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In this work, the trap-assisted tunneling (TAT) mechanism is modeled as a two-step physical process for charge
trapping memory (CTM). The influence of the TAT mechanism on CTM performance is investigated in consideration of
various trap positions and energy levels. For the simulated CTM structure, simulation results indicate that the positions of
oxide traps related to the maximum TAT current contribution shift towards the substrate interface and charge storage layer
interface during time evolutions in programming and retention operations, respectively. Lower programming voltage and
retention operations under higher temperature are found to be more sensitive to tunneling oxide degradation.
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1. Introduction

In the past few years we have seen the explosive growth of
the non-volatile semiconductor memory market because of the
unceasing demand for higher memory density and lower bit
cost.!'l During the aggressive scaling of flash memory tech-
nology, the floating gate structure has faced great challenges
from both technological and physical limitations, such as re-
ducing coupling ratio, cell-to-cell interference, and increasing
gate leakage current.!”l In order to continue the scaling trend,
great effort has been devoted to developing next-generation
memory structures.>%! Among these structures, the charge
trapping memory (CTM) shows the most excellent potential
as one of the most promising candidates for future memory

s.[7-°1 Furthermore, in recent years, high-density CTM

solution
in three-dimensional (3D) architectures for the NAND appli-
cations has drawn a great deal of attention.!10-12]

Under this circumstance, understanding the physical
mechanisms in CTM has growing importance in terms of de-
signing and optimizing CTM devices. The trap-assisted tun-
neling (TAT) is one of the most important mechanisms influ-
encing the memory performance. On the one hand, TAT is
an indispensable part of the tunneling current due to the ex-
istence of intrinsic defects in oxide layers. An accurate cal-
culation of TAT current is crucial for achieving high accu-
racy in modeling CTM performance. On the other hand, it
is largely accepted that electrical stress in the tunneling ox-
ide during program/erase (P/E) cycle leads to the generation
of interface defects and bulk traps in oxide layers.[!*!4! In this
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regard, the TAT mechanism is related to reliability issues of the
memory cells after P/E cycle, leading to a variation of mem-
ory characteristics. Especially, degradation in tunneling oxide
can cause the increase in charge loss during retention opera-
tion. However, previous studies on modeling the TAT mecha-
nism mainly focused on the gate leakage current of the MOS
structure.['5-171 Only little work has addressed the TAT effect
in the context of flash memory cells.[!%1]

In this paper, the TAT mechanism in CTM cells
is carefully modeled and implemented in the developed
simulator?*-2?1 for NAND flash memory. The influence of
the TAT mechanism on CTM performance is investigated in
consideration of various oxide trap positions and energy lev-
els. The programming and retention performances of CTM
after P/E cycle are also evaluated.

2. Physical model and simulation approach

The device structure we used to evaluate the influence of
TAT on CTM performance is a standard CTM cell with 4.5-
nm/6-nm/10-nm (SiO»/Si3N4/Al,03) gate stacks as shown in
Fig. 1.

The TAT mechanism is modeled as a two-step process, [>]
i.e., the electron capture and emission of the oxide traps. The
TAT current driven through each oxide trap is given by the
capture and emission times for each trap, T ¢, /¢ and T re-
spectively, considered from the charge reservoir, i.e., channel
or charge storage layer as schematically illustrated in Fig. 2.
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Fig. 1. Schematic illustration of the simulated standard CTM cell with
a4.5/6/10 nm (SiO2/Si3N4/Al,03) gate stack.

Fig. 2. (color online) Schematics of the capture and emission time con-
stants for calculating TAT current in (a) programming and (b) retention
operations.
Accumulating the current-density contributions from the
traps in a small interval dx at each distance x, the total TAT
current density through the entire oxide layer is expressed as

_ tox ]\[0x (x)
Jrar = q/o Te(X) 4 Te (%)

where 7,4 is the thickness of oxide layer and Ny is the volume

dx, ey

density of oxide traps with respect to distance in tunneling ox-
ide. Solving device electrostatics and current continuity equa-
tions in our CTM memory simulator allows the calculation of
these time constants, which is based on an SRH-like model[?4
with considering the spatial and energetic locations of the ox-
ide traps and the charge reservoir. Here we calculate the time
constants for a single acceptor-like oxide trap and assume that
it only interacts with the conduction band of the channel and
the charge storage layer. The capture and emission time con-

stants are described by the following equations:
v = [aE0nEEE @

v = [ eE - LE)aEE O

where f, is the electron energy distribution function in the
reservoir and g, is the density of states. The processes of elec-
tron capture and emission are described by energy-dependent

capture and emission coefficients ¢, and e,. With regard to the
distribution function, the Fermi—Dirac distribution is assumed,
and has the useful property,

I(E) _ pE-Ep)
- fi(E) e ) @
where
B=(kT) "

In addition, according to the SRH theory,>! the correlation
between capture and emission coefficients is

en(E) - e*ﬁ(E*ET)’ (5)

with ET being the energy level of the oxide traps.

It should be mentioned that the calculations of capture
and emission coefficients are related to the energetic position
of Et with respect to the energy level E in the integration.
When Et is lower than E, the capture coefficient is energy-
independent and can be written as

Cp = DthG()e, (6)

where vy, is the thermal velocity of electron, oy is the cap-
ture cross section, and 0 is the elastic tunneling coefficient be-
tween the reservoir and the oxide trap calculated in the WKB
approximation. When the Et is higher than E, the emission co-
efficient rather than the capture coefficient should be energy-
independent.

In order to improve calculation efficiency, an approxima-
tion is made to solve the above complicated integral by as-
suming E = E, for calculating the time constants.>*! Overall,
using Eqgs. (1)-(6), we can rewrite the capture and emission
time constants as follows:

1! =nvpopBe PE, )
77! = Nevgopfe P, ®)

where N is the density of states in the conduction band and &,
and &, are the capture and emission barriers which are deter-
mined by

& =max(0,Et —Ec), and & =max(0,Ec—Er). (9)

The abovementioned physical model accounting for the
TAT mechanism has been incorporated into our calibrated two-
dimensional (2D) self-consistent CTM simulator,>!1 which
carefully takes into consideration the DT/FN tunneling pro-
cess, charge trapped/de-trapping mechanisms, and drift-
diffusion transport in the gate stack of memory cells. In addi-
tion, oxide traps with arbitrary energy level and spatial distri-
bution are considered in the simulation. The main parameters
adopted in the simulation are summarized in Table 1.126:>7]
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Table 1. Main parameters for the simulation.

Parameter Symbol Value

SiO, effective mass Mox 0.42my
SiO, trap cross-section [ 5 x 10714 cm?

SiO, trap energy Et 2.0eV

SizNyeffective mass msiN 0.5my

SizNy trap energy Etsin 1.5eV

3. Results and discussion

In order to obtain an overview of the influences of the
TAT mechanism on programming and retention characteris-
tics of CTM cells, we first perform the simulations in the
cases with and without considering the TAT effect. In addi-
tion to the TAT mechanism, in the simulation the direct and
FN tunneling process within the tunneling oxide are taken
into consideration. Comparisons between simulation predic-
tion and experimental measurement are also made. Figure 3
shows a good reproduction of experimental datal>’! for all
programming voltages considered. A uniform spatial distri-
bution of traps is assumed for the charge storage layer, un-
der a trap density of Ny = 7 x 10" ¢cm™> and a trap cross

section 0, = 1 x 10714 cm?

. The trap density is an impor-
tant factor in determining the memory window, 8! and hence
is obtained from fitting the experimental characteristics. For
the simulation of TAT contribution, we consider typical pa-
rameters for oxide defects in accordance with those reported

(29 for thermally grown oxides. The intrinsic trap

previously
distribution across the tunneling oxide is assumed to be uni-
form under an oxide defect density of Nox = 3 x 101 cm™3,
a trap energy level around 2 eV, and a trap cross section of
or = 8 x 1074 cm?. For the simulated memory cell, the inter-
face traps located at tunneling oxide borders are not included
in the simulation. It can be seen that without considering the
TAT current, the programming speed is underestimated and
simulations and measurements are not in agreement with each
other. In addition, the role played by TAT current is found to be
non-negligible at lower oxide fields: lower programming volt-
ages, and larger occupation of the traps in the charge storage
layer (longer programming time). Using the same material pa-
rameters for the charge storage layer and slightly modified pa-
rameters for intrinsic oxide defects (Nox = 2 x 1016 cm—3 and
or =5 x 107'% cm?), good agreement between experimental
retention measurements>°! and simulations under a wide va-
riety of temperatures can be achieved as shown in Fig. 4. The
result indicates that modeling the TAT mechanism is also cru-
cial in predicting retention characteristics, which can lead to
extra charge loss from the charge storage layer.

The defect traps allow an extra tunneling path in the ox-
ides, but not all traps have equivalent contribution to TAT cur-
rent. From Eq. (1), it is known that capture and emission time
constants are used to calculate TAT current density of each ox-

ide trap. Figure 5 shows the variations of capture and emission
time constants and normalized TAT current contributions with
position along tunneling oxide under 16-V programming volt-
age at 1 us for the simulated device. It is found that only the
oxide traps in a small distance (approximately 1 nm) at the
position of 3.5 nm from the substrate interface make the main
contribution to the overall TAT current. Similarly, figure 6
shows the variations of capture and emission time constants
and normalized TAT contribution with position along tunnel-
ing oxide for 375 K retention simulation at 107 s. Oxide traps
located within a length of 0.2 nm at the position of 3 nm from
the substrate interface are related to major TAT current.
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Fig. 3. (color online) Comparison between experimental programming
data and simulation results of CTM cells and influence of TAT on pro-
gramming characteristics.
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Fig. 4. (color online) Comparison between experimental retention and
simulation predictions of CTM cells under different temperatures and
influence of TAT on retention characteristics.

However, the positions of peak contribution to the over-
all TAT current are variable with time evolution under pro-
gramming and retention operations as shown in Fig. 7. In the
programming process, the shape of the curve for normalized
TAT contribution becomes narrower with time evolution. Si-
multaneously, the position of the maximum contribution shifts
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towards the substrate interface. In comparison, the shape of
the curve keeps unchanged with the peak shifting towards the
charge storage layer interface during retention. The variation
in positions of the maximum contribution can be ascribed to
the movement of band edge in different phases of the program-
ming and retention operations.
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Fig. 5. (color online) Capture and emission time constants used to calculate
TAT current density along tunneling oxide and the related normalized TAT
current contribution under 16-V programming voltage at 1 ps.
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Fig. 6. (color online) Capture and emission time constants used to calculate
TAT current density along tunneling oxide and the related normalized TAT
current contribution for 375-K retention simulation at 107 s.
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Fig. 7. (color online) The variations of normalized TAT contribution
with position in tunneling oxide with time evolution in (a) program-
ming and (b) retention operations.
Apart from the position of oxide defects, trap energy level
is another major factor to determine TAT current. To investi-

gate the influences of the trap energy level and spatial position
on TAT current density, we assume that the trap distribution in
tunneling oxide has a Gaussian distribution with a peak value
of 7 x 10'® cm™3 and a small standard deviation of 0.2 nm.
Simulations of devices with various peak positions and trap
energy levels are performed. Figure 8 shows the TAT current
density under 16-V programming voltage at 1 us of a device
with a 4.5/6/10 nm gate stack (Si02/SizN4/Al,O3). The ox-
ide traps located around 1 nm from the oxide/nitride interface
with lower energy level are related to larger TAT current den-
sity. Figure 9 shows the TAT current densities of devices with
various peak oxide trap positions and energy levels at 10 s of
retention under 360 K temperature. It is shown that oxide traps
located at 1.4 nm from the oxide/nitride interface are related
to the maximum TAT current density, which has little depen-
dence on the trap energy level ranging from 0.6 eV to 4.0 eV.
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Fig. 8. (color online) TAT current densities under 16-V programming

voltage at 1 s of devices with various peak positions and trap energy
levels.
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Fig. 9. (color online) TAT current densities at 107 s of retention oper-
ation under 360-K temperature of devices with various peak positions
and trap energy levels.

During P/E operations, the electric field in tunneling ox-
ide can typically exceed 10 MV/cm.B!l' A Large number of
P/E cycles leads to the generation of oxide traps and thus
causes reliability issues of CTM cells. The influences of TAT
on programming and retention operations are strongly corre-
lated with trap density in tunneling oxide. Figure 10 shows
the programming speeds under different programming volt-
ages with increasing the level of tunneling oxide degradation.
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A unanimous programming window of 5 V is used for all
cases. It can be seen that programming under lower voltage
is more sensitive to oxide degradation. Figure 11 shows the
threshold voltage shift after 108 s under various retention tem-
peratures with increasing the level of tunneling oxide degra-
dation. Higher temperature is found to be more sensitive to
oxide degradation.
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Fig. 10. (color online) Programming speeds under different program-
ming voltages with increasing the level of tunneling oxide degradation.
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Fig. 11. (color online) Threshold voltage shifts after 10® s under various reten-
tion temperatures with increasing the levels of tunneling oxide degradation.

4. Conclusions

In this paper, we carefully model TAT mechanism in
CTM cells and evaluate the influences of TAT on programming
and retention characteristics. Our results indicate that the TAT
mechanism is a critical factor for CTM operations, especially
at low tunneling oxide fields. The influence of the TAT mech-
anism on CTM performance is investigated in consideration of
various trap positions and energy levels in the tunneling oxide.

The results show that only the oxide traps at a small dis-
tance are related to a major contribution to TAT current. In
addition, the positions corresponding to the maximum con-
tribution shift towards the substrate interface and the charge
storage layer interface during programming and retention op-
erations, respectively. Lower programming voltage and reten-

tion operations under higher temperature are more sensitive to
tunneling oxide degradation.
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