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Abstract— The 3-D stacking of multiple layers of NAND using
thin-film transistor (TFT) devices is widely accepted as the
next step in continuing NAND Flash scaling. Low mobility and
reliability problems are two well-known concerns regarding TFT
devices. However, another important implication of using TFT
devices is that the Vt variation induced by randomly distributed
grain boundaries degrades the array performance. In this paper,
an extensive TCAD simulation was conducted to systematically
investigate how grain boundary generated traps affect NAND
Flash devices. Minimizing the density of grain boundary traps is
crucial for array performance. In addition, optimal gate control
ability reduces the impact of grain boundaries. Thus, using
double gate architecture in vertical gate 3-D NAND is favorable.
Furthermore, when pitch is scaled in the future, device exhibiting
smaller channel thickness should be used to increase the gate
control.

Index Terms— 3-D NAND Flash, grain boundary, grain bound-
ary traps, poly Si thin-film transistor (TFT), vertical gate (VG).

I. INTRODUCTION

3 -D NAND Flash has attracted great attention in recent
years. It overcomes the challenges of pitch scaling lim-

itation faced by conventional 2-D NAND Flash and thus is
promising for continuous bit cost scaling without pitch scaling
[1], [2]. For 3-D NAND Flash architectures, such as bit-
cost scalable, terabit cell array transistor, vertical stack array
transistor, and vertical gate (VG) [3], polysilicon material has
replaced single crystalline silicon as the channel material.
Several critical concerns, such as large variability caused
by the random distribution of grain boundaries, lower
mobility in the polysilicon channel, and reliability must be
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addressed [4], [5]. In NAND Flash applications, low mobility is
not a critical concern because the large page size compensates
for the slow read latency.

Regarding cell distribution, the conductive channel fabri-
cated using polysilicon material in 3-D NAND Flash causes
a wider distribution, and larger Vt variability results from the
impact of grain boundary and its corresponding traps. Because
of the program and erase algorithm, the distribution can be
tightened using a well-designed algorithm. Random telegraph
noise is enhanced in the conductive channel fabricated using
polysilicon material, and its distribution becomes asymmetric
after cycling [6]. Regarding temperature sensitivity, a higher
temperature causes higher field-effect mobility [7]. However,
large variation in thin-film transistor (TFT) device remains a
major concern [8]. This is a particular concern in multilevel
cell application in which the wide threshold voltage (Vt)
distribution caused by the grain boundary traps significantly
reduces the memory window.

A previous study demonstrated that the randomly distributed
grain boundary traps derived from the imperfect grain-to-grain
interface were caused by the creation of dangling bonds [8].
These traps induce a large local band bending and surface
potential barrier, and result in poor subthreshold behavior of
the TFT device [9]–[12]. The local surface potential barrier
from randomly generated grain boundary traps also produces
two new effects, gate-induced grain barrier lowering (GIGBL)
and drain-induced grain barrier lowering (DIGBL). As a
follow-up on a previous study, a TCAD simulator, Sentaurus,
was used to simulate the impact of randomly distributed grain
boundary traps on cell performance. A forward and reverse
read method to distinguish the grain boundary, which strongly
affects the cell performance, was then used. After elucidating
the impact of grain boundary and its specific grain boundary
traps, various crucial device parameters, such as channel
thickness and grain boundary traps, were also examined.

II. DEVICE DESCRIPTION

Previous studies, including the experimental and simulation
results, have determined that broadened cell distribution and
degraded device performance are caused by the impact of a
randomly distributed grain boundary location and its specific
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Fig. 1. (a) Schematic architecture of the junction-free DG NAND Flash
devices for 2-D simulated with 38-nm half-pitch. Center WL is selected to
read. The grain boundary is generated randomly with limited grain size and
angle. (b) Zoomed-in view figure describes the pitch and cell dimension.

trap density [5]. In this paper, several crucial device parame-
ters related to grain boundary traps are evaluated regarding
the cell performance. To simply simulate architecture and
improve simulation efficiency, a simple 2-D junction-free
double gate (DG) NAND Flash architecture with n-type channel
doping and a 38-nm half-pitch is simulated, as shown in
Fig. 1(a) and (b) [13]. In this simulation, the channel doping
is n-type at a concentration of 1 × 1017 cm−3 and the channel
width is set as infinite. The crystal channel thickness (BL CD)
is 30 nm. The simulated word-line (WL) number is 16 with
one string selected line (SSL)/ground selected line (GSL).
The critical WL width is 30 nm and the channel length of
SSL/GSL is 0.25 µm. The ONO thickness is 5/7/7 nm with a
50-nm-thick p+-poly-Si gate electrode. Regarding the junction
profile, n+ junctions are used outside the SSL/GSL whereas
devices inside the NAND array are junction-free. To extract
cell characteristics, the central WL is selected and read. When
the transfer characteristics of the selected cell are read, 7 V
is applied as the pass gate voltage and 3.3 V is set at the
SSL/GSL. Drain voltage is 1 V. Vt is defined as the gate
voltage when drain current = 100 nA and the subthreshold
swing (SS) is extracted in the current range from 0.1 to 10 nA.
The locations and shapes of grain boundaries are randomly
generated using customized code provided by Synopsys [14].

To simplify the analysis of grain boundary effect further,
two artificial limitations are imposed in this paper. One lim-
itation is grain size and the other one is grain angle. The
typical grain angle is limited to within ±45° and the typical
grain size is 50 nm; this facilitated understanding the grain
size effect. The grain boundary angle is defined as the angle
between the direction parallel with the grain boundary and
the direction perpendicular to the current flow. To generate a
grain boundary, a fixed point is set at one side of the channel
and a cut line is connected to this point across the channel
to the other side. In addition, the angle of the generated grain
boundary is smaller than the typical grain angle set artificially.
Using these settings, multiple grain boundaries are randomly
generated and grains grow. The grain angle is also randomly

Fig. 2. (a) Collection of 100 simulated ID–VG curves using randomly
generated grain boundary. Cell-to-cell variation in terms of Vt and SS is
obvious. (b) Correlation plot between Vt and SS extracted from the IV curves
in Fig. 2(a), which shows that devices with larger Vt have worse SS.

distributed. Regarding the grain boundary trap, the Gaussian
distribution of acceptor and donor type traps are used at a
trap density of 1 × 1013 cm−2. In the mobility model, several
mobility degradation models are considered. The first model is
mobility degradation due to impurity scattering. The mobility
dependence on the field perpendicular to the semiconductor-
insulator interface is also considered. The effective field expe-
rienced by the carrier in its direction of motion is also applied.
To evaluate the cell distribution, 100 samples are simulated
under identical device conditions, using randomly distributed
grain boundaries.

III. SIMULATION RESULT OF SAMPLES WITH RANDOMLY

GENERATED GRAIN BOUNDARY TRAPS

A collection of 100 ID–VG curves is shown in Fig. 2(a).
Since all the other geometric conditions are fixed, the variation
in I–V curves has to be ascribed to the randomly distributed
grain boundaries. In the subthreshold region, the curves merge
together at a very low level (<1 fA). The merged point
corresponds to the midgap voltage at which the interface traps
become charge neutral and do not affect the subthreshold
current. Fig. 2(b) shows the corresponding Vt versus SS
correlation plot. The positive correlation between Vt and SS
suggests that higher Vt and worse SS are both caused by the
grain boundary effect. Another remarkable phenomenon is the
occurrence of devices exhibiting the same Vt but distinct SS.
This implies that various grain boundary conditions can yield
the same Vt.

To elucidate this phenomenon further, two typical cases are
chosen to evaluate the impact of random grain boundary effect.
As shown in Fig. 3(a), the crystal Si curve is the simulated
I–V curve lacking a grain boundary in the channel and Cases
A and B are the cases of the sample with randomly generated
grain boundary traps. In crystal Si, the default orientation is
{1 0 0}. In Case A, there is no grain boundary under the
selected gate but there is a grain boundary under the selected
gate in Case B. Compared with the crystal Si sample, Cases
A and B both exhibit degraded I–V curves due to the effect
of traps presented at the grain boundary. Cases A and B are
simulated based on identical geometric parameters, except for
the grain boundary conditions; however, they exhibit distinct
cell characteristics. Table I summarizes the cell characteristics
extracted from these three samples.
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Fig. 3. (a) Simulated I–V characteristics of a crystal Si sample (no grain
boundary). Cases A and B are both of which have randomly generated grain
boundary. (b) Simulated electrostatic potential distribution of Cases A and B
in reading condition. Case B performs worse SS due to a grain boundary
under the selected gate.

TABLE I

CELL CHARACTERISTICS ARE EXTRACTED FROM THESE THREE

SAMPLES IN FIG. 3(a). COMPARED WITH THE FRESH SAMPLE,

CASES A AND B SHOW WORSE VT, SS, GM,

AND ON-STATE CURRENT

Fig. 3(b) shows the electrostatic potential distribution of
Cases A and B under the reading condition. Under the reading
condition in this paper, the central cell is selected to read and
marked as Sel. gate, and all the other cells are applied by
pass gate voltage and marked as pass gate. In a junction-Free
NAND, a virtual junction is formed by the pass gate voltage
applied. In Case A, grain boundary traps existed outside
the selected device exhibits a parallel Vt shift with slightly
SS degradation. However, the substantial cell degradation in
Case B comes from grain boundary traps existed inside the
channel of the selected Gate. They induce higher surface
potential and a higher Vt measured. The degraded SS is also
performed.

IV. GIGBL AND DIGBL SIMULATION

The impact of grain boundary traps on the subthreshold
behavior can be clearly interpreted in Fig. 4, in which two
simulated samples are compared. One sample has no grain
boundary and the other sample has an artificial grain boundary

Fig. 4. (a) Simulated conduction band in the vicinity of the selected gate and
its neighboring gates at VG = 0 and 7 V. By applying various gate voltages
with drain voltage kept at 0 V, the raised conduction band caused by the grain
boundary traps is reduced with increasing gate voltage. (b) Comparison of
channel conduction band for the sample with and without the grain boundary
traps at VD = 0 V and VD = 1 V. (c) Extracted conduction value at the
channel surface under the center of the selected gate.

in the channel under the center of the selected gate. Fig. 4(a)
shows the conduction band at gate voltages of 0 and 7 V. Based
on the simulated results, the grain boundary traps enlarge
local conduction band under the selected gate. The raised
conduction band can be reduced by increasing gate voltage.
This phenomenon is known as GIGBL [15].
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Fig. 5. (a) Simulated architecture with single grain boundary within the
channel. The grain boundary is placed under the selected gate edge near the
drain side. (b) Simulated IV curves as read from the forward and reverse read
schemes. The read voltage is 1 V. (c) Extracted conduction band curvature at
the channel surface under forward and reverse read.

The impact of drain voltage on the raised conduction band
caused by the grain boundary traps is also explicit, as shown in
Fig. 4(b). The already raised peak conduction band is further
reduced by a higher drain voltage. Compared with the sample
lacking a grain boundary, the peak conduction band value is
suppressed by increasing drain voltage. This phenomenon is
known as DIGBL [16]. Fig. 4(c) further describes the effect
of drain voltage on the conduction band. The conduction band
value is extracted at the channel surface under the center
of the selected gate. A device containing grain boundary
traps enlarges the conduction band and is suppressed by
drain voltage. However, DIGBL cannot completely screen the
impact of grain boundary traps and causes higher Vt than
sample without GB.

V. FORWARD AND REVERSE READ

As shown in the previous section, the channel potential
barrier is increased by the grain boundary traps. The raised
potential barrier can be reduced by either applying a suitable
gate or drain voltage, termed GIGBL and DIGBL, respec-
tively. Based on these phenomena, a new method to examine
the impact of grain boundary location and grain boundary
traps is proposed. The simulation architecture is simplified,

Fig. 6. Extracted Vt of the forward read and reverse read under BL
voltage = 0.1, 0, 5, 1, 0, and 2.0 V. Delta Vt means maximum Vt variation
between forward read and reverse read.

particularly under the grain boundary condition, as shown in
Fig. 5(a). Only one grain boundary is placed in the channel
under the selected gate edge near the drain side. The artificial
grain boundary is perpendicular to the current flow direction,
which eliminates the impact of the two side gates when the
slope of the grain boundary is not perpendicular. The results
of forward and reverse read at drain voltage = 1 V are shown
in Fig. 5(b), which shows dissimilar transfer characteristics.
Forward read refers to the scheme when BL is applied with a
positive voltage and source is grounded. By contrast, reverse
read refers to the scheme when a positive voltage is applied
at source and BL is grounded. Fig. 5(c) shows the extracted
conduction band profiles at the channel surface in forward
read and reverse read. The applied gate voltage and drain
voltage are 0 and 1 V, respectively. As shown in this figure,
the potential at the grain boundary located near the drain
side is higher for the forward than reverse read. Because
the same device is simulated under the same grain boundary
condition, the potential difference comes from the impact of
voltage-dependent grain boundary traps and can be explained
by the GIGBL and DIGBL effects. When the grain boundary
is closer to the drain side, the DIGBL effect is stronger in
the forward read scheme than in the reverse read. Thus, in
forward read, the corresponding channel potential barrier at
the grain boundary is reduced to a greater extent and the
resultant Vt is also lower. By the same token, the Vt in reverse
read is lower when grain boundary is located near the source
side.

To elucidate this phenomenon, various BL voltages
are applied, as shown in Fig. 6. At each BL voltage,
100 samples with randomly generated grain boundary struc-
tures are simulated. The typical grain size and grain angle are
50 nm and 45°, respectively. The central WL is selected to read
while all the other WLs’ are applied with pass gate voltage
equal to 7 V. The read voltage is applied at either drain- or
source-side. To describe the impact of grain boundary, the Vt
difference (delta Vt) between forward read and reverse read are
calculated. When the BL voltage is low (0.1 V), the DIGBL
effect is not significant and the Vt’s from the forward and
reverse read are similar. With higher BL voltage, the enhanced
DIGBL effect magnifies the difference between the forward
and reverse read.
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Fig. 7. (a) Extracted Vt of forward read and reverse read under various GB
trap density. The GB location is set at the selected gate edge near drain side.
(b) Extracted SS under various GB trap density. With increasing GB traps,
SS becomes worse.

Fig. 8. (a) Extracted Vt of forward read and reverse read under various
channel thickness. The GB location is set at the selected gate edge near drain
side. (b) Comparison of DG and SG under various channel thickness in the
reverse read testing.

The implication of grain boundary traps can be examined
from another perspective, as shown in Fig. 7. The location
of the grain boundary is still at the selected gate edge near
the drain side but with various grain boundary trap densities.
When the density of the grain boundary trap is low, the raised
local surface potential barrier is low and the Vt difference
between forward read and reverse read is small. When the
density of grain boundary traps becomes higher, the induced
local surface potential barrier is raised. Therefore, the corre-
sponding DIGBL effect is more obvious and the asymmetrical
cell Vt in the forward and reverse read starts to manifest itself.

Fig. 8(a) and (b) shows the impacts of channel thickness,
which is equivalent to BL width, on the cell behavior of
the TFT device. Since an n-type doping channel is used in
this simulation study, the thinner channel has a better gate
control capability and the Vt difference between the forward
and reverse read is reduced, as shown in Fig. 8(a). On the
other hand, the thicker channel has weak gate control ability
and causes lower Vt and worse SS. Another observation is
the Vt roll-off trend. With increasing channel thickness, Vt in
the forward read is degraded much more significantly than
in reverse read. This can be explained by considering the
DIGBL effect. When the channel thickness is thinner, the
gate control ability is enhanced and the impact of DIGBL
is suppressed. With the thicker channel, the weak gate control
ability accentuates the DIGBL effect and Vt in forward read
is degraded much more significantly than in reverse read.

Fig. 9. Extracted (a) Vt and (b) SS of forward read and reverse read as a
function of channel length. The GB location is set at the selected gate edge
near drain side. Both Vt and SS roll-off show similar behavior regardless of
the read scheme.

This effect is further evidenced by the comparison between
DG and single gate (SG) architecture, as shown in Fig. 8(b).

Fig. 9(a) and (b) shows Vt and SS, respectively, as a func-
tion of channel length. In this simulation study, the channel
length is set as equal to the half-pitch. Based on the simulation
result, pitch scaling exhibits similar Vt and SS roll-off trend
regardless of the read scheme, translating to similar DIGBL
and GIGBL effect with respect to pitch scaling. In a previous
work on junction-free device with the impact of pass gate
voltage, the pass gate voltage does not only turn on its own
channel but the adjacent virtual junction nearby gate is also
formed [2]. However, with the pitch scaling, not only the pass
gate voltage facilitates inverting the virtual junction, but also
the fringing field from the pass gate voltage penetrates into
the channel of the adjacent cell and causes lower Vt. This
phenomenon becomes more severe at shorter channel length.

VI. CONCLUSION

In a 3-D NAND Flash architecture, polysilicon material
facilitates the process integration by providing a simple but
flexible process integration. However, polysilicon material
with the random distributed grain boundary and its traps
affect the device characteristic, causing a wider distribution
when such material is used as a conductive channel. The
trap and de-trap through grain boundary traps disturb the
device characteristic. The wider distribution from the random
telegraph noise or cell operation needs the advanced skills
to tighten distribution. Regarding the cycling endurance and
temperature sensitivities, both are key topics to evaluate. In this
paper, the impact of randomly distributed grain boundary is
studied comprehensively. Randomly generated grain boundary
and its associated traps induce local surface potential barrier
and degrade cell characteristics. DIGBL and GIGBL effects
are two phenomena that serve as the underlying mechanisms
of these impacts. The asymmetrical behavior of forward and
reverse read may be used to pinpoint the GB location. With
the aid of TCAD simulation, crucial device parameters, such
as channel thickness, cell geometric architecture, and grain
boundary traps are studied in depth. When pitch is scaled,
thinner channel provides better gate control ability and is
beneficial for cell performance. As for the cell geometric
architecture, DG device, such as used in VG 3-D NAND,
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shows better device performance than the SG counterpart.
Grain boundary trap is closely related to fabrication process
and has strong influence on cell distribution. These insights
help to predict the development of 3-D NAND Flash memory.
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