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Abstract

The metal-oxide-nitride-oxide-semiconductor (MONOS)-type memory with an
ultrathin tunnel oxide film has attracted significant attention for embedded nonvolatile
memory (NVM) applications. Electrons and holes captured by charge trap centers
existing in the silicon nitride charge trapping film induce a shift in the threshold voltage
of memory transistors in the MONOS-type devices. This phenomenon is applied to store
data. The memory cell size in the MONOS-type devices has been becoming smaller in
the past few decades. In such small memory cells, it is a challenge to promote the
programming and erasing speeds and data retention simultaneously. Therefore, a better
understanding of the electron and hole trapping mechanisms and of the emission
mechanism of carriers trapped in the charge trapping films is important.

In this dissertation, the constant-current carrier injection method was proposed to
analyze the charge centroid of carriers trapped in the charge trapping films and to count
the number of carriers injected to the films. Recently, silicon carbonitride (SiCN)
dielectric film has been expected to be an attractive candidate of the charge trapping film
of embedded NVMs instead of the silicon nitride film. Unfortunately, there are few
reports on the charge trapping phenomenon in the SiCN-based memory. Therefore, a
comparative study of the charge centroid of holes captured by empty trap centers in the
SiCN and silicon nitride charge trapping films was made using the proposed constant-
current hole injection method and the hole transport in both films was discussed also. The
charge centroid of trapped holes was initially located near the middle of the SiCN and
silicon nitride films, and then moved to the vicinity of the blocking oxide films with
increasing the number of holes injected to the charge trapping films. It was also found
that the charge centroid of holes trapped in the SiCN film was closer to the blocking oxide
film as compared to that in the silicon nitride film. These experimental results were
explained by taking into account the Poole-Frenkel conduction of holes in the charge
trapping films.

The electron elimination phenomena in the SiCN and silicon nitride charge trapping
films with trap centers filled by electrons was also investigated by using the constant-
current carrier injection method. It was found that almost all electrons trapped in the
charge trapping films could be eliminated due to hole injection under negative gate bias.
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In addition, in the present study, an improved analytical method for the charge
retention characteristics in the charge trapping films was presented. This method allows
us to extract the energy distribution of charge carriers trapped in the SiCN or new
dielectric films without using any adjustable parameters. Using the proposed method, the
trapped electrons were determined to be distributed from 0.8 to 1.3 eV below the
conduction band edge in the SICN charge trapping film. In the view point of the charge
retention, the presence of such deep trap centers lead us to suggest that the SiCN dielectric
films can be employed as the charge trapping film of embedded NVMs.

In this study, the constant-current carrier injection method and the analytical method
for the charge retention characteristics in the charge trapping films were proposed. It is
shown that the constant-current carrier injection method is useful for obtaining the
accurate charge centroid of carriers trapped in the charge trapping films. The experimental
results and discussion shown in this dissertation are important to get a better
understanding of the hole trapping phenomena in the SiCN and silicon nitride charge
trapping films. From the view point of the charge retention of NVMs, the proposed
analytical method for the charge retention characteristics, which needs no adjustable and
extra parameters, is helpful for determining the energy distribution of carriers trapped in
the SiCN or new dielectric films. The two methods proposed in the present study are
considered to be advantageous to develop embedded NVMs employing the SiCN or new
charge trapping films.
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Introduction



Chapter 1 Introduction

1.1 Embedded nonvolatile semiconductor memories

Microcontroller units (MCUSs) with embedded nonvolatile memories (NVMs) have
been widely used in automotive and consumer applications. The embedded NVM is
defined as the NVM that is physically and electrically integrated into the MCUs. The
embedded NVMs offer the following advantages to the MCUs: higher system speed, low
system cost, low power consumption, and improved security.

The metal-oxide-nitride-oxide-semiconductor (MONOS)-type device with an
ultrathin tunnel oxide film has received considerable interest for embedded NVM
applications [1-10]. Figure 1.1 shows the schematic cross-section of the typical MONOS-
type memory device. Blocking oxide-silicon nitride-tunnel oxide stacked dielectric films
are located between the gate electrode and silicon substrate. There are several advantages

in the MONOS-type devices such as low programming and erasing voltages, excellent

Gate electrod
ate electrode Blocking oxide film

’; Charge trapping film

(@) [ ]] |
I!I‘_, I_I\!, ; Tunnel oxide film
4 (<3 nm)
Source Drain ® Hole
. ® :Electron
Py elllizon L_I:Trap center

MONOS-type memory transistor

Fig. 1.1 Schematic cross-section of the MONOS-type memory transistor.



compatibility with the standard complementary metal-oxide-semiconductor (CMOS)
process, good scalability and low cost [9,10].

The MONOS-type devices can store information by capturing charges in trap centers
distributed in the silicon nitride charge trapping film. During programming and erasing
operations, the threshold voltage Vi of the MONOS-type memory transistors is shifted
by electrons and holes trapped in the silicon nitride film, as shown in Fig. 1.2. The

equation for Vy, is given by [11]

Q
Vi =V + 20 + =2 (1.2)

where Vp is the flat-band voltage, @ is the fermi potential, Qg is the charge per unit
area in the depletion region of the silicon surface, and Co is the capacitance per unit area
of the gate electrode-blocking oxide-silicon nitride-tunnel oxide-silicon structure.

There are several charge injection mechanisms in programming and erasing

= After Without After
— erasing charge programming
=
—~ 1
i I
c I
7] !
| -
fu I
3 I
I
c ; /
= 5 >
— I
(o Vrh ’ Vth

v

Gate voltage, Vg (V)

Fig. 1.2 I;-V, characteristics of the MONOS-type memory transistor in programming and
erasing operations.



operations which are currently being employed in commercially available NVMs.
Channel hot electron (CHE) injection is the popular programming mechanism. The
minority carriers that flow in the channel of a memory transistor are accelerated by the
high electric field generated by a large drain bias. Some of minority carriers gain sufficient
kinetic energy to overcome the energy barrier at the tunnel oxide-silicon substrate
interface, and are injected into the silicon nitride charge trapping film. From the point of
view of the memory cell operation, the CHE injection mechanism gives high
programming speed. However, a high drain current is needed to conduct the programming
operation, resulting in high power consumption.

On the other hand, programming and erasing operations can be also achieved by the
quantum mechanical tunneling of electrons and holes through the tunnel oxide film from
the silicon substrate to the silicon nitride film. Figure 1.3(a) shows an n-channel MONOS-
type memory transistor in the programming operation. When a sufficiently high positive

voltage is applied to the gate electrode with grounded silicon substrate, a surface inversion

V.>0 V_,<0

® :Electron
® :Hole
L_|:Trap center

Gate electrode Gate electrode

1, =

Source/® i L \Drain‘ Source/® i L L \Drain_

p-type silicon p-type silicon

MONOS-type memory transistor MONOS-type memory transistor
(a) (b)

Fig. 1.3 MONOS-type memory transistors in: (a) programming operation and (b) erasing
operation.



layer is formed between the source and drain. Some of electrons generated in the surface
inversion layer are injected through the tunnel oxide film to the silicon nitride film and
holes are eliminated from trap centers simultaneously. Figure 1.4(a) illustrates the energy
band diagram of the gate electrode-blocking oxide-silicon nitride-tunnel oxide-silicon
structure. The energy barrier for electron tunneling from the conduction band of silicon
to the conduction band of silicon nitride becomes small enough due to the applied voltage
across the structure. To obtain a high tunneling probability of electrons, the thickness of
the tunnel oxide film is selected to be thinner than 3nm. Figure 1.3(b) shows the MONOS-
type memory transistor in the erasing operation. Holes are injected through the thin tunnel
oxide film from the silicon substrate to the silicon nitride film under a negative gate bias
and electrons are eliminated from trap centers simultaneously. As shown in Fig. 1.4(b),
holes tunnel from the valence band of silicon to the valence band of silicon nitride. The

tunnel oxide thickness is required to be thinner than 3 nm to achieve sufficient erasing

p-type tunnel silicon blocking Aluminum p-type tunnel silicon blocking Aluminum
silicon oxide nitride oxide silicon oxide nitride oxide

=

&l Trapped electron

(@) (b)

o) Trapped hole

Fig. 1.4 Energy band diagrams of MONOS-type structures in: (a) programming operation
and (b) erasing operation. At positive and negative gate biases, electrons and holes are
injected through the thin tunnel oxide film from the silicon substrates to the silicon nitride
films.



speed at a low gate voltage. With this injection mechanism, almost charge carriers injected
to the silicon nitride film at low gate voltages are captured by charge trap centers existing
in the silicon nitride film. This mechanism provides low power consumption, which is a
consequence of a high ratio of the number of trapped carriers to that of injected carriers.
Therefore, the MONOS-type memory devices with the thin tunnel oxide film thinner than

3 nm have attracted much attention for embedded NVM applications [9,10].



1.2 Requirements for nonvolatile memories

High programming and erasing speeds, long data retention time and good write
endurance are important features of NVMs. The typical data retention time required in
embedded NVMs is longer than 10 years [3,9,10]. The write endurance means the number
of programming and erasing cycles before degradation of NVMs. Typically, the number
of endurance cycles is 10° to 10° [3,9,10].

In the last few decades, the memory cell size has been becoming smaller in order to
meet requirements of high capacity and low cost. As a result, the number of electrons and
holes trapped in the silicon nitride film was reduced in such small size cells. Therefore, it
is a challenge to promote the programming and erasing speeds and data retention in
MONOS-type memories simultaneously. To overcome the challenge, many efforts have
been expended in exploring new dielectric materials with superior properties [12-17].
However, no previous studies have been successful in replacing the silicon nitride film
because of insufficient charge trapping characteristics provided by the materials.

As mentioned in section 1.1, electrons and holes captured by charge trap centers
distributed in the silicon nitride film induce a shift in the threshold voltage of MONOS-
type memory transistors, which are applied to store data. The presence of the charge trap
centers in the silicon nitride films are responsible for the charge storage in MONOS-type
memories. The properties of electron and hole trap centers in the silicon nitride films,
such as, spatial distribution, density, capture cross section and energy level in the band
gap influence the performance and reliability of MONOS-type memories. Specifically,
the programming and erasing speeds depend on the density and capture cross section of
electron and hole trap centers. The data retention mainly depends on the spatial

distribution and energy level of trap centers. Consequently, the understanding of the
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properties of electron and hole trap centers is important to achieve the better charge
trapping characteristics of MONOS-type memories.
In the previous studies on silicon nitride films, it has been suggested that several kinds

of point defects, such as the silicon dangling bond (*Si= Nj), nitrogen dangling bond,

hydrogen-incorporated nitrogen vacancy, oxygen-incorporated nitrogen vacancy and so
on, can be origins of electron and hole trap centers [18-28]. On the other hand, recent
studies using electron spin resonance (ESR) have shown that silicon dangling bonds exist
in high density in silicon carbonitride (denoted as SiCN in this dissertation) dielectric
films grown using a plasma-enhanced chemical vapor deposition (PECVD) technique
[29-31]. The elemental compositions of the SiCN films obtained using X-ray
photoelectron spectroscopy measurements are presented in chapter 2. The density of the
silicon dangling bonds was estimated to be 2 x 10! cm™, which was roughly equal to that
of silicon nitride films grown using a low-pressure chemical vapor deposition (LPCVD)
method. Therefore, it was expected that charge trap centers are present in high density in
the SiCN films, and then the application of SiCN films to the charge trapping films was
intensively studied by Naito et al. [32] and Kobayashi et al. [33]. In these previous studies,
it was found that the SiCN-based memory, in which the silicon nitride charge trapping
film was replaced to the SiCN film, has higher programming and erasing speeds than that
of the silicon nitride-based memory [32,33].

The energy band gap of the SiCN films is 3.4-3.8 eV, which is narrower than that of
the silicon nitride films (~5 eV). Figure 1.5(a) shows the energy band diagram of the
aluminum-blocking oxide-SiCN-tunnel oxide-silicon structure. At a large negative gate

voltage, holes are injected from the valence band of silicon to the valence band of SiCN.



p-type tunnel SiCN blocking  Aluminum p-type tunnel silicon blocking  Aluminum
silicon oxide oxide silicon oxide nitride oxide
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Fig. 1.5 (a) Energy band diagram of the aluminum-blocking oxide-SiCN-tunnel oxide-
silicon structure at negative gate voltage. (b) Energy band diagram of the aluminum-
blocking oxide-silicon nitride-tunnel oxide-silicon structure at negative gate voltage. The

narrow energy band gap of the SiCN films would reduce the energy barrier for carrier
injection to the SiICN charge trapping film from the silicon substrate.

An energy barrier for tunneling of holes is present between the valence bands of silicon
and SiCN. Figure 1.5(b) shows the energy band diagram of the aluminum-blocking oxide-
silicon nitride-tunnel oxide-silicon structure. As shown in Figs. 1.5(a) and 1.5(b), it is
expected that the narrow energy band gap of the SiCN film gives a small energy barrier
for the carrier injection from the silicon substrate to the SiCN charge trapping film.
Moreover, the relative dielectric constant of SiCN films is 4.8-4.9, which is remarkably
low as compared to that of silicon nitride films (~7). The density of carriers trapped in the
charge trapping film which would be necessary to induce a fixed threshold voltage shift
is a function of the dielectric constant of the charge trapping film. Therefore, the necessary
carrier density in the low-dielectric constant SiCN charge trapping film is low as
compared to that in the silicon nitride charge trapping film. These would result in high
programming and erasing speeds and low power consumption in the SiCN-based memory.
Unfortunately, there are few reports on the charge trapping characteristics of the SiCN-
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based memory. Further study on the charge trapping phenomena is required to understand
the mechanisms of programming and erasing operations in the SiCN-based memories.
As was mentioned above, the properties of charge trap centers affect the programming
and erasing speeds and the data retention of NVMs. Therefore, a better understanding of
the electron and hole trapping mechanisms and of the emission mechanism of trapped
carriers in the charge trapping films is important. The carrier trapping and elimination
mechanisms involved in the programming and erasing operations are listed in Fig. 1.6.
The programming operation is caused by the electron trapping and hole elimination, as
shown in Fig. 1.6. On the other hand, the hole trapping and electron elimination are

responsible for the erasing operation. The probability of hole tunneling from the silicon

B Programming operation

O Electron trapping
» Probability of electron tunneling
from silicon to charge trapping films
» Properties of electron trap centers

e Capture cross section
e Density
e Spatial distribution

®m Erasing operation
O Hole trapping

» Probability of hole tunneling
from silicon to charge trapping films

» Properties of hole trap centers

e Capture cross section
e Density
e Spatial distribution

O Hole elimination
» Probability of hole tunneling
from charge trapping films to silicon
» Properties of hole trap centers

e Density
e Spatial distribution

O Electron elimination

# Probability of electron tunneling
from charge trapping films to silicon
» Properties of electron trap centers

e Density
e Spatial distribution

Fig. 1.6 Carrier trapping and elimination mechanisms involved in programming and

erasing operations.



substrate to the charge trapping film and the properties of hole trap centers such as capture
cross section, density and spatial distribution affect the hole trapping in the erasing
operation. Additionally, the electron elimination is influenced by the probability of
electron tunneling from the charge trapping film to the silicon substrate and the properties
of electron trap centers such as density and spatial distribution. In the present study, to
get a better understanding of the mechanisms of programming and erasing operation, the
constant-current carrier injection method was proposed. The hole trapping phenomenon
in the SiICN charge trapping films was investigated by using the proposed constant-
current carrier injection method. The electron elimination phenomenon of the SiCN
charge trapping films in the erasing operation was also investigated by using the proposed
method.

In addition, the data retention time is of concern for NVMs. Figure 1.7 shows the
carrier emission mechanisms involved in the data retention. At low temperatures, the
quantum mechanical tunneling dominates carrier emission from the charge trapping film

to the silicon substrate. On the other hand, the thermal emission of trapped carriers is the

® Data retention

O Electron retention O Hole retention
» Low temperature » Low temperature
e Tunnel emission e Tunnel emission
¢ Energy level + Energy level
» High temperature » High temperature
o Thermal emission e Thermal emission
+ Energy level + Energy level

Fig. 1.7 Carrier emission mechanisms involved in data retention.
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dominant mechanism at high temperatures. The energy level of trap centers in the band
gap of charge trapping films affects the data retention characteristics at both low and high
temperatures. Therefore, the understanding of the energy distribution of carriers trapped
in the charge trapping films is essential to achieve the sufficient data retention
characteristics of NVMs. To estimate the energy distribution of carriers trapped in the
band gap of dielectric materials, an analysis method is required. In this study, an improved
analytical method for the charge retention characteristics was presented to obtain the
energy distribution of carriers trapped in the charge trapping films.

In the following section 1.3, problems in the current available methods for analyzing
the charge trapping characteristics were discussed. In addition, problems of the analytical
retention models, reported in the previous studies for obtaining the energy distribution of

electrons trapped in the silicon nitride films, were also described.
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1.3 Problem statement and research objectives

Analysis of charge trapping phenomena

In the previous studies, the charge centroid of holes trapped in the silicon nitride films
of MONOS-type devices in programming condition was extracted by using the constant-
voltage carrier injection method [2,34-43]. However, the constant-voltage carrier
injection method required the application of an auxiliary pulse [34,39], which might cause
an error in the charge centroid estimation. In this dissertation, the constant-current carrier
injection method was proposed to analyze the charge centroid of carriers trapped in the
charge trapping films and to count the number of carriers injected to the films. The
proposed method does not require the application of the auxiliary pulse before carrier
injection. Therefore, the proposed constant-current carrier injection method is useful for
obtaining the accurate charge centroid of carriers trapped in the charge trapping films.

As was explained in section 1.1, the MONOS-type devices can store information by
capturing electrons and holes by trap centers distributed in silicon nitride charge trapping
films. There are three states of the charge trap centers: (i) empty trap centers, (ii) trap
centers filled by electrons, and (iii) trap centers filled by holes. In the previous studies,
several researchers have evaluated the charge centroid of holes trapped in the silicon
nitride films during the erasing operation subsequent to the programming operation [2,34-
43]. During the programming operation, trap centers filled by electrons ought to be
generated in the films due to electron injection into the silicon nitride films. In the erasing
operation subsequent to the programming operation, holes are injected into the charge
trapping film and are captured by trap centers. Simultaneously, electrons captured by trap
centers during the programming operation are emitted from the charge trapping film. The

charge centroid obtained in the previous works would result from the spatial distribution
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of the electrons captured by trap centers in addition to the distribution of the holes
captured by trap centers in the charge trapping films. Therefore, it was difficult to clarify
the accurate location of holes trapped in the charge trapping films. On the other hand, in
this study, the charge centroid of holes captured by empty trap centers in the charge
trapping films without trapped electrons was investigated by using the proposed constant-
current carrier injection method.

As mentioned in section 1.2, recently, the SICN dielectric film has been expected to
be an attractive candidate of the charge trapping film of embedded NVMs instead of the
silicon nitride film. Unfortunately, there are few reports on the charge trapping
phenomenon in the SICN-based memory. To get a better understanding of the mechanisms
of erasing operation, the charge centroid of holes trapped in the SiCN and silicon nitride
charge trapping films with only empty trap centers was evaluated by using the proposed
constant-current carrier injection method.

In addition, the elimination of electrons trapped in the SiCN and silicon nitride charge

trapping films during erasing operation was studied by using the proposed method.

Analysis of the energy distribution of trapped electrons

The charge retention characteristics is one of the important features of NVMs. As was
mentioned in section 1.2, the charge retention time of NVMs depends on the energy level
of carriers trapped in the charge trapping films.

In the previous studies for MONOS-type devices, several researchers have reported
analytical retention models based on the direct tunneling, trap-to-band tunneling and
thermal excitation of electrons to derive the energy distribution of electrons trapped in
silicon nitride charge trapping films. To determine the energy distribution of trapped
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electrons, a set of adjustable and assumed parameters, such as mean free path for the
direct tunnelling of electrons, inverse of the attempt-to-escape frequency for thermal
excitation and trap capture cross section of silicon nitride films, were needed in the
previous models [8,44-46]. Moreover, additional sets of other experiments were required
to determine these parameters.

Unfortunately, there has been no report concerning the appropriate values of these
parameters for new dielectric films. Consequently, a new method is required to derive the
energy distribution of electrons trapped in the new dielectric films. In this work, an
improved analytical method for the charge retention characteristics in the charge trapping
films was presented. This method allows us to extract the energy distribution of carriers
trapped in new dielectric films without using any adjustable parameters.

To date, the energy level of trap centers in the SiCN charge trapping films has never
been analyzed. In this dissertation, the energy distribution of electrons trapped in the
SiCN films was obtained by using the proposed method without using any adjustable

parameters.
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1.4 Organization of dissertation

This dissertation consists of five chapters. The contents of each chapter are briefly

described as follows.

Chapter 1 In this chapter, the structure and programming and erasing operations of
MONOS-type memory devices are firstly introduced. Next, a brief explanation of the
requirements for NVMs is given. The influence of the properties of charge trap centers
on the performance and reliability of NVMs is briefly mentioned also. The background

and objectives of the present research is presented.

Chapter 2 In this chapter, the constant-current carrier injection method is proposed to
obtain the charge centroid of charge carriers trapped in the charge trapping films and to
count the number of carriers injected to the films. The proposed method is used to inject
holes into the SiCN and silicon nitride charge trapping films with only empty trap centers,
and the charge centroid of holes trapped in the films is extracted. The background of the
research objectives of this chapter would be introduced firstly. Then, the formation
conditions of samples employed in this chapter are given. In order to investigate the
elemental compositions in the blocking oxide-SiCN-tunnel oxide and the blocking oxide-
silicon nitride-tunnel oxide stacked films, X-ray photoelectron spectroscopy (XPS)
measurements are performed. Next, atomic force microscopy (AFM) is used to
investigate the surface roughness of the SiCN, silicon nitride, blocking oxide, and tunnel
oxide single-layer films. In this chapter, the extraction method of the charge centroid of
trapped carriers in memory capacitors subjected to the constant-current carrier injection

will be explained in detail. The leakage current in the stacked dielectric films is also
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analyzed. Then, the experimental results of the charge centroid of holes trapped in the
SiCN and silicon nitride films after constant-current hole injection are presented. In
addition, the variations of the charge centroid of holes captured by only empty trap centers
in the SiCN and silicon nitride films is explained by taking into account the Poole-Frenkel

(PF) conduction of holes in the films. Finally, the conclusions of this chapter are provided.

Chapter 3 This chapter focuses on the investigation of the electron elimination
phenomena in the SiCN and silicon nitride charge trapping films with trap centers filled
by electrons using the constant-current carrier injection method. First, measurement
procedures of the hole trapping characteristics of two conditions are given. Then, the flat-
band voltage shift in the memory capacitors with trap centers filled by electrons and only
empty trap centers is described using the capacitance-voltage (CV) characteristics under
negative gate bias. The constant-current carrier injection method presented in chapter 2
is used to count the number of holes injected to the charge trapping films with both trap
centers filled by electrons and empty trap centers. Finally, the electron elimination in the

erasing operation of the SiCN and silicon nitride memory capacitors is discussed.

Chapter 4 In this chapter, an improved analytical method for the charge retention
characteristics is presented to obtain the energy distribution of electrons trapped in the
charge trapping films. This method allows the extraction of energy level of electrons
trapped in the SiCN or new dielectric films without using any adjustable parameters.
Firstly, the background of the research objectives of this chapter is introduced. The
experimental procedures for measuring the charge retention characteristics of memory
capacitors is described. Then, the procedure of the flat-band voltage determination by
analyzing the CV characteristics during the charge retention test is shown. The charge
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retention characteristics of the SICN memory capacitors at 86 °C is presented. To analyze
the energy distribution of electrons trapped in the SiCN films, the charge retention
characteristics in the programming condition are measured at four different temperatures.
Then, the improved analytical method for the charge retention characteristics based on
thermal excitation mechanism is discussed. In this chapter, the trapped electrons are
determined to be distributed from 0.8 to 1.3 eV below the conduction band edge in the

SICN charge trapping film.

Chapter 5 This chapter summarizes the dissertation work, and finally makes

suggestions for future studies.
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Chapter 2 Investigation of hole trapping characteristics in
SiCN charge trapping films using the constant-current carrier

injection method

2.1 Introduction

As described in chapter 1, the metal-oxide-nitride-oxide-silicon (MONOS)-type
charge trapping memory with an ultrathin tunnel oxide film thinner than 3 nm has
received significant attention as an attractive solution for embedded nonvolatile memory
(NVM) applications [1-10]. This is because the MONOS-type memory devices furnish
several advantages such as low programming and erasing voltages, ease of integration
into a standard complementary metal-oxide-semiconductor (CMOS) process flow, and
excellent scalability. In the MONOS-type devices, electrons and holes are injected into
the silicon nitride charge trapping film via the quantum mechanical tunneling and are
captured by charge trap centers existing in the nitride film. The electrons and holes
trapped in the silicon nitride film induce a shift in the threshold voltage of memory
transistors. This phenomenon is applied to programming and erasing operations in the
MONOS-type memory cells. In the past few decades, the amount of charge stored in the
charge trapping film has been decreasing because of shrinkage of the memory cell size in
the MONOS-type devices. Therefore, there are still some challenges to obtain the
excellent performance and reliability in the MONOS-type devices. Accordingly, many
researchers have intensively explored new dielectric materials with the superior charge
trapping characteristics [11-16]. However, no previous studies have been successful in
replacing the silicon nitride film because of insufficient charge trapping characteristics

provided by the new materials.
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As mentioned in section 1.2 in chapter 1, the application of SiCN films to the charge
trapping film of the embedded NVMs was intensively studied by Naito ef al. [17] and
Kobayashi et al. [17,18]. In addition, it was found that the SICN-based memory has higher
programming and erasing speeds than that of the silicon nitride-based memory [17,18].
However, the understanding of the charge trapping phenomena in the programming and
erasing operations is still important to realize the SICN-based NVMs.

There are three states of the charge trap centers: (i) empty trap centers, (ii) trap centers
filled by electrons, and (iii) trap centers filled by holes. Several studies have been made
on the hole trapping characteristics of the silicon nitride-based charge trapping memory
after electron injection [2,19-29], in which the charge centroid of holes trapped in the
silicon nitride films with trap centers filled by electrons has been investigated by using
the constant-voltage carrier injection method. Both empty trap centers and trap centers
filled by electrons ought to exist in the silicon nitride films after the programming
operation. Holes injected to the silicon nitride films would be captured by both two states
of the trap centers. The charge centroid obtained in the previous studies would result from
hole capture by both empty trap centers and trap centers filled by electrons. Moreover,
during hole injection, both electrons and holes captured by trap centers would be present
in the silicon nitride films. The electrons could be moved inside the films and could be
emitted from the silicon nitride films. Therefore, it is difficult to clarify the accurate
location of trapped holes.

In this chapter, to get a better understanding of the mechanisms of erasing operation,
the constant-current carrier injection method was proposed and the charge centroid of
holes trapped in the SiCN and silicon nitride charge trapping films with only empty trap
centers was extracted.
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In the previous studies, the constant-voltage carrier injection method was used to
evaluate the charge centroid in the silicon nitride-based charge trapping memory [19,24].
This method required the application of an auxiliary pulse before carrier injection. By
applying the auxiliary pulse, the silicon surface potential is returned to flat-band condition.
However, to determine the auxiliary pulse level, another set of measurements of
programming and erasing characteristics is needed in preliminary step. Such a sequence
would generate an error in the charge centroid estimation due to the variation of the
programming and erasing characteristics among individual memory transistors. On the
other hand, in the present study, the proposed constant-current carrier injection method
does not require the additional measurement of the programming and erasing
characteristics and the application of the auxiliary pulse. The constant-current carrier
injection method is useful to obtain the accurate charge centroid of carriers trapped in the
charge trapping films. In this chapter, a comparative study of the charge centroid of holes
captured by empty trap centers in the SiCN and silicon nitride charge trapping films was
made using the proposed constant-current hole injection method.

This chapter is organized as follows. In section 2.2, the formation conditions of films,
the elemental compositions throughout the film thickness and surface roughness of the
fabricated films will be presented. Then, the experimental procedure for measuring the
hole trapping characteristics will be described. In section 2.3, an extraction method of the
charge centroid of trapped carriers will be discussed. After that, the leakage current
through the stacked dielectric films will be analyzed. Then, the experimental results of
the charge centroid of holes trapped in the charge trapping films will be presented. The
distribution of holes trapped in the SiCN and silicon nitride films around the charge
centroid will be explained by a model. Finally, section 2.4 provides the conclusions.
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2.2 Experimental details

2.2.1 Films fabrication

Two types of memory capacitors with blocking oxide-SiCN-tunnel oxide and
blocking oxide-silicon nitride-tunnel oxide stacked films were formed on p-type (100)
silicon substrates. The schematic cross sections of the fabricated memory capacitors are
shown in Fig. 2.1. The formation conditions of the samples are summarized in Table 2.1.
A tunnel oxide film of 2.4 nm in thickness was formed by rapid thermal oxidation at
1050 °C of the silicon substrates in both types of the stacked dielectric films. A 31.6-nm-
thick SiCN film was formed by a PECVD technique at 400 °C using Si(CHz)s and NH3
gases. A 30.4-nm-thick silicon nitride film was grown at 600 °C using Si>Cls and NHj3
gases by an LPCVD technique. A blocking oxide film of 17.2-17.3 nm in thickness was
formed by a PECVD technique at 400 °C using SiH4 and N>O gases. Finally, an aluminum
film was deposited by thermal evaporation through a metal mask (shadow mask
evaporation) to form the gate electrode. The aluminum gate electrode can be formed
without damage by this technique. The refractive indexes of the SiCN and silicon nitride
films were found to be 1.91 and 1.97 at a wavelength of 632.8 nm using a SOPRA MOSS-
ES4G spectroscopic ellipsometer. The static relative dielectric constant of the SICN and

silicon nitride films were estimated to be 4.8 and 7.3, respectively.
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Fig. 2.1 Schematic cross sections of the memory capacitors with an aluminum electrode-
blocking oxide-SiCN-tunnel oxide-silicon and an aluminum electrode-blocking oxide-
silicon nitride-tunnel oxide-silicon. Figure 2.1 is “Reproduced with permission from ECS
Transactions, 75(32), 51 (2017). Copyright 2017, The Electrochemical Society.”

Table 2.1 Summary of the formation conditions of the samples.

Film Thickness | Refractive | Method | Temperature | Source gases
(nm) index (°C)
Blocking oxide | 17.2-17.3 1.48 PECVD 400 SiH,+N,0
SiCN 31.6 1.91 PECVD 400 Si(CH,),+NH,
Silicon nitride 30.4 1.97 LPCVD 600 Si,Clg+NH,
Tunnel oxide 2.4 146 | jrerwel 1050
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2.2.2 Elemental compositions and surface roughness of fabricated films

In order to investigate elemental compositions of the stacked films, X-ray
photoelectron spectroscopy (XPS) measurements were performed using an ULVAC-PHI
Quantum 2000 spectrometer with a monochromatic Al Kot (1486.6 eV) X-ray source. The
XPS spectra were collected for carbon (C 1s), nitrogen (N 1s), oxygen (O 1s), and silicon
(Si2p) elements after every 1-min sputtering by using a 1 kV Ar ion beam sputtering. The
diameter of the X-ray beam area was 50 um and the detection system was located at 45°
with respect to the surface of the samples. Figures 2.2(a) and 2.2(b) show the XPS depth
profiles of the blocking oxide-SiCN-tunnel oxide and the blocking oxide-silicon nitride-
tunnel oxide stacked films fabricated on p-type silicon substrates. The XPS depth profiles
represent the relationships between the Ar ion sputtering time and the atomic ratios. The
atomic ratios were calculated from atomic concentrations of the elements, in which the
atomic concentrations of the elements were derived from the corresponding photoelectron
peak areas. Table 2.2 shows the summary of depth profiles of the atomic ratios. In Table
2.2, the mean atomic ratios of N, C, and O to Si were given. The mean atomic ratio of O
to Si in the blocking oxide films was estimated within the 1 to 5 min sputtering time range.
Additionally, within the 14 to 26 min sputtering time range in Figs. 2.2(a) and 2.2(b), the
mean atomic ratios of N and C to Si in the SiCN and silicon nitride films were calculated.
The errors shown in Table 2.2 are single standard deviation. It was found that the atomic
ratios of N, C, and O to Si were nearly constant throughout the thickness of the blocking

oxide, SiCN, and silicon nitride films.
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Fig. 2.2 (a) XPS depth profiles of the blocking oxide-SiCN-tunnel oxide stacked films

fabricated on p-type silicon substrate. (b) XPS depth profiles of the blocking oxide-silicon
nitride-tunnel oxide stacked films fabricated on p-type silicon substrate.
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Table 2.2 Summary of the depth profiles of the atomic ratios in the blocking oxide, SiCN,
and silicon nitride films. This Table is “Reprinted from Materials Science in
Semiconductor Processing, 2017, in press, S. R. Al Ahmed, K. Kato, and K. Kobayashi,
Hole trapping characteristics of silicon carbonitride (SiCN)-based charge trapping
memories evaluated by the constant-current carrier injection method, Copyright (2017),
with permission from Elsevier.”

Atomic ratio Blocking SiCN Silicon
oxide nitride

N/Si - 0.41£0.04 1.22+0.06

C/Si - 0.77£0.06

O/Si 2.10X0.11 - -

Next, the surface roughness of the SiCN, silicon nitride, blocking oxide, and tunnel
oxide single-layer films was investigated by atomic force microscopy (AFM) technique.
A Shimadzu SPM-9700 AFM system with a scan size of 1.0 um x 1.0 um in tapping
mode configuration was used to measure the surface roughness of the films. Figures 2.3(a),
2.3(b), 2.3(c), and 2.3(d) show the three-dimensional AFM images of the SiCN, silicon
nitride, blocking oxide, and tunnel oxide films. The surface roughness of the films was
characterized by most commonly used roughness parameters such as the arithmetic mean
roughness (Ra) and root-mean-square roughness (Rq). Table 2.3 summarizes Ra and Rq
obtained from AFM analysis. It was found that the surface of the fabricated films was

smooth with the small roughness values of R, and R,.
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(c) Blocking oxide, 17.2-17.3 nm (d) Tunnel oxide, 2.4 nm

Fig. 2.3 Three-dimensional AFM images of four different single-layer films: (a) SiCN
film of 31.6 nm in thickness, (b) silicon nitride film of 30.4 nm in thickness, (c) blocking
oxide film of 17.2-17.3 nm in thickness, and (d) tunnel oxide film of 2.4 nm in thickness.

Table 2.3 Summary of the surface roughness of the SiCN, silicon nitride, blocking oxide,
and tunnel oxide films. Table 2.3 is “Reprinted from Materials Science in Semiconductor
Processing, 2017, in press, S. R. Al Ahmed, K. Kato, and K. Kobayashi, Hole trapping
characteristics of silicon carbonitride (SiCN)-based charge trapping memories evaluated
by the constant-current carrier injection method, Copyright (2017), with permission from

Elsevier.”
Film Thickness (nm) Arithmetic mean  Root-mean-square
roughness, R, (nm) roughness, R, (nm)
SiCN 31.6 0.20 0.25
Silicon nitride ~ 30.4 0.19 0.25
Blocking oxide 17.2-17.3 0.14 0.17
Tunnel oxide 24 0.11 0.12
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2.2.3 Procedures for measuring hole trapping characteristics

Figure 2.4 shows the experimental procedure for measuring the hole trapping
characteristics. After sample fabrication, all the memory capacitors were baked at 235 °C
for a long period of time to emit electrons and holes trapped in the blocking oxide-SiCN-
tunnel oxide and the blocking oxide-silicon nitride-tunnel oxide stacked films. The high-
frequency capacitance-voltage (CV) measurements were conducted and the flat-band
voltage V0 was determined by analyzing the CV curves of the baked capacitors. The CV
characteristics were measured at 100 kHz with an Agilent E4980A LCR meter. At the
next step, the gate electrodes were negatively biased to inject holes from the silicon
substrates into the charge trapping films at a constant current density of -4.2 x 10 A/cm?.
The constant-current hole injection was carried out using an Agilent 4157B
semiconductor parameter analyzer. After the hole injection following the baking, the CV
characteristics were again measured to determine the flat-band voltage V1. Then, the

flat-band voltage shift AV, was obtained from the difference between Vpo and V1.

Next, the injected charge per unitarea Q, (t,,t;) was calculated by combining the current

density J; and carrier injection time. The charge centroid of trapped holes were estimated

from AV, 5 and Qinj (tp,t,) . The detailed procedure to obtain the charge centroid of trapped

holes is explained in section 2.3.1.
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Baking the sample capacitors at 235 °C
Trapped carriers in the stacked films were emitted.

CV measurement (100 kHz)
The flat-band voltage was determined: V' ,

Constant-current hole injection at -4.2 x 10-° A/cm?
The gate was negatively biased to inject holes to the
charge trapping film.

CV measurement (100 kHz)
After hole injection, V, ;,; was measured to determine AV, ..

(@ The injected charge per unit area 0,,; was calculated.
@ Charge centroid of trapped holes were estimated from AV and O,

Fig. 2.4 Experimental procedure to extract the charge centroid of holes trapped in the
charge trapping films using the constant-current hole injection method. This Figure is
“Reproduced with permission from ECS Transactions, 75(32), 51 (2017). Copyright 2017,
The Electrochemical Society.”

The gate current density of -4.2 x 10 A/cm? was obtained from the gate current of -
4.6 x 107! A for the memory capacitors with an area of 1.1 x 102cm? (1.1 mm?). The gate
current below this level could not be employed by taking into consideration the noise
level of the system used in this study (Agilent 4157B semiconductor parameter analyzer).
In the case of injecting holes of 0.2 x 10" cm™ in density, the constant gate current was
kept for 250 s. If a gate current of -4.6 x 10 A is selected, hole injection should be
conducted only for a period of 2.5 s. Since the highest time resolution of our system is
0.25 s, such a short period of time for hole injection is unsuitable to obtain an accurate

number of injected holes.
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2.3 Results and discussion

2.3.1 Extraction method of charge centroid of trapped holes

Figure 2.5(a) shows the CV characteristics of the SiCN capacitor after the baking at
235 °C and after the subsequent constant-current hole injection at -4.2 x 10" A/cm?. The
capacitor was first baked at 235 °C for a long period of time to empty all trap centers
existing in the SiCN film. The 235 °C baking and the CV measurement were conducted
alternately and it was confirmed that the flat-band voltage converged to a value of -3.4 V,
which is termed as V0. Subsequently, holes were injected into the SiCN films with only
empty trap centers from the silicon substrate through the thin tunnel oxide film via the
quantum mechanical tunneling under the negative gate bias. After the hole injection, the
flat-band voltage was shifted toward the negative voltage direction from Vo to Vi n due
to holes captured by only empty trap centers in the SiCN charge trapping film. The flat-
band voltage shift AVs,, was derived from the difference between Vo and Vi 1.

Figure 2.5(b) shows the CV characteristics of the silicon nitride capacitor after the
baking at 235 °C and after the constant-current hole injection. The flat-band voltage Vio,0
of the baked capacitor was determined to be -4.4 V for the silicon nitride capacitor.
Subsequently, holes were injected into the silicon nitride film with only empty trap centers
under the negative gate bias. AV, induced by holes trapped in the silicon nitride charge

trapping film was obtained from the difference between V0 and V1.
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Fig. 2.5 (a) CV characteristics of the memory capacitor with the blocking oxide-SiCN-
tunnel oxide stacked films. (b) CV characteristics of the memory capacitor with the
blocking oxide-silicon nitride-tunnel oxide stacked films.
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It is assumed that the trapped holes are distributed as a sheet of charge, which is
located at the charge centroid X,y . Here, X,y 1s measured from the interface between

the blocking oxide and the charge trapping film, as shown in Fig. 2.6. The density of

trapped charge Qyqpis given by

1
— AV, (2.1)

tbox + Xtctl

Qtrap ==

€0fhox  €ofctl

where er0x and e. are, respectively, the static relative dielectric constants of the blocking

oxide and charge trapping films, #sox is the thickness of the blocking oxide film, &o

Gate electrode —_<—t 2

_ _ ® e o
Blocking oxide <
gillgglnorgitride —7 ‘% ______ H
Tunnel oxide ——s- = G )
1 3 4
p-type silicon

® hole (h*)
— @ electron (e)

Fig. 2.6 Measurement configuration for extracting the charge centroid Xy of holes
trapped in the SiCN and silicon nitride films. X,y was measured from the interface

between the blocking oxide and the charge trapping films. The numbers 1 and 2 indicate
the flows of holes and electrons across the stacked dielectric films, respectively. The
number 3 indicates the hole capture by empty trap centers and 4 indicates the hole
accumulation at the silicon surface.
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is the permittivity of free space. Then, Xy is represented by [2,24,28,30]

_ AVgpn t
Xictl = — + Do €€l - (2.2)
Qtrap €0€hox

Figure 2.7(a) shows the gate voltage shift of the SICN capacitor during the constant-

current hole injection. The gate voltage shift of the silicon nitride capacitor during the

hole injection is also shown in Fig. 2.7(b). Here, Qe (t) is defined with the gate

current density J; and carrier injection time ¢ by

Qmeas(t) =J g -t (2.3)

In Figs. 2.7(a) and 2.7(b), the gate voltage Vg increased with increasing Qpeqs (t) . The

silicon surface was under the inversion or depletion condition while V', ranged from 0 to
Vipo. When Vg was larger than Vi 0, the silicon surface was in the accumulation condition

and holes were injected from the silicon substrate into the charge trapping film through

/
the thin tunnel oxide film via the quantum mechanical tunneling. Qpeas (to,t;) is

defined in the following formula
/
Qmeas (tO ’tl) = Qmeas (tl) - Qmeas (to)

=Jg-(t-to). (2.4)

The gate current density Jg is written as

J g~ ‘]Ieak(t) + ‘]trap(t) + ‘]sub(t) > (2.5)

where J . (t) is the leakage current component owing to electron and hole flows across
the stacked dielectric films, Jy,,(t) is the displacement current component owing to

hole trapping by trap centers existing in the charge trapping film and Jg, (t)
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Fig 2.7 (a) Gate voltage shift as a function of Q. (t) in the SiCN capacitor during the
constant-current hole injection. (b) Gate voltage shift as a function of Q. (t) in the

silicon nitride capacitor during the hole injection. Figure 2.7(a) is “Reprinted from
Materials Science in Semiconductor Processing, 2017, in press, S. R. Al Ahmed, K. Kato,
and K. Kobayashi, Hole trapping characteristics of silicon carbonitride (SiCN)-based
charge trapping memories evaluated by the constant-current carrier injection method,
Copyright (2017), with permission from Elsevier.”
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is the displacement current component owing to hole accumulation at the silicon surface.

Integration of Eq. (2.5) for the interval £ to 1 in time yields
/
Qmeas (tO ’tl) = Qleak (tO !tl) + Qtrap (tO ’tl) + qub(to 'tl) . (2.6)

Then, the injected charge per unit area Qy,; (to,t;) is defined by

Qinj (to ’tl) = Qleak (tO’tl) + Qtrap(to ’tl) = Qmeas (tO ’tl) - qub(tO ’tl)- (2'7)

/
Here, Qpeas (to,t;) can be determined by using Eq. (2.4) and Qg (ty,t;) can be

calculated by integrating the capacitance C(V;) of the memory capacitor after hole

injection for the interval Vps1to Vg

Vi1
Quslto 1) =[," CVy)aV,. 2.8)
Therefore, Q;n;(ty,t;) can be experimentally obtained from Eq. (2.7). If
Qieak (to:11) =0, Qyap(to,y) is approximately given by

Qtrap(to 1t1) = Qinj (tO !tl) : (2-9)

According to Egs. (2.2) and (2.9), Xy IS given by

AV t
Regtt = =+ —22 ey (2.10)
Qinj(to 1) €08nox
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2.3.2 Analysis of leakage current component

To estimate the Qy (ty,tf;) value, the leakage current component J, (t)

described in Eq. (2.5) was analyzed. Figure 2.8(a) shows the Jg-V, characteristics of the
blocking oxide-SiCN-tunnel oxide stacked films after the baking. At the first scan, the
gate voltage was stepped by 0.1 V every 2 s (1 s of delay time before the measurement
and 1 s for the current measurement) to avoid detecting the displacement current
component owing to hole accumulation at the silicon surface. The presence of a large
displacement current component was observed at gate voltages ranging from 0 to -18 V.

This current component is mainly attributed to hole trapping by empty trap centers in the

10 10°
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Fig. 2.8 (a) J,-V; characteristics of the memory capacitor with the blocking oxide-SiCN-
tunnel oxide stacked films. (b) Jg-V, characteristics of the memory capacitor with the
blocking oxide-silicon nitride-tunnel oxide stacked films. Figures 2.8(a) and 2.8(b) are
“Reprinted from Materials Science in Semiconductor Processing, 2017, in press, S. R. Al
Ahmed, K. Kato, and K. Kobayashi, Hole trapping characteristics of silicon carbonitride
(SiCN)-based charge trapping memories evaluated by the constant-current carrier
injection method, Copyright (2017), with permission from Elsevier.”
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SiCN charge trapping film. In addition, the J,-V, curve measured with a long delay time
of 60 s at every step is shown in Fig. 2.8(a). At the second scan, the displacement current
component almost disappeared with the long delay time and the leakage current
component showed up at high voltages. During the long delay time at every step, holes
would be injected into the SiCN film and would fill many trap centers. After the lapse of
the delay time, the density of empty trap centers ought to be decreased. Moreover, a
positive charge would be generated in the SiCN film by the trapped holes. These two
phenomena certainly decrease the probability of hole tunneling from the silicon substrate
to empty trap centers. Therefore, the displacement current component attributed to hole
trapping was substantially decreased and was hardly detected.

From the CV curve shown in Fig. 2.5(a), the value of V50 was obtained to be -3.4 V
for the SiCN capacitor. This result indicates that a fixed positive charge was present in
the stacked films even after baking the capacitor for a long period in time. Ma and co-
workers reported that the flat-band voltage is shifted from its ideal value by fixed positive
charges primarily at the two oxide-nitride interfaces in the oxide-silicon nitride-oxide
stacked films [31]. Therefore, assuming that the amount of the fixed positive charge
distributed at the tunnel oxide-charge trapping film interface is the same as that distributed

at the blocking oxide-charge trapping film interface, the charge centroid of fixed positive
charges Xgy is located at the middle of the charge trapping film. Then, the electric field
in the blocking oxide film of the SiCN capacitor induced by the fixed positive charges,
AEj,, 1s estimated to be 0.30 MV/cm using the following equations:

&
box
ty +

AE g =— o

(tCtl - )_(ﬁx ) (Vfb,o - ¢ms)
te

(2.11)

€hox o
a tbox + X fix

Ectl
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and

ot
X g 207“, (2.12)

Here, #» and 2.4 are the thicknesses of the tunnel oxide film and the charge trapping film
respectively and ¢y, is the metal-semiconductor work function deference. In addition,
during the Jg-V; measurement, holes were captured by trap centers and an additional
positive charge was built up in the SiCN film. The energy band diagrams of the
aluminum-blocking oxide-SiCN-tunnel oxide-silicon structure at the flat-band condition
and a negative gate voltage of -18 V are shown in Figs. 2.9(a) and 2.9(b). In Fig. 2.9(b),
the fixed positive charge and trapped holes are drawn as sheet charges. It is revealed that
electrons can be injected through the blocking oxide film at negative gate voltages. Taking
into account the presence of the fixed positive charge and trapped holes, the Fowler-
Nordheim (FN) tunneling current Jryv consisting of electrons injected from the gate

electrode is given by the following equations:

3 4.2m @ "
J N = [&JEboxzexp[_$b (213)

8rhd,m,, 307E .

and

_¢ms

€q

Vg
Epoy =— +AE, +AE

fix hole *

(2.14)

where Epox 1s the electric field in the blocking oxide film, @5 is the energy barrier height
for electrons, m and m,, are the electron mass in free space and in SiO: respectively, g is
the elementary charge, / is the Planck constant, 7 is the reduced Planck constant, AEj.z.
is the electric field in the blocking oxide film induced by the trapped holes and #., is the

oxide-equivalent thickness of the stacked films. The broken line in Fig. 2.8(a) shows Jry
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Fig. 2.9 (a) Energy band diagram of the aluminum-blocking oxide-SiCN-tunnel oxide-
silicon structure at flat-band condition. (b) Energy band diagram of the aluminum-
blocking oxide-SiCN-tunnel oxide-silicon structure at a negative gate voltage of -18 V.
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as a function of ¥, which was calculated using Eqgs. (2.13) and (2.14). The calculated FN
current was in good agreement with the gate current density measured at high gate
voltages, which was obtained with AEj. of 3.24 MV/cm and the following parameters.
The @, value was estimated to be 3.4 eV using the aluminum work function of 4.28 eV
[32] and the energy difference between the SiO2 conduction band and the vacuum level

[33,34]. The electron effective mass mo = 0.42 m was used [35]. Qpu (t5,1;) was

estimated using the values of Jry calculated for the gate voltages during hole injection
shown in Fig. 2.7(a).

From the CV curve in Fig. 2.5(b), the value of V0 was determined to be -4.4 V for
the silicon nitride capacitor. The AEp, value is estimated to be 0.42 MV/cm using Egs.
(2.11) and (2.12). In Fig. 2.8(b), the broken line shows the calculated result of Jry
consisting of electrons injected through the blocking oxide film into the silicon nitride
film. The good agreement between the measured result and the calculation was obtained

with AEnoe of 2.20 MV/em. Qg (t5,1;) in the silicon nitride capacitors was also

estimated using the values of Jrv calculated for the gate voltages during hole injection
shown in Fig. 2.7(b).

The AEjoe value of 3.24 MV/cm used for the SiCN capacitor can be generated by

trapped holes of 1.3 x 103 cm? assuming X, of 5 nm. The AEjq. value for the silicon
nitride capacitor can also be generated by trapped holes of 1.2 x 10'* cm™ located at Xy

of 8 nm. As will be shown later in the experimental result of Fig. 2.12, X,y was actually

located near the blocking oxide-charge trapping film interface after a large number of

holes were injected into the charge trapping film. According to the literature from Ishida
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etal.,holes of 1.7 x 10'* cm™ in density can be trapped in the oxide-nitride-oxide structure
with a 30-nm thick silicon nitride film [36]. Therefore, the densities of trapped holes
calculated for the SiCN and silicon nitride capacitors are acceptable. Then, the AEjo

values used in the calculations of the present study are acceptable also.
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2.3.3 Charge centroid of trapped holes after hole injection
Figure 2.10(a) shows the relationship between Vi, 1 and the number of injected holes

per unit area Finj in the SICN capacitors subjected to the constant-current hole injection.

Finj is calculated by

Ry = Qi (o). (2.15)
q

Figure 2.10(b) shows Vinn1 as a function of Finj in the silicon nitride capacitors subjected

to the constant-current hole injection. The experimental results in the case that the

Qieax (to 1) values were smaller than 1 % of Q,;(t,,t;) are plotted in Figs. 2.10(a) and

2.10(b). It is considered that the criterion of 1 % of Q;;(t,,t;)is small enough to use the
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Fig. 2.10 (a) Flat-band voltage V1 as a function of the number of injected holes per unit
area Fiy in the SiICN capacitors subjected to the constant-current hole injection. (b) Vi1
as a function of Fiy; in the silicon nitride capacitors subjected to the constant-current hole

injection.
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Fig. 2.11 AVp, versus Fiyin the SiCN and silicon nitride capacitors subjected to the

constant-current hole injection. This Figure is “Reproduced with permission from ECS
Transactions, 75(32), 51 (2017). Copyright 2017, The Electrochemical Society.”

relationship given by Eq. (2.9). Thus, it is claimed that most of holes injected to the SICN
and silicon nitride charge trapping films were captured by trap centers and contributed to
the variation of Vipn1. Figure 2.11 shows AVi h Versus Finjin the SICN and silicon nitride
capacitors subjected to the constant-current hole injection. AV n monotonously increased
with increasing Finj in the both capacitors. It should be noted that the AV values in the
SiCN capacitors almost coincided with those in the silicon nitride capacitors.

The charge centroid Xy of trapped holes was calculated by using Eq. (2.10) and
the AViph values shown in Fig. 2.11, and is plotted as a function of Fj,; in Fig. 2.12. It can
be seen that X,y inthe SiCN capacitors was located at 11 nm at 0.24 x 10" cm2in Fiy;,
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Fig. 2.12 Charge centroid X,y of trapped holes as a function of Fis in the SiCN and
silicon nitride capacitors subjected to the constant-current hole injection.

and then gradually shifted toward the blocking oxide-SiCN interface with the increase in

Finj. On the other hand, X, in the silicon nitride capacitors was initially located at

13 nm and moved toward the blocking oxide-silicon nitride interface with the increase in

Fiy. Tt should be noted that X4y in the SICN capacitors was closer to the interface as

compared to that in the silicon nitride capacitors. In the following section 2.3.4, the

distribution of holes trapped in the charge trapping films will be discussed.
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2.3.4 Comparisons of movement of charge centroid of holes trapped in charge
trapping films

Figures 2.13(a), 2.13(b) and 2.13(c) show the schematic representation showing the
spatial distributions of holes captured by empty trap centers in the SiCN charge trapping
film for different values of Fj,;. As described in section 2.2.3, the sample capacitors were

baked and trap centers were initially empty, as shown in Fig. 2.13(a). From the

experimental result in Fig. 2.12, X,y 1n the SiCN film was located at 11 nm from the

blocking oxide-SiCN interface at Fi; of 0.24 x 103 cm™. Since, there is little knowledge

of the spatial distribution of trapped holes except for Xy , the hole distribution is
assumed to have a Gaussian-like distribution around X,y to discuss the hole trapping
and transport phenomena in the SiCN film, as shown in Fig. 2.13(b). In Fig. 2.12, X

in the SiCN film was shifted to the location of 5 nm at Fiy of 0.68 x 10> cm™?. X,y of

5 nm would require a tight hole distribution in the vicinity of the blocking oxide-SiCN

interface shown in Fig. 2.13(c). The applied gate voltage reached -15.1 V during the hole
injection, and the average electric field E in the SiCN film at that time was estimated

to be 3.8 MV/cm (see Appendix). Therefore, holes injected from the silicon substrate in
the SiCN film would be transported toward the blocking oxide-SiCN interface. In
addition, from the comparison between the hole distributions in Figs. 2.13(b) and 2.13(c¢),
it is considered that holes which were captured once by trap centers also moved toward
the interface during applying negative gate bias.

On the other hand, the spatial distributions of holes captured by empty trap centers in
the silicon nitride charge trapping film after hole injection at different values of Fj, were

represented in Figs. 2.14(a), 2.14(b) and 2.14(c). After the baking, the trap centers in the
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Fig. 2.13 Schematic representations showing the spatial distributions of holes captured
by empty trap centers in the SiCN charge trapping film after hole injection at different
values of Fiy: (2) 0.0 cm™, (b) 0.24 x 103 cm™, and (c) 0.68 x 103 cm™.
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Fig. 2.14 Schematic diagrams illustrating the spatial distributions of holes captured by
empty trap centers in the silicon nitride charge trapping film after hole injection at
different values of Fiy: (a) 0.0 cm™, (b) 0.23 x 103 cm™, and (c) 0.64 x 103 cm™.
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silicon nitride film were empty as shown in Fig. 2.14(a). In Fig. 2.12, X,y 1n the silicon

nitride film at Fj,; of 0.23 x 10" cm™ was located at 13 nm. The trapped holes were

assumed to be distributed around Xy , as shown in Fig. 2.14(b). At Fi, of 0.64 x 10"
cm?, X was changed to the location of 8 nm. Fig. 2.14(c) represents the hole
distribution around X,y of 5 nm in the silicon nitride film. During the hole injection, the

gate voltage was obtained to be -16.2 V. E in the silicon nitride film at the gate voltage
was calculated to be 2.8 MV/cm (see Appendix). Consequently, holes injected from the
silicon substrate in the silicon nitride film would be transported toward the blocking
oxide-silicon nitride interface. In Figs. 2.14(b) and 2.14(c), holes which were trapped
previously by trap centers also shifted toward the blocking oxide-silicon nitride interface
during applying negative gate bias.

As shown in Figs. 2.13(b), 2.13(c), 2.14(b) and 2.14(c), the hole distribution in the
SiCN film was closer to the blocking oxide-SiCN interface as compared to that in the
silicon nitride film. As was mentioned in section 2.2.1, the dielectric constant of the SICN
film is 4.8, which is lower than that of the silicon nitride film. Therefore, the electric field
in the SiCN film would be higher than that of the silicon nitride film when a fixed voltage
is applied to the gate electrode. At the stages shown in Figs. 2.13(b) and 2.14(b), the gate

voltages of -10.8 and -12.1 V were applied to the SiCN and silicon nitride capacitors,
respectively. The values of E in the SiCN and silicon nitride films were estimated to be

2.1 and 1.7 MV/cm, respectively, using the equations in Appendix. Although the applied

gate voltage of the SiCN capacitor was smaller than that of the silicon nitride capacitor,

E in the SiCN film was obtained to be larger due to the effect of the lower dielectric
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constant of the SiCN film. The values of E under the gate voltages of -15.1 and -16.2 V

were calculated to be 3.8 and 2.8 MV/cm in the SiCN and silicon nitride films,
respectively, with regard to Figs. 2.13(c) and 2.14(c). In addition, it can be considered
that the hole transport in the SiCN and silicon nitride charge trapping films was dominated
by the Poole-Frenkel (PF) conduction mechanism. The probability of the PF emission of

holes from trap states, P, is given by

- (4 _\/?I_E/ngogd )}’ (2.16)

Kg

Poc exp{

where E is the electric field in dielectric films, ¢, is the energy depth of the trap centers,

&4 1s the dynamic relative dielectric constant, kg is the Boltzmann constant, and 7 is the
temperature. In the previous report, the dynamic relative dielectric constant of the SICN
film was found to be 4.4 [37]. This value was lower as compared with 5.5+1 of the silicon
nitride film [38]. Moreover, the energy depth of trap centers for holes related to the PF
conduction in the SiCN film was obtained to be 0.8 eV [37], which was shallower as
compared with the trap depth of 1.0-1.3 eV in silicon nitride films [38,39]. Therefore, it
is suggested that holes injected into the SiCN film were easily transported toward the
blocking oxide-SiCN interface by the PF conduction. The high electric field, the low
dynamic dielectric constant and the presence of the shallow trap centers would be
responsible for X,y close to the blocking oxide-SiCN interface.

As shown in Fig. 2.11, the flat-band voltage shift AVs, in the SICN capacitors
coincided with that in the silicon nitride capacitors. According to Egs. (2.1) and (2.10),

AV s represented by
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t X,
AVfb,h = _( box Tt quinj ‘ 2.17)
€0€hox €0l

This equation indicates that AVp is functions of X,y and ecs. As shown in Fig. 2.12,
Xt of holes trapped in the SiCN capacitors was smaller than that in the silicon nitride

capacitors. On the other hand, as described in section 2.2.1, the &4 value of the SiICN film
was lower than that of the silicon nitride film. As a result, AV in the SiCN capacitors
was almost the same as that in the silicon nitride capacitors. To obtain a larger AV, in
the SiCN capacitors, it would be effective to decrease the €.4 value of the SiCN film by
increasing the chemical composition ratio of carbon in the film.

As mentioned in section 2.1, it was reported that the erasing speed in the SiCN
capacitors was obviously higher than that in the silicon nitride capacitors [17,18].
However, as described above, almost the same AVj -Finj characteristics was obtained in
the both capacitors. The higher speed of hole injection in the SiCN capacitors compared
to that in the silicon nitride capacitors might be a possible explanation for the high erasing
speed in the SiCN capacitor. Further study on the hole injection mechanism would be
required to understand the erasing operation in the SiCN-based memories.

Additionally, in the present study, although the charge centroid of trapped holes was
evaluated by using the constant-current carrier injection method, the hole distribution in
the charge trapping films cannot be discussed quantitatively. Further investigation of the
hole distribution would also be needed for fully understanding of the detailed mechanisms
of the erasing operation.

In this chapter, the constant-current carrier injection method was proposed to obtain
the charge centroid of carriers trapped in the charge trapping films and to count the

number of carriers injected to the films. It was revealed that the constant-current carrier
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injection method is useful for obtaining the accurate charge centroid of carriers trapped
in the charge trapping films. The charge centroid of carrier trapped in the charge trapping
films is an important information for understanding the charge trapping mechanism in

programming and erasing operations of NVMs.
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2.4 Conclusions

In this chapter, the constant-current carrier injection method was proposed to obtain
the charge centroid of trapped carriers in stacked dielectric films and to count the number

of carriers injected to the stacked films. To get a better understanding of the mechanisms

of erasing operation, the proposed method was used and the charge centroid X,y of

holes trapped in the SiCN and silicon nitride charge trapping films with only empty trap
centers was extracted. X,y Wwas initially located near the middle of the SiCN and silicon
nitride films, and moved toward the blocking oxide-SiCN interface or the blocking oxide-
silicon nitride interface with increasing the number of injected holes per unit area Fiy;.

It was also found that Xy in the SiCN film was closer to the blocking oxide-SiCN

interface as compared to that in the silicon nitride film. The location of Xy in the SICN

film is explained by the model that holes were easily transported toward the blocking
oxide-SiCN interface because of the high electric field, the low dynamic dielectric
constant and the presence of the shallow trap centers involved in the PF conduction in the
SiCN film.

The flat-band voltage shift in the SiCN capacitors almost coincided with that in the

silicon nitride capacitors. This result is interpreted as results of the smaller value of Xy

and the lower static dielectric constant of the SiCN film than those of the silicon nitride
film.
The hole trapping characteristics in the SiCN and silicon nitride films with empty trap

centers was quantitatively evaluated using the constant-current carrier injection method.
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Appendix

The average electric field E in the charge trapping films is given by

E=E +E, +E,, (A1)
V —
El _ b,0 ¢ms , (Az)
fou Ly 41y
box 2 ctl
€hox
AV
, = fb.h and (A.3)
& —
e tbox + Xt
€hox
E, = Vo1 =Viom - (A4)
Eal
tctI + (tbox + ttn) .
Epox

In Eq. (A.2), the electric field E, in the charge trapping films is generated by the fixed

positive charges. It is assumed that the amount of the fixed positive charge distributed at
the tunnel oxide-charge trapping film interface is the same as that distributed at the
blocking oxide-charge trapping film interface. Then, the charge centroid of fixed positive

charges Xj, 1s assumed to be located at the middle of the charge trapping film,

- 1 . : .
Xfix = Etcﬂ. In Eq. (A.3), the electric field E, is generated by holes trapped in the

charge trapping films. In Eq. (A.4), the electric field E, is generated due to additional

gate voltage applied to the capacitors. Figures A.1(a), A.1(b) and A.1(c) show the energy
band diagrams of the aluminum-blocking oxide-SiCN-tunnel oxide-silicon structure at

the flat-band condition and negative gate voltage. The electric fields E,, E, and E,

generated by the fixed positive charges, the trapped holes and the additional gate voltage

are shown in Figs. A.1(a), A.1(b) and A.1(c).
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Fig. A.1 (a) Energy band diagram of the aluminum-blocking oxide-SiCN-tunnel oxide-
silicon structure at flat-band condition. (b) and (c) Energy band diagrams of the
aluminum-blocking oxide-SiCN-tunnel oxide-silicon structure at negative gate voltages.
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Chapter 3
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Chapter 3 Hole trapping characteristics of SICN films with

both trap centers filled by electrons and empty trap centers

3.1 Introduction

As was mentioned in section 1.2 in chapter 1, memory cell size in the MONOS-type
devices is becoming smaller to meet the requirements of high capacity and low cost.
Consequently, the amount of charges stored in memory transistors is decreasing. Thus, it
is important to understand the charge trapping mechanisms to ensure sufficient charge
storage in small size transistors of embedded NVMs.

In the last few decades, several studies have been made on the erasing characteristics
of MONOS devices after the programming operation [1-11]. In the previous chapters, it
was mentioned that there are three charge states of trap centers in the charge trapping
films, namely empty trap centers, trap centers filled by electrons and trap centers filled
by holes. Both the empty trap centers and the trap centers filled by electrons would exist
in the silicon nitride films after the programming operation.

In chapter 2, to get a better understanding of the carrier trapping mechanisms during
erasing operation, the charge centroid of holes trapped in the SiCN and silicon nitride
charge trapping films with only empty trap centers was extracted by using the constant-
current carrier injection method. In this chapter, the hole trapping characteristics in the
SiCN and silicon nitride films with both trap centers filled by electrons and empty trap
centers were studied. In addition, the constant-current carrier injection method presented
in chapter 2 was used to investigate the electron elimination phenomenon in the erasing
operation of the SiCN and silicon nitride memory capacitors.

In this chapter, the fabrication conditions of memory capacitors and the procedures
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for measuring the hole trapping characteristics in the two conditions of the charge
trapping films will be first introduced in section 3.2. Next, the flat-band voltage shift in
the SiCN and silicon nitride memory capacitors in the two conditions after the constant-
current carrier injection will be discussed by analyzing the CV characteristics in section
3.3.1. Then, to count the number of holes injected to the charge trapping films, the
constant-current carrier injection method proposed in section 2.3.1 in chapter 2 will be
explained in brief. In section 3.3.3, the hole trapping and the electron elimination
phenomenon in the erasing operation of the SiCN and silicon nitride memory capacitors

will be discussed. Finally, conclusions of this chapter will be provided.
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3.2 Experimental details

3.2.1 Sample fabrication

The same conditions of the sample fabrication as described in section 2.2.1 in chapter
2 are repeated in this section. Memory capacitors with blocking oxide-SiCN-tunnel oxide
and blocking oxide-silicon nitride-tunnel oxide stacked films were fabricated on p-type
(100) silicon substrates. Figure 3.1 shows the schematic representation of the memory
capacitor used in this study. A 2.4-nm-thick tunnel oxide film was formed by rapid
thermal oxidation at 1050 °C of the silicon substrates in both types of the stacked
dielectric films. A 31.6-nm-thick SiCN film was grown at 400 °C using Si(CH3)4 and NH3
gases by PECVD. A 30.4-nm-thick silicon nitride film was formed by LPCVD using of
Si>Cls and NH3 gases at 600 °C. A blocking oxide film of 17.2-17.3 nm in thickness was
grown at 400 °C by PECVD. Finally, an aluminum film was deposited by thermal

evaporation through a metal mask (shadow mask evaporation) to form the gate electrode.

Gate electrode —_| 2

Blocking oxide —=1{

SiCN or h*
silicon nitride —=—+t L?J LTJ
Tunnel oxide —F——+ o ©
1 3 4 5
p-type silicon

L

Fig. 3.1 Schematic representation of the SiCN or silicon nitride memory capacitor used
in this study. The number 5 indicates the elimination of electrons from trap centers.
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3.2.2 Procedures for measuring hole trapping characteristics of two conditions

Two sets of experiments were performed on the fabricated capacitors. Figures 3.2(a)
and 3.2(b) show the experimental procedures. In the first experiment, after the sample
fabrication, all the memory capacitors were baked in air at 235 °C for a long period of
time to emit electrons and holes trapped in the blocking oxide-SiCN-tunnel oxide and the
blocking oxide-silicon nitride-tunnel oxide stacked films, as shown in Fig. 3.2(a). The
high-frequency capacitance-voltage (CV) measurements were conducted and the flat-
band voltage Vp,o of the baked capacitors was determined. At the next step, the gate
electrodes were negatively biased to inject holes from the silicon substrates into the
charge trapping films at a constant gate current density of -4.2 x 10" A/cm?. After holes
injection following the baking, the CV characteristics were again measured to determine
the flat-band voltage V1. The hole injection following the baking is termed HI-BK.

In the second experiment, after the sample fabrication, all the memory capacitors were
baked at 235 °C for a long period of time to empty all trap centers existing in the charge
trapping films. After the memory capacitors were baked, the CV characteristics were
measured and the flat-band voltage Vo of the baked capacitors was determined, as shown
in Fig. 3.2(b). The gate electrodes were positively biased with visible light illumination
to inject electrons from the silicon substrates into the charge trapping films at a constant
gate current density of +4.2 x 10° A/cm®. After the electron injection, the CV
characteristics were measured to determine the flat-band voltage V1. Next, the gate
electrodes were biased negatively to inject holes into the charge trapping films at a
constant gate current density of -4.2 x 10 A/cm?”. After the negative voltage was applied,
the CV characteristics were measured to determine the flat-band voltage V. »1. The hole

injection following the electron injection is termed HI-EI. The CV characteristics were
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measured at 100 kHz with an Agilent E4980 LCR meter.

@ Baking the sample capacitors at 235 °C
Trapped carriers in the stacked films were emitted.

O CV measurement (100 kHz)
The flat-band voltage was determined: ¥ ,

@ Constant-current hole injection at -4.2 x 109 A/cm?
The gate was negatively biased to inject holes to
the charge trapping film.

O CV measurement (100 kHz)
After hole injection, 7, ,; was measured to determine AV, .

@ The injected charge per unit area 0, was calculated.
(@)

Baking the sample capacitors at 235 °C
Trapped carriers in the stacked films were emitted.

CV measurement (100 kHz)
The flat-band voltage was determined: ¥,

Constant-current electron injection at +4.2 x 109 A/cm?

The gate was positively biased to inject electrons to the
charge trapping film.

CV measurement (100 kHz)
After electron injection, V., was measured to determine AV, ..

Biasing the gate negatively

The gate voltage was changed to keep a gate current
-4.2x10° Alcm?,

CV measurement (100 kHz)

After a negative gate voltage was applied, , ,, was measured
to determine AV, .

The injected charge per unit area Q,,; was calculated.
(b)

Fig. 3.2 Experimental procedures to measure AVp, as a function of Fjy in the SICN or
silicon nitride memory capacitor subjected to (a) HI-BK and (b) HI-EI Figures 3.2(a) and
3.2(b) are “Reproduced with permission from ECS Transactions, 75(32), 73 (2017).
Copyright 2017, The Electrochemical Society.”
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3.3 Results and discussion

3.3.1 Capacitance-voltage characteristics of memory capacitors

Figure 3.3(a) shows the CV characteristics of the SICN memory capacitor after the
baking at 235 °C and after hole injection following the baking (HI-BK). To empty all trap
centers existing in the SiCN film, the 235 °C baking of the capacitor and the CV
measurement were conducted alternately. Then, it was confirmed that the flat-band
voltage converged to a value of -3.4 V, which is termed as Vp,0. After HI-BK, holes were
injected from the silicon substrate to the SICN charge trapping film. The flat-band voltage
was shifted toward the negative voltage direction from Vo to Vi1 due to holes captured
by empty trap centers in the SiCN charge trapping film. The flat-band voltage shift AV,
was derived from the difference between Vo and Vi 1.

Figure 3.3(b) shows the CV characteristics of the SICN memory capacitor after the
baking, after the subsequent electron injection and after the constant-current hole
injection following the electron injection (HI-EI). The flat-band voltage was shifted
toward the positive voltage direction from Vpo to Vppe1 after the electron injection. This
shift is attributed to electron capture by trap centers in the SiCN film. The flat-band
voltage shift AV . was calculated from Vo and V1, and ranged from 3.0 to 3.5 V. After
HI-EI, the flat-band voltage was shifted toward the negative voltage direction. AVp,, was

obtained from the difference between V.1 and Vi 1.
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Fig. 3.3 (a) CV characteristics of the SICN memory capacitor subjected to the constant-
current hole injection following the baking (HI-BK). (b) CV characteristics of the SiCN

memory capacitor subjected to the constant-current hole injection following the electron
injection (HI-EI).
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Fig. 3.4 (a) CV characteristics of the silicon nitride memory capacitor subjected to HI-
BK. (b) CV characteristics of the silicon nitride memory capacitor subjected to HI-EL
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Figure 3.4(a) shows the CV characteristics of the silicon nitride capacitor subjected
to HI-BK. As mentioned in section 3.2.2, after the sample fabrication, all the memory
capacitors were baked at 235 °C to empty all trap centers existing in the charge trapping
film. The 235 °C baking of the capacitor and the CV measurement were carried out
alternately and Vo of -4.3 V in the silicon nitride capacitor was determined. After HI-
BK, AVp, induced by holes trapped in the silicon nitride charge trapping film was
obtained from the difference between Vp, o and Vi 1.

Figure 3.4(b) shows the CV characteristics of the silicon nitride capacitor after the
baking, after the subsequent electron injection, and after HI-EI. After electron injection,
AVp. was calculated from Vo and Vp,e1, and ranged from 2.7 to 3.4 V. After HI-EI, the
flat-band voltage was shifted toward the negative voltage direction. In Fig. 3.4(b), AV

was determined from the difference between Vo1 and Vip 1.
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3.3.2 Constant-current carrier injection method to count number of holes injected
to charge trapping films

Figure 3.5(a) shows the gate voltage shift of the SiICN capacitor during the constant-
current hole injection following the baking. The gate voltage shift of the silicon nitride

capacitor during HI-BK is also shown in Fig. 3.5(b). Here, Q. (t) is defined with the

gate current density J; and hole injection time ¢, as described in Eq. (2.3) in section 2.3.1
in chapter 2. In Figs. 3.5(a) and 3.5(b), the gate voltage V, increased with increasing

Qpeas (1) . In both the capacitors, the silicon surface was under the inversion or depletion

condition while V,ranged from 0 to V0. When V, was larger than Vo in Figs. 3.5(a) and
3.5(b), the silicon surface was in the accumulation condition and holes were injected from
the silicon substrates into the charge trapping films through the thin tunnel oxide film via

the quantum mechanical tunneling. In Figs. 3.5(a) and 3.5(b), the definition of
/
Qpeas (to, ;) was described in Eq. (2.4) in section 2.3.1 in chapter 2. Then, using the Egs.

(2.5)-(2.8) and (2.15) described in sections 2.3.1 and 2.3.3 in chapter 2, the number of
injected holes per unit area Fi,; for HI-BK is calculated.

On the other hand, in the case of HI-EI, some of trap centers filled by electrons would
emit electrons to the silicon substrate under the negative gate bias. The electron flow

ought to contribute to the measured gate current. Therefore, the gate current density J, for

HI-EI is written as

‘]g = ‘]Ieak(t) + ‘]trap(t) + ‘]emit(t) + 'Jsub(t) > (3.1
where J . (t) is the leakage current component owing to electron and hole flows across

the stacked dielectric films, Jy,,(t) is the displacement current component
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Fig. 3.5 (a) Gate voltage shift as a function of Q. (t) inthe SiCN capacitor during HI-
BK. (b) Gate voltage shift as a function of Q. (t) in the silicon nitride capacitor during
HI-BK. Here, Q. (t) isdefined with the gate current density J, and hole injection time

t, as described in Eq. (2.3) in section 2.3.1 in chapter 2. The gate voltage increased
monotonously during hole injection.
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owing to hole trapping by trap centers existing in the charge trapping film, J; (t) the

displacement current component owing to electron emission from trap centers and

J o (1) is the displacement current component owing to hole accumulation at the silicon
surface. Integration of Eq. (3.1) for the interval # to #1 in time yields

/
Qrmeas (tos11) = Qreax (s ty) + Qtrap (to,ty) + Qemit (to, 1) + Qgup (to . t1) - (3.2)

Then, the injected charge per unit area Q;;(ty,t;) is defined by

Qinj (tO’tl) = Qleak(to’tl) + Qtrap(to’tl) + Qemit (tO’tl) = Qmeas (tO ’tl) - qub(to 1t1) : (3 : 3)

/
Here, Qpeas (tp,t;) and Qg (ty,t;) can be determined by using Egs. (2.4) and (2.8)

explained in section 2.3.1 in chapter 2. Then, Finj for HI-EI is calculated by using the

Qinj(to,t;) Vvalue discussed above and by using Eq. (2.15) presented in section 2.3.3 in

chapter 2. Therefore, in the HI-EI experiment, the Fin value includes the number of

emitted electrons per unit area.
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3.3.3 Trapping of holes and elimination of trapped electrons in erasing operation

Figure 3.6(a) shows the relationship between V1 and Fj,; in both the SiCN and
silicon nitride memory capacitors subjected to HI-BK and HI-EIL. V1 increased with
increasing Fi, and then was saturated. At Fj,; larger than 1.6 x 10'3 cm™, Vp 1 in the HI-
EI experiment almost coincided to that in the HI-BK experiment. Figure 3.6(b) shows
Vit as a function of Fi,; in both the silicon nitride memory capacitors subjected to HI-
BK and HI-EI In Fig. 3.6(b), it was also found that V1 in the HI-EI experiment was
identical to that in the HI-BK experiment at F,; larger than 1.4 x 103 cm™. In the HI-BK
experiment, empty trap centers captured holes and created positive charges. In the HI-EI
experiment, the same amount of positive charges was created. These results revealed that
almost all trapped electrons could not remain in trap centers and were eliminated from
the SiCN and silicon nitride films after a large number of holes were injected.

Figure 3.7(a) shows AVps as a function of Fiy in the SICN memory capacitors
subjected to HI-BK and HI-EI. AV in the HI-EI experiment was almost equal to that in
the HI-BK experiment when F;, ranged from 0 to 1.0 x 10'> cm™. On the other hand,
AV for HI-EI was much larger than that for HI-BK at larger Fiy,. Figure 3.7(b) shows
AV versus Fiyin the silicon nitride memory capacitors subjected to HI-BK and HI-EI.
In Fig. 3.7(b), while Fj, ranged from 0 to 0.8 x 103 cm™, AV, was monotonously
increased with increasing Fi, in both HI-BK and HI-EI experiments and was coincided
in both experiments. Additionally, at larger Fin;, AV for HI-EI was larger than that for
HI-BK. In Figs, 3.7(a) and 3.7(b), AVp, is induced by two events: hole capture by trap
centers in the charge trapping films and elimination of electrons trapped in the SiICN and
silicon nitride charge trapping films. The presence of the process of electron elimination

is responsible for the larger AV, obtained in the HI-EI experiment in both the SiCN and
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silicon nitride memory capacitors. There are two possible mechanisms for the electron
elimination: (i) emission of trapped electrons to the silicon substrate and (ii)
recombination of trapped electrons with holes. Further study would be required to
determine the mechanism of electron elimination in the charge trapping films.

In Figs, 3.7(a) and 3.7(b), AVp,, for HI-EI was almost equal to that for HI-BK when
Fiyranged from 0 to 1.0 x 103 cm™. As described in chapter 2, in the range of small Fiy

and low gate voltages, J (t) is small and Q. (t5,t;) can be neglected in Eq. (2.7)

in section 2.3.1. Then, most holes injected to the SiCN and silicon nitride films are
captured by trap centers in this range. Therefore, the AV values in both the HI-BK and
HI-EI experiments were determined by Fj, values. This resulted in the identical AV
values for HI-BK and HI-EI at small Fjy,.

In MONOS devices used in the manufacturing industry of NVMs, the thickness of the
silicon nitride film is ranging from 3.3 to 12 nm [3-9,12-16]. However, it is difficult to
obtain large flat-band voltage shifts in such thin silicon nitride films. On the other hand,
thicker charge trapping films with high density of charge trap centers result in the large
flat-band voltage shifts of the memory capacitors. As the purpose of this study was to
evaluate hole trapping processes in the charge trapping films with both trap centers filled
by electrons and empty trap centers. Therefore, in the present study, the thick SICN and
silicon nitride charge trapping films were employed to obtain the clear hole trapping
characteristics. Further study would be needed to evaluate the hole trapping

characteristics in the thin charge trapping films.
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3.4 Conclusions

In this chapter, the hole trapping characteristics of two conditions of the SiCN and
silicon nitride films with both trap centers filled by electrons and empty trap centers was
studied. In addition, the constant-current carrier injection method was used to investigate
the electron elimination phenomena in the SiCN and silicon nitride charge trapping films
with trap centers filled by electrons. This method allows to count the number of holes
injected to the charge trapping films.

After a large number of holes were injected to the SiCN and silicon nitride films, the
flat-band voltage V41 in the memory capacitors with both trap centers filled by electrons
and empty trap centers clearly coincided to that with only empty trap centers. This result
indicates that almost all electrons trapped in the charge trapping films could not remain
in trap centers and could be eliminated after a sufficient number of holes were injected
into the films with the trapped electrons. The electrons trapped in the SiCN and silicon

nitride films in this study were unstable against holes.
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Chapter4 FElectron retention characteristics of SICN films for

application in charge trapping memories

4.1 Introduction

As described in the previous chapters, nitride-based charge trapping memory, such as
the MONOS-type device with an ultrathin tunnel oxide film thinner than 3 nm, has
received considerable attention for embedded NVM application due to its several
advantages including low programming and erasing voltages, excellent compatibility
with the standard CMOS process and better scalability [1-10]. As also introduced in the
previous chapters, electrons and holes are captured by trap centers in the silicon nitride
charge trapping films during programming and erasing operations, which are applied to
store data in the MONOS-type memory cells. As was discussed in chapter 1, the memory
cell size in the MONOS-type devices is becoming smaller with rapid downward scaling
of NVMs to meet requirements of high capacity and low cost. However, there are some
challenges in the MONOS-type devices to achieve the superior performance and
reliability. Although alternating charge trapping materials have been explored by several
research groups to improve the memory performance and reliability [11-16], no previous
studies have been successful in replacing the silicon nitride film.

On the other hand, as mentioned in chapters 1 and 2, Naito et al. [17] and Kobayashi
et al. [18] has intensively studied the application of SiCN films to the charge trapping
film of the embedded NVMs. It was reported that the SiCN-based charge trapping
memory was found to provide higher programming and erasing speeds than the silicon
nitride-based memory [18].

Therefore, the optimization of the alternative materials and the necessity of
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overcoming the still existing reliability concerns require an understanding of the charge
trap centers distributed in the charge trapping films, which are responsible for the memory
effect. To improve data retention characteristics of NVMs, it is important to understand
the properties of charge trap centers in the charge trapping films. The long data retention
time mainly depends on the spatial distributions and the energy level of the charge trap
centers in the band gap of the charge trapping films. In chapter 2, the charge centroid of
holes trapped in the SiCN charge trapping films was obtained by using the constant-
current carrier injection method. It was found that the charge centroid of trapped holes
was initially located near the middle of the films, and then moved to the vicinity of the
blocking oxide films with increasing the number of holes injected to the charge trapping
films, which is an important information to understand the reliability assurance of the
SiCN-based NVM devices. In order to realize the SiCN-based NVMs, it is required to
research their charge retention characteristics.

In the previous studies, the emission mechanisms of electrons captured by trap centers
in the silicon nitride films have been discussed by several authors [8,19-21]. They have
shown that electron tunneling from the trap centers to silicon conduction band (CB) is the
dominant emission mechanism at low temperatures (including room temperature). It was
also shown that the thermal excitation of electrons from the trap centers to the silicon
nitride CB is the dominant mechanism at high temperatures. In both the tunneling and
thermal excitation processes, the energy distribution of trap centers filled by electrons
would strongly influences the probabilities of electron emission. On the other hand, it has
been shown that the SiCN films contain large numbers of hydrogen and carbon atoms
[22-24], which might create several kinds of trap centers. Therefore, the understanding of
the energy distribution of trap centers in the SiCN films is crucial to achieve sufficient
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charge retention time in the SiCN-based memory. However, there are few reports on the
energy distribution of trap centers in the SiCN films. In this chapter, an improved
analytical method was presented to analyze the emission rate of electrons trapped in the
SiCN-based memory capacitors. By using the improved method, the energy distribution
of electrons trapped in SiCN charge trapping films was determined.

In this chapter, the charge retention characteristics of the SICN memory capacitors
will be investigated. The formation conditions of samples will first be given in section
4.2. Then, procedures for measuring the charge retention characteristics of the memory
capacitors after programming and erasing operations will be explained. In section 4.3, the
programming and erasing characteristics of the SiCN memory capacitors will be
presented. Then, the charge retention characteristics of the SiCN memory capacitors in
programming and erasing conditions at 86 °C will be discussed. Next, to investigate the
energy distribution of electrons trapped in the SiCN films, the charge retention
characteristics in the programming condition will be presented at four different
temperatures. In this chapter, an improved analytical method for the charge retention
characteristics in the charge trapping films was presented and the energy distribution of
electrons trapped in the SiCN films without any adjustable parameters was extracted.
Later, in section 4.3.4, the extracted energy distribution of electrons trapped in the SiCN
film will be compared with that in the nitride films. In the last section 4.4, conclusions of

this chapter will be delivered.

86



4.2 Experimental details

4.2.1 Films fabrication

To investigate the charge retention characteristics, memory capacitors with a blocking
oxide-SiCN-tunnel oxide stacked film structure were fabricated on p-type (100) silicon
substrates. A schematic cross section of the memory capacitors is shown in Fig. 4.1. Table
4.1 shows the summary of the formation conditions of the samples. First, a 2.4-nm-thick
tunnel oxide film was formed by a rapid thermal oxidation of the silicon substrates. Then,
a 31.5-nm-thick SiCN film as the charge trapping film was formed by a PECVD using
Si(CH3)4 and NH3 gases at 400 °C. After the charge trapping film was formed, a blocking
oxide film of 17.3 nm in thickness was grown using a PECVD technique. Finally, an
aluminum film was deposited by a thermal evaporation technique to form the gate
electrodes on the oxide-SiCN-oxide stacked films. The gate area of the memory
capacitors was 1.1 x 102cm?. The refractive index of the SiCN film was found to be 1.91
at a wavelength of 632.8 nm using a spectroscopic ellipsometer (SOPRA MOSS-ES4G).
The static relative dielectric constant of the SiCN film was determined to be 4.8 from
capacitance measurements.

As was presented in chapter 2, XPS measurements were performed to investigate the
elemental composition of the SICN film. Depth profiles of each element in the film were
collected after every 1-min sputtering using a 1 KV Ar ion beam. The atomic ratios of N
and C to Si of the SiCN film were obtained to be 0.41+0.04 and 0.7740.06, respectively.
The atomic ratios were found to be nearly constant throughout the thickness of the SiCN
film. In addition, the surface roughness of the SiCN, blocking oxide, and tunnel oxide

single-layer films was measured by AFM. It was found that the film surfaces were smooth
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with the estimated roughness values of R, and R, below 0.3 nm, which lead to confirm the
surface quality of the films in evaluating the charge retention characteristics of the

memory capacitors with the blocking oxide-SiCN-tunnel oxide stacked films structure.

V,=+143Vor -15.1V

T

- — Aluminum electrode

7 Blocking oxide film, 17.3 nm
W SiCN charge trapping film, 31.5 nm

P

— Tunnel oxide film, 2.4 nm

+——~2___— p-type (100) silicon substrate
9-12 Qcm

L

Fig. 4.1 Schematic cross section of test capacitors with an aluminum electrode-blocking
oxide-SiCN-tunnel oxide-silicon structure. (Copyright 2017 IEICE, [Sheikh Rashel Al
AHMED and Kiyoteru KOBAYASHI, Extraction of Energy Distribution of Electrons
Trapped in Silicon Carbonitride (SiCN) Charge Trapping Films, IEICE TRANS.
ELECTRON., 2017, Vol. E100-C, No. 7, pp. 662-668] Fig. 1)

Table 4.1 Summary of the formation conditions of the samples.

Film Thickness | Refractive | Method | Temperature | Source gases
(nm) index (°C)
Blocking oxide 17.3 1.48 PECVD 400 SiH,+N,O
SiCN 31.5 1.91 PECVD 400 Si(CH3),+NH;
. Thermal
Tunnel oxide 24 1.46 oxidation 1050
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4.2.2 Procedures for measuring charge retention characteristics

After the sample fabrication, the samples were placed in an oven chamber. All the
memory capacitors were baked in the air at 235 °C to emit electrons and holes trapped in
the stacked dielectric films. The 235 °C baking and measurements of the capacitance-
voltage (CV) characteristics were conducted alternately and it was confirmed that the flat-
band voltage V.0 converged to a value of -3.1 V. The total baking time was 1.2 x 10°s.
The CV characteristics were measured at 100 kHz with an Agilent E4980A LCR meter.
To turn the SiCN memory capacitors into programming or erasing condition, a
programming voltage of +14.3 V or an erasing voltage of -15.1 V was applied to the gate
electrode. The programming and erasing voltages were applied by using an Agilent
33210A function generator. In order to maintain an inversion condition in the p-type
silicon substrates under the positive gate bias, the memory capacitors were exposed to
visible light during the programming operation. The charge retention characteristics in
programming condition were measured at four different temperatures ranging from 23 to
235 °C. The charge retention characteristics in erasing condition were also measured at
86 °C. Figure 4.2 shows the procedures to measure the charge retention characteristics

after the programming and erasing conditions.
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Programming condition

Baking the capacitors at 235 °C

CV measurement was conducted to
determine flat-band voltage V7, ,

Programming voltage, Vg =+14.3V
Electrons were trapped.

Erasing voltage, V,=-15.1V
Holes were trapped.

Programming voltage, Vg =+14.3V
Electrons were trapped.

CV measurement
Flat-band voltage V', was determined.

Room temperature (23 °C) and
86 °C, 160 °C, 235 °C baking

CV measurement
Flat-band voltage shift AV, was
determined after room temperature
and baking at high temperatures.
(AVy=AV,)

Erasing condition

Baking the capacitors at 235 °C

CV measurement was conducted to
determine V7

Programming voltage, V, = +14.3 V
Electrons were trapped.

Erasing voltage, V,=-15.1V
Holes were trapped.

CV measurement
Flat-band voltage ¥, was determined.

86 °C baking

CV measurement
Flat-band voltage shift AV, was
determined after room temperature
and baking at high temperatures.
(AVy=AV,)

Fig. 4.2 Procedures to measure the charge retention characteristics after the programming
and erasing conditions.
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4.3 Results and discussion

4.3.1 Capacitance-voltage characteristics of SICN memory capacitor

Figure 4.3 shows the CV characteristics of the SICN memory capacitor before and
after the baking at 235 °C, after the programming operation, and during the charge
retention test at 86 °C. To empty all trap centers existing in the SICN charge trapping film,
the capacitor was baked at 235 °C. The V0 value was obtained to be -3.1 V by analyzing
the CV curve of the baked capacitor. After a programming voltage of +14.3 V was applied
to the gate electrode with grounded silicon substrate, the CV curve was shifted toward the
positive voltage direction. This shift indicates that a negative charge was accumulated in

the SiCN memory capacitor.

1.2 oxide/SiCN/oxide = 17.3/31.5/2.4 nm

Retention test at 86 °C

1.0 \
g 2 [%22 [1.9x105s 2.2x105s 2.8x10%s
C .
b Before baking N \ //
= 08 [ at2ss°C e . o« JUs
@ //

O
3 C/Cpp=0.61 o m’ s
(& - IO L4
it 0.6 0 m i e
rqd /M:OO u *
T After baking s _ A e
€ 04 at23s°C L at . "
fu— 1 [ ]
o [ O] nt . °
Z O 2 % .‘-.;‘Ii.lrﬁ‘A“,‘;).
: 100 kHz ,
L After programming
. L= at+14.3V
1 1 1
-6 -4 31 -2 0 2

Gate voltage, ¥, (V)

Fig. 4.3 CV characteristics of the memory capacitors with the blocking oxide-SiCN-
tunnel oxide stacked films. (Copyright 2017 IEICE, [Sheikh Rashel Al AHMED and
Kiyoteru KOBAYASHI, Extraction of Energy Distribution of Electrons Trapped in
Silicon Carbonitride (SiCN) Charge Trapping Films, IEICE TRANS. ELECTRON., 2017,
Vol. E100-C, No. 7, pp. 662-668] Fig. 2)
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4.3.2 Programming and erasing characteristics of SICN memory capacitors

Figure 4.4 shows the programming and erasing characteristics of the SiICN memory
capacitors. As mentioned in the section 4.2.2, the programming voltage of +14.3 V was
applied to the gate electrode with grounded silicon substrate to turn the SICN memory
capacitor into the programming condition. After the programming operation, the flat-band
voltage was varied toward the positive voltage direction. Following the programming
operation, the gate electrode was negatively biased at -15.1 V. In Fig. 4.4, after the erasing
operation, the flat-band voltage was shifted toward the negative voltage direction. This
shift is attributed due to a positive charge accumulation in the memory capacitor. A
memory window of 6.9 V was obtained. These results show that electrons and holes were
injected into the SiCN film from the silicon substrate through the thin tunnel oxide film
via the quantum mechanical tunneling under the positive and negative gate bias and some

of the injected electrons and holes were trapped in the SiCN charge trapping film.
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Fig. 4.4 Programming and erasing characteristics of the SICN memory capacitors. The

thicknesses of the blocking oxide, SiCN, and tunnel oxide films were 17.3, 31.5, and 2.4
nm, respectively.
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4.3.3 Charge retention characteristics of SiCN memory capacitors at 86 °C

To measure the charge retention characteristics, the baking and measurements of the
CV characteristics were alternately carried out after the programming and erasing
operations. In Fig. 4.3, after the programming operation, the CV curve of the SiCN
memory capacitor baked at 86 °C was shifted toward the negative voltage direction. The
flat-band voltage was obtained by analyzing the CV curves of the baked capacitor. Figure
4.5 shows the charge retention characteristics of the SiCN memory capacitors in
programming and erasing conditions at 86 °C. The testing temperature nearly equaled the
maximum operating temperature of 85 °C which is typically required for NVM-
embedded micro computing units. As mentioned in the section 4.2.2, the flat-band voltage
Vo was determined to be -3.1 V by analyzing the CV curves of the baked capacitors.
After the programming operation and the subsequent retention test at 86 °C, the flat-band
voltage was shifted toward V. This shift is mainly due to the emission of electrons from
the trap centers. In the erasing condition in Fig. 4.5, the flat-band voltage was also shifted
toward Vp,0. This shift is mainly due to hole emission from the trap centers. The initial
memory window of 6.4 V was stored in the SICN memory capacitors before the retention
test at 86 °C. After ten years retention at 86 °C, the remaining memory window of the
SiCN memory capacitors was roughly estimated to be 25 % of the initial memory window.
The result leads us to suggest that the SiCN dielectric films can be utilized as the charge

trapping film of embedded NVMs.
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Fig. 4.5 Charge retention characteristics of the SICN memory capacitors in programming
and erasing conditions at 86 °C. The testing temperature nearly equaled the maximum
operating temperature of 85 °C which is typically required for NVM-embedded micro
computing units. The remaining memory window of the SiCN memory capacitors after
ten years was roughly estimated to be 25 % of the initial memory window. (Copyright
2017 IEICE, [Sheikh Rashel Al AHMED and Kiyoteru KOBAYASHI, Extraction of
Energy Distribution of Electrons Trapped in Silicon Carbonitride (SiCN) Charge
Trapping Films, IEICE TRANS. ELECTRON., 2017, Vol. E100-C, No. 7, pp. 662-668]
Fig. 4)
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4.3.4 Extraction of energy distribution of trapped electrons

To investigate the energy distribution of electrons trapped in the SiCN films, the
charge retention characteristics in the programming condition were measured at four
different temperatures. Figure 4.6(a) shows the flat-band voltage versus retention time.
The flat-band voltage shift at a fixed retention time was larger for the higher testing
temperature.

Assuming that the trapped electrons have a spatially uniform distribution in the SiCN
film, the number of filled trap centers per unit volume at retention time ¢ for the testing
temperature 7, N(¢,T), has a relationship with the following expression:

N T) eV (6T) =V, (4.1)

where Vp(2,T) is the flat-band voltage at retention time ¢ for the testing temperature 7.

Then, the occupancy function f{#,7) is defined as the form

F(LT) = S(t,T) Vi (tT) =V (4.2)

0T) VpOT) Vo

Figure 4.6(b) shows f{(z,T) versus retention time ¢ for the SICN memory capacitors at
different temperatures. The electron emission rate df(¢,7)/dlog ¢ was larger for the higher
testing temperature.

Several authors have analyzed the energy distribution of electrons trapped in the
silicon nitride charge trapping films [8,19-21]. Lundkvist et al. presented a theoretical
model to explain the retention characteristics of MNOS devices [19]. It needed two
adjustable parameters, such as the mean free path for direct tunneling of electrons 4 and
inverse of the attempt-to-escape frequency 7., to derive the energy distribution. The

model based on thermal excitation of charge carriers from trap centers was proposed by
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Fig. 4.6 (a) Variations in the flat-band voltage at four different temperatures in the SiCN
memory capacitors. The flat-band voltage shift at a fixed retention time was larger for the
higher testing temperature. (b) Occupancy function f{#,7) versus retention time ¢ at
different temperatures. The electron emission rate df{z,7)/dlog ¢ was larger for the higher
testing temperature.

97



McWhorter et al.. It also needed two adjustable parameters of 4 and the capture cross-
section of electron trap centers o to analyze the nitride trap distribution in energy [20].
Wang and White derived an analytical retention model based on the trap-to-band
tunneling and thermal excitation mechanisms for electron emission [8]. They assumed a
value of o to determine the energy distribution of trapped electrons. Arreghini et al.
presented an improved model for electron emission from trap centers, which required o
and the effective masses of electrons in silicon oxide and in silicon nitride films, m,, and
my [21,25,26]. It should be noted that a set of parameters, such as A, %, o and m,, of the
silicon nitride films were needed in the previous analytical models to determine the
energy distribution of trap centers. However, there has been no report concerning the
appropriate values of these parameters for the SiCN films. To discuss the energy
distribution of electrons trapped in the SiCN films numerically from the experimental
results shown in Fig. 4.6(b), an improved method is presented which needs no adjustable
and extra parameters in the following paragraphs.

Figures 4.7(a) and 4.7(b) show the schematic energy band diagram and the energy
distribution of electrons trapped in the charge trapping film. In Fig. 4.7(b), vertical axis

is defined as the trap depth @ from the bottom of the CB. The trap centers filled by
electrons are assumed to be range from @g,; to D in the forbidden gap of the charge

trapping film, as shown in Fig. 4.7(a), and that the energy distribution of the filled trap
centers is uniform in the range, as shown in Fig. 4.7(b). Trapped electrons are emitted in
ascending order of the trap depth by thermal excitation during the retention test, as shown
in Fig. 4.7(c). In Fig. 4.7(d), the energy distribution of trap centers filled by electrons after

a period of retention time is represented by solid line. Then, the N(¢,7) is given by

98



N(0,7)

= D, -D,, D(t, T, @) (cm3eV-)
c 0 — >
ld’m i
- Dy L D0, T, &)
Y
([ 1]
1]
: q)EL
Y
[ ]
e Y. wl'l
E, \?0/
@® electron SR
(a) (b)
N(0,7)
D —b D(t, T, @) (cm3eV1)
EC :;'g 0 EL - EH ; E.
Thermal | : . i
excitation i ﬁ |¢E Dy [fo===m==== 1+ D, T, &)
il 2 @; D(t, T, @)
L ]]
(]}
[C]]
(]
l.'l (D[il.
Ev 2
=
@® electron S v
(c) (d)

Fig. 4.7 Schematic representations of the energy distribution of electrons trapped in the
SiCN band gap. (a) The energy band diagram and the energy distribution of electron trap
centers of the SiCN film. (b) A uniform energy distribution of the electron trap centers
inside the SiCN film is assumed. (c) Trapped electrons are emitted in ascending order of
trap depth by thermal excitation during the retention test. (d) The energy distribution of
electron trap centers after a period of retention time. (Copyright 2017 IEICE, [Sheikh
Rashel Al AHMED and Kiyoteru KOBAYASHI, Extraction of Energy Distribution of
Electrons Trapped in Silicon Carbonitride (SiCN) Charge Trapping Films, IEICE TRANS.
ELECTRON., 2017, Vol. E100-C, No. 7, pp. 662-668] Fig. 6)

¢EL
N@ET) = [ ™ D(t.T, ¢ )dor (4.3)
where D(t,T,®¢) is the number of the filled trap centers per unit volume and unit

energy. The first order rate equation for the change of D(t,T,®g) can be given in the
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form

%D(t,T,qBE):—# D(t,T,®¢), (4.4)

T(T!QE)

where 7(T,®¢) isthe time constant of thermal excitation of electrons. Solving Eq. (4.4),

we have
t
D(t,T,0)=D(0,T,®g)exp| ——— |. 4.5
( E) ( E) p[ T(T,@E)} (4.5)
The time constant 7(T,®g) is assumed to follow Boltzmann statistics:
Pe
o(T, De) = roexp| = |, (4.6)
where 179 is the pre-exponential coefficient. Substituting Egs. (4.3) and (4.5) into Eq. (4.2)
yields
feT) = LT)
N(0,T)
1 D, t
= D(0,T,®g)exp| ————— |d D¢ . 4.7
N(O,T)J-O ( E) p[ T(T,CDE):| E 4.7)

Here, the following approximation [8,19-21] is used

exp N S Y 0 @ <(‘DE* , (4.8)
(Tog)] |1 &>
where
B =k, T |n(ij. (4.9)
To

Thus, the following simple form from Egs. (4.5) and (4.7) is obtained,

Pg +kgTInz,  KgT

ftT)~ by —D &g —D
EL ~ *EH EL ~ *'EH

Int

 @g +2.30ksTlogz,  2.30kgT
QEL - ®EH ®EL - ®EH

logt . (4.10)
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From Eq. (4.10), the electron emission rate df{z,7)/dlog ¢ can be written as

df (t,T)  2.30kg

T. (4.11)

As shown in Fig. 4.6(b), the occupancy function f{¢,7) obtained from the retention tests at
high temperatures 160 and 235 °C followed linear functions of log ¢. This fact supports
the validity of Eq. (4.10). Figure 4.8 shows the electron emission rate df{z,7)/dlog ¢ as a
function of 7. According to Eq. (4.11), df{(¢,7)/dlog ¢ is zero at T = 0 K. In Fig. 4.8, the
df(z,T)/dlog ¢ values of retention tests at 160 and 235 °C followed a linear function of the
testing temperature 7 passing through the origin. This result leads us to suggest that the
thermal excitation of electrons from the trap centers is the dominant mechanism for the

electron emission at the high temperatures.
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Fig. 4.8 Electron emission rate df{#,7)/dlog ¢ as a function of the testing temperature 7 for
the SiCN memory capacitors. According to Eq. (4.11), df(¢,7)/dlog t is zero at T= 0 K.
The df(¢,T)/dlog ¢ values of retention tests at 160 and 235 °C followed a linear function of
the testing temperature 7" passing through the origin. (Copyright 2017 IEICE, [Sheikh
Rashel Al AHMED and Kiyoteru KOBAYASHI, Extraction of Energy Distribution of
Electrons Trapped in Silicon Carbonitride (SiCN) Charge Trapping Films, IEICE TRANS.
ELECTRON., 2017, Vol. E100-C, No. 7, pp. 662-668] Fig. 7)
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In Fig. 4.8, the df(t,T)/dlog t values of the retention tests at 23 and 86 °C did not follow
a linear function of the testing temperature T. The electron emission in the charge
retention tests at the low temperatures is dominated by the electron tunneling from the
trap centers to the CB of silicon [8]. On the other hand, the proposed analytical method
Is based on the thermal excitation mechanism. Therefore, the proposed method can not
be used to analyze the test results at 23 and 86 °C, which do not follow Eq. (4.11).

On the basis of Eq. (4.11), a value of &g —®g,; was determined to be 0.46 eV from

the slope of the df(z,7)/dlog ¢-T plot shown in Fig. 4.8. By combining the intercepts of the
At,T)-log ¢t plots for the 160 and 235 °C test results in Fig. 4.6 (b) and the first term in Eq.

(4.10), the following two equations can be derived:

@, +2.30Kg x (433.15) xlog 7,
0.46

=141 for 160 °C (4.12a)

and

@¢, +2.30kg x (508.15) x log 7,

=1.17 for 235 °C. (4.12b)
0.46

Solving Egs. (4.12a) and (4.12b), &g, and n were obtained to be 1.3 eV and 2.8 x 10 .

Thus, as shown in Fig. 4.9, the electron trap centers were determined to be distributed
from 0.8 to 1.3 eV below the CB edge in the SiCN film without using any adjustable

parameters.
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Fig. 4.9 Energy distribution of electrons trapped in the SiCN charge trapping film. Energy
distribution of trapped electrons was extracted to be from 0.8 to 1.3 eV below the
conduction band edge in the SiCN film without using any adjustable parameters.
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4.3.5 Comparisons of energy depth of electrons trapped in SiCN and nitride films

Several studies for the MONOS devices have reported the energy distribution of
electrons trapped in silicon nitride and oxynitride films grown by using LPCVD
techniques. According to Aozasa and co-workers, the energy level of electron trap centers
was located at 0.8-0.9 eV below the CB edge in a silicon nitride film which was deposited
from the SiH>Cl>-NH3 system at 680 °C by LPCVD [27]. Wang and White extracted a
broad distribution of trapped electrons ranging from 0.6 to 2.1 eV below the CB edge in
an oxynitride film [8]. Arreghini et al. also reported that the electron trap centers were
distributed from 0.6 to 1.2 eV below the CB edge in a standard LPCVD silicon nitride
film [21]. The energy depth of electrons trapped in the SiCN film, which was obtained to
range from 0.8 to 1.3 eV below the CB edge in the present work, is comparable with that
in the silicon nitride and oxynitride films. As discussed in the section 4.3.3, the electron
retention characteristics at high temperatures are dominated by the trap depth. Therefore,
it is suggested that the SiCN dielectric film is a potential candidate which can replace
silicon nitride film as the charge trapping film.

In the previous study, it was reported that the erasing speed in the SICN-based charge
trapping memory was higher than that in the silicon nitride-based memory [18]. As was
discussed in chapter 1, the erasing operation is mainly dominated by the three
mechanisms: hole injection from silicon to charge trapping film, hole trapping in the
charge trapping film and electron emission from the film. The electron emission speed
depends on the probability of electron tunneling from electron trap centers to the CB of
silicon. The energy barrier height for the electron tunneling is determined by the sum of
the energy depth of electron trap centers and the CB offset at the SiCN-tunnel oxide

interface. Therefore, the energy depth of electron trap centers is one of the parameters
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dominating the erasing speed, which was comparable in the SiCN and silicon nitride films.
On the other hand, as mentioned above, the hole injection and hole trapping are also the
dominant mechanisms in the erasing operation. To explain the higher erasing speed in the
SiCN-based memory, further study on the hole injection and hole trapping mechanisms

would be required.
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4.4 Conclusions

The charge retention characteristics of memory capacitors with blocking oxide-SiCN-
tunnel oxide stacked films were investigated. In the charge retention test at 86 °C, the
charge retention time of more than 10 years was estimated for the SICN capacitors.

To analyze the energy distribution of electrons trapped in the new dielectric films, an
improved analytical method was presented in this study. Using the improved method, the
energy distribution of electrons trapped in the SICN charge trapping films was extracted
numerically. The method allows the extraction of energy level of electron trap centers in
the SICN band gap with no adjustable parameters. The electrons trapped in the SiCN film
during programming at 14.3 V were found to be distributed from 0.8 to 1.3 eV below the
conduction band edge. It is suggested that the presence of such deep trap centers in the
SIiCN films results in the long data retention time in the SiCN-based memories. Hence,
the SiCN dielectric film is a potential candidate which can replace silicon nitride film as

the charge trapping film of embedded NVMs.
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Chapter 5 Summary and future works

5.1 Summary

The metal-oxide-nitride-oxide-semiconductor (MONOS)-type memory device with
an ultrathin tunnel oxide film has attracted considerable attention for embedded
nonvolatile memory (NVM) applications. Electron and hole trapping phenomena in
silicon nitride film induce shifts in the threshold voltage of memory transistors, which are
applied to programming and erasing operations in the MONOS devices. The memory cell
size in the MONOS-type devices has been becoming smaller in the past few decades. In
such small memory cells, it is a challenge to promote the programming and erasing speeds
and data retention simultaneously. In this dissertation, to get a better understanding of the
charge trapping mechanisms in programming and erasing operations, the constant-current
carrier injection method was proposed. Recently, silicon carbonitride (SiCN) dielectric
film has been expected to be a new charge trapping film of embedded NVMs instead of
the silicon nitride film. Therefore, the proposed method was used to investigate the hole
trapping characteristics of memory capacitors with blocking oxide-SiCN-tunnel oxide
and blocking oxide-silicon nitride-tunnel oxide stacked films. The charge centroid of
holes captured by only empty trap centers in the SICN and silicon nitride charge trapping
films was extracted by using the proposed method. The proposed constant-current carrier
injection method was also used to investigate the electron elimination phenomena in the
SiCN and silicon nitride charge trapping films with trap centers filled by electrons. In
addition, an improved analytical method was presented, which allows the extraction of
energy distribution of carriers trapped in the SiCN or new dielectric films with no

adjustable parameters. This dissertation consists of five chapters. The contents of each
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chapter are summarized as follows.

In chapter 1, an overview of the MONOS-type memory devices was firstly introduced.
Next, a brief explanation of the requirements for NVMs was given. The influence of the
properties of the charge trap centers on the performance and reliability of NVMs was
mentioned also. The research background of the application of the SiCN film to the charge
trapping film in NVMs was presented. Then, the objectives of this dissertation were given.

Finally, the organization of the dissertation was described.

In chapter 2, the constant-current carrier injection method was proposed to analyze
the charge centroid of carriers trapped in stacked dielectric films and to count the number
of carriers injected to the stacked films. The charge centroid of holes trapped in the SICN
and silicon nitride charge trapping films with only empty trap centers was extracted by
using the proposed method.

In order to investigate the uniformity of elemental compositions in the blocking oxide-
SiCN-tunnel oxide and the blocking oxide-silicon nitride-tunnel oxide stacked films, X-
ray photoelectron spectroscopy (XPS) measurements were performed. It was found that
the atomic ratios of N, C, and O to Si were nearly constant throughout the thickness of
the blocking oxide, SiCN, and silicon nitride films. In addition, the surface roughness of
the SICN, silicon nitride, blocking oxide, and tunnel oxide single-layer films was
investigated by atomic force microscopy (AFM) technique. It was found that the surface
of the fabricated films was smooth with the arithmetic mean roughness (Ra) and root-
mean-square roughness (Rq) below 0.3 nm. The estimated small roughness values lead us
to confirm the surface quality of the SiCN, silicon nitride, blocking oxide, and tunnel
oxide films in evaluating the charge centroid of these films.
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In this chapter, the extraction method of the charge centroid of trapped carriers in the
memory capacitors subjected to the constant-current carrier injection was explained in
detail. The leakage current in the stacked dielectric films was also analyzed. Then, the
experimental results of the charge centroid of holes trapped in the SiCN and silicon nitride
films after the constant-current hole injection were presented. It was found that the charge
centroid of holes captured by only empty trap centers was initially located near the middle
of the SiCN and silicon nitride films, and then moved toward the blocking oxide-SiCN
interface or the blocking oxide-silicon nitride interface with increasing the number of
injected holes per unit area Fi,;. It was also found that the charge centroid in the SiCN
film was closer to the blocking oxide film as compared to that in the silicon nitride film.
The location of the charge centroid in the SiCN film was explained by the model that
holes were easily transported toward the blocking oxide-SiCN interface because of the
high electric field, the low dynamic dielectric constant and the presence of the shallow
trap centers involved in the Poole-Frenkel (PF) conduction in the SiCN film.

In this chapter, the charge centroid of holes trapped in the SiCN and silicon nitride
charge trapping films with only empty trap centers was extracted by using the constant-
current carrier injection method. The proposed method enables us to count the number of
carriers injected to the stacked films and provides the accurate estimation of the charge
centroid of trapped carriers. The charge centroid is an important information for
understanding the carrier trapping mechanism in the programming and erasing operations

of NVMs.

In chapter 3, the electron elimination phenomena in the SiCN and silicon nitride

charge trapping films with trap centers filled by electrons was investigated by using the
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constant-current carrier injection method.

In this chapter, the measurement procedures of the hole trapping characteristics of the
two conditions were introduced. After a negative gate voltage was applied, the
capacitance-voltage (CV) measurements were performed to determine the flat-band
voltage shift in the SiCN and silicon nitride memory capacitors of the two conditions.
Next, the constant-current carrier injection method was used to investigate the hole
trapping characteristics quantitatively in the memory capacitors. This method allows to
count the number of holes injected to the charge trapping films both trap centers filled by
electrons and only empty trap centers. Then, the hole trapping and electron elimination in
the erasing operation of the SiCN and silicon nitride memory capacitors were discussed.
It was found that the flat-band voltages in the memory capacitors with both trap centers
filled by electrons and empty trap centers coincided to that with only empty trap centers
after a large number of holes were injected into the charge trapping films. This result
indicates that almost all trapped electrons could not remain in trap centers and were

eliminated from the SiCN and silicon nitride films under negative gate bias.

In chapter 4, an improved analytical method for the charge retention characteristics in
the charge trapping films was presented. This method allows the extraction of energy
level of electrons trapped in the SICN or new dielectric films with no adjustable
parameters. In the present study, the electron trap centers were determined to be
distributed from 0.8 to 1.3 eV below the conduction band edge in the SiCN film by using
the proposed method. The energy depth of electrons trapped in the SIiCN film is
comparable with that in the silicon nitride and oxynitride films. It is suggested that the

presence of such energetically deep trap centers in the SiCN films results in the long data
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retention time in the SICN-based memories. From the view point of the charge retention
characteristics, the SICN dielectric films can be employed as the charge trapping film of
embedded NVMs. Hence, the SiCN dielectric film is a potential candidate which can

replace silicon nitride film as the charge trapping film of embedded NVMs.

As described above, the dissertation proposes the constant-current carrier injection
method and the analytical method for the charge retention characteristics in the charge
trapping films. It was shown that the constant-current carrier injection method is useful
for obtaining the accurate charge centroid of carriers trapped in the charge trapping films.
The experimental results and discussion shown in this dissertation are important to get a
better understanding of the hole trapping phenomena in the SiCN and silicon nitride
charge trapping films. From the view point of the charge retention of NVMs, the proposed
analytical method for the charge retention characteristics, which needs no adjustable and
extra parameters, is very helpful for determining the energy distribution of carriers
trapped in the SiCN or new dielectric films. The two methods proposed in the present
study are considered to be advantageous to develop embedded NVMs employing the

SiCN or new charge trapping films.
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5.2 Future works

This dissertation revealed that the constant-current carrier injection method and the
improved analytical method for charge retention characteristics are useful to have a better
understanding of the charge trapping phenomena and the charge retention characteristics
of NVMs.

In the present study, the SiCN and silicon nitride films of 31.6 and 30.4 nm in
thickness were employed to obtain the clear hole trapping and the charge retention
characteristics and to understand the movement of carriers in the charge trapping films.
On the other hand, the thicknesses of charge trapping films ranging from 5 to 15 nm are
used in the manufacturing industry of NVMs. Therefore, further study would be required
to investigate the hole trapping and the charge retention characteristics in the charge
trapping films with thicknesses ranging from 5 to 15 nm.

As was mentioned in section 1.2 in chapter 1, the SiCN-based charge trapping
memory has higher programming and erasing speeds than the silicon nitride-based
memory. However, in the present study, in chapter 2, almost the same AVpu-Fiy
characteristics was obtained in both the SiCN and silicon nitride capacitors. The higher
speed of hole injection in the SiCN capacitors compared to that in the silicon nitride
capacitors might be a possible explanation for the high erasing speed in the SiCN
capacitor. Further study on the carrier injection mechanism would be required to
understand the programming and erasing operations in the SICN-based memory.

In chapter 4, from the view point of the charge retention, it was suggested that the
SICN dielectric films can be employed for application in embedded NVMs. As was
mentioned in chapter 1, the endurance is also an important feature of NVMs. Therefore,

it will be essential to study the endurance characteristics of the SICN-based NVMs.
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