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Continuous-wave solid-state green laser annealing in

panel epi-like silicon transistors

Student : Yu-Ting Lin Advisor: Dr. Chih Chen
Dr. Jia-Min Shieh

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

This dissertation explores and demonstrates enhanced electrical characteristics and
reliability of continuous-wave green laser fabricated epi-like silicon transistors on non-silicon
substrates, which greatly impacts onsactive-matrix no/off circuits, nonvolatile memories,
linear image sensors, and photo-detector amplifiers for various panels and photonic circuits.
The main focus of this dissertation can be divided into-four parts.

First, electrical characteristics “of continuous-wave (CW) green laser-annealed
single-grainlike silicon thin-film transistors in relation to trap-state densities were
characterized. As laser power increases, highly crystalline channels form, reducing tail-state
densities to as low as 3x10" eV”'em™. This occurrence is responsible for high field-effect
electron mobility of 284 cm?/Vs. In contrast, increasing laser power initially reduces the
deep-state density and then increases it to 3x10'® eV'em™. This reversal in deep-state
density, and thus in the subthreshold slope, as well as a saturating reduction in threshold
voltage are associated with the formation of extra interface defects caused by
laser-crystallization-enhanced surface roughness.

Next, stability of high hole-mobility thin-film transistors (TFTs) on single-grainlike

silicon channels formed by CW laser-crystallization (CLC) during hot-carrier stressing (HCS)

was studied. As channel layers become thicker, laser-mediated channel crystallinity
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increases, increasing channel roughness. On such epi-like polycrystalline silicon (poly-Si)
substrates, the poorer interface quality for thicker channels, even those with lower tail-state
densities of grain traps, is responsible for the extensive charge trapping and creation of
deep-state densities in the fabricated TFTs due to HCS. Hence, on a thin channel with a
thickness of 50 nm and ultra-smooth surfaces, HCS hardly degrades the electrical parameters
of the devices.

Third, the hole-mobility and reliability of green CW laser-crystallized epi-like Si
transistors on glass panel substrates were enhanced by source/drain activation by back-side
green laser-irradiation. Green laser-energy was scanned uniformly across junctions, since
the gate structures included no interrupt, in an attempt to conduct super visible-laser
lateral-activation. The enhancement was thus explained by the formation of continuous
improved epi-like Si microstructures with:reduced grain defects and with a barely increased
number of interface defects over the entire channel/junction. The hole-mobility in such
laser-activated devices was as high as 403 ¢m’/V.s— doubles that of thermally activated
devices.

Fourth, panel transistors were activated by front-side CW green laser irradiation. In
self-aligned poly-Si TFTs, significant laser-energy penetrates through poly-Si gates owing to
the considerably long penetration depth of green light in poly-Si. Green laser-energy was
thus uniformly scanned laterally from channels to source/drain regions and, vice versa, in
under a millisecond, hardly affected by gate structures. Such spike green-laser annealing
yields low parasitic source/drain resistance and quasi-continuous improved poly-Si
microstructures in green laser-activated TFTs, with reduced grain defects over the entire
channel/junction. Electron-mobility and sub-threshold slope for such transistors that were
fabricated on CLC channels of 100 nm, were remarkable values of 530 cm®/V.s and 120
mV/dec, respectively. In gate structures of TiN/SiO,, laser-activated panel transistors that
were fabricated on CLC channels of 100 nm, also revealed electron-mobility as high as 230

cm’/V.s. In metal gated panel transistors, front-side CW green laser irradiation intrinsically
v



activates source/drain regions selectively, because of light reflection by metal gates, causes
little thermal damage on materials underneath metal gates, which endorses advanced panel or
photonic transistors with compound, nanostructured, and functionalized gate dielectrics or
polycrystalline materials.

In future, those CW green laser-fabricated transistors will be routines for the

development of panel photo-sensors and memories, as well as nano-photonic circuits.
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Chapter 1

Introduction

1.1 Development trends of Polycrystalline silicon thin film
transistors

Liquid crystal displays (LCD) are key components for information and video products.
An active matrix LCD (AMLCD) as large as 57 inches in diagonal size has been developed
using the technology of hydrogenated amorphous Si (a-Si) thin film transistor (TFT) in 2006
[1.1]. Compared with a-Si TFTs, polycrystalline silicon (poly-Si) TFTs demonstrated the
feasibility of low-temperature fabrication, extreme high mobility of 10~400 cm?/Vs [1.2]-[1.5]
and device scaling, which essentially”ensures poly-Si TFTs-based electric circuits and
switchers on large-area and flexible substrates.: Hence, poly-Si thin film transistors not only
pay a role of active-matrix no/off circuit, but also widely apply in Nonvolatile memories,
linear image sensor, and photo-dector amplifier with increment TFTs performance [1.6]-[1.12].
The traditional excimer laser crystallization (ELC) are performed in the air ambient
environment at room temperature, however, the grain size is limited size below
sub-micrometer. Therefore, there have reliability problems including of non-uniform grain
size and transistor characteristics. For this reason, it will be more focused on crystallization
technique like single grains. Table 1- 1 shows the forecast of advanced low-temperature

poly-Si (LTPS) TFT technology. The current technology is the first stage, which integrates
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both X and Y-drivers by using TFTs with mobility of 100 cm®/Vs. The next-generation TFT
will demonstrate mobility more than 300 cm?/Vs by the technology of Grain Boundary-Less
Channel (GBLC). The GBLC-TFT will realize “System Displays” that are embedded with

integrated signal processor, graphic I/F and small scale memory [1.13].

1.2 Poly-Si films by excimer laser crystallization methods

In 1975, Shtyrkov et al. initiated pulsed laser annealing and reported the lattice damage
due to implantation into crystalline silicon could be repaired as well as activated by laser
annealing without extra thermal process [1,14]. Many researches on the use of pulsed laser
annealing were conducted in the 1980si- Sussmann et al. first applied pulsed lasers to
crystallize the a-Si-H films in 1980 [1.15].  Immediately, Sameshima et al. successively
employed excimer laser to crystallize 1a=Sii films on glass substrate [1.16]. Note that
high-power XeCl excimer lasers, developed by the European masker SOPRA, have also been
applied on poly-Si annealing [1.17]. In excimer laser annealing, pulse-to-pulse repeatability
(PPR), which was sensitive to discharge frequency, output laser-energy and laser pulse
duration, affects productivity and film quality critically. PPR in state-of-the-art laser
equipments for Si-based annealing applications is in the range of 6-9% (3c). The value is
expected to decline further to ~4% within 3 years.

1.2.1 Crystallization mechanisms of ELA poly-Si

The lower laser fluence regime describes a condition where the incident laser fluence is

.



sufficient to induce melting of the a-Si film, but it is low enough that a continuous layer of Si
remains at the maximum extent of melting. This regime is also referred to as
“partial-melting regime” and obtains microcrystallities in the laser-crystallized Si film [1.18].
The high laser fluence regime corresponds to the situation when the laser fluence is
sufficiently high to completely melt the Si film. The regime is also referred to as
complete-melting regime. The mechanism of transformation in this regime related to the
nucleation of solids within the liquid for the formation of a stable solid-liquid interface that
can be accommodated the liquid-to solid conversion. The nucleation in the regime occurs as
a result of undercooling in the molten-Si film. As a result of the copious nucleation that
occurs within the undercooled molten-Si,-the grain size obtained in the regime is about ten
nanometers in diameter. A thitd regime has been found within a narrow process window
between another two regimes. It is called super lateral grain growth (SLG). In general, the
grain size in this regime is several hundred nanometers in diameter. The transformation
process associated with this regime has been modeled by Im and others, in terms of
near-complete-melting of Si films [1.19][1.20]. The practical implication of this model is
that the unmelted islands provide solidification seeds, from which lateral growth can ensue,
thus propagating the solid-liquid interface within the surrounding undercooled molted Si.
In figure 1-1, SLG grain growth initiates from seeds, this survived the melting process, at the
Si-Si0O; interface [1.21].

1.2.2 Advanced ELA poly-Si technology
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The drawbacks of conventional ELA process were related to difficulty in maintaining a
proper balance between performance and process uniformity. PPR is hardly controlled
[1.22], in response to worsened uniformity of ELA poly-Si TFTs. Another disadvantage in
conventional poly-Si TFTs was what numerous grain boundaries in channels associated with
small grains hinder carrier transportation and deteriorate TFT performance [1.23][1.24].
Recently, a few efforts attempt to demonstrate single-grain TFTs technologies by
location-controlled crystal grains formed by excimer-laser-based sequential lateral
solidification (SLS) [1.25], high-frequency pulse solid-state laser, and thin-beam directional
X’tallization (TDX) [1.26]. Those single-grain crystallization technologies normally

initialize efficiently laser-induced-super-lateral grain growth.

1.3 Poly-Si by continuous-wave laser crystallization methods

Hara et al. in 2001 announced highly crystalline poly-Si films on large-area glass
substrates by continuous-wave (CW) green laser crystallization (CLC) [1.27]. In CLC,
power instability of diode pumped solid state (DPSS) CW laser (532nm (second harmonics
(2w) of Nd:YVOy)) is less than 1%, which value is superior to that of XeCl excimer lasers and
Ar lasers. Moreover, CLC processes were conduced at room temperature and in ambient
environment. TFTs on such CLC poly-Si layers on glass substrates were fabricated at
process temperature below 450°C ; field-effect mobilities for n-channels and p-channels were

as high as 566 cm*/Vs and 200 cm?/Vs, respectively.
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CLC easily forms ~20 pum large grains and low roughness in crystallized layers, in a
quite wide energy range as shown in Figure 1-3, because of continuous laser-energy supply,
directional solidification caused by laser scanning, and slow cooling rate of molten Si due to
the dwell time of laser beam is about 100us during scanning.

In 2007, Ogawa et al. [1.28] introduced CLC technologies to perform a low power (~
50mW) and high resolution (332ppi) VGA LCD with integrated 6-bit digital data drivers.
Excellent uniformity in threshold voltage, as compared to that of conventional ELA-TFTs, is

shown in Figure 1-4 and 1-5.

1.4 Laser-activated poly-Si TFETSs

Future system-integrated-on-panel applications réquire a significant improvement in the
performance of current poly-Si TFTs.”/The biggest leverage in circuit performance can be
achieved by reducing channel length from the typical, 4-6pum to 1um [1.29][1.30]. Rapid
thermal annealing (RTA) and Spike RTA are conventional techniques which usually follow
ion implantation to activate dopants in silicon layer. = However, the ultra-shallow
source/drain extensions (down to 10 nm), high doping (up to 10*' at/cm’), and low sheet
resistance (100Q /sq), are very difficultly achieved by conventional techniques [1.31][1.32].
Moreover, for display panels on glass or even plastic substrates, the activation-fabrication
temperature should be far below 600°C [1.33]. Hence, ELA had been proposed as direct

activation of dopants without heating the substrate [1.34]. However, laser activation suffers
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from discontinuities and/ or residual damage in microstructure across junctions because of
variations in laser energy that is scanned over the device bodies, which are caused by gate
structure [1.35][1.36].

Consequently, a new and useful laser activation technology for high performance poly-Si

TFTs was a concern in future.

1.5 Reliability issues in poly-Si TFTs

The continuous development of poly-Si TFTs was considered to construct high-speed
circuits such as processors, memories, and drivers, etc. on non-silicon substrates, such that
reliability of poly-Si TFTs, like transistors|in integrated circuits on Si substrates, was also a
concern. Poly-Si films consistiof azhigh density of in-grain, grain boundary defects, and
broken Si-H bonding so that stressed” devices on poly-Si layers normally show significant
degradation in electrical characteristics [1.37]-[1.40]. In addition, appropriate circuit and
device design, the injection of energetic carriers into the gate insulator and subsequent
parameter shift through carrier trapping and trap state generation poses one of the most
significant long-term reliability concerns in the poly-Si TFTs. It has been known that the
application of high drain voltage and a relatively high gate voltage (hot-carrier stressing, HCS)
in poly-Si TFTs, decreases the maximum transconductance and causes the shift of turn-on
voltage. Therefore, a systematical study of the poly-Si TFTs aging with stress time is

required.



1.6 Motivation

As mentioned in the above sections, low temperature poly-Si TFTs have been considered

for use in various three-dimensional circuits. However, for realization of a system on panels,

the electrical characteristics of conventional excimer crystallized poly-Si TFTs is not

insufficient due to hinder the carrier transport or large leakage current caused by trap-assisted

carrier generation in defects. This problem can be solved only by fabricating the devices on

silicon-on-insulator (SOI) substrates with separation-by-implantation-of-oxygen (SIMOX)

technique. However, the major concerns of this technique are high temperatures (> 1300°C)

for annealing and high cost. Since poly-Si TFTs can offer less energy consumption and less

fabrication cost than those of bulk-Si MOSFET and SOI-MOSFET circuits. Single-grain

TFTs technique is desirable development for future. To realize single grains, several

modulated ELA methods have been proposed, such as sequential super lateral solidification

(SLS), and phase-modulated ELA (PMELA). However SLS requires a rather sophisticated

beam scan process and PMELA needs complicated laser annealing system.

Since high duration time, pulse frequency and stability are very meaningful to derive

larger and uniform poly-Si grain. CW green laser is provided with long melting time and

lower solidification rate as well as formed single-grainlike poly-Si grain as addressed in this

technology. CLC could enhance lateral grain growth in laser-crystallized silicon thin films

as large as 20 um, so that CLC highly crystalline poly-Si layers can be employed to fabricate

high-performance TFTs. CW green laser was a reliable laser and generates long-wavelength
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laser energy, which can penetrate through glass or even plastic substrates causing negligible

damage. This method can also process at room temperature for plastic panel transistors.

Compared with ELC, CLC in more reliable, durable, low cost, and less maintain consumption

as next crystallization key technology in the future. For high efficiency devices, not only

high carrier mobility and drive current but also how efficiently devices can be turn ON/OFF

as addressed steeper subthreshold swing permitted of lower operation voltage. Since presence

of channel state defects and interface states lead to a subthreshold swing enhancement, the

reduction of defect density turn into a key process. This study focuses on continuous-wave

green laser crystallization technique involving with polysilicon films quality and analysis of

the defects in the channel. Density of state (DOS) distributions of grain defects and interface

states in CLC crystallized channé¢ls related to device pérformance were studied.

Accordingly, a high-speed and reliable transistor must have a thin channel. In ELC, thin

silicon layer receives the influence of solidification rate to cause small poly-Si grain size. In

CLC, single-grainlike poly-Si thin films can be ease of attainment. However surface

roughness with different thickness of silicon film leads to the difference of deteriorated

mechanism in the hot-carrier stressing. To explore these degradation mechanisms, more

practical experiments are performed to compare the divergence with reasonable material

analysis related to electrical characteristics in this study.

In future, laser activation application provide for ultra-shallow source/drain extensions,

high doping, and low sheet resistance. Activation of ion implant damage and improved
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microstructure are involved in this study with CW green laser irradiation. Because of the
high transparency on the glass substrate with the wavelength of 532 nm also lets us to build
the new application on panel from back-side activation. A 532 nm solid-state laser is
provided with stable output to reduce the fluctuation of laser energy. Continuous laser
annealing can also uniformly stride across the device body on large panel size. For these,
front-side irradiation can be attained simultaneously dopant activation and microstructure

quality modification by laser annealing. Hence these works need to be investigated urgently.

1.7 Organization of the thesis

In this dissertation, six chapters are organized to the anterior works of CW green lasers
annealing processes. In Chaptér 1, the development trends of poly-Si TFTs is introduced,
and conventional excimer and CW green lasers annealing technology are summarized. The
importance of laser activation application is also described in Chapter 1. In addition, the
reliability effect on the poly-Si TFTs and motivation are also include in this chapter.

In Chapter 2, the crystallization mechanism of CW green lasers is detail interpreted what
is the different with excimer laser crystallization. Experimental equipments on beam size
design and laser scanning system are shown in Section 2.3. Sample preparation and material
analysis including in Scanning electron microscopy (SEM), Atomic force microscopy (AFM),
Micro-Raman Scattering Spectrometer, X-ray diffraction in section 2.4 and device fabrication

are ascribed in Section 2.5.



In Chapter 3, density of states extraction is exercised by FEC method to examine the

channel quality of fabricated devices in Section 3.2. On resistance, channel resistance, and

parasitic resistance method to explore the feasibility study in Section 3.3.

In Chapter 4, the characteristics of CW green laser-crystallized epi-like silicon transistors

are discussed from electrical properties and density of state of proposed CLC poly-Si TFTs in

Section 4.4. The influence of the gate-stressing and HCS in epi-like silicon transistors is

measured in Section 4.4-3.  With various laser powers, the changes of poly-Si film structure

and surface roughness are clearly depicted. The material structure, electrical characteristics,

and stability on fabricated TFTs are affected by variation of silicon thickness in Section 4.5.

In Chapter 5, novel approach with (CW- green laser activation is applied from backside

and front-side irradiation. TheSe nowel’devices from Section 5.3 and 5.5 are stressed to be

identified by HCS. It is very important tests to combine the crystallization and activation

technique.

Finally, the result of these experiments and analysis are concluded in Chapter 6. Some

recommends are also given for future prospects.
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Table 1- I Forecast of advanced LTPS TFT technology [1.13]

Current Next Generation Future
) Single-grainlike
Structure p-Si TFT Next
TFT
Mobility (¢cm?/Vs) 100 300 500
Design Rule (upm) 4 1 0.5
Clock Freq.
2 15 100
(MHz)
Circuits DRAM 64K IM 16M
System X, Y driver Memory Sensor
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Figure 1-1 SLG process with excimerlaser annealing [1.21].
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Figure 1-2 shows the average gra-i'ﬁf siié ‘and '-re'l'e-ited.poly-Si TFT performance, associated with

each of these three laser crystallization regimes.
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Figure 1-2 Grain size and corresponding poly-Si TFT mobility vs. laser fluence for ELA

process [1.21].
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Figure 1-4 Global variation,in NM@S;threshold voltage: ELA (left), CLC (right).
(L/W = 5.4pum/20pm, Tox = 30nm, TEFT distance = 0.5mm) [1.28].
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Figure 1-5 Global variation in PMOS threshold voltage: ELA (left), CLC (right).

(L/W = 2.7um/20um, Tox = 30nm, TFT distance = 0.5mm) [1.28].
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Chapter 2
Continuous-wave solid-state green laser lateral crystallized

poly-Si films

2.1 Introduction

In regard to laser annealing, continuous-wave (CW) diode pumped solid-state lasers
(DPSSL) typically exhibit several attractive features of small facility footprint and
maintenance, excellent beam profile, highly stable output power, multi-wavelength (IR,
visible, and UV) outputs. The absorption coefficient of amorphous silicon (a-Si) at
wavelength (A) of 532 nm is approximately one order in magnitude lower than that at A= 308
nm, which wavelength is excimér!laser-output wavelength [2.1][2.2]. However, continuous
output laser energy from such CW igreen 'solid-laser reportedly enables super lateral
crystallization. Moreover, long-wavelength laser energy almost completely penetrates

through non-alkali glass substrate [2.3], barely damaging glass panel substrates [2.4].

2.2 Crystallization mechanism of CL.C poly-Si

Green light energy penetrates to a-Si as deep as 1um, related to absorption coefficient of
a-Si at A= 532 nm. The thickness of active layer is generally in the range of 50-150 nm.
Therefore, the laser energy is absorbed in the a-Si layer and directly melts the entire thickness

of a-Si film. A maximum increase of surface temperature of irradiated films has been
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estimated by Lax to be [2.5]

ATmax = W(ﬁ) €q. 2-1
(4z) KW

Where R is the reflectivity, K is the thermal conductivity (Wem'K™), P is the laser power, W
is the radius of the focused Gaussian beam, and N is the normalized temperature constant (for
W>5um, N is~1). As green laser power is 4-5 W, the surface temperature can reach melting
point of a-Si. CW green laser continuously provides laser energy on irradiated a-Si films,
thereby causing directional solidification due to large temperature gradient along scanning
direction [2.6], because the liquid-solid interface runs parallel to the scan direction. In
addition, the solidification time of Si materials molten by CW green laser annealing is several
microseconds, much longer than=~100 ns -of-Si materials molten by excimer laser annealing
[2.7]. For these reasons, CLC &nsures super lateral grain growth, in a considerably range of
laser energy and scanning rate, forming highly crystalline Si layers with grains of few
micrometers. In ELA, laser energy is almost absorbed within the surface of the irradiated
a-Si film. Fine crystals as seed crystals were usually formed at the bottom of the a-Si film.
Therefore, in ELA, the vertical temperature gradient normally forms and the grain size is
limited at few hundred nanometers to one micrometer. Figure 2-1 shows the crystallization

mechanism between ELA and CLC.
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Figure 2-1 crystallization mechanism between ELA and CLC
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2.3 Experimental Procedure
2.3.1 Laser beam size design
The Spectra-Physics Millennia Pro s-Series is a family of a diode-pumped,
frequency-doubled CW visible laser capable of providing from 5 Watts of laser power at
green wavelength of 532 nm. The Millennia Pro s design features a rugged laser head for
simple, hands-off operation that delivers exceptional power stability and beam-pointing
performance. Typical spot size of 532 nm wavelength is about 10-15 um as obtained by
Spectra-Physics DPSS laser [2.8][2.9].
Woz{4xﬂx(lf)ij2}/ﬂ eq. 2.2
Within any transverse plane; the beam intensity assume its peak value on the beam axis,
and drops by the factor 1/e>~0.135 at the radial distance p=W(z). Since 86% of the power is
carried within a circle of radius W(z), 'we tegard W(z) as the beam radius (also called the
beam width). The rms width of the intensity distribution is 6=W(z). The dependence of

the beam radius on z is governed by [2.10],

w(z)= Woll +(Z£0ﬂm eq. 2.3

It assumes its minimum value Wy in the plane z =0, called the beam waist. Thus W, is
the waist radius. The waist diameter 2W,, is called the spot size. Since the beam has its
minimum width at z =0, it achieves its best focus at the plane z =0. In either direction, the

beam gradually grows out of focus. The axial distance within which the beam radius lies
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within a factor /2 of its minimum value is known as the depth of focus [2.10].

B 27zW02

2z
2

eq.2.4

Calculating with equation 2.3-2.4, Figure 2-2 and Figure 2-3 show the different focus

distance (10 cm and 12.5 cm) of spherical lens to obtain smallest short axis of spot size. The

precise beam size design is devised into 480 umx40 pum by cylindrical lens and spherical lens

in our study. Figure 2-4 shows the real holder bar of the mirror and lens as well as laser

beam morphology.
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Figure 2-4 Laser beam image

221 -



2.3.2 Laser annealing system

A laser beam was precisely controlled at stripe shape of 480 umx40 um. The scanning
range was wide enough to address 1-2 generation LTPS TFTs displays. The air bearing
module in robot stage was introduced to enhance stepping and position precision (1 pm) in
stage motion. Specs of laser scanning system were shown in Figure 2-5.
1. Iron core linear motor based design offers excellent performance and great value
2. Repeatable to £ 2 um
3. XY travel sizes from 500 to 750 mm
4. Dual motor Y-axis option for high performance applications
5. Compact footprint maximizes use of production area

Figure 2-6 shows the optimization speedtate and the stability of scanning speed.
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Figure 2-6 Stability of scanning system
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2.3.3 Sample preparation and material analysis

In this study, two kinds of transparent substrates, glass and quartz substrates are prepared.
For the case of glass substrates, the stack of SiNy and SiO, thin films as an impurity barrier
layer were deposited on the Corning Eagle 2000 glass substrates by plasma enhanced CVD
(PECVD) and their thickness were 50 nm and 150 nm, respectively. Subsequently, a-Si
films with thickness 50-150 nm was deposited by PECVD on the SiO,/SiN,/glass substrates,
and was subjected to CW green laser annealing. For the case of quartz substrates,
100nm-thickness a-Si films were deposited on SiO; covered quartz wafer by low-pressure
chemical vapor deposition (LPCVD) at 550°C. Before laser annealing, the native oxide on
a-Si layers was removed by HF=solution; -Moteover, the a-Si films was pre-patterned by
dry-etching into rectangle area 80umx150um in prevention of peeling. The samples were
loaded on the table keep at room temperature and in the air environment. Several CW green
laser energies were introduced to conduct laser annealing. The scanning rate was fixed at 10
cm/sec.

The grain microstructure and surface roughness of CLC poly-Si were analyzed through
various material diagnosis tools. Scanning electron microscopy (SEM) analysis was used to
analyze grain size and grain structure of poly-Si films after secco-etching. Atomic force
microscopy (AFM) was intruded to examine the topography of poly-Si films. Moreover,
micro-Raman Scattering Spectrometer was used to evaluate the crystallinity or defects of

poly-Si films. Figure 2-7 summarize all details.
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2.4 Results and Discussion
2.4.1 OM and SEM analysis of CLC poly-Si films

Figure 2-8 (a)~(d) shows the OM and SEM images of 50 nm-thick poly-Si film that was
crystallized by CW green laser annealing. = Symmetrical surface morphologies of
laser-crystallized films along scanning direction of laser beam, observed in 2-8(a)-(b), clearly
reveal many frozen stream-like structures originated from central axes. The topography at
the frozen stream-like region is quite similar to that of ZMR silicon [2.11], which means the

occurrence of complete melting during CLC.

' Medium ‘grain

__ _La;r_ge grain Small grain

biov 13.0mim x10.0k SE(U) 9/29108 1013 . . 3.00um

Figure 2-8 OM image of (a) and SEM graphs of (b)-(d) of CLC crystallized poly-Si films.
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Figure 2-8 (b) indicated extremely large grains in the films that were irradiated by the

central portions of Gaussian profile of laser beam. Away from the regions irradiated by the

central portion of laser beam, Ku et al. also observed that grain size became smaller [2.12].

Moreover, SLG-like morphologies in microstructures of regions irradiated by the portion of

laser-energy distribution away from beam center was observed and explained by partial

melting (Figure 2-8(c)). The microstructure of region irradiated by the tail of laser beam

was consisted of several ten nanometers and the grain morphology (Figure 2-8(d)) was

described by solid phase crystallization.

Figure 2-9 shows the crystallized region of ~220 pum is much smaller than the spatial

distribution of laser Gaussian be ile laser scanning speed was larger,

crystallized regions became narrower.

15.0kY X160 100um WD 9.8mm

Figure 2-9 Dimension of different CLC poly-Si structure in the crystallized region

_28-



2.4.2 Grain size depends on laser power

Figure 2.10 (a)~(d) are the microstructure images of the poly-Si films that were
crystallized by CW green laser irradiation of 3.5 W, 3.8 W, 4.1 W, and 4.4 W, respectively at
room temperature and at a scanning rate of 10 cm/s. CLC under lower low laser power,
Figure 2.10(a)-(b) show that micrographies of CLC poly-Si films comprised micro-grains of
dimensions 0.5-1 pum” were similar to those of ELA poly-Si. CLC under middle power
enlarges partial grains as large as 2-3 um. Middle green laser power partially or nearly melts
a-Si films and generates appreciable random seeds or nucleation sites in films such that the
entire microstructure was consisted of both large grains and small grains (Fig. 2.10 (c)).
Therefore, CLC under middle daser power, like  ELA under SLG, limits grain size by
solidification rate of liquid silicon and.the retain-solid seed distance. The non-uniform grain
distribution seriously affects the variation of TFT performance. CLC under high laser power
greatly suppresses the nucleation sites. The uniform and continuous lateral grain growth
forms (Figure 2.10 (d)). In generally, TFTs that were fabricated on highly crystalline poly-Si

crystallized by high green laser energy, reveal excellent electrical characteristics.
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Figure 2.10 (b) SEM graph of 50 nm poly-Si thin film crystallized at 3.8 W.
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Figure 2.10 (c) SEM grap
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Figure 2.10 (d) SEM graph of 50 nm poly-Si thin film crystallized at 4.4 W.
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2.4.3 Topographies of CLC poly-Si channels

Surface roughness of transistor channels affects the leakage currents of gate dielectrics
and, therefore, the reliability of transistors [2.13-14].

Figure 2-11 (a)-(c) depicts the topographies of a-Si channels crystallized by the CLC
method at different laser powers. As the laser power increases, CLC, instead of
super-lateral-growth (SLG) or even solid-phase crystallization, dominates the growth of the
grains [2.15]-[2.17]. Consequently, highly crystalline channels comprised micro-grains of
dimensions 3x10pum” forms. The surface roughness of the channels crystallized with an
incremental laser power initially declines from 8.2 nm (3-3.7 W) to 2.8 nm (3.8-4.2W), before
increasing to 5.1 nm (4.3-4.5 W)z as indicated by:these topographies. The initial decrease in
the roughness reflects a change in the crystallization mode because the surface roughness of
the SLG-crystallized channels was reported to exceed that of the CLC-crystallized channels
[2.15][2.16]. The reversal in the roughening of the surface as the laser power is further
increased is attributed to the increase in the numbers of hillocks at the grain boundaries,

caused by high photo-energy irradiation [2.18].
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Figure 2-11 AFM micrographs of channel topographies of polysilicon films crystallized by

CW green laser at various laser powers of (a): 3.5, (b): 4.2 and (¢): 4.5 W.
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2.4.4 Raman Spectroscopy analysis of CLC poly-Si films

The crystalline fraction of films was evaluated by comparing the intensity of the
transverse-optical (TO) phonon mode of a-Si at ~480 cm™ with the optical-phonon mode of
crystalline Si at ~520 cm™ [2.19][2.20]. The full width at half maximum (FWHM) of the
three-hold-degenerated optical-phonon mode detects the defects in the poly-Si thin films and
in generally, the Si wafer has a value of 4.5 cm™ in FWHM. Comparing Raman spectra of
ELA and CLC poly-Si films that corresponded to different crystallinity to those of ELA
poly-Si films at 512.2 cm-' as well as value of CLC is closed at 517.3 cm™ in the Figure 2-11

(inner graphs show the SEM images between ELC and CLC). This indicates the poly-Si

o
(e o
[ ¥ F

films crystallized with CLC meth_f’):&ih_,r_e'l_ali_t;i'qﬁlt’c:}r,goihplete melting silicon. The high degree
- l'.fTﬁ' 3
of melting phase is provided W1th lgligh:qusta.lhmty and lower defects. Compared with

; A
o Py

FWHM, CLC poly-Si films is signiﬁb’éﬁtly staller about 4.62 cm’! than the value is 9.96 cm’!

in the ELA poly-Si films because of fewer defects in CLC poly-Si films [2.21].
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Figure 2-12 Comparison of the Raman spectra between ELA and CLC poly-Si films
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2.4.5 X-ray diffraction of CLC poly-Si films

Figure 2-13 shows X-ray diffraction of CLC and ELA poly-Si films that there is some
orientations including (111), (200), and weak (311) direction in the CLC poly-Si films. As
the applied laser energy is increased, the orientation is the same. Compared with ELA
poly-Si thin films the orientation peak is obviously changed. The crystallization orientation
is affected by laser power, scanning rate, crystallization environment, capping layer, and so on.
However, Hara et al. had been discovered the orientation at (110) and (111) direction in the

CLC poly-Si films [2.22]. Hence the orientation of grains with CLC should be studied

further.
’:? i) CLCat4.1W
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>
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C
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=
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Figure 2-13 X-ray diffraction of ELA and CLC poly-Si films.
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2.5 Fabrication of CLC poly-Si TFTs

The steps in CLC poly-Si TFT fabrication are shown in Figure 2-14. The active regions
were performed on the pre-patterned Si islands with dry-etching. Gate dielectric of PECVD
TEOS-Si02 with a thickness of 100 nm was deposited at 300°C. Poly-Si film with a
thickness of 200 nm with low pressure CVD (LPCVD) at 620°C is adopted to form
self-aligned transistors. Then, poly-Si films were etched by reactive ion etching (RIE) as the
gate electrode and subsequently etched SiO, for gate oxide. Poly-Si gates and source/drain
regions were doped with PH; (5.0x10"°cm™ and 35 keV) for N-type TFTs. 400 nm-thick
TEOS passivation oxide layers were deposited by PECVD and implant dopants were
activated by thermally annealing=at 600°C for 12 hr: Buffer oxide etching (BOE) solution
was used to open the contact holes and 500 nm-thick aluminum films were deposited by
thermal evaporation. Finally, aluminum films were patterned to form contact pads for
completing CLC poly-Si TFTs and sintered the TFTs at 350°C for 30 minutes. The
fabricated TFTs were used NHj3 plasma treatment to improve the gate oxide and interface

quality for 30-60 minutes.
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Figure 2-14 CLC poly-Si TFT fabrication process
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Chapter 3
Electrical characterization and Density of states of
continuous-wave  laser-crystallized  epi-like  silicon

transistors

3.1 Electrical characterization of CLC poly-Si TFTs

Figure 3-1 (a) plots logarithmic transfer (drain current Iq versus gate voltage V)
characteristics and linear transcondcutance (Gy,) curves for some representative TFTs with
100 nm-thick active layer on the applied laser energy density, when a drain voltage V4 of 0.1
V was applied. The parameters-of CLC poly-St TEF devices were measured with a HP 4156
semiconductor parameter analyzer. The threshold voltage is extracted experimentally from
the 14-V, characteristics. In the linearimode of operation, the I4-V, characteristics for
devices can be approximated using [3.1]:

[=(W/L)uCox(Vg-Vin) Vy eq. 3-1
The subthreshold slope (S) was also extracted from the maximum slope of the transfer curves,
plotted on a semilog scale [3.1].

Since average grain size increases with laser energy density in ELA poly-Si technology,
the results are similar in CW green laser annealing mode. And poly-Si films with laser
annealing are grown from the molten phase, it is expected that many in-grain defects because

of rapid cooling process [3.2]. Hence the high laser annealing energy causes the slower
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cooling rate to form large grains and lower defect in grain as well as grain boundaries. As
the laser energy density is increased from 3.5-4.5W, the on current and transconductance are
enhanced in Figure 3-1 (a). Figure 3-1 (b) shows the small leakage current in the higher
laser energy with a better crystallization structure [3.3] at V4=5V and Figure 3-1 (c) shows the
I4-Vq4 current of 4.25 W crystallized poly-Si TFTs. On the other hand, low laser energy
causes the small grains that have more grain boundary defect density near the drain junction
to lead to increase the leakage current.

The grain size and the crystallinity of the poly-Si films pay an important role to relate to
electrical characteristics of CLC poly-Si TFTs with different variation of the laser power.
The field-effect mobility of CLC: poly-Si1ETs in the Figure 3-2 (a) is enhanced apparently
from 136-367 cm*/Vs as a function of laser power. - The results indicate that the grain size
and crystallinity are improved by degrees.  In addition, the reduction of threshold voltage
with increasing laser power is due to decrease the grain boundaries of CLC poly-Si films in
the Figure 3-2 (b). From the Figure 3-2 (c), it shows that subthreshold swing slope is
lowered initially from 3.5 W to 4.0 W, however, it is enhanced slightly after 4.0 W. Since
the subthreshold swing slope is usually made use of estimating the interface trap density in
standard MOSFET technology. In poly-Si TFTs, the subthreshold swing slope is controlled
by both bulk trap states and interface trap density near mid-gap [3.4].

The subthreshold swing slope S of poly-Si TFTs is given by
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Szk—T.lnlo.(H%j eq. 3-2
q

where C,y is the oxide capacitance per unit area, Cp is the depletion layer capacitance per unit
area, and C=q’Dys, where Dy, (eV'cm™) is the density of total trap states in the vicinity [3.1]
of the intrinsic Fermi level. In poly-Si TFTs, the density of trap states near mid-gap Di

includes both bulk trap density Dy and interface trap density Dj. Since the poly-Si film is

thin and intrinsic, Cp { Cis and the subthreshold swing slope of poly-Si TFTs is given by

2 .D
Szk—T-lnlo-[nij:k—T-1n10-£1+uj eq. 3-3
q q C,

Considering that in a first approximation the devices are fully depleted, i.c., the energy band
bending occurs over the whole poly-Si film thickness, the D can be approximated as
D,=D,, t;+D, eq. 3-4
Where Dy, is the mean bulk trap demsity, fsiis the poly-Si film thickness, and Dy, is the
interface trap density.

Following above equations, subthreshold swing slope of poly-Si TFTs is reflected by
bulk trap density and interface trap density. As the grain boundaries defects are terminated
by increasing laser power, the subthreshold swing slope is decreased. However the reversal

phenomenon of subthreshold swing slope is speculated on increasing interface trap density.

It will be discussed in detail in chapter 4.

3.2 Density of states extraction using FEC method
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Fortunato et al. had been proposed that poly-Si can be modeled using the
“effective-medium” approach, in which the effects of grain boundary defects and
intragranular defects are assumed to be uniformly distributed throughout the material [3.5].
This indicates that a model based on a spatially uniform distribution of gap states, such as
those developed for amorphous-Si, constitutes a good and reasonable approximation

[3.6]-[3.8].

3.2.1 Determination of flat-band voltage

The temperature method that is based on the temperature dependence of 0G/dV, is used

to calculate flat-band voltage. The equation:-is expressed by Weisfield and Anderson [3.9]:

2
ov. 1, gkIN,| 2\ KT KT

The flat-band voltage (Vrg) can be determined as the gate voltage where 7T - (8 logG/ 8VG) is

temperature independent.
3.2.2 Current-voltage and surface band-bending

The incremental method [3.10] is utilized to establish the relationship between surface
band-bending and current-voltage (I4-V,) characteristics. The field conductance is defined

as [3.11]:

Vs
G:Go—ﬁjeXp(q‘”/KT)_lw Eq. 3-6
d Oy |ox

0

Where Gy stands for the conductance for the flat band condition and d is the thickness of
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poly-Si film.

The electric field of the semiconductor surface can be given from the voltage drop at the

surface:
o, _ e Voo o o VoV =W, Eq. 3-7
ox Eg Lo, &g Loy

Differentiating Eq. 3-6 and immediately substituting the Eq. 3-7 into the result, the following

equation can be expressed:

al//v 1 ng d VG - VFB _Ws Eq 3_8

0G G, &y t, explgy,/KT)-1

Substituting the field conductance into the drain current in Eq. 3-9 and the relationship

between surface band-bending and current-voltage shows in Eq. 3-9 can be obtained by

rewriting Eq. 3-8:

G,-+1 - Gi _ ID,[+1 _ID,i Eq 3-9
GO ]D,O
Iy, -1y, Voi=Vig =W,
Ws’l‘+1 — l,ys’l« + D,i+1 D,i ii G,i FB l//s,l Eq 3_10
ID,ﬂatband tOx 8Si eXp(q Ws /KT) - l
Placing the initial condition that w, ,_, =0, we can calculate vy .-y , for
VoaVon-

3.2.3 Density of states (DOS) extracted from the band bending

The band bending is a solution of the one-dimensional Poisson’s equation:

Oy __pl) Eq. 3-11
ox’ Eg

1

Whereeg; is the poly-Si dielectric constant and p(x) is the local space-charge density. For
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gate voltage below threshold, the free-carrier concentration can be neglected and sufficiently
low temperatures:

p(x)=—g jj "N (EPE Eq. 3-12
where Ny(E) is the average gap state density. After multiplying by 20y /0x and integrating

from x=0 to x=d (oxide-semiconductor interface to bottom of channel),

8(// 2_2q Vs " rEp+qy
(alx_oj ==2[ow [, N (EPE Eq. 3-13

Si

Where is the band bending at x=0. The density of state is expressed by

g, 0 (0w ’
N_(E, + e [ Eq. 3-14
g( F Ws) Zq 6(//52 ( ax |x—0j q

where E,,y ,e, are Fermi energy, /surface’.band bending at poly-Si film/gate-oxide
interface, and dielectric constant’of silicon, respectively.

3.2.4 Density of states (DOS) extracted for CLC poly-Si TFT
The CLC poly-Si TFT was measured the Id-Vg curves with the different temperature

(25-150 °C), as shown in Figure 3-3. Figure 3-4 was shown the value of T - (d log G/dVg)

was calculated and fitted for some gate voltage (V,). Satisfied smallest slope of fitting curve

is mean 7 - (a’ log G/ d Vg) is independent of the temperature. For this case, the value of -1

V is defined as the flat-band voltage. The surface band-bending and gate voltage was
obtained with incremental method in Figure 3-5 and density of state was extracted in Figure

3-6.
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3.3 Extracted channel resistance and the parasitic resistance by
output characteristics

Laser activation engineering is a promising and useful technology for achieving high
level poly-Si TFTs and advanced short channel devices. However, Busta et al. had been
observed for short channel device where a reduction in the field mobility with the decrease of
the channel length [3.12]. This effect has been generally attributed to the increased weight
of the parasitic resistance at short channel lengths. From previous studies, these two
contributions, of parasitic resistance and surface scattering, provided a full explanation of
transconductance degradation across the range of TFT channel lengths from 1um, where
parasitic resistance dominated, to=60pum, where surface scattering dominated [3.13].
3.3.1 Determination of the R,,,;R¢p,-and R,
For small drain voltages, V4, at high gate voltage is assumed that the TFT ON resistance, Roy,
consists of the channel resistance, Rep, and the parasitic resistance, R,,.

That is,

ov, n
= =R, +R eq. 3-15
on a]d ’Vd»o ch P q

and the channel resistance in the linear region is given approximately by

L

Rch = eq. 3-16
wuc,v,-v,)

where C; is the gate dielectric capacitance per unit area and W, L, and Vy, are device channel
width, length, and threshold voltage, respectively. The parasitic resistance R, can be

extracted by measuring the ON resistance, R, from the linear region of the TFT output
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characteristics and by plotting R, as a function of L [3.14].
3.3.2 Parasitic resistance measured for CLC poly-Si TFT

As the ON resistance and parasitic resistance can be extracted from the output
characteristics of devices with various channel length. For example, the transfer
characteristics of n-channel CLC poly-Si TFT with W=10um and L=5um is shown in Figure
3-7 (a) that the fabricated CLC poly-Si with high drive current and steep swing slope are
similar the results in the Figure 3-1. The output characteristics of the CLC poly-Si TFT are
depicted in Figure 3-7 (b). For obtaining On resistance and parasitic resistance, the linear
region in Figure 3-7 (b) is fitted by least square regression. The parasitic resistance can be
extracted by plotting width-normalized Rg, versus L as in Figure 3-8. It is found that the

value is 1.2 kQ at the gate voltage independent parasitic resistance.
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Figure 3-1 (a) Transfer characteristics and transconductance curves of polysilicon TFTs made
from CLC at different laser energy (b) Transfer characteristics curve at Vg=5V (c) [4-V4

current of 4.25 W crystallized poly-Si TFT
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Chapter 4
Trap-state density and Stability of continuous-wave

laser-crystallized epi-like silicon transistors

4.1 Introduction

Recently, high-performance polycrystalline silicon thin-film transistors (polysilicon

TFTs) on glass substrates have been implemented. They depend on the formation of

laser-crystallized single-grain-like channels by sequential lateral solidification (SLS)

[4.1][4.2]. The supply of photo-energy from CW green lasers facilitates the lateral

crystallization of amorphous silicon (a-Si), even.in the absence of capping layers and laser

power masking [4.2]. Hence, "CLCyis more practical than excimer-laser-annealing-based

(ELA) SLS [4.1][4.2].

A high laser power is commonly adopted to enhance the channel crystallinity in an

attempt to improve all of the electrical characteristics of laser-crystallized polysilicon TFTs

[4.3]. However, doing so also roughens the channel surfaces while degrading the threshold

voltage and the sub-threshold slope, as reported by Angelis et al. in relation to ELA

polysilicon TFTs [4.4]. A high-speed and reliable transistor should have a thin channel,

which fact explains why interfacial properties dominate the performance of transistors.

Accordingly, the surface roughness of thin CLC channels is a major concern. Several

methods such as field-effect conductance (FEC) [4.5] and low-frequency noise methods [4.6],
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have been developed and applied to measure channel quality in terms of the density of grain

(grain boundary) and interface traps, which effectively specify the electrical parameters of the

transistors [4.7]. Nevertheless, these issues have seldom been addressed for CLC-fabricated

TFTs.

This study reveals an ultra-low trap-state density in CLC polysilicon, which is consistent

with the demonstration of excellent electrical characteristics. Additionally, the formation of

extra interface defects induced by the laser-crystallization-enhanced surface roughness

(LCESR) leads to the reversal of deep-state density and, thus, the subthreshold slope, as well

as a saturating reduction in threshold voltage.

Accordingly, two laser annealing approaches, CLC [4.8] and SLS [4.9], have attracted

substantial interest due to their usefulness in the formation of epi-like microstructures and the

maintenance of low surface roughness on crystallized channels [4.10].

Voutsas et al. investigated the dependence of degradation mechanisms on the thickness

of SLS channels [4.11]. Changes in the degradation of electrical parameters that are caused by

hot-carrier stressing (HCS) and related to channel thickness, were attributed to crystalline

quality and partial depletion-induced carrier accumulation. However, in laser-induced

crystallization methods, the thickness of irradiated films simultaneously affects channel

crystallinity and roughness [4.12]. Hence the dependence of channel roughness and device

reliability on the thickness of CLC channels warrants further study.

This investigation explores the mechanisms of degradation of CLC epi-like Si TFTs during
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HCS, with reference to channel thickness.

4.2 Hot-carrier effect degradation

The large voltage drop across the pinch-off region results in a high lateral electric field
close to the drain region. The carriers traversing this high field obtain energies which are
higher than the equilibrium thermal energy in the semiconductor. These high energy carriers
can be called hot-carriers. The hot carrier degradation will result from heating and
subsequent injection of carriers into the gate oxide, which results in a localized and
non-uniform buildup of interface states and oxide charges near the drain junction of MOSFET.
In general, the created defect =states produce: threshold voltage shift, transconductance
degradation, reduction of drain current,.etc., and finally cause devices failure in the long term
electrical stressing [4.13]-[4.16].

Reliability of poly-Si TFTs is one of the main concerns, especially when devices are
operated under high drain and high gate voltage [4.4][4.7]. Many investigations have
already been carried out the stability of poly-Si TFTs in which grain boundary defect states
generation, interface states formation and injected carrier into gate oxide. All of the
generated defect states can also result in electrical parameters degradation including in
transcondutance, threshold voltage and subthreshold swing slope [4.4][4.7][4.11]. Beside,
hot-carrier generation rates are significantly lower for p-channel than n-channel transistors.

This is due to the lower impact ionization rate for holes. However, the greater peak gate
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current is measured for p-channel transistors and the hole mobility in oxide is considerably
smaller than that of electrons to cause higher getting trapped. The density of interface states
at Si-SiO; interface and charges in the gate oxide will alter device current characteristics
which can reduce the operating lifetime of these devices. In this study, it is very important

point to explore the reliability of CLC poly-Si TFTs.

4.3 Experimental setup

The experiment was begun by sequentially depositing a 50 nm-thick layer of SiNy, a 150
nm-thick layer of SiO, by plasma-enhanced chemical vapor deposition (PECVD) on a
Corning Eagle 2000 glass substrate. | These-poly-Si channels were formed by the CW green
laser-crystallization of amorphous silicon 1slands with-thicknesses of 50nm and 150nm, which
were deposited by plasma-enhanced chemical® vapor deposition (PECVD) on 150 nm-thick
layer of SiO,. Before laser crystallization, the deposited a-Si films were patterned into
individual islands of 60um /76pum (width/length) as active layers of TFTs to prevent peeling
[4.2]. A solid-state CW green (A=532 nm) laser with an output power of 3-5 W was then
guided to crystallize islands laterally by line-scanning the samples at 10 cm/s. CLC
experiments are conducted in ambient air at room-temperature and the laser beam is incident
on samples with a strip spot of 220umx40um. In devices, PECVD SiO, grown at 380 °C
with a thickness of 100 nm is applied as a gate dielectric. Source and drain regions that had

been implanted with PH; (5.0x10"*cm™ and 25 keV) for n-type TFTs and B,Hs (5.0x10"*cm™
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and 40 keV) for p-type TFTs were activated by rapid thermal annealing. The stability of
fabricated devices with width/length= 60 um/60 pm during HCS at room temperature was
examined. As HCS proceeded, the transfer characteristics (drain current I versus V) of the
devices were measured at V,= -0.1 V, to extract transient electrical parameters [4.17][4.18].
Grain trap-state densities, ngr, for all TFTs were examined using the field-effect conductance

method [4.5].

4.4 Results and discussion
4.4.1 Electrical characteristics with different applied laser energy

On various crystallite channels, TFTs-are fabricated with conventional polysilicon TFTs.
Figure 4-1 plots logarithmic trafisfer (drain current I versus gate voltage V) characteristics
and linear transcondcutance (G,,) curves for some representative TFTs, when a drain voltage
Vs of 0.1 V was applied. Next, the maximum G, was analyzed to yield the field-effect
electron mobility (upg), and the threshold voltage (V) was determined by linear
extrapolation of the transcondcutance to zero [4.19]. In the poly-Si TFTs with small grains,
threshold voltage can not always be determined by conventional linear extrapolation method
since the slope of the transfer characteristic increases with increasing gate voltage. Thus,
there is an increasing need for a reliable threshold voltage extraction method in TFT devices
with discrete grains as the channel becomes shorter and grain size becomes larger.

The subthreshold slope (§) was also extracted from the maximum slope of the transfer
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curves, plotted on a semilog scale. Figure 4-2 plots the subthreshold slope, the threshold
voltage and the leakage current (at V=10 V) against field-effect mobility (laser power).

As expected, increasing the laser fluence increases the efficiency of grain lateral-growth,
forming larger grains with fewer associated defects, while considerably reducing the height of
the barrier to carrier transportation in the channels, associated with a higher G, (Fig. 4-1),

such that ugg s as plotted in Fig. 4-2 [4.20].

Drain current (A)
Transconductance (pA/V)

Figure 4-1 Transfer characteristics and transconductance curves of polysilicon TFTs made

from CLC at laser powers of 3.7, 4.0, 4.2 and 4.5 W.
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Figure 4-2 Threshold voltage, subthreshold slope and minimum leakage current for

polysilicon TFTs made using CLC at different laser powers in the range 3-4.5 W.
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4.4.2 Electrical characteristics in relation to density of states

Next, the densities of states (DOS) of traps are examined using the FEC method for
CLC-fabricated TFTs, with reference to the crystallization conditions, as presented in Figure
4-3.  As the laser power increases to 4.5 W, the tail-state density clearly decreases to 3x10"
eV'em™ at E-Ey=0.52 eV where Er is the midgap energy, whose value is almost one order of
magnitude lower than that obtained from ELA-fabricated TFTs (See Figure 4-3) [4.21][4.22].
The enlargement of grains in channels as the laser power increases not only reduces the
density of grain defects but also relieves the distortion of bonds in highly crystalline silicon
[4.22][4.23].  Therefore, channel crystallinity is strongly related to the density of
distorted-bond defects, regarded as the origination of tail states. Hence, the tail-state density
declines as the laser power increases, as-shown in Figure 3-4, and as indicated by ELA-related
results reported elsewhere [4.22]. Extremely low tail-state densities associated with large
grains in CLC polysilicon are responsible for the high usz of 284 ¢cm®/Vs, independently of
surface roughness.

Closely examining the four transconductance (G,,) curves in Figure 4-1 reveals that the
slope at which G,, is away from the ascending stage and declines with Vgincreases with the
laser power. As the surface roughness increases, the mobility reduction at high gate voltages
is increased because the surface scattering increases [4.23], which relation is consistent with
the transconductance data.  Note that the electric field enhanced at the rough

polysilicon/SiO; interface [4.24] assists the electrons to be injected into the gate oxide [4.4].
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In Figure 4-2, the threshold voltage decreases more slowly as the laser power increases above
4.0 W, suggesting that the injected electrons are trapped as negative charges in the oxide.
The negative trapped charge reduces the electrical field near the drain, reducing the leakage

current at high laser power (See Figure 4-2) [4.4].
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Figure 4-3 Energy distribution of DOS for polysilicon TFTs made using CLC at laser powers
of 3.7, 4.0, 4.2, 4.3 and 4.5 W. For comparison, the DOS distribution for ELA-fabricated

TFTs with upg of 140 cm?/Vs, Vy of 1.5V, and S of 180 mV/dec is also presented.
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4.4.3 Reliability of CLC poly-Si TFTs

The charge trapping mechanism can be further investigated by gate stressing and
hot-carrier stressing [4.25][4.26]. Figure 4-4 plots the Vi, shift (AVy,) versus the stressing
time (#) for CLC-fabricated TFTs made at a laser power of 4.5 W during gate stressing (V=20
V and V=0 V) and hot-carrier stressing (V=8 V and V,=16 V). The former test
demonstrates a logarithmic time-dependence of AVy,, which is indicative of charge trapping in
gate dielectrics. Moreover, the latter test indicates the power-law time dependence of AV,

with exponents of 0.25 (~¢*%

), as opposed to power-law exponents in the range of 0.4-0.6
associated with deep-state generation [4.26]. = Comparing DOS distributions before and after
either gate stressing (See Fig. 4-3) ot hot-carrier. stressing (not shown herein) shows almost
overlapping trap-state densities.>  Henee, slightly roughened CLC polysilicon/SiO, merely
induces charge trapping but trapped electrons' into the gate oxide or at the interface create
hardly any new deep-states.

Increasing the laser power initially reduces the deep-state densities, unlike the tail-state

3 at E-Eg=0.25 eV, and then increases it to 3x10'°

density, to as low as 1.0x10' eV'em
eV'em™. Deep-state densities extracted at other energetic states of E-E¢=0.25-0.35 eV also
exhibit the same trend. Low-frequency noise measurements indicate that roughened surfaces
formed extra interface traps [4.4][4.6][4.7] which are responsible for the reversal in the

deep-state density [4.27]. For ELA polysilicon, the impact of LCESR on the deep-state

density is difficult to observe because in such a material, the deep-states density is as high as
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5x10'7 eV'em™ (at E-Ep=0.25 eV), exceeding that of polysilicon-oxide traps, 3x10'
eV'em™*'? The deep-state density of smooth and single-grain-like CLC polysilicon is
below 10" eV'em™, causing LCESR to change the deep-states to reverse the decline, despite
the fact that increasing channel crystallinity normally reduces the density of the grain defects,
including deep-states defects. Therefore, the deep state- and/or the interface state-dominated

subthreshold slope follow the variation in deep-states densities with laser power (See Fig. 4-2

and Fig. 4-3) [4.28][4.29].
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Figure 4-4 AV}, transients for CLC polysilicon TFTs made at laser power of 4.5 W during
gate-stressing and hot-carrier stréssing.. < Curve-fitting is also shown. The DOS distribution

for the same device after gate stressingis also shown in Figure 3-4.
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4.5 Thickness effect of active layer with CL.C technology
4.5.1 SEM and AFM observation of CLC channel with different thickness
Voutsas et al. were conducted that the Si film thickness was found to affect significantly
the quality of the poly-Si microstructure, manifested by a decreased crystal-growth defect
density and increased subboundary spacing in thicker film. Because of the crystallinity in
laser-crystallized films normally increases with film thickness [4.9], as revealed by the SEM
images of CLC poly-Si (in the Figure 4-5).  Since the laser penetrates to a depth into the a-Si
estimated of 1um because of the medium absorption coefficient of a-Si at the wavelength of
532 nm. The silicon is easily melted as the thickness of silicon is 50-150 nm. And the
laser power is continuously supplied into the full silicon layer [4.1][4.2]. Table 4- I shows
the N&K analyzer at wavelength of 532 nm. The absorption ratio is increased with
thickness of a-Si layer. Hence it is not similar like excimer laser annealing that needs to
enhance laser energy density for thicker silicon film. From the SEM images of Figure 4-5, it
is also very clearly to observe the larger grain size (3%X10 pm) of 150 nm-thick silicon layer
that is compatible with previous studies. The laser power is used at 4.2 W for 150 nm-thick
and 4.5 W for 50nm-thick silicon layer. This is quite obvious that this laser power is
plentiful for melting the silicon and causing the liquid-solid interface along scanning direction.
Figure 4-6 and Figure 4-7 display the topographies of CLC poly-Si. The RMS of the 50
nm-thick and 150 nm-thick silicon layers is 3.6 nm and 4.2 nm, relatively. This relationship

is responsible for the larger channel roughness on thicker films because larger grains lead to
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larger fluctuations in the surface profile [4.12].
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Table 4- I N&K analysis at 532 nm

Absorption Piercing .
At 532 nm Reflecting rate
rate through rate
50 nm a-Si 0.43 0.16 0.41
100 nm a-Si 0.52 0.07 0.41
150 nm a-Si 0.53 0.03 0.44
100 nm SiOx 0.04 0.93 0.03
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Figure 4-5 SEM image of different silicon thickness crystallized with CLC (a) 50 nm, 4.5 W,

(b) 150 nm, 4.2 W.
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Roughness Analysis

Image Statistics

Img. Z range 45.972 nm
Img. Mean 0.00009 nm
Img. Raw mean 0.00009 nm
Img. Rms (Rq) 3.654 nm
Img. Ra 2.723 nm
Img. Rmax 45.973 nm
Img. Srf. area 400.32 um?

20 Img. Prj. Srf. area 400.00 pm
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Figure 4-6 AFM topographies of CLC channels with thicknesses of 50nm.
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400 nm

Roughness Analysis

0 10.0 20.0 pm

Figure 4-7 AFM topographies of CLC channels with thicknesses of 150nm.
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4.5.2 Density of states of CLC channel with different thickness

Consequently, the tail-state density of grain traps, which was closely related to channel
crystallinity [4.10], ngr at an energetic level (E) that was far from the Fermi level (Ep),
AE=E-Er= -0.55 to -0.4 eV, was lower in thicker channels (Figure 4-8). Notably, the
field-effect mobility (ppg) of TFTs was determined by the number of tail-states in such an
epi-like CLC poly-Si of a particular thickness, rather than throughout the channel layer [4.30].
This finding explains why the pgg of devices obtained with CLC poly-Si with a thickness of
150 nm is as high as 315 cm?/Vs, which is double that obtained with CLC poly-Si with a
thickness of 50 nm, as revealed by the linear transcondcutance (G,,) curves plotted in Fig. 4-9.
4.5.3 Electrical characteristics/and reliability of CLC channel with different
thickness

Figure 4-9 plots forward and reverse transfer characteristics as well as transcondutance
of fresh TFTs on CLC poly-Si with thicknesses of 50 nm and 150 nm and transient I4-V,
curve of hot-carrier stressed TFTs with V,=V4=-20 V shows in Figure 4-10. Figure 4-11
(a)-(b) plots the transients of ppg and threshold voltage (V), and the degradation of the Vy,
shift (AVy) and the normalized ppg shift (Apge /preo, Where pggo stands for initial pgg) for
stressed devices in Figure 4-10 against film thickness and stress time (t). The degradation of
Apre/preo follows a power-law in time [4.31][4.32], with an exponent () of 0.28 (~¢***), and
is independent of film thickness.

According to the carrier-induced defect creation model, the shift in threshold voltage
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(Vin), AV, can be expressed as AVy, (t)=A.(Vg-Vin).t" [4.17]. Furthermore, Takeda et al.
found that the degradation of the normalized maximum transconductance (Gy,) and, therefore,
field-effect mobility (urg) shift can be empirically modeled as AGy/Gmo (or Aprg /prgo)~t"
[4.31]. However, a charge trapping model predicts that the instability in Vi, is AVy
=AV max.[1-exp(-(t/to)")] [4.18].  Under conditions of short stress time (t) or small exponent n,
this formula is approximated as AVy, ~(t/to)". Therefore, the degradation in the electrical
parameters due to bias stressing can be modeled as a power law of the form ~t", regardless of
the instability mechanisms.  Moreover, several studies have reported on the bias
stress-induced instability in the electrical parameters of transistors, conferring that n=0.1-0.3
is related to hot-carrier injection ‘while n=0:4-0.6 points towards deep-state creation
[4.32][4.32]. In addition to transients-of electrical parameters, this study also investigates
grain and interface trap-state densities.” - Hence, the degradation mechanisms of CLC epi-like
Si TFTs during hot-carrier stressing (HCS), were explored with reference to channel
thickness.

HCS negligibly changed the tail-state densities of grain traps in both channels (Figure
4-12). However, the power-law exponents associated with V3, degradation for thick and thin
channels are 0.39 and 0.43, respectively, and are so not in the range 0.1-0.3, which is
associated with hot-carrier injection [4.32][4.33].

Unlike pgg, Vi and the subthreshold slope (S) are governed by the numbers of interface

and grain trap states per unit channel area, Ny [4.34][4.35], at AE ~0 to -0.3 eV, where S is
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governed strongly by N7 near the intrinsic Fermi level (AE ~0 eV). For fresh TFTs, the
areal density of grain trap-states, Ng, averaged over the range AE = 0 to -0.3 eV in thick CLC
poly-Si was about 4.8x10'°cm™eV™" - less than that, 5.2x10"°cm™eV™" in thin CLC poly-Si,
where Ng was estimated from ngrtcrc and tcrc denotes the thickness of the CLC poly-Si.
HCS clearly increased the ngr of stressed TFTs at AE~ -0.1 to -0.3 eV in both channels
(Figure 4-12), verifying that deep-state generation is involved in ¥V, degradation. Moreover,
after HCS, Vi, the averaged Ng and the change in ngr at the deep energetic level in the thick
channel exceed inversely those in the thin channel (Figures 4-11 (a)-(b), 4-12, and 4-13).
Fresh (stressed) devices on thick channels with a roughness of 4.2 nm had a worse S, 117
(157) mV/dec, than the S, 93 (97) mV/dee, of devices on thin channels with a roughness of
3.7 nm. Given these values of’S; the value of /V; at AE~0 eV was calculated [4.34]-[4.36].
Ng, at AE~ -0.1 eV for all samples was under 3x10'" cm'zeV'l, using an ngr of 2x10%
cm’™ eV'l; this value is one order of magnitude lower than the Ny obtained from .
Accordingly, on such an epi-like poly-Si, interface trap-state densities, Vs [4.36], given by
the formula Ni=Np~Ng [4.37], at AE~0 eV, and related to channel roughness, almost
completely determines the S of fabricated TFTs (See Figure 4-13). Furthermore, the quality
of the interface reportedly affects the deep-states of grain traps [4.38], such that the changes in
ngr due to HCS at the deep energetic level were observed. Very small changes in § and Nyg
at the mid-gap energetic level in thin channels due to HCS was consistent with Vy, and ngr as

well as the averaged Ng at the deep energetic level.
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No hysteresis was observed in the transfer characteristics (Figure 4-9). Therefore,

hysteresis was ruled out as a major mechanism in pgg and Vi, degradation. In HCS, a high

drain bias ensures that carriers attain sufficient energy from the field to be injected into the

gate dielectrics and to generate defect sites at the interface [4.39]. Hence, introducing a very

low drain bias in HCS, namely gate-bias stressing [4.39], facilitates the observation of the

role of channel defects on the stability of electrical parameters of stressed devices. Stressed

at Vy=-20 V and V= 0V, substantially reduced changes in V;and grain trap-state densities

were observed in both channels (See Figures 4-11 (c), 4-12, and 4-13) and explained by the

fact that highly crystalline CLC poly-Si has a few densities of tail-states to accommodate

accumulated carriers, inhibiting smarkedly deep-state generation in channel layers by bias

stressing [4.39][4.40]. Under gate-bias stressing (of HCS with no drain bias), in thicker

channels with greater channel crystallinity, the carrier-trapping effect is weaker because grain

defects are fewer and so the change in V; is smaller and larger exponents are associated with

the AV, as observed in currently used devices (Figures 4-11 (c¢) and 4-13) [4.11]. For an

Al-SiO;-bulk Si (metal-oxide-semiconductor (MOS)) structure, a gate-stress of -20 V merely

shifts the flat-band voltage of 30 mV; the value was much lower than those measured in

stressed TFTs on CLC poly-Si (Figures 4-11 (b)-(c) and 4-13). This result indicates that

charge trapping in gate dielectrics barely affects HCS-induced degradations in present

devices.

A slightly roughened CLC polysilicon/SiO, either provides trap sites or establishes a
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local electric field, enhancing hot-carrier injection [4.4][4.37]-[4.39]. Under HCS with high

drain bias, charge trapping at interfaces generates extra states, in response to increased

interface and grain deep-state densities (Figures 4-12 and 4-13). For thicker channels with

greater channel crystallinity, the larger changes in electric parameters, deep-state densities of

grain defects and interface trap-state densities at the mid-gap energetic level due to HCS, are

attributed to their poorer interface quality (Figures 4-12 and 4-13). The poorer channel

interface in thick channels than in thin channels causes the charge trapping mechanism to

affect the Vy, degradation more for thicker channels, which result agrees with the smaller

exponents that are associated with the AV, of these thicker channels. In thin channels with

surfaces with a roughness of 5.1=nm, associated, with increased laser power, the power-law

exponents in Vy, degradation by HCS wete reduced t0-0.32 (Figure 4-11 (b)), which finding is

consistent with interface quality-dominated degradation.
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Figure 4-8 Energy distribution associated with grain trap-state densities in fresh TFTs made

on CLC poly-Si with thicknesses of 50nm and 150nm.
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Figure 4-9 Transient transfer characteristics and transconductance curves of fresh TFTs made

on CLC poly-Si with thicknesses of (a): 50nm and (b): 150nm. IV, hysteresis curves of

fresh devices are also shown.
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Figure 4-10 Transient transfer characteristics_curves of stressed TFTs made on CLC poly-Si

with thicknesses of (a): 50nm and-(b): 150am.
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Figure 4-11 (a): Transients of field-effect mobility and threshold voltage of TFTs made on
CLC poly-Si with thicknesses of 50nm and 150nm during HCS with Ve=V,= -20 V.
Degradation of Vy and ppg of TFTs made on CLC poly-Si with thicknesses of 50nm and
150nm during HCS with (b): V,=V;~=-20 V, and (c): V,=-20 V and V,= 0 V. Degradation

of flat-band voltage of a metal-SiO»-bulk Si structure stressed at Vy=-20 V is also shown.
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Figure 4-12 Energy distribution associated with grain trap-state densities in fresh, hot-carrier

and gate-bias stressed TFTs made-on CLC poly-Si with thicknesses of 50nm and 150nm.
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4.6 Summary

In this chapter, the measurement of the trap-state densities of CLC polysilicon TFTs was
reported to characterize the electrical parameters of devices with reference to channel crystal
quality and surface morphology. Ultra-low trap-states densities associated with smooth and
single-grain-like polysilicon are responsible for higher field-effect mobility, lower threshold
voltage, steeper subthreshold slope and lower leakage current than those of ELA-fabricated
TFTs. Moreover, low deep-state densities remain sensitive to the interfacial states, and are
influenced by the LCESR effect.

In addition, channel roughness, rather than high crystalline channel layers, dominated the
stability of high hole-mobility thin-film transistors on epi-like silicon channels formed by
CLC. On such single-grainliké channels, an increase in channel roughness with channel
thickness enhances charging trapping”at the: interfaces, generating substantially more new
states at the deep energetic level. Hence, on thin channels with ultra-smooth surfaces, TFTs
during HCS exhibited negligibly changed electrical parameters and generated fewer

new-states than those on thick channels.
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Chapter 5
Electrical characteristics and reliability of panel epi-like

silicon transistors using CW green laser-activation

5.1 Introduction

Temperature constrains the activation of source/drain junctions in several transistors,

including panel transistors [5.1] and integrated-circuit transistors with novel channels and

gate-dielectrics [5.2][5.3] or shallow junctions [5.4]-[5.6]. Accordingly, thermal annealing

technologies must continue to advance. = Dopant activation by ultraviolet (UV) [5.5], green

[5.6] and near-infrared laser-irradiation [5.7] of source/drain regions has been demonstrated in

transistor fabrication. However, laser-activation, - unlike laser-crystallization, produces

discontinuities in microstructures across:junctions because of variations in the laser energy

that is scanned over the device bodies, which are caused by gate structures [5.8]. With

reference to panel applications, thin-film transistors (TFTs) on quartz wafers are reportedly

activated by backside excimer-laser-irradiation and exhibit improved electrical characteristics

[5.9].

CW green laser crystallization has attracted substantial interest because they are useful in

the formation of epi-like microstructures and the maintenance of crystallized channels with

low surface roughness, providing remarkably excellent device reliability and electrical

characteristics [5.10][5.11]. Moreover, the fact that the absorption fraction of light energy in
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transparent substrates decreases substantially as the laser wavelength increase, supports the
introduction of backside long-wavelength (green) CW laser-activation (CLA) in mainstream
glass panel displays, reducing laser-energy loss and negligibly damaging the interfaces near
the substrates.

In addition, enlarged parasitic source/drain resistance due to shrinkage of the channel
layer were usually reduced by the introduction of tungsten-clad [5.12] or SiGe-raised
source/drain [5.13] structures or using advanced activation techniques. However, glass
substrates, which do not support a fabrication temperature of over 600 °C, strictly constrain
the temperature of activation of source/drain contacts in panel transistors. Laser-irradiation
of source/drain regions was conducted using a loew-temperature dopant activation procedure
and has been demonstrated in transistor fabrication [5:14]. However, laser-activation, unlike
laser-crystallization, produces discontinuities [5.8] and/or residual damage [5.15] in
microstructures across junctions, because of variations in the laser energy that is scanned over
the device bodies, which are formed from the gate structures.

In CLC, fast laterally scanned green laser-energy irradiates each area in under a
millisecond, essentially enabling the activation of spike annealing. Furthermore, the fact that
the absorption fraction of light energy in irradiated poly-Si layers declines substantially as the
laser wavelength increases [5.16], supports the assertion that significant residual
long-wavelength (green) laser-energy penetrates [5.17] through poly-Si gates of self-aligned

transistors to channels, enhancing the uniformity of laser-energy across junctions, which is
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barely influenced by the gate structures.
By introducing backside green laser-activation and spike CW green laser-activation
(CLA) in panel transistors, this chapter demonstrates the enhanced field-effect mobility and

fair reliability of such laser-activated TFTs.

5.2 Experiment on backside CW green laser activation

The samples and device fabrication are the same in the chapter 3 and chapter 4. Behind
doped source and drain regions with ByHg (5.0x10"cm™ and 40 keV), the samples are
activated by rapid thermal annealing (RTA) or backside CW green laser-irradiation at 2.1-2.8
W (shown in Figure 5-1). Cross-sectional transmission electron microscopic image is also
used to observe the damage of the channel/drain junction. The sheet resistance of laser-
(RTA) activated bare doped CLC layers was also evaluated using a four-point probe. And
density of states of RTA and laser activated CLC poly-Si TFTs is extracted by FEC method

that has been described in chapter 3.

5.3 Material and electrical characteristics with backside CW
green laser activation

As laser-activation energy increases, the sheet resistance of the laser-activated layers
slowly declines to 1-3 kQ/sq, in the same range of that measured in RTP-activated layers

(Figure 5-2). Laser-activation energy was almost half of the laser-crystallization energy.

-87-



Therefore, laser-activation hardly altered the crystallinity and roughness of the CLC epi-like
Si channels. Accordingly, the surface roughness of activated layers, 3.8 nm, was almost
identical to that, 3.7 nm, of un-doped CLC samples (Figure 5-3). Moreover, the tail-state
density of grain traps measured in laser-activated devices, which was closely related to
channel crystallinity [5.18], ngr at an energetic level (E) that was far from the Fermi level
(Er), AE=E-Er= -0.55 to -0.47 eV, was independent of laser-activation energy and identical to
that measured in RTA-activated devices (Figure 5-3) Moreover, this laser-activation energy
was sufficiently high to repair amorphized source/drain regions due to implantation [5.4] and
to re-crystallize a few small grains in the chanpgls [5.19], as indicated by ngr between the
middle and the deep energetic leVéls (AB= ‘-(;)‘.4i7 tc; -03 eV), which decreases markedly with

]

laser-activation energy (Figure 5'-3). e

Glass substrate

CW laser of 532 nm

Figure 5-1 A diagram of backside CW green laser activated the CLC poly-Si TFTs
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Figure 5-2 Sheet resistance of bare CLC layers that were doped with B,Hg and activated by

RTA and back-side green laser-irradiation at 2.1-2.8 W.
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Figure 5-3 Surface roughness after backside laser activation at 2.5 W and energy distribution
associated with grain trap-state densities in fresh TFTs that were made on CLC poly-Si and

activated by RTA and back-side green laser irradiation at 2.3-2.5 W.
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As laser-activation energy increases, the field-effect mobility (ppg) of laser-activated
TFTs, increases significantly from 255 to 403 cm®/Vs, which is around two times that of
RTA-activated TFTs, as revealed by the linear transcondcutance (G,,) curves, which are
plotted in Figure 5-4. The enhancement in the output drive current (Fig. 5-4 (b)) at V=15
V and V,=-15 V was as high as 1.4 times. However, similar changes in sheet resistance
(1.5-3 kQ/sq) by RTA parameters was responsible for no changes in hole-mobility and,
therefore, temperature-dependent 14-V, curves (or ngr) taken in such long-channel TFTs
fabricated on CLC or Excimer-laser-annealed channels such that the reduction of contact

resistance was ruled out as a major mechanism in hole-mobility enhancement.
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Figure 5-4 (a): Transfer characteristics (taken at V;=-5 V) and transconductance curves (taken
at V;/~=-0.1 V); (b): output characteristics of TFTs that were made on CLC poly-Si and
activated by RTA and back-side green laser-irradiation at 2.3-2.5 W. IV, curves (taken at
Vi=0.1 V) of fresh and stressed devices that were activated by back-side green

laser-irradiation at 2.3 W are also plotted in (a).
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Under back-side green laser-irradiation, the gate structures did not influence the

distribution of laser-energy. Therefore, laser energy was uniformly scanned laterally from

channels to source/grain regions and vice versa. Super visible-laser lateral-activation

consequentially produces continuous epi-like Si microstructures with a reduced number of

grain defects across junctions, as indicated by the cross-sectional transmission electron

microscopic image in Figure 5-5, in response to the enhancement.

JH) i

Figure 5-5 Cross-sectional transmission electron microscopic image of representative

laser-activated TFT.
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On such an epi-like poly-Si, interface trap-state densities (at AE~0 eV), which are related
to channel roughness, influence the subthreshold slope (S) of fabricated TFTs [5.11]. The
formation of extra interface defects is associated with the enhancement of surface roughness
by laser activation, such that increasing the laser-activation energy initially reduced S to as
low as 91 mV/dec, and then slightly increased it to 122 mV/dec (Figure 4-8), which value is
better than 128 mV/dec for RTA-activated devices. The reversal in threshold voltage (V)
due to the small increase in the number of interface defects [5.10][5.11], to an extent related
to laser-activation energy was also observed (Figure 5-6).  Furthermore, the quality of the
interface affects the deep states of the grain traps, such that ngr at a AE of above -0.28 eV for
devices that were activated at a-middle laser-activation energy of 2.4 W exceeded that for
devices that were activated at a low: laser-activation energy of 2.3 W (Figure 5-5) [5.11].
However, the greatly improved channel/junction microstructures, formed by relatively high
laser-activation energy of 2.5 W, were responsible for the fact that the deep states of the grain
traps were as low as 8.0x10"ev’'cm™ (at AE~-0.26 eV).

Improvements in epi-like Si channel/junction microstructures caused by backside
laser-activation reduces local electric fields near drain regions, originating in the discontinuity
in the microstructures across junctions, were responsible for the decrease in the leakage
current in the laser-activated TFTs (Figure 5-4(a)) [5.8].

5.4 HCS on backside CW green laser activation

Figure 5-6 (a)-(b) plots the transients of Vu,, § and the degradation of the Vy, shift (AVy,)
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for devices in Figure 5-4 during HCS, against laser-activation energy and stress time (t).
After HCS, very small changes in § (AS) and Vy, of 1 mV/dec and 50 mV, respectively, were
observed in TFTs that were activated at a low laser energy of 2.3 W, which corresponded to
the lowest value (91 mV/dec) of § among all laser-activated devices and a pgg of 255 cm*/Vs
(Figure 5-6 (a)). The worsening of electrical parameters for stressed TFTs activated at a high
laser energy of 2.5 W, which corresponded to an S of 122 mV/dec and an extremely high prg
of 403 cm?/Vs, was deteriorated to 17 mV/dec and -284 mV, respectively. However, these
values are better than the 32 mV/dec and -425 mV in RTA-activated TFTs, which exhibited a
prg of 195 cm?/Vs and an S of 128 mV/dec,

After ~3 h of HCS, a positive rather thana negative shift in Vy, for the laser-activated
device with the lowest § was observed.(See the inset of Fig. 5-4 (a) and Fig. 5-6 (a). This
result is attributed to hot-electron trapping near drain junction [5.20]. The creation of
donor-type interface deep-states was excluded as a possible mechanism of positive Vy, shift
[5.20] because the changes in S (or interface defects) were negligible during HCS (Fig. 5-6
(a)). The Vyu degradation for laser-activated devices due to HCS typically follow a
power-law in time (~t") with exponents (f) of less than 0.4, as opposed to B=0.4-0.6
associated with deep-state generation (Figure 5-6 (b)) [5.11]. Moreover, HCS hardly
changed the tail-state densities of grain traps in highly crystalline laser- (RTA) treated
junctions/channels [5.11], which is consistent with B and reduction percentage of less than 0.3

and 8%, respectively, in ppg degradation for both junctions/channels (shown in Figure 5-7).
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Enhanced reliability was irrelevant to relatively small variation in reliability of devices

distributed over panels associated with fair uniformity of electrical parameters of pgg, Vin,

and § of 12%, 0.1V, and 20%, respectively, and was barely ascribed to the formation of the

lightly doped drain (LDD) structure in such long-channel TFTs by laser-induced

lateral-diffusion of dopants.

Therefore, the formation of continuous improved epi-like Si microstructures with

reduced grain defects and with a barely increased number of interface defects over the entire

channel/junction inhibited markedly deep-state generation in laser-treated channels/junctions

by bias stressing, in response to the enhancement of the stability of such laser-activated TFTs.
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Figure 5-6 (a): Transients of threshold voltage and subthreshold slope, and (b): degradation of

Vi of TFTs that were made on CLC poly-Si and activated by RTA and back-side green

laser-irradiation at 2.3-2.5 W during HCS. Electrical parameters for all fresh TFTs are also

summarized.
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Figure 5-7 Degradation of pgg of TFTs that were made on CLC poly-Si and activated by RTA

and back-side green laser-irradiation at 2.3 W during HCS.
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5.5 Spike green laser-activation
5.5.1 Experimental procedure

CW green laser crystallization and TFT fabrication are portrayal of chapter 3 and chapter
4. Poly-Si gates and source/drain regions were doped with PH; (5.0x10"*cm™ and 25 keV)
and activated by rapid thermal annealing (RTA) for 90 s at 600 °C or CW green
laser-irradiation at 2.1-2.8 W (shown Figure 5-8). The parasitic source/drain resistance of
laser- (RTA) activated TFTs was determined from the relation between channel-width (W=10
um) normalized ON resistance (Ron) and the length of the channel (L=5-15um) that

introduces in the section 3.3.

er of 532 nm

Glass substrate

Figure 5-8 A diagram of spike CW green laser activated the CLC poly-Si TFTs
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5.5.2 Electrical characteristics and DOS for spike CW green laser activated
the CLC poly-Si TFTs

As laser-activation energy increases, the sheet resistance of the laser-activated layers
slowly decreases to 0.3-0.5 k€/sq, which is in the range that was measured in RTP-activated
layers. The laser-activation energy was almost half of the laser-crystallization energy;
however, it sufficed to repair source/drain regions that were amorphized by implantation [5.4].
Parasitic source/drain resistance, which was obtained from merging numerous curves of Ron
(V) against L, for devices that were activated at a middle laser-activation energy of 2.5 W,
which corresponded to a field-effect mobility (prr) of 200-250 cm?/Vs and depending on L,
L=5-15um (Figures 5-9 and 5-10«(a)), was-as low.as 5 kQ (Figure 5-12 (a)), but slightly larger
than 3 kQ (Figure 5-12 (b)) for RTP-activated devices that corresponded to an pgg of 150-200
cm’/Vs associated with L (Figures 4-11 and4=12-a). Those values are much lower than 13.5
kQ for conventional TFTs [5.12] because the devices herein were fabricated on fairly
crystalline CLC layers rather than on excimer-laser-annealing (ELA)-crystallized or
solid-phase-crystallized layers. Fewer grain defects in smaller channels result in better
electrical characteristics of TFTs, which fact explains the dependence of pgg on L [5.21] in
laser (RTA)-activated devices (Figure 5-10 (a)). Gate structures generally influence the
distribution of laser-energy [5.15] under laser irradiation. However, the fact that the fraction
of light energy absorbed in irradiated poly-Si layers significantly falls as the laser wavelength

increases [5.16] ensures that significant green laser energy penetrates through the poly-Si
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gates to the channels.

Green laser-energy was thus uniformly scanned laterally from the channels to the

source/grain regions and vice versa in a sub-millisecond duration, and was hardly influenced

by gate structures. Almost 40% of incident green laser energy penetrates through the poly-Si

gates with a thickness of 200 nm [5.16], because the depth of penetration of green light in

poly-Si is very long, re-crystallizing a few small grains in the channels, as indicated by the

ngr of laser-activated devices (L=10pm), between the tail and the middle energetic levels (E)

that were far from the Fermi level (Ef), such that AE=E-Ez= 0.5 to 0.4 eV (Figure 5-11).

This ngr value decreases slightly as the_laser-activation energy increases and is lower than

that of RTP-activated devices (L=10um) (Figure 5-11).  Moreover, grain tail-state densities

at AE= 0.55 to 0.5 eV, which were strongly related to channel crystallinity [5.8][5.19], were

also improved by a laser-activation energy of as low as 2.1-2.8 W, because of CLC channels

that were crystallized by low green laser-energy at 3.7 W, comprised fairly crystalline

microstructures, rather than epi-like microstructures, with many grain defects.
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Figure 5-9 Transfer characteristics (at #,/=5 M and at V,~=0.1 V) and transconductance curves
(at V4=-0.1 V) of TFTs that were made on CLC poly-Si and activated by RTA and spike green

continuous-wave laser-irradiation at 2.3-2.8 W, with channel dimensions of W = L= 10 um.
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Figure 5-10 (a): Field-effect mobility and threshold voltage, and (b): subthreshold slope for

TFTs that were made on CLC poly-Si and activated by RTA and spike green continuous-wave

laser-irradiation at 2.1-2.8 W, with channel dimensions of W= 10 um and L=5-
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Figure 5-11 Energy distribution associated with grain trap-state densities in fresh TFTs that
were made on CLC poly-Si and activated by RTA and spike green continuous-wave

laser-irradiation at 2.3-2.8 W, with channel dimensions of W = L= 10 um.

5.5.3 Parasitic resistance effect and hot-carrier stressing

Spike green-laser annealing produces low parasitic source/drain resistance and
quasi-continuous improved poly-Si microstructures with fewer grain defects over the entire
channel/junction, in response to an enhancement in pgg that depends on the laser-activation

energy (Figures 5-9 and 5-10 (a)). In long-channel TFTs that are fabricated on poly-Si
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layers, such a small parasitic source/drain resistance hardly influences the pgg of transistors
[5.23], such that the ppg of laser-activated TFTs (L=10pm) increases to 245 cm’/Vs as
laser-activation energy increases to 2.8 W (Figures 5-9 and 5-10 (a)). This value exceeds
155 cm?/Vs for RTA-activated TFTs (L=10um) (Figures 5-9 and 5-10 (a)), even though
RTA-activated devices have a lower parasitic resistance (Figure 5-12).

Spike CW green laser-activation was conducted under irradiation with low laser-energy,
in an attempt to generate quasi-continuous poly-Si microstructures with lower grain tail-state
densities and barely increased grain (interface) deep-state densities over the entire
channel/junction (Figure 4-11), as compared to ner of RTA-treated devices, though low
laser-activation energy results in=slightly high Ron. + Hence, the threshold voltage (¥;) and
the subthreshold slope (S), which wetre deteriorated by the increase in the grain/interface
deep-state densities and enhancement of'the local field near the drain, caused by the negligible
discontinuity in the microstructures across junctions of TFTs [5.8] (L=10um) that were
activated at laser-activation energies of 2.1-2.8 W, are 1.6-2.0 V and 150-220 mV/dec,
respectively (Figure 5-10). These values are comparable to those of RTA-activated devices
(L=10pum) (Figure 5-10). Quasi-continuous improved poly-Si channel/junction
microstructures have weaker local electric fields near the drain regions of laser-activated
TFTs (L=10um) given leakage currents as low as 20 pA at V,=-10 V and at V4=5 V, which
are lower than the 70 pA currents of RTP-activated devices (L=10um) (Figure 5-9). After

~3 h of HCS, the shifts in the Vy, (AVq) and S (AS/S) of laser-activated devices (L=10um) are
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0.53 V (0.41), less than the 0.71 V (0.42) of RTA-activated devices (L=10um) (Figure 5-13),
since the formation of improved poly-Si microstructures with fewer grain defects and barely
increased interface defects throughout the channel/junction (Figure 5-11) markedly inhibited
deep-state generation in laser-treated channels/junctions under bias stressing. Further
increasing the laser-activation energy increases the channel/junction roughness and does not
allow the formation of quasi-continuous microstructures across the junction, worsening
off-state electrical characteristics and reliability.

CLC under middle laser power, like ELA under SLG, limits grain size to cause fairly
electron-mobility. Figure 5-14 and figure 5-15 show electrical characteristics and density of
states for epi-like microstructures |with ' front-side CW green laser irradiation,
electron-mobility and sub-threshold slope for such transistors that were fabricated on CLC
channels of 100 nm, were remarkable valtes: of 530 cm?/V.s and 120 mV/dec, related to

extra-low tail-state and deep-state density, respectively.
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devices.
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Figure 5-14 Transient transfer characteristics curves of front-side CW green laser activated

epi-like poly-Si TFTs with thicknesses 100nm.
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Figure 5-15 Energy distribution associated with grain trap-state densities in front-side CW

green laser activated epi-like poly-Si TFTs with thicknesses of 100nm.
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5.6 Summary

In this chapter, Backside continuous-wave green laser-irradiation was applied to activate
TFTs that were fabricated on CLC epi-like poly-Si. Enhancement in the hole-mobility and
reliability of such laser-fabricated transistors was demonstrated, and was explained by the
formation of continuous enhanced epi-like Si microstructures with a barely increased number
of interface defects over channels/junctions as a result of the lateral activation by uniformly
scanned laser energy over the bottom of devices, in the absence of interference by gate
structures.

In addition, Spike CW green laser-irradiation was applied also to activate TFTs that were
fabricated on CLC poly-Si. The electrical parameters, leakage currents and stability of such
laser-activated transistors was superior.to_those of thermally activated TFTs, because of the
formation of quasi-continuous improved microstructures over channels/junctions as a result of
the lateral activation by considerably uniformly scanned laser energy that was caused by the
penetration of significant green laser energy into the channels, over the top of self-aligned

poly-Si TFTs.
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Chapter 6

Conclusions and future prospects

6.1 Conclusions

In this dissertation, high performance low temperature epi-like CW laser lateral

crystallization polycrystalline silicon thin film transistors have been fabricated because of the

lateral grain growth. Continuous-wave diode pumped solid-state laser is worthy of our

anticipation since high field-effect carrier is ease of completion without extra layout, process

and structure. The conventional CLC technology was provided by A. Hara and N. Sasaki in

past year. However, the crystallization mechanism and defect density lacked for reporting in

detail. In addition, a long-term:reliability of CLC poly-Si TFTs has also been investigated.

Finally, novel approach with CW green laser activation from front-side and back-side

irradiation is also manifested and studied.

In the Chapter 2, the traditional CLC poly-Si films are achieved in this study.

According to the material structure analysis, it has clearly been found that the difference of

crystalline in one line laser beam due to the laser beam energy has a Gaussian distribution.

From the Scanning electron microscopy (SEM) and atomic force microscopy (AFM) analysis

were demonstrated that the lateral grain is very large about 1x3um as a dependence of silicon

film thickness and surface roughness is lower than 5 nm. Micro-Raman Scattering Spectra

and X-ray diffraction are identified the quality and orientation of CLC poly-Si films. The
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results are shown better optical-phonon mode and small low-frequency shift in comparison
with ELA. This means the high quality and low defects in the lateral grain of CLC poly-Si
films. The X-ray diffraction shows (111) and (200) orientation in the CLC poly-Si films.
In the Chapter 3, the CLC poly-Si TFTs were successfully fabricated in this thesis. The
electrical characteristics have been observed that applied laser power has a great effect on the
performance of CLC poly-Si TFTs. With increasing the laser power, field-effect mobility
and threshold voltage are enhanced because of the better crystallization condition. However,
the subthreshold swing slope is degraded related to mid-gap state enhancement in surface
states behind a threshold laser power. This point is discussed in detail in the Chapter 4.

Density of states distribution(DOS) for appraising the trap density was extracted by field
effect conductance method (FEC). The'trap state density transformed effectively from I4-V,
measurement with various temperature.: | The surface band-bending was related defect states
as a function of gate voltage. Hence the electrical parameters like field-effect mobility,
threshold voltage, and subthreshold swing slope can be distributed into the different band
state. In addition, ON resistance are related by quality of poly-Si thin films and activation
degree. The detail is discussed into Chapter 4 and Chapter 5.

In the Chapter 4, the in-grain defects and strain-bonds related to field-effect mobility
were terminated by increasing laser power as the poly-Si films had larger grain size and better
film quality. In addition, the dangling-bonds at grain boundary and interface between

poly-Si film and gate dielectric associated with threshold voltage and subthreshold swing
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slope property. The extra low trap density with proposed CLC poly-Si TFTs was

demonstrated by using DOS method in this thesis. However, the formation of extra interface

defects caused by laser-crystallization-enhanced surface roughness was detected reversal in

deep-state density.

The effect of the thickness of silicon layer is discussed in the chapter 4. Thicker silicon

layer can obtain the larger grain size due to smaller subboundary spacing. The higher

quality poly-Si films exist in the thicker silicon film and go along with slight large surface

roughness. The mechanism of hot-carrier effect is very different in the thin and thick silicon

films. The charge trapping in the power-law model is a dominant factor in the thicker silicon

film. Because of the rough surface at poly-Si/oxide-interface, more interface states and the

local field can be enhanced to lead to earficr easy of trap. However, thin silicon film has few

interface states build a defect creation relationship after hot-carrier stressing. In addition, the

DOS is clearly also shown before and after hot-carrier stressing to confirm state creation in

the deep-state.

In the chapter 5, a novel approach with CW green laser activation is adopted to

successively fabricate high performance CLC poly-Si TFTs in this study. The wavelength of

532 nm can large amount of incident green laser energy passes through the glass substrate (in

chapter 2). Backside continuous-wave green laser-irradiation was applied to activate the

proposed devices.  Continuous irradiation improved epi-like Si microstructures over

channels/junctions as a result of the lateral activation by uniformly scanned laser energy over
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the bottom of devices, in the absence of interference by gate structures. The high field-effect
mobility and reliability were also demonstrated in our proposed transistors.

Continuous-wave green laser is irradiated from front-side cross a poly-Si gate structure.
Our experiment called it “Spike CW green laser-activation”since the laser has a
million-second level cross over a device body. Almost 40% of incident green laser energy
penetrates through the poly-Si gates with a thickness of 200 nm. The partial laser energy can
improve the defects which include the stained-bond termination in the channel. The leakage
current, threshold voltage and subthreshold swing slope are compatible with RTA activation.
However, the field-effect mobility is increased with enhancing incident green laser energy to
obtain the quasi-continuous improved microstructures in the channel. In our study,
electron-mobility and sub-threshold slope for such transistors that were fabricated on CLC
epi-like channels of 100 nm, were demonstrated remarkable values of 530 cm?/V.s and 120

mV/dec, respectively.

6.2 Future prospects
6.2.1 Metal gate application for novel devices

To fabricate transistors, ohmic contacts were normally formed by thermal annealing of
highly doped semiconductors at extremely high temperature of 1000 °C.  Characteristics in
nanostructured, and functionalized gate dielectrics, however, normally persist to temperature,

i.e., 550 °C, much lower than activation temperature. Alternative fabrication procedures
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should be proposed. Laser-induced activation is a reliable and low-temperature process as
demonstrated in Si or polycrystalline silicon transistors. A metal gate, such as TiN and TaN,
was formed on the gate dielectrics in transistors to reflect laser-irradiation such that
photo-induced damage in nanostructured, and functionalized gate dielectrics was prevented.

In TiN/SiO, (shown in Fig. 6-1) structures, laser-activated panel transistors that were

fabricated on CLC channels of 100 nm, revealed electron-mobility as high as 230 cm*/V.s.
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Figure 6-1 CW green laser-activated panel transistors with TiN metal gate.
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