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ABSTRACT The emergence of data-driven technologies including Internet of Things (IoT), artificial
intelligence (AI), and cloud computing has led to a surge in data generation and mining. The 3D NAND
Flash memory has emerged as a promising technology for handling the big data owing to its ultra-
high density, ultra-low cost per bit, fast random access, and multi-level programming capability per cell.
However, the conventional punch and plug process used to fabricate the 3D NAND flash memory leads
to an inherent tapering of the polysilicon channel of the stacked flash cells. The channel thickness of the
flash cells increases monotonically from bottom of the string (common source line, CSL) to the top of
the string (bit-line, BL). This results in a non-uniform intrinsic threshold voltage of the flash cells located
at different word-line (WL) layers along the string. A non-uniform vertical (Gaussian) channel doping
profile was recently proposed to mitigate the impact of channel tapering and realize a uniform threshold
voltage distribution. However, an analytical model which may provide a physical insight and can be used
for design exploration of 3D NAND flash memory with uniform intrinsic threshold voltage is still elusive.
To this end, in this work, for the first time, we formulate an analytical model for the intrinsic threshold
voltage and the subthreshold slope of 3D NAND flash cells with a vertical gaussian doping profile in the
channel region. The results obtained using the analytical model are in close agreement with the TCAD
simulations validating the accuracy of the developed model. We also utilize the analytical model to provide
physical insights and necessary design guidelines for further optimizing the performance.

INDEX TERMS 3D NAND, flash memory, Macaroni body.

I. INTRODUCTION

The overwhelming need for high-dimensional data storage
in this era of Internet of Things (IoT), artificial intelligence
(AI), cloud computing and big data has propelled the
development of planar NAND flash memories [1], [2], [3].
However, the incessant scaling of planar NAND flash to
increase the bit-density is limited by the neighboring cell
coupling disturbances and crosstalk which decrease the
retention and restrict the multibit capability. Therefore,
several 3D NAND architectures based on vertical stacking
of flash cells such as BiCS [4], [5], TCAT [6], VRAT [7],
VNAND, ZNAND ([8], [9] etc. were proposed recently. 3D
NAND flash memory has emerged as the most promising
candidate to handle the data explosion with applications
including SSDs, USB drives and cloud storage.

3D NAND flash memory utilizes the gate-all-around
Macaroni body structure owing to its low footprint, higher
immunity against short-channel effects as compared to the
planar NAND flash memory [5], [10] and improved gate
control which enhances the subthreshold characteristics. In
a Macaroni body architecture, a hole is etched in the
polysilicon channel and filled with a dielectric to restrict the
thickness of the polysilicon region below the depletion region
width. This leads to a significant reduction in the threshold
voltage fluctuations due to the polysilicon grain boundaries
and associated traps within the channel region [5].

Moreover, vertical stacking of more than 192 flash
cells and word line (WL) layers in a string has already
been demonstrated in commercial 3D NAND flash memo-
ries [11], [12]. However, there is an urgent need to further
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increase the number of stacked layers to realize ultra-
high density and cope-up with the data storage needs
in this era of big data [13]. As the number of stacked
layers increases, etching a narrow hole in such a large
mold height to realize the string of flash cells becomes a
technological challenge [14]. Furthermore, etching of such a
large stack with aspect ratio greater than 40:1 even with the
most advanced dry reactive ion etching (DRIE) technique
leads to a substantial tapering of the hollow polysilicon
channel region. This tapering is expected to further increase
in the next generation 3D NAND flash memories with
> 232 stacked layers owing to the significantly increased
aspect ratio. The tapered shape of the channel leads to an
increased channel thickness for flash cells located close to
the bit-select line (BSL) and a smaller channel thickness for
the cells located near the source-select line (SSL). Therefore,
the conventional punch and plug fabrication process leads
to an inherent non-uniformity in intrinsic threshold voltage
for the flash cells located at different WL layers in the
string. This necessitates the use of complex error-correction
circuitry (ECC) [14] and WL layer-dependent programming
schemes [15] which lead to an additional area and energy
overhead.

To mitigate the impact of the inherent tapering of the chan-
nel region and the consequent WL layer-dependent threshold
voltage (programming characteristics), the semiconductor
IDMs are exploring several methodologies including block-
ing oxide compensation, non-uniform vertical (Gaussian)
doping profile in the channel region, etc. [14]. A vertical
non-uniform (Gaussian) doping profile in the polysilicon
channel region of the 3D NAND flash string with Macaroni
body enables the realization of a uniform intrinsic threshold
voltage for flash cells located at different WL layers
in the string [14] and appears lucrative alternative to
the conventional 3D NAND flash memory for incessant
stacking of WL layers without introducing complex WL-
layer dependent program/erase scheme or ECC. Although a
behavioral compact model [16] and an analytical model [17]
have been proposed for 3D NAND flash cells with uniform
doping profile, an analytical model which provides a physical
insight and the necessary design guidelines for 3D NAND
Macaroni body flash cell with vertical Gaussian doping
profile was elusive. Therefore, we formulated the analytical
model for the inner potential and the surface potential of
a 3D NAND flash memory with a Gaussian doping profile
in the channel region in [23]. However, the stored data
is encoded in the threshold voltage of the flash cells in
a 3D NAND flash memory and the subthreshold swing
(SS) is an important parameter to assess the switching
characteristics [24], [25]. Therefore, an analytical model
for the intrinsic threshold voltage and sub-threshold swing
becomes crucial for performance estimation and design space
exploration [20], [21] of a Macaroni body 3D NAND flash
memory with a Gaussian doping profile in the channel
region. To this end, in this work, for the first time, we solve
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FIGURE 1. (a) 3D view and 2D cross-sectional view along (b) radial
direction (r) (c) axial (along the channel length) of the Macaroni body 3D
NAND flash cell with a vertical Gaussian doping profile and uniform
threshold voltage across cells at different WLs.

the 3D Poisson’s equation in cylindrical coordinates with
appropriate boundary conditions and derive an analytical
expression for the threshold voltage and subthreshold slope
of the Macaroni body 3D NAND flash cell with a vertical
Gaussian doping profile in the channel region. Although the
TCAD simulations may provide similar physical insights
as the analytical models, they are computationally intensive
and require huge amounts of processing power and memory
resources. The analytical models provide a faster means
of design exploration across different geometric and design
parameters and an enhanced speed of circuit simulations
since they consume only a fraction of time and computational
resources as compared to the TCAD simulations.

Il. DEVICE STRUCTURE AND MODEL FORMULATION

The Macaroni body 3D NAND flash cell with a non-uniform
(vertical Gaussian) doping profile in the channel region is
shown in Fig. 1 and the structural parameters are reported in
Table 1. Although the proposal of a 3D NAND flash with a
non-uniform doping is given for a structure where the hole
is fully filled with polySi [14], a Macaroni body leads to the
realization of an ultra-thin poly-silicon channel region which
improves the electrostatic integrity and leads to a significant
reduction in the number of grain boundaries and associated
traps in the channel region resulting in a tighter distribution
of the string current and threshold voltage across different
flash cells. Considering the enhanced robustness of the 3D
NAND flash memory with a Macaroni body against the
variation due to polySi grain boundaries and the associated
traps, we have utilized this structure in our study. Moreover,
the commercial 3D NAND flash memories also employ the
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TABLE 1. Structural parameters of the Macaroni body 3D NAND flash cell
with a vertical Gaussian doping profile.

Values
101 - 10 cm™3 [17]
40 nm - 160 nm [17]

Parameters

Peak channel doping, (ND,peak)
Gate length (Lg)
Oxide thickness (t,,)

Gate work function (¢,,)

6nm, 12 nm [17]

4.6eV[17]

17.5 nm,19.5 nm, 21.5 nm, 23.5 nm [17]
13.5nm [17]

Outer radius (7;)

Inner radius (1)

Macaroni body structure and suffer from the problem of etch
taper due to the conventional punch and plug fabrication
process. Therefore, a non-uniform doping profile is expected
to be highly beneficial even for the 3D NAND flash with a
Macaroni body. For realizing a uniform intrinsic threshold
voltage in 3D NAND flash cells at different WLs along
the string, the polysilicon channel region is heavily doped
towards the CSL (source end) and lightly doped close to
the BL (drain end) utilizing a multi-implant process [14].
As shown in Fig. 2, we have used a vertical Gaussian
distribution for the analytical treatment of the non-uniform
doping in the channel region (Np(z) = NDexp(%z;)) and
calibrated the parameters (mean and variance) to reproduce
the optimal doping profile reported in [14] for the 3D NAND
flash memory with a uniform threshold voltage distribution
across the flash cells located at different word lines along
the string. The doping concentration is gradually decreased
from SSL to BSL along the z-direction (Fig. 1) [14]. As
shown in Fig. 2, the value of Np varies from 3 x 10'8¢cm—3
at the source end (SSL) to 10cm™3 at the drain end (BSL).
However, the doping remains constant at a particular value
of z i.e., the doping concentration is uniform along the radial
direction. Furthermore, for simplicity and ease of handling
analytical expressions, following the prior modelling works
on 3D NAND flash memory [16], [17], we have ignored the
grain boundaries and their associated traps and replaced the
ONO stack with a single oxide layer with effective oxide
thickness of the ONO layer.

The analytical model is derived by simplifying the 3D
Poisson’s equation (equation (1)) to a second-order differ-
ential equation (equation (2)) utilizing Young’s parabolic
potential approximation [18] (equation (3)) and boundary
conditions pertaining to the continuity of electrical flux [23].

92 1/ 18 /9 92
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ar2  r\ or r2 96 \ 96

072
_ —4Np()
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forrn<r<n (H

where r, 6, and z are the cylindrical coordinate axes along
the radial, angular, and axial (along the channel length)
directions, v is the channel potential, ¢ is the electron
charge, € is the dielectric constant of silicon and Np(z)
is the donor concentration in the channel region of the
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FIGURE 2. Parameters used for modeling the non-uniform doping profile
in [14].

Macaroni body cell. Furthermore, the structure shown in
Fig. 1 is symmetrical along the axial direction, results in ¥
independent of 0 i.e., % = 0. Equation (1) will reduce

to a 2D Poisson’s equation given by [23] as:
92 1/d 9> —gN, —kz?
—f—i———w + W: CIDexp 2)
ar r\ or

972 €si 202
Now, Young’s parabolic potential approximation [18] can be
utilized to simplify the 2D electrostatic potential distribution
along the radial direction inside the channel region as:

Y(r,2) = C1(2) + r.C2(2) + r*.C3(2) )

where C1(z), C2(z) and C3(z) are arbitrary coefficients which
can be obtained by using following boundary conditions [23]:

a) Electric field lines inside the channel terminate at the
silicon body-core filler dielectric interface, i.e., the
electric field at r = r| is zero: W =0.

b) Electric flux at the interface between the silicon film
anq the gate oxide must be continuous at r = rp:
fsi% = Cox(Vgs — Vpp — Ys).

where, t5; is the channel thickness, Vp is the flat-band
voltage, v is the surface potential (Vs = Y (r = 1, 2))
and C,, is the effective gate oxide capacitance per unit area
of cylindrical Macaroni body cell given by [23]: C,x =

—fox ¢, is the dielectric constant of oxide, 7, is the
1) ln(1+%;)

gate oxide thickness.
Moreover, we define the potential at the channel-core filler
interface (r = rq) as the inner potential, ¥, = ¥ (r = ry, 2).
Now, utilizing above boundary conditions and assumption,
equation (2) can be expressed as:

@ @ _ —(Ves—Vp) aNp, (=K
dZZ A2 A2 €si p 202

“)
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where Vp, is the flat-band voltage and A is characteristic
length of the Macaroni body 3D NAND flash cell expressed

_ 4€SitSi+Coxt§i
as A = —sc,.

[23].

The inner potential (g at the channel/core-filler interface
in Figure 1(c)) obtained by solving the differential equation
utilizing the principle of superposition where the solution
consists of a complementary function and a particular

integral [23] as

(Vg — K}) smh( ) + (Vg + Vas — Ko) sinh($)
Yo(2) =
sinh(5)
gNpA2 —kz?
+ {(Vgs - Vﬂ,) + - exp(zo2>} ®))
K1 and K, are constants that can be expressed as [23]:
NpA?
Ki = (Vs — V) + (q D ) (©6)
€Si
2
gNpi? —kLg
Ky = (Vgs — V) + ( -~ )exp( 352 (7

The surface potential (s at channel/gate oxide interface
in Fig. 1(c)) can be obtained as [23]:

2
V() = W4(@) + (Vs — Vi — wo(z))(gtkz) ®)

where 1(z) is inner potential obtained by solving the
differential equation utilizing the principle of superposition
where the solution consists of a complementary function and
a particular integral (PI).

V(2 = Clexp( ) + C’zexp(——) +PI )

where C; and C’2 are constants with PI, can be expressed
as [23]:

2
_ 2 C]ND —kz

Furthermore, to estimate the C} and C) the following
boundary conditions can be used [23]:

a) The surface potential at the source terminal
VUs(z= 0) = Vg

b) The surface potential at the drain end Y (z = L) =
VR + Vys.

Utilizing the above boundary conditions, the analytical
model for surface potential can be expressed as [23]:

—kz?
Ys(2) = ( gs — Vfb) + K3exp< 202 )

Kysinh($) - Ks sinh (25

sinh(%)

+ (11)
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where K3, K4 and K5 are constants that can be expressed

as:

NpA? 2.
K3 q D 1_ Sl
€si 812

2 2

qN —kLg Z‘S.

K4 = VR + Vas — Ko + 27 St

4 R ds — A2 ( esi )exp< 252 812

(13)
2
qNp I
Ks = Ky — Vg — A2 = | 3L
: : K < €si )(8)~2)

1Il. MODEL DESCRIPTION

A. THRESHOLD VOLTAGE, Vy

Since the stored data is encoded in the threshold voltage
of the flash cells in a 3D NAND flash memory, an
analytical model for the intrinsic threshold voltage becomes
crucial for performance estimation and design space explo-
ration [20], [21]. The threshold voltage for macaroni body
3D NAND flash cell is defined as the gate voltage at which
the neutral region at the center of the channel disappears due
to the merging of depletion region widths contributed by the
gate electrode [22]. The threshold voltage can be obtained by
finding the critical position (z,,), at which the inner potential
(¥0(2)) of the channel is minimum and equating it to the
reference potential Vg as [17]:

12)

(14)

Vo(zm) = Yomin = VR =0
—Kysinh (452 ) 4 (Vi — Ky) sinh ()

sinh(%)
" {(VT — Vi) + qjiifzexp(kg )} —0 (16)
(Vas = Ko) sinh () = K, Sinh<Lg - zm)
+ smh( )(VT — th)

Lg\ [ gNpA? —kz?
+ smh( . ){ -~ exp( 265" =0 17

Substituting the value of K7 and K3 in equation (17) and
replacing Vg, with V7, we get:
“in gNpA?
€Si

(L
(Vr — Vp){sinh < ) —sinh
—kL; N, AZ k22
. m g q4ND Zm
n(Z — sinh( =
xgn(A)exp( ) (A){ (2)}

5)

2
— Vg sinh(z)'\") (ql\gs))» ) ( ) (18)
A4|:A2 +A3exp( i > Alexp( ke ):| — A3Vys
r="vot Al —Ar—A3
(19)

VOLUME 11, 2023



KUMAR and SAHAY: ANALYTICAL MODELING OF THRESHOLD VOLTAGE AND SUBTHRESHOLD SLOPE

ELECTRON DEVICES SOCIETY

where
L
Al = sinh(—g> (20)
A
L,
Ay = sinh( ) 201
As = sinh( ) (22)
NpAr2
Ag = 9pA~ (23)
€Si

B. SUBTHRESHOLD SLOPE, SS

The subthreshold swing (SS), an important parameter to
assess the switching characteristics [24], [25], is defined
as the variation in the gate-to-source voltage required to
obtain an order of magnitude (decade) change in the drain-
to-source current in the sub-threshold regime of operation.
Mathematically, SS can be expressed as [26]:

-1
S — d logyg s
Vs

The subthreshold current mainly flows through the chan-
nel/filler interface where the channel potential is minimum
Yo(z = zm). Therefore, the subthreshold current is propor-
tional to exp(@) [26] and SS can be expressed as:

(24)

In(10)V,

Y0 (z=2zm)
Ve

SS = (25)

where V; is thermal voltage have value XT.

Differentiating equation (5) with respect to Vg5 at z =

zm and substituting the obtained expression of —a‘//"a(‘z,gf’”) in
equation (25), the SS can be expressed as:
_ -1
sinh(2) + sinh(—LgAZ’”)
SS =123V, 1— 26)

. L
smh(Tg)

where z,, is a critical position of inner potential at channel
interface which can be obtained by putting % =0 [17],
and can be expressed as:

 [oolf) - (55

Im = zln (Kz de) B
Ky

IV. RESULT AND DISCUSSION

It may be noted that experimental data for 3D NAND flash
memory string/cells from the commercial semiconductor
integrated device manufacturers (IDMs) are rarely reported
in the literature. Therefore, considering the unavailability
of extensive experimental data for 3D NAND flash cells
with different structural parameters in the literature, we
have followed a two-fold approach to ensure accuracy in
validation of our developed analytical model. First, as shown

in Fig. 3, we have calibrated our TCAD simulation set up
by reproducing the experimental data for the average string

27)

VOLUME 11, 2023

10 - - -
A Experimental data [19]

—Simulation results

1078}

BN

<
-
o

WL thickness = 40 nm
Spacer thickness = 50 nm
Core filler thickness = 35 nm

String Current, IS (A)

10-12
Tunnellng oxide thlckness 4 nm
0 0.1 0.2 0.3 0.4 0 5
WL Voltage, VWL (V)

FIGURE 3. Calibration of the TCAD framework by reproducing the
experimental characteristics of [19].
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FIGURE 4. Variation in the intrinsic threshold voltage with the gate length
(Lg) for different oxide thickness (tox) at (a) Vys = 0.6, (b) Vys = 1.

current characteristics of a 3D NAND flash array with 10
cells [19]. Then, we utilized the experimentally calibrated
TCAD simulation setup for exploring the characteristics of
the 3D NAND flash memory array with different structural
parameters and validating the results of the developed
analytical model. To validate the efficacy of the developed
analytical model for the intrinsic threshold voltage and
SS, we have compared the results obtained from the
model against the TCAD simulations for different design
parameters including gate length, channel thickness, oxide
thickness, drain (BL) voltage and peak doping concentration.
Physical models were used for considering doping and
carrier scattering-induced mobility degradation (Philips uni-
fied mobility model [27]), carrier recombination (SRH and
Auger [27]), and band gap narrowing (Slotboom model [27]).

Fig. 4 shows the variation in the intrinsic threshold voltage
with the channel length for different oxide thicknesses at
Vas = 0.6 Vand V4s = 1 V. The threshold voltage (measured
using the constant current method [19]) reduces significantly
with gate length scaling due to the increased short channel
effects (such as threshold voltage roll-off). However, the
reduction in the threshold voltage is more prominent for a
higher oxide thickness and a larger drain (BL) voltage owing
to enhanced short-channel effects and reduced electrostatic
integrity.

615



ELECTRON DEVICES SOCIETY

KUMAR and SAHAY: ANALYTICAL MODELING OF THRESHOLD VOLTAGE AND SUBTHRESHOLD SLOPE

= —~ 05 75
90 ry=13.5nm > L,= 80:100nm  Symbols: Sim V=06V 1=1350m () [ S057 (b)
= r,= 23.5nm (%) Lines: Mod ,570 tox= 6 nm © 053
5 80 Ny 10'5-10"8 cm™3 £ 0.45 s X Np= 10"5.10"8 om™ % 0.5
= ¢ =12nm, > = 15 nm Ses Symbols: Sim | = 0-47[ F;=13.57m
- ox ko) t =6nm [= ymbols: Sim |
e V=06V S 04} ~ Lines: Mod ° 044[ r,=235nm
2] S 5 N_=10"5-10"8 cm® 860 —© 30411 { =6nm L =80;100nm
60 Symbols: Sim ™ O—— " o D - I 03sl & Symbols: Sim
: . F = - £ 0. - :
Lines: Mod (a) E oas Vg= 06V (b) .. r,=17.5,19.5,215,2350m| oo V=08V ines: Mod
80 100 120 140 160 16 18 20 22 24 80 100 120 140 160 : 10™ 1015 10" 107 1018

Gate Length, L, (nm) Outer radius, r,, (nm)

FIGURE 5. (a) The variation in subthreshold slope with the gate length
(Lg) for different oxide thickness (tox), (b) Variation in the intrinsic
threshold voltage with the outer radius (ry) for different gate length (Lg).
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FIGURE 6. The variation in (a) threshold voltage and (b) subthreshold
slope with the gate length (Lg) and (c) the simulated string current
characteristics of the 3D NAND flash memory with a non-uniform doping
profile for ultra-short gate lengths.

The variation in the intrinsic threshold voltage with the
channel thickness is analyzed by changing the outer radius
(rp) while keeping a fixed inner radius (1) for two different
gate lengths (L,) as shown in Fig. 5(b). For a fixed gate length,
threshold voltage increases significantly with scaling down the
outer radius at fixed inner radius r; = 13.5 nm. Furthermore,
the degradation in threshold voltage is more for smaller gate
lengths due to dominance of short-channel effects.

Fig. 5(a) shows the variation in the subthreshold slope
(SS) with gate length for different oxide thicknesses. As
the oxide thickness increases, the subthreshold slope also
increases, which results in a poor gate control. Although a
thin oxide may appear lucrative while designing 3D NAND
flash cell owing to the enhanced immunity against the short-
channel effects, an ultra-thin oxide also exhibits a large gate
tunnelling leakage current. The gate leakage may induce
retention failure while decreasing the memory window.
Therefore, to eliminate the gate leakage current and achieve
better gate controllability, a high-x oxide material should
be used [28]. Moreover, as shown in Fig. 6, the threshold
voltage reduces significantly while the sub-threshold slope
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FIGURE 8. The variation in subthreshold slope with peak doping
concentration (Np peqy) for different gate length (Lg).

increases considerably due to the dominant short-channel
effects such as threshold voltage roll-off and drain-induced
barrier lowering (DIBL). Furthermore, to evaluate the scaling
limits, the simulation results for the string current charac-
teristics of the 3D NAND flash memory with non-uniform
doping profile are shown in Fig. 6(c) for ultra-short gate
lengths till L, = 5 nm. The ON-state to OFF-state current
ratio of the 3D NAND flash cell also degrades significantly
when the gate length is scaled aggressively. Therefore, the
short-channel effects limit the incessant gate length scaling
and restrict the minimum mold height which dictates the
aspect ratio during the punch and plug fabrication process
for the 3D NAND flash memory with non-uniform doping
profile in the channel region.

Fig. 7(a) illustrates the variation in the subthreshold slope
with the gate length (Lg) for different outer radii (r2).
The increase in the subthreshold slope is more prominent
for a larger channel thickness owing to the poor electro-
static integrity and a lower immunity against short-channel
effects [29], [30]. Therefore, an ultra-thin Macaroni channel,
a larger channel length, a thin equivalent oxide thickness
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(EOT) and a lower BL voltage should be used to extract
optimal performance from the 3D NAND flash cell.

Fig. 7(b) and Fig. 8 show the variation in the intrinsic
threshold voltage and sub-threshold slope, respectively, with
the peak doping concentration (Np peqr) of the non-uniform
Gaussian doping profile in the channel region for different
gate lengths (Lg). The relative insensitivity of the threshold
voltage to the peak doping concentration till Np pear =
10'7cm™3 indicates that the performance is dominated by the
geometric factors [31]. However, the performance degrades
as the peak doping concentration is increased further.
Therefore, a peak doping concentration Np peax = 107cm™3
must be chosen for obtaining optimal performance from the
3D NAND flash cells with a vertical Gaussian doping profile
in the channel.

V. CONCLUSION

We develop an analytical model for the intrinsic threshold
voltage and SS of Macaroni body 3D NAND flash memory
with a uniform threshold voltage distribution across the cells
located at different WL layers and evaluate the impact of
different design parameters. The strong agreement between
the analytical model and TCAD simulations validates the
accuracy of the developed model.
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