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ABSTRACT

For the overall transient behavior consideration, it is necessary to establish the
model for program, read disturb, and erase. With the assist of model, the issue for the
limited window of nitride based memory.could be optimized. In the previous study,
program and read disturb characteristics is well built. Here, we focus on the erase
behavior at the first place. The erase characteristics of a SONOS-based structure are
emulated not only for n*-poly and p*-poly gates but also for TaN-gate+Al,O3
combination. By incorporating all our work, performances including program, erase,
and read disturb can be reviewed for both SONOS and TANOS devices.
Unsurprisingly, it is hard to satisfy all requirements by using a SONOS device. In a
TANOS device, an optimal bottom oxide thickness can be specified with the
consideration of the three factors simultaneously. Moreover, it is found that
conventional extrapolation methodology is inadequate to predict the lifetime of a
TANOS device and tends to under-estimate the tolerable read bias. Eventually, the
cylindrical cell with the geometrical benefit could be an prominent candidate to for
the future Flash structure. In our study, the cylindrical cell is not only immune to

noise but also has improved window.



3R B

BOARBL A R HIRR O R AKX K Y
NORF RN AL Z G OHPR

Aohd EET A EY AR e 8 K m#F,%Ei o 1Y
B AT AR A %‘i’%ﬁ”" [ B5EE - FEIPHNEHRE
P E — ey 4 T 7 AR BEREFF - A AL LA
EY BT m‘}"'fﬁ’ir} Tt F RN Ad peegr e %
RAept A akd § & o

2 i LR F R AL iR RA G
BOEF S A Pmpi‘“P];‘Li: HL}—A;T,P’_I‘}}L o £ {;‘;3)\
3 B ﬂ%%imi&%ﬂ’ﬁﬁmﬁ“ﬁ*”5j
L LA 3 R R et B
AL EEKAFS A e s SRR S E - A
ABEE N EREY o d IRIP R Bi‘%mﬁpf" FAZE
‘{ﬁf\i"ﬁffﬁﬁi;/r’ﬂ)‘*g‘—- Vi ﬁ’\?§J%EQE&F£
£ESHLA &

Fobo AR RSAS A - REAL kA T
é‘;eé};j\g)gaag Zolg ~ of Ee ,'?75*5‘\%}9:;_‘%,—%53”_
¥ - BE o BANL G AGRpE- B R o2 AN

Bifs » AL BRIEANDSE Gk L iniPaikt Ik

L e RS E ;}:ﬁi;}f ) ;@*\4;\’% gy fr’rﬂj
ZRAI LSRGt e AAA F - BivE E iR
WHBARPIREAFE L 2R M > A B F 5 L E B
{LRETNEANDAR S HHRPEA - A2 A FNE £ b
3 E o



Fig.2.1

Fig.2.2

Table 1

Fig.2.3
Fig.2.4

Fig.2.5

Fig.2.6

Fig.2.7

Fig.2.8

Fig.2.9

Fig.3.1

Fig.3.2

Figure capture

Schematic energy band diagram and current flows during
erase operation for a SONOS cell

Erase transient at different operation temperatures

(T=25°C, 75°C, and 125°C, respectively) for a SONOS

cell with ONO stack is 8nm/6nm/3nm.

Tunneling mechanisms formulas and parameters used for

simulation

Flow chart of the simulation

(a) Schematic energy band diagram and

Shockley-Read-Hall (JSRH) tunneling current flows

during erase. (b) Back gate tunneling current density

from Shockley-Read-Hall density

(a)Schematic energy band diagram and band-to- trap-

to band tunneling current (Jgg) flows from path a and

path b during erase (b) Back gate tunneling current

density from band-to- trap- to band

(@) Schematic energy band-diagram and band-to- band
tunneling current (Jgg) flows during erase (b)
Back gate tunneling current density from
band-to- band

Measured (symbol) and simulated (line) erase transient

at various Vg in @ SONOS cell with n* poly gate. ONO

stack is 6nm/6nm/1.5nm

Measured (symbol) and simulated (line) erase transient

at various Vg in @ SONOS cell with p* poly gate.
ONO stack is 8nm/6nm/3nm

Compare the erase capability under various gate biases

and ¢B. ¢B is the band offset between gate material and

blocking oxide.

Simulated DVT at erase time =2ms for different Tox but
under fixed EOT. Erase voltage is -18V and
-20V.

Simulated DVT (a) at program time =1ms and (b)at
disturb time=10years for different Tox but under fixed

7

8

10
11

12

13

14

15

16

21



Fig.3.3

Fig.3.4

Fig.3.5
Fig.3.6

Fig.3.7
Fig.4.1
Fig 4.2
Fig.4.3

Fig.4.4

Fig.4.5

Fig.4.6
Fig 4-7

Fig 4-8
Fig.4.9

EOT. Program voltage=17V and disturb voltage=5.7V.
Simulated AV at erase time =2ms under erase
voltage=-20V for various ¢B. ONO stack now is
6.2nm/6nm/4.8nm to satisfy the program and disturb
criteria. Several metal materials are also labeled
(a) Program and (b) erase characteristics for a TANOS
cell.

Symbols are reported by [5] and lines are our
simulation results.

Ehanced program window of TANOS .

(@) Read retention of a TANOS cell. Solid symbols are
quoted from [5] and open symbols are simulated
results based on our previous
work][7].(b)discrepancy of read disturb lifetime

Optimal bottom oxide thickness range extraction for a

TANOS cell with EOT=11.7nm. Program V,= 17V.

Erase V= -18V. Read V;=4.25V.

structure of cylindrical cell

band diagram comparison of planar and GAA cell for

both (a) program (b) erase operations

program window comparison between planar SONOS,

and GAA SONOS

The EBT probability comparison under the same hole

tunneling probability between planar and cylindrical

SONOS during the erase operation

The EBT probability under the same bottom electric field

comparison of planar SONOS, TANQOS, and
cylindrical SONOS

Erase window comparison between planar SONOS,
TANOS, and cylindrical SONOS

Erase (a) and Program (b) behavior comparison between
Planar SONOS, TANOS and cylindrical SONOS cell
Enhanced program window of cylindrical cell

Erase windows after 1ms for different radiuses

Vi

22

23

24
25

26

31

32

33

34

35

36

37

38
39



Contents

Chinese Abstract [
English Abstract i
Acknowledgements iii

Contents \Y
Figure Captions v
Chapter 1
Introduction 1
Chapter 2
2.1 Erase Mechanism and Model for SONOS 3
cell
2.2 Introduction 3
2.3 Erase Mechanism 3
2.4 Erase Saturation from Back Gate Tunneling 4
Comparison of p* poly gate and n* poly gate 5
SONOS
Chapter 3
3.1 Overall Performance Consideration 17
3.2 Introduction 17
3.3 Process Margin for SONOS 17
3.4 Process Margin for TANOS 18
Conclusion for Overall Performance for Planar 19
Cell
Chapter 4
4.1 Cylindrical Cell 27
4.2 Introduction 27
4.3 Transient Behavior Model for Cylindrical Cell 27
Enhanced Window of Cylindrical Cell 30
Chapter 5
Conclusions 40

References 42



Chapter |

Introduction

Unlike a floating gate device, the structures of a SONOS-based device are still
controversial. Various materials are tried to replace the poly-gate, the top oxide, and
the nitride layer to improve the performances including program, erase, and read
disturb [1-5]. Even for a TANOS device, which is the most mature structure among
them, its optimal thickness of the three stacks is not concluded yet [1-2]. An accurate
model is thus essential to predict operation performances of a SONOS based structure.
In our previous studies, a transient model is developed and both program and read
disturb behaviors have been well emulated [8-9]. In this thesis, erase model with the
cogitation on electrons back tunneling (EBT) is developed. This unwanted gate
injection process restricts the erase capability in a SONOS cell [1], [5]. Although
much works have been demonstrated. to improve erase performance by replacing
n*-poly with p*-poly as gate [5-7] or using a TANOS structure [1-2], a consistent
erase model for them had not been accomplished. In this paper, with the help of
developed model, process margins for either a SONOS cell'or a TANOS cell can be
examined according to its program  speed, read disturb, and erase performance
inclusively. Otherwise, it has proved that there are many benefits for SONOS with
gate-all-around geometry.[10-11]. With the superiority of its structure, it needs lower
operation bias for both erase and program operation. In the thesis, operation model
and optimization is taken into discuss.

There are five chapters in this thesis. Chapter 1 is Introduction and we would give a
brief outline of the dissertation. Chapter 2 erase model and mechanism is constructed
and emulated. The experiments and simulations are well cogitated and coincident to

confirm the accuracy of the model. Chapter 3 is based on the accomplished model



above and constructs the overall consideration for process margin for SONOS or
TANOS. Otherwise, the suitable material of gate to fulfill the requirement takes into
account. With the established model above, the transient erase model for gate-all
around geometry SONOS cell is analyzed in Chapter 4. Eventually, the summary and

conclusion will be taken in Chapter 5.



Chapter 2
Erase Mechanism and Model for SONOS cell

2.1 Introduction

To predict the over all operation performance for SONOS base structure, the
accurate model is essential. The program transient and read disturb model has been
established and well emulated [8-9]. However, the erase model has not been
accomplished. The unwanted gate injection process, which restricts the erase
capability in a SONOS cell, has been notorious [3-4]. In this chapter, this electron
back tunneling (EBT) current, which result to erase saturation, is analyzed for its
mechanism and taken into the complimentary erase model.

From the developed erase model above, verification between the experiment data
and simulation is needed to confirm..To improve the erase performance, much works
have been demonstrated to improve erase performance by replacing n'-poly with
p -poly as gate [5-7]. The erase window, however, does not increase as much as
predicted with p'-poly gate instead of n'-poly gate. The transient model, which

emulates well for both types of SONOS is applied to get the optimum process margin.

2.2 Erase Mechanism

Fig.2.1 illustrates the schematic energy band diagram and current flows under
erase operation. A competition between gate electrons (Jggr) and substrate holes (Jp,)
can be identified as a key factor to an erase characteristic. Other possible factors such
as capture/emission currents contributed from nitride traps and currents tunneled out
from a nitride layer are also indicated. The trapped charges exhibit the probability to

emit via FP emission process and subsequently tunnel out through the top oxide .



However, in Fig.2.2, it is found that temperature dependence of an erase transient is
irrelevant. Possible explanations are as follows; first, the hole barrier between nitride
and SiO, [12] is large enough to retard out-going holes (Ji.ou) from a nitride layer to
the gate. Second, during erase operation, electric field across the bottom oxide
decrease and out-going electrons (Jeou) from nitride thus become less important.
During erase, the injected hole will decrease the storage charge built-up potential,
which reduces the bottom oxide field but results to the increase of top oxide feld
continuously. Therefore, the tunneling current through bottom/top oxide will
decrease/increase respectively due to the field dynamic status. Vp shift (A Vr)
decrease and eventually saturates when Jggt balances with Jy,.

All of the tunneling currents are selected by the top/bottom oxide electric field. The
three tunneling mechanisms are FN tunneling, direct tunneling and Modified FN
tunneling. If the tunneling barrier determined by the oxide fields is larger than the
physical barrier (®y,) determined by block layer-(oxide) conduction/valance band
difference with gate (silicon), the current is from FN. tunneling. With the decreasing
bottom oxide electric field, the tunneling barrier is less than @, but larger than band
difference between block oxide and nitride (®,,), the current is from direct tunneling.
Eventually, when the tunneling barrier reduces to be smaller than @, and ®,,, the
current comes from the modified FN tunneling. The formulas for all the tunneling

current included above are summarized in Table.1.

The simulation flowchart and critical parameters are given in Fig.2.3.

2-3 Erase Saturation from Back Gate Tunneling

Using a p'-poly gate to reduce a gate injection current is a popular way [5-7].
Comparing with an n'-poly gate, no inverted electrons can be supplied but only
valence electrons, which are 1eV lower than that of an inverted one. Unfortunately,

early erase saturation is still observed in literatures [5-7] and in our experiments.
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According to the literature [13], Shockley-Read-Hall (Jsgy) tunneling, band- to-trap-to
-band (Jgr) tunneling and the band-to-band (Jgg) tunneling process are all the
possible mechanism for the back gate tunneling current. Back gate current from Jsry ,
which is shown in Fig.2.4 (a), come from the recombination /generation via top gate
traps (Jaep) and interface traps (Jpi) existing between gate and block layer. The gate
current density from SRH mechanism verse gate bias is given in Fig.2.4 (b). On the
other hand, back gate current from Jgrp, which is shown in Fig.2.5 (a), come from
electrons tunneling from valance band to the most active bulk traps in the depletion
region, which locates near the middle of bandgap, jump up to conduction band, and
then tunnel to bulk (J,) and electrons near the poly gate/block oxide interface will
tunnel from valance band to interface states directly, instead of tunneling to bulk traps
(Jb). The gate current density from BTB mechanism verse gate bias is also given in
Fig.2.5 (b). Moreover, back gate current from Jgg, which is shown in Fig.2.6 (a),
comes from electrons gate valance band  tunneling through gate energy gap to
conduction band when electron tunnelingbarrier is larger than gate energy gap. The
gate current density from BB mechanism verse gate bias 1s also given in Fig.2.6 (b).
From the analysis and comparison of three mechanisms, Jgg could possibly the

dominant current of EBT since its magnitude is larger several order than others.

2-4 Comparison of p* poly gate and n* poly gate SONOS

To confirm the erase model established above, erase characteristics of a SONOS
cell with an n"-poly gate and a 1.5nm bottom oxide are then emulated in Fig.2.7 and
acceptable results are obtained. In Fig.2.8, a good agreement is also found between
simulation and measurement of a p'-poly gate SONOS.

With the proposed model, Vr shifts before erase saturation occurs are compared

for different ¢pg under three applied gate biases for both p’-poly and n'-poly gate



SONOS with a same ONO stack (8nm/6nm/3nm). Form the Fig.2.9.,if the ¢p increase
as much as leV, which is nearly the bandgap of silicon, the erase window should
enhance to 5V. However, the erase window enhances for the p -poly comparing to the
n'-poly one is not much as expect. It is clear that the effect of using a p'-poly gate
does not increase the tunneling barrier of back tunneling electrons by 1eV but only

about 0.4eV. That is why the reduction of erase saturation is always limited by using a

p -poly gate.



Fig.2.1 Schematic energy band diagram and current flows
during erase operation for a SONOS cell.
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—o—T=125"C

Fig.2.2 Erase transient at different operation
temperatures (T=25°C, 75°C, and 125°C,
respectively) for a SONOS cell with ONO

stack is 8nm/6nm/3nm.



3 2m
Jen = A'Eéx eXp| - 5 where A= qz s =ﬂ_ = flz
ox 167 7D, 3 gh
B E t 3/2
Jor = A-EX, -eXp(——] where B’ = B-[l—(—ox _ox J]
EOX q)]_
Jyen = m, ¢ 2 1

: E
Moy 16z [(OICI)l)l/2 —(a®, — qEqx oy )2 + 74/my 1 Moy (4D, —q®, — GE o Doy )1/2]2
'eXp|:_ 4,/2mgy _(qd>1)3/z —(q®, - 9E o dox )3/2]+ y4/2m, (q®, - q®, — qE oy )3/z:|

307E o«
wherey=‘€—N
Eox o E
-
74 4 ,/2m
Jios = Q Ve +6Xp| = —— "= |- Pryyy Where Pry =exp(—§th°XcD§’2]
OX

where @, is the conduction band offset butween Si/SiO
@, is the conduction band offset butween SiN/SiO

Table.1

Tunneling mechanisms formulas and parameters used for simulation
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Jg from SRH recombination

(a) (b)

Fig.2.4 (a)Schematic energy band
diagram and Shockley-Read-Hall (J¢x,,)
tunneling current flows during erase
(b) Back gate tunneling current density
from Shockley-Read-Hall density
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Fig.2.5 (a)Schematic energy band
diagram and band-to- trap- to band
tunneling current (Jg1g) flows from path
a and path b during erase
(b) Back gate tunneling current density
from band-to- trap- to band
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Fig.2.6 (a)Schematic.energy band
diagram and band-to- band tunneling
current (Jgg,) flows during erase
(b) Back gate tunneling current density
from band-to- band
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| | |
SONOS with n"-poly gate

\/ .

 \Vg=-8V
A \g=-9V
® \g=-10V
4L v VeE-uv
| line:simulation

Fig.2.7 Measured (symbol) and simulated (line)
erase transient at various V,in a SONOS cell with
n+ poly gate. ONO stack is 6nm/6nm/1.5nm.
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SONOS with
p'-poly gate

Bl Vg=-16V \a
® Vg=-18V
A \Vg=:-20V
line:simulation

10°10°10*107°10°
Erase time(sec.)

Fig.2.8 Measured (symbol) and simulated (line)
erase transient at various V in a SONOS cell with
p+ poly gate. ONO stack is 8nm/6nm/3nm
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Fig.2.9 Compare the erase capability under various
gate biases and ¢g. ¢z is the band offset between gate
material and blocking oxide.
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Chapter 3

Overall Performance Consideration

3.1 Introduction

By incorporating our previous studies [8-9], performances including program,
erase, and read disturb can now be reviewed for a SONOS based structure. The
criterion of Vth shift window comes from program time 1ms; erase time 2ms and read
disturb 10 years. It could be found that it is hard to fulfill the overall performance
consideration for SONOS based cell unless with other material as blocking layer.

Otherwise, in this chapter, the performance for the TANOS based structure is
also taken into analyzed. The model for TANOS would be confirmed first with
experimental data and simulation and then the model is applied to get overall
performance consideration as for- SONOS based structure. With the method used
above, the optimum bottom oxide thickness margin with:the fixed EOT is achieved

with the same criterion of performance, erase and read disturb time.

3.2 Process Margin of SONQOS

With the assistance of our previous studies [8-9], performances including program,
erase, and read disturb can now be clarify for a SONOS based structure. In
cooperating with the model constructed above, the Vy, shift window could be gotten
from its transient behavior with program time Ims, read disturb 10 years and erase
time 2ms. In Fig. 3.1, the Ty thickness, which meets both program speed and read
disturb criteria, is ranged from 4.7nm to 5.1nm. However, it is shown in Fig.3.2 that
erasing a cell to achieve AV1=4V within 2ms, T, of 2.3nm or thinner is a must even

with a p -poly gate. Therefore, the other way to enhance erase window with the

17



satisfied bottom oxide thickness is to increase the tunneling barrier of back tunneling
electrons. In Fig. 3.3, erase capability versus the back tunneling band offset @y is
simulated under fixed EOT and T,=4.8nm which is within the program and read
criteria margin. It is clear that to fulfill the erase requirement, ®p should be as high as
4.25¢eV.

To our best knowledge, suitable metal material is not found in semiconductor
related publications. Therefore, it is hard to fulfill the overall performance

simultaneously on the SONOS base structure.

3-3 Process Margin of TANOS

Using a high k material as a top-blocking layer could assist to relieve the demand
for a high work-function metal gate. From kinds of cells, a TANOS (TaN+Al,O3) cell
is the most successfully case. In Fig.3.4, the data of reference [2] is quoted and our
simulations fit both on its program and-erase behaviors well. In simulation, a smaller
electron tunneling probability at the top layer, which is due to a high « dielectric
always suffer a lower electric field on-blocking layer, is probably the reason that the
erase ability is enhanced and the enhanced program window. In Fig3.5 we could find
that the program window with one step program-bias-increment is about 0.8, which is
larger than its of SONOS cell: The improved program window could be verified from
less tunneling-out current portion of tunneling-in current. Moreover, in Fig. 3.6(a), the
read retention time is also emulated and compared with reference [2]. Discrepancy
between the experimental data and simulation is observed when the read bias is lower
than 5V. In Fig. 3.6(b), the simulated time evolution at V,.,q=5V is plotted. This AV
transient shows two distinct slopes, which means the tunneling mechanism of read

disturb varies from direct tunneling (a trapezoid oxide barrier only) to modified FN

18



tunneling (a trapezoid oxide barrier with a triangular nitride barrier) with time. As
shown in Fig. 3.6(b), the existence of such phenomenon may lead to a large error
when an extrapolated method is used to get read disturb AV shift from experimental
data in which probably only direct tunneling behavior occurs. Therefore, cares should
be taken during extrapolation method used from experimental data.

With the same method used above, the overall performance consideration for the
process margin for TANOS could also be established. Fig. 3.7 shows the bottom oxide
thickness effect on program, erase, and read disturb for a TANOS cell under EOT=
11.7nm. The EOT is determined by our well emulated referenced [5] in which
AlLO3/S13N4/S10, is 10/6/3.5 nm. With the assist of the overall performance
consideration for program, erase and read disturb simultaneously, 5.75/6.0/5.6nm is
suggested for an Al,O3/Si3N4/SiO; stack. Unfortunately, an Al,Os film of 5.75nm may

raise another issue such as anomalous leakage [13].

3-4 Conclusion for Overall Performance of Planar Cell

An erase model is developed and verified. For a p+-poly gate, the gate injection
procedure includes band-to-band tunneling in a poly Si followed by electrons
tunneling through a top-blocking layer and the effective barrier increment is merely
0.4eV. Hence, it is hard to find an optimal thickness combinations of ONO stack to
satisfy program, read disturb, and erase performances-at a same time. Using a TANOS
cell can help to relieve the demand for a high work-function metal. A 5.75/6.0/5.6nm
is suggested for an Al203/Si3N4/SiO2 stack under EOT=11.7nm. However, a very
high quality Al1203 is required at this case. By the way, cares should be taken when a

read disturb is extrapolated at a TANOS cell.
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Fig.3.1 simulated AV~
(a) at program time=1ms and
(b) at disturb time=10 years for different Tox but
under the same EOT. Here, Program voltage=17V

and Read disturb voltage=5.7V
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Fig.3.2 simulated erase window AVt under the same

EOT for Erase voltage -18V and -20V.
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Fig.3.3 Simulated AV at erase time £2ms under erase voltage=-
20V for various ¢y.
ONO stack now is 6.2nm/6nm/4.8nm to satisfy the program and
disturb criteria. Several metal materials are also labeled.
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Fig.3.4 (a) Program and
(b) erase characteristics for a TANOS cell.
Symbols are reported by [5] and lines are our simulation
results.
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Chapter 4
Cylindrical Cell

4.1 Introduction

The scaling limitation with the overall performance fulfill of the conventional
planar cell is coming to face no matter what base of planar is used. The multi-gate
devices feature a narrow channel body; therefore, the impact of discrete trapped
charge on the channel conduction is large [14]. Therefore the combining nitride trap
layer with tri-gate Fin-FETs, SONOS devices demonstrated good memory
performance [15]. In the race of multigate devices, the cylindrical nanowire SONOS
is being considered as a potential candidate to advance, due to its better memory
window and reliability. Owing to its cylindrical geometry and the inverse logarithmic
dependence of the insulator capacitance on the oxide thickness, the gate length in
these devices can be scaled with channel diameter without reducing the gate dielectric
thickness. Therefore, cylindrical NW. devices represent the most perspective
architecture for SONOS-type NVVM applications, where the tunneling layer can hardly
be scaled due to the severe retention properties (10 years) that are to be met. Recently,
Suk et al. [16] presented a cylindrical lateral<twin-Si-NW SONOS memory with
excellent performance. In this chapter, the erase transient behavior of cylindrical is

also established and compared with planar cell.

4.2 Transient Behavior Model for Cylindrical Cell

Fig. 4.1 shows a structure of 3D cylindrical SONOS cell. We assume the radius
(R) of the central silicon nanowire is 15nm and the thicknesses of the O/N/O stack (d)
are 8nm (top oxide), 6nm (nitride) and 3nm (bottom oxide) (8/6/3nm), respectively.

Unlike a planar cell structure, the amplitudes of electric field for a cylindrical
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cell across the bottom and top oxide layers are different. From Gauss’ law, it is known
that with the fixed magnitude of electric flux, the larger the area of surface flux passes
through, the smaller the electric field across the surface is. Therefore, under the same
electric field across tunneling layer for both planar cell and cylindrical cell, the
electric field across the blocking layer for the cylindrical cell, whose blocking surface
area is larger than the tunneling one, is much smaller. The band diagram comparison
between the planar cell and cylindrical cell both for program and erase operation is
showing in (Fig 4.2). We could found the cylindrical cell has predominance both on
the program and erase operations. For program operation, the charge loss though top
layer is smaller. Otherwise, assuming the program bias is 20V, Cylindrica cell needs
only 13.5 V for the same tunneling layer electric field as the planar cell’s. Fig 4.3
demonstrates the program characteristics for different cells.

For erase operation, the EBT from the gate is smaller which leads to large erase
window. Fig 4.4 is the EBT probability comparison for the planar and cylindrical cell.
From the above chapters, we could realize that the EBT current is a key factor to
constrain the erase window.,With the smaller electric field of blocking layer, the EBT
current for the Cylindrical.cell is markedly reducer without degrading erase current.
From Fig 4.5, the EBT probabilities of planar SONQOS, planar TANOS and cylindrical
cell under the different bottom electric field are all taken into comparison. The
comparison could also response the benefit of TANOS from SONOS cell which we
discuss before. It is clear that, from the geometric benefit from cylindrical cell, the
EBT current could be markedly reduced than without involving new material. In
conclusion, the erase window eventually could be dramatically improved for
cylindrical cell.

At a given gate bias, the electric field at any distance (r) from origin point O can

be stated as (Fig.4.6)
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E(r) =

Ve
(R+d)
r-In
R
During erase process, the relation between the electric field across

blocking-layer/nitride (AE,) and nitride/tunneling-layer (AE,) difference and the

expunged stored charges (AQ,, ) can be devised as

In R+d-x,
_AQ, (R+d-—x R

t = g [ R+d j.ln(R+dXC)+ln(R+chj
R

AE

R+d

And

R+d-x,
In| ——=
R+d
R R+d-x, R+d-x,
In| ———= |+in|—=——=¢
R R+d

where X isthe stored charges.centroid position in a nitride layer.

Besides, the erase window

m(R+d—&j
AVT:Q—N-(R+d+xC)-In(R+dj- R+d
I

&, n(R+d—xcj+ln(R+d—xcj
R+d R

where Q,, is the total erased charges.
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4-3 Enhanced window of cylindrical cell

Fig. 4.7 illustrates the program and erase characteristics of various structures.
The data of a TANOS cell from [5] and a SONOS from the experiment are all
demonstrated for contrast. As expected, in a 3D cylindrical structure, a lower gate bias
is required to acquire the compatible erase speed in a planar SONOS and TANOS
cells. Moreover, no erase saturation phenomenon is observed in a 3D gate-around
structure due to its negligible EBT probability. Moreover, with the assistance of
simulation, we could predict that the program window of cylindrical cell could be
more improved than TANOS to 0.85V (Fig4.8). The window AV+ at 1ms under the
same gate bias versus width (2R) is exhibited in Fig..4.9. With the benefit of radius
effect, we could enhance the window without any process changed.

In summary, by .the numerical simulation, the 3D cylindrical structure
demonstrates better erase efficiency without erase saturation even under a lower gate
bias condition. Beside, enlarging erase window can be easily achieved in a 3D

gate-around structure with scaling down radius.
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Chapter 5

Conclusion

A program and erase model are developed and verified by measurement or
reference data. For a p*-poly gate, the gate injection procedure includes band-to-band
tunneling in a poly Si followed by electrons tunneling through a top-blocking layer
and the effective barrier increment is merely 0.4eV. Hence, it is hard to find an
optimal thickness combinations of ONO stack to satisfy program, read disturb, and
erase performances at a same time. Using a TANOS cell can help to relieve the
demand for a high work-function metal. A 5.75/6.0/5.6nm is suggested for an
Al>O3/SizN4/SiO; stack under EOT=11.7nm. However, a very high quality Al,O3 is
required at this case. By the ‘way, cares should be taken when a read disturb is
extrapolated at a TANOS cell.

Otherwise, since there is some limit to fulfill all the operation considerations for
planar cell except new material replaced, 3D structure cell is developed as a potential
candidate. In a 3D gate-all-around:structure, the EBT probability can be significantly
reduced due to a lower electric field across top oxide. By the numerical simulation,
the 3D gate-all-around structure demonstrates better erase efficiency without erase
saturation even under a lower gate bias condition. Beside, is possesses more effective

program which comes from less electron loss from the blocking layer. Eventually,
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enlarging erase window can be easily achieved in a 3D gate-around structure with

scaling down radius.
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