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Abstract

In this paper, a new compact model for program operation of 3D
NAND flash memory was presented. Based on the understanding of the
charge trapping mechanism, an analysis of the electron distribution was
presented. A modified 1-D Poisson equation was proposed that shows better
accuracy than the existing model by reflecting the spatial distribution of
electrons trapped by the program operation. Under various conditions of
program voltage (Vp),) and program time (tp¢)p,), the threshold voltage shift
(AV; ) was extracted by TCAD (Technology Computer-Aided Design)
simulation, and we used this data to validate our new model. It also provides
validity of the model for program operation in 3D NAND flash memory along

with various TCAD analysis data.

Keywords : 3D NAND Flash memory, program operation, electron

distribution, charge-trap nitride
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Chapter 1

Introduction

3D NAND Flash memory is considered as a promising memory
technology by reducing bit cost and storing more data than NAND Flash
memory with 2D planar structure and floating gate [1-3]. Since it has a gate-
all-around (GAA) structure, program dynamics are improved due to the high
electric field at the substrate/tunneling oxide interface compared to planar
devices [4-6]. To reflect structural characteristics, previous studies have
analyzed transient program operation through the 1-D Poisson equation with
radial coordinates [7,8]. In these existing models, the spatial distribution of
trapped electrons in charge-trap nitride (CTN) was not considered, and it was
assumed that the trapped electron density is uniform in all CTN regions or all
electrons are located at the center of the CTN. However, according to several
papers and Technology Computer-Aided Design (TCAD) simulation,
electrons tunneled by transient program operation are trapped from the region
close to the tunneling oxide in the CTN [9, 10]. Therefore, when using the

existing model, the distribution of trapped electrons is not properly



considered, so the number of electrons and threshold voltage shift (AV;)

calculation results are different from the TCAD simulation data.

In this paper, it is assumed that CTN is divided into two regions:

region 1 where electron trapping occurs (close to tunneling oxide), and region

2 where electrons are not trapped, in order to reflect the distribution of trapped

electrons in a compact model. A modified Poisson equation is presented

accordingly, and the boundary of the regions in the CTN is determined at the

point that showing best fits with the AV, value obtained through TCAD

simulation. Various program voltage (Vp),) conditions are used for the model,

and several TCAD analysis data were presented. The time dependence of the

program operation was also considered, and the boundary setting that could

reflect the variation in the distribution of electrons was also presented.



Chapter 2

Simulation Setup

Technology computer aided design (TCAD) simulation was
conducted using Synopsys Sentaurus. The device parameters used in the
TCAD simulation are specified in Table 1. Fig. 1 shows the string structure
of the 3D NAND Flash memory used in the TCAD simulation of this study.
The string consists of 6 word-line (WL), drain selected line (DSL), source
selected line (SSL), bit line (BL) and source line (SL). To reflect only the
effect of the distribution of trapped electrons, the substrate was assumed to be
single crystal silicon without grain boundaries. The effects of interface trap
and electron emission were not considered. In this study, the program
operation of 3D NAND Flash memory was assumed. The pass voltage of the
unselected word lines was 6V and the voltage of the SSL was 2.4V [11]. The
voltage applied to BL, SL and SSL is OV. The voltage applied to the target
word line was 12V, 14V, 16V, 18V. All voltages take a rising time of 1ps,
and the simulation was performed with a total time of 9us. The work function

of the gate metal was set to 4.6 eV. Since it is important to glescribe the

3



situation in the conduction band in the program operation, only the acceptor-

liked trap was considered. As a tunneling mechanism, Fowler-Nordheim (FN)

tunneling was used, not non-local tunneling. Since non-local tunneling

includes many tunneling mechanisms such as trap assisted tunneling (TAT)

and band to band tunnelling (BTBT), it is difficult to analyze only the effects

of electron distribution. Shockley-Read-Hall (SRH) recombination model

was used. A mobility model considering Enormal and High field saturation

was also used. The threshold voltage (V;) was defined as the voltage when a

10nA bit line current occurs by applying a constant current method [12], and

AV, was defined as the difference between V; in the initial state without

trapped electrons and V; in the programmed state with trapped electrons.



Table 1. Device parameters used in this work.

Symbol Definition Value
Ly Word-line length 28nm
L Spacer length 28nm
To Substrate radius 25nm
Tis Tunneling oxide thickness (1, — 1) Snm
T, Charge-trap nitride thickness (7;, — 73, ) Snm
Tho Blocking oxide thickness (r,, — 1;,) 6nm
Y Tunneling/Blocking oxide dielectric 3.9¢,
constant
= Charge-trap nitride dielectric constant Teg
Voo Program voltage 12V/14V/16V/18V
tocu Program time 0s to 9us
t, Rising time at tpgpy lus
N, Total trap density 4x10%em™3
gl Capture cross-section 10 em®

BL
DSL
Target
WL
SSL
SL

Figure 1. Cross-sectional view of string structure of 3D NAND Flash memory
used in this work.
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Chapter 3

Program operation in 3D NAND

3.1. Charge Trapping Mechanism

4 p————— 71—+
Conduction band |
Valance band

FIN tunneling

= =Trap level

Energy [eV]

N 0]

Channel (0)

20 25 30 35 40 45

_20 Y []

Position [nm]
Figure 2. Tunneling and charge trapping mechanism of 3D NAND Flash
memory. (a) Electrons trapped in a region close to tunneling oxide. (b)

Electrons that are not trapped immediately after tunneling and are trapped by
the energy barrier of the CTN layer and blocking oxide.

Fig. 2 shows tunneling and charge trapping mechanism of 3D NAND Flash
memory. Tunneled electrons are probabilistically trapped by parameters

such as capture cross-section and trap density. Some untrapped electrons
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eTrappedCharge [cm™]

move within the conduction band of the CTN layer. And it is trapped by the

energy barrier with the blocking oxide.

3.2. Parameters that affects the distribution of electrons
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Figure 3. (a) Distribution of electrons according to mobility during program
operation. (b) Distribution of electrons according to capture cross-section
during program operation.

The movement of electrons in the conduction band is determined by the
mobility and capture cross-section of the CTN layer. Mobility and capture
cross-section eventually affect the distribution of electrons. Fig. 3 (a) is the
electron distribution of the CTN layer according to mobility in the program
operation. The greater the mobility, the stronger the movement of electrons
by the field in the conduction band. Therefore, electrons are mainly

distributed in the region near the blocking oxide. Conversely, in the case of

7
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small mobility, electrons are mainly distributed in the region near the

tunneling oxide because the tendency to be captured is stronger. Fig. 3 (b) is

the distribution of electrons according to the capture cross-section. The larger

the capture cross-section, the greater the probability of electron trapping and

the electron distribution is formed in the region near the tunneling oxide.

3.3. Characteristics of ISPP.

20 B S E S E——
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PGM Time [us]
Figure 4. Schematic diagram of ISPP.

Fig. 4 shows the pulse shape of the Incremental step pulse program (ISPP).
In the real industry, 3D NAND Flash memory is programmed through ISPP
[13-17]. Through this, it is possible to narrow the distribution of V;, thereby

improving reliability.
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Figure 6. Program efficiency at (a) N, = 4 X 10'° and (b) N, = 1.6 x 10%°

Fig. 5 shows V; shift by ISPP. The higher the N;, the more the V, shift

occurs because the trapping probability increases. Also, the larger the capture
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cross-section (CCS), the more trapping occurs. Therefore, a lot of V, shift

appears. Fig. 6 shows the program efficiency in ISPP operation. When N, is

small, the number of empty traps rapidly decreases during program operation.

Therefore, even if the ISPP voltage increases, the program efficiency

decreases. Conversely, when N, is large, since the number of empty traps is

relatively large, a decrease in program efficiency occurs at a higher voltage.

Fig. 5 and Fig. 6 are derived using differential equations associated with

trapping in ref [8]. As a result of reflecting only the parameters that directly

affect in trapping mechanism, a graph similar to the program efficiency was

derived as shown in Fig. 7.
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Figure 7. Results due to parameters related to program efficiency at (a) N; =

4x10% and (b) N, = 1.6 X 102°
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Chapter 4

Electrostatic Solution

Table 2 shows the number of trapped electrons and the results of AV
calculations derived from the TCAD simulation and the previous model given
in [8]. When substrate effect (potential drop due to channel potential (V)
and flat band voltage (Vf;)) is considered, the voltage applied only to the
tunneling oxide/CTN/blocking oxide (ONO) layer is reflected in the model,
and the AV, calculation result becomes similar to TCAD simulation data, but
there are still errors. The reason for these errors is that the previous study [8]
modeled assuming uniform trapped electron density (n;; units:cm™3) for all
regions in CTN without considering the spatial distribution and number of

electrons.

Table 2. The number of trapped electrons and AV, at
Vpem=14V, tpeu=9us

# of eTrappedCharge AV, [V]
TCAD 59 0.301
[8] without substrate effect 145 0.751
[8] with substrate effect 68 0.35, ~

11
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Figure 8. TCAD simulation results of 3D NAND Flash memory .(a) Cross-
sectional view of unit cell structure in the programmed state. (b) Trapped
electron density according to the program voltage (Vpgym) along the direction
of A-A" (middle position of the target cell).
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Fig. 8 (a) is a result of the transient simulation of program operation in TCAD,

showing that the electrons are mainly trapped in the CTN region close to the

tunneling oxide. Also, Fig. 8 (b) shows that the trapped electron distribution

changes as Vpg), increases, but still shows the same tendency. Therefore, the

errors occur in the calculated number of electrons and AV, because of the

assumption of the previous model. To solve this problem, we divided CTN

into two regions as shown in Fig. 9: region 1 where electron trapping occurs,

and region 2 that does not.

A srrrsninssnssssnssssnnnnnnn A’

— . - = [8]

? [ In this work
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NE 8 |
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s [ 9 X,
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e | @ ®
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-
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© Tto Py Th

Position [nm]

Figure 9. Conceptual image of the trapped electron distribution in CTN
assumed in [8] (dash) and in this work (line).
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This assumption allows the spatial distribution of trapped electrons to be
reflected in the model so that the number of electrons and AV; can be
calculated accurately. The boundary-value of region 1 and region 2 was set to

a new parameter 7, as follows:

Te = To T (M

where M is a proportional factor associated with the thickness of the nitride
(T,,), with a value between 0 and 1. The value of n will be determined when
fitting the AV, with TCAD data by applying transient dynamics in results
section. The electrostatics of the 3D NAND flash memory can be calculated
by solving a modified 1-D Poisson equation in radial coordinates that

considering the distribution of trapped electrons is taken into account:

ror ar

T s

14



where V(r) is the electrostatic potential, and q is the electron charge. The
Heaviside step function was used to assume that uniform n; exists only in
region 1. By solving the modified Poisson equation at (2), we can obtain

expressions for V(r) and electric field F(r) in four regions:

T
( Ciln— (10 <7 <Ty)
?(TZ—QZO)+CZ In—+C In" (r, <r<mn)
vy =4 , Y e 3)
Ciln4+C, In=+Cln—+-——=02—13) (nn<r<m)
To Tto Tx 4en
T
\ Vpom = Ven = Vip) = Coln=2% (15 <7 < Th)
(=L (ry<7r<Ty)
= (1 <r <7y
.. G
F(r) = -0 _ 2o’ "7 e ST 4)
or —Cr—3 (r,<r<mn)
c
L~ (m <7r <1y

Note that the setting of the boundary condition is the same as [8], except for

the substrate effect is reflected in the model. The expression for constants

(C;~C,) and «a is defined as follows:

15



V — Ve =V, n, 1 1,
C1 — PGM ch fb + qng [_rtzo ln_x
a 2a lg, Tto
(g0 Ly 1 N2 L2 ]
(Ebo In - + - In - + an) (r¢ —15) (%)
—Etopr _ ANt 2
C; = e Gy 2, Tto (6)
C3==2C; + 20 —13) (7)
n n
Co=2C+5 (2 = 1) ®)
bo €bo
a =Inte 4oy n 4 Zo gyl 9)
To &n Tto €bo Tn

where a is same formula as [8]. In equation (5), values calculated through
TCAD simulation were applied to V., and V. These values should be
subtracted from the total Vpgy to reflect only the electrostatic potential
across the ONO layer. The values of V., and Vp, are extracted through

TCAD simulation.
16
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Figure 10. (a) Electrostatic potential of string structure in 3D NAND Flash
memory at rising time. (b) Channel potential calculated based on (a)
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Fig. 10 (a) shows electrostatic potential of string structure in 3D NAND Flash
memory at rising time. Based on (a), V., is calculated and it is shown in Fig.
10 (b). Since it is a string structure, the V., is calculated as the potential
difference between the target WL and BL. V., was reflected to increase
linearly within rising time. The V,, after rising time is assumed to have a
constant value because there is no significant change. Fig. 11 shows Vg,
extraction process according to Vpgy change using TCAD simulation.
From (4) and (5), AV, is calculated as the amount of change in Vpgy
required to recover the electric field of the substrate/tunneling oxide interface

(F;) when n;=0, and the following equation is obtained:

a= -z (e s L L) 02 -] (10

Etop Tn n Tx

18



Chapter 5

Transient Dynamics of Program Operation

The FN equation was used as a theoretical expression for tunneling current

density (J,,) [18, 19].

B
Jn = AFexp |- 7] (11)
_ q3mg;
T 16m2amy,qPp (12)

B=— 4/2myx(q®p)3

3hqF oy (13)
where A and B were determined by considering the potential barrier (@5 =
3.1eV), effective tunneling mass of the electron (m,, = 0.42m,), and
electron mass in silicon (mg; = 0.26m,). Same values were used for both

TCAD simulation and the model (A =3.07 x 1077 A/V?, By=2.41 %
19 2



108 V/cm). The transient dynamics of program operation is expressed by the

following equation [20]:

o= () 50(N, — ) (14)

dt q \Ttot+Vin

Here, the new parameter y is a charge centroid factor related to region 1
where electron trapping occurs in CTN and corresponds to 1/2. In [8], the
value of y was a constant of 1/2 because electron trapping was assumed in
all areas within the CTN. Since the effects caused by electron emission were
not considered in this study, the related formula was excluded from (14).

Fig. 12 shows the modeling methodology in this study. Since there is no
analytical solution for (14), we calculated it numerically for discontinuous
time. Program voltage and substrate effect were considered. Starting from the
initial condition of n; =0, F; and J,, were calculated, and then the increase
in trapped electron density (An;) was calculated. The AV, was derived by
the modified n, value, and all of the processes were repeated with increasing

time step (At). This allows AV, characteristics for time to be derived from

20



3D NAND flash memory. The value of At is 2 x 1071%s, and the smaller

the time step, the more accurate the results can be obtained.

Vch! Vfb

.
‘ Electric field (F;) ‘

> <
‘ Current density(/,,) ‘

.

Transient dynamics
(numerical solution)

Jn Tto
Ant = [; (rh)t—) O-rcl)(Nt — nt)l At

Ny =0

‘ VPGM

+ Vi,

>

‘ Trapped charge density ‘

Tlt ES nt_l + Ant

.
AV,

Figure 12. Modeling methodology for transient program operation. The
numerical solution is derived as parameters are calculated repeatedly for each
time step (At = 2 X 1071%).
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Chapter 6

Results and Discussion

In this chapter, before using the modelling results, verification of the
existing model [8] by TCAD simulation was done first. Subsequently, the data
of AV, derived through TCAD simulation was fitted using modelling results.
The value of n was used for fitting, and the fitting result showg good

agreement with TCAD simulation data.

6.1. Validation of Models with Fixed Electron Charge

i ////,/5 ]
1.0} //////5 )
S os} ’
=~ 0.6} //,/’//E )
a | '
0.4} ’

2 [ /D -u-[8] '
0.2F O TCAD (fixed charge) |

m}

00 [ ' [ ' [ ' [ ' [ '
0 2x10"®  4x10"® 6x10"® 8x10"”  1x10"

Electron density [cm™]

Figure 13. Modeling methodology for transient program operation. The
numerical solution is derived as parameters are calculated repeatedly for each
time step (At = 2 x 1071%).
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Through TCAD simulation and previous model [8], model suitability in
uniform electron distribution was determined. Fig. 13 shows the AV,
calculated according to the electron density through the previous model in [8]
and TCAD simulation. In TCAD simulation, a fixed electron density was set
by assuming uniform electron distribution in all regions of the CTN in the
target cell. Since the spatial distribution and the number of the electrons were
set the same, a slight error was caused by physical phenomena that reflected
only in TCAD simulation. However, it is negligible because it is not large

enough to affect the modeling process.

6.2. Model Verification Using Transient Program Dynamics

The effects of electron distribution in transient dynamics were also analyzed
as well as setting fixed electron density. Fig. 14 (a) shows the electron
distribution when the nitride thickness is 1 nm, and Fig. 14 (b) shows that of
Snm. As the nitride thickness decreases, the total number of traps decreases.
Thus, the total trap density was set to increase for equalize the total number

|
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.3]

eTrappedCharge [cm

of traps. When the nitride thickness was 1 nm, the trap density was setto 2 X
10%2%m™3. As the nitride thickness decreases, the effect of word line voltage
on the channel increases. Therefore, the electric field is formed stronger on
the channel/tuning oxide and the current density increases. This causes more
trapping of electrons, and the distribution of electrons is closer to the uniform

distribution condition.
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Figure 14. Electron distribution relating to the thickness of nitride at
Veeu= 18V. (a) 5 nm (b) 1 nm
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Figure 15. Result of program with ditterent thickness of nitride.
(a) 5Snm (b) 2.5nm (¢) Inm

Fig. 15 shows the program results when the thickness of the nitride is different.
The model of [8] is used here. In [8], uniform electron distribution was
assumed without considering the distribution of electrons. Therefore, the
model is similar to the TCAD data when the most similar nitride thickness is

1 nm. The error rate is 19% at t,=5nm, 12% at t, =2.5nm, and 5% at t, =1nm.
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From this, it can be seen that the distribution of electrons is a matter to be

considered in the program model.

L] o L] L] L
0.8 L=[8] w/o substrate effect
= [8] W substrate effect (n=1)
[ ———1n=0.77 (proposed model)
06F A TCAD

2. oa} i
>0l'
= 0.2 -
0.0 @V, =14V 1
0 2 4 6 8 10
Program time [us]
(a)
A'.ll.lll.ll.l.l.lllllllllllA‘
— i @V, =14V, t,,~9ps :
(? 3 q 4
£ 10" ¥-= \ [8] wio substrate effect E 4
O, F 3 = O j
o ] 0
I =N ER
& FS = 1
E Q
= E Q 3
&) [ o O I
g 10" 3 X region 1, n=0.77 TCAD % F
Q E 3
Y : % (proposed model) ‘\/ D
© i .
LS.
F 1018 r L " L A A A L -’
(]

29.30-31 32 33 34-35.36
Position [nm]

(b)

Figure 16. Modeling results at Vpgy=14V.
(a) (Symbols)TCAD data and (lines)calculated result for [8], n=1
and n =0.77(proposed model)
(b) Trapped electron density at 9us in (a).
_H _r 1_'_]| el
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6.3. Modeling Results

Fig. 16 (a) shows the AV, calculated by applying transient dynamics. In
the case of 1 = 0.77 that using our model, the results are consistent with the
TCAD data at all tpgy, and it is more accurate than the previous model in
[8]. For reference, when n =1 is applied to our model, the calculation results
are the same as the results of [8] with considering the substrate effect. Fig. 16
(b) shows the n; according to the position in CTN, and it was calculated by
TCAD and model when tpgy, = 9us in Fig. 16 (a). In our proposed model,
1, and region 1 were set according to the value of rm, and the n, was
determined by the solution of the modified 1-D Poisson equation. The number
of trapped electrons calculated based on n, and the volume ofthe CTN layer
in the proposed model (n = 0.77) was 55, which is closer to TCAD data than

the results calculated through [8] in Table 2.
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Line: proposed model

2 -
E V,.,=16V, n=0.83
>0‘
< 1 = -
V=14V, 170.77 |
0 - =
) i i YPGM=12V,.n=0.72
0 2 4 6 8 10
Program time [us]
(a)
0.9} .
S osf 4
I/
0.7 1 A L A 1 A L
12 14 16 18

Program Voltage [V]
(b)

Figure 17. Modeling results at various Vpgy

(a) (Symbols)TCAD data and (lines) Proposed model that corrected the
value of m.

(b) Best fitting result of ) for each program voltage.
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Fig 17 (a) shows the AV, fitted for the tpgy in various Vpgy,. It is shown

that the model considering the distribution of electrons agrees well with the

TCAD simulation data. Fig. 17 (b) shows the value of n with the best fitting

result for each Vp;y, in Fig. 17 (a), where its values are proportional to Vpgpy.

This indicates that the proposed model could reflects the tendency for the

expansion of the trapped electron distribution according to Vpgy as

mentioned in Fig. 8 (b). Fig. 18 (a) shows the electric field when the proposed

model reflecting the transient program operation is applied. It was calculated

by equation (4). Fig. 18 (b) shows the calculation result of the current density,

which was calculated by Equation (11). The electric field and current density

show the greatest values at 1pus at the end of the rising time. The reason for

this is that after the rising time, the Vpg), is constant and the elctric field

decreases as the trapped electrons increase. Fig. 18 (c) is the calculation result

of trapped electron density, and was calculated by Equation (14).
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Figure 18. The results calculated by the proposed model.
(a) Electric field

(b) Current density

(c) Trapped electron density
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Figure 19. The variation in trapped electron density as the program time(tpsy,)

Increases.
(@) Vpeu=12V
(b) VPGM = 1 8V

Fig. 19 is a TCAD simulation results showing the distribution and amount
oftrapped electrons with increasing tpgy at(a)Vpgy =12V and (b)Vpep=18V.
Because F; and [, are small in low Vp(,,, fewer electron trapping occurs,
resulting in less variation in the distribution of trapped electrons over tpgyy.
Conversely, in high Vpsy, there is a large variation in trapped electrons
distribution. In order to reflect this characteristic more accurately, at high
Vpem, M should be set to increase in proportion to tpgy,. Fig 20 (a) shows a

AV, fitted over tpgy at Vpey=18V and the result is more accurate when
A 2 8! ok 3
=7 y 1L
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time dependency is considered. Here, the value of 1 changed in proportion

to the tpgy is shown in Fig. 20 (b).

3F -
p— 2r 7
=
> Ll |
< @V, =18V
O TCAD
—— w time dependency
oF —— wio time dependency (n=0.91) |
L 2 'l 1 'l 2 L 2 'l 2
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Program time [ps]
(a)
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0.84 | -
0.82 | -
o
0.80 | -—/ ]
0 2 4 6 8 10

Proaram time [ps]
(b)

Figure 20. (a) (Symbols)TCAD data and (lines) the proposed model for the case
where 1 is time-dependent and when it is time-independent at Vp;,=18V. (b)
the best fitting result of n for each tp;y. The  was set for every 1us
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Chapter 7

Conclusions

In this study, a compact model for transient program dynamics in 3D
NAND Flash memories was presented. The simulation setup and basic charge
trapping mechanism were described. Mobility and capture cross-section in
the CTN layer are parameters that affect electron distribution. These
parameters were evaluated by TCAD simulation. The effect of trap density on
program efficiency was also investigated. The effect of electron distribution
on the program model was also analyzed. Through TCAD simulation, it was
assumed that the fixed electron density was uniform in the CTN layer, and the
accuracy of the existing model was verified. In addition, by controlling the
thickness and trap density of the CTN layer in transient simulation, it was
proved that the closer the uniform electron distribution is, the more the
existing model is consistent with the TCAD simulation results. This suggests
that electron distribution should be considered in the modeling process of
transient program dynamics. The 1-D Poisson equation was modified so that
our model reflects the trapped electron distribution in CTN layer effectively.

|
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The CTN was divided into two regions, and it was assumed that electron

trapping occurred only in the region close to the tunneling oxide. The

parameter for determining the boundary value of the two regions were used

to fit the AV, correctly. The model was verified at various program voltages.

The current density, interface field, and trapped electron density, which are

also derived in the process of deriving the delta AV;, are also presented.

Lastly, the program time dependence was considered, and the accuracy was

improved.
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