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ABSTRACT In this two-part article we discuss the difference between a continuous and a discrete approach
to trap modeling in the simulation of 3-D NAND Flash memories with polysilicon channel. In Part I we
focus on threshold voltage (V) fluctuations induced by traps and show that lower values for the average
and rms VT arise when the discrete nature of traps is accounted for. We explain such differences in
terms of a stronger percolation that leads to a lower number of filled traps in the discrete-trap case, and
investigate such differences as a function of cell parameters and temperature. Finally, we compare the
two approaches showing that a continuous trap model cannot reproduce the correct dependences resulting

from a discrete treatment.

INDEX TERMS 3D NAND Flash memories, variability, discrete traps.

I. INTRODUCTION

The successful exploitation of the vertical dimension by the
NAND Flash technology has resulted in an unprecedented
increase in performance [1], [2], with current chips reaching
more than 300 layers [3] and adopting a five-bits-per-cell
technology [4]. The need to accurately control the electrical
characteristics of billions of devices becomes a formidable
reliability challenge [5], where variability effects play a key
role.

A number of different factors affects the spread in device
parameters, such as geometric variations [6], [7], [8], [9] and
intrinsic fluctuations due to the polycrystalline nature of the
vertical silicon channel, where traps in highly-defective grain
boundaries (GBs) can influence the carrier transport. Several
works have demonstrated the role of the GBs in the string
conduction of 3-D NAND cells, pointing out their impact on
both the threshold voltage (Vr) and its spread [10], [11],
[12], [13], [14], [15], [16], [17], and on random telegraph
noise (RTN), i.e., V7 fluctuations due to a single-electron
capture in a trap [18], [19], [20], [21],[22], [23].

Numerical simulation is a powerful tool to investigate
the above-mentioned issues and understand the physical

phenomena involved. However, simulations are usually
carried out relying on a continuous distribution of traps,
although trap discretization is expected to play a non-
negligible role in the assessment of Vr and its fluctuations,
in the same way as dopant discretization turned out to
be fundamental in assessing such quantities in crystalline
devices. Yet, only a few works adopted this approach [12],
[14], [18], [20], and a thorough comparison between results
obtained with a discrete and a continuous treatment of
traps is still missing, particularly as a function of physical
and architectural parameters. This is the purpose of this
work: we discuss the impact of trap discretization on Vr
and RTN, and investigate its dependence on different cell
parameters. The work is broken down into two parts: Part I
deals with V7 fluctuations, while Part II [24] discusses
RTN. Preliminary results of this work have been presented
in [25]; here we expand the physical analysis and add the
dependence on device parameters and temperature. Results
of this work make clear that a full discrete-trap approach
is required to correctly calibrate the physical parameters of
device simulation and develop reliable tools for accurate
variability prediction.

(© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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FIGURE 1. Top: Schematic of the Macaroni device structure. Relevant
device parameters are L = 35 nm, t,, = 10 nm, tp = 55, = 6 nm,

tiox = 8 nm, ry = 20 nm. Bottom: Example of granular polysilicon structure
generated by Garand VE. Colors refer to the electron density (blue = low;
red = high).

Il. SIMULATION FRAMEWORK

We focused on a 3D NAND architecture where cylindrical
strings run vertically from a sourceline to a bitline, while
planar wordlines define the control gates of the memory cells.
The structure consists of a central cell whose V7 is measured,
with the addition of two half-cells per side, in order to correctly
capture possible fringing field effects, as depicted in Fig. 1. We
employed a Macaroni cell [26] with radial structure made of
a filler oxide (radius 7y), a thin layer of polysilicon (thickness
ten), an oxide/mitride/oxide stack (thicknesses tpox/tn/tox),
and a metal wordline (WL). Cell and inter-cell length is L.
Parameter values are also listed in Fig. 1.

3-D Monte Carlo simulations were performed using
Sentaurus Process [27] and Sentaurus Device [28] for
processing the typical cell structure and Garand VE [29] for
studying the statistical behavior of the cell. The stochastic
nature of polycrystalline silicon is taken into account by
means of random grains having average size Dy = 30 nm
and traps located at their GBs. As the purpose of our work
is not to fit any experimental data, but rather to discuss the
impact of trap discretization, we selected typical parameter
values from literature [10], [19], [30], adopting a double-
exponential trap energy distribution D of acceptor-like traps
in the GB energy gap

D(E) = D, e E—EC)/E +Dy e(E*EC)/Ed’ (1)

where D, = 3.53 x 10> ¢cm™2 eV~! and D; = 7.16 x
1012 cm™2 eV~! are tail and deep state densities, E and E¢
are the energy and the conduction band edge, E; = 16.6 meV,
E4 = 160.6 meV. These values are derived from the bulk trap
distribution in [30], and give the same average number of
traps in the device volume for our reference case. Donor-like
states have been neglected for simplicity, while the effect of
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FIGURE 2. Vg cdf for different values of the polysilicon/oxide interface
trap density. Circles = CTs, squares = DTs.

a constant polysilicon/oxide interface state density of average
value 101! ecm=2 eV—! will also be considered. Finally, the
actual number of traps in the GBs and oxide interfaces
are drawn from Poisson distributions given the previous
average values. Traps are then allocated either as discrete
entities, as in [31], or as continuous entities [10], [19]. It
is worth stressing that a continuous distribution function is
still used for computing the discrete trap occupancy, so to
avoid oscillations in steady-state results when a trap energy
falls exactly at the Fermi level.

Carrier transport in the polysilicon channel is solved
by means of drift-diffusion equations with density-gradient
corrections to account for quantum effects at the silicon-
oxide interfaces and GBs. To focus on percolation and
electrostatic effects, a low bitline bias of 50 mV and a
constant mobility ,, = 100 cm> V~! s~! are also adopted.
The voltage applied to the WLs of the lateral cells was
always kept at 6 V, to make them act as pass-transistors,
while Vr is defined as the central-WL bias that grants a
current I7 = 10 nA (except where noted). In the following,
we label Vrc and Vrp the Vr values extracted following
a continuous-trap (CT) and discrete-trap (DT) approach,
respectively.

11l. SIMULATION RESULTS

A. POLYSILICON/OXIDE INTERFACE TRAPS

We begin our analysis by focusing on polysilicon/oxide
interface traps, comparing the two approaches as a func-
tion of the trap density. Fig. 2 shows the V7 cumulative
distribution function (cdf) when the average value of the
polysilicon/oxide interface trap density is multiplied by a
factor K,y. Both CT and DT distributions shift with K, as
expected, but their shape is quite different: the rms V¢ value
is very small (in the 20 mV range) and almost independent
of K,y, and is only due to the Poisson fluctuation in the
(uniform) trap density. A DT approach results first of all
in a marked reduction in the impact of K,,: as it changes
from O to 20, the average Vrp shifts by 600 mV, as opposed
to 750 mV for Vrc. The rms V7p, instead, increases up to
about 65 mV.
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FIGURE 3. Vr cdf for different values of the GB trap density. Circles = CTs,
squares = DTs.

Such differences are consequences of DT localization,
leading to non-uniformity in the inversion channel: electrons
will flow away from charged DTs, decreasing their effect
on Vr. The additional degree of freedom enjoyed by DT
positions in space and energy also explains the higher spread
in Vrp, and means that a crossover between the cdfs at the
high Vr end is expected (see for example the green and blue
curves): these are the cells whose DTs happen to be strongly
localized in the channel, increasing Vrp.

B. GRAIN BOUNDARY TRAPS

We then investigated the Vr dependence on the GB traps,
scaling their densities by a factor Kp, still in the 1—20 range.
Before presenting the results, two comments are necessary:
First, as the reference tail state areal density D,E; ~ 6 X
10'3 cm™2 is already significant, a concern might be raised
about the physical soundness of devices at the high Kj
limit. Such a discussion will be deferred to the Appendix,
so not to interrupt the analysis of the results. Second, the
previous results have shown that interface traps can affect
the Vr average and rms values, becoming dominant for low
Kgp values. In order to extract the correct dependences, we
then removed the interface state density from the following
simulations.

The V7 cdfs for different values of Kg, are shown in
Fig. 3, and feature some interesting differences from Fig. 2:
now both Vrc and Vrp average value and spread increase
with Kgj,, with lower values for V7p. So, the cdfs show no
crossover at the high-Vr side, but similar behaviors at the
low-probability end, where GB traps have little effect on V7.
Let us begin the analysis of the results by focusing on the
Vr difference: to gain some insight, we simulated a simple
cell having just one GB placed orthogonally to the Macaroni
cylindrical axis, and located at mid-channel position. Fig. 4
shows the results for E. and current density at the GB
position, as a function of the rotation angle and for the same
WL bias. In the CT case, a uniform profile is obtained,
as expected. In the DT case, instead, E. features sharp
3-D Coulomb peaks in correspondence of the discrete filled
traps, and large valleys away from such spots. Because of

VOLUME 12, 2024

§
1
Y
P

m
n
()}
o
(=]

Current dens, [A cm’
=)
o
o

CB edge [eV]

0 90 180 270
Angle [deg]

w
D
o

FIGURE 4. Conduction band edge (bottom) and current density (top) at
the GB position of a single-radial-grain device as a function of the angle,
for the CT and DT cases. Top figures show color maps of the current
densities at the GB for the CT (left) and DT (right) cases.
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FIGURE 5. Average Vy difference as a function of the GB trap density (left)
and the average Ny (right). Circles = CTs, squares = DTs.

the exponential dependence between electron concentration
(hence, current) and E., the net effect is to increase the total
current for a given bias, i.e.,, give a lower V7. This non-
linear effect of traps on the current explains why it is not
possible to regard the CT framework simply as an average
of many DT simulations. The random trap positions and
resulting current profile are also pictorially shown in the two
cross-sections at the top: note the non-uniform profile on the
right (DT case) as opposed to the uniform CT case (left).

The effect of trap discretization can be best appreciated if
we focus on the increment in the average V7 with respect to
the K¢ = 0 case (Vo). Such quantity is reported in Fig. 5
(left) as a function of Kgp: Vrc and Vrp follow the same
0.75 power-law dependence, with a reduction in the average
shift by about 12% for DTs. The Figure also shows data
extracted at It = 100 nA, where the same dependence is also
obtained. Fig. 5 (right) shows instead the same quantities
as a function of the average number of filled traps in the
channel, N7: note that a single behavior (power-law with
slope 0.92) is obtained irrespective of I and the approach
adopted, suggesting that N7 is the key parameter controlling
Vr, and that the stronger DT percolation results in a lower
Vrp, hence a smaller N7.
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FIGURE 6. Rms Vy as a function of the GB trap density (left) and of the
average Ny (right). Circles = CTs, squares = DTs.
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FIGURE 7. Data in Figs. 5 and 6 (for I+ = 10 nA only) as a function of the
average Ny (black) with the addition of five random cells with fixed GB
configuration (other colors). Circles = CTs, squares = DTs.

Fig. 6 shows the rms V7 (ov;,) as a function of Ky, (left)
and average Nt (right), for I = 10 and 100 nA. Differently
from Fig. 5, the dependence on K, appears similar but not
the same for CTs and DTs, with power-law exponents of
about 0.85 and 0.75, respectively. Note also that oy, is larger
(by 19%) in the low-Kg, limit but becomes smaller (by 14%)
at the other extreme. When plotted as a function of N7, a
unique dependence is again obtained for both CT and DT
models and both values of I, strengthening the role of N7.

To verify the impact of traps on the average and rms
Vr, we run simulations for a few cells, each having fixed
GB configuration, and only changing number and positions
of the traps. Results for five cells are reported in Fig. 7,
together with previous average data for It = 10 nA: note that
trap fluctuation in individual cells can lead to Vr higher or
lower than the average, but always returns a smaller spread,
suggesting that oy, is mainly controlled by the randomness
in GB number and position. Fig. 7 also allows to quantify
the DT contribution to the spread for a given Nr: while CT
cells feature negligible spread, a significantly higher value
is achieved in the DT case, that however does not always
translate into a higher oy,.

C. TEMPERATURE
Temperature (7') dependence of NAND string parameters has
been investigated in several works [10], [32], [33], where the
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FIGURE 8. Average and rms Vy values as a function of temperature for
Kgp =1 and 20. Circles = CTs, squares = DTs.
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FIGURE 9. Same as Fig. 4, but different random traps and with
temperature ranging from 198 to 398 K. Solid lines = DTs, dashes = CTs.

role of GBs has been discussed in a CT frame. Fig. 8 reports
the T dependence of the average and rms V7, showing that
the reduction in such quantities after a DT approach is more
evident at low 7, reaching about 20% for T = 198 K. This
behavior can be understood referring to the single-GB device
already considered in Fig. 4 (now with different random
traps), and looking at the effect of temperature. Results are
shown in Fig. 9, evaluated at the CT threshold condition
for each temperature. The current density graph (top) makes
clear that the non-uniformity induced by DTs is stronger at
low T, while the profile tends to become more uniform and
similar to the CT case as T increases. This means that a
larger difference in current, hence in V7 and N7, is expected
at low T between the CT and DT case.

Localized peaks in the current density are a consequence
of the E, profile, as the Fermi levels (not shown) do not
change significantly moving from CTs to DTs (see for
example [19], [22]). The bottom figure confirms that dis-
uniformity grows stronger at low 7, enhancing percolation.
Another feature that can be noted from this figure is that
the positions of the E¢ peaks, located at charged DT sites,
change with T (see for example the region around 270 —
315°): trap number and position change with 7, leading to
a spread in the Vr temperature dependence and to enhanced
cross-temperature effects [34]. Such effects are detailed in
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FIGURE 11. Rms Vy as a function of its average value for different values
of the grain size Dg. Circles = CTs, squares = DTs.

Fig. 10, where the CT and DT cdfs of the V7 temperature
coefficient AVr/AT (evaluated between 248 and 348 K) are
compared. Note that CT and DT data are similar for K, = 1,
but their separation increases with the trap density, leading to
lower coefficients in the DT case. This is also highlighted in
the inset, where a cell-to-cell comparison of the coefficients
is reported: with few exceptions, DT coefficients at large K,
lie above the straight line that marks equal values. Finally,
it is worth pointing out that these results have been obtained
with a constant-mobility model, and could be affected by
the adoption of more refined approaches, such as those
in [10], [12].

IV. DISCUSSION

In the previous Section, we have investigated the physics
behind the different results obtained from a CT or DT
approach, showing that a discrete treatment of traps results
in different values of the average and rms V7. However, the
results also highlighted that when such quantities are plotted
versus Ny, similar behaviors arise. It is then worthwhile to
investigate whether DT effects can be described by a CT
model via a change in the trap density, or not. To this aim,
Fig. 11 shows the relation between the average Vr and oy,
in the investigated range of Ky, for the nominal case (red),
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and two other conditions where the grain size Dy has been
changed. The general Vr trend is similar to what reported
in [15], [17], and is due to the fact that, in changing Dy,
we have not modified the values of the GB trap density
adopted in the default case, as done for example in [10]. This
means that when D, is reduced and we have more GBs in
the polysilicon, we get more occupied traps and higher V7.
More interestingly, we note that CT and DT results lie on the
same curve for D, = 40 nm, but diverges for smaller values.
This means that in the former case, DT effects can indeed
be described via a tailoring of the trap density by a factor
of up to about 19% in the investigated range. However, this
is no longer true for smaller Dy, where the curves diverge.

Similar data, now for different values of the channel length
L, are shown in Fig. 12. Note that DT and CT curves tend
to diverge in short channels, where the impact of charge
discretization is larger. This proves again that a full DT
approach is needed whenever a reliable analysis of device
variability and its dependence on physical and architectural
parameters is to be carried out.

V. CONCLUSION

We have studied the impact of a discrete-trap approach
on polysilicon channel 3-D NAND variability. Discrete-trap
simulation leads to lower average and rms Vr values,
explained in terms of the different electrostatics and filled
traps, as well as the stronger impact of a discrete charge on
the conduction-band energy landscape. This means that CT
results cannot be simply considered as an average of many
DT cases. The effects are then investigated as a function of
the cell parameters. The differences between the approaches
show that discrete-trap modeling can improve the accuracy
of device variability simulations.

APPENDIX

As outlined in Section III.B, we briefly discuss the validity
and limitations of our GB trap parameters. At its highest
value, Ko, = 20 means that the areal GB trap density is
about 1.2 x 10" cm~2, which might be considered excessive
if not unreasonable. An easy response could be that the trend
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state density is not scaled with Kgp (lines) or is zero (dashes).

TABLE 1. Parameters used in the sensitivity analysis.

Low energy Nominal High energy
FE; [meV] 11 16.6 24.9
D¢ [em~2eV™1] | 53x10% 353 x1015 2.35x 1017
Ey [meV] 107 160.6 240.9
Dy [em~—3 eV~1] | 1.07 x 1013 7.16 x 1012 4.77 x 1012

in the differences between CTs and DTs would not change
if the K, range were — say — limited to 10 or extended to
30, but there is one more reason that we would like to point
out, and is that — owing to the low value of E; — the tail state
density disappears below the deep states one about 115 meV
below the CB edge and is expected to have little impact on
our results, where V7 is evaluated at 10 nA. To verify this
statement, we run simulations where the tail state density Dy
is either zero or kept at its nominal value, while K, only
multiplies Dy, whose trap density becomes 2.3 x 10! cm™2
at Kgp = 20. Fig. 13 shows previous results for Vr cdfs at
198, 298, and 398 K (symbols), compared against the new
ones (lines and dashes): notwithstanding the large difference
in the total trap density, differences in Vr are negligible at
room or higher 7, and grow slightly at 198 K, where the
Fermi level approaches the CB. Note also that this choice
does not affect the CT-DT difference, supporting the validity
of all our results. In other words, the value of the tail state
density has no impact on our results, and the deep-state one
only should be considered as the trap density.

We conclude this Section with a sensitivity analysis on the
trap parameters. To this aim, we repeated our simulations
multiplying/dividing the energy parameters by a factor of
1.5, and scaling the peak density inversely, so to keep the
total number of traps constant (see values in Table 1). Results
for the average Vr are summarized in Fig. 14: all CT and
DT data follow the same trend, with a reduction in the
average Vr due to trap discretization. Furthermore, all data
collapse onto the same curve when plotted as a function of
N7. A similar conclusion can be drawn for oy, (not shown),
confirming that the physical picture we have proposed is not
dependent on the details of the trap distribution.

Fig. 15 shows instead the TCs for the cases considered and
K¢, = 20. While absolute values of the TCs are affected by
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FIGURE 14. Same as Fig. 5, but with the addition of data from Table 1.
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FIGURE 15. Same as Fig. 10 for Kgp, = 20, but with the addition of data
from Table 1.

the choice of the parameters and we have not investigated the
dependence on K, and N7 to highlight the trends, the main
conclusion remains: DT modeling leads to lower values for
the TCs. Furthermore, the average percentage error between
the two approaches changes from 17% in the nominal case
to 19% in the high-energy one, showing little dependence,
and only drops to 8% in the low-energy case.
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