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ABSTRACT For triple-level or quad-level 3D NAND flash memory, narrowing the Vy, distribution of
each state without influencing page program performance is one of the challenges. Considering this
challenge, a novel adaptive pulse programming (APP) scheme was proposed. The proposed APP scheme
adopted additional verify operations to separate the cells with different programming speed. It enhanced
the program effect of slow cells by using increasing programming step voltage, and prevented the fast
cells from over programming by using shorter programming pulse width through controlling the voltage
of bitline. Compared with general incremental step pulse programming scheme, experimental results on
TLC 3D NAND flash showed that, APP scheme could reduce the Vy, distribution width of cells by
around 15% and at the same time save the program time.

INDEX TERMS 3D NAND flash memory, ISPP, 3-bit per cell, Vy, distribution.

I. INTRODUCTION

Over the past decade, due to the development of the
word line (WL) stacking technology, three-dimension (3D)
NAND flash memory has gained an rapidly growing mar-
ket share in applications of mobile device and solid state
drives (SDDs) [1], [2]. In addition, 3-bit/cell (TLC) and
4-bit/cell (QLC) NAND flash memory have become the
mainstream of the market, expanding the capacity and
reducing the cost of 3D NAND flash significantly [3], [4].
However, for multi-bit per cell NAND flash memories, the
cell’s threshold voltage (Vi) is limited to a certain pro-
gram threshold window, normally —3V to 5V, which means
that the more states the NAND flash memory device needs
to store, the less margin of the Vy, placement for each
state [5]. When other disturbances and noises are further
considered, the remaining read window margin becomes
much worse [6], [7]. Therefore, it is highly essential for
TLC/QLC NAND to shrink the voltage Vy, distribution

width of each state. Generally, incremental step pulse pro-
gramming (ISPP) scheme can effectively program cells to
a narrow Vy, distribution [8], as the cell’s Vi, shift (AVy,)
is almost proportional to the programming step voltage
(a8 AVpem). Lowering programming step voltage can reduce
the width of cells’ Vy, distribution, however, it results in
more program and verify loops thus increasing program time.
Coarse and fine programming scheme is another method to
improve the cells’ Vy, distribution [9]. In addition, several
options such as expanding the range of cells’ voltage thresh-
old into the more negative regions were proposed [4], [10],
but the distribution margin is still limited. Despite the pro-
gram voltage, for NAND flash device, programming pulse
width also affects cell’s V. The electrons are trapped in the
storage layer at a logarithmic rate proportional to program-
ming pulse time [11]. Study of using longer programming
pulse width for the later program loops were proposed [12],
it can compensate the WL RC delay influence for the cells
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FIGURE 1. Examples of cells’ Vy, movement with different programming
schemes.

at the far end of WL when the voltage of program is getting
higher. However, there have been few studies that utilized
the method of controlling programming pulse width to shrink
the Vy, distribution width. In this work, adaptive pulse pro-
gramming (APP) scheme will provide a novel feasible way
to obtain a narrower Vy, distribution width by controlling
the programming voltage and pulse width together, and more
important, ensure good program performance.

Il. ADAPTIVE PULSE PROGRAMMING SCHEME AND
EXPERIMENTS

In ISPP operation, a series of program phases and verify
phases are executed sequentially. Due to the process variation
and programming mechanism, cells’ Vg, after a program-
ming loop with a fixed programming pulse width would
form an initial distribution, shown in Fig. 1. With a fixed
programming step voltage and a fixed programming pulse
time, all the cells, regardless of their Vy, in the previous loop,
almost have the same constant Vy, shift after each step [8].
With general ISPP scheme, the cell that is programmed just
slightly below the verify voltage (Vygy) in the previous loop,
will move a distance of aeAV,sy from Vg, hence deter-
mine the distribution width during programming, as shown
by the red square in Fig. 1. On the other hand, the cell
that moves slowly to the verify level finally determines how
many programming loops are required in the end, as shown
by the green square in Fig. 1. If the cell, whose Vy, status
is closed to Vyfy, could be suppressed in the subsequent
programming loop, the width of the final Vy, distribution
could be reduced. Meanwhile, if the cell whose Vi, is far
away from the verify level could be speeded up during each
programming loop, it would be highly possible that the cell
could be programmed successfully in fewer loops. Based on
these mechanisms, and also considering the logarithmic rela-
tionship between the Vy, shift and the programming pulse
time [11], the APP scheme was proposed, which applied dif-
ferent programming voltages and pulse widths to the cells
if their Vi, locates at different zones respectively.
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FIGURE 2. (a) Timing waveform of general ISPP scheme (b) Timing
waveform of adaptive pulse programming scheme.

In order to classify the cells, an additional verify operation
should be performed with a decision voltage (Vyry_m) which
is lower than the program verify voltage. In a particular loop,
if a cell’s Vy, is higher than Vygy, it would be marked as
“off” cell. If the Vy, is between Vyry m and Vyyy, it would
be marked as “fast” cell, and if the Vg, is smaller than
Vyfy_m, it would be marked as “slow” cell. Once the cell
is classified, adjusted programming voltage and pulse width
could be applied.

Figs. 2(a) and (b) show the timing waveform of general
ISPP and APP programming scheme for two programming
loops, respectively. In general ISPP programming scheme
(Fig. 2(a)), in the n™ loop, a programming pulse with
a fixed width (Tpgm) and voltage (Vpgm,n) is applied to
all the cells on the selected WL, while the programming
voltage will increase a constant step AV,ey loop by loop
(Vpgm,nt1 = Vpem,n+tAVpem). For the off cell, the associated
bitline (BL) is biased to Vgq so that the programming effect
can be inhibited. While in the APP scheme (Fig. 2(b)), the
detailed processes for fast, slow and off cells are described
as follows:

1) for the slow cells, the voltage of BLs (VpL) is biased
at OV during the whole programming pulse. In the
n™ loop, from the moment of Ty, the voltage of WL
is increased from Vpin t0o Vpon (Vp1n<Vp2n). In
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this way, the effective Tpem is ATy with programming
voltage Vp1 n, and then AT, with programming volt-
age Vo n. The increased voltage of WL will speed
up the programming effect of the slow cells, and it
will help to reduce the WL RC delay influence for the
cells at the far end of WL. In addition, the program-
ming pulse time could be decreased properly as the
increasing voltage could compensate for the decreasing
programming pulse time.

2) for the fast cells, the Vg, is first biased at OV and
then raised to Vi at T4, when the programming
voltage is raised to Vz n. The increasing voltage
of BL (VL = V) inhibits the fast cells from
over programming during the second part of program-
ming pulse AT,, as it rises the channel potential
and reduces the effective electric intensity. As Vi
need to inhibit the cell, we could use Vg = Vgd.
In this way the effective Tpgm is almost only AT
with the effective programming voltage Vpi n, which
is much less than slow cells. The fixed gap volt-
age (Avp= Vp2n- Vpin =Vplnt+1-Vp2,ntl ) should
be approximately less than the difference between the
channel potential of fast cells during AT, and the
programming step voltage (AVpgm), so that it can
achieve the purpose of the scheme to prevent fast cells
from over programming. For the sake of brevity, in
the following text, the subscript of the loop will be
omitted.

3) for the off cells, it is as the same as general ISPP
scheme. The Vg is biased to Vg4 before the channel
is boosted up by raising the unselected WL voltage to
Vpass- Those cells will stay in inhibited state during
the left entire program loops.

An example of cells’ Vi movement with APP scheme
is also shown in Fig. 1 by the red and green triangles.
Once the cell is separated from fast and slow by sensing
with Vyy 1y at each verify loop, the fast cell’s (red triangle)
AV, becomes smaller with APP scheme, meanwhile the
slow cell’s (green triangle) AVy, increases. A simplified
flow chart of an embedded one-step program operation with
APP scheme is shown in Fig. 3.

After each program loop, two verify operations for each
state are implemented. As for 3D NAND chip which applied
ABL (All-Bitline) structure [13], current sensing scheme
was adopted, and the sensing time was around hundreds
of nanoseconds. For those two verify operations, changing
the selective word line voltages (Vyry_m < Vyry) while keeping
the sensing time constant, almost equals to changing sensing
time for the two operations but keeping the same selective
word line voltage (Vyry). More importantly, the time cost of
sensing with one more different sensing time, which is less
than 1us, is much less than sensing with pre-charging the
selective word line to a different level, which will take tens
of microseconds. Therefore, the cost of using different sens-
ing times for those two verify operations could be almost
ignored [3].
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FIGURE 3. Flow chart of program operation with proposed APP scheme.

In this work, the experiments were carried out with
a 64-layer 3D charge-trapping NAND flash chip on
FPGA platform [14]. Both single programming step and
embedded program operation were tested and compared with
the proposed APP scheme.

IIl. RESULTS AND ANALYSIS
In order to investigate the programming pulse width influ-
ence, the Vy, shift depending on different programming pulse
width (Tpgm) changing is tested first and shown in Fig. 4.
The details of the experiment process are described as below:
first, all the cells are erased with the same erase verify volt-
age. Second, the whole cells are programed to the same
stage to wake up by using a few incremental step pro-
gramming pulse loops with a fixed width. From the n
loop, the programming width is reduced accordingly. After
each programming loop, every cell’s Vy, is get and aver-
aged to obtain the final Vy, distribution. Through this large
number of read operations, RTN and other sensing noises
could be suppressed [15]. Third, the AVy, between n and
n — 1" loop is measured. By repeating this erase-program-
read cycles 10 times, the mean AVy, is finally obtained.
Fig. 4(a) shows one example of the Vy, distribution after each
program loop of this experiment. Cells are programmed with
step voltage equaling to 0.5V (AVpeym = 0.5V). From the nth
loop, the programming pulse width is changed from 38yus
to 23us. It can be seen obviously that the AVy, is reduced
and smaller than half of the previous loop immediately.
Cases of using different programming step voltages are
also tested. Fig. 4(b) shows the AVy, value between n™ and
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FIGURE 4. (a) Vg, distribution after each program loop, the programming
pulse width is reduced at the nth loop. (b) AVy, of nth loop with different
programming pulse width of WL5 under the condition of three different
programming step voltages. (c) Some typical WLs’ AVy, of nth loop using
three different programming pulse width when AVpgn, is 0.6V.

n — 1" loop of WL5 with programming step voltage equal-
ing to 0.5V, 0.6V and 0.7V respectively. The AVy, under
different programming pulse width of the n" loop shows
the same trend with different step voltages. However, when
the programming pulse width is below 13us, the AVy, of
three cases is below 0.1V and is almost the same, which
means when pulse width is below this range, the program-
ming effect is almost regardless of the programming step
voltage. When the pulse width increases more, the AVy,
difference between different step voltages becomes obvi-
ous. As when the time becomes much more sufficient, the
programming voltage influence on AVy, is more dominant.
Finally, the AVy will become stable and close to @ AV pom.
Fig. 4(c) shows the AVy, of a few typical WLs with three
programming pulse width (13ps, 23ps, 33ps, respectively.)
of this 64-layer NAND chip when the AV, equals to
0.6V. For different WL layers, the AVy, varies slightly but
the trend still exists. This variation relates to the process
mechanism, as the channel hole profiles are not uniformed
for different WLs.

Figs. 5(a) and (b) shows the Vy, distribution when the
cells are programmed to a target state with general ISPP

VOLUME 9, 2021

(a)

loop 1

T General ISPP Scheme "%,
a2
c
=]
=]
(&)
©
(&)

V;, (a.u)

(b) APP Scheme loop 1
) loop 3
~ oop
ﬂ ==loop 4
c loop 5
g loop 6
(&)

o
© A2
Vin (a.u)

FIGURE 5. (a) the Vy, distribution of each program loop when cells are
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FIGURE 6. The comparison of TLC Vy, distribution with APP scheme,
coarse and fine scheme and general ISPP scheme.

and APP scheme, respectively, with verify operation. For
the APP scheme, the condition is: Vp1 = Vp = Vg,
AT =AT>=1/2Tpgp. It can be found that from the 3rd loop,
the upper tail of the Vy, distribution with APP scheme will
be suppressed. And finally, the cell’s upper tail of the distri-
bution is obviously narrower than using general ISPP scheme
(A2<A1l), which is expected from the previous analysis.
After investigating the AVy, of single programming loop,
the embedded TLC program operation is tested and com-
pared with different schemes. Fig. 6 shows the final Vy
distribution with three different schemes by using random
data input. The APP scheme with two different conditions
(AT1=AT=12Tpgm, Vp2 -Vp1 = 0.05V and Vpp —Vp1=
0.2V, AVpem = 0.5V) are applied, but only to the states from
P1 to P6, since the upper tail of P7 state has no impact to read
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different AVpgm.

window margin. The target verify positions of P1-P7 states
are shown by the blue dash lines in Fig. 6. Since the final Vy,
distribution of a state is affected by fast charge loss effect,
program disturbance and some other factors, the focus is
on the difference of the distribution width between different
schemes. Taking P1 state as an example, when the AVyg is
0.5V, the average Vy, shift of one step is around 0.3V, while
with the APP scheme (AT1=AT;=1/2T,gm), the Vi, shift of
fast cells is around 0.17V. Setting the middle verify voltage
of each state to be about 0.15V (with a margin of 20mV) less
than the target level, we should see the distribution width
reduced by about 0.13V (0.3V-0.17V). As shown in Fig. 6,
the final state distribution width of the APP scheme is about
0.09V narrower than general ISPP scheme, which meets our
expectation if some noise is considered. On average, the
APP scheme reduces Vy, distribution width by about 15%
compared with general ISPP scheme while keeping similar
to coarse and fine scheme. If the general ISPP scheme wants
to obtain a Vy, distribution similar to APP scheme, it is nec-
essary to use a programming step voltage of around 0.35V,
while the APP scheme is 0.5V. Accordingly, APP scheme
can save program time by about 21% compared with general
ISPP scheme. In addition, the larger difference between V,
and Vp; does not widen the Vy, distribution, since the volt-
age of bitline is high enough to exclude the programming
effect during Vy,» program phases for the fast cells.

The program time of two different APP cases compared
with coarse and fine scheme are shown in Fig. 7. The embed-
ded programming tests are repeated for 50 times and the
program time is averaged finally. Fig. 7(a) shows the program
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time of different WLs with three different conditions with
the incremental step programming voltage equaling to 0.5V
(AVpgm = 0.5V). It shows that almost for all WLs, the
program time with APP scheme is shorter than coarse and
fine programming scheme, though different WLs have some
variations as the channel profiles of the 64-layer WLs vary.
As shown in Fig. 4(c), the AVy, of WL31 of different pro-
gramming pulse width is smaller on average than other WLs,
the embedded results also show that WL31 need more time
to program. For WLs around WL43, the APP scheme with
0.2V difference between AV, and AVp; (AV)p) can save
the program performance by around 7% with no loss of read
window margin, while saving 3.5% with AV, equaling to
0.05V. For these WLs, APP scheme can speed up the slow
cells and reduce both program and verify loops. While for
WLs such as WL13, APP scheme mainly reduces the ver-
ify loops as it is not sufficient to reduce the final program
loops. Fig. 7(b) shows the averaged program time of all WLs
while using different AV, under three different conditions.
It shows that with different incremental step voltages, the
APP scheme also has better program performance invariably.
However, when AV, is larger than 0.7V, the read window
margin of both coarse and fine scheme and APP scheme will
lose. Taking into account other noises and disturbances, APP
scheme with the condition that the programming step volt-
age is 0.55V, and the difference between AV, and AV
is 0.2V, can have an appropriate read window margin and
save 5% performance on average of the whole WLs.

IV. CONCLUSION

In this work, the relationship between AVy, and program-
ming pulse width was first investigated and analyzed by
using single program pulse operation. On this basis, the
proposed APP scheme were tested and compared with other
ISPP schemes both with single state programming test and
one-step TLC embedded programming test. From the exper-
imental results, it shows that APP scheme could not only
narrow the cell Vy, distribution, but also improve the program
performance.
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