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Abstract

Scanning probe techniques are applied to a rapidly growing degree in the characterization of advanced
semiconductor materials and device structures. In this review, the fundamental principles of scanning tunneling
microscopy, atomic force microscopy, and other scanning probe techniques are described. The application of
these techniques to the characterization of IIl-V and Group IV semiconductor epitaxial growth and epitaxial
layer structure is discussed, with particular emphasis on the elucidation of epitaxial growth mechanisms, and
on the atomic-scale characterization of interface and alloy layer structure in III-V heterostructures by cross-
sectional technignes. Nanoscale characterization of buried metal-semiconductor and semiconductor—semicon-
ductor interfaces using ballistic electron emission microscopy is also addressed. Finally, a detailed discussion
is included concerning the use of scanning probe techniques for nanometer-scale characterization of ultrasub-
micron Si electronic devices — a problem of central importance in ultralarge-scale integrated circuit technology
for the coming decade and beyond. Throughout the review, emphasis is placed on the role of scanning probe
microscopy in relation to other semiconductor characterization techniques, the influence of various atomic- to
nanometer-scale material properties on semiconductor device behavior, and the importance in many instances
of theoretical modeling and simulation in the interpretation of results obtained using scanning probe techniques.
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1. Introduction

Since its invention in the early 1980s, scanning tunneling microscopy [1-4] (STM) and tech-
niques such as atomic force microscopy [5] (AFM) that have evolved from it have become tools of
paramount importance in fundamental studies of surfaces. In addition, an increasing amount of work
has been devoted to the use of STM and related techniques — to which we refer collectively as scanning
probe microscopy (SPM) — to address problems of technological interest, particularly in the area of
semiconductor science and technology. In this paper, we present a description of the physical principles
upon which scanning tunneling microscopy, atomic force microscopy, and other scanning probe
techniques are based; an overview of the application of these techniques to a variety of technologically
important problems, with particular emphasis on the atomic- to nanometer-scale characterization of
semiconductor materials and devices; and a discussion of the current and potential future impact of
these techniques on both fundamental science and technology development in microelectronics and
related fields.

The unique and powerful advantage offered by STM and other scanning probe microscopies is
the ability to perform direct studies of structural, electronic, and other properties of materials with
extremely high spatial resolution. Many other techniques, such as X-ray diffraction, electron diffrac-
tion, and transmission electron microscopy, typically provide only indirect information about sample
structure and, while offering the ability to probe certain structural or compositional features at the
atomic scale, inevitably average these properties over substantially larger areas or volumes. In scanning
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tunneling microscopy, however, direct imaging of features corresponding to individual atoms on a
surface has been demonstrated for a wide range of materials. Other scanning probe microscopies, while
usually providing somewhat lower spatial resolution than STM, allow greater flexibility in samples
that can be studied, imaging conditions that can be tolerated, and properties that can be characterized.
Rapid progress in the development of new scanning probe techniques and in the commercial availability
of SPM instrumentation has led to the widespread application of these techniques to problems of both
scientific and technological importance.

All scanning probe microscopies are based on the ability to position, with extremely high preci-
sion, various types of probes in very close proximity to the sample under investigation. These probes
can detect electrical current flow, atomic and molecular forces, magnetic forces, electrostatic forces,
or other types of interactions with the sample; these interactions can be either measured directly or
used in an electronic feedback loop to control the separation between the sample and the probe tip. By
scanning the probe laterally over the sample surface and performing measurements at different loca-
tions, detailed maps of surface structure, electronic properties, magnetic or electrostatic forces, optical
characteristics, or other properties can be obtained. The lateral spatial resolution that can be achieved
is limited primarily by factors such as the sharpness of the probe tip, the accuracy with which the probe
can be positioned over the sample surface, the condition of the surface under investigation, the
separation between the sample and the probe tip, and the nature of the force being detected, and can
range from a few angstroms or less to tens or hundreds of nanometers.

Fundamental studies of semiconductor surfaces have figured prominently in the development of
scanning probe microscopy — particularly STM — and have led to dramatic progress in our under-
standing of atomic-scale surface phenomena in semiconductors. One of the early triumphs of STM
was the successful imaging, with atomic resolution, of the 7 X 7 reconstruction of the Si (111) surface
[6]1. Subsequent STM studies of the Si (111) surface provided detailed information about the rela-
tionship between STM images and the actual geometric arrangement of atoms for various reconstruc-
tions of the surface [7-12]. The ability of STM to provide direct images of electronic states
corresponding to individual atoms on the reconstructed surface, as opposed to the indirect information
provided by diffraction-based probes of surface structure, helped to resolve along-standing controversy
in surface science. Since then, extensive studies have been performed to elucidate the structural and
electronic properties of numerous III-V compound and Group IV elemental semiconductor surfaces.
In addition, STM and related techniques have been used to explore adsorption, bonding, and removal
of atoms and molecules on semiconductor surfaces during processes such as epitaxial crystal growth,
etching, and deliberate modification of surfaces via tip—sample interactions. Much of this work has
also provided insights into the fundamental physics of the tunneling process.

The extremely high spatial resolution afforded by scanning probe techniques has led naturally to
their application to a wide range of technological problems in semiconductor device physics. Inaddition
to the work described above, scanning tunneling microscopy, particularly in the cross-sectional geom-
etry, is proving to be a powerful tool in the study of atomic-scale properties of III-V semiconductor
heterostructures and of nanometer-scale structure in Si microelectronic devices. Furthermore, a variety
of scanning probe techniques have been applied to perform detailed characterization of structural,
electronic, magnetic, optical, and other properties of materials and devices with nanometer-scale spatial
resolution. The growing importance of scanning probe microscopy in semiconductor science and
technology is a natural consequence of the desire to design and fabricate ever smaller structures to
improve device performance or achieve new device functionality, and of the inadequacy of more
traditional experimental techniques for detailed characterization at the nanometer to atomic scale.

The remainder of this paper is divided into six parts. Given the extensive (and rapidly growing)
literature that now exists in this area, we have not attempted to be completely exhaustive in our review.
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Specifically, we have emphasized the application of scanning probe techniques to the characterization
of semiconductor materials and device structures, and therefore have not included a discussion of the
rapidly growing field of scanning probe lithography [ 13]. Instead, we present in this article an overview
of the various scanning probe techniques and discuss, in detail, several applications of particular
importance in semiconductor technology. In Section 2, we provide an introduction to the basic
principles upon which STM, AFM, and other scanning probe microscopies are based. Sections 3 and
4 describe the application of SPM techniques to a wide range of issues in semiconductor technology,
involving both III-V compound semiconductors and Si-based materials. Section 5 discusses nano-
meter-scale characterization of buried metal-semiconductor and semiconductor heterojunction inter-
faces, and Section 6 describes the application of SPM to the characterization of ultrasubmicron Si
electronic device structures. Conclusions and a discussion of some future prospects in this field are
given in Section 7.

2. Basic principles of scanning probe microscopy

We begin with an overview of the instrumentation and essential physical principles upon which
STM and other scanning probe techniques are based. Detailed discussions of these principles, the
instrumentation required, and a variety of applications have been given in a number of review articles
[14-17], edited collections [18-23], and books [24,25]. Several reviews [22,23,26,27] and books
[25,28] have also been published on atomic force microscopy and other scanning probe techniques.

2.1. Scanning tunneling microscopy

2.1.1. Tunneling of electrons

In scanning tunneling microscopy, a sharp metal probe tip is scanned over the surface of a
conducting or semiconducting sample, typically with a separation between the tip and sample that is
in the order of several angstroms. When a bias voltage is applied between the sample and the tip,
electrons tunnel through the potential energy barrier separating the sample and tip, producing an
electrical tunneling current. The magnitude of this current depends primarily on three factors: the
probability that an electron will tunnel through the potential energy barrier between the sample and
tip, which varies exponentially with the tip-sample separation; the electronic deénsity of states in the
sample; and the electronic density of states in the tip. Because of the extreme sensitivity of the tunneling
current to the tip—sample separation, an electronic feedback loop that continually adjusts the tip~sample
separation is generally used to maintain a constant tunneling current. Measurement of the tip height
required to maintain a constant tunneling current while scanning over the sample surface will yield a
profile of the local electronic density of states on the sample surface.

The dependence of the electron tunneling probability on tip—sample separation can be understood
using a simple one-dimensional model of a metal-vacuum—metal tunneling junction, shown schemat-
ically in Fig. 1. The wave function /(z) of the electron must satisfy Schrédinger’s equation

W & U =FE 1

"o (2)¥(2) =E(z) (1)
where m is the mass of the electron, U(z) is the potential function, and E is the energy of the electron.
For an electron at energy E, the wave function for z <0 will be of the form ¥(z) = /(0)e**:, where
k=1v2m(E— U) /%. In the barrier region, E < U(z) and the electron wave function will be of the form
¥(z) = Y(0)e=*2, where k =V 2m(U—E) /A=0.512y $(eV) A~'. For typical metals used to fabri-
cate STM tips, the work function ¢ is roughly 4-6 eV, corresponding to k=~ 1.0-1.25 A~forelectrons
at energies close to the Fermi level. The wave function of an electron located in one of the metal layers
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Fig. 1. Schematic diagram of a metal-vacuum-metal tunneling junction. The electron wave function decays exponentially in
the vacuum barrier region, leading to a non-zero probability for electrons to tunnel across the barrier between the tip and the
sample in a scanning tunneling microscope.

will therefore increase or decay exponentially in the vacuum barrier, leading to the possibility of
quantum-mechanical tunneling through the classically forbidden barrier region.

The probability that an electron at energy E will tunnel from the sample through a vacuum barrier
of thickness s and into the tip is given by the transmission coefficient, T(E,V), where V is the bias
voltage applied between sample and tip. Since the probability density of the electron is given by
|(z) 1%, it can be seen from the functional form of the wave function in the vacuum barrier that the
transmission coefficient will decrease exponentially with increasing barrier thickness s:

T(E,V) ae™ 2 (2)

For the typical values of « given above, the transmission coefficient, and therefore the tunneling
current, will decrease by an order of magnitude for an increase in the barrier thickness of approximately
1A,

This exquisite sensitivity of the tunneling probability to the tip-sample separation is largely
responsible for the extremely high spatial resolution attainable in STM. At the atomic level, the apex
of the metal probe tip will consist of a single atom or a small cluster of atoms. Because the tunneling
probability decreases exponentially with increasing tip—sample separation, the bulk of the tunneling
current will be highly localized, flowing through the single atom or cluster of atoms at the apex. The
tunneling current can therefore provide a highly localized probe of the electronic structure of the
sample surface.

The tunneling current I( V) can be calculated using a variety of theoretical methods, two of which
we describe here. In one approach, developed by Tersoff and Hamann [29,30], the tunneling current
is calculated from the transition rate between tip and sample states obtained using time-dependent
perturbation theory. The total current arising from electrons tunneling both into and out of the sample
is then given by

2are

V) ==Y A(E,) ~£(E, +eV)] 1M, 1*8(E,~E,) 3
Y

where f, and £, are the Fermi distribution functions in the sample and tip, respectively, M,,,, is the
quantum-mechanical tunneling matrix element between the tip state i, and the sample state ¢,, E,
and E,, are the energies of the states i, and 4, respectively, and 8(E, — E, ) is the Dirac delta function.
The sum is taken over all unperturbed tip and sample states. If the spectrum of states in the sample
and that in the tip are continuous rather than discrete, the sum in Eq. (3) can be converted to an integral
over energy
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Fig. 2. Tip-sample geometry in the model of Bono and Good [33]. The tip is modeled as a hemisphere of radius R and
effective area A= R Use of a free-electron model for the metal probe tip and an effective mass model for a semiconducting
sample allows detailed current—voltage spectra to be calculated.
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where p, and p;, are the electronic densities of states in the tip and sample, respectively. From Eq. (4)
we see explicitly the dependence of the tunneling current on the densities of states in the tip and sample
and on the tunneling matrix element. The tunneling matrix element M,,, was shown by Bardeen [31]
to be given by

ﬁZ
Mo=a [dS- V= . 502) 5)
m

where the integral is computed over a surface contained entirely within the vacuum barrier region.

In another theoretical model, developed by Bono and Good [32,33], the metal tip is modeled as
a hemisphere of radius R projecting from a plane parallel to the sample surface, as shown in Fig. 2.
The probe tip is modeled as a free-electron metal, and the sample, in the case of a semiconductor, is
assumed to be well described by an effective-mass model. The tunneling current for a voltage Vapplied
to the tip is then given by [33]

I(V)=2:2h de[fs(E) —fi(E+eV)] fc{zk[,T(EL) (6)
where A= 7R? is the effective cross-sectional area of the tip, f; and f; are the Fermi distribution
functions in the sample and tip, respectively, k; is the wave vector parallel to the sample surface, E |
is the energy corresponding to the wave vector component normal to the sample surface, and T(E | )
is the transmission coefficient. The integral is computed over all energies for which the electronic
densities of states in the sample and tip are both non-zero. This approach has been used to develop
semiquantitative simulations of current—voltage spectra for scanning tunneling spectroscopy performed
on semiconductor surfaces [34].

Theoretical models of the tunneling current, such as those described above, provide the basis for
developing a detailed, quantitative understanding of the tunneling process. A comprehensive theoretical
understanding of tunneling processes in STM and detailed simulations of tunneling currents for a
variety of sample structures will be essential for the most effective application of STM to the charac-
terization of semiconductor materials and devices, particularly for heterostructure materials and
advanced device structures in which the composition and electronic structure of the. surface under
investigation are spatially inhomogeneous and highly complex.
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2.1.2. Imaging and spectroscopy

The most common mode of STM operation is constant-current imaging, in which the tunneling
tip is rastered across the sample surface and, at each point, the tip—sample separation is adjusted to
yield a constant tunneling current. Because the tunneling current depends on both the tip-sample
separation and the local electronic densities of states of the tip and the sample, a constant-current
topographic image will yield information about the electronic densities of states. The density of states
of the tip may often be assumed to be relatively featureless compared with that of the sample in the
energy range of interest, allowing constant-current images to be interpreted as profiles of the local
electronic density of states of the sample. Details of the probe tip shape and its cleanliness, however,
can affect the appearance of such images, which must therefore be interpreted with appropriate caution.

Spectroscopic studies, in which the dependence of the tunneling cutrent on tip—sample voltage,
tip—sample separation, or other parameters is measured, can be used to probe the electronic properties
of the tip—sample system with spatial resolution at or near the atomic scale. Detailed reviews of
scanning tunneling spectroscopy can be found in Refs. [35-37]. In this review we concentrate primarily
on the aspects of spectroscopy of greatest relevance to studies of semiconductor electronic structure.
It should be noted that spectroscopic measurements, to an even greater degree than constant-current
imaging, are particularly sensitive to probe tip structure and cleanliness [37]. For example, relatively
blunt tips, while not necessarily producing the highest spatial resolution in imaging, have been found
to yield very consistent and reproducible spectroscopic results [38].

The simplest extension of the constant-current imaging measurement described above is voltage-
dependent imaging, in which constant-current images are obtained at different tip—sample bias voltages.
Because of the dependence of the tunneling current on the tip and sample densities of states, the
tunneling current at different bias voltages will be dependent on the densities of states integrated over
different ranges of energies. Contrast in the corresponding constant-current images will reflect these
variations in electronic structure. In particular, positive bias applied to the sample will yield images of
unoccupied electronic states on the sample surface, while negative sample bias will yield filled-state
images. Some early examples of this approach include atom-selective imaging of the GaAs (110)
surface [39] and studies of surface chemical bonding on clean and NH;-dosed Si (001) surfaces [40].
Fig. 3 shows images from Ref. [39] of the GaAs (110) surface obtained at positive and negative
sample bias voltages. At positive sample bias, the unoccupied states corresponding to the Ga orbitals
are imaged, while at negative sample bias the filled states corresponding to the As orbitals are visible.

More detailed information about the electronic density of states can be obtained using techniques
such as constant-separation spectroscopy, in which the feedback loop that maintains a constant tun-
neling current is momentarily disconnected and the tunneling current is measured as a function of tip—
sample bias voltage [8-10]. Selloni et al. [41] and Lang [42] have suggested that, for non-zero bias
voltages applied between the sample and tip, the tunneling current should be given approximately by
an expression of the form

ev

1) [ oo E=eV)T(EV)AE ™
0
If the electronic density of states in the tip is assumed to be constant, the conductivity is then given by
1%
dl dT(E,
L oI O T(V I + [ (B pE= ) T (8)

0

The transmission coefficient in Eq. (7) and Eq. (8) depends-very strongly on the tip-sample separation
and the tip—sample bias voltage; these dependences can obscure features in the current—voltage spec-
trum J( V) and the conductivity dI/dV arising from variations in the electronic density of states. Because
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Fig. 3. Constant-current STM images of the GaAs (110) surface obtained at (a) positive sample bias voltage and (b)
negative sample bias. (¢) Arrangement of atomic orbitals on the (110) surface; solid and open circles represent Ga and As
orbitals, respectively. At positive sample bias, the empty Ga orbitals are imaged, while at negative sample bias the filled As
orbitals are visible [39].

the sample electronic density of states, p;(E), is most often the quantity of greatest interest, a procedure
for extracting p,(E) from I(V) and dI/dV is highly desirable.

It has been shown [10,38] that a good approximation to the surface electronic density of states
can be obtained from the normalized conductivity, (dI/dV)/(1/V).From Eq. (7) and Eq. (8) we can
obtain an expression for the normalized conductivity:

p(B)pE=eV) dT(EY)
o ps(eV)p,(0)+£ B
v < 9
EY)
prsw)p,(E N

Because the transmission coefficient appears in both the numerator and the denominator of both
integrands, the dependence of the normalized conductivity on separation and voltage is much weaker
than that of the current I(V) or the conductivity d7/dV, and the normalized conductivity can be written
in the form [35]

dl/dV _p,(eV)p0) +A(V)
17 B(V)

where A(V) and B(V) are slowly varying functions of V. Experimental studies have confirmed that
the normalized conductivity has a much weaker dependence on tip—sample separation and applied
voltage than does the conductivity dI/dV, and can provide a good approximation to the local electronic
density of states [10,38].

For studies of semiconductors, in which the presence of a non-zero band gap can lead to tunneling
currents and conductivities ranging over several orders of magnitude, an fssue of particular importance
is dynamic range in the measurement of tunneling current. Wide dynamic range is especially important
if features in the electronic density of states near or within the energy band gap are of interest. This

(10)
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issue has been addressed most effectively by the development and application of variable separation
spectroscopic techniques, in which the tunneling current is measured while both the tip-sample bias
voltage V and the tip-sample separation s are varied in a controlled manner [10,38,43]. For example,
a series of constant-separation current-voltage spectra can be measured at several different separations,
or the separation may be varied continuously as the voltage is ramped. The variation in tip-sample
separation is then accounted for by multiplication of the current by a correction factor e*45, where k
is the tunneling decay constant and As is the relative separation at which the tunneling current was
measured. Using this technique it is possible to measure values of the tunneling current over a limited
dynamic range and, via the transformation described above, obtain the equivalent constant-separation
current—voltage spectrum over a much larger range of current magnitude. A detailed discussion of
variable separation tunneling spectroscopy is presented in Ref. [37].

An example of the utility of this technique is in spectroscopy petformed on unpinned surfaces of
heavily doped semiconductors, an application of particular relevance to the characterization of elec-
tronic device structures by STM. Unpinned surfaces, or at least surfaces that are not strongly pinned,
are important for such applications because it is the electronic properties of the bulk material, rather
than those arising purely from surface effects, that are of primary interest. For such surfaces, three
components have been found to contribute to the tunneling current: tunneling of electrons from the tip
into empty conduction-band states at large positive sample bias voltages; tunneling of electrons from
filled valence-band states into empty tip states at large negative voltages; and tunneling involving
dopant-induced carriers (electrons in the conduction band for n-type material or holes in the valence
band for p-type) at voltages for which the Fermi level in the tip is at an energy aligned within the band
gap of the sample [34]. Fig. 4 shows current—voltage characteristics for tunneling on unpinned p-type
and n-type Si surfaces calculated using the expression given in Eq. (7) for the tunneling current. The
three components contributing to the tunneling current can be seen clearly in each case. Experimentally,
it has been found that tunneling involving dopant-induced carriers can generally be measured only for
unpinned surfaces of very heavily doped material, and that observation of the dopant-induced current
is a good indication that a surface is electronically unpinned. However, the dopant-induced tunneling
current is much smaller in magnitude than the conduction- and valence-band components, particularly
for material with a substantial energy band gap; resolving this component in spectroscopic measure-
ments therefore requires that the tunneling current be measured over a large dynamic range.

Current

20 -i0 00 10 2020 -0 00 10 20

Voltage {V) Voltage (V)
Fig. 4. Current-voltage spectra for tunneling performed on unpinned surfaces of heavily doped (1X 10~ 19 e¢m™3) p-type
and n-type Si, caiculated using Eq. (7). The conduction-band, valence-band, and dopant-induced components of the tunneling
current, labeled C, V, and D respectively, can be seen in each case.
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Feenstra [44] has performed detailed scanning tunneling spectroscopy measurements on cleaved
(110) surfaces of several III-V semiconductors. III-V semiconductors are particularly well suited for
such studies, as they cleave easily to yield atomically flat, and in most cases electronically unpinned,
(110) surfaces ideally suited for tunneling measurements. Detailed tunneling current spectra were
obtained for GaAs, InP, GaSb, InAs and InSb using variable-separation spectroscopy. In these spectra,
the conduction-band and valence-band edges, L-point band edges, and features associated with surface
states could be distinguished; the energies of these features were determined to within + 0.03 eV, with
shifts in energies arising from tip-induced band bending estimated to be less than 0.1 eV for dopant
concentrations higher than ~1X 10'® cm™2. For samples in which the dopant concentration is sub-
stantially lower, tip-induced band bending can shift the apparent energies of the band edges by as
much as several tenths of an electron volt, making accurate, quantitative interpretation of features
observed in current—voltage spectra extremely difficult.

Spatially resolved spectroscopic measurements can be used to construct images that reveal atomic-
to nanometer-scale variations in electronic structure on the sample surface. In one such technique,
referred to as current imaging tunneling spectroscopy (CITS), a constant-current topographic scan
with the current stabilized at a fixed value 7, for a specific voltage V, is performed over the sample
surface and, at each point, a current—voltage spectrum is measured. Variations in electronic structure
across the sample surface will produce corresponding variations in the current-voltage spectra; these
spatial variations can then be revealed by plotting the current measured at specific bias voltages other
than V, — so-called ‘current images’. Hamers et al. [9] first used this technique to study atomic-scale
variations in the electronic structure of the 7 X 7 reconstruction of the Si (111) surface.

Current images cannot, however, necessarily be interpreted as direct images of particular features
in the local electronic density of states. Because the tip-sample separation at each point is determined
by the constant-current condition at a single bias voltage V, topographic and electronic information
may be difficult to distinguish from each other in a CITS measurement. Contrast in current images can
in fact be caused both by localized variations in electronic structure and by changes in the background
of the spectrum that can arise from, for example, the dependence of the tunneling probability on
separation. Hamers et al. [9] have argued that, for CITS performed with a constant-current bias voltage
V), that produces a topographic image reflecting primarily the actual physical topography of the sample
surface, constrast in current images will reflect primarily differences in electronic structure. Satisfying
this condition, however, requires a detailed prior knowledge of the physical topography of the surface.
Indeed, studies of the Si (111) 2 X1 surface by Stroscio et al. [45,46] showed explicitly that contrast
in current images can arise from topographically induced changes in the tunneling probability as well
as variations in the electronic density of states; however, it was also noted that these effects could be
reduced by generating images of the normalized conductivity (dI/dV)/(1/V) rather than simply the
tunneling current /.

From this discussion it should be apparent that imaging and tunneling spectroscopy are extremely
powerful tools for probing the structure and electronic properties of conducting or semiconducting
samples, but also that considerable care is required in performing and interpreting such measurements.
Continued advances, particularly in the application of tunneling spectroscopy to advanced semicon-
ductor materials and device structures, are likely to require further improvements in sample and probe
tip preparation, continued development and implementation of advanced techniques such as variable-
separation spectroscopy, and, perhaps most important, the development of a more complete under-
standing of the relationship between the measured tunneling current and the detailed electronic structure
of the sample and tip. This is particularly true for complex, highly inhomogeneous sample structures
that are likely to be encountered in technological applications.
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2.1.3. Instrumentation

Because of the exquisite sensitivity of the tunneling current in a scanning tunneling microscope
to the tip-sample separation, compactness and structural rigidity of the microscope combined with a
suspension system for isolating the microscope from ambient vibrations are essential [16,47-50]. In
addition to mechanisms for isolation from external vibrations, a scanning tunneling microscope com-
prises several basic elements, as shown schematically in Fig. 5. These includea mechanism for bringing
the tip and sample into extremely close proximity, and for maintaining, with a very high degree of
stability, an extremely small separation between sample and tip; electronics for positioning and
scanning the tip over the sample surface, applying voltage between the sample and tip, measuring the
tunneling current, and regulating the current by adjusting the tip-sample separation; and a computer
for instrument control, data acquisition and display of images.

Precise positioning and raster scanning of the tip relative to the sample is accomplished using
piezoelectric materials, which deform under the application of an electric field. Lead zirconate titanate
(PZT) ceramics, which in appropriate geometries can yield piezoelectric responses ranging from
~10 A/V to over 100 A/V, are widely used in the construction of STM scanners. Two basic scanner
designs dominate: the tripod scanner, used in the initial demonstration of scanning tunneling micros-
copy, and the tube scanner [51]. The tripod scanner, shown schematically in Fig. 6(a), consists of
three orthogonal piezoelectric bars. Motion in three dimensions is achieved by application of inde-
pendent voltages V,, V,, and V,, to the piezoelectric elements. The tube scanner, shown schematically
in Fig. 6(b), consists of a piezoelectric tube, metallized completely on the inner surface and in four
quadrants on the outer surface. Tip motion is achieved by application of voltages + V.and —V, to
opposing quadrants in the x direction, or +V, and —V, in the y direction, causing the tube to bend.
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Fig. 5. Basic elements of a scanning tunneling microscope, including a piezoelectric scanner for fine-scale positioning of the
tip relative to the sample, electronic components, and computer control. Not shown are mechanisms for coarse, long-range
positioning of the sample and tip and for vibration isolation.
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Fig. 6. Schematic diagram of (a) a piezoelectric tripod scanner and (b) a piezoelectric tube scanner. Piezoelectric scanners
are used to position the probe tip in a scanning probe microscope over the sample surface with extremely high spatial

resolution.




E.T. Yu/ Nanoscale characterization of semiconductor materials and devices using scanning probe techniques

157

Application of a voltage V, to the inner surface produces motion in the z direction. The relative
simplicity of the tube scanner, its higher resonant vibration frequencies, and its reduced susceptibility
to thermal drift compared with the tripod scanner, have led the tube scanner to eclipse the tripod design
in popularity.

In addition to fine-scale positioning of the tip by the scanner, a mechanism for moving the tip and
sample over distances ranging from ~ 1000 A to several millimeters — so-called coarse positioning —
is required to bring the tip and sample to within the range of motion of the scanner, and for positioning
the tip over a specific area of the sample. Several designs have been implemented for coarse positioning
in scanning tunneling microscopes. The piezoelectric stepper [ 11, or ‘louse’, consists of a piezoelectric
plate supported by three metal feet that can be clamped in place by electrostatic, mechanical, or
magnetic forces. Motion in single steps ranging in size from ~100A to ~1 um is achieved by
deforming the piezoelectric plate with a single foot unclamped, then clamping the feet with the plate
in a new position. Coarse motion can also be achieved using a simple screw mechanism for gross
positioning, and a fine-pitch screw combined with a lever, springs of different stiffness, or other
mechanisms to demagnify the motion of the screw for the final approach of the tip and sample to
within the range of motion of the scanner [52,53]. In a third design, the inertial stepper [54,55], a
sliding block carrying the sample or tip rests on a piezoelectric element to which voltage is applied.
When the voltage is changed sufficiently slowly, the block moves along with the piezoelectric element;
if the voltage changes rapidly, however, the block will remain in place because of inertia. Motion can
therefore be achieved by applying a sawtooth voltage, with the step size determined by the voltage
amplitude. By adjusting the sawtooth voltage amplitude and frequency, both controlled motion with
individual step sizes on the order of hundreds of angstroms, or more rapid motion over millimeter-
scale distances, can be achieved. There are also coarse motion mechanisms based on the Inchworm
[561, a device in which an alumina shaft surrounded by a three-section PZT sleeve is moved by
successive clamping or unclamping of the shaft by the end sections of the sleeve and deformation of
the center section.

Finally, a key component in the tunneling measurement is the probe tip itself. The structure and
cleanliness of STM tips exert a profound influence on the quality and reproducibility of tunneling
measurements. Tungsten, platinum—iridium, and gold are among the materials commonly used for
fabrication of tips. Ideally, an STM tip should have a sturdy ‘shank’ to minimize vibrations, and a high
aspect ratio and small radius of curvature at the apex to facilitate high-resolution imaging. A wide
variety of methods have been used to fabricate STM tips, with simple mechanical cutting or electro-
chemical etching being especially common [57-59]. In addition to the basic tip fabrication procedure,
a variety of treatments may be used to clean, sharpen, and characterize the tip either prior to or during
tunneling. Tip annealing to remove contaminants and oxides, sharpening and characterization by field
emission, tunneling at high bias voltages, and controlled crashing of the tip into the sample are among
procedures that have been used to improve tip quality, and consequently imaging or spectroscopic
measurements, in STM.

2.1.4. Sample geometries

Atomic-scale spatial resolution and sensitivity to electronic properties make STM a natural
technique to apply to the characterization of novel semiconductor materials and device structures.
Atomic- and nanometer-scale properties of alloy layers and heterojunction interfaces can profoundly
influence the properties of heterostructure devices, particularly so-called ‘nanostructures’ in which
device dimensions approach tens of nanometers or less. An understanding of and, eventually, control
over material properties and device structure at or near the atomic scale will be required for realization
and optimization of a wide range of heterostructure and nanoscale devices. More immediately, there
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Fig. 7. (a) Planar and (b) cross-sectional sample geometries for scanning tunneling microscopy studies of semiconductor
epitaxial layers and device structures.

is increasing recognition that nanometer-scale characterization of and control over fabrication processes
and the resulting device structures have become essential for continued scaling of Si electronics to
extreme ultrasubmicron dimensions. For example, nanometer-scale characterization of and control
over source and drain junction profiles (both lateral and vertical), dopant fluctuations, and oxide
thickness and uniformity are among the issues that are of critical importance for scaling of Si metal—
oxide—semiconductor technology over the next decade [60]. Because many of the traditional experi-
mental techniques applied to these problems are inadequate for effective characterization of extreme
ultrasubmicron devices, new methods such as scanning probe microscopies must be exploited.

Two experimental geometries, shown schematically in Fig. 7, are of particular interest {61]: the
‘planar’ geometry, in which the surface — typically (001) or (111) — on which growth or processing
occurs is studied directly, and the cross-sectional geometry, in which (001) wafers are cleaved to
expose a cross-section, generally a (110) or (110) plane, of epitaxial layers or device structures
fabricated on the wafer. The former geometry allows surface characteristics during various stages of
crystal growth or processing to be studied, while the latter has developed into a powerful tool for
detailed investigation of epitaxially grown layers and actual device structures.

For experiments conducted in the planar geometry, a major concern is the integrity of the surface
during transfer from growth or processing chambers to the microscope system. In particular, oxidation
during exposure of a semiconductor surface to atmosphere can be a severe impediment to performing
high-resolution STM imaging and spectroscopy. A variety of techniques, including direct connection,
under ultrahigh-vacuum conditions, of growth (e.g., molecular-beam epitaxy) chambers to an analyt-
jcal chamber containing an STM, portable ultrahigh-vacuum transfer modules, and capping layers
grown on a semiconductor surface and subsequently removed in the analytical chamber after transfer
through air, have been employed to address this issue.

In the cross-sectional geometry, semiconductor wafers are cleaved to expose a cross-section of
epitaxial layers grown or device structures fabricated on the wafer. Scanning tunneling microscopy
experiments performed on the cross-sectional surface can then reveal information about the atomic-
scale morphology and electronic structure of these epitaxial layers and devices. Two factors are of
critical importance in such experiments: the production of a cross-sectional surface that is atomically
flat and as free as possible of surface states or defects that can act to pin the Fermi level at the surface;
and the ability to position the tunneling tip reliably and reproducibly over specific regions of interest.

A cross-sectional surface with the requisite structural quality can at present be obtained only by
cleaving. TII-V compound semiconductors cleave easily to yield a (110) surface that is atomically
flat, with monolayer steps typically spaced tens to hundreds of nanometers apart. Furthermore, the
cleaved (110) surface is, for most III-V materials, electronically unpinned; spectroscopic measure-
ments therefore reflect the electronic properties of the bulk material, rather than being dominated by
surface states. For Si and Si-based structures cleaving is more difficult, although flat (110) surfaces
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Fig. 8. Procedure for locating epitaxial or device layers in cross-sectional scanning tunneling microscopy. The initial tunneling
approach is made over the substrate region, which is easily visible in an optical microscope. The tip is then gradually stepped
towards the edge, the location of which is signaled by a failure to detect any tunfieling current when the tip is advanced.

can be obtained. Hydrogen passivation can be accomplished by dipping the cleaved wafer in HF or by
exposure of a clean, cleaved (110) surface to atomic hydrogen in vacuo, and is required to obtain a
(110) surface that is not strongly pinned.

Positioning of the STM tip over the region of interest can be a non-trivial matter, as one is often
interested in locating structures extending across ~ 1 um or less on a cross-sectional surface that is a
substantial fraction of a millimeter in width. One approach that has been used to locate epitaxial layers
in such studies is to mount the STM in an ultrahigh-vacuum scanning electron microscope (SEM)
[62,63]. By imaging the sample and tip using the SEM, it is possible to position the tip in the vicinity
of epitaxially grown layers rapidly and reliably. An alternative method utilized by a number of
researchers is shown in Fig. 8. The tip is positioned as close as possible to the sample edge, and
gradually moved towards the edge using the coarse positioning mechanism. When the tip has crossed
over the sample edge, tunneling current can no longer be detected. The sample edge can then be used
as a reference to locate the region of interest on the cross-sectional surface.

2.1.5. Ballistic electron emission microscopy :

In addition to performing characterization of either planar or cross-sectional surfaces, it is often
desirable to probe nanoscale properties of buried layers or interfaces. Nanometer-scale characterization
of buried interfaces, e.g. semiconductor heterojunctions or metal-semiconductor interfaces, can be
performed using ballistic electron emission microscopy (BEEM) [64,65]. An extensive review of
BEEM is given in Ref. [66]. In this technique, illustrated schematically in Fig. 9, a bias voltage Vi,
is applied between the STM probe tip and the base layer at the top of the sample, and the STM probe
tip is used to inject carriers toward the interface. As in conventional scanning tunneling microscopy,
the tip-sample separation may be controlled by a feedback circuit that maintains a constant value for
the tunneling current J,. If the base layer is sufficiently thin, a substantial fraction of the injected carriers
will be transported ballistically across the base layer. Fig. 10(a) and (b) show schematic energy-band
diagrams for an n-type Schottky barrier system in which the metal acts as the base layer and the n-
type semiconductor as the collector. Fig. 10(c) shows the collector current I, schematically as a
function of the bias voltage. For Vi, =0, both the tunneling current and the collector current are zero.
For 0 <V, <V, the tunneling current is non-zero but, because the energies of the injected carriers
are lower than the barrier height, the tunneling current flows primarily through the base contact and
the collector current is negligibly small. For Vi, > V,, some of the injected electrons are transported
ballistically across the interface, producing a current I, at the collector contact. With appropriate
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Fig. 9. Schematic diagram for ballistic electron emission microscopy (BEEM). The tunneling current /, may be measured
directly or used in a feedback loop to control the tip~sample separation, as in conventional STM. Measurement of the current
1, arising from carriers transported ballistically from the tip into the collector allows the electronic structure of a subsurface
interface to be probed.

Viras =0

®

Vb Vblas

Vias> Vo

Fig. 10. Schematic energy-band diagram for (a) Viws=0 and (b) Vs>V, in ballistic electron emission microscopy
performed on a Schottky barrier system with Schottky barrier height ¢V,. The metal layer in the Schottky barrier structure
acts as the base, and the semiconductor as the collector. Ballistic transport of carriers across the metal-semiconductorinterface
for Vi > V,, vields the current—voltage characteristic shown in (c).

theoretical modeling [65-68], the threshold voltage for the onset of collector current can be used to
determine the Schottky barrier height; furthermore, the detailed shape of the current—voltage charac-
teristic can provide information about transport across the buried interface and also about various
features in the electronic band structure of the semiconductor. Similar measurements can be made for
p-type metal-semiconductor Schottky barrier systems, with holes rather than electrons undergoing
ballistic transport across the interface [69]. '

The spatial resolution attainable in BEEM and the detailed behavior of the BEEM current as a
function of voltage should depend on the degree to which the component of carrier momentum parallel
to the interface, %k, is conserved during ballistic transport. Conservation of parallel (also referred to
at times as transverse ) momentum is often assumed in theoretical studies of tunneling, and comparisons
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Fig. 11. Critical angle and electron focusing effect in BEEM. If {ransverse momentum is conserved, an electron with energy
E will be transported across the base—collector interface only if its angle of incidence is less than a critical angle 6. For
semicondgctors such as Si or GaAs, 6, is often 10° or less, corresponding to an expected spatial resolution on the order of
~10-20 A.

of BEEM current—voltage spectra measured for the Au/n-Si (100) Schottky barrier system with
spectra calculated with and without the condition of parallel momentum conservation have been used
to suggest that parallel momentum is indeed conserved [65]. Specifically, it was shown that the
assumption of parallel momentum conservation yielded a quadratic dependence of the collector current
on bias voltage near threshold, I, & (Vy;,s — V)2, in agreement with experiment, while relaxation of
the paralle]l momentum conservation law yielded a linear threshold. However, more detailed theoretical
modeling of BEEM current—voltage spectra, in which the quantum-mechanical energy dependence of
the carrier transmission coefficient at the metal-semiconductor interface was included, suggested that
the collector current near threshold should vary according to I, ot (Vi — V,)>'?, independent of
whether or not transverse momentum is conserved {67,70].

Conservation of parallel momentum should lead to a substantial electron focusing effect and a
corresponding increase in spatial resolution [65,66]. Specifically, for carriers transmitted across the
base—collector interface, the energy corresponding to the wave vector component normal to the
interface must be sufficient to overcome the metal-semiconductor Schottky barrier. If both the parallel
momentum and the total energy of the carrier are conserved, the wave vector of the carrier normal to
the interface, k., and therefore the direction of propagation, will change as the carrier crosses the
potential step at the interface. If a potential barrier exists at the interface, k, will decrease and the angle
of propagation 6 (measured from the direction normal to the interface) will increase. A particle
incident at an angle greater than a critical angle 6, will therefore be reflected at the interface, and only
carriers whose momenta are contained within a cone 6 < 8, will contribute to the current measured at
the collector, as shown schematically in Fig. 11. Calculations have shown that for materials such as
Si (100) or GaAs, 8, is considerably less than 10°, corresponding to spatial resolution on the order of
10-20 A for a metal base layer 100 A in thickness [65].

2.2. Other scanning probe microscopies

The invention of the scanning tunneling microscope led to the development of numerous additional
instruments and characterization techniques based to a considerable degree upon the instrumentation
developed for STM — most notably, the methods used for the positioning of samples and probes with
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extremely high precision. These additional scanning probe techniques have dramatically extended the
basic capabilities of STM with regard to flexibility in samples that can be characterized and sensitivity
to different properties of samples under investigation. In the following sections we describe briefly a
few such techniques. In addition, a number of methods for performing highly localized electrical
measurements using scanning probe instrumentation, e.g. scanning capacitance microscopy and Kelvin
probe force microscopy, are described in Section 6, in connection with their application to dopant and
carrier profiling in ultrasubmicron Si device structures.

2.2.1. Atomic force microscopy

Atomic force microscopy [5], the first of STM’s numerous progeny, differs from STM in that
atomic and molecular forces, rather than a tunneling current, are detected and used to control the tip—
sample separation. AFM therefore allows non-conducting samples to be characterized; however, the
sensitivity to electronic structure inherent to STM is largely absent. In AFM, forces are detected by a
probe tip mounted on a flexible cantilever, as shown in Fig. 12. Forces acting between the sample and
probe tip cause the cantilever to deflect, with the size of the deflection being, to a good approximation,
directly proportional to the force. These deflections can be detected by several different techniques,
and the deflection signal used to modulate the tip-sample separation in a role analogous to that of the

tunneling current in STM. By maintaining a constant cantilever deflection while scanning, one can

obtain a profile of constant atomic or molecular force over the sample surface. Much of the technology
for AFM and other scanning probe microscopies, particularly the instrumentation for fine- and coarse-
scale positioning, was adapted from techniques developed and refined for STM. These have been
augmented by the development of techniques for fabricating suitable cantilevers and probe tips, and
of a variety of mechanisms for detecting cantilever deflections.

The nature and size of the forces exerted between sample and probe tip vary with tip-sample
separation. Intermolecular forces between the sample and tip can be modeled using the Lennard-Jones
potential [71], plotted in Fig. 13:

o= (2) -]

The inverse sixth-power term in Eq. (11) describes the attractive Van der Waals force, and the
inverse twelfth-power term is an empirical potential accounting for the core—core repulsive force that
dominates at small distances. In the contact mode of operation, the separation between sample and tip
is very small — comparable to or smaller than that in STM — and the dominant force is the core—core
repulsive force between atoms on the sample surface and those at the apex of the probe tip. Typical
forces in this regime are 10~°-10~2 N. Because of the small tip-sample separation and the strong
dependence of the core—core repulsive force on this separation, imaging of individual atoms can be
achieved on suitable surfaces.

l__j deflection sensor

7" ’Ideﬂection
~cantilever

é\probe 1ip
F

% RN sample

Fig. 12. Schematic diagram showing a sample, caatilever, probe tip, and tip deflection sensor used in atomic force microscopy.
Forces acting between the sample and probe tip cause the cantilever to deflect, with the size of the deflection being, to a good
approximation, proportional to the force.
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Fig. 13. The Lennard-Jones potential used to describe intermolecular forces between the sample and probe tip as a function

of separation z. At small distances, the core—core replusive force dominates, while the attractive Van der Waals force dominates
at larger distances.

In the non-contact mode of operation, the separation between sample and tip is larger, resulting
in the detection of the longer-range attractive Van der Waals force. The large tip—sample separation
generally results in reduced spatial resolution in the non-contact mode compared with that in the
contact mode of operation. However, it is possible to sense smaller forces and force gradients in the
non-contact mode — sensitivities of ~3X 107* N and ~ 1.5X 10~* N/m for forces and force gra-
dients, respectively, have been reported {72]. Furthermore, a wider range of forces is present and can
be detected in the non-contact mode — indeed, the development of techniques such as electric force
microscopy and magnetic force microscopy has entailed primarily the adaptation of AFM techniques
to the detection of electrostatic and magnetostatic forces, respectively.

Cantilevers used to detect these forces can be characterized by a force constant, &, and a resonant
frequency, f,. A small force constant — typically 10~2-10% N/m — is desirable for detection of small
forces, since the cantilever deflection is directly proportional to the force but inversely proportional to
the force constant. A high resonant frequency for the cantilever — generally greater than 10 kHz —
is required to avoid excitation of cantilever oscillation modes during scanning. To achieve both a small
spring constant and a high resonant frequency, the cantilever and tip must have very low mass — less
than 107° g to achieve k<1 N/m and f, > 10 kHz [24]. Typical cantilevers and tips may consist of
thin metal wires with the end bent over to form the probe tip, or structures microfabricated from silicon,
silicon dioxide or silicon nitride to form an integrated cantilever—tip structure.

Extremely small cantilever deflections can be detected by several techniques [28]. In a number
of systems, including the original atomic force microscope, deflection of the cantilever was detected
by a tunneling tip mounted behind the cantilever; in these designs, the tunneling current between the
tip and cantilever is extremely sensitive to changes in the cantilever deflection [ 5,73-78], and therefore
provides a very effective means of detecting extremely small deflections. However, problems such as
contamination of the cantilever or tunneling tip and the possibility of accidental contact between the
tunneling tip and the cantilever have led other deflection feedback mechanisms to be employed much
more widely. Additional methods for detecting cantilever deflections include the following: measure-
ment of the capacitance between a reference plate and the cantilever [79,80]; optical interferometry
[72,81,82]; detection of laser diode feedback with the cantilever acting as a reflector in an external
cavity [83]; phase modulation of a polarized laser beam reflected off the cantilever [ 84]; and deflection
of a laser beam reflected off the cantilever [ 85,86].

In the non-contact mode of operation, resonant enhancement techniques may be employed
to improve sensitivity to minute cantilever deflections. For example, a tip with resonant frequency
fo=1{(c/2m) \/E , where ¢ is a constant dependent on the cantilever and tip mass and k is the cantilever
spring constant, may be driven to oscillate at a frequency f. The amplitude A of the oscillation will
then be given by [72]
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In Eq. (12), A, is the oscillation amplitude on resonance and Q is the quality factor. In the presence
of a force F between sample and tip, the resonant frequency will shift to f'o= (¢/27)Vk—F', where
F' is the gradient of the force in the direction normal to the sample surface. If the tip is excited at a
frequency f+# f,, the shift in resonant frequency will induce a change in the oscillation amplitude, from
which the force gradient can be derived. Such techniques allow extremely small force gradients to be
detected.

(12)

2.2.2. Electric force microscopy

In electric force microscopy, the electrostatic force between a conducting probe tip and the sample
is detected. This force arises from the separation-dependent capacitance present between the tip and
sample when a voltage is applied. Direct measurements of the force are in good agreement with models
describing the tip—sample system as a simple capacitor [87,88]. Specifically, the force between the
sample and tip is given by

— 4 (1) _1,d4C
F=% (2CV )_2V ds (13
where Vis the voltage, s the tip-sample separation, and C the separation-dependent capacitance of the
sample and tip. If the tip and sample are assumed to form a parallel-plate capacitor of area A and
dielectric constant €, the force F and the force gradient ' are given by

1. A v?
P35 = ~3aC aw
and
2
1...2€A 1%
F’=§V2?3—=(a) c (15)

Martin et al. [87] have measured electric forces and force gradients as small as ~107'°N and
3X 107 % N/m, respectively, corresponding to estimated capacitances of 107'® F and 4 X 10™%°F.
Fig. 14 shows force measured as a function of tip—sample separation for a tungsten tip and a grounded
Si sample, along with theoretical values for the force calculated using the parallel-plate capacitor
model. Even this simple model provides a reasonably accurate description of the capacitive force,
particularly for lower bias voltages. A few representative applications of electric force microscopy
include the detection of variations in dielectric constant on a sample surface [ 87], detection of localized
charge deposited on insulating surfaces [ 88-90] with resolution sufficient to detect a single electronic
charge [91], and delineation of lateral dopant distributions in Si p-z junctions [92,93].

In addition to electric force microscopy as described above, a number of additional scanning
probe techniques exist based upon the detailed measurement, with extremely high spatial resolution,
of forces due to electrical interactions between a sample and the probe tip in the presence of applied
bias voltages. These techniques provide the capability to perform conventional electrical characteri-
zation measurements such as capacitance-voltage spectroscopy and Kelvin probe measurements with
spatial resolution at or near the nanometer scale. Such techniques open up numerous possibilities for
probing charge distributions and other electronic properties with extremely high lateral spatial reso-
lution and, by combining scanning probe instrumentation with techniques such as capacitance-voltage
spectroscopy, for probing electronic properties in the vertical direction as well. Several of these
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Fig. 14. Experimental and theoretical values for the electric force between a tungsten tip and a grounded Si sample as a
function of tip—sample separation. The experimentally measured electric force, indicated by the solid line, is in reasonable
agreement with the force calculated using a simple parallel-plate capacitor model, indicated by the dashed line from Ref.
[87].

techniques and their application to nanometer-scale dopant profiling in Si microelectronic devices are
described in detail in Section 6.

2.2.3. Magnetic force microscopy

In magnetic force microscopy, a ferromagnetic probe tip is mounted on the cantilever, allowing
magnetic forces between the sample and tip to be detected with extremely high spatial resolution
[94,95]. The force between a magnetic sample and tip can be understood by approximating the tip as
a magnetic dipole m in the presence of a magnetic field H created by the sample. The force on a
magnetic dipole m due to a magnetic field H is given (in cgs units) by

F=V(m-H) (16)

If we consider the interaction between two individual dipoles, one in the sample and the other in the
tip, the field H and force F become particularly simple. For two point dipoles m, and m, corresponding
to the tip and sample, respectively, the magnetic field due to m, and the force between the two dipoles
are given by [96]

(3t (m,-£) —m,)

H(r)="——" (17)
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The total magnetic force between sample and tip can be obtained by calculating the field H produced
by the entire sample and then calculating the force on the tip by integrating Eq. (16) over the magnetic
dipoles contained in the volume of the tip. An alternative approach is to integrate Eq. (18) over the
entire volumes of the tip and sample to obtain the total force between each dipole in the sample and
each in the tip. Using such approaches, simulations of magnetic force microscope images have been
obtained for constant force or constant force gradient contours, and such simulations using various
models for the tip geometry have been found to agree reasonably well with experimental images [96].
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Experimentally, magnetic imaging with a lateral spatial resolution of 50~100 nm can now be
achieved quite regularly [97,98], with resolution on the order of 10-25 nm having been reported
[99,100]. Magnetic force microscopy has been used to image a variety of magnetic materials and
devices, including a magnetic recording head [94], longitudinal magnetic recording media [101-
103], and materials for magneto-optical storage [104,105].

2.2.4. Near-field scanning optical microscopy

Another characterization technique based to a large degree upon instrumentation developed for
STM and other scanning probe microscopies is near-field scanning optical microscopy (NSOM), in
which the diffraction limit present in conventional optical microscopy is circumvented by either
illuminating or collecting light from a sample at a distance from the sample that is small compared
with the wavelength [106-113]. For near-field optical microscopy in the illumination mode (also
referred to as the transmission mode), radiation is incident on an aperture of diameter 4, as shown in
Fig. 15(a), where d is smaller than the wavelength A of the incident radiation. On the opposite side of
the aperture, the radiation within a distance ~d/r is collimated by the aperture; at greater distances
the collimation effect is reduced. A sample placed in this so-called ‘near-field’ or ‘proximity’ region
will be illuminated over an area corresponding approximately to the aperture opening. By scanning
the illuminated aperture over the sample surface and detecting radiation transmitted through or sub-
sequently emitted by the sample, scanning optical microscopy with resolution limited by the aperture
size, rather than by diffraction, can be performed. Conversely, detection through such an aperture of
radiation from a conventionally illuminated or self-luminous sample — the so-called collection mode,
shown in Fig. 15(b) — is also possible. The reflection mode, in which both illumination and detection
occur through the aperture as shown in Fig. 15(c), has also been demonstrated [114]. In this mode
of operation, however, the signal strength is, for obvious reasons, substantially reduced.

The combination of scanning probe technology with optical imaging and spectroscopy has allowed
optical properties of samples to be studied with spatial resolution of ~20 nm or better [115,116].
More recently, spatial resolution of ~3 nm has been demonstrated in near-field scanning optical
microscopy performed using the electric field scattered from the apex of a sharp Si tip as the illumination
source [117]. The ultimate spatial resolution of this approach was estimated to be on the order of
1-2 A, suggesting that near-field scanning optical microscopy with atomic resolution may be feasible.

3. HI-V semiconductor characterization

The development of epitaxial crystal growth techniques such as molecular-beam epitaxy (MBE),
combined with great flexibility in choice of materials, has allowed semiconductor heterostructure
device concepts to be explored extensively in III-V compound semiconductor material systems.
Advances in heterostructure materials and device technology have depended to a considerable degree
upon studies of, and consequently improvements in, crystal growth techniques and the resulting
structure of epitaxially grown layers. As material quality has improved and as device structures have
grown in sophistication, it has become increasingly apparent that an understanding of, and ultimately
control over, growth processes and epitaxial layer structure at the atomic scale will be needed for
realization and optimization of advanced semiconductor heterostructure and nanoscale devices. To
this end, III-V semiconductors have been studied extensively by STM in both the planar ((100) or
(111) surfaces) and cross-sectional ((110) surface) geometries.
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3.1. Characterization of epitaxial growth

Studies of (100) surfaces produced during epitaxial growth by techniques such as MBE are of
particular relevance to semiconductor technology. The first STM studies of MBE-grown surfaces,
performed by Pashley et al. [118], provided detailed information about the structure of the arsenic-
rich (2X4) and ¢(2X 8) reconstructions of the GaAs (100) surface. In these experiments, MBE-
grown samples were capped with a layer of As and transferred through air into an ultrahigh-vacuum
analytical chamber in which the As cap layer was removed by heating; surfaces protected in this
manner from contamination during transfer were then studied by STM. Low-energy electron diffraction
(LEED) studies of these GaAs (100) surfaces yielded a ¢(2X 8) pattern on the arsenic-rich surface,
confirming that the overall surface reconstruction was preserved during the As capping procedure. As
shown in Fig. 16, constant-current STM images revealed the formation of As dimers on the surface,
with the unit cell of the {2X4) reconstruction consisting of three As dimers combined with a single
dimer vacancy, corresponding to an As surface coverage of 75%. The dimers were found to form along
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Fig. 15. Schematic diagram of three possible modes of operation in near-field scanning optical microscopy: the illumination
(or transmission) mode, the collection mode, and the reflection mode. )

Fig. 16. STM image of the GaAs (100) (2X4) surface. The three As dimers (solid circles) and single difer vacancy (open
circles) indicated in the figure consitute the (2 X4) unit cell. Antiphase (AP) and in-phase (IP) missing—dimer boundaries,
leading to domains of ¢(2X8) and (2X4) respectively, are indicated on the image (from Ref. [118]).
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Fig. 17. Structure of the GaAs (100) arsenic-rich surface: (a) unreconstructed surface; {b) reconstructed surface showing
the (2 X 4) unit cell corresponding to the in-phase (IP) missing dimer boundary, and the ¢(2 X 8) unit cell corresponding to
the antiphase (AP) boundary (from Ref. [118]).

the [110] direction, with every fourth dimer in the [110] direction missing. This result confirmed
calculations by Chadi indicating that a unit cell consisting of three dimers and a dimer vacancy was
the most favorable energetically [119]. In addition, the ¢(2X8) reconstruction was found to arise
from a particular configuration of the missing dimer boundary between the three dimer blocks within
each (2X4) unit cell. As shown in Fig. 17, the so-called antiphase boundary leads to the ¢(2X8)
reconstruction, while the in-phase boundary yields the (2X4) reconstruction. At the nanometer scale,
both types of reconstruction were found to be present on a given surface, with domains as small as a
few unit cells.

While the As capping technique allows oxidation of the sample surface during transfer through
air to be prevented, it is necessary to consider the possibility that this procedure does not entirely
preserve the atomic-scale structure of the as-grown surface [ 120]. Several subsequent studies of MBE-
grown surfaces have been reported in which samples were tranferred from the MBE chamber into the
STM and subsequently imaged without exposure to air. Biegelsen et al. [120] performed atomically
resolved imaging of several reconstructions on the GaAs (100) surface, encompassing a wide range
of [As]/[Ga] relative surface concentrations. For (2X4)—c(2 X 8) surfaces prepared by cooling as-
grown samples to 500°C in an As flux followed by quenching, (2X4) cells consisting of three As
dimers and one missing As dimer were observed, consistent with the results reported for As capped
samples; surfaces annealed for longer periods or at higher temperatures contained (2X4) cells with
two neighboring As dimers and two dimer vacancies per unit cell. The basic conclusions reached from
imaging of surfaces protected by As capping regarding the structure of the GaAs (001) (2X4)-
c(2X 8) surface were confirmed in studies of surfaces transferred entirely under ultrahigh-vacuum
conditions; as might be expected, however, samples transferred under ultrahigh vacuum exhibited
considerably less roughened and disordered surfaces than those transferred using the As capping
technique [120].
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Pashley et al. have used a multichamber, combined MBE/STM system to study the effect of Si
doping [121,122] and vicinality [ 123] on the structure and local electronic properties of MBE-grown
GaAs (100) surfaces. For growth on vicinal surfaces, a substantial dependence of the monoatomic
step structure on the orientation of the step edge was observed: step edges running in the [110]
direction (parallel to the As dimer rows on the surface) were found to be quite smooth, while those
running in the [110] direction (perpendicular to the dimer rows) were very ragged. Such phenomena
have significant implications for efforts directed towards, for example, growth of serpentine superlattice
structures on vicinal surfaces. In studies of Si doping during MBE growth of GaAs (001), Si concen-
trations of greater than ~ 1 X 10'® cm ™2 were found to induce the formation of kinks in the As dimer
rows on the surface, with the density of kinks increasing with doped layer thickness until a saturation
density that increased with Si concentration was reached. The kinks were postulated to act as surface
acceptors which were occupied by electrons from the doped epitaxial layer, thus providing an expla-
nation for the increase in kink density with doped layer thickness, for pinning of the Fermi level near
the acceptor state energy, and for the saturation in kink density once the doped layer thickness reached
the depletion layer-width. These observations have significant implications for our understanding
of electronic structure on epitaxially grown surfaces, and for the formation of Schottky barriers,
particularly those involving unreactive metals, on such surfaces.

In addition to atomic-scale characterization of structure and electronic properties on epitaxially
grown surfaces, correlations observed between results of other characterization techniques such as
electron or X-ray diffraction, which typically probe much larger areas or volumes of the sample under
investigation, and direct, atomic-scale imaging by STM, can be particularly valuable. For example,
comparisons of STM images with reflection high-energy electron diffraction (RHEED) observations
have suggested that during the initial stages of growth, RHEED intensity oscillations are correlated
with periodic variations in step density; furthermore, the eventual decay of the RHEED oscillations
was found to arise from the development of a surface with a constant step density and stable surface
height variation, rather than from a continuous increase in surface roughness [124,125]. Such infor-
mation provides essential insights into not only the evolution of surfaces during epitaxial growth, but
also the interpretation of widely used diagnostic techniques such as RHEED.

Numerous studies of larger-scale structural phenomena such as roughening, island formation, and
terrace structure in MBE growth of GaAs (100) have also been reported. For example, anisotropic
island or terrace formation has been observed on both nominally flat [124,126,127] and vicinal
[123,127,128] GaAs (100) surfaces, with terraces elongated preferentially along the [ 110] direction.
Such observations can help elucidate growth mechanisms in MBE and, in addition, have significant
implications for interface formation in semiconductor heterostructures, as surface roughness during
epitaxial growth should contribute substantially to interface roughness in heterostructures. For lattice-
mismatched heteroepitaxial growth, such as that of InGaAs on GaAs (100) [129], or GaAs on
InP (100) or InAs (100) [130], roughening of the epitaxially grown surface, e.g. the development
of a ‘rippled’ surface morphology for InGaAs deposited on GaAs, and the transition from two-
dimensional growth to three-dimensional island growth, have been observed by STM.

Atomic force microscopy, in addition to STM, is finding increasingly widespread application to
the structural characterization of epitaxially grown semiconductor films and device structures. Because
AFM can be used to characterize insulating samples, useful structural information can be obtained
from AFM images of epitaxially grown semiconductor surfaces that have been exposed to air and
consequently undergone oxidation. However, spatial resolution is usually reduced in AFM performed
both in air and under ultrahigh-vacuum conditions compared with that attainable in ultrahigh vacuum
STM, and AFM does not provide information about the electronic structure of a sample. Nevertheless,
AFM performed in air has become, because of both its enormous utility and its relative ease of use
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compared with ultrahigh-vacuum STM, a very widely used, and in fact almost routine, tool for high-
resolution structural characterization of epitaxially grown semiconductor films.

For illustrative purposes we describe briefly some early, representative applications of AFM to
the study of large-scale surface structure during homoepitaxial growth of GaAs (100). In growth of
GaAs (100) at 600°C, Smith et al. [131] observed the formation of ridge stuctures along the [110]
direction, and attributed the observed ridge formation to the higher lateral growth rate in the [110]
direction. This interpretation was consistent with the observation of anisotropic island formation in
STM studies of GaAs (100) growth, However, post-growth annealing was found to yield considerably
flatter surfaces dominated by misorientation steps. Subsequent studies of GaAs (001) homoepitaxial
growth by Orme et al. [132] revealed the formation of mounds elongated along the [110] direction,
but only under growth conditions favoring island formation over step-flow growth. For growth at
higher temperatures yielding uniform step flow, island formation was not observed. Large-scale
features such as these were found to be consistent with results of STM studies of GaAs (100)
homoepitaxial growth, but would not have been as evident in studies focusing upon high-resolution
imaging of atomic-scale features on epitaxially grown surfaces.

3.2. Cross-sectional studies

Characterization of epitaxial layer structures by cross-sectional STM provides a powerful com-
plement to studies of MBE-grown surfaces. III-V semiconductors are in many ways ideally suited for
study by cross-sectional STM. Cleaving of (001) wafers can produce (110) cross-sectional surfaces
with atomically fiat planes extending over tens to hundreds of nanometers. To avoid contamination of
the cleaved surface, cleaving under ultrahigh-vacuum conditions is necessary. Furthermore, for atom-
ically flat (110) surfaces of most II-V materials [ 133,134] — GaP being a notable exception [135-
137] — the Fermi level at the surface is unpinned, and tunneling spectroscopy performed on the
surface can yield information about the electronic properties of the bulk material.

The first cross-sectional STM experiments in which actual epitaxial and device structures were
investigated were performed by Muralt et al. [138-140]. In these studies, scanning tunneling micros-
copy and potentiometry were used to probe potential distributions in a GaAs p-n junction and a GaAs/
Aly 40Gag ¢As double-heterojunction laser structure. Salemink et al. performed the first studies in
which a GaAs/Al,Ga,_,As heterojunction interface was resolved directly by scanning tunneling
spectroscopy [ 1411, and subsequently extended this work to obtain the first atomically resolved images
of GaAs/AlLGa, _,As heterostructures [142-145]. A number of groups have reported scanning tun-
neling microscopy studies, both in air and under ultrahigh-vacuum conditions, of GaAs p-n junctions
[146-148] and GaAs/Al, _,Ga,As [148-1511, In,_,GaAs/InP [152-157], In;_,Ga,As/GaAs
[158,1591, and InAs/Ga, _,In,Sb [160,164] heterostructures.

3.2.1. Electronically induced topographic contrast

In constant-current cross-sectional images of heterostructures, apparent ‘topographic’ contrast
between the different materials present in the heterostructure is typically observed, with corrugation
amplitudes ranging from less than 1 A to over 100 A. This contrast is generally ascribed to differences
in the electronic properties of the constituent materials, rather than to actual physical topography.
Factors such as differing energy band gaps, dopant and carrier concentrations, and electron affinities
can contribute to the apparent topographic contrast between materials in a heterostructure. In most
cases, however, the observed contrast is consistent with that expected on the basis of variations in
band-edge energy from one layer to the next.

To explain the electronically induced topographic contrast observed in such images, we note that
the tunneling current integral in Eq. (4) includes factors for the densities of states in the tip and sample
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Fig. 18. Current flow in cross-sectional scanning tunneling microscopy performed on an InAs/InAsSb heterostructure. For
negative bias voltage applied to the sample, the tip Fermi level, ES®, will be below the sample Fermi level, EZ™", and
tunneling of electrons will occur from filled (valence-band) states in the sample into empty states in the tip. The arrows
provide a schematic indication of the tunneling current arising from carriers in the sample at energies between the Fermi
levels in the sample and tip. Because the electronic structure changes from one layer of the heterostructure to the next, the
tunneling current measured for a fixed tip-sample separation varies accordingly. In constant current imaging, the tip-sample
separation is adjusted to yield a constant tunneling current, resulting in the observation of electronically induced topographic
contrast. :

and for the difference between the Fermi distribution function in the sample and that in the tip. At bias
voltages typically applied for tunneling in semiconductors, the main contribution to'the tunneling
current will therefore involve an integral of the sample density of states over the energy range between
the Fermi energies in the sample and tip. As shown in Fig. 18, this contribution to the tunneling current
will vary from layer to layer in a heterostructure because of the changes in electronic structure from
one material to the next. In constant-current imaging, these variations are manifested as changes in the
apparent topographic height of the surface as the tip-sample separation is adjusted to yield a constant
tunneling current at each point. In complex structures such as superlattices, in which the electronic
structure changes considerably from that in bulk material, these effects can become more complex,
but the basic principle remains valid.

Fig. 18 shows the band-edge energy structure and a cross-sectional STM image of an InAs/
InAsSb superlattice. As shown in the band-edge energy diagram, tunneling occurs over a greater range
of states in the InAsSb layers than in the InAs layers. Consequently, maintaining-a constant tunneling
current requires that the tip-sample separation be increased when the tip is located over the InAsSb
layers, leading to an apparent difference in topographic height. Furthermore, an additional periodic
structure is visible within each InAsSb layer. This contrast arises from the periodic compositional
structure within each InAsSb layer induced by the modulated MBE technique [165,166] employed
during the growth of the InAsSb layers in the superlattice. In this growth technique, the average Group
V composition in the InAsSb alloy layer is controlled by growing alternating layers of InAs and InSb
rather than a random alloy, resulting in the periodic structure evident in the cross-sectional STM image.
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The wide range of height differences from layer to layer reported by different investigators is
likely to be due, at least in part, to variations in tip and sample cleanliness. If excessive contamination
is present on the tip or sample, the apparent barrier height will be anomalously low and the change in
tip—sample separation required to maintain a constant tunneling current will be much larger than that
for an ideal vacuum barrier. Furthermore, different rates of oxidation in air for different materials in a
heterostructure can lead to actual physical topography that is correlated with composition. The latter
phenomenon has been observed in AFM studies of GaAs/AlGa;_,As heterostructures [167]. In
addition, STM studies of InGaAs/InP multiple quantum wells conducted in air revealed that large
(tens of angstroms or more) corrugation amplitudes were correlated with low apparent barrier heights
and with increases in ambient humidity [153].

3.2.2. Atomic-scale structure of alloy layers and heterojunction interfaces

It has been noted [145,168] that, because STM imaging is sensitive primarily to the one or two
uppermost layers on the surface, atomic-scale features in structure and electronic properties can be
resolved with considerably greater detail than in other techniques. High-resolution X-ray diffraction
can in some circumstances yield information about atomic-scale interface structure in superlattices
[169,170], but this information is inevitably averaged over many layers and also over a large area of
the sample. Transmission electron microscopy (TEM), particularly the chemical lattice imaging
technique [171-173], can provide information about atomic-scale interface structure, but averaging
that occurs through the thickness of the sample — typically on the order of 100 A — limits the
technique’s ability to resolve features such as atomic-scale interface roughness and fluctuations in
composition.

Atomically resolved imaging of cross-sectional surfaces, which thus far has been achieved only
for II-V semiconductors and under ultrahigh-vacuum conditions, is therefore a uniquely powerful
tool for exploring alloy layer and interfacial structure at the atomic scale. In studies of GaAs/
Al,Ga, _,As heterojunctions, Albrektsen et al. [145,174] were able to determine the locations of
heterojunction interfaces with a precision of + 1 unit cell, allowing monolayer steps at the interfaces
to be resolved. These studies yielded direct images of step bunching and consequent terrace formation
at interfaces for heterostructures grown on GaAs (001) substrates with a 2° miscut in the [110]
direction.

Cross-sectional STM has also revealed the presence of atomic-scale fluctuations in the compo-
sition of ternary III-V alloys. In studies of GaAs/Al,Ga; _ ,As heterojunctions, Albrektsen et al. [174]
observed nanometer-scale ‘mottling’ in constant-current images of the AL, Ga, _ ,As layers, indicative
of nonuniformity in the electronic structure of the alloy that was tentatively attributed to fluctuations
in composition. Detailed imaging of a GaAs/ Al 35Gag ssAs/GaAs structure by Salemink and Albrek-
tsen [175] revealed clustering of Al atoms in the ternary alloy with a typical length scale estimated to
be two to three unit cells (1015 A). Further studies by Johnson et al. {176] confirmed these obser-
vations of interface roughness and alloy fluctuations, and revealed Al-rich regions running along the
[112] and [112] directions (as observed on the (110) cross-sectional surface) — possible evidence
for preferential growth of Al-rich regions in the Al,Ga,_,As layers. Fig. 19 shows an atomically
resolved cross-sectional image of a GaAs/AlGa, _,As/GaAs heterostructure. The Al,Ga, _,As layer
is clearly lower topographically, on average, than the surrounding GaAs layers, consistent with the
valence-band-edge discontinuity at the heterojunction interface. Mottling in the Al,Ga; _,As layer is
also visible, reflecting local variations in the Al concentration within the ternary alloy layer. Salemink
and Albrektsen [177] have also observed atomic-scale fluctuations in quaternary alloy composition
in studies of InP/In, _,Ga,As P, _, heterojunctions.
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Fig. 19. Atomically resoived cross-sectional STM image of a GaAs/AlGaAs/GaAs heterostructure. Topographic line scans
along the rows indicated are shown below the image. The average topographic height within the AIGaAs layer is clearly
lower than in the surrounding GaAs, reflecting the change in electronic structure across the interface. Mottling in the AlGaAs
layer reflects local variations in Al concentration (from Ref. [176]).

Clustering of In and asymmetric interface broadening have also been observed by STM in cross-
sectional studies of GaAs/In,Ga, _,As heterostructures. Zheng et al. [ 158] found chainlike clusters
containing 2-3 In atoms aligned in the {001] direction in coherently strained Ing,Gag goAs layers
grown on GaAs (001) substrates. In addition, segregation of In on the growth surface was found to
produce asymmetric broadening at the GaAs/Ing ,0Gag goAs interfaces. For Ing,,Gag soAs grown on
GaAs, the interfaces were found to be 2—4 atomic layers wide; for the opposite growth sequence,
incorporation of excess In segregated on the growth surface was believed to be responsible for
producing interfaces extending over 5~10 atomic layers. In cross-sectional STM studies of InGaAs
quantum wells and InGaAs quantum wires embedded in (AlAs),(GaAs), superlattice barriers grown
on V-groove patterned GaAs (001) substrates performed by Pfisteretal. { 159], substantial segregation
of In from the InGaAs quantum well and incorporation of In into the subsequently grown
(AlAs),(GaAs), barrier was observed. However, no In clustering beyond that expected statistically
for a random alloy was detected, nor was evidence seen for preferential In incorporation at the center
of the quantum wire.

Mixed-anion material systems, in which the Group V as well as the Group III constituent changes
across a heterojunction interface, are particularly rich in possibilities for complex interfacial structure.
In these material systems, two distinct bond configurations — both of which correspond to a structurally
perfect heterojunction — can be present at each interface [178]. The InAs/AlSb heterojunction, for
example, can contain either InSb-like or AlAs-like bonds at the interface. Furthermore, it has been
demonstrated that interfacial composition can exert a considerable influence on electron transport and
optical properties [179] in InAs/AISb quantum wells and superlattices, and on the superlattice band
gap and background doping characteristics of InAs/Ga; _,In,Sb superlattices [ 180].

Cross-sectional STM studies of InAs/GaSb [ 160-162] and InAs/Ga, _In,Sb [163,164] super-
lattices have begun to provide insight into some of these issues. A cross-sectional constant-current
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Fig. 20. Cross-sectional STM image of an InAs/GaysIng,5Sb strained-layer superlattice. The bright and dark regions
correspond to the Gay;5Ing 25Sb and InAs layers, respectively. Features corresponding to individual atomic orbitals on the
Group V sublattice of the cleaved (110) surface are clearly visible, allowing phenomena such as atomic-scale interface
roughness and atomic cross-incorporation to be investigated.

image of an InAs/Ga, 5Ing 25Sb superlattice is shown in Fig. 20. Atomic-scale interface roughness is
clearly visible in the superlattice image. Feenstra et al. [ 160-162] have performed quantitative studies
of interface roughness in InAs/GaSb superlattices as a function of MBE growth conditions. Fourier
spectra computed for heterojunction interface profiles obtained from InAs/GaSb superlattices were
consistent with a Lorentzian spectral distribution expected to be characteristic of interfaces with random
step distributions. A significant dependence of interface structure on growth sequence was observed,
with InAs-on-GaSb interfaces being significantly rougher than those in which GaSb was grown on
InAs. This dependence of interface roughness on growth sequence was attributed to incorporation of
excess Sb from the GaSb growth surface into the subsequently grown InAs layer. Consistent with this
interpretation, growth by atomic layer epitaxy and growth at higher substrate temperatures (460°C vs
380°C) were found to yield significant reductions in interface roughness.

Lew et al. [ 181] have studied the dependence of interface roughness in InAs/Ga, _,In,Sb super-
lattices on orientation and growth sequence using cross-sectional STM. For growth on GaSb (001)
substrates, interfaces imaged in the (110) cross-sectional plane were found to be significantly rougher,
on average, than those imaged in the (110) plane. This observation is consistent with the formation
on the epitaxially grown surface of islands elongated preferentially along the [110] direction during
epitaxial growth, a phenomenon that has been widely observed in planar studies of III-V epitaxial
growth, as described in Section 3.1. In addition, a strong dependence of interface roughness on growth
sequence was observed. For imaging in both the (110) and the (110) cross-sectional planes, interfaces
in which Ga, _,In,Sb was grown on InAs were found to be significantly rougher than those in which
InAs was grown on Ga; _,In,Sb. Possible sources of the observed dependence of interface roughness
on growth sequence include preferential roughening — particularly at spatial wavelengths of ~20 A
or more — of the surface during growth of the InAs layer, or greater atomic cross-incorporation or
variation in local interface stoichiometry during growth of the Ga, ,In,Sb-on-InAs interface.

Studies of InAs/GaSb and InAs/Ga, _ In,Sb superlattices have also revealed clear evidence, in
both spectroscopy [ 160,1611 and imaging [163,164], of a dependence of interfacial electronic struc-
ture on interface growth sequence; such an asymmetry could arise from a number of sources. As
mentioned above, Feenstra et al. [160—162] attributed the asymmetry to incorporation of Sb riding on
the growth surface into InAs grown on GaSb. Lew et al. [163,164] have suggested that an additional
factor may be the asymmetry in superlattice electronic structure that can arise if different interfacial
bond configurations are formed for different growth sequences.

Atomic-scale cross-incorporation and variations in interface composition are also significant
issues for heterojunctions containing combinations of arsenide and phosphide compounds, e.g. InP/
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Fig. 21. Cross-sectional STM image of a sample in which growth of GaAs by gas source MBE was interrapted periodically
and the sample surface exposed to a pure P, flux. Topographic contrast indicated in the image reveals substantial incorporation
of phosphorus into the GaAs during the exposure to P,

In, _,Ga,As, InP/In; _,Ga,As P, _, and GaAs/In; _,Ga,P. Studies of an InP/ Ing ,5Gay 75As, 5Py s het-
erojunction by cross-sectional STM yielded direct images of atomic-scale fluctuations in Group V
composition in the quaternary alloy [ 177]. Recent studies of various arsenide/phosphide heterostruc-
tures by cross-sectional STM have revealed considerable dependence of atomic-scale interface and
alloy layer structure on growth conditions, with significant implications for the realization and optim-
ization of arsenide/phosphide heterostructure devices. In cross-sectional STM studies of In, _,Ga.As/
InP double-barrier resonant tunneling diodes grown by metalorganic MBE [155,156], a dependence
of both interface roughness and interface chemical composition on growth sequence was observed. As
in the studies by Feenstra et al. of InAs/GaSb superlattices [ 160-162], interface profiles were extracted
from constant-current images, and spatial frequency spectra were computed from these profiles. Fitting
of the resulting spectra to a Lorentzian spectral distribution function revealed that the interfaces in
which InP was grown on In,;..,Ga,As exhibited significantly shorter correlation lengths and larger
roughness amplitudes than the In, - Ga,As-on-InP interfaces. In addition, constant-current images of
the double-barrier regions revealed a growth-sequence-dependent asymmetry in the interfacial elec-
tronic structure which was believed to be a consequence of a difference in bonding types at the
In, _,Ga,As-on-InP and InP-on-In, _,Ga,As interfaces resulting from the growth procedures used.

Lew et al. [157,182] have demonstrated that considerable atomic cross-incorporation and inter-
facial grading can occur at arsenide/phosphide heterojunction interfaces, with diffusion during growth
interrupts being a significant contributing factor, particularly as the growth temperature is increased.
Fig. 21 shows a cross-sectional STM image of a structure in which growth of GaAs by gas source
MBE has been interrupted periodically and the surface exposed to a pure P, flux. The dark areas in the
image are indicative of phosphorus incorporation into the GaAs layers during the growth interrupts;
nanometer-scale lateral variations in phosphorus incorporation are clearly visible, and the shape of the
phosphide interlayers (generally ragged at the lower interface and smoother at the upper interface)
suggests that diffusion of phosphorus into the underlying GaAs is more significant than carryover of
phosphorus into GaAs grown after the interrupt. Studies of nominally identical structures grown at
different temperatures (450°C vs 550°C) have shown that phosphorus incorporation is dramatically
reduced by growth at lower substrate temperatures.

Fig. 22 shows a cross-sectional image of an In,_,Ga,As/InP heterostructure grown by low-
pressure metalorganic vapor phase epitaxy (MOVPE). The In,_,Ga,As and InP layers appear bright
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Fig. 22. Cross-sectional STM image of an (001) InGaAs/InP multiple quantum well structure. The direction of growth is
from right to left in the image. Growth-sequence-dependent interfacial asymmetry and substantial atomic cross-incorporation
are clearly visible.

and dark, respectively. The heterojunction interface structure is clearly dependent on growth sequence,
with the In,_ . Ga As-on-InP interfaces appearing to be fairly abrupt and the InP-on-In, _ Ga, As
interfaces exhibiting substantial interfacial grading. Arsenic incorporation into InP layers grown on
In,_,Ga As is believed to be a significant factor contributing to the contrast in the InP layer near the
InP-on-In, _,Ga,As interface. In addition, considerable inhomogeneity and a clear asymmetry in
electronic structure in the direction of growth are visible in the In, _,Ga,As layer. These features could
arise from intermixing of either Group III or Group V consituents; however, the reduced contrast near
the InP-on-In; _,Ga,As interface, combined with the observation of phosphorus diffusion into GaAs
during growth interrupts in gas source MBE [182], suggests that phosphorus diffusion into the
In,_,Ga,As layers during InP growth might contribute substantially to the observed asymmetry in
samples grown by MOVPE.

Nanometer-scale electronic properties of heterostructures can be probed by scanning tunneling
spectroscopy. Using this technique, Salemink et al. [141] were able to detect the two-dimensional
electron gas formed at a GaAs/Al,sGagsAs interface with spatial resolution approaching 1 nm. In
subsequent detailed spectroscopic measurements on GaAs/Al Ga; _,As heterojunctions [142,143], a
clear transition in the valence-band-edge energy, occurring over approximately 35-50 A in the growth
direction, was evident. The distance over which the transition from the GaAs to the Al,Ga;_,As
valence-band-edge energy occurred was taken to reflect the inherent width of the electronic transition
across the heterojunction interface. The observed shift in band-edge energy was quantitatively consis-
tent with the expected band offset for the heterojunction, provided that tip-induced electrostatic band
bending in the sample was taken into account.

Detailed, quantitative interpretation of spectroscopic measurements on unpinned (110) surfaces
of III-V semiconductors can be complicated considerably by tip-induced band-bending in the semi-
conductor, as described in Section 2.1.2. However, complications in quantitative data interpretation
arising from tip-induced band-bending can, to a limited extent, be circumvented by performing spec-
troscopic measurements on surfaces for which the Fermi level is pinned. Such an approach is viable
provided that the pinning does not completely obscure the electronic properties of the bulk material.
Gwo et al. [183] have explored this approach, performing imaging and spectroscopy on sulfide-
passivated cross-sectional surfaces of GaAs/ Al 5Ga,;As heterostructures. Their experiments sug-
gested that the pinning induced by sulfide passivation did not alter the shift in valence-band-edge
energy between the GaAs and Aly3Gag;As layers as measured by scanning tunneling spectroscopy,
and that spectroscopic measurements were in fact able to probe the bulklike electronic properties of
the sample. Pinnington et al. [ 148] have also used sulfur passivation of the cross-sectional surface to
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perform imaging and spectroscopy, in air, of GaAs/Al,Ga, _,As heterostructures and p-n junctions.
While these experiments demonstrate that sulfur passivation layers can facilitate certain types of
spectroscopic measurements on (110) surfaces of III-V semiconductors, the ability to probe atomic-
scale compositional structure and electronic properties is considerably reduced. Contrast between
alternating layers in a heterostructure can generally be observed, provided the layers are of sufficient
thickness. However, atomic-scale details in alloy-layer and interface structure are generally obscured.

3.2.3. Dopant distributions and individual dopant atoms

Characterization of dopant distributions and, indeed, of individual dopant atoms in IIT-V semi-
conductors has also been accomplished using cross-sectional STM. Muralt [ 138] performed the first
cross-sectional studies of GaAs p-n junctions, using potentiometry to probe the potential distribution
across a junction. Feenstra et al. [ 146] carried out the first detailed imaging and spectroscopic studies
of GaAs p-n junctions, observing electronically induced topographic contrast in which the p-type
regions appeared to be ~2 A lower than the n- type regions for a sample bias voltage of —2 V. Also
observed were unexpectedly large widths for the n-type layers compared with those expected from the
growth procedure, and correspondingly smaller widths for the p-type regions; this was interpreted as
evidence for diffusion of Si from the n-type layers into the surrounding p-type regions. Current—voltage
spectroscopy allowed the n-type, p-type, and depleted regions to be identified unambiguously, con-
firming the interpretation of contrast in the constant-current images. Images and spectroscopic meas-
urements consistent with these results were obtained in studies of GaAs p-n junctions by Gwo et al.
[147]. Measurements of tunneling conductivity have been used by Feenstra et al. [184,185] to
facilitate the study of p-n junctions on cross-sectional surfaces containing relatively high densities of
moncatomic steps. In constant-current imaging on these surfaces, the electronically induced topo-
graphic contrast between p-type and n-type regions is most likely diminished by partial pinning of the
Fermi level [184], and further obscured by actual topographic features on the stepped surface. Tun-
neling conductivity, however, was observed to vary with carrier type, allowing p-type, n-type, and
depleted regions to be distinguished. In measurements of tunneling conductivity, the distance over
which the transition in conductivity from the p-type to the n-type value occurred was found to be close
to the expected depletion layer-width for the junction, thereby providing a direct measure of the
depletion length and, consequently, the dopant concentration.

Pinnington et al. [148] and Tseng et al. [186] have performed imaging and spectroscopy on
GaAs p-n junctions in air, using sulfide passivation to prevent oxidation of the cross-sectional surface.
In both cases, electronically induced topographic contrast was observed between the n-type and p-type
regions, with the p-type regions appearing 4-8 A lower than the n-type regions for approximately
—4 V bias applied to the sample; this degree of topographic contrast is comparable to that observed
for sulfur-passivated GaAs p-n junctions studied by cross-sectional STM under ultrahigh-vacuum
conditions [ 183]. In addition, Tseng et al. [ 186] observed a discrepancy between the apparent widths
of the p-type and n-type regions in cross-sectional images and the layer-widths expected from the
growth procedure, with the n-type regions being substantiaily wider and the p-type regions narrower
than intended. This was attributed to a shift in the apparent position of the p-x junction arising from
tip-induced band bending effects, rather than diffusion of Si from the n-type material into the adjacent
p-type regions as postulated by Feenstra et al. [146]. However, Gwo et al. {147] observed that the
Fermi level on sulfur-passivated cross-sectional surfaces appeared to be pinned, which would tend to
minimize tip-induced band-bending effects. While further work is required to understand fully the
relative influence of actual sample structure and factors such as surface preparation, tip quality, and
tip-induced band bending, it is clear that cross-sectional imaging and spectroscopic measurements with
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Fig. 23. (aj Cross-sectional STM image of a Be-doped GaAs sample, obtained at a sample voltage of —2.1 V and a tunneling
current of 0.1 nA. Individual Be dopant atoms, labeled 1-9, appear as ‘hillocks’ in the image. (b) Topographic line scans
through individual hillocks in (a). (c) Distribution of areas under topographic line scans for each hillock. Larger areas
correspond to dopant atoms closer to the surface; it was éstimated that dopants up to five monolayers ( ~ 10 A) below the
surface produced visible features in the image (from Ref. [187]).
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the STM offer the possibility of performing dopant profiling with a spatial resolution approaching
1 nm, far better than the resolution achievable with more traditional characterization techniques.

In addition to nanometer-scale profiling of dopant distributions, cross-sectional STM has been
used to study the properties of individual dopant atoms, defects, and other atomic-scale structures in
GaAs. It has been demonstrated in high-resolution imaging of cleaved (110) surfaces of GaAs that
Be and Zn dopant atoms in GaAs up to four layers below the cross-sectional surface can be detected,
appearing as small hillocks in filled-state images of the cross-sectional surface; from the size and shape
of the features, dopants at the surface and one layer below the surface could be distinguished from
each other and from dopants farther below the surface [187,188]. The appearance of these hillocks
was consistent with that expected on the basis of theoretical modeling of the effect of a Coulomb
potential on the tunneling current. Fig. 23 shows a constant-current cross-sectional STM image of a
Be-doped GaAs sample. Individual dopant atoms, labeled 1-9, appear as ‘hillocks’ in the image; the
features labeled ‘a’ and ‘b’ were interpreted as As vacancies and adatoms, respectively. Detection of
dopants in this manner was used to obtain dopant profiles in modulation-doped and delta-doped GaAs/
AlGaAs epilayers [189]. Results consistent with these were reported by Zheng et al., who obtained
images of both Si donors [ 190] and Zn acceptors [ 191] in GaAs using cross-sectional STM.

In addition to dopants, features such as As antisite defects in GaAs [192] and As precipitates in
low-temperature-grown GaAs [193] have been studied by cross-sectional STM. Given the eminent
suitability of TII-V semiconductors for characterization by cross-sectional STM and the increasing
realization of the importance of atomic-scale material and device properties in heterostructure and
nanoscale device technology, it is likely that cross-sectional STM studies of epitaxial layers and device
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structures will play a significant role in the development and application of advanced semiconductor
heterostructures and nanostructures. Further development and effective utilization of this technique
will require effort in a number of areas. A detailed understanding of the relationship between measured
tunneling current (and, consequently, images and spectroscopic data) and the actual atomic-scale
structure of the sample is essential; theoretical simulations of tunneling experiments are likely to be
particularly useful. And systematic comparisons of cross-sectional STM studies with data from various
other characterization techniques such as transmission electron microscopy, X-ray diffraction, diag-
nostics such as RHEED performed during epitaxial growth, and optical and electrical measurements
on a wide range of actual device structures will aid in the interpretation of STM data and ensure that
high-resolution measurements performed on relatively small areas of a device do indeed provide
information representative of the entire device structure.

Finally, while the use of cross-sectional STM for characterization of III-V materials and devices
is likely to play an important role in the exploration and development of novel device concepts and
high performance devices based on heterostructures and nanostructures, the application of cross-
sectional STM to Si-based materials and device structures could profoundly increase its impact on
relatively near-term, state-of-the-art commercial semiconductor technology. Work directed toward
this goal is described in Sections 4.2 and 6.3.

3.3. Nanometer-scale optical characterization

Optical measurements such as photoluminescence can serve as highly sensitive probes of atomic-
to nanometer-scale properties of semiconductor heterostructures. For example, photoluminescence
measurements performed on quantum-well structures by Sakaki et al. [194] were able to provide
information about atomic-scale interface roughness and layer-width fluctuations in GaAs/Al,.Ga, _,As
heterostructures. However, such measurements inevitably average such atomic-scale properties over
much larger length scales, and provide only indirect, and typically incomplete, information about local
optical properties and their dependence on atomic-scale structural and electronic properties of materials
and devices. Scanning probe techniques have made possible the direct characterization of optical
properties at or near the nanometer scale.

Detection of luminescence induced by recombination of carriers injected during imaging in a
scanning tunneling microscope has allowed energy-band profiles and carrier transport characteristics
in GaAs/AlGaAs quantum wells to be probed at the nanometer scale [ 195-197]. In these experiments,
p-type GaAs/Al,Ga, _,As quantum well structures were cleaved in situ in an ultrahigh-vacuum scan-
ning tunneling microscope system. Light emission arising from recombination of electrons injected
during constant-current imaging with holes present in the p-type material was measured, allowing
luminescence properties to be probed with nanometer-scale spatial resolution. Higher luminescence
intensity was observed while tunneling into the GaAs layers compared with that observed when
injecting electrons into the Al,Ga, _ ,As layers, with the ratio of luminescence intensity in the different
layers increasing with increasing magnitude of the bias voltage. Luminescence contrast from GaAs
quantum wells as narrow as 20 A was observed. For tunneling of electrons into both GaAs and
Al,Ga, _,As layers, luminescence at photon energies corresponding to the GaAs band gap was
observed, suggesting that most of the injected electrons diffused to the GaAs quantum well layers
before recombining. Indeed, measurement of luminescence intensity as a function of lateral tip distance
from a GaAs quantum well was used to estimate the diffusion length in Al,Ga;_,As, and the value
obtained was found to be in reasonable agreement with previously reported values. Detailed exami-
nation of the dependence of luminescence intensity on bias voltage revealed that the onset of lumines-
cence occurred at bias voltages for which the tip Fermi level was just above the bulk conduction band
edge in the sample; this contributed to a substantial difference at low to moderate bias voltages between
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luminescence intensity for electron injection into GaAs and that for electron injection into Al,Ga, — ,As.
This difference was, as expected, consistent with contrast observed in luminescence imaging of the
GaAs/AlGa, _,As quantum well structures. A mapping of the threshold voltage for the onset of
luminescence as the STM tip was scanned across a GaAs/Al,Ga, _,As multiple quantum well structure
was found to correspond to the profile of the conduction band-edge energy in the barrier regions and
of the lowest confined-state energy in the quantum wells, with energy variations observable at the
nanometer scale.

Near-field scanning optical microscopy (NSOM), by providing the capability for highly localized
( ~20 nm to several um) illumination or light collection, has also made possible the identification of
specific luminescence characteristics associated with various atomic- to nanometer-scale features in a
heterostructure device. Grober et al. [ 198] have used near-field scanning optical microscopy to perform
low-temperature optical spectroscopy on a GaAs/Al,Ga, _ ,As quantum wire structure fabricated using
cleaved-edge overgrowth. The probe tip used in these studies was ~0.25 um in diameter, and meas-
urements were performed at 1.5 K. In NSOM measurements performed in the collection mode (sample
excited from the far field and luminescence collected locally through the fiber probe), luminescence
peaks corresponding to emission both from various quantum-well structures within the sample and
from quantum wires formed at the intersections of quantum wells grown on the (001) surface of the
wafer with quantum-well structures grown on the cleaved (110) surface were clearly identifiable.
Furthermore, specific luminescence peaks corresponding to the quantum-well and quantum-wire
structures were seen to arise from the locations of the respective structures within the sample.

Hess et al. [199] have used NSOM to perform low-temperature lJuminescence measurements on
GaAs/AlGa, _,As quantum wells. Measurements were made in the illumination mode (localized
photoexcitation of the sample through the fiber probe, with the resulting luminescence collected in the
far field). Spatially resolved luminescence spectra were obtained which revealed spectrally sharp
luminescence peaks arising from recombination of excitons localized by nanometer-scale fluctuations
in quantum-well width. Luminescence spectra arising from excitation at different locations varied
quite widely. However, averaging together a collection of spectra obtained over a large
(6.4 um X 6.4 um) grid yielded a close approximation to the measured conventional (i.e., far-field)
luminescence spectrum, thereby demonstrating that the far-field luminescence spectrum from a quan-
tum well is inhomogeneously broadened, consisting of the superposition of luminescence from discrete,
spectrally sharp luminescence sites within the well. Broadening in the spectral distribution of Jumi-
nescence peaks as the quantum-well width was decreased, combined with measurements of the mag-
netic-field dependence of the luminescence spectra, provided evidence that well thickness variations
(as opposed to individual impurities) were responsible for localizing excitons and thereby giving rise
to spatially varying luminescence properties.

Optical properties associated with individual defects in a semiconductor material or device
structure can also be detected using NSOM. For example, Hsu et al. [200] have used NSOM to detect
variations in photoresponse associated with individual threading dislocations in strain-relaxed Si; — ,Ge,
films grown on Si (001). Because threading dislocations act as recombination centers, the photores-
ponse is reduced in the vicinity of a dislocation, with the spatial extent of the region of reduced
photoresponse related to both the size of the optical excitation beam and the carrier diffusion length.
The combination of NSOM with a conventional photoresponse measurement allowed optical properties
associated with individual defects to be characterized with a spatial resolution of better than 100 nm,
an order-of-magnitude improvement over the spatial resolution attainable in conventional photo-
conductivity measurements.
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4. Group IV semiconductor characterization

The overwhelming importance of Si in microelectronics technology provides a powerful moti-
vation for applying scanning tunneling microscopy — in both the planar and cross-sectional geometries
— to the characterization of Si and Si-based materials. Extensive studies have been performed of
fundamental properties of various Si surfaces and of processes such as epitaxial growth, adsorption of
atoms and molecules, and etching on Si surfaces. Cross-sectional studies of epitaxial and device
structures have been more limited, largely because preparation of a cross-sectional surface suitable for
study by STM is much more difficult for Si than for I~V semiconductors. This difficulty stems from
the following: first, Si (001) wafers are more difficult to cleave than ITI-V wafers, although with some
care flat (110) cleaved surfaces can be obtained; and second, the as-cleaved (110) cross-sectional
surface has been found to be atomically disordered with its electronic structure dominated by dangling-
bond states [201]. Despite these complications, nanometer-scale cross-sectional characterization of
Si-based materials and devices has been achieved. Detailed atomic-scale studies of such structures
will, however, require the ability to prepare cross-sectional surfaces comparable in quahty to cleaved
(110) surfaces of III-V compounds.

4.1. Characterization of epitaxial growth

STM has been used to perform detailed investigations of epitaxial growth on Si (111) and
Si (001) surfaces by both solid-source evaporation [202-212] and chemical vapor deposition
[213,214]. In this section we review some studies of the initial stages of Siand Ge growth on Si (001),
the surface of greater technological importance. As shown in Fig. 24, atoms on the Si (001) surface
form dimers arranged in rows in a (2X 1) reconstruction; these rows run alternately in the [ 110] and
[110] directions on terraces separated by monoatomic steps. Long a subject of debate, the structure
of the Si (001) 2X 1 reconstructed surface was in fact not determined definitively until the advent of
atomically resolved STM imaging [12,215,216]. On clean Si (001) surfaces, step edges running
paraliel to dimer rows on the upper terrace of the step are found to be quite smooth, while those running

Si {001) unreconstructed Si (001) 2x1 reconstruction

@ top layer

O second layer

QO  third layer
Fig. 24. Schematic diagrams of the unreconstructed Si (001) surface, and of the Si (001) 23X 1 surface reconstruction. In

the 2 X 1 reconstruction, Si atoms on the (001) surface form dimer rows running alternately in the [110] and [110] directions
on successive terraces separated by monoatomic steps.
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perpendicular to the dimer rows are much rougher; these steps and the associated upper terraces have
been labeled Type A and Type B respectively [217]. Differences in accommodation coefficients for
arriving atoms and in step formation energies for Type A and Type B steps are believed to exert a
significant influence on epitaxial growth processes on Si (001) surfaces. At a growth temperature of
750 K, Hoeven et al. [206,207] observed that after deposition of 0.5 monolayers (ML) of Si the Type
B terraces expanded to cover the Type A terraces and terminated at the smooth Type A steps. STM
images of surfaces after deposition of 0.2 ML of Si suggested that differences in step formation energy,
rather than in diffusion coefficients for motion parallel or perpendicular to the dimer rows as proposed
by Stoyanov [218], were responsible for preferential growth at the ends of dimer rows forming the
Type B terraces.

‘Detailed studies of homoepitaxial growth on Si (001) surfaces at various substrate temperatures
have provided clear evidence of anisotropic growth and further information about its origins. Hamers
et al. [204,205] observed the formation of islands highly elongated along the dimer row direction, as
seen in Fig. 25; aspect ratios of up to 30:1 were observed for 0.1 ML Si deposited at 580 K, decreasing
to ~5:1 for deposition at 750 K. Deposition at higher temperatures also resulted in the formation of
larger islands, as expected because of the increased diffusion length. Similarly, Mo et al. [202,209]
observed anisotropic island formation, with aspect ratios up to 10-15:1, for submonolayer deposition
of Si on Si (001) at growth temperatures ranging from 300 K to 575 K. However, the island shape
anisotropy was observed to decrease upon annealing to approximately 2-3:1. These experiments were
interpreted as indicating that the large anisotropies observed during growth were a consequence of a
difference in the accommodation coefficient for atoms approaching the side of a dimer row compared
with that for atoms approaching the end of the row. Estimates of diffusion coefficients, based on island
density observed by STM combined with Monte Carlo calculations, suggested that diffusional anisot-
ropy plays a minor role in determining island shape. More detailed studies revealed that the diffusion
coefficient along a dimer row was in fact on the order of 1000 times larger than that in the orthogonal
direction [219]; however, this anisotropy in the diffusion coefficient was not thought to contribute
significantly to the island shape anisotropy. Finally, the reduction in island shape anisotropy upon

Fig. 25. STM image of a Si (001) surface foﬁowmg deposition of 0.1 monolayer Si at 580 K. Monolayer islands eiongated
along the dimer row direction for each terrace on the surface are clearly visible (from Ref. [205]).
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Fig. 26. STM images of Ge clusters formed during heteroep1tax1al growth on Si (001): (a) 8000 AX8000 A i image of a
large three-dimensional cluster approximately 250 A high surrounded by 20-50 A high hut clusters; (b) 1500 A X 1500 A
magnified view of hut clusters and one cormer of a large cluster (from Ref. [203]).

annealing suggested that island shape during growth was significantly different from the equilibrium
shape.

In addition to investigations of homoepitaxial growth on Si (001), studies have been performed
of heteroepitaxial growth of Ge on Si (001) [203,210,219,220]. Diffusional anisotropy and aniso-
tropic island shape very similar to those observed for growth of Si were observed for deposition of Ge
on Si (001). In addition, the transition between two-dimensional, strained-layer growth and three-
dimensional cluster growth was observed directly by STM. For deposition of 3 ML or less at temper-
atures of ~ 775 K, Ge growth was observed to be two-dimensional, albeit with a rough growth front
that became smoother upon annealing at ~ 875 K. Beyond 3 ML, large three-dimensional islands were
observed to form, in agreement with previous observations. In addition to these large islands, a large
number of much smaller *hut’-shaped clusters were observed. Fig. 26 shows a large three-dimensional
Ge cluster approx1mately 250 A high, surrounded by many smaller hut clusters of height ranging from
20 A to 50 A. All four facets of the hut clusters were found to be {105 } planes, with the principal axes
of the clusters forming in the (100} directions, i.e. at 45° to the dimer rows. Studies of growth on
miscut Si (001) substrates suggested that the hut clusters nucleate along {100 steps on the Si surface
[210]. Furthermore, these hut clusters were observed to form only at growth temperatures below
800 K, and were not observed on surfaces grown or annealed at 850 K. On the basis of these obser-
vations, Mo et al. [203,210,220] postulated that the barrier for formation of hut clusters is much
smaller than that for formation of the much larger three-dimensional islands, and that nucleation of
the former provides a relatively low-energy path for the initial formation of three-dimensional Ge
structures that eventually evolve into the much larger islands that are stable at equilibrium and are
therefore observed at higher growth temperatures.

AFM studies have revealed similar phenomena in the epitaxial growth of Si; _,Ge, films on
Si (001). In studies of Si;_,Ge, (x=0.22-0.26) growth on Si (001) by ultrahigh-vacuum vapor
phase epitaxy at 610°C, Pidduck et al. [221] observed the initial formation of islands and ridges in an
isotropic distribution, gradually evolving into islands and ridges oriented along the (100) directions
with sides sloped by ~ 9°-12°. Further growth resulted in the formation of a partially relaxed layer
with deep {(110) trenches and pyramidal pits with sidewalls sloped at angles of ~9°-16°. Lutz et al.
[222] performed detailed quantitative analyses of AFM images of strained Si, _,Ge, films grown by
ultrahigh-vacuum chemical vapor deposition; these studies confirmed the observations of Pidduck et
al. {221] and provided much more detailed information concerning the facet structure of Si, _,Ge,
strained film surfaces. For relatively thin films (film thickness ~ 20 nm for x=0.30), islands with
{105} facet sidewalls were observed; these structures were noted to correspond to the ‘hut’ structures
observed during growth of Ge on Si (001). For thicker films, deep pits with walls consisting of {518}
and {311} facets were observed.

Characterization by AFM of partially to fully strain- relaxed Si; _,Ge, films grown on Si (001)
has confirmed the presence of the well-known ‘cross-hatched’ pattern in surface morphology arising
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from the network of dislocations present in the strain-relaxed film {223-225]. For strain-relaxed
Si, _,Ge, films, the cross-hatch pattern is characterized by ridges and trenches running along the {110)
directions on the (001) surface of the film. For films grown at temperatures of ~550°C, the cross-
hatched surface topography appeared to be due to steps on the surface caused by individual dislocations
in the case of thin films [224], and by dislocation pile-ups in the case of thicker films or films annealed
at high temperature [224,225]. These conclusions were supported by studies showing a close corre-
lation between the detailed structure of the cross-hatched surface morphology as observed by AFM,
and TEM micrographs showing dislocations in the strain-relaxed films [224,225]. For strain-relaxed,
compositionally graded Si, _,Ge, films grown at higher temperatures ( ~ 900°C), evidence was found
suggesting that film surface morphology can also be influenced by local strain fields such as those
surrounding threading dislocations on the surface [223].

Growth of Si and Si, _,Ge, alloys by chemical vapor deposition (CVD) has become of increased
technological importance in microelectronics with the demonstration of high-performance Si/8i; _ ,Ge,
heterostructure devices grown by ultrahigh-vacuum CVD [226-228]. Several detailed investigations
by STM of atomic-scale processes relevant to CVD growth on Si (001) surfaces have been reported.
Studies by Lin et al. [214] revealed that, during CVD growth using disilane, features such as island
and step structure evolved in a manner very similar to that observed in solid-source Si MBE growth.
STM images of surfaces exposed to disilane at 350°C revealed anisotropic island formation, although
with a lower degree of anisotropy than that observed for Si MBE growth under similar conditions. .
This quantitative difference was attributed to the possibility of having a lower surface mobility under
CVD growth conditions due to the presence of hydrogen on the surface coming from SiHj dissociation.
As in Si MBE growth, increased island size but decreased anisotropy were observed as the growth
temperature was increased to ~420-450°C. Furthermore, terraces on the surface exhibited denuded
zones in the vicinity of Type B downsteps, consistent with a higher accommodation coefficient at the
end of a Si dimer row than along the side. Finally, at ~550°C, i.e. above the hydrogen desorption
temperature, multilayer growth was observed with a smooth growth surface, but also with an uneven

‘step distribution compared with that observed on the original surface. As described above, phenomena

similar to these were observed in STM studies of Si growth by solid-source evaporation.

STM has also provided insight into the atomic-scale mechanisms of growth by CVD. Boland has
used STM to study the chemistry of hydrogen, and its role in CVD growth using disilane precursors,
on the Si (001) (2X1) surface [213,229-231]. Fig. 27 shows STM images of a clean Si (001)

Fig. 27. STM images of (a) a clean Si (001) 21 surface and (b) a Si (001) surface following exposure to disilane.
Disilane exposure produces SiH; fragments on the Si (001) surface, which react with surface dangling bonds or decompose
to yield SiH, species. Also shown are STM images of the surface in (b) annealed for (¢) 10 s at 670 Kand (d) 5sat650 K.
In (c), dimer rows aligned along the [110] direction are visible, while in (d) some dimer rows along with unreacted disilane
fragments can be seen (from Ref. [213]).
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(2X1) surface and of a Si (001) surface following exposure to disilane. Exposure of a clean Si (001)
(2X1) surface, such as that shown in Fig. 27(a), to disilane at room temperature produces SiH; on
the surface which can react with dangling bonds to form SiH, fragments; the STM image in Fig. 27(b)
shows these species randomly distributed over the Si (001) surface following a saturation exposure
to disilane. Upon annealing, these fragments react to form a new epitaxial layer containing dimer rows
with monohydride termination running, as expected, orthogonal to rows on the layer below. Fig. 27(c)
shows the surface in Fig. 27(b) following a 10 s anneal at 670 K; 2 X 1 islands aligned along the [ 110]
direction are clearly visible. Annealing the surface in (b) for 5 s at 650 K yielded the surface shown
in (d), in which disilane fragments bonded to the Si surface, appearing as bright features on the
surface, are visible along with some dimer row islands. This shows directly the process of decompo-
sition of disilane to form dimers on the Si (001) surface. Further epitaxial growth was observed upon
exposure to disilane of a (2 X 1) monohydride-terminated Si (001) surface at 690 K, at which tem-
perature the monohydride termination is expected to be preserved. This observation suggested that
disilane is able to react directly with the passivated, monohydride-terminated surface, resultmg in
epitaxial growth of Si.

Detailed studies of Si (001) surfaces exposed to disilane at room temperature have made possible
the observation, at the atomic scale, of the adsorption of SiH;, followed by spontaneous dissociation
of these groups into SiH, and H on the Si (001) surface [232,233]. Thorough analysis of images
obtained at different bias voltages, combined with considerations of bond length, bond angle and
electron density, allowed specific chemical species such as H or SiH, bonded to the Si (001) surface,
pure silicon dimers, and monohydride dimers to be distinguished [232-234]. Annealing of these
surfaces at 500 K for 5 min resulted in the production of anisotropic islands similar to those observed
by Lin et al. [214] in studies of Si growth by CVD. These islands were found to consist of pure silicon
dimers, rather than monohydride-terminated dimers as observed by Lin et al.; differences in parameters
such as annealing temperature, however, make direct comparisons difficult. Wang et al. [235,236]
also studied the interaction of the Si (001) surface with phosphine (PH;), which is widely used for
n-type doping of Si during CVD growth. PH; was found to adsorb molecularly on the Si (001) surface
with fivefold coordination for the P atom; also observed was ejection of Si atoms from the substrate
(mostly from existing defect sites) to yield vacancies and Si adatoms. Upon annealing at 950 K, large
Si islands were found to form at the surface, originating most likely from ejection of Si atoms displaced
by P incorporated in the bulk.

Studies such as these of atomic-scale surface morphology and growth processes provide infor-
mation essential for atomic-scale control of structure, dopant distribution, and composition in semi-
conductor devices, particularly at heterojunction interfaces. Control over structure and composition at
or near the atomic scale is becoming increasingly important for the realization of advanced hetero-
structures and nanostructures, and is essential for optimizing performance in a wide range of hetero-
structure devices.

4.2. Cross-sectional studies

Cross-sectional studies are a natural complement to investigations of epitaxial growth. As is the
case for ITI-V semiconductors, detailed cross-sectional imaging and spectroscopy of Si-based materials
and device structures ideally requires the production of an atomically flat, electronically unpinned
surface. As mentioned earlier, however, cleaving of Si (001) wafers to obtain atomically flat (110)
cross-sectional surfaces is highly problematic. Furthermore, the as-cleaved Si (110) surface tends to
be disordered, and the Si {110) surface can exhibit a highly complex surface reconstruction. Never-
theless, Johnson and Halbout [237] have shown that an ex situ cleave of a Si (001) wafer followed
by immersion in dilute HF is able to yield a (110) cross-sectional surface that is nearly atomically flat
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and is electronically unpinned. Using this sample preparation procedure, Yu et al. have performed
electronic profiling of epitaxially grown Si p-n junctions [238], imaging and spectroscopy of Si/
Si; _,Ge, superlattices [239], and two-dimensional electronic profiling of Si MOSFET structures
[240]. Spatially resolved spectroscopic measurements obtained on cross-sections of p-n junctions
grown by MBE revealed systematic variations in current—voltage spectra as the junction region was
traversed; an analysis of these variations allowed the potential distribution in the junctions to be
mapped out with spatial resolution on the order of 10 nm. In addition, changes in the potential
distribution across the p-n junction occurring as a reverse-bias voltage was applied across the junction
could be detected using potentiometric techniques. Similar spectroscopic techniques have been applied
by Yu et al. [240] to obtain two-dimensional profiles of carrier type in Si MOSFET structures with
spatial resolution on the order of 10 nm. These studies are described in Section 6.

Cross-sectional STM imaging of Si-based heterostructures has yielded results qualitatively similar
to those obtained in studies of III-V heterostructures, but with reduced spatial resolution and sensitivity
to local electronic structure because of the lower quality of the Si (110) cross-sectional surface.
Electronically induced contrast between Si and Si; _ ,Ge, layers similar to that seen in studies of III-
V heterostructures has been observed in constant-current cross-sectional images obtained under ultra-
high-vacuum conditions of Si/Si; _,Ge, superlattices [239] cleaved and passivated ex sifu, and in
images of passivated Si/Ge multilayers obtained in air [241]. Fig. 28 shows a cross-sectional STM
image of a Si/Siy76Geg 24 (001) strained-layer superlattice. The cross-sectional surface was obtained
using an ex situ cleave followed by immersion in a dilute HF solution as described above. The
Siy76Geo.24 layers appear as bright vertical stripes in the image; three Si, ;6Geg 24 layers can be seen,
with the underlying Si buffer layer visible in the left part of the image. Several monoatomic steps on
the cleaved surface, running from the lower left to the upper right in the image, can also be seen. The
presence of actual surface roughness reduces the visibility in the grey-scale image of the electronically
induced contrast between different materials in the superlattice, although the Si and Sig ;6Geg 24 12yers
can still be distinguished.
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Fig. 28. (a) Cross-sectional STM image of a 260 A S1/75 A Siy»6Geg 24 strained-layer superlattice, near the interface between
the superlattice and the underlying Si buffer layer. The bright regions correspond to the Sig7¢Geq 24 layers, and the dark to
Si. Monolayer roughness of the surface is also visible in the image. (b) Line scan across the superlattice; the Siy 76Geoas
layers appear as peaks in the topography (from Ref. [239]).
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Fig. 29. Cross-sectional STM image of a Si/Sig7¢Gep 24 strained-layer superlattice at (a) negative sample bias voltage and
(b) positive sample bias voltage. Below each image are single topographic line scans traversing the superlattice layers shown
in each image.

Fig. 29 shows more detailed images of the Si/Si, ;6Ge, o4 superlattice at both positive and negative
sample bias. The characteristic shape of the superlattice corrugation is clearly different for images
obtained at positive and negative sample bias, as shown in the figure, confirming that the contrast is
indeed electronically induced [242]. Also visible in the figure is monolayer-level roughness of the
cross-sectional surface induced by the cleaving and HF etching procedure. Such roughness is likely to
induce partial pinning of the surface. However, the degree of pinning present apparently is not sufficient
to completely obscure the electronic properties of the bulk material, as evidenced by the spectroscopic
studies of p-» junctions described in Refs. [238] and [240]. Indeed, current—voltage spectra obtained
for sequences of points traversing multiple periods of the Si/Si; _,Ge, superlattice appeared to reflect
nanometer-scale spatial variations in the electronic structure of the superlattice [239].

Alternative methods for obtaining high-quality Si (110) cross-sectional surfaces have also been
explored. Lutz et al. [201] have performed detailed studies of (110) surfaces cleaved and hydrogen-
passivated under ultrahigh-vacuum conditions, and compared measurements from these surfaces to
those obtained from samples cleaved ex sifzu and hydrogen-passivated by dipping in HF. Imaging and
spectroscopy of (110) surfaces obtained by in situ cleaving revealed that the as-cleaved surface is
disordered, with dangling-bond states in the band gap; substantial variations in local electronic structure
were evident from spectroscopic measurements performed on as-cleaved surfaces. Upon exposure to
atomic hydrogen, mostly passivated (110) surfaces were obtained, although completely homogeneous
passivation of the entire surface was not observed. Spectroscopic measurements on epitaxial p-type
and n-type Si layers indicated that surfaces prepared in this manner were partially pinned; however,
p-type and n-type material could clearly be distinguished. Compared with the ex sifu cleave and HF
passivation, the in sifu approach yielded somewhat less homogeneous passivation but offered the
possibility of reduced contamination and consequently more stable tunneling characteristics.

A comparison of images and spectroscopy obtained from (110) cross-sectional surfaces of Group
IV and ITI-V semiconductor heterostructures makes evident the importance of surface quality in cross-
sectional scanning tunneling microscopy. The atomically fiat, electronically unpinned (110) surfaces
obtainable by in situ cleaving for III-V semiconductors allow structure and electronic properties to be
probed with atomic resolution, as described in Section 3. For Group IV semiconductors, resolution
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and sensitivity to bulk electronic properties are limited to the nanometer scale by roughness, contam-
ination, or inhomogeneous passivation on the {110) cross-sectional surface.

5. BEEM characterization of buried interfaces

As semiconductor devices shrink in size, nanometer-scale variations in the properties of metal—
semiconductor contacts will exert an increasing influence on the properties of individual devices and
on uniformity across large numbers of devices. The detailed, atomic-scale structure of both semicon-
ductor—semiconductor and metal-semiconductor interfaces can exert a profound influence on elec-
tronic properties such as band offsets and Schottky barrier heights at these interfaces via the formation
of localized states and dipole layers at the interface. Nanometer-scale variations in composition and
structure at interfaces could therefore produce corresponding variations in the electronic properties of
the interface. In addition, the discreteness of dopants and other impurities can lead to significant
fluctuations in electronic properties at the nanometer scale. A detailed understanding of the origin and
nature of such variations will be crucial for reliable fabrication of nanoscale device structures.

5.1. Metal-semiconductor contacts

Ballistic electron emission microscopy (BEEM) allows the electronic properties of metal-sem-
iconductor contacts to be probed with nanometer-scale resolution. As discussed in detail in Sec-
tion 2.1.5, BEEM requires a three-terminal configuration, shown schematically in Fig. 30, with
contacts to the tip, base and collector layers. A bias voltage is applied between the tip and the base,
and the total tunneling current J, measured in the tip may be used to control the tip—sample separation
and also to perform constant-current imaging, as is done in conventional STM. Measurement of the
collector current I, which arises from electrons transported ballistically through the metal layer and
across the metal-semiconductor interface, allows the electronic properties of the buried interface to
be probed. Specifically, a large increase is observed in I, when the applied bias voltage exceeds the
barrier voltage. ,

In the earliest BEEM experiments, Kaiser and Bell used BEEM to investigate the properties of
Au/Si and Au/GaAs Schottky barrier contacts [64,65]. Thin films ( ~ 100 Ain thickness) of Au
were evaporated on chemically etched Si (001) and GaAs (001) wafers. Because the electron atten-
uation length in the metal layer is expected to be greater than 100 A, electrons with injection energies
greater than the Schottky barrier height should be transported ballistically across the metal-semicon-
ductor interface. The detailed dependence of the collector current I, on bias voltage V can be used to
determine the local Schottky barrier height V,, and variations in J, can, under appropriate conditions,
be used to probe local fluctuations in the electronic structure of the metal-semiconductor interface.
However, it is necessary to remain cognizant at all times of the potential influence of the metal surface
morphology, in addition to the Schottky barrier height, on I..

tip base collector
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Fig. 30. Schematic energy-band-edge diagram for BEEM measurements performed on a metal-semiconductor junction. The
metal film acts as the base layer and the semiconductor as the collector. The metal-semiconductor Schottky barrier height is
Vs, and a bias voltage V is applied between the tip and base.
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Fig. 31. Constant current STM images of Au deposited on #-Si {100) (upper left) and of Au deposited on n-GaAs (100)
(upper right), and BEEM current images of the same structures (lower left and lower right respectively). For the Au/a-Si
structure, the image area is 510 Ax310 A, the surface height range for the STM image is 80 zf, and the RMS variation in
the BEEM current is 0.7 pA. For the Au/n-GaAs structure, the image area is 510 A X390 A, the surface height rangeis 63 A,
and the BEEM current I, ranges from 0.1 pA (black) to 14 pA (white) (from Ref. [66]).

BEEM measurements performed by Kaiser and Bell on Au/Si (001) and Au/GaAs (001) junc-
tions revealed significant differences in the spatial variation of the collector current measured at fixed
bias voltage and fixed tunneling current for the two material systems. Fig. 31 shows topographic and
BEEM current images of Au/nr-Si (100) and Au/n-GaAs (100) structures. For the Au/#n-Siinterface,
little spatial variation in the BEEM current I, was observed, suggesting that the electronic properties
of the interface were quite homogeneous even at the nanometer scale. In contrast, BEEM images of
the Au/n-GaAs interface revealed large spatial variations in I, at length scales as small as ~ 20 A,
with no direct correlation observed between these variations and features in the surface topography
measured simultaneously. It was suggested that these variations may arise because of dissociation of
GaAs at the Au/GaAs interface, which can lead to diffusion of Ga to the Au surface and formation of
As islands at the interface [243].

Substantial variations in the local, nanometer-scale electronic properties of metal-semiconductor
interfaces have also been observed in other material systems. BEEM studies of the Au/#-CdTe interface
by Fowell et al. [244,245] revealed considerable nanometer-scale spatial variation in Schottky barrier
height, which ranged from ~0.7 eV to 1.1 eV over a 200 A X400 A area. Areas of low barrier height
were thought to arise from small regions of excess Te at the Au/CdTe interface; such regions could
explain large variations in Au/n-CdTe Schottky barrier heights obtained from /-V measurements
performed on large-area diodes, in which the current could be dominated by small patches with low
barrier heights. In contrast, studies by Fowell et al. [245] of Schottky barriers formed by evaporation
under ultrahigh-vacuum conditions of Au on clean, MBE-grown GaAs indicated that the Au/n-GaAs
barrier height was highly uniform on the nanometer scale, with a barrier height measured by BEEM
0f0.82 £+ 0.05 eV. However, it was also observed that BEEM measurements on the Au/n-GaAs samples
degraded over a period of several days, suggesting that the detailed structure and composition of, and
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the possible presence of contaminating species at, the metal-semiconductor interface can exert a
substantial influence on the electronic behavior of the Schottky barrier structure.

It is essential to note that variations in BEEM current measured across a metal-semiconductor
interface are not necessarily correlated directly with variations in the electronic structure of the
interface. BEEM studies performed under ultrahigh-vacuum conditions of interfaces formed by evap-
oration of various metals on #n-GaP (110) have shown that variations in BEEM current can be observed
even across interfaces for which the barrier heights measured by BEEM are highly uniform; these
variations were observed to be related to gradients in the surface topography, rather than variations in
Schottky barrier height [67,68]. Such a dependence of BEEM current on surface topography was
explained by noting that the wave vector of an electron tunneling into a sloped surface will have a
smaller component normal to the metal-semiconductor interface than that of an electron injected with
the same total energy over a flat area. Since the probability of ballistic transmission across the Schottky
barrier depends most strongly on the normal, or ‘forward’, component of the wave vector, the BEEM
currents from areas with sloped surfaces would be lower than those measured over areas with flat
surfaces, even in the absence of local variations in the Schottky barrier height or other electronic
properties of the metal-semiconductor interface.

Spatially resolved measurement of the local Schottky barrier height using BEEM should provide
a more direct probe of variations in the electronic structure of metal-semiconductor interfaces. Nan-
ometer-scale, statistically significant lateral variations in Schottky barrier height have been measured
by Talin et al. [246,247] for Au/n-GaAs and Au/PtSi/»n-Si (100) diode structures. The total range
of these variations was found to be ~0.1 eV in both cases, and no correlation was detected between
variations in Schottky barrier height measured by BEEM and roughness of the sample surface as
determined by cross-sectional transmission electron microscopy and by constant-current STM imaging
of the surfaces on which BEEM measurements were performed. Detailed measurements of local
electronic properties such as Schottky barrier heights using BEEM, and comparison of these results
with variations that would be expected to arise from factors such as the presence of dopant atoms near
the metal-semiconductor interface, variations in semiconductor alloy composition, or impurities at the
interface, should provide valuable insights into the nature and origins of local variations in electronic
properties at metal-semiconductor interfaces.

5.2. Semiconductor heterojunction interfaces

BEEM has also been used to probe the electronic structure of semiconductor heterojunction
interfaces. In BEEM studies of n-type, strain-relaxed InAs/GaAs heterojunctions, a conduction-band
offset of ~0.72 eV was measured, corresponding to a valence-band offset of ~0.35eV [248,249].
The conduction-band offset in these experiments was determined from a measurement of the overall
barrier height ¢, for ballistic transport across an Au/InAs/GaAs structure. As shown in Fig. 32(a),
the conduction-band offset may be obtained by adding to this barrier height the Fermi energy relative
to the InAs conduction-band edge at the Au/InAs interface (A ) and the energy shift due to electrostatic
band bending at the InAs/GaAs interface (). The quantities A and 3 were obtained theoretically by
a numerical simulation of Poisson’s equation in which the conduction-band offset was varied until the
overall barrier height ¢, in the simulation matched the experimentally measured value. Considerable
lateral variation was observed in BEEM current measured at different locations across the device
structures, with some correlation between the BEEM current and surface topography being observed;
barrier heights, however, varied by only ~0.05-0.06 €V or less, which is within the experimental
error of the measurement.

- Determination of band offsets for the InAs/GaAs material system, and comparisons among
experiments and between theory and experiment, are complicated by the large lattice mismatch ( ~ 7%)
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Fig. 32. Energy-band diagrams for structures used in BEEM measurements of conduction-band offsets for (a) InAs/GaAs
and (b) GaAs/AlGa, _,As heterojunctions. For the InAs/GaAs heterojunction, the barrier height ¢, was measured, with
calculated values for A and 3 added to ¢, to obtain the conduction-band offset. For the GaAs/Al,Ga, _,As heterojunction,
the conduction-band offset is obtained by measuring ¢,, for the specific composition x>0 and subtracting the barrier height
measured for x=0; the 8-doped layer is inserted to eliminate electrostatic band bending near the GaAs/Al,Ga, _,As single-
barrier structure.

between InAs and GaAs. X-ray photoelectron spectroscopy has been used to measure the valence-
band offset for a coherently strained InAs/GaAs heterojunction, yielding a value AE, =0.17 +0.07 eV
[250]. Theoretical models for band offsets have generally yielded small values for the InAs/GaAs
valence-band offset: the interface dipole theory of Tersoff [251] yields AE, =0 eV, the model solid
theory of Van de Walle and Martin [252,253] yields AE, ,,~0.17 eV, and the dielectric midgap
energy model of Cardona and Christensen [254] yields AE, ,,=0.18 eV, where AE, ., is the discon-
tinuity in the average energy of the heavy-hole, light-hole and split-off valence bands. These values
are all somewhat lower than that measured by BEEM. In the structures characterized using BEEM,
however, the InAs layers were 100 A thick, and therefore were expected to have undergone strain
relaxation. The likely presence of misfit dislocations in the structure and the uncertainty in the strain
configuration at the InAs/GaAs interface make comparisons of this measurement with theory or other
experimental results somewhat difficult.

A slightly different approach has been employed by O’Shea et al. [255] to measure conduction-
band offsets in single-barrier Al,Ga, _,As/GaAs heterostructures using BEEM. In these experiments,
heterostructure samples were designed and grown in which band bending at the heterojunction interface
was minimized by the incorporation of a delta-doped layer below an undoped GaAs/Al,Ga,_,As
single-barrier structure, as shown in Fig. 32(b). For BEEM performed on such a single-barrier struc-
ture, the total barrier height measured by BEEM was found to correspond to the combined heights of
the GaAs Schottky barrier and the GaAs/Al,Ga, . As heterostructure barrier. The total barrier height
for ballistic transport over the single-barrier structure was measured by BEEM for a range of
Al,Ga, _,As compositions, and the conduction-band offset was then determined by comparison of
barrier heights for structures having Al,Ga,_,As compositions x>0 with the barrier height for a
structure with x=10. Using this technique, band offsets in good agreement with accepted values [256]
were obtained.

The work discussed in these sections has demonstrated that BEEM offers the ability to investigate
electronic properties of buried metal-semiconductor and semiconductor-semiconductor interfaces
with spatial resolution at or near the nanometer scale. An understanding of, and control over, structure
and electronic properties at these length scales is becoming of increasing importance for successful
fabrication of advanced heterostructure and nanoscale devices. By providing information about lateral
spatial variations in the electronic structure of buried interfaces, BEEM should be a valuable comple-
ment to techniques such as cross-sectional scanning tunneling microscopy, which provides direct
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information about structure and electronic properties of interfaces and alloy layers with spatial reso-
lution on the atomic scale, but only within the (110) or (110) cross-sectional planes. Among the areas
in which further progress should particularly enhance the effectiveness of BEEM for nanometer-scale
characterization of buried interfaces are the following: development of a more detailed understanding
of the effect of surface morphology on the BEEM current — as shown in the studies of Prietsch and
Ludeke [67,68], BEEM currents can be highly influenced by structural features on the sample surface;
investigation of correlations of the structure and composition at an interface, determined by scanning
probe or other techniques, with the electronic characteristics of the interface as determined by BEEM;
and more detailed theoretical modeling of ballistic transport processes in BEEM, particularly if complex
interfacial structure exists or for samples in which transport occurs through several layers of a hetero-
structure device.

6. Nanometer-scale characterization of advanced silicon devices

As feature sizes in advanced Si microelectronic devices such as metal-oxide-silicon field-effect
transistors (MOSFETSs) enter the ultrasubmicron, and eventually the nanometer-scale, size regime,
the ability to characterize and ultimately to control fabrication processes and the resulting structure of
a device with nanometer-scale spatial resolution has become essential. Indeed, successful fabrication
of ultrasubmicron Si MOSFETs with gate lengths approaching 0.1 um and below will require the
ability to characterize dopant and carrier profiles in the source and drain junction regions of a MOSFET
with vertical and lateral resolution approaching 10 nm or better. Nanometer-scale characterization of
and control over the source and drain junction profiles in ultrasubmicron MOSFET structures are
especially critical for low-voltage, low-power applications that are becoming of central importance in
microelectronics. However, such information can be extremely difficult to obtain using traditional
characterization techniques such as spreading resistance profiling and secondary ion mass spectrometry
(SIMS); the vertical resolution required for effective junction profiling is approaching the limits of
these techniques, and the lateral resolution that can be achieved is far from adequate for this application.

A number of particularly promising approaches to this problem based on various scanning probe
microscopies have begun to be explored. Recent-work, described in Sections 6.1-6.3, has demonstrated
the power of scanning tunneling microscopy, and spectroscopy in both the planar and the cross-
sectional geometries to delineate the electronic structure of epitaxially grown Si p-n junctions and of
Si MOSFETSs with extremely high spatial resolution. Related techniques such as scanning capacitance
microscopy, scanning resistance microscopy, and Kelvin probe force microscopy have also been used
for extensive high-resolution characterization of Si p-n junctions; these studies are discussed in Sec-
tion 6.4. As feature sizes in state-of-the-art commercial microelectronic devices such as Si MOSFETSs
continue to shrink, scanning probe techniques will assume increased importance for performing the
nanometer-scale electronic and structural characterization of device structures and fabrication proc-
esses that will be essential for reliable, reproducible, and uniform fabrication of large-scale circuits
based on ultrasubmicron devices.

6.1. Planar characterization of Si p-n junctions

In an early study of Si p-n junctions using STM, Hosaka et al. [257] performed scanning tunneling
microscopy and spectroscopy on the (001) surface of Si p-n junctions fabricated by implantation of
As™ ions into a p-type Si (001) wafer, as illustrated schematically in Fig. 33(a). Implantation was
performed using photoresist pattern masking through an 18 nm SiO, layer which was etched away in
HF and H,O prior to tunneling. The resulting (001) surface was found to be optically flat, facilitating
subsequent tunneling measurements, which were performed under high vacuum conditions
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Fig. 33. (a) Planar sample and tip geometry for delineation of Si p—n junctions fabricated by ion implantation, Tunneling
measurements are performed on the Si (001) surface, allowing information to be obtained about lateral junction profiles, but
not about junction depth. {b) Cross-sectional sample and tip geometry for Si p—» junction delineation. Tunneling measure-
ments are performed on the cleaved Si (110) surface, allowing information about both lateral and vertical junction profiles
to be obtained.

(2X 10 ® torr) to prevent oxidation of the Si surface. Samples were inserted into the vacuum system
immediately following removal of the oxide, allowing the hydrogen-passivated, unpinned surface to
be preserved during the entire course of the experiment. Constant-current STM images of the implanted
samples revealed corrugations between 5 nm and 20 nm in height, with elevated regions appearing
near the junctions for images obtained with negative bias voltage applied to the sample. The p-type
and n-type regions in the sample were identified using current imaging tunneling spectroscopy (CITS),
an imaging technique described in Section 2.1.2. Differences in the current voltage spectra from p-
type and n-type regions were very apparent, and current images constructed from tunneling currents
measured at +2 V sample bias (with the tip—sample separation fixed by requiring a tunneling current
of 2 nA at —2.4 'V bias) allowed the structure of the junctions on the (001) surface to be delineated
with spatial resolution on the order of ~0.1 pwm. '

STM characterization of Si junctions formed by ion implantation has also been used to investigate
the effect of annealing conditions on the lateral distribution of implanted dopants. Hessel et al. [258]
fabricated arrays of Si junctions by implantation of As into a Si (100) substrate doped with boron
(p=2-3X10"° cm~?). The array pattern was formed using polysilicon stripes deposited on a thin
gate oxide layer and covered by a ~300 nm oxide layer, and ions were implanted in the regions
between these stripes through a 20 nm oxide layer. Implantation was followed by either furnace
annealing at 900°C for 60 min or rapid thermal annealing at 1100°C for 30 s. TEM measurements on
these samples yielded evidence of substantial lateral scattering of implanted As beneath the polysilicon
stripes, and formation of a ~ 20 nm high ridge of Si below the polysilicon layers.

The samples used in the STM experiments were etched in 50% HF prior to insertion into the
ultrahigh-vacuum chamber, yielding a hydrogen-passivated surface suitable for tunneling measure-
ments. Topographic measurements allowed the ridges corresponding to the locations of the polysilicon
and oxide mask layers to be identified, and current imaging tunneling spectroscopy was used to
determine the carrier type at the sample surface. Spectroscopic measurements revealed that lateral
scattering of As during implantation and lateral diffusion during subsequent annealing was sufficient
to render the areas masked by the polysilicon regions during implantation moderately n-type. For
elevated ridge widths of ~ 600 nm, the n-type regions were found to be centered underneath the ridges
with widths of ~ 390 nm for furnace-annealed samples and ~ 285 nm for samples that had undergone
rapid thermal annealing. n™ regions were observed, as expected, near the edges of and between the
elevated ridges. These measurements demonstrated the high spatial resolution achievable with the
STM, and were quantitatively consistent with SIMS measurements of the extent of vertical scattering
and diffusion of implanted As during similar process steps. Studies such as these have yielded consid-
erable information about nanometer-scale lateral dopant distributions in Si devices fabricated under
realistic processing conditions, and have provided ample demonstration of the ability of STM to probe,
with extremely high spatial resolution, various properties of realistic Si device structures that cannot
be effectively characterized by more traditional techniques.




194

E.T. Yu/Nanoscale characterization of semiconductor materials and devices using scanning probe techniques

Si p-n junctions formed by ion implantation have also been studied using scanning tunneling
microscopy and spectroscopy performed in air. LaBrasca et al. [259] performed scanning tunneling
microscopy and spectroscopy on the (001) surface of boron-doped Si wafers (p= 10 cm™?) on
which p-n junctions had been formed by implantation of phosphorus through a photoresist mask and
200 A protective oxide. Prior to tunneling, the samples were cleaned and etched in 1:10 HF:NH,F;
while this is expected to result in a hydrogen-passivated and relatively inert surface, exposure to air
during the tunneling measurements is likely to lead to eventual formation of an oxide layer on the
surface. It was suggested, in fact, that oxidation of the surface could lead to unpinning of the Fermi
level at the Si (001) surface, allowing p-type and n-type material to be distinguished via spectroscopic
measurements; this idea was supported by results of current—voltage spectroscopy performed on p-
type and n-type Si wafers. For the implanted samples, the p-n junctions on the Si (001) surface were
imaged in both the constant-current and constant height mode, with contrast between the n-type and
p-type regions observable in both modes. While the ability to perform such measurements in air
provides numerous practical benefits, considerable caution must be exercised in the interpretation of
images, and especially of spectroscopic measurements, because of the possibility of contamination of
the tip or sample surfaces during exposure to atmospheric conditions.

6.2. Scanning probe microscopy and impurity-sensitive etching

While these experiments demonstrated the efficacy of scanning tunneling spectroscopy in delin-
eating: the electronic structure of p-n junctions, the geometry employed did not allow information to
be obtained about the vertical distribution of dopants in the device structures. In an alternative approach
designed to yield information about both lateral and vertical dopant distributions, Takigami and
Tanimoto [260] applied an impurity-sensitive etch to a cleaved cross-section of a Si p-» junction
formed by ion implantation, and performed tunneling measurements, in air, on the resulting surface.
Because the etch rate was dependent on the dopant concentration, a topographic image obtained by
STM could be translated directly into a profile of the dopant concentration. Quantitative measures of
local dopant concentration were obtained by calibrating etch rates using Si samples with known
implanted dopant concentrations and subsequently using the measured etch rates to convert topographic
measurements obtained by STM to dopant concentration profiles. Vertical dopant distributions obtained
using this technique were found to agree well with dopant concentrations determined by SIMS and
spreading resistance measurements, and the spatial resolution attainable using the STM technique in
combination with impurity-sensitive etching was estimated to be in the range of 10 nm or better in
both the lateral and the vertical directions.

More recently, atomic force microscopy measurements in combination with dopant-sensitive etch
processes have been used by Raineri et al. [261] and by Barrett et al. [262] to perform dopant profiling
in Si MOSFET structures. Samples were cleaved to expose a cross-section of the Si (001) wafer, then
polished, and finally etched in an impurity-sensitive etching solution typically consisting of a mixture
of HF, HNO,, and either H,O or CH;COOH. The etched cross-sectional surfaces were then character-
ized using AFM, with the etch depth interpreted as a measure of the local dopant concentration. As in
the work of Takigami and Tanimoto [260], calibration of etch rates using Si standards with known
dopant concentrations allowed dopant concentrations to be determined quantitatively with dopant
concentration sensitivity and spatial resolution comparable to those achieved in the STM experiments,
and with results found to be consistent with determinations of vertical dopant distributions using SIMS
and spreading-resistance profiling [262]. Among the advantages of using AFM compared with STM
in performing topographic measurements on selectively etched device cross-sections are that AFM is
less sensitive to the detailed electronic structure of the etched surface and to potential contamination

* of the sample or tip surfaces, and that imaging by AFM allows surrounding oxide, dielectric, and other
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layers present in real device structures to be imaged along with the semiconductor regions of interest.
AFM has in fact been used to image polished cross-sections of fully processed VLSI device structures
with nanometer-scale spatial resolution [263].

6.3. Cross-sectional scanning tunneling spectroscopy

Scanning tunneling microscopy and spectroscopy performed on cleaved cross-sectional surfaces
of Si device structures without the intermediate step of impurity-sensitive etching, as shown schemat-
ically in Fig. 33(b), offer the possibility of probing more directly the electronic properties of advanced
microelectronic devices with nanometer-scale spatial resolution. Kordic et al. [264,265] performed
the first cross-sectional STM studies of Si p-n junctions, using the scanning tunneling microscope to
study cross-sections of implanted junctions exposed by cleaving. Experiments were conducted in
which sample cleaving and subsequent tunneling measurements were performed both in air [264] and
under ultrahigh-vacuum conditions [265]. In both cases tunneling measurements were peformed
directly on cleaved (110) surfaces rather than on surfaces that had undergone hydrogen passivation
by immersion in an HF solution. Although the as-cleaved (110) surfaces were most likely to have
been electronically pinned, the p-n junctions could be detected using potentiometric techniques.
Samples were fabricated with separate electrical contacts to the p-type and n-type regions of the p-n
junctions, and tunneling currents were measured while forward or reverse-bias voltages were applied
across the p-» junction (in addition to an overall bias voltage applied to the sample relative to the tip).
Differences in tunneling current measured in p-type, depleted and n-type regions for various bias
voltages applied to the p-n junctions then revealed the electronic structure of the biased junctions. For
experiments performed under ultrahigh-vacuum conditions, the locations of the junctions could be
resolved to within ~ 30 nm using these techniques.

Current imaging tunneling spectroscopy performed by Yu et al. [240] under ultrahigh-vacuum
conditions on cleaved, hydrogen-passivated cross-sections of Si MOS structures provided a demon-
stration of the ability, using STM, to characterize realistic device structures with spatial resolution in
both the vertical and lateral directions on the order of 10 nm or better. In this work, MOS structures
were fabricated so as to simulate the gate and source/drain junction structure and topology character-
istic of 0.1 um Si MOSFET technology. The sample and tip geometry were similar to that shown in
Fig. 33(b). Current imaging tunneling spectroscopy measurements were performed on the exposed
cross-sections of the MOS junctions over the region indicated in Fig. 34(a). Spatially resolved tun-
neling spectroscopy confirmed that clear differences were observable among current-voltage spectra
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Fig. 34. (a) Cross-sectional schematic of a S MOSFET structure. Nanometer-scale characterization of the source and drain
junction profiles, particularly in the boxed area, is critical in controlling threshold voltages and subthreshold currents in
MOSFET devices. (b) Cross-sectional current image, generated at —2 V sample bias voltage, corresponding to the boxed
area in (a). The dark band in the image corresponds to the depletion region of the junction, clearly delineating the junction
profile with extremely high spatial resolution in both the lateral and the vertical directions.
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obtained from p-type, n-type and depleted regions of the junctions. Because the current—voltage spectra
differed significantly for the p-type, n-type and depleted regions, current images generated from the
spatially resolved tunneling current spectra were able to reveal the profiles of the p-» junctions with
spatial resolution in both the lateral and vertical directions on the order of 10 nm.

Fig. 34(b) shows a current image obtained for a sample bias voltage of —2V, with the tip—
sample separation at each point fixed at 1 nA for + 1.5 V sample bias voltage. As seen in the figure, a
small negative tunneling current is present in the n* source/drain region, and a somewhat larger
negative current in the p-type region. The dark band in the current image, representing large negative
tunneling currents present in the depletion layer, clearly delineates the shape of the junction. Fig. 35
shows a profile of the tunneling current along the line indicated by the arrows in Fig. 34. A sharp
increase in the magnitude of the tunneling current is seen at the edge of the n™ region, providing a
precise indication of the location of the p-n junction. The depletion layer-width determined from
tunneling spectroscopy measurements was found to agree well with that calculated using dopant
concentrations obtained from SIMS measurements on the same samples, and the junction shapes seen
in the current images were consistent with junction profiles obtained from transmission electron
microscopy images of chemically delineated junctions. The ability to perform two-dimensional carrier
profiling of source and drain junctions in Si MOSFETSs with spatial resolution on the order of 10 nm,
as demonstrated in these experiments, will be a critical capability for successful realization and
optimization of MOSFET circuits as gate lengths approach 0.1 um and below.

To fully exploit the power of STM for microelectronic device characterization, detailed modeling
of the tunneling process, particularly aspects such as the electrostatic interaction between the tip and
the sample, will be essential. Chapman et al. [266] have modeled electrostatic effects and computed
tunneling currents for tunneling into Si p-n junctions (p=1xX10" cm™3, n=1x 10" cm~?) on the
(001) surface, i.e. in the planar geometry. Computed tunneling currents and tip displacements were
in qualitative agreement with constant-current images of p-n junctions, although the measured height
differences between p-type and n-type regions were several times larger than those expected theoret-
jcally. In addition, the simulations suggested that the apparent junction location in topographic and
current images can shift by as much as hundreds of nanometers from the actual junction location
because of tip-induced band bending near and within the depletion layer. For tunneling with a negative
bias voltage applied to the tip, their simulations suggested that the apparent junction location in STM
could be shifted by as much as 200 nm into the n-type region. Further study, both experimental
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Fig. 35. Tunneling current measured along the line traversing the p—n junction indicated by the arrows in Fig. 34. A sharp
increase in the magnitude of the tunneling current is seen at the edge of the heavily doped n-type layer, indicating the location
of the junction. .
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and theoretical, of such effects will be required for STM to become a routine tool for quantitative
characterization of microelectronic devices.

6.4. Other scanning probe techniques

A variety of other scanning probe techniques also offer the possibility of characterizing dopant
or carrier profiles at or near the nanometer scale, and in some cases may offer significant advantages
compared with STM, most notably by permitting greater flexibility in sample preparation and exper-
imental conditions. Scanning capacitance microscopy, in which the capacitance between a sample and
a conducting probe tip is measured using an extremely sensitive capacitance sensor [267], has been
used to measure dopant profiles in Si p- junction gratings with lateral resolution on the order of 100—
200 nm [268,269]. The spatial resolution in these studies was believed to be limited in the most
favorable cases by the probe tip radius of curvature, suggesting that capacitance measurements with
spatial resolution on the order of ~ 10 nm should be possible. Scanning capacitance microscopy
performed on patterned polymethylmethacrylate (PMMA) structures coated with gold has shown, in
fact, that spatial resolution of ~ 25 nm can be achieved [270]. More recent work, combining scanning
capacitance—voltage measurements with theoretical modeling of the tip—sample capacitance, has dem-
onstrated the utility of this technique for quantitative dopant profiling over dopant concentrations
ranging from 10"-10%° cm ™2, with lateral spatial resolution comparable to the probe tip diameter
[271]. ‘

Measurements of dopant profiles by scanning capacitance microscopy are performed by bringing
a conducting probe tip into close proximity with the surface of the Si wafer. An oxide layer is often
deposited either on the probe tip or on the sample surface to prevent the flow of tunneling current
between the sample and tip; for this purpose a deposited oxide is often preferable to the native oxide
that forms on the Si surface, as the deposited oxide should allow interface and trap state concentrations,
and consequently leakage current and spurious charge, to be minimized more effectively. The capac-
itance between the probe tip and sample is then measured as a function of bias voltage applied between
the sample and tip, using an extremely sensitive capacitance sensor as described above. Thus, one is
effectively performing capacitance-voltage spectroscopy with lateral spatial resolution comparable to
the diameter of the probe tip. Provided that the dopant concentrations vary over distances large
compared with the Debye lengths for the dopant concentration range of interest, the carrier density
profile obtained in a capacitance—voltage measurement can be taken as a reasonably good measure of
the actual dopant concentration profile. Measurements performed on uniformly doped wafers have
demonstrated that experimental capacitance—voltage spectra can be obtained with excellent reproduc-
ibility, and that the variations in the spectra with dopant concentration agree well with results of simple
model calculations of the tip—sample capacitance. For very abrupt dopant profiles or low dopant
concentrations, however, the carrier density does not necessarily follow the actual dopant distribution.

The spatial resolution attainable for moderate dopant concentrations can be improved, and the
analysis of capacitance-voltage spectra to obtain actual dopant profiles simplified, by performing
scanning capacitance microscopy and incorporating a feedback loop in which a tip—sample ac bias
voltage is adjusted to maintain a constant capacitance change [271,272]. This feedback control method
ensures that the depletion depth beneath the probe tip remains roughly constant even as the dopant
concentration changes. If the depletion depth is small compared with the tip radius, the capacitance
can be approximated by a quasi-one-dimensional model, allowing dopant concentration profiles to be
extracted at reasonable computational expense. This technique has been shown to yield vertical dopant
profiles in good agreement with SIMS and spreading resistance profiling measurements [272], and
has been extended to yield two-dimensional, cross-sectional profiles of dopant concentration in
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implanted junctions, with spatial resolution on the order of 20~150 nm in both the lateral and vertical
directions [273]. '

A related technique for dopant profiling involves the application of capacitive (or electric) force
microscopy. In this approach, the capacitive force present between a sample and a conductive probe
tip when a bias voltage is applied is used in the feedback loop in an atomic force microscope, as
described in Section 2.2.2. The capacitive force varies with dopant concentration, allowing dopant
profiling to be performed with spatial resolution limited ultimately by the size of the probe tip. This
mode of capacitive imaging of implanted Si p-n junction gratings has yielded clear images of the
junction structures, with spatial resolution on the order of 100 nm [274].

Another technique sensitive to local tip-sample capacitance, and therefore suitable for nanometer-
scale dopant and carrier profiling in advanced Si device structures, is surface scanning harmonic
microscopy [275,276]. In this technique, an STM is placed in a microwave cavity with a microwave
signal applied across the tip—sample gap. Nonlinearities in the resistance or capacitance of the system
lead to the generation of higher harmonic signals; the applied signal can be set at the cavity resonant
frequency or some fraction thereof, leading to detection of the fundamental or an appropriate harmonic
signal at the cavity resonant frequency. For semiconductors, the higher harmonic signals are found to
correspond to successive derivatives of the tip-sample capacitance, which can be modeled as that of
a metalfinsulator—sen'iiconductor junction. Localized probing of the tip-sample capacitance using this
technique has demonstrated the ability to detect changes in dopant concentration for lightly vs heavily
doped p-type and n-type Si samples, and to delineate the profile of implanted p™ -n junctions laterally
on the surface of a Si (001) wafer with spatial resolution estimated to be potentially as high as ~ 5 nm
[276].

Localized measurements of resistance using scanning probe microscopy have also been used to
delineate Si p-n junction profiles [277-279]. Shafai et al. [277,278] have applied scanning resistance
microscopy, in which a conducting probe is used to perform localized resistance measurements on a
surface, to characterize Si p-n junctions in both the cross-sectional and planar geometries. Differences
could be measured in contact resistance among heavily p-type, lightly p-type, and n-type regions,
allowing the p-n junction profiles to be determined with spatial resolution on the order of ~35 nm. In
a similar technique dubbed nano-spreading resistance profiling, DeWolf et al. [279] have used local-
ized resistance measurements in an AFM with a conducting probe tip to perform one- and two-
dimensional carrier profiling on cleaved and polished cross-sections of Si p-n junctions. Measurements
were calibrated using sample structures for which the dopant concentrations were known precisely,
and results were compared with SIMS and conventional spreading resistance measurements. These
measurements demonstrated that nano-spreading resistance profiling is capable of measuring n-type
and p-type carrier concentrations ranging from 10'* to 10" cm ™2 with spatial resolution of ~ 50 nm.

A number of junction profiling methods based upon detection of surface potential variations by
scanning probe techniques have also been reported. Weaver and Wickramasinghe [280] have used
scanning force surface photovoltage microscopy to profile implanted Si p-» junctions. In this technique,
the local surface photovoltage generated by illuminating the sample is measured using a scanning
probe. If the surface Fermi level is pinned in the band gap, as is the case for bare Si, the sign of the
surface photovoltage indicates the local carrier type, and the magnitude is related to the carrier
concentration. Surface photovoltage microscopy performed on Si p-n junctions fabricated by ion
implantation yielded images with clear contrast between p-type and n-type material and apparent
evidence of dopant diffusion that occurred during annealing of the p-r junction [280]. Finally, profiling
of Si p-n junctions has been performed using Kelvin probe force microscopy [281] to measure directly
the local surface potential on the hydrogen-passivated (001) surface of the Si wafer [282-284]. In
this technique, a conducting probe is scanned over the sample and the probe bias voltage adjusted so
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that the electric field between the probe and the sample is eliminated. The probe bias voltage then
provides a measure of the contact potential difference between the sample and probe, or equivalently
of the local surface potential of the sampie relative to the probe tip work function. For a passivated,
and consequently electronically unpinned, Si surface, the surface potential is related to the carrier type
and concentration, allowing profiling of p-n junctions to be performed. Scanning Kelvin probe micros-
copy measurements performed on junctions fabricated by implantation of boron into n-type Si wafers
have shown that contact potential differences as small as ~5 mV can be measured in semiconductors,
suggesting a sensitivity to variations in dopant concentration of ~10% from ~10%cm™2 to
10?° cm ™%, and that spatial resolution on the order of 50-100 nm can be achieved [283]. Kelvin probe
force microscopy performed by Kikukawa et al. [284] on the (001) surface of Si p-n junction gratings
was able to yield clear images of junctions produced by both thermal diffusion and ion implantation,
and to reveal the sharper junction profile in the implanted junctions, reflecting the steeper dopant
concentration profile produced by ion implantation compared with diffusion. Hochwitz et al. [285]
have used scanning Kelvin probe microscopy to perform detailed studies of dopant distributions in Si
integrated circuit structures, including Si bipolar devices and MOSFET structures.

Continued development of scanning probe-based experimental techniques, in conjunction with
extensive computer simulation and modeling, will be required to realize the full potential of these
approaches to nanometer-scale Si microelectronic device characterization. The ability to characterize
semiconductor fabrication processes and the resulting device structures with nanometer-scale spatial
resolution in both the vertical and lateral directions will be essential for continued scaling of Si
microelectronic devices and circuits to smaller and smaller dimensions over the coming decade and
beyond. Sin-MOSFETSs with gate lengths of 0.04 um have been reported [286,287], with gate lengths
of 0.03 wm appearing to be feasible [288]. Scanning probe techniques are among the most promising
approaches for providing the characterization capability that will be necessary for successful large-
scale fabrication of devices at these dimensions.

7. Summary and future trends

Despite a relatively short history, scanning tunneling microscopy and other scanning probe
techniques have had a profound impact on semiconductor surface science. In addition, scanning probe
techniques are finding increasing application in the characterization of semiconductor materials and
device structures of both immediate and long-term technological importance. As the characteristic
dimensions of semiconductor devices continue to decrease, the need for detailed nanometer-scale to
atomic-scale characterization, which in many situations can be met best — or exclusively — by
scanning probe techniques, will grow.

In the fields of epitaxial crystal growth and semiconductor heterostructure materials and devices,
STM has provided enormous insight into atomic-scale mechanisms of epitaxial growth, and AFM has
rapidly developed into a nearly routine tool for nanometer-scale structural characterization of thin-
film surfaces. STM and other scanning probe microscopies performed in the cross-sectional geometry
are, and will continue to be, powerful techniques for atomic-scale structural and electronic character-
ization of semiconductor alloy layers, interfaces, and actual device structures. And ballistic electron
emission microscopy provides a unique probe of the local electronic properties of both metal-semi-
conductor interfaces and semiconductor heterojunction interfaces.

More generally, the technology for extremely precise positioning of a probe tip with respect to a
sample, developed originally for scanning tunneling microscopy, has made possible the extension of
many conventional optical and electrical characterization techniques to the nanometer scale. Near-
field scanning optical microscopy allows optical properties and luminescence characteristics to be
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probed at length scales small compared with typical optical wavelengths, providing detailed infor-
mation about local optical properties of materials and about various highly localized luminescence
sources in, for example, semiconductor quantum-well structures that contribute'to the overall lumi-
nescence spectrum observed in conventional optical measurements. The combination of various elec-
trical measurements with scanning probe technology in techniques such as scanning capacitance
microscopy, electric force microscopy, scanning resistance microscopy, and Kelvin probe force micros-
copy has allowed electrical properties such as capacitance, charge distribution, electric field, resistance,
and contact potential to be probed with far higher spatial resolution than could previously be achieved.
These measurement techniques are likely to play a central role in the development of processing
technology and device structures for ultrasubmicron Si electronics over the next several years, and
offer tremendous potential for improving our understanding of and control over the properties and
behavior of a wide range of electronic materials and device structures.

As scanning probe technology continues to improve and as new capabilities are developed, the
various scanning probe microscopy techniques — particularly those that can be performed in air, as
opposed to those that require ultrahigh vacuum — are likely to develop into increasingly routine
characterization tools for a wide range of applications. For the most critical applications demanding
the highest spatial resolution, however, systems operating in ultrahigh vacuum are still likely to offer
the highest level of performance. Realization of the full potential of these techniques is likely to require
continued progress in a number of areas. For applications involving metrology for VLSI and ULSI
devices and circuits, improved techniques for performing highly accurate dimensional measurements
of structures with large aspect ratios and for accurate positioning and measurement over extended
areas will be required. For obtaining highly accurate dimensional measurements, accurate characteri-
zation of probe tip shapes and extremely accurate measurement of probe position — accounting for
hysteresis, creep, and nonlinearity in piezoelectric response, Abbé offsets, and other factors — will be
required { 289,290]. In addition, novel probe structures incorporating flared tips have been and continue
to be developed to enable accurate topographic measurements of lines, via holes, deep trenches, and
other structures with steep walls and high aspect ratios commonly encountered in VLSI device and
circuit structures [291,292]. A variety of techniques for achieving extremely accurate measurement
of and control over probe displacement over large distances are also being explored [293-295]. An
additional requirement, the ability to handle large samples, e.g. 8 inch Si wafers, is in fact already
available in commercial instruments.

In addition to improvements such as these in experimental capabilities, another key ingredient
will be continued improvement in our theoretical understanding, particularly through extensive mod-
eling and simulation, of tunneling and other interactions between the sample and probe tip in a scanning
probe microscope. This will be particularly important when the sample structure is highly inhomoge-
neous, as is the case for many materials and device structures of technological interest, and in situations
where it is necessary or desirable to obtain accurate quantitative information about energies of electronic
states, dopant or carrier concentrations, or other electronic or optical properties of the sample under
investigation. An outstanding example is in the application of scanning probe microscopy to charac-
terization of ultrasubmicron Si MOSFET structures, in which detailed quantitative information, with
nanometer-scale spatial resolution, about dopant distributions in a complex device structure is required.
Detailed modeling of tunneling, capacitance, and other scanning probe measurements, combined with
continued improvements in experimental capabilities, will be essential in meeting the characterization
requirements of the microelectronics industry for successful fabrication of such structures over the
coming decade and beyond. Such characterization studies, in conjunction with detailed modeling and
simulation of fabrication processes and device behavior at the atomic to nanometer scale, are likely to
be central to the success of efforts to continue scaling of microelectronic devices to smaller and smaller
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dimensions. For more general structural and electronic characterization of VLSI and ULSI structures,
approaches incorporating statistical process control may help to improve the accuracy and reliability
of quantitative information obtained from scanning probe techniques, allowing such techniques to be
used more routinely for process diagnosis in the microelectronics industry [296].

Finally, it will be extremely important to continue to investigate and establish correlations between
results of atomic- to nanometer-scale characterization by scanning probe microscopy and information
about material and device properties obtained using other measurements that probe properties at larger
length scales or are otherwise complementary to scanning probe techniques. This is in fact of great
importance for any characterization technique that provides information with extremely high spatial
resolution but over a very small area or volume of the sample. For example, comparisons between
STM studies of epitaxial growth and results of various in situ diagnostic measurements such as RHEED
and ellipsometry confirm the consistency of structural information obtained by STM with the long-
range periodicity and large-scale structure of the surfaces, and in addition provide information essential
for making the most effective use of such in situ diagnostic measurements. Correlations established
between atomic- to nanometer-scale characterization using scanning probe techniques and results of
electrical transport measurements or optical measurements will provide information about the detailed
relationship between atomic-scale properties and device behavior, and help confirm that information
obtained from measurements over an extremely small area or volume are indeed representative of the
whole. In addition to experimental measurements, extensive theoretical work, modeling, and simulation
should prove to be extremely valuable in understanding the relationship between atomic-scale structure
and various aspects of device behavior.

Fabrication and characterization of nanometer-scale materials and devices have become, and
promise to remain, pervasive themes in research in a wide range of fields. As scanning probe techniques
continue to progress beyond being ends in themselves, and are applied in an increasingly routine
manner to a broad range of problems, they are likely to play a central role in much of the progress that
will be made in nanometer-scale science and technology. Work in this area promises to provide fertile
ground for exploration and innovation in the coming years.
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