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ABSTRACT

In the past decade, memaory chips with low power consumption and low cost
have attracted more and more' attention due to-'the booming market of portable
electronic devices such as cellular phones and digital cameras. These applications
require the memory to have ten years data retention time, so that the nonvolatile
memory device has become indispensable.

According to ITRS roadmap, the key issue for floating-gate nonvolatile
semiconductor memory (NVM) is the scaling of the tunneling oxide because the
stress-induced leakage current (SILC), which can discharge the whole floating-gate
memory with even one single defect, becomes a severe problem at very thin tunneling

oxide thickness. This scaling issue is a formidable challenge especially for the



emerging system-on-chip (SoC) integrated circuit designs in which programming
voltage must be scaled for the NVM to be compatible with the low voltage logic circuit.
Recently, silicon/metal-oxide-nitride-oxide-silicon (SONOS/MONOS) charge trapping
based NVM has received considerable interest due to its advantage of lower
programming voltage, smaller cell size and better endurance over the floating-gate
devices. In SONOS devices charges are stored in discrete traps instead of continuous
floating gate. As a result, such devices are more robust to SILC since only charges near
the defect site can be discharged and the tunneling oxide layer can be scaled more
aggressively than floating-gate devices. However, retention and erase speed remain as
the major challenges for SONOS/MONOS devices to-replace floating-gate devices.

In this dissertation, we proposed a low wveltage, high speed and good data
retention MONOS memory device by using a high-k Hfy3No2Oo5 trapping layer. At
very fast 100 us and low +9 V P/E, good memory device integrity of 2.8 V initial AVy,
and large ten-year extrapolated retention of 1.8 V at 85°C or 1.5 V at 125°C are
obtained in SiO,/Hfq 3Ng2005/HfLaON/TaN MONOS device. Such excellent 85~125°C
retention with small decay rate, at only 2.9 nm thin tunnel SiO,, is possible by tuning
Hfo3No 2005 trap energy deep into Si forbidden bandgap close to midgap.

To address the high temperature retention issue, we further provide the

[TaN-1r3Si]-[HfAIO-LaAlO;]-Hfo 3No 200 5-[HFAIO-SiO,]-Si device. At 150°C under



very fast 100 ps low + 9 V program/erase, this device shows good memory device
integrity of a 3.2 V initial AVy, and 2.7 V ten-year extrapolated retention. This only 25%
retention decay at 150°C was achieved by double quantum-barriers confining the
deep-trapping-energy Hf,3005No2 well. Both above devices are useful for embedded

SoC under a single 5 V voltage source by using a simple voltage inverter circuit.
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Table Captions

Chapter 3 Comparison of MONOS Memory Device Integrity when Using
Hf1..yNxOy Trapping Layers with different N Compositions

Table 3-1. Comparison of memory characteristics for the Hfy3No 2005, Hfo.35N0.100055
trapping layer MONOS device with other state-of-the-art devices.

Chapter 4 Improved Data Retention for Charge-Trapping Memory by Using
Double Quantum Barriers

Table 4-1. Comparison of important memory tdevice characteristics among double
quantum-barriers charge-trapping device: (this work) and other MONQOS

and TANOS devices.



Figure Captions:

Chapter 1 Introduction

Fig. 1-1 The electrical products of nonvolatile Flash memory application.

Fig. 1-2 Schematic cross-section of a floating gate memory device. It is essentially a
MOSFET, except that a floating gate is sandwiched between a tunnel oxide
and an inter-poly oxide.

Fig. 1-3 The cross section of [Metal gate/poly-Si]-SiO2-SiaN4-SiO2-Si memory.

Fig. 1-4 The requirements for ;SONOS memory (the international technology
roadmap for semiconductors:2006-tpdate).

Fig. 1-5 When the tunnel oxidé:is scaled, the voltage drop across it is reduced for the
same programming voltage. This increases the nitride tunnel barrier, as
shown by the light gray area. The benefit from tunnel oxide scaling is
significantly reduced due to the nitride barrier.

Fig. 1-6  The band offset of popular high-k materials.

Chapter 2 A Program-Erasable High-k Hfy3No2005 MIS Capacitor with Good

Retention
Fig. 2-1 The C-V characteristics of an Hfy 3N 2005 MIS capacitor after applying a + 5

V program/erase (P/E) voltage for various periods from 0.1 to 100 ms. (b).

Xi



The C-V, for various P/E voltages from + 3 to + 5V, as a function of the P/E
time. The insert shows the Vi,-P/E time plot.

Fig. 2-2 (@) Retention characteristics at 25 and 100°C of an Hfy3No2005 MIS
capacitor, measured to 10000 s, after a 1 ms, + 5 V P/E writing pulse; (b)
cycling characteristics of the Hfy3Ng2005s MIS capacitor. Data for an AIN
MIS capacitor are shown for comparison in (a). The insert in (b) shows the
variation of Vg, with cycling.

Fig. 2-3 A In(J)-EY2 plot, using the measured J-V of a TaN/Hfy3No2005/Si MIS
device, where the electron injection is from the Si. Calculated data using
both Schottky Emission(SE) and Frenkel-Poole (FP) conduction models are
included. The inserted: figure shows the band diagram of the Hfy3No 2005
MIS devices, where the barrier height and trap energy were obtained from
SE and FP fits to the measured data.

Chapter 3 Comparison of MONOS Memory Device Integrity when Using

Hf1...yNxOy Trapping Layers with different N Compositions

Fig. 3-1 (a) Schematic band diagram of a SiN trapping layer MONOS device and (b)

the band alignment of various metal-oxide trapping layers to the oxide

barrier and Si channel.
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Fig.

Fig.

Fig.

Fig.

Fig.

3-2

3-3

3-6

3-7

3-9

3-10

XPS spectra of Hfy.x.yNxOy, where the composition of Hfy30No.200050 and
Hfo.35N0.1000.55 Was determined from the data.

C-V hysteresis curves for a TaN-HfLaON-Hf.,.yN,Oy-SiO>-Si MONOS
device with (a) Hfo 35N0.1000.55 and (b) a Hfp3sNo 2005 trapping layer.

The measured (a) program and (b) erase characteristics of
TaN-HfLaON-Hfg 35N0.1000.55-S102-Si MONOS transistors, where the device
structure is shown in (c).

The measured (a) program and (b) erase characteristics of
TaN-HfLaON-Hfj3Ng2Q55-Si0>-SITMONOS transistors.

The retention characteristics ~of TaN-HfLaON-Hfj 35N 1000.55-SiO2-Si
devices at 25 and 85°C.

The retention characteristics of TaN-HfLaON-Hf,3Ng2005-SiO,-Si devices
at (a) 25°C and (b) 85 and 125°C.

Endurance characteristics of TaN-HfLaON-Hfy.,.yNxOy-SiO,-Si MONOS
devices with different Hfo 3N 2005 and Hfo 35N0.1000.55 trapping layers.

Gate stress disturbance of TaN-HfLaON-Hf, 3Ng 200 5-SiO--Si device.

@) Retention and (b) endurance characteristics of

TaN-HfLaON-Hf, 3N 200 5-Si0,-Si devices at 10 V and 100 ps P/E.
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Chapter 4 Improved Data Retention for Charge-Trapping Memory by Using

Fig. 4-1

Fig. 4-2

Fig. 4-3

Double Quantum Barriers

Band diagram of of [Metal-gate]-[High-«x top barrier 1]-[High-k top barrier

2]-[Trapping  Layer]-[High-«  bottom  barrier = 2]-SiO,-Si  double

quantum-barriers charge-trapping NVM.

(a) Device program characteristics for different voltages & times. (b) Device

erase characteristics at different voltages & times. The device was initially

programmed at 8 V for 100 ps.

(@) Retention and (b) endurance characteristics of devices at 25, 85, and

125°C.

Chapter 5 Compare the Performance of Charge-Trapping Memory with Different

Fig. 5-1.

Fig. 5-2.

Fig. 5-3.

Single and Double Quantum Barriers

Band diagram of (a) [Metal-gate]-[High-« barrier]-[Trapping Layer]-SiO,-Si

MONOS non volatile memory device and (b) [Metal-gate]-[High-k top

barrier 1-High-x top barrier 2]-[Trapping Layer]-[High-k bottom barrier

2-Si0,]-Si double-quantum-barrier charge-trapping NVM.

C-V hysteresis for double-quantum-barrier device, showing a large Vi, shift.

Comparison of (a) program and (b) erase characteristics between single- and

double-quantum-barrier devices under different voltages & times. For the
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Fig. 5-4.

Fig. 5-5.

Fig. 5-6.

Fig. 5-7.

erase both devices were initially programmed at 9 V for 100 ps

Device retention characteristics (a) single- and (b) double-quantum-barrier
charge-trapping devices at different temperature.

Comparison of (a) endurance characteristics and (b) retention characteristics
after 10° P/E cycling of single- and double-quantum-barrier devices.

lg-Vy characteristics of (a) single- and (b) double-quantum-barrier devices
after cycling.

Comparison of the interface trap density (Dj;) for single- and double-barrier

devices after P/E cycling:
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