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The application of the STM-based technique
of ballistic electron emission microscopy
(BEEM) to the study of transport properties
of SiO2 gate oxide layers is reviewed. Oxide
degradation observed on a local scale of
nanometer dimensions ranges from the filling
of electron traps with low-kinetic-energy
electrons injected just above the oxide barrier,
to trap generation and filling triggered by
electrons with kinetic energies *2 eV. BEEM
provides means to determine the spatial
distributions of the traps. Only positively
charged traps are observed for thin (&4 nm)
SiO2 layers upon electrical stressing. Oxide
breakdown is seldom induced by local
stressing, suggesting that it occurs at extrinsic
defect sites that are widely separated. BEEM
also provides unique opportunities to address
fundamental issues. In that regard, examples
of the dynamic response of the SiO2 dielectric
to a moving electron are presented, as well as

the determination of the dispersion of the
electron mass of the conduction-band
electrons. The latter is achieved by modeling
quantum interference oscillations in the BEEM
current.

1. Introduction
With the evolution toward ever smaller devices integrated
at ever larger densities, the technological challenges facing
implementation of device and systems concepts and their
eventual mass fabrication are rapidly leading the industry
into novel territory of largely untested approaches
governed by fundamental physical limits. One need only
look at the SIA’s National Roadmap for Semiconductors
to assess the many roadblocks or potential show-stoppers
that will face device integrators beyond the turn of the
millennium [1]. On the device level, some of these
challenges are at present limited largely by economics,
such as lithography below the 0.1-mm minimum device
feature, others by a lack of suitable analytical verification
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methods, such as those needed for assessing dopant
distributions in future shallow-junction devices, and still
others by materials issues, such as the need for low-
leakage gate dielectrics. Associated with the latter, in
particular, is the related issue of dielectric reliability as
reflected by a current-induced degradation (electrical
stressing) over time that has been observed for all metal-
oxide-semiconductor (MOS) structures and devices,
independently of the thickness of the dielectric [2, 3].
Progress toward addressing these challenges hinges largely
on our ability to understand the associated issues from
a fundamental perspective. By the very nature of the
ongoing miniaturization, this perspective evolves toward a
microscopic view, ultimately reaching for a description on
the atomic scale.

Although integrated circuit (IC) miniaturization tends
toward a two-dimensional topology dominated by interface
effects, the performance-controlling properties, as well
as the carrier dynamics, are still best described as bulk
phenomena, albeit in a confined space of ever-shrinking
dimensions that eventually will approach those associated
with nanostructures (&30 nm). Yet IC device properties
are determined by materials whose properties, such as
location and distributions of dopant atom and defects,
must be known on a scale of a few nanometers [4]. Such
precision requires analytical tools that have the needed
lateral resolution, as well as sufficient subsurface
sensitivity and resolution to ascertain vertical changes in
material parameters. This three-dimensional capability of
tools is difficult to achieve, and in practice has evolved
as extensions of techniques that either require a finite
material volume, such as transmission electron microscopy
(TEM), or are mostly sensitive to the surface, such as the
scanning tunneling microscope (STM) or atomic force
microscope (AFM). This quest for analytical tools is
largely exemplified by the various papers in this issue of
the IBM Journal of Research and Development. In this
paper we review the capabilities of probing critical
properties of MOS structures at high lateral resolution
with a variant of the STM— by itself an extremely surface-
sensitive technique. The technique, denoted as ballistic
electron emission microscopy (BEEM) [5], uses the STM
tip to inject into an MOS structure electrons that are
localized laterally, a fraction of which emerge in an
underlying layer of the structure. A schematic representation
of BEEM is shown in Figure 1. From the transmission
characteristics of the injected electrons, many useful
transport-related parameters of the sample can be
deduced. Although referred to as a microscopy, BEEM is
more frequently used in a spectroscopic mode, in which
the current transmitted through the layered structure is
measured as a function of the electron energy, while the
STM tip remains stationary. BEEM, more frequently
applied to metals in direct contact with semiconductors

[6], including semiconductor heterostructures [7], was
first applied to a metal-insulator-semiconductor (MIS)
structure of Au/CaF2/Si(111) [8], and shortly thereafter to
MOS structures [9, 10].

The reliability of gate dielectrics is generally assessed
by applying a potential across a MOS capacitor or field-
effect transistor (MOSFET) and measuring the time or
integrating the current until the structure fails [2, 3, 11, 12].
The resulting total charge QBD is referred to as the
charge to breakdown. This form of electrical stressing
affords few opportunities for spectroscopic assessments or
other forms of characterization. Such constraints can be
partly overcome in stressing studies with BEEM, with the
added advantage of high lateral resolution. This is possible
because the STM tip is capable of injecting currents that
produce high current densities (;106 A/cm2) at energies
exceeding 10 eV into the metal layer of an MOS structure.
Of the order of 1% of the injected electrons may be
transmitted through the oxide and reach the Si substrate
of the structure. This capability gives BEEM the unique
ability to electrically stress the oxides on a microscopic
scale and assess the resulting degradation with the same
instrument operating in the spectroscopic mode at the
location of the applied stress. This stress-probe approach
is discussed in Section 3, following the description of
BEEM applied to MOS structures. In Section 4 we discuss
some novel applications of BEEM to extract fundamental
oxide parameters, in particular the dynamic dielectric
constant and the conduction-band mass of SiO2.

2. Experimental details

● MOS samples for BEEM studies
The structures used in our studies consisted of metal dots
evaporated in ultrahigh vacuum (UHV) onto oxidized Si
wafers. The choice of the metal is critical, as it must wet
and adhere to SiO2 to achieve full coverages at thicknesses
of less than 10 nm, and it must be able to withstand the
high fields and currents of the STM at tip biases used in
BEEM studies of MOS structures (;3–12 V). We have
found Pt, Pd, and W to be quite suitable. We used device-
grade amorphous SiO2 layers that were thermally grown
in the range 750 – 8008C at 1 atm. of dry oxygen for
30 –50 minutes at the IBM Advanced Silicon Technology
Laboratory. The substrates used were 125–200-mm-
diameter Si(100) wafers doped to the low 1017 cm23

range. The thicknesses of the oxide layers were in the
ultrathin range of 2.3 to 7.5 nm, as measured with an
ellipsometer. If the thickness was critical to the analysis,
capacitance–voltage (C–V) measurements were used to
corroborate the optical determinations. Samples of
approximately 8 mm 3 15 mm were cleaved from the
wafers and introduced into an ultrahigh-vacuum (UHV)
preparation chamber. Prior to metal deposition, the
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samples were annealed at about 2508C for several hours
to remove water and other volatile surface contaminants.
Arrays of ultrathin metal dots, 0.2 mm in diameter, were
deposited by thermal evaporation through a shadow mask.
The substrate was cooled to about 30 K by mounting it on
the cold finger of a liquid He cryostat. Deposition at low
temperature inhibits surface diffusion, which results in a
continuous, pinhole-free ultrathin film of a finer-grained
morphology at a lower thickness than would be achieved
at higher temperatures. The finished sample was allowed
to warm to room temperature and was subsequently

transferred under UHV into the STM chamber. A
grounding contact needed to bias the tip of the STM
relative to the metal overlayer was subsequently carefully
positioned onto a selected metal dot by means of three
orthogonally mounted Inchworms**. STM images of Pd
and W deposited at 30 K are shown in Figure 2; the latter
was evaporated by electron-beam heating. A smooth
surface morphology is needed to minimize BEEM image
contrast arising from the surface topography of the metal,
which has been observed to strongly modulate the BEEM
image [13].

Figure 1
(a) Schematic representation of a BEEM experiment.  The STM tip injects a constant tunnel current I

T
 into the metal overlayer represented 

by one of the four circles. The STM tip bias V
T
 is referenced to the metal through a movable contact. A bias potential V

b
 may also be applied 

between the metal and the substrate. (b) Energy-band diagram for a BEEM experiment on a MOS structure for positive oxide bias V
ox

. The 

bias V
ox

  is controlled by means of the “gate” bias V
b
. The energy distribution of the STM-injected electrons is represented by the exponential 

function f
T
. The energy eV

0
 is the energy difference between the Fermi level E

F
 of the metal layer and the bottom of the SiO

2
 conduction 

band in the absence of image force effects. The dashed line represents the barrier profile with image force correction included. (c) I
c
 vs. V

T
 

or BEEM spectrum obeying a power-law behavior in the absence of any inelastic scattering.
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● Ballistic electron emission microscopy/spectroscopy
As mentioned earlier, BEEM is a variant of conventional
STM. It differs by the requirement of a thin, generally
metallic conducting layer on the substrate—the SiO2–Si
structure in the present case—and by the need to contact
the metallic film. The sole purpose of the latter is to provide
a potential reference plane (generally at ground potential)
relative to which the STM tip is biased. The electrons
injected into this layer by the STM tip have an energy
equal to eVT, where VT is the STM tip bias [Figure 1(a)].
The thickness of the metal layer is comparable to or
preferably less than the electron mean free path, so that

the electrons can traverse the layer ballistically (without
scattering). If their energy exceeds that of the potential
step at the interface—in this case the difference eV0

between the Fermi level EF in the metal and the bottom
of the SiO2 conduction band—the electrons have a
finite probability of being injected into the conduction
band and, after traversing the oxide, reaching the Si
substrate, whence they emerge as a collector current Ic.

A band diagram for a BEEM experiment is illustrated
in Figure 1(b) for the conditions of a positive
(accelerating) oxide potential. The probability that the
electrons reach the Si is dependent on the overlap of
conduction-band density of states at the interfaces,
the transmission probability Tox across the oxide, and
transmission probabilities of a quantum-mechanical origin.
In the simplest approximation, the collector current Ic

beyond the threshold voltage V0 follows a power law,
which is schematically shown in Figure 1(c). These issues
have been detailed elsewhere [9]. Suffice it to say here
that Tox is strongly dependent on the scattering rates of
electrons with longitudinal optical phonons (energy-
dispersive) and acoustic phonons (momentum-dispersive),
rates which are strongly dependent on the kinetic energy
of the electrons [2, 14]. The kinetic energy in the oxide
is determined by the energy at the point of injection
(eVT 2 eV0) modified by any gain or loss in energy from
field acceleration due to the presence of an oxide potential
Vox. The latter is a combination of a built-in potential
arising from work-function differences between the metal
and substrate, as well as from likely oxide charges, and
an externally applied bias Vb.

In the spectroscopy mode of BEEM, the scanning of
the STM is interrupted and the collector current Ic is
measured as the tip bias VT is ramped over a range that
includes the barrier step potential V0 . The current Ic

becomes finite once VT exceeds V0 for Vox . 0 or exceeds
V0 2 Vox for Vox , 0. The STM is generally operated at a
constant tunneling current IT in the 0.5- to 5-nA range.
The current Ic also provides image contrast in the
scanning mode, thereby generating an electron
transmission image of the MOS structure, commonly
referred to as a BEEM image [5], that is recorded
simultaneously with the STM topographic image.
Examples of BEEM images are given in Section 4.

Electrical stressing with BEEM is achieved by injecting
hot electrons of energy eVT while the tip is either scanning
over a selected area or stationary for a predetermined
time at a specific location on the sample surface. The
time-integrated collector current determines the total
charge injected. An Ic vs. VT or BEEM spectrum is
taken prior to and during the experiment to assess the
consequences, which may lead to changes in the local
transmission characteristics, including threshold shifts dV0 .
This process is then repeated until either the stressed area

STM images of (a) a 4-nm-thick Pd layer and (b) a 1.8-nm-thick 

W layer. Both were deposited onto thermally oxidized Si(100) at a 

substrate temperature of 30 K. From [46], with permission.
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moves out of range because of instrument drifts, or the
oxide breaks down, as evidenced by a low value of V0 .
Alternatively, spectra over a broad energy range are
repeatedly taken at the same spot until either of the
two previously mentioned events occurs. As a point of
reference, a collector current of 50 pA collected over an
area of 5 nm2 (realistic for oxides dominated by ballistic
transport, i.e., oxide thickness tox & 5 nm) corresponds to
a charge injection of 103 C/cm2-s! In our experiments we
can achieve injection energies of 9 eV. To achieve this
value by conventional Fowler–Nordheim injection, one
would need to apply a field of ;24 MV/cm to a 5-nm-
thick oxide. Larger effective energies can be achieved
with BEEM by applying an accelerating oxide bias.

● Monte Carlo simulations
Although the BEEM current through an MOS structure
can in principle be simulated by Monte Carlo solutions of
the Boltzmann equation, a lack of knowledge of scattering
parameters, primarily in the metal and at the metal–SiO2

interface, make such an endeavor doubtful at present.
However, a better knowledge of scattering processes in
SiO2 and Si makes feasible a partial simulation of a
BEEM experiment. Details of the Monte Carlo
simulations, which are based on the code developed by
Fischetti et al. [11], have been discussed elsewhere [9, 15].
Here we give an example of how Monte Carlo simulations
can be used to estimate the spreading of the electron
beam as it traverses an SiO2 layer. Knowledge of the
spreading is needed in order to estimate current and
injected charge densities during electrical stressing of the
layer, as well as to assess the thickness and energy range
for which electron wave interference may be expected, a
topic that is discussed in Section 4. In order to calculate
the spreading of the beam in the oxide layer, we assume
that the electrons reach the metal–SiO2 interface at
normal incidence (this precludes appreciable scattering in
the metal, a reasonable assumption for the ultrathin metal
films used). The potential in the oxide includes image
force corrections and an applied oxide bias, a topic to
be discussed further in Section 4. We also assume that
electrons returning to the metal can be neglected. The
spreading is then obtained as follows: First the position of
the transmitted electrons is recorded, and the normalized
local current density, j(r)/I in, is calculated after sufficient
statistics have been acquired (typically 105 electrons). The
distance r is measured with respect to an origin at the
injection point; I in is the injection current. Typical results
of associated simulations are summarized in Figure 3 for
different combinations of oxide thickness, oxide bias,
and tip bias. The two distributions for VT 5 5.5 (open
symbols) were obtained at a small accelerating bias. At
this value of VT, the electrons travel at an energy of
1.5 eV through the oxide, where phonon scattering is

small and mostly via longitudinal optical phonons (forward
scattering). This results in a streaming-type motion in the
presence of a small accelerating field and leads to very
little beam broadening. In this case the beam size on the
substrate side is expected to be comparable to the size of
the injection beam. The two distributions were scaled to
the same heights in such a way that the additional
broadening in the thicker oxide could be clearly
seen. The peak at r 5 0 overshoots the y-axis of the
plot by one order of magnitude, indicating that the
broadening is considerably smaller than is suggested
at first glance.

Considerably broader distributions are obtained if the
electrons are either accelerated by a strong electric field
(7.5-nm-thick film, solid circles) in the oxide or injected at
high energies (3.8-nm-thick film, solid diamonds). The
broadening is caused by a rapid increase of the acoustic
phonon scattering (isotropic and quasi-elastic [14]) with
increasing kinetic energy of the electrons. This scattering
dominates at kinetic energies above 2 eV and leads to
strong backscattering that both reduces the transmission

Spatial distribution of the normalized current densities at the Si/SiO
2
 

interface after electron transport through 3.8- and 7.5-nm-thick SiO
2
 

films, as calculated by Monte Carlo simulations for various bias 

conditions. The figure serves to illustrate the strong dependence of 

the beam spreading on the electron energy in the oxide. At relatively 

low electron energies (open symbols, V
T
 5 5.5 V), little broadening 

is predicted. Strong broadening due to electron-acoustic phonon 

scattering occurs if electrons are either injected at high energy 

(3.8 nm, V
T
 5 9.8 V, solid diamonds), or if the electrons are heated 

inside the oxide by a strong electric field (7.5 nm, V
ox

 5 4.4 V, 

solid dots). From [15], with permission.
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probability and significantly spreads the beam. In the case
of the 3.8-nm-thick film, the electrons were injected at a
tip bias of 9.8 V, which corresponds to an initial electron
energy in the oxide of about 5.8 eV. Alternatively,
electrons were injected at an energy of 1.5 eV into a
7.5-nm-thick oxide and subsequently heated by a strong
electric field, such that their average energy reached
values of 4 –5 eV. Again, significant beam spreading is
predicted, and the increased oxide thickness leads to
additional broadening. Under conditions in which the
electrons reach energies in excess of 3– 4 eV, the beam
size on the substrate side is largely determined by acoustic
phonon scattering in the oxide. This beam spreading is
later used to estimate local current densities and charge
densities at breakdown.

3. Charge trapping and oxide degradation
Injection of hot carriers into SiO2 gate oxide layers is
known to produce charges in the oxide by trapping
electrons and holes [2, 16], a process that ultimately leads
to failure. The present understanding of degradation and
breakdown mechanisms is largely based on studies on
MOS capacitor structures with techniques such as
Fowler–Nordheim (F–N) tunneling and internal
photoemission [2, 11, 14, 17–25]. The results of these
studies represent properties averaged over areas of ;1024

to 1022 cm2 that do not include the effects of sample
inhomogeneities on a microscopic scale. A further
shortcoming of the standard injection methods is the
need for high fields (of order 107 V/cm) to energize the
electrons, which exhibit a position-dependent energy as
they traverse the oxide. For oxides exceeding ;10 nm in
thickness, the kinetic energy of the electrons in such fields
may reach values sufficient to cause impact ionization in
the oxide [2, 14, 17, 18]. Even at much lower fields, the
electron may impact-ionize holes in the Si with energies
(.5 eV) sufficient to cause them to be injected back into
the valence band of the SiO2, resulting in oxide damage
[11, 16]. The presence of hot carriers of both polarities
and diverse energies complicates the determination of
oxide-degradation mechanisms. The two most discussed
mechanisms, referred to as impact ionization and trap
creation, are premised on the strong electron heating in
high-field transport across the oxide [2, 11, 14, 17–19].
Impact ionization in the SiO2, or electron– hole pair
creation, occurs when electrons exceed the bandgap
energy of 9 eV. In the trap-creation process, defects are
generated by hot electrons breaking hydrogen–silicon
bonds near the anode. The released hydrogen atoms or
ions rapidly diffuse to the cathode, where they combine
with other hydrogen atoms, thereby creating additional
defects. This model assumes a soft threshold energy of
;2 eV needed to break the Si–H bonds [2, 26].

In this section we cover observations with BEEM of the
existence of both negative and positive charge in the
oxide. Negative charge is generally observed only in oxides
having thicknesses of ;4 nm and above, whereas positive
charge is observed for oxides of thickness below 4 nm.
The reason for this behavior is attributed to detrapping
of the negative charge that resides in levels of sufficiently
high energy in the SiO2 bandgap to be able to tunnel into
empty states in either the metal or the Si substrate. The
principal effect of the presence of oxide charge on a
BEEM spectrum is a shift of the threshold energy, which
is a direct measure of the net barrier height. This point is
illustrated in part (a) of Figure 4 for a model calculation
of the oxide potential for a charge distribution represented
by the bar graph shown in the figure [27]. The effect of
a negative charge is more pronounced in altering the
threshold voltage V0 in the BEEM spectrum. We first

Model calculation of the effect of a distributed charge in the oxide 

on the barrier profile. (a) For flatband conditions, a negative charge 

raises the potential; an equal but positive charge has an opposite 

but diminished effect. Image force effects arising from both metal 

and Si substrate have been included. (b) Field dependence of the 

potential barrier for a negative charge ( 
ox

 5 1.6 3 1013/cm2 ) 

distributed as shown in the middle of the figure.
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discuss the observation of negative charge in thicker
oxides, which has two components: One arises from traps
that existed before the stressing, the other from traps
generated during injection by hot electrons of energy
*2 eV relative to the bottom of the SiO2 conduction
band. The distributions of both types of traps across the
oxide are determined. In the following section we discuss
the observation of positive charge.

● Electron traps: Energetics and distributions in thicker oxides
The observation has frequently been made that repeated
measurements on the same location of an MOS sample
result in a shift in the threshold energy to higher energies.
An example is shown in Figure 5 for a 7.1-nm-thick
SiO2 layer. After a few scans the shifting subsided, an
indication that the filling of the traps had saturated,
provided that the kinetic energy of the injected electrons

remained below 2 eV (uVTu , 6 V). Under these conditions
no dependence on the tip bias was noted, which led
to the conjecture that the traps were due to defects
that existed before the BEEM measurements were
performed [28]. The increasing threshold indicated that
these pre-existing defects were electron traps. The net
shift after saturation was about 1 eV, but could vary from
sample to sample, as well as on a local scale of order
5–10 nm [28]. Such variations reflect a distribution in the
local charge density of filled traps.

After saturation of the pre-existing traps, hot electrons
were injected at energies higher than 2 eV (VT . 6 V),
which resulted in additional shifts in the threshold
energies of the BEEM spectra. These shifts were the
result of the filling of new traps, which were generated by
the hot electrons. The shifts in threshold energy observed
as a function of the kinetic energy of the electrons in the
conduction band of SiO2 are shown in Figure 6. The zero
threshold shift corresponds to the Pd–SiO2 barrier height
of 4.08 eV for flatband conditions [29]. The curves in the
figure show a soft threshold at ;1.9 eV, beyond which an
increase in threshold energies resumes. The increases
varied from location to location, an indication of local
fluctuations in the density of generated defects. The
1.9-eV threshold value can be directly related to the
trap-creation model discussed in the previous section,
and involves the breakage of Si–H bonds at the SiO2–Si
interface [2, 19, 26]. Consequently, one can postulate that
the BEEM-generated defects should be located near the
Si interface, a premise that is substantiated by the field-
dependent experiments discussed next.

BEEM spectra for a 7.1-nm-thick oxide taken sequentially on the 

same spot of the sample. The tip bias V
T
 was kept below  26 V to 

suppress the generation of new traps. I
T
 = 2 nA. The vertical 

dotted bars mark the thresholds obtained from computer-aided fits. 

The spectra were shifted vertically for display purposes. From 

[28], with permission.
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Field-dependent threshold shifts
The approximate location of the charge in an SiO2 gate
oxide layer relative to its interfaces can be deduced from
the dependence of the thresholds on the applied oxide
potential Vb. As can readily be ascertained from the inset
of Figure 7, a change of dVox results in a threshold change
of dVth 5 xdVox/tox, where tox is the oxide thickness and x
the distance of the barrier maximum from the metal–SiO2

interface [10]. Thus, the average slope dVth/dVox gives the
location of the centroid of the charge distribution. Threshold
shifts with applied oxide bias were taken in sets of 36
spectra on previously charge-saturated areas of a 7.1-nm
MOS structure [4-nm-thick Pd/7.1-nm-thick SiO2/p-Si(100)].
A set of spectra corresponded to a fixed Vb that was
incremented in 1-V steps from 0 to 6 V. Each set
exhibited a range of threshold values spread over 0.6 eV
in a bell-shaped distribution that reflected the local

fluctuations in charge density over the sampled area,
at an estimated lateral resolution of 2–3 nm [15].
The distribution shifted rigidly to lower energies with
increasing Vb [28], with Curve B in Figure 7 showing the
field dependence of the peak of the threshold distribution
for the pre-existing traps. The spread in thresholds was
reproducible at other charge-saturated areas of the
sample, and thus corresponds to a range in charge
densities that was characteristic of the oxide layer. The
average slope of Curve B is ;0.3 and indicates that the
centroid of the charge distribution is 2.1 nm from the
metal electrode. However, a closer inspection reveals that
the threshold shifts were nonlinear and showed a tendency
to saturate prior to a steeper decrease for Vox . 5 V. For
Vox 5 6 V, Vth nearly corresponded to the value of an
uncharged sample that was subjected only to image force
lowering (Curve A). The concept of image force lowering

Figure 7
Field-dependent threshold shifts for a 4-nm-thick Pd / 7.1-nm-thick SiO

2 
/ p-Si(100) sample: Curve A for a charge-free area (only image 

force lowering); Curve B for charge-saturated pre-existing traps; Curve C for charge-saturated pre-existing traps and stress-induced traps. 

Threshold error bars are ±0.05 eV for B and ±0.08 eV for C. Associated energy diagram shown in inset. From [27], with permission.
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is discussed further in Section 4. Curve A was obtained
from sets of scans on widely separated virgin areas to
prevent charge accumulations from affecting the thresholds
[29]. The near coincidence of the curves at high oxide
biases indicates that the charge-saturated region was
temporarily neutralized, since upon returning to Vox 5 0
(open symbols), Vth nearly assumed its original value.
The neutralization is attributed to anode hole injection, a
process that becomes efficient when the electron energy in
the SiO2 exceeds 5 eV [16], although charge leakage by
tunneling, particularly near the anode, may also be a
contributory process. For Vox , 0 (open symbols), the
threshold increases at a rate greater than the rate one
would expect by extrapolating the slope into the negative
bias region. As discussed later, the added shift is assigned
to a change in electron screening.

The generation and filling of new traps (i.e., kinetic
energies .2 V) was observed to be limited as well [28]. This
was ascertained by repeatedly scanning a 25-nm 3 25-nm
area at tip biases as large as 210 V, IT 5 2 nA and
Vb 5 0, and measuring the thresholds between scans.
These stopped shifting after a few scans, which indicated
that electron trapping had reached saturation. The oxide
field dependence was then measured. Additional electron
scattering at the new trap sites resulted in a weak
collector current and some scatter in the mean value of
the distribution of thresholds. Consequently, only the
minimum in the distributions is shown in Figure 7 as
Curve C—the maximum lies ;1 eV higher [28]. For the
lower bias values, Curve C was shifted nearly 1 eV higher
than Curve B, a clear manifestation of additional trapped
charge in the oxide. The overall shapes of the two curves
are similar. However, the noticeably higher average slope
for Curve C (dVth/dVox ; 0.6) indicates that the centroid
of the charge distribution of the newly generated defects
lies closer to the Si interface, specifically 4.2 nm from the
metal interface for the 7.1-nm-thick oxide. The decrease in
Vth for Vox . 3 V, which ultimately coincides with that of
Curve B at 6 V, is due to increasing charge neutralization
that is consistent with hole injection processes occurring at
the anode. On returning to Vb 5 0, the traps refill within
the first spectral scan (open symbols), but do not quite
reach the value for the fully saturated traps. Changing
Vox to 21 V had an even more pronounced effect on the
threshold shifts than that observed for Curve B. A large
fraction of this shift can be ascribed to changes in
screening at the oxide–semiconductor (O–S) interface.

In-depth distributions of oxide charge
The charge distribution can be modeled uniquely by
calculating the field dependence of the thresholds with a
trial distribution and subsequently adjusting it until the
details of the nonlinear threshold shifts of Figure 7 are
duplicated [28]. A single d- or sheet charge exhibits a

strictly linear field dependence of the threshold energy at
low to moderate fields. Changes in slope, on the other
hand, indicate that the oxide charge is distributed. Details
of the procedure have been presented elsewhere, and only
an outline is given here [27, 28]. The trapped charge in
the oxide is modeled by a series of equally spaced sheet
charges. The potential F i( x) is calculated for each sheet
charge subject to boundary conditions that the potential
vanishes at both interfaces. For the O–S interface this
condition reflects that the p-Si is in accumulation for
positive Vb (injected electrons are accelerated toward the
Si substrate). The boundary conditions are satisfied by the
method of images, provided that multi-image charges, i.e.,
image charges of image charges, are included. These
arise due to the presence of the second interface. The
potentials Fn due to the n individual sheet charges are
summed, viz., Fq( x) 5 F1( x) 1 F2( x) 1 . . . Fn( x), and
then added to the field-dependent oxide potential to give
the net potential U( x):

U~ x! 5 eV0 2
eVox x

tox

2
e

16p«x
2

er

16p«~tox 2 x!
1 Fq~ x!. (1)

Here eV0 is the charge-free oxide barrier height, eVox x/t the
field-effect contribution, and e/16p«x and er/16p«(t 2 x)
represent, respectively, the dynamic image force
lowering at the metal– oxide (M–O) and O–S interfaces.
Furthermore, r 5 («s 2 «ox)/(«s 1 «ox), where «s is the
effective dielectric constant at the Si interface, and r

reflects the screening effectiveness of the Si. In the
absence of free carriers, r 5 0.70. However, during
accumulation, with free carriers at the interface, «s . 11.9,
its bulk value, with r approaching unity the more the
interface region approaches metallic characteristics.

The potential U( x/tox) of Figure 4(b) is due to a
distribution of negative charge represented by seven sheet
charges shown in the middle of the figure. It is readily
seen that with increasing positive bias, the peak position
in U( x/tox) moves closer to the M–O (left) interface, a
nonlinear change associated with a distributed charge
density. The distribution shown is that of the generated
defects used to calculate the field dependence in the fits
to the experimental data shown in Curve C of Figure 7.
The actual fit, shown by the dashed line, also required the
inclusion of negative charge residing in the pre-existing
traps [27]. These were modeled first, with a charge
distribution peaked at the M–O interface, resulting in the
fit shown by the dashed line of Curve B. The additional
decrease observed in the experimental data at higher
oxide bias in both Curves B and C could be simulated only
by assuming charge neutralization, which was modeled by
reducing the occupancy in the sheet charges to zero for
the generated defects, while maintaining a reduced charge
density in the pre-existing traps [27]. Neutralization, most
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likely by anode hole injection, did not eliminate the traps,
which were refilled upon returning to zero bias conditions,
while maintaining the tip bias VT below 6 eV to eliminate
the possibility of generating new defects. The resulting
thresholds are shown by the open symbols at Vox 5 0.
Subsequently changing Vox to 21 V produced the large
threshold shifts depicted in Figure 7. Under these bias
conditions, the p-type Si becomes depleted at the
interface, which reduces its screening ability. This
reduction can be modeled by reducing the screening factor
r from 1 (metallic) to 0.75, as shown by the dotted lines
for Vox , 0. This value is in good agreement with r 5 0.70
obtained using an optical dielectric constant of 2.1 for the
SiO2 layer.

The modeling of the field dependence of the threshold
leads to the following conclusions: 1) The pre-existing
defects are close to the M–O interface and exhibit a
decreasing density away from the interface. From the
spread in threshold fluctuations, the net charge density is
in the range of (0.77–2.8) 3 1013 cm22. 2) The generated
traps are located closer to the O–S interface, with a total
density spread of (1.9 –3.6) 3 1013 cm22. 3) The large
threshold increases for negative values of Vox can be
modeled in terms of a decrease in free-carrier screening at
the O–S interface. 4) The threshold reductions under high

bias are consistent with charge neutralization by anode
hole injection.

● Positive charge in ultrathin oxides
In contrast to the thicker oxides just discussed, electrical
stressed oxides having thicknesses less than about 4 nm
do not exhibit a change in threshold that can be attributed
to buildup of negative charge in the oxide. The lack of a
measurable threshold shift, shown in Figure 8, suggests
that any charge, if present, is positive and furthermore is
located near the O–S interface, where its influence on the
barrier height is largely suppressed by image force effects,
as can be judged upon inspecting Figure 9. The presence
of positive charge near the Si interface was also concluded
from F–N stressing experiments [30]. In BEEM
experiments, an increase in the collector current is
observed after moderately stressing the oxide. This is
shown in Figure 8, where the open-circle curve represents
the initial scan on a previously unexposed surface of the
sample, and the open-triangle curve represents the scan
after the oxide was stressed at the same spot by raising
the tip bias to 213 V. The collector current increased, as
shown in the inset of Figure 8, from ;5 pA at the start of
the stressing to 7.5 pA after the 60-minute stress interval
[31]. No shifts in thresholds were observed within a
measurement uncertainty of 60.05 V. The absence of
threshold shifts together with the increase in the collector
current suggests the presence of positive charge, which
provides an accelerating potential that increases the
transmission probability [9]. The expected effect of a
positive charge in the oxide on the potential profile can be
seen in Figure 9. Although a small decrease in the barrier
height is indicated, the main consequence of the positive
charge is an increase in the average oxide potential
(slope), enhancing the transmission probability [9]. A
second stress cycle under the same conditions raised the
total injected charge to 41 nC. The BEEM spectrum taken
immediately afterward (Figure 8, solid-triangle curve)
resulted in an overall decrease in intensity. Since an
increase in the threshold was not observed, the decrease
in intensity is not due to a buildup of negative charge,
as discussed for the thicker oxides, but rather to the
creation of additional scattering centers that reduce the
transmission probability, an effect also observed for
thicker oxides [31].

The enhancement in the transmission can also be seen
in the BEEM image, which was simultaneously recorded
with the topographic or STM image; both are shown in
Figure 10. The STM image shows no evidence of surface
damage in the morphology of the deposited Pd layer,
whose nodular structure was not affected by the stressing.
Contrast for the BEEM image was provided by the local
variations in the collector current Ic and thus represents
an image of the electron transmission characteristics.

BEEM spectra of a 5-nm-thick Pd / 2.8-nm-thick SiO
2
 / n-Si(100) 

MOS structure: prior to electrical stressing (open circles), after 

injection of 19 nC (open triangles), and following injection of 41 

nC (solid triangles). The stressing was carried out at V
T
 5213 V 

and V
b
 5 0. The tip bias imparts the electrons in the oxide with a 

kinetic energy of 9 eV. The inset shows a representative spectrum 

of stressing current vs. time at the same levels of V
T
 and V

b
 after 

injecting a charge of 21.6 nC. Adapted from [31], with permission.
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Additional image contrast arises from the surface
morphology of the metal film, an unavoidable problem
associated with the STM injection geometry. The brighter
area near the center of the BEEM image is due to the
enhancement in transmission resulting from the generation
of positive charge. The area of enhanced transmission is
;1.3 3 10211 cm2, which is larger than the area exposed
to direct injection by the STM tip. The increase is a
consequence of multiple scattering of the electrons in both
metal and oxide layers, as well as tip drift during the long
stressing times. The total injected charge density was
3 3 103 C for 10 , uVTu , 13 V, and Vb 5 0. The kinetic
energy of the electrons in the oxide for this range of VT

corresponds to 6 –9 eV. As an aside, energies of this
magnitude are achievable with F–N injection only by
pulsing, since the fields required to reach such energies
solely by field acceleration are ;50 MV/cm for a 2.8-nm-
thick oxide. However, such energetic electrons are not

needed to generate positive charge, which is already
evident from the observed increase in Ic following
the injection of 0.01 nC at a kinetic energy of 1 eV
(VT 5 5 V) [31].

The localized suppression of the transmission in BEEM
images following the stressing of thick oxides has been
reported by Kaczer et al. [10] and subsequently by Wen
et al. [31]. The observed decrease in transmission was

Calculated effect of a positive sheet charge   
pos

5 5 3 1012/cm2 

placed at 0.2t
ox

 from the O–S interface (0.56 nm for the 2.8-nm-

thick oxide); x is the distance from the M–O interface. When 

image forces are included (the lower two curves), the calculation 

indicates that the kinetic energies of the electrons near the O–S 

interface should be substantially greater. The further decrease with 

the addition of positive charge increases the transmission proba-

bility, accounting for the increase in collector current for moderate 

stressing indicated in the inset of Figure 8.
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attributed to the buildup of negative charge, as discussed
above in the section on electron traps. The same
mechanism of electron trap formation is believed to occur
as well in the thinner oxides. However, electrons captured
in the traps are believed to leak out by tunneling to
conduction band states in the adjacent Si, a process
achieved in the thicker oxides only by applying large
electric fields. For the thin oxides, the absence of the
negative charge reveals the existence of the positive
charge, whose levels must lie near or above the Fermi
level of the Si.

● Oxide degradation and breakdown
From the trap-generation experiments discussed above,
one could surmise that areas of high densities of
negative trapped charge observed in the thicker oxides
(;5 3 1013/cm2) should be conducive to local breakdown
upon further stressing. However, many attempts at inducing
local breakdown through additional injection of hot
electrons have demonstrated that destructive breakdown
is seldom achieved. In the few instances when breakdown
occurred, as manifested by a drastic reduction in the local
oxide potential, the net injected charge, referred to as
charge to breakdown, or QBD, was orders of magnitude
larger than those reported for F–N stressing of MOS

capacitors [15]. We present here only the salient results
of these studies; for details the reader is referred to
Reference [15].

Breakdown studies were performed on oxides having
thicknesses in the range of 2.3–7.1 nm, with some of the
most detailed studies on 3.8-nm-thick and 7.1-nm-thick
oxides. In these experiments, the tip of the STM was
positioned either on a previously unexposed area of the
sample, or on areas for which the trap states had been
saturated, as discussed above in the section on electron
traps. The tip bias and current were then set to
predetermined values (7 , VT , 13, 2 , IT , 5 nA), and
the collector current was integrated to determine the total
charge injected into the oxide. The stressing process was
repeatedly interrupted to measure the threshold position
by taking a BEEM spectrum. The thresholds for the 3.8-
and 7.1-nm-thick oxides increased initially but reached a
plateau, which is indicative of the trap-generation and
filling process discussed above. If the stressing proceeds
toward an eventual breakdown, as was observed for a
3.8-nm-thick oxide [15], the thresholds begin to decrease
again, and an increase in the overall collector current is
observed. This second stage of stressing has been referred
to as the pre-breakdown stage. The decrease in thresholds
is the result of the neutralization of the trapped negative
charge through either leakage or positive charge
generation. This neutralization is the result of a local
“thinning” of the oxide, that is, the formation of a
conductive path due to the presence of overlapping states
that start at the O–S interface [2, 32]. Additional stressing
quickly leads to a total collapse of the oxide barrier, an
event characterized by a threshold of only 1 eV. The latter
event has been termed the breakdown stage, with the net
collector current integrated to a point just prior to the
collapse defined as QBD. The injected charge density can
be obtained from the spread in the injected beam at the
SiO2–Si interface, as calculated by Monte Carlo methods
and illustrated in Figure 3.

A common method of representing stress-to-failure
results obtained by F–N injection is to plot QBD vs. oxide
field, as shown by the open symbols and lines in Figure 11
[33]. In order to compare BEEM stressing results to these
data, the energies of electrons during BEEM stressing
were converted to electric fields that would be required
to achieve the same energies at the anode with F–N
injection. This conversion assumes that the breakdown
process depends predominantly on the energy of the
electrons, and not on the field. With this premise, the
BEEM data actually represent an underestimate of the
stressing conditions relative to F–N, since for the latter
the equivalent energy is reached only at the anode,
whereas in BEEM the energy of an electron is more
uniform throughout its traversal of the oxide. The results
of the few breakdowns observed are shown by the solid

Normalized charge to breakdown at room temperature as a 

function of average electric field for indicated oxide thicknesses. 

The data corresponding to the open symbols on the left were 

obtained through field stressing (injection by Fowler–Nordheim 

tunneling from a polysilicon gate); the solid lines are model 

calculations adapted from [33], with permission. The solid circles 

represent data on occasional oxide failures achieved with BEEM 

for 3.8-nm-thick and 7.1- to 7.5-nm-thick oxide layers; the open 

circles represent stress levels achieved without breakdown. The 

energies of the STM-injected electrons were converted to the 

equivalent field necessary to achieve those values by field accele-

ration. Adapted from [15], with permission.
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circles in Figure 11. The much more numerous stress
experiments that did not lead to breakdowns are shown by
open circles. The abscissa values (not true QBD values) of
the latter were limited by inevitable tip drifts away from
the injection point. It appears from examination of
Figure 11 that BEEM-initiated local breakdowns, when
they occur, lie appreciably above an extrapolated curve
of data obtained in a conventional, large-area stressing
experiment. The latter results were deemed to be limited
by “intrinsic” properties of the oxide [34]. Our results
clearly contradict this view, indicating instead that an
intrinsic limit has not yet been reached, and that even
in our case breakdowns are still limited by randomly
distributed defects/impurities of still unknown origin.

4. BEEM studies of fundamental oxide
parameters
A couple of salient examples of the unique capabilities of
BEEM in the study of fundamental physical phenomena
are discussed in this section. They are the dynamic
response of an SiO2 gate oxide layer to a moving electron,
and the determination of the layer’s conduction-band
effective mass and its dispersion with energy.

● Dynamic response to a moving charge: Effective dielectric
constant
An electron injected from a gate conductor into a gate
oxide experiences the effects of the free electrons in the
conductor, which move away from the interface in
response to the presence of the electron in the oxide,
leaving a net positive charge near the interface. This
action, termed screening, results in an attractive potential
sensed by the electrons in the oxide. The screening is
often and quite adequately described by the classical
method of images [35], an approach that is valid to
distances of separation between metal and charge of
the order of a Bohr radius (;0.05 nm), below which a
quantum-mechanical description becomes necessary [36].
The changes in the potential sensed by an electron from
such image force effects are further modified by the net
oxide potential Vox, in what is referred to as the Schottky
effect [37]:

Fim~ x! 5 eV0 2 eVox

x

tox

2
e 2

16p«0«ox x
, (2)

where tox is the thickness of the oxide layer, «0 the
permittivity of free space, and «ox the effective dielectric
constant of the oxide. The potential is shown by the
dashed curve in Figure 1(b) and by the lower dashed
curve in Figure 9. The latter includes the image force
corrections due to both interfaces. The lowering dV0 of
the threshold V0 and the location of the maximum xm in

Fim is readily obtained by minimizing the differential of
Equation (2). One thus obtains

deV0 5 F eVox

4p«0«oxtox
G 1/ 2

; (3a)

xm 5 F etox

16p«0«oxVox
G 1/ 2

. (3b)

In the absence of an oxide charge, the effective
barrier height at the metal– oxide interface is given by
eVth 5 eV0 2 edV0 , with V0 representing the interface
barrier height under flatband conditions (Vox 5 0). The
root dependence of eVth on Vox is implied in Figure 7(a)
for the threshold shifts at a charge-free location on the
sample [27]. A linear dependence on Vox

1/2 is premised on the
condition that the effective dielectric constant «ox is field-
independent over the range of applied Vox values. Such a
relationship has indeed been observed [29, 38], and the
value of «ox 5 2.74 was obtained from it. This value lies
between the static value of 3.9 and the optical or high-
frequency value 2.15. The latter value was obtained from
internal photoemission experiments on MOS structures
[39]. This technique responds to contributions from more
energetic electrons, which, in contrast to the low-energy
electrons at the threshold in BEEM measurements, do not
excite the lattice modes of SiO2 that enhance its dielectric
constant at low excitation energies. Support for the
validity of the BEEM-determined dielectric response has
been obtained from a theoretical treatment of a classical
particle subject to a time-dependent potential in a
polarizable medium. In the model the optical phonon
modes of SiO2 were assigned to the dielectric [29, 38],
which yielded a value for the dielectric response
«ox 5 2.69, in close agreement with experimental
results. The results indicated that even moderately
energetic electrons sense the presence of the optical
phonon modes.

The linear relationship of Vth on Vox
1/2 attests to the

validity of image force effects in MOS transport. This
issue was realized early in investigations of F–N tunneling
experiments, but is now generally ignored in nearly all
transport studies on MOS structures. The consequences of
this omission are addressed in the next section.

● The effective conduction-band mass of an SiO2 gate oxide
layer and its dispersion
The effective mass mox of conduction-band electrons in
an SiO2 gate oxide layer is a parameter that enters into
the description of virtually every aspect of hot-electron
transport in MOS-based structures and devices [40]. The
mass directly affects the electron–phonon coupling
strengths that determine scattering rates in the layer,
which in turn determine the thermalization of hot
electrons [14], charge trapping/detrapping phenomena
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[2], and ultimately device degradation processes [3].
Nevertheless, mox has not been measured unequivocally,
and considerable disparities have been reported [41– 43].
Complicating this issue is a prevailing tendency to
interchange mox with masses derived from tunneling
experiments, an unfortunate misuse that need not be
elaborated further. More significantly, as most hot-
electron phenomena in MOS structures are studied
under high-field conditions, with F–N tunneling being
the dominant injection technique used, the electrons are
subject to dynamic events over a position-dependent range
of kinetic energies. Hence, knowledge of the energy
dependence of the electron interactions is needed to
simulate electron transport. Yet a direct measurement of
the energy dependence of transport parameters from F–N
experiments is virtually impossible, since only energy-
averaged values have been extracted. The suggestion
that mox is dispersive, i.e., mox 5 mox(E), where E is the
kinetic energy of the conduction-band electron, has been
made by Maserjian [41] and subsequently addressed by
others [40, 44].

A dispersive mox is also evident from band-structure
calculations for all polytypes of quartz [45]. However,
a direct measurement, based on BEEM over a kinetic
energy range of 3 eV, has been reported only recently
[46]. The method for obtaining mox(E) is based on the
observation of quantum interference (QI) oscillation
in the BEEM current and its theoretical modeling
with mox(E) adjusted to fit experimental data. The
QI oscillations in the BEEM current Ic arise from
interference effects of the electron wave function in the
oxide conduction band [43, 44], akin to those observed in
F–N experiments [41, 42, 47–51]. In the simplest model of
a rectangular potential barrier of height U, maxima in the
quantum-mechanical transmission coefficient t(E) are found
at (E 2 U)1/2 5 np\/d(2m)1/2, n 5 1, 2, 3 . . . [52].

A BEEM spectrum for a MOS structure consisting of
1.8-nm-thick W/3-nm-thick SiO2/p-Si(100) is shown as
the dotted curve region (a) of Figure 12. An oscillatory
structure is clearly observable. The STM tip bias at
threshold was 23.77 V. A bias Vb 5 0.3 V (substrate
positive) was applied across the oxide to ensure flatband
conditions [53]. All of the spectra shown in the figure
were obtained from areas of the sample not previously
subjected to electron injection. As discussed above, prior
exposures, particularly for VT . 6 V, can generate positive
oxide charge whose random distribution alters and even
suppresses the QI structure. The energetic positions of the
interference maxima, although measurable from the raw
data, were more accurately determined by assuming that
Ic could be represented as a product of the transmission
coefficient t(E) and an unmodulated component of the
collector current Ic

0: Ic(E) 5 t(E)Ic
0(E).1 The collector

current could be approximated by a simple power-law
curve tangential to the maxima in the BEEM spectrum, as
shown by the dashed curve in region (a) of Figure 12. By
dividing Ic by Ic

0, t(E) could then be obtained, with the
results shown by the dotted curve in region (b). This curve
represents approximately the “experimental” t(E), from
which the interference maxima could be obtained.

We next summarize the calculation of t(E) and the
procedure to match the maxima with those of the
“experimental” t(E). Details of the numerical solution
of the one-dimensional Schrödinger equation with the
appropriate potential barrier and boundary conditions are
discussed elsewhere [46]. The barrier was modeled by a
multistep potential approximation that included image
force corrections arising from both the metal–SiO2 and
SiO2–Si interfaces. Effective masses of m0 and 0.19m0

were assumed for the conduction-band electrons of the
metal and the Si, respectively. The results of calculating
t(E) with a constant mass [43], represented in region (b)

1t(E) represents the transmission coefficient in the ballistic limit that ignores
electron–phonon interactions, an approximation suitable for the thin SiO2 films
used for the QI studies.

(a) BEEM spectrum for a 1.8-nm-thick W / 3.0-nm-thick SiO
2
 / 

p-Si(100) MOS structure (dotted curve) with estimated un-

modulated collector current component I
c
 shown by a dashed 

line. (b) “Experimental” transmission coefficient, I
c
/I

c
 (dotted 

curve), compared to  (E) calculated with a dispersive mass (solid 

curve). Vertical arrows mark interference maxima for  (E) cal-

culated assuming a fixed mass m
ox

 = 0.42 m
0
. From [54], with 

permission.
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of Figure 12 solely by arrows marking the maxima, shows
agreement with experiment only for the first two maxima,
to which the solution was intentionally fitted by setting
mox 5 0.42m0. Consequently, the mass was adjusted so that
each maximum agreed with the experimental one, thereby
yielding a discrete set of dispersing masses mox(Ei) at peak
energies Ei . The resulting t(E) is shown by the solid curve
in region (b) of Figure 12. The values of mox(Ei) were
then used to obtain the dispersion, which is shown by the
central curve in Figure 13. Here we have subtracted the
threshold energies to show the dispersions as a function of
the kinetic energy (KE) of the conduction-band electrons
in SiO2. Figure 13 also depicts the mass dispersion
obtained from Monte Carlo (MC) simulations of the
attenuation lengths in SiO2 (open symbols) [54]. Although
the agreement with the BEEM results is marginal and
attributable to arbitrarily setting mox 5 0.5m0 at
KE 5 1.5 eV in the MC calculations, it is reassuring
that the changes in mass over comparable energy
intervals are quite close.

We have also determined the dispersion for a 2.3-nm-
thick SiO2 layer which was thermally grown on p-Si(100)
and covered with a 4-nm-thick Pd layer [46]. The
dispersion observed for this sample is shown by the
uppermost curve in Figure 13. Its upward displacement
relative to the 3.0-nm-thick oxide cannot be accounted for
by uncertainties in the parameters, particularly in their
thicknesses. Consequently, we attribute the difference in
the dispersions to thickness-related phenomena, such
as an onset of band-structure changes. The overall
increase in mox(E) for the thinner oxide is consistent
with a narrowing of the bands due to the decreasing
dimensionality [55]. The range of the dispersions in all
three cases, which are comparable in magnitude, implies
considerable nonparabolicity in the conduction bands of
SiO2. The reduced dispersion at low KE, particularly for
the 3.0-nm-thick oxide, indicates an initial constancy of
mox(E) that implies a parabolic band behavior near the
bottom of the conduction band. The value here of 0.44m0 is
close to the best estimates for the tunnel mass mt 5 0.42m0

near the top of the gap [41, 56], and is consistent
with the smooth transition between a Franz-type band
dispersion in the gap and the bottom of the conduction
band [41]. By integrating the mass dispersions, one readily
obtains the band dispersions, as shown in Figure 14. To
aid the eye, a parabolic dispersion (dashed curve) has
been superimposed to emphasize the deviations from
parabolicity. The estimated conduction band obtained by
pseudopotential theory for a-quartz is shown as a dotted
line [57]. The corresponding mass of 0.3m0 appears to be
inconsistent with experimental results for amorphous SiO2.

Indicated on the right ordinate of Figure 13 near
mox 5 0.85m0 are values obtained previously from QI
in FN-injection experiments [41, 42]. Their magnitude

Effective mass vs. electron energy, determined from quantum 

interference oscillations in BEEM spectra (solid curves). Also 

shown is the dispersion derived from Monte Carlo simulations of 

experimentally determined electron mean free paths (dashed 

curve). Adapted from [54], with permission.
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is considerably larger than the 0.63m0 value obtained
recently by BEEM for a 2.8-nm-thick oxide [43], which
was deduced from a single mass fit to data inferior to the
results reported here. Nevertheless, its value agrees well
with the energy-averaged dispersive mass for the 3.0-nm-
thick layer. The origin of the discrepancies with the F–N
results can readily be attributed to their greater sensitivity
of mox to uncertainties in the F–N parameters, in
particular the barrier height and its modification by
image force corrections, which were neglected [54].

5. Concluding remarks
In this review we have attempted to show the power and
versatility of BEEM in addressing critical issues of oxide
physics and oxide reliability on a microscopic scale. The
technique, in conjunction with modeling, has provided new
insights into electron transport in ultrathin SiO2 layers,
including the importance of screening (image force
effects) both in electron–phonon interactions for thin
oxides and in the determination of the effective electron
mass. The role of low-frequency vibrational interactions
on the dynamic response to a moving charge, as expressed
by an effective dielectric constant, has been elucidated
experimentally and confirmed by modeling. The energetics
of defect generation and its effect on electron transport
have been investigated, with electron trapping dominating
in the thicker films and positive charge generation
controlling transport in ultrathin SiO2 layers. One
essential observation is that the oxides are extremely
difficult to break down by local electric stressing, and that
the breakdown process continues to be dominated by
extrinsic factors. In the area of fundamental physical
properties, the observation of QI oscillations in the
BEEM current permits an absolute determination of the
dispersion of the conduction-band mass of SiO2. The
mere existence of dispersion attests to a description of an
atomic short-range correlation that supports the concept
of a band structure [40]. One of the major conclusions
that underlie this work is further substantiation that the
amorphous SiO2 layers exhibit many if not most of the
characteristics of crystalline solids, including well-defined
vibrational (optical) properties, and band structural
properties, as well as the concept of an effective mass
and its dispersion with energy.
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