Chapter 1

Introduction

1.1 Motivation to study MONOS Flash memory

Semiconductor memory is an indispensable component of modern electronic
systems. It is used in personal computers, cellular phones, digital cameras,
smart-media, networks, automotive systems, global positioning systems. Static
Random Access Memory (SRAM) is used as a cache memory in personal computers
since it offers the fastest write/read (8ns) speed. among all memories. However, a
single SRAM cell consists of 6 transistors (6T), so SRAM chip density is very low,
although 4T SRAM cells have been demonstrated-[1.1]. SRAM memory can retain
the stored information as long as the power is on, drawing very little current. However,
the information will be lost when the power is turned off, so SRAM is not a
nonvolatile memory.

A Dynamic Random Access Memory (DRAM) cell consists of one transistor
and one capacitor (1T1C). It is superior to SRAM in many aspects except that the
write speed is slower in the DRAM (50ns) than in the SRAM. However, its cell size is
much smaller than that of SRAM and thus it is a low cost commodity memory device.

Compared to flash memory, DRAM has much faster program/read speed with very



low operating voltage, while flash memory needs lus to Ims programming time and

high programming voltage. Unfortunately, DRAM is a volatile memory. The data

retention time is about 100ms in DRAM while it is 10 years in flash memory: a

DRAM cell needs refreshing frequently to maintain its data, so its power consumption

is significant. Furthermore, the size of a DRAM cell is larger than that of a flash

memory cell. Scaling the DRAM cell size down is difficult due to the large capacitor

required to store data.

In the past decade, memory 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 (Fig.1-1). These

applications require the memory:to have ten years data retention time, so that the

nonvolatile memory device has become indispensable. Especially the poly-Si floating

gate Flash memory devices its fabrication process is compatible with the current

CMOS process and is a suitable solution for embedded memory applications. All

other nonvolatile memories such as Ferro-electric Random Access Memory (FERAM),

Magnetic Random Access Memory (MRAM) and phase change memory require

integration of new materials that are not as compatible with a conventional CMOS

process. It is easier and more reliable to integrate flash memory than other nonvolatile

memories with logic and analog devices in order to achieve better chip performance



for wireless communication and wireless computation [1.2].

For conventional poly-Si floating gate Flash memory devices (Fig. 1-2), the

key issue is the scaling of tunnel oxide since the storage charges will discharge at very

thin tunnel oxide due to the electrical-conductive poly-Si. The scaling of the gate

stack and operation voltages are often related to each other. A tunnel oxide thickness

of more than 8nm is currently used in the commercial flash memory chip to meet the

ten years data retention time requirement. This causes the Flash memories need to

operate at higher program and erase voltage (the electric field is more than 6 MV/cm).

In order to solve these problems and realize vertical scaling, the conductive poly-Si

floating gate is replaced by Si3N4 to form 'the [poly-Si/metal]-SiO2-Si3N4-SiO2-Si

structure; we call the SONOS or MONOS memory-devices (the structure is shown in

Fig. 1-3). The SONOS/MONOS device is a potentially important non-volatile

memory suitable for downscaling below 20 nm [1.3]-[1.7] since the discrete traps in

the silicon nitride can prevent complete charge leakage out through single oxide

defects, which gives better data retention and useful for 2 bits/cell. Thus a thinner

tunnel oxide (<5 nm) can be used in a SONOS/MONOS memory compared with that

in a conventional poly-Si floating gate device. This yields lower voltage and faster

speed for operation. According to International Technology Roadmap for

Semiconductors (ITRS) [1.8], at 2020, the SONOS non-volatile memory will continue



down-scaling the thickness of tunnel oxide to 2 nm and program/erase (P/E) voltage

to 4.0-4.5 V (the table is shown in Fig. 1-4) with faster speed while maintaining good

data retention at elevated temperature. Such low voltage operation under 5 V is also

important for embedded system-on-chip (SoC).

1.2 Motivation to use High-kx materials for MONOS Flash memory

The SONOS/MONOS memory device still faces some challenges for further

improvement. The tunnel oxide needs to be scaled more aggressively to improve the

program/erase speeds. However, the tunnel oxide thickness cannot be reduced below

2nm to improve the programming speed, ifsten years retention time must be

guaranteed. The tunnel oxide ;scaling may not -help the programming speed

significantly, as shown in Fig. 1-5. The programming speed enhancement from the

tunnel oxide scaling is limited since electrons must tunnel through a significant

portion of the nitride (shown in the dark gray area) before becoming trapped,

especially for low programming voltages. This programming mechanism is called the

modified Fowler-Nordheim tunneling process [1.9]. If the tunnel oxide is scaled to

improve the programming speed, less voltage will be dropped across the tunnel oxide

(see the energy band diagram shown with the dashed line in Fig. 1-5), assuming the

same electric field is maintained during programming. As shown by the light gray

area in the figure, there will be a larger tunnel barrier within the nitride charge trap



layer for the scaled device. This larger barrier reduces the electron tunneling

probability and hence the electron injection current during programming. Therefore

the advantage of using a thin tunnel oxide to improve the programming speed is offset

by the existence of the nitride tunnel barrier. To mitigate this effect, a larger

conduction band offset ¢ between the tunnel oxide and the charge trap layer is

desirable to reduce (or eliminate) the extra tunnel barrier from the charge trap layer

during programming. The offset ¢, between the tunnel oxide and the nitride charge

trap layer is only 1.1 eV.

A larger ¢, is also desirable to mitigate’the trapped electron leakage during

retention. There are two charge-loss mechanisms: (1) direct tunneling, with an

associated barrier height; and (2) thermally assisted de-trapping into the nitride

conduction band and subsequent tunneling through the tunnel oxide, with associated

barrier height ¢. Thus a larger conduction-band offset ¢, between the charge trap

layer and the tunnel oxide is essential for achieving a longer retention time.

Consequently, in order to improve both the programming speed (with a low

programming voltage) and the retention time, it is desirable to use a charge trap

material with a lower conduction band edge (higher electron affinity) to achieve a

larger offset ¢. Recently, high-x dielectric materials such as HfO2 and ZrO2 have

been investigated to replace thermal oxide as the MOSFET gate dielectric



[1.10][1.11]. Such materials have a lower conduction band edge than that of silicon

nitride. A comparison of some dielectric material properties is given in Fig. 1-6.
1.3 The measurement of the devices

To investigate the electrical characteristics of devices, we measured the [;-Vg
curves for gate leakage current and ld-Vg for transistor characteristics by using HP
4156A semiconductor parameter analyzer. Besides, HP4284A precision LCR meter
was used to evaluate the gate capacitance and the conductance ranging from 100 kHz
to 1 MHz. For memory measurement, the fabricated MONOS devices were
characterized by program/erase measurements, cycling and retention tests at 85 C ,
125 C and 150 C as well as read disturbance;andinterface trap density generation
analysis by charge pumping method using the HP4156A Semiconductor Parameter
Analyzer and the HP81110A Pulse Pattern Generator.

1.4 Overview of Dissertation

This dissertation addresses the aforementioned issue of gate stack scaling
future generations of semiconductor flash memory, and proposes solutions based on
new memory structures and new materials that are compatible with the current CMOS
process flow. In Chapter 2, we describe a programmable-erasable MIS capacitor with
a single high-ik Hfp3N¢,00s dielectric layer. This device showed a capacitance
density of ~ 6.6 fF/um?, low program and erase voltages of +5 and -5 V, and a large

Vp memory window of 1.5 V. In addition the 25°C data retention was good, as
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indicated by program and erase decay rates of only 2 and 6.2 mV/dec. Such device

retention is attributed to the deep trapping level of 1.05 eV in the Hfy 3N 200 s.

In Chapter 3, we studied the dependence of different N composition on

TaN-HfLaON-Hf_yNxO,-S10,-Si MONOS memory device characteristics. The

increasing N composition in the Hf;_,N,Oy trapping layer improves both memory

window and high temperature retention. The Hfy3N200s MONOS device displays

excellent characteristics in terms of a low £9 V program/erase (P/E) voltage, fast 100

us P/E speed, large initial 2.8 V memory window, good 10-year extrapolated retention

of 1.8 Vat 85°C or 1.5V at 125°C.

In order to further improve the high temperature data retention with good

program/erase speed. In Chapter “4, the” HfAlO/SiO, double-tunneling and

HfAIO/LaAlO; double-blocking layers are incorporated in a MONOS non-volatile

memory device structure with high-k Hfy3Nop,O¢s charge storage layer for

NAND-type memory application. High program/erase speed and good retention

characteristics at high temperature are obtained. At 125°C under very fast 100us low

+ 8V program/erase, the [TaN-Ir;Si]-HfA1O-LaAlOs-Hfj3Ny20¢s-HfAIO-Si0,-Si

device shows good memory device integrity of a 2.6V initial AV}, and 1.9V 10-year

extrapolated retention. This only 27% retention decay at 125°C was achieved by

double quantum- barriers confining the deep-trapping-energy Hfj 3N 2005 well.



A comparison between single and double quantum barriers charge-trapping
MONOS  structured memory devices was mentioned in Chapter 5. The
[TaN-Ir;Si]-[HfA1O-LaAlOs]-Hfj 3N 200 5s-[HfAIO-Si0,]-Si charge-trapping memory
devices display good characteristics in terms of their £9 V program/erase (P/E)
voltage, 100 us P/E speed, and initial 3.2 V memory window, and a 10-year
extrapolated data retention window of 2.4 V at 150°C. The retention decay rate is
significantly better than single-barrier MONOS devices, as is the cycled retention data,
due to the reduced interface trap generation.

The dissertation is concluded with a summary of the major results in Chapter 6.



memory application.
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Year of Production 2014 2013 2016 2017 2018 2019 2020
SONOS/NROM technology — F fnm) [34] 32 28 25 23 20 19 18
SONOS/NROM cell size — avea factor a in multiples of F [33 6.5 6.5 T 7 7 7 7
SONOS/NROM typical cell size (u ) [36] 0.007 0.005 0.004 | 0.0037 0.003 | 0.0025 | 0.002

SONOS/NROM maximum number of bits per cell (iphysical 2-
bitcell) x MLC) [37]

SONOS/NROM area per bit (Ium{l 38 0.0018 0.00 .00 0.0009 0.000 0.0006 0.000
SONOS Lg-stack (physical — um) [39] | | .14 D.14 D.14 | |
SONOS highest W/E voltage (1) [40] 5.0-55 | 5.0-5.5 D A D A4.0-4 4.0-4 4.0-4
SONOSNROM Irgaq (ud) [41] 23-33 22-32 21-31 21-31 20-30 20-30 20-30
DRAM #: Fitch inm) (contacted) 28 25 22 20 18 1 14
MPUASIC Metal 1 (M1} ¥ Pitch (nm){contacted) 28 25 22 20 18 1 14
MPU Physical Gate Length {nm) 11 10 9 8 7 ] [
SONOS/NROM tunnel oxide thickwess inm) [42] 3 3 2.5 2.5 2.5 2 2
SONOS/NROM witvide dielectvic thickness (nm) [43] 4 4 4 4 4 4 4
INOS/NROM: ing ide or di ic thickness i
;Eff i O3 NROM blocking (top) oxide or dielecmic thickmess (nm) 6 P 5 5 5 5 5
SONOS/NROM endurance {erase/write cycles) [43] (S AR KNSR 1.00E+09 1.00E+09 1.00E+09 1.00E+09 1.00E+09
SONOS/NROM nonvolatile data retention (vears) [46] 10-20 10-20 10-20 10-20 10-20 10-20 10-20

Manufacnirable solutions exist, and ave being optimized

Manufacturable solutions are mown
Interim solutions ave kmown  |#

Manyfacturable solutions are NOT fmown _]

|

Fig. 1-4 The requirements for SONOS memory (the international technology

roadmap for semiconduétors:2006‘updéte).
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Fig. 1-5
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When the tunnel oxide 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.
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Fig. 1-6

Energy(eV)

Si0,

The band offset of popular high-k materials.

14




Chapter 2
A Program-Erasable High-k Hf3Ng .05 MIS Capacitor with Good

Retention

2.1 Introduction

Capacitors are essential devices for various analog, RF and DRAM functions
[2-1]-[2-8] in circuits. It is also desirable to have a program-erasable, non-volatile
memory (NVM) function [2-9]-[2-17], in order to integrate low-cost embedded Flash
memory into CMOS technology,To address:.these issues we have previously
described a program-erasable AIN Metal-Insulator-Si (MIS) capacitor which used a
charge-trapping mechanism [2-9]-[2-11]. Although small degradation was achieved at
room temperature and much better than an SiN MIS device [2-17], the data retention
at 100°C was poor due to charge de-trapping. Recently, an HINO MONOS NVM with
a lower N content (<10%) has been demonstrated with a record low program/erase
(P/E) voltage, at a speed of 100 ps [2-16]. In this paper we describe an improved
device which incorporates a high-x Hfy 3Ny 205 with a large N content of 20%, where
a deeper trapping energy and/or a smaller band offset are expected from increasing the
N% [2-14]-[2-16]. A large memory window, with a flat-band voltage difference (AVg,)

of 1.5 V, was measured under + 5 V and 1 ms P/E conditions. Furthermore, the data
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retention showed very small P and E decay rates (2 and 6.2 mV/dec) at 25°C and still
good at 100°C with small 104 and 116 mV/dec values [2-11]-[2-16]. The better high
temperature retention than that of AIN MIS capacitor was due to the deep trapping
energy of the Hfj 3Ny 2O s.
2.2 Experimental Details

The MIS devices were formed by sputter-depositing a ~29 nm thick Hf;_ ,\N,Oy
dielectric on Si substrate, under mixed O, and N, with controlled O,/N, flow ratio.
After a post-deposition anneal (PDA), a TaN layer was deposited and patterned to
form the top electrode. Finally, the.devices werergiven an RTA at 900°C for 30 sec to
evaluate the thermal stability. X-ray photoelectron spectroscopy (XPS) was used to
determine that the composition’.was ‘Hfy3Ny>0ps: The HINO for NVM [2-16] is
different from that used as a CMOS gate dielectric [2-18]-[2-19]: the former is
optimized for large charge-trapping, with a high N content, while the latter requires a
small N% to improve the high-temperature stability to give a low trap density. The
HfNO with N=20% is chosen by considering the increasing trapping energy with N%
increase, but low enough to prevent metallic conduction. The formed HfNO shows
good reproducibility by controlling the O,/N, flows during reactive sputtering from an
Hf target [2-16]. Even better reproducibility can be reached by Atomic Layer

Deposition (ALD). The fabricated 100-umx100-um devices were characterized by
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C-V and J-V measurements. A pulse generator was used for the P/E study.
2.3 Result and Discussion

Figures 2-1(a) and 2-1(b) show the C-V characteristics and AVp-time
dependences of the high-x Hf3Np2O¢s MIS capacitors, respectively. The devices
showed a capacitance density of 6.6 fF/um?” and a k value of ~22. The | V/b| increases
with P/E time, as does AVy, with increasing P/E voltage. This suggests that the V7,
shift mechanism is caused by charge-trapping. We found a switching speed of ~ 1 ms,
due to the rapid increase of Ay between 0.1 to 1 ms and the approximate saturation
for times from 1 to 100 ms. From the AV, shift'for P/E conditions of £ 5 V for 1ms, a
memory window of 1.5 V was measured - which is larger than that of an AIN device
[2-9] and is comparable with certain SONOS NVM:[2-13] data. Note that both the 6.6
fF/um’ capacitance density and the 9X tunability are larger than those for current
varactors made in IC foundries [2-20] (typical only 1.3 fF/um?’ density and 2.1X
tunability), and are comparable with values for advanced varactors [2-21]-[2-22]. The
5 V operation voltage is also useful for certain I/O circuits and is suitable for RF IC.

Figures 2-2(a) and 2-2(b) show the retention and cycling characteristics. The
retention data indicates P and E decay rates of only 2 and 6.2 mV/dec, at 25°C. At
100°C, still good P and E decay rates of 104 and 116 mV/dec are obtained

[2-11]-[2-13]. Moreover, the retention of this Hfy3No.0¢s device is significantly
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better than that of an AIN MIS capacitor, which had a closed memory window at
10000s at 100°C. A memory window of 1.3 or 0.9 V was preserved under +5 or +4 V
1 ms P/E for 10’ cycles respectively, indicating the good device characteristics. Note
that the use of a higher N% in HfNO did not degrade the erase speed and reliability.
From previous T-Supreme and Medici simulation, the erase mechanism is primary due
to hole injection from the Si-channel [2-15]. Therefore, the cycling stress reliability is
comparable with our results for AIN. We note that the cycling characteristics can be
improved by adding a thin tunnel oxide at the HfNO/Si interface, similar to MONOS
[2-14]-[2-17] and double tunneling, FANOS cases.[2-25].

To understand the good ‘tetention we-plot the in(J)-E">

relation in Fig. 2-3,
using the measured J-J data. The dincar In(J)-E™ relations fit a Schottky emission (SE)
or Frenkel-Poole (FP) conduction [2-8] model at 25, 45, 65 and 85°C. In the
expression

J e expl(rE"-qen) / KTI; Y= (a'/ nmegk) (1)
n =1 for the FP case and 4 for the SE case respectively, implying different slopes (7)
in a Zn(J)-EI/ ? plot. The extracted low-field SE barrier height qy and high-field FP
trap energy qo; are plotted in the inserted figure. The data give a small SE barrier

height of 0.7 eV and a dominant FP trap energy of 1.05 eV. The small barrier height,

deep trap energy, and the corresponding better retention data suggest that the trap
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energy is deeper than that in our previous AIN MONOS [2-14]-[2-15]. The merit of
using the In(J)-E"” relation for extracting the trap energy and barrier height is its
accuracy (<6~12% error for changing dielectric thickness by more than 2X [2-23])
and a simple experimental setup, compared with methods requiring both high
resolution x-ray spectroscopy (XPS) and reflection electron energy loss spectroscopy
(REELS) [2-24].
2.4 Conclusions

We have demonstrated a program-erasable Hfy3Ny,O¢s MIS capacitor with
good 100°C data retention and high'6.6 fF/um?density. This new capacitor should

find wide application for analog, RE, DRAM-and low-cost embedded Flash memory.
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Fig. 2-1. (a). The C-V characteristics of an Hfj 3Ny 2005 MIS capacitor after applying
a = 5 V program/erase (P/E) voltage for various periods from 0.1 to 100 ms.
(b). The C-V, for various P/E voltages from = 3 to £ 5 V, as a function of

the P/E time. The insert shows the Vy-P/E time plot.
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Fig. 2-2. (a) Retention characteristics at 25 and 100°C of an Hfy3N¢,00s5 MIS
capacitor, measured to 10000 s, after a 1 ms, = 5 V P/E writing pulse; (b)

cycling characteristics of the Hf; 3Ny 2005 MIS capacitor. Data for an AIN
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MIS capacitor are shown for comparison in (a). The insert in (b) shows the

variation of Vj, with cycling.
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Fig.2-3. A ln(J)-El/2 plot, using the measured J-V of a TaN/Hf;3N¢2005/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
Hfy3No200s MIS devices, where the barrier height and trap energy were

obtained from SE and FP fits to the measured data.
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Chapter 3
Comparison of MONOS Memory Device Integrity when Using

Hf1.«,NxOy Trapping Layers with different N Compositions

3.1 Introduction

Poly-Si/S10,/S13N4/Si0,/Si (SONOS) devices [3-1]-[3-13] are promising for
non-volatile memory applications as scaling decreases below 50 nm. This is because
of the merit of charge storage in discrete traps within the Si3Ny4, which prevents
charge leakage through a single oxide defect,as compared with the conventional
poly-Si floating gate memory case. By replacing the: poly-Si in SONOS with a high
work-function metal-gate (MONOS), further improvements of the erase performance
can be achieved by decreasing the electron injection over the gate. However, one
difficulty in SONOS or MONOS is the small conduction band discontinuity (4E¢) of
only 1.1 eV at the Si3N4/SiO; interface [3-14], which causes charge leak out from
shallow trap levels near E¢ of SizsN4. In contract, a conventional poly-Si floating gate
device has a much deeper energy of ~3.15 eV for storage of charge. Therefore, the
high temperature retention is a serious concern for a shallow trap energy MONOS
device that uses a Si3Ny. To address this requires the use of a thick SiO, tunnel layer

to improve the charge storage, but unfortunately this leads to a performance
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degradation of increased program/erase (P/E) voltage and write speed. This is

contrary to the scaling trend indicated in the International Technology Roadmap for

Semiconductors (ITRS) [3-1]. To over come this problem, we have previously

proposed using an Al(Ga)N [3-11]-[3-12] storage layer which has deeper AE¢ than

Si3N4. This improved the P/E voltage, and write speeds in such deep-trap MONOS

devices. Unfortunately, further improvement beyond Al(Ga)N [3-12] is limited since

most of the Metal-Nitrides are metallic. To avert this problem, we used a higher

K Hfi_«yNxOy dielectric for MONOS applications, where even lower P/E voltages and

better high temperature retention can be achieved.[3-13]. Here we increase the nitride

composition in the Hfi,,N;Oy beyond that of eur previous work [3-13] and

investigate how this alters the characteristics. Our TaN-HfL.aON-Hf) 3N 20 5-S10,-Si

MONOS device showed a large initial memory window of 2.8 V at 100 us and a low

19 V P/E. The 10-year extrapolated retention of 1.8 V at 85°C or 1.5 V at 125°C

compare well with other published data [3-1]-[3-13].

3.2 Experimental Details

The fabrication process of the TaN-HfLaON-Hf;.,,N,Oy-SiO,-Si MONOS

devices was similar to previous work [3-11]-[3-13]. First, a 2.9 nm thick thermal SiO,

was grown on a standard p-Si substrate. Then a 9 nm Hf;.,.yN,Oy layer was deposited

by reactive sputtering, under a mixed O, and N, conditions [3-13] with different
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O,/N; ratios - to study the N% dependence of the MONOS device integrity. (The
detailed composition of N and O in the Hf;.yNO, was measured by X-ray
photoelectron spectroscopy (XPS)). A 15 nm HfLaON [3-15] blocking oxynitride was
included because of its good thermal stability at 1000°C and its higher x than the
previous-used HfAIO. Finally, a 150 nm TaN layer was added by sputtering. After
standard processing, the MONOS devices were made by self-aligned As™ ion
implantation and given a 950°C rapid thermal annealing (RTA) activation to form the
S/D regions. The memory devices were characterized by different P/E tests, retention
experiments and cycling endurance.at25, 85 and125°C.

3.3 Result and Discussion
A. Engineering the trap energ):

Figure 3-1(a) shows a schematic energy band diagram of a conventional
SiN trapping layer MONOS device. The SiN trapping layer has a small AE¢ with
respect to the barrier oxide of only 1.1 eV, and many traps in deep as well as in
shallow energy levels. Since the trap energy is distributed statistically, it is difficult to
tune the trap energy to involve only deep energy levels. Thus, the SiN MONOS
devices are expected to have poor retention properties because of the small AE¢ and
charge loss from shallow energy levels, unless a very thick barrier oxide is used to
trade-off the poor P/E voltage and speed. However, this is not consistent with scaling

trends and system-on-chip (SoC) requirements, where lower P/E voltages and faster
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P/E speeds are needed. These are the fundamental challenges for conventional SiN

charge-trapping MONOS devices.

To address these issues, we previously proposed and demonstrated the use of a

deep trapping metal-oxide instead of a nitride. Figure 3-1(b) shows the band

alignment with respect to the barrier oxide and Si channel [3-12]-[3-13], [3-16].

Although the trap energy is distributed statistically from levels which are shallow to

ones that are deep, the AE¢ in AIN and Al(Ga)N is improved when compared with

SiN. Since the electron injection through the oxide follows an exponential dependence

with barrier height, a large AE. with deeper trapping energy is the key factor in

improving the retention in charge-trapping MONOS devices. This is confirmed by the

>5 times better retention when using ‘GaN instead-of SiN, as suggested by the data

from Samsung [3-16] and also verified by previously-reported SiO,/AIN/HfAIO/TaN

[3-11] and SiO,/AlGaN /AlLaO;/TaN [3-12] MONOS memory devices. However, the

P/E voltage is still relatively high compared with the target of 4.0-4.5 V for MONOS

devices by the year 2018, according to the ITRS roadmap [3-1]. Such low voltage

operation (under 5 V) is also important for embedded SoC. To continue the

improvement of memory device characteristics - in terms of lower P/E voltage and

increased speed - we have proposed using HfNO instead of Al(Ga)N. This is because

of the twice as high k value compared with Al(Ga)N, which reduces the P/E voltage
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and improves the speed. This is demonstrated experimentally by the low 8 V P/E

voltage over the gate-channel (or half that, ¥4 V, by using an inverter circuit and

applying the different polarity voltages to the gate and the channel) and the < 100 s

P/E speed [3-13]. Improved retention can be achieved by lowering the AFc, which

may be accomplished by increasing the N content in the HfNO [3-17]. This has been

confirmed by recent measurements of the conduction band offset of 0.7 eV for

Hf) 3Ny 2005 [3-18] — which is significantly lower than the 1.5 eV value for HfO,.

B: P/E characteristics:

We first determined the N _composition in the Hfj . ;N Oy. Figure 3-2 shows

the XPS spectra of Hf..,N Oy, with two different' N»/O, flow rates. The existence of

Hf, N and O are clear in the XPS.spectra, whete the compositions were determined to

be Hfy35N0.100055 and Hfo30No.200050 (Hfo.3No2005 in short). This was done by

performing a Compass software calculation on the measured XPS data. These two

compositions of the Hfj.,yN,Oy trapping layer MONOS devices were used in the

following studies.

Figures 3-3(a) and 3-3(b) show the C-V hysteresis characteristics of the

MONOS capacitor with different trapping layers of Hfp 35N0.1000.55 and Hfy 3Ny 20 s,

respectively. The C-V hysteresis window increases with increasing voltage, indicating

the good charge storage. The C-V hysteresis window of 2.4 and 6.5 V was measured
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under swept voltages of £10 V in Hfy35Np.100055 and Hfy3No200s respectively. A
similar capacitance density of ~4.2 fF/um? found in both devices, ensures that the
large hysteresis window was not due to process variations in the MONOS structure.
Hence the large increase in hysteresis window must be due to the different Hf;.. ,\N,Oy
trapping layer in the MONOS, which then suggests a higher trap density and/or
deeper trap energy in Hfj_, N Oy with increasing N/O ratio [3-11]-[3-13].

The P/E characteristics at various gate voltages are shown in Figs. 3-4 and 3-5
for Hfy35N0.1000.55 and Hfy 3N 2O strapping layer MONOS devices, respectively. The
program or erase functions were achieved through a Fowler-Nordheim (FN) tunneling
mechanism, where a positive or negative voltage pulse, with various pulse widths,
was applied between the gate and the channel: During programming an electron
inversion channel was formed by biasing the source-drain electrodes, where the
positive gate-channel bias voltage permitted inversion electron injection into the
trapping layer.

In both cases the threshold voltage (V) increases with increasing P/E voltage
and time - this is typical for MONOS memory devices. For the Hf35N.100055
trapping layer MONOS device, a memory window of 2.1 V was obtained at +9 V for
only 100us P/E. For comparison, the Hfy3Np2O¢s trapping layer MONOS device

showed a larger 4V, memory window of 2.6 V at a lower P/E voltage of £8 V under
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1-ms/100-us speed, which increases to 2.8 V at £9 V 100 us P/E. The larger memory
window suggests a higher trap density in the Hfj,,N,O, with the higher N
composition. This result compares well with our previous TaN-AIHfO-HfON-Si0,-Si
devices that had a thicker trapping layer [3-13]. The low P/E voltage indicates a small
voltage drop in the HfLaON(x=22)-Hf\ 3N ,0¢ 5(k~22), leading to fast P/E functions
due to the large electric field over the SiO; tunnel layer. Such a low P/E voltage is
valuable for under 5 V embedded SoC operation, where an inverter circuit with
opposite polarities of 4~4.5 V can be used between the gate and the channel [3-13].

C: Data retention and endurance;

Data retention is one of the most important parameters for nonvolatile memory.
Figure 3-6 shows the retention behaviot of the Hfy35No¢.1000 55 trapping layer MONOS
device. The initial 4V, was 2.1 V under 100 pus and £9 V P/E, and the extrapolated
10-year memory windows 1.2 V and 1.0 V at 25 and 85°C, respectively. The good
retention is due to the small decay rate of 98 and 42 mV/dec at 85°C for the high and
low states, respectively.

For comparison, in Figs. 3-7(a) and 3-7(b) we show the retention data of a
Hfo3Np2005 MONOS device at 25 and 85~125°C, respectively. The extrapolated
10-year memory window at 25°C increased from 1.7 to 2.1 V with increasing P/E

conditions from £8 V 500 pus/100 ps to £9 V 100 ps/100 ps. At 85°C, the 10-year
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window was still large at 1.8 V under 100 us +9 V P/E. Even at 125°C, a 1.5 V
10-year window was obtained. Therefore, not only the room temperature but also the
high temperature retention characteristics can be improved by using a higher N%
Hfy3No2Ogs trapping layer in a MONOS device than one with a Hfj35Ng 1000 ss
composition. The decay rates were 52, 92 and 110 mV/dec for the high state and 27,
36 or 55 mV/dec for the low state, under 100us +9 V P/E at 25, 85, and 125,
respectively. This is an improvement compared with other devices having a thin
tunnel SiO,, as detailed in Table 1 [3-5]-[3-7], [3-11]-[3-13]. The 85 and 125°C
retention decay rate are also better:than previous deep-trap AlGaN and HfNO data
[3-11]-[3-13]. Improved retention ¢haracteristics could thus be expected.

We have also measured © the ~ endurance characteristics of the
TaN-HfLaON-Hf.,.yN,O,-Si0,-Si MONOS devices with the different trapping layers.
As shown in Fig. 3-8, good endurance was obtained — as is evident from the still large
memory window of 2.4 and 1.7 V after 10° cycles at £9 V 100 us P/E for Hfy 3Ny 2O0g s
and Hf(35N0.10005s MONOS devices, respectively. The stress-induced degradation of
the non-volatile memory devices is normally related to interface trap generation at the
tunnel oxide-Si interface. We suggest that the good cycling characteristics are due to
the fast 100 us P/E functions where less stress is applied to the thin SiO; tunnel layer.

To study the possible read disturbance [3-19]-[3-20], we have measured the
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device following the gate stress disturbance condition at the current density of
100-nA/(15-nm)* [3-19]. This is because similar low voltage P/E at 10 V/-9 V was
also reported in reference [3-20] and close to our 9 V/-9 V P/E condition. Figure 3-9
shows charge retention in gate stress conditions of our memory device, where the P/E
voltage is increased to higher 10 V/-10 V. The stored charges were not lost largely as
evident from the small V};, change even after 1000 seconds gate stresses. Therefore,
similar to previous conclusion [3-19], the read disturbance is not a severe concern.
The retention and endurance characteristics of TaN-HfLaON-Hf, 3N 200 .5-Si0,-Si
devices at worse 10 V and 100 us P/E were shown in Figs. 3-10(a) and 3-10(b)
respectively.

Table 3-1 compares the memory device data. The
S10,/Hfy 3N 200 s/HfLaON/TaN device shows good integrity in terms of its 100 s
P/E speed, low £9 V P/E voltage, large 2.8 V initial AVy, and good 10-year memory
window of 1.8 V at 85°C or 1.5 V at 125°C. The 36%~46% retention decay rates at
85~125°C are among the best in Table 3-1 [3-5]-[3-7], [3-11]-[3-13].

3.4 Conclusions

Improved memory performance in a MONOS device has been obtained by

using a high N/O ratio Hf3sNy,0Oq s dielectric as the trapping layer. Compared with

devices using a low N/O ratio Hfj 35N¢ 1000 55 layer, the Hfy 3N 209s MONOS devices
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showed a wider memory window and a smaller high temperature decay rate. Our

TaN-HfLaON-Hf; 3N 200 5-Si0,-Si MONOS device has potential for nonvolatile

memory applications.
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Table 3-1. Comparison of memory characteristics for the Hfy 3Ny 2005, Hf35N0.1000.55

trapping layer MONOS device with other state-of-the-art devices.

P/E condition Initial AV (V) P/E decay | P/E decay
nitia
for retention AV (V) for 10-years|after 10-years [after 10-years
& cycling & @85°C | @85°C | @ 125°C
) 9V 100us/
This Work 2.8 1.8 36% 46%
. -9V 100ps
SlOz/Hf()gNo.zOo_s/
10V 100us/
HfLaON/TaN 3.0 1.9 37% 47%
-10V 100ps
This Work
) 9V 100ps/
SlOz/Hf(),gsNo.]oO(),ss/ 2.1 1.0 52% -
-9V 100us
HfLaON/TaN
Si0,/S8i3N,/AL,O;/TaN | 13.5V 100us/
4.4 2.07 53% -
TANOS [5] -13V 10ms

Si0,/ SizN4/ SiO 13V 10us/

> ST ST i =ik 24 47% i
FinFET SONOS [6] -12V Ims

Si0,/S1;N,/Si0, 11.5V 3ms/ o 8%

. 1 E: L1(@25 C) o -
Tri-gate MONOS [7] | -11.5V 100ms (@25 C)
SiO,/AIN/AIHfO/IrO; | 13V 100ps/

3.7 1.9 48% -
[11] -13V 100us
Si0,/AlGaN/AlLaO; | 11V100us/
3.0 1.6 46% -
[12] -11V 100us
SiO,/HFON/AIHfO/TaN| 8V 100us/
2.5 1.45 42% 60%
[13] -8V 100us
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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. 3-2. XPS spectra of Hf;_,,NOy, where the composition of Hfj 30N 200050 and

Hf)35N0.1000.55 was determined from the data.
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Fig. 3-3. C-V hysteresis curves for a TaN-HfLaON-Hfj_,.,N,O,-Si0,-Si MONOS

device with (a) Hfy35No.1000.55 and (b) a Hfp 3N200 5 trapping layer.
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Fig. 3-4. The measured (a) program and (b) erase characteristics of

TaN-HfLaON-Hfj 35N 1000.55-S10,-Si1  MONOS transistors, where the

device structure is shown in (c).
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Chapter 4
Improved Data Retention for Charge-Trapping Memory by Using

Double Quantum Barriers

4.1 Introduction

Metal-oxide-nitride-oxide-Si (MONOS) type Flash memory devices have been
used in the next generation of nonvolatile memory in preference to conventional
poly-Si floating-gate memory [4-1]-[4-14]. However, a major challenge for such
devices is improving simultanegusly both program/erase (P/E) and retention
characteristics, because the tunneling current through ultra-thin tunneling oxide layer
critically influences both properties [4-12]-[4-14]. The retention becomes even worse
at elevated temperature, because the trap energy in SizNy [4-11] is much lower than
that of the conventional deep-energy poly-Si floating gate memory (3.15 eV). To
overcome this problem, this letter presents a new charge-trapping memory device. At
a low 8 V and fast 100 us P/E, an extrapolated ten-year retention of 1.9 V was
obtained at 125°C, from an initial memory window of 2.6 V.  Small retention decays
of 64/22 mV/dec at 125°C were measured - better than that of single-barrier HFON
and GaAIN MONOS devices [4-12]-[4-14], because the double quantum-barriers in

the [TaN-Ir;Si]-HfAIO-LaAlO;-Hf) 300 5Ng,-HfAIO-SiO,-Si charge-trapping device
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confines the carriers that are trapped in deep energy Hfy3005No> well. Good 10°
cycling data are also measured, because the fast 100us P/E gives less stresses to 3nm
effective oxide thickness (EOT) combined tunnel oxides. The data herein are the best
ever reported for 125°C at the lowest 8 V P/E voltage and a fast 100 us speed
[4-2]-[4-14].
4.2 Experimental Details

[TaN-Ir;Si]-HfAIO-LaAlO;-Hf 300 sNo 2-HfAIO-SiO,-Si devices were made by
growing 2.5 nm thermal SiO, on standard p-Si substrate. Then 2 nm HfAIO was
deposited by physical vapor deposition (PVD);.10 nm Hfy30 35Ny, was grown by
reactive PVD; 8 nm LaAlOj; and 7 nm - HfAIO -were deposited by PVD. The
Hf)300.5Np» composition was measured by X-ray photoelectron spectroscopy (XPS).
Finally, 15 nm Ir;Si and 100 nm TaN were fabricated by PVD, before gate definition,
self-aligned 25 keV As” implantation at 5x10"° cm™ dose and 900°C 30 s rapid
thermal annealing (RTA) for dopant activation. The gate length of this device is 10
pum. The high work-function Ir;Si gate was used to reduce the gate erase leakage
current that is used for metal-gate/high-k p-MOS [4-15]. The double HfAIO-LaAlO;
top barrier is also used to lower the leakage current using higher-x LaAlOs and larger
energy-barrier HfAIO gate dielectrics that have low trapping property [4-16]-[4-17]. A

pulse generator was used to program and erase.
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4.3 Result and Discussion

Figure 4-1 schematically depicts the double quantum-barriers devices. In

conventional MONOS memory, the use of a deep trapping energy layer, such as

Al(Ga)N and HfON with a large conduction band discontinuity (AEc) with barrier

oxides, can improve the retention of charge-trapping memory [4-12]-[4-14]. However,

the trapped carriers can still escape by Schottky emission and tunneling in the

MONOS device at high temperatures. To address the issue of retention at high

temperature, the double quantum-barrier structure is used to confine more effectively

the carriers within the Hfy 300 sNo ».quantum well with a deeper trapping energy of 2.5

eV , based on previous work [4-18].

Figures 4-2(a) and 4-2(b) present'the program and erase characteristics. During

programming, an electron inversion channel was formed by biasing the source-drain

electrodes, where the positive gate-channel bias voltage enabled inversion electron

injection into the trapping layer. At low a £8 V P/E voltage and at a fast 100 ps speed,

a large AV, memory window of 2.6 V was obtained, increasing to 3.2 V at £9 V 100

us P/E. The large memory window suggests a high trap density in the Hf3Ny20Os

trapping layer. The low P/E voltage is caused by the small voltage drop and electric

field (£) in high-k HfAIO (k=17) and LaAlO; (k~25) barriers, as well as the high-x

Hfy3Np2005 (k~22) trapping well. This leads to the fast P/E speed due to large E-field

48



over the combined tunneling layers of HfAlO-SiO,. The merit of HfAIO-SiO,

tunneling layers is the additional conduction band discontinuity (AEc) of HfAIO to

Si0, which improves charge injection during programming. Such a low P/E voltage is

important in realizing the 5 V embedded SoC, where an inverter circuit can be used to

generate an opposite polarity of 4~4.5 V between the gate and the channel [4-14].

Figure 4-3 shows the retention and cycled retention characteristics. At £8 V and

a 100 ps P/E, an initial memory window of 2.6 V is obtained, which decreases to 2.3,

2.1and 1.9 V for an extrapolated ten-year memory window at 25, 85 and 125°C,

respectively. At these temperatures, the measured decay rates are 36, 60 and 64

mV/dec in the high state and 6,14, 0r 22 mV/dec in the low state, respectively, which

values are significantly better than those of previous TaN-HfAIO-HfON-SiO,-Si

single barrier MONOS device [4-14]. Such good retention data suggest the

charge-trapping mechanism is primary in Hfy3No2Oqs rather than barriers, because

the hot electrons injected from the inversion Si channel by Fowler-Nordheim

tunneling with a high potential energy to E. of HfON will be relaxed by fast phonon

scattering [4-19] and trapped in a deep amorphous Hf\3Np20¢s well. The tunnel

HfAIO layer may trap electrons but also relax to the lower-energy Hfj3Ny,0¢ 5 well

by quantum-mechanical tunneling though a very small thickness of 2 nm. The

ten-year retention window is expected to increase with P/E voltage because the P/E
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decay rates are small. A large cycled ten-year retention window of 2.0 V is obtained
after 10° P/E cycles at +8 V and 100 ps P/E. The good cycling retention is due the fast
100 us P/E speed with less electrons and holes injection through thin
double-tunneling HfA10-SiO, layers.

Table 4-1 compares the memory device characteristics. The presented device has
the best retention decay rates at 85 and 125°C, as well as the fast 100 us P/E, and low
8 V P/E voltage [4-2]-[4-14]. The self-aligned and gate-first processes in this device
are compatible with the advanced metal-gate/high-k CMOS process [4-15], in which
2.5 nm tunnel SiO; is useful for logical CMOS integration.

4.4 Conclusions

For a fast 100 ps and low P/E of £8 V, a Targe2.6 V initial memory window and

a good 125°C ten-year extrapolated retention of 1.9 V are obtained with only small

decay rates of 64/22 mV/dec. This device is promising for low-voltage SoC.
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Table 4-1. Comparison of important memory device characteristics among double

quantum-barriers charge-trapping device (this work) and other MONOS

and TANOS devices.

P/E
AVy, (V) | PIE decay
decay
. o for after 10
P/E condition for | Initial after 10 AVy, (V)
retention & cycling AVy, (V) 10-year | years @ ears@| @Cycles
yeing &V retention| 85°C y125°C y
0 mV/dec
@ 850C | ( ) (MVidec)
8V 100ps/
This Work Hs 26 | 21 | 55/19 | 64/22 | 22@105
-8V 100us
SiO,/HfON/ 8V 100us/
2 HS 25| 1450r| 111747 [132/63| 21@105
AIHfO/TaN [2] | -8V 100us
Si02/AIGaN/ | 11V100us/
hs 30 | 16 | 108/58 |Nodata| 2.3@105
AlLaO; [3] -11V 100pus
TANOS 13.5V 100us/
. . . S
SIOJSiaNy | 10m“s 44 | 2071 140/75 |Nodata| 4@105
Al,O,/TaN [4]
Si0,/SisN,/Si0,|  11.5V 3ms/ 1.1
Zre 1.2 Nodata | Nodata| 15@104
[5] -11.5V 100ms (@250C)
Si0,/SisN4/SIO,| 13V 10us/
2O H 45 | 24 | 60/50 |Nodata| 35@104

[6]

-12V 1ms
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2]-[Trapping Layer]-[High-«x  bottom barrier 2]-SiO,-Si  double

quantum-barriers charge-trapping NVM.
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Chapter 5
Compare the Performance of Charge-Trapping Memory with

Different Single and Double Quantum Barriers.

5.1 Introduction

Metal-Oxide-Nitride-Oxide-Si (MONOS) devices [5-1]-[5-13] are attractive
candidates for highly-scaled sub-50nm non-volatile memory (NVM). This is due to
their discrete charge-trapping property which can avoid stored charge leakage via a
single oxide defect, when compared with®.conventional conductive poly-Si
floating-gate memory devices. However, good data retention at high temperatures is
difficult in MONOS memory - this is due to the shallower trap energy in SizNy4 [5-14]
when compared with poly-Si floating-gate memory, which displays a 3.2 eV trap
energy. To address this issue, we previously used deep trap-energy Al(Ga)N and
HfON to replace the SizN4 in MONOS devices [5-10]-[5-12], leading to improved
retention when compared with Si;Ny4 [5-13]. Unfortunately, the 85°C retention showed
a charge decay (at 42~46% of the initial memory window) that was relatively high
and unacceptable. The high temperature retention can be improved via bandgap
engineered SONOS (BE-SONOS) [5-9], but the erase speed is low (10~100 ms) and

the program/erase (P/E) voltages high (18~20 V), contrary to the requirements of the
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ITRS scaling roadmap.

In this chapter we report a new double-quantum-barrier charge-trapping NVM
device with good high temperature retention, low P/E voltages and high speed. For
instance, for a 9V P/E voltage applied between the gate and Si channel at 100 ps the
extrapolated 10-year retention window was 2.4 V at 150°C, where the initial value
was 3.2 V. The observed retention P/E decay at this temperature was only 82/26
mV/decade (or 25% of the initial memory window) which is better than that of
Ga(AI)N [5-10]-[5-11] and HfON [5-12] MONOS devices. This is due to the double
quantum barriers, comprising the lower [HfA1O-Si0O,] and the upper [HfAIO-LaAlOs],
which confine the carriers trapped'in the deep energy-Hf; 300 5N, quantum well. The
high electric field across the HfAIO-SiO, tunnel oxide leads to the 100us P/E speed.
For the double-barrier devices we have found good 10° cycling and cycled retention
characteristics, which arise from the rapid 100us P/E - this produces less stress to the
tunnel oxide and thus less interfacial trap generation than in the single-barrier devices.
By using +4.5 V and #4.5 V P/E voltages applied between the gate and channel,
these devices are promising candidates for embedded SoC applications using a 5 V
voltage source [5-12].

5.2 Experimental Details

The [TaN-II'3Si]-[HfAlO-LaAlO3]-Hf0.3N0.200,5-[HfAlO-SiOz]-Si NVM device
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design involved choices of the oxide barrier height and its thickness. First, a 2.5 nm
thick thermal SiO, layer was grown on a standard p-Si substrate, and a 2 nm layer of
HfAIO deposited by PVD to form the double tunneling layers. Then a 10 nm
Hfy3No20Ops layer was deposited by reactive sputtering, under mixed O, and N,
conditions [5-12], [5-15]. (The composition of N and O in the Hfj . NO, was
measured by X-ray photoelectron spectroscopy (XPS)). An 8 nm LaAlOs layer and
then 7 nm HfAIO were deposited to form the double blocking layers. Finally, 15nm
Ir;Si and a 150 nm TaN layer was added by PVD. The high work-function Ir;Si gate
was used to make metal-gate/high-k p- MOSEETs [5-16]. After standard processing,
the MONOS devices were fabricated using’self:aligned As” ion implantation and
given a 950°C 30sec rapid thermal annieal (RTA) activation to form the source-drain
regions. For comparison, we also fabricated TaN-HfLLaON-Hf)3N20g 5-Si0,-Si
single barrier MONOS devices. This device had a 2.9 nm thick thermal SiO,, a 9 nm
Hf3No20q s trapping layer and a 15 nm HfLaON blocking oxy-nitride layer. Other
procedures were the same as for the double-barrier device. The
equivalent-oxide-thickness (EOT) of the [HfAlO-SiO,] tunnel oxide in the
double-quantum-barrier device is 3.0 nm, which is close to the 2.9 nm SiO, tunnel
oxide used in the single barrier MONOS device. The EOT of the [HfAIO-LaAlO;]

blocking oxide in the double-barrier device is 3.0 nm - the same as the single-barrier
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HfLaON MONOS device. Hence the EOT of both the top blocking oxide and bottom
tunnel oxide are almost the same for both the double- and single-barrier
charge-trapping memory. The memory devices were characterized by different P/E
tests, retention experiments and cycling endurance at 25, 85 and 125°C.

5.3 Result and Discussion
A. Band diagram and P/E characteristics

In Figures 5-1(a) and (b) we compare the schematic band diagrams of the
single- and double-quantum-barrier devices, respectively. The conventional SiN
trapping layer has a small conduction band discontinuity (4E¢) with respect to the
barrier oxide of only 1.1 eV [5-14], where the storéd charges in shallow trap energy
levels can leak out at elevated temperatures. The other AE: and valence band
discontinuity (4E¢) value are from published literature [5-16]-[5-18]. Thus the SiN
MONOS devices are expected to have poor retention properties. The retention in
charge-trapping memory can be improved by increasing AEc with respect to the
barrier oxide, for instance by using Al(Ga)N and HfON when compared with SiN
[5-10]-[5-12]. The use of Hfy3Np,005 gives a deeper AE¢ of 2.5 eV [5-16] compared
with SiN [5-14], Al(Ga)N [5-10]-[5-11] and our previously-reported HfNO with
N~10% [5-12]. However, the trapped carriers can still escape via sequential Schottky
emission and tunneling at higher temperatures in the 85~150°C range. For NVM

devices good 85~150°C retention is required because of the increasing chip

58



temperatures arising from the higher power dissipation and larger density of future
ICs. As a result the double-quantum-barrier structure is useful to improve the trapped
carrier confinement within the Hfy3No2005 quantum well, with its deep trapping
energy.

Figure 5-2 shows the C-V hysteresis characteristics of the
double-quantum-barrier charge-trapping device with its Hfy3Ny2Oq s trapping layer.
The hysteresis window increases with increasing voltage, indicating good charge
storage. A large hysteresis window of 7.3 V was measured under swept voltages of
+10 V in this device, which suggests a high trap density and/or deep trap energy in the
Hfo3No2005 [5-10]-[5-12].

In Figures 5-3(a) and (b) the P/E characteristics are displayed for various gate
voltages, for single- and double-quantum-barrier devices respectively. The devices
had the same Hf(3N20¢s trapping layer and almost the same EOT for the barrier
oxides. The threshold voltage change (AVy;) increases with increasing P/E voltage and
time, due to the increased number of trapped charges. For the single-quantum-barrier
MONOS device, a memory window of 2.8 V was obtained at £9 V and at 100 us P/E.
For comparison, the double-quantum-barrier charge-trapping device showed a larger
AVy, memory window of 3.2 V for the same testing conditions. It is noticed that the

A Vth for both program and erase are improved compared with single-barrier device.
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The combined [HfAlO-SiO2] tunnel oxide, with its EOT close to that for the

single-barrier MONOS device, gives a lower energy barrier for electrons to tunnel

through, and leads to a larger memory window. The better erase characteristics are

due to the higher work-function of Ir;Si gate electrode than that of TaN in

single-barrier device. In both cases, the low P/E voltage arises from the small voltage

drop and electric field (E) in the high-k barriers and the high-k Hfy3Np20¢ 5 (k=22)

trapping well. This also gives a high E in the tunnel oxide to produce the high P/E

speed using tunneling mechanism. Since an inverter circuit can be used to generate

the opposite polarities of 4.5 V and +4.5 V- applied between the gate and channel

[5-12], this low P/E voltage is important for-embedded SoC applications using a 5 V

voltage source.

B: Retention and endurance:

Good data retention is a challenge for MONOS charge-trapping memory. Figure

5-4(a) shows the retention characteristics of the single-quantum-barrier MONOS

device. The initial 4V, was 2.8 V under 100 pus and £9 V P/E, and the extrapolated

10-year memory windows were 2.1 V, 1.8 V and 1.5 V at 25, 85 and 125°C,

respectively. The decay rates at 85 and 125°C were 92 and 110 mV/dec for the high

state or 36 and 55 mV/dec for the low state. For comparison, in Figs. 5-4(b) we show

the retention data of a double-quantum-barrier charge-trapping device at 25, 85 and
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150°C. The initial AV, was 3.2 V under 100 ps and £9 V P/E, and the extrapolated
10-year memory windows were 3.0 V, 2.7 V and 2.4 V under 25, 85 and 150°C,
respectively. The retention P/E decay rates at 85 and 150°C were only 62 and 82
mV/dec for the high state, and 15 and 26 mV/dec for the low state (16% and 25% of
initial memory window). This improvement in the high temperature data retentions,
compared with a single-barrier MONOS device, indicates the advantage of using
double quantum barriers to confine the trapped charges. Since the EOT is close for
both single- and double-barrier devices, the using physically thicker high- % tunnel
layer can improve retention in double-barrier devices. The using double blocking
layer may also improve the retention due to-the slightly higher A Ecand misaligned
trap energies similar to ONO blocking oxide case. The read disturbance may be a
concern in this low voltage operated device to cause charge loss. Similar low voltage
P/E at 10 V/-9 V was also reported, where the stored charges were not lost largely as
evident from the small Vi» change even after 1000 seconds gate stresses [19].
Endurance is another important factor for NVM. In Fig. 5-5(a) we compare
endurance data for single- and double-barrier charge-trapping devices. A window of
2.4 V and 2.9 V (after 10°cycles) were obtained for the single- and double-barrier
devices, respectively. This arises from the rapid 100us P/E at 9 V, which causes

reduced electric field stress to the tunnel oxide. The degradation after 10° cycles is
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better for the double-barrier device than that for the single-barrier device, with AV,
degradations of 0.3 V and 0.4 V or 9% and 14%, respectively. The effect of long-term
cycling on the retention appears in Figs. 5-5(b), where the 103-cycle 10-year retention
windows of 1.7 V and 2.5 V are shown for the single- and double-quantum-barrier
devices, which were initially 2.8 V and 3.2 V, respectively. Here again, the
double-barrier devices are superior.

To understand such improvement, we also measured the /;-V, characteristics of
the devices, before and after cycling. As shown in Figs. 5-6, the single-barrier
MONOS device shows an increase: of sub-threshold swing (SS) with increasing
cycling stress, which suggests .generation of SiO5/Sk interface traps. In contrast, the
double-barrier device shows the same SS after cyeling. Besides the SS change, a shift
of 1a-V¢ curves was also found for both devices after cycling. The cycling induced
linear Iu-Vgshift or A Viin Fig. 5(a) is also slightly larger for single-barrier device
than double-barrier one, indicating a slightly larger amount of oxide charges
generation. The generation of SiO»/Si interface traps in the single-barrier MONOS
device from degraded SS also explains the relative poor retention after cycling, as
shown in Fig. 5-5(b), since the trapped carriers may tunnel out via these low energy
interface traps within the Si bandgap.

We examined the interface trap generation is by charge pumping methods [20].
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Figure 5-7 compares the interface trap density (Dj) of single- and double-quantum

barrier devices after P/E cycling. The initial Dy, is nearly the same for both devices.

However, under extensive P/E cycling, more interface traps are created for the single-

than for the double-barrier device. This improved D;; generation in the double-barrier

device leads to better retention after cycling, which is a key factor for achieving good

device integrity for NVM.

5.4 Conclusions

At 150°C under a fast 100 ps and low 19 V P/E voltage, we show that a

double-quantum-barrier [TaN-Ir3Si]-HfAlIO-LaAlO3-Hfj 300 5N .-HfAIO-Si0,-Si

charge-trapping device has good NVM integrity in terms of a 3.2 V initial AV, and

2.4 V ten-year extrapolated retention. Compared with its single-quantum-barrier

MONOS counterpart, the double-quantum-barrier device showed significantly better

high temperature retention and cycled retention data, due to better carrier confinement

and lower interface trap generation after the P/E cycling.
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Chapter 6

Conclusions

In this dissertation, we describe an improved device which incorporates a
high-x Hf3N¢ 2005 with a large N content of 20%, where a deeper trapping energy
and/or a smaller band offset are expected from increasing the N%. A large memory
window, with a flat-band voltage difference (AVg) of 1.5 V, was measured under £ 5
V and 1 ms P/E conditions. Furthermore, the data retention showed very small P and
E decay rates (2 and 6.2 mV/dec) at:25°C and still good at 100°C with small 104 and
116 mV/dec values. The better high tempetature retention than that of AIN MIS
capacitor was due to the deep trapping energy of the Hf 3Ny 20ps. This new capacitor
with high 6.6 fF/um?” density should find wide application for analog, RF, DRAM and
low-cost embedded Flash memory.

We first compare the MONOS memory device integrity when using Hf;_.,N,Oy
trapping layers with different N compositions. We found the extrapolated 10-year
memory windows 1.2 V and 1.0 V at 25 and 85°C at initial AV, 2.1 V under 100 ps
and £9 V P/E for the Hf( 35N 100055 trapping layer MONOS device. For compared
Hfo3Np2005s MONOS device, the extrapolated 10-year memory window at 25°C

increased from 1.7 to 2.1 V with increasing P/E conditions from £8 V 500 pus/100 ps
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to £9 V 100 us/100 ps. At 85°C, the 10-year window was still large at 1.8 V under
100 pus 9 V P/E. Even at 125°C, a 1.5 V 10-year window was obtained. Therefore,
not only the room temperature but also the high temperature retention characteristics
can be improved by using a higher N% Hf\3Ny,Os trapping layer in a MONOS
device than one with a Hf 35N 1000 55 composition.

Moreover, we further provide the [TaN-Ir;Si]-HfAIO-LaAlOs-Hfj;
No.200.5-HfAIO-Si10,-Si charge-trapping memory device. At a low 8 V and fast 100 ps
P/E with less read disturbance, an extrapolated ten-year retention of 1.9 V was
obtained at 125°C, from an initial memory window of 2.6 V. Small retention decays of
64/22 mV/dec at 125°C were measured - better than-that of single-barrier HINO and
GaAIN MONOS devices because the double quantum-barriers in the
[TaN-Ir;Si]-HfAIO-LaAlO;-Hf 3N 200 s-HfAIO-SiO,-Si  charge-trapping  device
confines the carriers that are trapped in deep energy Hfy3No.0¢s well. Good 10°
cycling data are also measured, because the fast 100us P/E gives less stresses to 3nm
effective oxide thickness (EOT) combined tunnel oxides. The data herein are the best
ever reported for 125°C at the lowest 8 V P/E voltage and a fast 100 us speed. It is

very important for embedded SoC application under a low voltage operation.
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