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ABSTRACT

In this thesis, first, we studied “Enhanced performance of poly-silicon thin-film
transistors (poly-Si TFTs) with Argon "ion ‘implantation. By adopting this novel
surface-nucleation solid-phase-crystallization scheme, not only the grain size of
poly-Si can be increased but also the intragranular defects can be suppressed
effectively. Therefore, a high quality poly-Si film within the channel with better
crystallinity is formed. Argon-implanted TFTs have been successfully fabricated and
the experimental results demonstrate a superior field-effect mobility of 46.06
(cm?/Vs), a fewer grain boundary trap state densities of 3.44 x10'* (cm™) than those of

conventional TFTs.

Then, Floating channel polycrystalline silicon thin-film transistors are studied
and demonstrated having superior electrical characteristics in the Chapter 3. In

comparing with the conventional TFTs, the fabricated floating channel TFTs has an

III



electrical property about 200% improved. The achievement is highly attributed to the
fact that, by adopting this novel crystallization scheme, both the grain size and the
intragranular defects of polycrystalline silicon are effectively improved. Therefore, we
have demonstrated here a promising structure which forms a high quality channel film
and is especially suitable for the future high-performance large-area device

applications.

Finally, the electrical characteristics of thin-film transistors (TFTs) with poly-Si
nanowire (NW) channels fabricated by a novel sidewall spacer technique are studied.
The new device features a conventional planar structure with self-aligned poly-Si NW
channels along the sidewall of the prepatterned dummy stripe. The proposed TFT with
twin nanowire channels owns outstanding gate controllability owing to its
three-dimensional tri-gate-like structure, and holds. suppressed poly-Si grain bounday
defects owing to its nanoscale dimension. Therefore, the fabricated NW TFT exhibits
excellent electrical characteristics, such-asra-high ON/OFF current ratio (>107), a
reasonable subthreshold swing (S.S.) of 395 mV/decade. These results suggest that
the fabrication procedure of NW TFT is a very promising candidate for future

practical manufacturing.
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Chapter 1

Introduction

1.1 Overview of Low Temperature Poly-Si Thin-Film Transistors

The study of polycrystalline silicon (poly-Si) thin film transistors (TFTs)
fabricated using a maximum temperature below 600°C commenced until 1980s. We
defined this kind of poly-Si TFTs as Low temperature polysilicon thin film transistors
(LTPS-TFTs) . It have received much attention in recent years because of their
applications , such as active matrix, liguid erystal displays (AMLCDs) [1-3] , active
matrix organic light emitting displays (AMOLEDs) {4-6] , high density static random
access memories (SRAMs) [7]; electrical erasable programming read only memories
(EEPROM) [8][9] and candidaté: for 3-dimenstion ICs’ applications [10] . Within
those applications, the application of active matrix liquid crystal displays (AMLCDs)
is the major driving force to promote the developments of poly-Si TFT technology .

The first generation of active matrix liquid crystal displays (AMLCDs) used
a-Si:H TFTs for the pixel switching device. The advantages of a-Si:H TFTs are their
compatibility with low processing temperature on large-area glass substrates and low
leakage current due to the high off-stated impedance. However , the low electron
field-effect mobility(<1 cm®/Vs) has limited the development of AMLCDs technology.
So , the poly-Si TFTs acted important role for AMLCDs development , because the
high field effect mobility and the high driving current of poly-Si TFTs makes the
integration of switching pixels and driver circuits possible [11]. Moreover, the

aperture ratio and the panel brightness can be also greatly promoted due to small



device size needed using poly-Si TFTs [12]. Therefore, the performance of display
can be significantly improved. So polysilicon films crystallized from amorphous
silicon have been of great interest for active layers in the thin film transistors (TFTs),
which are used to drive and switch the image pixels in active matrix liquid crystal
displays (AMLCDs) and also used in silicon-on-insulator (SOI) technologies for
three-dimensional integrated devices[13].The electrical characteristics of polysilicon
TFTs are strongly dependent on the polysilicon microstructure. Grain boundaries and
intragranular defects are electrical potential barriers and scattering sites, which
decrease the carrier transport mobility and also serve as midgap states to increase the
leakage currents. Polysilicon films with larger grain sizes and fewer intragranular
defects have been a continual goal[14]-[17].Recent low temperature (<600°C) solid
phase crystallization (SPC) techniques propose that the grain size and the mobility are
not good enough , even though there should be no.grain boundaries within the channel.
However, the residual intragranular defects-reduce the defect-free area of polysilicon
film down to 30 nm, and it is thought that they.become the limiting factor in device
performance[18]. Therefore, reducing the density of intragranular defects becomes
very important to improve the electrical performance of TFTs. To date, two methods
have been suggested to reduce the density of intragranular defects: high-temperature
annealing[18][19]and laser crystallization[20].Haji et al.[18] reported that main
intragranular defects in polysilicon films after crystallization at 600°C are microtwins,
that they are not stable above 750°C, and that they can be eliminated after further
high-temperature annealing. However, high-temperature processing cannot be applied
to AMLCD TFTs fabricated on glass substrates with a strain point less than 650 °C.
Compared with the furnace annealing, laser crystallization has disadvantages of high
cost and poor film uniformity. Reducing this intragranular defect density of SPC

polysilicon films at a temperature below 650°C is a motivating factor for this
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research.

As compared with single crystalline silicon, the polycrystalline Silicon may
consist of many grains, whose boundaries are composed of unsatisfied dangling
silicon bonds that may trap charge carriers and become charged. This results in the
formation of potential barriers between grains and also between the grain interior and
its boundary [21]. The major effect of grain boundaries and intra-grain defects on the
electrical performance of a TFT results from lowering the carrier mobility. This
results in a degradation of drive current and subthreshold swing , and increases the
threshold voltage, leakage current, and the temperature dependence of the
device[21][22]. In order to obtain desirable electrical characteristics of poly-Si TFTs ,
several methods have been proposed to improve the device performance by enlarging
the grain size of poly-Si films[231[24] and teducing the trap states in grain
boundaries . Many crystallization.techniques have-been proposed to achieve low
temperature polycrystalline siliconi (LTPS)-TFTs* , such as SPC (solid phase
crystallization)[25] , ELA (excimerlaser anncaling)[26][27] and MILC (metal
induced lateral crystallization)[28]. Plasma treatments is also a method for reducing
trap states in grain boundaries, various plasmas such as H;[29], NH3 [30], N,O[31]
and O; plasmas [32] have been intensely investigated in recent years.

Moreover, the device performance could also be improved by adopting novel
device structures. Offset drain/source [33], Lightly doped drain (LDD) [34], gate
overlapped LDD [35] , multiple channel structure [36] , Double or multiple gate

structures [37], vertical channel [38] have been proposed and investigated intensively.

1.2 Motivation

In this thesis, we focus on the enhancement of poly-Si grain size to get high



mobility of poly-Si TFTs. This is because we want to gain higher on-current for
AMLCD applications. Thus, the aperture ratio will be increased and then brightness
will certainly increase. In recent years, the poly-Si TFTs have many applications
which not only AMLCD but also 3-d circuit applications are very popular. We
enhanced mobility of poly-Si TFTs can help system and circuit designer having wide
window to design.

First, we have proposed that using Argon ion implantation to enhance mobility.
Polycrystalline silicon (poly-Si) is an attractive material for use in large-area
electronics, such as thin film transistors (TFTs), solar cells, and image sensors,
because of its high carrier mobility compared with amorphous silicon (a-Si).It is
believed that electrical properties of the TFT’s can be improved if the grain size can
be enhanced and the number of’grain boundaties in the channel region can be
minimized. Solid-phase crystallization (SPC).annealing in a furnace is a widely used
scheme because of its simplicity as well.asits-ability to produce a smooth interface
and excellent uniform film [39].Unfortunately, the traditionally SPC methods which
was began a nucleation of Si atoms from bounded a-Si film interface (a-Si/SiO,)
obtain the poly-Si film and therefore lead to smaller grain size [40]-[42].Because of
this the nucleation of Si atoms from the free top surface of a-Si film is proposed to
improve the quality of SPC poly-Si film. So, we proposed Solid Phase Crystallized
Poly-Si TFTs with Argon ion implantation to achieve the nucleation mechanism.

Then, floating channel polycrystalline silicon thin-film transistors are proposed
and demonstrated having superior electrical characteristics in the Chaper 3. It is well
known that the electrical characteristics of poly-Si TFTs are strongly correlated to the
microstructure of poly-Si film. In the channel, the grain boundaries and intragranular
defects act as scattering centers and midgap traps to degrade the electrical

characteristics. Unfortunately, the traditionally SPC methods which was began a
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nucleation of Si atoms from bounded a-Si film interface (a-Si/SiO,) obtain the poly-Si
film and therefore lead to smaller grain size. Because of the floating channel without
bounded interface issue the poly-Si flim can achieve bigger grain size to enhance the
electrical characteristics. The achievement is highly attributed to the fact that, by
adopting this novel crystallization scheme, both the grain size and the intragranular
defects of polycrystalline silicon are effectively improved. So, we proposed floating
channel poly-Si TFTs to improve device performance.

Finally, the electrical characteristics of thin-film transistors (TFTs) with
solid-phase crystallization (SPC) poly-Si nanowire (NW) channels fabricated by a
novel sidewall spacer technique are proposed. The new device features a conventional
planar structure with self-aligned poly-Si NW channels along the sidewall of the
prepatterned dummy stripe. Theiproposed TET.with twin sub-100 nm linewidth
channels owns outstanding gate..controllability  owing to its three-dimensional
tri-gate-like structure, and holds suppréssed-poly-Si-grain bounday defects owing to
its nanoscale dimension. Using this method- to produce a nearly three-dimensional
tri-gate-like profile doesn’t need costly photolithography process like electron- beam
lithography (EBL) techniques. This method is therefore simple, low-cost, and
process-compatible with modern semiconductor manufacturing processes. So TFTs
with SPC poly-Si nanowire (NW) channels fabricated by a novel sidewall spacer

technique is a very promising candidate for future practical manufacturing.

1.3 Method of Device Parameter Extraction

In this thesis, all of the electrical characteristics of proposed poly-Si TFTs were
measured by HP 4156B-Precision Semiconductor Parameter Analyzer.
Many methods have been proposed to extract the characteristic parameters of

poly-Si TFTs. In this section, those methods are described.



1.3.1 Determination of Threshold Voltage

Threshold voltage (Vi) is an important parameter required for the channel
length-width and series resistance measurements. However, Vy is not uniquely
defined. Various definitions have been proposed and the reason can be found in
Ip-Vgs curves. One of the most common techniques is the linear extrapolation method
with the drain current measured as a function of gate voltage at a low drain voltage of
50~100mV to ensure operation in the linear region [43]. The drain current is not zero
when Vgg below threshold voltage and approaches zero asymptotically. Hence the Ipg
versus Vgs curve can be extrapolated to Ip=0, and the Vy, is determined from the

extrapolated intercept of gate voltage (Vgsi) by

Vs
2

Vip =Vogi= (Eq. 1.1)

Equation (1.1) is strictly only valid for negligible series resistance. Fortunately series
resistance is usually negligiblé- at the low-drain-current when threshold voltage
measurements are made. The Ips-Vgs'curve deviates from a straight line at gate
voltage below Vi, due to subthreshold current and above Vy, due to series resistance
and mobility degradation effects. It is common practice to find the point of maximum
slope of the Ips-Vgs curve and fit a straight line to extrapolate to Ip=0 by means of
finding the point of maximum of transconductance (Gm).

In this thesis, we use a simpler method to determinate the Vy, called constant
drain current method. The voltage at a specified threshold drain current is taken as the
Vi. This method is adopted in the most studied papers of poly-Si TFTs. It can be
given a threshold voltage close to that obtained by the complex linear extrapolation
method. Typically, the threshold current is specified at (W/L) x 10nA for Vps= 0.1V

and (W/L) x 100nA for Vps= 5V, where W and L are channel width and channel



length, respectively.

1.3.2 Determination of Subthreshold Swing

Subthreshold swing (S.S.) is a typical parameter to describe the control ability of
gate toward channel, which reflects the turn on/off speed of a device. It is defined as
the amount of gate voltage required to increase/decrease drain current by one order of
magnitude.

The S.S. should be independent of drain voltage and gate voltage. However, in
reality, the S.S. increases with drain voltage due to channel shortening effect such as
charge sharing, avalanche multiplication and punchthrough effect. The subthreshold
swing is also related to gate voltage due to.undesirable and inevitable factors such as
the serial resistance and interface states.

In this thesis, the S.S. is-defined as one-third of the gate voltage required to
decrease the threshold current by three. orders-of magnitude. The threshold current is

specified to be the drain current when the gate*voltage is equal to threshold voltage.

1.3.3 Determination of Field Effect Mobility

Usually, field effect mobility (4 ) is determined from the maximum value of

transconductance (Gm) at low drain bias. The transfer characteristics of poly-Si TFTs
are similar to those of conventional MOSFETS, so that the first order of I-V relation in
the bulk Si MOSFETs can be applied to poly-Si TFTs. The drain current in linear

region (Vps < Vgs— Vi) can be approximated as the following equation:

W 1
Ios = e Coy (T][(\/GS =V )\/DS - EVDS 2} (Eq. 1.2)

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




oxide capacitance per unit area and Vy, is the threshold voltage. Thus, the

transconductance is given by

Ol ps W
= =u.C | — Eq. 1.3
g m aVGS :ueff ox( L )\/DS ( q )
Therefore, the field-effect mobility is
L g (Eq.1.4)
Hesi COXWVDS m(max ) | Vps =0 q.1.

1.3.4 Determination of ON/OFF Current Ratio

On/off current ratio is one of the most important parameters of poly-Si TFTs
since a high-performance device exhibits not only a large on-current but also a small
off-current (leakage current). The leakage current mechanism in poly-Si TFTs is not
like that in MOSFET. In MOSFETF; the channel is composed of single crystalline Si
and the leakage current is due te the tunneling:of minority carrier from drain region to
accumulation layer located in channél fegion-However, in poly-Si TFTs, the channel
is composed of poly-Si. A large ‘amount of trap state densities in grain structure
attribute a lot of defect states in energy band gap to enhance the tunneling effect.
Therefore, the leakage current is much larger in poly-Si TFTs than in MOSFET. When
the voltage drops between gate voltage and drain voltage increases, the band gap
width decreases and the tunneling effect becomes much more severe. Normally we
can find this effect in typical poly-Si TFTs’ Ips-Vgs characteristics where the
magnitude of leakage current will reach a minimum and then increase as the gate
voltage decreases/increases for n/p-channel TFTs.

There are a lot of ways to specify the on and off-current. In this chapter, take
n-channel poly-Si TFTs for examples, the on-current is defined as the drain current
when gate voltage at the maximum value and drain voltage is 5V. The off-current is

specified as the minimum current when drain voltage equals to 5V.
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lon  Maximum Current of I, -V, Plot at Vg =5V

I (Eq. 1.5)
OFF  Minimum Current of I, —-Vg Plot at V3 =5V

1.3.5 Extraction of Grain Boundary Trap State Density

The Trap State Density (N;), which can be determined by the theory established
by Levinson et al. [44], which is based on Seto’s theory [45].

For poly-Si TFTs, the drain current Ips can be given as following:

w —g°N,’L
I« = C.|l— V.. ex - Eq. 1.6
ps = Hre ox( L )\/DS GS p[ 85, KTC, Ve, (Eq )
Where,
Leff field-effect mobility of carriers
q electron’charge
k Boltzmann’s constant
£si dielectric constant of silicon
T temperature
Ni trap-state density per unit area

L. channel thickness

This expression, first developed by Levinson et al., is a standard MOSFET’s
equation with an activated mobility, which depends on the grain-boundary barrier
height. Levinson et al. assumed that the channel thickness was constant and equal to
the thickness of the poly-Si film (t). This simplifying assumption is permissible only
for very thin film (t<10nm). The trap-state density can be obtained by extracting a
straight line on the plot of In(Ips/Vgs) versus 1/Vgs at low drain voltage and high gate
voltage.

Proano et al. [46] thought that a barrier approximation is to calculate the gate
induced carrier channel thickness by solving Poisson’s equation for an undoped
material and to define the channel thickness (L) as a thickness in which 80% of the

total charges were induced by the gate. Doing so, one obtains
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gkTt,, |

Esio,
L = )
¢ q(\/GS _Vfb)

(Eq. 1.7)

which varies inversely with (Vgs—Vg,). This predicts, by substituting Eq.1.7 into
Eq.1.6, that In[Ips/(Vas—Vi)] versus 1/(Vas—V)>. We use the gate voltage at which
minimum leakage current occurs as flat-band voltage (V). Effective trap-state

density (N;) can be determined from the square root of the slope.

1.4 Organization of the Thesis

In the following sections, we will show our research efforts.

In Chapter 2, the electrical characteristics and fabrication processes of poly-Si
TFTs with Argon ion implantationwill be proposed. Experimental results reveal that
the performance and reliability of our devices have remarkable improvements in
comparison with conventional “TFTs.Additionally, we make a detail discussion to
explain the results of experimental.

In Chapter 3, the fabrication processes and electrical characteristics of Floating
channel polycrystalline silicon thin-film transistors will be proposed. Experimental
results reveal that poly-Si TFTs with floating channel have better performance than
the conventional TFTs. Then, we will make a complete discussion about the electrical
characteristics of poly-Si TFTs with floating channel.

In Chapter 4, he fabrication processes and electrical characteristics of TFTs with
SPC poly-Si nanowire (NW) channels fabricated by a novel sidewall spacer technique
will be proposed. Experimental results reveal that poly-Si TFTs with NW channel
fabricated by a novel sidewall spacer technique 1is simple, low-cost,
process-compatible with modern semiconductor manufacturing processes and has

good electrical characteristics. Then, we will make a complete discussion about the

10



electrical characteristics of our devices.

At the end of this thesis, we will make a conclusion in Chapter 5.
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Chapter 2

The Study of Ar lon Implantation to Enhance Solid

Phase Crystallization in Poly-Si TFTs

2.1 Introduction

Solid-phase crystallization (SPC) of amorphous silicon (a-Si) has been attracted
many interests for the application of polycrystalline silicon thin-film transistors
(poly-Si TFTs) in active-matrix-liquid-crystal displays (AMLCDs) [1][2]. In these
applications, the electrical charactéristics of poly=Si TFTs are strongly dependent on
the microstructure of poly-Si film. In particular,.grain boundaries and intragranular
defects which act as scattering centers-and.midgap traps are known to affect the
carrier transport properties [3]. Unfortunately; the conventional SPC methods acquire
an interface-nucleation mechanism which has a nucleation of Si atoms from bounded
a-Si film interface (a-Si/Si0,) in the initial stage and therefore lead to smaller grain
size[4]-[6]. To date, various techniques based on novel surface-nucleation SPC kinetic
such as utilizing the oxygen blowing process during the initial deposition of a-Si [7],
and deposition of a-Si bilayer structure with different concentration of oxygen [8]
were proposed to improve the crystallinity of SPC poly-Si film by initiating the
nucleation of Si atoms from the free top surface of a-Si film, leading to larger grain
size. Recently, I. W. et al.[9] has proposed another concept about retarding the Si
nucleation at the interface of a-Si/SiO, by deep Si ion implant into a-Si. The
interface-nucleation rate decrease was due to the implant-induced recoiled-oxygen at

the interface of Si/Si0,. Among aforesaid process, a oxygen-rich layer is introduced at

17



the interface of Si/SiO; by different methods It is well known that oxygen atoms will
hinder solid-phase-epitaxy regrowth rate in the epitaxy Si regrowth [10]. Therefore,
the presence of oxygen atoms at the interface can prohibit the interface-nucleation rate.
The above-mentioned methods are practical for grain size enhancement of poly-Si

film, but they have not been successively adopted for TFTs fabrication.

In this paper, we propose a novel surface-nucleation SPC scheme with the grain
size enhancement is achieved by deep heavy Argon ion implantation located beyond
the a-Si/Si0O, interface prior to solid-phase-crystallization to further improve the
poly-Si crystallinity and the therefore enhance the performance and reliability of

poly-Si TFTs.

2.2 Experimental

The self-aligned top-gated'n channel poly-Si TETs with Argon ions implantation
were investigated in this study. Fig~2-1 show the-process flow and cross-sectional
view of the investigated poly-Si TFT: ‘Ai100-nm-thick undoped amorphous silicon
(a-Si) film was deposited on a 500-nm-thick oxide-coated Si wafer by low pressure
chemical vapor deposition (LPCVD) system at 550°C. Then, Argon ions were
implanted into the a-Si film. The ion implantation dose was 1x10'? cm >, an
accelerating energy of 90 keV, and tilt angle of 7°, respectively. The projection range
of Argon ions was located beyond the interface of a-Si/SiO, and the implantation was
performed without any pad oxide on a-Si. The Ar-implanted a-Si film was then
recrystallized at 600°C for 24 hrs in N, ambient. After crystallizing the a-Si film, the
active region was patterned by photolithography and plasma etching. A 50-nm-thick

tetracthylorthosilicate (TEOS) gate oxide and a 200-nm-thick poly-Si gate electrode

were successively deposited by LPCVD system. After patterning and plasma etching
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of gate electrode, phosphorous ions were used as the self-aligned source/drain and
gate implantation with the dosage and energy of 5x10'> cm 2 and 40 keV, respectively.
Then, a 400-nm-thick SiH4 based passivation oxide was deposited by plasma
enhanced chemical vapor deposition (PECVD) at 300°C. After the deposition of
passivation oxide, the source/drain and gate region were activated at 600°C for 12hrs
in the N, ambient. Then, the contact hole was then defined and etched by buffer oxide
etching (BOE) solution. The aluminum (Al) electrode layer was deposited, patterned,
and etched to form the metal pads. Finally, all devices were performed with a NH;
plasma treatment at 350°C for 30 min before measurement. The conventional poly-Si

TFTs without Argon ions implantation were also fabricated for comparison.

2.3 Results and Discussion

The bird-eye-view scafining electron mictoscopy (SEM) image of a
secco-etched poly-Si film is shown-in Fig:-2-2 which apparently reveals a large
difference in grain size for Argon-implanted and conventional devices. A better
crystalline poly-Si film with larger grain size and lower intragrainular defect is found
in the Argon-implanted sample. The possible reasons for the better poly-Si
crystallinity for Argon-implanted poly-Si film are as follows: When implanting heavy
Argon ions into the a-Si film with the projected range located beyond the a-Si/SiO,
interface which may induce implant-recoiled oxygen atoms from the SiO, substrate to
accumulate at the interface. The presence of recoiled-oxygen atoms is believed to
decrease the interface-nucleation sites of Si grains at the interface. Therefore, when
reducing the nucleation sites at the interface of Si/SiO,, the Si atoms will nucleate
from the free top surface of a-Si film. Because the interface Si atoms are bounded to

underlying SiO,, the crystallization-generated rearrangement and volume shrink of Si
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atoms will cause many stress-induced defects in conventional interface-nucleation
scheme. However, the crystallization-induced stress can be easily relieved from the
surface-nucleation scheme in the Argon-implanted sample. XRD patterns of the
poly-Si film for Argon-implanted and conventional samples after SPC annealing are
shown in Fig. 2-3. The dominant polycrystalline structure is Si (111) and Si (220)
preferred orientation. This result is consistent with that reported by Aoyama et al. [11].
The average grain size can be calculated from the full width at half maximum
(FWHM) of the Si (111) peak. The XRD pattern shows that the Argon-implanted
sample obviously has sharper and higher XRD intensity in both Si (111) and Si (220)
preferred orientation. Therefore, the result further prove that better crystallinity of

poly-Si film with larger grain size and fewer intragranular defects can be formed.

Fig. 2-4 shows the typical transfeti characteristics for Argon-implanted and
conventional TFTs at drain biasof'0.5V and 5V. The-devices have a nominal channel
length (L) of 10 um and a channel width'(W)-of 10 um, respectively. The maximum
on-current and minimum off-current "are 'both defined at drain bias of 0.5V.
Threshold voltage is defined as the gate voltage required to yield a normalized drain
current of Ips = (W/L) x 100 nA at V4= 0.5V. Distinct improvement in devices
characteristics are acquired for Argon-implanted TFTs. The measured and extracted
key devices parameters, including threshold voltage (Vth), subthreshold swing (S.S.),
field effect mobility (upg), maximum on-current, minimum off-current, and on/off

current ratio are summarized in Table 2-1.

Consequently, the performance of Ar-implanted TFTs is significantly improved
in Fig. 2-4 The Vth and S.S. of the Ar-implanted TFTs were found to be superior to
the conventional ones. It is well-known that the Vth and S.S. are strongly affected by

the deep trap states originated from the Si dangling bonds [12]. Because Argon ion is
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a noble gas which may not react with Si dangling bonds and contributes any dopant
species, the improved performance may not derive from the Argon passivation effect
of poly-Si trap states and dopant-.induced lower threshold voltage. Hence, using
surface-nucleation SPC by heavy Argon ions implantation can improve the
microstructure crystallinity of poly-Si film. Because of the better crystalline poly-Si

film, the dangling bonds at the grain boundaries were reduced, effectively.

In addition, the off-state leakage current of the Argon-implanted TFTs was
smaller than that of conventional ones. It is well-known that the leakage current was
generated from the field-enhanced-emission via trap states near the drain depletion
region under a high electric field. The better the crystallinity of poly-Si film, the fewer
the trap states can be created. Hence, the leakage current under a high electric field
can be reduced. Fig. 2-4 also shows the extraeted field effect mobility calculated from
the value of transconductance at Vps = 0.5 V. As'we can see, the maximum field effect
mobility for the Argon-implantéd TETs"is-higher than that for the conventional ones.
The Argon-implanted TFTs show approximately 70% improvement in field effect
mobility. The main cause of the superior device performance for the Argon-implanted
TFTs may be further attributed to the fewer Si-Si dangling boonds, and thus better
crystalline poly-Si film can be formed.

Fig. 2-5 shows the typical output characteristics (Ips — Vps) at several different
common gate drive for the Argon-implanted and the conventional poly-Si TFTs. As
can be seen, the Argon-implanted TFTs exhibit a larger driving current capability than
the conventional ones to further confirm that the whole channel region has fewer
defect densities and larger silicon grain size in the Argon-implanted poly-Si film. Fig.
2-6 shows the grain boundaries trap state densities (Ni,p) extracted from the slope of

In(In/Vg-VEB) versus 1/(VG—VFB)2 at low Vps and high Vgs according to the
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grain-boundary trapping model proposed by Levinson and Proano method [13][14]. It
can be found that the Argon-implanted TFT exhibits a Ny, of about 3.44 x 10" cm'z,
whereas the conventional one possess a Niap 0f 6.48 X 10'2 cm™. Our results further
verify that Argon-implanted technique has reduced grain boundaries trap states in the
poly-Si film due to the larger grain size.

Hot-carrier-stress was performed at Vps = 20V and Vgs = 20V for 1000 s to
examine the electrical reliability. The threshold voltage variations and the on-current
degradation over hot carrier stress time are shown in Fig. 2-7 and 2-8, respectively.
Based on these experimental results, it was clearly observed that the Vry and
on-current have more severe degradation due to the easy broken of Si—Si and Si-H
bonds under serious hot carrier stress, causing the larger AVry and Alon/Ion
degradation in conventional TFTs..In contrast, the'Argon-implanted TFTs have higher
immunity against the hot carrier stress than eonventional TFTs do It is well known
that the Vry is strongly dependent onithe-deep-tiap states originated from the dangling
bonds at the grain boundaries [12]..;The significant enhancement in the electrical
reliability can be ascribed to the better microstructure crystallinity of poly-Si film
with reduced Si—Si and Si—H bonds at poly-Si grain boundaries in Argon-implanted

device.

2.4 Summary

In summary, we have investigated the SPC of a-Si film with reduced nucleation
sites created by heavy Argon ions implantation induced-recoiled oxygen rich region at
the a-Si/SiO, interface. It has been found that the interface-nucleation rate was
suppressed, hence the microstructure quality of poly-Si films from fewer
nucleation-sites seeded SPC of a-Si at 600°C has been improved. A novel process

compatible poly-Si TFTs with Argon-ion implantation is proposed. The field effect
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mobility for Argon-ions implanted TFTs is higher than 46.06 cm*/Vs, which was
superior to the conventional TFTs. In addition, the Argon-implanted TFTs can possess
higher immunity against the hot carrier stress. It is speculated that the larger grain size
of poly-Si film will result in fewer grain boundaries defects such as weak Si—Si and
Si—H bonds. Fabricating poly-Si TFTs with Argon ions implantation improve not only
the electrical performance but also the reliability. Furthermore, the manufacture
process is simple and compatible with the conventional poly-Si TFTs fabrication

processes.
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Fig. 2-1 Schematic diagram of fabrication process for the Argon implanted poly-Si
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Table 2-1 Comparison of device characteristics for the conventional and the Argon

implanted poly-Si TFTs.
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Fig. 2-2 SEM images of the conventional and the Argon implanted poly-Si films
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Fig. 2-3 XRD patterns of the poly-Si film for the Argon-implanted and the

conventional samples after SPC annealing
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Chapter 3

High-Performance Poly-Si TFTs Fabricated by
Floating Channel Solid-Phase-Crystallization

Technique

3.1 Introduction

Solid-phase crystallization (SPC) of amorphous silicon (a-Si) is an attractive
alternative for polycrystalline silicon (poly-Si) thin-film transistors (TFTs) [1][2]. In
application point of view, the electrical charactetistics of poly-Si TFTs are strongly
correlated to the microstructure. of poly-Si film. Among the parameters of
microstructure, the grain boundaries and-intragranular defects act as scattering centers
and midgap traps that are concluded as.the determinate factors for the properties of
carrier transport [3]. Unfortunately, the traditionally SPC methods obtain an
interface-nucleation which has a nucleation of Si atoms begins from bounded a-Si
film interface (a-Si/Si0,) and therefore lead to smaller grain size [4]-[6]. Recently, the
surface-nucleation SPC scheme was proposed to improve the microstructure of SPC
poly-Si films by initiating the nucleation of Si atoms from the free surface of the a-Si
film. Experimental results had been confirmed that those methods will significantly
enlarge the grain size and suppress the intragranular defects [7]-[10]. However, those
methods are relatively complicated that require additional fabrication procedures and
are not practical for TFTs application.

In further simplify the fabrication process, we take the advantage from the SPC

scheme proposed by Bo et al. [11] and design the floating channel structure.
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According the results concluded from the works of Bo et al., we remove the
underlying silicon oxide (SiO,) prior to the SPC. Experimental results confirm that the
grain size and density of intraguanular defects of the floating channel films are greatly
improve; moreover, a relatively better electrical property is also obtained. In
summarized, we propose and demonstrate a floating channel poly-Si TFT (FC TFT) in
this paper that features with simple in process, low cost in fabrication, but superior in

performance.

3.2 Experiment

Fig. 3-1 shows the process flow of the proposed poly-Si TFTs. Fig. 3-2(a) is the
topological layout of both the conventional TFTs (CN TFTs) and the proposed FC
TFTs. Though having the same layout, the cross-section views of the CN and FC
TFTs presented in Fig. 3-2(c) and (d) respectively.are quite different. The significance
could be easily observed that the Si atoms-inside channel region are unbounded with
the buffer oxide for FC TFTs; on the other hand, the traditional used structure has its
channel Si atoms bounded with the buffer oxide. The processes of the FC TFT are
exhibited as following: First, silicon nitride, buffered TEOS oxide and undoped
amorphous silicon with a thickness of 150nm, 35nm and 50nm were successively
deposited by low-pressure chemical vapor deposition (LPCVD) systems at 700°C,
600°C, and 550°C, respectively. Then the amorphous silicon is first patterned into the
active channel region. After that, the fluorine-based etchant is performed to remove
the buffered oxide underneath the amorphous silicon active channel region. As a
result, an air gap was formed to formulate the floating channel shown in Fig. 3-2(b).
In comparison, CN TFT structure is also prepared without taking the removing of
underneath buffer oxide. The SPC is performed at 600°C for 24 hours that transfers

the amorphous silicon into polycrystalline silicon.
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A 100nm TEOS oxide and a 150nm poly-Si were deposited by LPCVD at
600°C to serve as the gate insulator and the gate electrode. Self-aligned source/drain
and gate regions were then done by implantation of phosphors ion at a dose of 5 x
10" cm™and a energy of 15 keV. A 400-nm-thick passivation oxide was deposited
and then followed with dopant activation at 600°C for 12 hours. Finally, a NH; plasma
treatment was performed soon after the definition of contact holes and electrodes at

350°C for 30 min.

3.3 Results and Discussion

The transmission electron microscope (TEM) image of the FC poly-Si TFTs is
shown in the Fig.3-3. This image show, that the air gap is under the poly-Si film. The
scanning electron microscopy (SEM) images of the'Secco etched poly-Si channel film
for FC and CN TFT are shown-in‘the Fig. 3-4(a) and (b) respectively. Those images
obviously show that a polycrystalline'silicon film with larger grain size can be
obtained in the suspended structure.” The superior grain property could be further
investigated from the Fig. 3-5 and Fig. 3-7 that presents both the transfer
characteristics and effective density of grain boundary trap states for the FC and CN
devices. It could be concluded from transfer curves that the FC TFT has smaller
subthreshold swing (S.S.), higher on/off ratio and better driving capability than the
CN TFT does. Furthermore, based on the grain-boundary trapping model developed
by Levinson and Seki et al. [12][13], the slope of In [Ips/(Vgs-Ves)] versus
1/(Vgs-Vrp)” indicates the effective density of grain boundary trap states (Nirap) of the
FC TFT is about four times smaller than that of the CN one. The consequence further
verifies that the FC TFTs have much fewer grain boundaries defects owing to its

relatively larger grains. In more precisely comparing the difference between the CN
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and FC TFTs, key device parameters are calculated, summarized and listed in Table
3-1. Among those parameters, the on/off current ratio is the ratio of the maximum on
state current to the minimum off state current for drain bias at 3 V. Threshold voltage
is defined as the gate voltage to yield a normalized drain current 14/ (W/L) equal to
107 A at V4= 0.5 V. Table 3-1 summarizes that the Vy, is significantly reduced from 6
to 1.62 V; this highly correlated to the S.S. that is decreased from 0.971 to 0.264
V/dec. Moreover, the improvement of the S.S. is owing to the fact that the trap state
density in FC device is only quarter of the CN ones. Similar with the S.S.; the
reduction of the trap density leads the field effect mobility (upg) three times
enlargement and the on/off current ratio almost one order in advance. Those results
are highly corresponding to the SPC mechanism in changing amorphous silicon into
polycrystalline silicon. For the fact that both the interface rearrangement and volume
contraction are dominant for the crystallization of silicon atoms, the tensile stress will
be induced during the process. Accordinglys-strong bounding between silicon atoms to
the underlying SiO, for conventional method will certainly produce a lot of crystalline
defects (microtwins, dislocation, etc.) to relief the stress. Under such condition, a
large number of nucleation sites could be formed and lead to smaller silicon grains.
Nevertheless, in the case of floating channel, the removing of underlying SiO, makes
the silicon atoms barely bound to the underlying SiO,. It is nearly free from the
nucleation associated to the interface of Si/SiO,. As a result, the crystallization
correlated stress generation can be easily relieved with featuring fewer nucleation
sites; in addition, make a polycrystalline silicon with lower defect density and larger
silicon grains are created. Fig. 3-6 shows the output characteristics (Ip-Vp) for FC and
CN TFTs. The FC TFTs exhibits a larger driving current capability than CN ones.
This confirms that the floating channel polycrystalline silicon film has lower defect

density over whole channel region.
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3.4 Summary

We have proposed a high-performance polycrystalline silicon TFTs with larger
grain size and lower intragranular defects by a simple floating channel solid-phase
crystallization technique. The FC TFTs not only exhibit improved turn-on
characteristics but also keep the low off-state leakage current by successfully
improving the microstructure of floating polycrystalline silicon films. Superior
effective grain-boundary trap density and field effective mobility further confirm that
good crystallinity and larger grain size of polycrystalline silicon film are fabricated by
this method. Consequently, the proposed FC TFT is potentially suitable for future

high-performance large-area device applications.
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- Si;N, 1500A by LPCVD
- Buffered TEOS oxide 350A by LPCVD

- a-Si channel 500A by LPCVD

 Active region definition and oxide
etching by BOE

* Poly-Si channel formation by SPC

- Gate oxide 1000A by LPCVD

- Poly gate 1500A by LPCVD

- S/D formation by ion implantation

- Passivation by PECVD and Metal pad

Fig.3-1 Process flow of the FC poly-Si TFTs
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(a) Topological layout of both the CN TFTs and the proposed FC TFTs

Buffered SiO,

Si substrate

(b) Air gap was formed by fluorine-based etchant
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(d) Cross-section views of the FC TFTs

Fig. 3-2 Topological layout , 3-D structure and Cross-section views of the CN TFTs
and the proposed FC TFTs
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Table 3-1 Comparison of device characteristics for the CN and the FC poly-Si TFTs.
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Fig. 3-3 TEM image of the FC poly-Si TFTs
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(b) CN poly-Si film

Fig. 3-4 SEM images of the CN and the FC poly-Si films
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Chapter 4

A Novel Spacer Technique to Fabricate Poly-Si
TFTs with Twin Sub-100-nm Nanowire Channels

4.1 Introduction

Recently, Nanoscale Field-Effect Transistors (FETs) constructed from
semiconductor nanowire (NW) channels have attracted lots of attention for the
three-dimensional (3-D) tri-gate electrode is capable to well control the potential of
narrow active channel. Consequently, a number of applications are investigated, such
as NW FinFET [1], NW thin-film transistors (FFTs) [2]-[4], and NW biosensing
devices [5]. The NW devices were fabricated: by either ‘top-down’ [1]-[3] or
‘bottom-up’ [4]-[6] approaches.For the caserof-the ‘top-down’ approach, NW patterns
were usually fabricated by advanced phetelithography or electron-beam lithography
(EBL) technology, although it was restricted by high-cost and low-throughput. On the
other hand, the ‘bottom-up’ approach usually utilizes solution-based assembly method
to form the NWs; nevertheless, there seems to exist several afflictive issues, including
imprecise NWs orientation, poor NWs reproducibility, and unfavorable NWs structure
parameters, need to be overcome for practical applications. Poly-Si TFTs are the
fundamental building blocks for the rapidly growing field of active-matrix
liquid-crystal-display (AMLCD) [7][8]. Recently, multiple NW structure [2] has been
proposed to make the channel scale comparable to SPC poly-Si grain size to reduce
the defect density, produce a nearly 3-D tri-gate-like profile and result in higher
device performance. However, it requires introducing high-cost and low-throughput

EBL tool to define the NW channels.
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In this work, we proposed a Si NW fabrication process based on a novel
sidewall spacer technique for nanometer pattern generation with resolution
comparable to the best EBL technology. The self-aligned formation of twin poly-Si
NW with a linewidth of sub-100 nm is directly defined to serve as the channel region
without any expensive photolithography step. This fabricated process is similar to
formation of gate sidewall spacers in CMOS manufacturing, as well as this proposed

method is very simple, process-compatible, and favorable for low-cost fabrication.

4.2 Experimental

The major fabrication processes to fabricate the proposed NW TFT are depicted
in Fig. 4-1(a)-(f), and the top view of the mask layout is shown in Fig. 4-1(g). Firstly,
a 150 nm-thick Si3N4 and a 100+hm-thick S10, were consecutively deposited by
plasma-enhanced chemical vapor deposition (PECVD) system to serve as the starting
substrate, and the sacrificial SiQylayer, tespectively.-After patterning into the dummy
SiO; stripes Fig. 4-1(a), a 100 nm-thick a-Si-film was deposited by low-pressure
chemical vapor deposition (LPCVD) Fig. 4-1(b) and isotropically etched without any
mask to form the self-aligned sidewall spacer of Si NW Fig. 4-1(c). Make it clearer
that the feature size of the Si NW could be controlled appropriately by the thickness
of the a-Si film and the etching condition of the reactive ion etch but not by the costly
photolithography process. Next, a solid-phase crystallization annealing was applied at
600°C in N, ambient for 24 hrs to transform a-Si into poly-Si, followed by an etching
of dummy SiO, pattern by buffered oxide etchant (BOE) solution Fig. 4-1(d). The
fabricated NW channel owns a high aspect ratio of vertical thickness/horizontal width
(Tsi/Wsi) (approximately = 1) that is highly differs from the traditional planar TFT
with a low aspect ratio of Tsi/Wyg; (generally < 0.1). Afterwards, a 34 nm-thick TEOS

gate oxide was deposited by PECVD, and a 250 nm-thick phosphorus doped poly-Si
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was then deposited by LPCVD to serve as the gate electrode Fig. 4-1(e). Subsequently,
a self-aligned phosphorus ion implantation was performed at the dosage and energy of
5x 10" cm™ and 15 keV, respectively. The source/drain (S/D) dopants were activated
by an annealing treatment, followed by a deposition of passivation layer and the
definition of contact holes Fig. 4-1(f). Finally, a 500 nm-thick Al electrode was
deposited and patterned, and subsequently a NH; plasma treatment was performed at

300°C for 30 min.

4.3 Results and Discussion

After self-aligned formation of the twin poly-Si NW, the cross-sectional profile
with both vertical thickness and horizontal width of approximately 50 nm is
determined by TEM image, as shown in Fig. 4-2. Typical transfer characteristics
(In-Vi) and output characteristics.(Ip-Vp) of-poly-Si NW TFTs are shown in Figs.
4-4 and 4-5, respectively. The NW device-has-a-nominal channel length (L) of 1.4 pm;
moreover, as the device width scales into deep sub-micron feature size, we need to
take the sidewall contribution effect into consideration due to its tri-gate-like
structure. Fig. 4-3 shows the atomic force microscope (AFM) image of twin poly-Si
NW, which reveals the poly-Si NW stripes with a height of around 50 nm. Therefore,
the effective channel width (W) of each poly-Si NW includes a vertical thickness
(Ts;) and a quarter-circumference width (Wqua) as the following equation: Weg= Ts; +
Waua = 50 nm x (1 + n/2) = 130 nm. The ON/OFF current ratio is defined as that ratio
of the maximum on-state current to the minimum off-state current at drain bias of 0.5
V. As can be seen in Figs. 4-2 and 4-4, the poly-Si NW TFT shows good device
performance with a satisfactory on/off current ratio (around 10°) and a superior
subthreshold swing (S.S., about 400 mV/dec). The superiors could be attributed to

both the effects of effectively passivated deep-states in poly-Si grain boundary by
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NH; plasma treatment and excellent gate controllability with an extra benefit of 3-D
tri-gate like profile. Nevertheless, the on-state current may presumably be restricted
by the twin nanoscale channel. This issue could be alleviated by utilizing multiple
NW channels or adopting self-aligned silicide (salicide) process to reduce the S/D
series resistance [9]. Furthermore, the major troublesome subject of SPC poly-Si NW
is the defective crystallinity of poly-Si film. If well-developed Si phase crystallization
techniques, including excimer-laser annealing (ELA) and metal-induced lateral
crystallization (MILC), are exploited, the issue of imperfect poly-Si crystalline can be
surmounted. The above experimental results clearly indicate that this proposed
method is extremely robust and suitable for TFT practical manufacturing with

excellent performance.

4.4 Summary

We have introduced a simple, low-cost;-and self-aligned spacer technique into
the fabrication of top-gate planar TETs . with.twin poly-Si NW channels. The Si NW
with resolution comparable to sub-100 nm generation could be easily realized by
accurately controlling the etching profile of a-Si instead of utilizing expensive EBL
technology. The fabricated NW devices demonstrate good performance, and the

proposed method is a very promising candidate for future TFT applications.
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(b) Amorphous Si(a-Si) was deposited by LPCVD
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(d) Etching of dummy SiO; by buffered oxide etchant (BOE) solution
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(f) Deposition of passivation layer and the definition of contact holes
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(g) Top view of the mask layout

Fig. 4-1 Schematic diagram of fabrication process and top view of the mask layout for
the proposed NW TFTs
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Fig. 4-2 Cross-sectional profile by transmission electron microscope (TEM)
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Fig. 4-3 The atomic force microscope (AFM) image of the twin poly-Si NW
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Fig. 4-4 Transfer characteristics of the NW poly-Si TFTs with Vp= 0.5V, 3V
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Fig. 4-5 Output characteristic of the NW poly-Si TFTs
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Chapter 5

Conclusions

This thesis includes three topics. First, we have investigated the SPC of a-Si film
with reduced nucleation sites created by heavy Argon ions implantation
induced-recoiled oxygen rich region at the a-Si/SiO; interface. It has been found that
the interface-nucleation rate was suppressed, hence the microstructure quality of
poly-Si films from fewer nucleation-sites seeded SPC of a-Si at 600°C has been
improved. A novel process compatible, poly-Si TFTs with Argon-ion implantation is
proposed. The field effect mobility. foriArgon-ionis implanted TFTs is higher than
46.06 cmz/Vs, which was Superior to- conventional TFTs. In addition, the
Argon-implanted TFTs can possess: higher-immunity against the hot carrier stress. It is
speculated that the larger grain size ‘of poly-Si film will result in fewer grain
boundaries defects such as weak Si—Si and Si—H bonds. Fabricating poly-Si TFTs
with Argon ions implantation improve not only the electrical performance but also the
reliability. Furthermore, the manufacture process is simple and compatible with the
conventional poly-Si TFTs fabrication processes.

Then, we have proposed a high-performance polycrystalline silicon TFTs with
larger grain size and lower intragranular defects by a simple floating channel
solid-phase crystallization technique. The FC TFTs not only exhibit improved turn-on
characteristics but also keep the low off-state leakage current by successfully
improving the microstructure of floating polycrystalline silicon films. Superior

effective grain-boundary trap density and field effective mobility further confirm that
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good crystallinity and larger grain size of polycrystalline silicon film are fabricated by
this method. Consequently, the proposed FC TFT is potentially suitable for future
high-performance large-area device applications.

Finally, we have introduced a novel sidewall spacer technique into the
fabrication of top-gate planar TFTs with twin self-aligned poly-Si NW channels. The
quartercircle-like NW channels with resolution comparable to sub-100 nm generation
could be easily realized by accurately controlling the etching profile of a-Si, not by
expensive EBL technology. The fabricated poly-Si NW TFT devices exhibit good
performance, and the proposed method is a very promising candidate for future

poly-Si TFT applications
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