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Abstract - A novel vertical channel nonvolatile memory 
cell with oxide–nitride–oxide–nitride–oxide (ONONO, dual 
nitride trapping layers) dielectrics stack is proposed and 
experimentally demonstrated for the first time.  Compared 
with the conventional planar NROM cell, since the cell 
area of the proposed vertical structure is independent of 
the gate length, the VDNROM structure can relax the 
limitation of the gate length scaling, and can have high 
capability of cell area shrinking.  The fabrication process 
of this VDNROM device is basically compatible with 
planar CMOS technology.  The VDNROM cell can be 
programmed and erased by the hot carrier injection to the 
localized trapping dual-nitride-layers, so it can achieve a 
four physical bits storage capability each cell.   The 
reliability behaviors including the cycling endurance and 
the bake retention at 150oC have also been investigated 
and show the acceptable characteristics. The experiment 
results verify the VDNROM cell as a good candidate for 
high-density applications.   

I. INTRODUCTION

Recently, SONOS flash memory has been paid 
more attention and considered as a promising 
technology bridging the gap between the floating-gate 
flash and the next generation memories because of its 
intrinsic better endurance, good scalability, simpler 
fabrication process and its perfect compatibility with 
conventional CMOS technology for embedded 
applications [1-3].  However, conventional SONOS cell 
is only one-bit-per-cell storage, and the data retention is 
still a big problem due to the direct tunneling of stored 
charge through the ultra thin tunneling oxide. 

The NROM concept [4-5] was proposed to solve 
the drawbacks of SONOS by using channel hot 
electrons injection (CHEI) for programming and band-
to-band tunneling induced hot holes injection 
(BBTIHH) for erasing.  This device can allow thicker 
tunneling oxide, while still maintaining high efficient 
Program /Erase (P/E) operations.  Moreover, the P/E 

mechanisms lead to localized charge storage in the 
trapping nitride layer, so the NROM can store two 
distinct bits per cell.  However, the further scaling of the 
cell area of the conventional planar NROM device for 
higher density is limited by the gate length scaling for 
two reasons.  Firstly, the drain voltage can not be scaled 
below 3.2V for CHEI, and therefore the punch-through 
effect would become worse as the gate length scaling 
[6].  Secondly, since two bits are stored in physically 
distinct areas in the nitride layer, the lateral distributions 
of the charges have to be well separated to avoid any 
interference between the two bits [7].  

In this work, as shown in Fig. 1, we proposed and 
demonstrated experimentally a novel vertical channel 
dual-nitride-trapping-layers ROM (VDNROM) structure 
nonvolatile memory device achieving four-bits-per-cell 
function for the first time.  Compared with the 
conventional planar NROM cell, since the cell area of 
this vertical channel structure is independent of the gate 
length, the VDNROM structure can relax the limitation 
of the gate length scaling, and can have high capability 
to shrink the cell area.  Moreover, the fabrication of this 
VDNROM device is basically compatible with planar 

Fig. 1  Schematic cross sectional view of the proposed 4 bits/cell 
VDNROM flash memory. 

1-4244-0301-4/06/$20.00 ©2006 IEEE. 226
Authorized licensed use limited to: IEEE - Staff. Downloaded on August 05,2025 at 18:36:16 UTC from IEEE Xplore.  Restrictions apply. 

Bit I Bit 2 Drain 

Si02 Si3N4 

, Cell 2 

~: Gate 

Source 

substrate 

Sandisk Technologies, Inc. - Ex. 1046, Page 000005



CMOS technology. The experimental results 
demonstrate continued better scalability of the 
VDNROM cell for high-density applications. 

II. DEVICE STRUCTURE AND FABRICATION

The schematic cross-sectional view of the proposed 
VDNROM flash memory cell with the oxide-nitride-
oxide-nitride-oxide (ONONO) gate dielectric stack is 
illustrated in Fig. 1.  The charges can be stored in the 

dual nitride trapping layers above the channel next to 
the n+/p junctions, so this VDNROM cell can achieve a 
four physical bits storage capability as shown in Fig.1. 
The tunneling oxide and the block oxide are thicker than 
5 nm to avoid any direct tunneling of the charges, and 
the gate dielectric stack of the ONONO five layers (the 
tunneling oxide, the first trapping nitride layer, the inter-
nitride oxide, the second trapping nitride layer, the block 
oxide) are 7/4/5/5/13 nm respectively.  

Referring to Fig. 1, the process flow to realize such a 
4bits/cell VDNROM device was shown in Fig. 2(a)-(b).  
After isolation, the channel boron doping and the drain 
arsenic doping were implemented.  Two layers of oxide 
and nitride was deposited, patterned and etched to form 
the dual-layers hard masks as shown in Fig. 2(a).  The 
silicon substrate was then etched by ICP (Inductive 
Coupled Plasma) to form the steep device mesa.  Next, 
the device mesa was etched isotropically by RIE 
(Reactive Ion Etch) to form the recessed self-aligned 
poly gate structure shown in Fig. 2(b).  To remove the 
surface damage on the sidewalls of the device mesa, thin 
sacrificial oxide was grown, which was followed by 
source arsenic implantation (4×1015cm-2, 100KeV), as 
shown in Fig. 2(c).  After sacrificial oxide removed, 7.0-
nm gate oxide was grown at 850ºC by dry thermal 
oxidation.  Next, a dielectric stack of trapping-nitride 
/inter-oxide/trapping-nitride/block-oxide (NONO) with 
4/5/5/13 nm respectively was deposited.  Then, a 
polysilicon film was deposited, implanted and etched to 
form the self-aligned gate spacer.  After the nitride hard 
mask removed, rapid thermal annealing was 
implemented to activate the dopants in the S/D region 
and poly gate, as shown in Fig. 2(d).  Finally, the device 
was covered by low temperature deposited oxide (LTO), 
and followed by the rest of the process such as contact 
opening, metal defining and annealing.  Fig. 3 (a) shows 
the SEM (scanning electron microscope) micrograph of 
the cross section of the fabricated VDNROM cell, and 
the SEM image of the ONONO gate dielectric stack is 
shown in Fig. 3 (b).  

III. OPERATION  MECHANISM AND EXPERIMENT RESULTS

The VDNROM cell is programmed and erased by
channel hot carriers injection.  The four states (“00”, 
“01”, “10”, “11”) corresponding to bit-1 and bit-2 are 
shown in Fig. 4 (a)-(d), and the programming and 
erasing operations of the four states are shown in Table 
I. For example, applying 7.0 V on the drain electrode,
12.0 V on WL (the gate electrode) and grounding the
source electrode for programming the state “00” in Fig.
4(a).  The accelerated channel electrons are injected into
the both two nitride layers of the ONONO gate
dielectric stack near the drain junction, a self-aligned
storage with the junction edge.  As shown in Fig. 4(b)
and Table I, the state of “01” is programmed by the hot
electrons injection to the first trapping nitride layer with
lower drain voltage 5.0 V (compared with the
programming of the state of “00”), 6.0 V on WL (the

Fig. 2. The process flow of the proposed 4bits/cell VDNROM 
flash memory. 

(a)

(b)

Fig. 3. The SEM images of the proposed 4bits/cell VDNROM 
flash memory cell (a) and the ONONO gate dielectric stack (b). 
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gate electrode) and grounding the source electrode.  The 
state of “10” shown in Fig. 4(c) is realized by two steps. 
As shown in Table I, the first step is the hot electrons 
injection to the dual trapping nitride layers with 
Vg=12.0 V, Vd=7.0V and Vs=0V, and the second is the 
hot holes injection to the first nitride layer applying 
Vd=-8.0 V, Vg=5.0 V and Vs=0V.  Holes are generated 
by band-to-band tunneling in the deep depletion layer 
under the gate dielectric stack above the n+/p junction 
[4, 8].  Holes increase their energy due to the lateral 
field in depletion region of the channel and they are 
injected through the bottom oxide into the nitride 
trapping layer, where they recombine with the stored 
electrons or are trapped.  As shown in Fig. 4(d), the state 
of “11” is the initial state and it can also been realized 
by erasing from other states shown in Table I.   

Fig. 5 shows transfer characteristics of the 
VDNROM flash memory cell with 0.3µm channel 
length in the four states.  The threshold voltage of 
State “11” is 2.3V (the same Vth as the initial).  State 
“00” has a threshold shift of ∆Vth=3.2V from State 
“11”.  The ∆Vth of 2.0V in State “01” is observed. 
The threshold voltage of State “10” is 3.3V, and the 

∆Vth is 1.0V.  The transfer characteristics of each 
state exhibits excellent subthreshold performance as 
shown in Fig. 5.  The programming and erasing 
characteristics of the VDNROM flash memory are 
shown in Fig. 6.

The device is read in the “reverse” direction 
compared to programming, by applying the read biases 
to source electrode (1.5V) and grounding the drain 
electrode.  This reverse read mode can enhance the 
threshold voltage sensitivity to the localized trapping 
charges [4].  As shown in Fig. 5, during the first read 
operation, the “00”and “01” states can be distinguished 
from the “10” and “11” states at 3.8V (gate voltage). 
After that, State “11” from State “10” and State “01” 
from State “00” at 2.8V and 4.8V (gate voltage), 
respectively, is performed for the second read operation. 

Similarly, the bit-3 and bit-4 can be programmed, 
erased and read by interchanging the role of the 
drain/source electrodes.  

Fig. 4. The four states corresponding to bit-1 and bit-2 of the 
proposed VDNROM flash memory. 
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TABLE I. 
VDNROM Flash Memory Program/Erase Operating Conditions 
(Four states corresponding to bit-1 and bit-2) 
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Fig. 7 shows the endurance characteristics of the 
four states (corresponding to bit-1 and bit-2).  The 2-bit 
cycling loop consists of the sequence of bit-2 program 
(State “11” to State “01”) bit-1 program (“01” to “00”) 

bit-2 erase (“00” to “10”) bit-1 erase  (“10” to “11”) 
that can be considered as the worst case, because the 
tunneling oxide has been tunneled by twice hot electrons 
and twice hot holes in one cycle (the inter-nitride oxide 
by once electrons and once holes).  After 103 P/E cycles, 
the worst Vth window of 0.8V is maintained in spite of 
the Vth increase at the erased cell.  These electrical 
results indicate that the cycling endurance performance 
of the VDNROM cell is acceptable. 

Fig. 8 shows the bake retention performance of the 
VDNROM measured at 150oC.  0.4V small degradation 
and saturation of Vth are observed after 24 hours baking 
measurement.  With the better quality tunneling oxide, 
the smaller degradation of Vth window can be observed. 

IV. CONCLUSION

For the first time, a novel VDNROM flash memory 
cell with an oxide-nitride-oxide-nitride-oxide (ONONO) 
gate dielectric stack has been proposed, demonstrated 
experimentally, and successfully operated in four-bits-
per-cell mode in the 0.3µm channel length vertical 
device.  In the conventional planar NROM cell, the cell 
area further scaling is limited by the gate length scaling.  
In contrast, since the cell area of the VDNROM structure 
is independent of the gate length, the structure can have 
high capability of the cell area shrinking with the relaxed 
requirement of the gate length scaling.  Moreover, the 
fabrication of the VDNROM is basically compatible 
with planar CMOS technology. The reliability 
performances including the cycling endurance and the 
bake retention at 150oC have also been investigated and 
are acceptable.  This new technology can be used for 
data storage due to the high density, and for embedded 
applications due to the simplicity of the process. 
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Abstract 

A double-layer TFT NAND-type Flash memory is 
demonstrated, ushering into the era of three-dimensional (3D) 
Flash memory. A TFT device using bandgap engineered 
SONOS (BE-SONOS) [1,2] with fully-depleted (FD) poly 
silicon (60 nm) channel and tri-gate P+-poly gate is integrated 
into a NAND array. Small devices (L/W=0.2/0.09 µm) with 
excellent performance and reliability properties are achieved. 
The bottom layer shows no sign of reliability degradation 
compared to the top layer, indicating the potential for further 
multi-layer stacking. The present work illustrates the 
feasibility of 3D Flash memory.  

I. Introduction

Recently, the NAND flash becomes very popular for 
portable electronics, and the demand for memory density 
multiplies every year. Although NAND Flash is aggressively 
scaled [3,4], it becomes more and more difficult to follow 
Moore’s law to continue the scaling due to both process and 
device limitations. Three-dimensional (3D) multi-layer-stack 
memory is another path to ultra-high density memory.  

We demonstrated a low-thermal budget TFT NAND 
device recently [2]. The TFT memory employs BE-SONOS 
[1] device, which provides both efficient hole tunneling
erase and good data retention [1]. Moreover, BE-SONOS
uses only matured frond-end materials (oxide, nitride and
poly gate). This greatly enables the multi-layer stack
capability without metal contamination issues. In this work,
we further fabricate a double-layer TFT NAND Flash. The
performance and reliability of bottom and top layers are
examined to provide guidelines for further multi-layer
stacking. The effects of device dimension, reliability, and
NAND array operation are addressed.

II. Fabrication

The typical device parameters and fabrication flow are 
shown in Table 1 and Table 2. Figures 1-4 show the cross-
sectional views of the double layer TFT NAND devices. The 
TFT device has a 60 nm thick poly silicon channel over the 
buried oxide. The poly silicon is an amorphous silicon (a-Si) 
layer deposited by low-pressure chemical vapor deposition 

(LPCVD) process, followed by a low-temperature thermal 
annealing (600 0C) for crystallization. A multi-layer 
O1/N1/O2 tunneling dielectric is used to achieve easy hole 
tunneling during erase, while eliminating the direct tunneling 
leakage during retention [1]. Next, SiN trapping layer (N2) 
and top blocking oxide (O3) are grown. A heavily doped P+-
poly gate is adopted to suppress the gate injection during –FN 
erase. The multi-layer ONONO are shown in Fig. 1. The 
device has a tri-gate structure as shown in Fig. 2.  

The top oxide process has the largest thermal budget. 
Two top oxide (O3) formation processes are compared:  an 
LPCVD oxide (HTO) with rapid thermal annealing, and an 
in-situ steam generation (ISSG) oxidation to convert a portion 
of the trapping nitride (N2) into oxide. 

After gate patterning, shallow junction is formed by 
low-energy As+ implantation. Planarization is then carried out 
by HDP oxide deposition and CMP. After forming the 
bottom-layer TFT devices, the processes are duplicated to 
form the top-layer TFT devices. Contact etching for the two 
layers are performed independently to avoid over etching. 
The final double-layer TFT NAND Flash memory is shown 
in Figs. 3-4.  

III. Device Characterization

(a) Short-Channel Effect:
 The I-V and VT for the memory cells with various 
channel lengths are shown in Figs. 5, 6, respectively. Similar 
to bulk devices, the transconductance (gm) increases with 
shorter channel lengths. Figure 6 shows that the –FN erased 
state (-17 V, 50 msec) follows the same Vt-roll-off 
characteristics with the initial state, but with 3 V lower Vt. 
ISSG and HTO top oxide devices show similar Vt roll-off 
trends.  
(b) Narrow-Width Effect:

The I-V characteristics for memory cells with various
channel widths are shown in Fig. 7. Generally a narrower 
device shows a better subthreshold slope (S.S.). Figure 8 
shows that for a narrow device the transconductance per 
width (gm/W) increases, while Vt decreases. Thus a narrower 
device has a better DC performance due to better gate control 
capability of the tri-gate structure.  
(c) Program/Erase Characteristics:
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The device is programmed by +FN electron injection 
(Fig. 9), and erased by –FN hole tunneling (Fig. 10). P+-poly 
gate is used to suppress the gate electron injection during –
FN erase. Accordingly, the device can be erased into 
depletion mode. Both +FN program and –FN erase saturate 
for each bias voltage. Samples with ISSG and HTO top oxide 
show similar P/E speed.  
(d) P/E Cycling Endurance:

The P/E cycling endurance is shown in Fig. 11. Erase
degradation occurs at < 1K dumb-mode cycles. ISSG top 
oxide devices show better endurance than those with HTO 
top oxide. The top oxide process has large impact on the cell 
endurance because top oxide suffers a large electric field 
stress during P/E, while the top oxide has lower quality due to 
the lower thermal process.  

The endurance of TFT device is understandably inferior 
to the bulk BE-SONOS device [1,5], where a high-
temperature (950~1000 0C) process is used to convert nitride 
into top oxide. The reason may be attributed to that the lower 
temperature ISSG and HTO top oxides have lower quality 
that easily trap charges after P/E cycle stressing, resulting in 
lower endurance. 

Adjusted P/E cycling (as commonly practiced) achieves 
better endurance (Fig. 12). The corresponding P/E shot 
numbers are recorded in Fig. 13. After 1K cycling the device 
starts to degrade and more P/E shots are needed to maintain 
the Vt levels. Figure 14 illustrates that ISSG top oxide has a 
better subthreshold slope than HTO top oxide. Typical IV 
characteristics during 10K P/E cycling are shown in Fig. 15. 

IV. Comparison between the Top and Bottom Layers

Figure 16 compares the VT-roll-off of erase saturation state
for the bottom and top layers. The bottom layer has a slightly 
faster VT-roll-off. In addition, the VT distribution of the 
bottom-layer is wider. This is because the bottom layer 
undergoes a higher thermal budget. For better bottom layer 
performance thermal budget should be further reduced. 

The P/E cycle endurance, S.S. degradation, and retention 
are shown in Figs. 17, 18 and 19, respectively, for the short-
channel device (Lg/W=0.2/0.09 um). The bottom layer shows 
no sign of reliability degradation compared to the top layer. 
This indicates that further multi-layer stack is feasible.  

V. NAND Array Functions

The reading method for the NAND array is shown in 
Fig. 20. Since TFT NAND array has higher series resistance 
compared to the bulk device, read current saturates at large 
gate overdrive. The read current is enhanced by increasing 
VPASS. For VPASS=7 V, and VREAD=1 V, the read current for a 
16-string NAND array approaches 1 µA, ample for data Flash
design.

The program-inhibit characteristics of TFT NAND 
array are illustrated in Fig. 21. Cells C and D are under 
medium-field gate disturb, while cell B can be program-
inhibited by raising the channel potential.  

VI. Summary

For the first time, a successful double-layer TFT NAND
Flash memory is demonstrated. The experimental results are 
very encouraging for future 3D Flash memories. 
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Fig. 5 IV characteristics for various channel length 
devices. Inset shows the corresponding 
transconductance (gm). The channel width is 0.09 µm.

Fig. 6  Short-channel VT roll-off characteristics 
for both the initial state and the –FN erased 
state, with ISSG and HTO top oxide.

Fig. 8  Narrow-width characteristics. Both 
normalized transconductance (gm/W) and  VT
are shown. The narrowest device (W=0.09 µm) 
has the best performance.

Fig. 9  Comparison of the +FN program 
characteristics for ISSG and HTO top oxide.

Table 1 Typical process condition of  TFT NAND device.

Fig. 2  Tri-gate structure of the 
TFT device.

Fig. 1  TEM of the O1/N1/O2/N2/O3 
structure for TFT BE-SONOS.
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Fig. 7 IV characteristics for various channel width 
devices. Wider devices show worse subthreshold
behavior. The channel length is 0.2 µ m.
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Fig. 10  Comparison of the -FN erase 
characteristics for ISSG and HTO top oxide.
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to N+ S/D implantation
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implantation

1. Si substrate
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Fig. 14  Subthreshold slope degradation during 
10K P/E cycling tests. Both ISSG and HTO top 
oxide are compared.

Fig. 20 Read current of a 16 WL’s TFT NAND 
array. The devices are in erased state. For 
VPASS=+7 V, read current can approach 1 µA, 
sufficient for NAND Flash design.

Fig. 21  Program disturb of a TFT NAND array. 
Cells C and D are under medium field gate 
disturb, while cell B can be program-inhibited 
by raising the channel potential.
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Fig. 11 Dumb-mode P/E cycling endurance 
(without adjusting the P/E conditions during 
endurance test). Both ISSG and HTO top 
oxide are compared.
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Fig. 12 P/E cycling endurance (with adjusted 
P/E conditions during endurance test). Both 
ISSG and HTO top oxide are compared.

Fig. 16  Short-channel effect comparison of the 
top and bottom layer TFT NAND devices. A 
total of 28 identical devices are measured. The 
devices are in erase saturation state.

Fig. 19  Retention characteristics. Programmed 
and erased state with various cycle endurance 
are compared.
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Fig. 18  Subthreshold slope degradation 
during 10K P/E cycling tests. Both bottom 
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Fig. 17 Adjusted P/E cycling endurance (with 
adjusted P/E conditions during endurance test). 
Both bottom and top layers are compared. 
ISSG top oxide is used.
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Experimental Characterization of the Vertical
Position of the Trapped Charge in Si Nitride-Based

Nonvolatile Memory Cells
Antonio Arreghini, Francesco Driussi, Elisa Vianello, David Esseni, Senior Member, IEEE,

Michiel J. van Duuren, Dusan S. Golubović, Nader Akil, and Rob van Schaijk

Abstract—We present a broad set of experiments on silicon
nitride-based memories aimed at the investigation of the vertical
position of the charge trapped in the nitride layer of silicon-
oxide–nitride–oxide-semiconductor (SONOS) memories during
program and erase in the tunneling regime. The results obtained
for SONOS devices with conventional oxide–nitride–oxide and
oxide–nitride–oxide–nitride–oxide gate stacks, as well as with
high-κ top dielectric, have been validated by comparing different
characterization techniques. It has been shown that, for SONOS
cells, the charge centroid is located in the center of the silicon
nitride layer, and its position is quite insensitive to the program
or erase conditions and to the gate-stack composition.

Index Terms—Carrier separation, charge centroid, silicon
nitride, silicon-oxide–nitride–oxide-semiconductor (SONOS).

I. INTRODUCTION

FURTHER scaling of modern floating-gate (FG) memory
cells is hampered by the charge loss due to the stress-

induced leakage current (SILC) in cycled cells [1]. In particular,
SILC prevents the tunnel-oxide thinning below 8 nm [2] and,
moreover, raises statistical-reliability issues for the nowadays
very large cell arrays [3], [4]. Furthermore, a strong lateral
scaling of nonvolatile-memory (NVM) arrays leads to reliabil-
ity issues related to the parasitic capacitive coupling between
adjacent FG cells [5].

Nitride-based memories, like the silicon-oxide–nitride–
oxide-semiconductor (SONOS) devices, are good candidates
to replace FG cells in the Flash memory chips of the future
generations for high-density and embedded applications, owing
to the SILC immunity achieved with localized-charge trapping,
that guarantee very good endurance characteristics [6], [7].
Moreover, the relatively low program/erase (P/E) voltages and
the excellent compatibility with the standard CMOS process of
SONOS memories make them suitable for embedded applica-
tions [8]. Finally, the absence of erratic tail bits reduces the
statistical-reliability issues in very large memory arrays, and
the limited capacitive coupling between adjacent SONOS cells
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is beneficial for the reliability issues related to the scaling of the
spacing between cells.

However, the data retention of SONOS cells programmed
and erased by direct tunneling is still a critical issue because
of the thin tunnel oxide (≈2.5 nm) needed for the tunneling
of substrate holes under negative gate voltages [9]. Therefore,
in order to optimize the retention characteristics of SONOS
memories, an accurate analysis of the trapping properties of the
silicon nitride layer that is responsible for the charge storage
in the cell is required. In this respect, the knowledge of the
location of the charge trapped in the nitride and the type of
carriers injected during the P/E operations are not yet complete
[10]–[13] despite the importance of these pieces of information
in order to understand the charge-loss rates from the nitride to-
ward the gate and substrate and, therefore, to model accurately
the retention characteristics.

In this framework, this paper presents an extensive analysis
of the vertical position of the charge trapped in the gate
dielectric for a wide set of SONOS devices with different
oxide–nitride–oxide (ONO) stacks, including samples with
nonconventional gate stacks and with a high-κ top dielectric. To
accomplish this, we have extensively applied the experimental
procedure developed in [14] to extract the trapped-charge
centroid, thus fully validating it over several gate stacks for
memory cells. Compared with other methods used to probe
the charge trapped in the gate stack, our technique is based
on the simplest MOSFET electrostatics, and no constraints
are imposed to the P/E conditions during its application.
In particular, whereas the low-frequency charge pumping
(LFCP) [15] can extract the trap profile, but only within a few
nanometers inside the ONO stack, our procedure can reach
the deeper locations inside the gate stack, thus considering the
effect of the whole trapped charge. However, the centroid alone
does not provide the detailed knowledge of the charge profile
inside the nitride, but it determines the effectiveness of a given
distribution of charges in generating a corresponding VT shift.
Therefore, our technique can be seen as complementary to
other methods used to probe the trapped-charge profile (e.g.,
the LFCP), overcoming some of their limitations in terms of
accuracy and applicability.

A broad range of P/E conditions, i.e., different programming/
erasing gate voltages (VG), have been tested for each device,
and the experimental results for the charge-centroid location
have been confirmed by the comparison with those derived
with the LFCP method, thus demonstrating the advantages and

0018-9383/$25.00 © 2008 IEEE
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Fig. 1. (a) Measurement setup for carrier separation and charge-centroid
extraction. QN is the trapped charge, xC is the centroid position, and tTOP,
tN , and tOX are the thicknesses of the top oxide, nitride layer, and tunnel
oxide, respectively. (b) Waveforms for the P/E pulses showing the three-level
shape used to obtain a null contribution to the overall current integral of
the displacement charge in the semiconductor. (c) Measurement setup for the
charge-centroid extraction. By measuring QN at the gate while pulsing with
a reversed waveform with respect to (b) at the source and bulk terminals, no
compensation of possible leakage currents is needed.

limitations of each technique. In a limited number of cases,
pMOS SONOS devices were fabricated, and carrier-separation
experiments were performed to identify the type of carriers
involved in the program/erase operation.

II. EXPERIMENTAL SETUP AND

CHARGE-CENTROID-EXTRACTION PROCEDURE

Fig. 1(a) shows the vertical structure of a conventional
SONOS device. The charge that is responsible for the
threshold-voltage shift (∆VT ) is supposed to be stored in the
silicon nitride layer, which is sandwiched between the tunnel
and the top oxides (this assumption will be relaxed later). If
we let xC denote the centroid of the trapped charge measured
from the top-oxide/nitride interface [see Fig. 1(a)], then the
threshold-voltage shift induced in the cell by the charge QN

(uniformly injected over the device area A) can be calculated
as [14], [16]–[18]

∆VT = − QN

A
· tTOP

εOX
− 1

εN

tN∫
0

x · q(x)dx

= − QN

A

(
tTOP

εOX
+

xC

εN

)
(1)

Fig. 2. (a) Sensitivity of the charge centroid on the possible error in the
trapped-charge detection. Note that small errors in the measured QN lead
to large errors in the estimation of xC . (b) Measured QN as a function of
the programming pulsewidth for three different devices (circles, squares, and
triangles). Note the good repeatability of the measurements obtained with our
setup.

where q(x) is the charge density along the nitride depth x, εOX

and εN are the permittivity of SiO2 and Si3N4, respectively, and
tTOP and tN are the top oxide and nitride thicknesses, respec-
tively. Therefore, if ∆VT and QN are known, the centroid of the
charge trapped in the nitride can be univocally determined as

xC = −εN

(
∆VT · A

QN
+

tTOP

εOX

)
. (2)

Hence, in order to determine xC by using (2), we have
developed a well-controlled experimental setup to directly mea-
sure both the programming (erasing) charge QN and the corre-
sponding threshold-voltage shift ∆VT = (VT final − VT initial)
produced by the program (erase) performed in tunneling condi-
tions. For the sake of clarity, it is worth noting that we define
program (erase) as the application of gate pulses with positive
(negative) VG, which increase (decrease) the threshold voltage
VT , regardless of the type of the device under test (nMOS or
pMOS). In the experimental setup shown in Fig. 1(a), we con-
nected two accurately zeroed electrometers at the source/drain
and bulk terminals of the SONOS device. In this way, when an
nMOS SONOS cell undergoes a P/E cycle, we can separately
measure the contributions to the programming (erasing) charge
QN of both the electrons detected at source/drain and the
holes collected at the bulk, thus performing a carrier-separation
experiment.

As for the xC extraction, an analysis of (2) shows that,
while the errors in the detection of ∆VT are not so critical,
xC is largely sensitive to possible errors on the measured QN .
With this regard, Fig. 2(a) shows, for a fixed actual centroid
position (different symbols), the relative error in the extracted
xC induced by an error in the detection of the charge; we
clearly see that even a relatively small error in QN can lead
to an incorrect estimation of the charge centroid. Therefore, in
order to minimize the charge errors, the leakage current through
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the source-to-bulk junction has been compensated for, first, by
measuring its spurious contribution to the charge during a pulse
train with a reduced VG value that prevents the injection into
the gate stack and, then, by subtracting the obtained value from
the QN measured during the P/E pulse with large VG.

Alternatively, because the capacitor is a two-terminal device,
the injected charge can be measured also by reversing the
roles of the device contacts, hence, through an electrometer
connected to the gate, while pulsing on the bulk and source
terminals [Fig. 1(c); source and bulk are short-circuited]. In
this configuration, a −VG value is applied during the pulse.
In such a way, although carrier separation is not possible, no
leakage compensation is needed on the gate terminal (where the
charge is measured). Therefore, for the purpose of extracting
the charge centroid, the measurement of QN by means of the
experimental setup in Fig. 1(c) is highly preferable.

Moreover, in order to avoid the spurious contribution to
QN due to a net, which is the nonnull-time integral of the
displacement current, we forced the same (VG − VT ), hence
the same electric field EOX at the Si/SiO2 interface, which is
before and after the program/erase pulse. This was obtained by
applying to the gate three-level pulses, as shown in Fig. 1(b),
where the final base level of the pulse is displaced by ∆VT

with respect to the initial base level. This approach requires the
knowledge in advance of the ∆VT induced by each program
(erase) pulse, and therefore, the P/E characteristics have been
preliminarily measured. Afterwards, the measured ∆VT ’s have
been used to set the pulse shape and measure the QN , as shown
in Fig. 1(c). Because the programming and the erasing are
performed by applying a sequence of several P/E pulses, for
each measurement, we monitored both the cumulative charge
QN involved in the whole P/E sequence and the partial charge
qN injected during each individual P/E pulse.

As shown in Fig. 2(b), by using this measurement scheme on
a given SONOS device, we could achieve a very good repro-
ducibility of the measured QN and ∆VT among different runs
and dies, provided that all the P/E characteristics start from the
same initial VT value. An ad hoc reset procedure of the device
consisting of several mild P/E cycles allowed us to enforce
always the same starting VT value within tens of millivolts.
The possible degradation produced by the P/E cycling has been
monitored by means of charge-pumping measurements, and it
was found to be negligible in the range of relatively few P/E
cycles used for our characterization experiments.

III. DEVICE DESCRIPTION

The devices used in this paper are nMOS and pMOS SONOS
capacitors with a surrounding source diffusion and a gate area
of A = 3100 µm2. For both nMOS and pMOS devices, n+
and p+ polygates are available, and the substrate doping is
approximately 1017 cm−3. The vertical dimensions of the ONO
gate stack have been extracted by means of transmission elec-
tron microscopy (TEM), ellipsometry, and capacitance–voltage
(C–V) measurements. The nominal thickness of the thermal
tunnel oxide is tOX = 2.2 nm for all SONOS cells, whereas two
thicknesses are available for both the dichlorosilane Si3N4 layer
(tN = 3.3 and 5.7 nm, respectively) and the high-temperature-

Fig. 3. Gate-stack composition of the devices used in this paper.

oxide (HTO) top oxide [tTOP = 8.9 and 5.5 nm, respectively;
Fig. 3, device A].

A gate stack featuring a 11.8-nm-thick HfO2 layer as top
dielectric, a 5.7-nm-thick Si nitride, and a 2.2-nm-thick tunnel
oxide was also available (hereafter denoted as SHINOS; Fig. 3,
device B).

Finally, the nonconventional gate-stack structure shown in
Fig. 3 (device C, hereafter denoted as SONONOS) has been
also used for the experiments related to the charge-centroid
determination. This device is composed of two nitride layers
sandwiched between the tunnel and top oxides and separated
by an additional SiO2 layer (second oxide) formed by the
reoxidation of part of the first silicon nitride layer (the one on
top of the tunnel oxide). In this device, the thicknesses extracted
by means of TEM and C–V measurements are 1.3, 2.8, 1.5, 5.0,
and 7.2 nm for the tunnel oxide, the first nitride, the second
oxide, the second nitride, and the top oxide, respectively (Fig. 3,
device C). All the measured devices are free of the passivation
issue discussed in [19].

IV. CARRIER-SEPARATION EXPERIMENTS

Carrier-separation experiments are suitable to investigate
quantitatively the contribution of electrons and holes during the
program and erase operations. Previous experiments showed
that, during program, the charge QN is almost entirely due
to electrons [11], [13], [14], [17], whereas during erase, the
contribution of holes can be significant [9], [14]. In this regard,
we first successfully verified with the experimental setup in
Fig. 1(a) that QN is due to electrons during program [14]. In
analogy with the case of quantum-yield experiments, the hole
recombination with electrons in the inversion layer is a very
unlikely process [20], [21], and, thus, we conclude in agreement
with Bachhofer et al. [11], Wang and White [13], and Libsch
and White [17] that the hole detrapping is negligible during
this phase.

In the case of erasing, because our nMOS SONOS test
structures are rather large (20 × 155 µm), the electrons that
are possibly detrapped from the nitride must diffuse for several
micrometers in the substrate before they can reach the source
contact; thus, the recombination with substrate holes can take
place, and the carrier-separation technique may underestimate
the contribution to the erase of the detrapped electrons. The
experiments on nMOS devices revealed that the measured
QN during erase is mainly due to holes [14]; hence, either
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Fig. 4. Fraction of the charge due to holes measured during the pMOS
SONOS erase as a function of ∆VT for different values of VG and of the initial
threshold voltage VTP. Note the decreasing contribution of holes for decreasing
VTP. Qh, Qe > 0 during erase.

Fig. 5. Hole contribution to pMOS SONOS erase as a function of the
(a) erasing time and (b) (VG − VT ). Open symbols for VTP = 0.8 V and filled
symbols for VTP = 1.8 V.

the electron detrapping is very small or it is masked by the
recombination in the p-substrate.

The accuracy of the carrier-separation experiments for de-
termining the contribution of electrons and holes (Qe and Qh,
respectively) to the erase is significantly improved if we use
pMOS SONOS capacitors. In fact, under negative VG, the holes
are supplied by the inversion layer and are measured at the
source, whereas the detrapped electrons go through the very
thin hole inversion layer and, then, are collected at the bulk
terminal of the n-type substrate [20], [21] so that the probability
of recombination with holes is drastically reduced with respect
to the experiment of the erase in nMOS SONOS.

Fig. 4 shows the carrier-separation measurements performed
during the erase transient in pMOS SONOS devices, which,
according to our definition, correspond to a reduction of the
threshold voltage, i.e., to negative ∆VT values. We see how the
hole contribution Qh to QN depends on the initial programmed
state VTP. In particular, for VTP = −0.6 V, we observe a
reduced contribution of holes, hence a large contribution of
electrons detrapped from the nitride layer and a strong ∆VT

dependence of the (Qh/QN ) ratio. At higher VTP, the relative
contribution of holes remains constant versus ∆VT , regardless
of the erasing gate voltage VG. Moreover, if we replot Qh as in
Fig. 5, we see how the hole component directly depends on the

Fig. 6. (a) Program and (b) erase characteristics of an nMOS SONOS ca-
pacitor at constant gate voltage. Open triangles correspond to programming at
constant tunnel-oxide field, which is obtained by compensating at each program
pulse the ∆VT produced by the previous pulse.

initial gate overdrive voltage (VG − VTP). This latter result can
be justified by considering that both the tunneling rate and the
hole-inversion-layer density depend on the (VG − VTP) value.

V. POSITION OF THE CHARGE CENTROID

After the identification of the different roles played by
electrons and holes during P/E, we focused our attention on
the extraction of the charge centroid xC by using (2). In
particular, to study the xC dependence on the P/E conditions
and the device structure, the experimental procedure described
in Section II has been used to measure QN and the induced
∆VT for several VG values and for devices featuring different
ONO gate stacks.

A. Experimental Results for SONOS and SHINOS Devices

Fig. 6 shows the P/E characteristics as functions of the total
program (erase) time t of the nMOS SONOS with tOX =
2.2 nm, tN = 5.7 nm, and tTOP = 8.9 nm (2.2/5.7/8.9). The
∆VT ’s have been evaluated by measuring the shifts of the C–V
curve after each P/E pulse. Then, the capacitor was reset to the
initial state (by mild P/E cycling), and the ∆VT data have been
used to set the shape of the pulses [see Fig. 1(b)] during which
we directly measured the injected QN with the experimental
setup in Fig. 1(c). Finally, in Fig. 7(a), we have calculated the
xC of the cumulative charge QN . Each point of the curve is the
centroid of the total charge QN injected from the beginning of
the P/E characteristic to the time corresponding the ∆VT value
reported in the x-axis in Fig. 7(a).

We observe that the centroids for program and erase are very
consistent with each other; at the beginning of the program
(erase) phase, xC is located near the middle of the nitride
layer, which is in agreement with the results for HTO top
oxides reported in [22]. Then, xC slowly moves toward the
top oxide. Moreover, the data in Fig. 7(a) do not show any
dependence on the applied gate voltage VG. In this respect,
in order to further investigate a possible bias dependence of
xC , we have also performed measurements by keeping EOX
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Fig. 7. (a) Centroid of the cumulative charge trapped in the nitride of
the nMOS SONOS capacitor (2.2/5.7/8.9-nm ONO stack) extracted for the
program and erase pulses at different VG’s. Open circles correspond to the
programming at constant electric field across the tunnel oxide (VG is adjusted
after each subsequent pulse). (b) Centroid of the partial charge injected into the
nitride during each pulse of the programming/erasing of the nMOS SONOS
(2.2/5.7/8.9-nm ONO stack). Note how during the last program/erase pulses
(large |∆VT |) the centroid of the partial charge is located in the top oxide,
indicating that part of the injected charge has been lost through the gate.

at the Si/SiO2 interface approximately constant during program
[Figs. 6(a) and 7(a); open symbols] by increasing VG after each
pulse for an amount equal to the corresponding ∆VT . This, of
course, leads to a faster programming [Fig. 6(a); open symbols],
but xC still agrees well with the data obtained at constant
VG [Fig. 7(a)]. Therefore, we can conclude that there is no
dependence of xC on the injection conditions, at least in the
bias range explored in this paper.

For ∆VT > 4 V, the xC values move toward the top oxide
and eventually become negative. The negative xC , however,
is most likely an artifact due to an electron leakage through
the top oxide at the largest programming times, hence largest
∆VT ’s. In fact, when the cell is strongly programmed and the
nitride is almost completely charged, the electric field across the
top oxide is maximum, and the electrons injected in the nitride
can tunnel out of the storage layer during the last part of the
programming phase. This charge leakage offsets our estimate
of QN , which hence appears less effective with respect to the
measured threshold-voltage shift and results in a smaller value
of xC [see (2)]. In order to more precisely assess the ∆VT

range where the determination of xC is reliable, in Fig. 7(b),
we calculated the centroid x

(p)
C of the partial charge packet qN

injected during the last pulse of the P/E sequence used to reach

Fig. 8. Centroid xC for the nMOS SONOS capacitor (2.2/5.7/8.9-nm ONO
stack) extracted during programming. The data obtained with the (filled
symbols) direct-measurement technique summarized by (2) are in good agree-
ment with those provided by the (open symbols) LFCP experiments.

a given ∆VT value, hence injected between two adjacent points
of the curves in Fig. 7(a). The centroid x

(p)
C is calculated by

inserting in (2) the charge qN and the threshold-voltage shift
corresponding to the single (individual) P/E pulse. It is worth
to note how, for ∆VT > 3 V, x

(p)
C is negative, thus indicating

that we are measuring a charge packet qN that is larger than the
one needed to justify the partial threshold-voltage shift obtained
during the last P/E pulse. Hence, part of the charge qN must
have been lost through the gate. For ∆VT < 3 V, on the other
hand, the x

(p)
C of each partial charge packet is located well

inside the nitride, thus indicating that we are not losing charge
through the gate and validating the xC values extracted for the
cumulative charge QN in this range of ∆VT values.

Moreover, the analysis of the x
(p)
C values shows that the

centroid position is independent of the starting VT , because
each point in Fig. 7(b) corresponds to the charge centroid
obtained, starting from a different VT level.

During erase, x
(p)
C becomes negative when the electron in-

jection from the gate takes place. In this situation, a steady-
state current flows from the substrate to the gate, thus yielding
a saturation of the erase characteristics that limit the observable
∆VT range [Fig. 6(b)]. The charge measured in this condition
is largely exceeding the charge responsible for the threshold-
voltage shift, and therefore, the extracted xC becomes unre-
liable while approaching this region. On the basis of such
observations, we estimated that, for the measured device, the
xC values are reliable for −2 < ∆VT < 3 V and, in this ∆VT

range, the charge centroid stays close to the center of the nitride
layer and it only slightly moves toward the top oxide for both
program and erase [14], [18], [22].

As stated in Section IV, the carrier-separation experiments
showed that, in our nMOS SONOS capacitors, the measured
QN during program is essentially due to electrons whereas,
during erase, it is mainly due to holes. Thus, the net result of
a complete P/E cycle is a recombination charge, and we can
also use an LFCP technique to detect such a recombined charge
QN [15]. Fig. 8 shows the xC values calculated by using QN

detected by means of LFCP with different base and top pulse
levels. We see that the results agree well with the xC obtained
with the direct measure of QN on the same device, except at
small ∆VT , where the LFCP method underestimates QN , as
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Fig. 9. Centroid xC extracted during the programming of SONOS devices,
featuring two different ONO stacks: (a) 2.2/5.7/5.5 and (b) 2.2/3.3/8.9. Filled
and open symbols are the data for SONOS with n+ polygate and p+ poly-
gate, respectively. The dashed line indicates the tunnel-oxide/silicon-nitride
interface.

Fig. 10. Charge centroid extracted during the program and the erase at
different VG’s for the nMOS SHINOS cells, featuring a HfO2 top oxide of
11.8 nm.

shown in [14], thus resulting in a deviation of xC toward the
tunnel oxide [see (2)].

Fig. 9 shows the centroid xC extracted during the program-
ming of SONOS capacitors with different top oxide [tTOP =
5.5 nm; (a)] and silicon nitride thicknesses [tN = 3.3 nm; (b)],
whereas all other stack dimensions are the same, as shown
in Fig. 7. Also, in this case, we find that xC is located near
the middle of the nitride (slowly shifting toward the top oxide
as programming continues) and no gate bias dependence is
observed. Moreover, there is no significant dependence of the
measured xC on the polygate type (open and filled symbols).
Fig. 10 shows the xC values extracted from the SHINOS cells
featuring the HfO2 top dielectric (Fig. 3, device B). Also, in this
case, xC is located inside the nitride, no dependence on VG is
observed, and the data for program and erase are consistent with
each other. The results obtained for the pMOS SONOS devices
are very similar [14].

As a summary, Fig. 11 shows the centroid position normal-
ized to the nitride thickness tN for all the measured SONOS
devices. We see how, for moderate ∆VT values, xC is always
located near the center of the nitride irrespective of the gate-
stack composition and the substrate doping type.

Fig. 11. Normalized position along the nitride layer of the charge centroid
extracted from different devices. Note that the relative position of xC is near
the center of nitride for all the samples, as long as ∆VT is not very large.

Fig. 12. (a) Program and (b) erase characteristics of the SONONOS cell for
different VG values.

B. Experimental Results for SONONOS Devices

We applied the charge-centroid-extraction procedure also
to the SONONOS devices featuring the gate-stack structure
shown in Fig. 3 (device C). Fig. 12 shows the P/E characteristics
of this SONONOS capacitor, which show a faster programming
and erasing compared with SONOS cells (see Fig. 6). In order
to perform the xC extraction accurately, particular care has been
taken in the ∆VT measurement. In fact, the application of even
small VG values produces appreciable threshold-voltage shifts,
due to the very thin tunnel oxide (1.3 nm). This results in a
considerable hysteresis in the C–V characteristics obtained,
spanning a relatively large VG range [Fig. 13(a)]. In our capac-
itors, the ∆VT detection is performed by measuring the shift
of the C–V characteristic, and this can be accomplished by
detecting the capacitance at different points, hence VG values.
However, in the SONONOS device, we had to choose an
appropriate evaluation point for the ∆VT [Fig. 13(a), point B]
in order to avoid the application of too large (VG − VT ) values
that induce a spurious programming during the ∆VT extraction,
as in the case of the choice of the point A in the C–V curve in
Fig. 13(a). In the latter case, the gate disturbance leads to a par-
asitic threshold-voltage shift that depends on the measurement
time [Fig. 13(b), in squares]. The experimental results presented
in the following have been extracted by detecting the ∆VT at
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Fig. 13. (a) C–V curves of the SONONOS, showing a large hysteresis during
the measurement. The arrows indicate the direction of the VG sweep. (b) The
∆VT value is measured as a shift of the C–V curve. The selection of the right
evaluation point in the C–V curve avoids a spurious VT shift induced by a gate
disturb during the detection of the ∆VT .

Fig. 14. Charge centroid extracted from the SONONOS devices. Initially, the
charge is trapped near the interface between the first nitride and the second
SiO2 layer, and then, it fills the traps in the center of the second nitride. See
Fig. 3 (device C) for the gate-stack definition.

(triangles) point B, where the gate disturbance is essentially
negligible.

On the other hand, it is worth noting that, in the SONOS
samples, the discussed issue is not present due to the fact that
the C–V curve is not hysteretic because of the thicker tunnel
oxide. In this case, the ∆VT detection can be done at any point
of the C–V curve, because the application of the VG bias that
is necessary for the capacitance measurement does not also
produce spurious threshold-voltage shifts if this VG value is
applied to the device for long times.

The xC values extracted from the SONONOS cells are
shown in Fig. 14. Also, in this case, there is no dependence
on the applied P/E conditions, and the data for program and
erase are consistent. However, unlike standard SONOS devices,
SONONOS structures exhibit a centroid xC that is initially
located very close to the second oxide layer (Fig. 3, device C).
This is probably due to the fact that the second oxide has been
formed by the reoxidation of part of the first nitride layer. This
oxide-fabrication method is known to produce a large number
of traps at the interface between the first silicon nitride layer
and the second oxide layer [22]–[24]. The density of these
interface traps can be larger than the concentration in the bulk

of the nitride layer, and the results in Fig. 14 are consistent
with the assumption that the carriers are mainly trapped at the
Si3N4/SiO2 interface at the beginning of the program/erase
operation, namely, for small |∆VT | values. Because in this case,
xC is located in the SiO2 layer that has a different permittivity
εOX with respect to nitride, for the evaluation of the xC values,
(2) has been modified as follows:

xC = −εOX

(
∆VT A

QN
+

tN
εN

)
+ tN − tTOP. (3)

By increasing the program (erase) level, electrons (holes)
start filling the bulk traps located in the second nitride film, and
xC moves to the middle of the nitride thickness as in the case
of SONOS structures. It seems, however, that no significant
amount of charge is trapped in the first nitride layer, although a
comparable concentration of free traps should be available with
respect to the second nitride layer.

These results also indicate that our experimental technique is
indeed sensitive; in fact, it can detect changes of the xC value
due to different trapping properties in the gate stack.

VI. CONCLUSION

We have extensively used carrier-separation experiments
with direct measurement of the charge injected during the
program and erase operations of SONOS memory cells to study
the type of carrier that is mainly involved in each operation as
well as the location of the trapped charge QN . Preliminary ex-
periments showed that, whereas QN is entirely due to electrons
during program, during erase, there is a significant contribution
of holes, which follows a (VG − VTP) dependence.

Concerning the extraction of the charge centroid, a wide set
of experiments in several P/E conditions on SONOS cells with
different gate-stack structures has consistently shown that the
centroid of the cumulative charge (xC) is always located close
to the center of the trapping layer and it slowly shifts toward the
top oxide irrespective of the applied P/E voltages. Moreover,
the xC values do not significantly depend on the top oxide and
nitride thicknesses, the composition of the top dielectric, or the
substrate and gate doping type.

The centroid results for the SONONOS gate stack instead
show that the carriers are initially trapped near the intermediate
oxide layer likely because the reoxidation of the first nitride
layer has generated a large number of traps at the Si3N4/SiO2

interface [22]–[24]. For larger P/E levels, the carriers start fill-
ing the bulk traps of the second Si3N4 layer, so that the centroid
moves toward the middle of the second nitride layer, which is
consistent with the results obtained for SONOS devices. Also,
for these devices, the behavior of xC is essentially independent
of the P/E conditions.

This large set of experimental data demonstrates the sensi-
tivity of the characterization procedure proposed in this paper,
which is thus useful to study the trapping properties of different
gate-stack structures and support the design of the nitride-based
NVM cells. The data also represent a valid reference for the
calibration of program/erase and retention models of Si nitride-
based NVM [25].
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̂ MCSĈUaSINUÎN
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[D
UMa
̂CNa
UMCU
[Kbb
IN
rx
g]F
KDp̂RSSaDU
IN
qAv
�]A
VIZRSa
ux
NMK\N
[Jp�Z
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SECTION I.
Introduction

Recently, SONOS flash memory has been paid more attention and considered as a promising technology bridging
the gap between the floating-gate flash and the next generation memories because of its intrinsic better
endurance, good scalability, simpler fabrication process and its perfect compatibility with conventional CMOS
technology for embedded applications [1]–​[3]. However, conventional SONOS cell is only one-bit-per-cell
storage, and the data retention is still a big problem due to the direct tunneling of stored charge through the ultra
thin tunneling oxide.

The NROM concept [4]–​[5] was proposed to solve the drawbacks of SONOS by using channel hot electrons
injection (CHEI) for programming and band-to-band tunneling induced hot holes injection (BBTIHH) for
erasing. This device can allow thicker tunneling oxide, while still maintaining high efficient Program/Erase (P/E)
operations. Moreover, the P/E mechanisms lead to localized charge storage in the trapping nitride layer, so the
NROM can store two distinct bits per cell. However, the further scaling of the cell area of the conventional planar
NROM device for higher density is limited by the gate length scaling for two reasons. Firstly, the drain voltage
can not be scaled below 3.2V for CHEI, and therefore the punch-through effect would become worse as the gate
length scaling [6]. Secondly, since two bits are stored in physically distinct areas in the nitride layer, the lateral
distributions of the charges have to be well separated to avoid any interference between the two bits [7].
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In this work, as shown in Fig. 1, we proposed and demonstrated experimentally a novel vertical channel dual-
nitride-trapping-layers ROM (VDNROM) structure nonvolatile memory device achieving four-bits-per-cell
function for the first time. Compared with the conventional planar NROM cell, since the cell area of this vertical
channel structure is independent of the gate length, the VDNROM structure can relax the limitation of the gate
length scaling, and can have high capability to shrink the cell area. Moreover, the fabrication of this VDNROM
device is basically compatible with planar CMOS technology. The experimental results demonstrate continued
better scalability of the VDNROM cell for high-density applications.

Fig. 1 Schematic cross sectional view of the proposed 4 bits/cell VDNROM flash memory.


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Fig. 2. The process flow of the proposed 4bits/cell VDNROM flash memory.


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Fig. 3. The SEM images of the proposed 4bits/cell VDNROM flash memory cell (a) and the ONONO
gate dielectric stack (b).



SECTION II.
Device Structure and Fabrication
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The schematic cross-sectional view of the proposed VDNROM flash memory cell with the oxide-nitride-oxide-
nitride-oxide (ONONO) gate dielectric stack is illustrated in Fig. 1. The charges can be stored in the dual nitride
trapping layers above the channel next to the n+/p junctions, so this VDNROM cell can achieve a four physical
bits storage capability as shown in Fig. 1. The tunneling oxide and the block oxide are thicker than 5 nm to avoid
any direct tunneling of the charges, and the gate dielectric stack of the ONONO five layers (the tunneling oxide,
the first trapping nitride layer, the inter-nitride oxide, the second trapping nitride layer, the block oxide) are
7/4/5/5/13 nm respectively.

Referring to Fig. 1, the process flow to realize such a 4bits/cell VDNROM device was shown in Fig. 2(a)-(b).
After isolation, the channel boron doping and the drain arsenic doping were implemented. Two layers of oxide
and nitride was deposited, patterned and etched to form the dual-layers hard masks as shown in Fig. 2(a). The
silicon substrate was then etched by ICP (Inductive Coupled Plasma) to form the steep device mesa. Next, the
device mesa was etched isotropically by RIE (Reactive Ion Etch) to form the recessed self-aligned poly gate
structure shown in Fig. 2(b). To remove the surface damage on the sidewalls of the device mesa, thin sacrificial
oxide was grown, which was followed by source arsenic implantation (4×10 cm , 100KeV), as shown in Fig.
2(c). After sacrificial oxide removed, 7.0-nm gate oxide was grown at 850°C by dry thermal oxidation. Next, a
dielectric stack of trapping-nitride/inter-oxide/trapping-nitride/block-oxide (NONO) with 4/5/5/13 nm
respectively was deposited. Then, a polysilicon film was deposited, implanted and etched to form the self-aligned
gate spacer. After the nitride hard mask removed, rapid thermal annealing was implemented to activate the
dopants in the S/D region and poly gate, as shown in Fig. 2(d). Finally, the device was covered by low
temperature deposited oxide (LTO), and followed by the rest of the process such as contact opening, metal
defining and annealing. Fig. 3(a) shows the SEM (scanning electron microscope) micrograph of the cross section
of the fabricated VDNROM cell, and the SEM image of the ONONO gate dielectric stack is shown in Fig. 3(b).

15 −2

SECTION III.
Operation Mechanism and Experiment Results

The VDNROM cell is programmed and erased by channel hot carriers injection. The four states (“00”, “01”, “10”,
“11”) corresponding to bit-1 and bit-2 are shown in Fig. 4(a)-(d), and the programming and erasing operations of
the four states are shown in Table I. For example, applying 7.0 V on the drain electrode, 12.0 V on WL (the gate
electrode) and grounding the source electrode for programming the state “00” in Fig. 4(a). The accelerated
channel electrons are injected into the both two nitride layers of the ONONO gate dielectric stack near the drain
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junction, a self-aligned storage with the junction edge. As shown in Fig. 4(b) and Table I, the state of “01” is
programmed by the hot electrons injection to the first trapping nitride layer with lower drain voltage 5.0 V
(compared with the programming of the state of “00”), 6.0 V on WL (the gate electrode) and grounding the
source electrode. The state of “10” shown in Fig. 4(c) is realized by two steps. As shown in Table I, the first step
is the hot electrons injection to the dual trapping nitride layers with Vg=12.0 V, Vd=7.0V and Vs=0V, and the
second is the hot holes injection to the first nitride layer applying Vd=-8.0 V, Vg=5.0 V and Vs=0V. Holes are
generated by band-to-band tunneling in the deep depletion layer under the gate dielectric stack above the n+/p
junction [4], [8]. Holes increase their energy due to the lateral field in depletion region of the channel and they
are injected through the bottom oxide into the nitride trapping layer, where they recombine with the stored
electrons or are trapped. As shown in Fig. 4(d), the state of “11” is the initial state and it can also been realized by
erasing from other states shown in Table I.


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Fig. 5 shows transfer characteristics of the VDNROM flash memory cell with  channel length in the four
states. The threshold voltage of State “11” is 2.3V (the same Vth as the initial). State “00” has a threshold shift of

 from State “11”. The  of 2.0V in State “01” is observed. The threshold voltage of State “10”
is 3.3V, and the  is 1.0V. The transfer characteristics of each state exhibits excellent subthreshold
performance as shown in Fig. 5. The programming and erasing characteristics of the VDNROM flash memory
are shown in Fig. 6.

Fig. 4. The four states corresponding to bit-1 and bit-2 of the proposed VDNROM flash memory.

TABLE I. VDNROM Flash Memory Program/Erase Operating Conditions (Four states corresponding
to bit-1 and bit-2)



0.3μm

ΔVth = 3.2V ΔVth

ΔVth
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Fig. 5. The transfer characteristics of the programmed/erased bit-1 and bit-2 of the VDNROM
flash memory.


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The device is read in the “reverse” direction compared to programming, by applying the read biases to source
electrode (1.5V) and grounding the drain electrode. This reverse read mode can enhance the threshold voltage
sensitivity to the localized trapping charges [4]. As shown in Fig. 5, during the first read operation, the “00”and
“01” states can be distinguished from the “10” and “11” states at 3.8V (gate voltage). After that, State “11” from
State “10” and State “01” from State “00” at 2.8V and 4.8V (gate voltage), respectively, is performed for the
second read operation.

Similarly, the bit-3 and bit-4 can be programmed, erased and read by interchanging the role of the drain/source
electrodes.

Fig. 6. The Programming/Erasing characteristics of the VDNROM flash memory.


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Fig. 7. The Endurance characteristics of the VDNROM flash memory.
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Fig. 7 shows the endurance characteristics of the four states (corresponding to bit-1 and bit-2). The 2-bit cycling
loop consists of the sequence of bit-2 program (State “11” to State “01”) →bit-1 program (“01” to “00”) →bit-2
erase (“00” to “10”) →bit-1 erase (“10” to “11”) that can be considered as the worst case, because the tunneling
oxide has been tunneled by twice hot electrons and twice hot holes in one cycle (the inter-nitride oxide by once
electrons and once holes). After 10  P/E cycles, the worst Vth window of 0.8V is maintained in spite of the Vth
increase at the erased cell. These electrical results indicate that the cycling endurance performance of the
VDNROM cell is acceptable.

Fig. 8 shows the bake retention performance of the VDNROM measured at 150°C. 0.4V small degradation and
saturation of Vth are observed after 24 hours baking measurement. With the better quality tunneling oxide, the
smaller degradation of Vth window can be observed.

Fig. 8. The bake retention performance of the VDNROM flash memory at 150°C


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SECTION IV.
Conclusion

For the first time, a novel VDNROM flash memory cell with an oxide-nitride-oxide-nitride-oxide (ONONO) gate
dielectric stack has been proposed, demonstrated experimentally, and successfully operated in four-bits-per-cell
mode in the  channel length vertical device. In the conventional planar NROM cell, the cell area further
scaling is limited by the gate length scaling. In contrast, since the cell area of the VDNROM structure is
independent of the gate length, the structure can have high capability of the cell area shrinking with the relaxed
requirement of the gate length scaling. Moreover, the fabrication of the VDNROM is basically compatible with
planar CMOS technology. The reliability performances including the cycling endurance and the bake retention
at 150°C have also been investigated and are acceptable. This new technology can be used for data storage due
to the high density, and for embedded applications due to the simplicity of the process.

0.3μm
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Introduction

Recently, the NAND flash becomes very popular for portable electronics, and the demand for memory density
multiplies every year. Although NAND Flash is aggressively scaled [3, 4], it becomes more and more difficult to
follow Moore's law to continue the scaling due to both process and device limitations. Three-dimensional (3D)
multi-layer-stack memory is another path to ultra-high density memory.

We demonstrated a low-thermal budget TFT NAND device recently [2]. The TFT memory employs BE-SONOS
[1] device, which provides both efficient hole tunneling erase and good data retention [1]. Moreover, BE-SONOS

uses only matured frond-end materials (oxide, nitride and poly gate). This greatly enables the multi-layer stack
capability without metal contamination issues. In this work, we further fabricate a double-layer TFT NAND
Flash. The performance and reliability of bottom and top layers are examined to provide guidelines for further
multi-layer stacking. The effects of device dimension, reliability, and NAND array operation are addressed.

SECTION II.
Fabrication

The typical device parameters and fabrication flow are shown in Table 1 and Table 2. Figures 1–​ 4 show the
cross-sectional views of the double layer TFT NAND devices. The TFT device has a 60 nm thick poly silicon
channel over the buried oxide. The poly silicon is an amorphous silicon (a-Si) layer deposited by low-pressure
chemical vapor deposition (LPCVD) process, followed by a low-temperature thermal annealing (600 °C) for
crystallization. A multi-layer O1/N1/O2 tunneling dielectric is used to achieve easy hole tunneling during erase,
while eliminating the direct tunneling leakage during retention [1]. Next, SiN trapping layer (N2) and top
blocking oxide (O3) are grown. A heavily doped p -poly gate is adopted to suppress the gate injection during –
FN erase. The multi-layer ONONO are shown in Fig. 1. The device has a tri-gate structure as shown in Fig. 2.

The top oxide process has the largest thermal budget. Two top oxide (O3) formation processes are compared: an
LPCVD oxide (HTO) with rapid thermal annealing, and an in-situ steam generation (ISSG) oxidation to convert a
portion of the trapping nitride (N2) into oxide.

+
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After gate patterning, shallow junction is formed by low-energy As  implantation. Planarization is then carried
out by HDP oxide deposition and CMP. After forming the bottom-layer TFT devices, the processes are duplicated
to form the top-layer TFT devices. Contact etching for the two layers are performed independently to avoid over
etching. The final double-layer TFT NAND Flash memory is shown in Figs. 3–​4.

+

SECTION III.
Device Characterization

(a) Short-Channel Effect

The  and  for the memory cells with various channel lengths are shown in Figs. 5, 6, respectively. Similar
to bulk devices, the transconductance  increases with shorter channel lengths. Figure 6 shows that the-FN
erased state (−17 V, 50 msec) follows the same Vt-roll-off characteristics with the initial state, but with 3 V lower
Vt. ISSG and HTO top oxide devices show similar Vt roll-off trends.

(b) Narrow-Width Effect

The  characteristics for memory cells with various channel widths are shown in Fig. 7. Generally a narrower
device shows a better subthreshold slope (S.S.). Figure 8 shows that for a narrow device the transconductance
per width  increases, while Vt decreases. Thus a narrower device has a better DC performance due to
better gate control capability of the tri-gate structure.

(c) Program/Erase Characteristics

The device is programmed by +FN electron injection (Fig. 9), and erased by –FN hole tunneling ( Fig. 10). p -
poly gate is used to suppress the gate electron injection during – FN erase. Accordingly, the device can be erased
into depletion mode. Both +FN program and –FN erase saturate for each bias voltage. Samples with ISSG and
HTO top oxide show similar P/E speed.

(d) P/E Cycling Endurance

The P/E cycling endurance is shown in Fig. 11. Erase degradation occurs at < 1K dumb-mode cycles. ISSG top
oxide devices show better endurance than those with HTO top oxide. The top oxide process has large impact on

I-V VT

( )gm

I-V

( /W)gm
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the cell endurance because top oxide suffers a large electric field stress during P/E, while the top oxide has lower
quality due to the lower thermal process.

The endurance of TFT device is understandably inferior to the bulk BE-SONOS device [1, 5], where a high-
temperature (950~1000 °C) process is used to convert nitride into top oxide. The reason may be attributed to
that the lower temperature ISSG and HTO top oxides have lower quality that easily trap charges after P/E cycle
stressing, resulting in lower endurance.

Adjusted P/E cycling (as commonly practiced) achieves better endurance (Fig. 12). The corresponding P/E shot
numbers are recorded in Fig. 13. After 1K cycling the device starts to degrade and more P/E shots are needed to
maintain the Vt levels. Figure 14 illustrates that ISSG top oxide has a better subthreshold slope than HTO top
oxide. Typical IV characteristics during 10K P/E cycling are shown in Fig. 15.

SECTION IV.
Comparison between the Top and Bottom
Layers

Figure 16 compares the . roll-off of erase saturation state for the bottom and top layers. The bottom layer has
a slightly faster -roll-off. In addition, the  distribution of the bottom-layer is wider. This is because the
bottom layer undergoes a higher thermal budget. For better bottom layer performance thermal budget should
be further reduced.

The P/E cycle endurance, S.S. degradation, and retention are shown in Figs. 17, 18 and 19, respectively, for the
short-channel device (Lg/W=0.2/0.09 um). The bottom layer shows no sign of reliability degradation compared
to the top layer. This indicates that further multi-layer stack is feasible.

VT

VT VT

SECTION V.
NAND Array Functions
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The reading method for the NAND array is shown in Fig. 20. Since TFT NAND array has higher series resistance
compared to the bulk device, read current saturates at large gate overdrive. The read current is enhanced by
increasing  For  V, and , the read current for a 16-string NAND array
approaches  ample for data Flash design.

The program-inhibit characteristics of TFT NAND array are illustrated in Fig. 21. Cells C and D are under
medium-field gate disturb, while cell B can be program-inhibited by raising the channel potential.

VPASS = 7VPASS = 1 VVREAD

1 μA

SECTION VI.
Summary

For the first time, a successful double-layer TFT NAND Flash memory is demonstrated. The experimental
results are very encouraging for future 3D Flash memories.
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Fig. 1 TEM of the O1/N1/O2/N2/O3 structure for TFT BE-SONOS.
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Fig. 2 Tri-gate structure of the TFT device.
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Fig. 3 Channel-length direction of double-layer TFT NAND devices.



8/5/25, 2:37 PM A Multi-Layer Stackable Thin-Film Transistor (TFT) NAND-Type Flash Memory | IEEE Conference Publication | IEEE Xplore

https://ieeexplore.ieee.org/document/4154322 8/28

Top layer 

Bottom layer 

Sandisk Technologies, Inc. - Ex. 1046, Page 000050

https://ieeexplore.ieee.org/mediastore/IEEE/content/media/4154162/4139311/4154322/4154322-fig-3-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/4154162/4139311/4154322/4154322-fig-3-source-large.gif


Fig. 4 Channel-width direction of double-layer TFT NAND devices.
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Fig. 5 IV characteristics for various channel length devices. Inset shows the corresponding
transconductance . The channel width is 



( )gm 0.09 μm
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Fig. 6 Short-channel  roll-off characteristics for both the initial state and the –FN erased state,
with ISSG and HTO top oxid .
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Fig. 7 IV characteristics for various channel width devices. Wider devices show worse
subthreshold behavior. The channel length is 
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0.2 μm
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Fig. 8 Narrow-width characteristics. Both normalized transconductance  and  are
shown. The narrowest device  has the best performance.
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Fig. 9 Comparison of the +FN program characteristics for ISSG and HTO top oxide.
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Fig. 10 Comparison of the-FN erase characteristics for ISSG and HTO top oxides
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Fig. 11 Dumb-mode P/E cycling endurance (without adjusting the P/E conditions during
endurance test). Both ISSG and HTO top oxide are compared.
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Fig. 12 P/E cycling endurance (with adjusted P/E conditions during endurance test). Both ISSG
and HTO top oxide are compared.
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Fig. 13 The required P/E shot number during adjusted P/E tests in Fig. 12. Both ISSG and HTO
top oxide are compared.
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Fig. 14 Subthreshold slope degradation during 10K P/E cycling tests. Both ISSG and HTO top
oxide are compared.
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Fig. 15 IV characteristics of ISSG top oxide device during 10K P/E cycling endurance testing.
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Fig. 16 Short-channel effect comparison of the top and bottom layer TFT NAND devices. A total of
28 identical devices are measured. The devices are in erase saturation state.
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Fig. 17 Adjusted P/E cycling endurance (with adjusted P/E conditions during endurance test).
Both bottom and top layers are compared. ISSG top oxide is used.
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Fig. 18 Subthreshold slope degradation during 10K P/E cycling tests. Both bottom and top layers
are compared. ISSG top oxide is used.



8/5/25, 2:37 PM A Multi-Layer Stackable Thin-Film Transistor (TFT) NAND-Type Flash Memory | IEEE Conference Publication | IEEE Xplore

https://ieeexplore.ieee.org/document/4154322 23/28

,eoo .--------------------. 

r.J) 200 • Program (Top-layer) 
·· ···~ ..... Erase (Top-layer) 

. 
en 

100 ----e- Program (Bottom-layer) 
..... · ..... Erase (180 tom-layer) 

0 .____.________.._____......_.....,.___ ___ .........__._._........._______.______.~.............,______._ __ ____, 

1 10 100 1000 10000 

PIE Cycle IEnduraneie 

Sandisk Technologies, Inc. - Ex. 1046, Page 000065

https://ieeexplore.ieee.org/mediastore/IEEE/content/media/4154162/4139311/4154322/4154322-fig-18-source-large.gif
https://ieeexplore.ieee.org/mediastore/IEEE/content/media/4154162/4139311/4154322/4154322-fig-18-source-large.gif


Fig. 19 Retention characteristics. Programmed and erased state with various cycle endurance are
compared.
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Fig. 20 Read current of a 16 WL's TFT NAND array. The devices are in erased state. For
, read current can approach , sufficient for NAND Flash design.
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Fig. 21 Program disturb of a TFT NAND array. Cells C and D are under medium field gate disturb,
while cell B can be program-inhibited by raising the channel potential.

Table 1 Typical Process Condition of TFT NAND Device.
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Table 2 Fabrication Flow of Multi-Layer TFT NAND Device
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Introduction

Further scaling of modern floating-gate (FG) memory cells is hampered by the charge loss due to the stress-
induced leakage current (SILC) in cycled cells [1]. In particular, SILC prevents the tunnel-oxide thinning below 8
nm [2] and, moreover, raises statistical-reliability issues for the nowadays very large cell arrays [3], [4].
Furthermore, a strong lateral scaling of nonvolatile-memory (NVM) arrays leads to reliability issues related to
the parasitic capacitive coupling between adjacent FG cells [5].

Nitride-based memories, like the silicon-oxide–nitride–oxide-semiconductor (SONOS) devices, are good
candidates to replace FG cells in the Flash memory chips of the future generations for high-density and
embedded applications, owing to the SILC immunity achieved with localized-charge trapping, that guarantee
very good endurance characteristics [6], [7]. Moreover, the relatively low program/erase (P/E) voltages and the
excellent compatibility with the standard CMOS process of SONOS memories make them suitable for embedded
applications [8]. Finally, the absence of erratic tail bits reduces the statistical-reliability issues in very large
memory arrays, and the limited capacitive coupling between adjacent SONOS cells is beneficial for the reliability
issues related to the scaling of the spacing between cells.

However, the data retention of SONOS cells programmed and erased by direct tunneling is still a critical issue
because of the thin tunnel oxide ( 2.5 nm) needed for the tunneling of substrate holes under negative gate
voltages [9]. Therefore, in order to optimize the retention characteristics of SONOS memories, an accurate
analysis of the trapping properties of the silicon nitride layer that is responsible for the charge storage in the cell
is required. In this respect, the knowledge of the location of the charge trapped in the nitride and the type of
carriers injected during the P/E operations are not yet complete [10]–​[13] despite the importance of these
pieces of information in order to understand the charge-loss rates from the nitride toward the gate and
substrate and, therefore, to model accurately the retention characteristics.

In this framework, this paper presents an extensive analysis of the vertical position of the charge trapped in the
gate dielectric for a wide set of SONOS devices with different oxide–nitride–oxide (ONO) stacks, including
samples with nonconventional gate stacks and with a high-  top dielectric. To accomplish this, we have
extensively applied the experimental procedure developed in [14] to extract the trapped-charge centroid, thus
fully validating it over several gate stacks for memory cells. Compared with other methods used to probe the
charge trapped in the gate stack, our technique is based on the simplest MOSFET electrostatics, and no
constraints are imposed to the P/E conditions during its application. In particular, whereas the low-frequency
charge pumping (LFCP) [15] can extract the trap profile, but only within a few nanometers inside the ONO

≈
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stack, our procedure can reach the deeper locations inside the gate stack, thus considering the effect of the
whole trapped charge. However, the centroid alone does not provide the detailed knowledge of the charge
profile inside the nitride, but it determines the effectiveness of a given distribution of charges in generating a
corresponding  shift. Therefore, our technique can be seen as complementary to other methods used to probe
the trapped-charge profile (e.g., the LFCP), overcoming some of their limitations in terms of accuracy and
applicability.

A broad range of P/E conditions, i.e., different programming/erasing gate voltages , have been tested for
each device, and the experimental results for the charge-centroid location have been confirmed by the
comparison with those derived with the LFCP method, thus demonstrating the advantages and limitations of
each technique. In a limited number of cases, pMOS SONOS devices were fabricated, and carrier-separation
experiments were performed to identify the type of carriers involved in the program/erase operation.

VT

( )VG

SECTION II.
Experimental Setup and Charge-Centroid-
Extraction Procedure

Fig. 1(a) shows the vertical structure of a conventional SONOS device. The charge that is responsible for the
threshold-voltage shift  is supposed to be stored in the silicon nitride layer, which is sandwiched between
the tunnel and the top oxides (this assumption will be relaxed later). If we let  denote the centroid of the
trapped charge measured from the top-oxide/nitride interface [see Fig. 1(a)], then the threshold-voltage shift
induced in the cell by the charge  (uniformly injected over the device area ) can be calculated as [14],
[16]–​[18]
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View Source

where  is the charge density along the nitride depth ,  and  are the permittivity of  and ,
respectively, and  and  are the top oxide and nitride thicknesses, respectively. Therefore, if  and 
are known, the centroid of the charge trapped in the nitride can be univocally determined as

View Source
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Fig. 1.
(a) Measurement setup for carrier separation and charge-centroid extraction.  is the trapped
charge,  is the centroid position, and , , and  are the thicknesses of the top oxide,
nitride layer, and tunnel oxide, respectively. (b) Waveforms for the P/E pulses showing the three-
level shape used to obtain a null contribution to the overall current integral of the displacement
charge in the semiconductor. (c) Measurement setup for the charge-centroid extraction. By
measuring  at the gate while pulsing with a reversed waveform with respect to (b) at the
source and bulk terminals, no compensation of possible leakage currents is needed.


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Hence, in order to determine  by using (2), we have developed a well-controlled experimental setup to
directly measure both the programming (erasing) charge  and the corresponding threshold-voltage shift

 produced by the program (erase) performed in tunneling conditions. For the sake
of clarity, it is worth noting that we define program (erase) as the application of gate pulses with positive
(negative) , which increase (decrease) the threshold voltage , regardless of the type of the device under test
(nMOS or pMOS). In the experimental setup shown in Fig. 1(a), we connected two accurately zeroed
electrometers at the source/drain and bulk terminals of the SONOS device. In this way, when an nMOS SONOS
cell undergoes a P/E cycle, we can separately measure the contributions to the programming (erasing) charge

 of both the electrons detected at source/drain and the holes collected at the bulk, thus performing a carrier-
separation experiment.

As for the  extraction, an analysis of (2) shows that, while the errors in the detection of  are not so
critical,  is largely sensitive to possible errors on the measured . With this regard, Fig. 2(a) shows, for a
fixed actual centroid position (different symbols), the relative error in the extracted  induced by an error in
the detection of the charge; we clearly see that even a relatively small error in  can lead to an incorrect
estimation of the charge centroid. Therefore, in order to minimize the charge errors, the leakage current
through the source-to-bulk junction has been compensated for, first, by measuring its spurious contribution to
the charge during a pulse train with a reduced  value that prevents the injection into the gate stack and, then,
by subtracting the obtained value from the  measured during the P/E pulse with large .
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Fig. 2.
(a) Sensitivity of the charge centroid on the possible error in the trapped-charge detection. Note
that small errors in the measured  lead to large errors in the estimation of . (b) Measured

 as a function of the programming pulsewidth for three different devices (circles, squares, and
triangles). Note the good repeatability of the measurements obtained with our setup.
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Alternatively, because the capacitor is a two-terminal device, the injected charge can be measured also by
reversing the roles of the device contacts, hence, through an electrometer connected to the gate, while pulsing
on the bulk and source terminals [Fig. 1(c); source and bulk are short-circuited]. In this configuration, a 
value is applied during the pulse. In such a way, although carrier separation is not possible, no leakage
compensation is needed on the gate terminal (where the charge is measured). Therefore, for the purpose of
extracting the charge centroid, the measurement of  by means of the experimental setup in Fig. 1(c) is
highly preferable.

Moreover, in order to avoid the spurious contribution to  due to a net, which is the nonnull-time integral of
the displacement current, we forced the same , hence the same electric field  at the 
interface, which is before and after the program/erase pulse. This was obtained by applying to the gate three-
level pulses, as shown in Fig. 1(b), where the final base level of the pulse is displaced by  with respect to the
initial base level. This approach requires the knowledge in advance of the  induced by each program (erase)
pulse, and therefore, the P/E characteristics have been preliminarily measured. Afterwards, the measured

's have been used to set the pulse shape and measure the , as shown in Fig. 1(c). Because the
programming and the erasing are performed by applying a sequence of several P/E pulses, for each
measurement, we monitored both the cumulative charge  involved in the whole P/E sequence and the
partial charge  injected during each individual P/E pulse.

As shown in Fig. 2(b), by using this measurement scheme on a given SONOS device, we could achieve a very
good reproducibility of the measured  and  among different runs and dies, provided that all the P/E
characteristics start from the same initial  value. An ad hoc reset procedure of the device consisting of several
mild P/E cycles allowed us to enforce always the same starting  value within tens of millivolts. The possible
degradation produced by the P/E cycling has been monitored by means of charge-pumping measurements, and
it was found to be negligible in the range of relatively few P/E cycles used for our characterization experiments.

−VG
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ΔVT QN
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SECTION III.
Device Description

The devices used in this paper are nMOS and pMOS SONOS capacitors with a surrounding source diffusion and
a gate area of . For both nMOS and pMOS devices,  and  polygates are available, and theA = 3100 μm2 n+ p+
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substrate doping is approximately . The vertical dimensions of the ONO gate stack have been
extracted by means of transmission electron microscopy (TEM), ellipsometry, and capacitance–voltage (C–V)
measurements. The nominal thickness of the thermal tunnel oxide is  for all SONOS cells,
whereas two thicknesses are available for both the dichlorosilane  layer ( ,
respectively) and the high-temperature-oxide (HTO) top oxide [ , respectively; Fig. 3,
device A].

A gate stack featuring a 11.8-nm-thick  layer as top dielectric, a 5.7-nm-thick Si nitride, and a 2.2-nm-thick
tunnel oxide was also available (hereafter denoted as SHINOS; Fig. 3, device B).

Finally, the nonconventional gate-stack structure shown in Fig. 3 (device C, hereafter denoted as SONONOS)
has been also used for the experiments related to the charge-centroid determination. This device is composed of
two nitride layers sandwiched between the tunnel and top oxides and separated by an additional  layer
(second oxide) formed by the reoxidation of part of the first silicon nitride layer (the one on top of the tunnel
oxide). In this device, the thicknesses extracted by means of TEM and C–V measurements are 1.3, 2.8, 1.5, 5.0,

 1017 cm−3

= 2.2 nmtOX

Si3N4 = 3.3 and 5.7 nmtN

= 8.9 and 5.5 nmtTOP

Fig. 3.
Gate-stack composition of the devices used in this paper.
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and 7.2 nm for the tunnel oxide, the first nitride, the second oxide, the second nitride, and the top oxide,
respectively ( Fig. 3, device C). All the measured devices are free of the passivation issue discussed in [19].

SECTION IV.
Carrier-Separation Experiments

Carrier-separation experiments are suitable to investigate quantitatively the contribution of electrons and holes
during the program and erase operations. Previous experiments showed that, during program, the charge  is
almost entirely due to electrons [11], [13], [14], [17], whereas during erase, the contribution of holes can be
significant [9], [14]. In this regard, we first successfully verified with the experimental setup in Fig. 1(a) that

 is due to electrons during program [14]. In analogy with the case of quantum-yield experiments, the hole
recombination with electrons in the inversion layer is a very unlikely process [20], [21], and, thus, we conclude
in agreement with Bachhofer et al. [11], Wang and White [13], and Libsch and White [17] that the hole
detrapping is negligible during this phase.

In the case of erasing, because our nMOS SONOS test structures are rather large , the electrons
that are possibly detrapped from the nitride must diffuse for several micrometers in the substrate before they
can reach the source contact; thus, the recombination with substrate holes can take place, and the carrier-
separation technique may underestimate the contribution to the erase of the detrapped electrons. The
experiments on nMOS devices revealed that the measured  during erase is mainly due to holes [14]; hence,
either the electron detrapping is very small or it is masked by the recombination in the -substrate.

The accuracy of the carrier-separation experiments for determining the contribution of electrons and holes (
and , respectively) to the erase is significantly improved if we use pMOS SONOS capacitors. In fact, under
negative , the holes are supplied by the inversion layer and are measured at the source, whereas the
detrapped electrons go through the very thin hole inversion layer and, then, are collected at the bulk terminal of
the -type substrate [20], [21] so that the probability of recombination with holes is drastically reduced with
respect to the experiment of the erase in nMOS SONOS.

Fig. 4 shows the carrier-separation measurements performed during the erase transient in pMOS SONOS
devices, which, according to our definition, correspond to a reduction of the threshold voltage, i.e., to negative

QN
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(20 × 155 μm)
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n
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 values. We see how the hole contribution  to  depends on the initial programmed state . In
particular, for , we observe a reduced contribution of holes, hence a large contribution of
electrons detrapped from the nitride layer and a strong  dependence of the  ratio. At higher ,
the relative contribution of holes remains constant versus , regardless of the erasing gate voltage .
Moreover, if we replot  as in Fig. 5, we see how the hole component directly depends on the initial gate
overdrive voltage . This latter result can be justified by considering that both the tunneling rate and
the hole-inversion-layer density depend on the  value.

ΔVT Qh QN VTP

= −0.6 VVTP

ΔVT ( / )Qh QN VTP

ΔVT VG

Qh

( − )VG VTP

( − )VG VTP

Fig. 4.
Fraction of the charge due to holes measured during the pMOS SONOS erase as a function of

 for different values of  and of the initial threshold voltage . Note the decreasing
contribution of holes for decreasing . ,  during erase.



ΔVT VG VTP

VTP Qh > 0Qe
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Fig. 5.
Hole contribution to pMOS SONOS erase as a function of the (a) erasing time and (b) .
Open symbols for  and filled symbols for .



( − )VG VT

= 0.8 VVTP = 1.8 VVTP

SECTION V.
Position of the Charge Centroid

After the identification of the different roles played by electrons and holes during P/E, we focused our attention
on the extraction of the charge centroid  by using (2). In particular, to study the  dependence on the P/ExC xC
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conditions and the device structure, the experimental procedure described in Section II has been used to
measure  and the induced  for several  values and for devices featuring different ONO gate stacks.

A. Experimental Results for SONOS and SHINOS Devices

Fig. 6 shows the P/E characteristics as functions of the total program (erase) time  of the nMOS SONOS with
, , and  (2.2/5.7/8.9). The 's have been evaluated by measuring

the shifts of the C–V curve after each P/E pulse. Then, the capacitor was reset to the initial state (by mild P/E
cycling), and the  data have been used to set the shape of the pulses [see Fig. 1(b)] during which we
directly measured the injected  with the experimental setup in Fig. 1(c). Finally, in Fig. 7(a), we have
calculated the  of the cumulative charge . Each point of the curve is the centroid of the total charge 
injected from the beginning of the P/E characteristic to the time corresponding the  value reported in the 
-axis in Fig. 7(a).

QN ΔVT VG

t
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Fig. 6.
(a) Program and (b) erase characteristics of an nMOS SONOS capacitor at constant gate voltage.
Open triangles correspond to programming at constant tunnel-oxide field, which is obtained by
compensating at each program pulse the  produced by the previous pulse.ΔVT


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We observe that the centroids for program and erase are very consistent with each other; at the beginning of the
program (erase) phase,  is located near the middle of the nitride layer, which is in agreement with the results
for HTO top oxides reported in [22]. Then,  slowly moves toward the top oxide. Moreover, the data in
Fig. 7(a) do not show any dependence on the applied gate voltage . In this respect, in order to further

investigate a possible bias dependence of , we have also performed measurements by keeping  at the
 interface approximately constant during program [ Figs. 6(a) and 7(a); open symbols] by increasing

 after each pulse for an amount equal to the corresponding . This, of course, leads to a faster
programming [ Fig. 6(a); open symbols], but  still agrees well with the data obtained at constant 
[ Fig. 7(a)]. Therefore, we can conclude that there is no dependence of  on the injection conditions, at least in
the bias range explored in this paper.

For , the  values move toward the top oxide and eventually become negative. The negative ,
however, is most likely an artifact due to an electron leakage through the top oxide at the largest programming
times, hence largest 's. In fact, when the cell is strongly programmed and the nitride is almost completely
charged, the electric field across the top oxide is maximum, and the electrons injected in the nitride can tunnel
out of the storage layer during the last part of the programming phase. This charge leakage offsets our estimate
of , which hence appears less effective with respect to the measured threshold-voltage shift and results in a
smaller value of  [see (2)]. In order to more precisely assess the  range where the determination of  is

reliable, in Fig. 7(b), we calculated the centroid  of the partial charge packet  injected during the last

pulse of the P/E sequence used to reach a given  value, hence injected between two adjacent points of the

curves in Fig. 7(a). The centroid  is calculated by inserting in (2) the charge  and the threshold-voltage

shift corresponding to the single (individual) P/E pulse. It is worth to note how, for ,  is
negative, thus indicating that we are measuring a charge packet  that is larger than the one needed to justify

Fig. 7.
(a) Centroid of the cumulative charge trapped in the nitride of the nMOS SONOS capacitor
(2.2/5.7/8.9-nm ONO stack) extracted for the program and erase pulses at different 's. Open
circles correspond to the programming at constant electric field across the tunnel oxide (  is
adjusted after each subsequent pulse). (b) Centroid of the partial charge injected into the nitride
during each pulse of the programming/erasing of the nMOS SONOS (2.2/5.7/8.9-nm ONO stack).
Note how during the last program/erase pulses (large ) the centroid of the partial charge is
located in the top oxide, indicating that part of the injected charge has been lost through the
gate.
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the partial threshold-voltage shift obtained during the last P/E pulse. Hence, part of the charge  must have

been lost through the gate. For , on the other hand, the  of each partial charge packet is located
well inside the nitride, thus indicating that we are not losing charge through the gate and validating the 
values extracted for the cumulative charge  in this range of  values.

Moreover, the analysis of the  values shows that the centroid position is independent of the starting ,
because each point in Fig. 7(b) corresponds to the charge centroid obtained, starting from a different  level.

During erase,  becomes negative when the electron injection from the gate takes place. In this situation, a
steady-state current flows from the substrate to the gate, thus yielding a saturation of the erase characteristics
that limit the observable  range [Fig. 6(b)]. The charge measured in this condition is largely exceeding the
charge responsible for the threshold-voltage shift, and therefore, the extracted  becomes unreliable while
approaching this region. On the basis of such observations, we estimated that, for the measured device, the 
values are reliable for  and, in this  range, the charge centroid stays close to the center of
the nitride layer and it only slightly moves toward the top oxide for both program and erase [14], [18], [22].

As stated in Section IV, the carrier-separation experiments showed that, in our nMOS SONOS capacitors, the
measured  during program is essentially due to electrons whereas, during erase, it is mainly due to holes.
Thus, the net result of a complete P/E cycle is a recombination charge, and we can also use an LFCP technique
to detect such a recombined charge  [15]. Fig. 8 shows the  values calculated by using  detected by
means of LFCP with different base and top pulse levels. We see that the results agree well with the  obtained
with the direct measure of  on the same device, except at small , where the LFCP method
underestimates , as shown in [14], thus resulting in a deviation of  toward the tunnel oxide [see (2)].
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Fig. 9 shows the centroid  extracted during the programming of SONOS capacitors with different top oxide [
; (a)] and silicon nitride thicknesses [ ; (b)], whereas all other stack dimensions are

the same, as shown in Fig. 7. Also, in this case, we find that  is located near the middle of the nitride (slowly
shifting toward the top oxide as programming continues) and no gate bias dependence is observed. Moreover,

Fig. 8.
Centroid  for the nMOS SONOS capacitor (2.2/5.7/8.9-nm ONO stack) extracted during
programming. The data obtained with the (filled symbols) direct-measurement technique
summarized by (2) are in good agreement with those provided by the (open symbols) LFCP
experiments.


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there is no significant dependence of the measured  on the polygate type (open and filled symbols). Fig. 10
shows the  values extracted from the SHINOS cells featuring the  top dielectric ( Fig. 3, device B). Also,
in this case,  is located inside the nitride, no dependence on  is observed, and the data for program and
erase are consistent with each other. The results obtained for the pMOS SONOS devices are very similar [14].

xC

xC HfO2

xC VG

Fig. 9.
Centroid  extracted during the programming of SONOS devices, featuring two different ONO
stacks: (a) 2.2/5.7/5.5 and (b) 2.2/3.3/8.9. Filled and open symbols are the data for SONOS
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As a summary, Fig. 11 shows the centroid position normalized to the nitride thickness  for all the measured
SONOS devices. We see how, for moderate  values,  is always located near the center of the nitride
irrespective of the gate-stack composition and the substrate doping type.

with  polygate and  polygate, respectively. The dashed line indicates the tunnel-
oxide/silicon-nitride interface.

n+ p+

Fig. 10.
Charge centroid extracted during the program and the erase at different 's for the nMOS
SHINOS cells, featuring a  top oxide of 11.8 nm.
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B. Experimental Results for SONONOS Devices

We applied the charge-centroid-extraction procedure also to the SONONOS devices featuring the gate-stack
structure shown in Fig. 3 (device C). Fig. 12 shows the P/E characteristics of this SONONOS capacitor, which
show a faster programming and erasing compared with SONOS cells (see Fig. 6). In order to perform the 
extraction accurately, particular care has been taken in the  measurement. In fact, the application of even
small  values produces appreciable threshold-voltage shifts, due to the very thin tunnel oxide (1.3 nm). This
results in a considerable hysteresis in the C–V characteristics obtained, spanning a relatively large  range

Fig. 11.
Normalized position along the nitride layer of the charge centroid extracted from different
devices. Note that the relative position of  is near the center of nitride for all the samples, as
long as  is not very large.
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[ Fig. 13(a)]. In our capacitors, the  detection is performed by measuring the shift of the C–V characteristic,
and this can be accomplished by detecting the capacitance at different points, hence  values. However, in the
SONONOS device, we had to choose an appropriate evaluation point for the  [ Fig. 13(a), point B] in order
to avoid the application of too large  values that induce a spurious programming during the 
extraction, as in the case of the choice of the point A in the C–V curve in Fig. 13(a). In the latter case, the gate
disturbance leads to a parasitic threshold-voltage shift that depends on the measurement time [ Fig. 13(b), in
squares]. The experimental results presented in the following have been extracted by detecting the  at
(triangles) point B, where the gate disturbance is essentially negligible.

ΔVT

VG

ΔVT

( − )VG VT ΔVT

ΔVT

Fig. 12.
(a) Program and (b) erase characteristics of the SONONOS cell for different  values.
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On the other hand, it is worth noting that, in the SONOS samples, the discussed issue is not present due to the
fact that the C–V curve is not hysteretic because of the thicker tunnel oxide. In this case, the  detection can
be done at any point of the C–V curve, because the application of the  bias that is necessary for the

Fig. 13.
(a) C–V curves of the SONONOS, showing a large hysteresis during the measurement. The
arrows indicate the direction of the  sweep. (b) The  value is measured as a shift of the
C–V curve. The selection of the right evaluation point in the C–V curve avoids a spurious  shift
induced by a gate disturb during the detection of the .



VG ΔVT

VT

ΔVT

ΔVT

VG
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capacitance measurement does not also produce spurious threshold-voltage shifts if this  value is applied to
the device for long times.

The  values extracted from the SONONOS cells are shown in Fig. 14. Also, in this case, there is no
dependence on the applied P/E conditions, and the data for program and erase are consistent. However, unlike
standard SONOS devices, SONONOS structures exhibit a centroid  that is initially located very close to the
second oxide layer ( Fig. 3, device C). This is probably due to the fact that the second oxide has been formed by
the reoxidation of part of the first nitride layer. This oxide-fabrication method is known to produce a large
number of traps at the interface between the first silicon nitride layer and the second oxide layer [22]–​[24].
The density of these interface traps can be larger than the concentration in the bulk of the nitride layer, and the
results in Fig. 14 are consistent with the assumption that the carriers are mainly trapped at the 
interface at the beginning of the program/erase operation, namely, for small  values. Because in this case,

 is located in the  layer that has a different permittivity  with respect to nitride, for the evaluation of
the  values, (2) has been modified as follows:

View Source

VG

xC

xC

/Si3N4 SiO2

|Δ |VT

xC SiO2 ϵOX

xC

= − ( + )+ − .xC ϵOX
Δ AVT

QN

tN

ϵN
tN tTOP (3)
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By increasing the program (erase) level, electrons (holes) start filling the bulk traps located in the second nitride
film, and  moves to the middle of the nitride thickness as in the case of SONOS structures. It seems, however,
that no significant amount of charge is trapped in the first nitride layer, although a comparable concentration of
free traps should be available with respect to the second nitride layer.

Fig. 14.
Charge centroid extracted from the SONONOS devices. Initially, the charge is trapped near the
interface between the first nitride and the second  layer, and then, it fills the traps in the
center of the second nitride. See Fig. 3 (device C) for the gate-stack definition.



SiO2
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These results also indicate that our experimental technique is indeed sensitive; in fact, it can detect changes of
the  value due to different trapping properties in the gate stack.xC

SECTION VI.
Conclusion

We have extensively used carrier-separation experiments with direct measurement of the charge injected during
the program and erase operations of SONOS memory cells to study the type of carrier that is mainly involved in
each operation as well as the location of the trapped charge . Preliminary experiments showed that, whereas

 is entirely due to electrons during program, during erase, there is a significant contribution of holes, which
follows a  dependence.

Concerning the extraction of the charge centroid, a wide set of experiments in several P/E conditions on SONOS
cells with different gate-stack structures has consistently shown that the centroid of the cumulative charge 
is always located close to the center of the trapping layer and it slowly shifts toward the top oxide irrespective of
the applied P/E voltages. Moreover, the  values do not significantly depend on the top oxide and nitride
thicknesses, the composition of the top dielectric, or the substrate and gate doping type.

The centroid results for the SONONOS gate stack instead show that the carriers are initially trapped near the
intermediate oxide layer likely because the reoxidation of the first nitride layer has generated a large number of
traps at the  interface [22]–​[24]. For larger P/E levels, the carriers start filling the bulk traps of the
second  layer, so that the centroid moves toward the middle of the second nitride layer, which is
consistent with the results obtained for SONOS devices. Also, for these devices, the behavior of  is essentially
independent of the P/E conditions.

This large set of experimental data demonstrates the sensitivity of the characterization procedure proposed in
this paper, which is thus useful to study the trapping properties of different gate-stack structures and support the
design of the nitride-based NVM cells. The data also represent a valid reference for the calibration of
program/erase and retention models of Si nitride-based NVM [25].
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?

@ABACDE�FGCH�IJ KLM�NOPM�QRSTSUTV�WVRXYOTOZ[�\LMX�I]YRX�SŶ�IT]Z�I_ORVPP�̀O_�aTM_S�bLZX�cVYPLM[�dTSPX�JVeO_[�f�ghhh�NOỲV_VYRV�I]UTLRSMLOY�f�ghhh�ijTO_V

XMMjPGAALVVVkjTO_VlLVVVlO_ZÂOR]eVYMAmnnoHp@ mAFD

(a) 
Upper 

SG 

L,ower 
SG 

Memory array 
(b) 2F .... 

B1it Line 

--Bit line 

--- Upper SG 
(row select line) 
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./0/123�4516�78 9:;�<=>;�?@ABACBD�ED@FG=B=HI�J:;F�7KG@F�AGL�7BKH�7M=@D>>�N=M�OB;MA�P:HF�QDG>:;I�RBA>F�8DS=MI�T�UVVV�<=GNDMDG@D�7KCB:@A;:=G�T�UVVV�WXB=MD

F;;X>5//:DDDYXB=MDZ:DDDZ=MH/L=@KSDG;/[\\]6̂. 2/42

Bit Line 
_____ ,..A-____ _ 

r ""' 

Source 
Line 

Upper 
·~ SG 

Control 
Gate 

Lower 
SG 
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IJKJLMN�OPLQ�RS TUV�WXYV�Z[\]\̂]_�̀_[abX]Xcd�eUVa�Rfb[a�\bg�R]fc�RhX[_YY�iXh�j]Vh\�kUca�l_bYUVd�m]\Ya�S_nXhd�o�pqqq�WXbi_h_b[_�Rf̂]U[\VUXb�o�pqqq�rs]Xh_

aVVsYPJJU___ts]Xh_uU___uXhcJgX[fn_bVJvwwxQyI KJOM

Pros i Cons I 

3D Stacked 
Expansion of Higher Cost 
Current Technology (Large number of 

NAND 
Uthography Steps) 

Lower Cost New Technology 

BiCS Flash 
{Small number of - LPCVD tunnel oxide 
Uthography Steps} - Vertical FET 

- Multi Gate Stack RIE 
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(1) sn (6) Control Gate Formation 

(2) Lower Select Gate (7) Slit 

(3) Lower SG Plug (8) Upper Select Gate 

-

(4) Gontro'I Gate Deposition (9) Upper SG Plug 

(5) Memory Plug 
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=22O5,&&1;;;PO94D;Q1;;;Q4D?&C47BJ;>2&RSST-U% %&+)

(b) - L 
Charge Trap I ayers 

Upper 
SG poly-Si 

,...__.....,_ Body 

Control 
Gate 

Lower 

(c) 

SG poly-Si 
Gate 

. poly-Si 
Gate 
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(a) po'.ly-Si 
Body ,~r----r--,-,--

Upper . 
SG ._. 

Control 
Gate 

n X 512 

(b) 

Sandisk Technologies, Inc. - Ex. 1046, Page 000108



���������	
���
���������������������������

�����
�����
���
��
�������

��
�
�� ���� !"�#$%�&'�( ��')$*+,-./0�1234�567�1284�9:;<�=:>�?@;99�9>?=A;65B�CDE�AF5G>9�;H�=:>�9I??>99HIBBJ�H5K@A?5=>7�LM6F�NAOC�HB59:�?>BB5@@5J�567�=:>�9=5A@PBAQ>�9=@I?=I@>�5=�=:>�>7G>�;H�?;6=@;B�G5=>9R�*+,-./�12S4�A9�5�=;T�7;<6�T:;=;G@5T:�;H�KA=�NAOC�UB59:�F5?@;RV7PWG�?:5@5?=>@A9=A?9�;H�9>B>?=�G5=>�UDX� �A9�9:;<6�A6�Y+,-./�ZR�CIK=:@>9:;B7�9B;T>�A9[\M�FW]7>?R�V6�=:>�?59>�=:5=�V;HH�A9�̂M�T_̀�;6P?I@@>6=�A9� R�*+,-./�ab�9:;<9�V7PWG�?:5@5?=>@A9=A?9�;H�=:>c>@=A?5B�CdedC�UDX�5H=>@�T@;G@5F�567�>@59>R�*+,-./�aa�9:;<9�=:>�T@;G@5F]>@59>�?:5@5?=>@A9=A?9�;H�CdedCUDXR�D67I@56?>�=;�fD\�?J?B>9�A9�9:;<6�A6�Y+,-./�agR�W=:�9:AH=�A9�B>99�=:56�MR\W�5H=>@�fDh�?J?B>R�i5=5�@>=>6=A;6F>59I@>7�;6�CdedC�UDX�5=�A6A=A5B�567�5H=>@�fMMM�?J?B>9�;H�>67I@56?>�5@>�9:;<6�A6�Y+,-./�ajR�[R\W�;H�W=:<A67;<�A9�@>F5A69�5H=>@�fMJ>5@9R

klmlnop�qrns�tu vwx�yz{x�|}~�~������}��z�z����wx��t��}��~���t����t�z}�{{��z����x�~��w������{wx����~{��u��z����������yz������}��t���w}~xwz������������z��

�xx�{rllw������z���w����z��l�z}����xl����s�k q�lqo

RIE 

-0,·RIE 

n x 512k 

(L = 150nm, cp = 90nm) 

2.4µA ~-
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lE-05 -------------, 
lE-06 

~1E-07 _ 
--;:1E-08 
~ 1E-09 
5 1E-10 
u lE-11 -
C 
·; lE-12 
I. 

Q 1E-13 
lE-14 
1E-15 • 

vd = o.s v 
<I> = 90 nm 
L= 150 nm 

.,3 ,-2 -1 ,o 1 2 3 4 5 
Gat-e Voltage (V) 
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lE-05 -- ___________ , 

Erase 
""' 1E-06 - Vera = 
~ 1E-07 1sec ,w 
C 
! lE-08 
a. :s 
u lE-09 
C ·-I! 1E-10 
Q 

lE-11 _ 

1E-12 

IP - ·· - · _ rogram 
V - = 11V -- p.ro --- --

1sec 

-3, -2 -1 0 1 2 3 4 ,5 6 7 8 9 10 

Gate Vo taige (V), 

7 

6 15V 

5 14V 

.-. 4 
> <;,.., 3 
C 

"> 2 

1 
-13V 
-12V 

0 -11V 
-1 
1IE-07 t E-04 lE-01 1 E+02 

Program lime (s} 
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9..K1(""-777LK50@7M-777M0@;"?03>F7:."NOOP)Q! 'O"'%

7 

6 
h . , ·• ..... ... o 

5 

..-. 4 
> ,_,; 3 ~ 

'> 2 
: ·~ 1 ................... 

0 ·~ ... ,. 
-1 

1E+OO 1E+02 1E+04 
P / E Cyde Endurance 
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3456
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0;*
07
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9*90/4*1
<0
4;=/*,1*
?4<
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)*+,-*
=0;74/9*2
<+,<
<+41
<*=+;080A:
41
,
./09414;A
=,;242,<*
70/
<+*
B8</,
C4A+
D*;14<:
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FGHGIJK
LMIN
OP QRS
TUVS
WXYZY[Z\
]\X̂_UZÙa
bRŜ
Oc_X̂
Y_d
OZc̀
OeUX\VV
fUe
gZSeY
hR̀̂ 
i\_VRSa
jZYV̂
P\kUea
l
mnnn
TU_f\e\_X\
Oc[ZRXYSRU_
l
mnnn
opZUe\

ŜSpVMGGR\\\qpZUe\rR\\\rUèGdUXck\_SGsttuNvF LsGLJ

5 

4 
• • 

.c > 2, t 

0 
1E+OO 

Solid:: Initial 
,Qpen: Endruranoe 

Retention time (s) 
l !E+09 
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