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Layered tunnel barriers for nonvolatile memory devices
Konstantin K. Likhareva)

State University of New York at Stony Brook, Stony Brook, New York 11794-3800

~Received 23 June 1998; accepted for publication 9 August 1998!

Fowler–Nordheim tunneling of electrons through ‘‘crested’’ energy barriers~with the height peak
in the middle! is much more sensitive to applied voltage than that through barriers of uniform
height. Calculations for trilayer barriers, with layer parameters typical for wide-band-gap
semiconductors, have shown that by merely doubling the voltage, the tunnel current may be changed
by more than 16 orders of magnitude. It is argued that this effect may be used for the
implementation of nonvolatile random-access memories combining a few ns cycle time with a few
years retention time and for ultradense electrostatic data storage. ©1998 American Institute of
Physics.@S0003-6951~98!02341-9#
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Field-induced~Fowler–Nordheim! tunneling1 is the ba-
sic process used for writing and erasing data in electric
alterable floating gate memory cells—see, for example, R
1 and 2. It is also responsible for the main disadvantage
these structures, a long write/erase time, typically in the
crosecond range. The goal of this work has been to ana
whether the charge injection process may be sped up sig
cantly by using profiled~‘‘crested’’! tunnel barriers with a
potential maximum in the middle.

Floating gate memory applications require the tun
barrier to have negligible tunneling~corresponding to a gat
charge retention time of at least 1 year! for relatively low
voltages applied to the barrier,V,V1 . ParameterV1 char-
acterizes the maximum voltage during data storage, inc
ing that created by the stored charge and external volta
applied to write/erase data in other cells of the same row
column~‘‘half-select crosstalk’’!. On the other hand, in full-
select mode the applied voltage (V2) should suppress th
barrier to such an extent that tunneling current recharges
gate quickly. In order to compete with dynamic random a
cess memory~DRAM! technology for bit-addressable app
cations, the gate recharging time should be below 10
while in order to keep the memory architecture simple,
ratio V2 /V1 should be as low as possible~ideally, below 2,
allowing us to use just one transistor per cell!.

The usual uniform barriers@Fig. 1~a!# cannot satisfy
these two conditions simultaneously. Figure 2~a! shows the
current densityj and the gate recharging time scale

t~V![C0V/ j ~V!, ~1!

as functions of voltageV for a typical barrier.@In Eq. ~1!, C0

is the capacitance per unit area of the tunnel barrier#. The
current has been calculated using the standard quasiclas
approximation, in the assumption of the isotropic and pa
bolic dispersion law for electrons both in the source cond
tion band and under the barrier, and taking into account
image charge effect.1 The results indicate that, for example,
5-nm-thick barrier of heightU53.6 eV may provide a 3 year
retention time (;108 s) for voltages belowV1'3.3 V,
while the write time atV252V1'6.6 V is about 3 ms, far
too long for bit-addressable applications. A change in
barrier thicknessd to either side only makes the situatio

a!Electronic mail: klikharev@ccmail.sunysb.edu
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worse@see the results ford510 nm in Fig. 2~a!#. A change
in the height of the barrier~say, toU53.2 eV typical for
SiO2) also does not change the situation much. This re
tively slow dependence of the barrier transparency on
electric field is due to the fact that the highest part of t
barrier, closest to the electron source, is only weakly affec
by the applied voltage:Umax(V)'Umax(0)—see the dashed
line in Fig. 1~a!.

Now consider a ‘‘crested’’ barrier with the potential ba
rier height peaking in the middle and gradually decreas
toward the conducting electrodes@Fig. 1~b!#. Figure 2~a!
shows that the current through such a barrier changes m
faster, so that a voltage change fromV1'3.2 V to V2

'5.95 V,2V1 decreases the recharging time from 1018 to
1028 s. The reason for this dramatic improvement is that
the crested barrier the highest part~in the middle! is pulled

FIG. 1. Conduction band edge diagrams of various tunnel barriers:~a! a
typical uniform barrier;~b! idealized crested symmetric barrier;~c! idealized
asymmetric barrier,~d! crested, symmetric layered barrier, and~e! asymmet-
ric layered barrier. Dashed lines in panels~a! and~b! show the barrier tilting
caused by applied voltageV.
7 © 1998 American Institute of Physics
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down by the electric field very quickly:Umax(V)5Umax(0)
2eV/2.

A similar positive effect on the sensitivity to electr
field of thermionic emission~which dominates for barriers
comparable withkBT) was noticed earlier.3–5 Moreover, the
use of this effect for floating gate memories has be
suggested.5 However, the authors of that work consider
asymmetric triangular barriers@Fig. 1~c!#. Although the in-
jection characteristics of such barriers may be even be
than those of symmetric crested barriers@see curves~c! in
Fig. 2~a!#, this is only true for one current direction~say
‘‘write’’ !. The speed of the reciprocal process~‘‘erase’’! is
low, thus excluding the possibility of bit addressable app
cations. Of course, this opportunity may be restored by c
necting two barriers with opposite barrier slopes in paral
but this option may be too complex for practic
applications.6

FIG. 2. Tunnel currentj ~in A/m2, solid lines! and time scalet of floating
gate recharging~in s, dashed lines! for various barriers, as functions o
applied voltage, calculated using the quasiclassical approximation.
curve labeling corresponds to Fig. 1. The effective carrier mass in the e
trodes has been assumed to be isotropic and to equal 0.2m0 ~modeling
n1-Si). Other parameters are as follows: for the material with higher bar
U53.6 eV, m50.48m0 , and e58.5 ~the parameters correspond to AlN!;
for the material with lower barrier,U852.0 eV, m850.2m0 , ande857.5
(Si3N4).
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The implementation of crested barriers is straightforwa
in composite semiconductors, where the barrier shaping m
be achieved with either a gradual change of the layer co
position during its epitaxial growth3,5 or by modulation
doping.4 However, the maximum barrier height~conduction
band offset! available in these materials is too small to pr
vide sufficient retention time at room temperature. For m
prospective wide band materials (SiO2, Si3N4, AlN, etc.!
both these approaches run into fabrication problems; for
ample for these materials suitable dopants with shallow l
els, necessary for modulation doping, have not yet b
found.

Fortunately, there is another possible solution to t
problem, which seems much more practical. Both the sy
metric and asymmetric barriers shown in Figs. 1~b! and 1~c!,
respectively, may be reasonably well approximated
‘‘staircase’’ potential patterns formed in layered barrie
@Figs. 1~d! and ~e!#. I have performed calculations of th
function j (V) for the following systems: n12Si/
Si3N4/AlN/Si3N4/n1 – Si @trilayer, symmetric barrier, Fig.
1~d!# and n12Si/Si3N4/AlN/ n1 – Si ~bilayer, asymmetric
barrier! within a broad range of layer thicknessesd andd8.
This particular set of materials has been selected since
silicon nitride and aluminum nitride had been successfu
deposited on silicon substrates, mostly using a variety
chemical vapor deposition techniques—see, for exam
Ref. 7. Also, for these materials the relevant data, includ
the conduction band offsets, effective masses, and diele
constants, have been published.7,8

Figure 2~b! shows thej (V) and t(V) dependences fo
the sets$d,d8% providing the lowest ratioV2 /V1 for the re-
tention time of 3 years and write/erase time of 10 ns. T
sharp current step in each plot is due to the beginning
charge accumulation in a potential dip which is formed at
interface between the first and second layers as a resu
potential tilting by the applied electric field. Beyond the ste
direct tunneling through the barrier as a whole is replac
with sequential tunneling via the accumulated free elect
layer at the interface. In the current version of the theo
these steps are vertical, while in reality they would be spr
over the voltage range on the order ofDV5(\/d)
3(U/me)1/2, wherem is the effective mass of the electro
under the barrier. For the accepted parametersDV is
small—on the order of 0.03 V.

The calculation results show that with the appropria
choice of layer thicknesses, the ratioV2 /V1 may be below 2
for barriers of both types, indicating that the time perfo
mance specified above may be reached even with the
plest memory organization shown in Fig. 3~a!.

One more encouraging result is that the lowV2 /V1 ratio
may be combined with a low absolute value of field nec
sary for fast write/erase: for both cases shown in Fig. 2~b! the
field is below 10 MV/cm; for the symmetric, trilayer barrie
it is as low as 6.5 MV/cm. At so low an electric field, th
hopping ~Frenkel–Poole! conductance of the nitrides vi
deep localized states1 should not be essential, ensuring ve
high endurance of the barriers under electric stress.9 Finally,
it is quite possible that other combinations of materials m
have even better performance.

If confirmed experimentally, the acceleration of Fowle
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Nordheim tunneling in layered barriers may have several
portant applications, first of all in bit-addressable memor
such as the one shown in Fig. 3~a!. Apparently such nonvola
tile random-access memory~NOVORAM! may be more
dense than DRAM even at the current technological lev
Moreover, since NOVORAM cells should not have lar
storage capacitors, such memory would be more scal
than DRAM. Simple estimates indicate that by using nan
cale ballistic field-effect transistors~FETs!,10 NOVORAM
cells may be eventually scaled down to;5 nm minimum
feature size and have a density of;1011 bits/cm2, enabling
terabit scale integration.

In the future, crested barriers may also be employed
the recently proposed hybrid single-electron transistor~SET/
FET! memories with dynamic readout using a SET as
sense preamplifier/modulator11,12@see Fig. 3~b!#. This type of
readout allows the problem of random background cha
~which plagues other digital single-electron device conce!
to be circumvented. Recently, a low-temperature protot
of such a memory cell was demonstrated experimentall13

Room-temperature operation of this memory requires a;4
nm technology,11 but if a further reduction in the minimum
size becomes available, this memory may be scaled d
deeper than NOVORAM, to a density on the order
1012 bits/cm2 ~at ;1 nm minimum feature size!.

Finally, the use of SETs may also allow crested tun
barriers to be used for ultradense electrostatic data sto
@Fig. 3~c!, Ref. 12#. In this system, a read/write head is flow
over a substrate with the crested barrier separating a cond
ing ~ground! layer and a layer of nanometer size metal
grains, not necessarily of similar size or shape. The bin
unity is coded by the few-electron charging of a small gro
of grains. Write 1 is achieved by the application of a su
ciently high voltageVw to both inputs on the tip. The voltag

FIG. 3. Possible applications of crested barriers:~a! a cell of the nonvolatile
random access memory~NOVORAM!, ~b! a hybrid SET/FET memory cell,
and ~c! a system for ultradense electrostatic data storage.
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suppresses the tunnel barrier and pulls electrons from
ground electrode into the grains. The recorded data may
read out by the application of the opposite voltages6Vr to
the inputs. This voltage biases the SET which is extrem
sensitive to an electric field, in this case created by the g
charge. The SET output signal is further amplified by
closely located FET and then sent out. Recent experimen14

may be considered as the first step toward application
such readout.

Preliminary estimates show that the electrostatic reco
ing may provide data storage density up to;1011 bits/cm2,
i.e., about two orders of magnitude higher than the prese
demonstrated magnetic recording density, provided that
read/write head can be flown at a comparable height~;50
nm! above the substrate surface. In contrast to earlier
proaches to electrostatic data recording~see, e.g., Ref. 15!,
the use of crested tunnel barriers may make possible a w
read speed above 300 Mbytes/s per channel, which se
adequate even for the mentioned unparalleled bit density
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