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Abstract—We propose a damascene gate FinFET with
Si nanocrystals implemented on bulk silicon wafer for
low voltage flash memory device. The wuse of
optimized SRON (Silicon-Rich Oxynitride) process
allows a high degree of control of the Si excess in the
oxide. The FinFET with Si nanocrystals shows high
program/erase (P/E) speed, large V1y shifts over 2.5V
at 12V/10ps for program and -12V/Ims for erase,
good retention time, and acceptable endurance
characteristics. Si nanocrystal memory with
damascene gate FinFET is a solution of gate stack
and voltage scaling for future generations of flash

memory device.

Index Terms—FinFET, Si-nanocrystal, SRON(Si-Rich
Oxynitride), flash memory device

1. INTRODUCTION

The new storage node concept is required for dielectric
and voltage scaling in non-volatile memories (NVM) to
meet the reliability and performance requirements of
future products. A Si nanocrystal flash memory devices
has been recently proposed and extensively studied due to
low power consumption, inherent scalability, smaller
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lateral leakage currents, and good endurance to
program/erase cycles[1~8]. Si nanocrystals are used as
charge storage elements embedded in the oxide layer
between the control gate and silicon channel. One of the
main challenges is producing uniform Si nanocrystals
with high cell current.

For the purpose of these issues, we have fabricated the
damascene gate Si nanocrystal FinFETs with optimized
SRON process. Damascene gate FinFET has been
considered as one of the most promising candidates to
overcome the difficulties of CMOS scaling because of
their good short channel effect (SCE) immunity and
compatibility with the conventional process with high
cell current[9]. Damascene gate process is also a simple
way to overcome scaling limit because of its own merit
such as easiness for metal gate application and clearness
for gate etch burden[10]. SRON process is an attractive
technique because it allows a high degree of control of
the Si content in the oxide by simply changing the
feeding gas ratio of O,/SiHy, post-annealing time, and
temperature. We prepared SRON layer by newly
employed Cyclic—-CVD technique with N,O/NHj; gas.

I1. EXPERIMENTS

The process sequence, schematic diagram, and process
results for the fabrication of Si nanocrystal memory with
damascene gate FinFETs on bulk Si wafer are shown in
Fig. 1. Silicon wafer was prepared with conventional
shallow trench isolation including fin trimming
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processes. After the deposition of masking materials,
damascene gate was patterned and its spacing was reduced
by controlling the inner spacer thickness. And then, a
120nm-thick field oxide was anisotropically removed for
fin formation followed by tilted and local channel
implantation through the open window. After growing 3
nm-thick tunnel oxide layer, 5 nm SRON layer was
formed with appropriate feeding gas ratio (O,/SiHy).
Desired SRON layer and film thickness can be obtained
by controlling feeding gas ratio and pressure. After
deposition of 7 nm control oxide layer, SRON post-
annealing was performed. High density (~7.5x10'%/cm?)
Si nanocrystal dots were successfully formed with the
diameter of 1.5~2 nm. The N' polysilicon was deposited
for control gate material. Gate CMP and silicon nitride
removal process were followed. Thereafter, the
fabrication was completed by performing tilted halo and
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Fig. 1. Fabrication process flow and schematic diagram of
damascene gate Si nanocrystal FInFET device.

100nm

Fig. 2. TEM images of damascene gate Si nanocrystal FiInFET
device show the fin width of 30nm, tunnel oxide thickness of
3nm, and Si nanocrystal dot diameter of 2nm.
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SDE implantation, spike annealing, spacer formation,
S/D implantation, and Co salicidation. Fig. 2. shows the
TEM images of damascene gate FinFET structure with
uniformly distributed Si nanocrystal dots embedded
between tunnel oxide and control oxide layer. From Fig.
2., the newly fabricated devices have Wg,=30 nm and
Lg=60 nm after the full process. Fin height is 120 nm.
Total dielectric thickness including SRON layer is less
than 15 nm. Nitrogen content in the SRON layer is about
18% from XPS analysis.

II1. RESULTS AND DISCUSSION

The I4-V, characteristics of programmed and erased
states of Si nanocrystal FinFET after 1, 10°, 10° cycles
are plotted in Fig. 3. It can be seen that threshold voltage
shifts are over 2.5V after P/E cycles. The distance
between the trap charge and the gate electrode is 7 nm,
so that the number of electrons trapped in the Si
nanocrystals was estimated to be 7.5x10"2cm™. From Fig.
3., it was found that the threshold voltage shift between
the two states could be as high as 2.5V, sufficient for
read operation of memory arrays. We calculated the
number of stored electrons per nanocrystal dot (f) for this

experiment as follows;
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Fig. 3. Id-Vg characteristics after various P/E cycles.
Threshold voltage shifts are measured over 2.5V after P/E

cycles.
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Fig. 4. Programming characteristics of FinFET structure show
that threshold voltage shift of 2.5V was achieved with
12V/10us program pulse.
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Fig. 5. Erasing characteristics of FinFET structure show that
threshold voltage shift of 2.3V was achieved with -12V/1ms
erase pulse.

where AV is the threshold voltage shift, q is electron
charge, n,. is dot density, f is an effective factor and
means the number of electron charges per dot. tg,, is
barrier oxide thickness between silicon nanocrystal and
gate material. ,, is the diameter of dot [4~6]. With H,
alloying process we removed the interface trap of
Si0,/Si effectively. Calculated effective factor f for this
experiment is 1.86 electrons/dot which is over 1. f >1
means a few of nc-dot/SiO; interface trap sites is existed
due to surface roughness and non-uniform concentration.
Therefore we have to reduce interface trap density in the
nc-dot/Si0, interface to control threshold voltage shift
effectively. Fig. 4. and Fig. 5. show the program and
erase transient characteristics with various program/erase
voltages from +8V/-8V to +12V/-12V. Program speed is
10ps at +12V with 2.5V Vpy shift and erase speed is

Ims at —12V with -2.3V Vg shift, respectively.
Threshold voltage shift saturates as the P/E time
increases and also as the P/E voltage increases.
Distributions of the threshold voltages for gate length
with 100nm and 120nm measured in wafer level are
shown in Fig. 6. The endurance characteristics were
tested using 12V, 10ms program pulse and -12V, 100ms
erase pulse at room temperature as shown in Fig. 7. Even
with a 3 nm tunnel oxide thickness, Si nanocrystal
FinFET shows good endurance to P/E cycles. Fig. 8.
shows the measured retention time for various P/E
voltages from +10V/-10V to +15V/-15V. There is no
initial degradation of programmed threshold voltage, and
Vg window reduction is found to be less than 15% up to
10°s.
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Fig. 6. Distributions of the threshold voltages for gate length
with 100nm and 120nm measured in wafer level.
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Fig. 8. Retention characteristics for various P/E voltages show
that no initial degradation of programmed threshold voltage is
found up to 10° s.

IV. CONCLUSIONS

We have demonstrated the Si nanocrystal memory

with damascene gate FinFET for low voltage application.

Density and size of Si nanocrystal dots can be controlled
by SRON process. With this novel memory structure we
obtained excellent characteristics in the threshold voltage
shift, endurance and retention. We expect that Si
nanocrystal memory with damascene gate FinFET is a
solution of gate stack and voltage scaling for future
generations of flash memory device.
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