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Study on the Process Technologies and
Characteristics of High-Performance
Low Temperature Polycrystalline Silicon

Thin-Film Transistors

Student: Chun-Chien Tsai Advisor: Dr. Huang-Chung Cheng

Department of Electronics Engineering &
Institute of Electronics
National Chiao Tung University

ABSTRACT

Low-temperature polycrystalline silicon-.CLTPS ) thin film transistors (TFTs) have been
extensively studied for active matrix-.flat panel displays (AMFPDs), full-function
system-on-panel (SOP), and potential for the 3-dimensional integrated circuits (3D-1Cs)
applications owing to their high field-effect mobility, low power consumption, high reliability,
high resolution, and low fabrication cost by the integration of driver and controller ICs. At
this moment, excimer laser crystallization (ELC) of amorphous silicon (a-Si) thin films seems
to be the most promising method for its great advantages in mass production and high quality
silicon grains without damage to the glass/plastic substrates. Although large grains can be
attained in the super lateral growth (SLG) regime by ELC, many fine grains still spread
between these large grains due to the narrow process window for producing large-grain
poly-Si and highly rough interface. Consequently, non-uniform and randomly distributed
poly-Si grains will result in the large variation of TFT performance when the laser energy

density is controlled in the SLG regime, especially for the small-dimensional TFTs. In this
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thesis, many approaches, including techniques of excimer-laser-crystallized poly-Si thin films,
advanced device structures, and diode-pumped solid-state (DPSS) continuous-wave (CW)
laser annealing, have been proposed to further enhance the performance of LTPS TFTs.

At first, from the perspective of improving channel material quality, LTPS TFTs with
bottom gates (BG) have been demonstrated to achieve large silicon grains due to the lateral
grain growth. In this method, a-Si thin film with two kinds of thicknesses in a local region
was formed by the deposition of a-Si films on the plateau structure. When the excimer laser
irradiation is applied on the a-Si thin film, the applied laser energy density is controlled to
completely melt the thin region of a-Si film in the channel region but partially melted the
thick region of a-Si film near the edges of bottom gate. Therefore, a lateral temperature
gradient can be produced between the local thin and thick regions of a-Si film, and the lateral
grain growth started from the un-melted silicon solid seed at the base neighbor to the
bottom-gate corner, and extended toward the completely melted region until the solid-melt
interface from opposite direction impinges.-From-material analyses, it can be observed that
the large longitudinal grains artificially-grewn of.about 0.85 pum in size were observed in the
device channel region. Therefore, high-performance BG LTPS-TFTs have been demonstrated
with the field-effect mobility exceeding 330cm?/V-s, low GIDL effect, suppressed kink
current, and improved device uniformity due to the large silicon grains. Moreover, the BG
TFTs reveal higher breakdown voltage and better reliability due to the smooth interface
between gate dielectric and poly-Si channel films as thinner gate oxide were employed
without additional processes or materials. The improved breakdown and driving
characteristics imply that the proposed BG-TFT structure is more suitable for the
device-scaled-down applications.

Although BG LTPS-TFTs exhibit superior electrical characteristics, asymmetrical
electrical characteristics are also observed due to the misaligned process effect. Therefore, a

self-aligned (SA) bottom-gate TFT with appropriate channel length has been fabricated by
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the simple ELC and backside exposure. As a result, not only all the advantages of BG
LTPS-TFTs with lateral silicon grains, but also the symmetrical electrical characteristics can
be also observed in SA BG LTPS-TFTs. Consequently, SA-BG TFTs with the channel length
of 1 um exhibited field-effect-mobility reaching 193 cm?/Vs without hydrogenation, while
the mobility of the conventional non-SA-BG TFTs and conventional SA top-gate ones were
about 17.8 cm?/V/s and 103 cm?/Vs, respectively.

Shrinking the device size is an effective way to improving the device performance, but
poor short-channel effects (SCE) is encountered owing to the insufficient gate controllability.
Novel high-performance LTPS TFTs with double-gate (DG) structure and controlled lateral
grain growth have been demonstrated by excimer laser crystallization. Because of the double
gate operation mode and lateral silicon grains formed in the channel region, the devices have
a higher driving current, steeper subthreshold slope, superior short-channel effect immunity,
and suppression of the floating-body effect. The proposed DG TFTs (W/L = 1/1 um) have the
equivalent field-effect-mobility exceeding-1050-.cm?3Vs for the N-channel device, 403
cm?/Vs for the P-channel device, on/off current ratio higher than 10°, smaller DIBL, and
excellent device uniformity.

Although the crystallinity of poly-Si thin film can be effectively enhanced via ELC with
bottom-gate structure, it is inevitable that there is a high angle grain boundary in the middle
of channel region, which degrades the TFT performance and reliability. A novel laser
crystallization method which can remove the high angle grain boundary and produce the large
and uniform grains in the desired local region is proposed to improve the field-effect mobility
as well as the device uniformity. Periodically lateral silicon grains with 2 um in length can be
artificially grown in the channel regions via the amorphous silicon spacer structure with
excimer laser irradiation. By the way, such periodically large and lateral grains in the TFTs
would achieve high field-effect mobility of 298 cm?/Vs, as compared with the conventional

ones of 128 cm?/Vs. In addition, the device-to-device uniformity could be improved due to
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this location-manipulated lateral silicon grains.

In order to further improve the performance of LTPS TFTs, single-grain TFT in which
the channel is grain-boundary-free will exhibit SOI-like performance to satisfy the
requirements of system on panel. A new crystallization technology for producing
two-dimensional lateral grain growth, aiming at single-grain TFT, has been developed by
excimer laser irradiation relying on the spatially temperature distribution at the artificially
sites. The high quality silicon grains are controlled via manipulating super lateral growth
phenomenon by spatially two kinds of silicon films and pre-patterned structure. An array of
1.8-um-sized disklike silicon grains is formed periodically. Not only high-performance
poly-Si TFTs with field-effect-mobility reaching 308 cm?Vs but also excellent device
uniformity are demonstrated owing to the artificially-controlled lateral grain growth.
Proposed poly-Si TFTs, therefore, have great potential for the future SOP and 3D-ICs
applications.

Although the aforementioned laser—crystallization methods can fabricate large
homogeneous silicon grains and high-performance LTPS TFTs, another crystallization
approach, a new and simple CW laser crystallization, is also proposed to produce lateral grain
growth via controlling the laser scanning speed and laser power. According to the
experimental results, a directional river-like lateral Si grain growth with tens of micron, flat
surface morphology, and excellent crystallinity are achieved without damage to the glass
substrates. As a result, ultra-high performance CW laser-annealed LTPS-TFTs have been
fabricated on the oxidized silicon wafer for the first time with field-effect mobility exceeding
504 cm?/V-s for n-channel devices and 220 cm?/V-s for p-channel devices. It is also found
that CW laser annealing is a low-thermal-budget and high-efficiency dopant activation
method attributed to the low sheet resistance and uniformly redistributed dopant profiles after
CW laser annealing. Because of the simple process, continuous-wave laser-annealed LTPS

TFTs are very promising for the future SOP, 3D-ICs, and solar cell applications.
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Chapter 1

Introduction

1.1 The Evolution of Silicon-Based Thin-Film Transistors

Si—based thin film transistors (TFTs) have been successfully utilized in the mature
of flat-panel display applications, including liquid crystal displays (LCDs) [1.1], light valves
for projectors [1.2], and organic light emitting displays [1.3]. Currently, hydrogenated
amorphous Si (a-Si) TFTs are the mainstream technology in AMLCDs as switching devices
attributed to the advantages of low:processing.temperature, simple fabrication process, low
leakage current, and compatible with large-area glass substrate. However, the low electron
field-effect mobility of a-Si TFTs (<. 4.cm”V*s ™) limits their technology to integrate drive
circuits on the active matrix glass plate. On the other hand, high temperature poly-Si (HTPS)
TFTs processed at temperature of 900°C on quartz substrates for high-definition LCD
projection systems compared to a-Si TFTs. High processing temperature, expensive quartz
substrate, and limited area backplane, however, limit HTPS TFTs application to niche
produce category. Low-temperature polycrystalline silicon (LTPS) thin film transistors (TFTs)
fabricated with a maximum temperature below 600 ‘C on glass substrate make large-area
high-definition active matrix displays more practical and less expensive. As a result, LTPS
TFTs have been great potential of reducing the fabrication cost and improving the system
reliability because of their superior mobility performance for integration of both the the
peripheral driving circuitry and active matrix pixel switching elements onto the single

substrate [1.4] - [1.5]. Such driver integration not only reduces the display module weight and



thickness but also improves the panel reliability. In addition, both high-performance n- and
p-channel devices can be achieved in poly-Si films to realize complementary
metal-oxide-semiconductor (CMOS) circuits [1.6]. The major advantages of CMOS circuits
and systems are lower power dissipation, smaller signal voltages, higher fabrication yields,
higher circuit gain, and simpler design methods. The higher driving current allows smaller
TFTs to be used as the pixel-switching elements, resulting in higher aperture ratio, higher
brightness and lower parasitic gate-line capacitance for improved display performance [1.7].
Besides, LTPS TFTs enables the possibility of an entire system-on-panel (SOP), including
memory, photodiodes, Sensors, and micro-processor-unit, etc, which could generate variety
of innovative new markets such as sheet computer, flexible electronics, and three dimensional
integrated circuits (3D-ICs) [1.8] - [1.20].

Although the LTPS TFTs show many benefits comparing with a-Si TFTs and HTPS
TFTs, many researchers has been -devoted themselves to developing various technologies,
improvement of poly-Si film crystallinity;—growth of high quality gate oxide at low
temperature, suppression of leakage current,.and.immunity of hot carrier effect, for enhancing
the performance and reliability of LTPS TFTs [1.21]-[1.49]. Polycrystalline Si (poly-Si) thin
films have been regarded as the most key materials for fabricating high-performance LTPS
TFTs. Among various preparation techniques of poly-Si films, excimer laser crystallization
has great potential for mass production of flat panel displays at this moment owing to high
throughput, low temperature process compatible with glass/plastic substrates, and fabrication
of high-quality poly-Si material [1.50]. However, other low-temperature processing
technologies, such as high quality gate dielectric formation, high efficiency ion
doping/dopant activation, defect passivation, photolithography equipment, and etching
system, are also indispensable for producing high-performance and high-reliability LTPS
TFTs [1.51].

In the following section, we will discuss more detailed about the fabrication process of
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poly-Si thin film, TFT architectures, doping and activation technique for LTPS TFTs, and the

applications of LTPS TFTs.

1.2 TFT Structure

The top-gate structure, the gate electrode located above the semiconductor layer, is the
most popular adopted for poly-Si TFTs in AMLCD applications. This is attributed to the
fabrication technologies for bulk metal-oxide-semiconductor field effect transistors
(MOSFETSs), such as ion implantation and thermal oxidation. The self-aligned source/drain
capability is the most feature to provide low parasitic capacitances, which are advantageous
for achieving high circuit performance. Therefore, the top-gate TFTs is very suitable for
device scaling down due to the self-alignmenticapability.

The bottom-gate structure, the gate electrode located below the semiconductor layer, is
the most common configuration for-a-St TFTs-due to'the clean interface. As a result, if the
bottom-gate is used for poly-Si TFTs, it offersisome benefits over the top-gate structure for
AMLCD applications. First, clean interface control can be easily achieved due to the ability
to deposit the gate dielectric and silicon films sequentially in a single system without
breaking vacuum. Second, the plasma hydrogenation diffusion rate in the bottom-gate TFT
structure is significantly higher than that in top-gate TFT structure, because the channel thin
film is not blocked by the gate-electrode thin films during hydrogenation passivation. The
main disadvantage of the bottom-gate TFT structure is its lower driving current than top gate
TFT. The effective carrier mobility of bottom-gate TFTs is generally much lower than that of
top-gate TFTs, because of the smaller poly-Si grain size and poor silicon grain quality
produced by laser crystallization.

In order to realize system-on-panel applications, the scaling down of device size is



indispensable for better device performance and higher packing density. However, shrinking
device size, especially scaling down the channel length, will lead to undesirable short channel
effects attributed to the insufficient gate-control ability. It will result in the threshold voltage
roll-off, degradation in drain breakdown and severe kink current. Comparing with single
crystalline Si MOSFETSs, poly-Si TFTs show more seriously short channel effect due to the
presence of numerous defects in the grain boundaries, which in turn enhance the impact
ionization by increasing the local electric field of drain junction [1.52] - [1.55]. Since the
defect traps play an intense influence on electrical characteristics of poly-Si TFTs, one
effective approach is to reduce the defect traps by improving the material quality of poly-Si
thin films. The other important method is to reduce the undesired effects by modifying the
device architecture of poly-Si TFTs. A double gate structure is expected to be the alternative
device structure for the ultimate high-performance ideal MOSFETSs. The double gate has two
gates, one above and the other below the semiconductor-layer. The top and bottom gates are
symmetrical, in which the gate oxide thickness-is-the same, and connect together electrically
to obtain a perfect coupling between the surface potential in the channel region and the gate.
Consequently, the influence of the source and drain depletion regions are kept minimal,
which in turn reduce the short channel effects by screening the source and drain electrical
field lines away from the channel. The most innovative electrical property of the double gate
device is the possibility of forming surface inversion layers at the top and the bottom of the
semiconductor channel but also inverting the entire film thickness if the semiconductor film
thickness is thin enough. Because the inversion is distributed across the whole silicon film
thickness, the effect of bulk carrier mobility, in contrast to surface mobility, can be observed.
This phenomenon is called volume inversion which contributes to higher drain current and
higher transconductance. Moreover, smaller Drain-Induced-Barrier-Lowering (DIBL), larger
on/off current ratio, reduced kink current, and higher channel conductivity are attained in the

double-gate poly-Si TFTs. Therefore, double-gate TFTs has emerged as a promising
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candidate for future applications in SOP and 3D-ICs fields.

1.3 Approaches to the Preparation of Polycrystalline

Silicon Thin Films

1.3.1 Solid Phase Crystallization for Poly-Si Thin Films

Since the direct-deposited poly-Si thin films exhibits small grain size and lots of
trap states and need high deposition temperature (~ 620 “C), the direct deposition method has
been excluded in the fabrication of high-performance LTPS TFTs. In polycrystalline silicon
material, the grain boundaries play great influence on the electrical characteristics of poly-Si
TFTs due to the existing lots of defects such as dangling bonds and strained bonds. These
defects trap states lying within the band gap [1.55] deeply degrade the all aspects of device
performance, including higher threshold voltage, lower carrier mobility, larger leakage
current, and poor long-term stability [1.56]. Therefore, reducing the defect trap densities in
poly-Si films becomes an important topic for the fabrication of high performance poly-Si
TFTs. Passivation of defect states in the grain boundaries as well as in the grain [1.57] - [1.60]
and enlarging poly-Si grain size in the device channel region are two effective methods to
reduce the defect state densities in poly-Si thin films [1.61]-[1.64]. Plasma hydrogenation is
common used to passivate the defects in poly-Si film for attaining improvement of device
performance and uniformity. Poly-Si TFTs after hydrogen passivation suffer from poor hot
carrier endurance and a low thermal stability due to the weak Si-H bond [1.65] - [1.66].
Reducing the defect states via enlarging poly-Si grain size is an intrinsic approach to single

crystal Si material, which leads to the silicon-on-insulator like (SOI-like) device



performance.

Silicon thin films deposited in the amorphous state and then crystallized into poly
structure have been shown to have higher carrier mobility due to the large grain size
compared to the direct-deposited polycrystalline thin films [1.67]. Solid phase crystallization
(SPC) of amorphous Si is a simple method to convert them into poly-Si thin film with large
grains via furnace annealing by thermal energy for 24 hours at temperatures of 600 °C [1.68].
SPC involves two distinct processes, the nucleation of seeds and grain growth into final
polycrystalline films [1.69]. The transformation proceeds within the amorphous matrix after
an apparent incubation period by the nucleation and dendritic-like growth of crystal domain
[1.70]. Final grain size could be large if the nucleation rate is low and the grain growth rate is
high [1.70]. An alternative to enlarge poly-Si grain size is to modify the structural disorder of
the starting a-Si. For example,: a significant enlargement of grain size of
solid-phase-crystallized poly-Si by- self-ion implanted silicon films deposited by LPCVD.
The high structure disorder of the- Si network-increases the active energy required, thus,
delays the incubation period of Si nucleate during the thermal annealing [1.71] - [1.72].
Therefore, the grain size is enlarged due to the reduction of nucleation seeds and nucleation
rate. Besides, it has been reported that the grain size of the crystallized films formed from
disilane (Si;Hs) is larger than that formed from silane (SiH4) because of higher structure
disorder of disilane owing to higher deposition rates and lower deposition temperatures as
compared with siliane (SiH4) using pyrolytic chemical vapor deposition (CVD) [1.73] -
[1.75]. In spite of long crystallization durations of several tens of hours, large defect density

still exists in the crystallized poly-Si films due to the low temperature process.

1.3.2 Metal Induced Crystallization for Poly-Si Thin Films



It is found that the thermal budget of a-Si can be lowered by the introduction of metal
impurities [1.76]-[1.82]. For example, as a certain metal, Al, Pd, or Ni, is deposited on a-Si,
the a-Si films crystallizes to poly-Si structure at a lower temperature than its SPC temperature.
The reaction between a metal and a-Si occurs at an interlayer by diffusion and it lowers the
crystallization temperature. Such enhancement of crystallization is due to an interaction of
the free electrons from the metal with covalent Si bonds near the growing interface [1.78].
Considering the temperature of metal-Si eutectic, a-Si thin film can be crystallized below
500°C. Among the above metals, Ni has been the best candidate of inducing metal lateral
crystallization technology at low temperature for fabricating high quality poly-Si thin films
with better crystallinity.

An equilibrium free-energy diagram is provided for explanation of the mechanism of Ni
induced crystallization [1.83]. For NiSiz in contact with a-Si and c-Si, the driving force for
the phase transformation is the reduction in free energy associated with the transformation of
metastable a-Si to stable c-Si. The NiSiy precipitate acts as a good nucleus of Si and the
crystallization of a-Si is mediated by-<the.migration of the NiSi, precipitates [1.83]. The
silicide formation proceeds sequentially, starting from the metal-rich silicide (Ni,Si) to end
up to the silicon-rich silicide (NiSiy), by the metal/silicon diffusion resulting in the successive
formation of the silicides. For a migrating NiSi, precipitate consuming a-Si at the leading
interface and forming a trail of epitaxial single crystal Si, needlelike Si crystal grain grow in
the <111> direction due to the surface free energy of the {111} plane in Si is lower than that
of any other orientation. [1.83].

Recently, it was found that MILC rate could be enhanced remarkably and the
crystallization temperature could be reduced to as below as 380°C due to the presence of an
electrical field [1.84] - [1.87]. The phenomenon was explained by the enhanced diffusion of
charged nickel through NiSi; precipitates in the applied electrical field [1.87].

The post high temperature annealing on MILC poly-Si films is a critical step in forming
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high quality poly-Si films with large grain size. Secondary re-crystallization takes place in
MILC poly-Si films via furnace annealing att about 800°C or laser annealing. As a result,
most of the intra-grain defects and low-angle grain boundaries between needlelike crystallites
disappear, and small grains are merged to become a large grain with extremely large size. The
surface anisotropy of the grains is responsible for the further grain enhancement that provides
the energy to repair the defects in MILC poly-Si films and to merge the small grains
separated by low-angle grain boundaries [1.88]. Finally, super giant silicon grains with the
same orientation (110) are achieved for high-performance and good uniformity TFTs.

In spite of low crystallization temperature and high growth rate, metal contamination
incorporated into metal induced crystallized poly-Si thin films is a serious problem which
resulted in poor TFT performance, such as high leakage current, large kink current, worse
subthreshold swing, and poor device stability. In order to alleviate the problem of the metal
contamination, using the metal solutions or depositing ultra-thin discrete metal layer on a-Si

are proposed to fabricate poly-Si thin films]1.89]-[1.90].

1.3.3 Laser Crystallization for Poly-Si Thin Films

Laser crystallization process in fabrication silicon-on-insulator devices for
microelectronics and thin-film transistors for displays has been receiving considerable
attention [1.91]-[1.97]. Laser crystallization can produce large-grained poly-Si thin film with
low intra-grain defects via liquid phase crystallization as compared with solid phase
crystallization and metal induced crystallization. Therefore, many researches of laser
crystallization of amorphous silicon films for the preparation of poly-Si films for LTPS TFTs
have been studied using various kinds of lasers techniques, such as CO,, Ar, Nd:YAG,

Nd:YVQ,, excimer, femtosecond lasers, and etc [1.96]-[1.104]. Among these laser techniques,



excimer laser annealing, to date, is the widely used method to prepare poly-Si thin films
because of its high pulsed-laser power for large area glass substrate and the large absorption
coefficient for a-Si in the UV light region (optical absorption coefficient > 10° cm™) for no
damage to glass substrate. According to the mixture gas used in the laser tube, excimer laser
radiation of output wavelengths between 157 - 351 nm (157, 193, 248, 308 and 351 nm for F,,
ArF, KrF, XeCl and XeF laser, respectively) by the transient high voltage discharge with a
short pulse duration (full width of half maximum ~ tens of nanoseconds). The basic principle
of excimer laser crystallization is the phase transformation of silicon thin film from
amorphous to single-crystal material via melting the Si thin film within a very short time.
Actually, the a-Si thin film is heated to the temperature of about 1200°C during laser
irradiation. However, the high temperatures are only persistent for tens of nanoseconds
during laser pulse duration. In consequence, the intraduction of thermal damage to the glass
substrate and the thermal compaction.problem are relaxed, which are serious issues in the
solid phase crystallization. Another-unique-advantage of excimer lasers is the strong optical
absorption of UV light in silicon. As a result, mest of the incident laser energy is absorbed
close to the surface of the thin film without causing severe thermal strain on the substrate.
The unique advantages of strong optical absorption of the UV light in silicon and short pulse
duration of the excimer laser imply that high temperature can be produced in the silicon
surface region, causing rapidly melting and solidifying quickly, without significant heating
the substrate and impurities contamination from the substrate diffusion into the silicon thin
film. This technology vyield high quality and large-grained poly-Si thin film for
high-performance LTPS TFTs on glass or plastic substrate with high throughput.

Owing to the advantageous features of excimer laser crystallization for large area
microelectronics fabrication, many researches have been done to study the dynamics kinetics
and transformation mechanisms of the laser crystallization of a-Si thin films. The

characteristics of poly-Si thin film have been shown to be related to the process conditions of
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ELC, such as laser energy density, laser pulse duration, laser shot number per area,
crystallization ambient, and substrate temperature [1.105] - [1.109]. Moreover, the initial
status of a-Si precursor film, including a-Si film thickness, hydrogen content, and impurity
content, has a profound effect on the properties of the resulting poly-Si film [1.109] - [1.12].
According to the reports of James. S. Im et al., excimer laser crystallization of amorphous
silicon thin films on foreign substrate can be divide into three transformation regimes with
respect to the applied laser energy densities [1.113] - [1.114]. These are the partial-melting,
full-melting, and near-complete-melting regimes, which are schematically illustrated in Fig.

1-1 (a), Fig. 1-2 (a), and Fig. 1-3 (a), respectively.

Partial-melting regime (Low energy density regime)

In the partial melting regime, the incident laser- energy density is larger than the
threshold energy of melting of a-Si films:“The applied laser energy density can cause only
surface melting of a-Si thin films but ‘not-the entire silicon films (i.e., melting depth < film
thickness). Therefore, a-Si thin film can be partially melted and subsequently be
recrystallized from the underlying continuous layer of remained solid Si. In this regime, the
poly-Si grain size increases with the increases of the laser energy density. In addition, it is
characterized that explosive crystallization of a-Si thin film occurs at the onset of the
transformation and follows by vertical grain growth, and competitive occlusion of grains
[1.115]. The early trigger of explosive crystallization may be attributed to the presence of
microcrystalline clusters or to the presence of impurities in the silicon films. Fig. 1-1 (b) and
1-1 (c) show the plane-view scanning electron micrograph (SEM) and cross-sectional
transmission electron micrograph (TEM) of excimer-laser- crystallized poly-Si thin films in
the partial-melting regime, respectively. It can be found that the poly-Si grain size

crystallized in the partial melting regime are smaller than 0.1 um and there are two distinct
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silicon layers of amorphous and polycrystalline material due to the partial melting of a-Si

films.

Complete-melting regime (High energy density regime)

In the complete melting regime, the incident laser energy density is sufficient high to
cause the complete melting of the entire a-Si thin films. Since the glass substrate is
amorphous structure, epitaxial layer growth from the substrate is not possible. For the
complete-melting Si thin film, a deep supercooling of the liquid silicon film leads to
homogeneous nucleation before the transformation of poly-Si in solid phase [1.116] - [1.17]..
In this regime, the final microstructure is insensitive to the applied laser energy densities.
Fine-grained and small-grained poly=Si thin films are attained due to the low substrate
temperatures. In addition, a phenomenon of amotphization is observed in thinner silicon films
[1.118]. Fig. 1-2 (b) and 1-2 (c) show:the-plane-view SEM and cross-sectional TEM of
excimer-laser- crystallized poly-Si thinfilms. in the complete-melting regime, respectively. It
can be observed that the poly-Si grain size of the thin films crystallized in the complete
melting regime are smaller than 100 nm and poly-Si films are in the column structure due to

the complete melting of the entire silicon layers.

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

In the near-complete-melting regime, the incident laser energy density leads to a
complete melting a-Si thin film consisting of un-melted discrete silicon islands (i.e. melting
depth = film thickness). James. S. Im et al. identified the third transformation regime, the end
of the low energy density regime and the beginning of the high energy density regime, in a

narrow experimental window [1.113] - [1.114]. In this regime, large-grained poly-Si films
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with grain sizes many times larger than the film thickness are observed. Since the grain size
is much larger than that in the other two transformation regimes, Im named it super lateral
growth (SLG) regime due to its unique nature [1.114]. Based on Im’s model, it is argued that
the un-melted portion of the underlying Si no longer forms a continuous layer but instead
consists of discrete solid silicon islands which are separated by small local regions in the
completely melting silicon film. The un-melted silicon islands act as nucleation seeds and
lateral grain growth can proceed toward the complete melting region. Therefore, a significant
lateral growth takes place before the impingement of the grain grown from the other side
depending on the separation distance between these seeds. There is a limit for the maximum
lateral growth distance; however, since the continuous cooling of the liquid layer via thermal
conduction to the underlying substrate eventually would leads to copious nucleation of solids
in bulk liquid ahead of the interface.;According to-the SLG model, the super lateral grain
growth distance will increase with thicker film thickness; higher substrate temperature, lower
thermal conductivity of the substrate, and.longer-laser pulse duration. In addition, the applied
energy density for super lateral growth-regime.increases with thicker film thickness, shorter
laser pulse duration, higher thermal conductivity of the substrate, and lower substrate
temperature. It is concluded that the lateral grain growth is resulted from the thermal gradient
between the solid and liquid interface and the lateral grain growth distance is determined by
the quenching rate of liquid silicon and the residual solid Si seed distance. As a result, the
SLG distance can be prolonged by enlarging the lateral thermal gradient and increasing the
solidification duration. Fig. 1-3 (b) and 1-3 (c) show the plane-view SEM and cross-sectional
TEM of excimer-laser- crystallized poly-Si thin films in the near-complete-melting regime,
respectively. It can be observed that large poly-Si grain size of about 1 um is observed and
the quality of poly-Si grain is excellent in the near-complete melting regime as compared
with those in partial-melting and complete-melting regimes. However, a very non-uniform

grain size distribution is observed in the SLG regime due to the fluctuation of pulse-to-pulse

12



laser energy density, non-uniform laser beam profile, and non-uniformity of a-Si thin film
thickness. The non-uniform grain distribution causes device degradation and poor
device-to-device uniformity as the laser energy density is controlled in the SLG regime. It is

very undesirable for device and circuits applications.

1.4 lon Doping and Activation

One of the most important properties of semiconductor material is that its conductivity
can be adjusted by adding dopants. lon implantation, adding process by which dopant atoms
are forcefully implanted into the semiconductor in terms of energetic ion beam injection, is
the most common method in the ultra-large scale integration (ULSI) process technology. The
purposes of the impurities doped Anto semiconductor: devices are for channel doping to
accurately control threshold voltage, lightly ‘doped drain (LDD) regions to reduce leakage
current and enhance reliability, andfor. forming ohmic contacts in the source and drain
regions to reduce the resistance. Threshold voltage control is one of the most important
factors for realizing complementary metal-oxide-semiconductor (CMQOS) circuits. Precise
control of the channel dosage is needed to obtain a low leakage current for low power
consumption in CMOS circuits. Hot carriers in poly-Si TFTs degrade the device performance
and the long-term stability. The LDD implantation step is performed between the source/drain
regions and the channel to reduce the maximum electrical field near the edge of the drain
junction regions and suppress the leakage current. The source/drain doping which the primary
requirement is the high dose level for desired low source/drain resistance is probably the last
doping process in poly-Si TFTs fabrication. Gate electrode or photoresist is used as the mask
to cover the area that should not be doped. The masking layer should have the proper power

to stop the penetration of the dopant. The photoresist mask requires special attention to stripe
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because it tends to harden due to the heat build-up during the implantation process. Key
parameters for doping technique include precise dose and specie control, substrate
temperature cooling, uniformity, and high throughput. Unlike the source/drain doping, the
LDD and channel doping implantation are more challenging with more accurate dose control
requirements for accurately control of the threshold voltage and the series resistance. It is
therefore important to be able to maintain a dosage variation of smaller than 5% for this
application in order to maintain good uniformity in device characteristics.

For millions of transistors fully functional working, dopants in the channel, LDD, and
source/drain regions must all be well activated. The energetic dopant ions cause significant
damage to the silicon crystal structure near the surface regions during ion doping process.
Activation is a thermal heating process to repair the lattice damaged regions into
single-crystal structure and to activate:the dopants. Only when the dopant atoms are at the
single-crystal lattice sites can they-provide electrons, and holes as the majority carriers for
device application. It has been reported that-device. with thinner active layer displays higher
driving current, lower off-state leakage current;-reduced kink current, and superior short
channel characteristics. However, the high parasitic resistance of the thin source/drain regions
degrades device performance such as effective field-effect mobility and driving current. In
ULSI silicon semiconductor processing, activation is performed by either furnace annealing
or rapid thermal processing (RTP) at temperature above 900 °‘C. However, the maximum
fabrication process temperature of LTPS TFTs is restricted to the softening point of glass
substrates ( ~ 600 “C). Activation poses a considerable challenge to LTPS TFTs producers
owing to the temperature limitations. Because of the temperature restriction and the thin
active layer, the high series resistance from source/drain regions will degrade device
performance. In order to achieve low sheet resistance, the dopants in the source and drain
regions must be activated to a high degree. The efficiency of the activation is dependent upon

the doped impurities, activation temperatures and activation durations. Basically, activation
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methods used in LTPS TFT technology include furnace annealing, rapid thermal annealing,
and laser annealing.

The most common approach of dopant activation is furnace annealing. This process is
typically carried out at 600°C for as long as tens of hours in nitrogen ambient. The long
process time at low temperature is necessary in order to effectively activate the dopants while
preventing the substrate free from warpage or damage. It is a technique of poor efficiency and
low throughput for mass production.

Another concern for furnace annealing is the high thermal budget. The long-time furnace
annealing process will cause severe dopant lateral diffusion which is intolerable for small
geometrical transistors. Therefore, rapid thermal annealing (RTA) process is preferred for
post-implantation annealing in the advanced fab. A RTA system can ramp up the temperature
from room temperature to 900 “C in a:very short time, typically within 10 seconds. The RTA
process can precisely control temperature uniformity of the substrate and within substrate. At
about 750 °C, the single-crystal structure.can-be recovered and the dopant atoms will move to
locate substitutional sites in about 1°secend, with*minimum lateral dopant diffusion. By
processing at high temperatures while minimizing substrate damage, short process times,
lower cost and high throughput can be achieved via RTA.

Since RTA method will also cause deformation of the glass substrate, laser annealing is
the best candidate for dopant activation without substrate damage. Laser annealing process,
the silicon is heated, melted and recrystallized without heating the substrate, can achieve the
highest activation efficiency compared to the other methods. Despite the high efficiency,
some damages to device may occur during laser irradiation, such as the gate metal damage. In

addition, throughput may be another potential bottleneck to the mass production.

1.5 Motivation
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Low-temperature poly-silicon (LTPS) thin film transistors (TFTs) have been
succussfully applied to high-definition active matrix liquid crystal displays (AMLCDs) and
active matrix organic light emitting displays (AMOLEDs) [1.119] - [1.120]. In addition,
LTPS TFTs have great potential for flexible electronics, and 3D-1Cs application. As compared
to a-Si TFTs and organic TFTs (OTFTs), LTPS TFTs have higher mobility, better thermal
reliability, and higher immunity to water and oxygen ambient. Therefore, LTPS TFTs have
been attracted much attention for integration of both the the peripheral driving circuitry and
active matrix pixel switching elements onto the single substrate to reduce the fabrication cost
and improve the system reliability. Moreover, such integration contributes to shorten the
product lead-time because lengthy development time of ICs can be eliminated. It is expected
that the degree of circuit integration will continue to increase as TFT electrical characteristics
are approaching to SOI devices, so. that system-on-panel (SOP) will be realized. Moreover,
SOP technology also has a great potential of-integration of input function other than output
function of display, which will pave the way for future displays. Although plasma
hydrogenation is common method to passivate the defects in poly-Si film for improving
further device performance, the essential solution to ultra-high-performance LTPS TFTs is to
produce high-quality poly-Si thin film by elaborating the crystallization process. Among
various crystallization technologies for preparing poly-Si thin films, excimer laser
crystallization (ELC) are the most promising technology to produce high quality poly-Si thin
films on foreign substrates at low temperature. Although high-performance LTPS TFTs have
been fabricated by ELC, the average grain size is smaller than 1 pum, which results in an
upper limitation of the field-effect mobility of LTPS TFTs. Table 1-1 shows the SOP
technology roadmap where LTPS TFT performances and related processes are going on in the
features [1.10]. In addition, the narrow laser process window and the non-uniform grain size

distribution are noteworthy issues for ELC technology. As many previous researches have
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been reported, the grain size of the ELC poly-Si thin film is significantly dependent on the
laser energy density. The fluctuation of pulse-to-pulse laser energy density, non-uniform laser
beam profile, and non-uniformity of a-Si thin film thickness will result in a very non-uniform
grain distribution as the laser energy density is controlled in the SLG regime. It is very
undesirable for devices and circuits applications due to the device degradation and poor
device-to-device uniformity. Thus, many laser crystallization methods have been proposed to
solve the above problems by producing large grains with uniformly grain size distribution,
including sequential lateral solidification (SLS), grain filters method, thin-beam direction
crystallization, phase-modulated ELC, dual beam ELA, double—pulsed laser annealing,
selectively floating a-Si active layer, and so on. However, some of them are not readily
attached to the existing excimer laser annealing systems or are problematic for circuit layout
due to the anisotropy of the grain boundary spacing:.In this thesis, we propose three novel
crystallization techniques, including..bottom-gate structure, a-Si spacer structure, and
pre-patterned a-Si spacer structure, t0 control-large-lateral grain growth in the device channel
regions using excimer laser irradiation. These.three crystallization methods are capable of
fabrication ultra high-performance LTPS TFTs with excellent uniformity.

Besides promoting the material quality of poly-Si thin film, two novel modified device
architectures with lateral grain growth are proposed to further improve the performance of
LTPS TFTs based on bottom-gate structure. A self-aligned (SA) bottom-gate TFT with
appropriate channel length has been fabricated by the simple ELC and backside exposure. As
a result, besides the all advantages of BG LTPS-TFTs with lateral silicon grains, symmetrical
electrical characteristics are also observed in SA BG LTPS-TFTs. On the other hand, novel
high-performance LTPS TFTs with double-gate (DG) structure and controlled lateral grain
growth have been demonstrated by excimer laser crystallization. The devices have a higher
driving current, steeper subthreshold slope, superior short-channel effect immunity, and

suppression of the floating-body effect.
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A new and simple diode-pumped solid-state continuous-wave (CW) laser crystallization
instead of excimer laser crystallization is proposed to produce lateral grain growth while
maintaining high throughput via controlling the laser scanning speed and laser power. Both
dopant activation and crystallization of a-Si thin films by CW laser annealing are studied. It is
found that CW laser annealing is a low-thermal budget and high-efficiency activation method.
Directional river-liked lateral Si grain growth with tens of micron and excellent crystallinity
are obtained via CW laser crystallization. By analyzing the microstructure of poly-Si films,

CW laser crystallization mechanism of a-Si films are identified.

1.6 Thesis Organization

In the first chapter of this thesis, we briefly review.the revolution of Si-based TFTs, TFT
structure, methods of preparation of poly-Si thin films.For realizing SOP applications, the
advantage and necessity of artificially-controlled‘lateral grain growth by laser crystallization
technology are discussed. In addition,”‘we: also suggest that self-aligned devices and
double-gate structure can further improve the device characteristics.

In chapter 2, excimer laser crystallization (ELC) of a-Si thin films with bottom-gate (BG)
structure was studied for the application of high-performance LTPS TFTs in detail. The
microstructure of poly-Si thin film with bottom-gate structure was analyzed by several
material analyses, including SEM, AFM, TEM, and the factors that affected the final lateral
crystallization microstructure were also investigated, including thickness of a-Si thin film,
thickness of gate dielectric, thickness of gate electrode, laser shot number, and laser energy
density. The lateral grain growth mechanism was identified and the electrical characteristics
of ELC LTPS TFTs with bottom-gate structure were then discussed. Moreover, the

breakdown voltage and reliability are analyzed.
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In chapter 3, a self-aligned (SA) bottom-gate TFT with appropriate channel length was
demonstrated by the simple ELC and backside exposure. A self-aligned photolithography
using the bottom-gate as an opaque mask is applied by backside exposure through the quartz
substrate. From the optical microscope (OM) and SEM micrographs, the photo-resist is
perfectly self-aligned to the bottom-gate regions. Electrical characteristics of the resulting
devices were reviewed and placed emphasis on the improvement of device performance
accompanying the symmetrical electrical characteristics and the all advantages of BG
LTPS-TFTs with lateral silicon grains.

In chapter 4, we report the process and characteristics of ultra high-performance
double-gate (DG) LTPS TFTs. The same advantage of high quality poly-Si films owing to the
lateral grain growth in the channel region as the bottom-gate TFTs is obtained. The
microstructure of poly-Si films and .the completed ‘device structure were analyzed by an
analytical transmission electron microscopy (TEM).. Both n-channel and p-channel LTPS
TFTs were fabricated to investigate-the relation-between double gate operation conditions and
resulting LTPS TFT performance and uniformity.

In chapter 5, a new and simple crystallization method to control lateral grain growth in
the device channel region using excimer laser irradiation with a-Si spacer structure was
proposed. The crystallization mechanism was presented. The results of crystallized poly-Si
thin films were also analyzed by SEM and Raman spectrum and. The experimental results
display that the resulting LTPS TFTs exhibit higher performance and better uniformity by
using the new crystallization method.

In chapter 6, a novel crystallization technology for producing two-dimensional lateral
grain growth, aiming at single-grain TFT, was demonstrated by excimer laser irradiation
relying on spatially temperature distribution at artificially sites. The microstructure and
quality of silicon grains were analyzed by SEM and TEM. The crystallization mechanism and

grain boundary trap density were then presented. Not only high-performance poly-Si TFTs
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but also excellent device uniformity was achieved owing to the artificially-controlled lateral
grain growth.

In chapter 7, a novel and simple diode-pumped solid-state continuous-wave (CW) laser
crystallization was proposed to produce lateral grain growth for ultra high-performance LTPS
TFTs. A comparison of the efficiency of dopant activation among various activation methods
is studied. In addition, the CW laser-crystallized poly-Si thin film was analyzed by several
material analyses, including SEM, Raman, AFM, TEM, and the factors that affected the final
lateral crystallization microstructure were also investigated, including, laser scanning speed,
laser power, and the ambient. By analyzing the microstructure of poly-Si films, CW laser
crystallization mechanism of a-Si films are presented and the electrical characteristics of
resulting LTPS TFTs were then discussed.

Finally, important summary and conclusions are given in chapter 8. Future works worthy

of further research are recommended in.chapter 9.
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Table 1-1. The SOP technology roadmap where LTPS TFT performances and related

processes are going on in the features.

Year 98~01 02~04 05~07
Generation 1st Gen. 2nd Gen. 3rd Gen.

Logic frequency 3 MHz 3 MHz ~ 30 MHz > 30 MHz
Mobility (cm?/Vs) 100 150 300~500
Integrated LCD driver LCD driver DC/DC converter, DSP, CPU,
function D/A converter Digital I/F, Frame memory
Photo-sensor
Key technology ELA Flat-ELA, Dry Fine lithography, | Crystallization,
(design rule) 4-5 um 3 um Dry Planarization
1.5 um <1 um

TAB + PCB

Interface | 1 1O

CPU | RF-IC i RAM

glass or plastic substrate

a-Si TFTs LTPS TFTs Value-added SOP
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Figure 1-1. (a) The schematic illustration of the excimer laser crystallization mechanism of
a-Si thin films in partial-melting regime. (b) The plane-view scanning electron micrograph
(SEM) micrograph and (c) the cross-sectional transmission electron micrograph (TEM) of

excimer-laser-crystallized poly-Si thin films in the partial-melting regime, respectively.
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Figure 1-2. (a) The schematic illustration of the excimer laser crystallization mechanism of
a-Si thin films in complete-melting regime. (b) The plane-view SEM micrograph and (c) the
cross-sectional TEM of excimer-laser-crystallized poly-Si thin films in the complete-melting

regime, respectively.
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Figure 1-3. (a) The schematic illustration of the excimer laser crystallization mechanism of
a-Si thin films in near-complete-melting regime. (b) The plane-view SEM micrograph and (c)
the cross-sectional TEM of excimer-laser-crystallized poly-Si thin films in the

near-complete-melting regime, respectively.
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Chapter 2

High-Performance Low Temperature
Polycrystalline Silicon Thin-Film Transistor
Crystallized by Excimer Laser Irradiation with

Bottom-Gate Structure

2.1 Introduction

Low-temperature polycrystalline silicon: (L.TPS) thin film transistors (TFTs) have been
extensively studied for high-definitton active matrix liquid crystal displays (AMLCDs), active
matrix organic light emitting displays (AMOLEDS), and great potential for flexible
electronics and 3-dimensional integrated circuits (3D-I1Cs) applications owing to their superior
mobility performance [2.1] - [2.22]. As compared to amorphous silicon (a-Si) TFTs and
organic TFTs (OTFTs), LTPS TFTs have higher mobility, better thermal reliability, and higher
immunity to water and oxygen ambient. Therefore, LTPS TFTs have been attracted much
attention for integration of both the the peripheral driving circuitry and active matrix pixel
switching elements onto the single substrate to reduce the fabrication cost and improve the
system reliability. Although passivation of the defects in poly-Si film is the common method
to improve further device performance, the essential solution to ultra-high-performance LTPS
TFTs is to produce high-quality poly-Si thin film by elaborating the crystallization process
[2.23] - [2.29].

One common and simple approach to crystallize amorphous Si (a-Si) into poly-Si
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structure is solid phase crystallization (SPC) [2.30]. However, the conventional SPC suffer
from long processing times of several tens of hours at temperature of 600°C and large defect
density in the crystallized poly-Si thin films, which exclude it from high-performance TFT
applications on glass or plastic substrates. Recently, metal-induced-crystallization (MIC) has
been proved to produce large and uniform silicon grains with lower thermal budget as
compared to SPC [2.31]-[2.36]. In spite of low crystallization temperature and high growth
rate, metal contamination incorporated into the crystallized poly-Si thin films is a serious
problem which resulted in poor TFT performance, such as high leakage current, large kink
current, worse subthreshold swing, and poor device stability. As a result, among various
crystallization technologies for preparing poly-Si thin films, laser crystallization (LC) are the
most promising technology to produce high quality poly-Si thin films on foreign substrates at
low temperature. Therefore, many researches of laser crystallization of amorphous silicon
films for the preparation of poly-Si films for LTFPS . TFTs have been studied using various
kinds of lasers techniques, such as €O, Ar,-Nd:-YAG, Nd:YVO,, excimer, femosecond lasers,
and etc [2.37]-[2.47]. Among these laser techniques; excimer laser crystallization (ELC), to
date, is the widely used method to prepare poly-Si thin films because of its high pulsed-laser
power for large area glass substrate and the large absorption coefficient for a-Si in the UV
light region (optical absorption coefficient > 10° cm™) for no damage to glass substrate.
According to the mixture gas used in the laser tube, excimer laser radiation of output
wavelengths between 157 - 351 nm (157, 193, 248, 308 and 351 nm for F,, ArF, KrF, XeCl
and XeF laser, respectively) by the transient high voltage discharge with a short pulse
duration (full width of half maximum ~ tens of nanoseconds). The basic principle of excimer
laser crystallization is the phase transformation of silicon thin film from amorphous to
single-crystal material via melting the Si thin film within a very short time. Actually, the a-Si
thin film is heated to the temperature of about 1200°C during laser irradiation. However, the

high temperatures are only persistent for tens of nanoseconds during laser pulse duration. In
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consequence, the introduction of thermal damage to the glass substrate and the thermal
compaction problem are relaxed, which are serious issues in the solid phase crystallization.

Another unique advantage of excimer lasers is the strong optical absorption of UV light
in silicon. As a result, most of the incident laser energy is absorbed close to the surface of the
thin film without causing severe thermal strain on the substrate. The unique advantages of
strong optical absorption of the UV light in silicon and short pulse duration of the excimer
laser imply that high temperature can be produced in the silicon surface region, causing
rapidly melting and solidifying quickly, without significant heating the substrate and
impurities contamination from the substrate diffusion into the silicon thin film. This
technology vyield high quality and large-grained poly-Si thin film for high-performance LTPS
TFTs on glass or plastic substrate with high throughput.

Although high-performance LTPS TFTs have been fabricated by ELC, the average
grain size is smaller than 1 um, -which results-in an-upper limitation of the field-effect
mobility of LTPS TFTs [2.48]-[2.49]. In.addition,-the narrow laser process window and the
non-uniform grain size distribution are-noteworthy issues for ELC technology [2.50]-[2.51].
As many previous researches have been reported, the grain size of the ELC poly-Si thin film
is significantly dependent on the laser energy density [2.52]-[2.53]. The fluctuation of
pulse-to-pulse laser energy density, non-uniform laser beam profile, and non-uniformity of
a-Si thin film thickness will result in a very non-uniform grain distribution as the laser energy
density is controlled in the SLG regime. It is very undesirable for devices and circuits
applications due to the device degradation and poor device-to-device uniformity. In addition,
to realize system-on-panel (SOP), TFTs with high performance and good uniformity are
essential to integrate the memory and controller with driver circuits on a single substrate
[2.54]-[2.58]. Thus, many laser crystallization methods have been proposed to solve the above
problems by producing large grains with uniformly grain size distribution, including

sequential lateral solidification (SLS) [2.59]-[2.72], grain filters (u-Czochralski) method
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[2.73]- [2.80], thin-beam direction crystallization [2.81]-[2.82], phase-modulated ELC
[2.83]-[2.91], dual beam ELA [2.92]-[2.93], double—pulsed laser annealing [2.94]-[2.96],
capping reflective or anti-reflective layer [2.97]-[2.102], ELC of pre-patterned a-Si thin film
[2.103]-[2.107], near-infrared femtosecond laser crystallization [2.43]-[2.45], comb-shaped
beam ZMR-ELA [2.108]-[2.109], ELC of selectively floating a-Si active layer [2.110]-[2.115],
heat retaining enhanced crystallization [2.116]-[2.117], CLC method using the diode-pumped
solid-state continuous wave laser [2.118]-[2.134], and selectively enlarging laser
crystallization (SELAX) [2.135]-[2.140], excimer laser crystallization with recessed channel
[2.141]-[2.142], and so on [2.143]-[2.144]. Although large-grain poly-Si thin films can be
produced by the above mentioned methods, some of them need additional masks or processes,
some of them are problematic for circuit layout due to the anisotropy of the grain boundary
spacing, and others are not readily to'the existing excimer laser annealing systems, which
result in the increase of the fabrication,cost.

The bottom-gate structure, the gate electrode located below the semiconductor layer, is
the most common configuration for a-Si EEIs due to the clean interface. As a result, if the
bottom-gate is used for poly-Si TFTs, it offers some benefits over the top-gate structure for
AMLCD applications. First, clean interface control can be easily achieved due to the ability to
deposit the gate dielectric and silicon films sequentially in a single system without breaking
vacuum. Second, the plasma hydrogenation diffusion rate in the bottom-gate TFT structure is
significantly higher than that in top-gate TFT structure, because the channel thin film is not
blocked by the gate-electrode thin films during hydrogenation passivation. Therefore, in the
early stage of the development of LTPS TFTs, bottom-gate (BG) TFT structure was very
attractive because the excimer laser annealing was thought as an additional process step to the
a-Si TFTs. However, bottom-gate TFTs suffered from worse electrical performance than
top-gate (TG) TFTs. The effective carrier mobility of bottom-gate TFTs is generally much

lower than that of top-gate TFTs, because of the smaller poly-Si grain size and poor silicon
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grain quality produced resulting from the bottom-gate metal acting as a heat sink during
excimer laser crystallization [2.145]-[2.146]. As a result, only a few studies have been
conducted for bottom-gate TFTs with short channel length and top-gate TFTs have been
widely adopted in AMLCDs for the last decade.

In this chapter, a novel and simple lateral grain growth method has been proposed using
the conventional fabrication process of bottom-gate a-Si TFTs. In this method, the a-Si thin
film with two kinds of thicknesses in a local region was formed by the deposition of a-Si on
the plateau structure. When the excimer laser irradiation is applied on the a-Si thin film, the
applied laser energy density is controlled to completely melt the thin region of a-Si film in the
channel region but partially melt the thicker region of a-Si films near the edges of bottom gate.
Therefore, a lot of un-melting solid seeds remain near the edges of bottom gate electrode and
a lateral temperature gradient can be produced between the local thin and thick regions of a-Si
film, and the lateral grain growth started from the un-melted silicon solid seed at the base
neighbor to the bottom-gate corner;and:extended-toward the completely melted region until
the solid-melt interface from opposite direction.impinges. Consequently, large and uniform
longitudinal grains could be formed in the device channel regions which lead to the improved
TFT performance and uniformity. Moreover, ideally a single laser pulse is sufficient to induce
the lateral grain growth and a wide laser process window is also shown in this method.

In this chapter, the concept of controlled lateral grain growth is first discussed. Then, the
experimental details are described in detail. Next, the microstructure of ELC poly-Si thin film
with bottom-gate structure is analyzed and the factors that affected the final lateral
crystallization microstructure were also investigated, including thickness of a-Si thin film,
thickness of gate dielectric, thickness of gate electrode, laser shot number, and laser energy
density. The results of ELC BG LTPS TFT performance are presented and analyzed,
demonstrating the performance and uniformity enhancement achieved by using the new

crystallization method. Moreover, the breakdown voltage and reliability of BG TFTs are
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analyzed.

2.2 The Concept of Controlled Lateral Grain Growth with

Bottom-Gate Structure

Large-grained poly-Si thin films always result in high-performance poly-Si TFTs due to
the reduction of defect traps in the grain boundaries. Hence, enlarging grain size is the most
effective method for improving the device performance. For realizing the SOP applications, it
is essential not only to produce large silicon grains but also to control the locations of the
grains and the grain boundaries, since it enables the realization of the high-performance LTPS
TFTs with excellent device-to-deviceuniformity by.precisely controlling the number and
direction of grain boundaries in TFTs. For the-formation of silicon grains at the desired
position, it can be achieved by contralling.the-Si-nucleation site at the selected region.

In order to induce lateral grain growth, a lateral temperature gradient must be created
between the adjacent areas and there must be un-melted solid silicon seeds to act as the
nucleation sites for lateral grain growth. If the laser fluence gradient is performed, the a-Si
thin film is completely melted at the areas exposed to higher laser fluence and partially melted
at the adjacent areas exposed to lower laser fluence. As a result, a large lateral temperature
gradient will exist between the complete melting liquid-phase regions and un-melting
solid-phase silicon seeds, and grains will grow laterally towards the complete melting regions
from the un-melting solid silicon seeds. The lateral grain growth will eventually be arrested
by either colliding with lateral grains grown from the other side or by spontaneous nucleation
launched in the severely super-cooling molten silicon. Evidently, higher laser fluence gradient
makes steeper temperature gradient resulting in a longer lateral grain growth. Because it takes

a longer time for the hotter molten silicon region to cool down to the temperature of the
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spontaneous nucleation, the lateral grain growth can go on for a longer distance [2.147]-
[2.148].

In this work, the a-Si thin film with two kinds of thicknesses in a local region was
adopted to produce a local temperature gradient during the excimer laser irradiation. A
schematic illustration of lateral grain growth mechanism using bottom-gate structure of a-Si
thin film is displayed in Fig. 2-1. As the excimer laser irradiation is performed on the a-Si thin
film, the applied laser energy density is controlled to completely melt the thin region of a-Si
film but partially melt the thicker region of a-Si films near the edges of bottom gate.
Therefore, a lot of un-melting solid seeds remain near the edges of bottom gate electrode and
a lateral temperature gradient can be produced between the complete melting liquid-phase
regions and un-melting solid-phase silicon seeds. The lateral grain growth started from the
un-melted silicon solid seeds at the hase neighbor to.the bottom-gate corner, and extended
toward the completely melted region. until the solid-melt interface from opposite direction
impinges. As the bottom-gate structure of a-Si-thin-filmis formed artificially and the channel
are properly designed, the lateral grain growth.can-be artificially controlled in the desired
local region and the grain boundary perpendicular to the current flow in the channel region
can be reduced. LTPS TFTs made by such crystallization method will exhibit higher

performance and better uniformity.

2.3 Experiments

2.3.1 The Setup of Excimer Laser Crystallization System

Figure 2-2 shows the schematic illustration of excimer laser crystallization system. The
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laser light source of this system is KrF excimer laser, which output wavelength is 248 nm
(Lambda Physik, LPX 210i series). The maximum laser output peak density is about 670
Jlem?, the maximum frequency is 100 Hz, and the FWHM of the laser pulse is approximately
30 ns. In this work, the pulse laser is operated at a frequency of 10 Hz and the peak energy
density at the substrate stage is below 600 mJ/cm?. The long axis optical homogenizer and
optical condensers are used to transform the original rectangular laser beam profile into the
22.5 mm x 2.0 mm laser beam spot with a spatial uniform top-hat profile for the long axis and
a semi-Gaussian profile for the short axis at the working stage.

The sample is crystallized and scanned via laser beam overlapping on the x-y translation
stage in a vacuum chamber. The overlap helps to improve the uniformity of laser-crystallized
poly-Si thin films because the crystallinity of poly-Si film in the middle of the laser pulse is
better than that in the edges of laser pulse. Crystallization of large area is achieved by moving
the sample beneath the laser beam by, controlling:the.mevement of the x-y translation stage.
The scanning direction is in the short axis-direction, The velocity of the x-y translation stage
during crystallization process can be adjusted depending on the laser shot number per unit
area under determined operating laser frequency. In addition, the crystallization experiments

can be performed at either room temperature or 400°C.

2.3.2 Sample Preparation for Material Analysis

Figure 2-3 shows the process procedures for the preparation of poly-Si thin films with
bottom-gate structure crystallized by ELC. In order to prepare the sample for material analysis,
the silicon dioxide (SiOz) of 1 um-thick was thermally growth on bare silicon wafers by
vertical furnace after standard clean process. At first, a 1000 A-thick in-situ doping poly

silicon layer was deposited by decomposition of pure silane (SiH4) and phosphine (PH3) with
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low pressure chemical vapor deposition (LPCVD) at 550°C on oxidized silicon wafer. After
defining the bottom-gate region, the 1000 A-thick and 500 A-thick tetraethyl orthosilicate
(TEOS) gate oxide layer was deposited by plasma-enhanced chemical vapor deposition
(PECVD) at 385°C. Then, after standard RCA clean process, the 1000 A-thick and 500
A-thick amorphous silicon (a-Si) layers were deposited by decomposition of pure silane (SiHz)
with LPCVD at 550°C. After standard RCA clean process, the a-Si thin films were then
subjected to 248 nm KrF (Lambda Physik Excimer Laser LPX 210i) excimer laser
crystallization (ELC). During the laser irradiation, the samples were located on a substrate in
a vacuum chamber pumped down to 10 Torr and the substrate was maintained at room
temperature or 400 °C. The laser beam was homogenized into a semi-gaussian shape in the
short axis and a flat-top shape in the long axis. The number of laser shots per area was 1, 10,
20, and 100 (i.e. 0 %, 90%, 95 %, and-99 % overlapping), respectively. Several laser energy
densities were also adopted in this work.

The relations between the resulting laser-crystallized poly-Si thin films with bottom-gate
structure and laser process conditions were.investigated by utilizing several material analysis
techniques. They include scanning electron microscopy (SEM) analysis, atomic force
microscopy (AFM) analysis, and transmission electron microscopy (TEM) analysis. SEM was
utilized to analyze the grain size and grain structure under different laser process conditions.
In order to facilitate the SEM observation, some samples were processed by Secco-etch
before analysis [2.149]. Secco-etch etches the grain boundaries more quickly than the interior
parts of the grains in poly-Si films. AFM was utilized to analyze the grain size and surface
morphology of laser-crystallized poly-Si films. TEM was employed to analyze the

microstructure and crystallinity of poly-Si films.

2.3.3 Fabrication of Bottom-Gate LTPS TFTs using ELC
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Controlling of lateral grain growth at the desired region can be realized by manipulating
the Si nucleation sites at the selected positions. As the concept of location-controlled lateral
grain growth was applied to the fabrication of BG LTPS TFTs, large and uniform longitudinal
grains could be formed in the device channel regions. If the channel length is properly
designed, the lateral grain growth can be artificially controlled and only one grain boundary is
perpendicular to the current flow in the channel region, which leads to the improvement of
device performance and device-to-device uniformity.

The key processes for the fabrication of bottom-gate LTPS TFTs crystallized with ELC
are illustrated in Figure 2-4. At first, a 1000 A-thick in-situ doping poly silicon layer was
deposited by decomposition of pure silane (SiH;) and phosphine (PH3) with low pressure
chemical vapor deposition (LPCVD) at 550°C on oxidized silicon wafer with thickness of 1
um. After defining the bottom-gate region, the-1000 A-thick and 500 A-thick tetraethyl
orthosilicate (TEOS) gate oxide layer was-deposited by plasma-enhanced chemical vapor
deposition (PECVD) at 385°C. Then, after:standard RCA clean process, the 1000 A-thick and
500 A-thick amorphous silicon (a-Si) layers were deposited by decomposition of pure silane
(SiH4) with LPCVD at 550°C. After standard RCA clean process, the samples were then
subjected to 248 nm KrF excimer laser crystallization (ELC). During the laser irradiation, the
samples were located on a substrate in a vacuum chamber pumped down to 10° Torr and the
substrate was maintained at room temperature. The laser beam was homogenized into a
semi-gaussian shape in the short axis and a flat-top shape in the long axis. The excimer laser
annealing was performed in the scanning mode with various laser energy densities and laser
shot numbers per unit area to investigate the effects of laser annealing conditions on the
performance of fabricated BG LTPS TFTs. After excimer laser crystallization, a phosphorous
ion implantation with dose of 5x10°cm™ was carried out to form source and drain regions.

Then, the device active region was etched by transformer-coupled plasma reactive ion etching
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(TCP-RIE). Next, a 3000 A-thick TEOS passivation oxide layer was deposited by PECVD at
385°C and the implanted dopants were activated by thermal annealing at 600°C for 12 hours
in the N, ambient. After contact hole opening by reactive ion etching, aluminum thin film
with a thickness of 5000 A was deposited by sputtering and Al metal pads were patterned to
complete the fabrication of TFTs with bottom gate structure as shown in Fig 2-4 (d). Then, a
30-min sintering process was performed at 400°C in the N, ambient to reduce the contact
series resistance of the source and drain electrodes. Finally, LTPS TFTs were passivated by
2-h NH3 plasma treatment to further improve the device performance [2.23]-[2.24]. For the
sake of comparison, the excimer-laser-crystallized LTPS top-gate (TG) TFTs with a channel
thickness of 1000A were also fabricated using the super lateral growth (SLG) laser annealing
condition, shown in Figure 2-5.

Current-voltage (I-V) characteristics of the fabricated devices were measured using a
semiconductor parameter analyzer of Agilent technologies 4156C. The threshold voltage was
defined as the gate voltage requiredto achieve.a-normalized drain current of I = (W/L) x 107
A at Vg = 0.1 V. The field-effect mobility-and subthreshold swing were extracted at V4= 0.1
V, and the lon/lo current ratio was defined at Vs = 3 V. A scanning electron microscopy (SEM)
(S4700, Hitachi) was used to get the surface micrograph of poly-Si thin films after Secco-etch.
An analytical field-emission transmission electron microscopy (TEM) (JEM-2100FX, JEOL
Ltd.) was employed to analyze the microstructure and crystallinity of poly-Si film in the
channel region and the completed BG TFT device. The cross-sectional TEM samples were

prepared by focused-ion-beam (FIB) technique (Nova 200, FEI Company).

2.4 Results and Discussion

2.4.1 Material Characterization of ELC Poly-Si Thin Films with
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Bottom-Gate Structure

2.4.1.1 Scanning Electron Microscopy (SEM) Analysis

The micro-structural properties of the poly-Si thin films are of great interest for device
applications. The grain size, quality of the grains, and the grain size distribution will have
strong influence on the electrical characteristics of LTPS TFTs. In order to verify the
phenomenon of lateral grain growth, the a-Si thin films with bottom-gate structure were
subjected to single laser pulse. Figure 2-6 (a) ~ (c) show SEM micrographs of excimer laser
crystallized poly-Si thin films with bottom-gate structure after Secco etching, in which the
device channel length was 1.2 um, 1.5 pm, 2.0 um, respectively. The distances of the
channels are indicated by the white Jines. Inithis‘case;.the laser shot number is single pulse
and the poly gate thickness was 1000 A. The laser enérgy density is 450 mJ/cm® and the
substrate temperature is maintained at room temperature-during laser irradiation. According to
Fig. 2-6(a) and (b), it is observed that about longitudinal grains of 0.6 um and 0.75 um in
length were formed in the channel regions, respectively. Besides, ideally single laser pulse
was sufficient to induce the lateral grain growth via this new crystallization method. In order
to induce lateral grain growth, a lateral temperature gradient must be created between the
adjacent areas and there must be un-melting solid Si to act as the seeds for lateral
crystallization. By completely melting the a-Si thin film in a certain region and partially
melting the one at the adjacent area, a large lateral temperature gradient will exist between the
complete melting liquid-phase region and un-melting solid-phase seeds, and grains will grow
laterally towards the complete melting region from the un-melting solid seeds [2.53], [2.98],
[2.147]. In this experiment, an a-Si thin film with two kinds of thicknesses in a local region

was formed by the deposition of a-Si on the plateau structure. When the excimer laser
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irradiation is applied on the a-Si thin film, the applied laser energy density is controlled to
completely melt the thin region of a-Si film in the channel region. Since the laser energy
density is almost uniform in a local region, if the thickness of thick region of a-Si film near
the edges of bottom gate is thick enough, the thick region of a-Si film is partially melted, and
a lot of un-melting solid seeds remain near the edges of bottom gate electrode. Therefore, a
lateral temperature gradient can be produced between the local thin and thick regions of a-Si
film, and the lateral grain growth started from the un-melted silicon solid seed at the base of
the bottom-gate corner, and extended toward the completely melted region until the solid-melt
interface from opposite direction impinges. Via a proper excimer laser condition along with
the a-Si step height beside the bottom-gate, a super lateral grain growth of Si was formed in
the channel length plateau. Consequently, if the bottom-gate plateau were arranged in a proper
distance, only single grain boundary.‘perpendicular to the current flow can be artificially
controlled in the device channel regions. It leaded-to the enhancement of device performance,
and the improvement of device uniformity.

It is evident that the laser density determined the extension of lateral grain growth and
the lateral grain growth was limited by the spontaneous nucleation in the molten silicon.
When a longer channel length was adopted for laser crystallization, the laser density had to
increase high enough to make the longitudinal grains collide with those grown from the
other side, otherwise, the complete-melting Si thin film is then followed by significant
supercooling of the liquid before the occurrence of the transformation to the solid phase.
Consequently, fine-grained and small-grained poly-Si thin films caused by spontaneous
homogeneous nucleation would form in the area of the channel region, which was indicated
in Fig. 2-6 (c). These small grains will degrade the device performance. As a result, by
adopting a moderate length of bottom-gate, lateral grain growth formed in the desired
channel region will result in high-performance LTPS TFTs, accompanying a wide laser

process window.
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The dependence of the lateral silicon grain structure on the applied laser energy shot
number was investigated. The a-Si thin films with bottom-gate structure were subjected to
constant laser energy density of 450 mJ/cm?and various laser shot numbers. Fig. 2-7 (a) ~ (c)
show the SEM micrographs of poly-Si thin films irradiated by excimer laser shot number of 1
shot, 20 shots, and 100 shots, respectively, in which the device channel length was 1.5 um.
The similar lateral silicon grains with 0.75 um in length formed in the channel region are all
observed in these three different cases. In addition, the multiple shots of the laser pulse added
to the first single shot hardly changed the size of the location-controlled silicon grains, and
appear to hardly move the position of the high angle grain boundary in the middle of the
channel region. On the other hand, the density of structural defects inside the silicon grain
formed only by the single laser pulse was significantly reduced by the multiple shots ELC. It
can be concluded that the lateral grain.growth can be induced and the process throughput can
be improved by using this new crystallization method with a single laser shot.

The dependence of the lateral silicon-grain-structure on the applied laser energy density
was also investigated. Fig. 2-8 (a) ~ (c) show. the SEM micrographs of poly-Si thin films
irradiated by excimer laser shot number of 20 shots and the laser energy density of 430, 450,
and 490 mJ/cm?, respectively, in which the device channel length was 1.5 pm. As expected,
when the laser energy densities are controlled to complete melt of 1000 A-thick silicon thin
film in the channel region but partial melting of the thicker a-Si film near the edge of the
bottom-gate corner, there are always two columns of longitudinal grains colliding in the
middle of channel region. As a result, if the channel length were adjusted in a moderate
distance, lateral grain growth will be manufactured without any spontaneous nucleation as the
applied laser density is beyond the fully melting threshold of the thin a-Si region. If
spontaneous nucleation can be suppressed or delayed, the lateral grain growth will go on a
longer distance, hence producing larger silicon grains. Higher local temperature in the

completely melting region resulting from the high laser density implies that the corresponding
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longer time to reach the deeply supercoolong is required for spontaneous nucleation. From the
SEM analysis results, the maximum achievable length of lateral grain growth using this
crystallization method is about 0.85 um.

The dependence of the lateral silicon grain structure on the gate oxide thickness was also
investigated. Fig. 2-9(a) ~ (c) show the SEM micrographs of poly-Si thin films irradiated by
excimer laser shot number of 20 shots and the gate oxide thickness of 30, 50, and 100 nm,
respectively, in which the device channel length was 1.5 um. The laser energy density is 450
mJ/cm? and the substrate temperature is maintained at room temperature during laser
irradiation. As expected, there are two columns of longitudinal grains colliding in the middle
of channel region. However, the density of structural defects inside the silicon grain formed
by thinner gate oxide thickness is higher than that formed by thicker gate oxide thickness due
to the rapid quenching rate of molten silicon. It is suggested that substrate heating during laser
crystallization can produce larger lateral grain grewth by prolonging the melting duration of
the complete melting silicon.

The dependence of the lateral silicon.grain.structure on the bottom-gate thickness was
also investigated. We used the thicker bottom-gate to increase the thickness of the corner
region for the purpose of creating steeper lateral temperature gradient. Fig. 2-10 (a) ~ (c)
show the SEM micrographs of poly-Si thin films irradiated by excimer laser shot number of
20 shots and the bottom-gate thickness of 100, 200, and 300 nm, respectively, in which the
device channel length was 1.5 um. The laser energy density is 450 mJ/cm? and the substrate
temperature is maintained at room temperature during laser irradiation. It is found that the
polycrystalline silicon films in the corner regions were ablated due to the thinning effect after
laser irradiation, as shown in Fig. 2-10 (b) and (c). The higher thickness of bottom-gate
caused the more serious thinning effect owing to the larger step height. Therefore, in order to
prevent the thinning effect due to the step height, the bottom-gate thickness must be suitable

chosen for laser crystallization.
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2.4.1.2 Atomic Force Microscopy (AFM) Analysis

Figure 2-11 displays the AFM image of 1000 A-thick poly-Si thin films with bottom-gate
structure after laser crystallization, in which the device channel length is 1.5 um. In this case,
the laser shot number is 20 shots and the bottom-gate thickness is 1000 A. The laser energy
density is 450 mJ/cm? and the substrate temperature is maintained at room temperature during
laser irradiation. The surface roughness of the poly-Si thin film becomes obviously and the
grains can be apparently distinguished after laser irradiation due to the huge hillock formation
at the grain boundaries, as shown in Fig. 2-11. The hillock is attributed to the freezing of
capillary waves excited in the melting silicon during laser crystallization [2.150]. According
to the report of D. K. Fork et al, the 10% density change between solid and liquid phases of
silicon, (2.53 g/cm?® for the liquid and 2.30 g/em?® for the solid) provides a driving force for the
creation of capillary waves in the conventional laser.crystallized silicon thin films. Solidifying
silicon will expand and exert a positive force on.theadjacent melt [2.150]. Grain boundaries
and vertices, in which typically are the last to freeze during lateral grain growth, have
accumulated silicon due to the action of the expanded solid material on the remaining liquid
material. Large and longitudinal grains with 0.75 ¢ m in length are formed and only one high
angle grain boundary is formed in the middle of the device channel region, which can be

identified in the AFM image.

2.4.1.3 Transmission Electron Microscopy (TEM) Analysis

The micro-structural properties of laser-crystallized poly-Si films with bottom-gate
structure such as the grain size, inter-grain defect density, intra-grain defect density, and grain

orientation can be identified by using transmission electron microscopy (TEM) and its
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selected-area electron diffraction patterns. Figure 2-12 displays the cross-sectional TEM
image of 1000 A-thick poly-Si thin films with bottom-gate structure after laser crystallization,
in which the device channel length is 1.5 um. In this case, the laser shot number is 100 shots
and the bottom-gate thickness is 1000 A. The laser energy density is 450 mJ/cm? and the
substrate temperature is maintained at room temperature during laser irradiation. According to
the TEM image, there are two large silicon grains formed in the channel region above the
bottom-gate electrode and the high angle grain boundary can be artificially controlled in the
middle of the channel region. In addition, the cross-sectional TEM image in Figure 2-12
displays the clear interfaces between the bottom-gate oxide and poly-Si active layer. The
interface between the bottom-gate electrode and bottom-gate oxide is also clear, implying that
both the gate oxide and the bottom-gate electrode are not damaged during excimer laser
irradiation. From the correlated selected-area diffraction pattern of poly-Si thin film, the
crystallinity of the silicon grain silicon can be investigated. It is found that as the poly-Si
grain formed in the channel region is selected,-the-electron diffraction pattern exhibits a clear
dot pattern, which means the crystallinity.inside the silicon grain is excellent. While the
poly-Si grain near the corner region is selected, the electron diffraction pattern reveals the ring
construction, which means the small grains exhibit poor crystallinity. Because the corner
regions will act as the source/drain region of TFTs with heavily doped, the poor crystallinity

of small grains will not degrade the performance of LTPS-TFTs.

2.4.1.4 Secondary lon Mass Spectroscopy (SIMS) Analysis

From the TEM analysis, both the gate oxide and the bottom-gate electrode are not
damaged during excimer laser irradiation. However, phosphorous atoms in the doped
bottom-gate electrode may out-diffuse into the poly-Si channel and gate oxide owing to the

local high temperature during excimer laser irradiation. Secondary ion mass spectroscopy
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(SIMS) measurement is performed to investigate the phosphorous depth profiles of the
excimer laser-crystallized poly-S thin films, the bottom-gate gate oxide, and the bottom-gate
electrode as a function of laser energy densities. Figure 2-13 shows the element depth profiles
of the excimer laser-crystallized bottom-gate TFTs. The SIMS phosphorous depth profile after
excimer laser irradiation at 390 mJ/cm? is the same to that as-implanted one. Even high
excimer laser energy density of 490 mJ/cm?is performed to crystallize the a-Si thin films; the
phosphorous depth profile is not altered as compared to that before laser annealing. It is also
found that the secondary counts of phosphorous atoms in the poly-Si channel and gate oxide
are two and three order magnitude smaller than those in the bottom-gate electrode. The SIMS
results indicate that there are no harmful effects caused by the excimer laser crystallization of
a-Si films with bottom-gate structure. Because the out-diffusion phenomenon of phosphorous
atoms in the bottom-gate electrode into the poly-Sit.active channel and bottom-gate oxide
during excimer laser irradiation is not observed, the electrical characteristics of BG TFTs will

not be degraded.

2.4.2 Electrical Characteristics of LTPS TFTs Fabricated Using

Excimer Laser Irradiation with Bottom-Gate Structure

For comparison, the conventional ELC TG LTPS TFTs with a thickness of 1000A are also
fabricated. In order to obtain high-performance TG LTPS TFTs, the laser density is controlled
in SLG regime to obtain a large-grained poly-Si thin film. Fig. 2-14 (a) depicts the typical
transfer characteristics for LTPS BG-TFTs with lateral silicon grains and conventional TG
ones with W = L = 1.5 um at drain voltages (Vgs) of 0.1 and 3 V. High-performance BG LTPS
TFT with field effect mobility of 330 cm?Vs can be achieved using this crystallization

method attributed to the high-quality poly-Si thin film in the device channel region while the
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mobility of the conventional TG-TFT counterpart is about 130 cm?/Vs. Since the lateral grain
growth can be artificially controlled in the channel region of BG TFTs and only one high
angle grain boundary perpendicular to the direction of current flow is formed in the middle of
the channel region, high on/off current ratio (> 10%), and low subthreshold swing are also
exhibited in proposed BG devices. The high field-effect mobility is attributed to the high
quality poly-Si thin films with reduced grain boundaries in the BG device channel region. It is
well known that deep density of trap state and tail density of trap state in the grain boundaries
put a negative influence on mostly all aspects of device performance including an increase in
threshold voltage, a decrease in mobility, a decrease in subthreshold slope, a raise in leakage
current, and worse device stability. The higher threshold voltage and lower mobility indicate
that the devices whose channels have more defects require large gate voltage in order to fill
the great number of trap states before the device canturn on. On the other hand, after trapping
the free carriers in the grain boundaries, the defect states become electrically charged and
created a potential energy barrier, whichiaet-as-potential barriers during carrier transport from
drain to source [2.151]. Table 2-1 lists several important electrical characteristics of these two
different TFT structures. Fig. 2-14 (b) shows the output characteristics of proposed BG TFT
and conventional TG one. In order to avoid the threshold voltage difference, the applied gate
driving voltages in Fig. 2-14 (b) are kept at constant values of [Vg-Vth| = 4V, 8V, 12V, and
16V, respectively. It is demonstrated that BG TFTs with location-controlled silicon grains
structure exhibit higher driving current than conventional ELC TG TFTs under the same bias
condition owing to the high field effect mobility. In addition, according to the SEM image in
Fig. 2-6 (a), a single laser shot is sufficient to induce the lateral grain growth of silicon grains
for confirming our proposed crystallization method, although the BG TFTs are fabricated with
20 laser shots per area in order to further improve the poly-Si films quality by reducing the
density of structure defects inside the lateral silicon grains formed in the channel regions.

Consequently, the fabrication process throughput of this new crystallization method is much
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higher than of the conventional ones.

Figure 2-15 displays the dependence of field effect mobility on the device dimension for
proposed BG TFTs and conventional TG ones. Twenty TFTs were measured with optimal
laser irradiation condition for maximum field-effect mobility to investigate the
device-to-device uniformity. The vertical bars in the figure indicate the minimum and
maximum characteristic values attained at the specific laser energy density, and the solid
symbols are the average calculated characteristic values. The mobilities of proposed BG TFTs
and conventional TG ones increase as the channel length decreases, indicating that the grain
boundaries perpendicular to the direction of current flow act as strong trapping centers which
degrades the performance of TFTs resulting from grain boundary potential barrier height
[2.152]-[2.154]. It is noted that higher field-effect mobility and smaller variation of field
effect mobility are achieved at the same time for BG.TFTs as compared with the TG TFTs,
especially in the small device dimension below W/L = 2um. The large dispersion of mobility
for TG TFT is due to the random grain size-distribution-controlled in SLG regime, while for
the BG TFTs, good uniformity of field effect. mobility is attained because the grain boundaries
in the channel region are controlled and reduced.

Figure 2-16 displays the dependence of field effect mobility on laser energy densities for
proposed BG TFTs and conventional TG ones whose channel length is 1.5 um. Twenty TFTs
were measured for each laser irradiation condition to investigate the device-to-device
uniformity. Compared to the conventional ELC TG-TFTs, it was found that ELC BG-TFTs
with lateral silicon grains exhibited smaller electrical deviation since the number of
spontaneous small grains and grain boundaries were reduced and the uniformity of TFTs
performance could be improved with artificially lateral grown grains in the channel regions.

Figure 2-17 (a) displays the transfer characteristics of the n-channel LTPS BG-TFTs with
lateral silicon grains and conventional TG ones with W = L = 1.5 um and gate oxide thickness

of 500 A or 1000 A at drain voltages (Vgs) of 0.1 and 3 V. It is as expected that proposed BG

44



TFTs with 50 nm gate oxide exhibit smaller threshold voltage, higher transconductance, and
steeper subthreshold slope as compared to BG TFTs with 100 nm gate oxide owing to the
thiner oxide integration for larger gate-to-channel capacitance. Some important electrical
characteristics of LTPS TFTs are also listed in Table 2-2. In addition, high field-effect
mobility of 323 cm?V-s and high on/off current ratio of 9.5 x 10° are demonstrated in the
proposed BG TFTs with 50 nm gate oxide owing to the large silicon grains grown in the
channel regions as compared to TG ones with 50 nm gate oxide. Figure 2-17 (b) displays the
output characteristics of the n-channel LTPS BG-TFTs with lateral silicon grains and
conventional TG ones with W = L = 1.5 pm and gate oxide thickness of 500 A or 1000 A. In
order to avoid the threshold voltage difference, the applied gate driving voltages are kept at
constant values of |Vg-Vth| = 4V, and 8V, respectively. It is demonstrated that poly-Si TFTs
with location-controlled silicon grains.structure and thinner gate oxide provide higher driving
current and better saturation current than conventional-ELC TG poly-Si TFTs due to the
higher transconductance. Take the {Vg-Vih|-=-8-\..as an example, the current drivability of
ELC BG poly-Si TFTs with 50 nm gate oxide is-about 1.75 times as large as that of an ELC
TG one with 50 nm gate oxide and 2.71 times as large as that of a ELC TG one with 100 nm
gate oxide under the same bias condition. Besides the improvement of device performance
and uniformity, the BG-TFTs with lateral silicon grains exhibit better reliability than TG-TFTs.
Figure 2-18 (a) exhibits the gate-breakdown field strength of two different TFT structures
with 500 A-thick TEOS gate oxide. Figure 2-18 (b) shows the statistical distribution of the
gate-breakdown voltage of two different TFT structures with 500 A-thick TEOS gate oxide.
As compared to TG TFTs, proposed BG TFTs show a tighter distribution of gate-breakdown
voltage. Bottom-gate TFTs exhibit higher breakdown field strength and tighter parameter
distribution than top-gate ones owing to the smooth interface of bottom-gate devices, which is
shown in Fig. 2-12. Because the focus-ion-beam prepared (FIB-prepared) TEM sample is thin

enough, the lacey support film beneath the BG device are seen through on the finer copper
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grids. The cross-sectional TEM image reveals that a flat interface morphology between the
gate dielectric and poly-Si channel films in the bottom-gate TFTs. The protruded grain
boundaries due to the freezing of capillary waves excited in the silicon melt during the
crystallization profoundly affect the reliability and gate dielectric integration of TG poly-Si
TFTs [2.155]-[2.157]. The improved breakdown and driving characteristics imply that the

proposed BG-TFT structure is more suitable for device-size scaled-down application.

2.5 Summary

A new crystallization technology for producing lateral silicon gains has been developed by
excimer laser irradiation with bottom gate_structure. The mechanism of lateral grain growth
using plateau structure of a-Si thin.film with excimer. laser crystallization is based on the
spatial thermal gradient. The microstructure of poly-Si thin film with bottom-gate structure
was analyzed by several material analyses; including SEM, AFM, TEM, and the factors that
affected the final lateral crystallization” microstructure were also investigated, including
thickness of a-Si thin film, thickness of gate dielectric, thickness of gate electrode, laser shot
number, and laser energy density. It can be observed that the large longitudinal grains
artificially grown measuring about 0.85 um were observed in length in the device channel
region, while small and fine grains are located near the edges of the bottom-gate electrode.
According to the TEM images, not only the interface between the poly-Si channel and
bottom-gate oxide but also bottom-gate electrode and bottom-gate oxide is clear, implying
that both the gate oxide and the bottom-gate electrode are not damaged during excimer laser
irradiation. From the correlated selected-area diffraction pattern of poly-Si thin film, it is
found that the crystallinity of the silicon grain silicon in the channel region is excellent.

Moreover, the process window could be broadened because the laser energy densities were
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easier to be controlled for the wider laser energy density range. Therefore, the improved
uniformity of TFTs performance is attained due to large silicon grains. In consequence, not
only high-performance n-channel LTPS TFTs with field-effect-mobility exceeding 330
cm?/Vs in 1.5 pm design rule, but also excellent uniformity of device performance are also
demonstrated owing to the artificially-controlled lateral grain growth in the device channel
regions. The process steps in these technologies are highly compatible with the conventional
commercial a-Si TFTs. Moreover, the experimental results revealed higher breakdown voltage
and better reliability due to the smooth interface between gate dielectric and poly-Si channel
films as thinner gate oxide were employed. LTPS BG-TFTs with lateral silicon grains are

therefore promising for future SOP and AMOLED applications.
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Table 2-1

Measured electrical characteristics of bottom-gate LTPS TFTs and conventional top-gate ones.

Field-effect = Subthreshold
Threshold On/Off
TFT structure Mobility Swing

\oltage (V) Current Ratio
(cm2/V-s) (\V/dec)

Conventional TG
4.32 x107

(W=L=1.5 pm)
Proposed BG
-1.38 330 0.244 4.56x% 108
(W=L=1.5 pm)
Table 2:2

Measured electrical characteristics of bottom=-gate LTPS TFTs and conventional top-gate ones.

(W =L =15 um and gate oxide thickness‘of 500 Aor 1000 A)

Field-effect Subthreshold On/off
TFT Structures  Threshold i : Gm (us)
mobility Swing current
(W=L=1.5um) Voltage (V) @Vds=0.1V )
(cm2/Vs) (V/dec) ratio

Proposed BG TFT
_ -0.88 323 0.224 2.20 9.5x 108
(50 nm oxide)

Conventional TG 0.42 117 0.930 0.84 7
TFT (50 nm oxide) ' ' ' 6.1x10
Proposed BG TFT
) -1.68 362 0.251 1.25 5.8x 108
(100 nm oxide)
Conventional TG
) -1.13 162 0.256 0.56 9.4x 107
TFT (100 nm oxide)
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Figure 2-1. The schematic illustration of the mechanism of lateral grain growth using
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Figure 2-2. The schematic illustration of excimer laser crystallization system.
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Figure 2-3. The process procedures for the preparation of poly-Si thin films with bottom-gate

structure crystallized by ELC.
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Figure 2-5. (a) The schematic cross-sectional drawing of conventional top- gate LTPS TFTs
using the super lateral growth (SLG) excimer laser annealing condition. (b)
Plane-view SEM micrograph of excimer laser crystallized poly-Si thin film with

SLG laser annealing condition after Secco-etch.
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Figure 2-6. The SEM micrographs of excimer laser crystallized poly-Si thin films with
bottom-gate structure after Secco etching, in which the device channel length was
(@) 1.2 um, (b) 1.5 um, and (c) 2.0 um, respectively. In this case, the laser shot
number is single pulse and the poly gate thickness was 1000 A. The laser energy

density is 450 mJ/cm?.
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Figure 2-7. Scanning electron microscope micrographs of excimer laser crystallized poly-Si
thin film with bottom-gate structure after Secco-etch, in which the device channel
length was 1.5um, and the laser shot number was (a) 1shot, (b) 20 shots, and (c)

100 shots, respectively.
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Figure 2-8. Scanning Electron Microscope micrographs of excimer laser crystallized poly-Si
thin film with bottom-gate structure after Secco-etch, in which the device channel
length was 1.5um, and the laser energy density was (a) 430, (b) 450, and (c) 490

mJd/cm?, respectively.
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Fig. 2-9. The SEM micrographs of poly-Si thin films irradiated by excimer laser shot number
of 20 shots and the gate oxide thickness of (a) 30, (b) 50, and (c) 100 nm,
respectively, in which the device channel length was 1.5 um. The laser energy

density is 450 mJ/cm?.
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Fig. 2-10. The SEM micrographs of poly-Si thin films irradiated by excimer laser shot
number of 20 shots and the bottom-gate thickness of (a) 100, (b) 200, and (c) 300

nm, respectively, in which the device channel length was 1.5 pm.
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Figure 2-11. The AFM image of 1000 A-thick poly-Si thin films with bottom-gate structure
after laser crystallization, in which the device channel length is 1.5 um. In this

case, the laser shot number is 20 shots and the bottom-gate thickness is 1000 A,
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P ;
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Figure 2-12. The cross-sectional TEM image of 1000 A-thick poly-Si thin films with
bottom-gate structure after laser crystallization, in which the device channel length

IS 1.5 um.
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Figure 2-17 (b). Comparison of the output characteristics of the n-channel LTPS BG-TFTs
with lateral silicon grains and conventional TG ones with W =L = 1.5 pum and

gate oxide thickness of 500 A or 1000 A.

62



10”
NA
5
o© -3
s 10
_O
2 1x10"
@
o 1x10° —e— Conventional TG TFT
Qo —A— Proposed BG TFT
(‘8 10° Gate oxide thickness =50 nm
WI/L = 2um/1.5um
10-7 1 1 1 1 1 1 1 1 1

o 1 2 3 4 5 6 7 8 9 10
Electric field strength (MV/cm)

Figure 2-18 (a). The gate-breakdown field'strength of two different TFT structures with 500

A-thick TEOS gate oxide:;

100

T T T
—@— Conventional TG TFTs
|—A— Proposed BG TFTs
80 |Gate oxide thickness = 50nm
W/L=2um/1.5um

90

Cumulative Percentage (%)
g
T

0 10 20 30 40 50 60
Breakdown Voltage (V)
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Chapter 3

High-Performance Self-Aligned Bottom-Gate Low
Temperature Polycrystalline Silicon Thin-Film

Transistors with Excimer Laser Crystallization

3.1 Introduction

Low-temperature polycrystalline silicon, (LTPS) thin film transistors (TFTs) have been
extensively investigated for use in active matrix:liquid crystal displays (AMLCDs) and active
matrix organic light emitting displays (AMOLEDS) [3.1]-[3.7]. The mobility of poly-Si TFTs
fabricated by excimer laser crystallization.is generally two orders higher than amorphous-Si
TFTs, therefore the peripheral driving circuitsiand pixel elements can be integrated on the
same glass substrate. In the early stage of the LTPS TFTs development, bottom-gate (BG)
TFT structure was attractive because the excimer laser annealing was thought as an additional
process step to the a-Si TFTs. However, bottom-gate TFTs suffered from worse electrical
performance than top-gate (TG) TFTs because of the smaller grain size and poor grain quality
resulting from the bottom-gate metal acting as a heat sink during excimer laser crystallization
[3.8]-[3.9]. Moreover, bottom-gate TFTs exhibited significant performance variation as the
devices scaled-down resulted from the misalignment effect. Although some self-aligned (SA)
BG TFTs have been demonstrated, the device processes were too complicated to be utilized in
the large area fabrication [3.10]-[3.11]. As a result, only a few studies have been conducted

for bottom-gate TFTs with short channel length and top-gate TFTs have been widely adopted
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in AMLCD due to the self-alignment capability in the last decade. Although high
field-effect-mobility for TG-TFTs has been attained by ELC, it is difficult to make the laser
energy density hit the super lateral growth regime everywhere due to the fluctuation of
pulse-to-pulse laser energy and amorphous silicon (a-Si) layer thickness [3.12]-[3.14].
Consequently, poor device uniformity and narrow process window were encountered in ELC
TG-TFTs. Furthermore, in the applications of system-on-panel (SOP), TFTs must exhibit
good uniformity of device-performance and high-reliability. Thus, many methods, such as
sequential lateral solidification process [3.15], grain filters method [3.16], capping the
reflective or anti-reflective layer [3.17], dual beam ELA [3.18], double—pulsed laser annealing
[3.19], selectively floating a-Si active layer [3.20], CLC method using the diode-pumped
solid-state continuous wave laser [3.21], and selectively enlarging laser crystallization
(SELAX) [3.22], were proposed to salve the above problems. However, most of them need
complex fabrication process or are problematic for circuit layout due to the anisotropy of the
grain boundary spacing.

In the previous work, ELC BG LTPS-TFTs'exhibit superior electrical characteristics,
however, asymmetrical electrical characteristics are also observed due to the misaligned
process effect. Besides, the mis-alignment effect will degrade the TFT performances more
seriously in the short channel devices owing to the more percentage of the mis-alignment
variation. Therefore, in this work, a self-aligned (SA) bottom-gate TFT with appropriate
channel length has been fabricated by the simple excimer laser crystallization and backside
exposure. The process steps in these technologies are not only highly compatible with the
conventional commercial a-Si TFT process but also with minimum parasitic capacitance for
high circuit performance. The detailed process procedures of self-aligned BG ELC LTPS
TFTs will be described and the self-aligned photo-lithography process will be presented and
analyzed by optical microscopy (OM) and scanning electron microscopy (SEM) material

analyses. The phenomenon of controlled lateral grain growth using bottom-gate structure on
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quartz wafer is also investigated. Meanwhile, the electrical characteristics of SA BG ELC
LTPS TFTs with two kinds of bottom-gate thickness of 1000 A and 1500 A were taken in into
comparison. The symmetrical electrical characteristics can be observed in the SA BG ELC
LTPS TFTs. Owing to the lateral grain growth and self-aligned structure, SA BG LTPS TFTs

exhibit higher performance and better uniformity.

3.2 Experiments

3.2.1 Sample Preparation for Material Analysis

For further improving the bettom-gate LTPS-TFTs performances, we combined
lateral grain growth controlled in-the device:channel region with the backside exposure
photo-lithography. Figure 3-1 shows the process procedures for the preparation of self-aligned
bottom-gate structure with large silicon.grains by.the excimer laser crystallization and the
backside exposure. Since the self-aligned technique uses g-line light exposure from the back
surface, the selection of appropriate substrate is important. Quartz wafer is used as the starting
substrate for its high transparency ratio with g-line light wavelength of 436 nm and free from
increase in temperature of the substrate. At first, after the RCA clean process, the 1000
A-thick amorphous silicon layers were deposited by pyrolysis of pure silane (SiH4) with low
pressure chemical vapor deposition (LPCVD) at 550 °C on quartz wafers. Next, a phosphorus
ion implantation with a dosage of 5x10" cm™ was performed. Then, the phosphorus-doped
amorphous silicon layer was defined to form bottom-gate electrode by transformer-coupled
plasma reactive ion etching (TCP-RIE). After defining the bottom-gate region, the 1000
A-thick tetraethyl orthosilicate (TEOS) gate oxide layer was deposited by plasma-enhanced

chemical vapor deposition (PECVD) at 385 °C. Then, after standard RCA clean process, the
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1000 A-thick amorphous silicon (a-Si) layers were deposited by decomposition of pure silane
(SiH4) with LPCVD at 550 °C. After standard RCA clean process, the a-Si thin films were
then subjected to 248 nm KrF excimer laser crystallization (ELC). During the laser irradiation,
the samples were located on a substrate in a vacuum chamber pumped down to 10° Torr and
the substrate was maintained at room temperature. The laser beam was homogenized into a
semi-gaussian shape in the short axis and a flat-top shape in the long axis. The number of
laser shots per area was 20 (i.e. 95 % overlapping) and the laser energy density was varied.
Then, a self-aligned photolithography by using the bottom-gate as an opaque mask is
performed to form self-aligned source/drain to gate by backside exposure through the quartz
substrate. Then, a phosphorous ion implantation with dose of 5x10™cm™ was carried out to
form source and drain regions.

The relations between the resulting laser-crystallized poly-Si thin films with bottom-gate
structure and laser process conditions were investigated by utilizing scanning electron
microscopy (SEM) analysis and transmissian-electron microscopy (TEM) analysis techniques.
SEM was utilized to analyze the grain-size.and.grain structure under different laser process
conditions. In order to facilitate the SEM observation, some samples were processed by
Secco-etch before analysis. TEM was employed to analyze the microstructure and
crystallinity of poly-Si films and the completed device. The self-aligned bottom-gate

photolithography was investigated by the optical microscopy (OM) and SEM analyses.

3.2.2 Fabrication of Self-Aligned (SA) BG LTPS TFTs using

ELC

Figure 3-2 illustrates the key processes for the fabrication of SA BG LTPS TFTs by ELC

with backside exposure. At first, after the RCA clean process, the 1000 A-thick and 1500
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A-thick amorphous silicon layers were deposited by pyrolysis of pure silane (SiH4) with low
pressure chemical vapor deposition (LPCVD) at 550 °C on quartz wafers. Next, a phosphorus
ion implantation with a dosage of 5%10" c¢m™ was performed. Then, the phosphorus-doped
amorphous silicon layer was defined to form bottom-gate electrode by transformer-coupled
plasma reactive ion etching (TCP-RIE). After defining the bottom-gate region, the 1000
A-thick tetraethyl orthosilicate (TEOS) gate oxide layer was deposited by plasma-enhanced
chemical vapor deposition (PECVD) at 385 °C. Then, after standard RCA clean process, the
1000 A-thick amorphous silicon (a-Si) layers were deposited by decomposition of pure silane
(SiH4) with LPCVD at 550 °C. After standard RCA clean process, the a-Si thin films were
then subjected to 248 nm KrF excimer laser crystallization (ELC), as shown in Figure 3-2 (b).
During the laser irradiation, the samples were located on a substrate in a vacuum chamber
pumped down to 10 Torr and substrate was maintained at room temperature. The number of
laser shots per area was 20 (i.e. 95% overlapping)-and.laser energy density was varied. Figure
3-2 (c) exhibited a self-aligned photolithegraphy-using the bottom-gate as an opaque mask to
form self-aligned source/drain to gate: by backside  exposure through the quartz substrate
[3.23]-[3.29], while for the non-self-aligned BG TFT, a front-side UV light exposure is used
to defining the source/drain regions which result in the offset region. The offset length in
non-self-aligned TFT is about 0.45 um due to the process of masker aligner and the offset
length can be further reduced by using the I-line stepper system. It is worth mentioning that
the fabrication processes of new self-aligned TFTs and conventional non-self-aligned ones are
almost the same, except the lithography process of defining the source/drain regions. Then, a
phosphorous ion implantation with dose of 5x10°cm™ was carried out to form source and
drain regions. Then, the device active region was etched by reactive ion etching (RIE). Next, a
3000 A-thick passivation oxide layer was deposited by at PECVD 385 °C and the implanted
dopants were activated by thermal annealing at 600°C for 12 h in the N, ambient. After

contact hole opening by reactive ion etching, aluminum thin film with a thickness of 5000 A
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was deposited by thermal evaporation and Al metal pads were patterned to complete the
fabrication of SA-BG LTPS TFTs as shown in Figure 3-2(d). Finally, a 30-min sintering
process was performed at 400°C in the N, ambient to reduce the contact series resistance of
the source and drain electrodes. No hydrogenation plasma treatment was performed during
the device fabrication process. For comparison, the conventional non-self-aligned ELC LTPS
bottom-gate TFTs with a channel thickness of 1000A were also fabricated.

Current-voltage (I-V) characteristics of the fabricated devices were measured using a
semiconductor parameter analyzer of Agilent technologies 4156C. The threshold voltage was
defined as the gate voltage required to achieve a normalized drain current of lgs = (W/L) x 10°®
Aat Vg = 0.1 V. The field-effect mobility and subthreshold swing were extracted at V4= 0.1
V, and the Ion/lor current ratio was defined at Vgs= 3 V. An analytical transmission electron
microscopy (TEM) (JEM-2100FX, JEOL Ltd.) was employed to analyze the microstructure

and crystallinity of poly-Si film in the channel region and-the completed SA-BG TFT device.

3.3 Results and Discussion

3.3.1 Material Characterization of SA-BG LTPS Thin Films

3.3.1.1 Optical Microscopy (OM) Analysis

Figure 3-3 (a) and 3-3 (b) shows the optical microscope (OM) images of the samples with
bottom gate structure from the transparent light source. The thickness of the amorphous
silicon gate electrode was both 1000A and the channel length was 2 pm and 5 um,
respectively. At first, it was confirmed that the bottom-gate maintained its original structure

after excimer laser crystallization. In addition, the bottom amorphous silicon gate is thick
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(100 nm) enough to act as a mask for the formation of the self-aligned bottom gate structure
by using the back surface exposure. According to those pictures, the regions above the
amorphous silicon bottom-gate were dark but the other regions were bright in both cases. It
could be found that the g-line light could not pass through the region sheltered by the
amorphous silicon (a-Si) bottom-gate but could pass through other regions not covered by
bottom-gate electrode. The g-line light was mostly absorbed and reflected by the amorphous
silicon bottom-gate electrode. Hence, the thicker a-Si bottom gate, the less g-line light crossed
the bottom-gate. Therefore, the a-Si bottom-gates with thickness of 1000 A and 1500 A could
act as the opaque masks of the photo-lithography process to stop the ultra violate light from
the Hg light source. Figure 3-4 (a) and 3-4 (b) shows OM images of the mis-aligned and the
self-aligned ion-implanted devices after photo-lithography from the reflected light source, in
which the channel length was 2 pum: Due to the process of masker aligner, there were
horizontal shifts of photo-resist (P.R.).'on the region' ef a-Si bottom-gate in defining the
source/drain regions which result in-the offset-region after the photo-lithography, as shown in
the Figure 3-4 (a). The horizontal shift.was about 0.45 pm which would lead to the
mis-aligned process of the ion implantation and degrade the device performance. Figure 3-4
(b) show a self-aligned photo-lithography by backside exposure method. It could be observed
that a photo-resist pattern designed on the 100 nm-thick a-Si bottom-gate after the backside
exposure photo-lithography, as shown in Figure 3-4 (b). The bottom gate pattern was copied
for the photo-resist coating on the bottom-gate. Owing to the perfect self-aligned back surface
exposure, the P.R. on the bottom-gate would not absorb UV light. Therefore, the P.R. would
be remained and perfectly aligned to the bottom-gate after the develop process. Consequently,
the self-aligned ion implantation of source and drain regions to gate would be precisely

carried out without any shifts.

3.3.1.2 Scanning Electron Microscopy (SEM) Analysis
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Figure 3-5 shows the SEM micrograph of the self-aligned ion-implanted devices after the
photo-lithography. According to the SEM micrograph, the P.R. with thickness of 1.2 um was
observed and the P.R. was perfectly aligned to the a-Si bottom-gate electrode which was
consistent with the results obtained by OM graphs. To sum up, the a-Si bottom-gate could act
as the opaque mask of the photo-lithography process to stop the ultra violate light from the Hg
light source and this method leaded to the easy formation of a self-aligned bottom-gate TFTs.
As a result, the P.R. aligned to the amorphous silicon gate would benefit the ion implantation
of source and drain regions for the minimal series resistance.

Figure 3-6 (a) and 3-6 (b) display the SEM photographs of excimer laser crystallized
poly-Si with bottom-gate structure after Secco etching, in which the thickness of bottom-gate
electrode was 100 nm, and 150 nm, respectively. In these cases, the length of bottom-gate is
1.5 pm, the laser energy density is 450.mJ/cm* and the substrate temperature is maintained at
room temperature during laser irradiation: According to the SEM graphs in the Fig. 3-6(a) and
3-6(b), it can be observed that the large silicon grains'with 0.75 um in lateral dimension could
be formed in the channel regions, while small and fine grains were located near the edges of

the bottom-gate for the 100 nm-thick and 150 nm-thick bottom-gate electrodes, respectively.

3.3.1.3 Transmission Electron Microscopy (TEM) Analysis

The micro-structural properties of laser-crystallized poly-Si films with bottom-gate
structure such as the grain size, inter-grain defect density, intra-grain defect density, and grain
orientation can be identified by using transmission electron microscopy (TEM) and its
selected-area electron diffraction patterns. Figure 3-7(a) displays the cross-sectional TEM
image and the selected-area electron diffraction patterns of 1000 A-thick poly-Si thin films

with bottom-gate structure after laser crystallization, in which the device channel length is 1.5
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um. In this case, the laser shot number is 100 shots and the bottom-gate thickness is 1000 A.
The laser energy density is 450 mJ/cm? and the substrate temperature is maintained at room
temperature during laser irradiation. It is observed that four large silicon grains with good
crystallinity are formed based on the ELC with bottom-gate structures. It is further confirmed
that the lateral grain growth using ELC with bottom-gate structure can also be fabricated on
the quartz wafer. For the short channel length with the proper thicknesses of gate electrode,
gate oxide, and channel layers using this crystallization, only single grain boundary
perpendicular to the channel direction is also observed by TEM image, as shown in Figure
3-7(b). According to the TEM image in the Figure 3-7 (b), there are two large silicon grains
formed in the channel region above the bottom-gate electrode and the high angle grain
boundary can be artificially controlled in the middle of the channel region. The crystallinity of
the silicon grain in the channel region.is pretty good and the normal orientation of the grain is
in <110> direction due to the simple.spots based on the selected-area electron diffraction
patterns. In addition, the cross-sectional TEM-Image in Figure 3-7 display the clear interfaces
between the bottom-gate oxide and+ pely-Siactive layer. The interface between the
bottom-gate electrode and bottom-gate oxide is also clear, implying that both the gate oxide
and the bottom-gate electrode are not damaged during excimer laser irradiation. Moreover, the
cross-sectional TEM image reveals that a flat interface morphology between the gate
dielectric and poly-Si channel films in the bottom-gate TFTs. The smoother interface of
bottom-gate TFT implies that the proposed TFT will exhibit improved breakdown
characteristics and better reliability [3.30]-[3.31]. The performance and uniformity of TFT
devices can be improved with such artificially large laterally grains. In addition, the circuit
layout design is easier because proposed crystallization method is insensitive to laser scanning

direction or device location.
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3.3.2 Electrical Characteristics of SA-BG LTPS TFTs using ELC

It is anticipated that the thicker the a-Si bottom-gate the less UV light passes through the
bottom-gate electrode. In the chapter 2, it has been investigated that if the thickness of
bottom-gate electrode was larger than 2000 A, there will be serious thinning effect of silicon
thin films during laser crystallization. Therefore, SA BG LTPS TFTs with gate thickness of
1000 A and 1500 A are chosen and fabricated for comparison. Figure 3-8 (a) shows the
typical transfer characteristics of SA BG LTPS TFTs with bottom-gate thickness of 1000 A
and 1500 A, respectively. The laser process conditions were both optimized for two devices.
According to the 1d-Vg, the SA-BG LTPS TFTs with a-Si gate thickness of 1000 A exhibit
better electrical characteristics than that of,poly-Si TFTs with 1500 A-thick gate. Take the
device of W = L = 1 um for example, SA-BG TET with field effect mobility of about 192
cm?/V-s could be achieved by using a-Si gate thickness of 1000 A while the mobility of the
SA-BG TFT with 1500 A-thick gate was about 129 ¢cm?/V-s. The lower mobility of SA BG
TFTs with bottom-gate thickness of 1500 A could be attributed to the faster cooling rate in the
channel region. The thicker the a-Si gate, the faster heat flow was conducted to the substrate
by crossing the gate, which resulted in poorer quality of silicon grains and shorter lateral grain
growth in the device channel region. Figure 3-8 (b) shows the output characteristics of SA BG
LTPS TFTs with bottom-gate thickness of 1000 A and 1500 A, respectively. It was
demonstrated that SA BG LTPS TFTs with gate thickness of 1000 A provided higher output
driving current than that of SA BG LTPS TFTs with gate thickness of 1500 A under the same
bias condition. The improved driving current could be attributed to the higher field-effect
mobility due to the better crystallinity of large silicon grains in the device channel region.
Therefore, the 1000 A-thick a-Si bottom-gate was the optimized condition for the fabrication

of SA-BG LTPS TFTs and would be discussed in the following report.
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Typical transfer characteristics of SA-BG LTPS TFTs and conventional non-SA-BG ones
for W =L =1 pum are shown in Figure 3-9 (a). Owing to the uniformly large transverse grains
grown in the device channel region and self-aligned source/drain to the bottom-gate, this
proposed SA-BG TFTs with lateral grains exhibited better electrical characteristics, the
field-effect-mobility of 193 cm?/Vs, than the conventional ones, the field-effect-mobility of
17.8 cm?/Vs. Although the poly-Si grain structure in the channel region is similar in the
SA-BG and non-SA-BG TFTs after excimer laser crystallization. However, after the
lithography process of defining the source/drain regions, the lateral grain structure is still
symmetric above the gate electrode in the SA TFTs, while the grain structure becomes
asymmetric in the channel region and there is an offset region in the conventional non-SA
TFTs due to the mis-aligment process effect. The mis-alignment effect will degrade the TFT
performances more seriously in the short channel devices owing to the more percentage of the
mis-alignment variation. In consequence, for the:-non-self-aligned TFTs, because small and
fine grains are near the edges of bottomigate-and-the series resistance of the offset region is
large, the non-SA-BG TFTs display lower field-effect-mobility, large subthreshold swing and
lower on-current. The high field effect mobility is attributed to the reduced grain boundary in
the channel regions [3.32]. Table 3-1 lists several important electrical characteristics of the
two different TFT structures. Figures 3-9 (b) shows the output characteristics of of SA-BG
LTPS TFTs and conventional non-SA-BG ones for W = L = 1 um, respectively. SA BG TFTs
provide higher driving current than that of non-SA BG ones under the same bias condition
because of the large silicon grains in the channel regions and less series resistance near the
source and drain regions.

Figures 3-10 and show the transfer characteristics of SA-BG TFTs and non-SA-BG
ones under both the forward and reverse measurement modes. The roles of source and drain
electrode are changed for the forward and reverse measurement modes. Figures 3-11(a) and

3-11(b) show the output characteristics of SA-BG TFTs and non-SA-BG ones under both the
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forward and reverse measurement modes, respectively. The symmetric and better electrical
characteristics confirm that the proposed BG TFT is a SA gate structure, while asymmetrical
electrical characteristics are observed in non-SA BG TFTs. The non-SA BG LTPS TFTs
exhibit not only the shift of the threshold voltage but also the serious kink current. These
problems were all suppressed in SA-BG LTPS TFTs.

Moreover, to study the uniformity of these three different TFTs performance, twenty
TFTs for the optimal laser irradiation condition are measured. SA-TG TFTs display the worst
uniformity which the mobilities range from 45 to 285 cm?/Vs owing to the non-uniform grain
distribution in the SLG regime. As for the bottom-gate deivces, the mobilities of the SA-BG
TFTs range from 170 to 210 cm?/Vs, but for the non-SA BG-TFTs, the mobilities range from
8.5 to 60 cm?/Vs. It is found that the variation range of mobility is similar about 50 cm?/Vs.

But for the calculation of non-uniformity, “our definition of non-uniformity is

maximum moblllty-mlqlrnum mOb'"ty. As a.result, the non-uniformity of non-SA-BG
average mobility

device is worse from the lower average mobility.“The ‘improved electrical characteristics and
high device uniformity of SA-BG TFTs ‘are: more suitable for device-size scaled-down
application attributed to the location-controlled lateral silicon grains and self-aligned S/D

structure.

3.4 Summary

High-performance SA-BG LTPS TFTs have been fabricated by excimer laser
crystallization with backside exposure. The process flows are simple and fully compatible
with conventional a-Si TFTs fabrication processes. The bottom amorphous silicon gate is
thick (100 nm) enough to act as an opaque mask for the formation of the self-aligned bottom

gate structure by using the back surface exposure. From the OM and SEM micrographs, the
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photo-resist is perfectly self-aligned to the bottom-gate regions. Consequently, besides the
high field-effect-mobility reaching 193 cm?/Vs in 1 pum design rule, SA BG TFTs exhibit
excellent device uniformity owing to the artificially-controlled lateral grain growth and the
self-aligned structure. The SA-BG LTPS TFTs with a-Si gate thickness of 1000 A exhibit
better electrical characteristics than that of poly-Si TFTs with 1500 A-thick gate owing to the
better quality of large silicon grains in the device channel region. Furthermore, the
experimental results also reveal symmetric electrical characteristics. The SA-BG TFTs with

lateral silicon grains are therefore promising for future system-on-panel applications.

76



Table 3-1
Measured electrical characteristics of SA-BG LTPS TFTs with lateral grain growth and

conventional non-SA BG ones.

Field-effect- | Subthreshold
TFT Structures Threshold On/off Current

(W=L=1um) | Voltage (V) Mobility Swing Ratio
=L= m
H g (cm?IVs) (V/dec)
Proposed
SA -0.77 193 1.19 1.14 x10’

Bottom-Gate

Conventional
non-SA 1.70 17.8 1.25 1.07 x10’
Bottom-Gate
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Figure 3-3(a). The optical microscope i 5. fthe samples with bottom gate structure
from the transparent-lig Irce hickness of the amorphous silicon gate

electrode was both 100

Figure 3-3(b). The optical microscope (OM) images of the samples with bottom gate structure
from the transparent light source. The thickness of the amorphous silicon gate

electrode was both 1000A and the channel length was 5 pm.
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Figure 3-4(a). OM images of the non-self-aligned ion-implanted devices after

photo-lithography from the reflected rce,.in which the channel length was 2 pm.

Figure 3-4(b). OM images of the self-aligned ion-implanted devices after photo-lithography

from the reflected light source, in which the channel length was 2 pum.
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Figure 3-5. The SEM micrographs of the self-aligned ion-implanted devices after the

photo-lithography.
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Figure 3-6 (a). Scanning electron microscope micrograph of excimer laser crystallized poly-Si

film with bottom-gate structure on quartz wafer after Secco etching, in which the

10.0kV 13.6mm x40.0k SE(M)

Figure 3-6 (b). Scanning electron microscope micrograph of excimer laser crystallized poly-Si
film with bottom-gate structure on quartz wafer after Secco etching, in which the

thickness of bottom-gate electrode was 150 nm.
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Figure 3-7 (a). FIB-prepared cross-sectional TEM images and the diffraction patterns of

laser-crystallized poly-Si thin films of the self-aligned bottom-gate devices.

Figure 3-7 (b). High-magnification cross-sectional bright-field TEM image and the
selected-area electron diffraction pattern of laser-crystallized poly-Si thin films of

the self-aligned bottom-gate devices.
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Figure 3-8 (a). The typical transfer characteristics of SA BG LTPS TFTs with bottom-gate
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Figure 3-8 (b). The output characteristics of SA BG LTPS TFTs with bottom-gate thickness of
1000 A and 1500 A, respectively.
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Figure 3-9 (b). Comparison of the output characteristics between the SA-BG LTPS TFTs and

conventional non-SA-BG ones with W =L =1 pum.
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Figure 3-10. Experimental measured bi-directional transfer characteristics of SA-BG TFT and

conventional one under the polarities of the source and drain are interchanged.
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Figure 3-11 (a). Experimental measured bi-directional output characteristics of SA-BG TFT
under the polarities of the source and drain are interchanged.
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Chapter 4

High-Performance Short-Channel Double-Gate
Low-Temperature Polycrystalline Silicon Thin Film

Transistors Using Excimer Laser Crystallization

4.1 Introduction

Low-temperature polycrystalline silicon. (LTPS) thin film transistors (TFTs) fabricated
by excimer laser crystallization (ELC) have been-extensively studied for active matrix liquid
crystal displays (AMLCDs), active-matrix organic light emitting displays (AMOLEDSs), and
potential for 3-dimension integrated circults-applications owing to their superior mobility
performance [4.1]-[4.3]. In recent years, ‘many: efforts has been devoted to producing LTPS
TFTs with silicon-on-insulator-like (SOI-like) performance by improving the channel
material quality and advanced device structures of poly-Si TFTs for system-on-panel
applications [4.4]-[4.7]. Double gate structure is expected to be the alternative device
structure for the ultimate high-performance ideal metal oxide semiconductor field effect
transistors (MOSFETS). These devices possess the potential advantages of excellent control of
short-channel effects (SCE), drain-induced-barrier-lowering (DIBL), larger on/off current
ratio, and higher channel conductivity [4.8]-[4.17]. If this advanced structure is applied to
polycrystalline-Si, the performance of TFTs will be also improved. From the perspective of
improving channel quality, excimer laser crystallization (ELC) seems to be the most

promising method at this moment for its great potential in mass production and high quality
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silicon grains without damage to glass substrates. Although large grains can be attained in the
super lateral growth (SLG) regime by ELC, many fine grains still spread between these large
grains due to the narrow process window for producing large-grain poly-Si [4.18]-[4.19].
Consequently, non-uniform and randomly distributed poly-Si grains will result in large
variation of TFT performance when the laser energy density is controlled in the SLG regime,
especially for small-dimension TFTs [4.20]-[4.21]. Thus, many laser crystallization methods
have been proposed to produce large grains with uniformly grain size distribution, including
SLS [4.22]-[4.23], grain filters method [4.24], capping the reflective or anti-reflective layer
[4.25], phase-modulated ELC [4.26], dual beam ELA [4.27], double—pulsed laser annealing
[4.28]-[4.29], selectively floating a-Si active layer [4.30], continuous-wave laser lateral
crystallization [4.31]-[4.32], selectively enlarging laser crystallization [4.33]-[4.34], and so on.
However, some of them need complex fabrication process or not readily be attached to the
existing excimer laser annealing systems.

Shrinking the device size is an effective-way to improving the device performance,
but serious short-channel effects is encountered.owing to the insufficient gate controllability
and the numerous intra-grain and inter-grain defects in the poly silicon films. In this work,
high-performance double-gate LTPS TFTs with lateral grain growth via a simple excimer
laser crystallization method have been demonstrated. Because of the double gate operation
mode and lateral silicon grains formed in the channel region, the devices have a high driving
current, steeper subthreshold slope, superior short-channel effect immunity, and suppression
of the floating-body effect. Moreover, not only the fabrication process steps are highly
compatible with the conventional commercial a-Si TFTs but also the uniformity of device
performance can be further improved. At first, the experimental process flows are described in
detail. Next, the microstructure of ELC poly-Si thin film with double-gate structure and the
completed devices are analyzed by TEM. The results of ELC DG LTPS TFT performance are

presented and analyzed, demonstrating the performance and uniformity enhancement
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achieved by combing the new crystallization method with advanced structure. Moreover, we
will also compare the electrical characteristics of top gate, bottom gate, and double gate

devices crystallized with plateau structure.

4.2 Experiments

For the sake of simple analysis and comparison, a schematic cross-sectional view of the
n-channel double-gate poly-Si TFT is shown in Figure 4-1(b) along with the conventional
ELC top-gate TFT, as shown in Figure 4-1(a). The maximum process temperature of
n-channel LTPS TFTs fabrication is 600°C for the dopant activation by furnace annealing.
Figure 4-2 displays the key fabrication steps, for. the proposed double-gate short-channel LTPS
TFTs structure crystallized with .excimerzlaser. annealing. At first, a 1000 A-thick
phosphorus-doped poly silicon layer was .deposited- by low-pressure chemical vapor
deposition (LPCVD) by decomposition of pure silane'(SiH,) at 550°C on silicon wafer with
oxide thickness of 1um. After defining ‘the bottom-gate region, a 1000 A-thick tetraethyl
orthosilicate (TEOS) bottom-gate oxide layer was deposited by plasma-enhanced chemical
vapor deposition (PECVD) at 350°C following a 1000 A-thick a-Si layer deposited by
pyrolysis of pure silane (SiH4) using LPCVD at 550°C. After standard RCA clean process, the
samples were then subjected to 248nm KrF (Lambda Physik Excimer Laser LPX 210i)
excimer laser crystallization (ELC). During the laser irradiation, the samples were located on
a substrate in a vacuum chamber pumped down to 10 Torr and substrate was maintained at
room temperature. The laser beam was homogenized into a semi-gaussian shape in the short
axis and a flat-top shape in the long axis. The number of laser shots per area was 20 (i.e. 95%
overlapping) and laser energy density was varied. A scanning electron microscopy (SEM)

(S4700, Hitachi) is used to get the surface micrograph of poly-Si thin films after
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Secco-etching. After laser crystallization, the poly-Si active layers were etched to define the
active channel region, and a 1000 A-thick TEOS top-gate oxide was subsequently deposited
by PECVD at 350°C. Phosphorus-doped poly-Si layer were deposited by LPCVD for
formation of the top-gate electrode at 550°C. Then, the poly-Si thin films and were etched by
transformer-coupled plasma reactive ion etching (TCP-RIE) to form top-gate electrodes and a
phosphorous ion implantation with dose of 5x10°cm™ was carried out to form source and
drain regions. Next, a TEOS passivation oxide layer was deposited by PECVD at 350°C and
the implanted dopants were activated by thermal annealing at 600°C for 12 h in the N,
ambient. Contact hole opening and metallization were carried out to complete the fabrication
of DG TFTs. Then, a 30-min sintering process was performed in the N, ambient at 400°C to
reduce the contact series resistance of the source and drain electrodes. Finally, LTPS TFTs
were passivated by 2-h NH3; plasma treatment to further improve the device performance. For
comparison, the conventional SPC-DG.TFETs and-conventional ELC TG ones with using the
super lateral growth (SLG) laser annealing condition were also fabricated in the same run. In
addition, we have also fabricated the high-temperature processed TFT by the deposition of
gate oxide by LPCVD at 700°C. All devices were characterized comparatively.

After TFTs formation, an automatic measurement system that combines IBM PC/AT,
semiconductor parameter analyzer (4156C, Agilent Technologies) and a probe station were
used to measure the I-V characteristics. The threshold voltage was defined as the gate voltage
required to achieve a normalized drain current of Ids = (W/L) x 10® A at Vds = 0.1 V. The
transconductance, field effect mobility and subthreshold swing were extracted at Vds = 0.1V,
and the lon/loff current ratio was defined at Vds = 3 V. An analytical field-emission
transmission electron microscopy (TEM) (JEM-2100FX, JEOL Ltd.) was employed to
analyze the microstructure of poly-Si films and the device structure of DG TFTs.
Cross-sectional TEM samples were prepared by focused-ion-beam (FIB) technique (Nova 200,

FEI Company).
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4.3 Results and Discussion

4.3.1 Material Characterization of Excimer Laser-Crystallized
Double-Gate Low-temperature Poly-Si Thin Films

Transistors

The schematic illustration of lateral grain growth mechanism using plateau structure of
a-Si thin film with excimer laser crystallization is shown in the Figure 4-2. When the excimer
laser irradiation is applied on the a-Si.thin film, the applied laser energy density is controlled
to completely melt the thin region -of a-Si film in the, channel region. Since the laser energy
density is almost uniform in a local region;-if the-thickness of thick region of a-Si film near
the edges of bottom gate is thick enough; the.thick region of a-Si film is partially melted, and
a lot of un-melting solid seeds remain near the edges of bottom gate electrode. As a result, a
lateral temperature gradient can be produced between the local thin and thick regions of a-Si
film, and grains will grow laterally towards the complete melting region from the un-melting
solid seeds. Therefore, the lateral grain growth can be artificially controlled in the channel
region of DG TFTs and only one grain boundary perpendicular to the direction of current flow
is formed in the middle of the channel region.

Figure 4-3 (a) and 4-3 (b) display the low magnification, plane-view optical micrograph
and high magnification, bird’s-eye view SEM image of the completed excimer
laser-crystallized double-gate LTPS TFTs. Figure 4-3 (c) exhibits the cross-sectional SEM
graph of the completed excimer laser-crystallized double-gate LTPS TFTs. From the SEM

graphs, the passivation layer, top-gate electrode, top-gate oxide, poly-Si channel, bottom-gate
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oxide, bottom-gate electrode, and the buffer oxide can be distinguished and indicated by the
arrows.

Figure 4-4 is the cross-sectional TEM photograph of the completed DG device and
energy dispersive X-ray (EDX) spectrometer investigated at the gate regions. According to the
cross-sectional TEM image, the connection of the top-gate electrode and the bottom-gate
electrode is fairly good. The energy dispersive X-ray (EDX) analysis is used to verify the
atomic composition existing across the DG TFTs. The EDX results indicate that the top-gate
poly-Si electrode and the bottom-gate poly-Si electrode are connected together by the Al
metal.

Atomic force microscopy (AFM) analysis is used to investigate the surface morphology
of silicon thin film after laser crystallization. Figure 4-5 exhibits that the ridge and hillock
occur at the grain boundaries located at-the center of channel where two grains collide due to
the freezing of capillary waves excited.in the melting silicon during laser crystallization [4.35].
The protruded grain boundaries may cause-severe. gate leakage and thicker gate dielectric
must be integrated into poly-Si TFTs for better reliability.

In order to investigate the relationship between laser energy density and length of lateral
grain growth, the channel length was adjusted to laser energy density of 450 mJ/cm? and laser
shot number of 1 shot. Figure 4-6 (a) ~ 4-6 (c) show the SEM graphs of poly-Si thin films
irradiated by excimer laser in which the device channel length was 1.2, 1.5, 2 um, respectively.
As the device channel length was less than 1.5 um, there were always two columns of
longitudinal grains colliding in the middle of channel region.

Figure 4-7 displays the cross-sectional transmission electron microscopy (TEM)
photograph to analyze the microstructure of excimer laser crystallized poly-Si films, the
gate-stacked structure of double-gate TFT with gate length of 1.2 um, and the selected-area
electron diffraction patterns of the fabricated ELC double-gate poly-Si TFTs. The thickness of

top-gate electrode, top-gate oxide, poly-Si channel layer, bottom-gate oxide, and the
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bottom-gate electrode all are 100 nm. In this case, the laser shot number is 20 shots and the
substrate temperature is maintained at room temperature during laser irradiation. It is
observed that a spatially-controlled silicon grain with 0.60 um in length formed in the channel
region via the super lateral growth phenomenon using excimer laser irradiation with the
plateau structure, shown in the inseted top-view scanning electron microscopy (SEM) image
of excimer laser crystallized poly-Si films shown in the Fig. 4-7. According to the TEM image
in the Figure 4-7, there are two large silicon grains formed in the channel region above the
bottom-gate electrode and only single grain boundary perpendicular to the channel direction
can be artificially controlled in the middle of the channel region. The inset also shows the
high-resolution cross-sectional TEM image of the grain boundary region in the middle of the
channel region. The inset of Fig. 4-7 also depicts the selected-area electron diffraction
patterns of the one of lateral silicon.grains in the channel regions above the bottom-gate
electrode, the top-gate poly-Si electrode, and the.bottom-gate poly-Si electrode, respectively.
The diffraction pattern reveals that theilateral-silicon grain in the channel region exhibits
<123> orientation with respect to the normal.direction of the paper and the crystallinity within
this lateral silicon grain is excellent attributed to the clear dot pattern as compared with the
top-gate poly-Si electrode and bottom-gate poly-Si electrode crystallized by solid phase
crystallization. Moreover, the originally thicker a-Si films around the edges of step height
caused by bottom gate become thinner and smoother. This phenomenon is attributed to two
mechanisms which are the reflow of molten silicon into the sunken regions during excimer
laser annealing and the capillary waves excited by the volume change at the silicon melt

transition.

4.3.2 Electrical Characterization of Excimer Laser-Crystallized
Double-Gate Low-temperature Poly-Si Thin Films
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Transistors

Figure 4-8 (a) and 4-8(b) show the typical transfer and output characteristics of proposed
ELC DG LTPS TFT (Fig. 4-1 (b)) and conventional SPC DG TFT and conventional ELC TG
TFT (Fig. 4-1(a)) for W = L = 1 um. The nominal mobility of the DG TFT was calculated
from transconductance (gm), which we defined as a TG TFT of the same gate length and gate
width with a 100 nm gate-SiO; layer. Owing to both of the uniformly large transverse grains
grown in the device channel region and double-gate operation mode, this proposed ELC DG
TFT exhibits better electrical characteristics than conventional SPC DG TFT and
conventional ELC TG TFT. Table 4-1 lists several important electrical characteristics of these
there different TFTs. Via the top and bottom, gates connected together, the higher electron
density in the channel region at on state and.the channel.is more efficiently modulated by both
gate electrodes [4.36]. Obvious improvement .in devices: characteristics is obtained for ELC
DG TFTs instead of ELC TG TFTs, the threshold'voltage decreases from -1.60 to -1.55 V, SS
decreases from 0.258 to 0.172 V/dec, field-effect-mobility increases from 186 to 550 cm?/Vs,
lon/loft increases from 4.37x 10 to 4.35x 10° , and DIBL decreases from 0.241 to 0.075.
Because the top and bottom gates are symmetrical, in which the gate oxide thickness is the
same, and connect together electrically to obtain a perfect coupling between the surface
potential in the channel region and the gate. Consequently, the influence of the source and
drain depletion regions are kept minimal, which in turn reduce the short channel effects by
screening the source and drain electrical field lines away from the channel. In addition, lateral
silicon grains formed in the channel region as the bottom-gate TFTs is obtained, the DG
devices have a higher driving current, steeper subthreshold slope, smaller
drain-induced-barrier-lowering, superior short-channel effect immunity, and suppression of

the floating-body effect. But the proposed ELC DG TFT has a high off-current under a large
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negative gate bias at the Vds = 3 V from the Id-Vg transfer characteristics. The large leakage
current indicates that ELC DG TFTs suffer a higher lateral peak electric field than the ELC
TG TFT [4.37]. If offset, lightly-doped-drain (LDD) and gate-overlapped lightly-doped-drain
(GOLDD) structures were applied to the ELC DG TFTs, the severe anomalous off-current
could be relieved by reducing the lateral peak electric field in the drain region [4.38]-[4.45].
In order to avoid the threshold voltage difference, the applied gate driving voltages in Figure
4-8 (b) are kept at constant values of |Vg-Vth| = 4, 8, 12 and 16 V, respectively. It is
demonstrated that the ELC DG poly-Si TFTs exhibit higher driving capability due to both of
the location-controlled silicon grains in the channel and double-gate operation mode. Take the
|[Vg-Vth| = 8 V as an example, the current drivability of ELC DG poly-Si TFTs is about 2.1
times as large as that of an ELC TG poly-Si TFT and 18.1 times as large as that of a SPC DG
poly-Si TFT under the same bias condition. At higher gate voltages, however, the current ratio
between these three devices decreases..The plausible.reason is the self-heating effect due to
the large driving current on the poor thermal-conducting SiO, substrate. It also clearly shows
that ELC DG poly-Si TFTs provide better eurrent-saturation characteristics than the other two
TFTs. The superior short channel characteristics and driving capability imply that the
proposed ELC DG-TFT structure is more suitable for high-resolution active matrix liquid
crystal displays, active matrix organic light emitting displays, and device scaled-down
applications.

The grain boundary trap state densities (Nt) of the conventional TG and proposed DG
poly-Si TFTs were estimated according to the modified Levinsons analysis [4.46]-[4.47]. The
Nt was extracted from the slopes of In(Io/Ves) versus 1/(Ves) at Vps=0.1 V and high Vs.
Figure 4-9 displays that ELC DG poly-Si TFT exhibits the Nt of 9.72x 10* cm™ four times
smaller that of conventional ELC TG TFT. This result implies that DG TFTs with lateral
silicon grains possess better crystallinity and fewer microstructure defects which are also

confirmed by cross-sectional TEM image of excimer laser crystallized poly-Si thin films with
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double-gate structure shown in the Figure 4-10.

The dependence of field effect mobility on temperature for ELC DG TFTs with lateral
silicon grains, ELC TG TFTs with random silicon grains and SPC DG TFTs was investigated
to study the electron-transport-scattering mechanism of poly-Si thin films, as shown in the
Figure 4-11. For ELC TG TFTs with random silicon grains, the electron field-effect-mobility
increases as the temperature increases. Such positive temperature dependency of
field-effect-mobility is attributed to the reduced grain boundary scattering where the
probability of carrier transport over the grain boundary potential barrier height by thermionic
emission increases [4.48]-[4.49]. On the other hand, negative dependency of
field-effect-mobility for ELC DG TFTs with lateral silicon grains indicates lattice-phonon
scattering is the dominate scattering mechanism because only one grain boundary
perpendicular to the direction of Jeurrent flow in the channel region [4.50]. The
field-effect-mobility of SPC DG TFTs. increase.-as first and then starts to decrease as the
temperature increases, indicating grain=boundary.scattering and lattice-phonon scattering
compete with each other and dominate ‘under. different temperature.

Figure 4-12 displays the dependence of field effect mobility on laser energy densities for
DG TFTs and conventional TG ones whose channel length is 1 um. Twenty TFTs were
measured for each laser irradiation condition to investigate the device-to-device uniformity.
Compared to the conventional ELC TG-TFTs, it was found that ELC DG-TFTs with lateral
silicon grains exhibited smaller electrical deviation since the number of spontaneous small
grains and grain boundaries were reduced and the uniformity of TFTs performance could be
improved with artificially laterally-grown grains.

The device transfer and output characteristics of high-temperature and low-temperature
DG TFTs are shown in Figure 4-13 (a) and 4-13 (b), respectively. Some important electrical
characteristics of LTPS TFTs are also listed in Table 4-2. Opened curves are for the
low-temperature processed DG TFTs with PECVD gate oxide at 350 “C. The field-effect
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mobility was 550 cm?/Vs at Vds = 0.1 V. The off current was 1 pA/um at Vds = 3 V. The
on—-off current ratio was 4.30x 10°. Threshold voltage was -1.55 V, and a subthreshold swing
0.180 V/decade, respectively. The output characteristic shows the kink current was mostly
suppressed. Characteristics are also shown in Fig. 4-13 (a) by solid curves for the
high-temperature processed TFT. The field-effect mobility was 1050 cm /Vs, the off current
0.2 pA/um, the threshold voltage -2.58 V, the subthreshold voltage swing 0.166 V/decade, and
DIBL 0.059 V/V, respectively.

The high field-effect mobility means that the single high angle grain boundary in the
middle of the channel region does not disturb seriously the carrier drift transportion. And the
low off current implies that the crystallinity and defect density of the grain at the drain region
is pretty good and low. For the kink effect, there is also a room for perfect killing, since deep
traps at the grain-boundary can act more effectively as.carrier recombination centers, if the Si
film thickness is reduced from 100-nm.. In addition, we speculated that the further improved
performance for the high temperature.processed TFT with LPCVD gate oxide came
predominantly from the better quality gate insulator and the thermally annealing of the
insulator-semiconductor interface. Thus, we expect that the low-temperature TFT
performance can be improved by better cleaning process and deposition process of
high-quality SiO,. Figure 4-14 displays the basic electrical characteristics of the n-channel
and p-channel ELC DG LTPS TFTs with LPCVD gate oxide. Some important electrical
characteristics of high-temperature processed ELC DG LTPS TFTs are also listed in Table 4-3.
Ultra high-performance ELC DG LTPS TFTs with field effect mobility of 1050 cm?/V-s for
n-channel and 484 cm?/\-s for p-channel, substhreshold swing of 166 mV/dec for n-channel
and 96 mV/dec for p-channel, on/off current ratio more than 10° for n-channel can be
achieved. These values are superior to those of single-crystal silicon MOSFET.

Proposed double-gate TFTs are less prone to the self-heating effect than the conventional

single-gate TFTs, shown in Figure 4-13 (b). Indeed, single-gate TFTs are thermally isolated
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from the substrate owing to the thick buried oxide, which exhibits a low thermal conductivity.
In the case of double-gate TFTs, the device channel regions are isolated from the substrate by
the top-gate electrode, bottom-gate electrode, and two thin gate-oxide layers, which exhibit a
much better thermal conductivity path to the substrate than a thick buried oxide. Thus, in spite
of the high driving current in the double-gate TFTs, slightly self-heating effect is observed in
DG TFTs.

Figure 4-15 (a) shows the comparison of the transfer characteristics of top gate, bottom
gate and double gate devices crystallized by ELC with plateau structure in which the channel
length is 1um and P-type carrier. It is found that the on current is enhanced with the
double-gate TFTs. For the comparison of bottom gate and top gate devices, the current drive
in the single gate operation is not the same between the top-gate and bottom-gate devices.
This is considered to be attributed to.the asymmetrical channel structure resulting from the
process steps of device fabrication. The.top gate TFTs.exhibit higher field-effect mobility than
bottom gate ones. This might arise fromithe fact-that the-TG device is a self-aligned structure
during ion implantation of source/drain regions,-while the BG device is a non-self-aligned
structure. Therefore, the parasitic resistance in TG device is smaller than that of BG device
and the TG exhibit higher performance than BG one. For the comparison of double gate
devices and top/bottom gate devices, we could refer to the extracted electrical characteristics
listed in Table 4-4. The steeper subthreshold swing and smaller DIBL reveal the enhanced
gate controlling ability of double gate structure. The equivalent field-effect mobility of
p-channel double gate TFTs was 484cm?/\V-s, while that of p-channel top gate TFTs and
p-ahannel bottom gate TFTs was 221cm?/V-s and 130cm?\V-s, respectively. The driving
current of double gate devices is higher than the sum of top gate and bottom gate devices, as
shown in Figure 4-15(b). This phenomenon indicates that the top-gate electrode and
bottom-gate electrode are well-coupled and give both influences on the channel carrier

density in the double-gate TFTs.
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4.4 Summary

A novel high-performance DG LTPS TFTs have been fabricated by excimer laser
crystallization. The microstructure of poly-Si films and the completed device structure were
analyzed by an analytical transmission electron microscopy. Because the top and bottom gates
are symmetrical, in which the gate oxide thickness is the same, and connect together
electrically to obtain a perfect coupling between the surface potential in the channel region
and the gate. Consequently, n-channel DG LTPS TFTs exhibit high field-effect-mobility of
550 cm?/Vs, SS of 0.172 V/dec, lon/lor OF 4.35x 10°, and DIBL of 0.075 and excellent short
channel characteristics because of the large transverse grains artificially grown in the channel
region and double-gate structure for better gate controllability. In addition, the experimental
results reveal a steeper subthresheld value,“smaller drain-induced-barrier-lowering, higher
driving current, suppression of the floating-body effect, and excellent device uniformity in
proposed DG TFTs. Moreover, ELC DG LTPS TFTs (W/L = 1/1 um) with high-temperature
processed LPCVD gate oxide have the equivalent field-effect-mobility exceeding 1050
cm?/Vs for the n-channel device, 484 cm?/Vs for the P-channel device, substhreshold swing
of 166 mV/dec for n-channel and 96 mV/dec for p-channel, on/off current ratio higher than
10° for both structures, smaller DIBL (59 mV/V) for n-channel ones, DIBL (33 mV/V) for
p-channel ones. We also compare the electrical characteristics of top gate, bottom gate and
double gate devices crystallized by ELC with plateau structure in which the channel length is
1um and P-type carrier. From the experimental results, the performances are greatly improved
in the double-gate TFTs as compared with the top-gate TFTs and bottom-gate TFTs. The
larger on current, higher field-effect mobility, steeper subthreshold swing and smaller DIBL

reveal the enhanced gate controlling ability of double gate structure. The ELC DG TFTs are,
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therefore, ideally suitable for future system-on-panel and 3 dimensional integrated circuit

applications.
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Table 4-1
Measured electrical characteristics of ELC DG TFTs with lateral grain growth, SPC DG
TFTs, and conventional ELC TG TFTs.

TFT Structures Threshold Field-effect On/off
(W=L=1um) Voltage mobility

Subthreshold DIBL

Swing (V/dec) (viv)  current

ratio

N-channel (V) (cm2/V/s)
Proposed

8
ELC DG TFT 4.30x 10
Conventional
-1.60 186 0.258 0.241 7
ELC TG TFT 4.37x10
Proposed
1.91 40.0 0.850 0.414 6
SPC DG TFT 7:50x 10
2
1= '"“
Table 4-2

Measured electrical characteristics of ELC DG TFTs with high-temperature LPCVD gate
oxide and ELC DG TFTs with low-temperature PECVD gate oxide.

Field-effect-

TFTStructuresThrEShOId mobility Subthr_eshold DIBL On/off

(W=L=1um)

Voltage Swing current
(V) (cm2/Vs) (V/dec)

L) ratio

PECVD TFT

LPCVD TFT
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Table 4-3

Measured electrical characteristics of high-temperature processed n-channel and

p-channel ELC DG TFTs with lateral grain growth.

Threshold Field-effect- Subthreshold
Voltage mobility Swing
(V) (cm2/Vs) (mV/dec)

TFT Structures

(W=L=1um) (VIV)

LPCVD
p-channel TFT

DIBL

On/off
current
ratio

LPCVD
n-channel TFT

 able 4

Measured electrical characteristics of ELC DG TFTs with lateral grain growth, ELC TG

TFTs with lateral grain growth, and ELC BG TFTs with lateral grain growth.

TFT Structures Threshold Field-effect
(W=L=1um) Voltage mobility

Subthreshold DIBL

P-channel V) (cm2/Vs) Swing (V/dec)  (VIV)

Proposed
ELC DG TFT

On/off
current
ratio

1.10x 108

Proposed
-2.17 221 0.159 0.052 8
ELC TG TFT 1.23x 10
Pr
oposed -4.45 130 0.238 0.210 5.47x 107

ELCBG TFT
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Figure 4-2. The key fabrication process steps for the proposed short-channel double-gate

LTPS TFTs structure crystallized with excimer laser annealing.
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Figure 4-3. (a) The optical micrograph, (b) the bird-eye SEM graph, and (c) the
cross-sectional SEM graph of proposed excimer-laser-crystallized double-gate

LTPS TFTs.
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Figure 4-4. The Cross-sectional TEM photograph of connection of the top-gate electrode and
the bottom-gate electrode and energy dispersive X-ray (EDX) Spectrometer

analyses.
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Figure 4-5. Atomic force microscopy (AFM) images of poly-Si thin film with bottom-gate

structure after laser irradiation.
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Figure 4-6. Scanning electron microscope (SEM) micrographs of excimer laser crystallized
poly-Si film with bottom-gate structure after Secco etching, in which the device

channel length was (a) 1.2, (b) 1.5, and (c) 2 um, respectively.
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Figure 4-7. The cross-sectional TEM image and the selected-area electron diffraction patterns
of the fabricated ELC double-gate poly-Si TFTs. The channel length of DG TFTs
is 1.2 um. The thickness of top-gate electrode, top-gate oxide, poly-Si channel
layer, bottom-gate oxide, and the bottom-gate electrode all are 100 nm. The insets
show the top-view SEM graph of excimer laser-crystallized poly-Si thin films with
bottom-gate structure and the high-resolution cross-sectional TEM image of the

grain boundary region.
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Figure 4-8 (b). Output characteristics of proposed ELC DG TFT, conventional SPC DG TFT,
and conventional ELC TG TFT.
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Figure 4-9. Plot of In(Ip/Ves) versus 1/(Vgs) curves at Vps = 0.1 V and high Vgs for DG

poly-Si TFTs and conventional TG ones.

Figure 4-10. FIB-prepared cross-sectional TEM image of excimer laser crystallized DG

poly-Si TFTs.
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Figure 4-11. The dependence of field effect mobility on temperature for ELC DG TFTs with

lateral silicon grains, ELC*TG TFTs with random silicon grains and SPC DG

TFTs.
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Figure 4-12. Dependence of field-effect mobility on applied laser energy density for ELC DG

TFTs with lateral silicon grins and conventional ELC TG ones.
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Figure 4-13 (a). Transfer characteristics of proposed high-temperature ELC DG TFT with

LPCVD gate oxide and proposed low-temperature'ELC DG TFT with PECVD gate oxide.
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Figure 4-13 (b). Output characteristics of proposed high-temperature ELC DG TFT with

LPCVD gate oxide and proposed low-temperature ELC DG TFT with PECVD gate oxide.
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Figure 4-14(a). Transfer characteristics of high-temperature processed n-channel and

p-channel ELC DG LTPS TET with LPCVD gate oxide.
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Figure 4-14(b). Output characteristics of high-temperature processed n-channel and p-channel
ELC DG LTPS TFT with LPCVD gate oxide.
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Figure 4-15 (a). Transfer characteristics of proposed p-channel ELC DG TFT, proposed
p-channel ELC TG TFT, and proposed p-channel ELC BG TFT which are

crystallized with plateau structure.
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Figure 4-15 (b). Output characteristics- of proposed -p-channel ELC DG TFT, proposed
p-channel ELC TG TFT, and ‘proposed p-channel ELC BG TFT which are

crystallized with plateau structure, and conventional p-channel TG TFT.
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Chapter 5

Periodically Lateral Silicon Grains Fabricated by
Excimer Laser Irradiation with Amorphous Silicon
Spacers and Its Application to High-Performance
Low Temperature Polycrystalline Silicon

Thin Film Transistors

5.1 Introduction

Low-temperature polycrystalline silicon=-(LTPS) thin film transistors fabricated by
excimer laser crystallization (ELC) have ‘been extensively studied for active matrix liquid
crystal displays (AMLCDs) and active matrix organic light emitting displays (AMOLEDS)
owing to their high driving-current capability [5.1] - [5.2]. Although field-effect-mobility of
200 cm?/V/s for TFTs has been attained by ELC, it is difficult to make the laser energy density
hit the super lateral growth regime everywhere due to the fluctuation of pulse-to-pulse energy
and amorphous silicon (a-Si) layer thickness [5.1] - [5.5]. Furthermore, in the applications of
system-on-panel (SOP), high-performance LTPS TFTs are still needed to integrate memory
and controller with driver circuits on a single substrate. Thus, there is a great interest in
improving the performance of LTPS TFTs by laser crystallization approaches, including
sequential lateral solidification by laser beam scanning within several micrometers step by

step [5.6]-[5.9], phase-modulated ELC using an optical phase-shift mask [5.10]-[5.12],

119



u-Czochralski (grain filters) method [5.13]-[5.15], ELC of selectively floating a-Si layer
[5.16]-[5.17], CLC method using the diode-pumped solid state continuous wave laser
[5.18]-[5.19], and selectively enlarging laser crystallization (SELAX) [5.20]. However, most
of them are complicated or not easy to be controlled from the viewpoints of LTPS TFTs
fabrication.

In the previous works, the crystallinity of poly-Si thin film can be effectively enhanced
via ELC with bottom-gate structure, however it is inevitable that there is a high angle grain
boundary in the middle of channel region, which degrades the TFT performance and
reliability. In this chapter, a novel and simple laser crystallization method which can remove
the high angle grain boundary and produce the large and uniform grains in the desired local
region is proposed to improve the field-effect mobility as well as the device uniformity.
Consequently, high-mobility poly-Si TETs has been-demonstrated owing to the periodically
lateral silicon grains with 2 um in-length artificially. grown in the channel regions via the
amorphous silicon spacer structure -withtexcimer-laser ‘irradiation. The concept of controlled
lateral grain growth is first discussed. ‘Then,.the experimental details are described in detail.
Next, the microstructure of ELC poly-Si thin film with a-Si spacer structure is analyzed by
SEM, Raman spectrum, and AFM. The electrical characteristics of the resulting ELC LTPS
TFT performance are presented and analyzed. It leads to the enhancement of device
performance and the improvement of device uniformity. The effect of the number of grain

boundary on large dimension TFTs is also investigated.

5.2 The Basic Concept of Periodically Lateral Silicon
Grains Employing Excimer Laser Crystallization with a-Si

Spcaer Structures
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It is well-known that the electrical characteristics of poly-Si TFTs are deeply influenced
on the microstructure of poly-Si thin films, including grain crystallinity, grain size, grain
structure, grain boundary, and grain orientation. Reducing the grain boundaries within the
active channel region is an effective way to improving TFT performance and uniformity. As
expected, the lateral large grains with excellent quality in the channel region are desirable for
the device fabrication and circuit application. The TFTs without any grain boundary
perpendicular to the current flow will exhibit superior performance, including large on current,
high field-effect mobility, steeper subthreshold swing, and low leakage current. For the
formation of large silicon grains at the desired position, controlling the Si nucleation site at
the selected region are fabricated by a-Si spacer structure. The proposed process steps of
excimer laser annealing on a-Si thin films with spacer structures is illustrated in Figure 5-1. A
lateral temperature gradient in the melted silicon will-induce the lateral grain growth. Besides,
there must be un-melted solid silicon.seeds to act as the nucleation sites for lateral grain
growth between the adjacent areas. Intour-proposed. ELA method employing a-Si spacer
structure, one dimensional temperaturé-gradient.in induced. In this work, the a-Si thin film
with two kinds of thicknesses in a local region was adopted to produce a local temperature
gradient during the excimer laser irradiation. The a-Si thin films with spacer structure are
fabricated by using the dry-etching of the a-Si/TEOS-SIiO, step structure following the TEOS
stripping-off before excimer laser irradiation. A schematic illustration of lateral grain growth
in the channel region using spacer structure of a-Si thin film with ELA is displayed in Fig. 5-2.
As the excimer laser irradiation is performed on the a-Si thin film, the applied laser energy
density is controlled to completely melt the thin region of a-Si film but partially melt the
thicker region of a-Si spacer-structured films. Therefore, un-melting solid seeds remain at the
spacer position and a lateral temperature gradient can be produced between the complete
melting liquid-phase regions and un-melting solid-phase silicon seeds. The lateral grain

growth started from the partial-melted spacer silicon solid seeds and extended toward the
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completely melted region until the solid-melt interface from opposite direction impinges.
Owing to the tiny width of the a-Si spacer (< 500A), the a-Si spacers can be arranged
periodically inside the channel region. Hencc, as the channel region and the location of a-Si
spacers are properly designed, the lateral grain growth can be artificially controlled in the
desired local region and the grain boundary perpendicular to the current flow in the channel
region can be reduced. LTPS TFTs made by this new crystallization method will exhibit

higher performance and better uniformity.

5.3 Experiments

The maximum process temperature of n-channel LTPS TFTs fabrication is 600°C for the
dopant activation by thermal annealing in the, N2.ambient. Figure 5-3 illustrates the key
processes for the fabrication of LTPS TFTs crystallized by ELC with a-Si spacer structure. At
first, a 1000 A-thick amorphous silicon (a-Si) layer was deposited by pyrolysis of pure silane
(SiH4) by low pressure chemical vapor deposition (LPCVD) at 550°C on oxidized silicon
wafer with oxide thickness of 1um. Then, a 500 A-thick tetraethyl orthosilicate (TEOS) oxide
layer was deposited by plasma-enhanced chemical vapor deposition (PECVD) at 385°C. Next,
the TEOS oxide layer in some regions was removed using reactive ion etching (RIE) to form
individual islands following by another 1000 A-thick a-Si layer deposition by LPCVD at
550°C. Subsequently, the upper a-Si layer was etched by transformer-coupled plasma reactive
ion etching (TCP-RIE) to leave the a-Si spacer on the initial a-Si thin film. The a-Si spacers
with 500 A height were formed at the sidewalls of the TEOS islands. After stripping-off the
remains of TEOS oxide by buffer oxide etchant (BOE) and standard RCA cleaning, excimer
laser crystallization (ELC) was performed by KrF excimer laser (A=248 nm). During the laser

irradiation, the samples were located on a substrate in a vacuum chamber pumped down to
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10" Torr and substrate was maintained at 400°C. The number of laser shots per area was 20
(i.e. 95% overlapping) and laser energy density was varied. A scanning electron microscopy
(SEM) was used to get the surface micrograph and the microstructure of poly-Si thin films
after Secco-etch. A Raman spectroscopy was employed to analyze the crystallinity of poly-Si
film in the channel region. The surface morphology of laser-crystallized poly silicon thin film
was investigated by atomic force microscopy (AFM) analysis. After defining the device active
region, a 1000 A-thick TEOS gate oxide was deposited by PECVD at 385°C. Then, a 2000
A-thick a-Si thin film was then deposited by LPCVD at 550°C for gate electrode. The a-Si
thin film and gate oxide were etched by TCP-RIE to form the gate electrode. A self-aligned
phosphorous ion implantation with dose of 5x10°cm™ was carried out to form source and
drain regions. Next, a 3000 A-thick TEOS passivation oxide was deposited by PECVD at
350°C and the implanted dopants were'activated by thermal annealing at 600°C for 12 hours.
Finally, after contact hole opening by reactive:ion. etching, aluminum thin film with a
thickness of 5000 A was deposited by -sputtering and Al metal pads were patterned to
complete the fabrication of TFTs with'spacer structure. No hydrogenation plasma treatment
was performed during the device fabrication process. For the sake of comparison, the
conventional excimer-laser-crystallized LTPS TFTs with a channel thickness of 1000A were

also fabricated in the same run.

5.4 Results and Discussion

5.4.1 Material Characterization of ELC Poly-Si Thin Films with

a-Si Spacer Structure
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Figure 5-4 (a) and Figure 5-4 (b) display the SEM images of a-Si spacer structure
formation. Two apparent silicon spacer lines with 1500 A-thick are indicated by white dash
lines fabricated by using the dry-etching of the a-Si/TEOS-SiO; step structure following the
TEOS stripping-off in the Figure 5-4 (a). According to the magnified SEM image of Figure
5-4 (b), the 50 nm-wide a-Si spacer is successfully formed without using advanced
photolithography process or expensive electron beam lithography equipment.

Atomic force microscopy analysis is used to investigate the surface morphology of
silicon thin film before and after laser crystallization. Figure 5-5 (a) and Figure 5-5 (b) display
the AFM images of silicon thin film with 1500 A-thick spacer height before and after excimer
laser irradiation, respectively. Three apparent silicon spacer lines are indicated by white dash
lines formed using dry-etching of the a-Si/TEOS-SIO; step structure following the TEOS
stripping-off before laser irradiation .in the Figure 5-5 (a). After laser crystallization, the
spacers disappear and the silicon -thin. film becames smooth due to the effect of surface
tension during excimer laser irradiations. The location of a-Si spacers has been verified by
protecting some spacers from excimer laser.crystallization. The ridge and hillock occur at the
grain boundaries due to the freezing of capillary waves excited in the melting silicon during
laser crystallization [5.21]. Figure 5-6 shows the Raman spectra from poly-Si film with
periodic lateral grains, from the conventional excimer-laser-crystallized poly-Si film, and
from a silicon wafer for reference. The insets describe that full width at half maximum
(FWHM) and normalized peak intensity of the poly-Si film with periodic lateral silicon grains
(PLSG) are close to those of silicon wafer, reflecting that the crystallinity of PLSG poly-Si
film is better than that of conventional ELC poly-Si film.

Figure 5-7 (a) and 5-7(b) exhibit the SEM photographs of excimer laser crystallized
poly-Si with a-Si spacer structure after Secco etching and the distances between adjacent a-Si
spacers are 2 um and 3 um, respectively. The inset of Figure 5-7(a) shows the microstructure

of conventional ELC poly-Si with the same scale. The location of a-Si spacer is indicated by
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white dash lines. It can be observed that Figure 5-7 (a) shows the transverse grains with 2 um
in length formed periodically in the laser crystallized poly-Si thin film, while small and fine
grains which are formed in the middle region of the channel caused by spontaneous
homogeneous nucleation, presented in Figure 5-7 (b). It has been reported that lateral thermal
gradient could arise as a result of the heat generated at moving solid-melting interfaces [5.5]-
[5.22]. As a proper laser energy density is performed on the amorphous silicon thin film
containing different thickness, the thin silicon region is completely melted while the thick
region is partially melted, and the lateral grain growth starts from the un-melted solid Si
toward the completely melted thin region. In this experiment, as excimer laser irradiation is
performed on the amorphous silicon thin film with a-Si spacers, the laser energy densities can
cause complete melting 1000 A-thick silicon thin film but partial melting 1500 A-thick a-Si
film. Therefore, the 1000 A-thick poly=Si film with'the 500 A-thick spacer will proceed the
lateral grain growth starting from=the. un-melted silicon solid seed under the spacer, and
extend toward the completely melted region-until the solid-melt interface from opposite
direction impinges. If the a-Si seeds were arranged in-a proper distance, periodic grain growth
will be manufactured without any spontaneous nucleation. Thus, the grain boundaries in the
channel region can be controlled and reduced. From the SEM analyses, the maximum
achievable length of lateral grain growth in this crystallization method is about 2.5 um. Since
the number of spontaneous small grain and grain boundary is reduced, the uniformity of TFTs

performance can be improved with artificially periodic lateral grains.

5.4.2 Electrical Characteristics of LTPS TFTs Fabricated Using

Excimer Laser Irradiation with a-Si Spacer Structure

Typical transfer characteristics and output characteristics of LTPS TFTs with periodic
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lateral silicon grains and conventional ones for W = L = 2 um are shown in Figure 5-8(a) and
Figure 5-8(b), respectively. Several important electrical characteristics of the TFTs are listed
in Table 5-1. The threshold voltage was defined as the gate voltage required to achieve a
normalized drain current of lgs = (W/L) x 108 A at Vg = 0.1 V. The field-effect mobility and
subthreshold swing were extracted at V4= 0.1 V, and the lo./los current ratio was defined at
Vg = 5 V. Because of the uniformly large transverse grains grown in the device channel
region, TFTs with periodic lateral grains exhibit better electrical characteristics than the
conventional ones. Poly-Si TFT with field effect mobility of 298 cm?Vs can be achieved
using this a-Si spacer crystallization method while the mobility of the conventional
counterpart is about 128 cm?/Vs. It is generally believed that the grain boundary acts as a
strong trapping center which degrades the performance of TFTs resulting from grain boundary
potential barrier height. The high field.-effect mobility:is attributed to that the carrier transport
is not interrupted by the grain boundary parallel to.the channel direction for the periodic
lateral grain silicon structure. Although small-and-fine grains are located in the channel region
as the distance between neighboring a-Si'spacersexceeds 2.5 um, the characteristics of TFTs
crystallized with a-Si spacer structure are still better than those of conventional TFTs.

In addition to the improvement of LTPS TFTs performance, TFTs with periodic lateral
grains demonstrate better uniformity due to the wide laser process window. Figure 5-9(a) and
5-9(b) show the dependences of field effect mobility and threshold voltage on laser energy
densities for LTPS TFTs crystallized with two different structures whose channel length is 2
um. In the Figure 5-9(a) and 5-9(b), twenty TFTs for each laser irradiation condition are
measured to study the device-to-device variation. The vertical bars in the figures indicate the
maximum and minimum characteristic values and the solid symbols are the average
calculated characteristic values at the specific laser energy density. Unlike the conventional
devices, it is found that the threshold voltage and field effect mobility of LTPS TFTs with

periodic lateral grains are much less sensitive for different laser energy densities.

126



Since periodic lateral silicon grains can be arranged periodically inside the channel
region (Figure 5-7(a)), this proposed crystallization method is also suitable for
large-dimension TFTs. Figure 5-10isplays the schematic illustration of the positions of a-Si
spacer in the channel region for large-sized device. Periodic lateral grains are constructed
inside the channel and the number of longitudinal grain boundary can be varied by adjusting
the distance of adjacent a-Si spacers. Figure 5-11a) and Figure 5-11b) show the typical
transfer characteristics and output characteristics of LTPS TFT crystallized with periodic
lateral silicon grains, in which the distance between neighboring a-Si spacers is 2.5 um, and
conventional one for W = L = 10 um, respectively. Table 5-2 summarizes several important
electrical characteristics of the TFTs crystallized with conventional and a-Si spacer structures,
in which the distances between adjacent spacers are 1 um, 2 um, 2.5 um, 3 um, and 4 um,
respectively. The device channel width:and length are'equal 10 um. Periodic lateral grains in
the channel region make the performance of poly-Si. TETs better than that of conventional
TFTs. Besides the enhancement of field. effect-mobility, high on/off current ratio and low
threshold voltage are also demonstrated in.these.devices. These electrical characteristics are
gradually improved due to the decrease of the number of longitudinal grain boundary in the
channel region as the distance between adjacent a-Si spacer increases. The optimal electrical
characteristics are obtained when the distance between neighboring a-Si spacers is 2.5 um.
This result consists with the SEM analyses, which reveal the largest lateral grain crystallized

made by this technique is about 2.5 um.

5.5 Summary

A new crystallization technology for producing periodic lateral silicon gains has been

developed by excimer laser irradiation with a-Si spacers. The 50 nm-wide a-Si spacers are
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successfully formed without using advanced photolithography process or expensive electron
beam lithography equipment. The transverse grains with 2 um in length formed periodically
in the excimer laser crystallized poly-Si thin film with better crystallinity as compared with
the conventional ELC poly-Si films. Consequently, in addition to the high-performance
n-channel LTPS TFTs with field-effect-mobility reaching 298 cm?Vs in 2 pum design rule,
excellent uniformity of device performance is also demonstrated owing to the
artificially-controlled periodic lateral grain growth. Large-dimension TFTs crystallized with
the distance between adjacent a-Si spacers of 2.5 um also exhibit the better characteristics
resulting from the minimum number of longitudinal grain boundary in the channel region.
LTPS TFTs with periodic lateral silicon grains are therefore promising for future

system-on-panel applications.
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Table 5-1
Measured electrical characteristics of LTPS TFTs crystallized with a-Si spacer and

conventional structures.

Field-effect | Subthreshold
Structure Threshold . . On/off Current
Voltage (V) Mobility Swing Ratio (10")
(cm?/Vs) (mV/dec)
ti |
Conventiona -0.652 155 1072 0.17
(W=L=15pm)
S
S1 spacer 0.46 312 310 8.2
(W=L=15pm)
C ti |
onventiona 1.94 128 738 33
(W=L=2pm)
A-Si
| spacer 0.86 298 477 6.3
(W=L=2pm)
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Table 5-2
Measured optimal electrical characteristics of LTPS TFTs crystallized with conventional

and a-Si spacer structures, respectively.

Field-effect-
Structure Threshold Mobility Subthreshold [On/off current
(W/L =10/10 um) | Voltage (V) (cm?Vs) Swing (V/dec)| ratio (10°)
Conventional
6.16 114 1.61 0.93
Spacer distance | g gg 141 1.68 2.5
=1pm
Spacer distance
4.88 170 1.27 7.7
=2pum
Spacer distance
5.35 176 1.13 8.9
=25pum
ist
Spacer distance 6.40 176 181 6.8
=3 um
S dist
Pacer dStan® 1 599 168 1.73 14
=4 um
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Figure 5-1. The proposed processes of excimer laser annealing on a-Si thin films with a-Si

spacer structures.
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Figure 5-4. (a) The SEM images of a-Si spacer structure formation. (b) The enlarged SEM

image.
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Figure 5-5(a). AFM images of poly-Si thin film with spacers of 1500 A-height before excimer

laser irradiation.
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Figure 5-5(b). AFM images of poly-Si thin film with spacers of 1500 A-height after excimer

laser irradiation.
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Figure 5-6. Raman spectra for poly-Si film with periodic lateral grains and those for

conventional ELC poly-Si film.

135



Conventional

a-Si spacers ¥ Eynee
ELC Si grains

7S

15.0kV 12.8mm x25'0k SE(M)

|
1
|
|
|
|
1
|
|
|
|
|
|
|
|
|
|
[

15.0kV 13.0mm x25.0k SE(M)
Figure 5-7(b). SEM image of excimer laser crystallized poly-Si film with a-i spacer structure

after Secco etching and the distances between adjacent a-Si spacers are 3 um.

136



600

10° } —— TFT with a-Si spacer V =5V
—e&— conventional TFT i 500 T
WIL=2umv2um o
— Q
< m
—~— 400

_3 3
€ 14
° Jou0 5
= 1 S
(] =
£ 200 <
s 3
(] SM
100 3
&

0

20

Gate Voltage Vgs (V)

Figure 5-8(a). Transfer characteristics:*of LTRPS , TFT with a-Si spacer structure and

conventional TFT.

—— TFT with a-Si spacer _
—e— conventional TFT T

WIL=2um/2um _ /7
"

7NV E1eV
0.30 } Ve i

5 55 &

(mA)

(el :.---_"'": L
8
0.25
0.20

0.15

Drain Current |

0.10
0.05

0'00 . 1 1 1
0 2 4 6 8

Drain Voltage V__ (V)
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Chapter 6

Low Temperature Polycrystalline Silicon Thin-Film
Transistors on Location-Controlled Silicon Crystal
Grains Fabricated by Pre-Patterned Silicon Films

with A-Si Spacers using Excimer Laser Irradiation

6.1 Introduction

Low-temperature polycrystalline silicon (LTPS).thin film transistors (TFTs) have been
extensively studied for active matrix liquid crystal-displays (AMLCDs), active matrix organic
light emitting displays (AMOLEDSs); ‘and great ‘potential for flexible electronics and
3-dimensional integrated circuits (3D-1Cs) applications owing to their high driving-current
capability and better thermal reliability [6.1] - [6.4]. Metal-induced lateral crystallization
(MILC) of amorphous silicon (a-Si) thin film has been proved to produce good-performance
LTPS TFTs [6.5]. However, metal contamination and high intra-grain defect densities in
MILC poly-Si thin films degrade TFT performance, such as large leakage current, high
subthreshold swing, and so on [6.6]. At this moment, excimer laser crystallization (ELC)
seems to be the most promising method for its great potential in mass production and high
quality silicon grains without damage to glass/plastic substrates. However, the average grain
size of poly-Si thin films recrystallized by conventional ELC is less than 0.8 um, which
results in inferior TFTs performance as compared with silicon-on-insulator (SOI)

metal-oxide-semiconductor field-effect-transistor (MOSFET) [6.7]. Since the randomness of
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grain-boundary location and the electrical potential barrier localized at the grain boundaries
are the major factors in causing the device non-uniformity and degrading the TFT
performance by hindering the carrier transport [6.8] - [6.9], enlarging silicon grain size and
controlling the grain boundary location are effective approaches to high-performance TFT and
good device uniformity [6.10] - [6.19]. For realizing system-on-panel (SOP) technology,
integrating memory, micro-processor-unit, driver circuits, sensors, etc. on a single substrate,
both of the device performance and the device-to-device uniformity need further enhancement
[6.20] - [6.28]. Single-grain TFT in which the channel is grain-boundary-free will exhibit
silicon-on-insulator-like (SOI-like) performance to satisfy the requirements of SOP. More
researches, therefore, have been devoted to the two-dimensional (2D) grain control, aiming at
single-grain TFT [6.11], [6.13], [6.14], [6.28]-[6.38].

In our previous work, the laser crystallization method with a-Si spacer structure has been
proposed and demonstrated to produce one-dimensional periodically lateral silicon grains.
The purpose of this work is to present a new-crystallization process for producing high quality
two-dimensional lateral grains based on spatial temperature distribution and artificial sites.
1.8-um-sized disk-like grains can be artificially grown in the channel regions via the
amorphous silicon spacer structure and pre-patterned silicon thin film with excimer laser
irradiation. The detailed fabrication processes and characteristics of TFTs on
location-controlled silicon crystal grains are presented and discussed using the conventional
ELC TFTs as a comparison. Excimer laser crystallization mechanism of pre-patterned silicon
film with a-Si spacer structures are presented and analyzed. The experimental results exhibit
that both the device performance and the device-to-device uniformity are improved in

proposed TFTs.

6.2 Experiments
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Figure 6-1 illustrates the key processes for the fabrication of excimer-laser-crystallized
poly-Si TFTs with a-Si spacer structure and pre-patterned silicon thin films. At first, SizsNg4
thin film with a 500A thickness was deposited on an oxidized silicon wafer with oxide
thickness of 1um and was defined to form individual islands (Figure 6-1 (a)). Then, a 1000A
a-Si layer was deposited by pyrolysis of pure silane (SiH4) gas source with low pressure
chemical vapor deposition (LPCVD) at 550°C (Figure 6-1 (b)). The a-Si layer was subjected
to reactive ion etching (RIE), so that the a-Si spacer with a 500 A height was formed at the
sidewall of the SisN, islands, as shown in Fig.6-1 (c). After removing the SizN4 layer by
phosphoric acid at 175°C, another 1000 A-thick a-Si layer was deposited by LPCVD at 550°C
with SiH, as gas source. Therefore, a-Si thin film with two kinds of thicknesses (1000 and
1500 A) in a local region was formed:by thisispacer. technique (Figure 6-1 (d)). A-Si layer was
subjected to another reactive ion etching (RIE) to define silicon stripes which were
perpendicular to the previous SisNzxislands, as-shown-in Fig. 6-1 (e). After standard RCA
cleaning process, the samples were then subjected‘to 248 nm KrF excimer laser crystallization
(ELC). During the laser irradiation, the samples were located on a substrate in a vacuum
chamber pumped down to 107 Torr and the substrate was maintained at 400°C (Figure 6-1 (f)).
The laser beam was homogenized into a semi-gaussian shape in the short axis and a flat-top
shape in the long axis. The excimer laser annealing was performed in the scanning mode. The
number of laser shots per area was single pulse and laser energy density was controlled in the
near-complete-melting regime for 1500-A-thick a-Si spacers and completely-melting
condition for 1000-A-thick a-Si thin films [6.9]. The surface morphology and microstructure
of excimer-laser-crystallized poly-Si thin films were analyzed by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM), respectively. The TEM samples

were prepared via the focused-ion-beam (FIB) technique and the SEM samples were prepared
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using the Secco-etch process. After excimer laser crystallization, poly-Si thin films were
etched by drying etching to define the device active region. Then, a 1000-A-thick tetraethyl
orthosilicate (TEOS) gate oxide was deposited by LPCVD. A 2000-A-thick a-Si thin film was
deposited by LPCVD for formation of the gate electrode at 550°C. Then, a-Si thin film and
gate oxide were etched by TCP-RIE to form the gate electrode. A self-aligned phosphorous
ion implantation with dose of 5x10™cm™ was carried out to form source and drain regions
(Figure 6-1 (g)). Next, a 3000 A-thick TEOS passivation layer was deposited by LPCVD and
the implanted dopants were activated by thermal annealing at 600°C for 12 hours in the N,
ambient. Contact hole opening and metallization were carried out to complete the fabrication
of TFTs with pre-patterned spacer structure (Figure 6-1 (h)). Finally, a 30-min sintering
process was performed in N, ambient at 400°C to reduce the contact series resistance of the
source and drain electrodes. No hydrogenation plasma treatment was performed during the
device fabrication process. For..the sake .of- comparison, the conventional
excimer-laser-crystallized poly-Si TETswith-an-average grain size of about 5000 A and a
channel thickness of 1000 A were also fabricated.in the same run.

Current-voltage characteristics of the fabricated devices were measured using a
semiconductor parameter analyzer of Agilent technologies 4156C. The threshold voltage was
defined as the gate voltage required to achieve a normalized drain current of lgs = (W/L) x 10°®
Aat Vg4 = 0.1 V. The field effect mobility and subthreshold swing were extracted at V4= 0.1
V, and the lon/lo current ratio was defined at Vgs= 5 V. A scanning electron microscopy (SEM)
(S4700, Hitachi) was used to get the surface micrograph of poly-Si thin films after Secco-etch.
An analytical field-emission transmission electron microscopy (TEM) (JEM-2100FX, JEOL
Ltd.) was employed to analyze the microstructure and crystallinity of the disklike poly-Si

grains.
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6.3 Results and Discussion

Figure 6-2 (a) displays the SEM photograph of excimer-laser-crystallized poly-Si thin
films with pre-patterned a-Si spacer structure after Secco etching. In this case, the thick region
of a-Si spacer is 1500 A and a-Si in the other thin region is 1000 A. The distance between
adjacent a-Si spacers is 2 um and the width of the pre-pattern silicon stripes is 5 um. The
locations of a-Si spacer seeds and the pre-pattern silicon stripes are indicated by the white
dash lines and the solid black arrowhead lines, respectively. The laser energy fluence is
controlled at 475 mJ/cm? and the substrate temperature is isothermally heated at 400°C during
laser irradiation in order to reduce the cooling rate of the complete melting Si for the purpose
of enlarging silicon grain size [6.39]. It can be.observed that transverse grains with 2 um in
length formed periodically in the lasér crystallized.poly-Si thin film which is consistent with
the result of one dimensional lateral grain growth owing:to the large width of striped silicon
films. Figure 6-2 (b) displays the SEM photograph of excimer-laser-crystallized poly-Si thin
films with pre-patterned a-Si spacer structure after Secco etching. In this case, the thick region
of a-Si spacer is 1500 A and a-Si in the other thin region is 1000 A. The distance between
adjacent a-Si spacers is 2 um and the width of the pre-pattern silicon stripes is 4 um. The laser
energy fluence is controlled at 475 mJ/cm? and the substrate temperature is isothermally
heated at 400°C. Similar one dimensional lateral grain growth is also observed. Figure 6-2 (c)
displays the SEM photograph of excimer-laser-crystallized poly-Si thin films with
pre-patterned a-Si spacer structure after Secco etching. In this case, the distance between
adjacent a-Si spacers is 2 um and the width of the pre-pattern silicon stripes is 3 um.
Periodical disklike grain growth is formed in the laser-crystallized poly-Si films owing to the
temperature gradient in two directions. Figure 6-2 (d) displays the SEM photograph of

excimer-laser-crystallized poly-Si thin films with pre-patterned a-Si spacer structure after
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Secco etching. In this case, the distance between adjacent a-Si spacers is 2 um and the width
of the pre-pattern silicon stripes is 2 um. Periodical lateral grain growth is formed in the
laser-crystallized poly-Si films. The deformation of the striped silicon films after excimer
laser irradiation occurs due to the surface tension effect. As the width of the pre-pattern
silicon stripes is 1 um, the striped silicon films are damaged and discrete islands are formed
due to the serious surface tension effect as shown in the Figure 6-2 (e) and 6-2 (f),
respectively. Figure 6-3 displays the plane-view TEM images of location-controlled
poly-Silicon thin films and the width of the pre-pattern silicon stripes is 1 um. According to
the high-magnification bright-field and dark-field TEM images and the selected-area electron
diffraction pattern, it can be found that the periodical silicon grains are formed due to the
shrinkage of the silicon films during laser irradiation and the poly-Si grain is composed of
many small grains. As a result, the width of the pre-pattern silicon stripes must be optimized
in order to induce temperature gradient.without serious deformation of silicon films.

Figure 6-4 (a) displays the SEM photograph-of excimer-laser-crystallized poly-Si thin
films with pre-patterned a-Si spacer structure. after-Secco etching. In this case, the thick region
of a-Si spacer is 1500 A and a-Si in the other thin region is 1000 A. The distance between
adjacent a-Si spacers is 7 um and the width of the pre-pattern silicon stripes is 3 um. The
locations of a-Si spacer seeds and the pre-pattern silicon stripes are indicated by the white
dash lines and the solid black arrowhead lines, respectively. The laser energy fluence is
controlled at 475 mJ/cm? (near-complete-melting condition for 1500 A-thick a-Si spacers) and
the substrate temperature is isothermally heated at 400°C during laser irradiation in order to
reduce the cooling rate of the complete melting Si for the purpose of enlarging silicon grain
size. It can be observed that disk-like grains are formed periodically in the laser crystallized
poly-Si thin film as shown in Figure 6-4 (a). Figure 6-4 (b) shows the enlarged SEM graph to
focus on a single grain with grain size of 1.8 um in diameter and there are three different

kinds of poly-Si regions, which are the large disked-liked grain formed in the center of the
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striped poly-Si film (region 1), the radial grains (~ 150-nm-sized) surrounded the large
disked-liked grain in the form of thin ring (region Il), and the small and fine grains (~
40-nm-sized) in the outer zone (region Ill). The scenario for this new crystallization
mechanism of a-Si thin films is described as follows. It has been reported that lateral thermal
gradient could arise as a result of the heat generated at moving solid-melting interfaces [6.9],
[6.40]. In our proposed ELC method employing a-Si spacer structure and pre-patterned silicon
thin film, as excimer laser irradiation is performed on the striped amorphous silicon thin film
with a-Si spacers, the laser energy densities can cause the complete melting of 1000-A-thick
silicon thin film but near-complete-melting of 1500-A-thick a-Si spacer. In addition, along the
y axis, since the edges of the striped silicon films adjacent to the air during laser irradiation
and the surface regions of the bulk silicon wafer outside the pre-patterned stripes can absorb
intense KrF excimer laser UV light, they are melted to the high temperature. Therefore, for
the striped silicon films, the cooling-rate of the edges is slower than that of the center, because
of the poor thermal conductivity of air and-the-heated surface regions of the bulk silicon wafer
by laser irradiation. Figure 6-5 shows ‘the simulated temperature distribution during excimer
laser annealing on the pre-patterned silicon films. Therefore, the temperature near the edges of
the striped Si films is higher than that in the center of the striped films. As a result, the
temperature gradient also occurs along the y axis due to surface tension effect and additional
heat reservation at the edges of striped films so that the numbers of silicon solid seeds are
gradually reduced resulting from pre-patterned effect [6.41]-[6.42]. As a result, only a part of
the spacers survive to serve as the seeds and a large lateral thermal gradient will exist between
the un-melting solid silicon seeds and the complete-melting liquid silicon regions. Therefore,
the un-melted silicon solid seed will proceed to start the lateral grain growth in the silicon
films and extend toward the completely melted region until the solid-melting interface from
opposite direction impinges after excimer laser irradiation, forming region | with the

disked-liked grain of 1.8 um in diameter. For the complete-melting outer zone, fine-grained
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poly-Si form region Il due to the random spontaneous nucleation in the severely deep
supercooling of melting liquid silicon films. Finally the spontaneously nucleated grains grow
inward and then impinge on the oncoming lateral disk-like grain, therefore, radial grains form
region Il. It is also found that the locations of the grain boundaries where grains collide with
each other shows brightly shining parts indicated by an arrow in Figure 6-4 (b), implying that
the ridge and hillock are formed at the grain boundaries due to the mass transport of the
molten Si at the liquid/solid interface [6.43]. Figure 6-6 shows the plane-view TEM image of
the silicon film after ELC, which exhibits a 1.8 um-sized silicon grain formed at the
artificially site. This disk-like silicon grain is analyzed by its electron diffraction pattern and it
reveals that the silicon grain has an excellent crystallinity due to the clear dot pattern. The
crystallization mechanism we proposed is further verified by the cross-sectional TEM
micrograph of excimer laser crystallized poly-Si-thin films with pre-pattern a-Si spacer
structure, as shown in the Figure 6-7..The blue.dash line indicates the cutting direction of
FIB-prepared sample shown in the-inset.optical-micrograph of Figure 6-7. The bright-field
TEM image and the selected-area electron-diffraction pattern show that the edges of the stripe
silicon films become thinner attributed to the surface tension effect after laser irradiation and
the lateral silicon grain possess a good crystallinity, respectively. Moreover, the inset
high-magnification cross-sectional TEM image of Figure 6-7 displays that these three
different kinds of poly-Si regions and the impinged grain boundary are apparently recognized,
which are consistent with our proposed mechanism. Since the number of spontaneous small
grain and grain boundary is reduced by using this new crystallization technique, the
uniformity of TFT performance can be improved with homogeneous silicon grains.

Typical transfer characteristics and output characteristics of poly-Si TFTs on
location-controlled silicon grains and conventional TFTs with random grain structure for W =
L= 1.5 um are shown in Figures 6-8 (a) and 6-8 (b), respectively. In order to avoid the

threshold voltage difference, the applied gate driving voltages in Fig. 6-8 (b) are kept at
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constant values of |Vg-Vth| = 12 V, and 16 V, respectively. Owing to the uniformly disk-like
silicon grains grown in the device channel region, TFTs with location-controlled silicon grains
exhibit superior electrical characteristics to the conventional ones. Poly-Si TFT with field
effect mobility of 308 cm?/Vs can be achieved using this new crystallization method while the
mobility of the conventional counterpart is about 150 cm?/Vs. It is also demonstrated that
poly-Si TFTs with location-controlled silicon grains structure provide higher driving current
than conventional ELC poly-Si TFTs under the same bias condition. The improved driving
current can be attributed to the high field effect mobility implying that location-controlled
TFTs have the lower density of defect states, which are regards as localized states mainly at
the grain boundaries of the poly-Si films. Table 6-1 lists the average values of several
important electrical characteristics of the two different TFT structures with the standard
deviations in parentheses. Ten TFTS were measured in each case to investigate the
device-to-device variation, and the laser.energy density was controlled at nearly optimal value
for these two different TFT structures. As compared with the conventional TFTs, the small
standard deviations of proposed TFTs -indicate .improved uniformity attributed to the
location-controlled lateral silicon grains.

The grain boundary trap state densities (Nt) of the proposed LC poly-Si TFTs and
conventional ones were estimated according to the modified Levinsons analysis. The Nt was
extracted from the slopes of In(Ip/Vgs) versus 1/(Ves) at Vps=0.1 V and high Vgs. Figure 6-9
displays that LC poly-Si TFT exhibits the Nt of 2.35x 10* cm™ two times smaller that of
conventional ones. This result implies that proposed poly-Si TFTs with lateral silicon grains in
the channel regions possess better crystallinity and fewer microstructure defects which are
also confirmed by plane-view and cross-sectional TEM image of excimer laser crystallized

poly-Si thin films with pre-patterned a-Si spacer structures shown in the Figure 6-7.
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6.4 Summary

A new crystallization technology for producing location-controlled silicon gains has been
developed by excimer laser irradiation relying on spatially temperature distribution at
artificially sites. The high quality lateral silicon grains are controlled via manipulating super
lateral growth phenomenon by spatially two kinds of silicon films and pre-patterned structure.
The tiny amorphous-silicon spacers (< 50 nm) formed served as seed crystals and formed
spatially different silicon thicknesses. An array of 1.8-um-sized disk-like silicon grains are
formed periodically in the silicon film by isothermal substrate heating at 400 °C during laser
irradiation. Not only high-performance n-channel poly-Si TFTs with field-effect mobility
reaching 308 cm?Vs in 1.5 um design, rule_but also excellent uniformity of device
performance are also demonstrated owing-toitheartificially controlled lateral grain growth.
Poly-Si TFTs with position-manipulated silicon grains, therefore, have great potential for the

future system-on-panel and 3D-1Cs applications:
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Table 6-1

Measured electrical characteristics of poly-Si TFTs with location-controlled (LC) silicon

grains and conventional TFTs with random grain structure.

' Field-effect-
Threshold Mobility

TFT Subthreshold

Structure Swing
Voltage (V

On/Off
Current Ratio

875 (80)

150 (41)

Conventional TFT Jra:y(eX:15)

LC grains TFT -0.8 (0.18) 308 (18) 390 (42) 9.7 x 107

Hi RS =
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Figure 6-1. The key processes for the fabrication of poly-Si TFTs with a-Si spacer structure

and pre-patterned silicon thin films.
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Figure 6-2. Scanning electron microscope photograph of excimer laser crystallized striped
poly-Si films with amorphous Si spacer structure after Secco etching. (a) The
distance between adjacent a-Si spacers is 2 um and the width of the pre-pattern
silicon stripes is 5 um. (b) The width of the pre-pattern silicon stripes is 4 um. (c)
the width of the pre-pattern silicon stripes is 3 um. (d) The width of the pre-pattern
silicon stripes is 2 um. (e) and (f) The width of the pre-pattern silicon stripes is 1

um.
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Figure 6-3. The plane-view TEM images of location-controlled poly-Silicon thin films and the
width of the pre-pattern silicon stripes is 1 um. The high-magnification bright-field
and dark-field TEM images and the selected-area electron diffraction pattern of the

poly-Si grains.
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Figure 6-4 (a). Scanning electron microscope photograph of excimer laser crystallized striped
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Figure 6-4 (b). The enlarged SEM photograph focuses on single silicon grain.
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Figure 6-5. Schematic of simulation for excimer laser annealing on the pre-patterned silicon
films and the simulated temperature distribution

Figure 6-6. High-magnification bright-field plane-view TEM image and the selected-area

electron diffraction pattern of the disk-like silicon grain. The width of the

pre-pattern silicon stripes is 3 um.
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Figure 6-7. Cross-sectional TEM image of striped silicon film display the disk-like grain.
The insets of Figure 6-7 are optical micrograph, selected-area electron diffraction

pattern, and the enlarged cross*sectiohal, TEM image to display the direction of
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Figure 6-8 (a). Transfer characteristics of poly-Si TFT with location-controlled grains and

conventional TFT with random grain structure.
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Figure 6-9. Plot of In(Ip/Vgs) versus 1/(Vgs) curves at Vps = 0.1 V and high Vgs for LC

poly-Si TFTs and conventional ones.
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Chapter 7

Ultra High-Performance Low Temperature
Polycrystalline Silicon Thin-Film Transistors
Fabricated via Diode-Pumped Solid-State Green

Continuous Wave Laser Annealing

7.1 Introduction

Low-temperature polycrystalline silicon (LTPS)-technology has been the most promising
method to manufacture high performance thin-film transistors (TFTs) for the past decades
[7.1] — [7.3]. As compared to conventional a-Si TFTs, LTPS TFTs using excimer laser
crystallization (ELC) technology have been promise to integrate display driver circuits on
glass substrates such as integrated ambient light sensing, memory in pixel, integrated touch,
ultra-low power display driving, advanced active matrix liquid crystal displays (AMLCDs)
driving, and advanced active matrix organic light emitting displays (AMOLEDs) driving. The
demands for thin, light-weight, compact, and high resolution displays are getting stronger in
the mobile applications. Integrating large scale circuits in small area and reducing power
consumption both are requisite features for mobile applications with high resolution or more
functional LCDs [7.4]. In addition, as the mobility of poly-Si TFT is approaching that of
single crystalline silicon, it is possible to realize system-on-panel (SOP) application which
build an integrated drive circuit, sensors, controller IC, CPU as well as display on glass [7.5].

In order to achieve such features, short channel length of TFTs and precise control of analog
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circuits are required. However, the current conventional ELC LTPS technology can not meet
the requirements owing to the large variation in electrical characteristics caused by grain
boundaries in the channel regions. Although high-performance ELC LTPS TFTs with mobility
exceeding 200 cm?*/Vs can be fabricated by optimizing the applied laser energy density and
increasing the shot density per area, ELC LTPS TFTs suffer from poor uniformity of device
performance due to the narrow laser process window for producing large-grain poly-Si. The
fluctuation of pulse-to-pulse laser energy density, non-uniform laser beam profile, and
non-uniformity of a-Si thin film thickness make laser energy density hard to hit the super
lateral growth (SLG) regime everywhere [7.6] — [7.7]. Non-uniform and randomly distributed
poly-Si grains will result in large variation of TFT performance when the laser energy density
is controlled in the SLG regime, especially for small geometry TFTs [7.8]-[7.10]. Increasing
laser shot density per area may improve the crystallization uniformity and promote the
secondary grain growth [7.11], hewever, the mass. production throughput will decrease.
Besides, excimer laser annealing has some-essential' drawbacks such as complex optical
system, high facility cost, troublesomé*maintenance; and poor output energy stability. As a
result, novel crystallization methods are strong demanded to enhance both the device
performance and uniformity for next generation LTPS TFTs.

Large-grained poly-Si thin films always result in high-performance LTPS TFTs by

reducing the defect traps in the grain boundaries and the interior grains. Hence, recently,

solid-state laser crystallizations of amorphous silicon, including pulsed YAG2(® green laser,

selectively enlarging laser crystallization (SELAX), green laser annealing double layer
x’tallization (GLADLAX), visible laser induced lateral crystallization (VILC), double—pulsed
laser annealing, and the diode-pumped solid-state (DPSS) continuous wave laser lateral
crystallization (CLC), have been widely studied by effectively enlarging the poly silicon grain

size for high-performance TFTs as compared with conventional excimer laser crystallization
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[7.12] — [7.43]. Among these crystallization methods, diode-pumped solid-state continuous
wave laser lateral crystallization proposed by Hara et al. has been demonstrated to fabricate
high-performance poly-Silicon TFTs on non-alkali glass substrate because of the large
directional silicon grains. In addition, CW laser lateral crystallization has the advantages of
simple process, superior power stability, wide laser process window for large grains, high
throughput, and easy maintenance. The comparisons of excimer laser and DPSS continuous
wave laser are listed in Table 7-1. In the previous work, although single-grain TFT has been
demonstrated to exhibit high device performance and good uniformity, the grain size is
limited to 2 um. In order to produce ultra-large silicon grains in large area substrates for SOP,
3D-ICs, and solar cell applications, the CW laser crystallization of a-Si thin films is
investigated.

Moreover, to further improve.transistor performance, the source and drain contacts
must require low sheet resistance and.low defect density in drain junction. As a result, the
implanted dopants in source and drainirégions.must be activated to a high degree. The
energetic dopant ions cause significant’'damage to-the silicon crystal structure near the surface
regions during ion doping process. Activation is a thermal heating process to repair the lattice
damaged regions into single-crystal structure and to activate the dopants. In ULSI silicon
semiconductor processing, activation was performed by either a furnace anneal or rapid
thermal processing (RTP). However, both these steps require temperatures well beyond the
strain point of glass. In laser activation, the silicon was heated, melted and reformed without
heating the glass, resulting in very high efficiency activation with low thermal budget. But the
activation technology using CW laser was rarely studied. We will also investigate the dopant
activation by CW laser annealing in this chapter. A comparison of the efficiency of dopant
activation among various activation methods is studied in detail. The material properties of
boron-doped poly-Si thin films by CW laser activation are analyzed by four point probe

measurement system and secondary ion mass spectrometer (SIMS).
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In this chapter, a novel and simple crystallization method to control lateral grain growth
using frequency-doubled DPSS Nd:Y VO, continuous-wave laser irradiation is proposed. At
first, the experimental procedures and CW laser system setup are described in detail. Then,
the CW laser-crystallized poly-Si thin film was analyzed by several material analyses,
including SEM, Raman, AFM, TEM, XRD, EBSD, and the factors that affected the final
lateral crystallization microstructure were also investigated, including, laser scanning speed,
laser power, and the ambient. The experimental details of dopant activation are also discussed.
Finally, CW laser crystallization mechanism of a-Si films and the results of crystallized
poly-Si thin films and LTPS TFT performance are presented and analyzed; demonstrating the

performance and uniformity enhancement achieved using the new crystallization method.

7.2 Experiments

Figure 7-1 shows the key processes for the fabrication of LTPS TFTs crystallized by
using frequency-doubled diode-pumped solid-state Nd:YVO,; continuous-wave laser
irradiation. At first, a 500 A-thick a-Si layer was deposited by pyrolysis of pure silane (SiHy)
with low pressure chemical vapor deposition (LPCVD) at 550°C on oxidized silicon wafer.
Then, after standard RCA clean process, the samples were then subjected to green laser
crystallization by diode-pumped solid-state continuous-wave laser (A=532nm). During the
laser irradiation, the samples were located on a substrate in air and substrate was maintained
at room temperature. The power of laser energy density, the laser process ambient, and the
laser scan speed were varied. The CW laser annealing was performed in the scanning mode
with 889 overlapping with various laser energy powers and laser scan speed to investigate
the effects of laser annealing conditions on the performance of fabricated

continuous-wave-crystallized (CWC) LTPS TFTs. Several material analysis techniques were
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used to investigate the relation between the morphology of crystallized poly-Si thin films and
laser process conditions. They include optical microscopy (OM), Raman spectroscopy
analysis, scanning electron microscopy (SEM) analysis, X-ray diffraction (XRD) analysis,
electron backscattering diffraction pattern (EBSD) analysis, transmission electron microscopy
(TEM) analysis, and atomic force microscopy (AFM) analysis. In order to facilitate the SEM
observation, some samples were processed by Secco-etch before analysis. After defining the
device active region and standard RCA clean process, a 1000 A-thick tetraethyl orthosilicate
(TEOS) gate oxide layer was deposited by plasma-enhanced chemical vapor deposition
(PECVDO at 385°C. Then, a 2000 A-thick a-Si thin film was then deposited by LPCVD at
550 °C for gate electrode. The a-Si thin film and gate oxide were etched by reactive ion
etching (RIE) and buffer oxide etchant (BOE) to form the gate electrode. A self-aligned boron
or phosphorous ion implantation with:dose of 5x10°cm™ was carried out to form source and
drain regions. Next, a 3000 A-thick TEOS passivation-oxide was deposited by PECVD at
350°C and the implanted dopants were a¢tivated-by-laser-annealing at room temperature in the
air ambient . After contact hole opening by.reactive ion etching, aluminum thin film with a
thickness of 5000 A was deposited by sputtering and Al metal pads were patterned to
complete the fabrication of CW laser annealed LTPS TFTs. Then, a 30-min sintering process
was performed at 400°C in the N, ambient to reduce the contact series resistance of the source
and drain electrodes. Finally, LTPS TFTs were passivated by 2-h NH; plasma treatment to
further improve the device performance. For the sake of comparison, the conventional
excimer-laser-crystallized LTPS TFTs with a channel thickness of S00A were also fabricated.
In addition, the doped polycrystalline silicon thin films via various activation methods were
analyzed by using four point probe measurement system and secondary ion mass spectrometer
(SIMS).

Current-voltage (I-V) characteristics of the fabricated devices were measured using a

semiconductor parameter analyzer of Agilent technologies 4156C. The threshold voltage was
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defined as the gate voltage required to achieve a normalized drain current of Ig; = (W/L) x 10°®
A at Vg = 0.1 V. The transconductance, field-effect mobility and subthreshold swing were
extracted at V4= 0.1 V, and the I,/ current ratio was defined at V4= 3 V. A scanning
electron microscopy (SEM) (S4700, Hitachi) was used to get the surface micrograph of
poly-Si thin films after Secco-etch. An analytical field-emission transmission electron
microscopy (TEM) (JEM-2100FX, JEOL Ltd.) was employed to analyze the microstructure
and crystallinity of poly-Si film in the channel region. Atomic force microscopy (AFM) was
utilized to analyze the grain size and surface morphology of laser-crystallized poly-Si films.
X-ray diffraction (XRD) analysis and Electron backscattered diffraction pattern (EBSD)
analyses are performed to investigated the crystallinity and the preferential orientation of the

CW laser-crystallized poly-Si thin films.

7.3 Results and Discussion

7.3.1 Material Characterization of Poly-Si Thin Films Crystallized

by Diode-Pumped Solid-State Continuous Wave Laser

The principle setup of Diode-Pumped Solid-State (DPSS) continuous-wave (CW) laser
crystallization apparatus is shown in Figure 7-2. The heart of the experiment is the
frequency-doubled diode-pumped solid-state Nd:YVO, continuous-wave laser, operating at
the wavelength of 532 nm. The laser can achieve a maximum peak output power ~ 18 watt
and the sample can move with a maximum speed of 100 cm/s. The sample is crystallized and
scanned via laser beam scanning and overlapping on the x-y translation stage in a vacuum

chamber. The overlap helps to improve the uniformity of CW laser-crystallized poly-Si thin
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films because the crystallinity of poly-Si film in the middle regions of the laser pulse is better
than that in the edges of laser pulse. Crystallization of large area is achieved by moving the
sample beneath the laser beam via controlling the movement of the x-y translation stage. The
scanning direction is along the short axis direction. The velocity of the x-y translation stage
during crystallization process can be adjusted depending on the laser power and the ambient.
In addition, the crystallization experiments can be performed at either room temperature or
500°C.

Figure 7-3 shows the sheet resistance of samples after excimer laser activation by
four-point probe measurement system. The energy fluence of excimer laser was varied from
190mJ/cm® to 390mJ/cm’. As expected, the higher energy density, the lower sheet resistance
was achieved. It was attributed that there were more heat and longer activation time in the
doped a-Si thin films at higher energy.density. Since more implanted atoms were aligned into
the correct lattice sites and the damaged lattice-regions were recovered into single-crystal
structure, the sheet resistance of laser-crystallized.poly-St films could be lower.

Figure 7-4 and Figure 7-5 show ‘the sheet resistance of samples after DPSS CW laser
activation with laser power of 10 W and 15W by four-point probe system, respectively.
According to the Figure 7-4, the slower CW laser scanning speed, the lower sheet resistance
was attained attributed to the longer annealing time, especially in the low ion implantation
dosage. Figure 7-5 displays similar results and the CW laser-annealed polycrystalline silicon
films with a low sheet resistance of 50 (/[ |, which is suitable to form ohmic contacts
between source/drain silicon regions and contact metal. The sheet resistances of samples after
furnace annealing, rapid thermal annealing, CW laser activation, and excimer laser activation
were summarized in Table 7-2. Figure 7-6 shows the SIMS redistribution profiles of boron
atoms after CW laser annealing. Dopant profiles in the polycrystalline silicon thin films after
CW laser were redistributed as uniformly as that of excimer laser ones. Therefore, CW laser

activation was a low thermal-budget and high efficiency method.
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Figure 7-7 (a) shows a SEM graph of continuous-wave laser crystallized poly-Si film
with laser power of 8W and laser scanning speed of 1cm/s after Secco etching. In this case,
the laser energy fluence is sufficient to induce surface melting of amorphous or crystalline
silicon thin films but laser energy density is still low. The laser fluence is larger than the
threshold energy of crystallization but is low enough that a continuous layer of solid Si
remains (i.e., melt-depth < film thickness). Therefore, the grain size is limited by high
quenching rate. As a result, laser power increases, larger poly-Si grains are produced. Figure
7-7 (b) displays a SEM graph of continuous-wave laser crystallized poly-Si film with laser
power of 10W and laser scanning speed of 1cm/s after Secco etching. The grain size is about
0.3 um and is larger than that of 8W. As laser power increases to 12W, the a-Si thin film is
completely melting due to high laser energy. In this situation, a lateral grain growth can be
stimulated by continuous-wave laser crystallization. Eigure 7-7 (c) displays a SEM graph of
continuous-wave laser crystallized poly-Si with laser power of 12W and laser scanning speed
of 5cm/s after Secco etching. A directional grain-growth with size of 15 um in length can be
stimulated and the grain boundaries are generally parallel to each other and to the laser scan
direction by the continuous-wave laser crystallization. According to SLG model, the lateral
grain growth is resulted from a thermal gradient in solid/liquid interface. The SLG distance is
determined by the quenching rate of liquid silicon and the lateral growth velocity which is a
function of lateral thermal gradient. Therefore, the SLG distance can be increased by
enlarging the lateral thermal gradient. In the experiments of continuous wave laser
crystallization of a-Si thin films, CW laser crystallization method makes it easy to form
directional large grains (15 um in length) owing to the continuous energy supply and slow
cooling rate of the molten Si without damage to the substrates via controlling the laser
scanning speed and laser power suitably. Figure 7-7 (d) shows the damaged poly-Si thin films
after CW laser irradiation due to the too high laser energy power.

Figure 7-8 displays the SEM graphs of continuous-wave laser crystallized poly-Si film
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with laser power of 12W and laser scanning speed of 5 cm/s after Secco etching. From the
magnified SEM images, it can be obviously distinguished that there are four different kinds of
silicon grain structure in the CW-laser crystallized poly-Si thin films with single scanning
mode. The laser scan direction is from the bottom to the top of the image. According to the
magnified image of region I, it is composed of discrete silicon islands after Secco-etching
which means that a-Si at region I did not melt during the CW laser scanning. The crystallized
region is distinguished by the grain size from region II to IV. It is clearly observed that the
river-like region IV (center region) in the center of crystallized region is composed of
directionally solidified large grains as shown in Fig.7-8. It indicates that the region IV was
completely melting and then sequentially crystallized along the CW laser scanning direction.
In the magnified SEM images of regions II (edge region) and III (transition region), it is
obvious that the grains in regions II through III are getting larger. The poly-Si grain structures
in the region II composed of small and fine grains with the average size of several tens of
nanometers are identical with that of solid phase-crystallized (SPC) poly-Si films. The poly-Si
grain structures in the region III composed. of large grains with the average size of several
micrometers are identical with that of mixed solid-liquid phase crystallized poly-Si films. It is
noted that the microstructure of region III is similar that of conventional ELA poly-Si grain. It
is well-known that the electrical characteristics of poly-Si TFTs are deeply influenced on the
microstructure of poly-Si thin films and the grain boundaries within the active channel region
strongly degrade the TFT performance. As expected, the directional large grains with
excellent quality in the region IV are the optimal condition for the device fabrication and
circuit application. The TFTs fabricated in the region IV will exhibit the best performance,
including high field-effect mobility, steeper subthreshold swing, and low leakage current.
Consequently, in order to crystallize large area with directional large grains, the CW laser
scanning with an overlapping 88% between the traces is performed. An overlapping 88%

leads to melting the region in the middle of the previously crystallized trace, resulting in an
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epitaxial growth from its central region. As aresult, the size of the grains is expected to
exceed the width of a single trace.

Raman spectroscopy is a standard non-destructive characterization method in the field of
silicon thin film. It has been proven to be sensitive to the composition, crystallinity, thermal
stress and phonon correlation length. By measuring the Raman spectra in the range of 100 ~
900 cm™, information on the crystallinity can be obtained. Figure 7-9 displays the Raman
peak intensity of the CW laser crystallized poly-Si thin films as a function of crystallization
region, for which the crystallization was carried out at room temperature. In the center region
of CW laser crystallized poly-Si thin film, it exhibits the best crystallinity due to highest
Raman peak intensity and the narrowest FWHM, which is consistent with SEM images [7.37],
[7.44]. Figure 7-10 displays the dependence of Raman peak intensity of the crystallized
poly-Si thin films on different crystallization methods. As shown in these figures, the broad
band of the as-deposited a-Si thin film.represents.no crystalline phase existing inside the film.
After laser irradiation, a sharper Raman ipeak-(at-520cm ') with great intensity of the poly-Si
thin films implies an improvement <inthe crystallinity. Poly-Si grains fabricated by
continuous-wave laser crystallization exhibit better crystallinity than those of excimer laser
crystallization. Because the duration of continuous-wave crystallization is longer than that of
excimer laser crystallization and a large thermal gradient is induced by CW laser irradiation,
the directional larger grains form due to longer time for grain growth by CW laser. And the
thermal stress of poly-Si thin films crystallized by CW laser is larger than that by ELA due to
its long melting duration.

The crystallinity and the preferential orientation of the CW laser-crystallized poly-Si thin
films are also analyzed by X-ray diffraction (XRD) analysis. It is reported that CW laser
crystallized poly-Si thin films will have a strong preferential (100) normal orientation [7.39].
Figure 7-11 displays the XRD result of continuous wave laser crystallized poly-Si thin film.

In this case, the a-Si thin film of 50 nm was crystallized by laser power of 12 W, laser

168



scanning speed of 5 cm/sec, and substrate temperature of room temperature. The diffraction
peaks appearing at around 26 = 28.5°, 47.5°, 58.1°and 76.5" represent the diffraction peaks
from the (111), (220), (311) and (400) planes, respectively. This is confirmed the silicon thin
film deposited in an amorphous state can be effectively converted to polycrystalline state after
CW laser irradiation. In addition, the result shows that the CW laser crystallized poly-Si thin
film, which was crystallized in large grain size regime, exhibits the random orientation in this
experiment.

Electron backscattered diffraction pattern (EBSD) is a method of analyzing the
microstructure and orientation simultaneously. The advantage of EBSD over TEM is that the
orientation acquiring procedure is completely automated and data can be acquired from the
entire surface of the sample. Because quantitatively reliable orientation data acquisition from
EBSD is much easier than those from* TEM, using high resolution EBSD system on a field
emission scanning electron microscopy-(FESEM)-recently have been attracted much attention
for analyzing the crystalline properties of poly-Si-thin film. The crystallographic properties of
the CW laser crystallized poly Si thin' films.are.examined by the EBSD technique. A JEOL
6500F Schottky type FESEM equipped with Oxford INCA Crystal EBSD system is used for
EBSD analysis. EBSD experiments are carried out at 15 kV accelerating voltage and 4 nA
probe current. Pseudo-Kikuchi patterns were integrated for 180 ms in each analysis point and
the step size for the orientation mapping was 0.5 um. The typical surface normal orientation
maps of CW laser crystallized poly Si films acquired from EBSD technique are shown in
Figure 7-12. Each color indicates the specific crystallographic direction, and it is also shown
as a color triangle. Inverse pole figure of orientation of normal direction is also shown in
Figure 7-12. A single grain is regards as a region with the same crystallographic orientations
and same phases. Therefore, it is quite reasonable to identify the grains from EBSD data that
consist of orientation data. CW laser poly Si grain is larger than that of conventional ELA

poly Si. The river-like poly-Si grains with the average size of about 15 um in length and 2 pm
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in width are crystallized by CW laser, while the random polygonal poly Si grain structures
with the average size of about 0.5 um in diameter are crystallized by conventional ELA.
Besides the large poly-Si grains, the orientations inside the grains are almost identical and the
normal direction to the surface shows random oriented <110>, <100>, <111> directions from
EBSD analysis. The crystallinity of the grain is excellent due to the same specific color. Grain
boundaries between adjacent grains are distinguished by high-angle misorientation. The
neighboring poly-Si grains do not have the same color, indicating multiple orientations
appearing in the CW laser-crystallized poly-Si thin films. The electron EBSD results are
similar to those attained by XRD, as shown in Figure 7-11.

Figure 7-13 (a) and 7-13 (b) are the AFM images of the poly-Si films crystallized by CW
laser with a power of 12 watt. The image was taken from the as-crystallized sample with
single scan and the width of directionally solidified large grains is about 80 um, as shown in
Figure 7-13(a). The mountain-like grains can be clearly distinguished and the grains extend in
tens of micron. The reason for this is theil0%-density change between solid and liquid phases
of silicon, (2.53 g/cm’ for the liquid and 2:30 g/cm’ for the solid) provides a driving force for
the mass transport induced by surface tension in the molten silicon during the laser
crystallization. The root-mean-square (rms) roughness and maximum height of the
crystallized poly-Si thin film shown in Figure 7-13 (b) is 6.912 nm and 55.41 nm, respectively.
Figure 7-14 shows the comparisons of AFM images of poly-Si grain structure and surface
roughness crystallized by the DPSS CW laser crystallization and excimer laser crystallization
methods, respectively. Indeed, CW laser crystallized poly-Si grains exhibit large silicon grain
size than the conventional ELC poly silicon grains. However, the surface roughness of CW
laser-crystallized and excimer laser-crystallized poly-Si thin films are both quite large due to
the mass transport during laser crystallization. From a device standpoint, such a high surface
roughness occurring in CW laser crystallization regime may be problematic because the

reliability, uniformity, and gate dielectric integration of poly-Si TFTs are degraded.
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Figure 7-15 shows the plane-view bright-field TEM images of continuous-wave laser
crystallized poly-Si thin films. The plane-view TEM image displays a directional river-like
lateral Si grain growth with tens of micron. The magnified plane-view TEM image and the
selected-area electron diffraction pattern reveal that the crystallite exhibits <111> orientation
with excellent quality. The diffraction pattern from the CW laser crystallite is made up of
simple spots, and this means a single-crystal silicon region is formed by this novel CW laser
crystallization.  Figure 7-16 displays the cross-sectional TEM images of CW laser
crystallized poly-Si thin film and excimer laser crystallized poly-Si thin film, respectively.
The cross-sectional TEM picture shows that the surface morphology of continuous-wave laser
crystallized poly-Si films is fairly flat at the grain boundary, while a rigid at the grain
boundary is formed in the excimer laser crystallized poly-Si films. In order to further confirm
the surface roughness at the grain boundary and the crystallinity of silicon grains, more
cross-sectional images of CW laser crystallized poly-Si-thin films are investigated by TEM
technique. According to the Figure<7-17:0f the-cross-sectional TEM images and the selected
area electron diffraction patterns, a olear. interface between poly-Si and buffer oxide is
confirmed and the crystallinity of poly-Si grain is excellent. Moreover, CW laser-crystallized
poly-Si films are quietly smooth and do not form a rigid at the grain boundary. Figure 7-18
demonstrate the high-resolution cross-sectional TEM image and the selected-area electron
diffraction pattern of the CW laser-crystallized crystallite. The diffraction pattern reveals that
the crystallite exhibits single-crystal silicon with <110> orientation along the direction of film

grain growth.

7.3.2 Crystallization Mechanism of Diode-Pumped Solid-State

Continuous Wave Laser-Crystallized Poly-Si Thin Films
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Figure 7-19(a) exhibits the mechanism of continuous-wave laser lateral grain growth to
explain the directional-controlled poly-Si thin films via controlling the laser power and laser
scan speed. In the SLG regime of ELC, the maximum point of melting the un-melted portion
of the underlying Si no longer forms a continuous layer but instead consists of islands of solid
that are separated by small local regions of completely molten silicon. The un-melted islands
act as solidification seeds, from which a lateral grain growth commences. However, in the
CW laser crystallization, a lateral temperature gradient can be created between the adjacent
areas and there must be un-melting solid Si to act as the seeds for lateral crystallization. By
completely melting the a-Si thin film in a certain region using CW laser and the solidified
poly-Si films at the adjacent area, a large lateral temperature gradient will exist between the
complete melting high-temperature liquid-phase region and un-melting low-temperature
solid-phase seeds, and grains will grow laterally towards the complete melting region from
the un-melting solid seeds. As a result,.if the temperature gradient is stable in the liquid-solid
interface by suitable laser power and laser-scan-speed; directional lateral grain growth of
several hundred micrometers can be achieved easily. The lateral grain growth will eventually

be arrested by lateral grains grown from the other side.

7.3.3 Electrical Characteristics of LTPS TFTs Fabricated Using
Diode-Pumped Solid-State Continuous Wave Laser

Annealing

Producing large poly-Si grains and controlling lateral grain growth at the desired region
can be realized by DPSS CW laser crystallization. Large and uniform longitudinal grains
could be formed in the device channel regions via controlling the laser scanning speed and

laser power. From the above results, as the directional grain growth with size of 15 pum in
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length can be stimulated and the grain boundaries are generally parallel to the laser scan
direction by the continuous-wave laser crystallization, TFT performance and device-to-device
uniformity can be improved.

Figure 7-20 (a) compares the transfer characteristics of the n-channel LTPS TFTs using
CW laser crystallization (CWC) with those by ELC with W = L = 2 pm at drain voltages (V)
of 0.1 and 3 V. The CWC LTPS TFTs are fabricated with optimal laser condition of laser
power of 12 W and laser scan speed of 5 cm/s. For the conventional ELC LTPS TFTs, the
laser condition is controlled in the SLG regime with laser shot density per area of 100 to
fabricate high-performance LTPS TFTs. The n-channel CWC TFTs exhibit superior
performance with the field-effect mobility of 505 cm*/V-s, subthreshold swing of 105 mV/dec,
on/off current ratio of 3.94 x 10", drain-induced-barrier-lowering of 15.2 mV/V, and
threshold voltage of -0.312 V to the n-channel ELCTETs with the field-effect mobility of 130
cm?/V-s, subthreshold swing of~277 mV/dee, on/off current ratio of 1.4 x 10"
drain-induced-barrier-lowering of 124 m\V/V;-and-threshold voltage of -0.375 V. CWC TFTs
display higher on-current, higher field-effect mobility, steeper subthreshold slope, lower
leakage current, and lower threshold voltage due to the single-crystal-like silicon grains in the
device channel regions as compared to the ELC TFTs. Figure 7-20 (b) compares the ourput
characteristics of the n-channel CWC LTPS TFTs with those of ELC ones with W =L =2 um.
In order to avoid the threshold voltage difference, the applied gate driving voltages in Fig.
7-20 (b) are kept at constant values of [Vg-Vth| =4V, 8 V, 12 V, and 16 V, respectively. It is
demonstrated that CWC TFTs with large directional grains demonstrate higher driving current
than conventional ELC TFTs under the same bias condition owing to the higher field-effect
mobility. The high field-effect mobility is attributed to the high quality poly-Si thin films with
reduced grain boundaries in the device channel region. Figure 7-21 displays the basic
electrical characteristics of the n-channel and p-channel LTPS TFTs using CW laser

crystallization. Some important electrical characteristics of LTPS TFTs are also listed in Table
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7-3. The p-channel CWC TFTs exhibit excellent performance with the field-effect mobility of
212 cmz/V—s, subthreshold swing of 127 mV/dec, on/off current ratio of 1.02 x 10,
drain-induced-barrier-lowering of 30.8 mV/V, and threshold voltage of -0.712 V. Owing to
large longitudinal grains growth in the channel regions, LTPS TFTs crystallized using CW
laser exhibited better electrical characteristics than the ELC ones. Ultra high-performance
CWC LTPS TETs with field effect mobility of 505 ¢cm*/V-s for n-channel and 212 ¢cm?/V-s for
p-channel, substhreshold swing of 105 mV/dec for n-channel and 127 mV/dec for p-channel,
on/off current ratio more than 10° for n- and p-channel, and good ohmic contacts for n- and
p-channel can be achieved. These values are comparable to those of single-crystal silicon
MOSFET. In addition to the enhancement of LTPS TFT performance, LTPS TFT crystallized
by CW laser also exhibited better uniformity due to the wide laser process window as
compared with excimer laser crystallization of a-Si'thin films. For large directional grain
growth, there are similar grain structures in theschannel region. As a result, a wide laser
process window for producing high-performance-LTPS-TFTs was shown in both short and
long device structures.

Two different grain structures in the channel regions are fabricated to investigate the
effect of grain boundaries on TFT performance. One device is the channel length parallel to
the direction of the lateral grain growth induced by CW laser crystallization; the other one is
the channel length perpendicular to the direction of the lateral grain growth induced by CW
laser crystallization. Figure 7-22(a) and 7-22(b) are the comparisons of 1d-Vg and Id-Vd
curves for CWC TFTs which the directions of source to drain are structurally parallel and
perpendicular to the direction of laser scanning, respectively. Some important electrical
characteristics of LTPS TFTs are also listed in Table 7-4. The driving current and the
field-effect mobility are higher in the parallel CWC TFTs due to the carriers hardly

interrupted by grain boundaries parallel to the current direction.
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7.4 Summary

A new and simple diode-pumped solid-state (DPSS) continuous-wave (CW) laser
crystallization is also proposed to produce lateral grain growth via controlling the laser
scanning speed and laser power. As compared with excimer laser, DPSS CW laser (A = 532
nm) exhibit superior power stability. The CW laser-crystallized poly-Si thin film was analyzed
by several material analyses, including SEM, Raman, AFM, TEM, and the factors that
affected the final lateral crystallization microstructure were also investigated, including, laser
scanning speed, laser power, and the ambient. From the magnified SEM images, it can be
obviously distinguished that there are four different kinds of silicon grain structure in the
CWe-laser crystallized poly-Si thin films with, single scanning mode. In order to crystallize
large area with directional large grains for high' TET performance with good uniformity, the
CW laser scanning with an overlapping 88% between the traces is performed. From the SEM
and AFM analyses, CW laser lateral crystallization makes it easy to form directional large
grains (15 um in length) owing to the continuous‘energy supply and slow cooling rate of the
molten Si without damage to the glass substrates. In addition, the plane-view TEM pictures
and selected-area electron diffraction pattern display a directional river-like lateral Si grain
growth with tens of micron and excellent crystallinity due to the clear dots, respectively.
From the cross-sectional TEM picture, a flat surface morphology is formed at the grain
boundary which is suitable for gate oxide scale down. According to the experimental results,
ultra high-performance CW laser-crystallized LTPS TFTs have been demonstrated on the
oxidized silicon wafer for the first time with field-effect mobility of 505 cm?/V-s for
n-channel devices and 212 cm?/V-s for p-channel devices, subthreshold swing of 105 mV/dec
for n-channel and 127 mV/dec for p-channel, drain-induced-barrier-lowering of 15.2 mV/V

for n-channel and 30.8 mV/V for p-channel, and on/off current ratio more than 10° for
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n-channel and p-channel devices. Besides, dopant activation by CW laser annealing is also
studied. A comparison of the efficiency of dopant activation among various activation
methods is studied in detail. It can be found that CW laser annealing is a low-thermal budget
and high-efficiency activation method attributed to the low sheet resistance of 50 Q/o and
uniformly redistributed dopant profiles after CW laser annealing. CW laser-annealed LTPS
TFTs are, therefore, very promising for the future system-on-panel (SOP), solar cell, and

3D-ICs applications because of the simple process.

176



Table 7-1

The comparisons of excimer laser and DPSS continuous wave laser.

Irradiation time Few tens ns

wavelength UV range (XeCl, ArF etc)

A-Si absorption coefficient

10°
(cm-1)
Power stability T 10%
Optical elements i Quartz
Process ambient S | Vacuum/Air >

Randpm nucleation #nd
Growth mechanism % 1896 [
~ growth

Cost (facility + maintenance) High

Table 7-2

Measured sheet resistance of samples after various activation methods.
Sheet resistance /o

CW laser 15 W

CW laser 10 W

Excimer laser 390 mJ/cm2

RTA 650°C 60s

FA 600°C 24hrs

177



Table 7-3
Measured electrical characteristics of LTPS TFTs crystallized by DPSS CW laser and

excimer laser.

3.94x 10"

-0.375 130 0.277 124 1.41x 10"

-0.712 212 {0127 30.8 1.02x 10°

Table 7-4
Comparisons of CWC TFTs channel length structurally parallel and perpendicular to the
direction of laser scanning.

Threshold Voltage Field-effect Subthreshold Swing
(\%) Mobility (cm?/Vs) (V/dec)

Parallel CWC TFTs
e 0.90 195 0.107 4.4x 1010

On/off current ratio

TFT Structures

Perpendicular CWC TFTs
i 2.41 68 0.179 6.7x 108

Parallel CWC TFTs
Wel=sum) 0.98 226 0.148 8x 107

Perpendicular CWC TFTs
ol 0.828 99 0.133 1.1x 10°
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Figure 7-1. The process procedures of fabricating CWC LTPS TFTs.
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Figure 7-3. The sheet resistance of boron-doped silicon films after excimer laser activation.
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Figure 7-4. The sheet resistance of boron-doped silicon films after CW laser activation with

laser power of 10 W.
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Figure 7-5. The sheet resistance of boron-doped silicon films after CW laser activation with
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Figure 7-6. The SIMS redistribution profiles of boron atoms after laser annealing.
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Figure 7-7. SEM graphs of poly-Si films crystallized by CW laser with different power of (a)

8 watt, (b) 10watt, (c) 12watt, and (d) 14watt.
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Figure 7-8. SEM graphs of a sample crystallized by CW laser with laser power of 12 W and

laser scanning speed of 5 cm/s after Secco etching.
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Figure 7-9. Raman peak intensity of the CW laser-crystallized poly-Si thin films with laser
power of 12W as a function’of crystallization region, for which the crystallization

was carried out at room temperature.
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Figure 7-10. The dependence of Raman peak intensity of the crystallized poly-Si thin films

on different crystallization methods.
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Figure 7-11. XRD spectrum of the poly=Si-thin'films crystallized by CW laser annealing.
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Figure 7-12. EBSD of the poly-Si sample crystallized by CW laser annealing.
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Flatten

Figure 7-13(a). Atomic force microscope image of the CW laser crystallized poly-Si thin

films with directional large grains.

Flatten

Figure 7-13(b). Enlarged AFM image of the CW laser crystallized poly-Si thin films with

directional large grains.
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Figure 7-14. Comparisons of AFM images of poly-Si grain structure and surface roughness

crystallized by the DPSS CW laser crystallization and excimer laser

crystallization methods, respectively.
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Grain boundaries

Figure 7-15. Plane-view bright-field TEM image of CW laser crystallized poly-Si thin film

and its selected-area electrf)ﬁ;%@%ﬁ:ﬁn pattern.
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Figure 7-16. Cross-sectional TEM images of CW laser crystallized poly-Si thin film and

excimer laser crystallized poly-Si thin film, respectively.
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Figure 7-17. Cross-sectional TEM images of CW laser crystallized poly-Si thin films and their

selected-area electron diffraction patterns.
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Figure 7-18. High-resolution cross-sectional TEM image and the selected-area electron

diffraction pattern of the CW laser-crystallized crystallite. The diffraction

pattern reveals that the crystallite exhibits <110> orientation along the

direction of film grain growth.
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Figure 7-19. The crystallization mechanism of (a) continuous-wave laser lateral grain growth,

and of (b) SLG regime:on ELC.
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Figure 7-20(a). Comparison of transfer characteristics between the n-channel LTPS TFT

crystallized by DPSS CW laser and the n-channel conventional ELC TFTs.
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Figure 7-20(b). Comparison of output characteristics between the n-channel LTPS TFT

crystallized by DPSS CW laser and the n-channel conventional ELC TFTs.
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Figure 7-21(a). Transfer characteristics of n- and p-channel LTPS TFT crystallized by CW
laser annealing.
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Figure 7-22(a). Transfer characteristics of n-channel LTPS TFT crystallized by CW laser with
different scanning direction.
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Chapter 8

Summary and Conclusions

In this thesis, various techniques, including novel excimer-laser-crystallized poly-Si thin
films, advanced device structures, and diode-pumped solid-state (DPSS) continuous-wave
(CW) laser annealing, are studied for the fabrication of ultra high-performance
low-temperature polycrystalline silicon (LTPS) thin film transistors (TFTs) based on the
improvement of the channel material quality.

In the chapter 2, LTPS TFTs with bottom-gate (BG) structure have been demonstrated to
achieve lateral grain growth using excimer laser itradiation. The mechanism of lateral grain
growth using plateau structure of a-Si thin film:with excimer laser crystallization is based on
the spatial thermal gradient. Consequently, if the bottom-gate plateau were arranged in a
proper distance, only single grain“boundary perpendicular to the current flow can be
artificially controlled in the channel regions, which would lead to improved device
performance. The microstructure of poly-Si thin film with bottom-gate structure was
analyzed by several material analyses, including SEM, AFM, TEM, and the factors that
affected the final lateral crystallization microstructure were also investigated, including
thickness of a-Si thin film, thickness of gate dielectric, thickness of gate electrode, laser shot
number, and laser energy density. It can be observed that the large longitudinal grains
artificially grown measuring about 0.85 um were observed in length in the device channel
region, while small and fine grains are located near the edges of the bottom-gate electrode.
According to the TEM images, not only the interface between the poly-Si channel and
bottom-gate oxide but also bottom-gate electrode and bottom-gate oxide is clear, implying

that both the gate oxide and the bottom-gate electrode are not damaged during excimer laser
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irradiation. From the correlated selected-area diffraction pattern of poly-Si thin film, it is
found that the crystallinity of the silicon grain silicon in the channel region is excellent.
Moreover, the process window could be broaden because the laser energy densities, between
completely melting silicon thin film in the channel but partially melting the thicker one at the
corner, were easier to be controlled for the wider laser energy density range. Therefore, a
wide process window and improved uniformity of TFTs performance are attained due to large
silicon grains. High-performance BG LTPS-TFTs have been demonstrated with field-effect
mobility exceeding 330cm?/V-s, low GIDL effect, suppressed kink current and improved
device uniformity due to the artificial lateral silicon grains. The process steps in these
technologies are highly compatible with the conventional commercial a-Si TFTs. Moreover,
the BG TFTs reveal higher breakdown voltage and better reliability due to the smooth
interface between gate dielectric and: poly-Si channel films as thinner gate oxide were
employed without additional processes. or materials.. The improved breakdown and driving
characteristics imply that the proposed BG-TET, structure is more suitable for device-
scaled-down applications.

Although BG LTPS-TFTs exhibit superior electrical characteristics, asymmetrical
electrical characteristics are also observed due to the misaligned process effect. Therefore, a
self—aligned (SA) bottom-gate TFT with appropriate channel length by using the simple ELC
and backside exposure has been demonstrated in the chapter 3. A self-aligned
photolithography using the bottom-gate as an opaque mask is applied by backside exposure
through the quartz substrate. The bottom amorphous silicon gate is thick (100 nm) enough to
act as an opaque mask for the formation of the self-aligned bottom gate structure by using the
back surface exposure. From the optical microscope (OM) and SEM micrographs, the
photo-resist is perfectly self-aligned to the bottom-gate regions. As a result, besides all the
advantages of BG LTPS-TFTs with lateral silicon grains, symmetrical electrical

characteristics are also observed in SA BG LTPS-TFTs. Consequently, SA-BG TFTs with the
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channel length of 1 pm exhibited field-effect-mobility reaching 193 cm?Vs without
hydrogenation, while the mobility of the conventional non-SA-BG TFTs and conventional SA
top-gate ones were about 17.8 cm?/Vs and 103 cm?/Vs, respectively. Moreover, the SA-BG
LTPS TFTs with a-Si gate thickness of 1000 A exhibit better electrical characteristics than
that of poly-Si TFTs with 1500 A-thick gate owing to the better quality of large silicon grains
in the device channel region.

In the chapter 4, novel ultra high-performance LTPS TFTs with double-gate (DG)
structure and controlled lateral grain growth have been demonstrated by excimer laser
crystallization. Although shrinking the device size is an effective way to improving the device
performance, poor short-channel effects (SCE) is encountered owing to the insufficient gate
controllability. Poly-Si TFTs suffer from worse electrical characteristics than bulk Si
MOSFETs owing to the presence of nimerous intra=grain and inter-grain defects in the poly
silicon films. The microstructure of poly-Si films and the completed device structure were
analyzed by an analytical transmissionielectron-microscopy (TEM). Because the top and
bottom gates are symmetrical, in which the gateoxide thickness is the same, and connect
together electrically to obtain a perfect coupling between the surface potential in the channel
region and the gate. Consequently, the influence of the source and drain depletion regions are
kept minimal, which in turn reduce the short channel effects by screening the source and
drain electrical field lines away from the channel. In addition, lateral silicon grains formed in
the channel region as the bottom-gate TFTs is obtained, the DG devices have a higher driving
current, steeper subthreshold slope, smaller drain-induced-barrier-lowering (DIBL), superior
short-channel effect immunity, and suppression of the floating-body effect. The proposed DG
TETs (W/L = 1/1 um) have the equivalent field-effect-mobility exceeding 1050 cm?*/V's for
the N-channel device, 403 cm?/Vs for the P-channel device, on/off current ratio higher than
10° for both structures, smaller DIBL (75mV/V) for N-channel ones, DIBL (33mV/V) for

P-channel ones, and excellent device uniformity. We also compare the electrical
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characteristics of top gate, bottom gate and double gate devices crystallized by ELC with
plateau structure in which the channel length is Ium and P-type carrier. From the
experimental results, the performances are greatly improved in the double-gate TFTs as
compared with the top-gate TFTs and bottom-gate TFTs. The larger on current, higher
field-effect mobility, steeper subthreshold swing and smaller DIBL reveal the enhanced gate
controlling ability of double gate structure.

Although the crystallinity of poly-Si thin film can be effectively enhanced via ELC with
bottom-gate structure, it is inevitable that there is a high angle grain boundary in the middle
of channel region, which degrades the TFT performance and reliability. In the chapter 5, a
novel and simple laser crystallization method which can remove the high angle grain
boundary and produce the large and uniform grains in the desired local region is proposed to
improve the field-effect mobility as well'as the deviee.uniformity. Amorphous silicon spacers
played the role to let the bottom of the under-layered amorphous silicon film serve as seed
crystals. Periodically lateral silicon grains with-2-gtm in'length can be artificially grown in the
channel regions via the amorphous silicon:spacerstructure with excimer laser irradiation. As
a result, such periodically large and lateral grains in the TFTs would achieve high field-effect
mobility of 298 cm?®/Vs, as compared with the conventional ones of 128 cm*/Vs. In addition,
the uniformity of device-to-device could be improved due to this location-manipulated lateral
silicon grains. Owing to the tiny width of the a-Si spacer (< 50 nm), such crystallization is
also suitable for large- dimension TFTs (W = L = 10 um). Large-dimension TFTs crystallized
with the distance between adjacent a-Si spacers of 2.5 um also exhibited the better
characteristics resulting from the minimum number of longitudinal grain boundary in the
channel region.

In the chapter 6, a novel crystallization technology for producing two-dimensional
lateral grain growth, aiming at single-grain TFT, was demonstrated by excimer laser

irradiation relying on the spatially temperature distribution at the artificially sites. The high
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quality silicon grains are controlled via manipulating super lateral growth phenomenon by
spatially two kinds of silicon films and pre-patterned structure. The tiny a-Si spacers (< 50
nm) are served as seed crystals and form spatially different silicon thicknesses. An array of
1.8-um-sized disklike silicon grains is formed periodically by isothermal substrate heating at
400°C during laser irradiation. Not only high-performance poly-Si TFTs with
field-effect-mobility reaching 308 cm2/Vs but also excellent device uniformity are
demonstrated owing to the artificially-controlled lateral grain growth. Proposed poly-Si TFTs
therefore have great potential for the future SOP and 3D-ICs applications.

A new and simple diode-pumped solid-state (DPSS) continuous-wave (CW) laser
crystallization is also proposed to produce lateral grain growth via controlling the laser
scanning speed and laser power. As compared with excimer laser, DPSS CW laser (A = 532
nm) exhibit superior power stability, The CW ‘laser-crystallized poly-Si thin film was
analyzed by several material analyses,.including.SEM, Raman, AFM, TEM, and the factors
that affected the final lateral crystallization.microstructure were also investigated, including,
laser scanning speed, laser power, and the-ambient. From the SEM and AFM analyses, CW
laser lateral crystallization makes it easy to form large grains (15 pum in length) owing to the
continuous energy supply and slow cooling rate of the molten Si without damage to the glass
substrates. In addition, the plane-view TEM pictures and selected-area electron diffraction
pattern display a directional river-like lateral Si grain growth with tens of micron and
excellent crystallinity due to the clear dots, respectively. From the cross-sectional TEM
picture, a flat surface morphology is formed in the grain boundary which is suitable for gate
oxide scale down. According to the experimental results, ultra high-performance CW
laser-crystallized LTPS TFTs have been demonstrated on the oxidized silicon wafer for the
first time with field-effect mobility of 505 ¢cm?/V-s for n-channel devices and 220 cm?/V-s for
p-channel devices, and on/off current ratio more than 10° for n-channel and p-channel devices.

Besides, dopant activation by CW laser annealing is also studied. A comparison of the
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efficiency of dopant activation among various activation methods is studied in detail. It can
be found that CW laser annealing is a low-thermal budget and high-efficiency activation
method attributed to the low sheet resistance of 50 Q/o and uniformly redistributed dopant
profiles after CW laser annealing. CW laser-annealed LTPS TFTs are, therefore, very
promising for the future SOP, solar cell, and 3D-ICs applications because of the simple

process.

200



Chapter 9

Future Prospects

There are some interesting and important topics that are valuable for the further
research about the low temperature polycrystalline silicon (LTPS) thin film transistors
(TFTs):

The highly surface roughness of the crystallized poly-Si thin films resulting from the
mass transport during laser irradiation causes the difficulty on the thinner thickness gate
dielectric integration of LTPS TFTs as well as the long-term reliability of LTPS TFTs. In
addition, the non-uniform thickness of silicon layer will cause the variation of TFT electrical
characteristics. It has been proven .that bottom-gate (BG) TFTs reveal higher breakdown
voltage and better reliability than top-gate (TG) ones owing to the flat interface between gate
dielectric and poly-Si channel films:-Although-BG structure has better immunity of gate bias
stress, developing process technologies ‘to reduce the surface roughness for TG TFTs is
indispensable for further improving TFT performances when using thin gate dielectric
integration and scaling down the device size of TFT. Developing surface planarization
techniques and modifying the laser crystallization approach are plausible methods for the flat
silicon surface.

Shrinking the device size is an effective way to improving the device performance, but
poor short-channel effects (SCE) is encountered owing to the insufficient gate controllability.
Ultra high-performance double-gate (DG) LTPS TFT with controlled lateral grain growth has
been demonstrated by excimer laser crystallization. Because of the top gate and bottom-gate
connected together as well as large silicon grains formed in the channel region, the DG

devices display a higher driving current, steeper subthreshold slope, superior short-channel
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effect immunity, and suppression of the floating-body effect. As a result, it is as expected that
if fully-depleted multi-gate and/or gate-all-around (GAA) structures were further applied to
the fabrication of LTPS TFTs, ideally device with higher channel conductivity and excellent
of subthreshold slope can be obtained.

Thin gate dielectric integration is another effective method to improve the device
performance as well as the immunity of short-channel effects. But, the quality of deposited
oxide can hardly meet the requirements for gate dielectric as thinner gate oxide is applied to
LTPS TFTs. Hence, high-K gate dielectric and high-density plasma deposition and oxidation
thin gate oxide dielectric may be the solutions to form high-quality gate dielectric at low
temperature. And the reliability and stability of these gate dielectrics are also interesting
issues and needed further study.

Although excimer laser crystallization have been shown to be the most promising
candidate for LTPS TFTs in the mass.production, however, the instability and short pulse
duration of excimer laser put difficulty on-the-formation of uniform and large-grained poly-Si
thin films. Solid-state CW laser may-be.the other alternative for LTPS TFTs due to its
advantages of better laser energy stability, lower facility cost, easier maintenance, and longer
melting duration. Ultra high-performance CW laser-crystallized LTPS TFTs have been
fabricated. But, controlling the grain boundary location is essential to further improve the
TFT performance and device-to-device uniformity.

Self-aligned (SA) bottom-gate TFT with appropriate channel length by using the
simple ELC and backside exposure has been demonstrated. Such BG TFTs exhibit higher
performance and better uniformity. It is as expected that this simple self-aligned process can
be also applied to the fabrication of the double-gate LTPS TFTs with lateral silicon grains.

As the device dimension is comparable with the poly-Si grain size, the electrical
characteristics of LTPS TFTs will be deeply influenced by the location and the number of

grain boundary. Hence, if single large grain is formed in the device channel region, the
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resulting LTPS TFTs will exhibit uniform and excellent electrical characteristics. In this
thesis, two-dimensional location-controlled grain growth has been demonstrated by excimer
laser irradiation relying on spatially temperature distribution at artificially sites. However,
simpler process as wall as orientation-controlled approaches are needed in the single-grain
TFTs for the fabrication of mass production.

It is found that as the LTPS TFTs performance approaching to that of
silicon-on-insulator (SOI) device, self-heating effect becomes serious owing to the poor
thermal conductivity of the insulating glass substrates. As a result, some novel device
structures and approaches are required to dissipate the heat generating during the device
operation in the future LTPS TFTs.

As the LTPS TFTs are used for active-matrix organic light-emitting displays
(AMOLEDs), it is always required to adopt new driving pixie circuits of AMOLEDs to
compensate the variation of the LTPS. TET performanee. Since our proposed LTPS TFTs
exhibit both high-performance and good wniformity, it is‘worthy of further study in the device

application in the AMOLEDs.
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