Chapter 1
Introduction
1.1 Overview

In recent years, complementary metal-oxide-semiconductor (CMOS) memory
technology which driven by the more and more increasing demand for computer,
mobile phones, personal digital assistant (PDA) , and some electronic consumer
products, have developed rapidly for the need in the people’s life.

We could divide memory into two main categories by whether the stored data
would vanish when the power supply is switched off or not. One is volatile memory,
the other is nonvolatile memory. Volatile memory, like DRAM and SRAM, would
lose its information once when the power is turned off.. On the other hand, nonvolatile
memory could still retain the ‘data even if the power supply is been removed.
Therefore, we can use nonvolatile memory with lower power and it offers a higher
density of data storage.

In 1967, D. Kahng and S. M. Sze invented the first floating-gate (FG) nonvolatile
semiconductor memory at Bell Labs[1]. Nonvolatile memory, such as
electrically-programmable read-only-memory (EPROM)|[2], electrically erasable and
programmable read-only-memory (EEPROM)[3], and nonvolatile random access
memory (NVRAM), has been widely used in integrated circuits. Among the types of
memories mentioned above, flash memory has the advantage of good program/erase
(P/E) operation, small area, low operation voltage, low power consumption, and low
cost. Also, it has a byte-selectable programming operation combined with a sector
erasing at the same time. Therefore, it is extensively used in memory array, NAND
and NOR. Nonvolatile semiconductor memory plays an important role in memory

applications for portable commercial devices.
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The most popular and well-known commercial flash memory is Intel ETOX
(EPROM Tunnel Oxide)[4], and its structure is shown in Figure 1.1 (a). The device is
a Metal-Oxide-Semiconductor Field-Effect-Transistor (MOSFET) with a modified
gate structure that has a control gate and a floating gate surrounded with a dielectric
material such as SiO,. The charge storage element is the isolated floating gate that
disconnected from control gate to the channel. The ETOX is programmed when
electrons are injected from channel to the floating gate Dby using
Channel-Hot-Electron-Injection (CHEI) method[5], so the threshold voltage (Vt) of
the device is increased. On the other hand, we erase the cell when the stored electrons
have been removed from the floating gate to source by using Fowler-Nordheim (FN)
tunneling or band-to-band hot hole. (BTBHH) injection, and the threshold voltage of
the cell is been restored to the.original value. Figure 1.1 (b) depicts the mechanism of
programming and erasing the ETOX cell, and Figure 1.2 shows the band diagram of
P/E operations. The Vt difference between the programmed and erased states is
known as “memory window”. Figure 1.3 shows_ the typical I-V curve for the erased
ETOX cell combined with its Vt shift when the device is programmed. The memory
state of the device can be determined by sensing the current when the control gate is
biased in the range of the memory window.

However, the ETOX cell has several drawbacks. First, the tunnel oxide of the
memory device has to be thick enough (8~10 nm) to maintain superior retention and
endurance, but it also causes large operation voltage, high power consumption, slow
P/E speed, and the most important, hard to be scaled. Second, since the polysilicon
floating-gate is conductive, the total charges stored in the floating gate would be
easily lost when the tunnel oxide has a single defect or has been damaged during P/E
cycles, as illustrated in Figure 1.4. To overcome these disadvantages mentioned above,

new memory structures, such as MNOS (Metal / Nitride / Oxide / Silicon)[6, 7],
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SONOS (Silicon / Oxide / Nitride / Oxide / Silicon)[8, 9], and nanocrystal memory[10,
11] with discrete traps as the charge storage element, have been published as the
promising candidate for the nonvolatile memory applications.

With the Semiconductor Technology shrinks to the nano scale, the quality of
ultra-thin tunnel oxide (<3nm) has been extensively increased[12]. So, nitride-related
discrete-traps memories, such as Metal Nitride Oxide Silicon (MNOS) and
Polysilicon Oxide Nitride Oxide Silicon (SONOS), become more and more attractive
in flash memory applications. However, it has been shown that in MNOS devices,
some electrons stored in nitride layer would leak through the control gate. To solve
the problem, someone introduces the blocking oxide between control gate and nitride
layer. Therefore, the ONO (Oxide=Nitride-Oxide) gate dielectric stack has been
invented to overcome the disadvantages, and SONOS memory shows greater
retention and more efficient P/E operation than the MNOS devices. Figure 1.5 (a)
shows the schematic of SONOS structure and its electron conduction path for P/E
operations. When the control gate is biased positively, electrons in the inversion layer
of the Si substrate would tunnel through the tunneling oxide to the nitride trapping
layer. On the other hand, when the control gate is biased negatively, electrons trapped
in the nitride layer would tunnel through the SiO, to the channel. However, even
though the control gate has no bias, electrons trapped in the shallow trap level of the
nitride layer would also tunnel to the control gate or channel even if they are blocked
by the blocking oxide or tunneling oxide. The charge transport mechanism involves
Fowler-Nordheim (FN) tunneling, direct tunneling, and Frenkel-Poole emissions[13],
as depicted in Figure 1.5 (b). So far, SONOS memories have a huge market in the
nonvolatile memory applications.

SONOS-type (Silicon-Oxide-Nitride-Oxide-Silicon) flash memory has recently

been a promising candidate for the next-generation nonvolatile memory
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applications[14]. High dielectric (High-k) materials could have an equal potential
difference between floating gate and Si substrate for a greater physical thickness
compared to SiO,. The leakage current through the dielectric would be reduced and
hence increases the scaling limit. Using high-k trapping layer could have a large
memory window to distinguish the programmed state and the erased state distinctly
due to the larger trap density. By using the high-k trapping layer, we could gain the
advantages such as high P/E speed, low operation voltage, low power consumption,
easy to fabricate, and better potential for scalability down to 70-nm node. Hafnium
oxide (HfO) is considered to be the promising candidate for charge trapping layer for
the SONOS-type flash memory instead of SizN4[15]. The high-k film, HfO,, is
thought to have a better charge trapping characteristics than SizN4 due to its higher
density of trap states and deep trap-energy level for a longer retention time[16].
Therefore, we could scale down'the tunneling oxide to achieve faster P/E speed and
develop multi-bit SONOS-type flash memory[17]. However, there are some obstacles
for this type of memories. For SONOS-type memory, erase saturation[18] and vertical
charge migration[19] are two major drawbacks. Therefore, nanocrystal memory has
been invented to conquer the dilemma.

A basic structure for nanocrystal memory is shown in Figure 1.6 (a). The
nanocrystals can store charge locally due to the insulator surrounded between each
other and effectively prevents conduction paths between the adjacent dots, as shown
in Figure 1.6 (b). Generally, nanocrystals are small clusters of atoms with size of 5 to
10 nm in diameter. We could effectively prevent charges leak from the nanocrystals to
the control gate by limiting nanocrystal deposition to just one layer and adjusting the
thickness of blocking oxide. Recently, Si and Ge nanocrystals have been investigated
extensively. In 1995, Tiwari et al. first proposed a Si nanocrystal nonvolatile memory

at IBMJ[20], and it shows fast P/E operation speed. In 2002, W. K. Choi et al has
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published Ge nanocrystal memory[21]. Si and Ge nanocrystals can be fabricated by
various techniques, including chemical vapor deposition[22], ion implantation[23],
annealing of Si-rich oxide[24], thermal oxidation of SiGe[25], and aerosol nanocrystal
formation[26]. Moreover, S. Das et al uses Ge nanocrystals embedded in HfO, to
achieve better charge injection characteristics[27]. In 2002, Zengtao Liu et al
proposed design optimization of the self-assembled metal nanocrystal memories with
Au, Ag, and Pt materials[28, 29]. The nanocrystals are formed by depositing an
ultra-thin metal layer on tunneling oxide and then annealing by rapid thermal
annealing (RTA) system. Also, metal nanocrystals have advantages of higher density
of states, stronger coupling with the channel, and great work function engineering to
optimize the device performance over the semiconductor counterparts.

Flash memories (SONOS memory, SONOS-type memory, and nanocrystal memory)
have a lot of applications in_nonvolatile memory market due to their flexibility and
high speed and density. They present single cell ‘electrical program and block
electrical erase. The low power and robust flash systems are suitable for many
portable applications, such as cellular phones, digital camera, personal digital
assistant, and compact smart cards. They even could replace the magnetic memory
and RAMs (Random Access Memory) finally. Recently, consumer electronics evolve
to higher and higher performance and multi-functional, the System-On-Chip (SOC)
concept gains great attentions for ultra-large scale integration (ULSI) microelectronic
devices. The concept is to integrate digital logic, memory, analog components, and
signal processing on a single chip to increase system speed, density, and capability.
However, many of the device modules have different materials and thermal budget,

the development for a proper process recipe would have a great challenge.



1.2 Motivation

With the Semiconductor Technology goes on more and more prosperous, it is
inevitably to scale down the tunneling oxide thickness in the nonvolatile memory
devices. Although we could get benefits of lower power consumption and higher P/E
operation, the device reliability degrades at the same time. For the ultra-thin oxide
(Tox < 3 nm), the SILC becomes significant and defects generated by P/E cycles play
an important role in retention of the memory devices[30]. Therefore, it is a crucial
point to deal with the dilemma.

In this thesis, we utilize the properties of oxygen vacancies generated by forming
gas annealing (FGA) of HfO, thin film and nanocrystal memory capacitors. As a
result, we could get a large memory window extracted from the capacitance-voltage
(CV) hysteresis. Further, we+could take advantage of the capacitance’s structure to
realize the memory device to get a sufficiently large memory window. Moreover, in
order to maintain both high -program/erase -speed and-good retention issues of the
memory device, we use the intrinsic nature of-interface property of high-k material,
such as HfO, and Al,O3, contacts with SiO, to form electric dipole in the
SONOS-type nonvolatile memory. According to the band structure, we get a faster
programming operation but slower erasing speed combined with a sufficiently good
retention. According to the mentioned above, we solve the dilemma of performance

and reliability of flash memory devices and makes the balance of it.

1.3 Thesis Organization

We propose a novel, simple, reproducible, and reliable SONOS-type nonvolatile
memory structure with a thin high-k layer, called dipole layer, in between the

tunneling oxide and the trapping nitride to get high speed programming operation
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combined with good retention. In chapter 2, we study the forming gas annealing
(FGA) temperature on theAl,O3;, and HfO, thin film and nanocrystal memory
capacitors to enlarge the memory window. The HfO, nanocrystal is formed from
phase separation of HfSiOx thin film by rapid thermal annealing (RTA). In chapter 3,
we use an ultra-thin Al,O3 layer to form a dipole layer in the SONOS-type memory
capacitor. We use silicon nitride (SizN,), hafnium oxide (HfO,), and HfO, nanocrystal
as our trapping layer. The Al,O3 layer is located between tunneling oxide and trapping
layer, trapping layer and blocking oxide, or both of it. Moreover, we use the results of
chapter 2 to subject our memory capacitor with dipole layer to forming gas anneal to
get a large memory window. In chapter 4, we successfully fabricate a novel
SONOS-type nonvolatile memory. «with- a' modified gate structure inserting an
ultra-thin high-k layer (HfO, or Al,O3) between tunneling oxide and SisN4. We get an
improved performance with a faster programming speed although lower erasing speed,

and good retention. Conclusions follow in chapter 5.
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Fig. 1.1 (a)Schematic of a basic ETOX flash memory device[5]. (b) Mechanism of
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Chapter 2
Effects of Oxygen Vacancies on HfO,
Thin Film and Nanocrystal Memory
Capacitors

2.1 Introduction

SONOS-type (PolySi-Oxide-Nitride-Oxide-Silicon) nonvolatile flash memories,
which include nitride and nanocrystal memories, have recently attracted much
attention for their application in the next-generation nonvolatile memories. They
exhibits many advantages, such as.easy to fabricate, high program/erase speed, low
programming voltage and low ‘power consumption, better potential for scalability
below the 70-nm node, according to the International Technology Roadmap for
Semiconductors (ITRS)[31-40]): Hafnium oxide (HfO,) is considered to be a
promising candidate for the charge trapping layer for the SONOS-type flash memory
instead of SizN,4 film[41]. The high-k dielectric film, HfO,, is expected to have better
charge trapping characteristics than the conventional SisN4 film for its sufficient
density of trap states and deep trap energy level to achieve longer retention time[42].
This feature makes HfO, be more helpful in scaling the tunnel oxide thickness to
enhance the performance and more suitable for the development of the SONOS-type
flash memory[43]. However, using HfO, film has a problem of lateral migration of
trapped electrons and then leads to degraded retention[16].

In this chapter, we adopt forming gas annealing (FGA) on the high-k (HfO, and
Al,O3) thin film and HfO, nanocrystal memory capacitor to generate oxygen

vacancies. In 2006, Kenji Shiraishi et al reported that HfO, thin film could generate
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oxygen vacancies due to the ionic nature of the Hf-O bond, and they calculate the
position of the Vo (oxygen vacancy) level in the bandgap of the HfO,, which is
located at about 1.2eV below the HfO, conduction band edge[44, 45]. Figure 2.1 (a)
an (b) shows the schematic illustration of Vo (oxygen vacancy) formation in ionic
HfO, and covalent SiO,. Assuming two reactions happen in the atmosphere, one
reaction is the formation of Vo° in which two electrons are trapped, and the other is
the formation of an empty Vo?* and two conduction electrons:

]
HfO, Vo' + =0, — AE|
2 2-1

1
HfO, - Vo*t +2e +=0, — AE,
2 22

AE, and AE> are the energies needed -ta-form.the oxygen vacancies in eq. (2-1)

2(Ec—E(Vo"))

and (2-2), respectively. AE; Is larger than 4E, by approximately :
where Ec is the energy level at the bottom of the HfO, conduction band. According to

the mass action law, the Vo concentration governed by eq. (2-1) can be described by:

0
N(Vo')ccexp( — AE, /kT) )3
On the other hand, the relationship between Vo?* and the electron concentration

shown by eq. (2-2) can be expressed as:
N(Vo**) x N(e) ocexp( — AEy/kT)

N(e)=2N(Vo*")

Also, by taking into account the following relationships and
. 0
AEQ—.AEl +2(EC - E(VO )), eq. (2-4) becomes
24\ ¢ B o 0
N(Vo)ecexp| — {AE +2(Ec — E(Vo')) } /3kT]
Therefore, the effective formation energies of Vo in eq. (2-1) and (2-2) are AE, and
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{AEWZ(EC—E(VOO))}B, respectively. If EC_E(V00)<AE1, eq. (2-2) dominants.

On the other hand, if Ec — E(V00)>AE1, eg. (2-1) is the major reaction[44].

In 2004, W. L. Scopel et al uses ab initio calculations to determine Vo° formation
energy is about 6.4eV for HfO, and 5.2eV for SiO,[46]. Also in 2004, Hideki
Takeuchi et al utilize spectroscopic ellipsometry to show the energy level of Vo is
about 1.2eV below the HfO, conduction band edge[45]. Thus, eq. (2-2) is the
dominate reaction in the formation of Vo in HfO,, and Vo?* and two conduction
electron generation occurs. The estimated effective Vo formation energy is about
2.9eV in HfO; and 5.2eV in SiOx.

Actually, effects of oxygen vacancies on the performance of the
Metal-Oxide-Semiconductor Field-Effect-Transistor(MOSFET) have been widely
studied in recent years[47-52]. In 2004, Hideki Takeuchi et al reported the impact of
oxygen vacancies on the high-k film ‘and that it causes Vth instability at UC
Berkeley[53]. In 2008, Hokyung ‘Park et al reported that oxygen annealing can
effectively reduce gate leakage current in HfO, capacitor, indicating that oxygen
vacancy can be a major source of the traps in HfO, films[54]. In 2007, Y. Kamimuta et
al published that high-k films can generate oxygen vacancies by forming gas
annealing (FGA)[55]. Since one oxygen vacancy represents one electronic state in
HfO, bandgap, the generated oxygen vacancy seems to be beneficial to enlarge the
memory window in flash memory applications. In this chapter, we fabricate high-k
thin film and HfO, nanocrystal memory capacitor and study CV hysteresis

dependence on FGA temperature.

2.2 Experiment
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High-k thin film memory capacitor is realized on a p-type, 5-10 Q cm, (100)
150-mm silicon substrate. After RCA clean, a 2.5nm tunnel oxide is grown in
horizontal furnace. Next, a 12nm high-k (HfO, or Al,O3) trapping layer is deposited
by MOCVD. Then, we subject the samples in FGA (95%N,+5%H) for 300°C, 350°C,
400°C, 450°C, 500°C, 550°C, and 600°C, respectively. And a 7nm blocking oxide is
deposited by PECVD. We use special shadow mask to define the upper electrode, and
the area is about 4x10™ cm?. Finally, we plate Al on the back of the wafer by thermal
coater for backside contact, as shown in figure 2.2 (a). For HfO, nanocrystal memory
capacitor, after a 2.5nm tunnel oxide is grown, a 12nm amorphous HfSiOx silicate
layer is deposited by MOCVD. The samples are then subjected to RTA treatment in an
O, ambient at 950°C for 1min to convert the HfSiOx silicate film into the separated
HfO, and SiO, phases. Then,.7nm _PECVD oxide, and the following process is the
same as the high-k thin film.memory capacitors. Figure 2.2 (b) depicts the schematic

of the HfO, nanocrystal memory capacitors.

2.3 Results and Discussions

2.3.1 High-k Thin Film Memory Capacitor

Figure 2.3 (a) and (b) shows cross-sectional transmission electron microscopy
(TEM) of the HfO, and Al,O3 memory capacitors. Clearly, HfO, seems to be likely to
crystallize due to the binding nature of the film[56]. Figure 2.4 (a) and (b) shows the
Capacitance-Voltage (CV) characteristics of the HfO, thin film memory capacitors.
Since the generated oxygen vacancy level is located at about 1.2eV below the HfO,
conduction band edge, these near-interface traps can be detected by sweeping voltage

to make capacitor be in the status of accumulation to inversion and back to
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accumulation[45]. Thus we can detect CV hysteresis of the capacitor to approximately
identify the trap density of the oxygen vacancies. We sweep voltages from -4V to 4V
and back to -4V for the CV curve. Apparently, we can identify that FGA for 300°C
30min can make the distinct hysteresis for HfO, memory capacitor from Figure 2.4 (a)
and (b). Table 2.1 shows the CV hysteresis for HfFO, memory capacitor extracted from
the CV curve in Figure 2.4. The sample without FGA has a hysteresis of 0.66V. For
FGA 300°C 30min, we get largest hysteresis of 1.32V for HfO, memory capacitor.
Also for 300°C, 350°C, 400°C 30min FGA, the hysteresis measured is above 0.6V,
which is comparably larger than the sample without FGA. When the temperature of
FGA is higher than 450°C, the hysteresis reduces to a value lower than the sample
without FGA. We could attribute. the “higher -hysteresis to the abundant oxygen
vacancies generated by FGA[55]. However, the situation changed when we replace
the trapping layer from HfO; to Al;Os. Figure 2.5 (a) and (b) shows the CV
characteristics of the Al,O3 thin film memory capacitor. Clearly, from figure 2.5, the
CV hysteresis of Al,O3 thin film memory capacitor for different FGA temperature
from 300°C to 600°C is so small compared to HfO, memory capacitor. It seems to be
related to the structure and binding characteristics of the Al,O3 film[57]. Table 2.2
shows CV hysteresis of Al,O3 memory capacitor extracted from figure. 2.5. From the
table, the hysteresis of the capacitor is all below 0.1V for different FGA temperature
except for 350°C 30min case, which is 0.2V. Therefore, it is hard to generate oxygen
vacancies by FGA in Al,O3 film[58]. So Al,O3 is more thermally stable and it is often
used in blocking oxide in nonvolatile memory application to enhance programming

speed[18, 59].

2.3.2 HfO, Nanocrystal Memory Capacitor
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Figure 2.6 shows plane-view transmission electron microscopy (TEM) image of
HfO, nanocrystal. The average nanocrystal diameter is 3-8 nm, and the density is as
high as about 1.5x10" cm™. In this image, the nanocrystal are well separated in
different phases within the SiO,, and the average distance is about 3-5nm. The
isolation of nanocrystals prevents the formation of conductive paths between the
adjacent nodes. The mechanism of forming HfO, nanocrystal is through the phase
separation of hafnium silicate into a crystallized structure[60]. For hafnium silicate
film, the compositions within metastable extensions of the spinodal are unstable and
HfO, nanocrystal is formed and wrapped by SiO, after cooling down from RTA
process. Also, we know that the ratio of hafnium and silicon must be in around 1:1 in
HfSiOx film in order to form well-separated and.uniform HfO, nanocrystals in SiO;
matrix[11]. So we adopt different flow rate of hafnium.and silicon of HfSiOx film in
MOCVD, and X-ray photoelectron Spectroscopy (XPS) analysis is used to identify
the ratio of elements in hafnium silicate film, as shown in figure 2.7. Table 2.3 shows
the data extracted from figure. 2.7. Clearly, to getthe ratio Hf:Si=1:1, the flow rate of
hafnium and silicon must in between 5:1"and 10:1. We use flow rate Hf:Si=7:1 to
deposit HfSiOx film in MOCVD system to make the ratio of hafnium and silicon
nearly equals to 1:1 in composition. Therefore, we can generate well-separated,
uniform, constant size, and high density HfO, nanocrystals, as shown in figure 2.6.

Figure 2.8 depicts CV characteristics of HfO, nanocrystal memory capacitor with
different FGA temperature from 400°C 30min to 600°C 30min. We can see from the
figure that for the case of 500°C and 600°C, the apparent hysteresis is shown. Table
2.4 shows the exact hysteresis of the HfO, nanocrystal memory capacitor. From the
table, of all the different treatment, the CV hysteresis is not obvious enough to
distinguish the logic “1” and logic “0” state, unless for the case of 500°C 30min. For

the 500°C 30min case, the hysteresis is as large as 0.58V, which is mainly due to the
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generated oxygen vacancies by FGA of 500°C 30min.

Next, in order to investigate the effect of FGA time on the performance of the
capacitor, we subject the sample into FGA for a longer time. Figure 2.9 shows the
XPS spectra of the HfO, nanocrystal memory capacitor for different FGA temperature.
For 300°C, 400°C, 500°C, 600°C lhour of FGA, the Hf 4f binding energy shifts
towards the lower direction by 3.2eV, 3.3eV, 3.1eV, and 1.7eV, respectively. The
lower binding energy indicates that after FGA, oxygen vacancy generation occurs,
and a larger CV hysteresis is detected by electrical analysis. Figure 2.10 shows the CV
characteristics of the HfO, nanocrystal memory capacitor with different FGA
temperature for 1 hour. Surprisingly, the average hysteresis of all the different FGA
temperature is larger than that of the 30min cases mentioned above. It would be due to
the higher density of oxygen vacancies generated by a longer time of FGA. Table 2.5
lists the hysteresis extracted from the samples in figure 2.9. For 500°C 1hr case, the
measured hysteresis is as high as 1.34V, which is twice of the 30 min case. Also for
400°C, 500°C, and 600°C cases, the hysteresis_is at least higher than 0.65V. The
ultra-high memory window is beneficial for the applications of SONOS-type

nonvolatile memory.

2.4 Summary

In this chapter, we demonstrate the effect of forming gas annealing (FGA) of
different temperature on the CV characteristics of HfO, and Al,Oj3 thin film memory
capacitor combined with HfO, nanocrystal capacitor. We identify that for FGA of
300°C 30min, HfO, thin film capacitor shows the largest hysteresis of 1.32V.
However, for Al,O3 thin film capacitor, the effect of FGA is not obvious, and the

higher hysteresis among different temperature is only about 0.2V in the case of 350°C
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30min. Also, we use MOCVD system to deposit amorphous HfSiOx film, and we find
out the most appropriate flow rate for hafnium silicate layer to convert to HfO,
nanocrystal with uniform distributions and high density after RTA process. For the
case of 500°C lhour, we get the largest CV hysteresis of 1.34V, slightly larger than
HfO, thin film capacitor of the 300°C 30min case. Therefore, utilizing HfO, thin film
or nanocrystal trapping layer with suitable temperature of FGA, we can get a larger

memory window in SONOS-type flash memory applications.
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Fig. 2.1 (a)An illustration of Vo formation in ionic HfO,. (b) A schematic of Vo
formation in covalent SiOs.
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(b)

Fig. 2.2 (a)High-k thin film memory capacitor. (b) HfO, nanocrystal memory
capacitor
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(b)
Fig. 2.3 (a) Cross-sectional TEM image of HfO, and (b) Al,O3 memory capacitor.
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Fig. 2.4 (b)Capacitance-\Voltage characteristics of HfO, thin film memory capacitor
for FGA temperature of 450°C, 500°C, 550°C, and 600°C for 30min.
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Table 2.1

HfO, Thin Film Memory Capacitor

FGA Temperature CV Hysteresis (V)
NO FGA 0.66
300°C 30M 1.32
350°C 30M 0.66
400°C 30M 0.60
450°C 30M 0.14
500°C 30M 0.38
550°C 30M 0.48
600°C 30M 0.29

Table 2.1 Relationship between FGA temperature and CV hysteresis for HfO, thin
film memory capacitor.
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Table 2.2

Al,O3 Thin Film Memory Capacitor

FGA Temperature CV Hysteresis (V)
NO FGA 0.05
300°C 30M 0.03
350°C 30M 0.20
400°C 30M 0.03
450°C 30M 0.05
500°C 30M 0.07
550°C 30M 0.09
600°C 30M 0.08

Table 2.2 Relationship between FGA temperature and CV hysteresis for Al,O3 thin
film memory capacitor.
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Fig. 2.6 Plane-view TEM image of the HfO, nanocrystal for 12nm HfSiOx layer after
950°C 60sec RTA treatment. The dot size is 3-8nm and the density is about
2x10% cm?,
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Table 2.3

HfSiOx Thin Film Atomic Composition

At. % Hf Si
Hf:Si=1:1 25.82 74.18
Hf:Si=5:1 43.07 56.93
Hf:Si=10:1 67.32 32.68

Table 2.3 HfSiOx atomic composition of Hf and Si for three different flow rates.
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Table 2.4

HfO, Nanocrystal Memory Capacitor

FGA Temperature CV Hysteresis
NO FGA 0.13
400°C 30M 0.13
500°C 30M 0.58
600°C 30M 0.44

Table 2.4 Relationship between FGA temperature and CV hysteresis for HfO,
nanocrystal memory capacitor.
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Fig. 2.9 XPS analysis for Hf 4f of the HfO, nanocrystal memory capacitor for

different FGA temperature for 1hour. These spectra indicate that after FGA, a
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formation of oxygen vacancies.
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Fig. 2.10 Capacitance-\oltage characteristics of HfO, nanocrystal memory capacitor
for no FGA sample and FGA temperature of 300°C, 400°C, 500°C, and
600°C for 1hour.
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Table 2.5

HfO, Nanocrystal Memory Capacitor

FGA Temperature CV Hysteresis
NO FGA 0.38
300°C 1HR 0.06
400°C 1HR 0.67
500°C 1HR 1.34
600°C 1HR 0.69

Table 2.5 Relationship between FGA temperature (for Lhour) and CV hysteresis for

HfO, nanocrystal memory capacitor.
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Chapter 3
Effects of Electric Dipole on HfO, Thin
Film and Nanocrystal Memory
Capacitors

3.1 Introduction

SONOS-type (PolySi-Oxide-Nitride-Oxide-Silicon) flash memory has recently
attracted much attention as a candidate for the next-generation nonvolatile
memory[61]. For this discrete-trap. memory, the SONOS-type flash memories have
advantages of high P/E speed, low operation voltage, low power consumption,
excellent retention, endurance, and disturbance characteristics[62-64]. However, with
the semiconductor technology becomes more and more prosperous, designing devices
with higher P/E speed while maintaining sufficiently long retention time is a major
challenge.

A high-k metal gated scheme for metal-oxide-semiconductor field-effect-transistors
(MOSFET) at 45nm technology is developed to replace the traditional
SiON/polysilicon (poly-Si) based devices due to the poly-Si depletion effect[65].
Metal gate with two different work functions for n- and p-MOSFET is required for
optimal device performance in CMOS logic circuits[66-68]. However, for nMOSFET,
low work function metal gate is easy to react with the underlying high-k dielectric and
causes interfacial layer growth, thus high EOT. For pMOSFET, high work function
metal gate is often inert metal, so it is hard to fabricate and increase process
complexity. Also, it is hard to develop metal gate with work function near Si band

edges on Hf-based gate dielectrics because of Fermi-level pinning effect. So it is
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becoming strongly apparent to tailor the work function of the metal gate by
engineering the interface. It has been reported that La,O3 or LaN interfacial layer is
used to get band-edge effective work function for high-k/metal gate nMOSFET[69,
70]. Also, AlOx or AIN capping layer has been shown to be effective in modulating
the band-edge effective work function for pMOSFET[71-74]. The inserted layer,
rare-earth (RE)-based for nMOSFET and Al-based for pMOSFET, named dipole layer,
either decreases or increases the effective gate work function by creating a localized
electric field in the gate stacks. In 2007, S. Kubicek et al adopted dipole layer in both
nMOS and pMOS to successfully integrate in CMQOS circuits to achieve band-edge
effective work functions (EWF)[75]. Also in the year of 2007, K. Ilwamoto et al
confirm that Vg is uniquely determined by the high-k film contacting with bottom
Si0O,, and the high-k material/SiQ; interface plays a significant role in VVth control for
MOS devices[76]. Y. Kamimuta ‘et al further indicate that the effective work function
is only governed by the high-kiSiQ, interface and metal work function, as shown in
figure 3.1[55]. The energy offsets at the interface-of Al,O3, HfO,, and Y,03 on SiO;
are estimated to be +0.5740.05, +0.31+0.05, and -0.23+0.05eV, respectively.

In this chapter, we adopt the concept of the above understandings and combined
with FGA effect mentioned in chapter 2 to our HfO, thin film and nanocrystal
memory capacitors. It gives us a general idea of how the dipole layer affects our

nonvolatile memory devices.

3.2 Experiment

Nitride-based SONOS-type memory capacitor is fabricated on a p-type, 5-10 Q cm,
(100) 150-mm silicon substrate. After RCA clean, a 2.5nm dry oxide is grown in

horizontal furnace system by APCVD. Then an ultra-thin (~1nm) high-k film (HfO,
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or Al,O3) is deposited by MOCVD system. Next a 12nm SizN4 is deposited by
LPCVD followed by 7nm PECVD SiO,. After coating Al as top and bottom electrode,
the memory capacitor with dipole layer is finished (Figure 3.2). HfO, thin film
memory capacitor with dipole layer below trapping nitride is realized by thermally
grown SiO, on silicon substrate, ~1Inm Al,O3; and 12nm HfO, is deposited by
MOCVD. Then we subject the samples into FGA for 300°C~600°C for 1hour. And a
7nm SiO, by PECVD is deposited(Figure 3.3 (a)). HfO, thin film memory capacitor
with dipole layer both upon and below the HfO, is fabricated by the same sequence as
mentioned above except for the additional ~1nm Al,O3 on top of the HfO, (Figure 3.3
(b)). Three different samples for HfO, nanocrystal memory capacitors are fabricated
with changing temperature of FGA for 1hour by the same manner as described in
chapter 2.2 except for interlayer .insertion: One for. ~1nm Al,O3; between HfO,
nanocrystal trapping layer and bottom SiO,, another for ~1nm Al,O3 between trapping
layer and top SiO,, the other for ~1nm Al;O3 both upon.and below the trapping layer,

respectively(Figure 3.4 (a~c)).

3.3 Results and Discussions

3.3.1 Analysis of Dipole Layer Engineering

Figure 3.5 depicts CV characteristics of SONOS-type memory capacitor with
dipole layer engineering. Clearly, flat band voltage increases with inserting an
ultra-thin high-k layer. Vgg follws: SONOS-AI,O; > SONOS-HfO, > SONOS
according to figure 3.5. The EOT enhancement could be negligible due to the
ultra-thin high-k layer, and the process is almost the same for these samples.

Therefore, we can attribute the increase of Vg to the increase of gate effective work
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function. The results are well fitted to figure 3.1, which is reported by Y. Kamimuta et
al. We confirm that modulating the gate effective work function by inserting an
ultra-thin dipole layer is valid. It has been employed to the advanced high-k/metal
gate devices to adjust threshold voltage appropriately (0~0.2 for nMOSFET, 0~-0.2

for pMOSFET)[71-74].

3.3.2 HfO, Thin Film Memory Capacitor
with Dipole Layer Engineering

Figure 3.6 shows XPS spectra of HfO; thin film memory capacitor with ~1nm
Al,O3 between HfO, and bottom SiO, for different FGA temperature of 300°C~600°C
lhour. And figure 3.7 illustrates Capacitance-Voltage characteristics of these
capacitors. The CV hysteresis: extracted is shown-in table 3.1. For 300°C and 400°C
cases, the core-level Hf 4f shifts about 0.2eV toward the higher binding energy
compared to the sample without FGA: And it shows the largest CV hysteresis shown
in Table 3.1, 1.46V for 300°C case and 1.42V. for 400°C case. The larger hysteresis is
caused by generated oxygen vacancies from FGA as discussed in chapter 2. For 500°C
case, the binding energy is exactly the same as the sample without FGA. And we
discover that the hysteresis is almost the same as that of no FGA case. Furthermore,
for 600°C case, the binding energy decreases by about 0.1eV compared to the no FGA
case. And we find out that the hysteresis even decreases to about 0.06V, which is
smaller than the sample without FGA. In 2007, Y. Kamimuta et al reported that
oxygen vacancies generated by FGA can induce an “extrinsic dipole” at high-k/SiO,
interface, which is in opposite polarity with the “intrinsic dipole” discussed in this
chapter[55]. From the above XPS analysis and CV measurement, we get some clues

which are in consistent with the report.
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Figure 3.8 demonstrates XPS analysis of HfO, thin film memory capacitor with
~1nm Al,O3 both below and upon HfO, trapping layer for FGA temperature of
300°C~600°C, lhour. Figure 3.10 shows CV characteristics of these capacitors. The
hysteresis is extracted by figure 3.9 and is shown in Table 3.2. From figure 3.9, all the
cases for FGA temperature from 300°C~600°C reveals a binding energy shift of about
0.6eV toward the lower direction compared to the no FGA case. And the hysteresis is
almost the same for all different samples, and the larger one is for 500°C lhour of
0.7V.  We have mentioned that the “intrinsic dipole” and the
oxygen-vacancy-generated dipole (“extrinsic dipole”) have opposite polarity[55]. The
two dipole layers and FGA-generated oxygen vacancies represent two different

situations and may possibly be the cause of similar CV hysteresis.

3.3.3 HfO, Nanocrystal Memory Capacitor
with Dipole Layer Engineering

Figure 3.10 shows CV characteristics of HfO» nanocrystal memory capacitor with
~1nm Al,O3 between trapping layer and bottom oxide for different FGA temperature
from 300°C to 600°C for lhour. Table 3.3 illustrates CV hysteresis extracted from
figure 3.11. We find that for the case of FGA temperature of 500°C for 1hour, the
hysteresis is as large as 1.69, which is caused by the oxygen vacancies generated by
FGA. Figure 3.11 shows XPS spectra of Hf 4f for HfO, nanocrystal memory capacitor
with ~1nm Al,O3 between trapping layer and top SiO, for different FGA temperature
from 300°C~600°C, lhour. Figure 3.12 depicts CV characteristics of these samples.
Table 3.4 shows CV hysteresis extracted from figure 3.12. For 300°C, 400°C, 500°C
cases, the binding energy shifts toward the lower direction compared to the sample

without FGA and results in a slightly bigger hysteresis. For 600°C case, the binding
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energy is rather larger than the no FGA sample. For the 400°C, lhour case, the
hysteresis is 0.81, which is the highest among the different FGA temperature. Also for
that case, the binding energy of Hf 4f shifts the most to the lower direction, which
corresponds to the generated oxygen vacancies, and is responsible for the higher CV
hysteresis. Figure 3.14 illustrates CV characteristics HfO, nanocrystal memory
capacitor with ~1nm Al,O3 both below and upon trapping layer for different FGA
temperature from 300°C~600°C, 1hour. Table 3.5 shows CV hysteresis extracted from
figure 3.13. For 300°C 1hour case, the hysteresis is as large as 1.73V, which can be

utilized to distinguish the “1” and “0” states in logic applications.

3.4 Summary

In this chapter, we investigate the HfO, thin film and nanocrystal memory capacitor
with dipole layer engineering for different FGA temperature from 300°C to 600°C for
lhour. At first, we incorporate an ultra-thin"(=1nm). high-k (HfO, or Al,O3) layer
between SisN,4 and tunnel oxide in SONOS-like memory capacitor. Flat-band voltage
shift is observed in SONOS-type memory capacitor and Al,O3 is found to be the most
effective to modulate gate work function. HfO, thin film memory capacitor with
~1nm Al,O3 between trapping layer and bottom oxide shows a large CV hysteresis of
1.46V and 1.42V for FGA temperature of 300°C and 400°C for 1hour. Moreover, for
HfO, thin film capacitor with both ~1nm Al,O3; below and upon trapping layer, a
hysteresis of 0.7V is found for 500°C 1lhour case. For HfO, nanocrystal memory
capacitor, a 1.69V hysteresis is achieved with 500°C lhour FGA for ~1nm Al,Os
between trapping layer and bottom oxide. And a hysteresis of 0.81V is realized with
400°C 1hour FGA for ~1nm Al,O3 between trapping layer and top oxide. Also we get

hysteresis of 1.73V with 300°C 1hour and 1.11V with 500°C 1hour from FGA for
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both ~1nm Al,O3 below and upon the trapping layer.
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Fig. 3.2 Schematic of dipole layer engineering on SONOS-type memory capacitor.

(@) (b)

Fig. 3.3 Schematic of HfO; thin film memory capacitor with dipole layer engineering
(a)between HfO, and SiO; (b)both below and on the top of HfO..
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(b) (©
Fig. 3.4 Schematic of HfO, nanocrystal memory capacitor with dipole layer
engineering (a)below (b) on the top of (c) below and on the top of the HfO,
nanocrystal trapping layer.
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Table 3.1

HfO, Thin Film Capacitor (with bottom Al,O3)

FGA Temperature CV Hysteresis
NO FGA 0.30
300°C 1HR 1.46
400°C 1HR 1.42
500°C 1HR 0.46
600°C 1HR 0.06

Table 3.1 CV hysteresis of HfO, thin film memory capacitor with ~1nm Al,O3
between HfO, and bottom SiO, for different FGA temperature from 300°C to 600°C
for 1hour.
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both below and upon HfO, trapping layer for different FGA temperature from 300°C

to 600°C for lhour.
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Table 3.2

HfO, Thin Film Capacitor (with bottom and top Al,O5)

FGA Temperature CV Hysteresis
NO FGA 0.62
300°C 1HR 0.52
400°C 1HR 0.62
500°C 1HR 0.70
600°C 1HR 0.48

Table 3.2 CV hysteresis of HfO, thin film memory capacitor with ~1nm Al,O3 both
below and upon HfO, trapping layer for different FGA temperature from 300°C to
600°C for Lhour.
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Table 3.3

HfO, Nanocrystal Capacitor (with bottom Al,O3)

FGA Temperature CV hysteresis
NO FGA 0.03
300°C 1HR 0.06
400°C 1HR 0.06
500°C 1HR 1.69
600°C 1HR 0.19

Table 3.3 CV hysteresis of HfO, nanocrystal memory capacitor with ~1nm Al,O3
between HfO, trapping layer and bottomSiO, for different FGA temperature from
300°C to 600°C for 1hour.
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Fig. 3.11 XPS spectra of Hf 4f for HfO, nanocrystal memory capacitor with ~1nm
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300°C to 600°C for 1hour.
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Fig. 3.12 CV characteristics of HfO, nanocrystal memory capacitor with ~1nm Al,03

between HfO, trapping layer and top SiO, for different FGA temperature from 300°C

to 600°C for lhour.
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Table 3.4

HfO, Nanocrystal Capacitor (with top Al,O3)

FGA Temperature CV Hysteresis
NO FGA 0.71
300°C 1HR 0.52
400°C 1HR 0.81
500°C 1HR 0.49
600°C 1HR 0.78

Table 3.4 CV hysteresis of HfO, nanocrystal memory capacitor with ~1nm Al,O3
between HfO, trapping layer and top SiO, for different FGA temperature from 300°C
to 600°C for 1hour.
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Fig. 3.13 CV characteristics of HfO, nanocrystal memory capacitor with ~1nm Al,O3
both below and upon HfO, trapping layer for different FGA temperature from 300°C

to 600°C for 1hour.
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Table 3.5

HfO, Nanocrystal Capacitor (with bottom and top Al,O3)

FGA Temperature CV Hysteresis
NO FGA 0.70
300°C 1HR 1.73
400°C 1HR 0.03
500°C 1HR 1.11
600°C 1HR 0.80

Table 3.5 CV hysteresis of HfO, nanocrystal memory capacitor with ~1nm Al,O3 both
below and upon HfO, trapping layer for different FGA temperature from 300°C to
600°C for 1hour.
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Chapter 4
Dipole Layer Engineering in SONOS
Nonvolatile Memory Devices

4.1 Introduction

According to the International Technology Roadmap for Semiconductors (ITRS),
there are tough challenges for aggressively scaling down conventional floating-gate
nonvolatile  memory in  sub-70nm  node[77]. Therefore, =~ SONOS-type
(PolySi-Oxide-Nitride-Oxide-Silicon) _flash memories, including nitride and
nanocrystal memories, have recently attracted much-attention in the next-generation
nonvolatile memory for their capability of performing high P/E speed, low
programming voltage, low power consumption, and good retention[78-84].

However, there are many concerns about these charge-trapping flash memories. As
semiconductor technology becomes ‘jprosperous, pursuing high density and low cost
per bit in nonvolatile memory application is inevitably important. So it is a major
trend to scale down tunnel oxide thickness to improve P/E performance, and SILC
happens to degenerate the reliability. Therefore, we get better operation performance
at the cost of poor retention. So it’s a crucial challenge to enhance P/E speed while
maintaining sufficiently long retention time.

In this chapter, we demonstrate high performance SONOS nonvolatile memory
devices with dipole layer engineering for high speed and good retention applications.
By utilizing the concept of electric dipole discussed in chapter 3, we get higher
programming speed but lower erasing speed in our novel memory structure compared

to the conventional SONOS flash memory. Also, it shows retention enhancement in
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SONOS-type nonvolatile memory with dipole layer engineering. The mechanism of

operation is discussed in this chapter.

4.2 Experiment

A fabrication flow of the novel structure of SONOS nonvolatile memory device is
demonstrated by a LOCOS isolation process on a p-type, 5~10 Q c¢cm, (100) 150-mm
silicon substrate (Figure 4.1). First, a 2.5nm tunnel oxide is thermally grown in the
horizontal furnace system. Then an ultra-thin high-k layer (HfO, or Al,O3) is
deposited by MOCVD to form dipole layer. The flow rate and pulse number of
precursors is carefully modulated to obtain ~1nm high-k film. Next a 12nm SizNy4 film
is deposited by LPCVD. A 8nm blocking oxide is then deposited through TEOS
precursor by LPCVD. Subsequently, poly-Si-deposition, gate patterning, source/drain
(S/D) implanting, and the remaining standard CMOS procedures are completed to

fabricate novel SONOS-type nonvolatile memory devices.

4.3 Results and Discussions

4.3.1 Program/Erase Operation

Figure 4.2 and 4.3 illustrates cross-sectional TEM image of gate stacks of SONOS
devices with ~1nm HfO, or Al,03. Due to the challenge of forming the ultra-thin
high-k layer by MOCVD system, a careful modulation of pulse number of precursors
is therefore important. By both presetting the thickness of HfO, and Al,O3 to be 2nm,
the actual thickness detected by TEM image is ~13A for HfO, and ~18A for Al,O3,

respectively. And the thickness of the tunnel oxide, SisNy4 trapping layer, and blocking

62



oxide layer are 2nm, 12nm, and 8nm, respectively. Thus we successfully get the
well-formed ultra-thin dipole layer in our SONOS-type flash memory structure. For
the operation of our novel SONOS-type memory, we employ Fowler-Nordheim (FN)
tunneling for programming and erasing, respectively. Figure 4.4 shows Ids-Vgs
curves of the SONOS-type flash memory device with Al,O3 dipole layer engineering
with programming time of 10us for different programming conditions. For Vg=12V
and 14V, we get memory window of about 0.45V and 1.65V, respectively. A relatively
large memory window of about 3V can be achieved with Vg=16V programming
condition.

Figure 4.5 shows programming characteristics as a function of pulse width for
different operation conditions. Source, drain, and substrate terminals are biased at 0V.
The Vt shift is defined as the ‘threshold voltage change of the device between
programmed and erased states. We find out from this figure that the programming
speed increases with the devices which have ultra-thin high-k layers in the gate stacks.
Programming speed follows the trend: SONOS-Al,O3; > SONOS-HfO, > SONOS.
With Vg=16V, relatively high speed (10us) programming performance can be
achieved with a memory window of about 2.1V. Meanwhile, figure 4.6 illustrates
erasing characteristics as a function of various operation conditions. Clearly, our
novel SONOS-type flash memories show a slower erasing speed compared to the
control SONOS device. Erasing speed follows the trend: SONOS > SONOS-HfO, >
SONOS-AI,03. Even though our proposed new structure of SONOS-type flash
memory with dipole layer engineering enhances programming speed, the erasing
speed decreases at the same time.

In 2008, Y. N. Tan et al utilizes dipole layer engineering in TANOS flash
memory[85]. Dipole layer inserting at the tunnel oxide and charge trapping layer

interface may induce dipole formation that shifts the bands of the nitride and blocking
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oxide down relative to the tunnel oxide, as shown in the band diagram (figure 4.7)[85].
Therefore, programming speed can be enhanced at a given tunnel oxide electric field
due to the lower barrier seen by the electrons for tunneling. In addition, dipole layer
incorporation causes a slightly slower erasing speed because the nitride bands are
shifted down relative to the tunnel oxide, as shown in figure 4.8[85]. As a result, this
would increases the barrier for electrons out-tunneling from charge storage layer to
p-Si substrate when erasing the cell. Also, the barrier for holes injection from Si
substrate to nitride layer at a given tunnel oxide electric field is increased during erase.
Thus a lower erasing speed is detected in our SONOS-type memory with dipole layer

engineering.

4.3.2 Retention

The retention characteristics of our SONOS and SONOS-type memory with dipole
layer engineering at room temperature (T=25°C) are-illustrated in figure 4.9. For
SONOS device, it results in ~50% memory.window loss for 10® seconds retention
time at room temperature. However, for SONOS-type devices with dipole layer
engineering, the retention characteristics improve instead. The retention time can be
up to 10° seconds with ~34% window loss for SONOS-HfO, and ~19% loss for
SONOS-AI,0:s.

Figure 4.10 shows band diagrams of SONOS devices with dipole layer engineering
during retention[85]. By introducing dipole layer into SONOS-type memory devices,
the nitride band is shifted down with respect to tunnel oxide. This would lead to a
higher energy barrier for electrons out-tunneling from the charge storage layer to the
silicon substrate during retention. Hence a longer retention time is expected for our

novel structure of SONOS-type nonvolatile memory with an ultra-thin high-k layer
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(HfO; or Al,O3) inserted.

4.3.3 Endurance

Figure 4.11 shows endurance characteristics of SONOS combined with
SONOS-type flash memory devices with dipole layer engineering. From this figure,
the individual threshold voltage shift becomes visible after 10* program/erase cycles.
The high enough P/E cycles make this new structure of SONOS-type memory

applicable in nonvolatile memory devices.

4.4 Summary

In this chapter, we propose a novel; simple, reproducible, and reliable structure of
SONOS-type flash memory with™ high-k (HfO, or Al,O3) layer inserting between
charge storage layer and tunnel oxide. SONOS-type memory device with dipole layer
engineering may induce dipole formation that shifts the bands of nitride and blocking
oxide down relative to the tunnel oxide at a given-tunnel oxide electric field. Hence a
higher programming speed is expected but a slightly lower erasing speed is resulted
due to the higher barrier seen by the electrons for out-tunneling during erase. We get a
longer retention time in this type of memory owing to the higher barrier seen by the
electrons in charge storage layer during retention discharge. Thus a higher
programming speed is realized while maintaining sufficiently long retention time. As
a result, we believe that SONOS-type flash memory with dipole layer engineering has
a great potential to be a candidate for the next-generation nonvolatile memory

applications.
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‘ Thermal oxide : 2.5nm

‘ High-k layer (HfO, or Al,O3) : ~1nm
‘ SisNy : 12nm

‘ TEOS SiO, : 7nm

‘ Poly gate : 200nm

‘ n" Source/Drain

‘ Passivation

‘ Metallization

Poly-Si  2000A

Si3N4  120A

HTUZ > AIZU3 1UA

Fig. 4.1 Schematic of novel SONOS flash memory structure with dipole layer
engineering.
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Fig. 4.2 Cross-sectional TEM image of Si/SiO,/HfO,/SizN4/SiO,/poly-Si. The

ultra-thin HfO; layer is well formed upon the bottom SiO,.
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Fig. 4.3 Cross-sectional TEM image of Si/SiO,/Al,03/Si3N4/SiO,/poly-Si. The

ultra-thin Al,O5 layer is well formed upon the bottom SiOs.
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Fig. 4.7 (a)Dipole layer causes charge trapping layer bands to be shifted down with
respected to tunnel oxide. (b)Using a dipole layer is expected to result in
easier programming at a given tunnel oxide electric field[85].
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Fig. 4.10 Band diagram of SONOS-type flash memory with dipole layer engineering

during retention[85].
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Chapter 5
Conclusions

In this thesis for chapter 2, we studied the effect of FGA-generated oxygen
vacancies on HfO, thin film and nanocrystal memory capacitors. The large memory
window of about 1.32V can be achieved by FGA temperature of 300°C for 30min in
HfO, thin film memory capacitor. And we also find out that oxygen vacancies are
hard to generate by FGA in Al,0O; memory capacitors. Also we fabricate HfO,
nanocrystal memory capacitor through the spinodal decomposition of hafnium silicate.
We get the highest CV hysteresis of 11.34V by FGA of 500°C for lhour, which is
slightly larger than the HfO, thin film_capacitors for 300°C, 30min case.

In chapter 3, effects of electric dipole on HfO; thin film and nanocrystal memory
capacitors are studied. From CV characteristics of SONOS-like memory capacitor
with an ultra-thin dipole layer (HfO,.or Al,O3), we observe a distinct flat-band voltage
shift with Al,Oz-inserted memory capacitor. By incorporating dipole layer at different
position and appropriate FGA temperature, we may get a sufficiently large CV
hysteresis from both HfO, thin film and nanocrystal memory capacitors.

In chapter 4, we propose a novel, simple, reproducible, and reliable structure of
SONOS-type flash memory devices with dipole layer engineering. A higher
programming speed due to the lower barrier seen by the electrons for tunneling is
achieved. However, we observe a slightly lower erasing speed owing to the higher
barrier seen by the electrons at charge storage layer during erase. Also we detect a
longer retention time as a result of the higher barrier for electrons to out-tunneling
during retention discharge. Therefore, we achieve high programming speed while

maintaining sufficiently long retention time. SONOS-type flash memory with dipole
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layer engineering has a potential to be a candidate for next-generation nonvolatile

memory applications.
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