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Ballistic electron transport in thin silicon dioxide films
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Electron transport in thin (3.8—5.8-nm) silicon dioxide films has been investigated with use of the
carrier-separation and vacuum-emission techniques. For the thinner films and smaller voltages,
ballistic transport is inferred not only indirectly from the oscillations of the current-voltage charac-
teristics (as originally reported by Lewicki and Maserjian) but also directly from the average energy
measured via the carrier-separation technique and from the observation of the ballistic peak (about
0.15 eV wide) in the vacuum-emission experiments. In thicker films and/or at higher bias voltages,
the transition from the ballistic to the steady-state regime is observed. Phonon replicas for the
0.153- and 0.063-eV longitudinal optical phonons have been observed in this transient situation. The
experimental results have been compared to Monte Carlo simulations. Best agreement has been ob-

tained by using a value of 0.7mp for the polaron mass. The average mean free path of about 1 nm

resulting from the simulation is in good agreement with Lewicki and Maserjian's experimental data.

I. INTRODUCTION

One of the most spectacular results of the interplay be-
tween basic science and technology is provided by the re-
cent observation of ballistic electron transport in semicon-
ductors. So far these observations have been confined to
III-V compound semiconductors, ' mainly because the
low electron-phonon scattering rates exhibited by these
small-effective-mass materials translate into electron
mean free paths which are comparable to the minimum
dimensions technologically obtainable today. Recent re-
sults indicate that collision processes other than polar
electron-phonon scattering dominate the transport in the
highly doped regions of the so-called "ballistic devices. "
Namely, electrons lose their ballistic behavior by exciting
collective coupled plasmon-phonon modes of the
electron-gas —lattice system in the transit region. ' Thus,
a simple correlation between electron-lattice scattering pa-
rameters and experimental data is hampered by a more
complex physical picture.

In this paper we present results about ballistic transport
in thin films of silicon dioxide. These results are impor-
tant from a practical point of view, since it is obvious that
the microelectronics technology needs a better under-
standing of electron transport in these films. The thick-
ness of the gate oxides used in field-effect transistors
(FET s) is now approaching the 10-nm limit in the pro-
duction environment and layers as thin as 4 nm are ex-
pected to be employed in the devices of the 1990s. Hot
electrons intentionally or accidentally injected into the
gate insulator are commonly blamed for the reduced relia-
bility of these films and we must understand in full detail
how they lose their energy if we want to gain better con-
trol of the technology. From the perspective of funda-
mental research, Si02-based systems provide a direct test
of transport theories. Some of our results replicate the ob-
servations made in the III-V compounds, if we account
for the shorter electron mean free path in Si02—which is
due to both the higher effective mass (0.067mo in GaAs,

0.5m„ in Si02, mo being the free-electron mass) and to
the different dielectric constant —and for the amorphous
structure of the SiO2. In addition, thanks to the low con-
centration of free carriers in Si02 even at the highest den-
sities of injected current, the thermalizing and broadening
electron-electron interaction is virtually absent in this sys-
tem. Thus, individual electron-phonon collisions are ob-
servable in the form of sidebands (or "phonon replicas" )

in the electron distributions, and detailed information
about the electron-phonon interaction can be directly ob-
tained from the experimental data.

We have presented some of these results in a previous
Letter. Here we want to give a more-detailed pre-
sentation of our work. We proceed as follows. In Sec. II
we discuss the oscillations which are observable in the
current-voltage characteristics of metal-oxide-
semiconductor (MOS) structures when electrons tunnel
through the insulators. These oscillations have been at-
tributed to the quantum reflections that ballistic electrons
suffer at the sharp potential discontinuity of the Si02-
electrode interface. To our knowledge, at the time this
was observed and correctly interpreted by Lewicki and
Maserjian, it constituted the first evidence of ballistic
transport in condensed matter. We present additional
support to this interpretation by showing (1) that much
weaker but clear reflections occur also at the Si02-Al and
Si02—polycrystalline-Si interfaces, and (2) that the ampli-
tude of the oscillations (also when observed at low tem-
perature and with an external magnetic field) is quantita-
tively consistent with the strength of the electron —LO-
phonon interaction in SiO2. In Sec. III we describe the
carrier-separation experiments and show directly that
below 4 V of applied bias most of the electrons which
have tunneled through the oxide will travel ballistically in
the remaining portion of the insulator. In Sec. IV we
describe data related to the vacuum-emission experi-
ments. They show the shift and decay of the ballistic
electron peak as the gate voltage is increased and the oc-
currence of satellite peaks as the ballistic electrons lose en-
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ergy to one or two LO phonons. These data constitute an
excellent test for the parameters entering the Monte Carlo
simulations we have employed to explain the data. The
excellent agreement between the experimental data (ob-
tained in amorphous films) and the simulations (which
treat the oxide as a perfect crystal) will lead us in Sec. V
to some speculations about the short-range order of
thermally grown SiO2 films.

II. OSCILLATIONS OF THE TUNNELING CURRENT

In 1974 Lewicki and Maserjian began a systematic
study of the current-voltage characteristics of MOS capa-
citors in the Fowler-Nordheirn tunneling regime. The
main motivation of their work was the analysis of the E-
vs-k dispersion relation for electrons in the forbidden gap
of SiO2. Their careful evaluation of the tunneling current
brought them beyond the usual Wentzel-Kramers-
Brillouin (WKB) approximation. The exact numerical
solution of the Schrodinger equation describing electrons
tunneling through a trapezoidal (direct tunneling) or tri-
angular (Fowler-Nordheim tunneling) barrier had been
given by Gundlach. His analysis showed that for a bar-
rier with sharp potential steps quantum interference ef-
fects resulted from reflections of the electron wave func-
tions at the sharp potential discontinuity. As in every in-
terference effect, phase coherence is a necessary require-
ment for the phenomenon to occur. Thus, two effects
might prevent the observation of the predicted "quantum
oscillations:" (1) phase-destroying inelastic electron-
phonon collisions for electrons traveling in the SiO2 con-
duction band after having tunneled through the forbidden
gap and (2) roughness at Si02 electrodes (Si substrate or
metal-polysilicon gate) interfaces which could randomize
the phase of the ballistic electrons emerging in the anode
and average out to zero the amplitude of the oscillations. '

The observation of the oscillations proved the existence of

ballistic electrons across distances of the order of 2 to 3
nm in the Si02 conduction band. The asymmetry of the
oscillations (not reported by Lewicki and Maserjian for
tunneling through the oxide into the metal-gate —SiO2 in-
terface) proved that the Si-Si02 interface is much more
smooth and abrupt at the atomic scale than the metal-
Si02 interface. This last observation is usually accounted
for by considering the high degree of chemical reactivity
with SiO2 exhibited by most of the metals used as gate
materials, such as Al, Cr, Ni, or Mg. From the decay of
the oscillations as the distance the electrons travel in the
Si02 conduction band increases (either by increasing the
oxide thickness or by increasing the gate voltage), a value
of about 0.65 nm was deduced" for the inelastic mean
free path of electrons in Si02. At the time, this was a
controversial conclusion, as other models predicted much
smaller values (around 0.1 or 0.2 nm). '

In previous publications, ' ' we have shown that mean
free paths of the magnitude inferred by Lewicki and
Maserjian are actually consistent with both experimental
and theoretical results concerning high-field, steady-state
electron transport in Si02. To handle the transient regime
occurring in the tunneling experiments just mentioned, we
have replicated and extended the original experiments and
have confirmed our results with Monte Carlo simulations.

Figure 1 shows the tunneling current-voltage charac-
teristics for a polysilicon-gate, p-channel field-effect
transistor (FET) with a gate oxide 3.85 nm thick. The
Fowler-Nordheim fit to the data is shown by the solid
line. The quantum oscillations are clearly visible.

From the exact integration of the Schrodinger equation,
Gundlach obtained an algebraically complicated expres-
sion for the transmission probability P across the insula-
tor as a function of the field F applied to the barrier.
Referring to Fig. 2 and considering the case of injection
from the metal gate of an electron at the Fermi energy
EF, this is

P(F)= k, 4

m

k 2

[Ai'(Px, )Bi'( —Pxr. ) —Ai'( /3xl. )Bt (Pxi )]—+ [Ai(/3x, )Bi( —Pxg ) —Ai( —/3xi. )Bi(Px, )]
m

k
[Ai( /3x~ )Bi'(/3x, ) ——Ai'(/3x, )Bi( —Pxl. )]+[Ai(/3x, )Bi'( —Pxl ) —Ai'( /3x~ )Bt(Px, )]-

m

2 —1

where e is the magnitude of the electron charge, P„(P )

is the potential barrier at the oxide-silicon (oxide-metal)
interface, k =(2m E~)' /R is the electron wave vector
in the metal with effective mass m, k,
=[2m, (P, +eFxl )]' /A' is the wave vector in the silicon
substrate with electron effective mass m„x, =P /eF is
the tunneling distance in the insulator, xI ——d —x, is the
distance the electrons travel in the SiO2 conduction band
after having tunneled, d is the oxide thickness,
P=(2m, „eF/A' )'~, m, „ is the effective mass in the SiO~
band gap (assumed to be constant), and, finally, Ai(x) and

Bi(x) are the Airy functions and Ai (x) and Bi'(x) their
derivatives.

To enhance the "detection" of the quantum oscillations,
we show in Fig. 3 the ratio J/Jq~ of the measured
current density J over the Fowler-Nordheim fit to the
data, J&~, as a function of the potential drop
b, V= V,„—Pz/e (where P~ is the potential barrier at the
cathode-Si02 interface, i.e., the barrier P in this case)
across the distance xl in the oxide. Since this quantity
will be used several times in the following, it should be
kept in mind that eAV is the maximum kinetic energy



M. V. FISCHETTI et al. 35

10

10

10
HOT4E10 HOT4E13
t = 3.85 nm

10

10
C4

10

10

10

Z'.

10—

10

~W~/ g /
/ / /

// wr /

06 08 10 12 14 16
1/F ( 10 cm/V )

0.0 0.5 1.0 1 ' 5 2.0 2.5 3.0

~v(v)

(measured from the bottom of the SiOz conduction band)
an electron can have when emerging into the collecting
electrode (i.e., the anode). We compare the experimental
curve with the theoretical ratio P/PwKB where P is the
exact tunneling probability given by Eq. (1) and PwKB is
its WKB approximation
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FIG. 2. Schematic band diagram of a metal-gate MOS capa-
citor with the gate negatively biased illustrating the quantities
employed in Eqs. (1) and (2) of the text.

FIG. 1. Fowler-Nordheim plot of the current density J of
electrons tunneling through the gate oxide of two polysilicon-
gate, p-channel FET's at negative gate bias. F is the electric
field applied to the oxide. The straight line is the least-squares
fit to the data using the WKB Fowler-Nordheim expression
J/F'=C exp( —2) ), with @=2(2m, „)'~'Ps /(3eAF). The
value of Ps shown is obtained using the value m,„=0.5mo
given in Ref. 22, and it is consistent with the barrier expected
for tunneling from the quantum levels in the Si accumulation
layer. The quantum oscillations —due to reflections of ballistic
electrons at the Si-Si02 interface —are clearly visible.

FIG. 3. The ratio of the experimental current density J of the
samples considered in Fig. 1 to the Fowler-Nordheim fit J»
(open triangles) as compared to the theoretical ratio P/P~K~
given by Eqs. (1) and (2) of the text expected for pure ballistic
transport (dashed line) and corrected for the fraction of elec-
trons reaching ballistically the oxide-anode interface (solid line),
given by Eq. (3) of the text. The oxide thickness is determined
from the period of the oscillations.

16k, exp( —2y )

k (b/a +ab/k +k, /ab+ak, /bk )

where y=2(2m, „)'~ P /(3efiF), a =(2m, „g )' tti, and
b =(2m „eFxL)' /A'. We have already mentioned the
two main reasons why the observed amplitude of the os-
cillations is smaller than predicted: electron-phonon in-
elastic collisions in the oxide and nonabruptness of the
anode-Si02 interface. A third possibility originates from
the fact that in real experiments the energy distribution of
the injected electrons has a finite width, so that a further
smearing of the oscillations might result from taking the
average over the initial electron energy. However, when
injecting from the polysilicon gate, quantization effects in
the accumulation layer' may give a narrower distribution
than in the case of injection from a metal electrode con-
sidered in Ref. 6. Thus, we have ignored this source of
broadening of the oscillations. More important, a final
source of complications comes from the fundamental
problem of how to match the electronic wave functions at
the interfaces between different solids: The expression for
P given by Eq. (1) has been obtained by imposing the con-
tinuity of the wave functions ttr and the associated group
velocities (dgldx)/m, rr (m, rr being the electron effective
mass in the two materials) across the interfaces. In gen-
eral, this will allow conservation of probability current but
not necessarily conservation of crystal momentum if we
account for the different band structure of the two solids.
A more accurate transfer-matrix approach would be
necessary. In addition, the wave vectors k and k, de-
pend on the band structures of the contacts (Si substrate
and gate) via the position of the Fermi level and the elec-
tron group velocities. We have assumed the same values
used by Powell, ' since they fit internal photoemission
data reasonably well. Cxiven the uncertainty of these pa-
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rameters and the problems associated with the choice of
the boundary conditions, we have taken a semiempirical
approach by assuming that the Si-SiOz interface is abrupt
within a few tenths of 1 nm (consistent with the results of
Refs. 10 and 18), so that the amplitude of the oscillations
is only marginally affected by the "shape" of the potential
discontinuity. The amplitude of the oscillations is then
modulated only by the fraction of the electrons which
reach the Si-SiO2 interface without suffering any col-
lisions. Similarly, the period becomes a sole function of
the oxide thickness which we determine by fitting the data
with the period predicted by Eq. (1). Typically, this deter-
mination of the oxide thickness agrees within better than
0.2 nm with the results from ellipsometry measurements.
The solid curve of Fig. 3 is obtained by simulating with a
Monte Carlo technique' ' the transport of n„, electrons
through the oxide, counting the number n&, ~

of the elec-
trons reaching the contact ballistically, and obtaining the
"weighted" relative amplitude

J
JFN

(n tot bat ) + bal ~ WKB

n tot
(3)

Low-energy electrons, such as those considered here, in-
teract with the SiOz mainly via the polar interaction with
the longitudinal-optical (LO) phonons, while nonpolar
scattering with optical and acoustic phonons becomes sig-
nificant at electron energies larger than about 2 eV (Refs.
13 and 14). The dimensionless coupling constant a be-
tween electrons and LO phonons is given to first order in
the usual Frohlich Hamiltonian by'

1/2
2m *coLo2

CX =
8'1Ti5COLo

where e is the magnitude of the electron charge, m * is the
electron effective mass at the bottom of the SiO2 conduc-
tion band, e& (e& ) is the dielectric constant at a frequency
higher (lower) than the frequency co„o of the LO phonon,
where we have considered two LO phonons with energies
iricoLo ——0.063 and 0.153 eV (Refs. 19 and 20). The values
of the dielectric constant for SiOz are well established. '

On the contrary, a source of uncertainty for the deter-
mination of the scattering rate at low energy might still be
the value of the electron effective mass m*. This uncer-
tainty stems from fundamental questions concerning the
time needed by the electrons to be "dressed" by the optical
phonons to form a polaron, whether this occurs during
the tunneling process, and how the interference phenome-
na discussed in the preceding section affect the tunneling
and transit time of the carriers. Therefore, we have treat-
ed m as an adjustable parameter and have used the po-
laron mass '

m~ t
——m*(1 —a/6) (=1.35m* accounting

for the two LO phonons) as "inertial" mass for the elec-
trons in the Monte Carlo simulation at low energy ( & 2
eV), while the free-electron mass has been employed at en-
ergies exceeding 5 eV, as described in our previous publi-
cations. ' ' A linear interpolation for both the effective
mass as well as the nonpolar scattering rates has been em-
ployed in the intermediate energy range, and we shall see
in the following sections the effect of these approxima-
tions. We have then found the best fit to the data shown

1.0
O
lZ

o.s

0.6

ca 0.4
O

g 0.2
I—

0.0

t = 3.85 nm

A, = 1.35 nm

~la ~
I I

1.O0
I—

o.s

O
0.6—

CO

ca 0.4—
O

g 0.2—
I—

0.0
0

5.50 nm

1.35 nm

2 3 4 5

DISTANCE IN SiO ( nm )
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FIG. 5. Experimental and simulated J/JFN ratio at 300 and

4.2 K. The results of the simulation are shifted by a factor 0.5
to help the visualization. The very small temperature depen-
dence is consistent with electron transport dominated by polar
scattering with high-energy (0.153 eV) LO phonons. The oscil-
lations observed at low gate voltage at 4.2 K are caused by ex-
perimental noise.
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in Fig. 3, obtaining as our best estimates the value
m*=0.5mo (and so mz i

—0.7mo), which agrees very
well with previous experimental ' and theoretical re-
sults. The fraction of ballistic electrons as a function of
the distance xL traveled in the Si02 conduction band in
the transient situation of these experiments is shown in
Fig. 4. The quasiexponential decay for xI &2 nm is con-
trolled mainly by polar collisions, while a sharp drop of
the number of ballistic electrons is seen as nonpolar col-
lisions take over at electron energies above about 2 eV
(Refs. 13 and 14). The dashed line represents a qualitative
exponential fit useful to compare our results to those ob-
tained by Lewicki and Maserjian. For the particular data
of Fig. 4, we obtain a mean free path of 1.35 nm when fit-
ting the initial portion of the curve. A smaller value ( (1
nm) would be obtained when fitting the full curve. How-
ever, this procedure provides somewhat ambiguous values,
since the actual mean free path depends —via the electric
field and oxide thickness —on the electron energy. Also, a
single exponential seems to be a rather crude approxima-
tion which we employ only for the sake of comparison
with Lewicki and Maserjian s data. Despite this, our re-
sults are in satisfactory agreement with their value of 0.65
nm.

A clear indication that at low energy the polar scatter-
ing is the dominant collision process was provided in-
directly in our previous work ' by the observation that
steady-state transport at electric fields below 2 )& 10
V/cm (i.e., for average electron energies below 2 eV)
behaves as predicted by the older theories based on polar
scattering only. ' Another indication of this fact is pro-
vided by the results shown in Fig. 5. Current-voltage
characteristics in the tunneling regime at room tempera-
ture and liquid-helium temperature exhibit oscillations of
very similar amplitude, both experimentally and theoreti-
cally. This is expected for collision processes involving
high-energy phonons (as the 0.153-eV LO phonons),
whose population is little affected by variations of tem-
perature, as long as kz T « AcoLO, kz being the
Boltzmann constant. The application of a magnetic field
(Fig. 6) parallel to the interfaces has no effect on the oscil-
lations because of the thinness of the oxide and the high
electron velocity. '

To conclude this section on the quantum oscillations,
we show in Fig. 7 the J/JFN ratios obtained at both po-
larities in samples with (unannealed) Al (a) and polysilicon
(b) gates. Little dependence on bias polarity is seen in
samples with polysilicon gates. More interesting is the
fact that oscillations are clearly observed even when tun-
neling from the silicon substrate through the oxide into
the aluminum gate. The amplitude of the oscillations due
to interference at the Al-SiO2 interface is strongly reduced
with respect to the oscillations originating at the Si-Si02
interface. This confirms the widespread belief that
oxide-metal interfaces are roughened by chemical reac-
tions occurring at those interfaces. ' The postmetalliza-
tion annealing (PMA) usually performed in MOS devices
would increase the reaction rate, induce a further
roughening of the interface, and damp the oscillations
below the limit of observation. Finally, this first observa-
tion of quantum interference effects at the oxide-gate in-
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FICs. 7. Quantum oscillations due to interference of the elec-
tron wave function at the Si-SiOz interface [negative bias in (a)
and (b)], at the unannealed SiOz-Al interface [positive bias in

(a)), and at the Si02-polysilicon interface [positive bias in (b)].
The amplitude of the oscillation at positive bias in (a) is damped
by the roughness of the Si02-Al interface.

FIG. 6. Experimental J/JF~ ratio at 4.2 K with (circles) and
without (triangles) the application of a 12-T magnetic field
parallel to the SiO&-electrode interfaces. The simulation (ballis-
tic: dashed line; with inclusion of scattering in the oxide: solid
line) is performed at zero field.
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terface shows very clearly that the density of states (DOS)
of the anode material plays little or no role in the modula-
tion of the tunneling current. This is easily understood by
noticing that the variation of the DOS of Al or Si over the
narrow energy range covered by tunneling measurements
is too small to have any significant effect.

III. CARRIER SEPARATION

The observation of the quantum oscillations in the tun-
neling characteristics of an MOS device is definitely a
clear proof of the existence of ballistic electrons in thin
Si02 layers. However, the information one can extract
from these observations is somewhat limited: Experimen-
tally, oscillations can be seen only over a limited range of
voltage and oxide thickness. Theoretically, the tunneling
problem must be necessarily oversimplified with approxi-
mations about the boundary conditions of the wave func-
tions and about the abruptness of the interfaces which
limit the overall validity of the simple model leading to
Eq. (1).

We have been able to obtain direct evidence of ballistic
transport in thin oxides by using the same techniques we
have employed before to study steady-state transport in
thick oxides: the carrier-separation and the Uacuum-
emission techniques. Since they have been described at
length in previous publications, ' we shall simply recall
here and in the next section the type of information they
provide, concentrating mainly on the observations relative
to ballistic transport.

In carrier separation, electrons are injected from the
polysilicon gate of a p-channel FET into the gate oxide.
As they enter the silicon substrate, electron-hole pairs are
generated and the number of pairs can be counted by
measuring separately the substrate (electrons) and channel
(holes) currents Using. a sufficiently accurate evaluation
of the ionization probability in Si as a function of electron
energy, it is possible to retrace the average energy the
electrons gained in the gate oxide. For ballistic transport,
we expect that all electrons should enter the Si substrate
with energy P, +e b, V.

In Figs. 8 and 9, we plot the average energy measured
by the carrier separation as a function of the voltage ap-
plied to the oxide, V,„, from which we have subtracted
the voltage drop at the Si02-gate interface P~/e=3. 1 V,
obtaining the quantity AV. From the average energy we
have subtracted P, =3. 1 eV, to obtain the electron kinetic
energy in the oxide. Therefore, the so1id straight 1ine of
unit slope represents the average energy the electrons
should have, if all of them could cross the oxide ballisti-
cally. As long as EV(1 eV, this is what we observe ex-
perimentally (dashed line) from the carrier separation and
from the vacuum emission (shaded region in Fig. 9) which
we will describe in the next section. The undulation in the
data at about AV=0. 8 V might be related to the same
quantum oscillations discussed above. In fact, the elec-
trons which attempt to cross the oxide ballistically will be
reflected at the Si-SiOz interface with probability
1 —P/PwKB. The average energy will be modulated ac-
cordingly. This is seen in the Monte Carlo simulation
(dotted line) which includes the quantum reflections in the
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FIG. 8. Average electron kinetic energy in SiOq as a function
of the voltage 6 V dropping across the distance xL in the oxide
as obtained from the carrier-separation technique in a sample
having a 3.85-nm-thick oxide. The solid line would be observed
for pure ballistic transport. The results of Monte Carlo simula-
tions including interference effects are also shown.
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where E; is the energy of the ith electron, and P; is either
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FICx. 9. Average electron kinetic energy in SiQ2 as a function
of the voltage drop 6 V as obtained from the carrier separation
and from the vacuum-emission techniques in samples having a
5.5-nm-thick oxide. Both thermally grown and plasma-
enhanced chemical-vapor-deposited oxides with thicknesses
ranging up to 10 nm have been employed in the vacuum-
emission experiments.
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by Eqs. (1) and (2) for ballistic electrons, or is unity for
electrons which have scattered inelastically at least once,
thus losing memory of their phases. Destructive interfer-
ence results in minima of the average energy as a function
of b V, while the full "ballistic" energy is recovered when
constructive interference occurs. %'hile the positions of
the maxima and minima of the tunneling current observed
experimentally agree extremely well with those predicted
theoretically (Figs. 3, 5, 6, and 7), the agreement is far
from perfect when looking at the average energies of Figs.
8 and 9. This might be due to the problems we have dis-
cussed in Sec. II concerning the use of the "dressed" elec-
tron mass, as well as to uncertainties in processing the
data, or from the variation of the DOS in the Si substrate
used as a "detector" whose efficiency might vary slightly
from the one calculated in Ref. 26. The vacuum-emission
data we present below (Sec. IV) will add evidence to the
oscillating behavior of the ballistic peak and support our
interpretation of the undulations of the ( E)-vers us-AV

curves.
At higher applied voltage (EV& 1.5 V) (Fig. 9) the

average energy drops below the ballistic line, approaching
the steady-state value. Some uncertainty exists in the ex-
perimental data, since the voltage 6V is obtained from the
applied gate voltage corrected for barrier heights and po-
tential drop in the Si, quantities which we can determine
with a combined error of about 0.1 eV. However, the
Monte Carlo simulation predicts a slower approach to
steady state then actually observed. This difference has
been consistently obtained even at steady state in the ener-

gy range 1 to 2 eV; that is, at the heating threshold.
The energy distributions we will present in the next sec-
tion confirm this disagreement which appears to be
"real." An obvious reason for the inaccuracy of the
Monte Carlo simulation is that, independently of the pa-
rameters used, the "intermediate" range of electron energy
(1 to 3 eV) is poorly treated. Apart from polaron correc-
tions, we know what the electron effective mass is at the
bottom of the Si02 conduction band ' ' and we can
reasonably assume that the electrons are "almost free" at
high energies. We can use the deformation-potential ap-
proximation and the rigid-ion approximation to treat
the nonpolar electron-phonon collisions at low and high
energy, respectively. But in the intermediate range telec-
trons far from the center and far from the edges of the
Brillouin zone) we rely on unjustified interpolations.
Moreover, among the various coupling constants em-
ployed in the Monte Carlo simulation, the most suspicious
appears to be the deformation potential (i.e., the strength
of the nonpolar-electron —acoustic-phonon interaction at
low electron energy). As we stated in previous publica-
tions, ' ' while we could "guess" the importance of the
nonpolar collisions at high electron energies, we simply
extrapolated those values to lower energies in an empirical
way. Our value for the deformation potential (=3.5 eV)
is of the same order of the value used by Koster and
Hubner, but much smaller than the one employed by Po-
rod and Ferry ' (=25 eV). As the situation stands now,
neither a suitable choice of a particular value, nor even the
inclusion of the Harrison nonpolar-electron —optical-
phonon scattering, seems to help in reproducing both the

heating threshold ' and the low-field mobility data.
To further complicate the issue, density of states and
quantum-broadening effects might play some role, as one
can see comparing the "golden-rule" rates to the imagi-
nary part of the self-energy employed in the quantum
Monte Carlo (QMC) simulation. We could definitely
take the "usual" approach and look for a value of the de-
formation potential which gives the best agreement with
the data of Fig. 9. If we were able to account for nonpar-
abolicity, density of states, Harrison interaction, and
quantum effects, we would trust the physical meaning of
the values we would eventually obtain. Unfortunately, the
long computing time needed to solve the Dyson equation
and to perform the QMC for every trial value of the cou-
pling constants prevents us from doing so. Therefore,
rather than forcing a fit to the data with values of the de-
formation potential which would carry no physical mean-
ing, we prefer to hold our attempts and wait for addition-
al data on the electron drift velocity at high fields or for
an independent determination of the deformation poten-
tial from measurements of the Si02 structure factor with
neutron diffraction experiments or other techniques.

In conclusion, the results of the carrier-separation ex-
periments coupled to the Monte Carlo simulations provide
a clear picture of the transient electron transport in thin
oxides: Transport occurs in a mostly ballistic regime for
the first nanometer traveled by the electrons in the SiO2
conduction band, up to energies of about 1 eV. The polar
electron-phonon collisions slowly reduce the number of
ballistic carriers after 2 to 3 nm. Finally, as the electron
energies grow above about 2 eV, the nonpolar scattering
takes over quickly, driving the electrons towards steady-
state. This is observed to occur at a faster rate than
predicted by the simulation.

IV. VACUUM EMISSION

f dE I„„(E)
I„„(0)

Moreover, since

(6)

Perhaps the most spectacular evidence of ballistic trans-
port can be obtained using the vacuum-emission tech-
nique. MOS capacitors with thin oxide layers (5 to 10
nm) thermally grown or deposited by plasma-enhanced
chemical-vapor deposition (PECVD) on Si substrates of
resistivity =0.01 Qcm (for the thermal oxides) to 0.001
Oem (for the PECVD oxides) are used to inject electrons
from the substrate into the oxide. A thin (12—25-nm) Al
gate will collect most of the carriers. But approximately
one out of every 10 electrons will escape through the
metal into the vacuum chamber in which the capacitor is
mounted. After being focused, these electrons are energy
analyzed by varying the retarding potential V,„,. Figure
10 shows that, as the retarding potential is reduced, elec-
trons exiting the oxide with energy larger than P+eV,„,
(7=0.9 eV being the electron affinity of SiO2) will be col-
lected. Therefore, if I„„(E)is the current due to the elec-
trons ejected into the vacuum with energy E)7+V,„„
the average electron energy can be evaluated using the re-
lationship



35 BALLISTIC ELECTRON TRANSPORT IN THIN SILICON. . . 4411

pg

ehV

1(

eV
ana

Si SIO Al VACUUM

FIG. 10. Schematic diagram illustrating the configuration of
the electron potential energy in the vacuum-emission technique.

I„„(E)=Af dE'n(E'), (7)

where N(E) is the electron energy distribution, taking the
derivative of the vacuum current I„„with respect to the
analyzer potential will provide the energy distribution of
the electrons. The constant A appearing in Eq. (7) is
eK/b, t, where b, t is the counting (integration) time inter-
val and I( is a factor dependent on the efficiency of the
Einsel lens system (including the focusing and analyzing
sections), on the efficiency of the electron multiplier em-
ployed to count the electrons, and on the emission effi-
ciency of the device. (Being very difficult to evaluate a
priori the overall efficiency K, the experimental results
obtained from the vacuum-emission experiments are de-
fined up to an arbitrary multiplicative constant. ) Thus,
the vacuum-emission technique allows a direct observa-
tion of the ballistic peak of electrons in the energy distri-
bution.

Several experimental problems should be pointed out.
In the first place, electrons having kinetic energy smaller
than the Si02 electron affinity X (=0.9 eV) cannot be ob-
served. Double metallization schemes which we employed
previously in thick oxides did not exhibit the "cesiat-
ing" effect we had expected. Perhaps because of the dif-
ferent stress conditions associated with the thin Si02
films, the deposition of thin Au films resulted in nonuni-
form coverage with areas of the device over which the
metal had actually lifted off. Thus, only relatively highly
energetic electrons could be observed. Since ballistic
transport occurs only over the first couple of nm of oxide,
we had to compress our observations over a very narrow
range of oxide thickness: Thinner oxides had to be driven
at unbearable current levels ( & 10 A/cm ) and field
strengths ( & 10 V/cm) for relatively large periods of time
(of the order of minutes), while thicker oxides would show
distributions approaching steady state and not the ballistic
electrons we are interested in. The range 5.1 to 5.8 nm-
corresponding to a distance traveled by the electrons in
the Si02 conduction band of about 1 to 3 nm at the fields
we have employed —was actually the useful operating
range. Breakdown problems remain serious, since we

where p2(E) is the two-dimensional density of states in the
accumulation layer, Ez is the "transverse electron energy"
in Si defined as Ak~/2m„k~ being the quantized com-
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FIG. 11. Electron counts vs gate voltage (solid triangles) and
electron counts normalized by the gate current IG vs gate volt-

age (open symbols) in the vacuum-emission experiment for a de-

vice having a 5.58-nm-thick oxide and a 15.5-nm-thick Al gate.
Loss of ballistic behavior would result in a flattening of the
curve counts/IG vs VG. The observed decrease of the curve im-

plies saturation of the electron multiplier.

want to avoid the use of Si-rich —Si02 injectors over
which a significant —and difficult to evaluat~voltage
drop would occur. Very carefully designed growth and
annealing sequences had to be employed to obtain thin
films of thermally grown or PECVD-deposited SiO2
layers which could withstand the high current levels and
fields for a long time.

A second problem is due to the fact that thin gate elec-
trodes had to be used in the attempt to minimize the
broadening of the electron distributions due to electron-
electron scattering in the metal. Combined with the high
fields used in the experiments, this results in very large
vacuum emission currents. Unfortunately, the efficiency
of the multiplier affecting the constant A of Eq. (7) is
constant up to about 2& 10 counts/sec, decreasing rapid-
ly at higher counts. Thus, data obtained at very large gate
and vacuum-emission currents are unreliable. This fur-
ther restricts the energy range we can analyze. In Fig. 11,
we show how we can simultaneously verify the linearity of
the multiplication efficiency and determine the work
function of the metal gate. For every device, we fix the
analyzer voltage at V,„,=0.8 V (to compensate for the
Al-gate —Au-analyzer contact potential difference) and
then increase the gate voltage. Assuming that the elec-
trons tunnel from the highest occupied subband in the ac-
cumulation layer of the Si substrate with energy Ep ( &0)
below the Fermi level in the cathode and reach the vacu-
um ballistically, we expect the electron counts to increase
with the gate voltage V& as

eVG —p —X

I„„(VG ) ~ T (Er =Ep, VG ) f dE p2(E)f (E)
0

cc T(Er =Ep VG )(eVG —P —Y Ep)—
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parent to the electrons. Electrons hitting thicker regions
of the metal are collected as gate current. Since there are
no field lines terminating in the void regions, no carriers
can be emitted there. Unfortunately, we miss a better
understanding of this issue. It would be particularly help-
ful to understand the role of the metal in broadening the
electron distributions, in view of the erratic broadening we
have observed moving from one sample to another. Un-
doubtedly, poorly controlled details of the metal layer at
the levels of single grains might affect the measurement.
This was not a serious problem in our previous experi-
ments since we were dealing with energies and distribu-

ELECTRON ENERGY ( eV )

FIG. 12. Experimental electron energy distribution obtained
from the vacuum-emission experiments (small triangles) and re-
sults of a Monte Carlo simulation (histogram) showing the
ballistic peak and the side bands associated with electrons which
have emitted one low-energy or one high-energy LO phonon.
The thickness of the thermal oxide film is 5.8 nm, while the Al
gate is 21.2 nm thick.

= 3. 1 eV

= 5. 1 nm

= 0.850 V

0.875 V

OV

5 v

ponent of the electron wave vector normal to the Si-Si02
interface, and T(ET, VG) is the tunneling probability for
an electron of "transverse" energy ET at bias VG. In
deriving the last member of Eq. (8), we have ignored the
tail of the Fermi function f (E) responsible at nonzero
temperature for the soft threshold of Fig. 11. Thus, if we
monitor the electron counts as the gate voltage increases,
and divide them by the total current [proportional to
T(EO, VG)], we should obtain a straight line intercepting
the abscissas at eVG ——P +X+Eo. Typical values for
this threshold range from 3.95 to 4.05 V (as in the exam-
ple illustrated in Fig. 11). Deviation from linearity can be
seen above VG) 4.2 V, corresponding to about 2&(10
counts/sec. We attribute this deviation to electrons begin-
ning to lose their ballistic behavior as well as to saturation
phenomena of the electron multiplier. We shall present
only data which are unaffected by this latter problem.

A final problem concerns the paths followed by those
electrons which escape the metal gate and are ejected into
the vacuum. In the past, we have argued the voids (or
"pinholes") in the metal are most likely responsible for the
large fraction of escaping electrons. ' Definitely, the
metal behaves far from ideally in stopping the electrons
since, for instance, the counts drop far too slowly as the
metal is made thicker. Lensing effects close to voids are
excluded by the independence of the heating threshold on
applied voltage for increasing oxide thickness. ' In the
course of the present experiments, we also observed —as
we shall stress below —that the distributions we obtained
are consistent with a ballistic peak whose amplitude is
modulated ideally by the quantum interference at the
SiOzl anode interface. This would not occur if the elec-
trons scattered in the metal. Our present understanding is
that at the edges of the voids the oxide surface is covered
by much thinner metal regions —compared with the nomi-
nal metal thickness —which are likely to be almost trans-
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FIG. 13. Experimental electron energy distributions obtained
from the vacuum-emission technique (thick lines of small sym-
bols) compared to results of the Monte Carlo simulations (histo-
grams). The dashed lines are obtained by broadening the Monte
Carlo results with a Gaussian of 75 meV half width at half
maximum. Notice the appearance of the ballistic peak as the
voltage drop hV increases and its decay with the simultaneous
appearance of the phonon replicas. The ballistic peak must be
modulated by the quantum interference effects to obtain good
agreement with the data. The experimental distributions as
functions of bias voltage are normalized by dividing the electron
counts at a given b, V by the gate current at the same bias. This
normalization is correct only to within 20%. The thermal oxide
is 5.1 nm thick, while the Al gate is 12 nm thick.
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tions in the eV range. It appears more serious in the
present context, since we analyze distributions requiring a
resolution in the 0.1-eV range or better.

We show in Fig. 12 the most striking result of our in-
vestigation: Not only a clear "shoulder" is observed at the
energy expected for the ballistic electrons, but phonon
replicas are clearly observed. The narrow peaks corre-
spond to electrons which have traveled about 2.7 nm in
the SiO2 conduction band by emitting one LO phonon of
energy 0.063 or 0.153 eV. The Monte Carlo simulation
agrees not only in predicting the position of the peaks, but
also in predicting their relative height. Notice that the
ballistic peak had to be damped by the factor P/P~KB,
implying a sharp potential discontinuity at the Si02-anode
interface (at least over the area which emits electrons). To
our knowledge, this is the most direct verification of the
electron-lattice interaction strength that has ever been
provided. We should remark that many factors contribut-
ed in making the observation possible; among them: the
oxide thickness in the right "window, " the metal thick-
ness small enough to have a limited effect on the width of
the peaks, and the thermal oxide carefully prepared so

that long integration times At could be used to reduce the
noise of the data. The observation has been repeated on
the same sample and on other samples of the same wafer.
Also, several different smoothing algorithms have been
employed to evaluate the numerical derivative of the raw
data and to ensure that no artifacts were introduced by
the cubic spline fitting, often responsible for spurious os-
cillations.

We conclude by presenting in Figs. 13 through 16 four
sequences of electron energy distributions as the gate volt-
age is varied. In all sequences the shift and modulation of
the ballistic peak is clearly visible. Simultaneously, pho-
non replicas at lower energy appear. Although the fine
structure we observed in the sample shown in Fig. 12 is
not always reproduced, shoulders do appear in the experi-
mental distributions which are well correlated with the
peaks of the Monte Carlo simulation. To better check the
consistency of the experiments with the theory, we have
broadened the simulation with a Gaussian of 75-meV half
width at half maximum. This empirical broadening is of
the order of magnitude which must be expected from
various contributions, such as the electron scattering in
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FICx. 14. A sequence of electron energy distributions and
Monte Carlo simulations as in Fig. 13 for a thermal oxide 5.58
nm thick and an Al gate 15.5 nm thick.

FIG. 15. A sequence of electron energy distributions and
Monte Carlo simulations as in Fig. 13 for a thermal oxide 5.72
nm thick and an Al gate 15.5 nm thick.
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the metal, the intrinsic broadening of the electron energy
due to the polar collisions, the finite width of the elec-
tron distribution entering the oxide conduction band, the
energy resolution of the analyzing system, and, possibly,
the broadening of the phonon energy which we should ex-
pect for noncrystalline Si02 (Ref. 20). Finally, the data of
Fig. 16 at the highest biases show the reappearance of the
disagreement between experiment and simulation we not-
ed in the preceding section. The role of the nonpolar
scattering seems much stronger than our deformation po-
tential implies, with the electron distribution being
smeared out faster then predicted.

V. CONCLUSIONS

We have shown the existence of ballistic transport in
thin films of SiO2 not only deducing it indirectly from the

ELECTRON ENERGY ( eV )

FIG. 16. A sequence of electron energy distributions and
Monte Carlo simulations as in Fig. 13 for a thermal oxide 5.8
nm thick and an Al gate 21 2 nrn thick. At large biases
(EV&1.2 V) the Monte Carlo simulation predicts a slower
thermalization than is actually observed, as discussed in the
text, Sec. III.

quantum oscillations in the tunneling current-voltage
characteristics, but observing the ballistic carriers directly
using the carrier-separation and the vacuum-emission
techniques. These are not the first observations of ballis-
tic transport in solids. We consider Lewicki and
Maserjian s original work as the first indirect evidence of
the phenomenon, while direct evidence has been already
provided using GaAs-based devices. ' However, the ob-
servations we reported are the most direct check of the
electron-lattice interaction ever provided, thanks to the al-
most ideal behavior of thermally grown Si02 and to the
weakness of the electron-electron interaction in our exper-
iments. Whether ballistic transport will ever find an ap-
plication to real devices or not, experiments of this type,
coupled to theoretical simulations, can give us informa-
tion about the properties of electronic transport in solids
almost at the atomic level.

We have not addressed the fundamental issues concern-
ing the tunneling process: How fast does the electron be-
come a small polaron? Is phase coherence preserved as
the polarons are being formed? How do quantum in-
terference phenomena affect the electron transit and tun-
neling time? Is one single collision process sufficient to
randomize completely the phases of the electrons and des-
troy the coherence effects? The simple-minded approxi-
mations we have employed in our Eqs. (l), (3), and (5)
seem to explain the data in a satisfactory way. But the
basic problems under these approximations remain un-
solved.

One of the surprises of our work is certainly the too
ideal behavior of thermally grown SiOz. The phonon
replicas observed in a few samples are as narrow as 50
meV, their height predicted in an excellent way by simula-
tions which treat the oxide as an ideal crystal. In the past,
structural studies of thermal SiOz layers have led several
investigators to conclude that the thermal oxidation of sil-
icon produces a form of oxide which is not totally amor-
phous. Rather, a short-range order over the scale of 3 nm
or so could explain many of its properties. Our results
give additional support to this idea, showing insignificant
broadening of the LO-phonon energy —consistent with the
ideas of Ref. 20—and absence of additional scattering
mechanisms related to the possible disorder of the struc-
ture. This lucky circumstance not only renders SiO2 a vi-
tal insulator in the present technology but, paradoxically,
makes it the best understood material as far as electronic
conduction is concerned.
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