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Process and Technology for High-k Metal Gate MONOS Structured

Non-volatile Memory

Student: C. H. Lai Advisor: Dr. Albert Chin

Department of Electronics Engineering
& Institute of Electronics

National Chiao Tung University
Abstract

Recently, the Flash memory is commonly used in portable electronic products,
such as cell phone, MP3 player and USB Flash. However, with the increase in
requirements for products, the technalogy-and process must be still improved.

The key issue for poly-Si floating-gate non-volatile memory is the electrically
conductive charge storage layer, where the ‘programmed electrons will leak out
through the single oxide defect. Such oxide defects are generated by the program and
erase stress operation. In order to maintain the data retention, the thick tunnel oxide
(6-7 nm) is required. That is opposite to the VLSI scaling trend. In addition, the
memory device with thick tunnel oxide requires a higher operation voltage. To
overcome this problem, the conductive poly-Si is replaced by discrete trapping nitride
to form the [poly-Si or metal gate]-SiO,-SiN-SiO,-Si SONOS or MONOS memory.
The isolated charges stored in discrete traps can prevent complete charge leakage.

Therefore, a thinner tunnel oxide can be used. This in turn yields lower voltage and



faster speed for program and erase.

In this dissertation, we demonstrated a low voltage, fast speed and good data
retention MONOS memory device with high work function IrO4 metal gate, novel
high-k AIN trapping layer and HfAIO blocking layer. At 13 V and 100 us program
and -13 V 100 ps erase, we found a large threshold voltage shift (AVy,) of 3.7 V that
extrapolated to 1.9 V for 10-year retention at 85°C. This 100 us speed, low operation
voltage of 12-13 V, withstand above 10 k cycles and 1.9 V 10-year memory retention
window at 85°C meet all the non-volatile memory requirements simultaneously.

Using the same concept, wefurther provide the TaN-HfAIO-HfON-SIO,-Si
MONOS device to operate at only: 8 V under faster 100 us. Such low P/E voltage is
achieved by using novel HfON “trapping layer with very high k of 22 beyond AIN
(k~10). Under fast 100 us at £8 V for P/E, the device exhibits a large initial AV,
(memory window) of 2.5 V and the 10-years extrapolated retention window of 1.0 V
at even 125°C. Using a simple voltage inverter circuit, the P/E voltage can further be
reduced to nearly half: by applying 4.5 V and -3.5 V for the same +8 V gate-channel

bias. This is useful for embedded SoC under a single 5 V voltage source.
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The evolution of MOS technology requirement.
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The advantages and functions of non-volatile Flash memory.
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Cross section view of novel program-erasable high-k AIN MIS capacitor.
The measured C-V hysteresis of 16 nm AIN/Si MIS capacitors after (a)
as-deposited and (b) 400°C 5 min PDA process.

The XRD measurement of as-deposited and 400°C PDA AIN dielectrics.
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Fig. 2-6
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The high-x AIN dielectrics are amorphous after 400°C and 20 min

annealing.

The high-kx AIN single layer MIS capacitor behaves program

characteristics under 4 VV~11 V for 1 ms.

(@) The measured C-V characteristics, and (b) the threshold V, as a
function of the duration of the applied voltage, for a single layer high-k
AIN/Si MIS capacitor. The program and erase properties were obtained by
applying voltages from £2 V to +4 V respectively.

C-V characteristics of an Al/SisN4/Si MIS capacitor. In contrast, a small
C-V shift was shown after applying voltages of +4 and -4 V, which
suggests shallower trap energy-or-lower trap density in the SisNgs MIS
device.

The measured C-V characteristics of high-x single layer Al,O; MIS
capacitors. Continuously increasing Vi, is observed and can not be erased
by negative voltage.

The measured C-V characteristics of high-k single layer AION MIS
capacitors. Continuously increasing Vy, is observed at negative voltage
without the erase function.

The measured J-V characteristics of AIN capacitor. The fast decreasing

slope may be due to charge trapping in AIN and decrease the subsequent
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carriers’ tunnel rate.

Fig. 2-10 The schematic band diagram of the metal-gate/high-x dielectric/Si MIS
capacitor.

Fig. 2-11 The schematic band diagram of the Al metal gate/high-k AIN/Si MIS
capacitor.

Fig. 2-12 (a) The C-V characteristics of an AIN MIS capacitor used for retention,
measured from 10 s to 10000 s after removing the 1 ms +4 V program or
-4 'V erase voltage; (b) the threshold Vi, as a function of retention time,
derived from (a).

Fig. 2-13 The cycling property-of AI/AIN/Si-MIS capacitor.

Chapter 3 The Tunable and Program-erasable RF MIS Capacitor

with Long Time Tuning Memory

Fig. 3-1 The application of a program-erasable high-« tunable capacitor for (a)
VCO and (b) RF amplifier. The tuning memory of the device can greatly
simply the VCO by eliminating an external voltage bias circuit and
reducing the design turn-around time that may involve correcting the
impedance mismatch in 1/0 LC networks of an RF amplifier.

Fig. 3-2 (a) Cross section and (b) top cell view of the RF AIN MIS capacitors.

Fig. 3-3 Measured C-V characteristics of a high-x AIN MIS capacitor. A large



Fig. 3-4

Fig. 3-5

Fig. 3-6

Fig. 3-7

Fig. 3-8

Fig. 3-9

tuning range can be obtained in these high density capacitors using a
high-k gate dielectric. The shift of Vggin the C-V curves is achieved by
+Vg and -V for applied program and erase voltages, respectively.

The measured C-V characteristics of an AIN MIS capacitor after a + 4 V
program or a -4 V erase for 1 ms. The retention property was obtained by
measuring the C-V, after removing the program or erase voltage, for 10 s to
10,000 s.

The retention characteristics of + V¢, and - Vi, from the C-V curves in Fig.
4 for an AIN MIS capacitor programmed or erased at +4 V or -4 V for 1 ms.
Excellent memory characteristics are shown, such as the small V, variation
and extrapolated long memory time.

The equivalent circuit model for an AIN capacitor simulation in the RF
regime.

The measured and simulated S-parameters of program-erasable AIN MIS
capacitors.

The frequency-dependent capacitance for the program-erasable AIN MIS
capacitor.

The Q-factor of a 4.8 fF/um?® AIN MIS capacitor as a function of frequency.
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Large AVy, and Good Retention

The cross-section view of Si/SiO,/AIN/HFAIO/IrOx MONOS memory
device.

The J-V characteristics of Ir/IrO; high-k metal gate PMOS.

The SIMS measurement of IrOy film.

The band diagram of an IrO4-HfAIO-AIN-SiO,-Si MONOS device in the
erase state. The AIN has a strong trapping capability and the high
work-function IrO4 metal gate decreases the charge injection into the thin
HfAIO blocking layer.

Jg-Vg curves of MONOS memory with 12 nm and 16 nm AIN at 25 and
85°C. The Jg is 1 order of magnitude lower than the data from [4.6] due to
higher work function of IrO.

C-V hysteresis curves of MONOS capacitor with 16 nm AIN for various
V. The capacitance density increases to 3.5 fF/um? for 12 nm AIN device.
The measured 14-Vy characteristics of IrOx-HfAIO-12 nm AIN-SiO»-Si

MONOS device.

The measured (a) program and (b) erase characteristics from I4-Vy for 16
nm AIN MONOS devices 10 um gate length. The device was initially

programmed at 13 V for 100 ps.
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Fig. 4-9 The measured (a) program and (b) erase characteristics from Ig-Vg for 12
nm AIN MONOS devices 10 um gate length. The device was initially

programmed at 13 V for 100 ps.

Fig. 4-10 Retention of MONOS devices with 16 nm AIN at 25°C. The P/E decay

rates are only 72/22 mV/dec.

Fig. 4-11 Retention of MONOS devices with 12nm AIN at 25°C. The P/E decay

rates are 92/49 mV/dec.

Fig. 4-12 Retention of MONOS devices'with .12 nm and 16 nm AIN at 85°C. The

P/E decay rates are 120/64 m\//dec.

Fig. 4-13 Endurance of MONOS memory with (a)-16 nm and (b) 12 nm AIN at 85°C.

High AVy, can be maintain up to 10* or 10° P/E.

Fig. 4-14 Retention of 10 k P/E-cycled MONOS devices with (a) 16 nm and (b) 12
nm AIN at 85°C. Large AVy, of 1.6 and 2.7 V are still obtained in 12 nm

AIN MONOS device.

Chapter 5 Very Low Voltage SiO,/HfON/HfAIO/TaN Memory with

Fast Speed and Good Retention

Fig. 5-1 The structure of TaN-HfAIO-HfON-SiO,-Si MONOS memory device.
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The SIMS profiles of oxygen and nitrogen in the HfO, and HfON layers.
X-ray photoelectron survey spectra of the HFON high-«k dielectric.

XPS characteristics of (a) Hfs spectra and (b) Nis spectra of HFON and
control HfO; dielectrics.

(a) Energy band diagram of TaN-HfAIO-[trapping layer]-SiO,-Si MONOS
device with different SizN4, AIN or HFON high-« trapping layer; (b) energy

band diagram of MONQOS under erase function.

C-V hysteresis curves of HFON MONOS capacitor. Very high capacitance
density ~4fF/um? is obtained.
The Jg-Vy characteristics of TaN-HfAIO-HfON-SiO,-Si MONOS under

erase at 25-125°C.
The 14-Vg4 and gm curves of HFON MONOS transistors.

The P/E characteristics of HFON MONOS device. (a) The measured
program characteristics from I4-Vy of transistors (b) The measured erase

characteristics from I4-V of transistors.

5-10 Measured and TMA simulated J-V curves. The erase speed also depends

on the hole injection from the Si channel.

5-11 The diode-clamp circuit to generate negative -3.5 V from supplied 4.5 V

voltage source using TSMC 0.18 um library.
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Fig. 5-12 Endurance characteristics of TaN-HfAIO-HfON-SiO,-Si MONOS device.
The memory window is almost constant until 10 k P/E cycles with only
12% degradation.

Fig. 5-13 Retention characteristics of fresh TaN-HfAIO-HfON-SiO,-Si MONOS
devices at (a) room temperature and (b) elevated temperature.

Fig. 5-14 Retention characteristics of 10° P/E cycled MONOS devices.

Fig. 5-15 The band diagram of TaN-HfAIO-HfON-SiO,-Si MONOS memory device

in retention mode.
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