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Abstract

In this thesis, flash memory on thin film" transistor (TFT) substrate with
source/drain (S/D) engineering by the formation of implant to silicide (ITS) modified
Schottky-Barrier (MSB) is studied. The gate stack of experiment samples are set to be
SONOS with p-type poly silicon gate. S/D.-formation is verified into pure
Schottky-Barrier (SB), MSB, and conventional p-n junction. Memory characteristics
of the cells with different S/D structure are investigated both in Fowler-Nordheim (FN)
and channel hot electron (CHE) programming.

In FN programming, MSB S/D memory exhibits slightly better program speed
than conventional S/D. Therefore, the MSB S/D shows the competitiveness since it
can be formed by low thermal budget and less time consumption fabrication process.
In CHE programming, MSB S/D memory has drain side injection. That the source
side injection is absent leads to poor CHE program speed for MSB S/D. Pure SB S/D
has the fewer supply of electrons from source so it results in weak source side
injection which isn’t helpful to program efficiency. In general, the speed improvement

in MSB S/D on TFT substrate is not obviously rising, even though the sharp SB band



banding could accelerate electrons. The reason is that the hot electrons become more
difficult to be generated since the grain boundaries in poly silicon channel disturb the
acceleration of sharp SB band bending.

It is found that the efficiency of FN erasing isn’t affected by S/D engineering.
After CHE program, band-to-band hot-hole (BBHH) shows the erase ability only in
conventional S/D. In this thesis, the poor quality of thin tunneling oxide on
poly-silicon grain causes poor 10-year extrapolated charge retention. Hard-to-erase
phenomenon happens in endurance characteristic since the deep level trapping in
SONOS nitride layer. The memory window loss relates to the uniformity of charge
storage, the generation of interface states, and the energy of election injection. In FN
programming endurance characteristic, swing degradation for MSB S/D memory is
larger than for conventional S/D; due to.its higher injection energy. On the other hand,
in CHE programming endurance characteristic, conventional S/D memory has more
serous swing degradation than MSB S/D since it has local and large amount of hot

electron injection at drain side.
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Chapter 1
Introduction

1-1 Non-volatile flash memory

Since the first floating gate non-volatile memory was invented by D. Kahng and
S. M Sze at Bell Labs in 1967 [1], flash memory has developed into a huge necessary
requirement both in electronic industry and people’s daily life. The applications of
flash memory spanned widely in electronic area, especially in portable devices such
as PDA, cell phone, digital camera, or music player. The low power consumption
property, non-volatile characteristic, electrical program/erase operation, and CMOS
compatible process technique are its advantages. They all make non-volatile flash

memory irreplaceable.

1-1-1 Thin film transistor (TFT) memory device

Nowadays, semiconductor industry has encountered a scale down and cost down
age, which means the denser circuits we can make the more benefits we can get. Flash
memory is very widely used in electronic devices. Due to its advantages of low power
consumption and nonvolatile property, it has large applications on portable electronic
tools. When flash memory faced the scale down issue, some people announced that to
make smaller dimension cell is not the only possible way. TFT (Thin Film Transistor)
structure is stackable and possible to have 3D integration [2]. The memory device is
not compulsory to be fabricated on the bulk silicon. Two or more layers of memory

devices are stacked and share the same wafer surface space [3-4]. The evolution of 3D



integration for flash memory is popular these years. New array architectures are
continuously purposed, as following examples. Vertical cell structure, shown in
Figure 1-1, as Bit Cost Scalable (BiCS) Technology was purposed to reduce
lithography complexity in 3D integration of flash memory [5-6]. Vertical gate
structure, shown in Figure 1-2, was further invented to solve the difficulty of word
line interconnection [7].

Besides the purpose of fabricating stackable memory array, TFT has its history as
the driving circuit in Liquid crystal display (LCD) technique [8]. As the same reason
as storage devices, portable display cell has been requested to have tiny, low-cost, and
well-functioned products. System-on-panel (SOP) technique is more and more
expected to be realized [9]. TFT flash memory is compatible with TFT driver for SOP
architecture. In addition, if it.is a low temperature process in fabricating TFT flash
memory, it would be fine.to ‘adjust on glass substrate. For these two sides of
application potential listed above, a TFT flash memory device with good P/E speed,

retention, and endurance has thevalue to be researched.

1-1-2 TFT non-planar and nano-wire memory

Recently researches about nano-wire device takes a lot of attention, and TFT
poly silicon channel is one of the method to form nano-wire transistor or memory. In
order to have better gate control ability on channel, many kinds of multi-gate were
studied and proposed to be the candidates of planar structure [10-11]. Gate control
ability helps to stand on short channel effect (SCE) through the sub-0.1 micrometer
scale-down trend. For flash memory, cell performances as on/off-current or swing are
also important for maintaining the sensing margin when cells are connected in array.
In planar structure, the cell charge storage retention and cell I-V characteristic are

both related to the thickness of tunneling oxide but in reverse correlation. In order to
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gain performance on both the I-V characteristic and retention, non-planar structures
are investigated [12]. In the race of multi-gate structure, some structures show
particular properties. For example, double gate on the two side faces of fin-structure
shows multi-bits storage [13] and the extreme extension of gate control ability is in
gate-all-around structure with nano-wire channel [14]. Poly silicon TFT nano-wire is
frequently set to be the channel of non-planar structure due to some fabrication
concerns [14-16]. By applying poly silicon nano-wire with SONOS structure, several
advantages are discovered. Nano-wire with special intrinsic shape shows more
electron injection during programming due to the field enhancement on the sharp
corner [15]. As nano-wire diameter decreases, faster program and erase speed are
resulted due to the larger vertical electric field on surface and increased ratios of SiN

volume to SiN circumference [14, 17].

1-1-3 Implant to silicide (I TS) technique on TFT
Low temperature process is' a main requirement for TFT on glass substrate and it
also adds the process window of applying high-k materials in SONOS. S/D activation
for TFT on glass substrate is done by 12-24 hours at low temperature (typically below
600°C) [18+] but this is a considering long time process and would reduce throughput
which is not acceptable. Thus, the low temperature less process time
Implant-To-Silicide (ITS) MSB S/D is quite suitable for making TFT device. The
Implant-To-Silicide is one of the two techniques that can accomplish the structure of
MSB S/D [19]. The other one is the Dopant-Segregation (DS) method [20-21].
Dopant-Segregation is a process that S/D doping definition follows by growing of
silicide to nearly reach p-n junction.
The procedure of ITS technique is that forming silicide first, then implanting

dopants into silicide, finally adding a doping extension annealing around 500-600°C
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to form an activated doping layer between channel and S/D silicide. The first feature
of ITS is that silicide as implantation buffer which avoids harming the S/D side
silicon and makes high temperature crystal repairing unnecessary. Secondly,
dopant-segregation takes place at the interface of channel silicon and S/D silicide
during doping extension annealing. Thus, dopants pile up at the interface and become

easier to be activated there [22].

1-2 Engineering for TFT memory device

TFT flash memory is usually made with SONOS structure since not only the
floating gate structure faces the problems of scaling down but also the process
compatibility issue of TFT and.floating gate. In'the past few years, floating gate
structure as nonvolatile memory has-been pointed .out that it can not follow the trend
of scaling down [23-25]. The most serious problem is the charge storage reliability
degrading when the tunneling-oxide thickness scaling down. The problem is from that
electrons in the floating poly-silicon-layer are freely movable. If a single defect
appears in the tunneling oxide, the whole charges stored in the floating gate would
totally leak through this path. A single defect is unavoidable since the tunneling oxide
is too thin to stand under many times program/erase operations. The above description
is called stress induced leakage current (SILC) [26] and is shown in the right side of
Figure 1-3. So the tunneling oxide in floating gate structure needs to be thick, which
means the program speed is hard to be risen up. Also, floating gate structure has to
operate under high voltage due to its weak gate coupling rate [27] and it is not a merit
for further shrinking of device dimension. The coupling or interacting between
floating gates in memory arrays is another concern [28].

To be a successor of floating gate, SONOS-type gate stack non-volatile memory



was marked out [25,29-30]. Silicon/Oxide/Nitride/Oxide/Silicon (SONOS) gate stack
structure offers discrete charge storage mechanism as Figure 1-4. It solves the
problem of leakage current through single defect of floating gate, so the charge
retention does improve. It not only makes up the shortage of floating gate but also
performs well in scaling feasibility and process compatibility. In SONOS, the
thickness of tunneling oxide is able to become thinner. Therefore, low voltage
operation, high program speed, and good gate controllability in short channel device
are all promised to be fulfilled by SONOS type gate stack.

TFT suffers severe gate leakage current due to the poly grains in channel.
Therefore, SILC would happen easily for flash memory on TFT substrate. Also, by
applying much thicker tunneling oxide to ease SILC would lower the program speed.
Moreover, SONOS structure is an expectable candidate for future non-volatile flash
memory, as introduced previously. Due to these reasons, TFT memory combines with
SONOS seems to be inevitable.. Even though SONOS has large benefit, this
well-behavior memory structure faces a difficulty ‘on erase saturation [31]. The
relatively high energy barrier for holes from channel to gate stack and the tunneling
electrons from top gate both set SONOS memory hard to erase. After many
program/erase cycles, memory window will shift toward positive direction and
therefore endurance problem occurs. Some modification techniques are applied in
SONOS memory structure to solve the erase problem or improve the speed of
memory further. The two groups of engineering methods for advanced memory are

introduced in next two sections.

1-2-1 Gate engineering
To find optimization condition of SONOS-type non-volatile memory, new

materials have been introduced. In order to have better gate controllability, blocking
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oxide was considered to be changed to some proper high dielectric constant (high-k)
dielectrics such as Al,O; which not only has higher dielectric constant but also with
enough barrier height to keep charge retention. And poly-silicon control gate was
replaced by high work function conductors like TaN or Pt to avoid back injection in
erase operation. The advantages of Al,O; and TaN are again explained by using the
band diagram in Figure 1-5. The two replacements turned SONOS into TANOS
(TaN/Al,0O3/SiN/SiO,/Silicon) [32] or MANOS (Pt/Al,O3/SiN/SiO,/Silicon) [33].
Intending for having better tradeoff for speed and retention, charge trapping layer and
tunneling oxide were substituted by Ta,Os and HfO,. Then the combination structure
was called MATHS (TaN/Al,03/Ta;Os/HfO,/Silicon) [34]. In advance, Band-gap
Engineered SONOS (BE-SONOS)«was proposed [35]. The invention is about
modifying single tunneling oxide layer to a complex oxide/nitride/oxide (ONO) layer.
Thus, hole injection is enhanced by the band bending of the ONO layer since
mid-nitride layer offers assisting tunneling states when erase voltage is applying. And
the retention wouldn’t be affected because the enhancement of injection doesn’t exist
without bias. The band bending explanation is shown in the left side of Figure 1-6.
Moreover, there was the publication showed the performance was improved by
manipulating relative S/N profile of nitride trapping layer. It was band-gap
engineering of charge-trapping layer [36]. As shown in the right side of Figure 1-6,
the ladder like conduction band in charge-trapping layer makes the deep levels of
nitride easier to be accessed by charges and results less amount of inerasable electrons
after P/E cycles.

According to the information mentioned above, SONOS-type flash memory and
its advance structure are very promising candidates for the future non-volatile

memory technology.



1-2-2 Source/Drain engineering by modified Schottky-Barrier (MSB)

The gate engineering of flash memory has been widely mentioned in the last
sections. These modifications on storage layers directly connect to the memory
performance. However, gate stack is not the only part that can be modified to attain
better performance. The modification of source/drain (S/D) structure also has strong
impact on the memory performance. This modification is sorted as S/D engineering.
The different methods to improve memory performance are shown in Figure 1-7. The
following paragraphs show a brief introduction of Schottky-Barrier (SB) S/D and its
potential of improving flash memory performance.

Nowadays, device scale-down has been proceeding on a hard road. SB MOSFET
is again interesting. The motivationsof applying SB S/D in advance MOSFET are its
features of low parasitic S/D resistance, low temperature processing for S/D formation,
elimination of parasitic bipolar action, and abrupt junctions for small gate length
device [37]. In order to suppress ambipolar characteristic for SB-MOSFET, particular
silicides have been chosen as the metal on S/D formation, including PtSi for PMOS,
and ErSix or YbSiy for NMOS [38-40]. However, the complimentary silicide add more
process complexity on CMOS circuit and the on/off current of SB MOSFET is still
not as good as conventional one. Modified Schottky-Barrier (MSB) S/D inherits the
advantages of SB, and furthermore has competitive performance which depends on
the effective SB height (SBH) lowering at source side and reduction of the tunneling
leakage current at drain side [41]. The MSB also solve process complexity due to that
it is composed of single mid-gap silicide like NiSi with a thin doping layer formed
between silicide and channel.

The Schottky-Barrier S/D revealed memory application in the resent years. In
2000, the effect of Source-Hot-Electron (SHE) was discovered in SB MOSFET [42].

It means when electrons tunnel through Schottky-Barrier from source to channel, they
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gain energy by the abrupt band bending. These hot electrons become easier to inject
to gate or be stored in dielectric layer [43]. After that, a simulation work was reported
and showed the prediction of that flash memory with SB S/D may has better program
speed for Channel Hot Electron (CHE) programming [44]. The practical sample was
first demonstrated by Chong in late 2008, it was formed by using Dopant-Segregation
technique in tri-gate structure on SOI substrate [45-47]. The result stated obviously
rising of program speed of Dopant-Segregation Schottky-Barrier (DSSB) S/D sample
compared to conventional p-n junction S/D. And the improvement of program speed
existed in both FN and CHE programming. The abrupt S/D band bending of DSSB
seemed to lead to high program speed for FN programming. For CHE programming,
source side injection was mentioned: to explain:the improvement of program speed.
Since the abrupt band bending of MSB._junction, the €lectrons are accelerated and get
enough energy to emit to trapping layer at source side. In the conventional CHE
programming, electrons have.impact ionization and injection to trapping layer at drain
side due to the pinch-off voltage.drop there. Source side injection immunes the
repelling between gate field and drain field during programming. So the rising of

program speed occurs.

1-3 Motivation and thesis organization

As we mentioned in the above paragraphs, MSB S/D shows advantages on not
only scale feasibility but also memory program speed. And ITS technique for forming
MSB has the feature of low temperature process which especially matches the
requirement on TFT device. We assumed that the TFT memory with MSB S/D can
have good program speed and good competitiveness of making dense circuit. Besides,

the MSB S/D by ITS technique and MSB S/D on TFT have not been investigated for



the memory characteristics. For these reasons, this thesis investigates the ITS MSB
S/D on memory devices with TFT and bulk substrate.

In this work, we selected SONOS as the gate stack since the fragility of the oxide
on TFT channel could induce strong leakage and weak retention. Also SONOS stands
out from device downscaling and it has the property for low voltage operation which
connects to the low power consumption, the most important demand of portable
electronics. Remarkably, MSB S/D can be made together with all advance SONOS
structure mentioned in the previous paragraphs. It amplified the promise of installing
MSB into the future flash memory. This thesis mainly focuses on the characteristics
of TFT memory devices of different source/drain junctions such as conventional p-n
junction, MSB junctions with variant process conditions of ITS technique, and pure
SB junction. The detail contents in each chapter are listed below.

In chapter 1, the development of non-volatile memory is introduced. The
feasibility of SB and MSB in.memory device is also described. TFT flash memory is
introduced. Indeed, the motivation of this thesis comes out from these understandings
of flash memory, TFT, and MSB S/D.

In chapter 2, the experimental procedure which includes the design of device
structure and the fully details of fabrication process flow is shown in this chapter. The
analysis tools and methods are exhibited.

In chapter 3, the TFT memory samples are analyzed by two kinds of operation
conditions, Fowler-Nordheim (FN) and Channel Hot Electron (CHE). The comparison
of different program mechanism is discussed. The memory characteristics like
retention and endurance are also measured and discussed.

In chapter 4, conclusions and future works are presented.
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Chapter 2
Experimental Procedure

2-1 Device fabrication

In this section, we would like to describe the process methods of fabricating the
modified Schottky-Barrier (MSB) S/D TFT memory samples. First of all, there are
some design considerations of sample structure. We applied p-type poly-silicon gate
in order to have high work function. The increased work function offers a higher
electron energy barrier, so under negative bias.the electron back injection could be
suppressed and would not disturb the erasing efficiency. The blocking oxide was
deposited up to 20 nm which is higher than the parameter on ITRS roadmap. Our
concern is to eliminate the influence of back electron tunneling, which comes from
the worried quality of the LPCVD TEOS oxide film, as much as possible. The spacer
was fabricated as the two-layer structure. The under oxide layer is an etch-stop and
stress-relief layer and also induces good contrast and distinguishable structure in
microscopy image. The upper nitride layer is the blocking layer of gate and S/D in
self-align silicide process. NiSi is the S/D contact metal in conventional S/D device
and the Schottky-Barrier interface in the SB S/D or MSB S/D. NiSi is the most
successful silicide so far in CMOS fabrication because of the low resistivity,
robustness for making thin line, good thermal stability, and low forming temperature.
For forming NiSi on TFT substrate, two-step formation is applied to prevent the
lateral overgrowth of NiSi [19]. The first step is in low temperature to have slow and

controllable lateral growth of Ni,Si. After removing the unreacted Ni, the second step
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is a rapid thermal treatment to have phase transformation from Ni,Si to NiSi. The
MSB junction was made by ITS technique which has been mentioned in previous
chapter. The completed structure is shown in Figure 2-1.

In this thesis, the experimental focus is different S/D structures. The S/D
structure can be clearly specified into SB, MSB, and conventional. The SB S/D is a
pure silicide/silicon interface without any dopant-pile-up layer. The MSB S/D is a
structure which has a dopant-pile-up layer adjacent to the NiSi/Si interface. If we
modify the post implantation annealing time in ITS process, the different kinds of
MSB S/D can be formed either SB-like or conventional-like since the concentration
and thickness of the dopant-pile-up layer is varied. The conventional S/D has a typical
p-n junction. The NiSi/Si interface«is far from the junction and only behavior as
ohmic contact metal. To entirely observe the memory characteristics of different S/D
structure, five kinds of S/D.structure are marked out to be the critical measure or

analysis basis in this thesis, as shown in Table 2-1.

2-1-1 TFT sample

The process flow of SONOS TFT memory with MSB S/D started on 6-inch
p-type wafers. Standard RCA clean was done as a pre-furnace clean. Before thermal
oxide growth, wafers were immersed in diluted HF (HF:H,O=1:100) for 60s to
remove native oxide. A 150-nm wet oxidation layer was grown as the back isolation
insulator and then a 50-nm LPCVD amorphous Si layer was grown to be device
channel. After that, wafers were annealed at 600°C in N, ambient for 24 hours to have
solid phase crystallization (SPC) in channel film. Following was thermal treatment at
900°C for 30 minutes in order to avoid the grains of poly-silicon channel film
deformed under high temperature in the rest part of process. The active area definition

was made by i-line stepper for lithography and high density plasma etcher of model
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TCP9400 for isolation etching as shown in Figure 2-2(a). SC1 clean which is
10-minutes-immersion in the mixture of NH4OH:H,0,:H,0(1:4:20) at 75°C was
applied to remove the polymers which were the by-products of silicon etching. RCA
clean was done to guarantee the film quality of tunneling oxide. A
4nm/7nm/20nm-ONO (Oxide/Nitride/Oxide) stack was formed by LPCVD systems as
the tunneling oxide/trapping layer/blocking oxide, and a 150-nm un-doped amorphous
silicon layer was deposited as the gate electrode. P-type gate was made by implanting
BF," at 40KeV to a dose of 5x10" ¢cm?. Then, an 80-nm LPCVD TEOS layer was
deposited as the gate etching hardmask and anti-doping protection during n* S/D
implantation. Gate patterning was done by i-line stepper, TCP9400, and TEL5000
which has recipes of SiO; and Si3;Ny anisotropic etching. A rapid thermal annealing at
900°C in O, ambient for 20s was done-to repair the diclectric damages caused by gate
etching as shown in Figure 2-2(b). A 10-nm oxide and S0-nm nitride were deposited
and etched to be the spacer as shown in Figure 2-2(c). The continuous process flows
for making samples with different S/D structures,.such as MSB S/D and conventional
S/D, are stated in the following two paragraphs, respectively. For a clear view, there is
a statement with the arranged symbols of samples and their split process conditions in
Table 2-1.

To form the SB S/D, a 30-nm Ni layer was deposited by e-gun evaporation after
immersed in dilute HF for 200s for removing the gate hardmask. Then, two-step
silicidation was executed. It included annealing at 300°C in a vacuum chamber for 45
minutes immediately after Ni deposition, immersing in the solution of
H,S04:H,0,(3:1) for 10 minutes for removing the unreacted Ni, and rapid thermal
annealing at 500°C for 30s as shown in Figure 2-2(d). Now, gate and S/D all had NiSi
formation. To form the MSB S/D, the ion implantation was P5;" at 20keV to a dose of

5x10" cm?, the following was a 600°C annealing to let dopants segregate to
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silicide/silicon interface and have activation. The post implantation annealing has a
splitting as 1, 10, and 30 minutes to have a transition of MSB as shown in Figure
2-2(e).

To have the conventional S/D, S/D implantation was P;;" at 20KeV to a dose of
5x10" cm™ before NiSi formation. The rapid thermal annealing for dopant activation
was at 900°C in N, ambient for 30s. NiSi was formed to be contact metal. The process
was the same with that NiSi formation in SB S/D except the 300°C annealing was

shorten to 30 minutes, as shown in Figure 2-2(f).

2-2 Electrical characterization techniques

In this section, we would like to-describe the methods to analyze the MSB S/D
memory. The Current-Voltage(I-V) characteristics of our samples were measured by a
precision semiconductor parameter analyzer of model Agilent 4156C. When we were
operating memory device, the program or erase pulse-signal was generated by the
Agilent 41501 A pulse generation expander.. The threshold voltage (Vi) is defined as
the applied gate voltage (V,) at which the normalized drain current (Ig) equals to
1x10®*A/um as the voltage difference between drain and source (V) is 1V. The drain
current is normalized by the gate length and width. The important memory
characteristics and their measuring methods are described independently in the

following sub-sections.

2-2-1 Read operation
There are three states in memory device. Initial state is the first time -V,
characteristic. After positive or negative voltage pulse, program and erase states are

exhibited. During read operation, the sweeping range needs to be adjusted to fit
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different program or erase states. The gate voltage sweeping range is carefully
selected, and it should be noted that inappropriate sweeping would cause misleading
result of memory window. In our memory device, it is ease to reach a temporarily
over-erasing state. The read operation on erase state must be controlled carefully or
even measured repeatedly to make sure the state is stable. For particular case, forward
read and reverse read are both measured. The only different between these two is the

swapping of source and drain electrodes.

2-2-2 Program/Erase speed

The different pulse width versus Vy, shift under certain voltage magnitude is the
main characteristic to show memory: speed performance. Each time before applying
pulse, the memory should be manipulated to the same starting state. The starting state
is a stable and locally saturated state. After a single pulse acts on device, the Vy, is
extracted. The difference of Vi, before and after pulse shows the operation speed of

memory. Both F-N and CHE programming were measured.

2-2-3 Retention

Retention is the characteristic which involves with the charge stored reliability.
Normally, Vy, shift versus the passing time after program or erase operation is used to
indicate retention performance. Ten year is a milestone of this characteristic. It can be
extrapolated from the Vy-versus-time curve. The accelerated test of increasing
temperature is usually taken. For precise result, the Vy, extraction must come from a
suitable I-V sweeping and sample should place in a stable space and isolate from

disturbance during measuring.

2-2-4 Endurance
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Endurance represents the robustness of memory device through many times of
program and erase. In this thesis, a clock signal was applied as P/E cycles. The
high-level voltage is for program and the low-level is for erase. The endurance was
tested for the chosen P/E condition, which is with enough memory window and

acceptable P/E speed.
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Table 2-1: Sample ID and the process conditions of different S/D structures.

Sample ID| S/D Structure Process condition
PSB pure SB NiSi(300°C 45mins/500°C 30s)
MO1 MSB NiS1(300°C 45mins/500°C 30s) + ITS(600°C 60s)
M10 MSB NiSi(300°C 45mins/500°C 30s) + ITS(600°C 10mins)
M30 MSB NiSi(300°C 45mins/500'C 30s) + ITS(600°C 30mins)
CON p-n Activation(900°C 30s) + NiSi(300°C 30mins/500°C 30s)

p.s. NiSi(1* step annealing/2™ step annealing); ITS(post implantation annealing)
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ITS MSB formation
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Fig. 2-2: Process flow of MSB TFT SONOS non-volatile memory. (a) isolation and
channel film preparation, (b) gate stack formation, (c) spacer formation, (d) NiSi

formation, (e) MSB formation, (f) Conventional S/D formation.
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Chapter 3
Characteristics of the Thin Film Transistor
(TFT) Memory Device

3-1 Introduction

The memory characteristics of the thin film transistor (TFT) samples with
different Source/Drain (S/D) structures are analyzed and discussed in this chapter. We
focus on the individual performance of the memory samples on Table 2-1, which have
various S/D structures. The comparison among the different S/D structures is also our
focus. As mentioned in previous chapter, three kinds of memory samples are
discussed: samples with _pure /Schottky-Barrier ' (PSB) S/D, with modified
Schottky-Barrier (MSB) S/D, and with conventional (CON) p-n doped S/D. While SB
junction and p-n junction have highly distinguishable properties, MSB junction is
considered to be a transition type in between. The post implantation annealing time is
the dominated process parameter for this transition. Characteristics of the MSB S/D
memory devices with different annealing time are recorded to investigate the
influence of the MSB S/D in flash memory device.

This chapter includes device structure inspection and the memory characteristics.
TEM images are used to examine the device structure and the practical film thickness.
As we know, flash memory has two kinds of layout. The NAND-type uses F-N
tunneling programming, which is simple and less power consumption. On the other
hand, in the NOR-type layout, devices can be programmed with a faster mechanism

called channel hot electron (CHE). Also, band-to-band hot hole injection (BBHHI) is
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a possible erase operation scheme because of the drain electrode separation. Electrical
behaviors under FN program and CHE program will be discussed in different sections
in order to have a clear explanation and discussion of the MSB S/D flash memory

device.

3-2 Device structure inspection

Figure 3-1 shows the Transmission Electron Microscopy (TEM) images of sample
M30. Figure 3-1(a) is the cross-section view of the device. Spacer is well-functioned
in the self-aligned silicide process so that NiSi on gate and S/D are formed properly.
By Figure 3-1(b), the exact thicknesses of ONO films are measured : 3.6 nm of SiO;
as tunneling oxide, 6.8 nm of charge trapping nitride, and 18.8 nm of blocking oxide.
The S/D structure is also shown in-Figure-3-1(b). The lateral extending length of
spacer is ~45 nm. An undercut on the bottom oxide layer of spacer was caused by the
inevitable over-immersing in” diluted' HF for gate ‘hardmask removing. Since the
undercut does not extend to the channel, deviee characteristics would not be affected
by that. The NiSi/Si interface is close to the channel edge which is defined by the
edge of gate stack as the dot line shown in Figure 3-1(b). This promises a well MSB
junction. The yield will loss if NiSi laterally-extend too much, due to the
over-diffusion of Ni during anneal. Also, the contact of NiSi and tunneling oxide
would degrade the robustness and should be avoided. A 3nm underlap between NiSi

and poly-Si gate is measured.

3-3 Sample definition and basic I-V characteristic

The width and length of all measured devices are 1 um and 0.35 pum. Sample

conditions are listed in the previous chapter, Table 2-1. For the convenience of
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description, samples are indicated as PSB, M01, M10, M30, and CON, which stand
for their different S/D conditions.

Initial I-V characteristics are shown in Figure 3-2(a). Off-current, on-current, and
sub-threshold swing (S.S.) are measured for all the samples. Due to the mid-gap work
function of NiSi on Si, the PSB sample shows an obviously higher current at negative
gate voltage. Also, comparing PSB and MSB samples, we find that with the ITS
process, the off-current could be significantly decreased. The doped interfacial layer is
able to eliminate the ambipolar characteristic effectively. Furthermore, comparing
MSB samples, the off-current slightly reduces when longer post implantation
annealing is taken. That reveals a transition between SB-like MSB and
conventional-like MSB. Finally, the conventional sample shows the lowest off-state
leakage.

The transition is also detected in the on-current change. We consider our sample
as case of n-channel MOS. The improvement of on-current from PSB to MO1 shows
that the effective SB is lowered by the pile-up-dopants at NiSi/Si interface. The
on-current of M10 sample is dramatically increased. A 600 °C annealing for 10
minutes creates the extending doped layer at NiSi edge. This layer increases the gate
controllability in the region between SB and channel edge. Longer annealing time is
expected to make the MSB sample more conventional-like and increase the
on-current. Overall, the PSB sample and CON sample show the lowest and highest
on-current, respectively. The MSB samples are in between.

The sub-threshold swing (S.S.) of the curves in Figure 3-2(a) is 527, 547, 535,
746, and 1168 mV/decade for sample CON, M30, M10, M0O1, and PSB, respectively.
The S.S. value (~550 mV/decade) for conventional-like sample is acceptable for TFT
device. For samples more SB-like, such as MOl and PSB, higher S.S. values are

caused by the non-overlap region between S/D and gate, and also due to the SB height
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(SBH).

3-4 Memory characteristic of Fowler-Nordheim program

3-4-1 1-V characteristic and memory window

In Figure 3-3, the I-V curves of the program states and erase states of all the
samples are demonstrated. Symmetric operation condition is set for all samples except
sample PSB, which is hard to program. For those samples having well on-off ratio,
including M10, M30, and CON, large memory windows can be achieved under 15 V
gate program bias and -20 V erase bias in a 2-second P/E period. Also, they have
acceptable windows (~3V) under millisecond-level P/E period with the same bias
condition. On the other hand, the ‘SB-like samples have poor S.S. or small windows
which make them inapplicable. Also, for all samples, the Vy, of erase-state is hard to
become more negative than-the Vi, of initial state. The Vy, of erase state could be
smaller than of initial state after the entire trapped electrons are pulled out and the
holes injecting from channel ‘start-.to .affect.. In SONOS, hole-injection is
comparatively weak since its energy barrier is relatively high and the Si3N4 layer is
not a efficient hole trapping material. Negative shift could only be observed after a

long erasing period [48-49].

3-4-2 Program/Erase speed

Under FN operation, samples CON, M30 and M10 all show well program speed
as in Figure 3-4 (a), (b), and (c), respectively. After a 1-ms 15V gate voltage
programming, the Vy, shifts achieve up to 3V for M10, nearly 3V for M30 and CON.
The program speed of sample CON is competitive to the devices with similar gate

stack [2]. The sample M 10, which has similar I-V characteristic with the sample CON,
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reveals a slightly faster program speed. This guarantees the superiority of fabricating
a MSB S/D in TFT memory by ITS technique. The MSB S/D with lower thermal
budget and shorter process time takes a further worth value, as better program speed.
Without addressing the problems of poorer S.S. and lower on-current, sample MO1
shows a well program performance which has nearly 2 V window under V, = 15V for
1 ms, as shown in Figure 3-4(d). As a whole view, the sample MO1 is still out of
application because of the insufficient I-V performance.

For a better comparison, we used the program bias with the same V,-Vy, in order
to have the same electric field in tunneling oxide. In Figure 3-5 and Figure 3-6, the
rising up from PSB to MO1 and the slightly up-going trend of CON, M30, and M10
are observed. The transition of pure:SB to MSB and also the transition of MSB to
conventional p-n junction will" be discussed separately in the following two
paragraphs.

In typical memory device, electrons enter channel region from S/D region to
form inversion layer at high gate bias. These electrons are then tunneling into the
Si3Ny layer by F-N tunneling. The S/D of sample PSB couldn’t be formed to overlap
with gate since the reliability concern of NiSi growing. Therefore, from gate edge to
source or drain NiSi, there is a region which is not directly controlled by gate. This
region results in a potential barrier even at high programming voltage, as shown in
Figure 3-7(a). The inversion layer cannot form as quickly as in typical memory device.
Therefore, the program speed of the PSB device is very low. This region, which is
hard to be controlled by gate, is modified when the MSB is formed since a doping
layer is built over this region, as shown in Figure 3-7(b). So it can be inversed more
effectively by the fringing field of high program voltage such as 15V. Moreover, the
effective SB at S/D is lowered by the MSB formation, so electrons could have higher

injection rate over the SB thermally or directly. Due to the two issues listed above,
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sample MO1 leads sample PSB better program speed, as shown in Figure 3-5 or 3-6.

For comparison between MSB and conventional S/D, ten devices were measured
for every process condition to eliminate the variance of TFT samples. Statistic result
is shown in Figure 3-6. Sample M10 and M30 show better program speed potential
compared to sample CON. For MSB, during programming, electrons from S/D would
gain energy by the sharp SB-like band banding after thermionic passing SB. With
higher energy, electrons become easier to inject into the nitride layer, as the band
diagram in Figure 3-8(a). Larger threshold voltage shift under the same program
operation occurs in MSB S/D TFT memory. However, the program speed
improvement in our work is not as large as the reference, which has samples
fabricated on single crystal silicon. and with tri-gate structure and thinner blocking
oxide [46]. The missing of great program speed improvement is suspected as the
consequence of making MSB 'S/D memory on the TET substrate. Due to the poly
silicon channel, the acceleration of MSB sharp band bending becomes much weaker.
Most of the electrons couldn’t gain.enough energy from SB band bending since the
acceleration path is full of defects and grain boundaries. The electrons would be
scattered severely and only the less part of electron would have the expected high
kinetic energy, as shown in Figure 3-8(b). If the channel is single crystal, the electron
could all be accelerated efficiently and all become much easier to inject into nitride
layer. However, it is possible that the tri-gate corner effect or thinner ONO layers in
the reference [46] amplify the improving factor of MSB S/D in program speed
performance.

In our case of FN erase, negative bias is connected on gate electrode. It offers the
reverse band bending on the gate stack and forces the electrons stored in nitride
moving out by FN tunneling. Figure 3-9 shows the erase Vy, shifts under the same

pulse as Vg = -18V for 1 ms of all samples. Between each sample, no apparent

31



difference is detected. This is because of that S/D formation doesn’t affect the
mechanism of FN erasing since repelling electrons out of trapping layer only depends
on the electric field in the tunneling oxide. Thus, all the samples with the exactly
same gate stack have the identical erase speed. The FN erase speed diagrams of
sample CON, M30, M10, MO1 are shown in Figure 3-10, respectively. Under the bias
of Vo, = -20 V, the acceptable erase shift is realized within a millisecond pulse for

these samples.

3-4-3 Retention and endurance

Figure 3-11 indicate the large window memory retentions of sample CON, M30,
M10, and MO1. All samples have the around 50% charge loss on ten-year retention
approximation. Retention characteristic with small. window in shorter P/E cycle is
measured to eliminate the repulsive effect of accumulated charges. The result is nearly
the same 50% charge loss. ‘Also, there is no apparent. difference between memory
samples with different S/D structures. We believe that retention characteristic is also
mostly determined by the structure and film quality of ONO stack. In this case, the
non-thermally grown thin SiO,, as tunneling oxide, shows the weakness of blocking
leakage for retention characteristic. Moreover, the rough interface between poly
silicon channel and tunneling oxide causes the retention loss.

In this thesis, poor endurance characteristic is detected in all of the samples, as
shown in Figure 3-13. The hard-to-erase effect is observed in all samples, as that the
memory window obviously shrinks at the erase side after 10* P/E cycles. In each P/E
cycle, some electrons which stored in the deep level of nitride become hard to pull off.
Eventually, those electrons accumulate to an enough amount to make memory
window positive shift after numerous P/E cycles. During P/E cycles, blocking oxide is

under high voltage stress and the oxide quality is degraded. Therefore, back injection
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becomes severer after numerous P/E cycles and it would decrease the erase ability of
negative bias. This makes the positive shift of erase state is larger than of program
state.

In addition, the I-V curves of the devices after 10* P/E cycles are examined to
find more information of the losing memory window. It is clear that sample M0O1 and
M10 have sub-threshold swing degradation but sample CON doesn’t, as shown in
Figure 3-14. The degradation induces positive Vy, shift of erase state and negative Vy,
shift of program state. Since the MSB samples have injection electrons with higher
energy, more interface states are generated between channel and tunneling oxide,
which result in sub-threshold swing degradation, after numerous P/E cycles. The
non-uniform stored charge is the potential reason which leads to swing degradation
since TFT memory device is.with the rough interface of poly silicon channel and
tunneling oxide. Moreover, the SB-like MSB sample tends to have injection near S/D
or even out side the gate area, After numerous P/E cycles, inevitable accumulated
electrons in spacer region starts to.interfere the memory characteristic. Therefore,
even the total electrons in the nitride trapping layer are cleaned, the erase state is still
influence by the field from the spacer trapping which leads to its positive shift. Also,
this spacer trapping would lower the program efficiency since the generated field
limits the electron injection from S/D. The swing degradation and charges trapped
outside gate cause the SB-like MSB samples have more memory window loss than

the conventional samples.

3-5 Memory characteristic of channel hot electron program
3-5-1 Basic I-V characteristic and memory window

After channel hot electron (CHE) program, the I-V characteristic and memory

window reveals differences in forward read and reverse read since charges are not
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uniformly stored in nitride layer. The effect of the trapped electrons distribution is
shown in Figure 3-15. If electrons are mostly trapped near drain side, forward read
would have larger off-state leakage current and reverse read would gain slightly more
Vi, shift. Those electrons stored near drain side offer the field such like locally
connecting to a negative bias. In off-region, gate induced drain leakage (GIDL) effect
is enhanced by this field. Indeed, TFT poly silicon substrate is affected by a severer
trap-assisted GIDL [49]. During reverse read, the electrons stored at drain side raises
the electrons injection barrier from drain to channel by pulling up the energy band.
This results in more positive Vy, shift. If electrons are mainly stored at source side, the
features are opposite, larger off-state leakage in reverse read and larger Vy, shift in
forward read.

In conventional flash memory, CHE injection happens at drain side due to the
large voltage drop of pinch. off region. As usual; sample CON shows drain side
injection, which has up-swung off<current under negative gate bias in forward read
and larger memory window for-reverse read, as_shown in Figure 3-16(a). In sample
PSB, I-V characteristic reveals source side injection features, which is larger Vg, shift
in forward read and higher off-current in reverse read, as shown in Figure 3-16(b).
The sharp SB-like band bending accelerates electron after it goes over source side SB,
so electron gains enough energy to inject at source side.

For MSB S/D, sample M30, M10, and MO1 all have higher off-current in
forward read and larger Vy, shift in reverse read, as shown in Figure 3-16(c)(d)(e).
Those features prove that the TFT memory device with MSB S/D structure, formed
by ITS technique, tends to have drain side injection. This is an opposite phenomenon
compared to the reference with DSSB S/D on SOI substrate, which shows source side

injection [47].
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3-5-2 Program/Erase speed

In CHE programming, good program speed only exists in sample CON, as
shown in Figure 3-17(a). After a 1-ms CHE program at V, = 10V and V4 = 6V, sample
CON has Vy, shift as ~2.5 V. In spite of the less efficient program speed compared to
FN programming, CHE programming still has application if the design requirement is
low voltage operation. Since poly silicon channel has low electron mobility, the
amount of hot carriers in TFT memory device is much fewer than device on single
crystal silicon. Therefore, in TFT memory device, CHE program efficiency is no
longer the same or higher level compared to FN program. The memory device with
MSB S/D structure is also influenced by the poly silicon in much worse case. Sample
M10, which has similar I-V characteristic with sample CON, doesn’t share the similar
memory characteristic. After a CHE program pulse with V, = 10V and V4= 6V for 1
ms, sample M10 only has a small Vy, shift'as 1V, as shown in Figure 3-17(b).
Extending the post implantation annealing in ITS process makes device having more
conventional-like characteristic.-Due to the more.conventional-like S/D, sample M30
behaves better CHE program speed, as shown in Figure 3-17(c). The lower thermal
budget and less process time consumption MSB S/D is still possible to apply on TFT
substrate and for CHE operation if the conventional-like MSB S/D is formed. The
insufficient program speed can be made up by extending the post implantation
annealing or by setting higher operation voltage as a trade-off. In Figure 3-17(d), the
condition which sample MO1 has enough Vy, shift is only in long program time or
high program voltage. However, both of the modifications are unwanted, so the
SB-like MSB S/D is out of application.

For comparison between SB, MSB S/D, and conventional S/D TFT memory
device in CHE programming, ten devices are measured for each process condition to

eliminate the variance of TFT samples. The statistic result is shown in Figure 3-18.
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The constant V,-Vy, is used in order to have same vertical field in tunneling oxide.
The transition from MSB to conventional p-n junction shows the increasing program
speed which is opposite to FN program. And there is no CHE program speed change
through the transition from sample PSB to sample MO1. That sample M10 and sample
M30 perform worse than sample CON in CHE program speed is caused by three
factors, which includes the lower electron injection rate from source to channel, the
voltage drop share at source side SB, and the grain boundaries in poly silicon channel.
As the explanation in the reference which shows improving CHE program speed in
DSSB S/D memory [47], source side voltage drop caused by SB junction would let
the electrons have source side injection. This source side injection in MSB S/D is
stronger than drain side injection in conventional S/D since there is no bias at source
side to cancel gate voltage field: If the channel is single crystal, electrons passing SB
could gain enough energy to become hot carrier at source side. This would cause a
great improvement in CHE program speed. However, our samples are fabricated on
poly-silicon substrate and that makes the path of acceleration by SB band bending full
of grain boundaries. If the electron meets the grain boundaries and is scattered, it does
not become a hot carrier, which is easier to inject. The acceleration to build hot
electrons at source side is degraded, as shown in Figure 3-19. Even though the
acceleration at source side is vanished, electrons still get chance to inject to trapping
layer at drain side voltage drop just like the conventional S/D but the drain side
injection in MSB S/D device is not competitive to the drain side injection in the
conventional S/D. In MSB S/D memory device, source side SB consumes a part of
voltage drop, so it doesn’t have electrical field as high as conventional S/D memory
during program operation. Also, the low electron injection rate from source to channel
makes the MSB S/D sample behaves worse since the supply of electron is basically

lack.
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Under the same program cycle, the Vy, shift is nearly equal for sample PSB and
sample MO1. As the discussion of I-V characteristic above, sample PSB shows source
side injection. This is simply the result of the lack of electron supply from source to
channel. That the total amount of electrons decreases to a really low level makes the
source side injection become the dominated part. In MSB S/D device, source side
injection part is the less part since the supply is plenty and the electrons which can not
be injected at source side would finally go to drain. In this way, source side injection
of sample PSB isn’t a bursting injection caused by the acceleration of SB band
bending, so there is no practical advantage for it.

The erase operation after CHE program is set to be FN tunneling. Vy, shifts under
the same pulse as V, = -18V for 1 ms of all samples are shown together in Figure 3-20.
Just like the FN erase after EN program, there is no difference for the erase speed
between CON sample and. MSB samples. Since the. injected electrons of CHE
program are trapped locally and have higher energy, we find that electron
programmed by CHE is much difficult to pull off the electrons in trapping layer and
more unstable. As shown in Figure 3-21, band to band hot hole (BBHH) injection
only works on sample CON since the MSB sample doesn’t have the overlapped and
highly doped n-type layer to generate hot hole. For MSB sample, the amount of
injecting holes is in a poor level. Also, the injection position of holes is not totally
match the electron stored position. Therefore, instead of Vy, shift back, this few holes
cause the lowering of off-current in sample M10 after BBHH erase, as shown in
Figure 3-22 (a). It is interesting that sample MO1 has the slightly positive shift after
BBHH erase. The I-V characteristic is shown in Figure 3-22 (b). The conservation of
off-current in reverse read curves shows that source side doesn’t involve. For forward
read, electron stored near drain interface is neutralized by hole-injection and

off-current become lower. The positive Vy, shift is assumed as the effect of slight
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electron back injection in channel region. The diagrams of CHE erase speed versus
erase time are shown in Figure 3-23. For conventional sample, both FN and BBHH
erase can be applied after CHE program. BBHH is even better. For MSB sample, FN
erase as -20V gate voltage is enough for erasing charge by CHE program. Since the
MSB are not totally drain side injection and the efficiency of generating hot hole is

poor in MSB S/D, the erase ability of FN mechanism is better than BBHH.

3-5-3 Retention and endurance

The retention characteristics of sample CON, M30, M10, and MO1 operated
under CHE program and FN erase are shown in Figure 3-24. Longer P/E time, even
up to 100 msec or 1 second, is set for MSB samples due to their poor CHE program
efficiency. Only sample CON.can span. memory window up to 2V under millisecond
level P/E period. Just like FN retention, the poor charge keeping ability of the thin
LPCVD TEOS oxide on poly silicon causes the window loss in CHE retention.
Sample CON has 65% window-remained in the ten years approximation. The others
are at the same level. Since the retention characteristic is determined by the tunneling
oxide quality. Keeping a thin oxide film with leakage immunity on a rough poly
silicon surface is important to a successful TFT flash memory. Adjusting the thickness
of oxide or applying high dielectric constant dielectrics are possible solution.

The endurance characteristics of CHE operation is shown in Figure 3-25. Sample
CON and sample M30 have a stronger positive window shift after 10" P/E cycles. The
weaker erasing efficiency and the local high energy injection make the hard-to-erase
easier to happen. On the other hand, samples with MSB S/D, especially sample M10
and sample MO1, have less hard-to-erase phenomenon. This is because of that the
charge injection position is not concentrated in drain-side region during CHE

programming for those MSB samples. The I-V Characteristic of sample CON and
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M30 after 10* P/E cycles are extracted, as shown in Figure 3-26. The conventional
S/D memory device has a larger voltage drop at drain side than conventional-like
MSB S/D memory. It means that the injected electrons have higher energy in sample
CON than in sample M30, so more interface states is generated in sample CON. It
results in that much severe swing degradation happens in sample CON after numerous

P/E cycles.

3-6 Summary

Under FN program, MSB S/D flash memory has a slightly program speed
improving, compared to conventional S/D and pure S/D, due to the sharp SB band
bending at S/D. The grain boundaties in TFT channel reduces the FN program speed
improvement from MSB S/D. since electrons wouldn’t be fully accelerated by the
sharp SB band bending as expect. Electron would be scattered by the grain boundaries
before it gains enough kinetic energy. The enhancement of program speed by MSB
S/D is degraded when memory device-is.fabricated on TFT substrate. Despite all, for
program efficiency, MSB S/D TFT memory still leads slightly in FN programming
but it falls much behind in CHE programming. Memory device with MSB S/D has the
lower speed compared to conventional S/D in CHE program. The degradation of
acceleration near the source SB makes source side injection vanished. Even though
the effective SB height of MSB is lowered by the thin n-type doped layer and also
band bending is sharper, the electrons are still not able to become hot carriers at
source side because of the scattering caused by the grain boundaries. This makes
MSB S/D TFT memory device showing drain side injection. However, CHE program
speed of MSB S/D is not competitive to conventional S/D which has sharper drain

side band bending. The non-overlap S/D formation causes sample PSB to have worst
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performance in FN programming. In CHE programming, the source side injection of
sample PSB comes from the lack of electron supply caused by the large electron
barrier at source junction. Actually, this kind of source side injection doesn’t help in
program efficiency.

During FN erasing, the feature is almost the same for MSB and conventional for
FN or CHE program. The effect of channel engineering is negligible in the
mechanism of pulling off trapped electrons from nitride layer. BBHH erase has strong
effect in sample CON, due to the overlapped highly doped n-type region. On the other
hand, in MSB sample, hot holes are hard to generate and results in zero erase Vy, shift
for BBHH.

Our samples suffer from worse: charge retention since the quality of tunneling
oxide is degraded by the rough poly grains. In'FN program endurance characteristics,
all samples shows hard-to-erase phenomenon, which is full window positive shift.
The Vy, positive shift in erase state could come from the degradation of block oxide
quality after P/E cycles stress. Further, MSB samples have less positive Vy, shift in
program state since the charges trapped outside gate lower the program efficiency. In
CHE program endurance characteristics, sample CON shows much strong
hard-to-erase phenomenon since electron injection of sample CON during CHE
program is concentrated in drain side region. For swing degradation, the memory
devices with higher electron energy during programming have earlier happening
degradation of sub-threshold swing, as the MSB S/D in FN programming and the

conventional S/D in CHE programming.
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Fig. 3-16: I-V curves of CHE programming with forward and reverse read (a) sample
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Fig. 3-16: I-V curves of CHE programming with forward and reverse read (a) sample
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Fig. 3-17: Channel hot electron (CHE) program speed for each sample (a) sample
CON; (b) sample M10; (c) sample M30; (d) sample MO1;

65



5 |- CHE program Vg-Vth=7.5V, V =6V 1ms

4 |-

3 |- I [
T T
SF2 T .

I L
1k 1 l
oL |
| | | | |
PSB Mo1 M10 M30 CON

Fig. 3-18: Comparison of channel hot electron (CHE) program speed.

G G

low K.E.

high K.E.

(a) MSB ideal case (b) MSB on TFT

Fig. 3-19: Band diagram of CHE injection in MSB device. (a) ideal case; (b) on TFT.
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Chapter 4
Conclusions and Future works

4-1 Conclusions

In this study, a flash memory device with modified Schottky-Barrier (MSB)
source/drain (S/D) is fabricated on the thin film transistor (TFT) substrate and the
memory characteristics of Fowler-Nordheim (FN) program and channel hot electron
(CHE) program are studied. In FN program, TFT memory with MSB S/D can be a
competitive structure, compared to conventional-S/D. Not only it has low process
temperature, which is suitable for glass substrate and stackable integration, but also a
slight program speed improvement is detected in this work. The better program speed
comes from the acceleration of sharp SB band bending at S/D. In CHE program, MSB
S/D on TFT doesn’t show good performance. Only extending the post annealing time
to get a conventional-like MSB can make MSB S/D structure work in barely enough
speed.

According to the references [45-47], the better FN or CHE program speed comes
from the acceleration of sharp SB band bending at S/D. However, in this work, the
acceleration of the sharp SB band bending is canceled by the grain boundaries in TFT
poly silicon channel. This results in an unobvious improvement of FN programming
and a worse program speed of CHE operation for MSB S/D TFT memory. In this
thesis, the MSB S/D TFT memory shows drain side injection in CHE programming,
which is not as expected. In the ideal case, the improvement of MSB S/D is based on

source side injection since there is no interference between drain voltage and gate
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voltage at source side. If the channel is poly silicon, it becomes a worse case since
grain boundaries makes the electrons have not enough energy to inject at source side.
Then only the disadvantages remain in MSB S/D TFT memory, such as limitation of
carrier injection rate from source to channel, and a reduced drain voltage drop at the
electron injection place. However, the disturbance of acceleration, caused by poly
silicon grains, may be improved by better channel formation method or plasma
treatment.

The pure SB with the work function at the middle of silicon band gap, as NiSi, is
hard to achieve good performance on TFT substrate. The reliability concerns of the
easier Ni diffusion in poly silicon film and to avoid NiSi grains contacting tunneling
oxide make the overlap S/D of pure SB memory device nearly impossible to be
realized. Eventually, pure SB.S/D_TET memory has poor characteristic since the
non-overlapped S/D suppresses the FN program speed. Also, in CHE programming,
the low injection rate of electrons from source to channel, caused by the not lowering
SB, and the weak SB acceleration, as the case of MSB, degrade the performance into
very poor level. Since the entire electron injection efficiency is extremely low, pure
S/D TFT memory can show source side injection, by its larger source side voltage
drop compared to MSB or conventional S/D, but it doesn’t cause any improving.

In erase scheme, MSB S/D and conventional S/D don’t reveal any difference
since the S/D engineering wouldn’t cause the factor to influence the mechanism of
pulling electrons off the nitride layer. The band-to-band hot hole (BBHH) operation
after CHE program shows its erasing ability only in conventional S/D TFT memory
since the highly doped overlap layer only exists in conventional S/D.

In our TFT memory samples, the quality loss of thin oxide layer on poly silicon
grains induces poor charge retention characteristic. It can be imporved by gate stack

engineering. Endurance characteristics show the phenomenon of hard-to-erase in FN
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programming for all the samples but MSB samples have less positive Vy, shift in
program state since the charges trapped outside gate lower the program efficiency. In
CHE program endurance characteristics, sample CON also shows hard-to-erase and
even stronger. On the other hand, MSB samples are not in hard-to-erase effect since
electron injection of MSB samples during CHE program is not concentrated in drain
side region. Also, endurance characteristic is affected by swing degradation. In FN
programming, since the MSB S/D memory has higher energy of injected election, it
has the stronger swing degradation after 10* P/E cycles than conventional S/D. In
CHE programming, conventional S/D has higher energy of injected elections in CHE
programming. So after 10" P/E cycles, swing degradation occurs and causes the
additional window shrinkage in conventional S/D TFT memory than in MSB S/D TFT

memory.

4-2 Future works

The performances of our memory-samples were limited by the property of the
gate stack. The thick blocking oxide prevents the back injection in erase scheme but it
suppresses P/E speed since the poor gate coupling. The thin tunneling oxide on poly
silicon grains is suitable for P/E speed but it is not reliable for the charge retention and
endurance. To optimize ONO layer is compulsory better memory performance. To
adjusting the tunneling oxide and blocking oxide, high dielectric constant dielectric
film, like Al,O3, can be applied as blocking oxide and also can be tried as tunneling
oxide to test the immunity of roughness on poly silicon grains.

To have a better analysis of memory characteristics, the splitting of post
implantation annealing time of MSB samples, which controls the S/D structure, can

be divided into smaller time segment. Samples with 5, 20, 40, and 50 minutes of post
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implantation annealing time can be added into the split table. The trend of the change
of SB-like MSB to conventional-like MSB could be modeled by the more precise and
promise measure data. The program speed improvement in SB or MSB S/D TFT
memory device can be further studied by analyzing the gate current of the MOSFET
samples which have the same EOT with the SONOS memory samples.

There is another modified Schottky-Barrier (MSB) formation method, dopant
segregation Schottky-Barrier (DSSB). As the reference [24-26], it shows well
improvement on memory characteristic when the device was fabricated on silicon on
insulator (SOI) substrate with multi-gate structure. The DSSB can be fabricated on
TFT substrate although it would not have the advantages of low temperature or
short process time. It is a good study: to make a comparison between our work in this
thesis and the TFT memory device with DSSBS/D.

In order to have better understanding about endurance characteristic, the samples
which have done 10° P/E cycles stress are measured again 3 months later. The I-V
curves of program state and erase state in the typical times of just after the 10° P/E
cycles stress and 3 months after the stress are shown in Figure 4-1 for FN
programming and in Figure 4-2 for CHE programming. After storing at room
temperature for 3 months, samples’ swings in both program state and erase state show
the recovery. It reveals that the non-uniform charge storage seems to be the main
reason for swing degradation since the hard-to-erase charge is assumed to be easier to
disperse than interface state. However, the Vy, shift of P/E state does not follow any
specific trend. Therefore, more measurements are needed to clarify the mechanisms of

the degradation and recovery after P/E cycles stress.

79



Sample M10
10° b u— 5 .
= — just after 10” cycles s
rel® o
; F —2— 3 monthes later AT A
10 /.;Z/ M
AN
10° v V4
Nl AV
— 9 A/ ./ A
< 10 erase state -4, 4
~ 107 « # & / program state
/A/ 4 N
1011 /.}/' / ././{A/A/
L o S
10
1013 ' T T T BT T T T e

V, (V)

Fig. 4-1: I-V curve of P/E state just after 10> P(EN)/E(EN) cycles and 3 months later.

Sample CON

P(CHE)/E(FN) cycle
—u— just after 10° cycles AA’AA e
—2— 3 monthes later /A/A

107
2 10°® erase state\
= 10°
107° {
A/ P
-1 ‘Mﬁ S a”
10 i
10-12 I B BT T T T T T

v (V)
Fig. 4-2: I-V curve of P/E state just after 10° P(CHE)/E(FN) cycles and 3 months later.

80



[1].

[2].

[3].

[4].

[5].

[6].

[7].

[8].

References

D. Kahng, and S. M. Sze, “A floating gate and its application to memory
devices,” Bell Systems Technical Journal, Vol.46, p.1283, 1967.

A.J. Walker, S. Nallamothu, E. H. Chen, M. Mahajani, S. B. Hemer, M. Clark,
J. M. Cleeves, S. V. Dunton, V. L. Eckert, J. Gu, S. Hu, J. Knall, M.
Konevecki, C. Petti, S. Radigan, U. Raghuram, J. Vienna, and M. A. Vyvoda,
“3D TFT-SONOS Memory Cell for Ultra-High Density File Storage
Applications,” in VLSI Symp. Tech. Dig., 2003, pp.29-30

E. K. Lai, H. T. Lue, Y. H Hsiao, J. Y. Hsieh, S. C. Lee, C. P. Lu, S. Y. Wang,
L. W. Yang, K. C. Chen, J. Gong, K. Y. Hsieh, J. Ku, R. Liu, and C. Y. Lu, “A
Highly Stackable Thin-Film Transistor (TFT) NAND-Type Flash Memory,”
in VLSI Symp. Tech. Dig., 2006, pp.46-47

E. K. Lai, H. T. Lue, Y. HHsiao, J. Y. Hsieh, C. P.Lu, S. Y. Wang, L. W. Yang,
T. Yang, K. C. Chen, J. Gong, K. Y. Hsieh, R. Liu, and C. Y. Lu, “A
Multi-Layer Stackable Thin-Film. Transistor. (TFT) NAND-Type Flash
Memory,” in IEDM Tech. Dig.;2006, pp:1-4

H. Tanaka, M. Kido, K. Yahashi, M. Oomura, R. Katsumata, M. Kito, Y.
Fukuzumi, M. Sato, Y. Nagata, Y. Matsuoka, Y. Iwata, H. Aochi and A.
Nitayama, "Bit Cost Scalable Technology with Punch and Plug Process for
Ultra High Density Flash Memory," in VLSI Symp. Tech. Dig., 2007, pp. 14-15
J. Jang, H.-S. Kim, W. Cho, H. Cho, J. K., S. I. Shim, Y. Jang, J.-H. Jeong,
B.-K. Son, D. W. Kim, K. K., J.-J. Shim, J. S. Lim, K.-H. Kim, S. Y. Yi, J.-Y.
Lim, D. Chung, H.-C. Moon, S. Hwang, J.-W. Lee, Y.-H. Son, U.-I. Chung
and W.-S. Lee, "Vertical Cell Array using TCAT(Terabit Cell Array Transistor)
Technology for Ultra High Density NAND Flash Memory," in /IEDM Tech.
Dig., 2009, pp. 192-193

W. Kim, S. Choi, J. Sung, T. Lee, C. Park, H. Ko, J. Jung, I. Yoo, and Y. Park,
"Multi-Layered Vertical Gate NAND Flash Overcoming Stacking Limit for
Terabit Density Storage," in IEDM Tech. Dig., 2009, pp. 188—189

A. G Lewis, D. D. Lee, and R. H. Bruce, “Polysilicon TFT circuit Design and

81



[9].

[10].

[11].

[12].

[13].

[14].

[15].

[16].

Performance” Journal of Solid State Circuit, vol. 27, pp.1833-1843, 1992

B. Y. Tsui, C. P. Lin, C. F. Huang, and Y. H. Xiao, “0.1 um poly-Si thin film
transistors for system-on-panel (SoP) applications,” in I[EDM Tech. Dig., 2005,
pp- 911-914

X. Huang, W. C. Lee, C. Kuo, D. Hisamoto, L. Chang, J. Kedzierski, E.
Anderson, H. Takeuchi, Y. K. Choi, K. Asano, V. Subramanian, T. J. King, J.
Bokor, and C. Hu, “Sub 50-nm FinFET: PMOS,” in [EDM Tech. Dig., 1999,
pp. 67-70

S. D. Suk, S.-Y. Lee, S.-M. Kim, E.-J. Yoon, M.-S. Kim, M. Li, C. W. Oh, K.
H. Yeo, S. H. Kim, D.-S. Shin, K.-H. Lee, H. S. Park, J. N. Han,C.J. Park**,
J.-B. Park, D.-W. Kim, D. Park and B.-I. Ryu, "High Performance 5nm radius
Twin Silicon Nanowire MOSFET(TSNWFET) : Fabrication on Bulk Si Wafer,
Characteristics, and Reliability," in IEDM Tech. Dig., 2005, pp. 717-720

M. Specht, R. Kommling, L. Dreeskornfeld, W. Weher, F. Hofmann, D.
Alvarez, J. Kretz, R. J. Luyken, W. Rosner, H. Reisinger, E. Landgraf, T.
Schulz, J. Hartwich, M. Stadele,V. Klandievski, E. Hartmann, L. Risch,
"Sub-40nm tri-gate charge trapping nonvolatile memory cells for high-density
applications," in VLSL.Symp. Tech. Dig., 2004, pp..244-245

J.-G. Yun, Y. Kim, I. H. Park, J. H. Lee, D. Kang, M. Lee, H. Shin, J. D. Lee,
and B.-G. Park, “Independent. Double-Gate Fin SONOS FlashMemory
Fabricated With Sidewall Spacer Patterning,” [EEE Trans. on Electron
Devices , vol. 56, no. 8, pp. 1721-1728, 2009

S. D. Suk, K. H. Yeo, K. H. Cho, M. Li, Y. Y. Yeoh, K.-H. Hong, S.-H. Kim.,
Y.-H. Koh, S. Jung, W. Jang, D.-W. Kim, D. Park, and B.-I. Ryu,
"Gate-all-around Twin Silicon nanowire SONOS Memory," in VLSI Symp.
Tech. Dig., 2007, pp.142-143

T.-C. Liaoa, S.-K. Chen, M. H. Yu, C.-Y. Wu, T.-K. Kang, F.-T. Chien, Y.-T.
Liva, C.-M. Lin, and H.-C. Cheng, "A Novel LTPS-TFT-Based
Charge-Trapping Memory Device with Field-Enhanced Nanowire Structure,"
in [EDM Tech. Dig., 2009, pp. 207-210

A. Hubert, E. Nowak, K. Tachi, V. Maffini-Alvaro, C. Vizioz, C. Arvet, J.-P.
Colonna, J.-M. Hartmann, V. Loup, L. Baud, S. Pauliac, V. Delaye, C.
Carabasse, G. Molas, G. Ghibaudo, B. De Salvo, O. Faynot and T. Ernst "A
stacked SONOS technology, up to 4 levels and 6nm crystalline nanowires,

82



[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

with gate-all-around or independent gates (®-Flash), suitable for full 3D
integration," in I[EDM Tech. Dig., 2009, pp. 637-641

K. H. Yeo, K. H. Cho, M. Li, S. D. Suk, Y. Yeoh, M-S. Kim, H. Bae, J.-M.
Lee, S.-K. Sung, J. Seo, B. Park, D.-W. Kim, D. Park, and W.-S. Lee,
"Gate-all-around Single Silicon Nanowire MOSFET with 7 nm width for
SONOS NAND Flash Memory," in VLSI Symp. Tech. Dig., 2008, pp. 138-139

M. Mitsutoshi, S. John, "Excimer laser annealing of amorphous and
solid-phase-crystallized silicon films," J. Appl. Phys., vol.86, no.l0,
pp-5556-5565, 1999

B. Y. Tsui and C. P. Lin, “A novel 25 nm modified-Schottky-barrier FinFET
with high performance,” [IEEE FElectron Device Lett., vol.25, No.6,
pp-430-432, 2004

A. Kinoshita, Y. Tsuchiya, A. Yagishita, K. Uchida and J. Koga, “Solution for
High-Performance Schottky-Source/Drain MOSFETs: Schottky Barrier
Height Engineering with Dopant Segregation Technique,” in Proc. Symp. VLSI
Technology, 2004, pp168-169.

Z. Qiu, Z. Zhang, M. Ostling, and S. L. Zhang, *° A Comparative Study of Two
Different Schemes to Dopant Segregation as NiSi/Si and PtSi/Si Interfaces for
Schottky Barrier Height Lowering,” IEEE Trans. on Electron Devices, vol. 55,
pp-396-403, 2008

T. Sonehara, A. Hokazono, H. Akutsu, T. Sasaki, H. Uchida, M. Tomita, H.
Tsujii, S. Kawanaka, S. Inaba and Y. Toyoshima, "Contact resistance reduction
of Pt-incorporated NiSi for continuous CMOS scaling ~Atomic level analysis
of Pt/B/As distribution within silicide films~," in IEDM Tech. Dig., 2008, pp.
921-924

K. Kim, J. H. Choi, J. Choi, and H. S. Jeong, “The future prospect of
nonvolatile memory,” in /[EEE VLSI-TSA., 2005, pp. 88-94

I. Fujiwara, H. Aozasa, A. Nakamura, Y. Komatsu, and Y. Hayashi, “0.13 pm
MONOS single transistor memory cell with separated source lines”, Jpn. J.
Appl. Phys., pp.417-423, 2000

M. H. White, D. A. Adams, and J. Bu, “On the go with SONOS,” IEEE
Circuits and Devices Mag., Vol.16, pp.22-31, 2000.

K. Naruke, S. Taguchi, and M. Wada, “Stress Induced Leakage Current
Limiting to Scaling Down EEPROM Tunnel Oxide Thickness,” in IEEE

&3



[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

IEDM Tech. Dig., 1988, pp.424-427

Jan De Blauwe, “Nanocrystal Nonvolatile Memory Devices,” IEEE Trans. on
Nanotechnology, vol. 16, pp.72-77, 2002

Y. Shin, “Non-volatile memory technologies for beyond 2010 in VLSI Symp.
Tech. Dig., 2005, pp.156- 159

Process Integration, Devices and Structures in International Technology
Roadmap for Semiconductor, pp.35-36, 2007

J. Bu, and M. H. White, “Effect of Two-Step High Temperature Deuterium
Anneals on SONOS Non-volatile Memory Devices,” IEEE Electron Device
Lett., vol.22, pp.17-19, 2001

P. Xuan, M. She, B.Harteneck, A. Liddle, J.Bokor, and T. J. King, “FinFET
SONOS flash memory for embedded applications,” in /[EEE [EDM Tech. Dig.,
2003. pp.609-613

C. -H. Lee, J. Choi, C. Kang, Y. Shin, J. -S. Lee, J. Sel, J. Sim, S. Jeon, B. -I.
Choe, D. Bae, K. Park, and K. Kim, "Multi-Level NAND Flash Memory with
63 nm-Node TANOS. (Si-Oxide-SiN-AlI203-TaN) Cell Structure," in VLSI
Symp. Tech. Dig., 2006, pp. 21-22

S.-C. Lai, H.-T. Lue, J.-Y. Hsieh,; M.-J. Yang, Y.-K. Chiou, C.-W. Wu, T.-B.r
Wu, G-L. Luo, C.-H. Chien, E.-K. Lai, K.-Y. Hsieh, R. Liu, "Study of the
Erase Mechanism of MANOS. (Metal/Al1203/SiN/Si02/Si1) Device," IEEE
Electron Device Lett., vol. 28, pp. 643-645, 2007

X. Wang and D. L. Kwong,” A Novel High-k SONOS Memory Using
TaN/AI203/Ta205/HfO2/Si Structure for Fast Speed and Long Retention
Operation,” IEEE Trans. on Electron Devices, vol.53, pp78-82, 2006

H. T. Lue, S. Y. Wang, E. K. Lai, Y. H. Shih, S. C. Lai, L. W. Yang, K. C. Chen,
J. Ku, K. Y. Hsieh, R. Liu, and C. Y. Lu, “BE-SONOS: A bandgap engineered
SONOS with excellent performance and reliability,” in IEEE I[EDM Tech. Dig.,
2005, pp.547-550.

T. S. Chen, K. H. Wu; H. Chung, C. H. Kao, “Performance Improvement of
SONOS Memory by Bandgap Engineering of Charge-Trapping Layer,” I[EEE
Electron Device Lett., vol.25, No.4, pp.205-207, 2004.

J. M. Larson and J. P. Snyder, “Overview and Status of Metal S/D
Schottky-Barrier MOSFET Technology,” IEEE Trans. on Electron Devices,
vol. 53, pp.1048-1058, 2006

84



[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

V. W. L. Chin, J. W. V. Storey, and M. A. Green, “Characteristics of p-type

PtSi Schottky diodes under reverse bias,” J. Appl. Phys., vol. 68,

pp-4127-4132, 1990.

S. Zhu, J. Chen, M.-F. Li, S. J. Lee, J. Singh, C. X. Zhu, A. Du, C. H. Tung, A.
Chin, and D. L. Kwong, “N-type Schottky barrier S/D MOSFET using

Ytterbium silicide,” IEEE Electron Device Lett., vol. 25, no. 8, pp. 565-567,

2004.

M. Jang, Y. Kim, J. Shin, and S. Lee, “Characterization of Erbiumsilicided

Schottky diode junction,” IEEE Electron Device Lett., vol. 26, no. 6, pp.

354-356, 2005.

B. Y. Tsui and C. P. Lin, “Process and Characteristics of Modified Schottky

Barrier (MSB) p-Channel FinFETs,” IEEE Trans. on Electron Devices, vol. 52,
pp-2455-2462. 2005

K. Uchida, K. Matsuzawa, J..Koga, S. I. Takagi, and A. Toriumi,

“Enhancement of hot-electron generation rate in Schottky source

metal-oxide-semiconductor field-effect transistors,” Appl. Phys. Lett., vol.76,

pp-3992-3994, 2000.

A. Kinoshita, T. Kinoshita, Y. Nishi, K. Uchida, S. Toriyama, R. Hasumi, and J.
Koga, “Comprehensive ' Study on  Injection Velocity Enhancement in
Dopant-Segregated Schottky MOSFETs;” in I[EEE IEDM Tech. Dig., 2006,
pp.79-82.

C. H. Shih, S. P. Yeh, J. T. Liang, and Y. X. Luo, “Source-side injection

Schottky barrier flash memory cells,” Semiconductor Science and Technology,

vol.24, no. 2, pp.1-5, 2009

S. J. Choi, J. W. Han, S. Kim, D. H. Kim, M. G. Jang, J. H. Yang, J. S. Kim, K.
H. Kim, G. S. Lee, J. S. Oh, M. H. Song, Y. C. Park, J. W. Kim, and Y. K.
Choi, "High Speed Flash Memory and 1T-DRAM on Dopant Segregated
Schottky Barrier (DSSB) FinFET SONOS Device for Multi-functional SoC
Applications,” in [EEE IEDM Tech. Dig., 2008, pp.223-226.

S. J. Choi, J. W. Han, S. Kim, D. H. Kim, M. G. Jang, J. H. Yang, J. S. Kim,

K. H.Kim, G. S. Lee, J. S. Oh, M. H. Song, Y. C. Park, J. W. Kim, and Y.

K. Choi, “Enhancement of Program Speed in Dopant-Segregated

Schottky-Barrier (DSSB) FinFET SONOS for NAND-Type Flash Memory,”

IEEFE Electron Device Letts., vol. 30, pp.78-81, 2009

85



[47].

[48].

[49].

S. J. Choi, J. W. Han, S. Kim, D. H. Kim, M. G. Jang, J. H. Yang, J. S. Kim,
K. H.Kim, G. S. Lee, J. S. Oh, M. H. Song, Y. C. Park, J. W. Kim, and Y.
K. Choi, “High Injection Efficiency and Low-Voltage Programming in a
Dopant-Segregated Schottky Barrier (DSSB) FinFET SONOS for NOR-type
Flash Memory,” IEEE Electron Device Letts., vol. 30, pp.265-268, 2009

D. H. Li, I. H. Park, J.-G. Yun, B.-G. Park, "Effects of tunnel oxide process on
SONOS flash memory characteristics," Thin Solid Films, pp. 2509-2512,
2010

T.-C. Chen, T.-C. Chang, F.-Y. Jian, S.-C. Chen, C.-S. Lin, M.-H. Lee, J.-S.
Chen, and C.-C. Shih, "Improvement of Memory State Misidentification
Caused by Trap-Assisted GIDL Current in a SONOS-TFT Memory Device",
IEEFE Electron Device Lett., vol. 30, no. 8, pp. 834-836, 2009

86



o~ 1985 & 1% 31 p

¥ \'_"/%%) #/ ﬂE_,;é\

HAefE1ER%F %857 £ (2000.9 ~ 2003.6)
Bzl A §3 51488 (54 (20039 ~ 2007.6)
Rzl ~FTFF 7oL (20079 ~ 2010.6)

L

B H AR RS M RN R AT

A Study on Non-volatile Memory with Modified Schottky Barrier
S/D on TFT Substrate

87



	論文完稿封面
	論文完稿前頁
	論文完稿內文v4

