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ABSTRACT A new self-converging programming characteristic in a single-poly floating-gate memory
cell with full-compatibility to a CMOS logic technology is observed and studied. A uniquely design
cell with a narrow-bridging line between two coupling capacitors promotes a localized charging effect
at the electron tunneling site, leading to clamping of threshold voltage states. Through this mechanism,
the new multi time programmable (MTP) cells exhibit tight threshold voltage distributions for multi-level
cells (MLC) operations. Improved cycling reliability and one-shot multi-level programming has been fully

demonstrated in this work.

INDEX TERMS MTP, MLC, flash memory, logic NVM.

I. INTRODUCTION

As the market demand for embedded memory grows, there
are many solutions that serve different users meeting their
various needs on versatile CMOS platforms. As the tech-
nology scales, changes in material/film thickness/structure
the making of CMOS circuits putting constraints on the
design on floating gate (FG) logic non-volatile memory
cells, causing limitations on their cell size, performance and
reliability [1]. MLC [2]-[4] are one of the common and
effective schemes to raise storage volume without chang-
ing the basic memory array hardware. This method has
been extended to triple-level cell (TLC) and quadruple-level
cell (QLC) technologies used in many commercial non-
volatile memory products [5]. Although this method can
greatly enhance memory cell density, storage data integrity is
greatly compromised, as a consequence [6]—[8]. In addition
to MLC technology, where the discrete threshold voltage
levels are used for multi-level representation, a charge-level
control method has also been reported, as studied in rank
modulation scheme [9]. As reported in [10], with the opti-
mized approach applied, this scheme can not only increase
the data storage capacity, but also reduce the issue of the
overlapping of threshold levels. Unfortunately, to distinguish

the multi-bit stored data, complex read operations are needed
in such schemes, which in turn decreases the operation
efficiency. For MLC applications, the optimized program-
ming operation are critical to the final implementation of
such schemes, hence are studied, extensively [10]-[12]. For
multi-level bit per cell memories, built-in program-verify
loops [13] are essential to prevent overlapping of the states,
tighten threshold voltage distributions for cells across a giga-
bit memory array. To ensure MLC operation, writing of
data generally requires going into a few program-verify
iterations [14], which in-turn calls for extra circuits, e.g.,
error correcting code (ECC) [15] and redundancy [16]-[17],
increase the overhead on peripheral circuits. Indispensable
complex programming cycles can slow down programming
speed, increases operation power and might induce long-term
reliability issues on data integrity [18]. The read speed of
single-level cells (SLC) and MLC devices are almost iden-
tical while MLC is almost 3~4 times slower in terms of
write performance as compared to SLC [19]. To enhance
cell performance whiling maintaining full compatibility to
standard CMOS processes, hybrid storage structure, which
combine a few SLC cells along with the MLC devices
are proposed [20]. In this study, with narrowing of the
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extended floating gate, a distinct “saturation voltage level”
was found in unique cells with. When removing stored elec-
trons from the FG, a localized charging effect was found,
causing a transient saturation of the threshold voltage. This
unique feature is applied to the programming of multiple-
level storage on the narrow-bridge single-poly MTP cells.
The newly discovered unique programming characteristics
on these cells, fully-compatible to standard CMOS process,
is studied for precise Vi, level control in multi-level cell
operations. This cell with proper operation scheme provides
an easier mechanism to obtained stable multi-level threshold
voltage states. Comparing to the previously reported single-
poly MTP cells [21]-[22], this new cell achieves multi-level
cell (MLC) for higher density data storage. In addition, lower
power consumption and enhances programming efficiency
can be obtained with a single-pulse operation as compared
to the conventional MLC methods [23]-[25].

Il. CELL STRUCTURE AND OPERATION PRINCIPLE

The narrow-bridging MTP devices studied here are designed
and implemented using an 0.18um CMOS process. The MTP
memory are generally referred to the type of embedded non-
volatile memories which can be reprogrammed and updated
for a few thousand times [26]. The CMOS technology used
to implement the memory cells has a critical dimension of
0.18pm, which directly correlate to the minimum gate length
of a transistor. This cell however can be extended to other
advanced CMOS technology nodes with provide interface
devices operating at a supply voltage level of 3.3V. Fig. 1(a)
is the 3D illustration of the proposed single-poly floating gate
cell structure, with its circuit symbol in Fig. 1(b). A poly-
silicon FG is laid on top of two isolated n-well regions as
the program gate (PG) and the erase gate (EG), respectively.
A read transistor channel is placed in between the two capac-
itors. The narrow FG bridging the two capacitors is 360nm in
width and 4.92pum in length, which is found to amplify the
localized charging effect when electrons are pulling out from
FG. Based on previous work and the following experiment
results, it apparently shows that the localized charging effect
need two conditions. First, the oxide thickness couldn’t be
more than 70A. (The dielectric thickness of [21] is 110 A.)
Second, according to the measurement result of the identical
structure used 28nm process. Due to the technology change
of gate dielectric from poly gate to metal gate, the resistance
of FG significantly reduces. Hence, the resistance between
the strong control gate (sCG) and weak control gate (wCG)
should be higher than a specific level to ensure the delay
occurred. Fig. 1 (c) shows the cross-sectional view of an
unit cell with two well coupling nodes. The top-view and
its equivalent circuit model are shown in Fig. 2. A resistor
links the sides coupled by the wCG and the sCG, respec-
tively. This implies that significant RC delay can affect the
transient response before charge reach a steady state. When
a high voltage is applied on wCG, electrons are pull out
from the FG by FN tunneling, see Fig. 2 (b). Electron tun-
neling from FG-wCG follows the FN tunneling mechanism,
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FIGURE 1. (a) Narrow-bridge Floating gate (FG) cell in 3D illustration,
(b) its equivalent circuit symbol for the cell and (c) the cross-section view
of the cell.

Rbridge
|
G
! \ X !
l
e i)

P-Sub SCG

(a) (b)

FIGURE 2. (a) Layout of the proposed cell and (b) the equivalent circuit
model for simulating the localized charge effect.

which required a voltage difference between the two termi-
nals exceeding 3.2eV [27]. With a tunneling oxide thickness
of 7nm for our samples, an electric field of 13MV/cm. suf-
ficient to induced a FN tunneling at a level 20nA at the
FG tip. However, the narrow-bridge between node X and
Y builds a barrier for the FG to reach charge equilibrium
quickly. In a narrow FG, time for reaching charge equilibrium
between the two capacitors increases, leading to localized
charge (electrons) remain at node Y. This cause positive
charge accumulating at node X, as resistance linking the two
capacitances increases. As a result, the potential difference
between FG and wCG decreases, significantly reduces the
FN tunneling probability. During the removal of electrons in
the FG from under the wCG, measured data in Fig. 3 indi-
cate the threshold voltage holds at several saturation levels
rather than continuously dropping of threshold states. The
level of the saturation state is defined as “saturated thresh-
old level”, while At specifies the minimum pulse width that
triggered the localized charging effect. Data in Fig. 3 also
suggests that voltage on wCG affects to both Vth level and
time-to-reach each saturation stages.

The saturation levels change with increasing VwCG
are summarized in Fig. 4(a). As expected, raising VwCG
required the potential at node X to be lowered to stop FN tun-
neling from happening. Hence, results in a lower saturation
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FIGURE 3. The measurement result of staurated Vy, levels when electrons
are pulled out of the floating gate.
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FIGURE 4. The saturation threshold levels at different stages and the
corresponding critical pulse width with increasing V,,c¢ levels.

level. Fig. 4(b) compared the time required to have the
significant charge build up at node X, At vs. VWCG, which
also suggest that high voltage increase the speed of the local
charging effect. Experiment result suggested that strong pos-
itive correlation between the saturated threshold voltage and
VwCG. This phenomenon can be further explained by incor-
porating the RC equivalent model within the narrow-bridge
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FIGURE 5. Comparison of the measurement results with the simulated RC
effect on the narrow-bridge floating gate structure with R ;45 = Tk,
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FIGURE 6. Time to program/erase characteristics of the MLC cells.

FG structure during electron removal. Through simulation
based on this model, one can accurately predict the tempo-
rary clamping characteristics between threshold voltage and
applied pulse width in Fig. 5. As suggested, the number of
electrons being pull out before saturation occurs is decided
by the average FN current level and At. While giving a wider
pulse shift the saturation levels into different stages, the sat-
urated Vth levels shift further down with increasing VwCG,
which suggests that multi-level Vth states can be achieved
through VWCG control rather than pulse width (or accu-
mulated number of pulse) in conventional multi-level cells.
The time-to-program from initial states to other three dif-
ferent level for 2-bit per cell storage and the time-to-erase
characteristics from three different states are compared in
Fig. 6. The new voltage level control scheme for reaching
precise multi-level Vth is proposed and demonstrated, here.
Four states can be easily reached obtained by controlling
the VwWCG levels individually. Through the threshold satu-
ration phenomena at node X, much tighter threshold voltage
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FIGURE 7. The narrow-bridge FG cell arrayed in a NOR-type array,
operated by block erase high and bit program low for multi-level storage.

TABLE 1. Summary of the operation conditions for the newly proposed MLC
cell.

SCG WCG BL | WL | SL

12v oV ov | ov | oV

Progra Select ov 10V/11V/12V(10ps)| OV | OV | OV
Unselect 3.3V 12V ov [ ov | oV

Read ov VvV 1.8V [ 1.8V ] OV

distributions can be attained without the need for precise
control on the pulse width for programming.

Fig. 7 shows the cells arranged in a the NOR-type array,
with block erase high and bit program low operation. With
the sharing of wCG, a 3.3V are required to be applied on
sCG to inhibit program disturb on unselected cell, preventing
unwanted removal of written data. With this inhibit bias,
a complete programming flow on the array level can be
established. The disturb further characteristics indicate that
a maximum 1K cells can share a common wCG without
causing challenges to data integrity on the cells, suggest-
ing a sizable array can be realized in this configuration.
Table 1 is the operation table, which summarized the oper-
ation condition for MLC operation of the narrow-bridge
FG cell.

The threshold voltage distributions before and after the 10k
P/E cycling stress are compared in Fig. 8. Overall, through
this self-limiting scheme and voltage control MLC opera-
tion, the multi-level Vth state of the narrow-bridge FG cells
are much tightly controlled, enabling larger sensing windows.
The 00 states are obtained by FN erase with applying a high
positive PG to pull the electrons to FG from the channel of
the FG transistor. During erase operation, the carrier injection
goes through node Y, which subject to the charge accumu-
lation effect causing clamping of Vry state. As shown in
Fig. 8, the V1y spread of 00 state is less tighten. As a result
of the self-limiting characteristic, the proposed operation also
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FIGURE 8. Threshold voltage distribution between fresh and cycled cells
with large sensing window maintained.
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FIGURE 9. TLC demonstration of 8 states maintaining good cyclability up
to 10k.

minimizes overstress during cycling, leading to tight Vth
distributions even after 10k P/E cycles. To further expand the
storage density of the proposed cell, a TLC operation under
10K endurance test is demonstrated in Fig. 9. Compare to
normal FG structure, this newly proposed operation success-
fully prevents the threshold voltage levels from merging as
a result of its self-limiting feature of the localizing charging
effect.

Ill. CONCLUSION

A novel narrow-bridge FG structure is demonstrated on the
standard logic CMOS platform. By the self-limiting fea-
tures, multi-level threshold voltage states can be reached
without any extra circuit or complex programming algo-
rithm. Finally, TLC operations has be demonstrated for high
density data storage on this new cell.
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