chemical rebonding. In the bulk crystal there is no such elastic relaxation. In
fact, the energy of a dimer is slightly higher than that of two isolated atoms. Figure 8.10c
shows the calculated charge density between the two atoms of an As dimer, showing it to
be significantly reduced compared to that in the Si-Si bond.

The theory was performed on the lowest period grain boundary to minimize computa-
tional cost, a symmetric 3 =5{310} <001> tilt grain boundary, which has a misorientation
of 36°. Later, experimental observations were made on a lower-angle grain boundary [66],
a symmetric 23° % =13{510} <001> tilt grain boundary. The structure of this boundary
was found to be surprisingly complex, as shown in Figure 8.11, comprising a contiguous
array of six dislocation cores, a perfect edge dislocation (1), and two perfect mixed type
dislocations (1,2) arranged as a dipole (i.e., their dislocation content cancels and they could
be replaced by perfect crystal without changing the misorientation of the grain boundary).
The same sequence is then mirrored across the boundary plane, denoted by primed
numbers. The presence of As is revealed as a higher intensity in one of the two mixed
type dislocation cores, repeated periodically along the boundary structure. Clearly, only
two of the six cores forming the boundary structure contain As. The extra intensity in the
image was about 18%, indicating an As concentration of about 5% per column, or about
two As atoms in the specimen thickness. This image was obtained before aberration
correction, and so single atom sensitivity was not possible for atoms of such low Z
(33 for As compared to 14 for Si).

Theory was then performed on this more complex 23° boundary structure, but as with
the 36° boundary, segregation energies for isolated As atoms never exceeded 0.1 eV.
Although calculations for truly isolated As dimers could not be carried out because the
required supercell would be too large, calculations for As chains (a continuous line of As
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FIGURE 8.12

Z-contrast image of a 16° = =25{710} <001> tilt grain boundary in Si and derived structures with increasing
electron irradiation. (a) With little electron irradiation only the three columns shaded show reduced intensity due
to damage. (b) With increasing irradiation the damage spreads. Results obtained with the uncorrected HB603U.
(Adapted from Maiti, A. et al., Appl. Phys. Lett., 75, 2380, 1999. With permission.)

dimers) showed that only in core 2 was there significant segregation energy, in full accord
with experiment. The theory showed further the reason for this. In cores 1 and 3, the
relaxation of a dimer caused rotation toward the tilt axis, pushing the As atoms toward the
neighboring dimer. In core 2, the relaxation rotated the dimer away from the tilt axis,
allowing the As—As separation to increase, thereby lowering the energy. Thus the theory
provides a perfect rationalization of the experimental observations, showing how it is the
fine details of the boundary geometry that controls segregation, and specific sites can be
favored to a significant degree.

Another example where theory rationalized microscopic observation is in the generation
of vacancies by the fast electron beam. The observations were made on a lower-angle 16°
2 =25{710} <001> tilt grain boundary where the dislocations formed isolated, but still
complex arrangements, as shown in Figure 8.12 [67]. Again, cores D1 and D2 represent a
dipole, their dislocation content canceling, while cores E1 and E2 are mixed dislocations.
With electron irradiation the intensity of specific columns shaded in the schematic
decreased, indicating atomic displacements, the onset of amorphization. It was clear that
the damage initiated in the vicinity of core E1. To explain these observations vacancy and
interstitial formation energies were computed for various configurations. In the case of
vacancies, all configurations in the boundary had much lower formation energies than in
the bulk, as expected, but in particular, all the low-energy defect structures indeed
occurred in the vicinity of the region seen dark in the micrograph. On the contrary, with
interstitials, no correlation was found to the dark region of the image. It is clear therefore
that the irradiation induces stable vacancy complexes; whereas, the ejected interstitials
diffuse rapidly away.
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8.4 Structure and Properties of Si/SiO,/HfO, Gate Stacks
by Aberration-Corrected STEM and Theory

One of the more promising routes to overcome the potential “end of the roadmap” for
shrinking Si-based devices is to move to alternative gate dielectrics with higher dielectric
constant, the so-called high-k dielectrics, of which HfO, is perhaps the most widely studied
material (Chapters 9 through 14). The high-k gives a smaller effective dielectric thickness,
but introduces new concerns. Key issues include whether the Si/SiO, interface remains
well-passivated or whether Hf atoms would segregate to the interface and degrade its
characteristics through introduction of localized states, either directly or through introduc-
tion of dangling bonds. Localized states could act as scattering centers for electrons moving
in the channel, reducing mobility, or, at a sufficiently high density, might enable leakage
through the thin SiO; layer. To investigate these effects, aberration-corrected STEM com-
bined with theory is emerging as a powerful combination, providing the ability to locate
single Hf atoms in three dimensions within the gate oxide, and through theory, to predict
macroscopic properties.

One of the most important advantages of the short depth of focus in the aberration-
corrected microscope is with the probe focused inside the specimen; atoms on the top and
bottom surfaces are out of focus, and hence invisible. Therefore, a through focal series
ensures that Hf atoms inside the actual device structure are indeed being examined, with
no possibility of the atoms being part of any surface layers produced during specimen
preparation. For the present study, HfO, films approximately 3 nm thick were deposited
on silicon substrates by atomic layer deposition, and then rapid thermally annealed at
950°C for 30 s in N,. The films were then capped with undoped polycrystalline Si.
Samples were prepared purely by mechanical polishing to avoid damaging the thinnest
regions by ion milling. Part of a through focal series of images is shown in Figure 8.13, in
which a bright spot is clearly seen at a defocus of zero and —5 A, but fades at lower or
higher defocus. A line trace across such an image is shown in Figure 8.14, revealing that
the excess intensity of the Hf atom is comparable to that of an entire column of Si atoms,
which is in agreement with image simulations [8,10]. This rules out the possibility that the
spots could be due to a lighter element such as Zr, a known possible impurity in these
systems. It is also apparent that the intensity across the oxide is highly nonuniform, which
represents the out of focus contributions of other Hf atoms and particularly the HfO, at other
depths. Because of this out of focus background, the atoms are only visible when in sharp
focus. Figure 8.15 shows plots of the excess intensity extracted from such line traces for a few
representative atoms as a function of focus, or atom depth. The plot clearly shows how the
depth of the Hf atoms can be determined to a precision of much better than 0.5 nm, just by
locating the position of the peak intensity. For atoms that are widely separated, as in the
present example, the depth precision therefore significantly exceeds the expected depth
resolution. The specimen thickness is assumed to be approximately equal to the greatest
difference in depth found between Hf atoms, in this case 6 nm.

A total of 65 atoms were analyzed in this focal series which were randomly distributed in
depth. Interestingly, their lateral position was not found to be random. The lateral preci-
sion is an order of magnitude greater than the depth precision, at a level of 0.1 nm or higher
limited primarily by specimen drift. Figure 8.16a shows an image with positions of some
Hf atoms marked, along with a histogram of the lateral positions with respect to the
interface plane. No Hf atoms are present right at the interface, and they prefer to sit at
specific distances from the interface, around 2.5 and 4 A.

Now it is obvious that a transition from crystalline Si to a truly disordered oxide cannot
occur instantaneously, and some order is therefore expected right near to the last Si plane.
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Af=+20 A Af=+10 A

FIGURE 8.13
Sequence of frames from a through-focal series of Z-contrast images of an Si/SiO,/HfO, high-k device structure

showing an individual Hf atom coming in and out of focus (circled). Results obtained with the aberration-
corrected HB603U. (Adapted from van Benthem, K. et al., Appl. Phys. Lett., 87, 034104, 2005. With permission.)

(a) (b)

FIGURE 8.14
(a) One frame from the through-focal series showing a single atom with an intensity profile taken from the

rectangular box (b) showing a large nonuniform background contribution. (Adapted from van Benthem, K. et al.,
Ultramicroscopy, 106, 1062, 2006. With permission.)
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FIGURE 8.15
Plot showing the excess intensity from several individual Hf atoms as a function of depth. (Adapted from van
Benthem, K. et al., Ultramicroscopy, 106, 1062, 2006. With permission.)

None is apparent in the Z-contrast image, however, and so we turn to theory. Several
studies of the Si/SiO, interface have been carried out, and here we compare the experi-
mental data to two studies, the first to a study without Hf using classical potentials [68]
with a large number of atoms, and the second to density functional calculations including
Hf, using by necessity a smaller number of atoms [69]. The classical potential calculations
give a fair reproduction of the experimental Hf histogram (see Figure 8.16b and c),
therefore suggesting that the Hf atoms substitute for Si in the oxide. This was tested
explicitly by density functional theory using various crystalline models for the interface
studied previously. In that work it was found energetically preferable to have abrupt
interfaces, avoiding suboxide bonds [69]. The rationalization of this result was that Si-Si
bonds are stiff, and the structural mismatch at the interface can be better accommodated
by inserting an oxygen atom into any Si-Si bond that may protrude into the oxide.
A Si-O-5i bond has a soft angle at the O atom that allows the bond angle to vary, as
shown in Figure 8.17. Two particular oxide structures were found to have the lowest
energy, tridymite-like bonding and quartz-like bonding. Quartz-like bonding results in
tension in the oxide, in the plane of the interface, whereas tridymite-like bonding results
in compression. It was therefore concluded that the actual interface structure would most
likely consist of an intimate phase mixture of these two types of bonding to avoid any
long-range elastic strains. We therefore looked at the two models to extract the distance
from the interface plane to the first Si atoms, and found 2.3 and 4.4 A for the quartz—hke
structure, and longer distances for the crystobalilte-like structure, 2.9 and 5.4 A. Inserting
these distances onto a histogram, we find that the result is also in reasonable agreement
with the data (Figure 8.16d). Furthermore, the theory directly confirmed that substitu-
tional Hf is preferred over interstitial Hf, by at least 4 eV [70]. Interstitial Hf results in
disruption of the oxide lattice, because the Hf atoms steal O atoms from the Si leading to
the creation of dangling bonds. Comparing the energy of substitutional Hf in different
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FIGURE 8.16

(a) Image of the device structure with Hf atom positions superimposed. No Hf atoms are found at the Si/SiO,
interface. (b) Histogram showing the distance of Hf atoms from the Si/SiO, interface compared to (c) Si positions
obtained by classical potential calculations (courtesy J. Tersoff) and (d) first-principles calculations of model
abrupt interfaces to crystalline SiO,. (Adapted from Marinopoulos, A.G. et al., Phys. Rev. B77, 195317, 2008. With
permission.)

sites also explains why the Hf atoms keep away from the interface. Figure 8.18 shows a
plot of the energy of formation for substitutional Hf, taking the zero to be in bulk Si,
which shows how the Hf prefers the more open oxide structure, where it can have O
neighbors, and even how it prefers to stay away from the interface plane by a significant
energy, 1.4 eV. Also, since the source of the Hf atoms is the HfO,, we would not
expect Hf to migrate into the Si substrate. Thus, the theory completely explains all the

FIGURE 8.17

Schematic diagram showing the additional degree
of freedom obtained with an Si-O-Si bond com-
pared to the stiff Si-Si bond. (Reproduced from
Buczko, R., Pennycook, S.J., and Pantelides, S.T.,
Phys. Rev. Lett., 84, 943, 2000. With permission.)
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FIGURE 8.18

Plot showing the formation energy for substitutional Hf atoms across the interface. Hf atoms at the interface have
1.4 eV higher energy than those in the oxide, explaining why none were found in that position. (Adapted from
Marinopoulos, A.G. et al., Phys. Rev. B77, 195317, 2008. With permission.)

experimental observations leading to a detailed microscopic explanation of the structure
and energetics of the system.

Theory also gives insight into the electronic properties of the material. In Figure 8.19, we
plot the densities of states around two interstitial configurations of Hf showing how they
overlap the Si band gap and are therefore electrically active. Also shown is the wave
function of the 4d localized state, along with the wave function of the bottom of the Si
conduction band, showing a significant lateral extent overlapping the neighboring O and
Si atoms. Substitutional Hf showed similar behavior. From the data shown in Figure 8.16,
knowing the coordinates of all the atoms it is simple to deduce their density, 1.4 nm >
(1.7 x 10'* cm™?), and hence determine their average separation to be about 7 A. It is clear

4.0k Si band gap i

(¢}
Si/SiO» interface

DOS (arb. units)

(a) Energy (eV) (b)

FIGURE 8.19

(a) Densities of states around two interstitial Hf atoms overlap the Si band gap. (b) Plot of the Hf 4d localized state,
and the wave function of the bottom of the Si conduction band, showing a significant lateral extent. (Adapted from
Pantelides, S.T. et al., NATO Advanced Research Workshop on Defects in High-K Dielectrics and Nano-Electronic
Semiconductor Devices, Russia, 2005. With permission.)
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FIGURE 8.20
Electron mobilities for a variety of defects at an Si/SiO, interface calculated by first principles. (Data taken from
Evans, M.H. et al., Phys. Rev. Lett.,, 95, 106802, 2005; Evans, M.H. et al., IEDM Tech. Dig., 597, 2005. With
permission.)

that at this density their wave functions could overlap significantly and explain the high
leakage observed in this particular sample.

Mobilities can also be determined from first principles, by calculating a scattering
potential as the difference between a perfect interface and one containing the defect of
interest, a suboxide bond, an oxide protrusion, and a Hf atom [71]. Results for these defects
are compared in Figure 8.20, and it is clear that the Hf atoms do represent a large potential
contribution to mobility reduction in these thin gate oxide structures [72].

8.5 Future Directions

The aberration-corrected results presented here were all using third-order correctors,
which correct for geometric aberrations up to third order, leaving the resolution-limiting
aberrations to be of fifth order. However, correctors are in development that will correct
the fifth-order aberrations, leaving resolution-limiting aberrations to be of seventh order,
which would allow roughly another factor of 2 in aperture angle [73,74]. We can look
forward to further improved resolution (in principle, another factor of 2, assuming that
other factors do not come into play such as instabilities) and a factor of 4 in depth
resolution, approaching a depth resolution of 1 nm [9]. Again, we can expect sensitivities
for individual atoms to improve, and all benefits will apply not only to the image but also
to EELS. In principle, we should be able to probe electronic structure around individual Hf
atoms with a depth resolution that is not much larger than the extent of the wave function
seen in Figure 8.19, and a through depth sequence of EELS data could be used to isolate the
contribution from the region of the Hf atom. An indication of the possibilities is seen in
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FIGURE 8.21

(a) Z-contrast image of an Si/SiO,/HfO, high-k device structure showing regions analyzed by EELS (b) before and
(c) after rapid thermal annealing, which introduced stray Hf atoms and a significant density of states in the region
of the Si band gap (arrowed).

Figure 8.21, which shows EELS spectra from various regions of the gate stack before and
after rapid thermal annealing. Before annealing, no Hf atoms were seen in the SiO,, but
they were present after annealing at a density of 0.3 Hf nm > in this case. The EELS data
show that the density of states within the Si band gap increased substantially after
annealing, suggesting a correlation with the presence of Hf. Such ideas could be tested
directly with the improved three-dimensional resolution available with next generation
STEM instruments.
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