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Layered tunnel barriers for nonvolatile memory devices
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Fowler—Nordheim tunneling of electrons through “crested” energy barfeith 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 storagd.99® American Institute of
Physics[S0003-695098)02341-9

Field-induced(Fowler—Nordheim tunneling is the ba-  worse[see the results fad=10 nm in Fig. 2a)]. A change
sic process used for writing and erasing data in electricallyn the height of the barriefsay, toU=3.2 eV typical for
alterable floating gate memory cells—see, for example, Refsi0,) also does not change the situation much. This rela-
1 and 2. It is also responsible for the main disadvantage ofively slow dependence of the barrier transparency on the
these structures, a long write/erase time, typically in the mielectric field is due to the fact that the highest part of the
crosecond range. The goal of this work has been to analyzZgarrier, closest to the electron source, is only weakly affected
whether the charge injection process may be sped up signifby the applied voltaget) m.(V)~Uma(0)—see the dashed
cantly by using profiled*“crested”) tunnel barriers with a Jine in Fig. 1(a).
potential maximum in the middle. Now consider a “crested” barrier with the potential bar-
Floating gate memory applications require the tunnekier height peaking in the middle and gradually decreasing
barrier to have negligible tunnelingorresponding to a gate toward the conducting electrod¢&ig. 1(b)]. Figure Za)
charge retention time of at least 1 yedor relatively low  shows that the current through such a barrier changes much
voltages applied to the barriev,<V,. ParameteN; char-  faster, so that a voltage change froh~3.2V to V,
acterizes the maximum voltage during data storage, includ~5.95 V<2V, decreases the recharging time from*#ao
ing that created by the stored charge and external voltagesy 8 s. The reason for this dramatic improvement is that in
applied to write/erase data in other cells of the same row ofhe crested barrier the highest pért the middlé is pulled
column (“half-select crosstalk’). On the other hand, in full- @
select mode the applied voltag®’) should suppress the
barrier to such an extent that tunneling current recharges the
gate quickly. In order to compete with dynamic random ac-
cess memoryDRAM) technology for bit-addressable appli-
cations, the gate recharging time should be below 10 ns,
while in order to keep the memory architecture simple, the
ratio V,/V, should be as low as possibleleally, below 2,
allowing us to use just one transistor per gell —2 ) @
The usual uniform barrier§Fig. 1(@)] cannot satisfy
these two conditions simultaneously. Figur@2shows the
current density and the gate recharging time scale

T(V)=CoV/j(V), D

as functions of voltag¥® for a typical barrier[In Eqg. (1), Cq

is the capacitance per unit area of the tunnel bdrriEne

current has been calculated using the standard quasiclassical

approximation, in the assumption of the isotropic and para-

bolic dispersion law for electrons both in the source conduc- u

tion band and under the barrier, and taking into account the Ui
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image charge effectThe results indicate that, for example, a

5-nm-thick barrier of height) = 3.6 eV may provié a 3 year

retention time 10°s) for voltages belowV;~3.3V, s T <>

while the write time atvV,=2V,;~6.6 V is about 3 ms, far . _ -

too long for bit-addressable applications. A change in the!G: 1. Conduction band edge diagrams of various tunnel barriarsa
. . . . . . ypical uniform barrier{b) idealized crested symmetric barriée) idealized

barrier thicknesd to either side Only makes the situation asymmetric barrien(d) crested, symmetric layered barrier, deflasymmet-

ric layered barrier. Dashed lines in pan@sand(b) show the barrier tilting
caused by applied voltagé.
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10° e 10° (@) The implementation of crested barriers is straightforward

in composite semiconductors, where the barrier shaping may
be achieved with either a gradual change of the layer com-
10° position during its epitaxial growf? or by modulation
] doping? However, the maximum barrier heigttonduction
10° band offset available in these materials is too small to pro-
vide sufficient retention time at room temperature. For most
prospective wide band materials (SjOSiN,, AIN, etc)
both these approaches run into fabrication problems; for ex-
ample for these materials suitable dopants with shallow lev-
els, necessary for modulation doping, have not yet been
found.

Fortunately, there is another possible solution to this
problem, which seems much more practical. Both the sym-
metric and asymmetric barriers shown in Fig&)land Xc),

0 107 respectively, may be reasonably well approximated by
Voltage (V) “staircase” potential patterns formed in layered barriers
(b) [Figs. 1d) and (e)]. | have performed calculations of the
10° function j(V) for the following systems: n*—Si/
] SigN4/AIN/SigN,/n* —Si [trilayer, symmetric barrier, Fig.
10° 1(d)] and n* —Si/SEN4/AIN/n"—Si (bilayer, asymmetric
1 barriep within a broad range of layer thicknessg#sndd’.
This particular set of materials has been selected since both
silicon nitride and aluminum nitride had been successfully
deposited on silicon substrates, mostly using a variety of
chemical vapor deposition techniques—see, for example,
Ref. 7. Also, for these materials the relevant data, including
the conduction band offsets, effective masses, and dielectric
constants, have been publisHet.
] Figure 2b) shows thej(V) and (V) dependences for
10° the setdd,d’} providing the lowest ratid/, /V, for the re-
T tention time of 3 years and write/erase time of 10 ns. The
o ) S sharp current step in each plot is due to the beginning of
6 1 2 3 4 5 6 7 8 9 10 charge accumulation in a potential dip which is formed at the
Voltage (V) interface between the first and second layers as a result of
FIG. 2. Tunnel currenf (in A/m? solid lines and time scaler of floating ~ potential tilting by the applied electric field. Beyond the step,
gate rechargingdin s, dashed lingsfor various barriers, as functions of djrect tunneling through the barrier as a whole is rep|aced
applied voltage, calculated using the quasiclassical approximation. Thgith sequential tunneling via the accumulated free electron
curve labeling corresponds to Fig. 1 The gﬁectlve carrier mass in t_he elecl— . .
trodes has been assumed to be isotropic and to equal, Qi@ odeling ayer at the interface. In the current version of the theory
n*-Si). Other parameters are as follows: for the material with higher barriethese steps are vertical, while in reality they would be spread
U=3.6 eV, m=0.48n,, and e=8.5 (the parameters correspond to AIN  over the voltage range on the order &V=(#/d)
for_ the material with lower barriet)’=2.0 eV, m'=0.2my, ande'=7.5 x(U/me 1/2, wherem is the effective mass of the electron
(SN.)- under the barrier. For the accepted paramet&is is
down by the electric field very quicklyna(V)=Uma(0) ~ Small—on the order of 0.03 V.

—eVi2. The calculation results show that with the appropriate
A similar positive effect on the sensitivity to electric choice of layer thicknesses, the ratig/V, may be below 2
field of thermionic emissioriwhich dominates for barriers for barriers of both types, indicating that the time perfor-
comparable withkgT) was noticed earliet-®> Moreover, the ~mance specified above may be reached even with the sim-

use of this effect for floating gate memories has beerplest memory organization shown in FigaB

suggested. However, the authors of that work considered ~ One more encouraging result is that the w/V; ratio
asymmetric triangular barrief§ig. 1(c)]. Although the in- may be combined with a low absolute value of field neces-
jection characteristics of such barriers may be even bettegary for fast write/erase: for both cases shown in Fi) the
than those of symmetric crested barrigsge curvegc) in  field is below 10 MV/cm; for the symmetric, trilayer barrier
Fig. 2(a)], this is only true for one current directiofsay it is as low as 6.5 MV/cm. At so low an electric field, the
“write” ). The speed of the reciprocal proce&srase”) is  hopping (Frenkel—Poole conductance of the nitrides via
low, thus excluding the possibility of bit addressable appli-deep localized statéshould not be essential, ensuring very
cations. Of course, this opportunity may be restored by conhigh endurance of the barriers under electric sttéssally,
necting two barriers with opposite barrier slopes in parallel|t is quite possible that other combinations of materials may
but this option may be too complex for practical have even better performance.

applications If confirmed experimentally, the acceleration of Fowler—
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(a ) (b) suppresses the tunnel barrier and pulls electrons from the
ground electrode into the grains. The recorded data may be
word|line word Jine read out by the application of the opposite voltage¥, to
S - otng o —] the inputs. This voltage biases the SET which is extremely
sensitive to an electric field, in this case created by the grain
T T charge. The SET output signal is further amplified by a
field effect single-electron closely located FET and then sent out. Recent experirtfents
transistor transistor . . . .
bit line - bit line + bit line - bit line + may be considered as the first step toward application of
such readout.
Preliminary estimates show that the electrostatic record-
© ing may provide data storage density up~+d.0 bits/cn?,
VitV i.e., about two orders of magnitude higher than the presently
demonstrated magnetic recording density, provided that the
read/write head can be flown at a comparable hefgi&0
T eadiwrite nm) above the substrate surface. In contrast to earlier ap-
tip (head) proaches to electrostatic data recordisge, e.g., Ref. 15
the use of crested tunnel barriers may make possible a write/
read speed above 300 Mbytes/s per channel, which seems
adequate even for the mentioned unparalleled bit density.

read out
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amplifier

single-electron
transistor
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FIG. 3. Possible applications of crested barri¢éasa cell of the nonvolatile
random access memo(lOVORAM), (b) a hybrid SET/FET memory cell,
and(c) a system for ultradense electrostatic data storage.
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