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ABSTRACT

In chapter 2, we discuss the dependence of different HfisA1.0 componont
dielectric on the different annealing temperatures. We used a systematic
methodology tosextracts the, best. result,for our blecking layer of
SONOS-type memories. We.expect the high-k blocking. Fayer can play a key

role in program/erase speed without large leakage current.

In chapter 3, we purpose the SONOS-type nonvolatile memory with high-k
HfA10 and Al:0s blocking layer. Although Al:0; is a good material for
blocking layer of SONOS memory, the program/erase speed is not obvious
faster attributed to the k is not high enough. So we add the Hf into Al:0s
for our blocking layer in order to increase the k. From the data in chapter
2, we use the best condition for our blocking layer. We also measure the

memory characteristic to compare Al:0s and HfAlO.
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Chapter 1
Introduction

1-1 Overview of Flash Memory

Semiconductor memory is an indispensable component of modern
electronicsystem. It is used in personal computers, cellular phones, digital cameras ,
smart-media, networks, automotive systems, global positioning systems.

The memories based, on: complementary metal-oxide-semiconductor (CMOS)
technology can be divided into two main _categories, by whether the storage data can
be affected by the.power supply as.depicted in Fig. 1-1:

—The volatile memory: like- SRAM and DRAM.;

SRAM memory can retain the stored information as long as the power is on,
drawing very litfle 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. 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 non-volatile memory: this kind memory will keep the storage data even if the
power supply is off, like electrically programmable read only memory (EPROM),
electrically erasable programmable read only memory (EEPROM), and the flash
memory. Fig. 1-2 shows the semiconductor memory .

The most explosive growth field of the semiconductor memory is the Flash



memory. The advantages of Flash memory are that it can be electrically written more
than 100K times with byte programming and sector erasing and with the smallest cell
size (one transistor cell) [1.1]-[1.2]. The Flash memory cell is used floating gate (FG)
structure as illustrated in Fig. 1-3.

S. M. Sze and D. Kahng, invented the first floating-gate (FG) nonvolatile
semiconductor memory in 1967 [1.3]. The conventional FG memory (in Fig. 1-3)
used polysilicon as a charge storage layer surrounded by the dielectric [1.1]. Fig. 1-4
shows a typical current versus gate voltage characteristic of an erased FG memory
and its Vt shift when the EG memory is programimed. The memory-state for the
device can be determined by measuring the current 11 the MOSFET when a control
gate bias is appliedwithin the memery window.

The FG structure can achieve high densities, good program/erase speed and good
reliability for “Flash memory application. However, the FG memory has several
drawbacks. Firstly, the Flash memory needs thick tunnel oxide (8~10nm) to provide
superior retention and endurance characteristicsyrbutritralso causes higher operation
voltage, slow P/E speed;.and poer scalability issues. Secondly, because the polysilicon
floating-gate is conductive, the total charges stored'in floating-gate will be easily
leaked directly through the tunnel oxide when the tunnel oxide is damaged during P/E
cycles [1.4]. In order to improve the write/erase speed of a floating-gate device, the
thickness of the tunnel oxide must be reduced. The tunnel oxide must be less than
25A in order to achieve 100 ns write/erase time for a reasonable programming voltage
(<10 V). Unfortunately, the retention time will be too short. Stress- induced leakage
current (SILC) will further degrade the retention time.

The floating gate memory requires thick tunnel oxide to prevent charge loss
through the defect. In order to solve the scaling issue of FG memory, the poly Si-

Oxide-Nitride-Oxdie-Silicon (SONOS) memory has been studied recently [1.4].
2



SONOS memory has better charge retention than floating gate memory when floating
gate tunneling oxide is below 10nm due to its isolated deep-level traps. Hence, a
leakage path in the tunneling oxide will not cause the discharge of the memory cell
[1.4]. The structure of SONOS memory is shown in Fig. 1-5. The SONOS memory
uses silicon nitride as charge trapping layer, and the band diagram is shown in Fig.
1-6. The conduction band offset between silicon substrate and nitride is 2.05eV. When
we apply a positive voltage on the gate, the band will bend downward as illustrated in
Fig. 1-6 [1.5]. The electrons in the Si-sub conduction band will tunnel through the
tunneling oxide and a portion of nitride to be trapped in,the charge trapping layer.

In order to improve program/erase (P/E) speed, the.tunnel oxide thickness
should be scaled tor maximize the Fowler—Nordheim tunneling pfobability. However,
to avoid the degradation of retention ‘characteristics by tunneling leakage through
ultrathin tunnel"oxide, the optimization of the tunnel oxide thickness is necessary [1.7].
The optimization of the blocking layer 1s/also necessary to avoid electron tunneling
through the blocking oxide duringrthewerase~condition, which in turn causes an
undererased problem [1.6, 1.8} Since the high-k dielectric exhibits a significantly
lower leakage current density for the relatively thinner effective oxide thickness, we
can increase both the thickness and the electric field for the tunnel oxide at the same
operating voltage. Therefore, a SONOS-type flash device with high-k dielectrics for a
blocking layer provides a faster P/E speed and longer data retention time [1.9].

Besides, continued device scaling requires the continued reduction of the gate
dielectric thickness. This requirement arises from two different considerations:
controlling the short-channel effect and achieving a high current drive by keeping the
amount of charge induced in the channel large as the power-supply voltage decreases.
In both cases, to a first approximation, it is the electrical thickness that is important.

The electrical thickness at inversion is determined by the series combination of three
3



capacitances in the gate stack: the depletion capacitance of the gate electrode, the
capacitance of the gate dielectric, and the capacitance of the inversion layer in the
silicon. On the other hand, the direct tunneling current through the gate dielectric
grows exponentially with decreasing physical thickness of the gate dielectric [1.10].
This tunneling current has a direct impact on the standby power of the chip and puts a
lower limit on unabated reduction of the physical thickness of the gate dielectric. It is
likely that tunneling currents arising from silicon dioxides (SiO,) thinner than 0.8 nm
cannot be tolerated, even for high-performance systems [1.11]. Solutions that reduce
the gate tunneling current,and’ gate capacitance degradation due to polysilicon
depletion are explored.through-introduction of new materials;-high-dielectric-constant

gate dielectrics.

1-2 Motivation

Today the'key dielectrics such'as:SiO, and SisN, are widely tised in the modern
silicon devices. Aggressive scaling of CMOS devices and design of DRAM stimulates
the investigation of alternative to SiO, and Si;N4 high dielectric constant (high-k)
dielectrics, such as AlO;, HfO,, ZrO,, Ta,0s, etc. [1.12, 1.13]. Since 1990
nonvolatile semiconductor memory (NVSM) has been the technology driver of the
semiconductor industry [1.14]. At the present time a floating gate FLASH EEPROM
dominates in the NVSM market. The floating gate type of FLASH EEPROM is
impossible to scale down to beyond 0.18 pum due to the difficulty in scaling the tunnel
oxide [1.15]. However, for design of terabit EEPROM memory array it is necessary to
use the channel length of 3040 nm. On contrary, a
silicon—oxide—nitride—oxide—silicon (SONOS) EEPROM potentially can be scaled up

to this size [1.16, 1.17]. Recently SONOS with thick bottom oxide was proposed,
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where write/erase (W/E) is produced due to hot electron/hole injection in nitride [1.18,
1.19]. Also there were attempts to use SONOS as DRAM devices [1.20].

From [1.21], Fig. 1-7 shows that SiO, will approach the scaling limits (Table 1-1,
2001 ITRS) in 2003 due to its high gate leakage, High-k (HfO,, HfAIO and Al,O53)
can extend the CMOS technology scaling for long-term solutions. Beside, SiO; is
usually applied as a top oxide in a conventional SONOS. Since SiO, has low
dielectric constant £=3.9 in comparison with Si3N4 (£=7.5) the electric field in top
oxide is about two time larger, than in nitride. Therefore, for scaled SONOS device
with comparable thickness of nitride and SiO; top oxide, a remarkable part of applied
voltage drops on the top oxide during W/E programming. Replacing SiO, by high-k
dielectric can dedrease, this undesirable voltage drop and, coemsequently, the total
applied voltage[1.22, 1.23, 1.24]. Moreover, because of an electric field in high-k
dielectric much”less than one in SiO,, one can expect that parasitic carrier injection
[1.25] through“top oxide should be suppressed in SONOS with high-k dielectric as a
top layer. These suppositions were supported-by-experiment with SONOS with Al,O;
as a blocking oxide {1.23] and by preliminary simulations‘of W/E process in SONOS
with Al,O3; and ZrO2 as a top oxide [1.24].

The goal of this paper 1simore detail investigation on the characteristics of
SONOS type memory with high-k dielectrics instead of conventional SONOS with
Si0O; as a top blocking dielectric. This also includes the description of the physical
and electrical properties of metal-insulator-metal capacitors, which play a great role of
our n-channel SONOS type memory. As example we considered Al,O; (£=9), HfAIO

(£=9~25) and HfO, (£=25) as mostly studied high-k dielectrics.
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1-3 Thesis Organization

In this thesis, we study the performance of the SONOS-type memory device
with high-k dielectric as blocking layer using MOCVD.

In Chapter 1, we introduce the background of the flash memory and explain
why SONOS-type memory with high-k blocking layer.

In Chapter 2, we fabricate metal-insulator-metal capacitors using MOCVD
HfAIO dielectric, measuring C-V and I[-V. And then we discuss the physical and

electrical properties in order to extract the excellent result to fabricate n-channel

SONOS type memories dg
In Chapter 3, nnel S ¢ memories using HfAIO for
blocking layer. And

Atthe e
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Fig. 1-6 The band diagram of nitride- based SONOS memory.
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Year 2003 | 2004 | 2005 | 2006 | 2007 | 2010 | 2013 | 2016
Node(nm) | 107 90 80 70 65 50 35 25
EOT(HP) | 1.1~1.6 | 0.9~1.4 | 0.8~.13 | 0.7~1.2 | 0.6~1.1 | 0.5~0.8 | 0.4~0.6 | 0.4~0.5
EOT(LSTP) | 2.0~2.4 | 1.8~2.2 | 1.6~2.0 | 1.4~1.8 | 1.2~1.6 | 0.9~1.3 | 0.8~1.2 | 0.7~1.1
Vpp(HP) 1.0 1.0 0.9 0.9 0.7 0.8 0.8 0.6
Voo(LSTP) | 1.2 1.2 1.2 1.2 1.1 1.0 0.9 0.9
I,(HP) 70 100 |, 300 | +700 | 1000 | 3000 | 7000 | 10000
I(LSTP) | 0.001 | 0:00F | 0.001 | 0.001 |-0.001 | 0.003 | 0.007 | 0.01

Table 1-1 Scaling parameters for 2001 ITRS. The.Node is shown as the MPU 1/2
Pitch #v:nm. The EOT (nm), operating voltage Vpp(V) and gate leakage

Ig(nA/um) "are listed for both high performance(HP) and low stand-by
power(LSTP) CMOS technology.

Node (rur}
o 130 90 65 50 a5 25
| Toso, | a@VeVLSTP
10 o SON
E. —x— A0, /A/
B o) el —
% [ -'v*ma/h/ —
‘E 10° [ /
VAT .
10
i1 =
§ o .
10 [
-ﬂr i PO L 1 L X 1 i
1000 2005 2010 2015

Yeat
Fig. 1-7 The calculated gate leakage for low standby power (LSTP) application.
Here, an average value of the proposed maximum and minimum EOT
from Table 1-1 is used for each generation. Al,O3 mole fraction is 30% for
HfAIO and Si3N4 mole fraction 40% for optimized SiON [1.21].
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Chapter 2
Physical and Electrical properties of MIS
Capacitors Using MOCVD Hf,AlLO
Dieletrics

2-1 Introduction

A gate dielectric with a dielectric constant (k) Substantially higher than that of
Si0, (k..) will achievesa smaller equivalent electrical thickness.(t.,) than the SiO,, even

with a physical thickness (i) larger than that of the Si0O, (t..):

Kox

Replacing the SiO, with a material having a different dielectric constant is not as
simple as it may seem. The material bulk and interface properties must be comparable
to those of SiO,, which are remarkably good. Basic material properties such as
thermodynamic stability with respect to silicon, stability under thermal conditions
relevant to microelectronic fabrication, low diffusion coefficients, and thermal
expansion match are some critical examples. In addition, interface traps of the order
of a few 10" cm eV ™' and bulk traps of the order of a few 10'° cm * are common
among SiO2 and the closely related oxynitrides [2.1, 2.2]. Charge trapping and

reliability for the gate dielectrics are particularly important considerations.
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Thermal stability with respect to silicon is an important consideration, since
high-temperature anneals are generally employed to activate dopants in the
source/drain as well as the polysilicon gate. Although many binary and ternary oxides
are predicted to be thermally stable with respect to silicon [2.3], recent research on
high-dielectric-constant gate insulators have focused primarily on binary metal oxides
such as Ta,0s, TiO,, ZrO,, HfO,, Y,03, La,O5, Al,Os3, and Gd,O3 and their silicates
[2.4, 2.5]. Table 2-1 compares the properties of the common high-k gate dielectrics
reported in the literature. The dielectric constant of these materials generally ranges
from 10 to 40, which is about a factor of 3 to 10 higher than SiO2. The benefits of
using a very-high-dielectric-constant material to simply teplace SiO2 for the same
electrical thickness are limited because of the presence of two=dimensional electric
fringing fields from the drain through the physically thicker gate dielectric [2.6, 2.7].
The drain fringing field lowers the source-to-channel potential barrier and lowers the
threshold voltage in'a way similar to.the well-known drain-induced ‘barrier lowering
(DIBL), in which the drain field medulatessthersource=to-channel potential barrier via
coupling through the silicon substrate. The use of higher-k-materials must therefore be
combined with a concutrent réduction of the electrical'thickness.

A large silicon-to-insulator ienergy barrier height is desirable because the gate
direct-tunneling current is exponentially dependent on the (square root of the) barrier
height [2.8]. In addition, hot-carrier emission into the gate insulator is also related to
the same barrier height [2.9]. The high-k material should therefore not only have a
large bandgap, but also have a band alignment which results in a large barrier
height. Figure 2-1 illustrates the bandgap and band alignment for several high-k gate
dielectrics calculated by Robertson [2.5]. Most high-k materials that have other
desirable properties do have relatively low band offsets and small bandgaps.

Aluminum oxide (Al,O3) is probably the only material that has a bandgap and band
12
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alignment similar to those SiO,.

In this work, we discuss the electrical characteristic of gate dielectric with
different ratio of HfO, and AL,O; at different annealing temperature. Under these
assumptions, we found a systematic method to extract the excellent result. We expect
that the excellent result can play a key role in blocking layer on SONOS type

memory.

2-2 Experimental

Figure 2-2 schematically depicts the process flow of the proposed MIS
capacitors. The fabrication process of the Hf} (Al,Q dielectric MOS capacitors were
started on p-types5-10 Q ¢m,.(100)-150mm silicon substrates which had been RCA
clean before deposition. Then,~we deposited the Hfj(AlO by Metal Organic
Chemical Vapor Deposition (MOCVD). In order to observe thes effect of RTA
conditions on imos  capaciter properties, we varied.the RTA temperature after the
Hf, xAlLO deposition.. The samples went through oxide RTA treatment in N2 ambient
at various temperatures (As-department, 600°C, 700°C, 800°C, 900°C, as shown in
Table 2-2) for Imin. After that, Pt.is used for the'top capacitor by sputtering method
with pure Pt target. Finally Al 1s used for'the bottom capacitor by thermal coater
method with pure Al target.

At the first time, we changed the different Hf : Al precursor rate, such as Hf :
Al =2:1 (H2A1), Hf : Al=1:1 (H1A1), and Hf : Al = 1:2 (H1A2). In order to know
the Hf/Al ratio in the dielectric Hf| xAlO, we analyzed by XPS method. And then, we
discovered that the Hf/Al ratio in the dielectric Hf| (AlO at the H2A1 precursor rate
is 0.55, H1A1 is 0.23, and H1A2 is 0.11 (All of them are Al-rich). So we predicted

that H6A1 may be 1 (The blue dash line in Fig. 2-3, and the three points in Fig.2-3 are
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H2A1, H1A1, and H2A1). Therefore we tried the H6A1, H8A1, HIOA1, and also
H(HfO,) and A(Al,O3) at the second time in order to know the characteristics of
Hf-rich and Al,O;. The red line in Fig. 2-3 shows that the actual relationship between
Hf/Al precursor rate and Hf/Al ratio in Hf; cAlO which is not the same with our

prediction.

2-3 Results and Discussion

In this section, the physical and electrical characteristics of MOS capacitors

using MOCVD HfAIO diglectric were discussed.

2-3-1 C-V Characteristic

Fig. 2-4~2=11 show the relationship betweensthe sweep voltage and capacitance
for Hf1 (AlLOpMOS Capacitors. We have' several conditions for Hf, ,Al,O MOS
capacitors. Then we measure C-V curves, and use a systematicy methodology to
extract the accurate flat band voltage of Hfj (Al O MOS capacitors for interfacial state
density (Fig. 2-21)/We found that the higher PDA temperature, the thicker dielectric,
the higher interface density, therefore the capacitance decreases. We also found that

the H1A2 C-V curves are better than others.

2-3-2 1-V Characteristic

We also measure I-V curves, such as Fig. 2-12~2-19 illustrate. We found that the
more Hf component the more leakage current, and higher PDA temperature the higher
gate leakage current. This is because that more Hf component more grain boundaries.
Fig. 2-20 shows that the gate leakage current comparison between H1A2 and Al,O;

sample with the same condition (As-dep., 600°C PDA and 800°C PDA). We found
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that they are almost the same.

2-3-3 CET Characteristic

From the C-V illustrations (Fig. 2-4~2-11), we not only can calculate the Vg, for
each sample, but also the CET for each sample. So we plot the Fig. 2-22 which shows
the relationship between the gate leakage current Jg@Vfb—2V(A/cm2) and each sample
for all conditions. We discovered that the more Hf component the higher gate leakage
current Jg@Vfb—ZV(A/cmz), this is because that the more Hf component the more
grain boundaries. The Fig.,2-23 shows the relationship between the gate leakage
current Jg@Vﬂg'ZV(A/sz) and the CET for each samples with all PDA conditions.
We found that the/Al-rich-Hf;_ (Al;Q capacitors are better than Hf=rich-Hf; 4Al,O ones
in the relationship between gate leakage current and CET.

From the two pictures (Fig. 2-22 and 2:23); we extract the Al-rich-Hf| (Al,O
capacitors are'better, so we discuss the Al-rich-Hf; AlyO characteristics especially.
Fig.2-24 showsthe relationship betweenrCET(nm)-andreach Al-rich samples with all
PDA conditions, Fig. 2-25 shows the relationship between the,gate leakage current
J g@Vﬂ,-2V(A/cm2) and each Al-rich-Hf| \AlO samples with all PDA conditions, and
Fig. 2-26 shows the relationship between the gate leakage current Jg@Vfb—l.SV(A/cmz)
and each Al-rich-Hf| <Al O samples with all PDA conditions. From Fig. 2-24 and Fig.
2-25, we can combine them to the Fig. 2-27 which shows that the relationship
between the gate leakage current Jg@Vfb'2V(A/Cm2) and the CET for each samples
with all PDA conditions. We can obviously find the two samples HIA2 (As-dep.) and
H1A2 (700°C PDA) with the lowest CET and the lowest gate leakage current
J g@Vfb—2V(A/Cm2) from Fig. 2-27, so we decided the four conditions (H1A2 As-dep.,
H1A2 700°C PDA, AL,O; As-dep., and Al,O; 700°C PDA) are our the best blocking

layer for SONOS-type memory in next chapter. We cast the characteristics of
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Al-rich-Hf; 4<AlLO dielectrics capacitors in Table 2-3.

2-4 Summary

In this chapter, we observed that Al-rich Hf; tAlyO dielectric capacitors have

lower interfacial state density, lower gate leakage current Jg@Vfb'2V(A/Cm2)

and Jg@Vfb-l.SV(A/cmz), and lower CET than Hf-rich ones at the same condition.

Therefore we optimized the condition for the SONOS-type memory blocking layer.

According to our data, we choose A (ALQO;: As-dep. and 700°C PDA) and H1A2

(HfAIO: As-dep. and 7003€ PDA) for our blocking layer of SONOS-type memory.

Dielectric Conduction Thermal stability
Dielectric constant Bandgap (eV) | band offset w.r.t. silicon
(bulk) (eV) (MEIS data)
Si0, 3.9 9 3.5 >1050°C
Si3Ny 7 53 2.4 >1050°C
Al,O3 ~10 8.8 2.8 ~1000°C
Not
TayOs 25 4.4 0.36 thermodynamically
stable with silicon
Y103 ~15 6 2.3 Silicate formation
HfO, ~20 6 1.5 ~950°C
V4{0)} ~23 5.8 1.4 ~900°C

Table 2-1 Selected material and electrical properties of high-k gate dielectrics.

Data compiled from Robertson [2.5], Gusev et al. [2.4], Hubbard and
Schlom [2.3], and other sources.
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ZrSio,
HFSIO,

Fig. 2-1 Ba cs with respect to
si Data from Robertnson [2.5]; with permi The dashed line

re = S ,:.I"IA . P o] S.

orecres Com Ratio HE / Al
-1 (A) 0
*Al=1:2(H1A2) 0.11
Hf: Al=1:1(H1A1) 0.23
Hf : Al = 2 : 1 (H2A1) 0.55
Hf : Al = 6 : 1 (H6A1) 3
Hf : Al =8 : 1 (H8A1) 4
Al Hf: Al =10 : 1 (H10A1) 5.67
Hf : Al=1:0(H) 00

Fig. 2-2 The process flow of the Hf}.(AlyO MOS capacitors. On the right: the
different flow rates and the dielectric Hf/Al component ratio analyzed
by XPS method.
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Sample
H | HI0OA1 | H8A1 | H6A1 | H2A1 | H1A1 | H1A2
Split Condition

As-dep. [ H [ | H [ | |

600°C PDA o o o o o o o ®

700°C PDA

800°C PDA L 2 L 2 L 2 L 2 2 L 2 2 L 2

900°C PDA

Table 2-2 Split table for MIS Capacitors using MOCVD Hf, (AlO Dielectric.

6.0 . ! T T

BB ................. e
o BOEi N o i .................. ,,,,,, // .
<_E>< 45 L i e e / ,,,,,,, i
H_;ﬁ 4.0 - ... RO BEERET //.’ ,,,,,,,,,,,,,, i
I 35 e e e // ,,,,,,,,,,,,,,, i
c ; ;
5 30l R / //;
B 25l e R W T o i
<—: 20F ;,;/,,,/i,, O S -
£ s A :

1.0 S - .

05 P T B S e .

0.0 . ' '

4 6 8 10
Hf/Al precursor rate

Fig. 2-3 The relationship between Hf/Al precursor rate and Hf/Al ratio in Hf; (Al O.
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§ 150 f .
& 100} i
o
CG L
O 5ot -
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=3 -2 -1 0 1 2 3
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Fig. 2-4 The C-V curves of Al,O; dielectric MOS capacitor.
) v ) ' 1 L 1 L 1 v ) ' )
600 F H1A2 .
- —&— As-dep.
™ 500 ~# 600°C PDA 4
2 - 700°C PDA
8 400} ~e—800°CPDA 4
= I —%— 900°C PDA
S 300 F -
© I
=3
S 200 .
100 - .
0Otk _
1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3
Voltage(V)

Fig. 2-5 The C-V curves of HIA2 (Hf/Al = 0.11) dielectric MOS capacitor.
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600 T T T T T T T T T T T T T

H1A1
500 F —&— As-dep.
o —e— 600°C PDA |
o 700°C PDA
< 400 | -
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g —*— 900°C PDA
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o AAAAAAAAAAAA
g iAol
c 200} 4
@)
100 | .
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\oltage(V)

Fig. 2-6 The C+V curves of HIA1 (Hf/Al=0.23) dielectric MOS capacitor.

600 m e e T
H2A1
cool. —=— As-dep.
+ ® ,600°C PDA |
E (o]
| 7oooc PDA |
d ——800°C PDA |
: —— 900°C PDA
© 300 B Ikt ek dd & 4 & & ]
g o :
S 200} ]
@
@)
100 F ]
o J
1 1 1 1 L : :
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Fig. 2-7 The C-V curves of H2A1 (Hf/Al = 0.55) dielectric MOS capacitor.
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Fig. 2-8The C-V curves of H6A1 (Hf/Al'= 3) dielectric MOS capacitor.
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Fig. 2-9 The C-V curves of H8A1 (Hf/Al = 4) dielectric MOS capacitor.
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Fig. 2-10 The C-V curves of H10A1 (Hf/Al'= 5167) dielectric MOS capacitor.
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Fig. 2-11 The C-V curves of HfO, dielectric MOS capacitor.
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Gate leakage current J (A/lcm?)

Fig. 2-12 The I-V curves of Al,O; dielectric MOS capacitor.
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Fig. 2-13 The I-V curves of HIA2 (Hf/Al = 0.11) dielectric MOS capacitor.
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Fig. 2-14/Fhe I-V curves of HIA1 (Hf/Al=0.23) dielectric MOS capacitor.
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Fig. 2-15 The I-V curves of H2A1 (Hf/Al = 0.55) dielectric MOS capacitor.
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Fig. 2-16,The I-V curves of H6A1 (Hf/Al = 3) dielectric MOSicapacitor.
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Fig. 2-17 The I-V curves of H8A1 (Hf/Al = 4) dielectric MOS capacitor.
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Fig. 2-18 The 14V curves of HI0A1 (Hf/Al'= 5:67) dielectric MOS capacitor.
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Fig. 2-19 The I-V curves of HfO, dielectric MOS capacitor.
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Fig. 2-20 The gate leakage current comparison between H1A2 and Al,Os; with the
same condition (As-dep., 600°C PDA and 800°C PDA).

=
(@)

i

w

Hfsrigh=Hf, Al O(x=0-0.25)

it

>
Q@

£

X

(@]

210" :
n

&

g “a— Al

o —v— H6A1

8 —4— H8Al

= —e— H10A1 |
2 Al-rich-Hf Al O (x=0.8-1) S
S 104 —6— H1A1 |
= —A— H1A2
B 1 1 1 H%Al

1
As-dep. gop°c  700°C  800°C  900°C
PDA conditions

Fig. 2-21 The relationship between interfacial state density Dj; and PDA conditions.
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Fig. 2-23 The relationship between the gate leakage current Jg@Vﬂ,-2V(A/cm2) and
the CET for each samples with all PDA conditions.
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Fig. 2-25 The relationship between the gate leakage current Jg@Vﬂ,-2V(A/cm2) and
each Al-rich-Hf, (<AlLO samples with all PDA conditions.
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the CET for each samples with all PDA conditions.
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. J @V.-1.5V
Properties 2 1 2 g- fb
EOT(A) | V,(V) | D.(cm eV) | J @V, -2V(Alcm ) 2
Sample " g (A/lcm)
11 -9 -10
Al203(As-dep.) 44.8 | 0.89 | 1.3x10 1.9x10 6.3x10
H1A2(As-dep.) 10"
o) -9 -9
H1A2(700 C PDA) |‘ 1.4x10
FIg: ,
H1A1(As-dep.) -1 4.2x10 1.7x10
0 rjf -9
H1AL(700 C PDAY ’,{ 8.1x10
L_ 9
H2A1(As-dep.) n 6.1x10
o -6 -9
H2A1(700 C PDA) 1.4x10

Table 2-3 The charac i f O dielectrics capacitors.
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Chapter 3
Characteristics of SONOS-type Memory with
High-k Hf, ,Al,O Blocking Layer

3-1 Introduction

Poly-Si/Oxide/Nitride/Oxide—Silicon (SONOS)-type structure memories, which
include nitride and nanocrystal memories, have recently attracted much attention for their
application in the next-generation nonvolatile memories [3.1-3.10]. Alternatively,
conventional floating gate Flash memories adopt the multilevel-cell concept to increase
its density basedon the same process technology [3.11-3.14]. In recent years, change
ONO processing. technology and choice trapping. layer material have been study to
improve the cell data retention. Such as  highk, silicon, germanium, and metal
nanocrystals may:by used to provide charge storage for nonvolatile memories.

Tremendous efforts have been. focused on the development of high-density, low-cost,
and nonvolatile solid-state storage” devices for the :applications of'portable electronic
devices, such as MP3 players, mobile phones, and digital cameras [3.15, 3.16]. Among
the many kinds of nonvolatile memories, floating-gate flash memory has received a great
amount of interest because 1ts density has.inereased almost 2-fold a year for several years
[3.15-3.17]. For further increases in device density, the tunnel oxide thickness should be
scaled down, but even a single defect can discharge the stored memory charge owing to
the conductive nature of the floating polycrystalline silicon (poly-Si) gate electrode in
floating gate devices [3.18]. Therefore, silicon—oxide—nitride—oxide—silicon (SONOS)
devices have received increasing interest recently owing to their better endurance, smaller
cell/chip size, and lower power consumption than the floating gate devices [3.18, 3.19].
However, charge retention and erase speed remain the major challenges to overcome in
order for SONOS devices to replace floating-gate devices. Recently, Lee et al. reported

that improved erase performance and endurance characteristics can be achieved by
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replacing SiO2 and poly-Si as high-k dielectric, Al,O; for blocking oxide material,
respectively [3.20]. Data retention characteristics, however, still must be improved
because a small memory window is expected after a long retention.

In this work, we fabricate a high performance nonvolatile memory with a high-k
material for blocking layer. The blocking layer material is Hf; <AlkO. This high-k
material is used to replace the blocking layer in the SOHOS structure. These material
provide high thermal stability and good electrical properties, therefore it can maintain the
good electrical characteristic in the fabrication process. The faster operation speed can be
improved, and programming efficiency can be improved. The application of high-k
materials can further reduce the@peration voltage and potentially can help memory
device scaling. It has go6od “characteristics in terms 6f considerably high speed
program/erase, large memory windows, good retention time," good endurance, good

disturbance, and good retention.

3-2 Experimental

In Chapter 2, we decided two materials for our' blocking layer which are
Hfy1AlpoO(In this chapter, we call it as?HfAlO) and Al,O;, and two RTA conditions
(As-dep. and 700°C). Figure 3-1' schématically depicts'the process flow of the proposed
SONOS flash memory. The fabrication process of the memory devices with blocking
layer HfAIO and Al,O4 involved was started with the LOCOS 1selation process on p-type,
5-10 Q cm, (100) 150mm" silicon.substrates. First, a 4 mm thick tunnel oxide was
thermally grown at 1000°C in vertical furnace system. The trapping layer of SisNy layer
was deposited by Low Pressure Chemical Vapor Deposition (LPCVD). Blocking oxide of
HfAIO about 21 nm thick and Al,O3; about 18nm were then deposited by Metal Organic
Chemical Vapor Deposition (MOCVD). After that, two of the samples (one is HfAIO,
another is ALO3) went through RTA treatment in N, ambient at 700°C for 30sec. And
then, a 200 nm thick poly-silicon was deposited to serve as the gate electrode by Low
Pressure Chemical Vapor Deposition (LPCVD). Then, gate electrode was patterned. For
NMOSFET ,the source/drain and gate were doped by self-aligned As ion implantation at
the dosage and energy of 5x10" ions/cm™ and 25 KeV, then the substrate contact was

patterned and the sub-contact was implanted with BF, at the dosage and energy of 5x10"
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ions/cm™ and 40 KeV. After these implantations, for NMOSFET the dopants were
activated at 900°C for 30 sec. The rest of the subsequent standard CMOS procedures
were complete for fabricating the poly Silicon-Oxide-Nitride-Oxide-Silicon (SONOS)

memory devices.

3-3 Results and Discussion

In this section, the electrical characteristics of poly gate SONOS-type memory with
HfAIO and Al,0O; for blocking layer were discussed.

3-3-1 I4-Vy Curves and Memory Window

Fig. 3-2 shows that relationship between gate leakage current J, (A/cm?) and gate
electric field V,/EQT (MV/cm). We observed the HfAIO blocking Jayer memories have
higher gate leakage current J, than Al,Ozenes at high electric field (V,/EOT >8 MV/cm),
this is probably because the HfAIO blocking layer memories have more grain boundaries
and lower conduction band gap than Al,O; ones. Because of Hf crystalline temperature
lower than Al,Qs, the grain boundaries may .generate after high PDA temperature. The
leakage may pass through these grain boundaries. Another because that HfA1O blocking
layer memories have lower band gap than Al;O; ones, the electrons may tunnel easily
through the gap to‘gate. Fig. 3-3,and Fig. 3-4 show the 1d-Vg curves of the Al,O3 and
HfAIO blocking layerimemories under program and erase.operations. We use channel hot
electron injection (CHEI) to program .and band to-band hot hole to erase (BTBHH). All
the program condition are V,= 8V,"Vg=8V with 10 m-sec stress, and the erase condition
are Vo= -9V, Vg= 9V with 0.1 sec stress. The Vy of AlLO; blocking layer after
programming shift about 1.5V from the original fresh state, and the HfAIO ones are about
2.4V. After erasing, the Vy, shift almost the same as program state-fresh. So the memory
windows are about 1.5V (Al,0O3) and 2.4V (HfAlO). We also observed that the higher

gate leakage current the larger memory window, just like HfAIO ones.
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3-3-2 Program and Erase Speed

For the SONOS-type flash memory with high-k Al,O; and HfAIO blocking layer,
the program speed are shown in Fig. 3-5~3-8 and Fig. 3-10~3-13. First, we use channel
hot electron injection (CHEI) to program all samples and show four different stress
conditions: Vy= 7V, V4= 7V; Vo= 8V, V4= 8V ; Vo= 9V, V4= 9V; V= 10V, V4= 10V in
Fig. 3-5~3-8. We can obviously observe the line of Al,03; and HfAIO (700°C PDA) are
not going up about 10 and 10 sec, this is because that the higher PDA temperature
ones generate interfacial state to hold memory programming. We also compare the CHEI
program speed at the same PDA conditions, as shown in Fig. 3-9 and Fig. 3-10. We
found that SONOS-type memories'with HfAlO blocking layer program faster than Al,O;
ones about < 1 m-sec, but Al,O3 ones faster than HFAIO ones about > 1 m-sec. This is
because that HfAIO ones have higher k than Al,O; ones, the program speed is faster
about < 1 m-sec; but the HfAIO blocking layer memories-have more grain boundaries and
lower conduction-band gap than-Al,Os ones, these maybe generate gate leakage current.
And then, we use FN tunneling to program all-samples and show three different stress
conditions: V=13V, V=15V and V,= 17V in Fig. 3-11~3-14. We also fixed the gate
voltage V,= 15V to compare all devices in Fig. 3-15. We observed that program speed of
the SONOS-typeimemory with-HfAlO blocking layer are not faster than Al,Os ones. This
is probably because the lower valance band. gap ‘and more grain boundaries of HfAIO
ones, the FN program speed of AI,O; ones are more efficacious.

The erase speed of SONOS-type flash memory” with high-k Al,O; and HfAIO
blocking layer are shown in Fig. 3-16~3.19. We use band to band hot hole (BTBHH) to
erase all devices and show five different stress conditions: V= -5V, V4= 5V; V,= -5V,
Va= TV ; Vg= -5V, V4= 8V; V= 10V, V4= 10V. We found the more V4 erase voltage
degree the better erase efficacy, it seems larger V, voltage degree does not work. We also
fixed the stress condition (V= -5V, Vg= 9V) to compare all devices in Fig. 3-20. We
observed the HfAIO ones are more difficult to erase to initial state, this is because

electron back tunneling occur.
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3-3-3 Data Retention Characteristic

Fig. 3-21 and 3-22 are the data retention characteristic of SONOS memory with
HfAIO and Al,O; blocking layer measured at 25°C. We can observed that these data are
not the same with our predict results, so we plot the illustration for charge loss rate in
order to analyze clearly what as shown in Fig. 3-23. We can observe that the HfAIO ones
loss charge more than 50% after 10* sec stress. Although it seems that the data
characteristics of Al,O3 ones are better than HfAIO ones, the data characteristics of Al,O3
ones are still not very good. This is probably because that the valance band gap of A1203

is lower than SiO2 to induce leakage current.

3-3-4 Disturbance Measurement

Fig. 3-24 and 325 show the gate disturbance measurement of SONOS-type memory
with Al,O; and HfAIO blocking layer for two stress conditions: V= 8V and V.= 10V
with V4=V =V,=0V at erase state for 10sec stress. The applied gate voltage will attract
electrons in the Substrate tunneling to the SiNy layer by FN tunneling mechanism and
result into Vy,Fincrease.” We can obviously' found that the™ devices after 700°C PDA
perform good characteristic than As-dep..ones. That is probably because that the 700°C
PDA temperature condition make the-blocking-layer-thicker than As-dep. ones. Fig. 3-26
shows the compatison jof gate disturbance s-of SONOS-type memory with Al,O; and
HfAIO blocking layer for one stress condition: V,= 8V with' V=V =V,=0V at erase state
for 10° sec stress. We found the data characteristics of Al,Oz0nes are better than HfAIO
ones. This is because the valanee band gap of HfAIO is'lower than Al,O; ones. We also
measure the gate disturbance at program state, as shown in Fig. 3-27 and 3-28. The
measurement conditions are V= -8V and V,= -10V with V=V =V,=0V at erase state for
10° sec stress. We can find that phenomenon of electron back tunneling occur after 10°
sec stress. Fig. 3-29 shows the comparison of gate disturbance of SONOS-type memory
with ALOs; and HfAIO blocking layer for one stress condition: V,= -8V with
V=V=V,=0V at program state for 10> sec stress. We can observe there are more grain
boundaries in the SONOS-type memory with HfAIO blocking layer than Al,Os ones, so
the disturbance is not better than AL,O;. Fig. 3-30 shows read disturbance measurement

of the SONOS-type memories with HfAIO and Al,Os blocking layer. We applied two
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stress conditions: Vg=3V, V4= 0.5V to Al,O3 ones and V= 4V Vg= 0.5V to HfAIO ones
for 10° sec. The read disturbance data of HfAIO are not better than AL Os.

3-4 Summary

In this chapter, we propose the SONOS-type memories with high-k HfAIO and
ALO; blocking layer. We have shown the electric curves, like Jg-Vg/EOT, Id-Vg,
program/erase speed with different mechanism, charge retention, charge loss rate, gate
disturbance with program and erase state, and read disturbance. We compare the qualities

of the SONOS-type memories with high-k HfAIO and Al,Os blocking layer, and discuss

the facters about them.
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Fig. 3-2 The relationship between gate leakage current J, (A/em?) and gate electric field
V,/EOT (MV/cm).
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Fig. 3-6 The program speed curves of SONOS-type memory with AlLO3; (As-dep.)
blocking layer. (CHEI mechanism)
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Fig. 3-9 The comparison program speed curves of SONOS-type memory with Al,O3 and
HfAIO (700°C PDA) blocking layer. (CHEI mechanism)
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Fig. 3-10 The comparison program speed curves of SONOS-type memory with Al,O3; and
HfAIO (As-dep.) blocking layer. (CHEI mechanism)
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Fig. 3-12 The program speed curves of SONOS-type memory with Al,O3; (As-dep.)
blocking layer. (FN tunneling mechanism)
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Fig. 3-16 The erase speed curves of SONOS-type memory with Al,O; (700°C PDA)
blocking layer. (Band To Band Hot Hole mechanism)
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Fig. 3-22 The retention characteristics of SONOS-type flash memory with HfAIO
(As-dep. and 700°C PDA) blocking layer at 25°C.
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Fig. 3-24 The gate disturbance characteristics of SONOS-type flash memory with Al,O3
(As-dep. and 700°C PDA) blocking layer. (Erase State)
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Fig. 3-25 The gate disturbance characteristics of SONOS-type flash memory with HfAIO
(As-dep. and 700°C PDA) blocking layer. (Erase State)

0.50 v v llllll' Ll Ll lllllll

2 0.25

E

[72]

>" 0.00

[¢D]

= Vg=8V

v —=— Al,O, 700°C PDA

[¢b]

@ 0.251 —e— AlLO, As-dep.

L HfAIO 700°C PDA

—e— HfAIO As-dep.
-0.50 e i R
10° 10" 10 10°

Gate Disturb Time (sec)
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Fig. 3-28 The gate disturbance characteristics of SONOS-type flash memory with HfAIO
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Chapter 4

Conclusions
The thesis of “Study on High-k Gate dieletric Hf1.xAlyO for Blocking layer of
SONOS Non-\Volatile Memory” was proposed. The results of each chapter are

summarized as below.

In chapter 2, we discuss'the dependence of ‘different Hf;.,AlkO component
dielectric on the different-annealing temperatures. We used a systematic methodology
to extract the best assumption for our SONOS-type memory. We found Al-rich
Hf1.xAlkO dielectric have lower interface density, lower:gate leakage current, and
lower CET than Hf-rich at the same condition. \We also found the H1A2 (Hf : Al =
0.11) sample has the lowest leakage current and CET in Al-rich Hf, AlO, and the

leakage current'as low as Al;Ogat lew:PDArconditions:

In chapter 3, we-replace.conventional blocking layer-with HfAIO and Al,O;
dielectric on SONOS-type memaories. We have shown the electric curves, just like
lg-Vg, 1d-VVg, program speed with different mechanism, erase speed, charge loss rate
and disturbances. We demonstrate program efficiency of HfAIO blocking layer are
better than Al,O3; ones about < 1 m-sec. But program efficiency of Al,O3 blocking
layer are better than HfAIO ones about > 1 m-sec, because of large leakage current.
The EBT phenomenon occurs to erasing and gate disturb with program state. All the
retention characteristic data are not good, because of large leakage current occurred

by lower band gap.
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In order to overcome the retention, large leakage current and electron back
tunneling issue, we propose some assumption:
1. Using lower band gap for trapping layer (such as Si) in order to reduce the gate
leakage current.
2. Using nanocrystal for trapping layer in order to improve the retention issue.
3. Using metal gate for larger work function in order to reduce EBT.
4. Using tri-blocking layer (such as oxide/high-k/oxide) may improve the retention

issue.
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