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Chapter 1: Introduction




1.1 Background

1.1.1 Low temperature poly-Si thin film transistors

Thin film transistors (TFTs) have been a key technology for developing active matrix
flat panel displays (AM-FPDs) for over 30 years. Since 1980s, a-Si:H TFTs have been
applied in manufacturing large area mass displays. They however have a low electron
field effect mobility (perr) of < 1 ecm?V-!s7[1]. Since 1990s, the TFTs for mobile displays
have been highly demanded to have a high pefr, and research and development on poly-
Si TFTs and oxide TFTs have been progressed. A-IGZO TFTs have more advantages due
to simple process and can be fabricated at room-temperature. Their per of ~ 10 cm?V-!s™!
is high enough for LCDs and OLEDs of desk top displays and TVs [2,3]. For high
resolution mobile displays and digital processing applications such as system on panel
(SOP), three-dimensional (3D) electronics, and integrated circuits (ICs), high
performance low temperature poly-Si (LTPS) TFTs with high pefr of more than 100 cm*V-
s have greater advantages. The poly-Si TFTs’ performance has been continuously
enhanced by the progress of many crystallization methods such as excimer laser annealing
(ELA), sequential lateral solidification (SLS), solid-phase crystallization (SPC), plasma
jets, and continuous-wave laser lateral crystallization (CLC) [4-10]. Among these
technologies, the CLC is a promising technology because it is a simple method to form
large crystal grains growing along laser scanning direction. These grains are larger than
feature size of devices and their boundaries are parallel to current flow. Hence, the effect
of grain boundaries on device performance becomes insignificant. Utilizing the CLC,
high-performance TFTs with pesr of 566 cm?V-!s! have been achieved [11]. On the other
hand, nanowire TFTs fabricated on the CLC poly-Si films had excellent field effect
mobility of up to 900 cm?V-'s! because these TFTs were patterned in single crystal grains
and were considered as single-crystal TFTs [12]. However, the CLC poly-Si thin films
have random orientation resulting from the Gaussian distribution of laser beam. The
performance of the TFTs fabricated on these films is remarkably different. For dealing
with this disadvantage, controlling the preferential orientation of the poly-Si thin films
plays a very important role. Among mobility anisotropy of carriers, (100) crystals provide

the highest electron mobility and lowest hole mobility. In addition, the poly-Si TFTs have



advantages comparing to bulk silicon devices due to high tensile strain induced in the
poly-Si thin films. Therefore, (100) preferentially oriented poly-Si thin films would

provide excellent TFTs.
1.1.2 Electron and hole mobility dependence on crystal orientation

It is widely known that the mobility of carriers is anisotropic in semiconductor devices
because of the anisotropy of electron and hole effective mass and the difference of density
of states at the Si/Si0> interface between crystal orientation. The most important factor is

the effective mass of the carriers.

Bulk Si

|
- ,ﬁi
V ’ , (025)1
m; = h >
ok,

>—

kX

>
Y 4 A m,=m, = 0.92m,
v

m,=m, =m, = 0.19m,

Fig. 1.1 Shape of conduction band valleys of silicon as constant energy surfaces in k-space.

Unconfined bulk silicon conduction band consists of sixfold degenerate valleys as
shown in Fig. 1.1. Each isoenergy ellipsoid has longitudinal effective mass mi; = 0.92mo
and transverse effective mass m¢ = 0.19my. Therefore, the effective mass is anisotropic
among crystal orientations and predominately controls the mobility. The minimal average

effective mass is along principle axes.



Table 1 Characteristics of Si crystal planes

Orientation | Plane area of | Atoms in Available Atoms/cm? Available
unit cell area bonds in bonds/cm?
(cm?) area
<100> a? 2 2 6.8 x 104 6.8 x 104
<110> V2a? 4 4 9.6 x 104 9.6 x 104
<111> V3a? 2 3 7.85%x 10 | 11.8 x 10'4

The second important factor is the density of states at the interface (Dj;) related to
available bonds per unit area on the silicon surface. The characteristics of (100), (110),
and (111) oriented Si crystal planes are listed in Tab. 1. It appears that the (100) surface
has the smallest number of available bonds [19-20].

450 | ]
400 | -

w

[24]

o
T

Electron s

200 ; \ -
150 i . Hole ]
L \.‘_\‘—-—.—h‘ -‘

(111) (211) (100)
Surface orientation

w

o

o
L)

Mobility p__ (cm’/Vs)
]
(2]
(=]

(110)

Fig. 1.2 Field effect mobility of electron and hole as functions of surface orientation in MOSFETs

[14].

In silicon MOSFETs, the carrier mobility is dependent on the surface orientations of
the substrate. It has been reported that p(100) is higher than p(111) and p(011) for electron
mobility and the ratio of u(100)/ w(110) is appropriately 2 for electron mobility shown in
Fig. 1.1 [14]. Contrastingly the highest hole mobility appears on the (110) plane. It



decreases in the order of p(110) > u(111) > pu(011) for hole mobility. These orders of the

mobility is in accordance with the order of calculated effective mass of carriers [13-18].

Phonon scattering

Mobility
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Fig. 1.3 Universal mobility curve of silicon MOSFETs

In addition, other parameters such as impurity concentration, temperature, and grain
boundaries in polycrystalline semiconductors are remarkable factors that impact on the
mobility [21-22]. Figure 1.3 shows the universal mobility curve of silicon MOSFETs. It
can be divided into Coulomb scattering, phonon scattering, and surface roughness
scattering. The mobility is limited by these scattering. Phonon scattering is dominant at
high temperature. Surface roughness scattering becomes more dominant as the high
effective field is applied. On the other hand, Coulomb scattering has a higher effect with

higher impurity concentration.

1.1.3 Strain-induced energy band splitting and device performance

enhancement

Strained-Si technology has been applied to improve the carrier mobility of MOSFETs.
Strained-Si/Relaxed-SiGe has been a typical technology that has been developed for a
previous decade. The band structure will be modified with band splitting and band
warping. Tensile strain makes the conduction band energy splitting into two energy states
of A2 and A4. It deduces the average electron effective mass via repopulation of A shown

in Fig. 1.4. In addition, if the energy splitting between Az and A4 valleys becomes larger



than optical phonon energy (~60 meV for Si), intervalley phonon scattering is effectually
repressed. Therefore, the mobility is significantly enhanced due to a decrease in average

conductivity mass and a suppression in intervalley scattering [23-26].
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Fig. 1.4 Schematic of conduction band splitting in strained-Si.
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Fig. 1.5 Experimental electron and hole mobility enhancement in bulk Si devices [27-29].

It has been reported that the biaxial tensile strain significantly enhanced electron
mobility and compressive strain enhanced hold mobility. With a biaxial tensile strain of
0.45%, the enhancement of electron mobility was up to 50% shown in Fig. 2(b). The
electron mobility enhancement of uniaxial tensile strain is better than that of biaxial

tensile strain .
1.2 Motivation and purpose

High-performance LTPS-TFTs have been a key goal for the continuous progress of
the FPD technology and digital processing applications. With the advantage of high
biaxial tensile strain poly-Si thin films, the electron mobility of the poly-Si TFTs has been
expected to be higher than that of bulk Si devices. With high mobility TFTs, that are
comparable to c-Si devices, their applications such as the SOP, 3D-electronics, and ICs
glass sheet computers can be developed in the future. However, the TFTs’ mobility has
been limited due to the effects of grain boundaries of small crystal grains and
uncontrollable crystal orientation. For high-performance poly-Si TFTs, grain size needs
to be larger than the feature size of device’s channels, and the surface crystal orientation

of poly-Si films need to be controlled. In the previous work of our group, using multi-line



beam (MLB) CLC, (211)-(110)-(111) oriented poly-Si thin films with 100 pm long grains
were formed at a high laser exposure energy regime. We found that MLB-CLC is a
promising technology to form preferentially oriented poly-Si thin films. Poly-Si TFTs
with 450 ¢cm?V-!s! electron mobility were fabricated on these poly-Si films. For
ultrahigh-mobility TFTs, (100)-dominantly oriented poly-Si thin films with large crystal
grains have generated a high demand. In this work, utilizing the MLB-CLC, we focused
on forming highly (100) oriented poly-Si thin films and fabricating ultrahigh-performance
LTPS-TFTs on these films.

1.3 Dissertation overview

This dissertation consists of six chapters, as illustrated in Fig. 1.3. The purpose of our
research is formation of highly (100)-oriented poly-Si thin films and fabrication of
ultrahigh-performance LTPS-TFTs on these films. We studied in the mechanism of (100)
poly-Si thin film formation and TFT’s performance enhancement to develop these
devices in practical applications.

Chapter 2 describes the MLB-CLC technology that was applied to form (100) poly-
Si thin films and characterization of the (100) poly-Si thin films. Crystallinities of the
poly-Si films are very important for device performance. Various measurement methods
were applied to characterize the poly-Si thin films. It shows that the poly-Si thin films
had an excellent orientation preference and (100) crystal grains of approximately 20 x 2
um? were dominant in very large areas. These films are promising to realize excellent
TFTs. (Main paper 3)

Chapter 3 describes the effect of crystallization conditions on the crystallinities of the
poly-Si thin films. The crystallization conditions play a decisive role for the orientation
of the film. The conditions of overlapping ratio, scanning speed, and laser power were
varied to investigate their effect on the crystallinities. These results suggest the
mechanism of (100) texture formation and development of (100) orientation in large areas
of the films. (Main papers 3)

Chapter 4 shows the fabrication process and characterization of LTPS-TFTs
fabricated on (100) poly-Si thin film. With a low temperature process of under 550°C,
ultrahigh performance TFTs were achieved. They have ultrahigh-mobility of 1010 cm?V-



!5 and excellent threshold voltage, sub-threshold slope, and ON/OFF ratio. Variation of
TFTs’ performance was also described. Characteristics of PMOS-TFTs were also
described in this chapter. (Main paper 1, 2)

Chapter 5 shows discussions in the mechanism of (100) texture formation, orientation
preference development in large areas, and TFT’s performance enhancement. These
discussions are based on our above results. The mechanism is very important for
developing this technology.

In chapter 6, we conclude the achievements of this research. In addition, we suggest

some works to develop this technology in the future.
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Chapter 2: (100)-dominantly Oriented Poly-Si Thin
Film Formation with Multiline Beam Continuous-wave
Laser Lateral Crystallization
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2.1 Introduction

Formation of (100) oriented poly-Si thin films have been attracted much attention to
enhance the performance of LTPS-TFTs because (100) crystals provide the highest
electron mobility. With conventional ELA and CLC technologies, a (100) poly-Si thin
film has been a challenging issue to researchers [1-6]. By combining the ELA with
additional processes such as metal induced lateral crystallization (MILC) and u-
Czochralski, well crystal-oriented poly-Si thin films were formed and high-performance
TFTs with 998 cm*V-!s™! electron mobility have been reported [7-10]. However, this
method is applicable only to the substrate with a structure of SiO/Si and the SiO;
patterning is needed. By using CLC, the poly-Si thin films have advantages that are large
crystal grain size and dimensional crystal growth. Therefore, the effect of grain
boundaries on TFT’s performance is significantly reduced [11,2]. Formation of
preferentially oriented poly-Si thin films with CLC becomes crucial. Especially, (100)
oriented poly-Si thin films are the most important. In the previous work of our group, we
have deformed the Gaussian laser beam into multi-line beam (MLB) by combining CLC
with a diffractive beam homogenizer and an optics to improve laser energy distribution.
Therefore, the energy density of laser beams is relatively uniform along the width
direction of the beam. Uniform poly-Si thin films can be obtained by using MLB-CLC.
In fact, highly bi-axial oriented poly-Si thin films were formed by MLB-CLC at a high
laser exposure energy level (9 W laser power and 0.1 cm/s scanning speed). At this
condition, long (211)-(110)-(111) crystals were dominant in the film [13-14]. MLB-CLC
1s a promising technology to make the poly-Si thin films uniformly oriented. Up to now,
controlling poly-Si thin films oriented at (100) plane is highly demanded for high electron
mobility. In this work, we form highly (100) oriented poly-Si thin films with MLB-CLC
and precisely characterized crystallinities of the poly-Si films. Moreover, we developed

(100) textures in large areas with an overlapping scanning.

15



2.2 Experimental

2.2.1 Sample preparation

Amorphous Si (a-Si) samples were prepared as follows. An a-Si film of 150 nm
thickness deposited at a temperature of 430 °C by Plasma-Enhanced Chemical Vapor
Deposition (PECVD) on a 1 um thick SiO> buffer of a quartz substrate with an OH
concentration of below 100 ppm. The thickness of the a-Si was determined by penetration
length of laser source with wavelength of 532 nm. Then, a cap SiO; of 100 nm thickness
were deposited by the PECVD to reduce surface roughness of the film [15]. To reduce
the large amount of hydrogen, the film was partially dehydrogenated by furnace annealing

at 490 °C in N; ambient for an hour.

2.2.2 Application of multiline beam continuous-wave laser lateral

crystallization

Multi-line Beam . ; Diffractive Beam
Shrinkage Optics
(1.1 mm X 100 um) ’7 Gk Ry Homogenizer

Samplcl

| Laser Expander
X-Y Linear Stage

Nd:YVO,
DPSS CW Laser
(A=532 nm)
Gaussian Laser Beam
(Diameter: 2.3 mm (1/¢?))

Fig. 2.1 Schematic of MLB-CLC system.

The schematic of MLB-CLC system is shown in Fig. 2.1. We used 532 nm continuous-
wave (CW) laser of diode pump solid state (DPSS). The original laser beam has circular
shape of 2.3 mm diameter and Gaussian energy distribution. After passing through the

diffractive beam homogenizer and the optics, Gaussian beam is deformed into multiline
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parallel beam. The number of line beam and energy distribution between line beams can

be changed by adjusting the position of homogenizer and optics.

The top-view and cross-sectional profiles of multiline laser beam are shown in Figs.
2.2(a)-2.2(c). The laser beam have three line beams and approximately 1100 um width.
The energy density of each line beam is relatively uniform along beam width. The
intensity of the center line beam is smaller and more uniform than that of others. By using
MLB-CLC, preferentially oriented poly-Si thin films can be formed because crystal
nucleation can occur at the exposed regions between line beams. These regions have
approximately uniform supercooling temperature; therefore, preferentially oriented
crystal nuclei can be grown. For laser crystallization, as the X-Y stage with samples move

along X axis, they would be irradiated with the laser.
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Fig. 2.2 (a) Top-view, (b) Y-cross-sectional, and (c) X-cross-sectional profiles of multi-line

laser beam [17].
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2.2.3 Overlapping scanning process

Fig. 2.3 Schematic of scanning process [17].

The laser beam was scanned over the samples with single scans and overlapped scans.
The schematic of scanning process is shown in Fig. 2.3. The sample was placed on an X-
Y stage. It was irradiated by the laser beams as the stage moved along X direction. After
each linear single motion along X-axis, the stage shifted with a step of 4Y on Y-axis.
Overlapping ratio (Ro) is determined as the ratio overlapped area between two continuous

scans as follows:

R,y=—""—— 2.1)

where Ro is overlapping ratio, Wp is the width of laser beam.

Laser exposure energy per unit area can be averaged by overlapping scanning in the entire

film.

After the a-Si thin films had been irradiated by the laser, the crystallization state of the
films was observed by photomicroscope. Before the crystallinities of poly-Si films were
characterized by X-ray diffraction (XRD), electron back scattering diffraction (EBSD),
and 2-dimensional (2D) XRD, the SiO; cap layer had been removed by a buffered
hydrofluoric acid (BHF) solution.

18



2.3 Results and discussions

2.3.1 (100) texture formation with MLB-CLC by single scans
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Fig. 2.4 (a) Microphotograph of a typical MLB-CLC poly-Si thin film formed at 6 W laser
power and 0.8 cm/s scanning speed, (b) lateral-crystallized Si area ratio versus laser power and
scanning speed [17].

Figure 2.4(a) shows the microphotograph of a poly-Si film formed by MLB-CLC at 6
W laser power and 0.8 cm/s scanning speed of a single scan. A lateral-crystallized Si area
was observed at the middle of an irradiated region shown in the (II) area of Fig. 2.4(a).

At the sides, the film typically consisted of microcrystals and a-Si regions observed in the
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(D and (II) regions. The lateral-crystallized area ratio dependence on the scanning speed
and laser power is shown in Fig. 2.4(b). It shows that the Si could not be laterally
crystallized above the condition of 0.4 cm/s speed for 5 W power, 1.0 cm/s for 6 W power,
and 2.0 cm/s for 7 W power. These conditions are considered as a threshold for lateral-
crystallized Si. Under the threshold of the scanning speed, the lateral-crystallized Si
region became larger. And, approximately 100% area of the lateral-crystallized Si was

definitely obtained at the speed of 0.2 cm/s for 6 W and 0.5 cm/s for 7 W.
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Fig. 2.5 Out-of-plane XRD spectra of MLB-CLC poly-Si films formed by single scans [17].

Figure 2.5 shows out-of-plane XRD spectra of the poly-Si films formed by single scans
at two different conditions of the scanning speed of 0.8 and 0.2 cm/s with a fixed 6 W
laser power. (400) and (111) peaks were observed at the former condition. Large (311)
and (111) peaks were observed at the later in which the lateral-crystallized Si almost
occupied the entire film. It indicated that the crystal orientation of the poly-Si film was
strongly affected by the scanning speed of under the threshold. The preferential surface
orientation of the poly-Si film turned from (100) to (311) as the speed decreased from the
threshold.
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Fig. 2.6 Grain mappings of the poly-Si film measured by EBSD in (a) the normal surface
direction, (¢) laser scanning direction, and (¢) tranverse direction (crystallization conditions: 6 W

laser power and 0.8 cm/s scanning speed) [17].

Figures 2.6(a), 2.6(b), and 2.6(c) show the grain mappings of the poly-Si film
measured by EBSD in the normal surface direction, scanning direction, and transverse
direction, respectively. The pattern resolution of this measurement was 200 nm in a 100
x 100 um? with 249000 points. The color chart is shown in the lower right corner of Fig.
2.6(c) and the red corresponds to (100) orientation. The crystallization conditions are 6
W laser power and 0.8 cm/s scanning speed as shown in the Fig. 2.4(a). The measurement
was carried out at the lateral-crystallized area. Si crystal grains with an average size of 20
x 2 um? were continuously developed along the laser scanning direction. The poly-Si film
not only had a strong (100) orientation preference in the all three directions, but its
crystallinity was also relatively uniform in the lateral-crystallized Si region. These (100)

biaxial oriented crystals would significantly enhance the TFTs’ performance.

111

1ud e . &8 g 4 =
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Fig. 2.7 Inverse pole figures of the poly-Si thin film in normal surface, scanning, and

transverse directions, respectively.
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EBSD inverse pole figures of the poly-Si thin film are shown in Fig. 2.7. The black
dots in these figures correspond to the orientation of measured points. It appears that the
orientations near (100) plane were dominant in all three figures. Note here that
crystallization condition for the above (100) dominant orientation was 6 W laser power
and 0.8 cm/s scanning speed. This condition was just above the threshold for lateral-

crystallized Si.

2.3.2 Formation of (100) oriented large poly-Si thin films with

overlapping scanning
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Fig. 2.8 (a) Microphotograph and (b) XRD spectra of a typical poly-Si film formed with

overlapping scanning.
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At the condition of (100) texture formation, approximately 50% of irradiated area
could not be lateral-crystallized. For forming large (100) poly-Si thin film, overlapping
scanning was applied. The photomicrograph of a poly-Si thin film formed with
overlapping scanning is shown in Fig. 2.8(a). It indicates that the microcrystal regions
disappeared and the lateral-crystallized Si area was enlarged in the whole film with
overlapping. Figure 2.8(b) shows crystallility of laser crystallized poly-Si thin film
measured by X-ray diffraction (XRD) measurement. This graph indicates that (111) and
(400) peaks were observed. The XRD intensity of (400) peak was much higher than that
of (111) one. According to XRD intensity ratio normalized by the silicon NBS standard
reference material, the normalized XRD area intensity ratio of (400) peak reached up to

97.2% [16].

Ra=1.65nm HE

Fig. 2.9 (a) Grain map of surface direction and (b) surface morphology of the laser-crystallized

poly-Si thin film (laser power: 6W, scanning speed: 0.8 cm/s, 83% overlapping ratio) [18].
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Figures 2.9(a), and 2.9(b) show the grain mappings and the surface morphology of
MLB-CLC poly-Si film measured by EBSD in the normal surface direction, and atomic
force microscope (AFM), respectively. The conditions of the laser scanning were 6 W
laser power, 0.8 cm/s scanning speed, and 83% overlapping ratio corresponding to
appropriately six scans. The measurements were carried out in a 200 x 100 pm? area. Si
crystal grains with an average size of 20 x 2 um? were developed along the laser scanning
direction. Furthermore, the poly-Si film had a strong (100) surface orientation preference.
An average roughness (Ra) of 1.65 nm was found due to the cap SiO». It is found that the

average roughness of the poly-Si film was relatively stable.

Two-dimensional orientation in a large area of the poly-Si thin film were measured by
2D-XRD. X-rays came to samples placed on the stage. The stage was rotated around the
normal direction with rotation angle shift of 0.4°. Diffractive X-rays were detected by a
2D-detector. Diffraction images were collected twice per second. Schematic and photo of

2D-XRD equipment are shown in Fig. 2.10.

/|

ND \
| Detector

Fig. 2.10 (a) Schematic of 2D-XRD measurement, (b) photo of 2D-XRD apparatus.
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Fig. 2.11 2D-XRD images of (a) (100) c-Si and (b) the laser-crystallized poly-Si thin

film (6 W laser power, 0.9 cm/s scanning speed, 83% overlapping ratio).

Figures 2.11(a), 2.11(b) show 2-Dimension (2-D) XRD images of the (100)Si single
crystal wafer (c-Si) and poly-Si thin film, respectively. Crystallization conditions were 6
W laser power, 0.9 cm/s scanning speed, and 83% overlapping ratio. The vertical and

horizontal axes of the images correspond to out-of-plane and in-of-plane directions,
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respectively. The grazing angles of incident X-ray were 0.12° for the poly-Si film and 2°
for the c-Si, respectively. The color chart corresponding to relative XRD intensity was
shown in Fig. 5(b). Red rings observed at the 2theta of 14° in the 2-D XRD result of the
poly-Si films was inelastic X-Ray scattering from quartz substrate. Peaks observed in the
poly-Si films including (111), (220), (311), and (113) peaks were located as the same as
those of the c-Si. The (022) one could not be observed in the image of the ¢-Si due to a
large grazing angle. This result shows that the (100) surface orientation preference of the

poly-Si thin film was extremely strong and comparable to (100) c-Si.
2.3.3 Biaxial tensile strain of poly-Si thin film

It has been reported that poly-Si thin films have high tensile strain that remarkably
improves both electron and hole mobility. The strain of the poly-Si film is produced by
the difference between the coefficient of silicon and the SiO» buffer layer, when the Si is
heated beyond its melting point, and contracts during cooling relative to the SiO2 buffer
layer [17,18]. The strain and structural distribution of the (100) poly-Si thin films were

characterized by Raman spectroscope comparing with the XRD.
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Fig. 2.12 Raman spectra of the poly-Si thin film and c-Si [17]
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Figure 2.12 shows the micro-Raman spectra of the MLB-CLC poly-Si thin film and
the single-crystal Si (c-Si) wafer. The full width at half maximum (FWHM) of the Raman
peak of the poly-Si film was determined approximately that of the c-Si. This result
demonstrated an excellent structural order of crystalline Si. In addition, the Raman peak
of the poly-Si film were shifted Aw = -4.45 cm™ lower than that of the c-Si. A averaged
thermal bi-axial tensile stress of 1112 MPa in the poly-Si was calculated by the relation

equation of Aw and stress (o) [19,20]:
o(GPa) =-0.25 (Gpa/cm™) x Aw (cm™) (2.2)

From XRD spectrum of the poly-Si thin film shown in Fig. 2.8(b), two adjacent (400)
peaks with various XRD intensities were observed at an angle (26) of 69.455° and
69.679°. These angles corresponding to characteristic X-Ray of CuKa(1) and CuKa(2)
were shifted to a higher angle than that of standard Si. The lattice constant, which was
calculated from Bragg’s law, was 5.409 A and 0.022 A smaller than the equilibrium lattice
constant in the out-of-plane direction. This value indicates that the MLB-CLC poly-Si
film had an out-of-plane compressive strain (&y) of -0.4%. That is in turn the consequence
of a biaxial tensile strain. According to the published literature of M. T. Currie, et al [21],
an electron mobility enhancement of approximately 45% can be achieved with this value

of the biaxial tensile strain.

On the other hand, an average thermal explanation coefficient () of 4.67 x 10 K'!
was evaluated for the poly-Si thin films between room temperature and melting point

(AT) as the following equation:

a =2 (2.3)

T 2uAT

where v = 0.279 is the Poisson constant of Si (100) in <001> direction and & is the

biaxial tensile strain [17,22-26].

It is worth noticing here that the thermal expansion coefficient of the poly-Si is greater
than that of single crystal Si of 3.8 x 10 K"!, and is in good agreement with the suggestion
of H. Tada et al [17].
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2.4 Conclusions

We demonstrated (100) poly-Si thin films formed by using MLB-CLC with single
scans. The crystallization conditions for (100) texture formation were just above a
threshold for lateral crystallized Si. With these conditions, the poly-Si thin films had (100)
orientation in all surface, scanning, and transverse directions. Si(100) crystal grains
developed along the laser scanning direction. They were relatively uniform and had a
very large size of 20 x 2 um?. However, approximately 50% area of the irradiated film
could not be laterally crystallized with these conditions. By overlapping scanning, (100)
textures were achieved in a large area of the film. Moreover, the poly-Si thin films had a
high bi-axial tensile strain in planar direction and a compressive strain in depth direction.
Average stress was determined as 1112 MPa. The crystallinities of the poly-Si films were
characterized by 2-Dimension X-Ray diffraction. It is found that the poly-Si thin films
had (100)-surface oriented crystals in large areas, dominantly. In summary, the MLB-
CLC poly-Si thin films had excellent orientation preference, large crystal grain size, well
structural order that was comparable to the c-Si, and had high bi-axial tensile strain. These
excellent crystallinities are advantages and make MLB-CLC a promising technology to

realize ultrahigh-performance TFTs with large substrates.
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Chapter 3: Effect of Crystallization Conditions on
Crystallinities of Poly-Si Thin Films
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3.1 Introduction

In chapter 2, biaxially (100)-oriented poly-Si thin films formed by MLB-CLC with
single scans were discussed. The crystallization conditions of laser power and scanning
speed for (100) texture formation were just above the threshold for lateral-crystallized Si.
By overlapping scanning, (100) textures were achieved in large areas. The poly-Si thin
films predominantly had (100) surface orientation. These films are promising to realize
ultrahigh-performance TFTs that are the key for the progress of Si device technology.
Ultrahigh-performance TFTs, which are comparable to c-Si devices, can be applied for
digital processing in which c-Si wafers have mainly used. We found that the crystallinities
of the poly-Si thin films were strongly dependent on crystallization conditions. Therefore,
investigating the effect of crystallization conditions on the crystallinities of the poly-Si
thin films becomes extremely essential for comprehending the mechanism of (100)
orientation control, and developing this technology. The effect of crystallization
conditions on the crystallinity of poly-Si thin films has been investigated for some kinds
of crystallization methods [1-7]. After this investigation, the optimal crystallization
conditions would be suggested for device fabrication. In this chapter, we investigate their
effectible factors consisting of laser power, scanning speed, and overlapping ratio. These
results would be very important for understanding the mechanism of (100) texture

formation as well as optimizing the crystallization conditions.
3.2 Experimental

3.2.1 Investigation of laser beam configuration and overlapping scanning

on crystallinities of poly-Si thin films

In the chapter 2, a (100)-surface-oriented poly-Si thin film was realized in a large area
with 83% overlapping ratio. Its crystallinities were also characterized by EBSD. In this
chapter, overlapping scanning dependence of crystallinities of poly-Si thin films would
be clarified. In order to investigate the effect of the overlapping scanning on the
crystallinities of poly-Si thin films, we based on the good conditions of laser power and

scanning speed for forming (100) oriented poly-Si thin films by single scans.
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Subsequently, these optimal conditions were fixed with 6 W laser power and 0.9 cm/s
scanning speed. At these fixed conditions, the overlapping ratio was varied from 48% to
98%. The change of the overlapping ratio corresponding to the modification of the
number of overlapped scans (from 2 to 45 scans). The crystallinities of these laser-
crystallized poly-Si thin films were characterized by XRD and EBSD measurements after

their cap SiO» layers were removed.

3.2.2 Investigation of scanning speed and laser power on crystallinities of

poly-Si thin films

The laser power and scanning speed were varied to investigate their effects on the
crystallinities of the poly-Si films. Firstly, as the overlapping ratio was fixed at 83% and
laser power was fixed at 6 W, the scanning speed was changed from 0.2 to 1.0 cm/s. The
surface orientation of the laser-crystallized poly-Si thin films was examined by out-of-
plane XRD and 2D-XRD measurements. Secondly, the laser power was changed from 5
to 8 W and the scanning speed was also varied to find the appropriate conditions for
forming (100) poly-Si thin film. The crystallinities of the poly-Si thin films were then
characterized by the XRD and EBSD measurements.
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3.3 Results and discussions

3.3.1 Effect of overlapping scanning on the crystallinities of poly-Si thin
films

)

Fig. 3.2 Grain mapping of the MLB-CLC poly-Si film (6 W laser power, 0.8 cm/s scanning
speed, 83% overlapping ratio)

Figures 3.2(a), 3.2(b) and 3.2(c) show grain mapping in the normal surface, scanning,
and transverse directions, respectively, of the MLB-CLC poly-Si film formed with 83%
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overlapping ratio. It is apparent that (100) orientation preference was stable in the normal
surface direction. However, it was locally changed to (110) or other planes in the scanning
and transverse directions. These crystals were rotated around [001] axis from (010) to

(110) plane in laser scanning and from (100) to (110) plane in transverse direction.

Boundaries:
CSL Sigma |

Fig. 3.3 Grain boundary map of the laser-crystallized poly-Si thin film (laser power: 6W,
scanning speed: 0.8 cm/s, 83% overlapping ratio).

Figure 3.3 shows grain boundary mapping evaluated as coincidence site lattice (CSL)
measured by EBSD. CSL X1 and X3 boundaries were typically observed. X1 is small
angle grain boundary and 23 is crystal twin. Especially, the CSL grain boundaries were
absent in very large areas of over 100 x 10 um? as shown in (1), (2), and (3) of Fig. 3.3
because crystals were bi-axially oriented at (100) and they had small misorientation
angles. These results indicate that although (100) orientation preference was unchanged
in the normal surface direction, it was unstable in the scanning and transverse directions

and then significantly changed characteristics of grain boundaries.
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Fig 3.4 XRD spectra of the poly-Si films with various overlapping ratios (Laser power: 6 W,
scanning speed: 0.9 cm/s) [8].

Figure 3.4 shows XRD spectra of the poly-Si films as the overlapping ratio was varied
from 0% (single scan) to 98% at a fixed 0.9 cm/s scanning speed and 6 W laser power. It
was found that small (400) and (111) peaks appeared at a single scan. The (400) peak
became larger with the overlapping ratio increasing to 48% and then saturated at higher
ratios. Note here that the lateral-crystallized Si regions occupied 48% area at a 0.9 cm/s
single scan. Therefore, the lateral-crystallized region was smaller than the measured
regions that probably include microcrystal region. And the lateral-crystallized poly-Si
area became larger and occupying in the whole film by overlapping scanning, therefore

the large (400) peaks were seen in the XRD spectra without another peak appearance.
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Fig. 3.5 Plots of normalized ratio of (400) peak and out-of-plane compressive strain of the poly-

Si film versus the scanning speed values.

According to the silicon NBS standard reference material [9], volume ratios of the
typical crystal orientations of the observed peaks including (400) and (111) were
calculated. The normalized ratio of (400) peaks is described as a function of overlapping
ratio as shown in Fig. 3.5. The ratio of (400) peaks took a maximal value of approximately
97% and was relatively saturated with the overlapping scanning. In addition, the values
of lattice constant were calculated from the diffraction angles (20) of the (400) peaks
(derivation of Bragg’s law). These values were determined to be smaller than the
equilibrium lattice constant and exhibited the out-of-plane compressive strain of the poly-
Si films. The values of the out-of-plane compressive strain versus the scanning speed and
the overlapping ratio are shown in Fig. 3.5. The strain was slightly fluctuated between

0.37% and 0.47% with the variation of the overlapping ratio.
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3.3.2 Effect of laser power and scanning speed on the crystallinities of
poly-Si thin films
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Fig. 3.6 XRD spectra of the poly-Si films with various conditions of scanning speed (Laser
power: 6 W, overlapping ratio: 83 %) [8].

Figure 3.6 shows XRD spectra of the poly-Si thin films as the scanning speed varied
from 0.2 to 1 cm/s with a fixed 6 W laser power and a fixed 83% overlapping ratio. It is
found that the (111) and (400) peaks were typically observed at all conditions and the
(400) peaks were much larger than the (111). The intensity of the (400) peaks was slightly
fluctuated. Particularly, large (400) peaks appeared at the scan speed of 0.6 cm/s and 0.9
cm/s. They became smaller at other conditions. Especially at the 0.2 cm/s speed, the (111)
peak became larger and the (400) peak contrastingly got smaller. The (311) peak observed
at the single scan disappeared and a very small (220) peak appeared. At 1.0 cm/s, a smaller
(400) peak was seen. The peaks disappeared at the speed of above 1 cm/s because the

lateral-crystallized Si was inexistent.
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Fig 3.7 Plots of normalized ratio of (400) peak and out-of-plane compressive strain of the

poly-Si film versus the scanning speed values [8].

Volume ratios of the typical crystal orientations of observed peaks including (400),
and (111) were calculated. The normalized ratio of the (400) peaks is described as a
function of the scanning speed shown in Fig. 3.7. A high ratio of up to 97% was obtained
at the scanning speed of from 0.6 to 0.9 cm/s. As the scanning speed values decreased
under 0.5 cm/s, this ratio was significantly reduced. At the scanning speed of 1.0 cm/s,
the ratio was slightly reduced. Above 1.0 cm/s, the ratio could not be calculated because
the peaks could not be observed. In addition, the values of lattice constant were calculated
from the diffraction angles (20) of the (400) peaks (derivation of Bragg’s law). These
values were determined to be smaller than the equilibrium lattice constant and exhibited
the out-of-plane compressive strain of the poly-Si films. The values of the out-of-plane
strain versus the scanning speed are shown in Fig. 3.7. The strain was compressive, then
these films had a compressive deformation in the depth direction. The strain was slightly

fluctuated between 0.37% and 0.47% with the scanning speed.
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Fig. 3.8 2D-XRD images of (a) (100)Si single crystal and the poly-Si thin films at the scanning
speed of (b) 1.0 cm/s, (¢) 0.9 cm/s, and (d) 0.7 cm/s [8].
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Figure 3.8 shows 2D- XRD images of the laser-crystallized poly-Si thin films. The
conditions for the laser crystallization were fixed as the laser power of 6 W and
overlapping ratio of 83%. The scanning speed was varied from 0.7 cm/s to 1.0 cm/s. The
vertical and horizontal axes of the images correspond to out-of-plane (26,) and in-plane
(20xy) directions, respectively. The grazing angles of incident X-ray were 0.12° for the
poly-Si films. These poly-Si films had similar bright peaks in 2D-XRD images including
(111), (220), (022), (311), (113), and (331). They were similar to the peaks of (100) c-Si
wafer. These results show that these poly-Si thin films had (100)-surface oriented crystals,
dominantly. Moreover, these peaks expanded along Debye-Scherrer rings as the scanning
speed decreased to 0.7 cm/s. This result shows that the crystals were partially rotated
around (100) crystals as the scanning speed got slower. On the other hand, weak Debye-
Scherrer rings with small peaks were observed at the scanning speed of 1 cm/s. As shown
in Fig. 3.8(b), the lateral-crystallized Si was unclearly observed in this condition. It shows
that polycrystalline phases were not dominant in this condition that can be considered as

a threshold for lateral-crystallized Si.
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Fig. 3.9 Laser power and scanning speed dependence of crystal orientation

Figure 3.9 shows the dependence of the crystal orientation of the poly-Si thin films on
the laser power and scanning speed. The above results show that (100) crystals were

realized at 6 W and 0.7 to 0.9 cm/s. And they became minor orientation in the films as

42



the scanning speed got lower than 0.5 cm/s. With a minor laser power change of under
0.1 W, the (100) preferential orientation was relatively stable. However, with a
remarkable power change of over 0.5 cm/s, the preferential orientation was changed.
Therefore, as the laser power was considerably varied, the scanning speed was also
changed to investigate the crystallinity of the poly-Si thin films. We found that the poly-
Si thin films had (100) orientation preference at a narrow band of crystallization
conditions of above the threshold for sequential-lateral crystallized Si shown in Fig. 3.9.
Under this band, mixed-phase crystallizations consisting of lateral and solid-phase
crystallizations occurred or the a-Si still existed in the films. Near the upper edge of this
band, randomly orientated crystals were typically observed. And predominantly (211)-

(110)-(111) oriented crystals were formed at a high laser power and low scanning speed.

3.4 Conclusions

The effect of crystallization conditions including overlapping scanning, scanning speed,
and laser power on the crystallinities of the laser- crystallized poly-Si films were
investigated. We found that these conditions were major factors for the preferential
orientation of the poly-Si thin films. The crystallinity of the laser-crystallized poly-Si
films was strongly dependent on the scanning speed and laser power. The poly-Si thin
films had (100) orientation preference at a narrow-limited band of crystallization
conditions of above the threshold for sequential-lateral crystallized Si. Under this band,
mixed-phase crystallizations consisting of lateral and solid-phase crystallizations
occurred or the a-Si still existed in the films. Near the upper edge of this band, randomly
orientated crystals were typically observed. And predominantly (211)-(110)-(111)
oriented crystals were formed at a high laser power and low scanning speed. The
predominantly (100) surface orientation of the poly-Si film was stable with overlapping
scanning. By increasing overlapping ratio, the sequential-lateral crystallized Si regions
were enlarged and (100) crystals were developed in large areas. However, the (100)
crystals were rotated around <001> from (100) to (110) and the in-plane orientation of
the film was changed. The mechanism of (100) texture formation and orientation

preference of the poly-Si thin film formed by the MLB-CLC and the meaning of
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predominantly (100) oriented poly-Si thin films for the performance enhancement of the

TFTs would be discussed in the chapter 5.
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Chapter 4: Ultrahigh-Performance Poly-Si Thin Film
Transistors with Highly (100)-surface Oriented Poly-Si
Thin Films.
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4.1 Introduction

In chapter 2 and 3, methods and crystallization conditions for forming (100) poly-Si
thin films using MLB-CLC and controlling the preferential orientation were discussed.
Highly (100)-bi-axially oriented poly-Si thin films were obtained at low laser energy
regime of above the threshold for lateral crystallized Si. Highly (211)-(110)-(111)
oriented poly-Si thin films were formed at high energy regime. Between low and high
energy regimes, the orientation preference was not seen. Mixed crystals of various surface
orientations such as (100), (311), (211), and (110) were observed. Highly (100) surface
large poly-Si thin films with high biaxial tensile strain were very important for high-
performance TFTs. Ultrahigh electron field effect mobility TFTs of approximately 1000
cm?/Vs fabricated with (100) silicon crystals have been reported [1-5]. This mobility is
extremely higher than that of bulk silicon device. However, the disadvantages of
technologies, which were applied in those reports, were necessity of SiO/Si structure and
unpopularity of (100) crystals. Hence, the (100) preferentially poly-Si thin films formed
by the MLB-CLC becomes the most potential candidate for practical applications. The
above reported results have been proved that high biaxial tensile strain brought about the
mobility enhancement. It is believed that high electron mobility LTPS-TFTs could be
realized on these films because (100) crystals had a larger size than the feature size of
channels. In this research, we fabricated LTPS-TFTs on (100) poly-Si thin films with a
simple-low temperature process of under 550 °C and ultrahigh-performance LTPS-TFTs
were achieved. The characteristics of TFTs would be reported in this chapter. High
electron mobility TFTs would precisely be characterized. In addition, the surface

orientation dependence of electron mobility would be shown.
4.2 Experimental

4.2.1 Preparation of (100) oriented poly-Si thin films

Poly-Si thin films were prepared as follows: 150 nm a-Si thin films with 100 nm cap
SiO, deposited on the SiO» buffers of quartz substrates were prepared for laser

crystallization as shown in the 2.1.1 in chapter 2. After being annealed at 490°C for an
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hour, the a-Si films were crystallized by the MLB-CLC. The laser crystallization

conditions were 6 W laser power, 0.8 cm/s scanning speed, and 83% overlapping ratio.

At these conditions, lateral-crystallized Si was obtained and (100) textures were dominant

in the whole poly-Si film shown in the 2.3.1 in chapter 2. Then, the cap SiO> were

completely removed by BHF etching to prepare for TFT fabrication.

4.2.2 TFTs fabrication
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Fig. 4.1. a) Schematic of TFT fabrication process

After the cap SiO; layer was etched, the poly-Si active layer was patterned using

photolithography and dry etching (Cla: 20 sccm, HBr: 20 sccm). Gate oxide Si0;, of 42 +

2 nm thickness was deposited by remote Plasma-Enhanced Chemical Vapor Deposition



(remote PECVD) at 300° C (SiH4: 0.6 sccm, O2: 10 sccm, Ar: 40 sccm). A Mo gate
electrode of 300 nm thickness was deposited by sputtering. Patterning of the gate
electrodes was carried out by photolithography and wet etching
(H3PO4:HNO3:CH3COOH:H>0 = 400:25:50:25), followed by a self-aligned source and
drain formation by As ion implantation for n-channel TFTs (dose: 2 x 105 cm?,
accelerating voltage: 66 kV) and B ion implantation for p-channel TFTs (dose: 2 x 10"

cm, accelerating voltage: 13 kV) with the Mo gate as a mask.

Fig. 4.2. Microphotographs of the fabricated poly-Si TFT [6].

Activation annealing treatment was performed at 550° C in N> ambient for 30 minutes.
Before SiO; interlayer dielectric film of 600 nm thickness was deposited by Atmospheric
Pressure Chemical Vapor Deposition (APCVD), sacrificial SiO> in the source and drain
region was etched by the BHF. The contact hole was formed by lithography and BHF wet
etching. A Mo metal pad of 700 nm thickness was deposited by sputtering and patterned
by lithography and wet etching. Finally, the sample was annealed at 400° C in H, ambient
for 30 minutes. In these processes, the grain boundaries were partially pacified by the gate
SiO2 deposition with remote PECVD and the H> annealing. The highest temperature in
the whole processes was 550° C. The channel were designed with the width of W= 3, 5,
10, 20 yum and the length of L= 10 um. Both parallel and perpendicular TFTs were
fabricated. Figure 4.1 shows the schematic of TFT fabrication process flow. The
photomicrographs of the fabricated TFTs are shown in Fig. 4.2. In the poly-Si thin films,

Si crystal grains were elongated in the laser scanning direction. In the TFTs, the channel
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direction from the drain region to the source region was fabricated as parallel and

perpendicular to this direction.

4.3 Results and discussions

4.3.1 Characterization of parallel n-channel TFTs
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Fig. 4.3. (a) Ips-Vs characteristics, (b) Ips-Vps characteristics of a typical fabricated

laser-crystallized poly-Si TFT (L=W=10 um) [6].
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Figures 4.3(a) and 4.3(b) show drain current (/ps) versus gate voltage (Vss) and (Ips)
versus gate voltages (Vps) characteristics, respectively, of a typical fabricated parallel
TFT with W =10 um and L = 10 um. As predicted, ultra-high performance TFTs were
achieved with a predominantly (100) oriented poly-Si thin film. The Ips-Vs relationship
at Vps = 0.5 V on an exponential scale indicated an ON/OFF current ratio of 10°, a
threshold voltage (V) of -0.8 V, and a sub-threshold slope (S) of 0.15 V/dec. The curve

of the electron field effect mobility (urk) versus Vs shown in Fig. 4.3(a) shows an ultra-

Channel region

Boundaries:
Hotation angle
Min Aax

(110)

Fig. 4.4. (a) Grain mapping, (b) grain boundary mapping measured by EBSD of a high
performance TFT [6].

high mobility of 940 cm?/Vs, which was achieved with the (100) surface oriented poly-
Si film TFTs. In addition, operations of linear and saturation were indicated in the curve
of Ips versus Vps at increasing Vs in steps of 0.5 V beginning from 0 V as shown in Fig.
4.3(b). These results are comparable to single crystal devices. In our TFTs, the channel
direction was parallel to the laser scanning direction, and then the linear grain boundaries
were laid on the channel parallel to the direction of the current flow. The parallel linear

grain boundaries did not induce the grain boundary scattering at the carrier drifting that
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have been observed in conventional poly-Si TFTs [7]. As a result, the characteristics show

high electron mobility which is comparable to Si single crystals.

The electron field effect mobility depends on crystal orientation, grain boundaries, and
tensile strain of the poly-Si film in the channel region [7-10]. To study the enhancement
mechanism of the TFTs’ electron mobility, we investigated crystallinity and tensile strain
of the poly-Si film in the channel regions. The crystallinity was measured by EBSD. The
EBSD measurement was carried out after removal of the TFTs’ gate electrode and oxide.
Figures 4.4(a) and 4.4(b) show grain mapping in the normal surface direction and grain
boundary mapping of a typical TFT observed by EBSD. It was found that at the TFTs
with high mobility of over 900 cm?/Vs, the (100) surface orientation has a dominant area
in the whole channel as shown in Fig. 4.4(a). The channel region included seven Si (100)
crystal grains with an approximately 20 xm length that is longer than the channel length
of 10 um. It can be assumed that the TFT consists of 7 single crystal TFTs, and the
mobility is approximately observed as the Si (100) single crystal mobility. It is well
known that (100) surface orientation gives the lowest electron effective mass and a lower
surface energy at the interface. A maximal value of the mobility is hence obtained with
Si (100) crystallites [8-14]. Moreover, because of no coincident site lattice (CSL) grain
boundaries, the boundary mapping was shown with rotation angles between neighboring
crystal grains (Fig. 4.4(b)). The red, green, and blue boundaries had disorientation angles
of 2°— 5°, 5°— 15° and above 15°, respectively. A red boundary and five green were
observed in the channel region. These grain boundaries are the low-angle Read-Shockley
mixed type and parallel to the direction of the current flow. They have low electrical
activity and can be constructed without any dangling bonds [15,16]. The TFT’s effective
channel width can be presumed as its geometric channel width. This result indicates that
carrier transport is not affected by grain boundary barriers. On the other hand, in the red
boundary, one unit cell of crystal grain was tilted against other unit cells of the
neighboring grain. In the five green boundaries, over 20 unit cells were tilted against other

unit cells of neighboring grains.
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Fig. 4.5 Ip-V¢ characteristics of the laser-crystallized poly-Si TFTs.

Table 4.1 Average performance of the poly-Si TFTs and their variation

Maximum Mobility ure (cm?V-'s™T) 1010
Average mobility urg (cm?V-lsT) 616 = 164
Subthreshold slope (S) (mV/dec) 473 £ 183
ON/OFF ratio 10? +10°
Threshold voltage Vih (V) -1.2+0.2

Figure 4.5 shows drain current (/ps) versus gate voltages (Vss) and characteristics of a
fabricated TFT group with W= 10 um and L = 10 gm on linear and exponential scales.
High performance was achieved in most of TFTs, however, their variation was high. The
high variation results from the difference of the crystal orientation in the channels, the
type and number of grain boundaries, and the density of voids in the channel regions.
Therefore, the poly-Si TFTs had various electron field effect mobility values. The results
of the evaluation of average performances and their variation of 67 TFTs are summarized

in Table L. In this work, the electrical properties of TFTs show an excellent electron field
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effect mobility with its average value of 616 cm?/Vs and standard deviation (£ o) of 164
cm?/Vs. However, a high average subthreshold slope (S) of 473 mV/dec and its high
variation (£ o) of 183 mV/dec was found. In addition, rather high leakage currents and

low ON/OFF ratios were observed in the TFTs.

Figure 4.6(a) shows the mobility distribution of Au = 100 cm?/Vs for 67 devices. This

graph indicates the electron field effect mobility distributed in two ranges among 300
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Fig. 4.6 (a) Distribution of TFT devices as a function of mobility, (b) distribution of TFT

devices as a function of sub-threshold slope [6].

cm?/Vs and 1000 cm?/Vs. The former range of under 600 cm?/Vs reached a peak of 500

cm?/Vs. The later of over 600 cm?/Vs, which represented 50% of all devices, reached
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maximum number at 700 cm?/Vs. For reproducibility of the CLC technology, we can
improve uniformity of the poly-Si TFTs by controlling the position of the voids to out of
channel regions and crystallinity of the poly-Si film. This technology is promising for the
operation of larger applications of the poly-Si TFTs in the future. Figure 4.6(b) shows the
sub-threshold slope distribution of AS = 0.1 V/dec for 67 devices with a fitted Gaussian
distributed graph. It appears that the sub-threshold slope distributed in a wide range from
0.1 V/dec to 0.9 V/dec. The subthreshold slope reached maximum number at 0.4 V/dec.

Figure 4.7 shows the relation between the mobility and S factor. In the range of ultra-
high mobility of over 800 ¢cm?/Vs, TFTs had low S factors. At low mobility TFTs,
apparent correlation between the S factor and the mobility was however not found. The
high TFTs’ performance variation can be illuminated by the crystallinities of the poly-Si
films. When the channel consists of differently oriented crystallites, high-angle grain
boundaries are found. Both low-angle and high-angle grain boundaries may exist in the

poly-Si film. They can be longitudinal or latitudinal grain boundaries. Some of these may
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Fig. 4.7 Plot of S factors versus electron field effect mobility [6]
cross the current flow. The high-angle grain boundaries cause trap states originated from
the Si dangling bonds and distorted bonds which have an energy state near the middle of
the Si band gap [17,18]. As these grain boundaries cross the current flow, they make a
high barrier potential and significantly reduce the mobility. Accordingly, the mobility is

55



not only reduced but also the sub-threshold slope and the leakage current are increased.
To improve the sub-threshold slope and the leakage current, an activation treatment on
the trap states should be performed. A high-pressure H>O vapor annealing and Boron
implantation can be applied [19,20]. In addition, the crystal defects including voids and
crystal dislocations at the grain boundaries partially bring about the variation of devices.
For reproducibility of the CLC technology, we can improve uniformity of the poly-Si
TFTs by controlling the position of the voids to out of channel regions and crystallinity
of the poly-Si film. This technology is promising for the operation of larger applications

of the poly-Si TFTs in the future.
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Fig. 4.8 Temperature dependence of electron field effect mobility.

Figure 4.8 shows the dependence of electron field effect mobility on temperature in
some typical TFTs. The temperature was varied from room temperature to 200°C. It
appears that the mobility decreased with the increase of the temperature as the exponential
function of the temperature. The exponential coefficients were approximate -1.5. The
higher mobility the TFTs have, the smaller their exponential coefficient is. This result
indicates that phonon scattering was dominant in the TFTs. The phonon scattering in

ultrahigh-mobility TFTs was more dominant than that in others.
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Fig. 4.9 Correlation between crystal orientation and electron field effect mobility [6].

The correlation between the microscopic crystallinity of TFTs and the TFTs’
performance is shown in Fig. 4.9. In particular, mobility reached a peak of 971 cm?/Vs
due to Si crystal oriented (100) plane in the whole channel. As (100) orientation (red
region) decreased, TFT mobility reduced. With orientation of all Si crystals at almost
(110) plane, the device had a minimum mobility of 452 cm?/Vs. This graph shows that
(100) surface orientation is the decisive factor of ultra-high performance poly-Si TFTs.
The ratio of the mobility of the (100) and (110) surface oriented poly-Si TFTs
(1(100)/u(110)) was approximately 2.2. These results are in good agreement with
previous findings of Si single crystal devices.!® On the other hand, as (100) orientation
(red region) partially occupied the channel and others appeared, the x«(100)/u(110) ratio
was not in the law of Si single crystal devices because of an appearance of both high-
angle and low-angle grain boundaries across a part of the current flow and voids in the

channel. Consequently, the mobility was significantly reduced.
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4.3.2 Characterization of perpendicular n-channel TFTs

10
. 500
10° e
= 2
6 400 =
< 10 S
~ =
£ 107 300 Z
£ A, 480 cm’V's” z
Z 10" V. :-0.8V 4200 f
'E o S : 114 mV/dec o
= 10 6 I~
a ON/OFF : 10 {100 g
lo-ll] <':“
- 0 w'l—
10" ' L =~

-3 -2 -1 0 1 2 3
Gate voltage V_ (V)

Fig. 4. 10 Ips-Vis characteristics of a typical perpendicular TFT.

Figures 4.10 shows drain current (/ps) versus gate voltages (Vgs) characteristics of a
typical fabricated perpendicular TFT with W = 10 yum and L = 10 um. The TFT had
ON/OFF current ratio of 10°, a threshold voltage (¥z) of -0.8 V, and a sub-threshold slope
(S) of 114 mV/dec. The curve of the electron field effect mobility (urr) versus Vgs shows
a mobility of 480 cm?/Vs. This mobility is twice smaller than that of parallel TFTs shown
in the 4.3.1. This result illustrates a strong effect of grain boundaries on the electron
mobility. Crystal grains averagely had 2 pm width and 20 um length. Contrary to parallel
TFTs, perpendicular TFTs had grain boundaries crossed the current flow of 10 um length
channels. These crossed grain boundaries induced barrier potentials and reduced the
mobility. The misorientation angles of the grain boundaries between (100) crystals were
small. They induced few grain boudary trap states, few donor concentrations, and
insignificant grain boudaries scattering. Therefore the TFT had a small subthreshold slope

and a low leakage current.
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Table 4.2 average performances and their variations of perpendicular TFTs

Maximum Mobility urg (cm?V-'s™) 518
Average mobility urg (cm?V-isT) 329+ 112
Subthreshold slope (§) (mV/dec) 517 £344
ON/OFF ratio 102 <108
Threshold voltage Vih (V) -1.3+£03

As aresult of a strong grain boundary effect, the perpendicular TFTs had a low average
performance and high variation, as shown in table 4.2. The average electron mobility of
perpendicular TFTs of (100) poly-Si thin films was twice lower than that of parallel TFTs.
Their average subthreshold slope and its variation was also higher. In the (100)-surface
oriented poly-Si thin films, some regions had (100)-(100)-(100) crystals with low angle
grain boundaries. Others had (100)-surface oriented crystals with various orientations in
the scanning and transverse directions induced high angle grain boundaries. High angle
cross grain boundaries induced high barrier potential, considerably reduced their
conductivity, and deduced electron mobility. On the other hand, some perpendicular TFTs
had a high mobility. Their mobility was even higher than the maximum electron mobility

of parallel TFTs fabricated on (211)-(110)-(111) oriented poly-Si films.
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Fig. 4.11 Band diagram of grain boundaries in perpendicular and parallel TFTs.

Figure 4.11 shows band diagram of grain boundaries in perpendicular and parallel
TFTs. The A and B show the current flow in perpendicular and parallel TFTs,
respectively. The Ep is grain boundary barrier. The conductivity is deduced as the

exponential function of the grain boundary barrier (Eg) [6].
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4.3.3 Characterization of p-channel TFTs
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Fig. 4. 12 Ips-Vs and Ips-Vps characteristics of a typical parallel p-channel TFT.

Figures 4.12(a) and 4.12(b) show drain current (Ips) versus gate voltages (Vgs) and
(Ips) versus gate voltages (Vps), characteristics of a typical fabricated parallel p-channel
TFT with a same channel size with n-channel TFTs (W =10 gm and L = 10 um). The Ips-

Vs relationship at Vps = 0.5 V on an exponential scale indicated an ON/OFF current ratio
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of 10%, a threshold voltage (V) of -0.4 V, and a sub-threshold slope (S) of 0.14 V/dec.
The curve of the hole field effect mobility (ure) versus Vs shows the hole mobility of
146 cm?/Vs. This mobility is extremely lower than the electron mobility. In addition,
operations of linear and saturation were indicated in the curve of Ips versus Vps at
increasing Vs in steps of 0.5 V beginning from 0 V as shown in Fig. 4.12(b). The Ipswas
negligible as the Vgsof over -1 V.
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Fig. 4.13 Ips-Vgs characteristics of a typical perpendicular p-channel TFT.

Fig 4.13 shows Ips-Ves characteristics of a typical perpendicular p-channel TFT with
the same channel size with parallel TFTs (W = 10 yum and L = 10 gm). It appears that
characteristics of parallel and perpendicular TFTs were similar. They had an almost same

hole mobility, subthreshold slope, ON/OFF ratio, and threshold voltage.
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Table 4.3 Average performance and its variation of parallel p-channel TFTs (W =3 um, L =
10 pm)

Maximum Mobility ure (cm?V-'s™) 230
Average mobility urg (cm?V-ls) 148 + 46
Subthreshold slope (S) (mV/dec) 117 £21
ON/OFF ratio 10°-10°
Threshold voltage Vih (V) 0.3+£0.2

The p-channel TFTs with =3 um had better characteristics than others. Their average
performances and their variation are summarized in Tab. 4.3. It is found that their average
hole mobility was low and its deviation was large. However, they had good threshold
slope and high ON/OFF ratio. The highest hole mobility of 230 cm?V-!s™! was realized.
This mobility was similar to that in the previous report of A. Hara et al. [20].

4.4 Conclusions

With the low temperature fabrication process, parallel and perpendicular n-channel
TFTs were fabricated on highly (100) surface oriented poly-Si thin films. Ultrahigh-
performance TFTs were achieved with ultrahigh electron field effect mobility of up to
1010 cm?/Vs. An excellent subthreshold slope of 0.15 V/dec, a high ON/OFF ratio of 10°,
and a threshold voltage of -0.8 V were also obtained. The crystallinities of the poly-Si
channels of the TFTs were characterized. It indicates that (100) crystals with parallel low-
angle grain boundaries and high biaxial tensile strain brought about ultrahigh electron
mobility. In addition, the correlation between the surface orientation of the poly-Si film
and electron mobility was described. The ratio of p(100)/u(110) was found in good
agreement with c-Si devices. However, numerous TFTs had low mobility and induced a
high variation in the TFTs’ performance because their poly-Si channels had other
orientations and consisted of high angle grain boundaries. On the other hand, void
appearance in the poly-Si channels also deduced the variation. High performance

perpendicular TFTs were also achieved on these films. They had maximal electron field
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effect mobility of 518 cm?/Vs. This mobility was twice smaller than that of parallel TFTs.
They also had excellent subthreshold slope and high ON/OFF ratio. However, their
performance variation was higher than that of parallel TFTs due to strong effect of cross
grain boundaries and the difference of misorientation angles at grain boundaries. In
addition, p-channel TFTs were also fabricated on (100) poly-Si thin film. The
characteristics of p-channel TFTs seem to be contrary with n-channel TFTs. They had
very low hole field effect mobility that was much smaller than electron mobility.
However, they had low subthreshold slope and high ON/OFF ratio. In addition, the

mobilities of parallel and perpendicular TFTs were insignificantly different.
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Chapter S: Mechanism of (100) Texture Formation and
TFTs’ Performance Enhancement
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5.1 Introduction

In the previous chapters, we illustrate that the (100) oriented poly-Si thin films were
formed by the MLB-CLC. We investigated the effect of crystallization conditions on the
crystallinities of the poly-Si films. And we successfully fabricated ultrahigh-performance
LTPS-TFTs with ultrahigh electron field effect mobility of 1010 cm?/Vs. These results
are very important for the progression of the TFT technology as well as its applications.
In order to develop this technology in the future, understanding the mechanism of
preferentially (100) texture formation plays an essential role. In addition, the mechanism
for the mobility enhancement is also necessary to be clarified. In the above chapters, we
partially discussed about the mechanisms. In this chapter, by overviewing the results in
the chapters 2-4, we clarified the mechanisms of (100) texture formation, crystallinity
enhancement by overlapping process, and mobility enhancement of the (100) poly-Si thin

films.
5.2 Mechanism of (100) texture formation

The (100) surface orientation preference was observed at the crystallization conditions
of above the threshold for sequential-lateral crystallized Si. The (100) preferential
orientation was also achieved in the scanning and transverse directions. This orientation
preference was stable in the normal direction, however changed in the scanning and
transverse directions with overlapping scanning process. These results suggest that solid-
Si surface energy and Si0»/Si interfacial energy control the (100) surface orientation at
the conditions of low laser exposure energy regime. The surface energy depends on the
nature of the bonding of the materials. It is anisotropic because it is basically correlated
to the number of dangling bonds on the ideal surface. It has been theoretically calculated
and measured for surface energy of semiconductors [1-3]. The measured surface energy
of the typical orientations of the silicon are summarized in the table 5.1. It shows that the
surface energy reached a maximal value at (100) plane. On the other hand, it is
demonstrated that the (100)Si1/SiO; interface has the lowest interfacial energy. The
interfacial energy based on the defects formed by unpaired valence electrons that induce

defect’s trap energy, at the Si/SiO; interface [4-7]. With a mixed-phase crystallization
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method, Y. Wang at. al. demonstrated the orientation dependence of Si/SiO> interfacial
energy as in order 6(100) < 6211) < 6(110), 6(111)[8]. Figure 5.1 shows the schematic of (100)
crystal nucleation occurs after a-Si film melt with laser irradiation. Nucleation starts from
the Si/SiO2 interface, the Si/SiO2 lowest interfacial energy controls Si nuclei oriented at
(100) as the silicon is crystallized at low laser exposure energy regime. In addition, it has
been reported that <100> is the highest growth direction with growth rate ratio of
<100>/<110> and <100>/<110> being 2.6 and 19.7, respectively [7,9,10], this is the

second factor for (100) crystals predominantly grown in the normal surface direction.

MLB-CLC

Scanning
direction /_\/\/_\
Liquid Si
<001>

Fig. 5.1 Schematic of (100) crystal nucleation growth after irradiated by laser.

Table 5.1 Surface energy of Si and Ge with typical faces [1]

(111) (110) (100)
Si  1230x107(J) 1510x 107 (J) 2103 x 107 (J)
Ge 1060 x 107 (J) 1300 x 107 (J) 1835 x 107 (J)

The orientations in the scanning and transverse directions were also (100), however, it
seemed to be less stable than the surface orientation and were unstable with overlapping
scanning because these preferential orientations were only brought about the highest

growth rate of (100) crystals [9,10]. On the other hand, at high laser energy regime, the
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orientation of the poly-Si thin films is stable at (211), (110), and (111) in the normal,
scanning, and transverse directions. At present, there is no quantitative evidence for the
relation between (100) crystal growth and interfacial energy, however, we think that the
orders of the interfacial energy and crystal growth rate among the orientations are

appropriate to explain for this phenomenon.

5.3 Mechanism of stability of (100) orientation preference

with MLB-CLC and overlapping

(211)-(110)-(111)-highly oriented poly-Si thin films were stably formed at a high
laser exposure energy regime by single scans [11]. Bi-axially (100) orientation preference
was constantly realized at the restricted low laser energy regime. These preferential
orientations were really stable. Predominantly (100) crystal formation is explained by
solid-Si surface and solid Si/SiO; interfacial energies at the above section. However, if it
is only based on the Si/SiO: interfacial energy, the crystal orientation is sensitive with
high laser power. Using MLB-CLC, crystal nucleation can occur at the exposed regions
between line-beams. These regions have approximately uniform supercooling
temperature, therefore, preferentially oriented crystal nuclei can be grown and control the
orientation of the film. The temperature profiles at the exposed region are shown in Fig.
5.2. After being exposed by each single line beam, the temperature of the Si film is
promptly dropped and crystal nucleation occurs frequently. In the multi-line beam, the
nucleation occurs between line-beam exposures. With low laser exposure energy
conditions, the nuclei formed between line-beam exposures can exist during being
exposed by the later line-beam because the melting point of crystalline Si is higher than
that of a-Si and absorption coefficient of crystalline Si is lower. These crystallization
conditions are just above the threshold for melting a-Si; therefore, the (100) crystal nuclei

are predominantly developed.
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Fig. 5.2 Temperature profile of exposed regions: (a) single line beam, (b) multi-line

beam.

Regarding overlapping scanning, the (100) textures can be seen at the restricted region
of the laser power and scanning speed. At a single scan, the poly-Si film is distinguished
by two areas resulting from a slight variation of laser density. The middle area of
approximately 50% of 1100 pm irradiated width is dominated by (100) lateral-crystallized
Si that is exposed at a higher energy density than the threshold. The side area is occupied
by microcrystals and a-Si that is exposed at a lower energy density. The ratio of the
lateral-crystallized Si area is enhanced as the energy is averaged by overlapping scanning.
(100) crystal grains are hence formed in very large areas. The initial (100) orientation
stage is unchanged as the film is re-irradiated because the orientation is mainly related to
the absorbed energy of the Si. (I) As microcrystal region is re-irradiated at the higher
energy density, they become lateral-recrystallized Si and oriented at the (100). (IT) As the
lateral-crystallized Si regions are re-irradiated, there are two possibilities: (1) The lateral-
crystallized Si regions are not changed into molten phase as being overlapped by laser
irradiation because the crystalline Si has a lower absorption coefficient at 532 nm waves
and higher melting point than the a-Si [11]. (2) The crystalline Si is melted as it absorbs
sufficient energy in spite of its lower laser absorption coefficient. However, the (100)
preferential orientation is not changed because (100) texture formation is basically
dependent on the laser energy. The (100) textures exists in a narrow range of the energy

above the threshold for lateral-crystallized silicon. After being recrystallized, the poly-Si
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is reoriented at the (100) because its absorbed energy is appropriate to the existent range
of the (100) textures. The stability of (100) surface orientation with overlapping scanning
demonstrates the (100) surface orientation control of the Si/SiO2 interfacial energy above
the transition region. Otherwise, at overlapping scans, as crystalline Si is irradiated at
these conditions, it is partially melted and then unmelted crystallites can be nuclei that

control the orientation of their neighbors.
4.3 Mechanism of TFT’s performance enhancement

In the chapter 4, we reported the crystallinities of the poly-Si channel of the ultrahigh
mobility TFTs. It shows that the channel had (100) crystal grains parallel to its current
flow. These TFTs can be considered as the sum of parallel (100) single Si crystal TFTs
because the width of grain boundaries was negligible with the width of the channel.
Moreover, their grain boundaries had small misorientation angles that generated a low
grain boundary trap density. Figure 5.3 shows the example of the equivalent circuit of a
parallel TFT including five crystal grains in the channel corresponding to five parallel

TFTs.

| A

Fig. 5.3 Equivalent circuit of a parallel TFT

In addition, the poly-Si thin films had high biaxial tensile strain that significantly
improved the electron mobility of the TFTs. In the chapter 2, we reported that the laser

crystallized poly-Si thin films had a high compressive strain in the normal direction of -
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0.4%. That is in turn the consequence of a biaxial tensile strain. From this result, tensile
strain values in the scanning and transverse directions can be calculated.
With two-dimensional stress in the poly-Si thin films,

Ox =0y =0 (5.1

The strains are given by the equations,

£y = %(1 —v) (5.2)
&y = %(1 —) (5.3)
&7 =2 (5.4)

where o is stress, €, is strain in out-of-plane direction, E is Young modulus, and v is
Poisson ratio. Silicon takes values as E = 160 GPa and v = 0.279 [12-17].
With 1112 MPa average stress, the compressive strain in the normal direction and the

tensile strain in in-plane directions are:

=2y = 1'112><2><0279—0390/
ZTE*YT 160 /7 =0.5%
o 1.112
Ex = EYZE(].—U): W(1—0279):050%

This value is good agreement with the result from the out-of-plane XRD spectrum.

{__: Tensile Strain

4 : Compressive Strain ﬁ

A

Fig. 5.4 Schematic of crystal structure of the (100) poly-Si

The schematic of crystal structure of the (100) poly-Si is shown in Fig. 5.4. The crystal
orientation in the surface direction is (100), and the orientations in the laser scanning
direction and the transverse direction are (100)-(100) or (110)-(110). The biaxial tensile
strain was induced in the planar direction and on the contrary the compressive strain was

induced in the depth direction. At (100) surface and <100> channel direction, the
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electrons have a maximal mobility, then the TFT with this poly-Si film had a high
mobility. And the biaxial strain enhances the mobility by reducing the effective mass in
the planar direction, and the compressive strain in the depth direction makes the effective
mass larger in this direction, and as a result the carrier electrons are confined in the surface
of the poly-Si. As the net result, the electron mobility was significantly improved of
approximately 50%. The mobility enhancement was discussed in the chapter 1. As the
consequence of like-single Si(100) crystal TFTs with high biaxial tensile strain, the ultra-
high-mobility of over 1000 cm?/Vs was achieved.

4.4 Conclusions

This chapter discussed the mechanisms about the collected results in our research.
Firstly, the mechanism of (100) texture formation with the MLB-CLC was clarified. With
the results of (100) surface oriented poly-Si thin films formed at the crystallization
conditions of above the transition region and comparing with the results and discussions
in the previous reports, we believe that the SiO2/Si interfacial energy control the surface
orientation of the poly-Si thin film crystallized at low laser exposure energy regime. At
high laser energy regime, this mechanism is inapplicable. Another mechanism for the
(100) orientation preference being stable with the MLB shape is the possibility of the
nucleation between line-beam exposures where the temperature of the poly-Si film is
more uniform and these nuclei control the film oriented preferentially. Secondly, the
mechanism of the stability of (100) surface orientation with overlapping scanning was
shown. In this mechanism, the Si0»/Si interfacial energy also play a very important role
to keep the initial orientation unchanged. And thirdly, the mechanism of TFTs’s
performance enhancement was discussed. By examining the crystallinities of the poly-Si
channel, we saw that the channel consisted of Si(100) single crystal grains parallel to the
current flow and the poly-Si film had high biaxial tensile strain. It is believed that the
TFTs’ performance enhancement was brought about the like-single Si(100) crystal TFTs
with high biaxial tensile strain poly-Si thin film.
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This chapter gives a summary of this thesis and principle conclusions. Main
contributions of this work are clarified and prospectively practical applications are

discussed. Then, we suggest developable researches in the future.
6.1 Thesis conclusions

The objectives of this work are highly (100) oriented poly-Si thin film formation and
high-performance LTPS-TFT fabrication.

In the chapters 2 and 3, we demonstrated (100) poly-Si thin films formed by using the
MLB-CLC with single scans. Si(100) crystal grains developed along the laser scanning
direction. They were relatively uniform and had a very large size of 20 x 2 um?. The
crystallization conditions for (100) texture formation were just above a threshold for
lateral crystallized Si. At these conditions, the poly-Si thin films had (100) orientation in
all surface, scanning, and transverse directions. By overlapping scanning, (100) textures
were achieved in large areas. The poly-Si thin films had (100)-surface oriented crystals
in large areas, dominantly. Moreover, the poly-Si thin films had a high bi-axial tensile
strain in planar direction and a compressive strain in depth direction. The MLB-CLC
poly-Si thin films generally had excellent orientation preference, large crystal grain size,
well structural order that was comparable to the c-Si, and had high bi-axial tensile strain.
We also investigate the effect of crystallization conditions including overlapping
scanning, scanning speed, and laser power on the crystallinities of the laser- crystallized
poly-Si films. We found that these conditions were major factors for the preferential
orientation of the poly-Si thin films. The preferential orientation of the laser-crystallized
poly-Si films was strongly dependent on the scanning speed and laser power and optimal
conditions for (100) poly-Si thin films were clarified. These excellent crystallinities are
great potentials that make the MLB-CLC a promising technology for high-performance
TFTs.

In the chapter 4, we show the results of poly-Si TFTs fabricated with a low temperature
process. Characterization of parallel and perpendicular TFTs was described, especially,
parallel TFTs with ultrahigh-electron mobility were achieved on the highly (100) surface
oriented poly-Si thin films. Approximately 1000 cm*V-'s! electron field effect mobilities
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are extremely high. The crystallinities of the poly-Si channels were characterized to
evidence high mobility characteristics and orientation dependence of the mobility. High-
performance perpendicular TFTs were also realized, they however had twice lower
mobility than the parallel ones. Both parallel and perpendicular TFTs had high
performance variation. In addition, a low hole field effect mobility was seen in the p-

channel TFTs.

In chapter 5, the mechanisms for the above results were discussed. For (100) surface
orientation, it is believed that the SiO,/Si interfacial energy control the surface orientation
of the poly-Si thin film crystallized at low laser exposure energy regime. Another
possibility is the nucleation between line-beam exposures where the temperature of the
poly-Si film is more uniform, and then these nuclei control the film oriented
preferentially. Finally, we explained about the TFTs’ performance enhancement and
ultrahigh electron mobility achievement. By examining the crystallinities of the poly-Si
channel, we saw that the channel consisted of Si(100) single crystal grains parallel to the
current flow and the poly-Si film had high biaxial tensile strain. It is believed that the
TFTs’ performance enhancement was brought about the like-single Si(100) crystal TFTs
with high biaxial tensile strain poly-Si thin film.

6.2 Future work

The above results bring me ideas to develop the MLB-CLC poly-Si TFTs for practical
applications. For that reason, the disadvantages of high performance variation of the TFTs
need to be improved. The variation is mainly brought about by the different orientation,
grain boundaries, and voids in the poly-Si film. We have already formed uniformly (100)
oriented poly-Si thin film without voids by adjusting the position of the laser optics and
diffractive beam homogenizer for changing the laser beam configuration. In the next
work, we will fabricate TFTs on those films. And to degrade the effect of grain

boundaries, narrow channel TFTs would be developed in single crystal grains.
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