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The Analysis of Grain Boundary Barrier Effect in Poly-Si TFTs

Student: Chao-Chian Chiu Advisor: Dr. Hsiao-Wen Zan

Institute of Electro-Optical Engineering

National ChiaoTung University

Abstract

Polycrystalline silicon thin-film transistors (TFTs) have been studied extensively
for their applications on system-on-panel (SOP) technology. In order to integrate the
peripheral driving circuitry onto the glass substrate, the accurate physical-based
model for circuit design and simulation is needed- In this thesis, we especially focus
on the analysis of grain boundary-barrier effect-in-polycrystalline silicon thin-film

transistors.

Firstly, the conduction behavior of Poly-Si TFTs had been carefully studied by
analyzing their activation energy under different bias condition, and a new activation
energy model has been proposed. Then, activation energy model parameters were
extracted from devices with various channel length and film quality. An accurate I-V
model was established by combining basic TFT model and the grain boundary barrier
effects. The model had been verified for devices with channel length varied from 5.5
um to 31.5 um. The mobility and scattering behavior are also well explained by our

proposed model.

The trapped charge screening effect of poly-Si film is also observed when the
devices with large defect densities. We used various film quality devices to clarify

this effect and established adequate model to explain this phenomena. Finally, the



influence of defect densities on the dependence between grain barrier and gate bias
was examined by device simulation results. Good agreements are found when

comparing the simulated results and the experimental results.
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Fig. 1-3-1 One-dimensional energy band diagram in polycrystalline material.
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Chapter 1

Introduction

1-1 An Overview of poly-Si TFTs Technology

In recent years, polycrystalline silicon thin-film transistors (polysilicon TFTs)
present great interest for applications in static random access memories (SRAMs)[1],
active matrix liquid crystal displays (AMLCDs)[2-6], high performance

EEPROMs[7], and three-dimensional (3D) ICs[8].

However, some problems still exist in poly-Si TFTs. In comparison with
single-crystalline silicon, poly-Si ‘is rich in grain boundary defects as well as
intra-grain defects, and the “electrical activity of the charge-trapping centers
profoundly affects the electrical characteristies of poly-Si TFTs. Large amount of
defects serving as trap states locate im.the disordered grain boundary regions to
degrade the ON current seriously. Moreover, the relatively large leakage current is
one of the most important issues of conventional poly-Si TFTs under OFF-state
operation. To achieve poly-Si TFTs with low leakage current, high on current and
high-performance, a number of techniques to enlarge the grain size at the channel
region of a TFT have been developed, such as solid-phase crystallization (SPC)[9],

laser crystallization [10] and metal-induced-lateral crystallization (MILC)[11].

Currently, the main application of poly-Si TFTs is the liquid crystal display
(LCD). For poly-Si TFTs, carrier mobility larger than 100 cm?/V-s is easily achieved
by present mature technology, which is enough to be used as peripheral driving

circuits [1]. The poly-Si TFT LCD integrates drivers into the structure, and therefore,



reduces the size of the total panel. The driver contact number of the poly-Si TFT LCD
is more than one order of magnitude smaller than that of the a-Si:H TFT LCD. The
poly-Si TFT plate also has a larger aperture ration in each pixel than that of the a-Si:H
TFT plate, which allows a higher panel resolution. Most important, poly-Si TFTs can
be used in existing products, such as the large area LCDs, to reduce the manufacturing
cost or to increase the product reliability. In summary, the poly-Si TFTs will becomes

more important in future technologies, especially when the 3-D circuit era is coming.

1-2 Defects in Poly-Si Film

Because the granular structure of the poly-Si film, there are many grain
boundaries and intragranular defects‘exist in thé £film. The break in the lattice at grain
boundary creates dangling bonds and also-breaks:the-periodicity of the potential in the
material. In other words, this-means that the energy states are created at grain
boundaries. They act as acceptor-like or donor-like states which depending on the
position of the Fermi level in the band gap. Carriers trapped by these trap states can
no longer contribute to conduction, which forms local depletion region and potential
barriers in these grain boundaries. Therefore, the basic characteristics such as
subthreshold swing, mobility, ON current and threshold voltage of poly-Si TFTs are
inferior to MOSFET. As for the leakage current, it is well known that it increase with
the drain voltage and gate voltage. The dominant mechanism of the leakage current is
field emission via grain boundary traps due to the high electric field near the drain
side. In order to minimize the defect densities in the poly-Si film, some useful method
such as hydrogen plasma is to passivate these dangling bonds. As the number of

trapped carrier decreases, the potential barriers in grain boundaries decrease.



1-3 The influences of grain structure on carrier transport

As previously mentioned, the poly-Si material contains a lot of grain boundaries.
The device characteristics of poly-Si TFTs are strongly influenced by the grain
structure in poly-Si film. Many researches studying the electrical properties and the
carrier transport in poly-Si TFTs have been reported. J.Y. Seto proposed the first
credible model[12], and this simple grain boundary trapping model has been
described by many authors in details[13-16]. In this model, it is assumed that the
poly-Si material is composed of a linear chain of identical crystallite, as Fig. 1-3-1.
Figure. 1-2-1 gives a one-dimensional presentation of the energy band diagram for an
n-type polycrystalline film having a constant grain size. The presence of active traps
at grain boundaries induces a bend in,the energy bands. Indeed, a space charge layer
made of ionized doping atoms, ‘donorsrin thisicase, is created on both sides of the
grain boundaries to maintain the total neutrality and to compensate the equivalent
trapped charges located at the grain boundary. Tn Figure 1-3-1, the space charge layer
extension (clear zone) is smaller than the ‘grain size; a part of the grain remains neutral

(gray zone).

The model is based on the calculation of the energy barrier at grain boundaries,
which affects the transport of electrons in the film. To calculate the energy barrier, the

simplest way consists of solving the Poisson’s equation in the grain.
Barrier height calculation

We consider the different following parameters:

® X extension of the space charge region,

® N, donor doping atom concentration,

® Ny, acceptor like trap surface density at grain boundaries,



® ), permittivity in vacuum,

® ¢, semiconductor permittivity,
® [, size of the grain,

® J the electrostatic potential,
® x, the position coordinate,

The distribution of the charges in the material is schematically described in Fig. 1-3-2.

X d*V _ 4N,

In the space charge region, 0<x<— 5 (1-1)
dx £.8,
d’v
Out of the space charge region, X <x< Lo —=0 (1-2)
2 2 dx
. : . dv
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0<x<£ : dl:—%x+cst=%(£—x) (1-3)
2 dx £,8, e opld
2
SV (x)= _ﬂ(i b xj + V(KJ (1-4)
26,6, \¢2 2
X L, X
—<x<=% . SVx)=V|— 1-5
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And the energy barrier height (Ep) is defined as the energy difference between the

.. X
positionsx =0 and x = e

V, = —(V(O)— V(KD AR (£j2 _aNp yo (1-6)

_2(9‘950 2 _Seseo

The value of X has to verify for the electrical neutrality of the global material, which
means XgNp =qNr(. Nr is the ionized part of Nry. The Seto’s model defines a

critical concentration (Np"), which corresponds to this limit:

LR N ') I VAL

1-7
2 2 L, (1-7)



For a fixed trap density, if the effective doping concentration is higher than the critical

concentration, the space charge extension is lower than the crystallite site.

Ny>N, - x=m gng oy, =4 Nu (1-8)
D Sgng ND

On the contrary, the crystallite is fully depleted.

N,<N, : X=L, and V,=3No > (1-9)

8e.&,
For partially-depleted poly-Si film, the carrier transport can be described by the

thermionic emission over the barrier. Its current density can be written as[17]

J=qnv, exp[—kiT(VB —)] (1-10)

where v, is the collection velocity (v, =~kT/:2mm" ), n is the free-carrier density,
Vy is the barrier height without applied bias; and |/, is the applied bias across the

grain boundary region. For small applied: biases, the applied voltage divided

approximately uniformly between the two sides of a grain boundary. Therefore, the

barrier increases by an amount of ¥, /2 in the reverse-bias. In the forward-bias

direction, the barrier decreases by the same amount. In these two directions, the

current density then can be expressed as

Jp.=qnv, exp[——(V -Vl (1-11)

Jp=qnv, exp[——(V V)] (1-12)

2 4

the net current density is then given by

q B qv. g
J =2qnv_ex sinh 1-13
gn p(— ) (2kT) (1-13)

at low applied voltages, the voltage drop across a grain boundary is small compared to
the thermal voltage k7 /q, Eq. (1-13) then can be simplified as



2
qVs 1V _qnv/V, qVs
J =2gnv. exp(— = exp(— 1-14
g, exp( kT)2kT kT [exp( kT )] ( )

the average conductivity o =J/E=JL,/V, and the mobility u=0c/gn then can

be obtained

2
g nv.L, qV,
o= exn(— 1-15
T p( kT) (1-15)
qv.L, 9V, qVs
U=—""—Xp(——) = u, exXp(— 1-16
T p( kT) o €xp( kT) (1-16)

where u, represents the carrier mobility inside grain region. It is found that the
conduction in poly-Si is an activated process with activation energy of approximately
qV, , which depends on the dopant/carrier concentration and the grain boundary trap
density.
In poly-Si TFTs, the carrier density »n induced by the gate voltage can be
expressed as
n= Cox(VG _VT)
qtth

(1-17)

where ¢, 1is the thickness of the inversion layer. Therefore, the drain current 7/, of

poly-Si TFT then can be given by

I, =JxWxt, :(qunxV_f)xWxM

. . an (1-18)
q

= uoCox T(VG - VT)VD eXp(_k_;)

where drain voltage V, =V, xn, =V, xL/L,. Obviously, this I-V characteristics is

very similar to that in MOSFETs, except that the mobility is activated.

1-4 Motivation

As mentioned in 1-3, many models had been proposed to explain the transport
mechanism in polycrystalline silicon film. The grain barrier trapping model and also
the thermionic emission had been widely accepted to explain the energy band

distribution and the related conduction behavior in poly-Si TFTs. However, the



barrier under various bias conditions and film qualities has not been compared before.
Therefore, in this paper, the activation energy for devices operated in turn-on region is
extracted and compared. The measured results are consistent with the proposed grain
barrier trapping model. Except turn-on characteristics, we also studied the cut-off
region activation energy for devices with or without lightly-doped drain (LDD)

structure.

It is found that the trapped-charge screening effect is also an important parameter
that cause the grain barrier behavior differs for devices with different poly-Si thin
film. For this reason, the influence of thin film property on activation energy is
studied carefully, and it was also examined by ISE-TCAD device simulation.
Finally, a physically-based analytical barrier model, and accordingly a new /-J model
are established. Good agreements are found.between experimental and simulated

results for devices with different channel lengths.

1-5 Thesis Outline

This thesis is organized into the following chapters:

In the chapter 1, a brief overview of thin-film transistor technology is introduced
to describe the various applications. Then, the meaning of grain barrier height is
discussed and its equation is deduced based on the Seto’s model. The motivation of

the studies is also described here.

In the chapter 2, the process flow of poly-Si films with different conditions is
introduced. We measured activation energy of thin film transistor with different bias,
and studied the trapping effects and the DIGBL effects. Then, a physically-based

activation energy model has been proposed and verified. The turn-on and cut-off



region activation energy of devices with or without LDD structure was also compared
in this paper.

In the chapter 3, we studied the influence of the trap charge screening effect on
the grain barrier. Comparisons between simulated and measured date are also
demonstrated and discussed. Then we established a channel thickness model for
poly-Si TFTs. And we compared the mobility model with different assumptions.
Finally, a new activation energy model considering not only DIGBL effect but also
charge screening effect had been established and implemented into the device I-V

model.

In the chapter 4, the results of our experiments and analysis are concluded.



Chapter 2
Analysis of Thermal Activation Energy

for Poly-Si TFTs

2-1. Device fabrication

In this paper, we use two groups of devices. The figure 2-1-1 shows that
cross-sectional view of a poly-Si TFT. The first-group devices are typical top-gated
structure which fabricated on glass substrate. Except conventional devices without
LDD/offset structure, devices with 0.75=um-thick LDD region are also fabricated.
The poly-Si film is crystallized by excimer laser annealing (ELA). The thickness of
poly-Si film and the oxide film were 50.nm and 100 nm respectively. The device
channel length varies from 5.5 gm to'31.5 zzm when the channel width is fixed as 6,

10, 30 um.

The second-group devices are fabricated on silicon wafer with 500-nm-thick
buffer oxide. Device structure is also the typical top-gated structure. To investigate
the influence of film properties on device characteristics, the poly-Si film is formed
by as-deposited process and also the solid phase crystallization (SPC) process. The
thickness of poly-Si film and the oxide film were 100nm and 50nm respectively. It is
known that grain boundary passivation is very effective in improving the performance
of poly-Si TFTs. Therefore, in order to further moderate the trap density of the

poly-Si film, some devices are passivated by NH; plasma for 1 and 2 hours at 300 C.



2-2. Unified activation energy model

In chapter 2, we analysis the thermal activation energy mainly by using the first
group devices, and discussed the thin film properties (chapter 3) by using these two
groups. The activation energy (E,) of the on current was obtained from the slope of
Arrhnius plot (Fig. 2-2-1) of drain current. The data, which was taken over a
temperature range from 25 C to 130 C, follow a straight line. This allows accurate
determination of £,. The turn-on region activation energy for a conventional poly-Si
TFT is plotted in Fig. 2-2-2. It is observed that when gate voltage is high, the
activation energy is very low and is almost independent of the drain bias. When the
gate voltage is just above threshold voltage, the activation energy increases with
increasing drain bias in linear region,sreaches, a peak value at the onset of channel
pinch-off (Vp=Vpsar~Vs-V7), and then-decreases in‘the saturation region. The former
phenomenon can be accounted:for the scattering effect since the activation energy is
lower than thermal energy and even turns to be negative when gate voltage is higher
than 12 V. The latter phenomenon, which will be discussed as follows, can be
addressed for the changing of grain boundary barrier under different bias conditions.
It is well-known that the conduction behavior of poly-Si TFTs exhibits a thermionic

emission character. The effective mobility is therefore modified by

EB
) (2-1)

Hey = Ho p( A
where Vp represent the grain boundary barrier height that can be expressed by Eq.
(2-2) in above-threshold region. Ny represents the effective grain boundary trap

density and 7 is the gate-induced carrier density,

_ ‘]NTZ

v,
5 8en

(2-2)
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As a result, the measured activation energy can be served as the grain boundary
energy barrier when there is no other temperature-sensitive mechanism. When drain
voltage is increased, it has been proposed that the potential barrier is lowered as
shown in Fig. 2-2-3, which is called drain-induced grain barrier lowering (DIGBL)
effect [18,19]. When the device is operated in the linear region and the drain voltage
is low, the barrier increases with increasing drain voltage. This can be explained by
the influence of drain bias on the surface potential along the channel. The average

carrier density is therefore expressed as [20]
n=C,(V; - Ve —-aVy,)/qt,, (2-3)

where C,, 1s the gate oxide capacitance per unit area, Vy, is the flatband voltage, and a
is a parameter indicating the influence of drain voltage. The channel thickness is

expressed as

&
t, =8Vt |———— 2-4
ch th” ox gox (VG _ Vt) ( )

where ,, is the oxide thickness, Vy is the thermal voltage, and V; is the threshold
voltage. Many authors assumed that the channel thickness was constant and equal to
the thickness of the polysilicon film ¢z. However, this simplifying assumption is
permissible only for very thin films ( # < 10 nm ). Contrary to this assumption, the
other authors assumed that the #.;, was proportional to (Vg-¥;)" [21]. This definition is
to define the channel thickness as the thickness at which 80 percent of the total
charge, induced by the gate. However, by substituting the second assumption into Eq.
(2-5) to fit the experimental curve of the activation energy versus Vp at Vp = 0.1 V
point, it was found that the channel thickness in ELA poly-Si TFTs should be
proportional to (Vg-¥;)" "> rather than (Vg-7;)" in single crystal MOSFETSs. This may

be due to the inferior control ability of gate voltage on channel carrier in poly-Si

11



TFTs. Screening effect related to interface charge and trapped charge is plausible
reason to explain the wider channel thickness in poly-Si TFTs, and we will give a

detail discussion in chapter 3.

When drain voltage increases, from Eq. (2-2) and (2-3), we can conclude that the
grain boundary barrier is higher due to the reduced carrier density. Fig. 2-2-4
compares the activation energy measured under different drain biases. The increase of
barrier with increasing drain voltage is obviously observed again when the gate
voltage is lower than 8 volt. According to the grain boundary barrier height given by
Ref.[22], the barrier height considering the influence of the drain voltage and the

DIGBL effect (Fig. 2-2-3) is given by

%
tCh [(q]vT)2 - 4qNT8577 TD]
E, = (2-5)
8e.C (V. -V, —aVy,)

N ox

where # is an nonlinear factor of the electric field for the DIGBL effect. For
simplicity, the models for all regimes-of operation.should be combined into a single
expression which is everywhere continuous and smooth. This is accomplished by

defining effective drain voltages as [23],

VDS

Vpse = (2-6)

Vs v
[1+(7) ]

sat
Vpse 1s approximately Vpg for Vps < as.tVer, but remains constant at V,, in saturation;
m is a fitting parameter that controls the transition from Vpg to V.. The calculated
results of drain current activation energy with different gate voltage are compared
with experimental results in Fig. 2-2-2(a). It is observed that the simulated activation
energy at low gate bias (e.g., Vo =4 V, 6 V and 8 V) agrees very well with the
experimental measurements. From Eq. (2-4)(2-5) and Table I, it is shown that when

drain voltage is not high enough, the influence of DIGBL is not pronounced. And it

12



demonstrated that the activation energy increases with increasing drain bias in the
linear region; however, the influence of the DIGBL becomes predominant in the
saturation region. The combination of the two effects has been correctly modeled by
Eq. (2-5). Our model fits the activation energy of a wide range of channel length
using only the parameter values shown in Table I. So in contrast to previous studies
that considered only the influence of the gate voltage, we have successfully
demonstrated that by considering both the influence of the gate and drain voltage
simultaneously, the grain barrier height can be simulated accurately over a wide range

of drain bias.

The transfer characteristics of poly-Si TFTs are similar to those of conventional
MOSFETs, so the first order I-V relation in the bulk Si MOSFETs can be applied to

the poly-Si TFTs, which can be expressed.as

2

w v
I, = :ueﬁ’cox T[(VG Vi Wpse = ﬁs;] (2-7)
where
W is the channel width,

L is the channel length,
V'ris the threshold voltage,

asq account for velocity saturation, that reduces the value of the saturation voltage

as the channel length is decreased.

By combing our activation energy model and drain current Eq. (2-7), the simulation
Ip-Vp curve versus measured data is shown in Fig. 2-2-5. The agreement with the

measurement results is good.

13



2-3. Method of parameter extraction

In this section, we will introduce the methods of parameter extraction. And in
section 2-4 we will compare and discuss the extracted parameters with different
channel length. The current-voltage characteristic measurement of thin film transistor
devices was performed by HP 4156A semiconductor parameter analyzer with source

grounded.

Plenty ways are used to determinate the threshold voltage which is the most
important parameter of semiconductor devices. Here, the method to determinate the
threshold voltage is the constant drain current method that the voltage at a specific
drain current /y is taken as the threshold voltage. This technique is adopted in most
studies of TFTs. It can be give a, threshold wvoltage close to that obtained by the
complex linear extrapolation = method; * Typically, the threshold current

Iy =1,/(W,/L,)is specified-at 10 nd“for ¥p= 0.1 V and 100 n4 for Vp=35 V in

eff

most papers to extract the threshold voltage of TFTs.

Because the influences of the lower drain bias on the activation energy can be
neglected, therefore, by best fitting the experimental curve of the activation energy
versus Vp at Vp = 0.1 V point and invoking Eq. (2-5), Nr can be extracted. By
optimizing the fitting results with Eq. (2-5), m, a and V,, can be extracted. 7,
extracted from V,, = Vp regime by using Eq. (2-5) with the parameters extracted

previously. All parameters extracted for the model are shown at Table 1.

2-4. Physical meanings of the extracted parameters

It should be noted that o and # increases with decreasing channel length are due

to the influence of drain bias on the surface potential along the channel increasing.
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Figure 2-4-1 and 2-4-2 compare the influence of parameter a and # on the simulated
activation energy (W/L = 6um/13.5um). When the device is operated in the linear
region and the drain voltage is low, the barrier increases with increasing drain voltage,
therefore, the trapping effects is the dominant mechanism. In Fig. 2-4-1, we can
observe that the trapping effect influences the slope and the peak values of the
activation energy in the linear region. Figure 2-4-2 shows the activation energy
increases with decreasing 7, especially at high drain biases. And it was due to the

drain-induced grain barrier lowering (DIGBL) effect.

At high gate bias, the simulated activation energy at high gate bias is
overestimated. This is because that the scattering effect rather than the grain boundary
trapping effect dominates device activation energy. As a result, measured activation
energy tends to become very low'and even become negative value. The discrepancy
under high gate voltage, however, is negligible since the barrier height is already very

low and has trivial influence on ‘device performance.

2-5. The turn-on region activation energy with different LDD
length

The turn-on region activation energy of devices with or without LDD structure
was also compared in this section. As shown in Fig. 2-5-1, it is observed that when
the devices have LDD structure, the activation energy is higher than the devices
without LDD structure. And its dependence on drain bias has not so obviously. This
may due to the LDD structure significantly suppresses the drain side electric field[24],
so the influence of drain bias on activation energy was also decreased. Because the

influence of the trapping effects and the DIGBL effects was decreased, it makes the
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activation energy become higher, as we observed.

2-6. The cut-off region activation energy with or without LDD

structure

It is well-known that, when drain electric field increases, the dominant leakage
current mechanism changes from thermionic emission, thermionic field emission, to
pure tunneling [25]. This phenomenon can be observed in Fig. 2-6-1(a), at a low drain
field (0.1 V), the lowest activation energy is 0.52 el. Since the E, is about E./2,
thermionic emission is the dominant leakage current mechanism at low field. As the
drain bias increases, the drain depletion field increases and E, decreases. This suggest
that the high field in the drain depletion region has reduced the barrier that carrier
must overcome. As such, the dominant leakage current mechanism is thermionic field
emission. This process could "be accomplished by combination of emission and
tunneling processes. Further increase of the-drain bias, there are almost no barrier to

the carrier motion, so the dominant leakage mechanism is pure tunneling.

For devices with LDD structure, however, the variation of activation energy with
increasing drain and gate bias is much more suppressed (Fig. 2-6-1(b)). We use
ISE-TCAD simulator, as in Fig. 2-6-2, to compare the maximum drain electric field
for devices with and without LDD structure. It is found that the LDD structure
significantly suppresses the electric field and its dependence on gate bias. This gives a
conclusion that, with LDD structure, the leakage current mechanism can be

dominated by thermionic emission effect only.
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Chapter 3

Modeling through thin film properties

3-1. Trapped charge screening effect

In order to test the validity of the grain-barrier height model in various film
quality, the poly-Si film is formed by excimer laser annealing (ELA), as-deposited
process and also the solid phase crystallization (SPC) process. The curve of Ep versus
Vs 1s shown in Fig. 3-1-1, and the curve of Ez and 1/ E versus Vg for different film
quality is shown in Fig. 3-1-2(a) and (b). Due to the inverse of grain barrier is
proportional to the gate voltage, itiis found that the channel thickness is constant in
as-deposited devices. However,.the channel thickness is not constant in ELA devices.
Therefore, the channel thickness is a important pointthat we must study carefully. For
MOSFET devices, the estimated channel thieknéss is reversely proportional to the

gate bias and can be expressed as [21]:

8Vth[0x 8~V
&
Ly = Vil/ox (3-1)
¢ 'r

where 1, is the oxide thickness and V7 is thermal voltage. However, because there are
still many defects in poly-Si TFTs, some electric fields emanating from the gate
electrode may be terminated by the trapped charge, as shown in Fig. 3-1-3. This
screening effect becomes more pronounced with increasing the trap density. As a
result, the bulk depletion charges far away from the SiO,/Si interface cannot be
“seen” by the gate electrode. Therefore, only the effective depletion charges near the

surface region can terminate the electric field lines originated from the gate electrode.
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For this reason, the effective normal surface electric field in a poly-Si TFTs is
sensitive to the variations of the trap density, and the channel thickness would be
further affected. This feature is called the trapped-charge screening effect.

Accordingly we modified the channel thickness as

ES

Sl/thtox £
t, =———2 3-2
A G2

where y is the parameter that represents the trapped charge screening effect. Finally,
by substituting Eq. (2-5) into Eq. (3-2), grain barrier height model of poly-Si TFT is

expressed as:

V
tothh (qZZVT2 - 4QNT€ST7 TD)

E (3-3)

" e, ColVs —Vy =)
The curves of Ep versus Vg and I/Ep versus Vg for devices with different film
properties are shown in Fig. 3-1+4(a):and (b), where Ep is obtained from the Arrhenius
plot for the drain-source current. It should be noted that there is a strong scattering
effect when the devices are measured at high gate voltage and high temperatures. We
should be careful not to include these data into the extraction of grain barrier height.
As shown in Fig. 3-1-4(b), the inverse grain barrier height of the as-deposited device
is linearly proportional to the gate voltage. This indicates that the trapped charge
screening effect is serious and the channel thickness keeps constant is not dependent
on gate voltage (y=1). For the devices with SPC or ELA recrystallized poly-Si films,
it is obviously that there is a nonlinear relation between the inverse grain barrier
height to the gate voltage, which suggests that the screening effect is more suppressed
and the channel thickness depends on the gate voltage (y>1). Table II lists values of y

for different grain growth conditions. As mentioned in 2-2, it should be pointed out
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that care must be taken when comparing the values for Ny calculated by different
poly-Si film quality. If the channel thickness was assumed constant (y=1) and equal to
the thickness of the polysilicon film ¢, due to the channel thickness ., is usually about
10 times smaller than the film thickness, the extracted Or will be underestimated.
However, if the authors assumed that the 7, was proportional to (Vg-V))" [21], y=2,
the calculated Or will be overestimated, especially in high defect density poly-Si film
(Tabel III). The improved fitting is illustrated in Fig. 3-2-1, and demonstrated that the
modified channel thickness model allows the determination of precise values for Ny.
This precision allows one to study very accurately the influence of variations in
processing conditions on N7. As shown in Table II, the trap density of ELA sample is
6.9x10'"" (cm™), and is the best film quality compares to other. The trap density of no
passivation as-deposited sample is'2.42x10'* (eni”), and is the worst film quality as
expected. It is well known that, grain boundaty passivation is very effective in
improving the performance of poly+Si“TETLs.-The calculated Nr also shows that the
passivated devices have the smaller trap density by invoking the modified channel

thickness model.

To observe the trapped-charge screening effect more clearly, we use ISE-TCAD
simulator to study the channel carrier distribution in poly-Si film by changing the trap
density as in Fig. 3-1-5. When defining the channel thickness (¢.;) as the depth at
which maximum electron density has decreased to 20%, we can compare the
influence of trap density on channel thickness as in Fig. 3-1-6(a). Figure 3-1-6(a)
shows the dependence of the channel thickness #.; on variation of the trap density. The
channel thickness definition in MOSFET is defining the channel thickness (z.,) as the
depth at which maximum surface potential has decreased one thermal voltage. If we

adopted this assumption, the similar result was also observed, as shown in Fig.
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3-1-5(b). It is found that larger trap density significantly decreases the dependence of
t., on gate voltage. This gives a conclusion that, electric fields emanating from the
gate electrode may be terminated by the trapped charge, and this effect increases with

increasing the trap density.

3-2. Method of parameter extraction

% V1, Nt extraction: Firstly, by using long channel length device (ex. L = 30
um) under small V) bias, y can be defined by best fitting of the Ep vs. Vi curve as in
Fig. 3-2-1. Then the Ny can be extracted from the slope of the curve. It is found that y
is closer to 2 when the film property is better. This proves the above screening effect
mechanism. Table II lists values of 'y for différent grain growth conditions. Figure
3-2-2 shows that the line merges at x-axis. The wvalue of x-axis is defined as the

threshold voltage Vr [26].

a,n extraction: By increasing.¥p bias, the x-axis intersection of the EB’I/ Yvs Vg
curve will shift to larger x value. This relationship gives the o value. As seen in Fig.
3-2-3, the slope of the curve is defined as a. After the determination of y, V7, Ny and

a, 1 can be obtained by calculation from the experimental data.

3-3. Discussion of mobility modeling

The mobility in polysilicon TFT’s has been shown to be dependent on the grain
size and grain boundary structure [13][27][28]. Seto observed a minimum in the
mobility for polysilicon resistors at a critical doping concentration [13]. A
corresponding behavior can be observed in polysilicon TFT’s; as shown in Fig. 3-3-1,

where the effective mobility for electrons is plotted against the gate voltage. In case of
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rather small-grain polysilicon TFT, the effective mobility is given by

-E,
kT

Hey = Ho exp( ) (3-4)

But when the polysilicon grain size increases, this equation is no longer valid.
Therefore, we adopt a model [29] that separates grain and grain boundaries taking into
account the average number of grain boundaries into the channel. It is demonstrated
that this model is useful for two main reasons: first because grain and grain boundary
regions exhibit different dependencies against technological parameters. Therefore,
this model serves to optimize polysilicon TFTs technology. Second, this model leads
to a better physical understanding of the functioning of large-grain polysilicon TFTs
in the linear regime of operation, and it is reliable within a temperature range from
150 K to 300 K. By considering that.the grainregion behaves as in a bulk MOSFET,
the mobility model can be defined as [29]

I I B -

Hegr Hg ex —Ey
H P( T

where g represents the intrinsic mobility in the grain region; u stands for the
influence of scattering effect on mobility under large gate voltage. This mobility
model given in Eq. (3-5) is plotted with measured values of urgr in Fig. 3-3-1. A

reasonable fit is observed.

In order to test the validity of this model at various temperatures, we performed
electrical measurements in linear regime (¥p = 0.1 V) in the temperature range from
300K to 370K, as shown in Fig. 3-3-2. Applying Eq. (3-5), we extracted the device
parameters at temperature of 300 K. Considering that the extracted parameters are not
modified with temperature, and by changing only the value of temperature 7" in Eq.
(3-5) we obtained a similar tendency (Fig. 3-3-3) between the theoretical model and

the experimental data. It demonstrates that this model can provide reliable predictions
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for mobility variation under various temperatures. The most important is that as
temperature increases, the field effect mobility sz increases without incorporating

other empirical equations.

3-4. Out-put characteristics

Above threshold, the drain current, Ip, is given by [23]

2

w V,
I, = peprCox T[(VG =V )Wpse — DSE_] (3-6)

2c

sat

Finally, we combine the proposed mobility model in Eq. (3-5) into the /-J model in
Eq. (3-6). The calculated results and the measured results for devices at different
temperature are depicted in Fig. 3-4-1 and Fig. 3-4-2. The validity of the proposed
model within a temperature range from 300 K-to-370 K is demonstrated. Good

agreement is found to verify our;proposed-model.
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Chapter 4

Conclusion

In this thesis, first, the thermal activation energy in typical top-gated poly-Si
TFTs with LDD structure was studied. Then, we demonstrated the poly-Si TFT
modeling incorporating with the experimentally defined grain barrier height model.
Due to the bias condition had influences on grain barrier, the trapping effects
dominate activation energy in linear region, while the DIGBL effect was pronounced
in saturation region. A simple analytical model is proposed to present these effects.
By considering both the trapping effects;andithe DIGBL effects, excellent fitting with
experimental data is achieved overja wide range of drain bias and channel length.
Simulations were also performed showing that 1.DD structure influences the

maximum electric field seriously:

Then, in order to investigate the influence of film properties on device
characteristics, the poly-Si film is formed by as-deposited process and also the solid
phase crystallization (SPC) process. It was found that film property had influences on
grain barrier and therefore strongly affected the device characteristics. Consequently,
we established a modified channel thickness model to fit the inverse of grain barrier
height. When comparing the measured data and the simulated results, good

agreements were found for devices with different channel length.
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TABLE I

PARAMETERS USED TO SIMULATE THE E3-Vp CHARACTERISTICS WITH
DIFFERENT CHANNEL GEOMETRY.

W (um) / L (pum) 6/17.5 6/10.5 6/13.5 30/31.5
Nr(cm?) 9x10"! 7.4x10"! 7.21x10" 6.91x10"

a 0.8 0.78 0.765 0.72

n 2.17 2.43 2.49 2.6
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TABLE II

Key Parameters of Grain Barrier Model for devices with different film properties

y Nr(10%cm™) | Vr(V)
As-Deposited (plasma=0 Hrs) | 1 2.42 5.11
As-Deposited (plasma=2 Hrs) | 1 1.95 3
SPC (plasma=0 Hrs) 1.3 1.93 2.98
SPC (plasma=1 Hrs) 1.3 1.89 0.41
SPC (plasma=2 Hrs) 1.3 1.51 0.27
ELA 1.55 0.69 -0.24

As-Deposited and SPC sample are W/L=10um /10um
ELA sample is 30zm /31.5um
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TABLE III

The calculated trap density by different channel thickness assumption

1/Eg~(Vs-V1)*

1/];‘:]3’\’(\/(;-\/]")Y

As-Deposited v=1
(plasma=0 Hrs) N=1.46x10" cm™ N=2.33x10"% cm™
As-Deposited v=1
(plasma=2 Hrs) N=1.11x10" cm™ Nr=1.95x10"% cm™
SPC v=1.3
lasma=0 Hrs NT=5.80XIO12 cm’ NT=1.93XIO12 cm™
p
SPC v=1.3
plasma=1 Hrs 1=6.37x10.% cm™ =1.89%x cm
1 1H N=6.37x10." N=1.89x10" 2
SPC v=1.3
asma=2 Hrs =5.09x cm —=1.51x cm’
pl 2H N=5.09x10" 2 N=1.51x10" 2
ELA v=1.55
N=1.16x10"" em™ N=6.00x10""  cm?

As-Deposited and SPC sample are W/L=10wm /10um

ELA sample is 30um /31.5um
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Fig. 1-3-1 One-dimensional energy band diagram in polycrystalline material. The

grain size is assumed to be constant. At grain boundaries, defects are electrically
active.
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Fig. 1-3-2 Simplified distribution of charges within the grain and at grain boundaries.
At grain boundaries, the trap state density is defined per surface unit, while Np is a
doping volume concentration.
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Fig. 2-1-1 Schematic cross sectional view of poly-Si TFT.
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Fig. 2-2-1 Arrhenius plot of the drain current of /L = 6um /13.5um n-channel
device for different drain voltages and V;s=4 V. The slope of each line defines the

activation energy (Ea).
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Fig. 2-2-5 Comparison of the output characteristics between simulation (dotted
line) and the experiment (solid line) for TFTs (W/L = 6 um /13.5 um).
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Fig. 2-5-1 The relationship of activation energy versus drain voltage for different
LDD length. (2)W/L = 6m /13.5 um(b) W/L = 30um /31.5 um.
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Fig. 2-6-1 Dependence of activation energy on gate and drain voltages for (a)

conventional device and (b) devices with LDD = 1.5um (W/L = 30um /31.5 um).
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Fig. 2-6-2 The simulated maximum electric field versus the gate voltages.

Simulated depth is 10 nm from oxide interface (L = 31.5 um).
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Fig. 3-1-1 The experimental grain barrier height versus the gate voltage for different
grain growth conditions. (ELA sample: W/L = 6mn/10.5um, ; As-Deposited and SPC
sample : W/L = 10um/10um )
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Fig. 3-1-2 The curves showing comparisons of the grain-barrier height and its inverse

versus the gate voltage. (a) grain growth conditions: as-deposited, plasma = 0 Hrs (b)

grain growth conditions: excimer laser crystallize.
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Fig. 3-1-3 Illustration of the trapped charge screening effect. (a) no defect device (b)

many defects device.
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Fig. 3-1-4 The experimental inverse of grain barrier height versus the gate voltage for
different grain growth conditions. (ELA sample: W/L = 30um/31.5um, ; As-Deposited
and SPC sample : W/L = 10um/10 wm )
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Fig. 3-1-5 The simulated electron density versus the depth which is the distance

comes from gate oxide interface.
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Fig. 3-1-6 The channel thickness (extracted from simulated results) versus the inverse

of gate voltage (L=30 um).
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Fig. 3-2-1 Ny was extracted from curve in the plot of E/;'I/y vs. Vg
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Fig. 3-2-2 V' was extracted from x-axis intersection in the plot of EB']/ "vs. Vo (Vp =

0.17)
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Fig. 3-2-3 a was extracted from the intersection of EB'I/ ”vs. Vg at different drain

voltage conditions. (W/L = 30um/31.5um, ELA sample)
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Fig. 3-3-1 Comparison of the simulation results with experiment data. Data is from a
30 um/31.5 um n-channel TFT with Vp= 0.1 V. (i, = 400 cm?*/Vs, ug = 260 cm*/Vs)
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Fig. 3-3-2 The field effect mobility versus gate voltage at different measurement
temperature. Data is from a 30 um/31.5 um n-channel TFT with Vp=0.1 V.
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Fig. 3-3-3 The simulation results of the field effect mobility versus gate voltage at
different temperature. Simulation is from a 30 um/31.5 um n-channel TFT with Vp=
0.1 V. (o = 400 cm*/Vs, ug =260 cm’/Vs)
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Fig. 3-4-1 The comparison of experimental (symbols) and simulated (solid line) I-V

output characteristics for W/L = 30um/31.5um ELA poly-Si TFTs Conclusion (a)
temperature =25  (b) temperature = 60 (.
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Fig. 3-4-2 The comparison of experimental (symbols) and simulated (solid line) I-V
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