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Materials issues for layered tunnel barrier structures
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Layered dielectric tunnel barriers are expected to greatly increase the program/erase speeds of
nonvolatile floating gate memory devices and could allow both nanosecond program/erase times as
well as archival data storage. We have correlated dielectric constants and band offsets with respect
to silicon in order to help identify possible materials from which to construct these devices. A
numerical model has been developed to assess potential layered tunnel barrier materials and
structures suitable for integration into silicon electronics. With this model, we explore the relative
dominance of Fowler–Nordheim tunneling and thermionic emission and we present simulatedI–V
curves for some candidate materials. ©2002 American Institute of Physics.
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I. INTRODUCTION

Currently, nonvolatile memory devices in applicatio
such as cellular phones and digital cameras utilize floa
gate field-effect transistor technology to store information
such floating gate memories, charge is stored on a sili
floating gate that is separated from the substrate by a die
tric tunnel barrier as shown in Fig. 1.1 This tunnel barrier
controls the retention time and program/erase speed of
device. When a ‘‘program’’ bias is applied to the devic
charge tunnels through the barrier and remains stored on
floating gate after the program voltage is removed. Typica
the tunnel barrier consists of a thin thermally-grown Si2

layer. In this geometry, the tunneling occurs through a tri
gular barrier @Fig. 1~a!# by Fowler–Nordheim tunneling
This type of tunneling results from the voltage applied to
homogeneous dielectric and it creates an effectively trian
lar barrier shape resulting from the bias. A conduction ba
diagram demonstrating Fowler–Nordheim tunneling
shown in Fig. 1~a!.

Since the tunnel barrier must be able to inject a curr
during programming and to retain charge, a comprom
must be made when designing memory devices that integ
a tunnel barrier. When the barrier is made relatively thi
long charge retention times are achieved, but a higher v
age~and a longer time! is required to program and erase t
floating gate. When the barrier is thin, the program and er
process will be more rapid, but charge leakage will redu
the retention time. If a graded tunnel barrier could be c
structed by appropriately varying the band offsets, an eff
tive lowering of the barrier would be observed under an
plied bias@See Fig. 1~b!#. This barrier lowering effect allows

a!Electronic mail: jcaspers@caltech.edu
2610021-8979/2002/92(1)/261/7/$19.00
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an increase in the tunnel current density and a subseq
increase in the floating gate program/erase speed.

As shown here by simulation, optimally graded stru
tures would create a good balance between charge rete
and program/erase speed. Such structures have been
cated by epitaxy of AlxGa12xAs/GaAs on GaAs, and they
have been used to demonstrate charge injection throug
barrier lowering effect, although the band offsets obtaina
by this method could not lead to technologically interesti
retention times at room temperature in AlGaAs/GaAs d
vices ~,5 s at 273 K!.2 It has been suggested that a simil
barrier lowering effect could be observed by approximat
the graded barrier by layering dielectrics with varying ba
offsets onto silicon, although accurate simulation and app
priate silicon compatible materials systems have not b
identified to date.3–5 Our simulations show that three-laye
structures provide a good approximation to the more optim
graded structure. In addition, these barriers provide band
sets that will result in good retention times and they could
readily integrated using current silicon technology. Th
could also be used in conjunction with other technolog
such as nanocrystal floating gates to obtain truly arch
data storage.6 The symmetry property of the three-laye
structures allows for increased speed for both the prog
and erase processes.

In the present paper, we perform a survey of silic
compatible dielectric materials and calculate the curre
voltage ~I–V! characteristics for some promising materia
systems. Intensive research is currently being conducted
high dielectric constant materials such as Al2O3 , Ta2O5,
HfO2 , and ZrSixOy to potentially replace SiO2 as the gate
dielectric material for sub-0.1mm complementary metal–
oxide–semiconductor technology.7 Because of this, the ex
ploration of layered tunnel barriers is especially timely, a
© 2002 American Institute of Physics
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knowledge obtained in this research will be useful in dec
ing upon appropriate materials for the layered barrier hete
structure fabrication approaches.

II. SIMULATION AND THEORY

Using a barrier transport model, we have calculated
I–V characteristics that would optimize the layered tun
barrier structure. To correspond with a long retention time
well as a fast program/erase speed, the idealI–V curves
show a ratio of the current density at some maximum volt
Jmax to the current density at some minimum voltageJmin to
be at least as large as

Jmax

Jmin~V50!
5

t ret

tprog
5

30 yr

1 ns
'1018. ~1!

This value is based on an ideal retention timet ret for a device
of at least 30 yr and a programming timetprog of at most 1
ns, yielding an overall current ratio of at least 1018. This
current ratio should occur between voltages of approxima

FIG. 1. Schematic representation of a floating gate memory. When a vo
is applied to the control gate and a bias is applied between the sourc~S!
and drain~D!, the channel opens to let a current flow. Some electrons
tunnel through the tunnel barrier and are stored on the silicon floating g
The threshold voltage gives a measure of the amount of charge stored~after
Ref. 1!. Parts~a!, ~b!, and~c! show conduction band edge diagrams of oth
types of tunnel barriers:~a! a typical uniform barrier;~b! idealized crested
symmetric barrier; and~c! three-layer structure. Dotted lines show the ba
rier tilting caused by applied voltageV ~after Ref. 3!. Part~d! illustrates the
three-layer capacitor structure that is referred to in~c!. The left-hand elec-
trode is silicon, the right-hand electrode is a metal contact, and diele
constants«, electric fieldsE, and applied voltageV are indicated. Through
calculation, it is found that the amount of charge trapped in the triang
well that is formed at the interface of layer 1 and 2 is negligible.
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0 and 4 V to be compatible with current device technolo
While it is important to obtain large current ratios, the abs
lute currents are also important because the nonvolatility
speed in data storage devices are affected by off-state
on-state currents, respectively. A reasonable off-state cur
for a gate of area 0.01mm2 would be 1e/30 yr, or about
1.7310218 A/cm2. The on-state current could be 100e/ns
or about 160 A/cm2.

The tunneling current for any given bias is determin
by the thermal distribution of electrons, Fermi functions, a
the shape of the barrier. We have developed a barrier tun
ing transport model to analyze possible barrier structures
incorporate the layered dielectrics on silicon with a me
contact. Because the dielectrics will be grown on silicon, o
simulations include the effects of band bending due to
depletion region of the silicon. For this case, the values
band bending in a metal–semiconductor contact are us8

The model assumes the effective mass approximation a
plane-wave basis. The barrier layers and electrodes
treated as continuous media, which is a reasonable app
mation for amorphous materials.9 Tunneling current is calcu-
lated by numerically integrating over energy and carr
angle of incidence, and thus naturally includes the transp
mechanisms of thermionic emission, Fowler–Nordheim tu
neling, direct tunneling, and tunneling through the Schot
barrier of the silicon. The barrier transmission probability
calculated using numerical methods, which allows for ana
sis of resonant tunneling effects and localized charge de
ties trapped in potential minima. The current density includ
the carrier transport~either electrons or holes! in both direc-
tions between the metal and semiconductor contact:

J5JS2M2JM2S

5
4pm* e

h3 E E t~«,u!@ f s~«!2 f m~«!#cosu«d«du,

~2!

wherem* is the electron effective mass in the semiconduc
~m* 51 is assumed in the metal!, e is the electron charge,h
is Planck’s constant, and« is the electron energy~in this
equation only!. The functiont~«, u! is the single-electron
transmission probability calculated for the entire poten
structure, including the layered dielectrics and the silic
depletion region.9 The variableu is the solid angle of elec-
tron incidence on the barrier andf s and f m are the Fermi
functions for the silicon substrate and metal contact, resp
tively.

The k-space integration in Eq.~2! can be done in a
straightforward way by using numerical methods, with sp
cial care taken with the integration over energy. For cert
barrier combinations, the transmission resonances can be
tremely narrow, while at the same time having enough sp
tral weight to dominate the total current. The Wentze
Kramers–Brillouin approximation is a well-known metho
for estimating tunneling through a barrier, but it is not use
in our case because it does not reproduce the described
nant transmission effects, nor does it properly treat the tra
mission near the band edges or through propagating sta8
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The numerical methods we use allow for the treatment
transmission that is dominated by such combined proce
as thermionically-assisted tunneling.

By breaking the potential barrier into many exactly so
able square barriers, transmission can be calculated, w
the independent-electron picture, to arbitrary precision.
sentially, this is a one-dimensional treatment, although p
allel components of electron momentum are assumed. Th
components are conserved since specular transmission is
assumed~no interface roughness or electron scattering!.

In this model, values of effective mass and dielect
constant are assigned to each layer, and the potential s
ture is divided into a stack of thin square barriers. By mat
ing the incoming and outgoing wavefunctions~c1 andc2! at
each interface, using the matching conditions

c15c2 , ~3!

and

1

m1*
dc1

dx
5

1

m2*
dc2

dx
, ~4!

we develop a recursion relation that involves only elect
energy and the barrier heights and effective masses of a
cent slices. The final recursion relation yields the outgo
wave function amplitude and the transmission coefficienT
through the entire structure:

T5~nout/n in!uCoutu2, ~5!

giving the overall propagating solution. Heren in andnout are
the electron velocities in the source and destination e
trodes, respectively.

The recursion relations can be summarized as follo
The potential structure is divided inton layers. For each
layer j, the recursion coefficients are given by

a j[H mj 21k j

mjk j 21
f j 2121

mj 21k j

mjk j 21
f j 2111

J ,

b j[H f j 2111

mj 21k j

mjk j 21
f j 2111J b j 21e2k j 21Dx, ~6!

where

f j[Fek jDx1a je
2k jDx

ek jDx2a je
2k jDxG ,

and a050, b0521. Here, Dx is the layer thickness,k j

5@2mj /\
2(Vj2E)#1/2 is the wave vector, andmj is the ef-

fective mass. For layers in which the state is propagating,
wave vector is given instead byk j52 i @2mj /\2(E
2Vj )#1/2. Thus eacha j or b j coefficient for layerj depends
on the coefficients for the previous (j 21) layer. The final
wave function amplitude for the outgoing state is given b

bn1152H f n11

mnkout

moutkn
f n11J bne2knDxe2koutxn. ~7!
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Once all the coefficients are obtained, wave function a
plitudes can also be calculated at any point in the poten
These can be used for simple calculations of charge den
s:

s5
2e

~2p!3E E u4~x!u2f s~E!dxd3k, ~8!

where thek-space andx integrations are taken over the exte
of the potential well. By self-consistently solving the wav
equation and Poisson’s equation in the presence of a ste
state charge distribution, the effect of charging on the pot
tial is also included. We use Eq.~8! to determine the amoun
of charge that builds up in the triangular well. In all cas
presented here, charging effects, due to carrier accumula
in voltage-induced wells within the barrier structure, we
negligible ~less than a 10 mV change in the potential!.

Because an effective mass model was used, reason
values of mass were chosen for the electrodes and ba
materials. Electrode masses are much less important,
contributing to the prefactors in the expression for tun
current. For metal electrodes,m* 51 was used. For silicon
m* 50.2 was used for electrons@the transverse mass for th
conduction-band minimum at the center of the interface B
louin zone for a~100!-oriented substrate#.8 Since all barrier
materials were assumed to have zone-centered conduc
band minima, the other Si minima at large parallel wa
vectors were assumed to contribute only weakly to total c
rent. For the case of holes, an isotropic mass of 0.5 was u
for the silicon substrate.8 For the Al2O3 barrier layers,m*
50.5 was used in the case of electrons; for Si3N4 , 0.2 was
used. Effective masses for holes were taken to be 0.5 fo
barrier layers, and all barrier effective masses were assu
to be isotropic. Because total current is an integral over
ergy, and because the conduction and valence band effe
masses are only appropriate for energies near the band e
it is not straightforward to pick an appropriate value f
simulations. Overall, however, we have chosen values
should give reasonable relative tunneling currents.10

Figures 1~c! and 1~d! show the device geometry for th
three-layer structure under consideration. It consists of l
ered dielectric materials that are deposited on silicon an
metal contact on top of the dielectrics. By varying the barr
heights ~compared to that of silicon! of the materials, the
currents through the barrier are controlled, although the
electric constants and thicknesses are the controllable pa
eters that directly affect the amount of barrier lowering.
can be shown using electrostatics,

E15
V

d11d31d2~«1 /«2!
, ~9!

whereV is the applied voltage,E1 is the electric field,di is
the thickness, and« i is the dielectric constant in each regio
The subscripts 1 and 3 refer to the low band offset layers
the outside of the structure, while the subscript 2 refers to
high band offset middle layer.@See Fig. 1~d!#. This relation
indicates that to maximize the overall barrier lowering, t
electric field through the first layer should be maximize
This means that the center barrier material should hav
high dielectric constant and that the low band offset bar
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



c
te
tr
ic

a
ru
a
t

io
ick
Id
3
ul
t
t.
nd
du
ia
tr
om
er
ec
io
om
an
n
n

lec-
in

rials

is
-

ron
e-
by

at

her

and
tion
y are
band
The
htly
this

nc

s
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~first and third layers! material should have a low dielectri
constant. However, it is challenging to find dielectric ma
rials that meet these requirements, because most dielec
with high dielectric constants have low band offsets and v
versa.11

There are several factors that need to be taken into
count when determining the appropriate materials and st
tures to demonstrate the proposed barrier lowering. We h
focused on specific candidate structures by considering
barrier heights, dielectric constants, and thicknesses of am
phous dielectric media for which there is some fabricat
experience for silicon based devices. The total barrier th
nesses that are considered are between 10 and 20 nm.
barrier heights for the center layer are in the range 2.5–
eV, while the outside layers should be 1.0–1.5 eV. It sho
be noted that the barrier height has a larger influence on
tunneling characteristics than does the dielectric constan

Table I is a list of reported dielectric constants, ba
gaps, and experimental and theoretical values for the con
tion and valence band offsets of various dielectric mater
on Si. These offsets are shown as a function of dielec
constant in Fig. 2. This figure enables us to determine pr
ising materials to maximize the overall barrier height low
ing in layered dielectric tunnel barrier structures. For el
tron tunneling devices, the approximately inverse relat
between conduction band offset and dielectric constant c
plicates the search for a material with low dielectric const
and low band offset and for another with high dielectric co
stant and high band offset. For hole tunneling devices,

TABLE I. Values for dielectric constant, band gap, conduction and vale
band offsets for various dielectric materials.

Material
Dielectric
constant

Band gap
~eV!

CB offset
from Si~eV!#

VB offset
from Si~eV!

Al2O3 912* 8.811* 2.811* 4.911*
813 912 2.7812

BaZrO3 4314* 5.311* 0.811* 3.411*
CaO 12.0–12.214* 7.515*
Gd2O3 1416 2.517* 1.818*
HfO2 4019* 611* 1.511* 3.411*

2214

HfSiOx 15–2519 611

1320

La2O3 20.814 611 2.311

MgO 9.814 8.715

Sc2O3 1314 5.415

Si3N4 7.68* 5.311* 2.411* 1.811*
521 1.7821

SiO2 3.98* 911* 3.511* 4.411*
Ta2O5 2522* 4.411* 0.311* 311*

2313

TiO2 8013* 315 011*
3923 3.2724*

80–1107 3.0511

Y2O3 13–1725 5.515* 1.311* 3.611*
1813* 611

11.314 5.626

ZrO2 2519* 515* 1.411* 3.311*
2214 5.811

ZrSiOx 12.627* 611* 1.511* 3.411*

Notes: Values used in Fig. 2 are indicated by an asterisk. Reference
indicated by a superscript.
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clear trend emerges as indicated by the distribution of die
tric constants and band offsets for hole tunneling shown
Fig. 2. This could be an advantage when choosing mate
for such devices.

III. RESULTS

In Fig. 3~a!, tunneling electron density per unit energy
shown as a function ofEx2Ef ~difference between the nor
mal component of electron energy and the Fermi level! for a
4 nm and 6 nm~3 eV height for both! barrier with a bias of
0.1 V. The curve for the 4 nm barrier~solid line! has a maxi-
mum that is about 1 eV above the Fermi level. The elect
transport does not occur directly from the Fermi level, b
cause it is being limited by the Schottky barrier caused
the silicon depletion region. For the 15 nm barrier~dotted
line!, it is observed that the electron transport occurs
higher energies, an indication of thermionic emission.

Figure 3~b! shows the analogous structures at a hig
bias voltage of 2.0 V. For a 4 nmbarrier~solid line!, tunnel-

FIG. 2. Shows the relationship between the dielectric constant and b
offset from Si for various materials. The upper panel shows the conduc
band offsets and the lower panel shows the valence band offsets. The
separated by a silicon band gap of 1.1 eV. Squares indicate theoretical
offset values and triangles indicate experimental band offset values.
dielectric constants given are from recent journal articles and vary slig
according to deposition method or other factors. The values used in
figure are indicated by an asterisk in Table I.
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ing is still the dominant transport mechanism. The maxim
tunneling current is atEx2Ef50, meaning that most of the
transport occurs at the Fermi level. For the 15 nm barrier,
increase in voltage causes the maximum tunneling curren
be shifted to lower energies as is shown by the dotted lin
Fig. 3~b!. The transport in this case is still dominated
thermionic emission; the shift to lower energy transp
~compared with the 0.1 V case! is due to the lowering of the
barrier maximum.

We have calculated the tunneling current density per u
energy versusEx2Ef for three candidate three-layer stru
tures: Si3N4 /Al2O3 /Si3N4 , ZrSiOx /Al 2O3 /ZrSiOx , and an
‘‘ideal’’ structure ~meaning it shows a large current rati!
with barrier heights 1.0/3.0/1.0 eV and dielectric constants
7.5/9.0/7.5. The results of these calculations are show
Fig. 3~c!. The assumed barrier conduction band offsets w
respect to silicon are 2.4 eV for Si3N4 and 2.8 eV for Al2O3 ,
and the dielectric constants for Si3N4 and Al2O3 are 7.5 and
9.0, respectively. ZrSiOx has a conduction band offset of 1
eV and a dielectric constant of 12.6.7 The thickness for each
dielectric layer in the structure is 6 nm and the applied vo
age is 2.0 V. The dashed curve in Fig. 3~c! describes the idea
structure, and shows such significant barrier lowering t
the electrons can tunnel through the structure directly fr
the Fermi level. For comparison, the heterostructure that
corporates Si3N4 @the solid curve in Fig. 3~c!# shows a maxi-
mum in tunneling current at about 2 eV under the same
plied voltage of 2.0 V. This behavior results from th

FIG. 3. Tunneling current per unit energy~A/cm2/eV! as a function ofEx

2EF (eV). The solid line in part~a! is for a 3 eV,4-nm-square barrier and
the dotted line indicates a 3 eV, 15-nm-square barrier at a bias of 0.1 V. Pa
~b! shows the analogous situation for a bias of 2.0 V, while part~c! shows
the transport of electrons through three different three-layer tunnel barr
The solid curve indicates Si3N4 /Al2O3 /Si3N4 . The dotted curve indicates
ZrSiOx /Al 2O3 /ZrSiOx . The dashed curve indicates an ideal structure w
barrier heights 1.0/3.0/1.0 eV and dielectric constants 7.5/9.0/7.5. The th
ness of each individual dielectric layer is 6 nm. Part~d! shows the analogous
cases for the tunneling of holes. A bias of 2.0 V is applied in each cas
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relatively small difference in barrier heights for the two m
terials~only 0.4 eV! and indicates that the barrier to electro
transport at this applied voltage is effectively thicker than
ideal structure, allowing electron transport only at higher e
ergies to occur over the structure~thermionic emission!. The
ZrSiOx structure@dotted curve in Fig. 3~c!# shows an inter-
mediate behavior with a smaller tunneling electron curr
directly from the Fermi level than for the ideal structure, b
greater than for the Si3N4 structure.

Figure 3~d! illustrates the hole tunneling behavior i
Si3N4 /Al2O3 /Si3N4 and ZrSiOx /Al 2O3 /ZrSiOx heterostruc-
tures. The valence band offset for Si3N4 is 1.8 eV while the
offset for Al2O3 is 4.9 eV. ZrSiOx has a valence band offse
of 3.4 eV. In the Si3N4 /Al2O3 /Si3N4 structure, the maxi-
mum hole transport occurs at energies that are just above
Fermi level of the silicon. This is due to the large differenc
in the valence band offsets for the Si3N4 and Al2O3 . The
maximum tunneling current occurs at higher energies for
ZrSiOx /Al 2O3 /ZrSiOx structure, although two steps in tun
neling current can be observed~dotted curve!. The first step
in tunneling current indicates the change in electron trans
from tunneling to thermionic emission over the first barri
while tunneling remains dominant through the second b
rier. The second step indicates that the electron transpo
not limited by tunneling in any part of the structure and t
electrons are being thermionically emitted over the en
barrier. To a lesser degree these steps can be observed
Si3N4 /Al2O3 /Si3N4 structure. Resonances can be observ
and result from the potential wells formed between the lay
when the bias is applied.

As described in Eq.~2!, by integrating over all energies
the total current can be obtained. In Fig. 4, several simula
I –V curves for theoretical barrier structures are shown t
closely approximate a perfectly graded barrier. A graded,
angular barrier structure~2.5 eV maximum band offset, 20
nm thick! is shown by the solid curve. A five-layer structu

rs.

k-

FIG. 4. SimulatedI –V curves for various tunnel barriers. The solid lin
shows anI –V curve for a continuously graded triangular barrier~2.5 eV
band offset and 20 nm thick!. The dotted line represents a theoretical fiv
layer structure with band offsets of 1.0/1.6/2.5/1.6/1.0 eV and 4 nm in
vidual thicknesses. The dashed line is a theoretical three-layer structure
band offsets 1.4/2.5/1.4 eV and thicknesses 7/5/7 nm. The line with squ
represents an 8 mm square barrier with a 2.5 eV band offset.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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~D«c : 1.0/1.6/2.5/1.6/1.0 eV, 4 nm individual layer thick
ness! is shown by the dotted line and its tunneling charact
istics very closely approximate the continuously graded b
rier. The dashed line shows a three-layer structure~D«c :
1.4/2.5/1.4 eV,t57/5/7 nm! whose behavior still approxi
mates the graded structure, but differs more than the fi
layer structure. A square barrier~D«c : 2.5 eV, t58 nm! is
represented by the line with square symbols. Its tunne
characteristics are considerably different from the graded
layered barriers exhibiting an electron tunneling current d
sity atV54 V, approximately 1011 times lower. Curves such
as these emphasize the ability of layered structures to sig
cantly increase the tunneling current ratios compared w
the square barriers that are used in devices today. Thou
may be very difficult to find materials to construct the fiv
layer barriers, it is interesting to see how closely they
proximate the graded barrier.

The simulated (I –V) curves for Si3N4 /Al2O3 /Si3N4

and ZrSiOx /Al 2O3 /ZrSiOx on n-type silicon are shown in
Fig. 5~a!. Under a 4.0 V bias, for the Si3N4 three-layer struc-
ture with 6 nm of each material, we expect a current ratio
1031, while we expect a current ratio of 1025 for a single 6
nm homogeneous barrier of Al2O3 , although most of the
current is limited by the Schottky barrier in this case. T
current ratio for the ZrSiOx layered structure, is larger (1037)
due to the greater difference in barrier heights. For comp
son, a 9 nm Al2O3 layer gives a current ratio of 1031, al-
though the total electron tunneling current is lower for th
case.

The differences between homogeneous barriers and
ered barriers onp-type silicon are shown in Fig. 5~b!. We
again examine the results from a 4.0 V bias: for the 6
Al2O3 barrier, we see a current ratio of 1014, whereas a 7.7
nm Al2O3 barrier gives a current ratio of 1016. The ZrSiOx

layered barrier gives a greater current ratio of 1023. The
simulated current ratio is quite dramatic for the Si3N4 lay-
ered barrier (1028) because of the significant difference in th
band offsets compared to that of silicon for the two mate
als.

FIG. 5. SimulatedI –V curves for structures of Al2O3 , Si3N4 , and ZrSiOx

Part ~a! showsI –V curves for electrons, where the solid curve shows tu
neling through 6 nm Al2O3 , the dotted curve is for Si3N4 /Al2O3 /Si3N4 ~6
nm each!, the dashed curve is for ZrSiOx /Al 2O3 /ZrSiOx ~6 nm each!, and
the curve with squares is for 9 nm Al2O3 . Part ~b! showsI –V curves for
holes, where the solid curve is for 6 nm Al2O3 , the dotted curve is for
Si3N4 /Al2O3 /Si3N4 ~6 nm each!, the dashed curve is fo
ZrSiOx /Al 2O3 /ZrSiOx ~3 nm each!, and the curve with squares is for 7.
nm Al2O3 .
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Other fabrication issues to be considered include de
density and interface quality. Localized trap states within
barrier films might result in bias dependent leakage curre
that could obscure the barrier lowering effect. Likewise, if
unwanted~e.g., silicon dioxide! film develops at the silicon–
barrier interface, a spurious barrier with large barrier hei
and relatively low dielectric constant could cause the sp
of the program/erase process to decrease. In our analysis
have focused on amorphous materials. Such materials a
particular interest because they are simple to fabricate
silicon compared with the growth of lattice constant match
crystalline materials.

IV. CONCLUSION

In summary, we have explored the performance of s
con based layered tunnel dielectric barrier structures
have predicted the tunneling characteristics for various b
rier physical parameters. Our model indicates the domin
current transport mechanism for different barrier structu
and shows that five- and three-layer barriers closely appr
mate the perfectly graded barriers, giving promise for th
structures to be integrated into silicon based technology.
have comprehensively surveyed the dielectric constants
band offsets for dielectric materials that are under investi
tion in recent literature. Based on this data and on our sim
lations, two real structures that could potentially demonstr
the barrier lowering effect are Si3N4 /Al2O3 /Si3N4 and
ZrSiOx /Al 2O3 /ZrSiOx . Compared with similar devices tha
utilize homogeneous tunneling barriers, layered barri
could improve both the speed and retention time of float
gate memory devices.
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