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Abstract—The trap distribution in the silicon-nitride layer, which
was estimated by using experimental results, was used to clarify
the retention characteristics of TaN-Al,0;-Si;N,-SiO,-Si
(TANOS) memory devices. The dependence of the trap density
and distribution of the silicon nitride layer on the retention
characteristics in TANOS memory devices was investigated by
using the two-coupled rate equations together with the Shockley-
Reed statistics. Simulation results showed that the retention
characteristics in TANOS memory devices increased with
increasing trap density near and above the Fermi-level in the
silicon-nitride layer. The simulation results for the retention
characteristics of TANOS memory devices were in reasonable
agreement with the experimental results. These observations can
help improve understanding of the retention mechanisms and the
reliability problems in charge trap flash (CTF) memory devices.
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I. INTRODUCTION

High-density nonvolatile memory (NVM) devices have
attracted much attention because of their promising
applications in portable mobile devices utilizing flash
memories for data storage [1-3]. Among the NVM devices,
charge trap flash (CTF) memory devices using a localized-
trapping layer and a high-k dielectric material have been
particularly interesting due to their excellent advantages of
lower program/erase operation voltage, simpler fabrication
process, better scaling capability and smaller capacitive
coupling between adjacent cells in comparison with traditional
floating gate flash memory devices [4-6]. Flash memory
devices utilizing a charge trap layer decrease the stress-induced
leakage current and are used for three-dimensional structural
flash memory devices [7, 8]. However, the data retention
characteristics in the CTF memory devices at high
temperatures have inherent problems due to the charge loss in
the charge trap layer [9, 10]. The carrier transport mechanisms
in a charge trap layer with many trap sites have been
extensively investigated to address reliability issue and to
increase the retention time in CTF memory devices [11-13].
Even though some theoretical works concerning the retention
characteristics of CTF memory devices have been performed
using a simple trap distribution model of the charge trap layer
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[12, 13], very few studies on the long retention mechanisms in
CTF memory devices based on the intrinsic characteristics of
the charge trap layer have been reported. Systematic studies on
the dependence of the retention characteristics on the trap
distribution of the charge trap layer in CTF memory devices
are very important if the retention characteristics and the device
reliabilities of CTF memory devices are to be improved [14,
15]. This paper reports data for the dependence of the retention
characteristics on the trap distribution in the Si;N, layer in
TaN-Al,0;-Si3N4-Si0,-Si (TANOS) CTF memory devices. For
the simulation, the trap distribution inside the Si;N, layer was
modeled using a combination of an exponential distribution
near the conduction band and two Gaussian distributions, one
for shallow energy levels and the other for deep energy levels.
The dependence of the retention characteristics on the trap
distribution inside the Si;N, layer was numerically calculated
to investigate the material parameters needed to enhance the
memory performance. The theoretical results for the retention
characteristics in the TANOS structure were compared with the
experimental results.

II. THEORETICAL CONSIDERATION

The structure of the memory device used in this simulation
is TANOS. Electrons injected from the Si substrate are captured
in the trap sites existing in the SizN, layer. The electrons trapped
in the SizNy layer of the memory devices with a TANOS
structure leak from the trapping layer through various paths.
The carrier transport between the conduction band, the trap
states in the SizN4 layer, and the leakage paths of the stored
charges are illustrated in the energy band diagram in Fig. 1.
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Figure 1. Energy band diagram of charge trap flash memory devices with a
TANOS structure containing electron leakage paths.
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Figure 2. Trap densities as functions of the energy from the conduction
band edge to the valence band edge inside the nitride layer.

The trapped electron and free electron densities in the Si;Ny
layer are calculated by using the two-coupled rate equations
utilizing the Shockley-Reed trapping rate model and the
thermionic emission model [16, 17]. The trap distribution from
the conduction band to the valence band inside the Si;N, layer
for the calculation is assumed to be the combination of three
groups, as shown in Fig. 2. The determination of the trap
distribution of the Si;N, layer in CTF memory devices with a
TANOS structure is very important for improving their
retention characteristics and device reliabilities. The
exponential distribution near the conduction band edge and the
Gaussian distribution in the shallow and the deep trap energy
levels used in their calculation. The threshold voltage shift of
the memory devices at each time step is calculated. The initial
Fermi level (Er ;,;;) inside the SizN, layer before the program
operation was aligned with the Fermi level of the Si substrate,
which was located between the trap depths of the two Gaussian
distributions, the one for shallow traps and the other for deep
traps. The electrons injected from the Si substrate during the
program operation were simulated by using the Fowler-
Nordheim tunneling process. Because the injected electrons
were captured in the trap sites existing in the Si;N, layer, the
Fermi level and the threshold voltage of the device gradually
increased. The threshold voltage shift from the initial threshold
voltage (Vy, i) during the program operation (AVy, pgm) used
in this simulation was 3.5 V. B

III. EXPERIMENTAL DETAILS

The memory device used in this simulation has a TANOS
structure. The thicknesses of the tunneling oxide layer, the
charge trap layer, and the blocking oxide layer are 4.2, 8§, 14
nm, respectively. The Si;N, materials used in TANOS flash
memory devices are two types of the Si-rich silicon nitride and
the stoichiometric silicon nitride. During the deposition process
of the charge trap layer, the flow rate of the SiCl,H,:NHj; gas
for the formation of the Si-rich silicon nitride is higher than
that for the formation of stoichiometric silicon nitride. The
number of the traps in the shallow levels of the Si-rich silicon
nitride is higher than that of traps in the stoichiometric silicon
nitride [18]. Because the traps in the stoichiometric silicon
nitride layer exist far from the conduction band edge in
comparison with those in the Si-rich silicon nitride layer, the
retention time of the stoichiometric silicon nitride is longer than
that of the Si-rich silicon nitride. The exponential distribution of

TABLE L OPTIMIZED PARAMETERS OF SI-RICH AND STOICHIOMETRIC

S13N4 MATERIALS FOR NUMERICAL SIMULATIONS.

timized parameters
Py N; (cmeV?") | E((eV) | 6 (eV)
Si;N, materials
ED 0.4 3% 10"
Si-rich GDI 0.54 x 10" 1.26 0.08
GD2 5.21 x 10" 3.0 0.8
ED 0.4 3% 10"
Stoichiometric GDI 0.54 x 10" 1.33 0.08
GD2 5.29 x 10" 2.8 0.88

traps near the conduction band edge and the Gaussian
distributions of traps in shallow and deep energy levels,
respectively, are estimated and then used with the material
properties of the Si-rich and the stoichiometric silicon nitride
layers, as determined from the experimental results, to
investigate clearly the retention characteristics in memory
devices with a TANOS structure [18, 19]. The theoretical
optimized trap distribution in the silicon nitride layer, taking
into account the material properties, was in reasonable
agreement with the experimental results [20]. The optimized
parameters of the Si-rich and the stoichiometric silicon nitride
materials used in this numerical simulation are listed in Table I.

IV. RESULTS AND DISCUSSION

Fig. 3 shows the threshold voltage shifts (AVy,) as functions
of the retention time for various (a) total trap densities N,y and
(b) trap depths E, of the Gaussian distribution for traps in
shallow energy levels (GD1) at a AVy, pgm of 3.5 V. The
simulation results show that the retention time increases with
increasing total trap density and trap depth of GDI. During
program operation, the trap sites inside the SizN, layer are
sequentially filled with injected electrons from the unoccupied
trap site of the lowest energy level. When the program
operation starts, the position of the Fermi level slowly
approaches the conduction band of the Si;N,4 layer. Because the
number of trap sites in the GDI increases with increasing
number of trap sites at energies above Ep i, the Fermi level
after program operation is located far from the conduction band
edge. Therefore, the trapped electrons are located far away
from the conduction band edge of the Siz;N, layer and hardly
escape, resulting in an increased retention time, as shown in
Fig. 3 (a).
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Figure 3. Threshold voltage shifts as functions of the retention time for
charge trap flash memory devices with a TANOS structure for various (a)
total numbers of trap sites N,y and (b) energy depths E? of the GD1 at a
threshold voltage shift of 3.5 V after the program operation.
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Figure 4. Threshold voltage shifts as functions of the retention time for
charge trap flash memory devices with a TANOS structure for various (a)
total numbers of trap sites N,y and (b) energy depths E? of the GD2 at a
threshold voltage shift of 3.5 V after the program operation.

When the trap depth of the GDI1 becomes deeper, after
program operation with the same threshold voltage shift of 3.5
V, the Fermi level is located far from the conduction band edge,
again resulting in an increased retention time.

Fig. 4 shows the threshold voltage shifts as functions of the
retention time for various (a) total trap densities N,y and (b) trap
depths E, of the Gaussian distribution for traps in deep energy
levels (GD2) at a AVy, pgm of 3.5 V. While the retention time
increases with increasing total trap density of the GD2, it
decreases with decreasing trap depth of the GD2. Because the
number of trap sites in the GD2 increases with increasing
number of trap sites at energies above Ep , the retention
characteristics of memory devices with a TANOS structure are
improved with increasing total trap density in the GD2.
However, because almost all of the trap sites in the GD2 are
located at energies below the Eg i, the trap sites in the GD2
are almost fully occupied before the program operation, and the
variation of the threshold voltage shift with the total trap
density N, of the GD2 is smaller than that of the GD1. The
number of trap sites in deep energy levels increases with
increasing trap depth of the GD2. However, the number of trap
sites between the GD2 and the initial Fermi level decreases
with increasing trap depth of the GD2. Therefore, the Fermi
level after the program operation is located near the conduction
band edge, resulting in a severely degraded retention time for
the memory devices with a TANOS structure, as shown in Fig.
4 (b). These results indicate that the trap density near and
above Er i, in the silicon nitride layer must be increased to
enhance the retention characteristics in TANOS memory
devices.

Fig. 5 shows the variations in the retention characteristics for
charge trapping layers of (a) Si-rich silicon nitride and (b)
stoichiometric silicon nitride in TANOS memory devices at T
= 150 and 250°C. The shift in the threshold voltage increases
with increasing temperature from 150 to 250°C because of
increased leakage of trapped electrons resulting from the
thermal emission. The simulation results obtained by using an
optimized trap distribution in memory devices with a TANOS
structure are in reasonable agreement with experimental results.
Because the trap depth of the GD1 in the stoichiometric silicon
nitride layer is larger than that of the GD1 in the Si-rich silicon
nitride and the trap depth of the GD2 in the stoichiometric
silicon nitride layer is smaller than that of the GD2 in the Si-
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Figure 5. Experimental and simulated threshold voltage shifts as functions
of the retention time for charge trapping layers in (a) Si-rich silicon nitride
and (b) stoichiometric silicon nitride in TANOS memory devices.

rich silicon nitride, the trap density near and above Er ;,;; in the
stoichiometric silicon nitride layer is larger than that near and
above Eg i, in the Si-rich silicon nitride, resulting in an
increased retention time for memory devices with a TANOS
structure utilizing a stoichiometric silicon nitride layer.

Fig. 6 shows the threshold voltage shifts as functions of the
time in the retention mode for TANOS memory devices for
various threshold voltage shifts after program operation,
AVy, poms, of (2) 3, (b) 3.5, (c) 4, (d) 4.5, and (e) 5 V. Because
the electrons are stored in trap sites in the charge trap layer in
TANOS memory devices whereas they are stored at the
conduction band edge of the floating gate in conventional
memory devices utilizing a floating gate, the retention
characteristics of the TANOS memory devices can be changed
by varying the number of trapped electrons in the charge
trapping layer during the program operation. The retention time
of the devices decreases with increasing threshold voltage shift
from the initial threshold voltage after the program operation.
When the program starts to operate, the trap sites in the SizNy
layer are sequentially filled with injected electrons, resulting in
the electron occupation of the trap sites in the lowest energy
level. The Fermi level after the program operation is located
farther from the conduction band edge with decreasing
threshold voltage shift from the initial threshold voltage.
Therefore, the electrons are deeply trapped far from the
conduction band of the Si;N, layer, resulting in an increased
retention time.
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Figure 6. Threshold voltage shifts as functions of the time in the retention
mode for TANOS memory devices with threshold voltage shifts after program
operation, AVy, pem, of (a) 3, (b) 3.5, (¢) 4, (d) 4.5, and (e) 5 V.
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V. SUMMARY AND CONCLUSIONS

The effects of the trap density and distribution in the silicon
nitride layer on the retention characteristics of TANOS flash
memory devices were investigated. The trap distribution of the
silicon nitride, estimated from the experimental results, was
introduced to investigate the retention characteristics in
TANOS memory devices and was composed of an exponential
distribution near the conduction band and two Gaussian
distributions, one for shallow energy levels and the other for
deep energy levels. The retention time increased with
increasing total trap density and trap depth of the Gaussian
distribution in the shallow energy levels. The retention time
increased with decreasing trap depth of the Gaussian
distribution in the deep energy levels, and with increasing trap
density of the Gaussian distribution in a deep energy level. The
simulation results showed that the trap density at energies near
and above the initial Fermi level in a silicon nitride layer needs
to be increased if the retention characteristics in TANOS
memory devices are to be enhanced. The simulation results
obtained using an optimized trap distribution in the TANOS
structure were in reasonable agreement with the experimental
results. The retention characteristics in TANOS memory
devices could be changed by varying the threshold voltage shift
according to the program operation due to electrons trapped in
trap sites.
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