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ABSTRACT

Low-temperature polycrystalline silicon (LTPS) thin film transistors (TFTs) have
been widely used in active matrix flat panel displays (AMFPDs), since they feature in
high field-effect mobility and low power consumption. Moreover, the peripheral
driver circuits, controller ICs and functional circuits can be integrated into glass
substrates by utilizing LTPS-TFTs to achieve the goal of low cost, high reliability and
System-on-Panel (SOP). We can foresee that LTPS-TFTs have great potential in the

realization of 3-D ICs in the near future.

In tradition, reducing the defect states via enlarging poly-Si grain size is an
intrinsic approach to single crystal Si material, which leads to the
silicon-on-insulator-like  (SOI-like) device performance. There are several

technologies to enlarge the grain size, including solid phase crystallization (SPC)
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metal induced crystallization (MIC), and excimer laser irradiation crystallization
(ELC). These methods could be concluded that the a-Si thin films are recrystallized
into polycrystalline silicon thin film by applying additional energy. However, these
technologies had some drawbacks as below: First, the SPC TFTs suffer a lot of
intra-granular defects, which results in a bad performance and the long annealing time
will limit the throughput to fabricate poly-Si thin film. Second, the metal induced
crystallization (MIC) technology suffers from metal contamination incorporated into
poly-Si thin film and the metal contamination will result in poor TFT performance.
Third, although the excimer laser irradiation crystallization (ELC) technology is an
useful technology to enlarge the grain size, there are still some disadvantages such as
narrow laser process window for SL:G and poor grain-size uniformity. In this thesis,
therefore, we proposed a method, which is so called Diode-Pumped Solid-State
(DPSS) Continuous Wave Laser-Crystallization (CLC). With the benefits of this
longitudinal growth crystallization:method, the poly-Si TFTs with high field-effect

mobility have been fabricated.

At the first part, a new and simple CW laser crystallization is proposed to
produce large longitudinally grown grains in the center region of the laser beam
crystallized poly-Si via controlling the laser powers and the laser scanning speeds.
However there are still small grains and polygonal grains in the edge and the
transition region, which were SPC and PMG to SLG-like respectively, in spite of
enlarging the laser powers or reducing the laser scanning speeds due to the Gaussian
laser energy distribution. The small and polygonal grains in the channel region will
deteriorate the performances of the TFTs. Therefore, multi-scan (overlapping method)
scheme was proposed to achieve large area of longitudinal crystallization. According

to the experimental results, the directionally longitudinal grains with tens of

v



micrometer, flat surface morphology, and excellent crystallinity were achieved

without damages to the quartz substrates.

In the second part, the electrical characteristics of the continuous wave laser
crystallized polycrystalline silicon thin-film transistors were also studied, . In the SPC
regime, the equivalent field-effect mobility, subthreshold swing, and threshold voltage
were 19.4cm*/V-s, 2.72V/decade, and 7.93V, respectively. In PMG to SLG-like
regime, the equivalent field-effect mobility, subthreshold swing, and threshold voltage
were 86.9cm’/V-s, 1.41V/decade, and 0.296V, respectively. In longitudinal growth
regime, high performance CLC poly-Si TFTs with equivalent field-effect mobility,
subthreshold swing , and threshold voltage exceeding 281cm*/V-s, 0.753 V/decade,
and -1.17V, respectively for n-channel deviees have been fabricated without any
hydrogenation treatment. It reflects that the larger grains with better crystallinity will
possess the better electrical characteristics. Moreover such simple CW laser

crystallization technique is promising for the applications in the future 3D- ICs.
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Chapter 1

Introduction

1.1 Introduction of Low-Temperature
Polycrystalline Silicon Thin-Film Transistors

Thin-film transistors (TETs) have become crucial devices of modern Active
Matrix Liquid Crystal Displays (AMLCDs) and Active Matrix Organic Light Emitting

Diodes (AMOLEDs) applications [1]-[5].

Generally, amorphous silicon (a-Si:H) TFTs are the pixel switching elements in
AMLCD industry. Amorphous silicon TFTs exhibit low leakage current because of
their high off-state resistivity. In addition, they are compatible with large glass
substrate for low process temperature. However, the electrical characteristics of a-Si
TFTs such as carrier mobility (typically bellow lcm?/V-s) are inadequate for
peripheral circuits. That is, additional integrated circuits (ICs) are needed to support
the function of gate drivers to drive a display panel. This will lead to high cost and
poor reliability. On the other hand, low-temperature polycrystalline silicon (LTPS)

TFTs process exhibit superior carrier mobility [6], greater device reliability, CMOS
1



process capability [7], and low temperature process compatibility. Therefore, LTPS
TFTs have been investigated to achieve the goal of integrating peripheral circuit in a
single panel, which is known as system on panel (SOP) [8]. Furthermore, LTPS TFTs

have the potential to fulfill the three-dimensional integrated circuits. [9]

1.2 Introduction of the Amorphous Silicon Thin
Films Crystallization Technologies

In polycrystalline silicon material, the grain boundaries will decrease the
electrical characteristics of poly-Si TFTs because @.lot of defects such as dangling
bonds and strained bonds exist within them. These defects will result in higher
threshold voltage (Vi), lower carrier mobility (1), more gradual subthreshold swing
(SS), larger leakage current, and poor long-term stability [10]. Therefore, how to
reduce the defect densities in poly-Si films is an important subject for the fabrication
of high performance poly-Si TFTs. There are two effective methods to reduce the
defect state densities in poly-Si film, including the passivation of defect states both in
the grains and grain boundaries [11]-[14], and the enlarging poly-Si grain size in the
channel region [15]-[18]. Plasma hydrogenation is common used to passivate the
defects in poly-Si film for attaining improvement of device performance and
uniformity. Poly-Si TFTs after hydrogen passivation suffer from poor hot carrier
endurance and a low thermal stability due to the weak Si-H bond. Reducing the defect
states via enlarging poly-Si grain size is an intrinsic approach to single crystal Si
material, which leads to the silicon-on-insulator like (SOI-like) device performance.

There are several ways to enlarge the grain size, including solid phase crystallization
2



(SPC), metal induced crystallization (MIC), and laser irradiation crystallization. These
methods could be concluded that the a-Si thin films are recrystallized into

polycrystalline silicon thin film by additional energy.

1.2.1 Approaches to the Preparation of Poly-Si Thin
Films by Utilizing Solid Phase Crystallization
(SPC)

Solid phase crystallization method is: an ordinary fabrication to transfer
amorphous Si into poly-Si thin film viafurnace annealing to supply thermal energy
for 24 hours at temperature: 600°C [19]. In-order to” match the low-temperature
polycrystalline silicon (LTPS) thin film transistors “(TFTs) fabrication with a
maximum temperature below 600-C" on glass substrate, the amorphous silicon thin
film was deposited at 550°C using silane (SiH4), and following the samples were
placed in the furnace for 24 hours with the temperature of 600°C in nitrogen (N2)

ambient. [20]-[21].

The grain size of solid phase crystallized poly-Si thin film is several times
larger than that of as-deposited poly-Si thin film. Besides, the surface morphology is
much smoother in SPC poly-Si thin film than in as-doped ones. However, the SPC
TFTs suffer a lot of intra-granular defects and result in a bad performance. The critical
point is the fact that the annealing time is too long and this will limit the throughput to

fabricate poly-Si thin film.



1.2.2 Approaches to the Preparation of Poly-Si Thin
Films by Utilizing Metal Induced

Crystallization (MIC)

The basic idea of metal induced crystallization (MIC) is furnace annealing,
which is similar to solid phase crystallization (SPC). Several metals have been
reported to be applied to MIC process, such as aluminum (Al), nickel (Ni), aurum
(Au), and platinum (Pt). As a certain metal is deposited on a-Si, the a-Si films
crystallized to poly-Si structure at a lower temperature than its SPC temperature,
because the thermal budget of a-Si-can be lowered by the introduction of metal
impurities [22]-[25]. Compared to SPC, metal induced crystallization is able to reduce
the annealing temperature (<400°C) and process duration (<5hrs), therefore, higher

throughput can be obtained.

Among these metals, Ni is the candidate for mainstream industrial application.
Nickel silicide will be formed during process and the crystallization of silicon will
start. Owing to the very small mismatch (0.4%) of crystal lattice constant between the
<111> orientation faces of nickel silicide and crystalline silicon, the defects in crystal
can be minimized [26]-[28].

Recently, it was found that metal induced lateral crystallization (MILC) rate
could be enhanced remarkably and the crystallization temperature could be reduced to
as below as 380°C due to the presence of an electrical field [29] - [33]. The
phenomenon was explained by the enhanced diffusion of charged nickel through

NiSi2 precipitates in the applied electrical field [33].



Although the metal induced crystallization method can reduce the process
temperature and raise the growth rate, metal contamination incorporated into poly-Si
thin film is a noticeable problem which resulted in poor TFT performance, such as
high leakage current, large kink current, worse subthreshold swing, and poor device
stability. In order to suppress the metal contamination, using the metal solutions or
depositing ultra-thin discrete metal layer on amorphous silicon are reported to

fabricate poly-Si thin films [34]-[35].

1.2.3 Approaches to the Preparation of Poly-Si Thin
Films by Utilizing Excimer. Laser Irradiation
Crystallization

Laser crystallization process.in fabrication.can produce large-grained poly-Si
thin film with low intra-grain defects via liquid phase crystallization as compared with
solid phase crystallization and metal induced crystallization. The laser irradiation
crystallization process may be the most promising for grain growth with low
intra-grain defects via liquid phase crystallization as compared with SPC and MIC,
for silicon-on-insulator devices for microelectronics and thin-film transistors for
displays has been receiving considerable attention [36]-[42]. The laser modes can
mainly be divided into two types, pulse type and continuous wave laser type. Exicmer
lasers are the most effective and powerful UV light sources available today. In order
to generate excimer laser radiation, a transient high voltage discharge is produced in a

tube containing the laser gas. According to the laser gas used, laser radiation with



wavelengths between 157-351 nm can be obtained (as shown in table 1-1 ). The
absorption coefficient of a-Si is quite high in the UV-light region of the excimer laser,
it is possible to crystallize a-Si film without thermal damage to the glass
substrates.[43] Besides, all excimer lasers are pulsed lasers. On the other hand, the

continuous wave (CW) laser emits in green light by the diode-pumped solid-state

(DPSS) laser source of Nd:YVO4 (532nm) [44]. According to the reports of Akito

Hara et al, long-wavelength laser energy of continuous-wave diode pumped
solid-state laser (DPSSL) barely damaging glass substrates [45]. Thus, Both the
excimer laser crystallization (ELC) and continuous-wave diode pumped solid-state
laser (DPSSL) crystallization technologies were suitable for the fabrication of

LTPS-TFTs.

The basic principle of excimer laser crystallization (ELC) is the phase
transformation of silicon thin film from amorphous to single-crystal material via
melting the silicon thin film within a very short time. Actually, the a-Si thin film is
heated to the temperature of about 1200°C during laser irradiation. However, the high

temperatures are only persistent for tens of nanoseconds during laser pulse duration.

The benefit of using ELC is the strong optical absorption of a-Si thin film to
UV lights. During ELC process, a-Si thin films absorb the light, then rapidly melting
and solidifying quickly, without significant heating the substrate and impurities
contamination from the substrate diffusion into the silicon thin film. For the volume
expansion from liquid to solid phase, surface roughness (usually called protrusion)
occurs after the ELC process. It has been reported that increasing the laser shots will
reduce the protrusion and obtain better crystallinity. The definition of laser shots is the

overlaps between each laser shot, i.e., 20 shots correspond to 5% overlap per shot.



The poly-Si thin film fabricated by ELC suffers from narrow process window and
instability of shot-to-shot laser energy, which lead to non-uniformity issue of grain
structure. This technology yield high quality and large-grained poly-Si thin film for

high-performance LTPS TFTs on glass or plastic substrate with high throughput.

According to the reports of James. S. Im et al., excimer laser crystallization of
amorphous silicon thin films on foreign substrate can be divide into three
transformation regimes with respect to the applied laser energy densities [46]-[47].
These are the partial-melting, full-melting, and near-complete-melting regimes, which

are schematically illustrated in Fig. 1-1(a), Fig. 1-1(b), and Fig. 1-1(c), respectively.
Partial-melting regime (Low energy density regime)

In the partial melting regime, the incident laser energy density is larger than the
threshold energy of melting of a-Si films. The applied laser energy density can cause
only surface melting of a-Si_thin films but not the entire silicon films (i.e., melting
depth < film thickness). Therefore, a-Si thin film can be partially melted and
subsequently be recrystallized from the underlying continuous layer of remained solid
Si. In this regime, the poly-Si grain size increases with the increases of the laser
energy density. In addition, it is characterized that explosive crystallization of a-Si
thin film occurs at the onset of the transformation and follows by vertical grain
growth, and competitive occlusion of grains [48]. The early trigger of explosive
crystallization may be attributed to the presence of microcrystalline clusters or to the

presence of impurities in the silicon films.
Complete —melting regime (High energy density regime)

In the complete melting regime, the incident laser energy density is sufficient



high to cause the complete melting of the entire a-Si thin films. Since the glass
substrate is amorphous structure, epitaxial layer growth from the substrate is not
possible. For the complete-melting Si thin film, a deep supercooling of the liquid
silicon film leads to homogeneous nucleation before the transformation of poly-Si in
solid phase [49]-[50]. In this regime, the final microstructure is insensitive to the
applied laser energy densities. Fine-grained and small-grained poly-Si thin films are
attained due to the low substrate temperature. In addition, a phenomenon of

amorphization is observed in thinner silicon films [51].

Near-complete-melting regime (Super-lateral-growth
regime)

In the near-complete-melting regime, the incident laser energy density leads to
a complete melting a-Si thinfilm consisting of un-melted discrete silicon islands (i.e.
melting depth ~ film thickness). James. S. Im et al. indentified the third transformation
regime, the end of the low energy density regime-and the beginning of the high energy
density regime, in a narrow experimental window [52]-[53]. In this regime,
large-grained poly-Si films with grain sizes many times larger than the film thickness
are observed. Since the grain size is much larger than that in the other two
transformation regimes, Im named it super lateral growth (SLG) regime due to its
unique nature [53]. Based on Im’ model, it is argued that the un-melted portion of the
underlying Si no longer forms a continuous layer but instead consist of discrete solid
silicon islands which are separated by small local regions in the completely melting
silicon film. The un-melted silicon islands act as nucleation seeds and lateral grain
growth can proceed toward the complete melting region. Therefore, a significant

lateral growth takes place before the impingement of the grain grown from the other
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side depending on the separation distance between these seeds. There is a limit for the
maximum lateral growth distance; however, since the continuous cooling of the liquid
layer via thermal conduction to the underlying substrate eventually would leads to
copies nucleation of solids in bulk liquid ahead of the interface. According to the SLG
model, the super lateral grain growth distance will increase with thicker film thickness,
higher substrate temperature, lower thermal conductivity of the substrate, and longer
laser pulse duration. In addition, the applied energy density for super lateral growth
regime increases with thicker film thickness, shorter laser pulse duration, higher
thermal conductivity of the substrate, and lower substrate temperature. It is concluded
that the lateral grain growth is resulted from the thermal gradient between the solid
and liquid interface and the lateral "grain growth distance is determined by the
quenching rate of liquid silicon and the residual solid Si seed distance. As a result, the
SLG distance can be prolonged by enlarging the lateral thermal gradient and

increasing the solidification duration.

However, a very non-uniform-grain size-distribution is observed in the SLG
regime due to the fluctuation of pulse-to-pulse laser energy density, non-uniform laser
beam profile, and non-uniformity of a-Si thin film thickness. The non-uniform grain
distribution cause device degradation and poor device-to-device uniformity as the
laser energy density is controlled in the SLG regime. It is very undesirable for device

and circuits applications.

1.3 Motivation

The low temperature polycrystalline silicon (LTPS) thin film transistors (FTFs)
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have been widely applied to high-definition active matrix liquid crystal displays
(AMLCDs) and active matrix organic light emitting displays (AMOLEDs). The
quality of the polycrystalline silicon thin film taking as the active layer of the device
plays an obviously strong character in the device performance. In order to achieve a
high performance LTPS TFTs, we introduced the CW laser longitudinal crystallization
method to reduce the defects of polycrystalline silicon thin film. The defects in the
inter-grain will decrease the electrical characteristics of the device, including the
decreasing the carrier mobility and increasing the leakage current of the device. In
addition, CW laser lateral crystallization has the advantage of simple process, superior
power stability, wide laser process window for large grains, and easy maintenance.
The comparisons of excimer laser and DPSS continuous wave laser are listed in Table
1-2. Among the pulse type laser crystalline methods, the Sequential Lateral
Solidfication (SLS) crystallization method proposed by Robert S et al. has been
achieve high device performance (carrier mobility = 200~300 cm*/V-s), however, the
grain size is limited to 3pum [54]. In.order to produce ultra-large silicon grains in large
area substrates for SOP, 3D-ICs, and solar cell applications, we proposed a simple
method to achieve the high quality polycrystalline silicon film, which is so called
diode pumped solid state (DPSS) continuous wave laser crystallization (CLC) method.
The grain size can be achieved to several tens micro-meter to fabricate the high

performance polycrystalline silicon thin-film transistors.

1.4 Thesis Organization

In chapter 1, an overview of LTPS technologies was given. The polycrystalline
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silicon crystallization processes were brief explained. The motivations of this thesis

were explored to introduce the thesis.

In chapter 2, the setup of continuous wave laser annealing system was brief
introduced and the fabrication processes of polycrystalline silicon thin-film transistors
using diode-pumped solid-state (DPSS) continuous wave laser crystallization (CLC)

were described in detail.

In chapter 3, the CW laser-crystallized poly-Si thin film was analyzed by
several material analyses, including SEM, Raman, AFM, XRD, and the factors that
affected the final crystallization microstructure were also investigated, including the
laser power, the laser scanning speed of the single-scan mode, and the overlapping
ratio of the multi-scan mode. By analyzing the microstructure of poly-Si films, CW
laser crystallization mechanism of-a-Si- films ‘were presented and the electrical

characteristics of CLC poly-Si TFTs were discussed.

Finally, summary and conclusions were given in chapter 4.
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Chapter 2

Basic Concepts of the Continuous
Wave Laser Crystallization (CLC) and
Fabrication Process of Polycrystalline

Silicon Thin-Film Transistors Using
Diode-Pumped Solid-State (DPSS)
Continuous Wave Laser Crystallization
(CLCO)

2.1 Introduction

Recently, low-temperature polycrystalline silicon (LTPS) technology has been
the most promising method to fabricate high performance thin film transistors (TFTs).
As compared to conventional a-Si TFTs, LTPS TFTs using excimer laser
crystallization (ELC) technology have been promise to integrate display driver

circuits on glass substrate such as integrated ambient light sensing, memory in pixel,
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integrated touch, ultra-low power display driving, advanced active matrix liquid
crystal displays (AMLCDs) driving, and advanced active organic light emitting

displays (AMOLEDs) driving.

The demands for thin, light-weight, compact, and high resolution displays are
getting stronger in the mobile applications. Integrating large scale circuits in small
area and reducing power consumption both are requisite features for mobile
applications with high resolution or more functional LCDs [55] In addition, as the
mobility of poly-Si TFT is approaching that of single crystalline silicon, it is possible
to realize system-on-panel (SOP) application which build an integrated drive circuit,
sensors, controller IC, CPU as well as display on glass[56]. However, the present
conventional ELC LTPS technology can not meet the requirements owing to the large
variation in electrical characteristics caused by, grain boundaries in the channel
regions. Although high-performance ELC LTPS TFTs can be fabricated by optimizing
the applied laser energy density and increasing the shot density per area, ELC LTPS
TFTs suffer from poor uniformity of device performance due to the narrow laser
process window for producing large-grain poly-Si. The fluctuation of pulse-to-pulse
laser energy density, non-uniform laser beam profile, and non-uniformity of a-Si thin
film thickness make laser energy density hard to hit the super lateral growth (SLG)
regime everywhere [57]-[58]. Non-uniform and randomly distributed poly-Si grains
will result in large variation of TFT performance when the laser energy density is
controlled in the SLG regime, especially for small geometry TFTs [59]-[61].
Increasing laser shot density per area may improve the crystallization uniformity and
promote the secondary grain growth [62], however, the mass production throughput
will decrease. Besides, excimer laser annealing has some essential drawbacks such as
complex optical system, high facility cost, troublesome maintenance, and poor output
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energy stability. As a result, novel crystallization methods are strong demanded to
enhance both the device performance and uniformity for next generation LTPS TFTs,
thus we proposed so-called diode pumped solid state (DPSS) continuous wave laser
crystallization (CLC) method. The grain size can be achieved to several tens
micro-meter to fabricate the high performance polycrystalline silicon thin-film

transistors.

2.2 Fundamental Crystallization Mechanism of
the Diode-Pumped Solid-State Continuous
Wave Laser-Crystallized Poly-Si Thin Films

Fig. 2-1 shows the"crystallization' mechanism" of continuous-wave laser
longitudinal grain growth, the directional-controlled poly-Si via controlling the laser
power and the laser scan speed. A lateral temperature gradient can be created between
the adjacent areas and there must be un-melting solid Si to act as the seeds for lateral
crystallization. By completely melting the a-Si thin film in a certain region using CW
laser and solidified poly-Si films at the adjacent area, a large lateral temperature
gradient will exist between the complete melting high-temperature liquid-phase
region and un-melting low-temperature solid-phase seeds, and grains will grow
laterally towards the complete melting region from the un-melting solid seeds. As a
result, if the temperature gradient is stable in the liquid-solid interface by suitable
laser power and laser scan speed, directional lateral grain growth of several tens
micrometer can be achieved easily. The lateral grain growth will eventually be

arrested by lateral grains grown from the other side.
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2.3 Experiments

2.3.1 The Setup of the Continuous Wave Laser

Crystallization System

The principle setup of diode-pump solid-state (DPSS) continuous-wave laser
crystallization equipment is shown in Fig. 2-2. The laser light source of this system is
the frequency-doubled diode-pumped solid-state Nd:YVO,4 continuous-wave laser,
operating at the wavelength of 532nm. The laser can achieve a maximum peak output
power 18W. The sample is crystallized and seanned via laser beam scanning and
overlapping on the x-y translation stage. The overlap helps to improve the uniformity
of CW laser-crystallized poly-Si thin films because the crystallinity of poly-Si film in
the middle regions of the laser beam is better than that in the edges of laser beam.
Crystallization of large area is achieved by -moving the sample under the laser beam
via controlling the movement of the x-y translation stage. The scanning direction
paralleled the short axis of the laser beam. The laser power and the velocity of the x-y
translation stage be adjusted by the computer individually during crystallization
process. In addition, the crystallization experiments can be performed at either room

temperature or 500°C . The maximum laser beam size is about 370um * 300um.
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2.3.2 Fabrication of the Polycrystalline Silicon
Thin-Film Transistors Using Diode-Pumped
Solid-State Continuous Wave

Fig. 2-3 shows the key processes for the fabrication of poly-Si TFTs crystallized
by using frequency-doubled diode-pumped solid-state Nd:YVO, continuous-wave
laser irradiation. At first, a 2000 A-thick a-Si layer was deposited by pyrolysis of pure
silane (SiH) with low pressure chemical vapor deposition (LPCVD) at 550°C on
quartz wafer. Then, after standard RCA clean process, the samples were then
subjected to green laser crystallization by diode-pumped solid-state continuous-wave
laser (A=532nm). During the laser.irradiation, the samples were located on a substrate
at room temperature. The power of laser energy density, the laser scan speed, and the
laser overlap ratio were varied. After defining the device active region and standard
RCA clean process, a 1000 A-thick tetraethyl orthosilicate (TEOS) gate oxide layer
was deposited by LPCVD at 700°C. Then, a 2000 A-thick a-Si thin film was
deposited by LPCVD at 550°C for gate electrode. The a-Si thin film and gate oxide
were etched by reactive ion etching (RIE) to form the gate electrode. A self-aligned

phosphorous ion implantation with dose of 5¥10"° cm™

was carried out to form gate,
source and drain regions. Next, a 5000 A-thick TEOS passivation oxide was deposited
by LPCVD at 700°C and the dopants were activated by this step. After contact hole
opening by wet etching, aluminum thin film with a thickness of 6500 A was deposited
by electron beam evaporator system at 8*107 torr, and the Al metal pad were
patterned by wet etching to complete the fabrication of CW laser annealing poly-Si
TFTs.

Several material analysis techniques were used to investigate. They include
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optical microscopy (OM), scanning electron microscopy (SEM) analysis, atomic force

microscopy (AFM), Raman spectroscopy analysis, X-ray diffraction (XRD) analysis.

2.3.3 Electrical Characterization

Current-voltage (I-V) characteristics of the fabricated devices were measure
using a semiconductor parameter analyzer of Agilent technologies 4156C. The
threshold voltage was defined as the gate voltage required to achieve a normalized
drain current of Ips = (W/L) * 10% A at Vps = 0.1V, ie., Vg is extracted

approximately at Ip = 10nA.
W
Vi, = Vs @lgg = 10nA(f)

where W and L are the channel width and channel length, respectively.

The subthreshold swing (SS) can be-calculated from the subtheshold current in the

weak inversion region by

-1
SS = min(%} @Vps = 0.1V

GS

and the field-effect mobility ( « pg) is determined by

f=—— (@5 =0.IV)
Cox (T)VDS

where gn is the maximum transconductance and C,y is the gate capacitance per unit

area. The transconductance (gn) is extracted by the differentiation of Ipg to Vs

ol w
On = GVZSS (@Vps =0.1V) = (TjﬂCOXVDS
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Finally, the I,n/Ios current ratio was defined at Vpg = 3V.
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Chapter 3

Investigation of the Laser Crystallized
Polycrystalline Silicon Thin-Film

Transistors

3.1 Introduction

Large-grained poly-Si thin films always result in high-performance LTPS TFTs
owing to the fewer defect traps in the grain boundaries and interior grains. Hence,
recently, solid-state laser crystallizations of amorphous silicon, including pulsed YAG
20 green laser [63], selectively enlarging laser crystallization (SELAX) [64],
double-pulsed laser annealing [65], and the diode-pumped solid-state (DPSS)
continuous wave laser lateral crystallization (CLC) [66], have been widely studied by
effectively enlarging the poly silicon grain size for high-performance TFTs as
compared with conventional excimer laser crystallization. Among these crystallization
technologies, diode-pumped solid-state continuous wave laser lateral crystallization

proposed by Hara et al. has been demonstrated to fabricate high-performance poly-Si
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TFTs on non-alkali glass substrate because of the large directional silicon grains [66].
In addition, CW lateral crystallization has the advantages of simple process, superior
power stability, wide laser process window for large grains, high throughput, and easy
maintenance. Besides, it is difficult to achieve higher mobility using the conventional
ELC crystallization method due to small grains. In order to produce ultra-large silicon
grains in large area substrates for SOP, 3D-ICs, and solar cell applications, the high
performance polycrystalline silicon thin-film transistors using diode-pumped

solid-state continuous wave laser annealing in this chapter will be discussed.

3.2 Material Analyses of Polycrystalline Silicon
Thin-Films ‘Fabricated via Diode-Pumped
Solid-State (DPSS) Continuous Wave Laser
Crystallization (CLC)

3.2.1 The Single-Scan Results of the Diode-Pumped

Solid-State (DPSS) Continuous Wave Laser

Crystallization (CLC)

In order to obtain the longitudinal grains, the laser power and laser scanning
speed were varied and the process window of producing longitudinal grain can be

obtained (This was discussed in the follow section).

Fig. 3-1 shows the energy profile of the continuous wave laser beam. Because
the emitting light of CW laser is Gaussian distribution, its intensity lateral is

non-uniform laterally, and the central intensity is the highest and outflow boundary is
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lowest. The CW laser power of 3.2W and the laser scanning speed of 40mm/s were
supplied to crystallize the a-Si film. Fig. 3-2 shows the optical microscopy (OM)
image of the laser beam crystallized poly-Si film, and its corresponding SEM images
are shown in Fig. 3-3. From the OM image, we classify the poly-Si thin film into four
regions after the laser annealing. They are the a-Si region, the edge region, the
transition region, and the center region of the laser beam from the outer region to the
inner region. From the Fig. 3-3, the grain sizes were increasing from the edge region
to the center region, and the grain shapes were changed from the small circle grain to
the polygon and longitudinal grains. This is because the laser energy is increasing
from the edge region to the center region and this will be useful for crystallization

owing to the higher power supplying more energy.density.

Partial Melting Growth (PMG)  to Super Lateral

Solidification-like (SLG-like) Crystallization

Fig. 3-4 shows the corresponding laser energies in the plane view and
cross-section view of the laser beam. The liquid-solid interface was located on the
transition region. In this region, the grain growth was partial melting growth (PMGQG)
to super lateral solidification-like (SLG-like) crystallization owing to a vertical
temperature gradient in the liquid phase, as shown in the Fig. 3-6. The heat flow is
from the higher temperature (the top part of the silicon film) to the lower temperature
(the bottom part of the silicon film). The un-melted grains in the top part of the silicon
film act as the seeds, thus the grains grow from the bottom of the silicon film to the

top part of that, and this is so-called partial melting growth (PMQG) to super lateral
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solidification-like (SLG-like) crystallization.

Longitudinal Growth Crystallization

Fig. 3-5 shows the crystallization mechanism of the longitudinal growth in the
center region. A scanning direction temperature gradient was from the present melting
region to the solidified region. The crystallization direction was the same with the
scanning direction due to the strong scanning-direction temperature gradient in the
liquid-solid interface and continuous energy was supplied. Thus, the post annealing
regions act as the seeds and start to crystallize the a-Si thin film from this region to
the present melting region. Because the crystallization. direction is parallel with the
scanning direction, a longitudinal grain can be obtained, and we can reduce the
probability of the electron scatting to improve the device performance by using this

region as the channel region of the TFTs.

The characteristics of the laser beam were summarized in the Table 3-1, and the
crystallinity dependence on the location of the beam profile was shown in the Fig. 3-7.
As a result, the crystallinity of the center region is better than other regions due to the

maximum power obtained from the continuous power supplying.

Laser Energy Effect

Fig. 3-8 shows the optical microscopy (OM) and scanning electron microscopy

(SEM) images of crystallized poly-Si films with various laser energies at the scanning
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speed of 50mm/s and single-scan mode. And the laser powers were varied from 2.0W
to 4.0W. The grain sizes were increasing with increasing the laser power due to the
higher power supplying more energy density and reducing the cooling rate at the same
time. The process window was shown in Fig. 3-10, and the longitudinal large grains
were achieved about in 0.8W. Thus, the process by using diode-pumped solid-state
continuous wave laser crystallization resulted in the better uniformity of the electrical
characteristics of TFTs and it was easily to fabricate the high performance poly-Si

TFTs.

Laser Scanning Speed-Effect

Fig. 3-9 shows the optical microscopy (OM) and scanning electron microscopy
(SEM) images of crystallized poly-Si films with various laser speeds at the laser
power of 3W and single-scan mode. The grain sizes were increasing with decreasing
the scanning speed because the slower scanning speeds result in longer melting
duration. The melting duration affects primarily the quality of the silicon films, the
slower scanning speeds result in longer melting duration and the grain sizes become
larger. The longitudinal large grain were achieved in different scanning speeds, and
this implied that the power stability of the diode pumped solid state continuous wave
laser is better than that of the excimer laser. Thus, it resulted in the better uniformity
of the electrical characteristics and was easily to fabricate the high performance
poly-Si TFTs by using diode-pumped solid-state continuous wave laser

crystallization.
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Process Window

From the results of the laser energy effect and the laser scanning speed effect,
the dependency of the structure of the poly-Si film on the laser power and the laser
scanning speed for a 200nm thick Si film can be summarized in Fig. 3-10. After the
CW laser annealing, the poly-Si thin films can be classified into four crystallization
conditions, which are small grain region (SPC regime), polygonal grain region (partial
liquid phase crystallization), longitudinal grain (fully liquid phase crystallization) and
ablation region (The laser energy is too large. ). The CLC method, with wide range of
scanning speeds and output power levels, makes it easier to form large longitudinal
grains. The grain shapes were changed from longitudinal to polygonal and small
circle by decreasing the power level supplied per second or increasing the scanning

speed [67].

Longitudinal-Crystallized Widths in the Center Region

Fig. 3-11 shows the longitudinal-crystallized widths in the center region of the
laser beam, and the corresponding optical microscopy (OM) images were shown in
the Fig. 3-12. Increasing the laser power or decreasing the scanning speed resulting in
a longer solidification time were useful to enlarge the width of the center region with

longitudinal grains for the channel region of the TFTs.
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3.2.2 The Multi-Scan Results of the Diode-Pumped
Solid-State (DPSS) Continuous Wave Laser

Crystallization (CLC)

We have already successfully converted the a-Si films in the center region into
the poly-Si films with ultra large and high-quality grains by using the long axis
scanning. However, the edge and transition regions of that were still small and
polygon grains which resulting in non-uniform quality of the CLC poly-Si film. And
the defects in the edge and transition regions in the channel deteriorate the
performance of the CLC poly-Si TFTs. Thus, the multi-scan technology for improving

the uniformity of the poly-Si films was also investigated.

Overlapping Ratio

Fig. 3-13 shows the definition of the overlapping ratio of the laser beam and the
equation is shown bellow. The pitch is the distance between the present scan and
previous scan, and the maximum beam width (370um) is defined as the width of the
laser beam in the maximum laser power of 18W and the scanning speed of Smm/s via

long axis scanning.

Overlapping Ratio =(1— - Pitch —) *100%
Maximum BeamWidth
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The Overlapping Ratio of 90% with Various Laser Powers
and Scanning Speeds

In order to improve the uniformity of the laser crystallized poly-Si film, the
overlapping ratio of 90% was studied because such high overlapping ratio will make
the crystallinity of the laser crystallized poly-Si film consistent. Fig. 3-14 shows the
AFM images of the crystallized poly-Si films with various laser energies and scanning
speeds at the overlapping ratio of 90%. In the as-deposited regime, the silicon
remained a-Si, and thus the roughness is fairly smooth. In the solid phase
crystallization (SPC) regime with the laser power of 2W the roughness is still fairly
smooth and about 2nm. In the PMG to.SLG-like regime, the grain growth started from
the bottom part of the silicon filmto the top part of the silicon film. In the process of
the grain growth, the grains impinged on each other, which resulted in rough
mountain ridge-like morphology, and the roughness of this regime is about from
19nm to 27nm. In the longitudinal growth regime, the roughness is about 13nm to
18nm because the grain boundary does not from a ridge at the junction of grain
boundaries and its surface morphology is flatter than the PMG to SLG-like regime
[67]-[68]. The longitudinal grains can be clearly distinguished and the grains extend
in tens of micro-meter. The reason is that the 10% density change between solid and
liquid phases of silicon provides a driving force for the mass transport induced by
surface tension in the molten silicon during the laser crystallization. Fig. 3-15 shows
their 3-D images of the crystallized poly-Si films with various laser energies and
scanning speeds at the overlapping ratio of 90%, and their roughness were compared

in the Fig. 3-16.

Fig. 3-17 shows the Raman spectrum of crystallized poly-Si films with various
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laser energies at the scanning speed of 50mm/s and the overlapping ratio of 90%. The
FWHM and peak position of the Raman spectrum were summarized in the Table 3-2.
From the experimental results, the higher laser energy seems to be beneficial for

improving the grain quality due to larger energy density.

Fig. 3-18 shows the Raman spectrum of crystallized poly-Si films with various
scanning speeds at the laser power of 3.2W and the overlapping ratio of 90%. The
FWHM and peak position of the Raman spectrum were summarized in the Table 3-3.
From the experimental results, the slower scanning speed seems to be beneficial for
improving the grain quality due to longer melting duration. The smaller FWHM of the

peak of the Raman shift exhibits the better crystallinity of the silicon film.

Fig. 3-19 shows the XRD spectrum of crystallized poly-Si films with various
scanning speeds at the laser power of 2W and the overlapping ratio of 90%. Fig. 3-20
shows the XRD spectrum of crystallized poly-Si films with various laser energies at
the scanning speed of 40mm/s and the overlapping ratio of 90%. From the
experimental results, it is well known that the (111) texture has the minimum free
energy of the Si surface. In order to minimize the surface free energy, the longitudinal
grain growth will tend to result in a restricted orientation of (111). On the other hand,
as the scanning peed decreasing or the power energy increasing, the interface between
melting and cooling regions of Si thin films has a tendency to take the (400) surface

[69], which is beneficial for improving the performance of the TFTs.

The Overlapping Effect

In order to improve the quality of the a-Si thin film, different overlapping
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conditions were investigated. According to the crystallinity of the overlapping regions,

we can classify the overlapping states into three conditions:

First, the optical microscopy (OM) images of crystallized poly-Si films with
various overlapping ratio from 10% to 30% at the scanning speed of 40mm/s and the
laser power of 3.2W were shown in the Fig. 3-21. In this regime, the non-reaction
region overlapped each other, and amorphous film remained in the overlapping

regions.

Second, the optical microscopy (OM) and scanning electron microscopy (SEM)
images of crystallized poly-Si films with various overlapping ratio from 40% to 60%
at the scanning speed of 40mm/s and the laser power of 3.2W were shown in the Fig.
3-22. In this regime, the small grain-or polygonal grain remained in the overlapping
regions: In the overlapping ration of 40% regime, because the edge regions were
overlapped each other, the small grain and polygonal grain remained in the
overlapping regions. In the overlapping ratio of 50% regime, because the edge and
transition regions were overlapped each-other, the polygonal grain remained in the
overlapping regions. In overlapping ratio of 60% regime, because the transition
regions were touched each other, the polygonal grain remained in the overlapping

regions.

Third, the optical microscopy (OM) and scanning electron microscopy (SEM)
images of crystallized poly-Si films with various overlapping ratio from 70% to 90%
at the scanning speed of 40mm/s and the laser power of 3.2W were shown in the Fig.
3-23. In this regime, the center region were overlapped each other, and only

longitudinal grains were found in the overlapping regions.

Shuntaro Fujii and Yuta Sugawara et al. reported that the absorption coefficient
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of poly-Si for the green laser is much smaller than that of a-Si [70]-[72]. The a-Si
films effectively absorbed CW laser beams, but the recrystallized Si thin film scarcely
absorbed CW laser beams. It was considered that a-Si and microcrystals, which were
not recrystallized by previous CW laser annealing. The a-Si and microcrystals were
melted during the overlapping of CW laser irradiation and started to recrystallize from
the peripheral crystal grains recrystallized by previous CW laser annealing [69]. In
other words, in the overlapping ratios of 40%~60%, the absorption coefficient of
polygonal and longitudinal poly-Si grains was small, the laser power was almost not
be used to recrystallize the previous polygonal and longitudinal grains. In the
overlapping ratio of 70%~90%, no matter how the crystallinity of the silicon thin film
crystallized by the previous laser annealing was, the high energy in the laser beam
center region of the following laser annealing will 'melt them and form longitudinal
grains. However, the edge and transition regions of the following laser annealing will
not destroy the previous polygonal and longitudinal ‘grains. Thus, the large area of
longitudinal crystallization can be_achieved by wusing the overlapping scanning

technology.

Fig. 3-24 exhibits the Raman spectrum of crystallized poly-Si films with
various overlapping ratios at the scanning speeds of 40mm/s and the laser power of
3.2W. The FWHM of the Raman spectrum were shown in the Table 3-4, and the

crystallinity were better with increasing the overlapping ratio.
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3.2.3 [Electrical Characteristics of Polycrystalline Silicon
Thin-Film  Transistors  Using  Diode-Pumped
Solid-State  (DPSS) Continuous Wave Laser

Crystallization (CLC)

Akito Hara et al. reported that the grain boundary acts as a strong scattering
center for carrier transportation. Thus, the average field-effect mobility of parallel
TFTs is larger than that of perpendicular TFTs [67]. Fig. 3-25 shows the transfer
characteristics and output characteristics of the n-channel TFT crystallized by DPSS
CW laser. The scanning speed was 40mm/s, the overlapping ratio was 90%, and the
channel is parallel with the seanning direction. The measured electrical characteristics
were summarized in the Table 3-5. From the experimental results, in the SPC regime
(with the laser power of 2W), the equivalent field-effect mobility, subthreshold swing,
and threshold voltage were 19.4cm’/V-s,-2.72V/decade, and 7.93V, respectively. In
PMG to SLG-like regime (with the laser power of 2.4W), the equivalent field-effect
mobility, subthreshold swing, and threshold voltage were 86.9cm2/V—s, 1.41V/decade,
and 0.296V, respectively. In longitudinal growth regime(with the laser power of
3.2W), high performance CLC poly-Si TFTs with equivalent field-effect mobility,
subthreshold swing, and threshold voltage were 281cm*/V-s, 0.753 V/decade, and
-1.17V, respectively. These n-channel devices have been fabricated without any
hydrogenation treatment. The CLC TFTs fabricated in longitudinal growth regime
with large directional grains demonstrated the higher driving current and field-effect
mobility, which were attributed to high quality poly-Si thin films with fewer grain

boundaries in the device channel region. The CW laser-crystallized TFTs whose
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channel is parallel with the scanning direction have been demonstrated on the quartz
wafer with champion field-effect mobility of 388cm?/V-s for n-channel devices as

shown in the Fig. 3-26 and Table 3-6.

3.3 Summary

A simple diode-pumped solid-state (DPSS) continuous-wave (CW) laser is
proposed to produce longitudinal grain growth via controlling the laser scanning
speeds and the laser powers. The CW laser-crystallized poly-Si thin films were
analyzed by several material analyses, including SEM, Raman, AFM, XRD, and
factors that affected the final longitudinal crystallization microstructure were also
investigated, including the laser scanning speed, the laser power, and the overlapping
ratio. From the SEM images, the four Kinds of silicon grain structure in the CW laser
crystallized poly-Si thin films with. single-scan mode were obviously distinguished.
The a-Si films in the center region have been successfully converted into the poly-Si
films with ultra large and high-quality grains by using the long axis scanning.
However, the edge and transition regions of that were still small grains which
resulting in the non-uniform quality of the CLC poly-Si film. And the defects in the
edge and transition regions in the channel degraded the performance of the CLC
poly-Si TFTs. Thus, the multi-scan technology for improving the uniformity of the
poly-Si films was studied. In order to crystallize large area with directional large
grains for high TFT performance with good uniformity, the CW laser with an
overlapping 90% was performed. From the SEM and AFM analyses, the directional

large grains were easy formed by CW laser longitudinal crystallization directional

31



large grains (Sum*100 um ) owing to the continuous energy supply and slow cooling
rate of the molten Si without damage to the quartz substrates. In addition, the CW
laser-crystallized TFTs have been demonstrated on the quartz wafer with champion

field-effect mobility of 388cm?/V-s for n-channel devices.
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Chapter 4

Summary and Conclusions

In single-scan mode, owing to the superior power stability (1%) and
strong scanning-directiontemperature gradient, the diode-pumped solid-state
(DPSS) continuous-wave (CW) laser (A= 532nm) crystallization was proposed
to produce large longitudinally grains and exhibited wide process window of
0.8 W via controlling the laser scanning speeds at 50 mm/s and laser powers
from 3.0 W to 3.8 W. The grain sizes of the poly-Si film were about 50 nm* 50
nm, 1 um* 1 um, and 5 um* 100 um corresponding to the SPC, PMG to
SLG-like, and longitudinal growth regimes. Moreover, with increasing the laser
power and decreasing the scanning speed correspond to a larger energy density
and longer solidification time, respectively; it was useful to enlarge the width of

the center region with longitudinal growth.

However, the edge and transition regions corresponding to SPC and PMG
to SLG-like regimes can be suppressed using multi-scan mode and the grain

size was consequently achieved about 100 um over the crystallized area with
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the minimum overlapping ratio of 70%. According to the Raman analysis, the
FWHMs of Raman shift of the CLC poly-Si film were decreased from 6.25
cm™ to 5.11cm™ with increasing the laser power from 2W to 3.2W and, besides,
the field effect mobility of the thin film transistors was increased from 19.4 to
281cm?/V-s due to the better cyrstallinity and larger grain size. The roughnesses
of the longitudinal grains were between 13.308 nm and 18.67 nm, and the
roughnesses of the PMG to SLG-like grains were between 19.00 nm and 27.03
nm. Therefore, the CLC longitudinal grain structure is more suitable for the
high-performance SOP devices. Consequently, the CW laser-crystallized TFTs
have been demonstrated on the quartz wafer with champion field-effect

mobility of 388 cm?/V-s for the n-channel devices.
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Tables

Laser gas XeF XeCl KrF KrCl ArF F,

Output wavelength A(nm) 351 308 248 222 193 157

Table 1-1 Different excimer laser gases and their wavelengthsA.

Table 1-2 The comparisons of excimer laser and DPSS continuous wave laser.

Laser type Pulse laser CW laser(DPSS)

Irradiation time [ew tens ns Several us

wavelength UV range (XeCl 308nm, KrF Visible (532nm,Green)
248nm, ArF 193nm etc)

A-Si absorption coefficient 10% 10"
(cm-1)

Power stability +10% +1%
Process ambient Vacuum/Air Vacuum/Air,N2,02

Growth mechanism Random nucleation and growth  Continuous lateral crystallization

Cost High Low
(facllity | malntenance)
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Table 3-1 The characteristic of the laser beam. The laser power is 3.2W and the

scanning speed is 40mm/s.

like

Center Transition Edge region A-Si
region region region
FWHM (cm-1] 4,97 5.66 17.00 86.46
eak position
el 513.93 513.32 507.17 484,43
(cm-1)
Grain shape Longitudinal Polygongrain | Circlegrain —— e
grain
Grain size ~5um*100um | ~1um*lum |~50nm*50nm SEEEEEE
Crystallization S Partial Melting
Mechanism ol L] Growth to SLG- SPC Non-reaction
growth

Table 3-2 The FWHM and peak position of the Raman spectrum with various laser

energies at the scanning speed of 50mm/s and the overlapping ratio of 90%.

Laser Energy 2.4W 2.8W 3.2W a-Si Si wafer
FWHM
6.25 5.25 5.11 86.46 4.32
(cm-1)
Peak
513.93 513.93 513.93 484.43 520.08
position(cm-1)
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Table 3-3 The FWHM and peak position of the Raman spectrum with various

scanning speeds at the laser power of 3.2W and the overlapping ratio of 90%.

Scan Speed 30mm/s | 40mm/s | 50mm/s a-Si Si wafer
FWHM (cm-1) 4.65 5.28 5.86 86.46 4.32
peak position (cm-1) 513.93 | 513.93 513.32 484.43 520.08

Table 3-4 The FWHM and peak position of the Raman spectrum with various

overlapping ratio at the laser power of 3.2W and the scanning speed of 40mm/s.

Overlapping Ratio 90% 80% 70% 60% 50% a-Si Si wafer
FWHM (cm-1) 4.93 5.27 5.28 6.19 6.35 86.46 4.32
peak position (cm-1) | 513.93 | 513.93 | 513.93 | 513.31 | 513.31 | 484.43 520.08
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Table 3-5 The measured electrical characteristics of the n-channel TFT crystallized by

DPSS CW laser. The scanning speed is 40mm/s, and the overlapping ratio is 90%.

Laser Power S.S On/Off current ratio
Va(V) Mobility(cm?/V-s)
(W) (V/dec) at Vg=3V
2 2.72 7.93 2.67E+05 19.4
2.4 1.410 | 0.296 1.16E+06 86.9
3.2 0.753 | -1.17 5.58E+06 281

Table 3-6 The measured electrical characteristics of the n-channel TFT crystallized by

DPSS CW laser. The scanning speed:is 30mm/s, thelaser power is 3.2W and the

overlapping ratiois 90%.

S.S On/Off current ratio
V(V) Mobility(cm*/V-s)
(V/dec) at Vg =3V
Laser Power
=3.2W
Scanning Speed
1.33 -2.71 3.38E+05 388
=30mm/s
Overlapping

Ratio =90%
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Figures

Excimer laser irradiation Small-grain poly-Si

Fig. 1-1 (a) The schematic illustration of the low energy regime corresponding to

energy densities that partially melting the a-Si thin film.

_. Exm lam maduﬁnn Small-grain poly-Si

Fig. 1-1 (b) The schematic illustration of the high energy regime corresponding to

energy densities that completely melting the a-Si thin film.

Fig. 1-1 (c) The schematic illustration of the super lateral growth regime

corresponding to energy densities that nearly completely melting the a-Si thin film.
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poly-Si
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Laser scan direction CW{iaﬂon

e

Direction of grain growth

== Melting point

Temperature

Si seeds

Direction of grain growth

Fig. 2-1 The crystallization mechanism of continuous-wave laser longitudinal grain

growth.
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n mirrer 4 Coherent, Verdi-V18, Diode Pumped
] K Solid-State (DPSS) Laser : Neodymium
L V A Doped Yitrium Orthvanadate (Nd:YVO4)
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expander  Cylinderlens © Output power : 18W Max
© Wavelength :532nm
[ 1 © Gaussian uniform profile
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7 Iam‘ heaters
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Fig. 2-2 The setup of DPSS continuous-wave laser crystallization.
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LPCVD a-Si2000A

Quartz wafer

Cc ser scanning

Scanning
direction

a-Si . CW laser poly-Si 2000A
Quartz wafer

CW laser poly-Si

Quartz Wafer

LPCVD a-Si2000A
W laser poly-S

Quartz Wafer

42

A 2000A-thick amorphous silicon thin
film was deposited by LPCVD at 550 C
oh quartz wafer.

The samples were subjected to CW laser
irracliation at room temperature. The laser
power. the scanning speed and the overlap
ratio were varied :

Laser Power : 1.6W-4.5W

Laser Scanning Speed : 10mmfs ~ 60mm/s
Overlapping Ratio : 10%~90%

The Active regions were defined by
Dielectric Material RIE 200L. {The
channel is parallel with the scanning
direction.}

a. An 1000A-thick tetraethyl
orthosilicate (TEOS) gate oxide layer
was deposited by LPCVD at 700 C.

b. A 2000A-thick a-Si thin film was
deposited by LPCVD at 550 °C for
gate elcrtrode.



Gate
Oxide

CW laser poly-Si
Quartz Wafer

Selfalignedion implantation

VAR A AVAI A

Gate

Oxide
CW laser poly-Si

Quartz Wafer

Gate Passivation
Oxide layer

Sourcghannel Drain

Quartz Wafer

The a-8i thin film and gate oxide were
stched by Dielectric Material RIE 200L to
form the gate electrode.

A self-aligned phosphorous ion
implantation with a dose of 5 x10'5 cm*<
{ion energy = 50keV} was carried out to
form source and drain regions for n-
type TFT devices.

a. A 5000A-thick TEQOS passivation
oxide layer was deposited by LPCVD
at 700 C and the dopant was insitu
activated in this step.

b. Contact holes were opened by wet
etching.

¢. Aluminum thin film with a thickness
of 6500 A was deposited by electron
beam evaporator system at 8*10-7
torr. and the Al metal pad were
patterned by wet etching to
complete the fabrication of CLC
poly-8i TFTs.

Fig. 2-3 The key process procedures for fabricating CLC TFTs.
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Fig. 3-1 The energy profile of the continuous wave laser beam.

=

Edge region

,Frkfansition region

| Center region

Fig. 3-2 The optical microscopy (OM) image of the laser beam crystallized

poly-Si film, the laser power is 3.2W, the laser scanning speed is 40mm/s.
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Fig. 3-3 The SEM image of the laser beam, the laser power is 3.2W, and the laser

scanning speed is 40mm/s.
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« Fully Liquid Phase Crystalllzation

Partial Liquid Phase Crystallization

« Solid Phase Crystallization

. Non-reaction

Laser Energy
)|

Plane View

Cross-
section
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Fig. 3-4 The laser energies in the plane view and cross-section view of the laser beam.
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Fig. 3-5 The crystallization mechanism of the longitudinal growth in the center

region.
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Fig. 3-6 The crystallization mechanism of the PMG to SLG-like in the transition

region.

—a— Center Region

—e— Transition Region

—a&— Edge Region

—vw— a-Si Region (X10)
Laser Power = 3.2W
Scanning Speed = 40mm/s
Single-Scan

Intensity (arb. units)

460 480 500 520 540
Raman Shift (cm™)

Fig. 3-7 The Raman spectrum of the laser beam.
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\ OM image of the laser baam

Fig. 3-8 The optical microscopy (OM) and scanning electron microscopy (SEM)
images of crystallized poly-Si films with various laser energies at the scanning
speed of 50mm/s and single-scan mode; and the laser powers were varied from

2.0W to 4.0W.

| ScanningSpeed=0mmys | | Scaning Speed 30mm/s | Scaning Speeds 1omnys |

OM image of the laser beam

Fig. 3-9 The optical microscopy (OM) and scanning electron microscopy (SEM)
images of crystallized poly-Si films with various laser speeds at the laser power

of 3W and single-scan mode.
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Fig. 3-10 The process window of crystallized poly-Si films at the center region,
single-scan mode. Influence of laser power and laser scanning speed on the structure
of the grains. The SEM photographs of poly-Si film were crystallized at 2.0W, 2.8W,

3.5W, 4.5W, and the scanning speed is 50mm/s.

20

30

Scanning Speed (mm/s)

49

m all grain




200 T I L) I L] I L] l L) I L} I L} I L} I L} l L) l L] I L}
180 !
= I
2 160 | N
£ I |
T 140 L Single Scan J
= i poly-Si : 2000A
g 120 -
N -

E 100 |- -
m -

> 80} o
Q i

g 60 |- —#— Scanning Speed = 60mm/s ||
§ ol —e— Scanning Speed = 50mm/s ||
= Wr —a&— Scanning Speed = 40mm/s ||
4 5 i —#— Scanning Speed = 30mm/s ||
3 | —&— Scanning Speed = 20mm/s

0 1 1 | | PR | . L. 1 . L 1 PR PR |

22 24 26 28 30 32 34 36 38 40 42 44 46

Laser Power (W)

Fig. 3-11 The longitudinal-erystallized widths in the center region of the laser beam.
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Fig. 3-12 The optical microsco ima longitudinal-crystallized width

in the center region of the laser beam.
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Fig. 3-13 The definition of the overlapping ratio of the laser beam.
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As -deposition
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Rms= 19.006nm
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24W, 50mm/s

Rms= 13.308nm

Fig. 3-14 The atomic force microscopy (AFM) images of the crystallized poly-Si

films with various laser energies and scanning speeds at the overlapping ratio of 90%.



3.907nm Rms= 1|.960nm

2.4W, 40mm /s 3.2W, 40mm /s

Rms= 2.004nm

2W,40mm /s

Fig. 3-15 The 3-D images of the crystallized poly-Si films with various laser energies

and scanning speeds at the overlapping ratio of 90%.
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Fig. 3-16 The roughnesses of the crystallized poly-Si films with various laser energies

and scanning speeds at the overlapping ratio of 90%.
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Fig. 3-17 The Raman spectrum of crystallized poly-Si films with various laser

energies at the scanning speed of S0mm/s and the overlapping ratio of 90%.
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Fig. 3-18 The Raman spectrum of crystallized poly-Si films with various scanning

speeds at the laser energy of 3.2W and the overlapping ratio of 90%.
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Fig. 3-19 The XRD spectrum of crystallized poly-Si films with various scanning

speeds at the laser power of 2W and the overlapping ratio of 90%.
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Fig. 3-20 The XRD spectrum of crystallized poly-Si films with various laser

powers at the scanning speed of 40mm/s and the overlapping ratio of 90%.
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Fig. 3-21 The optical microscopy (OM) images of crystallized poly-Si films with
various overlapping ratio from 10% to 30% at the scanning speed of 40mm/s and

the laser power of 3.2W.
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LaserPower= 3.2W, Scanning Speed =40mm/s, Multi-Scan Mode
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Fig. 3-22 The optical microscopy (OM) and scanning electron microscopy (SEM)
images of crystallized poly-Si films with various overlapping ratio from 40% to

60% at the scanning speed of 40mm/s and the laser power of 3.2W.
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Fig. 3-23 The optical microscopy (OM) and scanning electron microscopy (SEM)

images of crystallized poly-Si films with various overlapping ratio from 70% to

90% at the scanning speed of 40mm/s and the laser power of 3.2W.
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Fig. 3-24 The Raman spectrum of crystallized poly-Si films with various overlapping

ratios at the scanning speeds of 40mm/sand the laser power of 3.2W.
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Fig. 3-25 The transfer characteristics and output characteristics of the n-channel TFT
crystallized by DPSS CW laser. The scanning speed is 40mm/s, and the overlapping

ratio is 90%.
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Fig. 3-26 The transfer characteristics and output characteristics of the n-channel

TFT crystallized by DPSS CW laser. The scanning speed is 30mm/s, the laser

power is 3.2W, and the overlapping ratio is 90%.
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