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Chapter 1

Introduction

In this chapter, the basics of non-volatile memory will be described and the role of

high- dielectric materials as tunneling layer, blocking layer, and charge trapping layer in

memory structures will be reviewed. Current status on utilizing high- dielectric materials as

charge trapping layers will be discussed. Motivation of this research will be stated. Issue and

challenges in this field of research will be identified. Strategy to solve the issue is proposed

and the chapter is ended by stating our research purposes which would be the centerpiece of

our work.

1.1 The Basics of Non-Volatile Memory

Based on data loss due to disconnected power supply, memory device can be

classified into two groups, including volatile memory and non-volatile memory, as shown in

Figure 1.1. Volatile memory, such as SRAM and DRAM, is memory that requires power to

maintain the stored information. A volatile memory typically has a worst case retention time

of less than a second. Non-volatile memory is memory that has the ability to maintain data

when the circuit power supply is turned off. Non-volatile memories have two major

application, including code applications and data applications[1]. For code applications,

non-volatile memories store the program and operating system and process it by

microprocessor or microcontroller. Non-volatile memory integration in logic systems allows

software updates, stores identification codes, or reconfigures the system on the field. In this

sense, non-volatile memory devices are widely used in several fields, such as in the computer

environment, on the computer network equipments, and in the automotive electronics. In the

computer environment, non-volatile memory stores and updates the operation system in PC

BIOS and harddisk drives, in almost all peripherals such as printers and DVD–readers, and in
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most add-on boards such as video and sound cards. On computer network equipments,

non-volatile memory upgrades the software in modems, interface cards and network routers.

In the automotive electronics field, non-volatile memories are used in vital function such as

engine control units (ECUs) and global positioning systems (GPS). For data applications,

non-volatile memories are used as data storage where data files for document, audio and

video files are recorded and read sequentially. This is to create storing elements like memory

boards or solid-state hard disks, made by Flash memory arrays, which are configured to

create large size memories.

Flash EEPROM, which is a type of non-volatile memory, can be electrically

programmed and erased. There are some variants of Flash, but in current production, Flash

memory is dominated by two types, including NAND Flash, which is oriented toward data -

block storage applications, and NOR Flash, which is suited for code and word addressable

data storage. Flash memory devices are mainly charge-based where charge can be injected

into or removed from a critical region of a device and the presence or absence of the charge

can be sensed. Charge-based memory was invented by Sze and Kahng at Bell Labs in 1967[1].

The program/erase state is defined via adding charges to and removing charges from the

charge-storage layer respectively. Charge-based memory is compatible with the

complementary metal-oxide-semiconductor (CMOS) technology, and easy to be integrated

with current fabrication process.

Figure 1.2 shows the cross-section of a floating-gate memory transistor which is the

first generation of charge-based memory structure. The floating-gate memory consists of a

polysilicon layer formed within the gate insulators, tunneling layer and blocking layer,

between the normal gate electrode (the control gate) and the channel. The amount of charge is

injected on the floating gate during programming. Since the floating gate is completely

surrounded by insulators, it retains charge for a long period of time independent of whether
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Figure 1.2 The structure of charge-based memory transistor.

Figure 1.1 Classification of semiconductor memory.
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the circuit power supply voltage is present.

To understand the nature of the charge-based memory device, we need to consider the

energy levels involved. Figure 1.3 shows the band structure for a simple charge-based

memory device. The n-type poly-Si floating gate is embedded within insulators and isolated

from the exit or entry of charge by the high – energy barrier. These barriers, which are much

greater than the thermal energy, provide nonvolatile retention of the charge. The amount of

charge stored on the floating gate can be changed by changing the potential of the floating

gate relative to the potential on the opposite side of either SiO2 layer until some conduction

mechanism is invoked that can overcome or tunnel through the barrier. Two common

conduction mechanisms are channel hot – electron (CHE) injection and Fowler – Nordheim

(FN) tunneling.

The process of writing or storing data into a charge-based memory involves two

operations, including initializing the state of the cells which means that all of the cells are

cleared to a “one” state and programming the cells to “zero” or left at “one” in accord with

the input data signals. Figure 1.4 shows the relative relationship of the erase and program

states in terms of the resulting current – voltage characteristics. Erasing moves the threshold

voltage in a negative direction while writing moves the threshold voltage in a positive

direction.

There are two parameters that describe reliability of a nonvolatile memory cell,

including retention and endurance[1]. Retention defines the elapsed time between data storage

and the first erroneous readout of the data. There are three factors that can impact the

retention properties, which are defects associated with materials, details of device geometry,

and aspects of circuit design. Each of these three factors can result in the addition or removal

of charge to/from the floating gate. The processes involved in writing or reading non-volatile

memory cells results in stresses that eventually degrade the properties of the memory or
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Figure 1.3 Energy band diagram for a typical charge-based memory structure.

Figure 1.4 The current – voltage characteristics of erase state and program state.
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disturb the contents of the memory. The ability of a device to withstand stresses is called

endurance which is quantified as a minimum number of erase – write cycles or write – read

cycles that the non-volatile memory chips can be expected to survive.

1.2 The Role of High- Dielectric Materials in Non-Volatile Memory

The use of high- dielectric materials in electronic devices, such as metal-oxide-

semiconductor field effect transistors (MOSFETs) is prompted by the need of new gate

insulators to replace SiO2 in future generation of MOSFETs in order to meet the attempt to

reduce the device dimensions by following Moore’s law. Due to higher dielectric constant,

with the same equivalent oxide thickness (EOT) with SiO2, high- dielectric materials can be

thicker without reducing the device performance.

In recent development of floating gate structure for non-volatile memory application,

high- dielectric has been investigated as tunneling layer replacing SiO2, blocking layer, and

charge trapping layer.

1.2.1 High- Dielectric Materials as Blocking Layer

The first generation flash memory uses SiO2 as blocking layer. As the flash memory’s

dimension is continually scaled down, the use of SiO2 become unacceptable due to the large

tunneling current through SiO2. Since the erase speed for this type of SONOS devices is

determined by the competition of the direct band-to-band tunneling current through a tunnel

oxide and the unwanted Fowler-Nordheim tunneling current through a blocking oxide, the

tunnel oxide thickness is fundamentally required to be less than 2 nm for a stable erase

operation. Therefore, numerous attempts have been tried to replace thermal oxides by new

dielectrics or related new structures.

As the blocking oxide layer, high- dielectrics proportionally reduced the electric

field across the blocking oxide with its dielectric constant. Therefore, electron injection from
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the gate during erase can be effectively suppressed, which will generally in turn enhance the

erase speed. In addition, using a physical thicker blocking layer film minimizes the electron

leaking out to the gate during retention. Materials with high- dielectric constants can be seen

in Figure 1.5[3]. There are some good candidate dielectrics to replace SiO2, including Al2O3

and rare earth oxides, such as Gd-based dielectric (Gd2O3 and Al-doped Gd2O3), La-based

dielectric (La2O3 and LaAlOx), and Y-based dielectric (Y2O3 and YxAlyO)[4-7].

Al2O3 has some favourable properties, including a wide band gap, high dielectric

constant ( ~ 9) which is higher than SiO2 ( ~ 3.9), good thermodynamic stability on Si up

to high temperatures, and amorphous under the condition of interest. Fast program/erase

operation by Fowler – Nordheim (FN) tunneling has been achieved by utilizing Al2O3 as

blocking layer in SANOS structure which consist of Si/Al2O3/Si3N4/SiO2/Si[4]. In addition,

this structure achieves longer data retention and realizes lower voltage programming. Faster

operation speed has also been obtained by using Al2O3 as blocking layer. However, due to its

dielectric constant, Al2O3 is not suitable as long-term solution. Gd-based dielectric shows a

superior charge retention property and an improved operation speed[5]. La-based dielectric is

considered as blocking layer due to its relatively large conduction band offset and high

dielectric constant[6]. Its properties provide faster program speed, wider threshold voltage

window, more robustness to voltage stress, and has a better retention properties under

temperature below 120oC. Y2O3 is also potential as blocking layer due to its strongest affinity

for oxygen, no humidity absorption, and no magnetic characteristic. However Y2O3 has poor

thermal property and relaatively small band gap, ~6 eV. The optimized YxAlyO film shows

lower interface-state density, lower bulk charge-trapping density, higher dielectric constant,

and smaller gate leakage, due to the suppressed interlayer and good thermal property ascribed

to appropriate Y and Al contents in the thin film[7].
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1.2.2 High- Dielectric Materials as Tunneling Layer

SiO2 is used as tunneling layer in the first generation of flash memory and SONOS.

SiO2 is chosen because it can be thermally grown on Si substrate, has the largest band gap

among dielectric materials, and make a good contact with Si with best interface quality as

well as least oxide traps, thus lowest leakage current. Considering reliability degradation

issue, thermal SiO2 is still the best option as tunneling layer. For the next generation flash

memory, it is required that memory devices have thinner tunneling oxide to achieve higher

program/erase speeds and lower operating voltages. However, SiO2 as tunneling layer suffers

from retention problem due to direct tunneling leakage through the thin tunnel oxide.

To solve the retention issue, a band-gap engineered ONO tunneling dielectric was

proposed to replace the traditional SiO2 in SONOS structure since the ultra-thin nitride which

is less than 2 nm has negligible charge trapping[8]. This concept is demonstrated by a

multilayer structure of SONONOS with the ultra-thin O1/N1/O2 structure as a tunneling

dielectric, N2 as the charge storage layer, and O3 as the blocking oxide. The ultra-thin ONO

structure suppresses direct tunneling at low electric field during retention, while it allows

efficient hole tunneling erase at high electric field due to the band offset. The ONO tunneling

dielectric serves as an efficient hole tunneling barrier for SONOS, and it is much more

reliable and practical. Therefore, this SONOS offers fast hole tunneling erase, while it is

immune to the retention problem of the conventional SONOS.

Another option to solve the retention issue due to tunneling layer scaling is to utilize a

novel multilayer tunnel barrier which consists of a two-layer dielectrics stack with a

low-/high- combination or three-layer dielectric stack with low-/high-/low-

combination in symmetric form that allows for either lower voltage or higher speed

programming due to the increased current-voltage (I-V) slope[9]. The stack can be regarded as

a VARIable Oxide Thickness (VARIOT) dielectric. The thicker physical thickness of the
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stack offers better retention as compared to the EOT layer at low biases.

1.2.3 High- Dielectric Materials as Charge Trapping Layer

In 1990s, the performance and reliability of non-volatile memory (NVM) was

enhanced by appplying silicon-oxide-nitride-oxide-silicon (SONOS) technology in which

thin Si3N4 film was used as charge trapping layer replacing the conducting polysilicon

floating-gate electrode[10]. Si3N4 film in SONOS device improved endurance since a single

defect will not cause the discharge of the memory. In SONOS memory, the charges are stored

in isolated sites within the Si3N4 dielectric. To suppress short-channel effects, it is required to

scale down the charge-trapping layer to <6 nm. However, this becomes issue since the charge

trapping deteriorates when the Si3N4 is made thinner. Very little charge trapped in a 2 nm

Si3N4 layer in SONOS. In addition, the high temperature retention also gets worse when the

Si3N4 is thin because of the higher trap energy in the oxide/Si3N4/oxide, arising from

quantum confinement.

The dielectric constant of Si3N4,  ~ 7, is not so high that it also faces issues related to

the the continual down-scaling of cell size and reduction of operating voltage. Various high-

dielectrics with higher  value have been widely investigated as charge trapping layer to

solve these issues. With higher dielectric constant, high- dielectrics allow a higher electric

field over the tunnel dielectric and results in enhanced program/erase speed. For charge

trapping layer, crystalline high-k dielectrics is preferable than amorphous one, for example,

tetragonal and cubic ZrO2, have theoretical k-values of 46.6 and 36.8, respectively, which are

much higher than their amorphous-phase counterpart, so they will be beneficial to enhance

memory performance[11].

In addition, high- dielectrics should have a larger conduction-band offset with

respect to the tunnel dielectric to get better charge retention. Another drawback of Si3N4 as

charge trapping layer in SONOS structure is it has small conduction band discontinuity at the
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Si3N4/SiO2 interface, which causes the charge leak out from the shallow trap levels of Si3N4.

To overcome this problem, high-k dielectric materials, such as ZrO2, HfO2, and Ta2O5 are

promising candidates to replace a Si3N4 film as the charge trapping layer of SONOS memory

devices since they have a larger conduction-band offset as shown in Figure 1.6[12]. By using

such high-k dielectric films, charge trapping characteristics can be improved since they have

sufficient densities of trap states and deep trap energy levels which give rise to better data

retention.

1.3 Background of the Research

1.3.1 Motivation of the Research

The development of the next generation charge-based non-volatile memory requires

the memory device to be scaled down without deteriorating the charge trapping characteritics

of the device and to be able to achieve fast programming/erasing speed with low

programming voltage and good retention for over 10 years. The scaling projection for

charge-based non-volatile memory devices can be found in the International Technology

Roadmap for Semiconductor (ITRS) documents. The ITRS scaling projection has been used

by researchers as a guideline for further improvement in the field of non-volatile memory.

Table 1.1 and Table 1.2 show the ITRS scaling projection for charge trapping NAND flash

and NOR flash, respectively. The memory devices will progressively scaled down beyond 25

nm technology.

Thermally grown SiO2 is still the best choise as tunneling layer since amorphous SiO2

is an excellent insulator with very few electronic defects and it forms an excellent interface

with Si. As tunneling layer, its thickness cannot be reduced to less than 3 nm because because

the charge will tunnel across it by direct tunneling mechanism. Instead of SiO2, the ONO

structure which consists of SiO2/Si3N4/SiO2 stack is used as tunneling layer since it
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Table 1.1 International Technology Roadmap for Semiconductors (ITRS) scaling projections for charge trapping NAND flash[13].

Year of Production 2012 2013 2014 2015 2016 2024

Charge trapping NAND Flash (MANOS or Barrier Engineering)

NAND Flash poly 1/2 Pitch (nm) 25 22 20 19 18 8

Cell size – area factor a in multiples of F2 SLC/MLC 4.0/1.3 4.0/1.3 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0

Tunnel dielectric material SiO2 or ONO SiO2 or ONO SiO2 or ONO SiO2 or ONO SiO2 or ONO SiO2 or ONO

Tunnel dielectric thickness EOT (nm) 3 – 4 3 – 4 3 – 4 3 – 4 3 – 4 3 – 4

Blocking dielectric material Al2O3 Al2O3 Al2O3 Al2O3 Al2O3 Al2O3

Blocking dielectric thickness EOT (nm) 6 – 8 6 – 8 6 6 6 5

Charge trapping layer material SiN SiN SiN SiN SiN/high- SiN/high-

Charge trapping layer thickness (nm) 5 – 7 5 4 – 6 4 – 6 4 – 6 3 – 4

Gate material Metal Metal Metal Metal Metal Metal

Highest W/E voltage (V) 15 – 17 15 – 17 15 – 17 15 – 17 15 – 17 15 – 17

Endurance (erase/write cycles) 10  105 10  104 10  104 10  104 10  104 10  104

Non-volatile data retention (years) 10 – 20 10 – 20 10 – 20 10 – 20 5 – 10 5 – 10

Maximum number of bits per cell (MLC) 3 3 4 4 4 4
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Table 1.2 International Technology Roadmap for Semiconductors (ITRS) scaling projections for charge trapping NOR flash[13].

Year of Production 2012 2013 2014 2015 2016 2024

Charge trapping NOR Flash (SONOS/NROM)

SONOS/NROM technology node, F (nm) 35 32 28 25 22 10

SONOS/NROM cell size – area factor a in multiples of F2 7 – 8 7 – 8 7 – 8 8 – 9 8 – 9 9 – 10

Cell size (per bit) – area factor a in multiples of F2 SLC/MLC 3.7/1.9 3.7/1.9 3.7/1.9 4.3/2.2 4.3/2.2 4.8/2.4

Gate length Lg, physical (nm) 100 100 90 90 80 60

Tunnel oxide thickness (nm) 4.5 4 4 4 4 3.5

Charge trapping layer thickness (nm) 4 – 6 4 – 6 4 – 6 4 – 5 4 – 5 4

Blocking (top) dielectric material EOT (nm) 6 – 8 6 – 8 6 – 8 5 – 7 5 – 7 5 – 7

Highest W/E voltage (V) 6 – 8 6 – 8 5 – 7 5 – 7 5 – 7 4 – 6

Iread (A) 17 – 22 15 – 20 14 – 19 13 – 18 12 – 17 6 – 10

Endurance (erase/write cycles) 10  105 10  105 10  105 10  106 10  106

Non-volatile data retention (years) 10 – 20 10 – 20 10 – 20 10 – 20 10 – 20 10 – 20

Maximum number of bits per cell (physical 2-bit/cell + MLC) 2 – 4 2 – 4 2 – 4 4 4 4
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suppresses direct tunneling at low electric field during retention and allows efficient hole

tunneling erase at high electric field. Al2O3 is used as blocking layer due to good

thermodynamic stability on Si up to high temperatures, higher dielectric constant of 9, and a

wide band gap. The thickness of Al2O3 is projected to be reduced to 5 nm in 2024. As charge

trapping layer, Si3N4 is used since the charges are stored in isolated sites within the Si3N4

dielectric and it provides good endurance. The thickness of charge trapping layer is projected

to be scaled down to about 4 – 6 nm in the next few years and 3 – 4 nm in 2024 and it has

been reported that Si3N4 as charge trapping layer faces issues related to the the continual

down-scaling of cell size. Therefore, high- dielectric material is considered to replace Si3N4.

1.3.2 Current Status of Research utilizing High- Dielectric Materials as Charge

Traping Layers

Many non-volatile memory structures have been prepared with high- dielectric

materials as charge trapping layer in various kinds of structures, such as SOHOS device,

MHOS device, MONOS device, MOHOS device etc. Different kinds of methods have been

used to deposit materials, including chemical vapour deposition, reactive magnetron

sputtering, atomic layer deposition, etc. Charge trapping characteristics, including

program/erase characteristic, endurance characteristics, and retention characteristics have

been reported.

The polysilicon–oxide–high-–oxide–silicon (SOHOS) structure with high-

dielectrics as charge trapping layer have been investigated. Compared to the conventional

SONOS devices, the SOHOS structure, with HfO2 as the charge-storage layer, demonstrates a

superior charge-storage capability at low voltages, faster programming, and less over-erase

problems compared to the conventional SONOS devices. However, it suffers from a poorer

charge-retention capability than the SONOS one. On the other hand, The SOHOS structure

with Al2O3 as the charge-storage layer results in an improved charge-retention performance,
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but at the expense of a slower programming speed. By adding a small amount of Al to HfO2

to form HfAlO, the SOHOS structure with HfAlO as the charge trapping layer combines the

advantages of both HfO2 and Al2O3, such as fast programming speed and good charge-

retention capability[14]. In this structure, electron trapped in the bulk of the HfAlO layer,

rather than negative charge trapping at the tunnel oxide/high-k interface, since the

charge-storage capability depends on the HfAlO thickness.

The charge trapping and tunneling characteristics of the metal-hafnium-oxide-

semiconductor (MHOS) structure capacitors with HfO2 layer as charge trapping layer have

been investigated and compared with those of metal-nitride-oxide-semiconductor (MNOS)

structure capacitors[15]. It is reported that at the same trap layer thickness, the MHOS

capacitors showed a larger memory window than the MNOS capacitors. The ultrathin HfO2

trap layer with a thickness of 2 nm stored almost the same charges with Si3N4 layer with a

thickness of 7 nm. These results show that the HfO2 layer has better charge trapping

efficiency than the Si3N4 layer. The MNOS capacitors faces scaling-down issue due to the

increase of tunneling current. On the other hand, in MHOS capacitor the gate leakage current

due to tunneling was reduced significantly by stacking the HfO2 trap layer on thin SiO2

tunnel layer.

In 2008, MONOS memory devices which has the structure of TaN/HfLaON/

Hf1−x−yNxOy/SiO2/Si was fabricated and the nitrogen composition dependence of the

characteristics was studied by Yang et al.[16]. Lower program/erase voltages and better high

temperature retention can be achieved with using a higher k Hf1−x−yNxOy dielectric as charge

trapping layer. To investigate how nitride composition alters the characteristics, its

composition in the Hf1−x−yNxOy was varied. By increasing the N composition in the

Hf1−x−yNxOy trapping layer, both the memory window and high-temperature retention can be

enhanced. Another MONOS memory device fabricated to improve both the retention time
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and the programming speed was a memory structure based on the band engineering

considerations of HfO2 for the tunneling and blocking layer and Ta2O5 for the charge storage

layer[17]. It was observed that the device with HfO2 which has low charge barrier height and

Ta2O5 which has deep-trap energy level and proper band offset alignments was able to

achieve faster programming and better retention performance simultaneously. The retention

decay rate of this device is improved by a factor more than three as compared to the

conventional SONOS type devices.

In 2008, a novel charge-trap-engineered flash NVM device was proposed with the

structure of p-Si/SiO2/LaAlO3/HfON/Si3N4/LaAlO3/SiO2/metal, combining a 5 nm Si3N4

with a 0.9 nm equivalent oxide thickness (EOT) layer of HfON, within double-barrier and

double-tunnel layers. This device shows good retention and a large memory window. At

150 °C and ±16 V program/erase, the device showed a program/erase speed of 100 μs, an 

initial ΔVth window of 5.6 V and extrapolated 10 year retention of 3.8 V. These results are

much better than those of a control charge trap flash device with a single Si3N4 trapping layer,

which had a smaller initial ΔVth and poorer 10-year retention.

In 2010, a cubic ZrO2 film was investigated as the charge-trapping layer for

nonvolatile memory formed by annealing of amorphous ZrON [11]. The memory with a

nitrogen-stabilized cubic ZrO2 film shows promising performance in terms of 3.81 V

hysteresis memory window by ± 7 V program/erase voltage and 1.98 V flat-band voltage shift

by programming at +7 V for 10 ms. Improved performance is mainly due to the greatly

enhanced k-value of 32.8 and the increased trapping sites provided by grain boundaries.

Rare-earth oxides such as Tb2O3 and Y2O3 have attracted much interest in research for

complementary metal oxide semiconductor (CMOS) applications of high-k materials and are

attractive candidates for the trapping layer memory because of good thermodynamic stability,

their large energy band gaps, a large conduction band offset with regard to silicon, and high
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dielectric constants. A metal-oxide-high--oxide-silicon (MOHOS) memory structure with

high- Tb2O3 charge-trapping layer has been investigated[18]. The device annealed at 800 °C

exhibited large threshold voltage shift, with memory window of 1.41 V operated at Vg = 8 V

at 0.1 s, good data retention with charge loss of 10% measured time up to 104 s and at 85 °C,

and good endurance characteristics with program/erase cycles up to 105 due to charge

trapping at deep trap level. This crystalline Tb2O3 has a high dielectric constant of 11.8.

Another rare earth oxides, Y2O3, with a high dielectric constant of 18, a high conduction band

offset over 2 eV, and a low lattice mismatch with silicon, was used as charge trapping layer in

SONOS memory device[19]. This memory device exhibited large threshold voltage shift, good

data retention with charge loss of ~4% measured time up to 104 s at room temperature, and

good endurance characteristics with program/erase cycles up to 105 because of the higher

probability for trapping charge carriers.

Among various high-k dielectrics, ternary compounds also have been investigated as

charge trapping layer in memory devices, such as SrTiO3 with its high dielectric constant of

140 and BaTiO3 with its high dielectric constant of higher than 100. SrTiO3 has zero

band-offset with respect to silicon which is desirable as charge trapping layer for memories to

improve the program/erase speeds and retention property. Huang, et al incorporated nitrogen

in SrTiO3 resulted in more charges trap in the band gap through substitution of oxygen by

nitrogen[20]. This nitrided SrTiO3 has higher dielectric constant. Ti silicate between the CTL

and SiO2 can be suppressed by nitrogen passivation. The device with nitrided SrTiO3 showed

a larger memory window, higher program/erase speeds and good retention properties with

charge loss of 38% after 104 s. Another ternary compound used as charge trapping layer is

BaTiO3 which has negative band offset with respect to Si, so it has a large barrier height

relative to SiO2. Huang et al reported that the isovalent substitution of Ti with Zr in BaTiO3 in

Zr-doped BaTiO3 has been demonstrated to have higher program speed at low gate voltage, a
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lower leakage current than BaTiO3 while maintaining a comparable dielectric constant, better

endurance, and good data retention with charge loss of 6.4% at 150°C for 104 s)[21]. Zr-doped

BaTiO3 exhibited higher charge-trapping efficiency and higher density of traps.

1.3.3 Issues and Challenges of Research utilizing High- Dielectric Materials as Charge

Traping Layers

High- dielectrics are highly considered for CTM upon continually scaling down of

the dimensions of flash memory. The using of high- dielectrics makes it possible for

continual down-scaling of the cell size due to the advantage of using high- dielectrics which

is the high- dielectrics can have a thicker physical thickness than silicon dioxides for the

same equivalent oxide thickness (EOT). As charge trapping layers, high- dielectrics have to

answer some challenges. High- dielectrics should have sufficient densities of trap states and

deep trap energy levels which give rise to better data retention. High- dielectrics also should

have a wide conduction band offset with respect to the tunneling oxide to prevent the charge

leak out from the shallow trap levels in high- dielectrics. In addition, high- dielectrics have

to possess good thermodynamic stability and good compatibility with current semiconductor

technologies.

To fabricate the device structure beyond 25 nm technology for electronic purposes,

the roughness among layers and the uniformity of the thickness also become major concern.

The capability of fabrication technology to deposit semiconductor materials on top of one

another with virtually no interface traps is necessary.

To explain the charge trapping characteristic in memory devices, it is essential to

evaluate the energy band parameters of each layer in the structure, including the band gap and

barrier heights, which include valence band offset (VBO) and conduction band offset (CBO).

Some works on the study of charge trapping characteristics evaluated the interfacial barriers

using the bulk parameters of solids which can be misleading since the bulk parameters may
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not necessarily reflect the properties of thin films.

In our preliminary works, it is found that as-deposited capacitor structure with

amorphous high- as charge trapping layer did not trap electrons during inversion step, but it

trap holes during accumulation step in capacitance – voltage (C – V) measurement. The

charge trapping in high- is related to the presence of the electronic defects. This issue of

charge trapping should be explained after evaluating the device structures and energy band

parameters.

1.4 What to Propose and the Purpose of the Research

To fulfil the requirements of the next generation of non-volatile memory devices,

which are low programming voltage, low leakage current, and good retention characteristics

for over 10 years, high- Al2O3/HfO2 nanolaminates as charge trapping layer in metal gate

electrode – Al2O3 – high – SiO2 – p-type Si substrate (MAHOS) structure is proposed. By

utilizing nanolaminates as charge trapping layer, heterojunction formed between two

dissimilar semiconductors is created to get unique properties provided by the difference in

energy gap, which can be seen in Figure 1.7. HfO2 is believed to have deep trap level and has

smaller conduction and valence band offset with respect to Si substrate, so the charges can be

trapped with lower programming voltage and faster erase speed can be achieved. Al2O3 is

used to modulate charge trapping distribution. Since it has wider bandgap and band offset

with respect to Si than those of HfO2, it is hoped that the retention properties can be

improved.

Before explaining the charge trapping characteristics in the device structure, the

evaluation of the microstructure and chemical state is also proposed to answer the device

fabrication issue. In addition, the measurement of energy band parameters will be conducted

to to analyze the charge transport mechanisms across the semiconductor structure.
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Figure 1.7 Energy-band diagrams for (a) heterostructure with multiple quantum wells and (b)

heterostructure superlattice[22].
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By considering the background discussed in the previous section which includes the

motivation, current status, and challenges, the main goal of this research is to investigate the

charge trapping characteristics in the MAHOS capacitor structure with high- dielectric

nanolaminates and high- dielectrics as charge trapping layer for non-volatile memory

application beyond 25 nm technology.

To achieve the main goal, this research is divided into four works based on their

specific objectives mentioned as follow:

1. To fabricate and to evaluate the MAHOS capacitor structures by high resolution

transmission electron microscopy (HR-TEM), x-ray photoelectron spectroscopy (XPS),

and auger electron spectroscopy (AES). (Chapter 2)

2. To investigate the energy band parameters, including bandgap, valence band offset, and

conduction band offset, of materials in the MAHOS capacitor structures by reflection

electron energy-loss spectroscopy (REELS) and x-ray photoelectron spectroscopy (XPS).

(Chapter 3)

3. To investigate the memory fuction of the as-deposited MAHOS capacitor structures by

inductance – capacitance – resistance (LCR) meter and semiconductor analyzer system.

(Chapter 4)

4. To investigate the memory fuction of the annealed MAHOS capacitor structures by

inductance – capacitance – resistance (LCR) meter and semiconductor analyzer system.

(Chapter 5)

1.5 Thesis Organization

This Dissertation consists of 6 chapters, including:

Chapter 1: “Introduction”. The basic of non-volatile memory is described and the role of

high- dielectric materials for non-volatile memory application is reviewed. The background
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of this research which includes the motivation, current status of the research, and some

challenges is described. The research purpose which would be the centerpiece of our work is

stated.

Chapter 2: “Device Fabrication and Structural Properties Characterizations”. The fabrication

of MAHOS capacitor structures for non-volatile memory application, which involves Radio

Corporation America (RCA) cleaning, rapid thermal oxidation (RTO), atomic layer

deposition (ALD), rapid thermal annealing (RTA), and thermal evaporation, is explained. The

microstructures of the MAHOS capacitor structures, which also include the interface and

roughness, is evaluated by high-resolution transmission electron microscope (HRTEM). The

chemical states and the binding energy of materials in the structure are evaluated by x-ray

photoemission spectroscopy (XPS) and auger electron spectroscopy (AES).

Chapter 3: “Energy Band Alignment of the MAHOS Memory Capacitors”. The energy band

parameters, such as band gap, valence band offset (VBO) and conduction band offset (CBO)

are obtained from experimental results. The energy band gap of materials is observed by

reflection energy electron loss spectroscopy (REELS) and the VBO and CBO are obtained

from the x-ray photoelectron spectroscopy (XPS) spectra. The energy band alignment of each

MAHOS structure is drawn. The effect of the dipole formation on the band structure at

semiconductor/semiconductor interfaces is also explained.

Chapter 4: “Charge Trapping in Capacitor Structures with As-deposited High- Dielectric

Materials as Charge Trapping Layers”. The charge trapping properties of as-deposited

MAHOS capacitor structures are explained by evaluating, leakage current density – electric

field characteristics, high frequency (1 MHz) capacitance – voltage (C – V) characteristics.

The neutral flatband voltage is analyzed. The charge transport mechanism is explained by

considering energy band diagram of the structures.

Chapter 5: “Charge Trapping in Capacitor Structures with Annealed High- Dielectric 
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Materials as Charge Trapping Layers”. The charge trapping characteristics of annealled

MAHOS capacitor structures are investigated from high frequency (1 MHz) capacitance –

voltage (C – V) measurement results. The charge transport mechanism is analyzed from

leakage current density measurement. The energy band diagram of the capacitor structures is

also considered in explaining the charge injection. The difference in charge trapping

characteristics between as-deposited MAHOS structures and annealed MAHOS structures is

discussed.

Chapter 6: “Conclusions dan Recommendation for Future Works”. This chapter concludes the

whole research works and states some reccommendation for future works.
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Chapter 2

Device Fabrication and Structural Properties Characterizations

In chapter 2, the experimental procedures on the fabrication of the MAHOS capacitor

structures will be described. The process flow of the device fabrication, including Radio

Corporation America (RCA) cleaning, rapid thermal oxidation (RTO), atomic layer

deposition (ALD), rapid thermal annealing (RTA), and thermal evaporation, will be

explained. The microstructures and the chemical states of the MAHOS capacitor structures

will be evaluated. Structural properties of the devices were characterized by high-resolution

transmission electron microscope (HRTEM) and chemical states of the devices are

characterized by x-ray photoemission spectroscopy (XPS) and auger electron spectroscopy

(AES).

2.1 Design Consideration of MAHOS Capacitor Structures

In this research, the MAHOS capacitor structure was designed as memory structure

for non-volatile memory application. For this application, the MAHOS capacitor structures

consists of Aluminum as gate electrode, Al2O3 as blocking oxide, high- dielectric materials

as charge trapping layer, SiO2 as tunneling layer, and p-type Silicon substrate. For tunneling

oxide and blocking oxide, the energy barriers for electrons (e) and holes (h) at the metal

gate/oxide and Si/oxide interfaces must be sufficiently high to suppress the tunneling effect[1].

It is required that the potential barrier at each band is higher than 1 eV to inhibit conduction

by the Schottky emission of electrons or holes into the oxide bands[2]. SiO2 was selected as

tunneling oxide since it is an excellent insulator with amorphous structure, large band gap of

about 8.9 eV with high barriers for both electrons and holes, and very few electronic

defects[3,4]. SiO2 is thermally grown on Si substrate with excellent interface with Si. High-
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dielectric Al2O3 is used as blocking oxide. Using high- dielectric materials as blocking

oxide increases the electric field across the tunnel oxide and charge-storage layers and

decreases the electric field across the blocking oxide layer at the same time which results in

increase in the program and erase speeds and improve the retention characteristics[5,6,7]. For

charge trapping layer, high- dielectric materials were used since they have electronic defects

which can trap charges due to possessing ionic bonding and high coordination number[8,9,10].

In this research, we will compare the charge trapping characteristics in Al2O3 single layer, the

mixture of high- dielectric Al2O3 and HfO2, and the nanolaminate structure of HfO2/Al2O3.

The nanolaminate structure as charge trapping layer created heterojunction structure with

multiple quantum well.

The MAHOS capacitor structures prepared in this works are shown in table 2.1. The

structures were prepared by applying certain methods to make sure that the high quality

MAHOS structures can be fabricated. The process flow of the MAHOS capacitor fabrication

is shown in figure 2.1. In this chapter, the MAHOS structures are evaluated by HRTEM, XPS,

and AES.

2.2 Fabrication of MAHOS Capacitor Structures

2.2.1 RCA Cleaning Process

The Radio Corporation America (RCA) cleaning process is a standard set of silicon

wafer cleaning in semiconductor manufacturing which needs to be performed before high

temperature processing steps, such as thermal oxidation to grow SiO2 and structure

deposition[11,12]. Based on the purposes, there are three steps in RCA cleaning process,

including the removal of organic contaminants (organic clean), the removal of thin SiO2 layer

(oxide strip), and the removal of ionic contamination (ionic clean).
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For three different purposes, three chemical mixtures, including organic clean mixture,

oxide strip mixture, and ionic clean mixture, are prepared. Organic clean mixture has to be

made less than 45 minutes prior to being used. The mixture consists of 5 parts of DI water, 1

part of hydrogen peroxide (H2O2, 30%), and 1 part of ammonium hydroxide (NH4OH, 28%).

The solutions are poured into the beaker and stirred with clean teflon rod. The beaker is

placed into the temperature-controlled water bath and the hotplate is adjusted to maintain the

solution temperature at 50oC. Oxide strip mixture consists of 30 parts of DI water and 1 part

of hydrofluoric acid (HF, 49%). The solutions are poured into propylene beaker. Ionic clean

mixture consists of 6 parts of DI water, 1 part of hydrogen peroxide (H2O2, 30%), and 1 part

of hydrochloric acid (HCl, 37%). The solutions are poured into the beaker and the beaker is

placed into the temperature-controlled water bath.

To clean the silicon wafer, the wafer is placed in teflon basket. Then, it is submerged

in the organic clean solution for 10 minutes and heated to 50oC. The basket with silicon wafer

is removed from the bath and rinsed in the DI water for 1 minute. Then, the basket with wafer

is submerged in the oxide strip solution for 15 seconds. After that, it is removed from the bath

and rinsed in the DI water for 1 minute. Last, the basket with wafer is submerged in the ionic

clean solution for 10 minutes and heated to 50oC. The basket is removed from the bath and

rinsed wafer in the DI water for 1 minute. Then, the basket is removed from the DI water and

the silicon wafer is blown dry with nitrogen.

In our work, p-type silicon (100) wafers with a resistivity of 15 – 25 .cm were used.

RCA cleaning process was done on all Si substrates prior to thin film deposition.

2.2.2 Rapid Thermal Processing (RTP)

In this research, rapid thermal processing (RTP) was applied to grow high quality

tunneling oxide, SiO2, by rapid thermal oxidation (RTO) in O2 and N2 ambient and to anneal
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the capacitor structures by rapid thermal annealing in N2 ambient before Al gate electrode

deposition was done.

When the SiO2 is grown on Si substrate by thermal oxidation process, the oxidation

process influences the distribution of impurities in the bulk of silicon and at the Si/SiO2

interface. Since the movement of impurities affects the device size and its electrical

properties, it is important to control and minimize the effects of oxidation on the impurity

profile. This can be achieved by controlling the oxidation temperature precisely and reducing

the thermal budget of the heat cycle required for an oxide film growth[13,14]. In this case, the

conventional furnace oxidation has a limitation because its inertia to temperature transition

will result in a higher thermal budget than that required for oxidation. Decreasing the

duration of these transitions can reduce the thermal budget considerably. Rapid thermal

processing (RTP) offers a process with smaller thermal budget so it can reduce the effects of

oxidation on the impurity profile, as shown in figure 2.2.

During RTP, the silicon wafer is rapidly heated from room temperature to a high

processing temperature (T > 800oC) with temperature transition rates range from 10 to

350oC/s, compared with about 0.1oC/s for furnace processing. The wafer is held at high

temperature for a short time, varies from 1s to 5 minutes and then cooled down rapidly to a

low temperature. By rapid heating and rapid cooling down, RTP reduces the ramp-up and

ramp-down durations. Due to its superior process and operational flexibility, RTP is

commonly used in semiconductor device manufacturing fabrications and is suitable to grow

thin oxide films with thickness less than 40 nm, where a precise temperature control and short

oxidation times are important[15,16].

An RTP system is single-wafer furnace, only one wafer is in the chamber and

processed. A schematic cross-section of RTP system which is a single wafer rapid thermal
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furnace (SWRTF) is shown in Fig. 2.3. The heat source is typically an array of tungsten

halogen lamps in an optical system.

After RCA cleaning process, high quality tunneling layer, SiO2, was grown on p-type

Si substrate by RTO in O2 ambient with a design thickness of 3 nm. RTA was done on the

structure after charge trapping layer and blocking layer deposition in N2 ambient. The RTP

parameters for thermal oxidation and post deposition annealing can be seen in table 2.2.

2.2.3 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a chemical gas phase thin film deposition method in

which thin film is grown through sequential saturative surface reactions that are realized by

pulsing the two (or more) precursors into the reactor alternatively, one at a time, separated by

purging or evacuation steps[17]. The reactions in ALD are saturative which makes the film

growth self-limiting that, in turn, gives the method a number of advantages. The self-limiting

growth ensures that each cycle deposits the same amount of material on all surfaces

independent of the precursor dose received as long as the dose is high enough to saturate the

reactions. As a consequence, the ALD method offers excellent large area uniformity and

conformality. In addition, film thicknesses are accurately controlled simply by the number of

deposition cycles applied. This makes it also straightforward to tailor film composition at an

atomic layer level. Preparation of multicomponent and multilayer materials is further

facilitated by the fact that process temperature windows are often reasonably wide so that

binary processes are easy to combine.

Successful utilization of ALD is dependent on two factors, including proper

precursors and fast and efficient reactors. The precursors must be volatile enough to ensure

efficient transportation for saturating the surface reactions. The precursors and the surface

species formed thereof do not decompose thermally on their own to maintain atomic level

accuracy in film thickness control and uniformity. The precursor dosed onto the substrate
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should react rapidly with the surface species left from the previous precursor pulse to achieve

fast saturation in each reaction step. Another related requirement is that the reactions should

be complete to provide high film purity. Precursors should not etch the material formed

during the deposition process. The by-products formed in the surface exchange reactions

should be unreactive so that they can be easily purged away from the reactor.

In our research, the high- trapping layers, including Al2O3, HfAlO, and

(HfO2/Al2O3) nanolaminates and Al2O3 blocking layer were deposited on SiO2/p-type Si

substrate by ALD. The designed thickness of charge trapping layer and blocking layer for

each MAHOS structures can be seen in Table 2.2. High- Al2O3 and HfO2 were deposited at a

substrate temperature of 300oC by using tri-methylaluminium [Al(CH3)3] and hafnium

tetrachloride (HfCl4) precursors, respectively. The precursor temperatures were 23oC for

Al(CH3)3 and 185oC for HfCl4. The H2O was used as an oxidant precursor.

Flow-type reactor was used in this research. The first precursor gas was introduced

into the process chamber and produces a monolayer of gas on the wafer surface. A second

precursor of gas was then introduced into the chamber reacting with the first precursor to

produce a monolayer of film on the wafer surface. There are two fundamental mechanisms

during atomic layer deposition, including chemisorption saturation process and sequential

surface chemical reaction process.

In air, H2O vapor is adsorbed on most surfaces, forming a hydroxyl group. The

hydroxyl group form Si-O-H(s) with SiO2. After placing the substrate in the reactor, for Al2O3

deposition, trymethyl aluminum, Al(CH3)3 (TMA) is pulsed into the reaction chamber. TMA

reacts with the adsorbed hydroxyl groups, producing methane as the reaction product.

Al(CH3)3(g) + :Si-O-H(s) :Si-O- Al(CH3)2(s) + CH4(g)

TMA reacts with the adsorbed hydroxyl groups until the surface is passivated. TMA

does not react with itself, terminating the reaction to one layer which causes the uniformity of



ALD. The e

TMA and methane reaction product is pumped away, water vapor (H

reaction chamber. H

aluminum oxygen (Al

Methane is also the product after this reaction.

The reaction product, methane, is pumped away. Excess H

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

one H2O vapor pulse form one cycle.

For HfO

H2O as oxidant precursor. One HTC and one H

reaction steps in one cycle, including

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

ALD. The excess of TMA is pumped away with the methane reaction product. After the

TMA and methane reaction product is pumped away, water vapor (H

reaction chamber. H

aluminum oxygen (Al

Methane is also the product after this reaction.

2H

The reaction product, methane, is pumped away. Excess H

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

O vapor pulse form one cycle.

For HfO2 deposition,

O as oxidant precursor. One HTC and one H

reaction steps in one cycle, including

2H

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

xcess of TMA is pumped away with the methane reaction product. After the

TMA and methane reaction product is pumped away, water vapor (H

reaction chamber. H2O reacts with the dangling methyl groups on the new surface forming

aluminum oxygen (Al-O) bridges and

Methane is also the product after this reaction.

2H2O(g) + :Si

The reaction product, methane, is pumped away. Excess H

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

O vapor pulse form one cycle.

deposition, hafnium

O as oxidant precursor. One HTC and one H

reaction steps in one cycle, including

HfCl4(g) + 2:Si

2H2O(g) + :(Si

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

flow as a function of time in ALD system.

xcess of TMA is pumped away with the methane reaction product. After the

TMA and methane reaction product is pumped away, water vapor (H

O reacts with the dangling methyl groups on the new surface forming

O) bridges and hydroxyl

Methane is also the product after this reaction.

+ :Si-O- Al(CH

The reaction product, methane, is pumped away. Excess H

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

O vapor pulse form one cycle.

hafnium tetr

O as oxidant precursor. One HTC and one H

reaction steps in one cycle, including

+ 2:Si-O-H(s)

+ :(Si-O)2-HfCl

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

flow as a function of time in ALD system.

2-9

xcess of TMA is pumped away with the methane reaction product. After the

TMA and methane reaction product is pumped away, water vapor (H

O reacts with the dangling methyl groups on the new surface forming

hydroxyl surface groups, waiting for a new TMA pulse.

Methane is also the product after this reaction.

Al(CH3)2(s) :Si-

The reaction product, methane, is pumped away. Excess H

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

tetrachloride,

O as oxidant precursor. One HTC and one H2O vapor pulse form one cycle. There are two

(s) :(Si-O)

HfCl2(s) :(Si-O)

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

flow as a function of time in ALD system.

xcess of TMA is pumped away with the methane reaction product. After the

TMA and methane reaction product is pumped away, water vapor (H

O reacts with the dangling methyl groups on the new surface forming

surface groups, waiting for a new TMA pulse.

-O- Al(OH)

The reaction product, methane, is pumped away. Excess H2O vapor does not react with the

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

, HfCl4 (HTC) was used as precursor with

O vapor pulse form one cycle. There are two

O)2-HfCl2(s)

O)2-Hf(OH)

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

flow as a function of time in ALD system.

xcess of TMA is pumped away with the methane reaction product. After the

TMA and methane reaction product is pumped away, water vapor (H2O) is pulsed into the

O reacts with the dangling methyl groups on the new surface forming

surface groups, waiting for a new TMA pulse.

Al(OH)2(s) + 2CH4(g)

O vapor does not react with the

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

(HTC) was used as precursor with

O vapor pulse form one cycle. There are two

+ 2HCl(g)

Hf(OH)2(s) + 2HCl

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

flow as a function of time in ALD system.

xcess of TMA is pumped away with the methane reaction product. After the

O) is pulsed into the

O reacts with the dangling methyl groups on the new surface forming

surface groups, waiting for a new TMA pulse.

4(g)

O vapor does not react with the

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

(HTC) was used as precursor with

O vapor pulse form one cycle. There are two

+ 2HCl(g)

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas

xcess of TMA is pumped away with the methane reaction product. After the

O) is pulsed into the

O reacts with the dangling methyl groups on the new surface forming

surface groups, waiting for a new TMA pulse.

O vapor does not react with the

hydroxyl surface groups which cause perfect passivation to one atomic layer. One TMA and

(HTC) was used as precursor with

O vapor pulse form one cycle. There are two

Figure 2.4 (a) A schematic diagram of atomic layer deposition (ALD) system and (b) Gas



Figure 2.5. Two reaction steps in one cycle during Al

Figure 2.6. Two reaction steps in one cycle during HfO

Figure 2.5. Two reaction steps in one cycle during Al

Figure 2.6. Two reaction steps in one cycle during HfO

Figure 2.5. Two reaction steps in one cycle during Al

Figure 2.6. Two reaction steps in one cycle during HfO

Figure 2.5. Two reaction steps in one cycle during Al

Figure 2.6. Two reaction steps in one cycle during HfO

2-10

Figure 2.5. Two reaction steps in one cycle during Al

Figure 2.6. Two reaction steps in one cycle during HfO

Figure 2.5. Two reaction steps in one cycle during Al2O3 deposition process by ALD.

Figure 2.6. Two reaction steps in one cycle during HfO2 deposition process by ALD.

deposition process by ALD.

deposition process by ALD.

deposition process by ALD.

deposition process by ALD.

deposition process by ALD.

deposition process by ALD.



2.2.4 Thermal Evaporation

Evaporation is

any material.

evaporating source

condensing the evaporated particles on a substrate.

for the deposition of thin films.

boat or

The resistively heated

such as W, Mo, or Ta

quartz, graphite, alumina, beryllia, boron

The refractory metals are evaporated by electron

heating cannot evaporate high melting point materials.

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

3.14 

thickness of 200 nm.

.4 Thermal Evaporation

Evaporation is

any material. Thermal evaporation is a simple physical vapor deposition method comprises

evaporating source

sing the evaporated particles on a substrate.

for the deposition of thin films.

suspended on a wire so that the material evaporates or sublimes onto

resistively heated

such as W, Mo, or Ta

quartz, graphite, alumina, beryllia, boron

The refractory metals are evaporated by electron

heating cannot evaporate high melting point materials.

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

10-4 cm2. The deposition rate was controlled to be nm/minutes with the design

thickness of 200 nm.

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

.4 Thermal Evaporation

Evaporation is based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

evaporating source materials in a vacuum chamber below 1 × 10

sing the evaporated particles on a substrate.

for the deposition of thin films.

suspended on a wire so that the material evaporates or sublimes onto

resistively heated wire or boat, generally made of high temperature

such as W, Mo, or Ta and they

quartz, graphite, alumina, beryllia, boron

The refractory metals are evaporated by electron

heating cannot evaporate high melting point materials.

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design

thickness of 200 nm.

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

.4 Thermal Evaporation

based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

materials in a vacuum chamber below 1 × 10

sing the evaporated particles on a substrate.

for the deposition of thin films. The temperature of the source material

suspended on a wire so that the material evaporates or sublimes onto

or boat, generally made of high temperature

and they must not react adversely with the evaporant.

quartz, graphite, alumina, beryllia, boron

The refractory metals are evaporated by electron

heating cannot evaporate high melting point materials.

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

2-11

based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

materials in a vacuum chamber below 1 × 10

sing the evaporated particles on a substrate. Resistive heating is most commonly used

he temperature of the source material

suspended on a wire so that the material evaporates or sublimes onto

or boat, generally made of high temperature

must not react adversely with the evaporant.

quartz, graphite, alumina, beryllia, boron-nitride, or zirc

The refractory metals are evaporated by electron

heating cannot evaporate high melting point materials.

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

materials in a vacuum chamber below 1 × 10

Resistive heating is most commonly used

he temperature of the source material

suspended on a wire so that the material evaporates or sublimes onto

or boat, generally made of high temperature

must not react adversely with the evaporant.

nitride, or zirconia are used with indirect heating.

The refractory metals are evaporated by electron-beam deposition since simple resistive

heating cannot evaporate high melting point materials.

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

materials in a vacuum chamber below 1 × 10-6 torr (1.3 × 10

Resistive heating is most commonly used

he temperature of the source material is raised

suspended on a wire so that the material evaporates or sublimes onto

or boat, generally made of high temperature or

must not react adversely with the evaporant.

onia are used with indirect heating.

beam deposition since simple resistive

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

torr (1.3 × 10-4

Resistive heating is most commonly used

is raised in an open

suspended on a wire so that the material evaporates or sublimes onto the substrate.

or refractory metals

must not react adversely with the evaporant. Crucibles of

onia are used with indirect heating.

beam deposition since simple resistive

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design

Figure 2.7. Schematic diagram of resistive heating thermal evaporation.

based on the concept that there exists a finite “vapor pressure” above

Thermal evaporation is a simple physical vapor deposition method comprises

Pa) and

Resistive heating is most commonly used

in an open

the substrate.

refractory metals

Crucibles of

onia are used with indirect heating.

beam deposition since simple resistive

In this work, thermal evaporation was used to deposit Al as gate electrode in the

MAHOS structure. Shadow mask was put on the structure to get the individual gate area of

. The deposition rate was controlled to be nm/minutes with the design



2-12

Table 2.2 Experimental Parameters of the MAHOS Capacitor Structure Fabrication

A. Rapid Thermal Oxidation (RTO)

Oxidation temperature (Toxidation)

Oxidation time (toxidation)

Base pressure (Pbase)

Working pressure (Pworking)

Gas flows

B. Atomic Layer Deposition (ALD)

Substrate temperature (Tsubstrate)

Precursor for Al2O3

Precursor for HfO2

Oxidant precursor

Working pressure (Pworking)

C. Post Deposition Annealing (PDA) or RTA

Oxidation temperature (Toxidation)

Oxidation time (toxidation)

Base pressure (Pbase)

Working pressure (Pworking)

Gas flows

D. Thermal Evaporation of Al

Base pressure (Pbase)

Working pressure (Pworking)

Working power

Deposition rate and Gas flows
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2.3 Structural Properties and Chemical States of the MAHOS Capacitor Structures

Observing the microstructure image and analyzing the chemical states of the MAHOS

capacitor structures is important not only to evaluate all processes involved in the structure

fabrication but also to explain the relationship between their structural properties, energy

band alignment, and charge trapping characteristics. This part explains the basic principle of

the characterization methods used to evaluate the microstructure and chemical state of the

structures.

2.3.1 Structural Properties Characterized by HRTEM

a. Basic Principle of Structural Observation by HRTEM

In a transmission electron microscope (TEM) (Fig. 1.1), a thin specimen is irradiated

with an electron beam of uniform current density. The acceleration voltage is about 300 kV.

Electrons are emitted in the electron gun by field emission. A three- or four-stage

condenser-lens system permits variation of the illumination aperture and the area of the

specimen illuminated. The electron intensity distribution behind the specimen is imaged with

a lens system, composed of three to eight lenses, onto a fluorescent screen. The image can be

recorded digitally via a fluorescent screen coupled by a fiber-optic plate to a CCD camera.

b. TEM Sample Preparation and Observation

Electrons interact strongly with atoms by elastic and inelastic scattering. The

specimen must therefore be very thin, typically of the order of 5–100 nm depending on the

density and elemental composition of the object and the resolution desired. Special

preparation techniques are needed.

2.3.2 Chemical State Identification by XPS and AES

a. Chemical Bonding Observation by X-ray Photoelectron Spectroscopy (XPS)

Material characterization by XPS is conducted with a special form of photoemission

which is the ejection of an electron from a core level by an X-ray photon of energy hv. The
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energy of the emitted photoelectrons is then analysed by the electron spectrometer and the

data presented as a graph of intensity versus electron energy. The kinetic energy (EK) of the

electron is the experimental quantity measured by the spectrometer which is dependent on the

photon energy of the X-rays. The binding energy of the electron (EB) is the parameter which

identifies the electron specifically, both in terms of its parent element and atomic energy level.

The relationship between the parameters involved in the XPS experiment is

஻ ௄

where hv is the photon energy, EK is the kinetic energy of the electron, and W is the

spectrometer work function. The photoemission process is shown schematically in Figure 1.2,

where an electron from the K shell is ejected from the atom (a 1s photoelectron). The

photoelectron spectrum will reproduce the electronic structure of an element quite accurately

since all electrons with a binding energy less than the photon energy will feature in the

spectrum, as shown in figure 2.8.

Sample characterization by XPS was carried out by PHI 5000 VersaProbe II Scanning

XPS Microprobe equipped with Al K (1486.6 eV) x-ray source. The high resolution spectra

were collected with the pass energy of 23.5 eV and at a photoelectron take off angle of 90o

relative to the sample surface. The energy scale was calibrated by setting the binding energy

of Ar 2p at 241.82 eV. The core level spectra were fitted by asymmetric Gaussian-Lorentzian

sum function with a fixed spin orbit splitting. The Shirley background was added before

fitting the peaks.

b. Chemical State Identification by Auger Electron Spectroscopy (AES)

In material characterization by auger electron spectroscopy (AES), a specimen is

irradiated with electrons and core electrons are ejected in the same way that an X-ray beam

will cause core electrons to be ejected in XPS. The difference between AES and XPS is that

in the case of electron irradiation the secondary electrons contain no analytical information –
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L2,3 Auger electron
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atom by the ejection of a 1s electron

Relaxation of the ionized atom of Figure 1.2 by the emission of a

diagram of the XPS process, showing photoionization of an

Relaxation of the ionized atom of Figure 1.2 by the emission of a

diagram of the XPS process, showing photoionization of an
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2.4 Structural Properties and Chemical States of the MAHOS Capacitor Structures

2.4.1 SiO2 Grown on p-type Si Substrate

Figure R2.1 – R2.4 shows cross sectional HRTEM images of the MAHOS capacitor

structure with as-deposited Al2O3, HfAlO, (HfO2/Al2O3)4/HfO2 nanolaminates, and

(HfO2/Al2O3)2/HfO2 nanolaminate as charge trapping layers. From the figures, high quality

SiO2 can be grown by thermal rapid oxidation after RCA cleaning on p-type Si substrate. The

interface of thermally grown SiO2 and Si has the roughness of about 1 – 2 monolayers of Si

atoms. This high quality interface of SiO2 and Si substrate is required in electronic structures

since the carriers induced by the gate are induced within Angstroms of the Si-oxide interface.

High quality interface guarantees that the number of interface defects can be minimized

because the amorphous SiO2 is able to configure its interface bonding.

Good interface condition between SiO2 and Si is also confirmed by XPS spectra of Si

2p at the interface observed from 3 nm SiO2/p-type Si, as shown in Figure R2.5, which can be

deconvoluted into two peaks, including Si 2pSiO2 and Si 2pp-type Si. The core level spectra of Si

2p were fitted by a nonlinear Gaussian-Lorentzian line shape with a fixed spin orbital

splitting between Si 2p1/2 and Si 2p3/2 to be 0.6 eV and an area ratio of 1 to 2[18]. The Si 2pSiO2

peak and Si 2pp-type Si peak are located at 103.504 eV and 98.96 eV, respectively. The peak

locations of Si 2pSiO2 and Si 2pp-type Si are similar with those of bulk phases as also shown in

Figure R2.5. The bulk Si 2pSiO2 of 40 nm SiO2/p-type Si and the bulk of Si 2pp-type Si of p-type

Si substrate are located at 103.485 eV and 98.98 eV, respectively. The binding energy

difference between the Si 2p and O 1s core levels of SiO2 is about 429.5  0.02 eV for both

40 nm SiO2/p-type Si and 3 nm SiO2/p-type Si structures. Binding energy (BE) and FWHM

values of the Si 2p and O 1s high resolution spectra for each sample can be seen in Table 2.3.

These results show that the bands of SiO2 and Si substrate for the 3 nm SiO2/Si system are

flat (flat band condition) in thermodynamic equilibrium.
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2.4.2 Al2O3 as Charge Trapping Layer in Al/Al2O3/SiO2/Si Structure and as Blocking

Layer in MAHOS Structures

Al2O3 was deposited as charge trapping layer in Al/Al2O3/SiO2/Si structure and as

blocking layer in all MAHOS structures with the same deposition parameters. As-deposited

Al2O3 has amorphous structure as confirmed by HRTEM results. The amorphous Al2O3

partially transformed into crystalline Al2O3 after rapid thermal annealing at 800oC in N2

ambient. The actual thickness of Al2O3 in as-deposited and annealed Al/Al2O3/SiO2/p-type Si

is ~15.4 nm and ~13.2 nm, respectively, which is close to the designed one, which is 15 nm.

On the other hand, the actual thickness of Al2O3 blocking oxide in the MAHOS structures

with HfAlO and Al2O3/HfO2 nanolaminates as charge trapping layers is ~ 10  1 nm. The

actual thickness is similar with the designed one and shows that deposition by ALD method

provides good constrain of thickness.

Figure R2.6 and Figure R2.7 show the high resolution Al 2p and O1s spectra of Al2O3

obtained by XPS. The charge build-up happened during x-ray irradiation on Al2O3 and

shifted the peak to lower binding energy. To correct the peak position due to charging effect

on insulator material, the peak was corrected by using Ar 2p peak at 241.82. The binding

Table 2.3 Binding energy (BE) and FWHM values of the Si 2p and O 1s high resolution

spectra.

Sample (Phase)
Si 2p O 1s (Si2p – O1s)

(eV)BE (eV) FWHM (eV) BE (eV) FWHM (eV)

40 nm SiO2/Si (SiO2) 103.485 1.291 532.9739 1.338 429.489

3 nm SiO2/Si (SiO2) 103.500 1.281 533.0229 1.377 429.519

3 nm SiO2/Si (Si) 98.957 0.52

p-type Si(Si) 98.983 0.775
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energy of the components Al 2p3/2 and Al 2p1/2 were fitted by fitting the experimental data

using a doublet with SOS of 0.41 eV and branching ratio of 2/1[18]. The binding energy (BE),

FWHM, area, and area ratio of the O 1s and Al 2p high resolution spectra of as-deposited and

annealed Al2O3 blocking layers can be seen in Table 2.4 – 2.7. The average position of the Al

2p3/2 peak is determined to be 74.64  0.03 eV and 74.60  0.03 eV for amorphous Al2O3 and

crystalline Al2O3, respectively. The peak location of Al 2p at 74.60 eV confirms the

formation of Al2O3. The average position of the O 1s peaks is determined to be 531.53  0.02

eV and 531.51  0.05 eV for amorphous Al2O3 and crystalline Al2O3, respectively. The core

level difference of O1s and Al 2p is 456.87  0.02 eV and 456.92  0.06 eV for amorphous

Table 2.4 Binding energy (BE) and FWHM values of the Al 2p and O 1s high resolution

spectra of as-deposited Al2O3 blocking layers in the MAHOS structures.

Sample
Al 2p O 1s

d (Al2p - O1s)
BE (eV) FWHM (eV) BE (eV) FWHM (eV)

A1 74.6679 1.613 531.5179 1.919 456.85

HA1 74.6529 1.595 531.5449 1.922 456.892

NA1 74.6219 1.587 531.5109 1.917 456.889

NB1 74.7749 1.578 531.5149 1.906 456.851

Table 2.5 Binding energy (BE) and FWHM values of the Al 2p and O 1s high resolution

spectra of annealed Al2O3 blocking layers in the MAHOS structures.

Sample
Al 2p O 1s

d (Al2p - O1s)
BE (eV) FWHM (eV) BE (eV) FWHM (eV)

HA2 74.6249 1.613 531.5399 1.91 456.915

NA2 74.5729 1.649 531.5559 1.934 456.983

NB2 74.5839 1.604 531.4519 1.903 456.868
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Al2O3 and crystalline Al2O3, respectively.

2.4.3 Al2O3/SiO2/Si Interface in Al/Al2O3/SiO2/Si Structure

From the HRTEM images of as-deposited and annealed Al/Al2O3/SiO2/Si structures,

high quality interface of Al2O3/SiO2 interface is obtained with small roughness of less than

0.4 nm and without silicate formation even after annealing. The high resolution XPS spectra

of Al 2p and Si 2p were evaluated at Al2O3/SiO2/Si interface in as-deposited structure, as

shown in Figure R2.8. The binding energy (BE) and FWHM values of Al 2pAl2O3, Si 2pSiO2

and Si 2pSi is shown in Table 2.8. The Si 2p spectra of SiO2 layer and Al 2p spectra of Al2O3

layer are put together as comparison. The Si 2p peak is deconvoluted into 3 peaks, belongs to

SiO2, p-type Si substrate, and Si 2p peak in between 2 peaks. The Al 2p peak is deconvoluted

into 2 peaks, belongs to Al2O3 at higher binding energy and Al 2p peak at lower binding

Table 2.6 The area of the Al 2p and O 1s high resolution spectra and the area ratio of Al

2p and O 1s of as-deposited Al2O3 blocking layers in the MAHOS structures.

Sample Area of Al2p Area of O1s Ratio O:Al

A1 6101.138 28533.76 4.676793084

HA1 5087.759 24110.20 4.738864400

NA1 5062.822 24130.65 4.766244991

NB1 5184.789 25832.86 4.982432265

Table 2.7 The area of the Al 2p and O 1s high resolution spectra and the area ratio of Al

2p and O 1s of annealed Al2O3 blocking layers in the MAHOS structures.

Sample Area of Al2p Area of O1s Ratio O:Al

HA1 5239.330 24514.970 4.6790277

NA1 5052.693 24085.150 4.7667947

NB1 5132.986 23386.060 4.5560342
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energy. Since in HRTEM, there is no interlayer observed between Al2O3 and SiO2, the other

peak of Al 2p and Si 2p were detected as the peaks which represent the interface of

Al2O3/SiO2. The position of Al 2pAl2O3 at interface shifts to higher binding energy while the

position of Si 2pSiO2 at interface shifts to lower binding energy. The peak shifts in Al 2p and

Si 2p is due to internal electric field generation at Al2O3/SiO2/Si interface. This phenomenon

will be explained in detail in chapter 3.

2.4.4 HfAlO Layer and [Al2O3/HfO2] Nanolaminate Structures

The HRTEM images of HfAlO layer and [Al2O3/HfO2] nanolaminates in MAHOS

structures are shown in Figure R2.2 – Figure R2.4. The as-deposited HfAlO layer is basically

nanolaminate structures since each Al2O3 monolayer and HfO2 monolayer were deposited

periodically until the total thickness of 10 nm was obtained. Since the thickness of monolayer

is very thin, the nanolaminate appears as single layer of HfAlO. The thickness of HfAlO

layer is observed to be ~10 nm. On the other hand, the nanolaminate structure of sample NA1

and NB1 can be observed. The thickness of one Al2O3 and HfO2 layer in sample NA1 is

observed to be 0.85 nm and 1.05 nm, respectively. In sample NB1, the thickness of one Al2O3

and HfO2 layer is found to be 1.8 nm and 2.1 nm, respectively. The roughness at Al2O3/HfO2

Table 2.8 The binding energy (BE) and FWHM values of Al 2pAl2O3, Si 2pSiO2 and Si 2pSi

at Al2O3/SiO2/Si interface in sample A1

Sample

Si 2p of SiO2 Si 2p of Si Al 2p of Al2O3 ஼௅(௜)
ௌ௜ைଶ

஼௅(௜)
஺௟ଶைଷ

BE (eV) FWHM BE (eV) FWHM BE (eV) FWHM

A1 (Al2O3) 74.668 1.613

A1 (Al2O3/SiO2/Si int 1) 103.037 1.985 98.995 0.921 75.829 1.722 27.198

A1 (Al2O3/SiO2/Si int 2) 103.145 1.757 98.933 0.904 75.987 1.696 27.158
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interface is found to be less than 0.5 nm. High- dielectric in as-deposited MAHOS structure

has amorphous phase.

After annealing at 800oC in N2 ambient for one minutes, amorphous high-

dielectric transforms into crystalline phase. In sample NA2 and NB2, the nanolaminate

structure, which are [1 nm HfO2/1 nm Al2O3]4/1 nm HfO2 and [2 nm HfO2/2 nm Al2O3]2/2

nm HfO2, broke up and Al2O3 mix with HfO2 in the middle of nanolaminate structure. The

CTL structure of annealed sample became HfO2/HfAlO/HfO2.

The high resolution XPS peaks of Al 2p and Hf 4f of sample HA1, sample NA1, and

sample NB1 at Al2O3/HfAlO interface and Al2O3/HfO2 interface were obtained by removing

or sputtering the upper layer, Al2O3 blocking layer by using Ar gas. The binding energy of

the components Hf 4f7/2 and Al 4f5/2 were fitted by fitting the experimental data using a

doublet with SOS of 1.68 eV and branching ratio of 4/3. Figure R2.9 shows the Al 2p and Hf

4f peaks of as-deposited Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure at the

Al2O3/HfO2 interface with different depth levels. The binding energy (BE) of Si 2p, Hf 4f,

and Al 2p in sample HA1, NA1, and NB1 and the energy distance between different core

level (CL) at interface in sample HA1, NA1, and NB1 are shown in Table 2.9 and 2.10,

respectively. Figure R2.9 (a), (b), and (c) represent Al2O3/HfO2 interface which are close to

Al2O3 blocking layer, in the middle of nanolaminates, and close to SiO2/p-type Si,

respectively. To fit the experimental data, the Al 2p peak is deconvoluted into 2 peaks which

belong to Al3+ or Al-O bonding of Al2O3 and Al-Al bonding, respectively. The Hf 4p peak is

deconvoluted into 4 peaks which belong to the bonding of Hf-O of HfO2 and Hf-Hf bonding,

respectively. Loss feature of Hf metal is also found at the energy of about 23 eV. The Al 2p

and Hf 4f peaks are shifted to higher binding energy from 74.39 eV to 74.86 eV and from

17.36 eV to 17.85 eV, respectively. However, the binding energy difference between Al 2p

and Hf 4f peaks are constant which is ~57 eV. The binding energy shift of Al 2p and Hf 4f is
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Table 2.9 The binding energy (BE) of Si 2p, Hf 4f, and Al 2p in sample HA1, NA1, and

NB1.

Sample
tsputtering

(min)

Si 2p of SiO2 Si 2p of Si Hf 4f
Al 2p of

Al2O3

BE (eV) BE (eV) BE (eV) BE (eV)

HA1 (Al2O3/HfAlO) 2.7 17.4969 74.4769

HA1 (Al2O3/HfAlO/SiO2/Si) 4.8 103.211 98.933 18.7139 75.6239

NA1 (Al2O3/HfO2) 2.7 17.6579 74.6159

NA1 (Al2O3/HfO2/SiO2/Si) 4.5 103.232 98.901 18.6989 75.5979

NB1 (Al2O3/HfO2 int. 1) 1.8 17.3599 74.3879

NB1 (Al2O3/HfO2 int. 2) 2.1 17.5959 74.6119

NB1 (Al2O3/HfO2 int. 3) 3 17.8469 74.8599

NB1 (Al2O3/HfO2/SiO2/Si) 5.1 103.051 98.848 18.5129 75.3799

Table 2.10 The energy distance between different ore leel (CL) at interface in sample

HA1, NA1, and NB1.

Sample
tsputtering

(min)
஼௅(௜)
ௌ௜

஼௅(௜)
ு௙

஼௅(௜)
ௌ௜ைଶ

஼௅(௜)
ு௙

஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ு௙

HA1 (Al2O3/HfAlO) 2.7 56.98

HA1 (Al2O3/HfAlO/SiO2/Si) 4.8 80.2191 84.497 56.91

NA1 (Al2O3/HfO2) 2.7 56.958

NA1 (Al2O3/HfO2/SiO2/Si) 4.5 80.2021 84.533 56.899

NB1 (Al2O3/HfO2 int. 1) 1.8 57.028

NB1 (Al2O3/HfO2 int. 2) 2.1 57.016

NB1 (Al2O3/HfO2 int. 3) 3 57.013

NB1 (Al2O3/HfO2/SiO2/Si) 5.1 80.3351 84.538 56.867
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due to the dipole formation in HfO2/Al2O3 interface. Figure R2.10 shows the Al 2p and Hf 4f

peaks of sample HA1, NA1, and NB1, respectively, at certain depth level whichis close to

SiO2/p-type Si. The Al 2p and Hf 4f peaks shifted to higher binding energy for HfO2/Al2O3

nanolaminate with thicker period. The binding energy difference between Al 2p and Hf 4f

peaks is similar, ~57 eV. This result shows different structure of HfO2/Al2O3 nanolaminate

and different magnitude of dipole formation does not change the barrier height between

HfAlO or HfO2 and Al2O3.

After annealing, amorphous high- films transform into crystalline high- films and

the CTL structure of NA2 and NB2 sample became HfO2/HfAlO/HfO2. The high resolution

XPS peaks of Al 2p and Hf 4f of sample HA2, sample NA2, and sample NB2 were obtained

at the positions which are in the middle of nanolaminates, and close to SiO2/p-type Si, shown

in Figure R2.11 and Figure R2.12, respectively. The binding energy (BE) of Si 2p, Hf 4f, and

Al 2p in sample HA2, NA2, and NB2 and the energy distance between different ore leel (CL)

at interface in sample HA2, NA2, and NB2 are shown in Table 2.11 and 2.12, respectively.

At the position which is in the middle of nanolaminates, the binding energy of Al 2p and Hf

4f for sample NA2 and NB2 are determined to be ~74.55  0.02 eV and 17.49  0.03 eV,

respectively. These peak positions are similar with those in HfAlO layer and indicate that the

observed layer is HfO2/HfAlO with more dominant crystalline HfAlO layer. At the position

which is close to SiO2/p-type Si, the binding energy of Al 2p and Hf 4f for sample NA2 and

NB2 shifted to higher binding energy and are found to be ~74.91  0.01 eV and 17.92  0.03

eV, respectively. On the other hand, the binding energy of Al 2p and Hf 4f for sample HA2

are determined to be ~74.49 eV and 17.56 eV, respectively. These results indicate that

position, the observed layer in sample NA2 and NB2 is crystalline HfAlO/HfO2 with more

dominant HfO2 and that in sample HA2 is crystalline HfAlO layer. The binding energy

difference between Al 2p and Hf 4f peaks for all samples is ~57 eV.
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Table 2.11 The binding energy (BE) of Si 2p, Hf 4f, and Al 2p in sample HA2, NA2, and

NB2.

Sample

tsputtering

(min)
Si 2p of SiO2 Si 2p of Si Hf 4f

Al 2p of

Al2O3

BE (eV) BE (eV) BE (eV) BE (eV)

HA2 (Al2O3/HfAlO) 2.7 17.5689 74.5559

HA2 (Al2O3/HfAlO/SiO2/Si) 4.5 103.20 98.973 18.7029 75.6319

NA2 (HfO2/HfAlO) 2.1 17.5199 74.5669

NA2 (HfAlO/HfO2) 2.7 17.8939 74.9049

NA2 (HfAlO/HfO2/SiO2/Si) 4.2 103.163 98.956 18.7409 75.6719

NB2 (HfO2/HfAlO) 2.1 17.4679 74.5379

NB2 (HfAlO/HfO2) 3 17.9479 74.9269

NB2 (HfAlO/HfO2/SiO2/Si) 4.2 103.214 98.904 18.7859 75.7221

Table 2.12 The energy distance between different core level (CL) at interface in sample

HA2 NA2, and NB2.

Sample
tsputtering

(min)
஼௅(௜)
ௌ௜

஼௅(௜)
ு௙

஼௅(௜)
ௌ௜ைଶ

஼௅(௜)
ு௙

஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ு௙

HA2 (Al2O3/HfAlO) 2.7 56.987

HA2 (Al2O3/HfAlO/SiO2/Si) 4.5 80.2701 84.496 56.929

NA2 (HfO2/HfAlO) 2.1 57.047

NA2 (HfAlO/HfO2) 2.7 57.011

NA2 (HfAlO/HfO2/SiO2/Si) 4.2 80.2151 84.422 56.931

NB2 (HfO2/HfAlO) 2.1 57.07

NB2 (HfAlO/HfO2) 3 56.979

NB2 (HfAlO/HfO2/SiO2/Si) 4.2 80.1181 84.428 56.9362
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2.4.5 High-/SiO2/Si Structure and Its Interface

The high resolution XPS peaks of Si 2p(SiO2), Si 2p(p-type Si), Al 2p, and Hf 4f of

as-deposited and annealed MAHOS structures at Al2O3/HfO2/SiO2/Si interface were also

observed and their binding energy differences were evaluated. The data can be found in Table

2.9 – 2.12. The binding energy of Si 2p peak of SiO2 for all samples is determined to be

~103.20  0.04 eV, which is shifted to lower binding energy compared to that of SiO2 thick

film and SiO2 thin film on p-type Si substrate which is found to be ~103.50 eV. The binding

energy shift of Si 2p of SiO2 is due to dipole formation at HfO2/SiO2/Si structure. On the

other hand, the binding energy of Si 2p of Si substrate is found to be ~98.95  0.05 eV.

Comparing to the binding energy of Al 2p and Hf 4f at Al2O3/HfO2 interface, the Al 2p and

Hf 4f peaks at high-/SiO2/Si interface has higher binding energy due to dipole formation at

HfO2/SiO2 interface which are determined to be ~75.61  0.02 eV and ~18.70  0.02 eV for

as-deposited structures and ~75.69  0.04 eV and ~18.74  0.04 eV for annealed structures,

respectively. The binding energy difference between Al 2p and Hf 4f, Si 2p and Hf 4f, and Si

2p and Al 2p are found to be ~56.9  0.02 eV, ~84.52  0.02 eV, and ~27.63  0.04 eV for

as-deposited MAHOS structures and ~56.9  0.02 eV, ~84.46  0.04 eV, and ~27.5  0.04

eV for annealed MAHOS structures, respectively.

2.5 Summary

In chapter 2, the design consideration of capacitor structures, experimental procedures

on the fabrication of the MAHOS capacitor structures, and structure characterization have

been described. The process flow of the device fabrication, including Radio Corporation

America (RCA) cleaning, rapid thermal oxidation (RTO), atomic layer deposition (ALD),

rapid thermal annealing (RTA), and thermal evaporation, has been explained. The

microstructures and the chemical states of the MAHOS capacitor structures were evaluated
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by high-resolution transmission electron microscope (HRTEM) and x-ray photoemission

spectroscopy (XPS).

From the MAHOS structure evaluation discussed in this chapter, we can summarize

some important points:

1. The MAHOS capacitor structures have been successfully prepared, by using certain

fabrication methods which are common in semiconductor fabrication industry to make

sure that the devices have good quality and are suitable for electronic applications.

2. From cross-sectional HRTEM images, all structures possess high quality interface with

small roughness less than 5 Angstrom and uniform thickness. The natural SiO2 and

defects can be removed by RCA cleaning completely and high quality SiO2 can be grown

by rapid thermal oxidation. This is indicated by good interface of SiO2/Si with the

roughness of about 1 – 2 monolayers of Si and uniform thickness of SiO2. The excellent

uniformity of Al2O3 and HfO2 deposited by ALD proves that the ALD method offers

good control of thickness with good uniformity.

3. The Al 2p and Hf 4f peaks are shifted to higher binding energy. However, the binding

energy difference between Al 2p and Hf 4f peaks are constant which is ~57 eV. The

binding energy shift of Al 2p and Hf 4f is due to the dipole formation in HfO2/Al2O3

interface. Different structure of HfO2/Al2O3 nanolaminate and different magnitude of

dipole formation does not change the barrier height between HfAlO or HfO2 and Al2O3.

4. After annealing, amorphous high- films transform into crystalline high- films and the

CTL structure of NA2 and NB2 sample became HfO2/HfAlO/HfO2. The XPS

measurement at high-/SiO2/Si interface shows that the observed layer close to SiO2/Si in

sample NA2 and NB2 is crystalline HfAlO/HfO2 with more dominant HfO2 and that in

sample HA2 close to SiO2/Si is crystalline HfAlO layer.
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Figure R2.5 The O 1s and Si 2p peaks of (a) bulk SiO2 of 40 nm SiO2/p-type Si, (b) SiO2 and

Si at the interface of 3 nm SiO2/p-type Si, and (c) bulk p-type Si of 3 nm SiO2/p-type Si after

removing SiO2 layer by sputtering.
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Figure R2.6 The O 1s and Al 2p peaks of Al2O3 blocking layers of as-deposited

(a) Al2O3/SiO2/p-type Si, (b) Al2O3/HfAlO/SiO2/p-type Si, (c) Al2O3/[HfO2/Al2O3]4/HfO2/

SiO2/p-type Si, and (d) Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R2.7 The O 1s and Al 2p peaks of Al2O3 blocking layers of annealed

(a) Al2O3/HfAlO/SiO2/p-type Si, (b) Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si, and (c)

Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R2.8 The Si 2p and Al 2p peaks of (a) 3 nm SiO2/p-type Si and Al2O3 bulk,

(b) Al2O3/SiO2/p-type Si interface after etching 1, and

(c) Al2O3/SiO2/p-type Si interface after etching 2.
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Figure R2.9 The Al 2p and Hf 4f peaks of the Al2O3/HfO2 interface of as-deposited

Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure at different depth levels.
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Figure R2.10 The Al 2p and Hf 4f peaks of the Al2O3/HfO2 interface of as-deposited

(a) Al2O3/10 nm HfAlO/SiO2/p-type Si capacitor structure,

(b) Al2O3/[1 nm HfO2/1 nm Al2O3]4/1 nm HfO2/SiO2/p-type Si capacitor structure, and

(c) Al2O3/[2 nm HfO2/2 nm Al2O3]2/2 nm HfO2/SiO2/p-type Si capacitor structure.
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Figure R2.11 The Al 2p and Hf 4f peaks of annealed

(a) Al2O3/[1 nm HfO2/1 nm Al2O3]4/1 nm HfO2/SiO2/p-type Si capacitor structure, and

(b) Al2O3/[2 nm HfO2/2 nm Al2O3]2/2 nm HfO2/SiO2/p-type Si capacitor structure.
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Figure R2.12 The Al 2p and Hf 4f peaks of annealed

(a) Al2O3/10 nm HfAlO/SiO2/p-type Si capacitor structure,

(b) Al2O3/[1 nm HfO2/1 nm Al2O3]4/1 nm HfO2/SiO2/p-type Si capacitor structure, and

(c) Al2O3/[2 nm HfO2/2 nm Al2O3]2/2 nm HfO2/SiO2/p-type Si capacitor structure

687072747678

In
te

n
s
it
y

(a
.u

)

1113151719212325

687072747678

In
te

n
s
it
y

(a
.u

)

1113151719212325

687072747678

In
te

n
s
it
y

(a
.u

)

1113151719212325



2-43

Figure R2.13 AES Spectra of SiO2 of SiO2 (40 nm), SiO2/Si interface of SiO2 (3nm)

thermally grown on p-type Si, and Si of p-type Si

.

Figure R2.14 AES Spectra of as-deposited Al2O3/SiO2/p-type Si capacitor structure

andAl2O3/SiO2/p-type Si capacitor structure annealed at 900oC for 1 minute in N2 ambient.
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.

Figure R2.15 AES Spectra of (a) as-deposited Al2O3/HfAlO/SiO2/p-type Si capacitor

structure and (b) Al2O3/ HfAlO/SiO2/p-type Si capacitor structure annealed at 900oC for 1

minute in N2 ambient.
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Figure R2.16 AES Spectra of (a) as-deposited Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si

capacitor structure and (b) Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure

annealed at 800oC for 1 minute in N2 ambient.
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Figure R2.17 AES Spectra of (a) as-deposited Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si

capacitor structure and (b) Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure

annealed at 800oC for 1 minute in N2 ambient.
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Chapter 3

Energy Band Alignment of the MAHOS Memory Capacitors

In chapter 3, the energy band alignment for each MAHOS structure is constructed. The

energy band parameters, such as band gap, valence band offset (VBO) and conduction band

offset (CBO) are extracted from experimental results. The energy band gap of materials

observed by reflection energy electron loss spectroscopy (REELS) is shown and the method

to determine VBO and CBO from the x-ray photoelectron spectroscopy (XPS) spectra is

explained. The effect of the dipole formation on the band structure at

semiconductor/semiconductor interfaces is also explained.

3.1 Background

In designing capacitor or transistor structures for non-volatile memory application, the

band gap and barrier heights, which include valence band offset (VBO) and conduction band

offset (CBO), represent the parameters of primary importance for the selection of materials.

Some previous works on the study of charge trapping characteristics evaluated the interfacial

barriers using the bulk parameters of solids[1,2]. However, the bulk parameters used may not

necessarily reflect the properties of thin films. As shown in Figure 3.1, which is the reported

data for thin films obtained from optical measurements, the band gap of thin films are

different from those of bulk materials which depends of the type of binding and the phase of

materials[3].

Such an erroneousness in barrier heights and energy band gap of materials leads to

large inaccuracy in the evaluation of the charge tunneling and to a largely undefined metal–

silicon work function difference (ms). Therefore the knowledge of energy band parameters

and barrier heights is needed to analyze the charge transport mechanisms across the

semiconductor structure.
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3.2 Energy Band Parameter Measurement by AES
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Fermi level in the bulk relative to the valence-band edge ௑ , band-bending potential ஻஻
௑ and

depletion-layer width W are also shown in Figure 3.2(a). Given an XPS measurement of the

position of the core level ஼௅
௑ at the interface and the binding-energy difference ( ஼௅

௑ –

௏
௑) between core level ஼௅

௑ and the valence-band maximum ௏
௑ it follows from Fig. 1(a)

that the position of the conduction-band minimum at the interface is given by

஼
௑

஼௅
௑

௏
௑

ீ
௑

஼௅
௑

the position of the conduction-band minimum at the interface is given by

஼
௑

஼௅
௑

௏
௑

ீ
௑

஼௅
௑

and the band-bending potential ஻஻
௑ at a surface or interface is given by

஻஻
௑

஼௅
௑

௏
௑ ௑

஼௅
௑

The energy levels defined in Figure 3.2 (a) as measured within the 20 A XPS sampling depth

are shown in Figure 3.1 (b) for a heterojunction interface and for a metal-semiconductor

interface. The Schottky-barrier height ௕ ஼
௑ at the metal-semiconductor interface is

given by Eq. (1) and the valence-band discontinuity ܸ at the heterojunction interface is

given by

ܸ ܮܥ
ܻ

ܸ
ܻ

ܮܥ
ܺ

ܸ
ܺ

ܮܥ

ܮܥ ܮܥ
ܻ

ܮܥ

ܺ
. The effect of interface states is to shift the potential within the

sampled region on both sides of an interface by the same constant value. Thus, any potential

shift due to interface states or other sources of band bending cancel.

3.2.2 Energy Band Parameter Determination

There are several methods to determine the band gap of materials, including optical

measurement[5-7], electron energy-loss spectroscopy (EELS)[8-10], O1s energy loss spectra of

XPS[3,11,12], and reflection electron energy-loss spectroscopy (REELS)[13-15]. In this work,

REELS was used because it provides faster analysis and accurate results with simple sample

preparation.
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By using REELS, Auger electrons passing through a solid can excite the modes of

collective oscillation of conduction electrons such as plasmon and electron–hole interband

transition. Transitions, between occupied and unoccupied states, are caused by the electric

field caused by photons. Band-to-band transition is interpreted as electronic transition from a

bound state (either valence or core) to an unoccupied state located in the conduction band. In

compacted dielectric materials, the energy loss for the plasmon excitation is generally much

larger than that for the excitation from the top of the valence band to the bottom of the

conduction band. Therefore, the energy band gap can be determined from the onset of the

energy-loss spectrum defined by linearly extrapolating the segment of maximum negative

slope to the background level.

In this work, samples were bombarded with a focused low-energy electron beam of 1

keV, the probe current of 10 nA, the dwell time of 20 ms, and the probe diameter of 10 m.

The energy distribution of the reflected electrons was measured. From the zero-loss peak of

all samples, the resolution of low-loss region spectra observation is about 0.9 eV, as shown in

Figure 3.3.

3.2.3 Valence band offset measurement

A variety of other techniques have been used to measure band offsets in

semiconductor heterojunctions. Most of these technique can be divided into two categories,

including optical techniques[16-18], in which optical absorption, photoluminescence, or

photoluminescence excitation spectra from quantum-well or superlattice structures are

analyzed with the band offsets as fitted parameters, and electrical technique[19-21], in which

either the conduction or the valence band offset is extracted from measurements, such as C-V

or I-V characteristics, on electrical device structures.

The determination of band offsets by XPS has a number of advantages over other

band-offset measurement techniques. Unlike many optical and electrical methods for
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determining band offset, the XPS provide a direct measurement of the band offset, so that

interpretation of the experimental results is fairly straightforward. In addition, the XPS

technique is well suited to the study of novel material systems, since the structures required

are very simple, and fabrication of functional electrical devices is not necessary.

In this work, x-ray photoelectron spectroscopy (XPS) was used to measure band offset

values for MAHOS capacitor structures. In XPS, a sample is exited using x-rays, photons

with energies ranging approximately from 100 eV to 10,000 eV, and the energy spectrum of

electrons photoexited from the sample is measured. In our experiments we have used an Al

K x-ray source, yielding photons with energy hv = 1486.6 eV. The energy spectrum of the

Figure 3.3 Zero Loss Peak (ZLP) observed by REELS determines the resolution of the

measurement.
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photoexited electrons yields a profile of the electronic density of states in the sample,

modulated by a photoelectric cross section. By XPS, the separation between two core level

peaks and between a core level peak and the valence band maximum can be measured quite

precisely. The relatively high energy resolution available in XPS allows core energy

separations to be measured within  0.02 – 0.03 eV, and core level energy to valence band

maximum binding energies can be obtained to within  0.04 – 0.05 eV.

3.3 Band Gap of Materials in the MAHOS Capacitor Structures

3.3.1 Band Gap of SiO2 in SiO2/p-type Si Structures

Figure R3.1 shows the REELS low loss spectra of SiO2, from the SiO2 layer with the

thickness of 40 nm and 3 nm thermally grown on p-type Si substrate. The band gap of SiO2 in

40 nm SiO2/Si structure appears at ~8.9  0.05 eV which is the onset of the energy-loss

spectrum represents band-to-band transition from a bound state to an unoccupied state. From

the REELS low loss spectra of 3 nm SiO2/Si structure, it is found that the spectra of SiO2 is

overlap with that of Si substrate since the depth penetration in SiO2 layer is about 3 nm.

However, the bandgap of SiO2 can still be obtained at ~8.9  0.05 eV. This result shows how

to get the bandgap of thin layer on another layer.

The bandgap value of SiO2, which is in good agreement with other values obtained

from other references[3,8,22], shows that this measurement result is valid. The band gap of

ultrathin SiO2 has also been evaluated by applying ab initio model conducted by other

researchers[23,24]. The result shows band gap of SiO2 did not begin to decrease until there were

fewer than three monolayers of oxide. Estimates of the changes in the associated conduction

and valance band offsets for these systems indicated that a minimum of 7 Å of SiO2 is

required to obtain bulk properties. This indicates that within two monolayers of the Si

channel interface, oxygen atoms do not have the full arrangement of oxygen neighbors and
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therefore cannot form the full band gap that exists within the ‘‘bulk’’ of the SiO2 film. The

local energy gap in SiO2 is directly related to the number of O second nearest neighbors, for a

given O atom. The last row of O atoms which is next to the Si substrate by definition cannot

have the full six nearest neighbor O atoms. The second row of O atoms from the Si interface

is thus the first layer of O atoms that have the required six second-nearest neighbor O atoms.

Based on the density of state calculation the valence band of SiO2 consists mainly of O p

states and the conduction band consists of Si 4s and Si 3p.

By observing the low-loss spectra of 3 nm SiO2 on p-type Si substrate with a primary

energy of 1 keV, the low loss spectrum of SiO2 is overlap with the low loss spectrum of Si

which can be identified from their plasmon loss peak. The plasmon peak of SiO2 is observed

at ~22.5 eV with a shoulder at ~12 eV, while the plasmon peak of Si is located at ~17.1 eV.

3.3.2 Band Gap of Al2O3 in MAHOS Structures

The band gap values for as-deposited and annealed Al2O3 of the MAHOS structure

with Al2O3 as charge trapping layer were measured to be 6.7  0.1 eV and 6.9  0.1 eV,

respectively, as shown in figure R3.2. The low band gap of as-deposited Al2O3 is associated

with low density and low atomic coordination with the Al coordination closer to 4 and O

coordination closer to 2.67[25]. After rapid thermal annealing at 900oC, crystallization of

Al2O3 occurs and its band gap increases. The increase in the band gap value in Al2O3 which

become 6.9 eV is associated with the metastable crystalline phase of -Al2O3. From the

density of state calculation the valence band of Al2O3 consists mainly of O p states and the

conduction band of mainly Si 4s and Si 3p. The plasmon peak is located at ~22.6 eV for

as-deposited Al2O3. The plasmon peak is shifted to higher energy-loss after annealing.

The band gap of blocking oxide layer, which is Al2O3, in other MAHOS structures

with HfAlO and Al2O3/HfO2 nanolaminates as charge trapping layers were also observed by

REELS, as shown in figure R3.3, R3.4, and R3.5, respectively. The spectra shows similar
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results with the band gap values of as-deposited and annealed Al2O3 were measured to be 6.7

 0.1 eV and 6.9  0.1 eV, respectively.

3.3.3 Band Gap of HfAlO and HfO2 in MAHOS Structures

Figure R3.3 shows the REELS low-loss region of the MAHOS structures with HfAlO

as charge trapping layers, before and after annealing. The band gap of as-deposited and

annealed HfAlO appears to be 5.9 eV and 6.0 eV, respectively. The band gap difference

between amorphous and crystalline HfAlO is related to the density and atomic coordination

number of the layer. From the density of state of HfAlO, the valence band of HfAlO consists

mainly of O p states and the conduction band consists of Hf 4d states. As we observed from

HRTEM images the HfO2/Al2O3 nanolaminate structures in sample NA1 and NB1 were

broken after annealing at high temperature and transform into HfAlO in the middle part of the

layer. As shown in figure R3.4 and R3.5, the band gap of HfAlO appear to be 6.0 eV, which is

similar with the sample with HfAlO as charge trapping layer. From the REELS low-loss

region of the structures with Al2O3/HfO2 nanolaminates as charge trapping layers (figure

R3.4 and R3.5), the band gap of HfO2 was obtained which appears to be 5.8 eV and 5.9 eV,

respectively.

3.4 Band Alignment in MAHOS Capacitor Structures

3.4.1 Band Alignment of SiO2 in SiO2/p-type Si Structures

Figure R3.6 shows the energy distance between core level (CL) and valence band

maximum (VBM) of Si substrate, SiO2/Si interface, and SiO2 layer which are used for VBO

calculation of SiO2 with respect to Si substrate. The CL and VBM of each component are

summarized in Table 3.1 The binding energy difference between Si 2p CL and VBM of

p-type Si ( ௌ௜ଶ௣
ௌ௜

௏஻ெ
ௌ௜ ), the CL difference between SiO2 and Si at the interface ( ஼௅(௜)

ௌ௜

஼௅(௜)
௢௫௜ௗ௘), and the binding energy difference between Si 2p CL and VBM of SiO2 ( ஼௅

ௌ௜
௏஻ெ
ௌ௜ )



3-10

are calculated to be 98.78 eV, 4.54 eV, and 98.78 eV, respectively. By applying Kraut’s

method, the VBO at SiO2/p-type Si interface is found to be ~4.5 eV, which is in agreement

with other references[3,26]. The valence band spectra of 3 nm SiO2/p-type Si structure are also

shown in figure 3.9. The VBM of SiO2 and VBM of Si at SiO2/p-type Si interface are found

to be 4.7 eV and 0.2 eV, respectively. From this result, the VBO at SiO2/p-type Si interface

also can be obtained which is 4.5 eV. The VBM of SiO2 and VBM of Si at the interface are

similar with those at SiO2 and Si bulk phases. It is also reported previously that the binding

energy of Si 2pSiO2 and Si 2pp-type Si at SiO2/p-type Si interface which are determined to be

~103.50  0.02 eV and ~98.98  0.02 eV are similar with those of bulk phases. These results

show that the bands of SiO2 and Si substrate for the 3 nm SiO2/Si system are flat (flatband

condition) in thermodynamic equilibrium. In addition, valence band offset in flatband

condition can be determined by measuring the VBM difference between two materials since

XPS measurement is done by using Fermi level’s spectrometer as reference [27,28].

By considering the finite-oxide/semi-infinite-semiconductor contact, gap states exist

on the surface of SiO2 and at the SiO2/Si interface. The space charges in the SiO2 are

sufficiently small to be neglected since SiO2 has wide band gap of 8.9 eV. Thus charge

transfer among the surface gap states on the surface of SiO2, the interfacial gap states at the

Table 3.1 Binding energy (BE) of the Si 2p and VBM values in SiO2, Si substrate, and at

SiO2/p-type Si interface.

Sample

Si 2p of SiO2 Si 2p of Si ஼௅
ௌ௜

௏஻ெ
ௌ௜

஼௅
௢௫௜ௗ௘

௏஻ெ
௢௫௜ௗ௘

஼௅(௜)
ௌ௜

஼௅(௜)
௢௫௜ௗ௘BE (eV) VBM (eV) BE (eV) VBM (eV)

40 nm SiO2/Si 103.48 4.7 98.78

3 nm SiO2/Si 103.50 4.7 98.96 0.2 98.8 98.76 4.54

p-type Si 98.98 0.2 98.78



3-11

SiO2/Si interface, and space charges of Si substrate induce the electric potential distribution

and the alignment of Fermi levels of SiO2 and Si substrate is built. Since the magnitudes of

gap states at the surface of SiO2 and the SiO2/Si interface are small enough to be negligible,

the Fermi level of SiO2 is aligned to the bulk Fermi level of Si substrate without electron

transfer between SiO2 and Si substrate and without band bends of SiO2 and Si substrate. The

energy band diagram of 3 nm SiO2/p-type Si structure is shown in Figure 3.4. The CBO at

SiO2/p-type Si interface is calculated to be 3.5 eV. The band gap of p-type Si is set to be 1.1

eV.

3.4.2 Band Alignment of MAHOS Structures in Flatband Condition

As stated previously, valence band offset (VBO) can be determined by measuring the

difference between VBM of two materials. As shown in Figure R3.7 – R3.13, the VBM of

Figure 3.4 The schematic band diagram of 3 nm SiO2/p-type Si structure in thermodynamic

equilibrium.
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as-deposited and annealed Al2O3 were obtained and are found to be ~3.1 eV. It is known that

theVBM of Si is ~0.2 eV. Therefore, the VBO of Al2O3 with respect to Si substrate is found

to be ~2.9 eV and the CBO of Al2O3 with respect to Si substrate is obtained to be ~2.7 eV.

The VBM of Al2O3 was also obtained from Al2O3/SiO2/Si interface, as shown in Table 3.2.

The VBO at flatband condition cannot be obtained directly since there is dipole formation at

Al2O3/SiO2/Si interface which involve three layers.

Figure R3.8, Figure R3.9, and Figure R3.10 show the energy distance between core

level (CL) and valence band maximum (VBM) in Al2O3 blocking layer, at Al2O3/HfAlO

interface and Al2O3/HfAlO/SiO2/Si interface of sample HA1, and Al2O3/HfO2 interface and

Al2O3/HfO2/SiO2/Si interface of sample NA1 and NB1, respectively. The observed value of

each CL and VBM in sample HA1, NA1, and NB1 are summarized in Table 3.4. The binding

energy distance among Si 2p, Hf 4f, and Al 2p at Al2O3/HfAlO interface and

Table 3.2 Binding energy (BE) of the Si 2p and VBM values in Al2O3 and Si substrate at

Al2O3/SiO2/p-type Si interface.

Sample

Si 2p of SiO2 Si 2p of Si Al 2p of Al2O3

BE (eV) VBM (eV) BE (eV) VBM (eV) BE (eV) VBM (eV)

A1 (Al2O3 BO) 74.6679 3.1

A1 (Al2O3/SiO2/Si interface) 103.027 98.995 0.2 75.8289 4.25

A1 (Al2O3/SiO2/Si interface) 103.145 98.933 0.2 75.9869 4.4

Table 3.3 The energy distance between core level (CL) and valence band maximum

(VBM) and between different CL at interface in sample A1.

Sample ஼௅
ௌ௜

௏஻ெ
ௌ௜

஼௅
஺௟ଶைଷ

௏஻ெ
஺௟ଶைଷ

஼௅(௜)
ௌ௜

஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ௌ௜ைଶ

஼௅(௜)
஺௟ଶைଷ

A1 (Al2O3 BO) 71.5679

A1 (Al2O3/SiO2/Si interface) 98.795 71.5789 23.1661 27.198

A1 (Al2O3/SiO2/Si interface) 98.733 71.5869 22.9461 27.158
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Al2O3/HfAlO/SiO2/Si interface in sample HA1 and Al2O3/HfO2 and Al2O3/HfO2/SiO2/Si

interface in sample NA1 and NB1 are shown in Table 3.5. For annealed samples, the energy

distance between CL and VBM in Al2O3 blocking layer, at Al2O3/HfAlO interface and

Al2O3/HfAlO/SiO2/Si interface of sample HA2, and HfO2/HfAlO or HfAlO/HfO2 interface

and HfAlO/HfO2/SiO2/Si interface of sample NA2 and NB2, are shown in Figure R3.11,

Figure R3.12, and Figure R3.13, respectively. The observed value of each CL and VBM and

the binding energy distance among Si 2p, Hf 4f, and Al 2p at Al2O3/HfAlO interface and

Al2O3/HfAlO/SiO2/Si interface in sample HA2 and HfO2/HfAlO or HfAlO/HfO2 interface

and HfAlO/HfO2/SiO2/Si interface in sample NA2 and NB2 are shown in Table 3.6 and Table

3.7, respectively. The binding energy difference between CL and VBM is a material constant

before and after interface formation. From the results, it is found that the energy distance

between CL and VBM of HfAlO and HfO2 in MAHOS structures, as-deposited and annealed

samples, at different interfaces is ~14.70  0.02 eV and ~14.75  0.02 eV, respectively. At

Al2O3/HfAlO interface or Al2O3/HfO2 interface, even though the binding energy of Al 2p and

Hf 4f are shifted to higher energy as a function of depth level from the surface, the energy

distance between Al 2p and Hf 4f ( ஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ு௙

) is ~56.99  0.03 eV. At

Al2O3/HfAlO/SiO2/Si or Al2O3/HfO2/SiO2/Si interface, the energy distance between Al 2p

and Hf 4f ( ஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ு௙

) is ~56.89  0.02 eV which is less than that at HfAlO or Al2O3/HfO2

interface due to the dipole formation at HfAlO/SiO2/Si or HfO2/SiO2/Si interface.

The VBO of HfAlO with respect to Al2O3 layer is obtained by applying Kraut’s

method with ஼௅
஺௟ଶைଷ

௏஻ெ
஺௟ଶைଷ is ~71.58  0.02 eV, ஼௅(௜)

஺௟ଶைଷ
஼௅(௜)
ு௙஺௟ை is ~56.99  0.03 eV and

஼௅
ு௙஺௟ை

௏஻ெ
ு௙஺௟ை is ~14.70  0.02 eV. It is measured to be 0.10  0.03 eV, which means the

VBO of HfO2 with respect to Si substrate is 2.8 eV. By considering the band gap of

as-deposited and annealed HfAlO which are 5.9 eV and 6.0 eV, respectively, the CBO of

HfAlO with respect to Si substrate are 2.0 eV and 2.1 eV, respectively.
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Table 3.4 The binding energy (BE) of Si 2p, Hf 4f, and Al 2p in sample HA1, NA1, and

NB1.

Sample
tsputtering

(min)

Si 2p of

SiO2

Si 2p of Si Hf 4f Al 2p of

Al2O3

BE (eV) BE (eV)
VBM

(eV)
BE (eV)

VBM

(eV)
BE (eV)

HA1 (Al2O3/HfAlO) 2.7 17.4969 2.8 74.4769

HA1 (Al2O3/HfAlO/SiO2/Si) 4.8 103.211 98.933 0.2 18.7139 4 75.6239

NA1 (Al2O3/HfO2) 2.7 17.6579 2.9 74.6159

NA1 (Al2O3/HfO2/SiO2/Si) 4.5 103.232 98.901 0.2 18.6989 3.95 75.5979

NB1 (Al2O3/HfO2 int. 1) 1.8 17.3599 2.6 74.3879

NB1 (Al2O3/HfO2 int. 2) 2.1 17.5959 2.85 74.6119

NB1 (Al2O3/HfO2 int. 3) 3 17.8469 3.1 74.8599

NB1 (Al2O3/HfO2/SiO2/Si) 5.1 103.051 98.848 0.2 18.5129 3.75 75.3799

Table 3.5 The energy distance between core level (CL) and valence band maximum

(VBM) and between different CL at interface in sample HA1, NA1, and NB1.

Sample
tsputtering

(min)
஼௅
ௌ௜

௏஻ெ
ௌ௜

஼௅
ு௙

௏஻ெ
ு௙ ஼௅(௜)

ௌ௜

஼௅(௜)
ு௙

஼௅(௜)
ௌ௜ைଶ

஼௅(௜)
ு௙

஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ு௙

HA1 (Al2O3/HfAlO) 2.7 14.6969 56.98

HA1 (Al2O3/HfAlO/SiO2/Si) 4.8 98.733 14.7139 80.2191 84.497 56.91

NA1 (Al2O3/HfO2) 2.7 14.7579 56.958

NA1 (Al2O3/HfO2/SiO2/Si) 4.5 98.701 14.7489 80.2021 84.533 56.899

NB1 (Al2O3/HfO2 int. 1) 1.8 14.7599 57.028

NB1 (Al2O3/HfO2 int. 2) 2.1 14.7459 57.016

NB1 (Al2O3/HfO2 int. 3) 3 14.7469 57.013

NB1 (Al2O3/HfO2/SiO2/Si) 5.1 98.648 14.7629 80.3351 84.538 56.867
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Table 3.6 The binding energy (BE) of Si 2p, Hf 4f, and Al 2p in sample HA2, NA2, and

NB2.

Sample

tsputtering

(min)

Si 2p of

SiO2

Si 2p of Si Hf 4f
Al 2p of

Al2O3

BE (eV) BE (eV)
VBM

(eV)
BE (eV)

VBM

(eV)
BE (eV)

HA2 (Al2O3/HfAlO) 2.7 17.5689 2.85 74.5559

HA2 (Al2O3/HfAlO/SiO2/Si) 4.5 103.20 98.973 0.2 18.7029 4 75.6319

NA2 (HfO2/HfAlO) 2.1 17.5199 2.8 74.5669

NA2 (HfAlO/HfO2) 2.7 17.8939 3.15 74.9049

NA2 (HfAlO/HfO2/SiO2/Si) 4.2 103.163 98.956 0.2 18.7409 4.0 75.6719

NB2 (HfO2/HfAlO) 2.1 17.4679 2.75 74.5379

NB2 (HfAlO/HfO2) 3 17.9479 3.2 74.9269

NB2 (HfAlO/HfO2/SiO2/Si) 4.2 103.214 98.904 0.2 18.7859 4.05 75.7221

Table 3.7 The energy distance between core level (CL) and valence band maximum

(VBM) and between different CL at interface in sample HA2 NA2, and NB2.

Sample
tsputtering

(min)

஼௅
ௌ௜

௏஻ெ
ௌ௜

஼௅
ு௙

௏஻ெ
ு௙

஼௅(௜)
ௌ௜

஼௅(௜)
ு௙

஼௅(௜)
ௌ௜ைଶ

஼௅(௜)
ு௙

஼௅(௜)
஺௟ଶைଷ

஼௅(௜)
ு௙

HA2 (Al2O3/HfAlO) 2.7 14.7189 56.987

HA2 (Al2O3/HfAlO/SiO2/Si) 4.5 98.773 14.7029 80.2701 84.496 56.929

NA2 (HfO2/HfAlO) 2.1 14.7199 57.047

NA2 (HfAlO/HfO2) 2.7 14.7439 57.011

NA2 (HfAlO/HfO2/SiO2/Si) 4.2 98.756 14.7409 80.2151 84.422 56.931

NB2 (HfO2/HfAlO) 2.1 14.7179 57.07

NB2 (HfAlO/HfO2) 3 14.7479 56.979

NB2 (HfAlO/HfO2/SiO2/Si) 4.2 98.704 14.7359 80.1181 84.428 56.9362
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The VBO of HfO2 with respect to Al2O3 layer is obtained by applying Kraut’s method

with ஼௅
஺௟ଶைଷ

௏஻ெ
஺௟ଶைଷ is ~71.58  0.02 eV, ஼௅(௜)

஺௟ଶைଷ
஼௅(௜)
ு௙ைଶ is ~56.99  0.03 eV and ஼௅

ு௙ைଶ

௏஻ெ
ு௙ைଶ is ~14.75  0.02 eV. It is measured to be 0.15  0.03 eV, which means the VBO of

HfO2 with respect to Si substrate is 2.75 eV. By considering the band gap of as-deposited and

annealed HfO2 which are 5.8 eV and 5.9 eV, respectively, the CBO of HfO2 with respect to Si

substrate are 1.95 eV and 2.05 eV, respectively. The band gap, valence band offset, and

conduction band offset of each layer are summarized in Table 3.8 and Table 3.9. The band

alignments of each structure in flatband condition are shown in Figure 3.5 – Figure 3.8.

Table 3.8 The Energy Band Parameters of Materials in the as-deposited MAHOS

Capacitor Structures.

Offset Sample VBO CBO

SiO2/Si S1 4.5 eV 3.3 eV

Al2O3/Si A1 2.9 eV 2.7 eV

HfAlO/Si HA1 2.8 eV 2.0 eV

HfO2/Si NA1 2.75 eV 1.95 eV

HfO2/Si NB1 2.75 eV 1.95 eV

Table 3.9 The Energy Band Parameters of Materials in the annealed MAHOS Capacitor

Structures.

Offset Sample VBO CBO

Al2O3/Si A2 2.9 eV 2.9 eV

HfAlO/Si HA2 2.8 eV 2.1 eV

HfO2/Si NA2 2.75 eV 2.05 eV

HfO2/Si NB2 2.75 eV 2.05 eV
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Figure 3.5 The band diagram of as-deposited (solid line) and annealed (dashed line)

Al/Al2O3/SiO2/p-type Si structure under the flat-band condition.

Figure 3.6 The band diagram of as-deposited (solid line) and annealed (dashed line)

Al/Al2O3/HfAlO/SiO2/p-type Si structure under the flat-band condition.
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Figure 3.7 The band diagram of as-deposited (solid line) and annealed (dashed line)

Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si structure under the flat-band condition.

Figure 3.8 The band diagram of as-deposited (solid line) and annealed (dashed line)

Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si structure under the flat-band condition.
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3.4.3 Band Alignment of High- Oxide in Contact with High- Oxide in

Thermodynamic Equilibrium

The band alignment of high- oxide in contact with high- oxide is constructed using

the concepts of interfacial or surface gap states and charge neutrality level (CNL). The CNL

plays a role which is similar to the Fermi level. The band alignment of Al2O3/HfO2 stack will

be described as an example. The Fermi levels of Al2O3/HfO2 stack are consistent in

thermodynamic equilibrium. The alignment of Fermi levels in the structure is built by charge

transfer among the surface gap states on the surface of Al2O3, the interfacial gap states at

Al2O3/HfO2, and the surface gap states on the surface of HfO2.

The CNL of Al2O3 with energy gap of 8.8 eV and HfO2 with energy gap of 6.0 eV is

reported to be 5.5 eV and 3.7 eV above the valence band edge, respectively[26]. By

considering the electron affinity of Al2O3 and HfO2 which is 1 eV and 2.5 eV[26], respectively,

the CNL of Al2O3 and HfO2 is 4.3 eV and 4.8 eV measured from the vacuum level,

respectively. Figure 3.14 shows the schematic energy band structure of HfO2 and Al2O3 with

finite thickness before contact to each other and it is assumed that in this case the CNL of

HfO2 is also lower than the CNL of Al2O3. Based on measurement results by REELS, the

band gap of Al2O3 and HfO2 is set to be 6.7 eV and 5.8 eV, respectively. For finite-HfO2 on

finite-Al2O3, gap state exists at the Al2O3/HfO2 interface. The density of gap states lying in

the band gap of HfO2 and Al2O3 cannot be negligible. The contact of finite-HfO2 on

finite-Al2O3 follows same fundamental principle as semiconductor/semiconductor contact.

When Al2O3 is in contact with HfO2, electron will transfer from Al2O3 to HfO2 in order to

balance the Fermi levels of HfO2 and Al2O3 stack since the CNL of HfO2 is lower than that of

Al2O3. There are positive charges on the Al2O3 side, while equal negative charges on the

HfO2 side. An electrical dipole is induced between HfO2 and Al2O3 stacks. As a consequence,

the energy bands of Al2O3 stack bend upward as shown in Figure 3.9.
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Figure 3.9 The schematic band diagram of a separated HfO2 and Al2O3, the effect of charge

transfer between HfO2 and Al2O3, and Al2O3/HfO2 structure in thermodynamic equilibrium.

The NB1 sample with the structure of Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si

substrate was sputtered for 1.8, 2.1, and 3.0 minutes and the peak of Al 2p of Al2O3 and Hf 4f

HfO2 were obtained at three different depth levels. As summarized in Table 3.5, the Al 2p of

Al2O3 shifted to lower binding energy and suggested that the band of Al2O3/HfO2 bends

upward at the depth level which is close to Al2O3 blocking layer.

3.4.4 Band Alignment of High- Oxide in Contact with SiO2/p-type Si Structures in

Thermodynamic Equilibrium

It is suggested that there is a minimum thickness of SiO2, so the the dipole formation

at high- oxide/SiO2 interface in high- oxide/SiO2/p-type Si structure will not be affected by

Si substrate. The minimum thickness of SiO2 observed at high- oxide/SiO2/p-type Si was

about 5 nm[29]. When the thickness of SiO2 is more than 5 nm, internal electric field is

generated at high- oxide/SiO2 interface in high- oxide/SiO2/p-type Si structure. In case of

HfO2/SiO2 interface, by considering the CNL of HfO2 which is 4.8 eV from vacuum level, the
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Figure 3.10 The band alignment of Al2O3/HfO2/SiO2/p-type Si structure in thermodynamic

equilibrium.

CNL of HfO2 will be higher than the Fermi level of SiO2/p-type Si structures. Therefore, there

will be positive charges on HfO2 side and negative charges on SiO2 side. Electrical dipole is

induced between HfO2 and SiO2 and the energy band of HfO2/SiO2 bends downward. This

band bending is indicated by the energy difference of Si 2p of SiO2 and Si 2p of Si which is

higher than the energy difference of Si 2p of SiO2 and Si 2p of Si in SiO2/Si structure.

In high- oxide/SiO2/Si structure with thickness of SiO2 lower than 5 nm, as in this

work, the energy difference of Si 2p of SiO2 and Si 2p of Si in high- oxide/SiO2/p-type Si

structure is lower than that of in SiO2/p-type Si structure which is reported to be about 4.3 eV

for all MAHOS structures, while the energy difference of Si 2p of SiO2 and Si 2p of Si in

SiO2/p-type Si structure is reported to be 4.5 eV. This result suggests that the dipole formed at

high- oxide/SiO2 is affected by p-type Si substrate. In this case, the alignment of Fermi

levels are built by charge transfer among the surface gap states on the surface of high- oxide,

the interfacial gap states at high- oxide/SiO2 and SiO2/Si interfaces, and the space charges of

p-type Si SiO2

Ec

Ev

Ef

HfO2 Al2O3
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Si substrate. As summarized in Table 3.5 for as-deposited MAHOS structures and Table 3.7

for annealed MAHOS structures, all results suggest that the energy band of high- oxide

/SiO2 bends upward which means there are positive charges in SiO2/p-type Si stack. Figure

3.10 shows the band alignment of Al2O3/HfO2/SiO2/p-type Si structure in thermodynamic

equilibrium by taking the result for sample NB1 as an example.

3.5 Summary

In this chapter, the energy band parameters, including bandgap, valence band offset

(VBO), and conduction band offset (CBO) of materials in as-deposited and annealed

MAHOS structures with Al2O3, HfAlO, [HfO2/Al2O3]4/HfO2 nanolaminates, and

[HfO2/Al2O3]2/HfO2 nanolaminates as as charge trapping layer has been investigated by

reflection electron energy-loss spectroscopy (REELS) and x-ray photoelectron spectroscopy

(XPS). The band alignment in flatband condition was constructed. The band alignment of

high- oxide in contact with high- oxide and high- oxide in contact with SiO2/p-type Si

substrate were evaluated by considering the concepts of interfacial or surface gap states and

charge neutrality level (CNL).

From all results discussed in this chapter, we can summarize some important points:

1. The bandgap measurement by REELS in this work is valid and provides fast and accurate

results as indicated by bandgap measurement of SiO2 in 40 nm SiO2/p-type Si and 3 nm

SiO2/p-type Si with the bandgap value of about 8.9 eV. The bandgap of material depend

on its phase and structure, e.g. the band gap of Al2O3 is 6.7 eV for amorphous and 6.9 eV

for crystalline which is different from the bulk one which is 8.8 eV. The bandgap of

HfAlO is found to be slightly higher than that of HfO2.

2. It is confirmed that the energy distance between core level (CL) and valence band

maximum (VBM) is constant for a material. The valence band offset (VBO) can be
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determined by measuring the VBM difference of two materials since it is found that at

flatband condition the CL and VBM position are the same for SiO2 and p-type Si at bulk

and interface.

3. The distance between Al 2p and Hf 4f is constant at Al2O3/HfO2 and HfAlO/HfO2

interfaces even though its CL position shifts as a function of depth level. The CL position

shifts of Al 2p and Hf 4f is due to dipole formation at Al2O3/HfO2 and HfAlO/HfO2

interfaces.

4. The band alignment in high- oxide in contact with SiO2/p-type Si structure

thermodynamical equilibrium is affected by Si substrate. The alignment of Fermi levels

are built by charge transfer among the surface gap states on the surface of high- oxide,

the interfacial gap states at high- oxide/SiO2 and SiO2/Si interfaces, and the space

charges of Si substrate.
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Figures of Results

Figure R3.1 The low-loss region of REELS spectra of SiO2 (t = 3 nm) grown on p-type Si

and SiO2 (t = 3 nm) grown on p-type Si.
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Figure R3.2 The low-loss region of REELS spectra of Al2O3 from as-deposited and

annealed Al2O3/SiO2/p-type Si capacitor structure.
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Figure R3.3 The low-loss region of REELS spectra of Al2O3 and HfAlO from as-deposited

and annealed Al2O3/ HfAlO/SiO2/p-type Si capacitor structure.
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Figure R3.4 The low-loss region of REELS spectra of Al2O3 and HfO2 from as-deposited

Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure and Al2O3 and HfAlO from

annealed Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure.
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Figure R3.5 The low-loss region of REELS spectra of Al2O3 and HfO2 from as-deposited

Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure and Al2O3 and HfAlO from

annealed Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R3.6 The energy distance between Si 2p CL and VBM of Si of Si substrate, Si 2p CL

of SiO2 and Si 2p CL of Si at SiO2/Si interface, and Si 2p CL of VBM of Si O2 of SiO2 layer.
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Figure R3.7 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, at Al2O3/SiO2 interface 1, and at Al2O3/SiO2 interface 2 of sample A1.
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Figure R3.8 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, Hf 4f CL and VBM of HfAlO at HfAlO layer, and Hf 4f CL and VBM of HfAlO at

HfAlO/SiO2/Si interface of sample HA1.
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Figure R3.9 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, Hf 4f CL and VBM of HfO2 at Al2O3/HfO2 interface, and Hf 4f CL and VBM of HfO2

at Al2O3/HfO2/SiO2/Si interface of sample NA1.
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Figure R3.10 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, Hf 4f CL and VBM of HfO2 at Al2O3/ HfO2 interface 1, Hf 4f CL and VBM of HfO2 at

Al2O3/ HfO2 interface 2, Hf 4f CL and VBM of HfO2 at Al2O3/ HfO2 interface 3, and Hf 4f

CL and VBM of HfO2 at Al2O3/HfO2/SiO2/Si interface of sample NB1.
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Figure R3.11 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, Hf 4f CL and VBM of HfAlO at Al2O3/ HfAlO interface, and Hf 4f CL and VBM of

HfAlO at Al2O3/ HfAlO/SiO2/Si interface of sample HA2.
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Figure R3.12 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, Hf 4f CL and VBM of HfAlO at Al2O3/ HfAlO interface, Hf 4f CL and VBM of HfO2

at Al2O3/HfO2 interface, and Hf 4f CL and VBM of HfO2 at Al2O3/HfO2/SiO2/Si interface of

sample NA2.
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Figure R3.13 The energy distance between Al 2p CL and VBM of Al2O3 in Al2O3 blocking

layer, Hf 4f CL and VBM of HfAlO at Al2O3/ HfAlO interface, Hf 4f CL and VBM of HfO2

at Al2O3/HfO2 interface, and Hf 4f CL and VBM of HfO2 at Al2O3/HfO2/SiO2/Si interface of

sample NB2.

121416182022

In
te

n
s
it
y

(a
.u

)

0246810

121416182022

In
te

n
s
it
y

(a
.u

)

0246810

Binding energy (eV)

Hf 4f

VBM

HfAlO/HfO2/SiO2/Si interface

Hf 4f

VBM

HfAlO/HfO2 interface



4-1

Chapter 4

Charge Trapping in Capacitor Structures with as-deposited High-

Dielectric Materials as Charge Trapping Layers

In chapter 4, the charge trapping characteristics in as-deposited MAHOS capacitor structures

with heterostructure of Al2O3/HfO2 nanolaminates as charge trapping layers (CTL) are

observed by inductance – capacitance – resistance (LCR) meter and semiconductor analyzer

system. The mechanism of charge trapping is explained by considering the energy band

structures of MAHOS capacitors. Before discussing the charge trapping characteristics, the

properties of Boron-doped p-type Silicon are evaluated, including the dopant concentration,

electron concentration, and Fermi level with respect to the intrinsic Fermi level. The neutral

flatband voltage of samples is determined by applying the calculation CFB method. The

neutral flatband voltage shift which is influenced by the dipole formation in high-/SiO2

interface is also discussed.

4.1 Introduction

4.1.1 Background on Using Al2O3/HfO2 Nanolaminates as Charge Trapping Layer

As stated in chapter 1, one of the main purposes of this research work is to investigate

the charge trapping characteristics of the MAHOS structures, which consist of metal gate

electrode – Al2O3 – high- dielectric – SiO2 – p-type Si substrate, with Al2O3/HfO2

nanolaminates as CTL. Their charge trapping characteristics are compared with the MAHOS

structures with Al2O3 and the mixture of Al2O3 and HfO2 as charge trapping layers. By using

Al2O3/HfO2 nanolaminates as charge trapping layer, heterojunction formed between two

dissimilar semiconductors is created to get unique properties provided by the difference in

energy gap. HfO2 has deep trap level and has smaller conduction and valence band offset



4-2

with respect to Si substrate, so the charges can be trapped with lower programming voltage

and faster erase speed can be achieved.[1-3] However, HfO2 shows poor retention

characteristics with very large charge loss.[4] Al2O3 is used to modulate charge trapping

distribution. Since it has wider bandgap and band offset with respect to Si than those of HfO2,

it is hoped that the retention properties can be improved.[1]

From the results, it is observed whether the structure with Al2O3/HfO2 nanolaminates

as CTL can fulfil the requirements of the next generation of non-volatile memory devices,

which are low programming voltage, low leakage current, and good retention characteristics

for over 10 years. The charge trapping characteristics in the MAHOS structures is evaluated

by carrying out high frequency (1 MHz) C – V measurement. Their leakage current density is

observed by analyzing the current density when stress voltage is applied on the capacitor

structure.

4.1.2 Charge Injection Mechanism by Fowler – Nordheim Tunneling

In the framework of quantum mechanics, the solutions of the Schrodinger equation

represent a particle. The continuous nonzero nature of these solutions, even in classically

forbidden regions of negative energy, implies an ability to penetrate these forbidden regions

and a probability of tunneling from one classically allowed region to another[5]. The concept

of tunneling through a potential barrier applies well to MOS structures with thin oxide.

Figure 4.1 shows the energy-band diagram of a MOS structure with negative bias applied to

the metal electrode with respect to the p-doped silicon substrate. The probability of electron

tunneling depends on either the distribution of occupied states in the injecting material or the

shape, height, and width of the barrier. Using a free-electron gas model for the metal and the

Wentzel–Kramers–Brillouin (WKB) approximation for the tunneling probability, one obtains

the following expression for current density [6]:

୯య୊మ

ଵ଺஠మ୦మFా
୭୶
∗

భ

మF
୆

య

మ (4.1)
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Figure 4.1 Fowler – Nordheim tunneling through a potential barrier in a MOS

structure.

where F୆ is the barrier height, ୭୶
∗ is the effective mass of the electron in the forbidden

gap of the dielectric, h is the Planck’s constant, q is the electronic charge, and F is the electric

field through the oxide.
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a. Tunneling is a pure electrical mechanism.

b. The involved current level is quite low and thus allows the internal generation of supply

voltages needed for all operations.

c. It allows one to obtain the time to program (<1 ms) 12 orders of magnitude shorter than

retention time (>10 y), which is a fundamental request for all NVM technologies.

The exponential dependence of tunnel current on the oxide-electric field causes some

critical problems of process control because very small variation of oxide thickness among

the cells in a memory array produces a great difference in programming or erasing currents.

Bad quality oxides are rich of interface and bulk traps, and trap-assisted tunneling is made

possible since the equivalent barrier height seen by electrons is reduced and tunneling

requires a much lower oxide field than 10 MV/cm. The oxide defects must be avoided to

control program/erase characteristics and to have good reliability. Frequent program and

erase operations induce an increase of trapped charge in the oxide. This affects the barrier

height, which is lower in the case of positive and higher in the case of negative trapping,

respectively, thus increasing or decreasing the tunnel currents.

The classic theory is based on the assumption that electrons, as well as holes, at the

semiconductor surface can be treated as a three-dimensional gas of free particles with a

Boltzmann distribution of energy. But when the silicon surface is inverted or accumulated

(which are the usual conditions during tunnel injection in MOS devices), these particles are

confined into a narrow potential well, so the quantum-mechanics laws require their motion

perpendicular to the interface to be quantized. Thus, the correct treatment is a

two-dimensional quantum-mechanical gas. Briefly, the results of this treatment are as

follows.[7]

a. The barrier height is voltage dependent and is lower than the classical one.

b. The oxide field is lower than the classical one due to a much greater voltage drop in the
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silicon substrate.

It is possible to rewrite (1) in the simplest form

ଶ (4.2)

and to use A and B as functions of the electric field, which include quantum effects. This

approach is quite satisfactory in a lot of cases but leads to different values of and depending

on the injecting electrode and on device polarization.

4.2 Measurement Methods

4.2.1 High Frequency (1 MHz) Capacitance – Voltage (C – V) Characteristics

Measurement

The high frequency (1 MHz) capacitance – voltage (C – V) characteristics were

measured by LCR meter Agilent 4284 A. The small-signal, high frequency capacitance of the

specimen is measured as a function of a ramped voltage applied between the metal gate and

the silicon substrate. The surface carrier concentration, flatband capacitance, and flatband

voltage are calculated from the capacitance and voltage data.

Charge trapping characteristics is measured based on the flatband voltage shift which

is the difference between the flatband voltage after applying sweeping gate voltage and

neutral flatband voltage. Since electron trapping is expected in charge-trap memory, the C –

V measurement is carried out by applying the sweeping gate voltage from inversion to

accumulation in order to trap electrons for programming purpose, then applying the sweeping

gate voltage from accumulation to inversion in order to remove the electrons from charge

trapping layer for erasing purpose. To observe the electron trapping in charge trapping layer

as a function of gate voltage, the sweeping gate voltage from inversion or positive voltage,

with the voltage of 2 V – 15 V, to accumulation or negative voltage with the voltage of -2 V is

applied. Then, the sweeping gate voltage from accumulation or negative voltage, with the
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voltage of -2 V – -15 V, to inversion or positive voltage with the voltage of 3 V is applied.

The flatband voltage shifts are determined and are plotted as a function of the gate voltage.

4.2.2 Leakage Current Density Measurement

Current-voltage (I-V) measurements can indicate the conduction mechanism. A sweep

voltage with a fixed voltage step of 0.1 V and a step delay time is applied to the device under

investigation. Leakage current density as a function of stress voltage is measured by

HP4156C semiconductor analyzer system. For one sample, the leakage current density is

measured under positive sweep voltage from 0 – 35 V on several devices. The leakage current

density is also measured under negative sweep voltage from 0 – -35 V.

4.3 Determination of Dopant Concentration, Electron Concentration, and Fermi Level

of p-type Silicon Substrate

4.3.1 Dopant Concentration

The substrate dopant concentration ( ஽ ) can be obtained from the measurement of

differential capacitance as a function of gate bias. The dopant profile from a capacitance

measurement can only be obtained when the profile is closely related to the free carrier

charge concentration flowing in response to the ac gate voltage. Dopant concentration cannot

be obtained accurately in either accumulation or inversion. However, it can be obtained

accurately in depletion, where the free carrier concentration depends strongly on dopant

impurity concentration.

The ionized dopant concentration is obtained from the slope of a (1/C2) versus VG

curve, where C is the capacitance measured in depletion at gate bias VG. An expression for

the ionized dopant impurity concentration at the depletion layer edge is derived by assuming

that the interface traps have a negligible influence.[8]

The doping concentration is calculated as follows,
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஽
ଶ

௤ఌೞ஺
మ൬

∆భ/಴మ

∆ೇಸ
൰

(4.3)

where ஽ is substrate dopant concentration, is electron charge (1.60219  10-19 C), is

gate area (cm2), ௦ is permittivity of the substrate material (F/cm), ீ is gate voltage (V),

and is measured capacitance (F).

The substrate dopant concentration ( ஽ ) is related to the reciprocal of the slope of the

1/C2 vs. VG curve. A positive slope will give a negative ஽ for acceptors, whereas a negative

slope gives a positive ஽ for donors.

Figure 4.2 shows the C – V characteristics of as-deposited Al/Al2O3/HfAlO/SiO2/

p-type Si structure under the sweep voltage from 2 V to -2 V. From this measurement, the

1/C2 as a function of VG is obtained and the slope
∆ଵ/஼మ

∆௏ಸ
is observed to be 0.159512

pF-2
.V

-1, as shown in Figure 4.3. By using equation (4.3), the dopant concentration is

calculated to be 7.6672  1014 cm-3. By using the Standard Practice for Conversion Between

Resistivity and Dopant Density for Boron-Doped[9], it is found that the Si-substrate with the

Figure 4.2. Measured C – V characteristics for as-deposited Al/Al2O3/HfAlO/SiO2/p-type Si structure.
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dopant concentration of 7.6672  1014 cm-3 has the resistivity of 17.7 .cm. The dopant

concentration calculation is also done on Al/Al2O3/HfAlO/SiO2/ p-type Si and

Al/Al2O3/[Al2O3/HfO2]4/HfO2/SiO2/ p-type Si structures. The dopant concentrations and

resistivities are shown in Table 4.1. These results are valid because the Si subtrate that we use

is Boron-doped p-type Si substrate with the resistivity between 15 – 25 .cm.

Table 4.1 The dopant concentrations and resistivities measured on several devices

Sample ∆ଵ/஼మ

∆௏ಸ
(pF-2

.V
-1) ஽ (cm-3) R (.cm)

A1 0.158153 7.733051  1014 17.2

A1 0.15788 7.746472  1014 17.2

HA1 0.15951 7.667167  1014 17.2

HA1 0.16831 7.266471  1014 18.1

NA1 0.15497 7.891985  1014 16.8

NA1 0.165263 7.400357  1014 17.9

Figure 4.3. Linear parts of measured 1/C2(VG) characteristics for as-deposited

Al/Al2O3/HfAlO/SiO2/p-type Si structure.
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4.3.2 Carrier Concentrations and the Fermi Level at Equilibrium

The Si substrate is doped with Boron which is an acceptor or a p-type material.

Therefore the equilibrium hole concentration ( ଴) equals the dopant concentration ( ஽ )

which is 7.64  1014 cm-3. To find the equilibrium electron concentration, the Law of Mass

Action can be used, which is

଴
௡೔
మ

௣బ
(4.4)

It is known that the Silicon intrinsic carrier concentration ( ௜) is 1.08  1010 cm-3.[10,

11] It is found that the electron concentration is 1.5267  105 cm-3. To find the Fermi level

with respect to the intrinsic Fermi level, the expression that links the hole concentration to the

intrinsic Fermi level ( ௜) and the intrinsic carrier concentration ( ௜).

଴ ௜
ா೔ି ாಷ

௞்
(4.5)

௜ ி
௣బ

௡೔

ி ௜

It is found that the Fermi level of p-type Si substrate with the dopant concentration of

7.64  1014 cm-3 is 0.289 eV below the intrinsic Fermi level or 0.261 above the valence band

edge of silicon substrate.

4.4 Neutral Flatband Voltage Determination

4.4.1 Flatband Voltage Calculation

Two materials share the same free electron level at the interface when they are

brought into contact because at the interface of two materials, an electron that is free from the

crystal field of one material is also free from the crystal field of the other material. Metal such

as aluminum has smaller work function than that of silicon, so the flatband condition is

reached by applying a negative gate voltage, called the flatband voltage, with respect to the
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1010 cm-2 with the contribution to the ௙௕ is less than 50 mV for thin gate oxides below 20

nm. Therefore, the flatband voltage is mainly determined by the work function difference

f
௠ ௦

.

The VFB voltage has a great practical importance, so it is necessary to determine its

value accurately. The methods of the flat-band voltage VFB determination can be divided into

three groups, including computational and graphical both based on C(VG) characteristic

measurement of MOS structure and photoelectric method, in which the light is a medium.

In our works, flatband voltage is calculated by applying “calculation CFB method”. In

this method the experimental C(VG) characteristic measured on MOS structure and the value

of the CFB capacitance obtained by appropriate calculations is needed. The CFB value is

defined as [12]:

ி஻
஼ೀ೉ .஼ೞಷಳ

஼ೀ೉ା஼ೞಷಳ
(4.7)

where, ௦ி஻is semiconductor surface capacitance [F/cm2].

The ௦ி஻ value is calculated as follows

௦ி஻
eೞ.eబ

௅ವ
(4.8)

where e௦is electric permittivity of the semiconductor, e଴is electric permittivity of the

vacuum [F/cm], and ஽ is Debye’s length [cm].

The LD value can be expressed:

஽
௞்eೞeబ

௤మேವ
(4.9)

where k is Boltzmann’s constant [J/K], T is temperature [K], q is electron charge [C], and ஽

is doping concentration [1/cm3].

Finally, having measured C(VG) characteristic and having calculated CFB value (using

the same parameters of the structure) the VFB value is given by the corresponding value of the

gate voltage VG for CFB capacitance. Figure 4.5 shows a schematic illustration of this method.
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also shown in the table. It is found that in as-deposited MAHOS structures, the distance

between the binding energy of Al 2p3/2 and the ௡௙௕ is similar for all structures which is

74.45 ± 0.04 eV. This result shows that the ௡௙௕ is influenced by the structure and dipole

formation at the interface between layers.

All MAHOS structures use Al2O3 as blocking oxide with the thickness of 10 nm,

except sample A1 which use Al2O3 as charge trapping layer with the thickness of 15 nm. The

layer of Al2O3 in as-deposited samples has amorphous structure. Therefore, the binding

energy of Al 2p3/2 relative to the Fermi edge of the Al2O3 has to be similar. However, since

the work function of semiconductor or oxide cannot be determined from a photoemission

spectrum of semiconductor alone, what can be obtained from the initial spectrum is some

highest kinetic energy corresponding to the VBM and a lowest kinetic energy which is

zero.[13] The measured binding energy of core level shifts because the Fermi level pinning and

band bending which is due to dipole formation at the interface between two high- dielectric

layers and the interface between high- dielectric layer and SiO2/Si occurs. This result is

indicated by similar magnitude of shift in the binding energy of Al 2p3/2 of Al2O3 blocking

oxide and ௡௙௕ with similar difference between the binding energy of Al 2p3/2 and the

௡௙௕ for all as-deposited MAHOS structures with the accuracy of 0.04 eV. Therefore, the

neutral flatband voltage of as-deposited MAHOS structures given can be written as follow

௙௕ f
௠

f
௦ ௗ௜௣௢௟௘ f

௠ ௦ ௗ௜௣௢௟௘ (4.10)

4.5 Charge Trapping in As-deposited MAHOS Capacitor Structures

The high frequency (1 MHz) C – V characteristics of as-deposited Al/Al2O3/SiO2/

p-type Si capacitor structure (sample A1) under sweep gate voltage from inversion to

accumulation and under sweep gate voltage from accumulation to inversion are shown in

Figure R4.1 and Figure R4.2, respectively. Its flatband voltage as a function of sweep gate
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voltage is shown in Figure R4.3. Small flatband voltage shift (VFB) of 0.18 V is observed

after applying the gate voltage (VG) of 6 V. The flatband shift increase as the gate voltage

increase with the VFB of 0.36 V after applying the VG of 14 V. After applying the gate

voltage of -12 V, the VFB slightly decreases to 0.3 V from the initial VFB of 0.36 V. The

VFB decreases significantly after applying the gate voltage of -13, -14, and -15 V. The VFB

becomes -0.87 V after applying the VG of -15 V.

Figure R4.4, Figure R4.7, and Figure R4.10 shows the high frequency (1 MHz) C – V

characteristics of as-deposited Al2O3/HfAlO/SiO2/p-type Si structure (sample HA1), Al/

Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si structure (sample NA1), and Al/Al2O3/[HfO2/

Al2O3]2/HfO2/SiO2/p-type Si structure (sample NB1) under sweep gate voltage from

inversion to accumulation, respectively, while Figure R4.5, Figure R4.8, and Figure R4.11

are under sweep gate voltage from accumulation to inversion, respectively. The flatband

voltage as a function of sweep gate voltage is shown in Figure R4.6, Figure R4.9, and Figure

R4.12. The VFB of sample HA1, NA1, and NB1 starts to shift to positive value after applying

the VG of 7 V, 6 V, and 5 V with the VFB of 0.29 V, 0.63 V, and 0.42 V, respectively. The VFB

of the samples increases significantly up to the VG of 10 V. The VFB of sample HA1, NA1,

and NB1 after applying the VG of 15 V are 2.1 V, 2.63 V, and 2.82 V, respectively. Under

sweep gate voltage from accumulation to inversion, VFB decreases with small VFB from the

initial VFB of 2.1 V to 0.86 V, 2.63 V to 1.08 V, and 2.82 V to 0.88 V for sample HA1, NA1,

and NB1, respectively, under the VG of -11 V. By increasing the negative VG, the positive

VFB is reduced significantly and the VFB becomes negative.

Flatband voltage as a function of gate voltage of sample A1, HA1, NA1, and NB1

under sweeping voltage from inversion to accumulation is shown in Figure R4.13 to compare

the value of VFB in each sample. It is observed that the VFB of sample A1 < VFB of

sample HA1 < VFB of sample NA1 < VFB of sample NB1. These results show that the
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MAHOS structures with Al2O3/HfO2 nanolaminates as CTL trap more electrons than the

structures with Al2O3 and HfAlO single layer as CTL. Compared to the structure with Al2O3

as CTL, the structure with HfAlO as CTL traps more electrons since it is a mixture with HfO2.

The MAHOS structure with [Al2O3 (2 nm)/HfO2 (2 nm)]2/ HfO2 (2 nm) as CTL traps more

electrons than the structure with [Al2O3 (1 nm)/HfO2 (1 nm)]2/ HfO2 (1 nm) since thicker

HfO2 in nanolaminate provides more sites to trap electrons. On the other hand, Al2O3 layer in

nanolaminate prevents charge injection to the next HfO2 layer since it has higher conduction

band offset with respect to silicon substrate. The electron trapping into the CTL in the

MAHOS structures which occurs under the VG of about 5 V shows that the injection

mechanism of electron is due to Fowler – Nordheim (F – N) tunneling. By this mechanism,

electrons from Si substrate tunnel through triangular barrier of SiO2. The F – N tunneling can

be identified by measuring leakage current density as a function of sweep voltage which is

discussed in the next sub chapter.

Flatband voltage as a function of gate voltage of sample A1, HA1, NA1, and NB1

under sweeping voltage from accumulation to inversion is shown in Figure R4.14. In all

MAHOS structures, under the VG of -3 V to about -11 V, the VFB decreases slightly which

indicates detrapping of electrons from CTL to silicon substrate. Under the VG of ≥ -12 V, 

VFB reduces significantly which indicates the injection of holes into the CTL in the MAHOS

structures. Under more negative VG, VFB becomes negative which means more holes are

injected into CTL. These results show that the mechanism of erasing involves two charge

transport which are electron detrapping and hole injection by F – N tunneling through tunnel

oxide. Holes can be captured in the trap sites of CTL under high negative VG since the

valence band offset (VBO) of SiO2 is higher than the conduction band offset (CBO) of SiO2

with respect to Si substrate. Therefore, higher electric field is necessary so that holes can

tunnel through triangular barrier by F – N tunneling. In case of hole trapping into CTL of
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MAHOS structures, it is observed that the VG of -15 V, the -VFB of sample A1 < -VFB of

sample HA1 < -VFB of sample NA1 < -VFB of sample NB1 which show that the MAHOS

structures with Al2O3/HfO2 nanolaminates as CTL trap more holes than the structures with

Al2O3 and HfAlO single layer as CTL.

4.6 Leakage Current Measurement in As-deposited MAHOS Capacitor Structures

The mechanism of charge transport in the MAHOS capacitor structure when the gate

bias is applied can be identified by carrying out the leakage current measurement. Figure

R4.15 – R4.18 shows the leakage current density as a function of sweep voltage of the sample

A1, HA1, NA1, and NB1 respectively. For each sample, the measurement is conducted by

measuring the leakage current density under the positive sweep voltage from 0 V – 35 V on

one device and measuring the leakage current density under the negative gate voltage from 0

V – -35 V on different device.

The behavior of the current – voltage characteristics has two regions for dielectric

materials. The current is due to thermally generated carriers in the low field region where

electric field, E < 105 V/cm. When a large electric field is applied across an oxide layer, a

significant electron or hole tunneling can take place. In order to analyze the conduction

mechanism of MAHOS structures in the higher field region, the experimental J-E curves

were fitted by Fowler – Nordheim tunneling models. ln(J/E2) is plotted as a function of 1/E,

which is known as a Fowler-Nordheim plot. E is the oxide electrical field and is given by,[14]

ಸ
൫f೘ షcೞ൯

೜
yೞ

೚ೣ
(4.11)

The plot of lnJ/Eox
2 vs 1/Eox of sample A1, HA1, NA1, and NB1 under the positive

sweep voltage and the negative sweep voltage are shown in the Figure R4.19 – R.22,
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respectively. The linear region shows the FN tunneling. Linear fitting prove the FN tunneling

is the main charge transport mechanism under certain electric field. Electron injection from

the gate electrode into the charge trapping layer in the MAHOS structures with high-

dielectric materials as CTL is schematically indicated in Figure R4.23 – R4.26.

4.7 Summary

In this chapter, the charge trapping characteristics in as-deposited MAHOS capacitor

structures with heterostructure of Al2O3/HfO2 nanolaminates as charge trapping layers (CTL)

has been investigated by inductance – capacitance – resistance (LCR) meter. The mechanism

of charge trapping has been explained by considering the leakage current density as a

function of sweep voltage measured by semiconductor analyzer system and considering the

energy band structures of MAHOS capacitors.

Some important points are summarized below from all results discussed in this

chapter,

1. The neutral flatband voltage in the as-deposited MAHOS structures is not only depends

on the work function difference between metal and semiconductor, but also is affected by

the dipole formation at the interface between high- materials and between high-

dielectric with SiO2/Si stack. The influence of dipole formation is indicated by the

similar shift in the binding energy of Al 2p3/2 and neutral flatband voltage.

2. As-deposited MAHOS capacitor structures with heterostructure of Al2O3/HfO2

nanolaminates as CTL trap more electron than the structures with Al2O3 and HfAlO as

CTL.

3. The main charge transport mechanism for charge trapping is Fowler – Nordheim (F – N)

tunneling mechanisms as indicated by leakage current density measurement and linear

fitting with F – N tunneling equation.
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Figure R4.1 High frequency (1 MHz) C – V characteristics of as-deposited Al/Al2O3/SiO2/

p-type Si capacitor structure under sweep gate voltage from inversion to accumulation.
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Figure R4.2 High frequency (1 MHz) C – V characteristics of as-deposited Al/Al2O3/SiO2/

p-type Si capacitor structure under sweep gate voltage from accumulation to inversion.
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Figure R4.3 Flatband voltage as a function of sweep gate voltage of as-deposited

Al/Al2O3/SiO2/ p-type Si capacitor structure.
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Figure R4.4 High frequency C – V characteristics of as-deposited

Al2O3/HfAlO/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.
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Figure R4.5 High frequency C – V characteristics of as-deposited

Al2O3/HfAlO/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.
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Figure R4.6 Flatband voltage as a function of sweep gate voltage of as-deposited

Al2O3/HfAlO/SiO2/p-type Si capacitor structure.
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Figure R4.7 High frequency C – V characteristics of as-deposited Al/Al2O3/[HfO2/

Al2O3]4/HfO2/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.

0

5

10

15

20

25

-2 0 2 4 6 8 10

C
a

p
a

c
it
a

n
c
e

(p
F

)

Voltage (V)

Figure R4.8 High frequency C – V characteristics of as-deposited Al/Al2O3/[HfO2/

Al2O3]4/HfO2/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.
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Figure R4.9 Flatband voltage as a function of sweep gate voltage of as-deposited

Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure.
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Figure R4.10 High frequency C – V characteristics of as-deposited Al/Al2O3/[HfO2/

Al2O3]2/HfO2/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.
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Figure R4.11 High frequency C – V characteristics of as-deposited Al/Al2O3/[HfO2/

Al2O3]2/HfO2/SiO2/p-type Si under sweep gate voltage from accumulation to inversion.
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Figure R4.12 Flatband voltage as a function of sweep gate voltage of as-deposited

Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R4.13 Flatband voltage as a function of sweep gate voltage of sample A1, HA1,

NA1, and NB1 under sweeping voltage from inversion to accumulation.
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Figure R4.14 Flatband voltage as a function of sweep gate voltage of sample A1, HA1,

NA1, and NB1 under sweeping voltage from accumulation to inversion.
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Figure R4.15 Leakage current density as a function of sweep voltage of as-deposited

Al/Al2O3/SiO2/p-type Si capacitor structure.
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Figure R4.16 Leakage current density as a function of sweep voltage of as-deposited

Al2O3/HfAlO/SiO2/p-type Si capacitor structure.
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Figure R4.17 Leakage current density as a function of sweep voltage of as-deposited

Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure.
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Figure R4.18 Leakage current density as a function of sweep voltage of as-deposited

Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R4.19 lnJ/Eox
2 vs 1/Eox of as-deposited Al/Al2O3/SiO2/p-type Si capacitor structure

under the positive sweep voltage (top) and the negative sweep voltage (bottom). The linear

region shows the FN tunneling.
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Figure R4.20 lnJ/Eox
2 vs 1/Eox of as-deposited Al/Al2O3/HfAlO/SiO2/p-type Si capacitor

structure under the positive sweep voltage (top) and the negative sweep voltage (bottom).

The linear region shows the FN tunneling.
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Figure R4.21 lnJ/Eox
2 vs 1/Eox of as-deposited Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2 /p-type

Si capacitor structure under the positive sweep voltage (top) and the negative sweep

voltage (bottom). The linear region shows the FN tunneling.
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Figure R4.22 ln J/Eox
2 vs 1/Eox of as-deposited Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2 /p-type

Si capacitor structure under the positive sweep voltage (top) and the negative sweep

voltage (bottom). The linear region shows the FN tunneling.
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Figure R4.23 The band diagram of as-deposited Al/Al2O3/SiO2/p-type Si capacitor structure

under the positive VG of 6 V.
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Figure R4.24 The band diagram of as-deposited Al/Al2O3/HfAlO/SiO2/p-type Si capacitor

structure under the positive VG of 6 V.
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Figure R4.25 The band diagram of as-deposited Al/Al2O3/[ Al2O3/HfO2]4/HfO2/SiO2/p-type

Si capacitor structure under the positive VG of 6 V.
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Figure R4.26 The band diagram of as-deposited Al/Al2O3/[ Al2O3/HfO2]2/HfO2/SiO2/p-type

Si capacitor structure under the positive VG of 6 V.
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Chapter 5

Charge Trapping in Capacitor Structures with Annealed High- Dielectric

Materials as Charge Trapping Layers

The amorphous high- dielectric materials which are used as charge trapping layer (CTL)

and blocking oxide (BO) in the MAHOS capacitor structures turn into crystalline phase after

rapid thermal annealing (RTA). In this chapter, the charge trapping characteristics in

annealed MAHOS structures are observed by LCR meter. Their leakage current densities are

measured by semiconductor analyzer system. The mechanism of charge trapping is explained

by considering the energy band structures of MAHOS capacitors which is studied previously.

The neutral flatband voltage of samples is determined and its shift is also discussed.

5.1 Introduction

Device fabrication conditions, such as deposition methods, precursor for deposition,

and annealing condition influence the atomic and electronic structures of the gate stack.[1]

After annealing at high temperature, amorphous high- dielectric materials in memory

structures will transform into crystalline phase which contains and generates defects,

including step edges and dislocations. These defects induce discrete electronic states in the

band gap that can be filled with electrons. The dimensionality and position of the defects

affect their trapping capacity.[2] Line defects and grain boundaries are the dominant trapping

centers in real oxide. On the other hand, point defects play only a minor role as electron traps

due to their small abundance and low storage capacity. The large potential of extended

defects to trap electrons has been demonstrated in a recent theoretical work by Shluger et

al.[3] The study on energy spatial distribution of electron traps throughout the stack of

SiO2/high- dielectric revealed that the postdeposition annealing in N2 has different impacts
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on the electron traps in different energy regions.[4]

For the application of non-volatile memory, the structure is patterned and source and

drain are implanted on silicon substrate. Source and drain have to be activated at high

temperature of about 1000oC. Therefore, understanding the charge trapping characteristics of

annealed MAHOS structures is important.

5.2 Measurement Methods

Similar with the measurement methods in the previous chapter, the charge trapping

characteristics is observed from the flatband voltage shift measured by carrying out the high

frequency (1 MHz) capacitance – voltage (C – V) measurement using LCR meter, Agilent

4284 A. The surface carrier concentration which is calculated in the previous chapter is used

to measure the flatband capacitance since the same p-type Si substrate is used. To analyze

charge trapping characteristics, the sweeping gate voltage from inversion, with the voltage of

2 V – 15 V, to accumulation, with the voltage of -2 V, is applied in order to trap electrons for

programming purpose. Then, the sweeping gate voltage from accumulation, with the voltage

of -2 V – -15 V, to inversion, with the voltage of 3 V, is applied in order to remove the

electrons from charge trapping layer and inject holes from silicon substrate into CTL for

erasing purpose. The flatband voltage shifts are determined and are plotted as a function of

the positive and negative gate voltage.

To understand charge transport mechanism in annealed MAHOS structures,

current-voltage (I-V) measurements were carried out. Leakage current density as a function

of sweep voltage is observed by HP4156C semiconductor analyzer system by applying a

sweep voltage with a fixed voltage step of 0.1 V and a step delay time to the device. The

leakage current density under positive sweep voltage from 0 – 35 V and under negative stress

voltage from 0 – -35 V is investigated.
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5.3 Neutral Flatband Voltage in Annealed MAHOS Capacitor Structures

Flatband voltage is calculated by applying “calculation CFB method” explained in the

previous chapter in which the experimental C(VG) characteristic measured on MOS structure

and the value of the CFB capacitance is obtained and the VFB value is given by the

corresponding value of the gate voltage VG for CFB capacitance.

The ௡௙௕, the binding energy of Al 2p3/2 of Al2O3 blocking oxide, and the distance

between the binding energy of Al 2p3/2 and the ௡௙௕ of annealed MAHOS structures are

shown in Table 5.2. ௡௙௕ is defined as the amount of energy gained by the charge of a

single electron which move across an electric potential difference of ௡௙௕. In annealed

MAHOS structures, the distance between the binding energy of Al 2p3/2 and the ௡௙௕ is

similar for all structures which is 72.99 ± 0.08 eV. In this case, the data of sample NB2 is

ignored since the sample is probably damaged as also indicated by the charge trapping

characteristic results.

If only the work function difference between metal and semiconductor is consider, the

neutral flatband voltage will be negative since aluminum has smaller work function than that

of silicon. However, after annealing, the ௡௙௕ shifts to the positive side for all samples

which is different in case of the ௡௙௕ of as-deposited samples which have negative ௡௙௕.

After annealing, the dipole relaxation occurs in the interface of high- dielectrics and line

Table 5.1 The neutral flatband voltage ( ௡௙௕) of the MAHOS structure and the core level of

Al 2p3/2 of Al2O3 blocking oxide in the MAHOS structure.

Sample ௡௙௕ (eV) CL Al 2p3/2 (eV) CL Al 2p3/2 – ௡௙௕ (eV)

A2 0.7219 73.777 73.0555

HA2 0.7805 73.848 73.0675

NA2 0.887 73.800 72.913

NB2 0.1379 73.807 73.6691
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defects such as grain boundary is formed in the crystalline high- films. The defects in the

crystalline high- structures affect the ௡௙௕ of annealed MAHOS structures.

5.4 Charge Trapping in Annealed MAHOS Capacitor Structures

The charge trapping characteristics in annealed MAHOS capacitor sructures was

studied by carrying out the high frequency C – V measurements. The C – V characteristics of

annealed Al/Al2O3/SiO2/p-type Si structure (sample A2), annealed Al/Al2O3/HfAlO/SiO2/

p-type Si structure (sample HA2), and Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si structure

(sample NB1) under sweep gate voltage from inversion to accumulation are shown in Figure

R5.1, Figure R5.4, and Figure R5.7, respectively, while their C – V characteristics under

sweep gate voltage from accumulation to inversion are shown in Figure R5.2, Figure R5.5,

and Figure R5.8, respectively. The flatband voltage as a function of sweep gate voltage of

sample A2, sample HA2, and sample NA2 are shown in Figure R5.3, Figure R5.6, and Figure

R5.9, respectively.

Positive VFB indicates electron trapping in the CTL of MAHOS structures which is

expected for programming of non-volatile memory. The VFB of sample A2, HA2, and NA2

initiate to shift to positive value after applying the VG of 5 V with the VFB of 0.28 V, 0.49 V,

and 0.58 V, respectively. The VFB of sample A2, HA2, and NA2 increases significantly from

the VG of 5 V up to 7 V for sample A2 and up to 9 V for sample HA2 and NA2. The VFB of

sample A2, HA2, and NA2 after applying the VG of 15 V are 1.89 V, 3.71 V, and 3.78 V,

respectively. Under sweep gate voltage from accumulation to inversion, VFB decreases. VFB

decreases from the initial VFB of 1.73 V to -4.3 V, 3.68 V to -3.79 V, and 3.68 V to -4.03 V

for sample A2, HA2, and NA2, respectively, under the VG of -14 V. Sample A2, HA2, and

NA2 can be completely erased when VFB becomes zero after applying the gate voltage of

-9.6 V, -10.4 V, and -10.2 V. Erase mechanism is by detrapping of electrons from CTL to Si
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substrate and hole injection from Si substrate to CTL. In case of as-deposited MAHOS

structures, detrapping of electrons and injection of holes can be distinguished from two

different slopes in VFB as a function of VG. For annealed MAHOS structures, it is difficult to

distinguish between detrapping of electrons and injection of holes from the slope in in VFB

as a function of VG even though initially the small decrease of VFB is observed under small

VG.

In case of sample NB2, it is expected that the sample also traps electrons under the

positive VG with large VFB and traps holes under the negative VG with large VFB. The C –

V characteristics of sample NB2 under sweep gate voltage from inversion to accumulation

and under sweep gate voltage from accumulation to inversion are shown in Figure R5.10 and

Figure R5.11, respectively. Its flatband voltage as a function of sweep gate voltage is shown

in Figure R5.12. Very small increase of VFB is observed under the positive VG which occurs

in two steps from 0 V to 0.07 V after applying the positive VG of 4 V and from 0.07 V to 0.22

V after applying the positive VG of 10 V. Under the positive VG of 5 V to 8 V, there is no

increase in VFB. The two steps of VFB increase indicates two HfO2 layers which is

separated by AlHfO layer. Under the negative VG, VFB starts to decrease from 0.22 V to

0.20 V under the the VG of -7 V. VFB decreases to 0.17 V under the the VG of -8 V. There is

no decrease in VFB under higher negative VG than -8 V. This result seems to be anomalous

since HfAlO is capable to traps electrons.

To compare the value of VFB in each sample, flatband voltage as a function of gate

voltage of sample A2, HA2, and NA2 under sweeping voltage from inversion to

accumulation is shown in Figure R5.13. By considering only these three samples, it is

observed that the VFB of sample A2 < VFB of sample HA2 < VFB of sample NA2. These

results show that the annealed MAHOS structures with HfO2/HfAlO/HfO2 nanolaminates as

CTL trap more electrons than the structures with Al2O3 and HfAlO single layer as CTL. The
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structure with HfAlO as CTL traps more electrons compared to the structure with Al2O3 as

CTL since it is a mixture with HfO2 which provides more trap sites.

Flatband voltage as a function of gate voltage of sample A2, HA2, and NA2 under

sweeping voltage from accumulation to inversion is shown in Figure R5.14. In case of hole

trapping into CTL of MAHOS structures, it is observed that under the VG of -15 V, the -VFB

of sample A2 < -VFB of sample HA12 < -VFB of sample NA2 which show that the

MAHOS structures with HfO2/HfAlO/HfO2 nanolaminates as CTL trap more holes than the

structures with Al2O3 and HfAlO single layer as CTL.

In annealed MAHOS structures, including in sample A2, HA2, and NA2, more

charges can be trapped in the CTL than that in as deposited MAHOS structures.

Postdeposition annealing (PDA) at different temperatures changes the microstructure of

high-κ layers significantly which affect the properties of electron traps.[5] In annealed

MAHOS structures, line defects and grain boundaries are the dominant trapping centers,

while in as-deposited MAHOS structures point defects are the sites for charge traps.

5.5 Leakage Current Density in Annealed MAHOS Capacitor Structures

The leakage current measurement provides information on how charges transport in

annealed capacitor structures. The measurement is conducted by measuring the leakage

current density under the positive sweep voltage from 0 V – 35 V on one device and

measuring the leakage current density under the negative gate voltage from 0 V – -35 V on

different device. The leakage current density as a function of sweep voltage of sample A2,

HA2, NA2, and NB2 are shown in Figure R4.15 – R4.18, respectively. From the results it can

be observed that electron injection occurs when the VG is ≥ 5 V. For sample A2, between the 

VG of 5 V – 9 V, tunneling mechanism is based on F – N tunneling. For sample HA2, NA2,
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and NB2, different mechanisms of tunneling also occur. Hole injection can be observed at the

VG of about 11 V, when holes tunnel through SiO2 by F – N tunneling mechanism.

At large electric field, a significant electrons or holes tunnel through SiO2 layer. SiO2

has good thermal stability and its phase remains amorphous. Therefore, the common

mechanism tunneling through thin SiO2 layer is F – N tunneling where charges tunnel

through triangular barrier at high electric fields. The experimental J-E curves were fitted by F

– N tunneling model. The plot of lnJ/Eox
2 vs 1/Eox of sample A2, HA2, NA2, and NB2 under

the positive sweep voltage and the negative sweep voltage are shown in the Figure R5.19 –

R5.22. Under the positive sweep voltage, the plot of lnJ/Eox
2 vs 1/Eox of sample HA2, NA2,

and NB2 do not fit the F – N tunneling model. Since the the charge trapping layer and

blocking oxide of annealed MAHOS structures are crystalline, the charge trapped in the grain

boundary may leak to the metal gate by charge transport via grain boundary. Based on the

study of the surface of HfO2 layer by conductive atomic force microscopy (CAFM), it was

revealed that HfO2 with polycrystalline structure has deeper paths that correspond to the grain

boundaries, which is typical for HfO2 samples annealed at high temperatures.[6] In HfO2 films,

the charge transport occurs primarily through the grain boundaries.[7] The study on the

leakage current through the poly-crystalline HfO2 found that grain boundaries have higher

density of defects than grains.[8]

5.6 Summary

The charge trapping characteristics in annealed MAHOS capacitor structures has

been observed by measuring the VFB in the structures from high frequency (1 MHz) C – V

characteristics. The neutral flatband voltage in annealed MAHOS capacitor structures is

discussed. The mechanism of charge transport is explained by analyzing the leakage current

density as a function of sweep voltage measured by semiconductor analyzer system.
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Based on the discussion in this chapter, some important points can be summarized,

1. The neutral flatband voltage in the annealed MAHOS structures strongly affected by the

electronic defects in the crystalline high- dielectric materials. The work function

difference between aluminum and silicon substrate contributes to the negative value in

determining VFB. However, it is found that all annealed samples have positive VFB.

2. Annealed MAHOS capacitor structures with heterostructure of HfO2/HfAlO/HfO2 trap

more charges than the structure with Al2O3 and HfAlO as CTL. In general, annealed

MAHOS capacitor structures trap more charges than the as-deposited structure since

defects such as grain boundaries induce discrete electronic states in the band gap that can

be filled with charges.

3. The charge transport mechanism from Si substrate through SiO2 tunneling layer is F – N

tunneling mechanism. However, charges that trapped in the defects in polycristalline

high- may leak through defects to the metal gate.
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Figure R5.1 High frequency (1 MHz) C – V characteristics of annealed Al/Al2O3/SiO2/

p-type Si capacitor structure under sweep gate voltage from inversion to accumulation.
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Figure R5.2 High frequency (1 MHz) C – V characteristics of annealed Al/Al2O3/SiO2/

p-type Si capacitor structure under sweep gate voltage from accumulation to inversion.

0

10

20

30

40

50

60

70

-10 -5 0 5

C
a

p
a

c
it
a

n
c
e

(p
F

)

Voltage (V)



5-11

Figure R5.3 Flatband voltage as a function of sweep gate voltage of annealed

Al/Al2O3/SiO2/p-type Si capacitor structure.
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Figure R5.4 High frequency C – V characteristics of annealed Al2O3/HfAlO/SiO2/p-type

Si under sweep gate voltage from inversion to accumulation.
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Figure R5.5 High frequency C – V characteristics of annealed Al2O3/HfAlO/SiO2/p-type

Si under sweep gate voltage from inversion to accumulation.

0

10

20

30

40

50

60

-10 -5 0 5

C
a

p
a

c
it
a

n
c
e

(p
F

)

Voltage (V)

Figure R5.6 Flatband voltage as a function of sweep gate voltage of annealed

Al2O3/HfAlO/SiO2/p-type Si capacitor structure.
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Figure R5.7 High frequency C – V characteristics of annealed Al/Al2O3/[HfO2/

Al2O3]4/HfO2/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.
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Figure R5.8 High frequency C – V characteristics of annealed Al/Al2O3/[HfO2/

Al2O3]4/HfO2/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.
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Figure R5.9 Flatband voltage as a function of sweep gate voltage of annealed

Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure.
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Figure R5.10 High frequency C – V characteristics of annealed Al/Al2O3/[HfO2/

Al2O3]2/HfO2/SiO2/p-type Si under sweep gate voltage from inversion to accumulation.

0

10

20

30

40

50

60

-1 1 3 5 7 9

C
a

p
a

c
it
a

n
c
e

(p
F

)

Voltage (V)



5-15

Figure R5.11 High frequency C – V characteristics of annealed Al/Al2O3/[HfO2/

Al2O3]2/HfO2/SiO2/p-type Si under sweep gate voltage from accumulation to inversion.
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Figure R5.12 Flatband voltage as a function of sweep gate voltage of annealed

Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R5.13 Flatband voltage as a function of sweep gate voltage of sample A2, HA2,

NA2, and NB2 under sweeping voltage from inversion to accumulation.
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Figure R5.14 Flatband voltage as a function of sweep gate voltage of sample A1, HA1,

NA1, and NB1 under sweeping voltage from accumulation to inversion.
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Figure R5.15 Leakage current density as a function of sweep voltage annealed

Al/Al2O3/SiO2/ p-type Si capacitor structure.
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Figure R5.16 Leakage current density as a function of sweep voltage annealed

Al2O3/HfAlO/SiO2/p-type Si capacitor structure.
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Figure R5.17 Leakage current density as a function of sweep voltage annealed

Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2/p-type Si capacitor structure.
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Figure R5.18 Leakage current density as a function of sweep voltage annealed

Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2/p-type Si capacitor structure.
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Figure R4.19 lnJ/Eox
2 vs 1/Eox of annealed Al/Al2O3/SiO2/p-type Si capacitor structure

under the positive sweep voltage (top) and the negative sweep voltage (bottom).
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Figure R4.20 lnJ/Eox
2 vs 1/Eox of annealed Al/Al2O3/HfAlO/SiO2/p-type Si capacitor

structure under the positive sweep voltage (top) and the negative sweep voltage (bottom).
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Figure R4.21 lnJ/Eox
2 vs 1/Eox of annealed Al/Al2O3/[HfO2/Al2O3]4/HfO2/SiO2 /p-type Si

capacitor structure under the positive sweep voltage (top) and the negative sweep voltage

(bottom).
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Figure R4.22 ln J/Eox
2 vs 1/Eox of annealed Al/Al2O3/[HfO2/Al2O3]2/HfO2/SiO2 /p-type Si

capacitor structure under the positive sweep voltage (top) and the negative sweep voltage

(bottom). The linear region shows the FN tunneling.
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Chapter 6

Conclusions and Recommendations for Future Works

In this dissertation, the MAHOS capacitor structures which consist of Al gate electrode,

Al2O3 blocking oxide, high- dielectric charge trapping layer, SiO2 tunneling layer, and p-type

Silicon substrate were fabricated. Our focus of study was investigating the charge trapping

characteristics in the charge trapping characteristics in the MAHOS capacitor structure with

high- Al2O3/HfO2 nanolaminates and high- Al2O3 and HfAlO as charge trapping layer for

non-volatile memory application. The high- Al2O3/HfO2 nanolaminates was proposed as charge

trapping layer since heterojunction formed between two dissimilar semiconductors provide

unique properties due to the difference in energy band structures. To realized the main goal, a

series of research works was carried out, including fabrication of the MAHOS capacitor

structures and evaluation of their structural properties, observation of their energy band

parameters which are energy bandgap, valence band offset, and conduction band offset,

investigation of charge trapping characteristics and the mechanism of charge transport in as-

deposited MAHOS capacitor structures, and investigation of charge trapping characteristics and

the mechanism of charge transport in annealed MAHOS capacitor structures. These works are

concluded and the recommendations for future works are stated.

6.1 Conclusions

In fabricating the MAHOS capacitor structures, design of the structures and structural

paramaters such as thickness for each layer were considered in such a way that the MAHOS

structures would be suitable for non-volatile memory application. The methods of the structure

fabrication which are suitable for electronic applications and common in semiconductor

fabrication industry are utilized, including Radio Corporation America (RCA) cleaning, rapid

thermal oxidation (RTO), atomic layer deposition (ALD), rapid thermal annealing (RTA) for

annealed structures, and thermal evaporation. The structural properties of the MAHOS structures,

including the microstructure and the chemical states were evaluated by high-resolution

transmission electron microscope (HRTEM) and x-ray photoemission spectroscopy (XPS). From

cross-sectional HRTEM images, it is observed that all MAHOS capacitors could be fabricated
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with good quality structures, including good interface between layers and excellent uniformity of

thickness. The natural SiO2 can be removed by RCA cleaning and high quality SiO2 can be

grown by RTO with good interface between of SiO2/Si, small roughness of about 1 – 2

monolayers of Si and uniform thickness of SiO2. Al2O3 and HfO2 were deposited by ALD with

good control of thickness and good uniformity. The phase of high- dielectric in as-deposited

MAHOS structures is amorphous. After annealing, amorphous high- films transformed into

crystalline high- films and the heterostructure of [Al2O3/HfO2]4/HfO2 and [Al2O3/HfO2]2/HfO2

became HfO2/HfAlO/HfO2. From XPS measurement, it is observed that in Al2O3/HfO2

nanolaminate structure, from the surface of blocking oxide to the part close to SiO2/Si stack, the

Al 2p and Hf 4f peaks are shifted to higher binding energy, but the binding energy difference

between Al 2p and Hf 4f peaks are constant which is ~57 eV. This indicates that the binding

energy shift of Al 2p and Hf 4f is due to the dipole formation in HfO2/Al2O3 interface. In

annealed MAHOS structures with nanolaminates as CTL, the XPS measurement at high-/SiO2-

/Si interface shows that the observed layer close to SiO2/Si in sample NA2 and NB2 is crystalline

HfAlO/HfO2 with more dominant HfO2 and that in sample HA2 close to SiO2/Si is crystalline

HfAlO layer.

Before observing charge trapping characteristics, the energy band parameters, including

energy bandgap, valence band offset (VBO), and conduction band offset (CBO) of materials in

as-deposited and annealed MAHOS structures have been observed by reflection electron energy-

loss spectroscopy (REELS) and x-ray photoelectron spectroscopy (XPS). By REELS, it is

confirmed that the bandgap value of SiO2 is 8.9 eV. The bandgap of material depend on its phase

and structure, e.g. the band gap of Al2O3 is 6.7 eV for amorphous and 6.9 eV for crystalline

which is different from the bulk one which is 8.8 eV, while the band gap of amorphous and

crystalline HfO2 are 5.8 eV and 5.9 eV, respectively and the band gap of amorphous and

crystalline HfAlO appear to be 5.9 eV and 6.0 eV, respectively. By XPS measurement, it is

found that VBO can be determined by measuring the VBM difference of two materials since it is

found that at flatband condition the CL and VBM position are the same for SiO2 and p-type Si at

bulk and interface. The band alignment in high- oxide in contact with SiO2/p-type Si structure

in thermodynamical equilibrium is affected by Si substrate. The alignment of Fermi levels are

built by charge transfer among the surface gap states on the surface of high- oxide, the

interfacial gap states at high- oxide/SiO2 and SiO2/Si interfaces, and the space charges of Si
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substrate. From REELS and XPS results, the band alignment in flatband condition was

constructed. The band alignment of high- oxide in contact with high- oxide and high- oxide

in contact with SiO2/p-type Si substrate were also evaluated by considering the concepts of

interfacial or surface gap states and charge neutrality level (CNL).

Charge trapping characteristics of as-deposited MAHOS structures has been observed by

measuring the high frequency (1 MHz) capacitance – voltage (C – V) characteristics using

inductance – capacitance – resistance (LCR) meter. Under the sweep gate voltage from inversion

to accumulation, the MAHOS structures with Al2O3/HfO2 nanolaminates as CTL trap more

electrons than the structures with Al2O3 and HfAlO single layer as CTL. The structure with

HfAlO as CTL traps more electrons compared to the structure with Al2O3 as CTL since it is a

mixture with HfO2. The MAHOS structure with [Al2O3 (2 nm)/HfO2 (2 nm)]2/ HfO2 (2 nm) as

CTL traps more electrons than the structure with [Al2O3 (1 nm)/HfO2 (1 nm)]2/ HfO2 (1 nm)

since thicker HfO2 in nanolaminate provides more sites to trap electrons and Al2O3 layer has

higher conduction band offset with respect to silicon substrate prevents charge injection to the

next HfO2 layer. Under the sweep gate voltage from accumulation to inversion, electron

detrapped and hole injection by F – N tunneling through tunnel oxide occurred. The mechanism

of charge transport in as-deposited MAHOS capacitor structures was identified by carrying out

the leakage current measurement. Electrons or holes tunnel through SiO2 layer when a large

electric field is applied across an oxide layer. The experimental J-E curves were fitted by Fowler

– Nordheim tunneling models in which ln(J/E2) is plotted as a function of 1/E. Linear fitting

prove the FN tunneling is the main charge transport mechanism under certain electric field.

After rapid thermal annealing in N2 ambient at 1000oC, the amorphous high- delectrics

in MAHOS capacitor structures transform into polycrystalline structure. The charge trapping

characteristics was observed based on high frequency (1 MHz) C – V measurement. The charge

transport mechanism was analyzed from leakage current density as a function of sweep voltage.

Annealed MAHOS structure with HfO2/HfAlO/HfO2 nanolaminates as charge trapping layer

traps more charges than the structure with Al2O3 and HfAlO single layer as CTL. Polycrystalline

structures provide trap sites such as grain boundaries and become dominant trapping centers in

CTL. As a result, annealed MAHOS capacitor structures trap more charges than the as-deposited

structures. Based on the leakage current density study, the charge transport mechanism from Si

substrate through SiO2 tunneling layer is F – N tunneling mechanism. However, charges that
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trapped in the defects in polycrystalline high- may leak through defects to the metal gate.

6.2 Recommendations

High- nanolaminates such as [HfO2/Al2O3]/HfO2 structures have potential to be applied

as charge trapping layer in non-volatile memory devices. To further study the possibility of

utilizing high- nanolaminates as charge trapping layer, there are some recommendations that

need to be consider from the point of view of material selection and fabrication condition.

As blocking layer, SiO2 is ideal because it has high conduction band offset (CBO) and

valence band offset (VBO) with respect to Si substrate and has amorphous structure with good

thermal stability. However, the use of SiO2 as blocking oxide prevents further miniaturization of

the device since the dielectric constant is only 3.9. Based on International Technology Roadmap

for Semiconductors (ITRS) scaling projections for charge trapping NAND flash, Al2O3 is

recommended to be used as blocking oxide until 2024. The main problem is usually the

crystalline phase of Al2O3 is gamma-phase which has lower band gap of 6.9 eV than alpha-phase

with band gap of 8.8 eV. The possibility of transforming amorphous Al2O3 into alpha-phase

Al2O3 needs to be studied.

In order to reduce leakage through blocking oxide, several annealing techniques need to

be consider such as furnace anneal in oxygen at 800oC, ozone anneal at 450oC combined with

furnace oxygen anneals, and rapid thermal anneal (RTA) at 800oC in N2O.

[HfO2/Al2O3]/HfO2 nanolaminates structure provide unique properties due to

heterojunction with different energy gap formed between two dissimilar semiconductors.

However, the nanolaminates structure break after annealing. [HfO2/Al2O3]/HfO2 nanolaminates

can be applied in memory structure which does not required annealing at high temperature.


