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Abstract

The dependence of random telegraph noise (RTN) amplitude distribution on the number
of traps and trap depth position is investigated using three-dimensional Monte Carlo device
simulation including random dopant fluctuation (RDF) in a 30 nm NAND multi level flash
memory. The AV tail distribution becomes broad at fixed double traps, indicating that the
number of traps greatly affects the worst RTN characteristics. It is also found that for both
fixed single and fixed double traps, the AV distribution in the lowest cell threshold
voltage (Vin) state shows the broadest distribution among all cell Vi states. This is because
the drain current flows at the channel surface in the lowest cell Vi state, while at a high
cell Vi, it flows at the deeper position owing to the fringing coupling between the control
gate (CG) and the channel. In this work, the AV, distribution with the number of traps
following the Poisson distribution is also considered to cope with the variations in trap
number. As a result, it is found that the number of traps is an important factor for
understanding RTN characteristics. In addition, considering trap position in the tunnel

oxide thickness direction is also an important factor.
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1. Introduction

Random telegraph noise (RTN) becomes one of the main causes of error in the latest flash
memory technology.'*® RTN is a time-domain drain current Ip or Vi fluctuation induced
by the emission/capture of a single electron at a tunnel oxide trap during read operation, as
shown in Fig. 1.2® RTN amplitude (AVi) and its statistical variation becomes worse in
advanced flash memories since single-electron behavior largely affects cell characteristics
as the capacitance of a floating-gate (FG)-type NAND flash memory cell is reduced.'"* It
is important to clarify the physical origins and the contributions of RTN statistical
characteristics to improve statistical model accuracy.

In our previous work,'® AVy, distributions considering a fixed single trap were studied
focusing on substrate doping concentration Na in a 30 nm NAND flash memory by
three-dimensional (3D) Monte Carlo device simulation, as shown in Figs. 2(a) and 2(b). In
this simulation random dopant fluctuation (RDF) is also considered by including atomistic
doping.t”?9 A single electron was randomly located at the channel surface as a trap with
widely varying Na from 1x10'7 to 3x10'® cm=. The statistical model of the RTN in a
NAND flash memory is also considered for comparison, which was given by Fukuda et. al.

based on the measurement results used for solving Egs. (1) and (2),%

f(OVin) == exp(—2) @)

g

tOX .
U=“'m'NAO6(V) (2)

where tox, Na, Lefr, and Wesr are oxide thickness, channel doping concentration and effective
channel length and width, respectively. The parameter « is determined by fitting using the
measured RTN data." This model considers the effect of the RDF in Eq. (2). From the 3D
device simulation results in Fig. 2(a), no AV tail distribution is observed in the high—AVi
region when Na is low here and for all ranges(1x10%" - 1x10'® cm®). While the tail is
observed at a high Na (3x10* cm), as shown in Fig. 2(b). Considering that a low Na is
required for NAND flash memories to prevent the leakage current between p-n junctions in
the program inhibit cells?*?®), The RTN distribution obtained by the 3D Monte Carlo
device simulation underestimates the tail distribution in an actual NAND flash memory by

simply considering RDF and a single trap. Therefore, to understand the details of the RTN
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characteristics, other factors should be considered at a low Na. In this work, AV
distributions in a 30 nm 2 bit/cell multi level cell NAND flash memory architecture are
investigated focusing on the number of traps and trap depth position. Here, three kinds of
policies are considered for the number of traps used in this simulation: fixed single trap,
fixed double traps, and Poisson distribution. V)

This paper is organized as follows. In Sect. 2, device simulation conditions are explained.
In Sect. 3, we show and discuss the results of the number of traps and trap depth position
dependence of AV distribution for each cell Vi state. Finally, conclusions are given in
Sect. 5.

2. 3D device simulation conditions

A 30 nm, 2 bit/cell NAND flash memory cell structure is adopted for 3D device
simulation used in this work, as shown in Fig. 3(a).!® The coordinates of the channel
length, width, and cell height directions are defined as x, y and z respectively, as shown in
this figure. Figures 3(b) and 3(c) show the cross—section views of the x-z and y-z planes,
respectively. The SiO, tunnel oxide thickness tox, inter-poly dielectric thickness tiep, and
floating gate (FG) height trg are 7, 10, and 80 nm, respectively.®) Both the channel width W
and length Lg are set at 30 nm, and the source/drain junction depth x; is set at 10 nm. Na is
3x10%" cm® while the punch-through stopper (PTS) layer is adopted at 30 nm below the
source/drain junction to suppress the excess-short-channel effect.?4?® The PTS doping
concentration is 9x10%" cm,

Figure 4 shows the four cell Vi, state distributions of the 2 bit/cell MLC architecture®® in
this work. Cell Vu is controlled by changing the initial amount of charges of FG. The range
of Vi values is from -2.5 to 3.5 V. The cell Vi state “11” is the lowest cell Vi State
corresponding to the erase state, and cell Vi state “10” is the highest cell Vi state. Over
100 NAND flash cells with an atomistic doping profile!’?” and traps are prepared by
Monte Carlo simulation. To emulate the trapped states, a 1 x 1 nm? negative surface charge
is randomly placed at the channel surface (tunnel oxide/substrate interface) whose charge
amount is equals to that of a single electron. Vi is defined as the Vce value when Ip
reaches W/Lgx107 A. AVy, is obtained by subtracting Vi in detrapped state from that in

trapped state for each cell Vi state. Here, atomistic doping profiles are the same for both

3



Template for JJAP Regular Papers (Jan. 2014)

the trapped and detrapped states. As can be understood from this simulation procedure, the
trap energy levels are not considered for simplicity.>'? Three cases are assumed for the
number of traps used in the Monte Carlo simulation: the fixed single trap, fixed double
traps, and Poisson distribution. Cells without traps can be considered for the Poisson
distribution where the number of traps is generated along the Poisson distribution. In this
case, two trap densities (Nusp) are considered, 2x10%° and 2x10' cm for the low and high
trap densities, respectively. Figure 5 shows the probability of the number of traps for each
Nirap. In this work, the RTN model ¥ is used for comparison based on Egs. (1) and (2) with
the device parameters used in this work.

3. Simulation results and discussions

Figures 6(a) and 6(b) show AV distributions with fixed single trap and double traps cases
for each cell Vi, state. Again, for the single trap, AV tails of all cell Vi, states are not broad
in the high-4Vw region, indicating that for the single trap is underestimation the
distribution compared with the measurement-based RTN model. On the other hand, for the
double traps, the AV tail distributions of all cell Vi, states are broad, which shows a
similar trend in the high-AVw region to the RTN model. Another discrepancy between the
3D device simulation and the RTN model results is that the average AV of the 3D device
simulation is much higher than that of the RTN model. This is because all the simulated
cells contain RTN traps while cells without RTN traps are the majority actually. Finally,
Figs. 6(a) and 6(b) shows that the AV distribution of the lowest cell Vi state (state“11”)
for both single and double traps is the broadest among all of the cell states. In order to
explain these results, current distributions near cell Vi at the center of the channel surface
(x = 0 nm) for each cell Vi, state are investigated, which are shown in Figs. 7(a) and 7(b).
As stated in Sect. 2, the amount of channel current near cell V, is the same for all cell Vi
states because Vin is defined as the Vg value when Ip reaches W/Lgx10™" A. From Fig. 7(a),
at a low cell Vi, current concentrates at the center of the channel surface because the
coupling between FG and the channel is dominant. On the other hand, as the cell Vi
increases, current flows at both channel edges since the coupling between CG and the
channel gradually becomes dominant.?® Moreover, the channel depth dependence on

channel current density for each cell Vi, state are shown in Figs. 8(a) and 8(b). The
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horizontal y-axis is the channel width direction, as shown in Figs. 7(a) and 7(b). The black
plot shows the channel current at the channel surface (z = -1 nm) and the blue one shows
that at 7 nm below the channel surface. From Fig. 8(a), it is found that almost all of the
channel currents flow at the channel surface at the low cell Vi, state. On the other hand, the
channel current at the high cell Vi is less dependent on the channel depth owing the
fringing coupling from the CG. Therefore, since the traps are located at the channel surface
in this simulation, a high AV tends to exist at the low cell V. Figures 9(a) and 9(b) show
AV against trap position along y with double traps for the lowest and highest cell Vi, states,
respectively. Here, the same atomistic channel doping is used in both Figs. 9(a) and 9(b).
The horizontal axis y1 shows the trap location along y, and vertical axis y» shows the other
trap location. From Fig. 9(a), the high-AV region at the lowest cell Vi is broader than that
at the highest cell V. Also, from this result, it is found that a high AV occurs at the lowest
cell Vi in this work.

Figures 10(a) and 10(b) show the AV distributions for the Poisson distribution with the
cell Vi, states “11” and “10” for the low and high Nip values, respectively. In these figures,
the average AV is closer to the measurement-based model for the Poisson distribution
compared with the fixed trap number in Figs. 6(a) and 6(b), since the cells without RTN is
included in this trap case. It can also be seen that the simulated distribution seems to be the
combination of the distributions of the single trap and double traps from Fig. 10(a) at a low
Nirap Where the distribution of the single trap is predominant in the low-AVw region while
that of the double traps is predominant in the high-AVi region. On the other hand, the AV
distribution at a high Nuep in Fig. 10(b) shows wide variations compared with the RTN
model since a significant number of cells contain more than two traps, as shown in Fig.
5(b). However, this result obviously overestimates the AV distribution since not all of the
traps will contribute to RTN, as is the case in this simulation. Although there are rooms for
the 3D device simulation to reproduce the measurement-based results, it is clear that the
number of traps should be considered to understand RTN characteristics. At least, multiple
traps are the significant source of the large tail distribution of the RTN.

In addition, in this work, the dependence on trap position in the tunnel oxide thickness
direction is investigated for both the low and high cell Vi states, as shown Fig. 11. The 1 x

1 x 1nm? negative volume charge is assumed as a charged trap in this simulation. The trap
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is randomly placed 3 nm from the channel surface. The probability of determined trap
depth position is uniformity for simplicity. Simulation conditions are the same as those for
the Poisson distribution except for the trap depth position. From this figure, it is found that
the AV distributions considering the trap position in the tunnel oxide thickness direction
for both the low and high cell Vi, states are narrower than that of no-considering and more
similar to those obtained using the RTN model. The effect of changing the trap depth
position is greater for the AV distribution in the high-4Vy, region. The trap depth position

is also one of the important factors for understanding RTN characteristics.

5. Conclusions

AV distributions are investigated focusing on the number of traps and trap position depth
in a 30 nm NAND multi level flash memory by 3D Monte Carlo device simulation
including RDF. As a way for setting trap number, the fixed single trap, fixed double traps
and Poisson distribution are assumed in this work. AV, tails for the fixed single trap are
not broadly at high AV region compared with the measurement-based results. On the
other hand, the AV tail distributions with the fixed double traps are broadly like that.
Average AV values for both of the fixed single trap and double traps are higher than that
since are not considered cells without traps. The AV distribution in the lowest cell Vi
state is the broadest among all cell states because channel current concentrates on the
channel surface. Therefore, a high AV exists in the lowest cell Vi state since the trap is
located at the channel surface. Moreover, the AV, distribution with the number of traps
along the Poisson distribution is investigated. Since no trap cells are considered in this trap,
The average AVi is markedly close to measurement-based results. It is found that the
number of traps should be considered to understand RTN characteristics. The trap position
in the tunnel oxide thickness direction is investigated. As a result, this factor was found to
affect the AV distribution in the high-AViw region for both the low and high cell Vi states

and to be similar to measurement-based results.
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Figure Captions
Fig. 1 (Color online) Drain current Ip vs control gate voltage Vce characteristics for

trapped and detrapped state RTNS. AVt is defined as RTN amplitude.

Fig. 2 (Color online) AV distributions considering fixed single trap and RDF at
various Navalues. (a) Low M, (b) High Na.

Fig. 3 (Color online) Simulated 30 nm NAND flash memory cell structure. (a) Overall cell
structure view, (b) cross-sectional view of channel gate length Ly direction at the center of

channel width W, and (c) cross sectional view of W direction at the center of L.

Fig. 4 (Color online) Vi distribution and corresponding data symbols in MLC NAND flash
memory.*® Vi, and initial amount of charge in FG for each program state used in this work

are also shown.

Fig. 5 (Color online) Probability of number of traps along Poisson distribution for each
Ntrap. (a) Ntrap = 2)(1010 Cm'2 and (b) Ntrap = 2)(1011 Cm-z.

Fig. 6 (Color online) AV distribution for (a) fixed single trap case and (b) fixed double

traps in each cell Vi, state.

Fig. 7 (Color online) Current density profiles at the channel center (x = 0 nm) near (a) the
lowest cell Vi state and (b) the highest cell V, state.

Fig. 8 (Color online) Channel depth dependence on the channel current near cell Vi in the

(@) lowest cell Vi state and (b) highest cell Vi, state.

Fig. 9 (Color online) Spatial AV distribution along trap position along y for double traps
in the (a) lowest cell Vi state and (b) highest cell Vi state. On the other hand, trap
positions along the channel length direction x are fixed to 11 nm from the source edge

where AVi, is highest.1®
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Fig. 10 (Color online) AV distribution for Poisson distribution with (a) Nirap = 2x10%° cm™2
and (b) Niap = 2x10% cm

Fig. 11 (Color online) Dependence of the trap position in tunnel oxide thickness direction

on AV distribution.
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