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Abstract—We propose a novel 4-bit self-aligned SONOS-type
nonvolatile memory (NVM) cell with a T-gate and I-shaped
FinFET structure for practical implementation with high stor-
age density and better reliability. In order to obtain enhanced
reliability characteristics, a modified Fowler–Nordheim tunneling
mechanism is employed for programming along the channel length
direction, while a band-to-band hot hole injection is used for eras-
ing along the channel width direction. With separated paths for
program and erase, improved device performance is obtained with
sensing margin. In order to improve the immunity to second-bit
effects, the gate-induced drain leakage current method, which is a
charge detection method and highly sensitive to the locally stored
charges, is employed for the reading of the stored data. In terms
of the scalability, we confirmed by 2-D technology computer-aided
design simulation that the proposed NVM cell with channel length
L = 50 nm operates with enough sensing margin and high-density
(∼5 F2/bit) NVM by the crossed cell array architecture.

Index Terms—Double gate, field-effect transistor, fin field-effect
transistor (FinFET), Fowler–Nordheim (F-N) tunneling, gate-
induced drain leakage (GIDL), multibit memory, nonvolatile
memory (NVM), silicon-oxide-nitride-oxide-silicon (SONOS).

I. INTRODUCTION

CONVENTIONAL planar Flash memories are based on
the polysilicon floating gate as a charge storage location.

Therefore, the conductive polysilicon (poly-Si) floating gate as
a charge storage medium is subject to the stress-induced leak-
age current (SILC) caused by accumulated traps in the insulat-
ing oxide (SiO2) during the program/erase (P/E) cycling. The
SILC may cause charges to leak away from the floating gate
resulting in the volatility of the memory cell and a degradation
of the retention characteristics. Consequently, the scaling of
the oxide thickness down to below 8 nm is critically restricted
due to a significant loss of stored charges after repeated P/E
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cycling [1]. In addition, the equivalent oxide thickness (EOT)
of the thick gate stack makes it difficult to scale the gate length
down to below 50 nm [2].

The silicon-oxide-nitride-oxide-silicon (SONOS)-type Flash
memory employing a nonconductive nitride (Si3N4) trapping
layer instead of the conducting poly-Si floating-gate storage
element is expected to be the most promising for a nonvolatile
memory (NVM) device. SONOS-type Flash memory devices
are more scalable than floating-gate memory devices because
the charges are stored in discrete traps within the Si3N4 layer
allowing a thinner tunnel oxide to be used. This makes SONOS-
type devices more robust to the SILC phenomenon and triggers
the SONOS structure to be developed as one of the next-
generation Flash devices [3], [4]. We also note that the SONOS-
type NVM is free from the floating-gate coupling interference
between storage cells [5], and it is under active study as a
promising high-density Flash memory technology [6].

For further enhancement of the storage density, multiple
bits can be implemented in a single NVM cell. A dual-bit
charge storage scheme, based on charge trapping at different
locations in a single charge-trapping layer, is currently used
in conventional single-gate SONOS NVM structures. For this
purpose, the NROM [7] introduced two distinct mechanisms:
the channel hot electron injection (CHEI) for program and the
band-to-band tunneling-induced hot hole for erase. This leads
to the injection of charges in a specific localized area in the
Si3N4 storage layer. The nonconductive Si3N4 layer makes
the NROM store two distinct bits in a single cell, although
there are disadvantages, including a long physical distance (the
second-bit effects [8]) and high drain bias (VDS) for the CHEI
during programming. In order to provide a superb electrostatic
integrity, a multiple-gate transistor structure such as a fin field-
effect transistor (FinFET) [9] has been also reported even with
a thick EOT as far as the body is sufficiently thin (i.e., much
thinner than the gate length Lg) [10]. To shorten the gate length
down to 20 nm [11, 12], multiple-gate SONOS NVM cells have
been investigated as a single-bit storage cell [10], a multilevel
charge storage cell [11], and a dual-bit storage cell [13].

Although multiple-gate cells have been employed in SONOS
NVMs, charges are still stored at physically distinct locations
in the Si3N4 layer causing interference (as a second-bit effect)
between neighboring bits. Recently, a novel multibit NVM,
based on the physically separated charge storage such as the
gate-sidewall storage [14]–[19], has been proposed to improve
the mismatch of the injected electrons and holes, the lateral drift
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Fig. 1. Fabrication process flow for the proposed 4-bit TGIF NVM cell. (a) I-shaped active fin patterning. (b) Field oxide formation. (c) Tunnel oxide formation
by thermal oxidation. (d) Polysilicon gate electrode formation. (e) Blocking oxide formation by thermal oxidation of the “T”-shaped polysilicon gate. (f) Filling
of the four holes between the blocking and tunnel oxides by Si3N4 deposition and etch-back. (g) Separation of the front- and back-gates from Si3N4 charge-
storage regions by CMP. (h) Four-bit TGIF NVM cell structure with design parameters: Lg = 100 nm, Wfin = 40 nm, TTOX = LTOX = 3 nm, TNit = 10 nm,
LNit = 15 nm, TCox = LCox = 5 nm, NSub = 1 × 1016 cm−2, Npoly = NSD = 1 × 1020 cm−3, and S/D doping gradient ≈ 1 nm/dec.

of stored charges, the recombination of remaining charges after
the P/E cycling [20], [21], and the second-bit effects. However,
these structures still have problems to be solved, i.e., the stored
charges next to the drain electrode affect the threshold voltage
VT of the cell when the gate length is scaled down to well below
50 nm. To suppress these effects, a novel read method sensed
by the band-to-band tunneling (BTBT) current enhanced by the
locally stored charges [22] is considerable.

In this paper, we propose a novel self-aligned T-gate and
I-shaped FinFET (TGIF) SONOS-type NVM cell with phys-
ically separated 4-bit storages and verified the performance
by 2-D technology computer-aided design (TCAD) simulation.
The gate-induced drain leakage (GIDL) current read method
is employed for more sensitive detection of the locally stored
charges within the gate-dielectric stack. Since less stored charge
is needed in the sensitive GIDL read method, deep scaling of
the gate length and operation at low P/E voltages is possible
resulting in improved endurance characteristics [23]. For bet-
ter reliability characteristics, we used a novel program/erase
scheme employing separated paths for program from the path
for erase. In order to improve the memory density, crossed
memory cell array architecture is also suggested.

II. DEVICE STRUCTURE, ARRAY, AND FABRICATION

PROCESS FOR THE TGIF SONOS-TYPE NVM CELLS

The proposed 4-bit self-aligned TGIF SONOS NVM cell
structure is schematically shown in Fig. 1(n) with stepwise
fabrication process flow. As one of the key features, the T-shape
gate electrode can be divided into two sectional parts: 1) an in-
tergate and 2) a normal gate. The intergate electrode is used for
lateral programming (in the channel length direction) through
the gate-to-source/drain electrode overlap regions. Further-
more, the gate controllability is improved by the intergate elec-
trode employing a thin EOT. On the other hand, the normal gate
above the ONO stack contributes to the enhancement of the ver-
tical field (in the channel width direction) for the BTBT process
during the erase step. The detailed program and erase schemes
will be described in Section III. The I-shape active fin region is
another important part of the proposed 4-bit TGIF SONOS de-
vice structure. The overlapped (raised) source/drain electrodes
enable the charges to transfer through the lateral paths with the
intergate electrode under high lateral electric fields.

In the simulation work for the verification, we build a 4-bit
TGIF SONOS device with a thin-body n-channel field-effect
transistor having channel length L = 100 nm and multilayered
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gate dielectrics. It includes a charge-trapping layer (Si3N4

layer with length = 10 nm and thickness = 15 nm) sandwiched
between the thin tunnel oxide layer (3.8 nm; SiO2) and the
thick control oxide layer (5 nm; SiO2). The length of each
Si3N4 storage node is determined by the effective area for
the BTBT process during the erase, and it depends on the
source/drain junction edges and doping profiles. On the other
hand, the thickness of each Si3N4 storage node is determined
by the program/erase efficiency as well as by the effective area
for the BTBT process. If the Si3N4 storage node is not thick
enough to reduce the vertical electric field in the channel width
direction, the unselected bit is subject to be programmed/erased
by the high vertical electric field. We note that the tunnel oxide
ought to be thin enough, allowing electrons to be effectively
injected from the channel layer into the charge-trapping region
during the program operation. On the other hand, the control
oxide should be thick enough to suppress a possible injection of
electrons from the gate electrode into the charge-trapping Si3N4

layer during the erase operation. The lightly doped p-type sili-
con channel/body is employed to improve the carrier mobility
and to reduce the random dopant fluctuation effect [24]. In order
to suppress the short-channel effects (SCEs), the fin body width
is set to be Wfin ≤ 0.45 × Lg as recommended [25].

The device structure and possible process flow for practical
implementation of the proposed 4-bit TGIF SONOS NVM
cells are schematically illustrated in Fig. 1. The first step is
a patterning of the I-shaped active region on the bulk wafer
[Fig. 1(a) and (b)], followed by the formation of the field oxide
[Fig. 1(c) and (d)] for isolation. The tunnel oxide is then grown
on the surface of the exposed silicon active fin [Fig. 1(e)]. A
T-shaped polysilicon gate electrode is formed [Fig. 1(f) and
(g)], and then, the blocking oxide layer is thermally grown
on the surface of the gate [Fig. 1(h)]. We note that the final
thickness of the tunnel oxide is confirmed to be 8 Å even
after the thermal growth of the blocking oxide [26]. Contrary
to the conventional SONOS NVMs, which use a deposited
block oxide above the Si3N4 trapping layer, the proposed 4-bit
TGIF SONOS NVM uses a thermal oxidation for better quality
and reliability characteristics of the oxide layer. From the
simulation results, we also confirmed that 20% misalignment
of the gate electrode is still good for a proper operation of the
proposed TGIF SONOS NVM cells.

As a key fabrication step to form the charge storage nodes
by the self-alignment process, four holes between the blocking
oxide and the tunnel oxide are filled by conformal deposi-
tion and successive anisotropic etch-back of the Si3N4 layer
[Fig. 1(i)]. In conventional SONOS NVMs, on the other hand,
it is complicated to build physically separated storage nodes
with extra masks. We also note that it is advantageous to
replace the Si3N4 layer with other materials such as metals with
high workfunction, as usually adopted in nanocrystal memory
structures. We can make a 4-bit NVM cell with a long retention
characteristic utilizing a large difference in the workfunction
between the metal and the oxide [27], [28]. After source/drain
doping (n-type) by ion implantation and successive annealing
[Fig. 1(j)], the front gate, back gate, and Si3N4 storage nodes
are separated by the chemical mechanical polishing (CMP)
process to allow independent operation of each storage node

Fig. 2. Schematic of the NOR-type 4 × 5 TGIF NVM cell array.

[Fig. 1(k)]. Damage caused by the CMP process can be cured
by a sacrificial oxidation process [Fig. 1(l)].

The 4-bit TGIF SONOS NVM can be highly dense
(∼5 F2/bit) when the cells are placed in crossing arrays, as
shown in Fig. 2. In order to further increase the memory density,
the gate2 electrode of each row is designed to share a word
line with the gate1 electrodes of the next one. If the gate
electrodes are connected not by the metallic word line but by
the polysilicon word line, the cells can be closer because a metal
contact is not necessary for each gate. In the case of the bit line,
the source/drain electrodes of the first row are connected to the
third-row ones for low parasitic capacitances of the bit line and
low leakage current from unselected cells on the bit line.

III. GIDL CURRENT READ METHOD AND SEPARATED

PATHS FOR PROGRAM/ERASE

A. GIDL Current Read Method

Based on the program or the erase state of four storage nodes,
16 binary states are defined in the proposed 4-bit TGIF NVM
cells. The binary state is defined as “0000” when four nodes are
erased, while it is defined as “1111” when they are all filled
with programmed electrons. For instance, if a storage node
(Bit1) sandwiched between the source and the gate1 is only
programmed, we define the binary state as “1000.” Similarly,
if a node (Bit4) sandwiched between the drain and the gate2
is programmed, its binary state is defined as “0001.” The
16 binary states can be read by the cell’s GIDL current change
with the stored charges near the drain electrode. As illustrated
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Fig. 3. Schematic of the GIDL current read method. (a) Cut view of the
structure. (b) Energy band diagram illustrating the effect of charges stored on
Bit2 (close to the drain) on the cell’s GIDL current. The programmed charges
near the drain electrode (red dotted line) enhance the transverse electric field,
which results in a larger GIDL current due to the band-to-band tunneling.

Fig. 4. ID(S)−VG(1,2) characteristics of the 4-bit TGIF SONOS-type mem-
ory device. (a) Sensing of Bit1 by reverse reading (VSD = 1.5 V) of the
GIDL current under negative VG1. (b) Sensing of Bit2 by forward reading
(VDS = 1.5 V) of the GIDL current under negative VG1. (c) Sensing of Bit3
by reverse reading (VSD = 1.5 V) of the GIDL current under negative VG2.
(d) Sensing of Bit4 by forward reading (VDS = 1.5 V) of the GIDL current
under negative VG2.

in Fig. 3, the programmed charges near the drain electrode en-
hance the transverse electric field resulting in enhanced GIDL
current due to the BTBT process [22], [23].

As summarized in Fig. 4, the validity of the GIDL cur-
rent read method was confirmed by the 2-D TCAD device
simulation for a TGIF SONOS NVM cell with Lg = 100 nm
and WFin = 40 nm. Advanced physical models are considered
with quantum effects, tunneling mechanisms, and mobility
models [26]. In the simulation, obtained from the program
characteristics as shown in Fig. 5, the volume density of
charges stored in the programmed charge-trap node was set
to 2 × 1019 C/cm3 (uniform space and energy charge profile).
When Bit2 is programmed (States “x1xx”), as can be seen in
Fig. 4(b), the GIDL current was enhanced so that the OFF-state
current in the transistor cell can be used to identify the state
of Bit2 by applying a negative gate1 voltage (VG1S

∼= −3 V)
under a moderate drain-to-source voltage (e.g., VDS = 1.5 V;
a high OFF-state current → electrons are stored in the storage
node). We note that gate2 is negatively biased to reduce the

Fig. 5. Transient simulation results for the 4-bit TGIF SONOS NVM with
� = injected charges and � = IGIDL induced by the injected charges.

Fig. 6. Simulation results of IGIDL transient characteristics with � =
the read condition and • = erase condition.

subthreshold leakage current caused by low VT . If gate2 is
biased at a high negative voltage, the BTBT current generated
by Bit4 also increases (read disturbance). It is worthy to note
that the read condition (VG1S

∼= −3 V, VDS = 1.5 V) should
be low enough not to erase the stored charges during the read
operation, as shown in Fig. 6. In order to determine the logic
state of Bit4 (located on the opposite side of Bit2), a negative
bias on gate2, a positive bias on the drain, and a slightly
negative bias on gate1 need to be applied. The difference in the
OFF-state currents between the programmed and erased states
is large enough (> 102 A/µm) to determine the logic state of
each bit.

When the gate electrode is misaligned, the sensing margin
keeps at ∼102 A/µm, and the sensed GIDL current is not high
enough even on the programmed state. Therefore, a modified
boosting current amplifier is employed to increase the sensing
current and maximize the on/off ratio [29]. As a result, the
sensing current from a programmed cell can be increased up
to ∼10−4 A/µm from ∼10−8 A/µm, and the GIDL current of
the erased cell is depressed at least (∼10−12 A/µm). Finally, by
using the modified current amplifier, we obtained a large on/off
current ratio (∼108 A/µm) (Fig. 7) for sensing the charge state
with the GIDL current read method.

We also note that the OFF-state GIDL current is robust to
the logic state of neighboring bits. This result indicates that the
GIDL read method is less subject to the SCE (and, hence, to
the second-bit effects) than the conventional VT read method,
and so it can be used in NVM cells with extremely scaled gate
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Fig. 7. Simulation result (• = input current and � = output current) for the
current amplifier with an inset for the circuit.

lengths. Moreover, the GIDL read method is more sensitive to
the stored charges than the conventional VT read method. As
can be seen in Fig. 4, it is difficult to determine the stored
charge state by the VT read method (ID = 1 × 10−6 A/µm)
in contrast to the GIDL read method (VG = −3 V). Due to
the small amount of charges for sensing the charge state in
the GIDL read method, program/erase can be performed at
reduced voltage resulting in shorter program/erase time and,
thus, improved reliability characteristics.

B. Separated F-N Tunneling Paths for the Program/Erase and

Simulation Result

It is important to note that the only selected bit is pro-
grammed (or erased), while other bits are not disturbed during
the program (or erase) operation. Therefore, in order to inject
charges only into a selected bit for programming, we used
modified Fowler–Nordheim (F-N) tunneling [30] through the
gate-to-drain (or gate-to-source) overlap region with positive
bias at gate1 for Bit1 and Bit2 (or gate2 for Bit3 and Bit4),
while negative bias at the drain for Bit2 and Bit4 (or source
for Bit1 and Bit3). The energy band diagram for the Bit2
programming condition is schematically shown in Fig. 8. For
enhanced lateral electric field while suppressing the vertical
field for effective programming, a negative bias is applied to
the drain electrode with thick charge storage nodes. In this bias
condition, the applied gate-to-drain bias is not high enough to
bend the energy band for F-N tunneling through the drain and
the tunnel oxide barrier. However, for modified F-N tunneling
through the drain and Si3N4 barrier, the program condition is
high enough to bend the energy band resulting in a lateral

program path for fast programming. For erasing the selected
bit, we use a band-to-band hot hole injection (BBHHI), which
is a common method to erase multibit NVMs. We also checked
the band diagram and the Shockley–Read–Hall generation rate
by the 2-D TCAD simulation under erase conditions [26]. With
separated paths for program and erase, improved device per-
formance is obtained with sensing margin. In order to improve
the immunity to second-bit effects, the GIDL current method,
which is a charge detection method and highly sensitive to
the locally stored charges, is employed for the reading of the
stored data.

Fig. 8. Schematic energy band diagram under a modified F-N tunneling
programming condition. A-A′: along the gate-to-drain lateral direction (channel
length direction); B-B′: across the gate-to-substrate vertical direction (channel
width direction).

We also note that program and erase conditions are very
crucial to the reliability characteristics of the proposed 4-bit
TGIF NVM cells. Therefore, in addition to adoption of the
GIDL current read method, which allows a highly sensitive
detection for the locally stored charges even with a small
amount of charges, we combined separated paths for F-N
tunneling during program and erase, which allows improved
performance for repeated cycling of program and erase. The
F-N tunneling path for programming is performed through the
gate-to-drain overlap region, while that for erasing is performed
through the gate-to-substrate. Compared with the conventional
program/erase operation in which it is performed through the
gate and the substrate, the tunnel oxide degradation during
the program/erase operation is expected to be significantly
suppressed due to the separated path for the programming from
the erasing path. Therefore, we expect that the 4-bit TGIF NVM
cell has better reliability characteristics related to the endurance
and retention with repeated P/E cycling.

To prevent overprogramming and over-erasing, the program
and erase performance with various gate and drain voltages
is investigated. The disturbance of other bits during pro-
gram and erase is also checked, while the selected bit is
being programmed. The transient characteristics of various
program/erase voltage conditions for the 4-bit TGIF NVM cell
are shown in Fig. 9. From the simulation result, we expect that
the optimized condition for program time TP = 1 × 10−6 s is
VG = 5 V and VDS = −2 V, while that for erase time TE =
1 × 10−6 s is observed to be VG = −4 V and VDS = 2 V. In
the simulation, Bit2 is selected for program/erase, and Bit1
under the same gate electrode is unselected. It is clear that
the vertical electric field is too low to inject the charges to
Bit1 in that short time, and, thus, no program/erase disturbance
occurs. The selected charge storage node (Bit2), however, can
be programmed (and/or erased) quickly at low VDS by the
lateral electric field through the gate-to-drain overlap region.
Similarly, from the vertical electric field effect simulation result
of Bit1, the unselected Bit1 is not programmed (and/or erased)
at low VG and robust to the program/erase disturbance.
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Fig. 9. Time-dependent program/erase characteristics (• = Erase at VG1 =
−4 V and VDS = 2 V, � = Program at VG1 = 5 V, VDS = −2 V) when
(a) Bit2 is selected and (b) Bit1 is unselected.

Fig. 10. GIDL current as a function of the fin width for two different
states (margin, • = “x0x1” and � = “x1x0”) with the smallest GIDL current
separation for comparison of the second-bit effect.

IV. THE SECOND-BIT EFFECTS AND RELIABILITY

OF THE 4-BIT TGIF NVM CELL

A. Gate Length Scalability and Second-Bit Effects

The programmed charge is sensed by the GIDL current from
the common drain electrode in the 4-bit TGIF NVM structure.
The bit is sandwiched between the same drain electrodes, while
the gate electrode on the opposite side of the selected bit
may affect the GIDL current when we sense the logic state
of the programmed bit. In order to verify the robustness to the
second-bit effect in the 4-bit TGIF SONOS NVM cell structure,
additional simulations are performed for various combinations
of the fin width. In Fig. 10, the GIDL current is shown as a
function of the fin width for the two states with the smallest
GIDL current separation (i.e., states “x1x0” and “x0x1”). From
the simulation result, it is clear that the second-bit effect by the
narrow fin width is negligible, and the separation of the GIDL
current is still large enough (∼102 A/µm), although the fin
width is scaled down to 25 nm.

In the conventional VT read method, on the other hand, the
second-bit effect becomes severe when the source and the drain
get close together with the scaling down of the cell because
the programmed charges near the drain affect the substrate
energy barrier near the source. The GIDL current method also
can be affected by the programmed charges near the source.
In order to investigate the second-bit effect in short-channel
devices, TCAD simulation was performed for a 4-bit TGIF

Fig. 11. Comparison of the gate length scalability (Lg = 100 nm and 50 nm)
at VG1 = −3.0 V, VDS = 1.5 V. (a) ID–VG1 characteristics for Lg =
100 nm and WFin = 40 nm. (b) ID–VG1 characteristics for Lg = 50 nm and
Wfin = 20 nm.

Fig. 12. Schematic of three different interface states for simulation. (a) “Initial
states” without any interface state. (b) “Conventional P/E scheme”: the interface
state (Nit = 1 × 1013 cm−2) exists only in the channel regions (red zones)
under the ONO gate dielectric stacks. (c) “TGIF P/E scheme”: the interface
state is set at Nit = 5 × 1012 cm−2 in both the channel region under the
ONO gate dielectric stack and the gate-to-source/drain overlap region next to
the ONO gate dielectric stack.

NVM structure for a short gate length Lg = 50 nm. The width
of the fin body is scaled down to a proper width to satisfy
Lg > ∼1.5 × WFin for Lg = 50 nm in order to suppress the
degradation of VT due to the increased SCE [24]. As shown in
Fig. 11(b), a considerable separation in the GIDL current is still
achieved between the programmed and erased states for Lg =
50 nm and WFin = 20 nm. From the result, we expect that the
4-bit TGIF NVM with Lg = 50 nm operates without apprecia-
ble disturbance. However, three different threshold voltages are
observed in the device with Lg = 50 nm, while there is negligi-
ble VT separation in the device with Lg = 100 nm. This result
informs that the conventional VT read method is significantly
subject to the second-bit effect and, therefore, inappropriate to
read the charge state in the proposed TGIF NVM cells.

B. Reliability of the 4-Bit TGIF NVM Cells

For comparative investigation of the reliability characteristics
of the proposed TGIF NVMs on the P/E schemes, we set
three different cases: 1) the initial state as a reference; 2) the
conventional P/E scheme; and 3) the “TGIF P/E scheme” with
separated P/E paths adopted for enhanced reliability, as shown
in Fig. 12. The “initial state,” as shown in Fig. 12(a), is a
reference set to have no interface state implying no degradation
by stresses due to the program and erase processes. The “con-
ventional P/E scheme,” as shown in Fig. 12(b), is set to emulate
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Fig. 13. Comparison of GIDL currents for the interface state effect on the sen-
sing margin (•=“x0x1” and �=“x1x0”). “Initial state” has no interface state,
and the “conventional P/E scheme” has Nit = 1 × 1013 cm−2 interface traps
only in the channel region. For the “TGIF P/E scheme,” the same interface state
(Nit = 5 × 1012 cm−2) both in the channel region and in the gate-to-source/
drain overlap region.

the degraded interface by a conventional program/erase scheme
on the proposed TGIF NVMs, i.e., using the same vertical path
for F-N tunneling during program and erase processes. The
“TGIF P/E scheme,” as shown in Fig. 12(c), is set to emulate
the degradation of the TGIF NVM cells by using a different
F-N tunneling path for program from that for erase. In the
“conventional P/E scheme,” the interface state exists only in the
channel region with Nit = 1 × 1013 cm−2 [31]. For the “TGIF
P/E scheme,” the interface state is set at Nit = 5 × 1012 cm−2

in both the channel region and the gate-to-source/drain overlap
region. Here, we simply assumed that the same amount of
interface traps between the silicon channel and silicon-oxide
(Si-SiO2) are generated proportionally by the number of the
program/erase cyclings.

The device performance parameters of the proposed TGIF
NVMs after PE cycling for the “conventional P/E scheme” and
the “TGIF P/E scheme” are compared on the transconductance
gm and the subthreshold slope SS. As expected, the interface
traps between the channel and the tunnel oxide influence on
the direct-current characteristics more than the interface traps
between the raised source/drain overlap regions. The interface
state in the channel region is expected to influence on the
sensing margin, as shown in Fig. 13. Although the “TGIF P/E
scheme” has a lower GIDL current than the “initial state,”
the separation is high enough (∼102 A/µm) to identify the
logic state of each bit. However, the “conventional P/E scheme”
shows a small sensing window as well as small separation of the
GIDL current. From these results, the proposed program/erase
scheme with different paths for program and erase in the 4-bit
TGIF NVM cells is expected to be very effective to improve
the reliability characteristics. We also note that the advantage
of the TGIF P/E scheme in the simulation result would be
underestimated since the interface trap density for the “TGIF
P/E scheme” is set at half of that for the “conventional P/E
scheme,” although it is generally known that the generation
density of the interface states follows a power law for the stress
time or the total number of P/E cyclings [32]. In other words, for
the 4-bit TGIF NVM cells, the “TGIF P/E scheme” in practical
implementation guarantees much better reliability compared
with that of the “conventional P/E scheme.”

V. SUMMARY AND CONCLUSION

We have proposed a novel 4-bit T-gate and I-shape FinFET
SONOS-type NVM for high storage density with better reliabil-
ity. In order to improve the immunity to the second-bit effect,
the GIDL current method has been employed for sensitive
detection of the stored bits at low voltage. Separated paths for
program and erase with a modified F-N tunneling mechanism
have been adopted for enhanced reliability characteristics after
repeated P/E cycling. The operation and the performance have
been investigated by using a 2-D TCAD simulation with a
crossed cell array structure and a common word line for high
storage density. Although the operation and electrical character-
istics have been confirmed by TCAD simulation tools, we have
fully considered a process flow for practical implementation. In
order to simplify the process and improve a possible mismatch
caused by misalignment during fabrication, we have adopted a
self-alignment process for the four physically separated charge
storage nodes.

Utilizing the BTBT current, we have employed the GIDL
current method for enhanced charge sensing of the logic state
in each bit. The GIDL current read method has been observed
to be very sensitive to locally stored charges, and, thus, a
small amount of charges is enough to determine the charge
state. We have obtained a large sensing window from the
4-bit TGIF NVM for the gate length L = 50 nm. Therefore, the
program/erase operation can be performed at low voltage for
a short period of time due to the high sensitivity of the GIDL
current method. It is also immune to the second-bit effect and
allows an aggressive scaling down of the proposed 4-bit TGIF
NVM cell for high-density memory applications. In order to
improve the reliability characteristics, we have used different
paths for program and erase operation. A modified F-N tun-
neling mechanism has been used for programming through the
gate-to-source/drain overlap regions (along the channel length
direction) and the BBHHI for erasing through the gate-to-
substrate regions (along the channel width direction). Through
2-D TCAD simulation, we have confirmed that the TGIF NVM
cell with separated paths for program and erase has better reli-
ability characteristics in the sensing margin, transconductance,
and subthreshold slope. Combining the modified F-N tunneling
mechanism with different paths for the P/E and GIDL current
read method, the proposed 4-bit TGIF NVM device structure is
expected to be very useful for high-density storage applications
in the next generation.
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