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Abstract

In the large-area electronics, such as active-matrix displays, printer heads, and
image sensors, poly-Si based thin-film transistors (poly-Si TFTs) are indispensable to
drive those functions.

In this thesis, the low-temperature growth techniques for crystalline silicon were
studied in three different ways under gas, solid and liquid phase first. As the gas phase
deposition method, epitaxial growth conditions were studied by employing hydrogen-
radical enhanced chemical-vapor-deposition (HR-CVD). Supply of a large amount of
atomic hydrogen to the growth surface certainly promotes two-dimensional crystalline
growth at low-temperature around 350 °C even though increasing both thickness to be
more than 1 pm and doping concentration. Electron Hall mobility of the epitaxially grown
films was reached to be 115 cm?/Vsec. Those results showed the potential of crystalline
silicon growth even at low-temperature. As the solid phase crystallization, a grain
boundary filtration technique was proposed and demonstrated with Ge films. Single large
grain Ge films to be larger than 100 um? were fabricated on amorphous substrates by
using together selective nucleation and lateral solid-phase-epitaxy. In the case of Si, grain
boundary filtration through the planer constrictions was not enough even though more
than several micrometers of grain growth were successfully demonstrated, and its
possible reasons were discussed. As the liquid phase crystallization, excimer laser
crystallization was studied. The number of laser shots contributed to reduction of defects
in grains/grain boundaries, differing from that the irradiation energy directly contributed
to variations in grain-size. And also he found out that the maximum cooling rate must be
maintained at less than 1.6 x 10'° °C/sec to avoid micro-crystallization.

Then, the excimer laser crystallization was chosen to fabricate poly-Si TFTs and
was investigated details how should be applied for practical devices. Some attempts were
studied to improve uniformity, to reduce photo-leakage current and to maintain stable
performance, and some devices were demonstrated. Finally, an apparatus was developed
to obtain location controlled large-grain Si films. By using the apparatus, lateral growth
length up to 2.8 um with single laser shot were demonstrated. The field effect mobility of
270 cm?/Vsec for n-channel TFT and 230 cm?/Vsec for p-channel TFT were demonstrated
at predetermined positions by employing those films.

This series of study has contributed to develop the large-area electronics
practically and resulted in generating the new industry based on poly-Si TFTs. Also it will

be useful for further development of the large-area electronics devices.
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1. Introduction

The origin of current microelectronics devices widely used in the world goes
back to the discovery of the transistor effect ) as embodied in the point-contact transistor
in 1948.  Followed by, for example, the development for MOS (Metal-oxide
semiconductor)-FETs (Field-effect transistors) » in 1960, the silicon-based large-scaled
integrated-circuits (Si-LSIs) technology®?, one of the most important stream to create
current IT industry, was dramatically progressed. As well-known as Moore's law ¥,
history of the microelectronics devices has driven transistor feature size scaling from 10
um to 10 nm on single-crystalline silicon substrate during the past 50 years .

The discovery of the transistor effect has also contributed to the "large-area
electronics” that forms electronics devices with fine structures on a large-area substrate
such as a glass substrate. They are applied to image input/output (I/O) devices, such as

™12 printer heads '¥ and image sensors '“?%. In the

active-matrix information displays
large-area electronics, thin-film transistors (TFTs) have an important role to drive those
I/0 functions on such a large-area substrate. Those 1/0O applications have been developed
since the 1960s, started for practical applications in the 1980s, and spread widely in the
1990s. In contrast to the microelectronics devices, history of the large-area
microelectronics devices has driven size of glass substrate up-scaling from 300 x 300 mm
to 3 x 3 m during the past 30 years %>,

This chapter provides overviews of previous research, the I/O devices and their
functions (1.1), the TFTs to drive those I/O devices (1.2), and crystalline silicon films to
be employed in TFTs as active layers (1.3). Then, the purpose of this thesis is described

(1.4).
1.1 Target applications and technology trends

1.1.1 Active-matrix liquid crystal displays (AM-LCDs)

Information displays are the one of indispensable devices as an image output
interface in this age of the information technology (IT). For example, large screen
displays with more than 50-inch diagonal are widely used as television monitors. High
resolution displays with more than 400 ppi (pixels per inch) are also commonly installed
in smartphones. Today, there are two main technologies, liquid crystal and organic light-
emitting diode, to reproduce images on those screens.

The information display devices have their origin gone more back to than that of

the transistors described above. Since cathode-ray tube was embodied by Braun in 1897



26 the cathode-ray tube had been dominant for information display devices, such as TVs
and monitors for computers until the appearance of liquid-crystal displays ®'? in 1980's.
There has been a long history also in liquid crystal technologies. In 1888, Reinitzer
discovered a strange behavior of what would later be called liquid crystals 2”. However,
it seemed to be very far from the practical use in those days. Eighty years later, the first
research activities that contributed to the current AMLCD technology was the discovery
of dynamic-scattering mode 2® by Heilmeier et al. in 1968, followed by the discovery of
twisted-nematic (TN) mode >* by Shadt and Helfrich in 1971.

In the typical TN mode cell, the liquid crystal is confined between two-crossed
polarizers and its birefringence controlled by an electric field applied between two
electrodes. It is designed that the nematic director undergoes a smooth 90° twist within
the cell in the absence of an electric field. As shown in Figure 1.1 (a), unpolarized light
enters the first polarizer and the twisted arrangement of the LC molecules then acts as an
optical wave guide and rotates the plane of polarization by 90° turn so that the light which
reaches the second polarizer can pass through it. When a voltage is applied to the
electrodes, the light cannot pass through it because the liquid crystal molecules tend to
align with the electric field E as shown Figure 1.1 (b) and the optical wave guiding
property is lost.
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(a) transparent state with no electric field. (b) dark state with electric field.

Figure 1.1 Typical TN mode cell.

Then, in 1980's, the liquid crystal related technologies remarkably progressed
with development of thin-film transistor technologies employed silicon based active



layers. For example, Suwa Seikosya released a product of 2" color liquid crystal TV ® in
1984 and Sharp shipped 14" LCD product '? in 1988.

At this moment of 2020's we know that the TN mode liquid crystal technologies
%) combined with a-Si:H TFT *? had created the first stage of LCD industry. They were
applied to laptop style personal computers (PCs) and also assisted to create a new product
category for mobile computers, such as current notebook-PC. Followed by the
development for wide viewing-angle mode LC technologies, for example In-Plain
Switching (IPS) mode in 1992 39, the LCD became popular widely in not only the
medium-size markets, such as the notebook-PC described above, but also both large and
small-size displays markets that is represented by TVs and smartphone. Especially in the
small-size displays, low-temperature poly-Si TFTs, so called LTPS *%, has been playing
an important role t to expand the market of high resolution displays since the joint venture
from Sony and Sanyo shipped the first LCD product in 1996 3. It has also contributed to

create a new market for OLED described below.

1.1.2 Active-matrix organic light-emitting diode displays (AM-OLEDs)

Another display technology is organic light-emitting diode display (OLED). In
1953, Bernanose and Vouaux first observed electroluminescence in organic materials *¥.
Ten years later, Pope et al. observed direct current (DC) electroluminescence under
vacuum on a pure single crystal of anthracene **. However, it required more than 400 V.
After a quarter century from Pope's report, Tang and VanSlyke successfully demonstrated
high-efficiency light emission *®.

Figure 1.2 shows the double-layer type EL devices introduced by Tang and
VanSlyke. They used a diamine derivative as a hole transport layer for hole injection from
the anode into the emitting layer of aluminum complex and demonstrated the structure
significantly improves the emission efficiency. It was considered that the hole transport
layer plays an important role in transporting holes and blocking electrons. This
demonstration inspired a study of the three-layer structure consisting of a hole transport
layer, an emitting layer and an electron transport layer, and following many investigations
for multilayer structure currently used in popular.

Other numerous important studies continued in the last ten years since Tang's
report. In terms of luminous efficiency”, the concept of charge balance *® and the

phosphorescent materials >

were proposed and demonstrated. Then, it was in 2000's for
OLED to be really practical used. The joint venture from Sanyo and Kodak shipped 2.16"

OLED product in 2003 0.
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Figure 1.2 the double-layer type EL devices introduced by Tang and VanSlyke *®.

1.1.3 1D and 2D image sensors

Besides the use as an active layer in TFTs, a-Si:H films were expected for use in
photoelectric conversion functions, such as solar cells and photo sensor. Photoconductive
effect of a-Si:H was discovered by Chittick et al. in 1969 4D, In 1975 and 1976, Spear et
al. reported that the electrical properties of a-Si:H can be controlled by substitutional
doping *» and that p-n junctions ** can be formed in a-Si:H. Carlson demonstrated a-Si:H
solar cells with p-i-n structures in 1976 *¥. Then, in 1980’s, much effort had been devoted
to develop photo-sensors and photo-diodes employed a-Si:H films.

One of advantages of a-Si:H was that photo response-time was shorter than that
of cadmium sulfide (CdS) based photo-sensors already developed in those days '”. Figure
1.3 shows a structure of a-Si:H photo-sensor. In that figure, Al was selected as the lower
electrode because of its better blocking characteristics than those of Cr-Au and Ni. There
had been a lot of investigations for diode structures to reduce the dark current further, a-

Si:H pin-diode structure became dominant in later .
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Figure 1.3 The a-Si:H photo-sensor with sandwich structure

developed by Hamano et al. !7.

This photosensitive function of a-Si:H has been attracted much attention for use

in not only linear (1D) image sensors >¥2% but also two dimensional (2D) ones ****7. The



most important advantage of this technology is that it can be fabricated image sensor
arrays on glass substrate in size as same as that of target images. That is why it enables
the volume of image reading scanner to be reduced compared with the Si-LSIs based
scanners, such as the CCD and the CMOS sensors, because it does not need optical system
to reduce the image. This image input device is less familiar than the information displays
as image output devices described above. Today, however, this technology was already
practically used in medical imaging systems as X-ray detector*®.

Table 1.1 Typical topics for each target application.

~1900 // 1940 1950 1960 1970 1980 1990
Display device technologies
LCD product 1984 ) 1988
Suwa Seikosya 8) Sharp 12)
2" AMLCD product 14" AMLCD product
1888 T 1968 1971 1992
Reinitzer 28) Heilmeier 29) Shadt 30) Kiefer 32)
Liquid crystal DS Mode TN Mode IPS Mode
1953 1963 OLED technologies [EEC 1998
Bernanose 34) Pope 35) Tang 36) Baldo 39)
Organic EL Anthracene crystal multi-layered phosphorescent
1897 1954
Braun 27) RCA 49)
Cathode ray tube Shadow mask CRT product
Sensor device technplogies
a-Si: H photodiodes [IBSARS 1975 1981 1990
Chittick 41) Spear 42) Hamano 17) Street 45)

photoconductive a-Si:H 1D sensor 2D sensor

1946

Rose 50)
. television pickup tube
Si-MOSFETs
1948 1960 1965 1970 1985
Bardeen 1) Kahng 2) Moore 5) Intel 51) Toshiba 52)
point-contact tr. MOS tr.  Moore's law 1k DRAM 1M DRAM

1.2 Thin-film transistors for large-area microelectronics

1.2.1 a-Si:H TFT

It is already described that the MOS transistors were demonstrated in 1960, and
the concept of Moore's law was proposed in 1965. An idea for TFTs that is the main
function for the current large-area microelectronics was also born in the same period.
However, it may not be famous than the Si-MOSFETs. The first TFT proposed in 1961
by Weimer had a top-gate staggered type structure and consisted of polycrystalline CdS
as a semiconductor layer and silicon monoxide as gate insulator >>). About 10 years later,
Brody et al. reported a design, fabrication and its performance for the AM-LCD that was
consist of CdS-TFTs and nematic liquid crystals ”. Epoch-making experiments for TFTs

based on silicon thin films were done in 1979. LeComber et al. demonstrated TFTs by



using hydrogenated amorphous silicon (a-Si: H) on a glass substrate **. The a-Si:H related
technologies were fortunate to have many opportunities studying its properties,
fabrication process and its application, because it had not only switching functions but
also photosensitive functions as described above. For example, the plasma-enhanced
chemical vapor deposition (PE-CVD) as a fabrication tool was developed smoothly
because it was able to be shared with development for solar cells >¥. A major disadvantage
of a-Si:H TFTs was that its carrier mobility is relatively low to be 0.1 ~ 1 cm?*/Vsec. It
was enough to drive liquid crystal in a pixel, but it was too small to integrate peripheral
circuits with adequate clock frequency on a same substrate >>”), In order to overcome the
low carrier mobility, poly-Si TFTs had been expected to be developed because poly-Si
films might realize its mobility to be 1 ~ 100 cm?*/Vsec. Main purpose was integration of

peripheral drivers for displays, printer heads and image sensors.

1.2.2 Poly-Si TFT

There were several approaches to develop poly-Si TFTs. Those approaches
should be categorized first. One motivation was, as extensions of conventional
microelectronics *4%?, to develop three-dimension integrated-circuits (3D-IC) on Si
wafers and silicon-on-sapphire technology (SOS) based on the Si-MOSFET process, that
were so called the high-temperature process in distinction to next one. It was resulted in
the static random access memory (SRAM) with poly-Si transistor loads %%, for instance.
The other one was, as the purpose of the large-area microelectronics **°*°7) to develop
I/O devices on conventional glass substrates based on the concurrently developing low-
temperature process. Despite a lot of knowledge *+% and technical information 7%
obtained in the former one were also contributed to the studies for the latter one, there
still were many investigations required to develop poly-Si TFTs under low-temperature
processes 9797V Therefore, the poly-Si TFTs under high-temperature process were also
applied to specific, relatively small, I/O device applications. Actually, the first product for
the AM-LCD stated in subsection 1.1.1 employed the poly-Si-TFTs on quartz substrate
fabricated at high temperature ¥. These categories are easily explained by the kind of
substrate material as summarized in Table 1.2. Several benefits are earned by using Si
wafers, such as high resolution process and highly reliable transistor performance >4,
In contrast, applications must be limited because the Si wafers are not optically
transparent. Quartz substrate are employed to solve the limitation ”’®. Even though
employed quartz, the applications are still limited because the material is highly expensive.
In a view point of the material cost, conventional glass was suitable for large-size

applications. That’s why the poly-Si TFT was expected to be fabricated on the



conventional glass substrate at low-temperature.

Table 1.2 Several kinds of poly-Si TFTs categorized

by process temperature and substrate material.

Process substrate main application example
reflective type LCD 7?7 | LCOS
High-temperature Si wafer | top-emission type micro-display
(Si'MOSFET OLED74) (typical <2 inch)
compatible) transparent type light valve
quartz 75176 )
LCD7Y70) (for LCD projector)
Low-temperature glass direct-view type display

1.2.3 Technical features and practical motivation for poly-Si TFTs

Figure 1.4 shows a typical configuration for active-matrix displays, (a) a TFT
array driven by external driver ICs 7’®_ (b) a pixel circuit for LCD ), and (c) a pixel

circuit for OLED 7. The full high-definition (FHD), one of the standard display

resolution, has the number of pixels for 1920 x 1080 x 3 (RGB), for example.

case of LCD, the number of TFTs are as same as the one of pixels. In the case of OLED,

the number of TFTs are at least as twice as the one of pixels.
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(a) An active-matrix TFT array driven by external driver ICs

Figure 1.4 A typical configuration for active-matrix displays.

If it is applied to Figure 1.4 (a), there needs 1920 connections with the gate-
driver and 1080 x 3 connections with the data-driver. Also it is found that the pitches
of pixel and sub-pixel are very small to be about 80.6 um and 26.8 um, respectively, for
example in the case of 7 inch diagonal FHD display. Thus, the larger numbers of pixels
(or the smaller screen size), the more difficult to bond those connections physically. One
of the remarkable benefits of the integration for the poly-Si TFT drivers is to solve this
issues. The other is to reduce the size of display module, such as the volume and the
space to assemble the driver ICs. Figure 1.5 shows a highly anticipated configuration
for active-matrix TFT array driven by integrated poly-Si TFT drivers on the same

substrate 3789,



Integrating drivers
on a glass substrate
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Figure 1.5 An expected configuration for active-matrix TFT array

driven by integrated poly-Si TFT drivers on the same substrate.

1.2.4 Technical trends for TFTs compared with Si-MOSFETs

In this subsection, the evolution for substrate size and design rule in the FPD
(Flat-panel display) industry is reviewed compared with that in Si-MOSFET. Figure 1.6
shows the increase in size of glass substrate for FPD and wafer for Si-MOSFETs ?. The
size of glass substrate increased about 10 times in ten years from 1990 to 2000. It was
quite rapid, compared that the wafer size took about 25 years, from 1975 to 2000, to
increase 10 times. There were two important reasons to evolve so fast. The one was that
size of the applications also grew from middle-size PC-related monitors to large-size TVs.
The other was to reduce cost through the manufacture of multiple display panels on a
single mother substrate.

Figure 1.7 shows the decrease in feature size for FPD 8" and for Si-MOSFETs ©.
The feature size was substituted by the minimum resolution for photo-exposure tools in

FPD here. The feature size for FPD reduced to be only half or one-third in thirty years



from 1990 to 2020. It was quite slow, compared that the feature size for Si MOSFET
reduced one-hundredth in about 30 years from 1970 to 2000.
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Figure 1.6 Increase in size of glass substrate for TFT-LCD
and wafer for Si-MOSFETs .
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As described above, it was found that the process evolution for FPD was quite different
from the one for Si-MOSFET. However, it is also fact that there were two approaches in
the FPD industry. Large-size displays, such as used in TV, have led the increasing the
substrate size by employing a-Si:H TFTs. Moreover, they have not need to reduce the
feature size, which is still about 4 micrometers. As the result, the substrate size reached
to be almost 2.9 x 3.1 m, so called G10 (Generation 10) ®?. In contrast, small- and
middle-size displays, such as used in smartphone, have required smaller feature size
because they have been expected higher display resolution and driver integrations by
employing poly-Si TFTs as discussed in the previous subsection. Therefore, the feature
size is decreasing to be less than 2 micrometers, but the substrate size is still limited to be
1.5 x 1.8 m, named G63%.

1.3 Crystalline growth techniques for silicon thin-films

It is already described in section 1.2 that the one of approach for poly-Si TFT
employed the low-temperature process. In this thesis, the formation techniques for
crystalline silicon thin-films under the low-temperature are discussed, that is compatible
with glass substrates, typically under 600 °C and preferably under 300 °C. There are
mainly two ways to fabricate crystalline silicon thin-films at the low-temperature. The
one is to deposit crystalline film directly on an amorphous substrate through gas phase
T0071)84-86) " The other is to crystallize films already deposit on a substrate. The latter
technique is categorized in two ways, through solid ®’-*? and liquid phases >°”°Y_ Those
three crystallization methods, through gas, solid and liquid phases, are investigated in this

thesis.

1.3.1 Gas-phase direct deposition

It is already described that Weimer proposed the first TFT in 1962 by employing
polycrystalline CdS films>¥, and that LeComber et al. demonstrated the first a-Si:H based
TFT 3? in 1979. The pioneering research for the a-Si:H films preceded by Spear and
LeComber *? inspired many researchers to develop the fabrication method for poly-Si
films 797186 not limited to the a-Si:H films, that could enhance functions in large-area
microelectronics device. Since then, direct deposition methods for silicon thin films has
been investigated by many researchers. The objective for those was mainly how
crystalline phase of silicon can be fabricated at low temperature below about 600 °C that
is applicable for conventional glass substrate because the mobility for a-Si:H films are

low to be around 1 cm?/V sec. Higher mobility, more than 10 cm?/Vsec for example, was
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expected in order to integrate peripheral driver circuits into active-matrix devices, such
as AM-LCDs.

There were two kinds of major way of direct deposition to obtain crystalline
phase silicon thin films. The one was based on a thermal decomposition of source gases.
Matsui et al. reported polycrystalline-silicon TFTs on conventional glass substrate by
utilizing molecular beam deposition (MBD) method '” in 1980. Morozumi et al.
employed low-temperature chemical-vapor deposition (LP-CVD) method *» to obtain
polycrystalline silicon thin-films. In their report published in 1986, they already used a
term "Low-Temperature processed poly-Si TFTs" that is the origin for the term "LTPS",
which is currently used for indicating type of AM-LCDs. The other one was based on a
plasma assisted decomposition of source gases, so called plasma-enhanced chemical
vapor deposition (PE-CVD) method. Morin et al. reported poly-Si film formation at
450 °C of substrate temperature’” in 1979. Matsuda et al. discovered to obtain crystalline
phase silicon thin-films by optimizing deposition conditions under the similar conditions
for deposition of a-Si:H at about 300 °C 7V, The former is a process under thermal
equilibrium and the latter is a process under non-equilibrium. So it was considered the
latter one was promising to obtain crystalline phase silicon thin-films more possibly than
the former under the quite limitation for the deposition temperature, which must be

applicable to conventional glass substrate.

1.3.2 Solid-phase crystallization

Behaviors for crystalline growth under solid phase had been started to study in
1970's for epitaxial growth on single crystalline substrate. One approach was to crystallize
films without transport media that assist crystalline growth. In 1976, Csepregi et al.
reported that thermal annealing at 500-600 °C produced epitaxial regrowth of amorphous
layer in Si crystal produced by highly-dosed ion-implantation °». In 1977, Roth and
Anderson demonstrated solid phase epitaxy (SPE) of deposited a-Si films on atomically
clean Si (100) substrates by heating the a-Si films to temperature of 500-600 °C. The
purpose was to obtain thin epitaxial layers with abrupt doping profiles because the
diffusivity of common dopants and undesirable impurities could be reduced during
growth at low-temperature °. As the results they indicated that crystalline growth of
silicon can be obtained under solid phase at low-temperature at around 500-600 °C.
Lateral solid phase epitaxy (L-SPE) of a deposited amorphous silicon film were
intensively investigated in early 1980's to apply to the fabrication of three-dimensional
large scale integrated circuits (3D-LSI's). The concept was that the epitaxial film first

grows vertically in the regions directly contacted to the Si substrate as a seed and then
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grows laterally on SiO: patterns until the epitaxial growth is stopped by random
nucleation spontaneously occurred **. Then, polycrystalline silicon growth on a foreign
substrate without any seed were studied in 1980's to apply to the fabrication of flat panel
displays and solar cells. Noguchi et al. proposed a technique of Si+ ion implanted
amorphization and subsequent solid phase growth, and applied it to fabricate TFTs %>,
Hatalis et al. investigated crystallographic properties for the films depending on the
annealing temperature in 1988 87, Aoyama et al. reported the focused study for deposition
temperature dependency under fixed annealing temperature of 600 °C in 1989 %”.  Those
solid-phase-crystallized (SPC) poly-Si films were applied to TFTs and investigated by
Panwar et al. in 19898,  The electrical properties of poly-Si TFT are strongly dependent
on the microstructure of the poly-Si film. Grain boundaries and defects inside grains are
known that these act electrical potential barriers and scattering sites, which decrease the
carrier transport mobility and also increase the leakage currents. Therefore, many efforts
have been attempted to increase the grain size and to reduce the density of crystalline
defects in the grains. If the grain size was achieved as large as the dimension of channel
length, a technique to control location of the large grains were desired in order to avoid
the grain boundaries being inside channel.

The other approach was to crystallize films with transport media that assist
crystalline growth. Solid phase epitaxy, on single crystal germanium *® or silicon °”, had
already been discovered under employing transport media such as a metal or a compound
prior to those researches without transport media. The transport media assisted to reduce
the temperature for the crystalline growth happen. In those cases, however, there was a
seed crystalline layer underneath in the initial stages. It was late 1990's for low-
temperature crystallization of amorphous films with transport media to be again attracted
attentions to. The concept was that the seed area is first selectively crystallized in the
regions the metal layer locally patterned on and then crystalline grows laterally until the
growth is stopped by random nucleation spontaneously occurred. Lee et al. applied
selectively formed palladium (Pd) °® and nickel (Ni) * films as seed regions on silicon
films. Yang et al. employed Au, Cu, In, Co and Ni as the transport media for selective
nucleation for germanium films '°?. Those techniques for the selective nucleation have
achieved controlling the location for the grain. However, further techniques for
controlling location for the grain boundary and reducing residual the defects inside grains

have been desired to improve the electrical performance of TFTs.

1.3.3 Liquid-phase crystallization

One of the most typical way to form single-crystalline silicon is performed under
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liquid phase, as widely known as Czochralski method 1°V. A seed of single-crystalline
silicon is placed on the surface of molten silicon in the quartz crucible, and gradually
drawn upwards while simultaneously being rotated. This draws the molten silicon after it
which solidifies into a continuous crystal extending from the seed. poly-Si ingot is also
formed from molten silicon by cast method !°2. Those process temperature is required
more than 1400 °C to melt silicon source. This kind of technology is not suitable for large-
area microelectronics. In order to make it possible to use liquid phase crystallization in
the large-area microelectronics, many researchers paid attention to the laser process.
While much effort has been devoted to the development of laser annealing
techniques since middle of 1970's for epitaxial regrowth of ion-implanted amorphous
layers on semiconductors. At the same time, development for large grained
semiconductor films on foreign substrates has been started by using similar techniques.
The initial study in this area can be found in the brief report by Laff and Hutchins > in
1974. They had already supposed these kinds of technique to be used in the active-matrix
addressing of liquid-crystal displays. This work was extended by Fan and Zeiger using a
continuous wave (CW) Nd-YAG laser to crystallize RF (radio-frequency) sputtered Si
films on AL>O3 substrates % and by Gat et al. using CW argon laser to recrystallize poly-

104)

Si films deposited by LP-CVD on amorphous insulators Pulsed lasers were also

attempt as well as CW lasers in those days. Young et al. applied Q-switched ruby laser

105 and excimer laser to the annealing '°®

of ion-implanted Si. Also by Morin et al. the Q-
switched ruby laser was also applied to fabricate poly-Si TFTs on glass 7.

In contrast to those attempts that several kinds of lasers were applied to silicon
crystallization, there was a research groups investigating that crystallographic orientation
might be controlled by means of artificial surface-relief structure underneath. Geis et al.
demonstrated that crystallographic orientation of Si films on amorphous substrate was
controlled by laser crystallization of a-Si deposited over a surface-relief grating in the
substrate *. The same group also proposed and demonstrated another technique to
eliminate  sub-boundaries through planar construction during zone-melting
recrystallization '°”. It is found there were the same challenges as in solid phase
crystallization, that were to control location for the grain boundary and to reduce residual
the defects inside grains to improve the electrical performance of recrystallized Si films.

Just after those approaches in both selecting the kind of laser apparatus and
controlling crystallographic micro-structures, Sameshima et al. presented the potential of
XeCl excimer laser (308 nm) to fabricate high quality poly-Si films on a plane glass
substrate. They reported the channel mobility of n-channel TFTs employed poly-Si films
crystallized by XeCl excimer laser reached to 180 cm?/Vsec?).  With this as a trigger,

14



there were many studies started to apply the excimer laser to the large-area

microelectronics devices.

1.3.4 Comparison for three methods
As described above, there were mainly three kinds of approaches to obtain
crystalline silicon thin-films for TFT applications in late 1980's. They are categorized

below.

1) gas phase (direct deposition)
i1) liquid phase (laser irradiation)

iii) solid phase (thermal treatment)

In these days, 30 years later, those kinds of technologies are still being used in
display industry as summarized in Table 1.3. i) Direct deposition technique, i.e. gas phase
growth, is widely used for larger size displays, such as TVs and PC monitors, as the
technology called a-Si TFT. ii) Laser irradiation technique, i.e. liquid phase growth, is
employed for small and medium size displays with high resolution, such as smartphones
and digital-camera monitors. In addition to those, iii) thermal treatment technique, i.e.
solid phase growth, is also utilized for very small size and high pixel-density displays,
such as a light-valve for LCD projectors, as the technology called HTPS (High-
temperature poly-Si). i) Direct deposition technique is applicable glass substrate but,
unfortunately, it still produces a-Si. Also ii1) thermal treatment technique provides poly-
Si but it requires quartz substrate because it needs higher temperature process, such as
thermal oxidation for gate insulators. So current dominant TFTs for on conventional glass
substrate employing crystalline phase silicon are manufactured by utilizing laser
irradiation technique, that is called LTPS to distinguish with a-Si TFT technologies.

Table 1.3 Film properties, typical process temperature and their applications

film property process temperature technology name in
(typical) (substrate) industry
gas amorphous (a-Si:H) 300 °C (glass) a-Si TFT
liquid crystalline (poly-Si) 500 °C (glass) LTPS
solid crystalline (poly-Si) 1000 °C (quartz) HTPS
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1.4 Purpose of this study

This thesis covers somewhat long period along the progress for technologies
both of low-temperature growth of crystalline silicon and poly-Si TFTs. The low-
temperature growth techniques for crystalline silicon were studied in three different ways
under gas, solid and liquid phase. As they were at different time periods, those
investigating objectives were adopted along each technical stage when they were studied.
Then, the liquid phase crystallization by using excimer laser was employed to fabricate
poly-Si TFTs. As there were still many challenges in order to apply it practically, some of
critical issues to apply for specific applications were investigated and improved. The main
purpose for this series of study is to make it possible for large-area microelectronics
devices based on poly-Si TFTs to be used practically, i.e. to contribute generating a new
industry. There had been many prior fundamental studies, and there are many subsequent
developments in the stage of manufacture. The role of this series of study is to bridge
from academic research to product business. The academic research sometimes aspires
the highest numerical value or the world first achievement. In contrast, this work was
focused on practical development, such uniformity and reliability. Thus, some of
individual study were accompanied by the developments of novel apparatus to fabricate
the poly-Si films and their TFTs.

In this thesis, the method to fabricate poly-Si films is discussed first. The gas
phase deposition method, that is one step process as like a-Si deposition, had been
expected. Actually, quite small grain Si called microcrystalline Si (uc-Si) films were
formed on a glass substrate. As their electrical properties were not enough, however, the
mechanism to promote crystalline silicon growth at low-temperature was required to be
clear. The solid phase crystallization with combination of selective nucleation and grain
boundary filtration method was studied as an alternative for laser crystallization, the
mainstream technology in those days, in the viewpoint for enlargement of grain size. The
goal of this study is to improve performance of the poly-Si TFTs and to result in
expanding products range for those TFTs to be applied. As it was at relatively later stage
during this series of study, the grain size was targeted to be more than micrometer that
was as large as the channel length of TFTs. The liquid phase crystallization by utilizing
excimer laser had a unique advantage to obtain high-mobility poly-Si films easily even
on a glass substrate. As the crystallization process was being performed within quite short
period to be several tenth nanosecond, however, it was still necessary to understand the
growth mechanism during the laser irradiation. The objectives for those three methods

are summarized in Table 1.4.
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Table 1.4 The objectives for those three methods

method objective

o - demonstrating to grow crystalline silicon at
epitaxial growth by
o low-temperature.
gas utilizing plasma

- studying how impurity doping effects on
enhanced CVD ying bttty ping

microstructures and electrical properties.

grain boundary ) ) ] )
] ) - demonstrating grain boundary filtration of
) filtration under lateral ) ] ] o
solid . . germanium film by using planar constriction.
solid phase epitaxy and ] ) ) . i
) ) - studying the potential to apply it to silicon film.
selective nucleation

liquid excimer laser - understanding the growth mechanism during
iqui
a crystallization quite short period of the laser irradiation.

Then, in this series of study, excimer laser crystallization was chosen to fabricate
poly-Si TFTs and was investigated details how should be applied for practical devices.
First, some attempts were studied to improve uniformity for TFT characteristics. Next, a
method to reduce photo-leakage current was demonstrated for the poly-Si TFTs to be
applicable to LCDs under high-luminance. Further, a method to improve reliability in
TFTs was investigated. Finally, the possibility to realize ultra-high mobility TFTs was
investigated to integrate further functions and to expand products range for those TFTs to
be applied. These challenges to improve characteristics in excimer laser crystallized poly-

Si TFTs are summarized in Table 1.5.
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Table 1.5 The challenges to improve characteristics

in excimer laser crystallized poly-Si TFTs

challenges attempts to improve
- selecting precursor film
uniformity - controlling re-solidification process

- dividing unit size of circuit design

photo-leakage current

- reducing thickness for poly-Si films

reliability

- controlling clean interface between gate-oxide

and poly-Si channel

ultra-high mobility for

integrating further functions

- extending the grain laterally
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2. Low-temperature deposition of crystalline silicon thin-films

This chapter states on a new deposition technique called HR-CVD (Hydrogen-
Radical-Enhanced Chemical Vapor Deposition) with assistance of chemical potential of
atomic hydrogens for preparing crystalline silicon films epitaxially grown on single-
crystalline silicon substrates (110) and (100) under the substrate temperatures at around
300 °C.

In this study, a coaxial microwave discharge system was used to generate
precursors, SiFnHm (n+m < 3), as a consequence of the plasma-induced decomposition
of gaseous mixture of SiF4 +Ha. So as to introduce additional atomic hydrogens into the
growth area, a new apparatus termed "cavity" system was used to combine with the
coaxial discharge system. Remarkable changes were found in the structure of Si-network
by changing preparation parameters, i.e., the substrate temperature, film thickness, doping
concentration of impurity, flow rate of atomic hydrogen and orientation of crystalline
substrates. The optimum conditions for epitaxial growth were obtained at 300 °C on Si
(110) and 350 °C on Si (100) substrates, respectively. Although the disorders in Si-
networks tended to be apparent with increasing the thickness or raising the impurity
concentration of P (phosphorous) or B (boron), modulating conditions with excessive
hydrogens were highly effective on reducing those disorders. The highest electron Hall
mobility was obtained to be 115 cm?/Vsec with the carrier concentration of 2 x 10'°cm™

in the epitaxially grown P-doped silicon film.

2.1 Previous research and objectives

It was already described that studies to form poly-Si films by using PE-CVD
were started in late 1970’s 7%, following the discovery of a-Si:H films *I*¥. In 1980,
Matsuda et al. reported detailed studies that polycrystalline silicon films can be deposited
on a glass substrate by a glow-discharge technique using gas sources containing fluorine
under high RF (radio-frequency) power conditions ’V. In their article, it was also reported
that P-doped those films revealed conductivities two order magnitude higher than those
of amorphous film fabricated under low RF power conditions. Since then many
researchers had investigated varieties of low-temperature deposition techniques for
crystalline silicon, such as MBD !9, LP-CVD 3%, photochemical vapor deposition '*, PE-
CVD "OUD and biased sputtering '». Because it was considered that those crystalline
films brought higher driving ability than amorphous films if those films applied to TFTs.
It was fact, however, that there was no remarkable progress for growth of “high-quality”

polycrystalline film on a glass substrate. That might be due to lack of information both
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nucleation on a foreign substrate and crystalline growth at low-temperature. Thus, this
study targeted to understand behavior in the “crystalline growth” on existing nuclei, i.e.
epitaxial growth on a single crystalline substrate at low-temperature.

In the late 1980’s, there were some reports to refer silicon epitaxial growth at
low-temperature by using techniques based on plasma decomposition that was similar
with techniques for fabricating hydrogenated amorphous silicon (a-Si:H). Baert et al.
demonstrated it by gas-mixture system of PH3/SiH4 under the substrate temperature at
250 °C 9. Shibata et al. obtained it by SiFs based gas source with additional supply of
atomic hydrogen at 300 °C . However, these studies just referred kinds of discovery of
epitaxial growth. Following the Shibatas’ work, the author was attempt to study epitaxial
growth of silicon. Regarding the method employing plasma with SiFs4 based gas source
and additional supply of atomic hydrogen, Shimizu and coworkers named Hydrogen-
Radical-Enhanced Chemical Vapor Deposition (HR-CVD) ' because in which the
concentration of atomic hydrogen in the deposition process was strictly controlled. They
reported the features of that method as follows !'9; 1) The presence of atomic hydrogen is
required for film deposition. ii) The fluorine content in the film is very low to be less than
1 at. % even though fluorides are employed as source gases. Fluorine evolution by
formation of HF (hydrogen fluoride) accompanies the formation of three-dimensional Si
networks, ii1) The hydrogen content and the chemical structures such as Si-H and Si-H2
bonds, in the film can be controlled by the hydrogen flow rate during deposition. iv) The
polycrystalline film deposited on a glass substrate shows (220) orientation strongly
preferred. A lot of effort was devoted by Shimizu and coworkers to investigate resulting
film properties and their deposition mechanisms ''*!19, but they were mainly focused on
amorphous films and their depositions.

The purpose of this section was to understand behaviors for crystalline growth
at low temperature under the technique of HR-CVD. Single crystalline substrates were

employed to avoid the process for nucleation, as already described.

2.2 Apparatuses and experimental 17

Two types of deposition system were adopted in this experiment to prepare
silicon thin films on single-crystalline silicon substrates. A coaxial microwave discharge
system was used in the first system as shown schematically in Figure 2.1(a). Hydrogen
was pre-diluted in Ar (argon) gas, introduced into the outer tube, and then decomposed to
hydrogen atoms by microwave plasma. SiFs gas was passed through the inner tube and
exposed to the plasma only at the end of this tube, since the plasma was concentrated in

the space close to the walls of the outer tube. Interaction between the resulting SiFn (n <

20



3) radicals and the hydrogen atoms generate the precursors responsible for deposition. In
the second system, additional microwave plasma reactor named "cavity" was combined
with the first system as shown schematically in Figure 2.1(b). Hydrogen was pre-diluted
in Ar gas, introduced into the cavity area, and then decomposed to hydrogen atoms by
another microwave plasma system. Those two sets of H2/Ar flows and microwave power
supplies were able to be controlled independently. It means that excessive supply of
hydrogen atoms onto growth surface could be achieved by the cavity discharge system
that was independent on the coaxial discharge system. For the doping with substitutional
impurities, either PHs or BF3 was pre-diluted to 1 vol. % in helium and mixed with the
SiF4 gas to be predetermined concentrations prior to introducing into the reactor through
the inner tube.

At the step for cleaning substrate surface, so-called “RCA clean” method ''® was
employed to fabricate chemical oxide on the Si substrate. And, the oxide layer was
removed by using 10% HF solution before introducing the substrate into the reactor. Films
were prepared on the (100) or (110) oriented silicon wafers. Microstructures of the films
were evaluated by using Raman scattering spectroscopy, RHEED (Reflection High
Energy Electron Diffraction) and IR (Infrared) absorption spectroscopy !'). The van der
Pauw method '? was used to evaluate electrical properties, such as Hall mobility and

carrier densities. Typical deposition conditions are summarized in Table 2.1.

Microwave: 2.45 GHz

Ar‘+H2 ’ -~
I ‘ l / Substrate
dopant e ———— L o
+ S|F4 l -?nlmanu.......... ﬂ'm“l‘l'fn"-—...,r.!‘ .—’I_VH.eater
}L'r Py
X=50mm L [
Y=10-70mm 'y y ¢!

Pump

Figure 2.1 (a) A coaxial microwave plasma reactor.
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Figure 2.1 (b) A coaxial microwave plasma reactor combined with a cavity.

Table 2.1 (a) Typical deposition conditions for

Si (110) under the coaxial microwave plasma reactor.

Coaxial reactor

Flow rate for Hz: 30 sccm Microwave power: 440 W
Flow rate for Ar : 76 sccm Substrate temperature: 300 °C
Flow rate for SiF4: 76 sccm Pressure: 440 mTorr

Table 2.1 (b) Typical deposition conditions for

Si (100) under the coaxial microwave plasma reactor.

Coaxial reactor

Flow rate for Hz: 30 sccm Microwave power: 360 W
Flow rate for Ar : 76 sccm Substrate temperature: 350 °C
Flow rate for SiF4: 76 sccm Pressure: 100 mTorr

22



Table 2.1 (c) Typical deposition conditions under

the coaxial and cavity microwave plasma reactor.

Coaxial reactor

Flow rate for Hz2: 30 sccm Microwave power: 440 W
Flow rate for Ar : 76 sccm

Flow rate for SiF4: 76 sccm

Cavity
Flow rate for H2: 10-100 sccm Microwave power: 260 W
Flow rate for Ar : 76 sccm Substrate temperature: 300 °C
Pressure: 400 mTorr
2.3 Impurity doping

The polycrystalline film deposited on a glass substrate by HR-CVD shows (220)
preferred orientation as described above !9, Therefore, epitaxial growth on Si (110)
substrates was attempted at first, then those films were evaluated by using RHEED and
Raman spectroscopy. After that microstructures and electrical properties were also
evaluated in those non-doped films and doped ones with substitutional impurities, such
as phosphorus and boron. The RHEED pattern for non-doped film of 300 nm thickness
revealed that it was epitaxially grown on a Si (110) substrate as shown in Figure 2.2 (a).
This condition was as same as the one to obtain the best polycrystalline film with strongly
(220) oriented on a glass substrate. Deposition rate of this film was about 1.2 nm/sec, that
is high rate relatively. The dilution ratio of SiF4/Ar could control deposition rate. The
epitaxial films were successfully grown also at the deposition rate of 0.5 and 1.5 nm/sec.
Increasing the thickness, ring pattern became to dominates in RHEED image. It suggested
that epitaxial growth was deteriorated at near surface. Based on those results, 300 nm
thick samples are prepared in studies followed. Si substrates may affect the Raman
scattering as same as the films deposited onto, but the affection can be negligible to study
comparative values of films.

As shown in Figure 2.3 (a), the peak widths at around 520 cm™ caused by
crystalline Si in Raman scattering spectrum 2V!?? increased with the concentration for

PH3. It suggests that the doped impurity promoted disordering during growth of
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crystalline Si. As scattering intensity at lower frequency also increased with the
concentration, formation of disordered phase, such as polycrystalline grain, grain
boundaries and amorphous fraction, is suggested. These results supports that doped
impurity obstructs the ideal growth of crystalline. RHEED patterns shown in Figure 2.2
(b) varied from "spot" to "ring" with concentration of doping. Spot-patters in diffraction
caused by single crystalline phase were still observed in the films doped with 30 ppm,
however ring-patterns originated by polycrystalline phase were observed in those doped
with 300 ppm and more. It is considered that something assistance is required to
coordinate "P" well into Si-networks because disorders were caused by impurities, such
as P and PH3, during chemical reactions at growth surface and those in gas phase.

Next, the results for boron doping by using BF3 are shown in Figure 2.2 (c) for
RHEED and in Figure 2.3 (b) for Raman spectroscopy. As different from PH3, the peak
widths at around 520 cm™! were kept as almost same as the one for non-doped film even
though the doping concentration reached at 300 ppm. The spot-patterns also maintained
with doping concentration from non-doped to 300 ppm. It suggests that the BF3/SiF4
system affected less than PH3/SiF4 to chemical reactions both in gas phase and at growth
surface. It was resulted in that boron can be coordinated into Si-networks easier than
phosphorus here different from the previous study for fabricating doped pc-Si films by
using HR-CVD "9, Those films fabricated by using PH3/SiF4 or BF3/SiF4 systems with
300 ppm concentration in gas phase indicated 3 orders of magnitude higher than non-
doped film in their conductivity. It meant that those impurities were electrically activated
as substitutional dopants.

(a) Non-doped (b) PH3-doped (c) BF3-doped
Figure 2.2 RHEED patterns of (a) Non-doped, (b) PH3-doped
and (c) BF3-doped epitaxial layers on Si (110) substrate.
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Figure 2.3 Raman spectra of (a) PHsdoped and
(b) BF3 doped epitaxial layers on Si (110) substrate.

The difference in epitaxial film qualities depending on doping concentration
between PH3 and BF3 might be considered as follows. Table 2.2 shows silicon related
binding energies '>¥. The decomposition of PH3 is considered to be much easier than that
of SiF4 because the binding energy of the P-H, representing PH3 gas, is smaller than that
of Si-F, representing SiFs. It means that a reaction originated from P-H system precedes
another reaction originated from Si-F system and then the former reaction disturbs the
epitaxy in silicon. In contrast, the binding energy of the B-F, representing BF3 gas, is
larger than that of Si-F. As the result, the species decomposed by BF3 do not affect so
much to the reaction originated from Si-F system during the epitaxial growth.

The epitaxial grown films as resulted in above have some features as described
below;

1) High deposition rate: it was as high to be about 1.5 nm/sec as the one for pc-Si films.
i1) Thickness dependency: the epitaxial growth was deteriorated by increasing the
deposition thickness. The spot pattern was observed within 300-400 nm of the maximum
thickness through RHEED.
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iii) p-n doping: Substitutional doping was possible. However, the crystallinity was

deteriorated with increasing impurity concentration.

Table 2.2 Binding energy (kcal/mol) %%

Si-F: 129
Si-H: 71.3
P-H: 82
B-F: 183

The fact that the deposition rate is as almost same as the one for puc-Si suggest
us those below. It is not limited by the reaction rate that Si atoms reach to the thermally
equilibrium sites to form Si-Si bonds at the growth surface. There are variety of reactions
within growth zone, such as bonding-debonding of Si atoms, debonding of H and F atoms,
and etching caused by atomic hydrogen and decomposed SiFs. They are almost same as
those in the growth of pc-Si films. Thus, it is considered that Si atoms are introduced to
the condition with thermal equilibrium by chemical reaction including etching promoted
by F and H, even though the deposition was performed through non-equilibrium plasma.
Simultaneously, however, the film quality become worse, i.e. resulting non-epitaxial
growth by increasing defects, during the series of deposition because the condition for Si
atom to bond to ideal site is very severe. Those facts also suggest that the crystalline
growth process at low temperature is not determined only by simple selection of
microscopic reactions, but also some structures, such as cluster type of precursors and

morphology of growth surface.

2.4 Substrate temperature and growth orientation !

Additionally, two important facts were obtained to discuss epitaxial growth
mechanism at the surface. The one was that there was optimum range in temperature to
obtain epitaxial film. Figure 2.4 shows RHEED patterns obtained by the 300 nm-thick
films grown on Si (110) at several temperatures. Ring pattern was observed at 200 °C of
the substrate temperature. With increasing the temperature, the spot patterns, evidence for
the epitaxial growth, could be observed. And increasing the temperature further to be

400 °C, the ring pattern was observed again. It has been conventionally considered that
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higher temperature promotes crystalline growth because that a lot of thermal energy
supply can assist the migration of precursors at the growth surface. In this case, however,
higher temperature rather obstructed the epitaxial growth. It could assume there was
another factor to promote surface reaction instead of the temperature. Hydrogen was
considered to be one of the potential candidate. In the study of pc-Si growth from SiHa,
for example, amorphous film was obtained at higher temperature. The reason was
considered that excessive atomic hydrogen that originally covered the growth surface was

desorbed and that then the migration of precursors at the growth surface was suppressed.

400 °C

Figure 2.5 RHEED patterns obtained by the films grown on Si (110) at each temperature.

The other important fact was obtained by investigation to deposit films on Si
(100). Typical deposition condition is referred in Table 2.1 (b). Figure 2.5 shows hydrogen
content depending on deposition temperature obtained by IR spectroscopy with film
quality obtained by RHEED pattern. The content of hydrogen in films decreased
monotonically with substrate temperature. The optimum range in temperature was
slightly shifted to higher temperature to be at 350 °C. Hydrogen content revealed to be 1-

2 at. % in highly oriented samples observed Kikuchi-line **) in that temperature range.
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Remarkable difference in film quality compared with the experiments on Si (110) was
that the epitaxial growth was achieved with 1 pm thickness of the films as shown in Figure
2.6 even though the deposition rate was maintained to be 1.2 nm/sec as same as the
experiment on Si (110). Electrical properties for those epitaxial films on Si (100) are

shown in Figure 2.9 later.
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Figure 2.5 Hydrogen content depending on deposition temperature obtained by IR
spectroscopy with film quality obtained by RHEED pattern.

Figure 2.6 RHHED pattern of epitaxial layer on Si (100).

2.5 Additional supply of hydrogen

Turning the attention to the deposition conditions on Si (100), it was different,
especially in pressure, from the one to obtain strongly Si (220) oriented polycrystalline
film on a glass substrate, i.e., to obtain the epitaxial film on Si (110). It could mean that
the precursors to contribute on Si (100) growth is different from those on Si (110) growth.
Also the supply of atomic hydrogen might be promoted because the expanding the region
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of hydrogen plasma was experimentally observed by lowering the pressure. Therefore,
additional microwave plasma reactor named "cavity" was then employed to study how
excessive supply of hydrogen atoms onto growth surface play during crystalline growth.
The contribution of additional hydrogen to the epitaxial growth on Si (110) was verified
in the three key parameters for i) film thickness, ii) substrate temperature, and iii) PH3
doping. Because epitaxial growth was limited less than 0.5 um in thickness on Si (110)
in spite of that excellent epitaxial growth was observed more than 1 um thickness on Si
(100).

2.5.1 Film thickness

Figure 2.7 shows the thickness dependency on the films grown on Si (110) by
utilizing additional microwave plasma reactor combined with the conventional system.
The spot pattern was observed even if the film was deposited to be 1 um in thickness.
And strong orientation was observed even in the 1.5 um thick film. They indicated the
epitaxial growth was still maintained in those thick films. In contrast, the border to change
from spot to ring in RHEED patterns was about 400 nm in thickness, in the case of
conventional reactor, as described above. Thus, the additional hydrogen atoms
contributed to reduce the formation of defects and to form stable Si-Si bonds at the growth

surface.

Figure 2.7 RHEED patterns depending on
the thickness of the films grown on Si (110).
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2.5.2 Substrate temperature

Additional supply for hydrogen atoms promoted the epitaxial growth on Si (110)
also in studying substrate temperature dependency. Figure 2.8 shows RHEED patterns
obtained by the films grown on Si (110) at each temperature. The spot patterns were
observed in the wide range of temperature from 300 °C to 400 °C. It was different from

that ring pattern was observed at 400 °C by using the conventional reactor.

Figure 2.8 RHEED patterns obtained by the films

grown on Si (110) at each temperature.

2.5.3 PHs doping

The spot patterns, the evidence of the epitaxial growth, were observed in the
wide range of PH3 concentration from non-doped to 300 ppm against SiF4. It was also
different from that ring pattern was observed at 300 ppm by using the conventional reactor.
Figure 2.9 shows electron mobility and carrier concentration for PH3 doped-epitaxial
grown layers on Si (110) with comparison for the films grown on Si (100) by using the
conventional reactor. The film with 30 ppm indicated the hall mobility to be 115 cm?/Vsec
and the carrier density to be 2 x 10'° cm™. They also showed that carrier density increased
with keeping electron mobility in comparison with the film with 30 ppm deposited by
conventional reactor. Substitutional doping was also confirmed by the fact that variation

with 5 orders of magnitude in carrier density was observed in the film with 300 ppm, even
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though those crystalline qualities were deteriorated as sharp drop in mobility was

observed at the concentration of 300 ppm.
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Figure 2.9 Electron mobility and carrier concentration for PHs doped-epitaxial grown

layers on Si (100) with conventional reactor and Si (110) with cavity added.

2.6 Discussion !

This chapter was described crystalline growth on single crystalline substrates by
using gas phase deposition assisted by atomic hydrogen. This study had based on the
concept that highly diffusible hydrogen could promote structural relaxation of Si-network
at the growth surface. As the results, it was demonstrated that crystalline Si films could
be grown epitaxially on Si substrates. Atomic hydrogen surely played an important role
to promote reactions in making Si-network, and enabled to obtain higher concentration
of impurity doping and thicker growth of epitaxial films. The reason is considered its
strong chemical affinity for silicon. The behaviors in making Si-network observed from
the precursors, SiHnFm, generated by the plasma-induced decomposition of SiF4,
fluorinated compounds, was known quite different from those observed from the other
precursors, SiHn, generated in the similar manner from SiH4 '2%. The chemical activity
of those fluorinated radicals are supposed to be greatly reduced due to its strong electron
negativity of fluorine. In fact, these precursors were able to be carried as the gaseous
mixture to a rather long distance apart from the plasma region where they are generated,

typically as shown in Figure 2.1 (a). Fluorine bound strongly with silicon is
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predominantly released as the form of HF to make Si-Si bonds, and thus only hydrogen
remains in the rigid Si-network. In a pre-examination for hydrogen content remained in
films on a glass substrate as a function of the hydrogen flow rate, the hydrogen content
was reduced monotonically with increase of the flow rate '*9. And it was found that
crystallization appears suddenly at around 5 at. % of the hydrogen content. An idea that
quasi-chemical equilibrium is establishes in the vicinity of the growing surface by
impinging atomic hydrogen is led by the evidence that there was a tight relationship
between the hydrogen content and the crystallization. The reactions for making Si-Si
bonds are considered to be equilibrated by the reverse reactions for initiated by the strain
stored in the films resulting from reduction of the hydrogen content. This idea is also
supported by the evidence that the disorder in the bond angle measured by the Raman
scattering was systematically reduced with the reduction in hydrogen content in pc-Si

films as shown in Figure 2.10.
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Figure 2.10 Raman scattering spectra for pc-Si films

with different hydrogen content

! Reproduced partially from “H. Tanabe, M. Azuma, T. Uematsu, H. Shirai, J. Hanna,
and I Shimizu, Growth of crystalline silicon, microcrystalline and epitaxial at low
substrate temperature, Mat. Res. Soc. Symp. Proc., vol. 149, pp. 17-22, (1989),” with the
copyright permission of Cambridge University Press.
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2.7 Summary
In this chapter, the author demonstrated that the supply of a large amount of

atomic hydrogen to the growth surface certainly promotes two-dimensional crystalline
growth at low-temperature around 350 °C even though increasing both thickness to be
more than 1 ym and doping concentration. The behaviors for crystalline growth at low
temperature employing the HR-CVD are concluded as follows. By utilizing a
conventional coaxial microwave plasma reactor;

- Epitaxial growth was demonstrated on the Si (110) and (100). The growth rate

reached to be 1.5 nm/sec, that was almost equivalent to that of pc-Si films on a glass

substrate.

- The crystalline structure was deteriorated as increasing thickness.

- Impurity doping was also demonstrated. However, the crystalline structure was also

deteriorated as increasing impurity concentration.

- There was an optimum temperature range of about 300-350 °C in the epitaxial growth.
It was considered that not only the kinetic energy supplied from the substrate temperature
but also the balances of the chemical reactions played an important role in this growth
process. Therefore, an additional microwave plasma reactor named "cavity" was then
introduced to supply atomic hydrogen into growth surface independently from the
conventional coaxial microwave plasma reactor. As the results;

- The supply of additional hydrogen effectively promoted the epitaxial growth even

increasing both thickness and doping concentration.

- The highest temperature for epitaxial growth was extended to be 400 °C and also the

optimum temperature decreased to be 300 °C

- The highest electron Hall mobility was obtained to be 115 cm?*/Vsec with the carrier

concentration of 2 x 10 '° cm™ in the epitaxially grown P-doped silicon film.

2.8 Future prospects

Two-dimensional epitaxial growth on single crystalline substrate were
demonstrated as described above. Following this studies, several attempts employing
fluorine based gas sources 12”!?® or high-density plasma '** were reported. However, they
have not been practically used in industry yet. There still remain two major approaches
in order to extend this technique to the large-grained crystalline film formation on a glass
substrate resulting the large-area microelectronics.

The one is the microscopic aspect that another technique is necessary to control

the nucleation process instead of crystalline substrates employed in this study. On the
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glass substrate, the island-like growth may be a dominant in making films with the
SiHnFm because of the strong terminating function of fluorine. In other words, quite a lot
of islands are seeded on the glass surface simultaneously. Those behaviors limit the
enlargement for the grain because the distance among islands could be very short and the
crystalline orientation of those could be random. Thus, further approach is expected,
either reducing the nucleation site, i.e. number of islands, or aligning the orientation of
those island, in order to obtain the large-grained crystalline films on a glass substrate.
The other one is the macroscopic aspect that an equipment is necessary to deposit
those films on a large substrate. In now days, large size substrates with more than meters
square are utilized in production. The PE-CVD equipment is also popular, but it
conventionally employs a plasma generator with radio-frequency (RF). In this study, a
microwave generator was used as a plasma source because it could generate hydrogen
radicals three orders of magnitude more than RF plasma Y. The advantage of the
microwave plasma to generate hydrogen radicals are that the gas is free of contamination
from the electrodes and that high density of hydrogen atoms can be produced *?. In
contrast, there is a disadvantage to expand the size of plasma region. Therefore, a novel

apparatus supplying hydrogen radicals to large area is anticipated to be developed.
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3. Low-temperature crystallization of silicon thin-films
3.1 Solid phase growth: selective nucleation and grain-boundary filtration

This section states on a grain boundary filtration technique of Ge (germanium)
and Si through planar constrictions for unseeded fabrication of single grain
semiconductor films on amorphous substrates by using patterned amorphous films with
metal-induced selective-nucleation and solid-phase-epitaxy (SNSPE). The concept is
proposed as follows. The patters consist of a small island-like seed region including a
metal induced selective nucleation site, a narrow seed selection region and a single grain
region consisting of a main rectangular island. Lateral epitaxy initiates at the edge of the
selective nucleation site and the grain selection process through the narrow seed selection
region choose only one grain orientation at the entrance of the main island. Growth front
of the lateral epitaxy goes into the main island region while competing with spontaneous
nucleation. Single grain region as large as 100 um? with only a few low-angle boundaries
were demonstrated in the case of Ge. In contrast, in the case of Si, SNSPE of more than
several micrometers of grain growth was successfully demonstrated, however, grain
boundary filtration did not seem to be enough. It could be caused by less concentration

of metal in the seed selection region and unique mechanism for crystalline growth.

3.1.1 Previous research and objectives

Pioneered study for the solid phase epitaxy (SPE) with transport media goes back
to 1970's as described in subsection 1.3.2. In those days, variety of metal-semiconductor
combinations, such Al-Ge, Al-Si, Ag-Si, Au-Si as eutectic systems and such Pd-Si, Ni-Si
as compound forming systems, were already investigated '3V, As it had the feature that
the transport media can reduce the temperature for the crystalline growth happen as
reported by Liu and Fonash 32139, it was attracted attentions again in late 1980's to apply
it to low-temperature crystallization of amorphous films on foreign substrate. The
advantage of solid phase crystallization (SPC) is to obtain large crystalline grains
regardless of with/without transport media. On the other hand, electrical properties of
grain boundary are quite less performance than that inside grains. Thus, location of the
grains should be coincident with the region to form channel in order to obtain uniform
performance of poly-Si TFTs. To control the location of the grains, Chen and Atwater
proposed Pd induced selective-nucleation (SE) and SPE in Si films for photovoltaic

applications '*». And they successfully demonstrated to obtain location controlled grains
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with sizes of 10 um at 620 °C on thermally grown SiO2. The SNSPE process, one of the
techniques for controlling nucleation to obtain large grain crystalline films, exploits the
thermodynamic barrier to nucleation whose origin lies in the size dependence of the
surface and volume contributions to the crystal free energy. The existence of a nucleation
barrier results in a temporal delay in growth of small crystals to macroscopic size. At the
onset of the transformation, there will be a finite incubation time during which no crystal
nucleation occurs before the onset of steady state nucleation as illustrated in Figure 3.1.
If there are heterogeneous nucleation sites, i.e. selective nucleation sites, present, these
can lower the thermodynamic barrier to nucleation. In this case, a growing small crystal
will be enlarged by annealing during the incubation time without competition from
random nucleation. Figure 3.2 illustrates the idea. The achievable grain size (R) can be
estimated as the product of the incubation time (Tinc) and the lateral solid phase epitaxy
rate (Vspe) during SNSPE.
R = VspE X Tine

Ideally, the selective nucleation region would be a single crystal, but it is difficult to
achieve in practice, Metal induced nucleation yields a large number of nanometer-scale
crystalline grains in each seed region, and since lateral epitaxy starts at the periphery of
each selective nucleation site, in general multiple grains are produced from each

nucleation site 1%,

Tinc

Numberof
spontaneous nucleation site

Annealing time

Figure 3.1 The number of spontaneous nucleation site depending on annealing time
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Figure 3.2 An illustration that crystalline growth from a selective nucleation site

during the incubation time without competition from spontaneous nucleation

There were still scopes for improvement, however, to apply it to poly-Si TFTs.
The one was simply to reduce process temperature to be able to apply conventional glass
substrates. The other was to fabricate single crystal grains in order to obtain better
electrical characteristics. Regarding the former one, besides Pd, Ni was a candidate to
reduce the temperature for nucleation and growth of Si'3513®), Selectively formed Ni films
were reported to be effective as seed regions on silicon films*® in addition to Pd*®. NiSi2,
a formed compound as silicide, was also known to grow on Si with the lowest lattice
mismatch of 0.4 % '*®. And regarding the latter one, grain boundary filtration techniques
was demonstrated in the zone-melted solidification process in 1982 17 and was also
attempt to excimer laser crystallization of Si in 1996 '*).

The objective of this section was to demonstrate the grain boundary filtration
technique under SNSPE, First, a grain boundary filtration technique by using planar
constrictions in patterned films during SNSPE of Ge are proposed and demonstrated.
Large grain polycrystalline Ge (Poly-Ge) may be a useful as a template for GaAs hetero-
epitaxy in optoelectronic and photovoltaic devices, and it also serve as a model for similar
techniques applied to Si films. Then, similar techniques are applied to Si films and

discussed in this work.

3.1.2 Concept for grain boundary filtration technique

In the present study, the patterns consist of (i) a small Ge island seed region
including metal-deposited selective nucleation site, (ii) a narrow seed selection region
that connects the seed region and a following single grain region and (iii) the single grain
region consisting of the main rectangular island, as illustrated in Figure 3.3. In region
(1), lateral SPE of Ge starts at the edge of the selective nucleation site and SPE continues
in all directions with a variety of orientations. The growth of almost all grains is

terminated at the pattern edge of region (i), but a few grains survive to grow into the seed

37



selection region. Further grain selection occurs in the seed selection region (ii) and only
one grain orientation is able to reach region (iii). Consequently, the main island has a
single crystal seed and the region is crystallized laterally as shown in Figures 2.13 (a) and
2.13 (b).

selective nucleation site

\J

P A Al d2
seed region (i) .- nane fug
I //
| .
J’BI %1 !
e
w1
r - —
. di _
sead selection region (i) ' single grain region (ik)
(@)

laterally grown crystaline Ge
3 amorphous Ge

AMLNMILIMMIN

(b)

thermal oxide

Sl substrate

Figure 3.3 (a) Plan view schematic of the pattern employed for

grain boundary filtration, and (b) Cross-sectional view od A-A’

3.1.3 Grain boundary filtration for Ge films

In this study for Ge, 100 nm-thick-amorphous Ge films were deposited by ultra-
high vacuum electron beam evaporation onto cleaned, thermally-grown 100 nm silicon
dioxide films on Si (100) substrates. Phosphorous doping by ion implantation at 50 keV
to a dose of 2 x 10'° cm™ yielded a calculated peak phosphorous concentration 4% of 0.7
at. %. Then photolithography and wet etching with an HF/HNO3/H20 (=1/20/40) solution
were employed to define mesa islands of the a-Ge film on SiO2. The size of the mesa
islands was smaller than the mask pattern size because the islands were over-etched in
the process. As shown in Figure 3.4, the seed selection region is typically 1.5 um in
width (= w1l =w2) and 10 um in length (= 11 + 12) and the main island was designed to
be between 5 x 5 um and 45 x 45um in size (= d1 x d2). Indium was used for the study
of Ge, referring to the prior work done by Yang et al. A 20-nm-thick In film, used for
selective nucleation regions, was deposited by high vacuum evaporation onto the Ge films
covered with patterned photo-resist. A lift-off process was performed to define In

islands of 2 um diameter. After those preparation steps, samples were annealed at
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400 °C for several time steps. Lateral growth was investigated at each annealing step
by using optical-microscopy or transmission electron microscopy (TEM). TEM
specimens were prepared by back etching the Si substrate using an HF/HNO3/H20

solution after the first annealing step.

Table 3.1 Preparation conditions for Ge samples

Semiconductor material  a-Ge

Deposition tool MBD
Thickness (nm) 100

Dopant P

Dose (cm™) 2x10"1

Seed material In, evaporated
Thickness (nm) 20

Anneal temp.(°C) 400

T

Figure 3.4 Optical micrograph of mesa patterns defined in

amorphous Ge for grain boundary filtration.

Figure 3.5 shows a series of plan-view TEM photographs of Ge after 400 °C
annealed for (a) 663, (b) 976 and (c) 1293 min. Also electron diffraction patterns are
shown, of (d) selective nucleation site, (e) seed selection region, (f) seed area for single
grain region, (g) center of single grain region, (h) growth front and (i) and (j) two corners.
The location and area for the electron diffraction observations are shown as dotted circles
in Figure 3.5 (c). The incident angle of the electron beam used for the diffraction patterns
was approximately perpendicular to the sample, but it was not precisely aligned, owing
to bending of the thin film specimen after back-etching. Figure 3.5 (a) reveals a large
number of fine grains in the selective nucleation site and a ring-like electron diffraction
pattern corresponding to Poly-Ge as shown in Figure 3.5 (d). Lateral grain growth in all
directions with a variety of orientations started at the edge of the selective nucleation site

and the number of grains was reduced in the seed selection region as shown in Figure 3.5
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(e), which has no ring pattern. In this seed selection region, the fastest-growing
orientation is selected. After the growth front passes through the seed selection region, it
is able to expand into the single grain main island as shown in Figure 3.5 (b). The area
indicated by the diffraction pattern of Figure 3.5 (f) acts as the seed for the single grain
region. The diffraction pattern of Figure 3.5 (f) indicates successful demonstration for
single grain seeding of the main island.

With further annealing, lateral seed growth must compete with spontaneous
nucleation in the a-Ge film because SNSPE has to be completed within the incubation
time for spontaneous nucleation. The lateral SPE rate at 400 °C estimated from Figure 3.5
(a), (b) and (c) is 2.9 x 10* um/second. As shown in Figure 3.5 (c), no spontaneous
nucleation was observed and the entire crystallized area was laterally grown continuously
from the seed of the selective nucleation site. The electron diffraction patterns of Figure
3.5 (f), (g), (h), (1) and (j) also show the single grain region has no polycrystalline
components. These results demonstrate that locally controlled large (> 100 um?) Ge single
crystal films can be obtained by using the SNSPE through planar constrictions. For other
patterns with different shapes and larger main islands than those illustrated in Figure 3.5,
spontaneous nucleation competing with SNSPE was also observed, as shown in Figure
3.6. This suggests that the annealing time of 1293 min. is almost equal to the incubation
time at 400 °C for amorphous Ge films. A maximum achievable grain size of 20 wm radius
in this phosphorous doped Ge film can be estimated ideally by products of the SPE rate

mentioned above and an incubation time of 1200 min.
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Figure 3.5 Plan view transmission electron microphotographs and selected area

diffracted patterns for partially crystallized films after each 400 °C anneal.

2 Reproduced from “Hiroshi Tanabe, Claudine M. Chen and Harry A. Atwater, Grain
boundary filtration by selective nucleation and solid phase epitaxy of Ge through planar
constructions, Applied Physics Letters, vol. 77, pp. 4325-4327, (2000),” with the
permission of AIP Publishing”
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Figure 3.6 Example of spontaneous nucleation (circumscribed by dotted lines)
and patterned selective nucleation in a larger Ge island

following a 400 °C anneal for 1293 min.

3.1.4 Grain boundary filtration for Si films

In this another study for Si, 75 nm-thick-amorphous Si films were deposited by
low-pressure chemical vapor deposition (LP-CVD) onto cleaned, thermally-grown 100
nm silicon dioxide films on Si (100) substrates. These films were not intentionally doped.
Then photolithography and wet etching with an HF/HNO3/H20 (=1/20/40) solution were
used to define mesa islands of the a-Si film on SiO2. Those samples were implanted in
the selective nucleation region with nickel at an energy of 40 keV, with dose of 1 x 10!
cm™. Also for those samples, the implantation energy was chosen to give the peak of Ni
atoms at depth of half the a-Si film thickness. One of the most important reason why Ni
was employed for the study of Si was it has the lowest lattice mismatch with Si to be -
0.4% among candidates to form silicide, such as Pd (100), Pt (200), Ni (200) and Co (350).
It was also one of the reason why Ni was employed that lateral growth rate of Ni mediated
crystallization was higher than that of In. Figure 3.7 shows lateral growth rate mediated
with Ni and In. It was found that the rate with Ni is more than one order larger than that
with In. To remove any organic and other metallic contaminants, all the samples were
cleaned with adequate solutions, respectively. Annealing was then carried out in a vacuum
furnace, operating at pressures of about 1 x 10”7 Torr, at temperatures ranging between
550 and 620 °C. Lateral growth was investigated at each annealing step, as with the study

for Ge, by using optical-microscopy or transmission electron microscopy (TEM).
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Table 3.2 Preparation conditions for Si samples

Semiconductor material ~ a-Si a-Si
Deposition tool MBD LPCVD
Thickness (nm) 100 75
Dopant undoped undoped
Seed material In Ni
Concentration (cm™) 4.7 x 10%! 1.3 x 10
102 @® Niinduced

o E In induced

é f . < Ininduce

= | _undoped LPCVD a-Si, 75nm
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Figure 3.7 Lateral growth rate of Si mediated with Ni and In.

Crystallization of the Si films was first observed by optical microscopy. Figure
3.8 shows Optical micrographs of Si samples after annealing at (a) 500 °C, 787min, (b)
540 °C, 300min, (c) 580 °C, 127min, and (d) 620 °C, 30min, respectively. The patterns
for planer constrictions was slightly different from the one used in Ge. The patterns
consisted of two sets of a small Si island seed region including a Ni implanted selective
nucleation site and a narrow seed selection region with straight shape, and a main
rectangular island. The seed selection regions were connected to the upper and the bottom

parts of the main island, respectively. The bright parts starting near each set of two seed
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regions indicate the crystallized Si, while the dark parts the amorphous Si. Several
micrometers of lateral growth were observed in the samples shown in Figure 3.8 (c) and
(d). Figure 3.9 shows plan view TEM images after 620 °C anneals of (a) the seed selection
region and (b) the main island region. The location for electron diffraction patterns are
shown by arrows in Figure 3.9. Lateral grain growth started near the selective nucleation
site, and as shown in Figure 3.9 (c) and (d), the similar spot patterns with each other were
observed in the seed selection region. In contrast, the spot patterns were observed to be
slightly blurred as shown in Figure 3.9 (e). There might be existence of disorders in
crystalline even if it was not polycrystalline. Those results suggested that the
"crystallinity" of the seed selection region was superior than that of the main island even
though the grain selection occurred in the seed selection region. It may mean that the
crystallinity was worsen during the grain growth process in the main region.

This is considered because there are two possible reasons. The one is that the
concentration of Ni in the seed selection region is larger than that in the main island.
Silicide mediated crystallization in the seed selection region was promoted by enough
amounts of Ni supplied from seed region. It is considered that the concentration was not
enough to promote the silicide mediated crystallization because the growth front was
expanding wider after the lateral grain growth reached to main island. This idea is
supported by the facts that the SPE rate and achievable grain size with SPE were enhanced
with dosage of Ni into the seed region. The other reason is suggested by needle-like
growth unique to Ni mediated crystallization. Small regions of a-Si embedded in the
crystalline phase can be observed, consistent with a Ni mediated crystallization
mechanism via migration of NiSi2 precipitates, at the amorphous crystal interface, that
catalyze the transition. Those precipitates migrate in the a-Si also for several micrometers
during annealing at temperatures higher than 500 °C, leaving behind a narrow needle of
c-Si. When two crystallized needles collide each other, the growth is stopped and results
in leaving amorphous regions around the needle-like crystalline grains. This idea is also
supported by the TEM image of the growth front consisting of the needle-like morphology

shown in Figure 3.10.
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(a) 500°C, 787min  (b) 540°C, 300min  (c) 580°C, 127min  (d) 620°C, 30min

Figure 3.8 Optical micrographs of Si samples after annealing at (a) 500 °C, 787min, (b)
540 °C, 300min, (c) 580 °C, 127min, and (d) 620 °C, 30min, respectively. The bright
parts starting near each set of two seed regions indicate the crystallized Si, while the

dark parts the amorphous Si

(e)

Figure 3.9 Plan view transmission electron microphotographs and selected area
diffracted patterns for partially crystallized films after each 620 °C anneal.

(a) Seed selection region, (b) main island region
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Figure 3.10 Plan view transmission electron microphotographs for the growth front.

3.1.5 Summary for the solid phase crystallization

In this section, the author proposed and demonstrated a grain boundary filtration
technique for fabricating single large grain semiconductor thin films on amorphous
substrates by using selective-nucleation and lateral solid-phase-epitaxy (SNSPE). In the
study of Ge, the patterns consist of a small Ge island seed region including a metal-
deposited selective nucleation site, a narrow seed selection region and a single grain
region consisting of a main rectangular island. TEM photographs revealed that lateral
SPE started at the edge of the selective nucleation site and the grain selection process
produced only one grain orientation at the entrance to the main rectangular island.
Moreover, TEM and electron diffraction analysis revealed the presence of only a few low-
angle boundaries in the lateral SPE region. A single planar grain which is larger than 100
um? was successfully crystallized at 400 °C in approximately 1300 min. without any
occurrence of spontaneous nucleation. A maximum grain size of 20 um radius can be
achieved at 400 °C based on estimates of the product of the 2.9 x 10 um/sec SPE rate
and the 1200 min. incubation time for spontaneous nucleation.  During these
experiments, low annealing temperatures and long annealing times were chosen to
optimize the maximum achievable grain size. Based on the previous work on SNSPE 190,
it is anticipated that the same grain boundary filtration process can be achieved with much
shorter annealing times (< 60 min) for annealing temperatures in the range of 400-500 °C,

although the maximum achievable grain size may be slightly smaller.
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In another study of Si, Ni implantation was employed to form seed region and similar
grain boundary filtration technique based on the SNSPE method was attempted. As a
result of SNSPE, more than several micrometers of grain growth was successfully
demonstrated at around 600 °C, that is applicable conventional glass substrates. As
another result with the planer constrictions, however, grain boundary filtration did not
seem to be enough. There were two possible reasons. The one is that the concentration of
Ni in the seed selection region was not enough to promote the silicide mediated
crystallization further because the growth front was expanding wider after the lateral grain
growth reached to main island. The other is corresponding to the needle-like growth
mechanism unique to Ni mediated crystallization. When two crystallized needles collide
each other, the growth is stopped and results in leaving amorphous regions around the
needle-like crystalline grains. It was found that the crystallinity was deteriorated near the

growth front even if the grain boundary filtration could be successfully achieved.

3.1.6 Future prospects

There still remain some challenges to apply the grain boundary filtration
technique to Si films because of unique feature of NiSi2 mediated crystallization.
Following this study, co-workers of the author investigated details of Ni-induced SNSPE.
According to that results, relatively high-temperature was still necessary to obtain larger
grain poly-Si films *D14?)_ Also, the needle-like growth-fronts branched to variety of
angles might leave non-crystallized region in the film. It could be eliminated if a large
amount of Ni was provided to SN site. However, in that case, behavior of high
concentration of Ni as impurity could be concerned. In almost same period of this study,
for instance, a research group was attempt to employ laser recrystallization for Ni-induced
crystallized poly-Si films, and it suggested to need improvement of the crystalline quality
149149 The group also reported that gettering process was necessary to reduce the residue
of Ni, i.e. to suppress leakage current of TFTs originated from Ni as impurity 42140,
Those results suggest that an investigation for other metals to replace Ni is necessary to

fabricate high-quality crystalline Si films through solid phase at low-temperature.

3.2 Liquid phase growth: excimer laser induced melt-solidification

This section describes investigation results for excimer laser crystallization of a-
Si thin-films, especially for resulting microstructure as functions of both irradiation

energy and the number of irradiation pulses, and for the influence of the use of such
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polycrystalline films in thin-film transistors (TFTs). The microstructure in the films
obtained was strongly depending on the irradiation energy. The results of microscopic
observation and cooling rate simulation suggested that increase of grain size depending
on irradiation energy was supported by the decrease of cooling rate at near melting point,
and also that abrupt decrease of the grain size at high energy range was explained by the
increase of cooling rate at maximum during solidification. The microstructure in the films
obtained was strongly depending on the irradiation energy. In contrast, although the
number of irradiation pulses did not affect grain size obtained by microscopic study, that
promoted to decrease defects, including small grains, grain boundaries and defects inside

grains.

3.2.1 Previous researches and objectives

As stated in subsection 1.3.3, the initial study in this area can be found in the
brief report by Laff and Hutchins > in 1974. While both CW and pulsed lasers had been
used and investigated to form crystalline Si films since then. The turning-point was when
Sameshima et al. reported TFTs by using excimer laser crystallization. The group
presented the potential of XeCl excimer laser (308 nm) to fabricate high quality poly-Si
films on a plane glass substrate. They reported the channel mobility of n-channel TFTs
employed poly-Si films crystallized by XeCl excimer laser reached to 180 cm?/Vsec °V.
With this as a trigger, there were many studies started to apply the excimer laser to the
large-area microelectronics devices. Regarding laser sources, not only excimer lasers,
such as XeCl % KrF (249 nm) *7!® and ArF (193 nm) '*, but also Ar laser °” were
studied for fabrication of poly-Si films. In order to understand the phenomena during
melt-solidification induced by nanosecond lasers, there were some approaches focused
on transient-time measurements, such as transient thermometry 5D transient conductance
152) and transient reflectivity 1°31%5 as well as other approaches focused on microscopic
observation by Scanning Electron Microscope (SEM) and Transmission Electron
Microscopy (TEM).

In those prior studies, much efforts were devoted to investigate the dependence
of irradiation energy, but there were not so many studies focused on the dependency of
the number of irradiation pulses '°®. The quality of excimer-laser-crystallized Si film
strongly depends on such crystallization conditions as energy density and the number of
laser shots. The grain sizes of the Si films, in particular, increase with energy density,
starting at the melting threshold of Si films and the size reaches a maximum value. Then
the grain size sharply decreases in the excess energy range '°”!°®. This phenomenon is

called amorphization '* or micro-crystallization, and it obstructs formation of over-
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micrometer sized single-grain films. However, it still remains to be understand what
factor might control the crystallization conditions, especially in micro-crystallization.
While the effects of energy density on the melt-crystallization process (a process of
temperature rise and fall) have been studied to a significant degree, especially to the
microstructure obtained as the results, it also remains to be determined precisely what
effects might be produced by a series of laser shots, i.e. what film properties might change,
and just how they might change, as a function of the number of shots.

The objective of this section is to study details in concerning the effects, as a
function of the number of laser shots as well as the energy density, on the properties of
poly-Si film and on poly-Si TFT characteristics. Structural studies were made by means
of Scanning Electron Microscope (SEM), Transmission Electron Microscopy (TEM),
Raman spectroscopy and Secondary Ion Mass Spectroscopy (SIMS). TFT characteristics
employed those films were also investigated to understand the relations with the process
conditions resulted in those microstructures. In addition to those structural studies, this
section also describes the studies for transient temperature during the excimer laser
crystallization by using a finite element analysis system. The author focus on the cooling
rate just before the solidification of the molten Si and discuss its correlation with

consequent film properties.

3.2.2 Experimental procedures

Low-pressure chemical vapor deposited (LP-CVD) amorphous silicon (a-Si)
films on quartz substrates were laser crystallized with an NEC excimer laser
crystallization system XL-561, shown schematically in Figure 3.11. The system was
equipped with an NEC XL-120B XeCl excimer laser having an energy output of 200 mJ
at a wavelength of 308 nm. The laser beam, focused on the Si surface through a beam
homogenizer, an aperture mask and an imaging lens, was 5 x 5 mm? on the surface of the
sample and was clocked at 10 Hz. The films were crystallized in argon at room
temperature. Figure 3.12 shows (a) a typical intensity profile, whose uniformity at the
center of the beam was within + 5%, (b) the waveform of the pulse actually measured. In
this study, so-called beam-overlapping method *"'%® wasn’t employed in order to avoid
the influence of the beam edge, which is a consideration in multiple-shot irradiation; i.e.,
the author evaluated the films that were crystallized by the flat-top area of the beam.

The electrical properties of these films were obtained from the TFT
characteristics. The channel width/length were 6/6 um. The fabrication process for the
TFTs, which has a staggered-type structure, is described below. Figure 3.13 shows the

fabrication process for an n-channel poly-Si TFT. The TFT was fabricated on a quartz
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substrate at low temperature, below 600 °C. (a) A sputtered tungsten-silicide (WSi2) layer
was employed for source and drain metallization. The source/drain regions were n” poly-
Si layers prepared by the ion implantation method. (b) The active layer was an a-Si layer
deposited by LP-CVD and crystallized by XeCl excimer laser, as described above. (c)
After crystallization, the poly-Si film was plasma etched to define the island pattern. The
gate insulator was a SiO2 film deposited by LP-CVD. (d) An aluminum layer was formed
for gate and source-drain metallization. Grain boundary passivation was accomplished by

using hydrogen plasma '60-162),

XeCl excimer laser

~

Beam homogenizer

e
Vacuum _N_ AR

Substrate _/ \\X-Y stage

Figure 3.11 Schematic drawing of the excimer laser crystallization system

20 nsec/div

(a) (b)

Figure 3.12 (a) A typical intensity profile, whose uniformity at the center of the beam

was within 5 %, (b) the waveform of the pulse actually measured
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Figure 3.13 Process sequence for n-channel poly-Si TFT fabrication by using excimer

laser crystallization. (typical W/L = 6/6 um)

3.2.3 Irradiation energy dependency
Figure 3.14 shows SEM microphotographs obtained from the Si films. Those
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films were prepared by the laser irradiation of 1, 3, 10, 20 and 50 shots at energy densities
of 339, 424 and 521 mJ/cm?, respectively '*¥14 In order to delineate the grain-boundary,
a crystallographic etching process called “Secco-etch” 1% was performed before the SEM
observation. In the samples irradiated by the single shot, grain size increased with energy
density; however, in the sample irradiated at 521 mJ/cm?, we found that the grain size had
greatly decreased and that some fractions of the film had been etched away. These results
suggest that micro-crystallization occurred during irradiation at 521 mJ/cm?. With respect
to the samples irradiated by three shots, both large grains and micro-crystallized region
were observed in the 521 mJ/cm? sample. In contrast, there were no significant differences
between 1 and 50 shots at energy densities of 339 and 424 mJ/cm? except for that
relatively larger grains were observed in the 521 mJ/cm? sample with 50 shots. The SEM
observations suggested that the energy density affects dramatically on crystallographic
variation in Si films more than the number of irradiations. Figure 3.15 plots grain size
dependency on the irradiation energy density under the number of shot to be 20, that was
estimated by SEM images '°®. The grain size monotonically increased from 40 to 600 nm
with the energy density, between 324 and 521 mJ/cm?.

Figure 3.16 shows the variation in electron mobility versus the energy density at
which the Si films were crystallized '°®'%”. The number of shots was three. The mobility,
estimated from TFT (Id-Vg) characteristics, increased monotonically with energy density,
with maximum mobility being obtained at about 450 mJ/cm?. The increase in electron
mobility corresponds to the enlargement of grain size. The mobility decreased
dramatically in the higher energy region, even though larger grains were observed in the
sample of 521 mJ/cm?. It is considered that the existence of the micro-crystallized region
prevented the carrier transport. The electrical properties were varied as a function of
irradiation energy as described above. It was consistent with that the grain size increased
with the irradiation energy as shown in Figure 3.14. An interest, however, has been
remained in the mobility drop in higher energy range. In order to study the phenomena in

that range, numerical thermal analysis was performed.
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Figure 3.14 Microphotographs of obtained from SEM of Si films Secco-etched.
Those films were prepared by the laser irradiation of 1, 3, 10, 20 and 50 shots at energy

density of 339, 424, 521 mJ/cm?, respectively '6%.
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Figure 3.15 Grain size dependency on the irradiation energy density '*®).
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Figure 3.16 Variation in electron mobility with respect to energy density

at which Si films were crystallized with 3 shots ',

3.2.4 Thermal analysis
Numerical thermal analysis was performed by using a finite element analysis

system COSMOS/M*. The one-dimensional structure used for the analysis was Si (75
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nm)/ substrate (SiO2: 30 um). The substrate was assumed to be SiO: in these simulations.
The difference in thickness between simulation and experiment (1.1 mm) can be ignored
because we confirmed that it has hardly any effect on the simulation results obtained. The
parameters used in this simulation are shown in Table 3.3 '*®1%) The author modified the
values of specific heat that were around the temperatures for phase transformations to
take account of latent heat in this analysis system. Also the waveforms shown in Figure
3.17 %9 were used as the loading conditions. In addition to the waveform for XeCl
excimer laser simplified of the pulse actually measured as shown in Figure 3.12 (b), the
one for KrF excimer laser manufactured by Cymer was also illustrated in order to

compare with each other.

"COSMOS/M is a registered trademark of Structural Research and Analysis Corporation.

Table 3.3 Parameters used in this simulation 9919,
a-Si SiO,
Temp., Thermal conductivity =~ Temp., Thermal conductivity
(K) (LW/um/K) (K) (LW /um/K)
300, 26 300, 1.38
1423, 67 500, 1.62
800, 217
Temp.,  Specific heat 1200, 4
(K) (LW psec/ug/K)
100, 0.2593E6 Temp., Specific heat
300, 0.7150E6 (K) (LW psec/pg/K)
700, 0.884E6 300, 0.692E6
1100, 0.957E6 500, 0.906E6
1422.9, 1.1E6 800, 1.049E6
1423, 132E6 1200, 1.13E6
1433, 132E6 1600, 1.249E6
1433.1, 1.113E6
3539, 1.2E6 Temp., Density
3540,  1620.7E6 (K), (ng/um?)
3640, 1620.7E6 300, 2.2E-6
2208, 0.21E-6
Temp., Density 2595, 0.19E-6
(K), (ng/um?)
300 2.33E-6

1423, 2.3E-6

1433, 2.62E-6
2000, 2.41E-6
3540, 1.85E-6
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Figure 3.17 The waveforms of the pulses simplified to be used for the simulation 9.

Figure 3.18 shows a result of the numerical thermal analysis for the transient
temperature during excimer laser induced melting and subsequent cooling of the Si film.
This result starts with the beginning of the irradiating laser pulse. The four lines indicate
the transient temperatures at the surface of the Si film, at the interface of the Si/substrate
and at positions 100 nm and 1 wm below the interface. The irradiation energy was 350
mJ/cm?. The surface of the Si film and the interface of the Si/substrate showed the same
transient variation. The temperature of the Si film increased rapidly, and the maximum
temperature was reached at about 60 nsec, which almost coincides with the end of the
pulse, except for the tail portion shown in Figure 3.12 (b). The Si film then cooled to the

melting point of crystalline Si. Temperatures inside the substrate were lower than that of
the Si film. The temperatures at 1 um below the interface were still rising when the
cooling of the Si film started.

The variation in maximum temperature of the Si surface with respect to
irradiation energy is shown in Figure 3.19. The maximum temperature reached the
melting point of a-Si at about 200 mJ/cm?. The temperature remained between 200 and
250 mJ/cm? because a-Si has some latent heat for melting '%®). Then it rose monotonically
until it reached the boiling point of Si. The energy density of the melt corresponded to
that of our experimental transient reflectivity study. In our other experiments the Si films
remained after single pulse irradiation of more than 570 mJ/cm?, but were ablated after

multi-pulse irradiation of 570 mJ/cm?. Therefore, we consider that the simulation gives
us a valid estimation.
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Figure 3.18 Transient temperature during excimer laser induced melting
and subsequent cooling of a Si film estimated by COSMOS/M.
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Figure 3.19 Variation in maximum temperature of the Si surface with respect to

irradiation energy '),

Normal nucleation of the crystalline phase occurs in the cooling process when a
sample supercools so slowly that thermodynamic equilibrium is maintained (gradual
cooling). In contrast, supercooling occurs so rapidly in amorphized samples that normal

nucleation is suppressed (rapid quenching). In the case of excimer-laser-induced micro-

57



crystallization, which is an intermediate phenomenon between amorphization ' and
normal crystallization, it is considered that a spontaneous nucleation producing large
amounts of nuclei follows a rapid quenching, and that numerous grains, smaller than those
produced during normal crystallization, are produced. Since the transient temperature
study described above assumes thermodynamic equilibrium, the cooling rate near the
melting point of crystalline Si could be indicative of the supercooling phenomenon.
Figure 3.20 shows the variation in cooling rate with respect to the energy density obtained
from the transient temperature simulation. The cooling rate near the melting point of
crystalline Si decreased with energy density. Reducing the cooling rate helps slow
supercooling, i.e., it promotes crystal growth. However, the SEM study shows that micro-
crystallization was observed in the films crystallized at higher irradiation energies (over
500 mJ/cm?). This result suggests that molten Si is rapidly quenched, so as to cause rapid
supercooling. The variation in maximum cooling rate in the transient temperature
simulation supports the idea that the cooling rate increases with energy density. The
maximum cooling rate appears immediately after the beginning of the temperature drop.
When the cooling rate exceeds a critical value, the solidification process turns into a non-
equilibrium condition, which results in rapid supercooling. In other words, the transient
temperature doesn’t trace the history obtained from simulation after exceeding the critical
value. The border is about 1.6 x 10'° °C/sec at 500 mJ/cm? in Figure 3.20. This rate is an
order of magnitude lower than the rate of amorphization for crystalline Si 179

Figure 3.21 indicates a comparison of the maximum cooling rate of a-Si and that
of the crystalline Si employed as the precursor of laser crystallization. It is found that the
maximum cooling rate in the case of crystalline Si is less than that in the a-Si case. This
result suggests that micro-crystallization of the (micro-) crystalline Si should occur at a
higher energy density than that of the a-Si film. This difference is attributable to the larger
latent heat and higher melting point of crystalline Si. The shift in energy density for micro-
crystallization is supported by the SEM study results in Figure 3.14. Micro-crystallization
was locally suppressed when the sample was irradiated by three shots at 521 mJ/cm?.
Therefore, in the overlapping irradiation method that uses a line-shaped beam, which is
widely used for excimer laser crystallization, for instance, even if the micro-
crystallization occurs after the first-shot irradiation at the critical energy density at which
a-Si would be micro-crystallized, it can be re-crystallized normally through the
subsequent irradiations.

The validity of the critical value for micro-crystallization was confirmed by
investigating the relationship between film properties and crystallization conditions in a

system that employed a KrF excimer laser. The cooling rate had to be kept below 1.6 x
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10'° °C/sec in order to obtain a highly reproducible excimer laser crystallization condition
173)
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Figure 3.20 Variation in cooling rate with respect to the energy density
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Figure 3.21 Comparison of the maximum cooling rate of a-Si and that of the crystalline

Si employed as the precursor of laser crystallization ',

59



3.2.5 Number of laser shots dependency "

Dependency on the number of laser shots were investigated by electrical
properties obtained from TFT characteristics first. Then, crystallographic properties were
studied by using TEM observation and Raman spectroscopy. Figure 3.22 shows the drain
current vs. gate voltage characteristics of the poly-Si TFTs fabricated with the number of
laser shots ranging from 1 to 5. The SEM observations did not indicate remarkable
variation in grain size as a function of the number of laser shots as shown in Figure 3.14.
In contrast, the TFT characteristics varied dramatically between 1 and 2 shots, and slightly
for each additional shot. This is due to the fact that the first shot produces an amorphous-
crystalline transition, while successive shots produce crystalline-crystalline
transformations '’D. Figure 3.23 shows variation for mobility and threshold voltage in
terms of the number of shots. Mobility increases monotonically with the number of shots,
with maximum mobility being obtained at about 20 shots. These results indicate that film
crystallinity varies with each individual irradiation step. In order better to understand the
influences being exerted on TFT characteristics, the author estimated the density of carrier
trap states at grain boundary of effective channel regions . Such density is known to be
amajor factor in determining these characteristics. The author conducted their estimations
using a theory proposed by R. E. Proano, et al ®. Figure 3.24 shows a plot of density of
carrier trap states at grain boundary in terms of the number of shots. Trap density
decreases to approximately 1 x 10 > cm™ at 20 shots, which is less than a third of that for
film crystallized with only one shot. This resembles closely observed changes in mobility.
The number of shots that minimizes trap density is the same as that which creates
maximum mobility, i.e. mobility seems to be correlated with the grain boundary

conditions.
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The microstructures of the films were also investigated by TEM and Raman
spectroscopy as follows. It is known that the electrical properties of poly-Si films are
determined by grain size and by conditions in disordered regions, such as defects in grains
and grain boundaries. Figure 3.25 contains TEM microphotographs of films crystallized
by 1, 2, 20 and 100 shots, respectively, at the same energy density of 380 mJ/cm?. The
TEM observation also corresponded to SEM results (339 and 424 mJ/cm?) in Figure 3.14.
Those show that for these films the number of shots has no effect on the grain size, which
is about 150 nm diameter. This suggests that mobility depends on the defects in grains
and on grain boundaries conditions, rather than on grain size. The behavior depending on
the number of laser shots was different from another research results under substrate
heated 717 It was considered to be the difference in effective energy range introduced.
It was because enlargement for grains by multiple laser shots followed was observed
under the micro-crystallization by the first pulse, i.e. under higher energy range, as shown
in Figure 3.14 (521 mJ/cm?).
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Figure 3.25 TEM microphotographs of films crystallized by 1, 2, 20 and 100 shots 77,

Raman scattering spectra shows a clear distinction between ordered and
disordered states. And a sharp 520 cm™ peak of crystalline silicon provides accurate
indicator of crystallinity. Figure 3.26 shows the Raman spectra of both first irradiated
(380 mJ/cm?, 1 shot) and non-irradiated films. A broad band near 510 cm™!, corresponding
to an amorphous-like structure, is seen in the non-irradiated film. A sharp peak near 520
cm! is observed in the first-irradiated film. The symmetrical peak shape suggests the
formation of a fine polycrystalline film, although the peak is wider than single crystalline
silicon and its peak position shifts to a lower frequency. This indicates that the
crystallization has already been completed in the one shot process. Previously noted TEM
observations support these results. Figure 3.27 shows the Raman spectra of poly-Si films
crystallized by 1, 2, 3, 5 and 10 shots, respectively, at an energy density of 380 mJ/cm?.
When the number of shots is few, we observe a small peak (arrows) at about 500 cm™'. As
Igbal and Veprek have reported, such a peak suggests the existence of small grains, those
of only a few nanometers in diameter 22, This peak disappears as the number of shots
increases. These results show that the number of shots has an effect on the microstructure
in poly-Si films. This seems to contribute to the mobility behavior estimated by TFT
characteristics. Figure 3.28 shows plots of both peak frequency and peak widths for the
sharp 520 cm™ peak in terms of number of shots. Peak frequency for laser crystallized
silicon varies with the number of shots and is about 4 cm™ lower than that of single
crystalline. Shifts to lower peak frequency can be explained as being the results of residual
strains inside the grains and of the smaller crystalline size. However, the results of TEM
observations (Figure 3.25) let them rule out a size effect on Raman shift here, i.e. peak
shift may be considered to be due simply to residual strains inside the grains. Such strains

are caused by tensile stress: a molten silicon/quartz interface is fixed during the melting
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process induced by the laser, and the expanded volume of molten silicon contracts during
recrystallization. It is suggested that difference of peak positions arises from the fact that
successive laser crystallization produces buffered layers at silicon/quartz interfaces, and
that these buffered layers are formed either by a diffusion of oxygen atoms or by a
transformation of dioxide surfaces. Oxygen diffusion was observed in a SIMS
measurement of impurity doped silicon/quartz interface processed by multiple laser shots
as shown in Figure 3.28. The mobility decrease observed after an excessive number of
shots can also be explained by this oxygen diffusion. So they can consider that the
individual laser re-crystallization is controlled by the conditions at silicon/quartz interface,
and that there are some optimum conditions for the laser re-crystallization process.
Peak width decreased with the number of shots; the minimum width has been shown to
occur at about 7 shots as shown Figure 3.29. Decreasing peak width may either be due to
an enlargement of grains, or to a decrease in such silicon disorder as grain boundaries or
defects in grains. Since the TEM observations have shown no grain enlargement,
decreasing peak width appears to have been caused by reduced disorder. This behavior
may be correlated with the disappearance of small grains mentioned previously. However,
the number of shots that provides maximum mobility is different from that which provides
minimum Raman peak width. This inconsistency may be considered to originate in the
difference between the channel region and the Raman measurement region. The TFT
channel region that contributes to electron conduction is located in a part of the poly-Si
film near the gate insulator/poly-Si interface, while the Raman measurement region
involves the whole poly-Si film in the direction of incidence of the argon ion laser. The
successive excimer laser irradiation seems both to reduce silicon disorders in the channel
region near the gate insulator/poly-Si interface, and to produce a kind of disordered layer

at poly-Si/quartz interface, which is formed by a diffusion of oxygen atoms.
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Figure 3.26 Raman scattering spectra of (a) starting (non-irradiated) film,
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Figure 3.27 Raman spectra of poly-Si films crystallized by 1, 2, 3, 5 and 10 shots,

respectively, at an energy density of 380 mJ/cm? 172,
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3.2.6 Summary for the liquid phase crystallization
This section discussed that the properties of excimer laser crystallized poly-Si

films are strongly dependent on both the irradiation energy and the number of laser shots.
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Cooling rate during excimer laser crystallization of amorphous silicon was evaluated by
using numerical transient-temperature simulation in order to investigate the fact that
electron mobility sharply decreased at higher energy range, i.e. a transition to a non-
equilibrium condition, which results in micro-crystallization. Since the results of cooling
rate near the melting point of crystalline Si were not supported by the findings of the SEM
observation, the maximum cooling rate during the crystallization was focused. The
maximum cooling rate increased monotonically with irradiation energy. It was found that
the micro-crystallization occurred at a quenching rate of 1.6 x 10'° °C /sec. Furthermore,
the maximum cooling rate for the crystalline Si precursor was smaller than the rate for a-
Si, i.e., the (micro-) crystalline Si should be micro-crystallized at a higher energy density
than the a-Si. The shift in energy density for micro-crystallization was supported by the
findings of the SEM study. Micro-crystallization can be suppressed by multiple-shot
crystallization at the critical energy density at which a-Si would be micro-crystallized.
Cooling rate below 1.6 x 10'° °C /sec must be maintained to ensure that the excimer laser
crystallization process is reproducible.

Another effect of the number of laser shots on the film quality was also
investigated. It was discovered that electron mobility, one of the most important of all
TFT characteristics, increased monotonically with the number of irradiations, with
maximum mobility being obtained at about 20 shots. The density of carrier trap states at
grain boundary was reduced to 1 x 10 '> cm™, which is less than a third of that for film
crystallized with a single shot under the same conditions. TEM observations showed that,
for these poly-Si films, the number of shots had no effect on grain size, which was about
150 nm diameter. Raman studies indicated that the disorder in those films, including small
grains, grain boundaries and defects in grains lessened as a result of a number of
successive shots, and then worsened again after further shots.

These results suggest that the conditions at silicon/quartz interface play an
important role during the laser re-crystallization, and that there are some optimum
conditions for the re-crystallization process. Controlling the number of shots is very

important in poly-Si TFT fabrications.

3.3 Summary

In this chapter, the author proposed and successfully demonstrated the grain
boundary filtration with Ge thin films under the selective-nucleation and solid-phase
epitaxy, and clarified the issues when applying it to Si thin films. In the excimer laser
crystallization, which is recrystallization via the liquid phase, he discovered that the

number of laser shots contributed to reduction of defects in grains/grain boundaries,
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differing from that the irradiation energy directly contributed to variations in grain-size.
And also he found out that the maximum cooling rate must be maintained at less than 1.6
x 10'° °C/sec to avoid micro-crystallization.

The three growth methods discussed in chapters 2 and 3 are compared as follows.
A technique employing thermally non-equilibrium plasma process as same as a-Si film
deposition via vapor phase is very much attractive for obtaining a large grain
polycrystalline film on a glass substrate. A lot of prior researches had tried to fabricate
a large grain, i.e. high mobility, polycrystalline film on a glass substrate, but unfortunately
they had not reached to success. (The values of carrier mobility for deposited films are
still about 25 cm?/Vsec on a small glass substrate '?® and 3 cm?/Vsec on a large substrate
acceptable in the industry '*” even in 2000's researches followed.) In contrast, two-
dimensional epitaxial growth on single crystalline substrate were successfully
demonstrated under vapor phase at low temperature as described in chapter 2. These
results do not agree to the idea that the reason why a large grain polycrystalline film on a
glass substrate cannot be formed is that crystalline growth does not occur at low
temperature. One possible reason is that quite a lot of islands are seeded on the glass
surface simultaneously at the initial stage of film deposition. Those behaviors limit the
enlargement for the grain because the distance among islands could be very short and the
crystalline orientation of those could be random. In order to extend this technique to the
large-grained crystalline film formation on a glass substrate, therefore, another technique
is necessary to control the nucleation process instead of crystalline substrates employed
in this study. Thus, further approach is expected, either reducing the nucleation site, i.e.
number of islands, or aligning the orientation of those island, in order to obtain the large-
grained crystalline films on a glass substrate.

The approaches remained to obtain a large grain, i.e. high mobility,
polycrystalline film on a glass substrate are techniques that Si thin film was prepared first
and then (re)crystallize it via solid phase or liquid phase. The target was focused on how
to form a large grain film because the crystalline growth had been already demonstrated
in 1970's by utilizing thermal anneal via solid phase °” and laser anneal via liquid phase
109105 " respectively. Solid phase crystallization technique featuring selective nucleation
and grain-boundary filtration were discussed in the section 3.1. In the study of Ge, the
experimental results demonstrated a maximum grain size of 20 pm radius can be achieved
based on estimates of the product of the SPE rate and the incubation time for spontaneous
nucleation. In another study of Si, more than several micrometers of grain growth were
successfully demonstrated at around 600 °C, that is applicable conventional glass

substrates. The performance might be enough for those films to be applied to devices
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required high-speed driving such as a peripheral circuit for LCD although some issues
remained. To apply to industrial products, however, an important concern was still
remained that the technique required metals for the selective nucleation. For example,
one of the other research groups employed Ni as catalyst to fabricate precursor films for
laser annealing. That group reported additional gettering process to remove Ni from active
area was effective to reduce off-current in TFT characteristics '*¥. This crystallization
technique via solid phase was attractive but was put on hold as the residual Ni might
influence reliability for TFT driving.

The candidate remained was the laser crystallization that is via liquid phase.
Properties of excimer laser crystallized poly-Si films strongly depended on both the
irradiation energy and the number of laser shots as described in section 3.2. One of the
most important parameter is the cooling rate during the process of melt and solidification.
In order to obtain a large grain film, an adequate energy should be chosen because the
cooling rate depends on the irradiation energy, and because the higher energy actually
caused formation for smaller grains. Another important parameter to obtain high quality
polycrystalline film is the number of laser shots on the Si thin film. There is the
appropriate range in the number of shots to fabricate better film as same as the irradiation
energy. However, it is not because of the variation of grain size appeared in
microphotographs. The experimental results suggested the multiple laser shots reduce the
underlying disorders such as small grains, grain boundaries and defects in grains and that
further number of shots rather produce those disorders. Laser annealing technique can
simply provide high quality film whose electron mobility is higher than 100 cm?*/Vsec by
controlling parameters as described in the section 3.2. This is the competitive advantage
of laser anneal over other techniques, such as plasma CVD and solid phase crystallization,
as summarized in Table 3.4. In contrast, there still is an important issue for the uniformity
of the films. It is because the size of laser beam is quite smaller than the one of the
substrate and also because the stability of the laser emission was not enough. The issue
for the uniformity was also one of the reason why results of the prior researches for laser
anneal in 1970's was not actually applied in industry in the fields of semiconductor.
Improvement for uniformity of the excimer laser crystallized poly-Si TFTs is described
in the next chapter.
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Table 3. 4 Summary; comparison for three ways to fabricate crystalline Si thin- films

Vapor phase

ex) Takahashi et al. (2007)

—

Solid phase Liquid phase
ynegann | V3 \ | e | e
aniliby b seed) ex) Sankur et al. (1973) ex) Young et al. (1978)

seed
Researches followed seed
film formation on even in 2000 “ “m
foreign substrate as uc-Si 1

TFT application

electrical performance

poor
(mobility 3~25 cm?2/Vsec)

excellent (= single crystal)
with concern of contamination
via seed metal

excellent
(mobility >100 cm2/Vsec)

uniformity

excellent

good

poor

¥ Reproduced from “H. Tanabe, K. Sera, K. Nakamura, K. Hirata, K. Yuda, and F.

Okumura, "Excimer laser crystallization of amorphous silicon films for poly-Si TFT

fabrication”, Mat. Res. Soc. Symp. Proc., vol. 321, pp. 677-682, (1994),” with the
copyright permission of Cambridge University Press.
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4. Application of poly-Si films to thin-film transistors and related devices

As discussed in the chapter 3, the excimer laser crystallization was chosen to
fabricate poly-Si thin-films for TFTs. It enables to drive peripheral circuits of active-
matrix displays because of its high-mobility characteristics, which is more than one
hundred times of that of a-Si:H TFTs. There were additional challenges critically to be
solved in order to obtain the poly-Si TFTs of product grade under low-temperature. In
this chapter, studies 1) to improve uniformity, ii) to reduce photo leakage current, iii) to
enable high reliability, and iv) to enhance carrier mobility are described. The former three
challenges are indispensable to bring poly-Si TFT technology to the stage of product, and
the last one is to aim to bring it to the higher stage.

1) Uniformity is the most important issue resulted in by using excimer laser
crystallization, as described in section 3.3. ii) Photo-leakage current must be reduced to
the level that enables normal operation for liquid crystal. The reasons are as follows. The
demand for a high luminance and a high contrast ratio in LCDs is continuing to grow.
High luminance would increase photo leakage current in the poly-Si TFTs, which
diminishes the voltage that are held across the pixel electrodes, which would cause
contrast ratio to be low. iii) The gate insulator plays an important role to enable reliable
operation of MOS transistors including TFTs. The thermal oxide grown on single
crystalline silicon is indispensable for Si-LSI industry. The silicon nitride film deposited
underneath of a-Si:H by plasma-CVD is also essential. There were many candidates for
both materials and methods to obtain the gate insulators. A silicon oxide film deposited
by remote-plasma CVD are studied in this chapter. iv) Increasing the carrier mobility
further would help to expand applications using the poly-Si TFTs, not only for pixel and

peripheral drivers but also for memory and microprocessor on glass.
4.1 Principal structures for poly-Si TFTs

Principal structures of thin-film transistors (TFTs), that were combined with
excimer laser crystallization process, are illustrated in Figure 4.1. The inverted-staggered
structure (a') is widely used in a-Si:H TFTs because its fabrication process is simple
IDIDIT) and as the result, the number of photo masks can be reduced less than other
structures stating below. However, there are some challenges to apply it to excimer laser
crystallization and its poly-Si TFTs. As relatively thick active layer is employed in a-Si:H
TFTs, back-channel etching process can be applied 7177 17®_In contrast, thinner active
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layer is preferred in poly-Si TFTs because the very shallow penetration depth of excimer
laser enables very thin film crystallization. As the result, called etching stop layer is
necessary for the poly-Si TFTs as shown in Figure 4.1 (a) ). The other challenge is the
precise control for crystallization of Si films on a patterned gate metal layer. Heat flow
under Si films is varied with or without the metal layer. Thick gate insulator may neglect
the metal layer, but the performance of TFTs should be decided by the MOS capacitance,
i.e. thin gate insulator is preferred.

Primary structure of staggered type TFT is described in Figure 4.1 (b') %), The
issue to apply excimer laser crystallization is that the higher melting point metal is
necessary for wiring because it is exposed to molten Si, i.e. very high temperature, during
crystallization. Impurity diffusion from the metal to channel region must be also
prevented. As the result, additional wiring metal with low-resistivity is needed as shown
in (b) because the conductivity for the metal with high melting-point is not so high 'V,

Planer type structure (c) is widely used in the excimer laser crystallized poly-Si
TFTs to prevent those difficulties stated above °V. The planer structure has an advantage
that source-drain region can be fabricated self-aligned with the gate patterns. It enables
to be minimum for the parasitic capacitance that is caused by the overlap of the gate and

the source-drain. The planer structure is used in this chapter unless otherwise noted.

J
LI"I_I"J

| — Y (poly-Si) layer

[E== sourcey/drain (doped poly-Si) layer
gate (metal) layer

Sy wiring (metal) layer

(a") inverted staggered type (b") primary staggered type
for a-Si:H TFT

gate-insulator

7

glass substrate

(a) inverted staggered type (b) staggered type (c) planer type
(bottom-gate) (top-gate) (top-gate)

Figure 4.1 Principal structures of poly-Si TFTs.

Also, here must be described another aspect of poly-Si TFTs. The poly-Si TFTs
has important characteristics in its leakage current under off-state. The carrier traps

existed in the band-gap, originated by defects in grain boundary, effects on not only
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driving current under on-state °®7% but also the leakage-current under off-state '89'8D, The
leakage current mechanism is explained by the presence of trap states originated in
polycrystalline film as follows. Figure 4.2 illustrates relations of trap states in poly-Si and
drain structure.

In the case of self-aligned single drain structure (al), band diagram is illustrated
in (a2). Under a medium strength of the electric fields, the leakage current is induced
by two steps comprising of the thermal activation of an electron from the valence band to
a trap state in the band gap, and electron tunneling through the reduced barrier to the
conduction band. Furthermore, the tunneling of an electron is caused by field-enhanced
emission under strong electric fields because the tunneling length decreases as the electric
fields increases. These phenomena are not observed in single crystalline Si FETs. Also
because this characteristic must affect the image quality of LCD, that was main target
application of poly-Si TFTs, much efforts had been paid to reduce the leakage current by
the ways in both structure "¥V182189) and process 192180185 One of the effective way to
reduce the leakage current is to put an offset region between the edge of gate, i.e. channel,
and drain as shown in (b1) 8%, The presence of offset region between the channel and the
drain helps to alleviate the electric field, as shown in (b2), and results in reducing the
leakage current. As a simple offset structure without doping also dramatically reduce the
on-current, the offset region is normally employed with lightly doped condition, which is
called lightly-doped drain (LDD) structure '8D186),

gate gate
—1
channel drain channel offset drain
l | ] l ] | ]
(al) self-aligned single drain structure (b1) offset gate structure
cooo E TM e
CEICIO) DOODD
o0 trap states DD trap states
Ev Ev
(a2) band diagram for single drain (b2) band diagram for offset gate

Figure 4.2 Drain engineering for trap states in poly-Si TFTs.
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4.2 Uniformity

The poly-Si TFTs had been expected to apply in the fabrication of high-speed
driver circuits on glass substrates >”!8”. And the crystallization technique was one of the
most important procedure in the throughout process to fabricate the poly-Si TFTs at low

substrate temperature. However, it was very difficult to obtain uniform films with the

excimer laser crystallization method even though high-mobility TFTs with more than 100

cm?/Vsec had been reported *'% because mainly of the variation for irradiation energy

and the limited size of the laser beam 88189 Trradiation energy variation was caused by
a lack of pulse-to-pulse stability in the emission of excimer laser and spatial energy
differences in the laser beam. The other problem was that overlapping of the laser beams
was necessary on a substrate because the beam was generally much smaller than the
substrate 1°?. The poor quality poly-Si films in the overlapped region between beams
degrades the performance, when the beam is scanned '°1¥?. These difficulties apparently
strongly depend on manufacturing equipment. Thus, the many development efforts had
been done in both sides of the process and the equipment as summarized in Table 4.1.
Several approaches in the process are discussed in this section. First, pre-crystallized
films under solid phase was used as the precursor for excimer laser crystallization '8,
The author expected the pre-existing large-grain crystalline grown by solid phase might
affect the melt-solidification and resulted in uniformity to be better. Next, capping layer
was used during excimer laser crystallization '>”'®, In prior studies, capping layers had
been used in laser-induced melt-solidification processes 1>, however there were no
attempts to produce fine grains that contribute uniformity in device performance. As the
results, these approaches alleviated variation of TFT characteristics against the variation
of irradiation energy.

Then, a special circuit design on the glass substrate was employed to use only
uniform region and to avoid the use of the edge region of the beam ¥ It was
somewhat tricky but quite realistic in those days to use only areas with uniform
performance by avoiding peripheral region of laser beam. Finally, one dimensional scan
method was proposed to expand the crystallization area '°”. As many researchers still
aspired the highest mobility value or the world first achievement at that time, these kinds
of studies focusing uniformity improvement was minor but important to develop practical

devices.
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Table 4.1 Uniformity problems and improvement approaches for TFT characteristics

Issues

Improvement approaches in
process

Improvement approaches in
equipment

Laser energy deviation
-Pulse-to-pulse instability
-Spatial differences in a beam

less dependent on the energy
- crystalline precursors
- capping layer

- emission stability
- optics design

Small beam size
-Overlapping

less influence by the seam
- substrate heating

- high power laser
- line beam

- 2-step annealing
- isolated circuit design
- one dimensional scan

4.2.1 Film selection for precursor

This subsection describes the effect of pre-crystallized precursor films in the
excimer laser crystallization process and the uniform-quality poly-Si TFTs obtained
through the use of the process. Device fabrication process was as follows. A-Si films of
80 nm and 120 nm in thickness were deposited at 500 °C on the quartz substrates, and
were thermally crystallized at 600 °C in N2 for 20 hours. Then XeCl excimer laser was
irradiated to the solid phase crystallized poly-Si films. The range of energy density was
from 190 to 450 mJ/cm?. The number of shots was varied up to 50 shots without scanning.
After the definition of the active areas, 100 nm thick gate-oxide was deposited by LPCVD,
and the conventional MOSFET process were followed with maximum process
temperature of about 900 °C. For the p-channel and n-channel source-drain formation, B
ions and P* ions were implanted at a dose of 1 x 15 cm™ each. The offset gate structure
was used to reduce the leakage current. The process conditions are summarized in Table
4.2.

Figure 4.3 shows the typical Id-Vg characteristics of n-ch. offset-gate TFT with
the different energy densities. Increasing the irradiation energy made the threshold
voltage to decrease and the leakage current to reduce. Figure 4.4 shows the dependency
of the field effect mobility, that was calculated from the maximum of gm in the linear
region of the self-aligned TFT, on the energy density. The thickness of poly-Si film was
(a) 80 nm and (b) 120 nm. The mobility was constant below 190 mJ/cm?, increased at 210
mJ/cm?, then fairly constant at the range from 230 to 307 mJ/cm? for the (a) 80nm thick
poly-Si. In the range over 307 mJ/cm?, the mobility slightly increased and then decreased
sharply. The similar behaviors were also shown in the case of the p-ch. TFTs, and also in

the cases of (b) 120 nm thick poly-Si. It was already discussed in subsection 3.2.3 that
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the mobility was strictly depended on energy density as shown in Figure 3.16. However,
these results shown in Figure 4.4 were quite different from the above in that the mobility
was almost constant at the specific range. These behaviors are explained by the discussion
also in section 2.3. As shown in Figure 3.18, the maximum temperature of Si films during
excimer laser irradiated melt-recrystallization reached the melting point of c-Si, that is
slightly higher than that of a-Si. The temperature remained constant between 250 and 300
mlJ/cm? because c-Si has some latent heat for melting '®. Then it rose monotonically until
it reached the boiling point of Si. The region that the mobility was constant at the range
from 230 to 307 mJ/cm? almost corresponds to the region that the maximum temperature
remained constant. In this subsection, solid phase crystallized poly-Si film was employed
as the precursor for excimer laser crystallization. The precursor films had fairly good
property of more than 50 cm?/Vsec in mobility without laser irradiation as shown in
Figure 4.4. The constant region of the maximum temperature originated in its latent heat
was larger than that of a-Si as the precursor. These conditions made it possible to obtain
wide constant range in mobility, i.e., uniform performance of TFTs in spite of large
irradiation energy variation. This range of energy density was also found to be effective
on the number of shots dependency. Figure 4.5 shows the number of shots dependency
on (a) the mobility for both n-channel and p-channel and (b) the leakage current with the
irradiation energy of 245 and 307 mJ/cm?. The mobility showed constant from 1 shot to
50 shots. The leakage current increased with the number of shots over 20 shots in the case
of 245 mJ/cm?, however it remained constant in the case of 307 mJ/cm?. It was also
discussed in 2.3.5 that the mobility was depended on the number of laser shots as shown
in Figure 2.32. Those results indicated that film crystallinity varies with each individual
irradiation step. However, these results shown in Figure 4.5 were quite different from the
above in that the mobility was almost constant at the whole range. It is considered
because the precursor film already revealed better quality and because the high
temperature process played a role to decrease the defects in grains and on grain
boundaries throughout the all range for the number of shots. As discussed above, this
method to employ the solid-phase-crystallized films as the precursor indicated a
remarkable advantage against the conventional method to use a-Si films as the precursor,

that must precisely control the irradiation energy to obtain uniform performance
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Table 4.2 Experimental conditions for excimer laser crystallization of solid phase

crystallized films
Precursor a-Si; 80, 120 nm / LPCVD 500 °C
SPC 600 °C, N2, 20 hours
Substrate Quartz
Excimer laser XeCl (A = 308 nm)
- Beam size 4 x4 mm
N-channel and P-channel TFT fabrication
- Structure Planar
- Maximum temperature 900 °C
- Gate insulator SiO2/ LPCVD

1E-3
1 E=307mJ/cm’
4
F E=355m/cm’
1E-6 ¢ \ s
— ] ' b
< No irradiation
[— ¥ 3
E=245m)/cm”
=
= IE9}
1
Wil/offset=2/7/1um
Vds=12V

1 shot

-5 J 0 A 5 I.() 15 ?;(l
Vg [V]

Figure 4.3 1d-Vg characteristics of the TFTs irradiated

at the different energy densities.
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Figure 4.4 The mobility as a function of the energy density of the XeCl excimer laser.
The thickness of the poly-Si film (Tpoly) is (a) 80nm and (b) 120nm.
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Figure 4.5 The mobility (a) and the leakage current (b)
as a function of the number of the shots.
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4.2.2 Process control during re-solidification

This subsection describes the role of capping layer in the excimer laser
crystallization process and the uniform-quality poly-Si TFTs obtained through the use of
the process. In prior studies, capping layers were used in laser-induced melt-solidification

199 reducing surface roughness ¥ or

processes for achieving the graphoepitaxy
controlling optical reflectance '°>. Figure 4.6 illustrates schematic views in the excimer
laser crystallization for both with and without capping layer. In the experiments, a 75 nm-
thick amorphous-silicon precursor was deposited on a quartz substrate by LP-CVD. A
100 nm-thick silicon dioxide, also fabricated by LP-CVD, was used as the capping layer.
XeCl excimer laser was used for crystallization. Uniformity of the laser beam intensity
was + 5% within a 4 mm X 4 mm areas. The thickness for the capping layer was
determined by the reflectance both obtained experimentally and estimated numerically,
as follows. Figure 4.7 indicated the reflectance at a wavelength of 308 nm with the
thickness of the SiO:2 capping layer. The reflectance changed dramatically as the capping
layer thickness increases. The 100 nm-thick capping layer was chosen in this experiment
because it has the same reflectance as a silicon surface, i.e. without capping layer.
Therefore, no consideration is required for the difference in effective laser irradiation
energy. To evaluate the performance of poly-Si film, n-channel TFTs with a staggered
structure were fabricated. The process temperature was maintained at 600 °C or less as
described in section 3.2.

Table 4.3 Experimental conditions for excimer laser crystallization with capping layer.

Precursor a-Si; 75 nm / LPCVD 560 °C
Cap layer SiO2; 100 nm / LPCVD 400 °C
Substrate Quartz
Excimer laser XeCl (A = 308 nm)

- Beam size 4 x4 mm
N-channel TFT fabrication

- Structure Staggered

- Maximum temperature 600 °C

- Gate insulator SiO2/ LPCVD

- Typical size (WI/L) 6/6 um
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Figure 4.6 Grain size variation with laser energy density.
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Figure 4.7 Surface reflectance of 308 nm wavelength light

Figure 4.8 shows mean grain diameters of film fabricated at various levels of
energy density. In conventional crystallization, the grain size sharply increases with
energy density. It also increases in the films crystallized with the capping layer, but very
little compared with in the films crystallized conventionally. Figure 4.9 indicates surface
morphology for those films obtained with two processes, observed by AFM (atomic force
microscope). There was a big difference in the roughness. A much smoother surface was
observed on the film crystallized with capping layer. Figure 4.10 shows plots of Raman
peak width against the various irradiation energy density levels. For the films fabricated
with the conventional method, the peak width decreased as energy increased and the

minimum width was obtained at about 450 cm™. This suggested that the film quality
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degraded in the high energy range more than 450 mJ/cm?. For the films crystallized with
capping layer, however, the Raman width decreased monotonically in this energy range
and the values are larger than those width of conventionally fabricated films. The films
crystallized with the capping layer are lower in quality than those made conventionally.
One of the reason for the difference in quality was the difference in the heat capacities in
the melting process. The conventional process put the energy into the silicon film more
effectively because the capping layer is also heated in this process. These differences in
grain size, surface roughness and crystalline quality discussed above could be explained
by the results followed. Cross sectional TEM photograph for those films are shown in
Figure 4.11. The conventional crystallization produced the poly-Si film with a columnar
structure. In this case, most nucleation sites were located on the Si-substrate interface
when the molten Si cooled and started to solidify. The crystal growth started at the
interface and proceeds toward the front surface. With the use of the capping layer, in
contrast, a two-layer structure in the Si film was formed. There can be seen very small
grains and a lot of defects. This suggests that the interface of the capping layer and the Si
also provides nucleation sites. The crystal growth started at both the upper and lower
interfaces. The laser crystallization employing the capping layer effectively formed fairly
good quality of poly-Si films, whose grain size varied very little with increased

crystallization energy and whose surface was much smother.
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Figure 4.8 Grain size variation with laser energy density.
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Figure 4.9 Surface roughness for the films
obtained by AFM (atomic force microscope).
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Figure 4.10 Peak width (FWHM) obtained by Raman spectroscopy.
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Figure 4.11 Cross sectional TEM photograph for the films fabricated by (a)

conventionally and (b) with capping layer.

These characteristics in the films crystallized with capping layer suggested that
grain size would hardly change at all with irradiation energy deviation, and that highly
uniform characteristics of TFTs would be obtained. Figure 4.12 shows field effect
mobility obtained from n-ch. TFTs as a function of the irradiation energy. In the
conventionally fabricated TFTs, electron mobility variation was highly sensitive to the
energy density as discussed in the section 2.3. The mobility increased with energy density.
The peak value was obtained at about 450 mJ/cm? and then the mobility sharply decreased.
When a capping layer was used, in contrast, the mobility increased gradually with energy
density. In an energy range at around 400 mJ/cm?, the mobility was remained fairly
constant with respect to energy density. Applied this condition to the process for a large
glass substrate of 350 x 300 mm?, excellent uniformity of TFT characteristics was
revealed as shown in Figure 4.13. Thus, it was confirmed that the capping layer was very
useful for fabricating uniform performance TFTs.

In this method, grain size increases from 40 to 60 nm with the energy density,
between 350 and 500 mJ/cm?, and a two-layer structure is obtained, as compared with
40-400 nm range and a columnar structure with the conventional method. In the
conventional laser melt-recrystallization, the nucleation site is on the interface of
silicon/substrate, which causes free solidification of molten silicon in the direction of the
top surface, and which results in crystallization dependent on energy density. In the newly
developed technique, however, it can be assumed that the interface of silicon /capping
layer plays the role of another nucleation site, and that the resultant two-way solidification
controls grain size variability with respect to the irradiation energy. Excellent uniformity

was attained in the poly-Si TFTs fabricated with the use of capping layer, i.e. mobility
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was 50 cm?/Vsec with 10 % deviation in the irradiation energy range from 380 to 470
mJ/cm?. The wide process window for irradiation energy meant that peripheral driving
circuits could be integrated by using those TFTs with 50 cm?/Vsec in mobility even
though total deviation of irradiation energy reached to be + 10 %. This method could
compensate variation of laser equipment more effectively than conventional one in both
pulse-pulse instability and spatial deviation in a beam. The influence of spatial energy

deviation on TFT characteristics is discussed in the next subsection 4.2.3.
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Figure 4.12 Electron mobility variation in n-ch. TFTs with laser irradiation energy.

84



I 10

o@& ¢

o
o
O
<&
S o
Threshold voltage (V)

- o‘;‘c ® o8

o_

1 . | \ 1

-200 -100 0 100 200
Position (mm)

Mobility (cm?2/Vsec)
(6]
o

Figure 4.13 Mobility and threshold voltage distribution over a large substrate.

4.2.3 Divided design into adequate unit size

In this subsection, the beam profile of excimer laser is reviewed first, and next
the issue for scanning the beam in order to obtain uniform performance for TFTs is
discussed. Then a step and exposure method was demonstrated by using a beam whose
uniformity was improved. Finally, a single scanning method is proposed.

The original output of an excimer laser is a quasi-rectangular beam with a near-
Gaussian profile in the short axis as shown in Figure 4.14 (a), and a near-mesa profile in
the long axis '®®). The beam is generally reshaped to be ideal mesa profile as shown in
Figure 4.14 (b) by the optics composed of typically a beam expander and intensity
homogenizer. Because the size of reshaped beam of 5 x 5 mm in this study was much
smaller than the one of a typical glass substrate, the beam was scanned to crystallize the
area required. In this case, "scan" means the successive laser pulse irradiations
overlapped with a constant frequency under the stage movement with a constant speed as
shown in Figure 4.21 (a) '¥2192. However, the TFT characteristics obtained by that method
varied and lacked for reproducibility. The reason can be explained as follows. Region 1),
i) and iii) in Figure 4.15 were assumed as a simple scanning model. The 1) region was
crystallized with an edge portion of the beam first (n-1) and recrystallized with a plateau

portion next (n). The ii) region was crystallized twice with the plateau portion. So uniform
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performance can be expected at this region. The iii) region, the order was reversed with
the 1) region, was crystallized with a plateau portion first (n-1) and another edge portion
next (n).

Accordingly, a series of experiment for region 1), ii) and iii) as described Table
4.4 (1), (2) and (3) was done and obtained the mobility variation as shown Figure 4.16.
In the condition (1) that the energy for the first shot was lower than that of the second one,
the peak of the mobility was revealed at about 340 mJ/cm?. In contrast, mobility values
in the whole range were almost same although there seemed slight variation in the
condition (3) that the energy for the first shot was higher than that of the second one. The
mobility value of condition (2) that the energies for the first and second shot were same
was in the range obtained from the condition (3). These results suggested that second
crystallization was more severely affected by lower energy than by higher one of first
crystallization. In other words, it may conclude that crystallization history, especially
lower energy crystallization in the prior shot, should be strictly controlled or that the
region with lower energy in the peripheral of the beam should be avoided to fabricate a
device. Therefore, a crystallization method to use only the plateau region was attempted.

Uniformity for the mesa shaped beam was not perfect actually, especially in the
plateau region, even though it was produced through homogenizer. Figure 4.14 (b)
described an ideal mesa shaped beam profile. However, the quality of homogenized beam
depended on its design and optics used as shown in Figure 4.17. Uniformity for the beam
A and B was + 6.7% and + 3%, respectively. Figure 4.18 shows the variations in the
mobility and the threshold voltage from the TFT (W/L =6/6 um) fabricated by using the
beam A and B. Figure 4.18 (a) indicates twin peaks in mobility corresponding to each side
edge of the beam A. In contrast, the uniformity in mobility was improved to be + 4.2%
by using the beam B as shown in Figure 4.18 (b).

Intensity (a.u.)
Intensity (a.u.)

Position Position

(a) (b)
Figure 4.14 Intensity profiles illustrated for (a) the original beam of excimer laser

and (b) homogenized beam at substrate surface.
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Figure 4.15 A simple model for scanning the beam. Histories; region 1) front edge and

homogenized region ii) 2 x homogenized region iii) homogenized and rear edge.

Table 4.4 Experimental irradiation condition
1st shot  2nd shot (mJ/cm?)

(1) 263 263 — 360

(2) 406 406

(3) 406 263 — 406

150

First shot irradiation
O— 263 ml/cm?
---4--- 406 mJ/cm?
2 x 406 mJ/cm?

100
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Figure 4.16 Mobility variation dependency on the second irradiation energy in the films
crystallized with the first irradiation of 263 and 406 mJ/cm?, respectively.
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Figure 4.17 Intensity profiles for beam A and B,

whose uniformity was + 6.7% and + 3%, respectively.
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The beam B was applied to fabricate a scanning driver integrated in a linear
image sensor. Figure 4.19 (b) illustrates the concept for isolated brock circuit with step
and exposure method, comparing with continuous circuit with conventional scanning
exposure in Figure 4.19 (a) °7!%®. The poly-Si TFT driver was divided into several
isolated block circuits. The size of each block was designed to be smaller than that of

uniform area in the beam B. Because there was no TFTs between the blocks, the scanning

Figure 4.18 Mobility and threshold voltage profiles
fabricated by using (a) beam A and (b) beam B.
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driver could be composed by poly-Si TFTs with highly uniform performance. The
assembly for the image sensor is illustrated in Figure 4.20. By using those circuit design
and process method, the poly-Si TFT CMOS driver integrated linear image sensor for A6
size with 720 bits at 8 line/mm was successfully demonstrated. The driver circuit with the
CMOS shift register functioned at 1IMHz clock under a 12 V supply voltage. This
indicated that the driver has the capability of driving the image sensor at a scanning speed
of 5 msec/line for an A4 size. The minimum readout time was measured at less than 2
us/bit with 28 dB of S/N (signal/noise ratio), that was adequate for use in G3 mode

facsimile.

Laser beam Laser beam
Conventional circuit Isolated brock circuit
(a) (b)

Figure 4.19 A concept for the step and exposure method and the isolated brock circuit.

(a) conventional circuit and (b) isolated brock circuit.

—\ a-SiH photodiods
poly-Si CMOS drivers

Figure 4.20 Illustration for the image sensor assembly 7).

4.2.4 Proposal for practical use
As discussed in this section, several ways were demonstrated to achieve uniform
performance TFTs. Excellent uniformity was attained in the poly-Si TFTs fabricated with

the use of capping layer. The deviation within 10% with mobility of about 50 cm?/Vsec
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was demonstrated on a large glass substrate. Also, by employing the isolated block circuit
design, uniform and high performance TFTs were able to be applied to real devices. These
results in this study were one of advantage against prior studies that aspired highest
numerical values, in the view of practical development.

As for the set of isolated block circuit design and step/exposure method was able
to apply to one-dimensional devices, such as a linear image sensor described above and
peripheral driving circuits in displays. Because they could be divided into suitable size in
each. However, it might be required extremely high power laser in order to apply it to
two-dimensional active area in a display. In early 1990's a French manufacturer developed
a high power laser that could output 15 J/pulse '*?). The area can be irradiated with an
energy density of 300 mJ/cm? is only 50 cm? even using that laser without any optical
loss. In the case of a display, the size must be limited to be about 4-inch diagonal.
Therefore, the author proposed one-dimensional scanning method as below. Compared
with the conventional method illustrated in Figure 4.21 (a), the proposed one (c) had
features that avoid the line-shape overlapping for peripheral part "edge" of beams in x-
direction and that has no overlapping area in y-direction !°*. And compared with the step
and exposure method (b) demonstrated above, the method (c) could be applied to a device
with larger size than that of beam because it had a potential to be enlarged the beam in y-
direction. The overlapped laser pulse irradiations in x-direction as illustrated in Figure
4.15 was inevitable. However, the variation was expected to be homogenized statistically,
not essentially, as a result of extremely small pitch irradiation. Following these studies,
afterwards, a German manufacturer developed a line-shaped beam with a very high aspect
ratio, for example 0.4 mm in x-direction and 150 mm in y-direction °”. The technology

has been improved much and scale-upped to be used widely in the industry.

(a) (b) (c)

Figure 4.21 Illustrations for three kinds of the beam scanning; (a) conventional scanning

in x-y directions, (b) step and exposure method demonstrated, and (c) one directional
scanning proposed.
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4.3 Photo-leakage current

4.3.1 LCD with high luminance and high contrast ratio

The demand for a high luminance and high contrast ratio in applications of LCDs,
such as projection light-valves 7279200292 mobile phones and PC monitors, has been
growing with spreading wider into those applications. The luminance for LCDs, simply
speaking, are decided by multiply of aperture ratio for TFT arrays and the luminance of
backlight unit. The contrast ratio, on the other hand, is affected by the voltage to be hold
for each pixel. The TFT driving a pixel has roles to write a data voltage under on-state as
well as to hold it until the time wrote a next data voltage under off-state. Under the off
state, the leakage current should be low enough to hold the data voltage. However, high
luminance would increase photo-leakage current in the TFTs, that diminishes the data
voltage, in turn, that would make the contrast ratio low. Consequently, it is important to
suppress the photo-leakage current to obtain high-luminance and high-contrast LCDs.
There are three ways to obtain those high-contrast LCDs. The one is to increase the
storage capacitance of each pixel much enough to tolerate the leakage current electrically
293 The second one is to employ light-shield layer so that the light reach to the active
poly-Si layer of the TFTs are physically reduced **?. The third one is to reduce the photo-

leakage current itself in TFTs electronically.

4.3.2 Experimental procedures

In this section, the poly-Si TFTs with lightly-doped drain (LDD) structure that is
a kind of offset-gate structures stated in section 4.1 were employed to investigate how the
phot-leakage current being suppressed electronically by reducing the volume of active
poly-Si layers. The structural parameters, such as thickness (t) of the active layer, width
(W), channel length (L) and LDD length (L-LDD) of TFTs. A blue light, about 21
mW/cm?, was used to illuminate on active layers without intentional light-shield from
reverse surface of glass substrates. Then 1d-V g characteristics were measured with variety

of structural parameters.

4.3.3 Results and discussion

Figure 4.22 shows the thickness (t) dependency on the photo-leakage current. As
the thickness of the active layer was reduced from 60 nm to 30 nm, the photo-leakage
current became half proportionally to the thickness without sacrificing on-currents of the

TFTs, provided that sheet resistances of whole parts in the TFTs were kept constant. It
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was suggested that the active layers should be made as thin as possible, as long as
fabrication processes permitted. Figure 4.23 (a) shows the channel width (W) dependency
on the photo-leakage current. As the channel width was reduced, the photo-leakage
current was decreased proportionally. The L and the L-LDD dependency are revealed in
Figure 4.23 (b) and (c), respectively. The photo-leakage current remained almost constant
in the L range from 1 um to 4 pm with some fluctuations. In contrast, as the L-LDD

decreased, the photo-leakage current was decreased linearly.

12 [
[ t I
1 F e 4
08 f o ’ ¢
- A -’
5 : ¥
L * -
.g 06 : -
S o
04 f gl
02 f i
0 o L 1 1 1 1 1
0 10 20 30 40 50 60 70

Thickness of the active layers(nm)

Figure 4.22 Thickness (t) of active layer dependency on photo-leakage current.
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Figure 4.23 (a) Channel width (W) of TFTs dependency
on photo-leakage current. (L =4 pum)
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Figure 4.23 (c) LDD length of TFTs dependency
on photo-leakage current. (W/L = 4/4 pm)

The mechanism for the photo-leakage current was considered as follows. As
illustrated in Figure 4.24, electron-hole pairs would be excited when photon reaches the
poly-Si layer. Although some of the excited pairs could disappear due to recombination
of them before the pairs reach the drain region, some of them reach the drain region due
to the potential difference across the LDD regions. If the number of carriers that reach the
drain regions exceeded the number of them that recombine, the photo-leakage current can

be observed to a certain extent.
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The fact that the L did not effect on the photo-leakage current suggested that the
lifetime for photo-generated carriers was not long enough to reach the drain region. Then,
the series of experimental results showed that the photo-leakage currents were determined
by the volume for LDD region, i.e. W x L-LDD x t. The thickness (t) of the poly-Si active
layers had the most significant effect on the photo-leakage current reduction. Also it had
the advantage that the reduction of the thickness (t) was possible without decreasing the
on-current because sheet resistances of whole parts in the TFTs were kept constant by
adjusting impurity conditions according to the change of the thickness. In contrast, as far
as the channel width (W) and the LDD length (L-LDD) were concerned, there were some
trade-offs. Decreasing the W also would reduce on-current. And decreasing L-LDD
would increase the field emission current caused by the strong electric fields. Also the
limitations for reducing the thickness was considered as follows. Quantitatively,
transmittance of irradiated beam was estimated to be about 1% at thickness of 30 nm.
Increase of the transmitted light directly changes the melt process itself and requires
additional treatment to avoid unfavorable scattering. And qualitatively, the reduction of
film thickness results in decreasing heat capacity, and requires precise control of
irradiation energy more. Therefore, the adequate thickness was considered to be about
30 nm in practice. As discussed above, it was found that thinning the poly-Si active layer
was the most effective way to suppress the photo-leakage current without any additional
structure 2°¥, This technology has been widely used in actual products in high-luminance
LCDs 206209)

photo

photo
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L conduction band
* trap level

valence band

’ channel | LDD drain

Figure 4.24 Schematic drawing the band diagram

around the drain in TFTs under off-state.
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4.4 Reliability

In the fabrication process for top-gate structure poly-Si TFTs, depositing silicon
dioxide (Si0z2) film on mesa poly-Si islands is widely used. Prior to the SiO2 deposition,
however, the surface of the poly-Si islands is exposed to air and covered with a photo-
resist. Even though a cleaning process is performed before the deposition, anxiety about
the interface quality is inevitable. In the case of LSI process, a Si/SiO2 interface must be
formed in bulk Si through thermal oxidation. Even in the case of a-Si:H TFTs, an a-
SiNx/a-Si:H interface is conventionally formed without exposure to air. In the poly-Si
TFT fabrication process, therefore, a means of maintaining a clean surface during the
interval between active layer formation and the gate oxide deposition should be developed
and its advantages evaluated. In previous studies, a consecutive gate oxide deposition
following active layer formation has been demonstrated and has been shown to be an
effective way to obtain higher carrier mobility 2*2%?, This section discusses the attempt
to form a clean poly-Si/SiOz2 interface through consecutive remote-plasma chemical vapor
deposition (RP-CVD) 29 of SiO» following excimer laser crystallization of the poly-Si
layer. And then it is confirmed that threshold voltage (Vth) shift under dc stress can be
reduced through this method.

4.4.1 Design and development for apparatus

Figure 4.25 illustrates the cluster-tool type apparatus we used in our experiments
213 Tt comprises a loading/unloading chamber, a heat-up chamber, two process chambers
for the excimer laser crystallization (KrF: A = 248 nm) and for the RP-CVD ?!%2!4 and a
transfer chamber connected to the other four chambers such that exposure to air is avoided.
Figure 4.34 illustrates cross sectional view of the RP-CVD chamber. A grounded mesh
electrode has a role to confine the plasma between the upper electrode and the mesh
electrode. The design that the substrate is located outside region of plasma are expected
to avoid the plasma damages and to prevent excessive reaction in gas phase between
oxygen and SiH4. The RP-CVD process consists of five steps: 1) plasma-excitation of O2
and He gases; 2) transport of plasma-activated species, such as oxygen radicals (O*) and
helium radicals, towards the substrates; 3) injection of SiH4 near the substrate; 4) gas-
phase reaction of the SiH4 with the plasma-activated species; and 5) SiO2 thin film

deposition on the substrate surface.
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Figure 4.26 Cross sectional view of the RP-CVD chamber.
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4.4.2 TFT fabrication

In the fabrication process for the poly-Si/SiOz interface, a substrate covered with
a 75 nm thick a-Si film was loaded into the crystallization chamber. Then the film was
crystallized and the substrate was transferred to the RP-CVD chamber by a robot hand
within the apparatus. Then a 10-nm thick SiO:2 film was deposited. The deposition
temperature, the pressure and the O2/SiH4 flow rate were 350 °C, 0.1 Torr and 40,
respectively. After the isolation of mesa SiO2/poly-Si islands, LP-CVD was used to cover
them with a 30-nm thick SiO2 layer.

The TFT fabrication flow is illustrated in Figure 4.27. A 1 um thick SiO:
passivation layer was deposited on the clean glass substrate through the low-pressure
chemical-vapor-deposition (LP-CVD) technique. An a-Si film was then deposited on the
substrate, and the series processes are performed in the cluster-type apparatus described
above. After the isolation, LP-CVD was used to cover each SiO2/poly-Si island with a
30-nm thick SiOz layer. For comparison, the author also employed a conventional process
to form another poly-Si/SiOz2 interface, which includes the steps of laser crystallization,
mesa island isolation in the air and 40-nm thick gate-oxide formation through LP-CVD.
In both types of TFTs, an n*-Si/WSi layer was then formed for the gate electrode. Self-
aligned source-drain regions for the p-channel TFTs were then formed through the boron-
ion doping method. Following this, the dopant activation at 550 °C and the plasma
hydrogenation were performed. Finally, the TFT fabrication was completed by interlayer
SiNx deposition, contact-hole formation and Al metallization. Experiments for measuring
Vth shift under dc stress were performed in N2 ambient at room temperature after 300 °C

annealing to eliminate any possible influence of humidity *'*.
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Figure 4.27 TFT fabrication flow.

4.4.3 Vth shift comparison

Figures 3.28 and 3.29 show negative Vth shift under dc stress in p-channel TFTs
fabricated by using the above procedures. In the evaluation time period, the value of
Vth shift in the consecutively processed TFTs was about one order of magnitude lower
than that in the conventionally processed TFTs. In contrast, it was found that the
degradation rate of the former was slightly higher than that of the latter. This has hardly
any effect on the device operation, however, because extrapolation reveals that the time
that the value of Vth shift under dc stress in consecutively processed TFTs exceeds that
in conventionally processed ones is more than 10® seconds (about 3 years). We also

confirmed that the dc stress for 10° seconds is equivalent to a pulse stress for 10® seconds
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in conventionally processed TFTs.  The shifts at 10° seconds were 0.15 V (conventional)

and 0.03 V (consecutive), respectively.
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Figure 4.28 Negative Vth shift in p-ch. TFT under dc stress (Vg=-5V, Vd=0V).
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Figure 4.29 Negative Vth shift in p-ch. TFT under dc stress (Vg=-5V, Vd=-5V).
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Table 4.5 Fixed oxide charge density (cm™)
LP-CVD SiO, RP-CVD SiO,

41x10" 6.8x 10"

What is the reason for the reduction in the Vth shift? It had previously been
reported that the positive charge created by a chemical reaction of hydroxyl group
materials (absorbed water or Si-OH bonds) in gate oxide is the origin of the negative Vth
shift in p-channel TFTs2!Y.  In this experiment, however, the amount of absorbed water
was insignificant because the samples had been annealed at 300 °C as described above.
It has also been reported that there is a correlation between the amount of Si-OH bonds
and SiO2 fixed oxide charge density (Df)?'”.  However, the reduction in Vth shift cannot
be explained by Df reduction either, because the Df in RP-CVD oxide is larger than that
in LP-CVD oxide as shown in Table 4.5. Therefore, it is considered that the consecutive
process itself, which can prevent native oxide formation, is the reason for the reduction
of Vth shift. In conclusion, a clean poly-Si/SiOz2 interface formation, through consecutive
remote-plasma chemical vapor deposition (RP-CVD) of SiO2 following excimer laser
crystallization of the poly-Si layer, effectively improved poly-Si TFT reliability. This is
shown by the fact that Vth shift in TFTs fabricated with this process was 0.03 V at 10°
seconds as compared with 0.15V in conventional TFTs. This reduction of Vth shift
achieved with the clean interface formation has the potential to play an important role in

attaining lower-voltage operation of poly-Si TFT devices.
4.5 Ultra high-mobility for integrating further functions

One of the goals for TFTs is to catch up with Si-LSI in their performance, such
as mobility, enabling to integrate such fast logic circuits 2'72!® and high density memories
2199220) a5 fabricated by current LSI technologies into a display substrate. Figure 4.30
shows a shift in research trend from AM-LCD on glass to System-on-glass (SOG) in early
2000’s 22. The integration for those functions, such as memory and MPU 22, on a glass
requires higher mobility active layer to enable short-channel and low-voltage driving.
Therefore, the active layer in TFT should be transformed from poly-crystalline to single-
crystalline because the limitation for the mobility is mainly caused by their grain
boundaries as illustrated in Figure 4.31. An approach based on the idea that active layer,
at least channel region, should be a single crystalline was attempt to avoid the never-
ending expansion for the size for single crystalline Si substrate. That approach required

two technologies, the one was to make large grains with micrometer size 2>??” and the
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other was to control the place for the grains 229?2%, that was almost same as the idea for
selective nucleation and solid phase epitaxy %93 discussed in section 3.1. This section
describes the results attempted to fabricate Si grains at the location intentionally
controlled and with the size of micrometer-order. First, the laser crystallization apparatus
was developed to enable the size of grain enlarged and the grain location intentionally
controlled, that was able to operate large glass substrates equivalent with the size for
mass-manufacture. Then, the film properties fabricated by using the equipment were
studied.

“AM-LCD on ﬂlass 7 “S‘stem on ﬂlass *
.

“Functions”

Driver
B 2

“Core tech.” poly-Si TFT «Si”-TFT

Figure 4.30 A trend in research toward System-on-glass (SOG) in 2000’s.

Source Channel Drain .
Gate insulator

Glass substrate

(a) (b)
Figure 4.31 Illustrations for (a) conventional poly-Si TFT and (b) Single-grain Si TFT.

4.5.1 Novel apparatus for fabricating large grain Si films at desired position

Figure 4.32 schematically shows the newly developed excimer laser

¢ 230)231)

crystallization equipmen A beam generated by XeCl excimer laser that
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wavelength was 308 nm and pulse width was 50 nsec at FWHM was focused on the mask
through homogenizer, and then the beams shaped by the mask were projected on a
substrate through a 1/3-reduction imaging lens. The mask stage was composed of an
Xy-stage, air bearings and linear motors. As the position for the mask was aligned to a
mark on the substrate, the shaped beam could be irradiated on the desired position on the
substrate. The shaped beam was also enabled to scan by the translation for the mask, and
was controlled to be precise stepwise translation by the xy-stage. The maximum field size
for the shaped beams was 6 x 10 mm. The beams could be created with variety of shapes
by designing the mask apertures. An imaging lens whose numerical aperture was greater
than that of lenses used in conventional excimer laser crystallization equipment was
installed to enable the beam edge profile to be highly steep. The maximum size of the
substrate was 300 x 350 mm and the substrate could be transferred up to be 100 mm/sec
by an XY stage employing linear motors. The substrate stage was mounted on the three
air cylinders that were placed on the XY stage. The XY stage was used to select individual
field areas across the substrate. That is, as shown in Figure 4.33, the role of substrate
(XY) stage was to select field area globally. In contrast, the role of mask (xy) stage was
to translate precisely including alignment to the marks. Therefore, this technology can
easily cope with expansion for the size of glass substrates. It had the function to focus the
projected beam automatically on the substrate as summarized in Figure 4.34. Thickness
tolerance of conventional glass substrates were less than 50 um over 400 mm for so-
called Generation II size (360 x 470 mm). A laser sensor measured the precise distance
and the inclination of the substrate surface for a given field area. The air cylinders
controlled attitude of to be within 3.8 um of the depth of focus for the projection system
at every field area. It had the roles of compensation both height and tilt. The substrate
stage was installed in the chamber to enable the crystallization process could be conducted
in N2 atmosphere. Figure 4.35 illustrates a typical beam profile used in the series of this
experiment. The projected beams on the substrate was shaped to be 1.3 - 10 um (w) x 100
um (1) with steepness of 1 um (ds) at the edge>*?.

By utilizing this apparatus, a 60 nm-thick a-Si film was prepared on a glass
substrate for following crystallization experiments. Planar-type TFTs were also fabricated
to characterize those crystallized films. A gate SiO2 film was deposited at 330 °C by
remote-plasma CVD ?!39219, The thickness of the SiO2 film was 40 nm. Dopant activation
was performed at 550 °C for source-drain formation. The dimensions for the TFTs were
10 um of channel width and 2 pm of channel length. The position for the source-drain

was arranged in the direction of w shown in Figure 4.35.
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Figure 4.32 Schematic drawing the excimer laser crystallization equipment.
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4.5.2 Formation of large grain poly-Si films

Figure 4.36 show (a) the SEM image of a Secco-etched %% Si film crystallized
by a single pulse at a laser energy density of 600 mJ/cm? and with a beam width of 7 pm,
and (b) the high magnification image (A) >*?. Secco-etching was conducted to highlight
the grain boundary. There observed two sets of laterally-grown region and ridge at both
sides of micro-crystallized region. The high magnification image (b) suggested that
grains with individual size of approximately 0.3 um were observed at directly to the right
side of the ridge. The ridge appeared to have been formed by collisions between grain
growths proceeding from opposite directions, left and right. In other words, the growth
of the long grains originated at the beam edge and proceeded toward the inner region until
colliding with grain growth proceeding from the microcrystalline region. On the basis of
the SEM image, the lateral growth length of the long grains was estimated to be 1.8 um.
The difference in the lengths between the left and right sides of the ridge might be
explained by the time lag for the nucleation between at the beam edge and at peripheral
of microcrystalline region. As discussed in the section 3.2, the maximum temperature of
the Si film was depended on the irradiation energy. It also meant that the time to reach
the solidification point depended on the irradiation energy. That is to say, the nucleation
started at the edge of the beam earlier than that started at the peripheral of the
microcrystalline region, i.e. near center of the beam. It suggested that the increasing the
time lag to start nucleation was effective to enlarge the lateral growth length.

Figure 4.37 shows the lateral growth length depending on the irradiation energy
for a constant beam width of 7 um. The lateral growth was observed above 400 mJ/cm?,
and the length increased with the irradiation energy >*?. The length reached 2.8 um at an
irradiation energy of 900 mJ/cm?. Higher irradiation energy made the nucleation delay in
the microcrystalline region. Assuming the energy value was constant to nucleate at the
edge of beam, the delay gave the time for grains to extend further toward the inner region.
Further significant increase in the irradiation energy, however, would be expected to
results in decreasing the growth length because microcrystalline region would be enlarged
or Si film would be ablated. Those results suggested that a quasi-single crystalline Si TFT
with channel length of about 2 pum could be arranged at the position grains were laterally

grown.
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Figure 4.36 (a) SEM image of single-pulse-crystallized Si film
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Figure 4.37 Lateral growth length depending

on irradiation energy w=7 pum 232,

In the case that larger grains were necessary, a process to repeat irradiation and
translation was effective as described below. Figure 4.38 shows SEM image of Si film
crystallized by repeating a set of single-shot irradiation of 600 mJ/cm? and translation of

1 pm with beam width of 3.7 um?*?. Figure 4.39 shows a classification of the Si film
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structures depending on the conditions both irradiation energy and beam width. The
structures were mainly depending on the irradiation energy 2*). Fine grain structures were
observed under the conditions of lower energy range. In contrast, there observed Si films
ablated under the conditions of higher energy range and relatively longer beam width.
The range of irradiation energy that grains were extended was significantly wide, more
than £ 10 % from a mid-value of 600 mJ/cm? for the beam width of 3 um. A series of
these study indicated that selection for higher energy range and narrower beam width

made it possible to enlarge the conditions to obtain extended grains.

Figure 4.38 SEM image of Si film crystallized by repeating irradiation and

translation?3?,
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ablated region
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Figure 4.39 Classification for the structure of Si films 2*?).

4.5.3 High performance TFTs by employing the large grain poly-Si films

Then TFTs were fabricated by employing the Si films crystallized with
irradiation energy range of 300-600 mJ/cm?, a beam width of 3.7 um and pulse-pulse
translation distance of 0.5 um. Figure 4.40 shows typical Id -Vg (drain current - gate
voltage) characteristics for both an n-channel and a p-channel TFTs. And, Figure 4.41
plots mobility as a function of irradiation energy. The mobility in n-ch. TFTs increased
sharply from 150 to near 300 cm?/Vsec with increasing the irradiation energy from 300
to 400 mJ/cm?, and remained almost constant around 270 cm?/Vsec. The mobility in p-
ch. TFTs followed similar trend with being the constant mobility of 230 cm?/Vsec. The
range the mobility kept constant coincided with the range that extended grain was

obtained. In n-ch. TFTs, mobility values more than 250 cm?/Vsec can be achieved by
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using other excimer laser crystallization methods?*®, such as one directional scanning
discussed in the section 4.2. In such case, however, the fluctuation of irradiation energy
needed to be strictly controlled within +5 %. It was found that this study gave wide
process margin in this respect. It was also found that the mobility in p-ch. TFTs in this
study revealed higher value than those in prior reports. As described above, a new excimer
laser crystallization system to produce quasi-single crystalline Si films stably on a large
glass substrate of 300 x 350 mm was developed. As the results, it made possible to
fabricate high mobility, 270 cm?/Vsec in n-ch. and 230 ¢m?/Vsec in p-ch., TFTs at

predetermined positions as shown in Figure 4.42 233234,
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Figure 4.40 1d-Vg characteristics (|[Vd| =5V, W/L = 10/2 pm)
employing a film crystallized with irradiation energy of 400 mJ/cm?.

350
300
L J

= e
?”\ _A__,___.A ...... A
£ 200 a
E .l‘:,l
< 150 | L1
2 4
'-g 1001 @ n-ch. TFT
2 50 A p-ch. TFT

0

200 300 400 500 600 700
Laser fluence (mJ/cm?)

Figure 4.41 Mobility dependence on irradiation energy?*?.
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4.6 Summary

In this chapter, the author proposed and demonstrated the ways to improve poly-
Si TFT characteristics in 1) uniformity, ii) photo-leakage current and iii) reliability. In
addition to those, he also developed iv) a novel apparatus for fabricating quasi-single
grain Si thin-films and demonstrated high-mobility TFTs by employing those films.

1) In the uniformity issue, quite uniform TFTs were obtained by the approaches
in process, employing pre-crystallized film as the precursor or using capping layer during
crystallization. Quite uniform mobility characteristics within 10% was obtained with
wide range of irradiation energy more than 90 mJ/cm? in both of those. Also it was
demonstrated that a new design with plural isolated circuit blocks was effective to operate
one-dimensional driver circuit which was longer than the exposure area of individual laser
shot by applying to a driver-integrated linear image sensor. These results in this study
were one of advantage against prior studies that aspired highest numerical values, in the
view of practical development. Then a scanning method in one direction (x) was proposed,
that was avoid to produce the overlapping region in another direction (y). ii) In order to
suppress the photo-leakage current, it was found that thinning the poly-Si active layer,
especially in LDD region, was the most effective without any additional structure. It can
be reduced proportional to the thickness. Limitation of the thickness estimated to be about
30 nm due to other restrictions in process. This technology has been widely used in actual
products in high-luminance LCDs. iii) For stable operation, a clean poly-Si/SiO2 interface
formation, through consecutive deposition of SiO:2 following excimer laser crystallization
of the poly-Si layer, effectively improved the reliability. This was shown by the fact that
Vth shift in TFTs fabricated with this process was 0.03 V at 10° seconds as compared with
0.15V in conventional TFTs. Finally, iv) to fabricate large-grain crystalline Si films and
those TFTs practically, a novel apparatus was developed. It was equipped functions of a
substrate-stage able to compensate attitude (tilt as well as height) in a vacuum chamber,
a mask-stage able to translate precisely and a mask-projection optical system with one-
third reduction lens. By using the apparatus, lateral grain growth reached to be 2.8 um
in a single laser shot and the mobility in both n- and p-channel indicated more than 200
cm?/Vsec.
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5. Conclusion

The main purpose for this series of study is to make it possible for large-area
microelectronics devices based on poly-Si TFTs to be used practically. In this thesis, low-
temperature growth techniques for crystalline silicon were studied first in three different
ways under gas, solid and liquid phase. As they were at different time periods, those
investigating objectives were adopted along each technical stage when they were studied.
Then, the excimer laser crystallization was selected to study how fabricate poly-Si TFTs
for practical use. As there were still many challenges in order to apply it practically, this
work focused on practical development, such uniformity and reliability. Thus, some of
individual study were accompanied by the developments of novel apparatus to fabricate
the poly-Si films and their TFTs.

5.1 Low-temperature crystalline growth technologies for silicon thin-films

5.1.1 Gas phase direct deposition by using HR-CVD

This series of study was aimed to understand behaviors for crystalline growth at
low temperature employing the HR-CVD. First, by utilizing a conventional coaxial
microwave plasma reactor, epitaxial growth was observed on the Si (110) and (100).
The growth rate reached to be 1.5 nm/sec, that was almost equivalent to that of pc-Si
films on a glass substrate. Impurity doping was also achieved by mixture of source gases.
However, the crystalline structure was deteriorated as increasing thickness or impurity
concentration. There was an optimum temperature range of about 300-350 °C in the
epitaxial growth.

Because it was considered that not only the kinetic energy supplied from the
substrate temperature but also the balances of chemical reactions originated by atomic
hydrogen played an important role in this growth process, an additional microwave
plasma reactor was introduced to supply atomic hydrogen into growth surface. As the
results, the supply of additional hydrogen effectively promoted the epitaxial growth
increasing both thickness and doping concentration. The highest temperature for epitaxial
growth was extended to be 400 °C and also the optimum temperature decreased to be
300 °C. Atomic hydrogen surely played an important role to promote reactions in making
Si-network, and enabled to obtain higher concentration of impurity doping and thicker
growth of epitaxial films. The highest electron Hall mobility was obtained to be 115
cm?/Vsec with the carrier concentration of 2 x 10 !¢ cm™ in the epitaxially grown P-doped

silicon film. However, there still remained two major approaches, microscopically to
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control the nucleation process and macroscopically to deposit those films on a large

substrate, in order to extend this technique to the large-area microelectronics.

5.1.2 Solid phase crystallization employing grain-boundary filtration with SNSPE

A grain boundary filtration technique was proposed and demonstrated for
fabricating single large grain semiconductor thin films on amorphous substrates by using
selective nucleation (SN) and lateral solid-phase-epitaxy (SPE). In the study of Ge, the
lateral SPE started at the edge of the SN site and the grain selection process produced
only one grain orientation at the entrance to the main rectangular island. A single planar
grain which is larger than 100 pm? was successfully crystallized at 400 °C in
approximately 1300 min. without any occurrence of spontaneous nucleation.

In another study of Si, more than several micrometers of grain growth were
successfully demonstrated at around 600 °C by introducing Ni into SN sites. However,
grain boundary filtration through the planer constrictions was not enough. There were
two possible reasons. The one is that the concentration of Ni in the seed selection region
was not enough to promote the silicide mediated crystallization further because the
growth front was expanding wider after the lateral grain growth reached to main island.
The other was corresponding to the needle-like growth mechanism unique to Ni mediated
crystallization. When two crystallized needles collide each other, the growth was stopped

and resulted in leaving amorphous regions around the needle-like crystalline grains.

5.1.3 Liquid phase crystallization by utilizing excimer laser

This subsection revealed that the properties of excimer laser crystallized poly-Si
films are strongly dependent on both the irradiation energy and the number of laser shots.
As for the irradiation energy dependency, cooling rate was evaluated by using numerical
transient-temperature simulation in order to investigate the fact that electron mobility
sharply decreased at higher energy range which results in micro-crystallization. Since the
results of cooling rate near the melting point of crystalline Si were not supported by the
findings of the SEM observation, the maximum cooling rate during the crystallization
was focused. The maximum cooling rate increased monotonically with irradiation energy.
It was found that the micro-crystallization occurred at a quenching rate of 1.6 x 10'° °C
/sec. Furthermore, the maximum cooling rate for the crystalline Si precursor was smaller
than the rate for a-Si, i.e., the (micro-) crystalline Si should be micro-crystallized at a
higher energy density than the a-Si. It suggested that the micro-crystallization can be
suppressed by multiple-shot crystallization at the critical energy density at which a-Si

would be micro-crystallized.
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As for the number of laser shots dependency, electron mobility increased
monotonically with the number of irradiations, with maximum mobility being obtained
at about 20 shots. TEM observations showed that, for these poly-Si films, the number of
shots had no effect on grain size, which was about 150 nm diameter. In contrast, Raman
studies indicated that the disorder in those films, including small grains, grain boundaries
and defects in grains lessened as a result of a number of successive shots, and then
worsened again after further shots. These results suggested that the conditions at
silicon/quartz interface play an important role during the laser re-crystallization, and that

there are some optimum conditions for the re-crystallization process.
5.2 Excimer laser crystallized poly-Si TFT Technology

5.2.1 Fabrication for uniform performance TFTs

It had been very difficult to obtain uniform films with the excimer laser
crystallization method because of the variation for irradiation energy and of the limited
size of the laser beam. Irradiation energy variation was caused by a lack of pulse-to-pulse
stability in the emission of excimer laser and spatial energy differences in the laser beam.
The laser irradiation was forced to be overlapped because of the limited size of single
laser beam. To overcome the former issue, two of new method were confirmed to be
effective. The pre-crystallized films under solid phase as the precursor were showed wide
window in irradiation energy. Capping layer was also effective to suppress the variety of
grain size against the irradiation energy. Quite uniform mobility characteristics within
10% was obtained with wide range of irradiation energy more than 90 mJ/cm? in both of
those. These approaches alleviated variation of TFT characteristics against the variation
of irradiation energy. To avoid the latter issue, a special circuit design on the glass
substrate was employed to use only uniform region and to avoid the use of the edge region
of the beam. This method was successfully demonstrated by applying to a one-
dimensional image sensor. In the view of practical development, these results obtaining
uniform performance showed remarkable progress against prior studies that aspired

highest numerical values.

5.2.2 Reduction for photo-leakage current

The series of experimental results showed that the photo-leakage currents were
determined by the volume for LDD (Lightly Doped Drain) region, i.e. “channel width” x
“LDD length” x “thickness”. The thickness of the poly-Si active layers had the most

significant effect on the photo-leakage current reduction. Also it had the advantage that
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the reduction of the thickness was possible without decreasing the on-current because
series resistances of whole parts in the TFTs were kept constant by adjusting impurity
conditions according to the change of the thickness. In contrast, as far as the channel
width and the LDD length were concerned, there were some trade-offs. Decreasing the
channel width also would reduce on-current. And decreasing LDD length would increase
the field emission current caused by the strong electric fields. As stated above, thinning
the poly-Si active layer was the most effective way to suppress the photo-leakage current
without any additional structure. It can be reduced proportional to the thickness.
Limitation of the thickness estimated to be about 30 nm due to other restrictions in process.

This technology has been widely used in actual products in high-luminance LCDs.

5.2.3 Improvement for reliability for the TFTs

A clean poly-Si/SiO:2 interface formation, through consecutive remote-plasma
chemical vapor deposition of SiO2 following excimer laser crystallization of the poly-Si
layer, effectively improved poly-Si TFT reliability. This is shown by the fact that Vth shift
in TFTs fabricated with this process was 0.03 V at 10° seconds as compared with 0.15V
in conventional TFTs. This reduction of Vth shift achieved with the clean interface
formation has the potential to play an important role in attaining lower-voltage operation
of poly-Si TFT devices.

5.2.4 Development for high-mobility TFTs and the apparatus for manufacture

In order to obtain higher performance TFTs, an apparatus was developed to
obtain location controlled large-grain Si films. It featured optical projection systems with
maximum field size of 6 x 10 mm, two independent stages for precise translation of mask
and for field area selection on substrate, and attitude control system to compensate both
height and tilt on the surface of conventional glass substrate. This technology could easily
cope with each generation in production even the size of glass substrates was expanded.
By using apparatus, lateral growth length up to 2.8 um with single laser shot were
demonstrated. Precise translation of mask also enabled to extend the growth length in
laterally. The field effect mobility of 270 cm?/Vsec for n-channel TFT and 230 cm?*/Vsec
for p-channel TFT were demonstrated at predetermined positions by employing those

films.

5.3 Current status
Today, the excimer laser crystallization is the dominant technology, as one of the

key processes in the LTPS, to produce high-resolution displays indispensable for
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smartphone products®. Table 5.1 shows the current status for the LTPS compared with
a-Si TFTs and HTPS. It has already reached enough level to manufacture LCDs and
OLEDs in small size less than roughly 10-inch diagonal. In recent years, manufacturers
are challenging to extend its applications. One approach is to enlarge their size. For
example, the demand for high-resolution displays more than 10-inch diagonal have been
gradually increased to show more information in vehicles**®. Because those automotive
displays require high-luminance*”, typically more than 800 cd/m?, the technology to
reduce photo-leakage current, such discussed in section 4.3, is indispensable for LCDs.
As for OLED, because higher driving current is necessary to drive each OLED pixel with
higher luminance than smartphone, improvement for the reliability, such discussed in
section 4.4, is important more and more. Also, the LTPS technology has been applied to
an OLED product that size is more than 20-inch diagonal **®. The other approach is to
make displays flexible. Curved displays have been practically installed in smartphone
products. Some of smartphone products have released with featuring folding displays >*).
Much attention is paid in reliability because the process temperature is decreased to

employ flexible substrate, such polyimide.

Table 4.1 Current applications in market by growth method

Gas phase Solid phase Liquid phase
Film property amorphous crystalline crystalline
(typical) (a-Si:H) (poly-Si) (poly-Si)
Typical process
ypicalp 300 °C 1000 °C 500 °C
temperature
Substrate Glass Quartz Glass
] o LC light-valve AM-LCD
Main application AM-LCD )
(for projector) AM-OLED
) ) Medium- Large
Typical size Very small (<2 ") Small (4-6")
(>10"
Display resolution < 200 ppi > 800 ppi 300 ~ 500 ppi
Named in industry TFT HTPS LTPS




5.4 Future prospects

The poly-Si TFT technology has been widely used in practical product and
established a solid position in display industry as described above. However, there still
remains some technical issues to be challenged because OLED (driven by current)
requires uniformity and stability in TFT characteristics more than LCD (driven by
voltage). The first one is uniformity in TFT characteristics. The issue is originated by
fabrication method that the laser beam is scanned to cover the whole substrate.
Compensation circuits are employed to alleviate the image mura caused by the variation
in driving current originated in the beam scanning’®?*”), The compensation circuits need
typically 6-7 TFTs for each pixel, and it is one of the reasons that the resolution for
OLEDs is less than that of LCDs that is driven by single TFT for each pixel '™®. The
second one is transient stability in dynamic characteristics. That is a retention
phenomenon observed at the time to change image data *?’. The phenomenon called
"image retention" is observed, for example, when displayed image was changed to be
fully gray just after white/black image like a chess board. The third one is the leakage
current in the dark state. There is an attempt to reduce the power consumed for rewriting
by reducing the frame frequency from 60 Hz to about 15 Hz, and to 1 Hz desirably V.
At this time, the driving TFT connected to the light emitting element is required to
constantly supply a current. As shown in Figure 1.4 (c), the driving TFT is controlled by
the switch TFT and the voltage applied to the driving TFT is held by storage capacitor
(Cs). By reducing frame frequency, the brightness fluctuates and is visually recognized
as a flicker as the current decreases due to the variation of the gate voltage applied to the
drive transistor originated in the leakage-current in the switch transistor. Therefore, the
reduction for leakage-current is now expected for poly-Si TFTs.

Origin of the first challenge is the size of laser beam is still smaller than that of
glass substrate as described in section 4.2. The beam size has been increased, but the
substrate size has also been expanded. This series of study can suggest some ways to
overcome this challenge. Practically, the cap layer is effective to suppress reflection of Si
surface to be roughly one half as discussed in section 4.2. It means that efficiency of
irradiation energy to contribute melt-recrystallization could be increased. Combining with
a high-power laser, such 15 J/pulse'®®, the single shot crystallization that is described as
the step and exposure method in section 4.2 makes it possible to enlarge the area
crystallized without scanning. At that time when the step and exposure method was
studied, the size of target products was unknown. Now, however, the target size is

apparent. Area of the single-shot crystallization could be enlarged to 100 cm? that is
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equivalent to 6-inch diagonal, typical size of current smartphone displays. Or desirably,
further development for the direct deposition technique as discussed in chapter 2 is
expected to overcome this issue. In this case, two major developments, microscopically
to control the nucleation process and macroscopically to deposit on large substrate, are
expected as already discussed.

Regarding the second and third challenges, the origins are common and they are
caused by the existence of defects, such grain boundary. As for the second one, the reason
is considered that driving current requires some period to reach targeted data value when
the current dynamically changed because there is some finite time for carriers to be
trapped or released at defects in poly-Si film. When displayed image was changed to be
fully gray just after white/black image like a chessboard, a border between areas
previously white and black is visible because there remains a difference in between target
and transient currents. The polarity in transient currents after white and after black is
opposite from each other. As for the third one, the leakage-current is caused through trap
states in the band-gap that is inevitable for polycrystalline films as described in section
4.1. Thus, it is effective to avoid grain-boundary in poly-Si films for both the second and
third challenges. The attempts for grain-boundary filtration discussed in section 3.1 and
for quasi-single grain TFTs demonstrated in section 4.5 are promising to overcome those
challenges.

Besides for applying to those advanced OLED displays discussed above, the
poly-Si TFTs have been expected to use for micro-LED displays recently. The micro-LED
as an emission device have two major characteristics paid attention to. The one is that the
current density that gives peak of quantum efficiency is typically much higher than that
of OLED **#?*9_The other is that wavelength of emission light varies depending on the
driving current >*¥. It is a fatal issue to be applied to displays because the color changes
within the range of grayscales. It means that analog modulation method conventionally
used in LCDs and OLED:s is not suitable for the micro-LED displays. The simple ways
to avoid it is to employ pulse width modulation ?*. The driving current is kept constant
and the grayscale is controlled by the pulse width. In order to achieve it, the TFT
technologies are required much higher operation current, i.e. higher carrier mobility, than
that provided by current poly-Si TFTs. One of the most promising solution would be the
grain-boundary free crystalline films and quasi-single grain TFTs discussed in section 3.1
and 4.5, respectively. The results obtained in this study would play an important role to
develop future displays, such advanced OLEDs and micro-LEDs, and also the large-area

microelectronics devices in the future.
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Supplement I: Historic position for this series of study

Table S-1. Typical topics for TFTs

1960 1970 1980 1990 2000
Thin-film transistors
1962 1973 1979
Weimer 53) Brody 7) LeComber 31)
cds TFT AM-LCD (CdS) a-Si:H TFT
gas 1982 1983 1992 2003
h Matsui 10) Malhi 161) Nagahara 127) Hanna 128)
phase MBD  LPCVD SiH4/SiF4 Si2H6/GeF4
solid 1986 1989 1993
Noguchi 95) Panwar 88) Liu 133)
phase Si+1/1 SPC Pd induced
liquid 1966 1974 1979 1982 1986
q Fa 58) Laff 55) Lee 59) Morin 57) Sameshima 91)  Chapter
Phase poly-Si FET Ar laser TFT Ar laser FET Q Ruby p-Si TFT  LTPS (ELA)
Topics for display products
1984 1988 1996 2003
Suwa Seikosya 8) Sharp 12) Sanyo/Sony 33) Sanyo/Kodak 40)
2" HTPS product 14" a-Si TFT product 2.5" LTPS-LCD 2.61" LTPS-OLED
Topics for Si-MOSFETs
1960 1965 1970 1985
Kahng 2) Moore 5) Intel 51) Toshiba 52)
MOS tr. Moore's law 1k DRAM 1M DRAM

Table S-2. Typical topics for thin-film crystalline growth techniques

1970 1980 1990 2000
Crystalline growth technologies
1975 1978 1982 1984 1986
Nagashima 84)  Kamins 85) Matsui 10) Hayashi 247) Morozumi 33)
APCVD LPCVD MBD LPCVD LPCVD
gas
1975 1979 1982 1987 1992 2003
phase Spear 42) Morin 70)  Kamins 86) Beart 113) CNBPEEN2 o ohara 127) Hanna 128)
a-Si:H PECVD PECVD PCVD epi poly-Si TFT poly-Si TFT
. 1976 1977 1982 1983 1986 1988
solid Csepregi 92) Roth 93) Ohmura 94) Ishiwara 246)Noguchi 95)  Hatalis 87) e
h I/Idisorder  a-Si SPE L-SPE a-Si  L-SPE Si+I/1 SPC a-Si 31
phase |7, 1973 1995 1996 1996 >
Caywood 96) Sankur 97) Lee 98) Lee 99) Yang 100)
SPE w metal(Ge) SPE w metal(Si) pd Ni SNSPE(Ge)
1978 1979 1982
= = 1 Gat 104) Geis 90) Atwater 107)
llquld Cw-laser graphoepitaxy Orientation selection
| phase 1974 1975 1978 1982
; Laff 55) Fan 103) Young 105) Morin 57) Section
Ar YAG Q Ruby Q Ruby p-Si TFT Si2
1982 1986 1989
Young 106) Sameshima 91) Sera 108)
Excimer LTPS (ELA)  LTPS (ELA)

119



Supplement II: Growth history for flat-panel displays industry
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Figure S-3 Trends for revenues of LCD and OLED

The author created the figure based on a literature®*® and some statistical data.
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Supplement III: Position of poly-Si TFTs in the display industry
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