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Abstract

This work focuses on the variation behavior of poly-Si TETs both spatially and
temporally. This work is mainly enlightened from, but not limited to, the display
electronics. First the spatial variation of the devices is studied for'the devices from the
mass production.line. The serious variation behavior and no description nor trend for
the device variation makes it rather difficult forsdesigners to develop the circuits
composed of poly-Si TFTs.. Thus we referred to the cases in MOSFETs and
analogically proposed factors for the variation behavior for poly-Si TFTs. Based on
the idea, the special layout called crosstie layout is proposed, measured and the device
parameters are extracted and statistically summarized. The feature of the crosstie
layout is that the devices are located as close as possible and in such case the
long-range variation can be greatly reduced for the two adjacent devices. The device
parameters show apparent asymmetric and non-centered distribution, which is much
different from the usual Gaussian distribution assumption. A method enlightened
from the electronics is proposed to decouple the long-range and micro variation and

by finding the difference between the adjacent devices the true micro variation profile
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can be examined. The micro variation behaviors for the threshold voltage and
mobility are found to be more centered and symmetric for both n-type and p-type
devices. Two equations are proposed to well fit the micro variation and also based on
the models the effects of device variation on the analog and digital circuits are
simulated and discussed. In addition, based on the models, the projected device
variation behavior for devices with different device dimension is also provided. By
utilizing the crosstie layout, the variation behavior of the devices is greatly reduced,
take the threshold voltage for instance, from 0.5 V to 0.03 V. The reduced variation
also facilitates the followingstudy of temporal variation, in which the effect of spatial
variation can be greatly relieved and not to cover the effect of temporal variation.
Then we fotus on the temporal variation of  poly-Si TFTs under various
operation conditions. Here the temporal variation can ssimply correspond to the
reliability issueunder DC and AC operation,swhich would be respectively discussed
in the separate chapters. For the DC operation section, we first review the two main
degradation mechanisms for the poly=Si*TFTs*underDC operation, namely the hot
carrier effect and the self heating effect. Though there have been so many papers on
the device degradation behavior under these two stress conditions, there are very few
papers about their capacitance behavior. We study the C-V behavior for the device
after the two stress conditions and find that the simulation tool may be incomplete in
properly describing the frequency dependence in the C-V curves. Thus we use another
approach to infer the C-V curves from the readily-accessible I-V curves. Based on the
proposed model composed of the gate insulator capacitance and channel resistance,
we compare the magnitude of the capacitance term and the resistance term for the
device’s impedance and the critical point called Pc is found to help distinguish the ON
region and the OFF region in the C-V curves inferred from the I-V curves. Since the

capacitance term is dependent on the measuring frequency, the position of the point
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P¢ also changes with the measuring frequency. Following the same manner, the C-V
behavior for the device after the two stress conditions are examined and the
corresponding circuit elements, possibly the capacitance or the resistance, are
proposed respectively. Special discussion would be given on the capacitance
behaviors for the n-type device after self-heating stress and the p-type after hot carrier
stress since they both somehow show the increase of the capacitance for the lower
gate voltage in C-V curves.

Next we study the reliability behavior for the device under gate dynamic
operation. Started from the,application, we find that in TFT-LCD applications the
TFTs in the pixels mostly stay in the gate turned-off region with the drain signal
dynamically toggling. However, there is almost no study of the reliability behavior on
such operation condition. We consider the gate-to-source voltage difference Vgs and
the gate-to-drain voltage difference Vgp .and-analogically study the reliability
behavior for the gate voltage dynamically toggling in the OFF region‘while the source
and drain electrodes are both grounded:Therdevicershows mobility decrease in the
I-V curves and shift as.well as, distortion in 1ts C-V curves for the stressed n-type
device, while for the p-type device the mobility increases and the OFF current
decreases after stress. The dependency for the device degradation on the pulse
parameters, namely the pulse range, the frequency and the duty ratio of the applied
signal, is also studied. However, since the pulse voltage is all kept below its threshold
voltage, there should be no channel carrier induced beneath the gate electrode and
thus the degradation behavior could not be explained by the model proposed
previously by Uraoka. At this point we resort to the circuit model again and one more
time we discuss the impedance under such stress condition. It is then inferred that
under the gate AC operation the channel resistance and the large electric field across

the junctions could be the main degraded region. Nevertheless, such inference is hard
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to probe and we use another test structure named the gated p-i-n device, in which the
device has the similar structure to TFTs but one side of the doping is changed to make
the device laterally resemble the p-i-n diodes. The feature for adopting such gated
p-i-n device is that this device has the similar structure to the TFTs while the channel
voltage can be set from one side of the electrodes. Thus, this enables us the capability
of forming large electric field across one junction to simulate the condition of gate AC
OFF region stress for poly-Si TFTs. Then, by examining the capacitance curves of the
AC-stressed TFTs and the DC-stressed gated p-i-n devices after stress, the
aforementioned mechanism,is' verified. The degradation in junction with the large
electric field on it is thus found to be responsible for the degradation of gate dynamic
operation in the @QFF region and the discussion for the different behaviors for the
n-type device and p-type device is also'provided. Also the reliability behaviors under
several other ‘stress conditions are discussed. It-is found that, no matter what the
carrier source may be the inversion channel carriers, the leakage cutrent or even the
inversion channel carriers swept becausetthergaterpuise is to be turned-off, once the
large electric filed is across thefjunction, the carriers would more or less become the
hot carrier and result in the similar degradation behawior. In‘other words, they can be
categorized as the “generalized hot carrier effect.” To summarize, the finding of the
mechanism as well as the proposed circuit model should provide useful information

for the understanding and evaluation of the temporal variation for poly-Si TFTs.
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Chapter 1

Introduction

1-1 Overview of poly-Si TFT technology

Thin film transistor is a metal-oxide-semiconductor structure that can be
fabricated on various kinds of substrates by using almost all kinds of deposition
techniques [1-1]. Recently as for the substrates there have been the glass substrates,
flexible substrates, stainless steel and so on. And as for the active region material, the
film could be the silicon-based semiconductor, metal oxide and organic material [1-2].
The main featuregof the TFT itself is the.device can be formed upon various substrates
and the material can be chosen from the applicable sources other than the high
temperature single crystalline silicon wafer [1=3]. Such feature makes the TFT very
suitable for thesactive display electronics since for each pixel the switching element is
required and it s almost impossible for|the single crystalline silicon device to be
formed inside the respective pixel [1-4]. The first generation-of active matrix liquid
crystal displays (AMLCDs) used a-Si:H TFT as thé pixel switching device. The main
advantages of the a-Si:H TFT are the low process temperature (no higher than 600
degree Celsius) that can avoid damaging the glass substrate and the low leakage
current that can avoid grey level shift as the TFT is turned off. However, the low
electron field effect mobility (typically below 1 ¢cm®V™'S™) of a-Si TFTs limits the
capability of advanced and integrated circuit. Integration of the driving circuit on
display panel in parallel with the same substrate is very desirable not only to reduce
the module cost but to improve the system reliability.

For the last decade, polycrystalline silicon thin-film transistors (poly-Si TFTs)



have attracted much attention because of their widely applications in active matrix
liquid crystal displays (AMLCDs) and organic light-emitting diodes (OLEDs).
Compare with a-Si:H TFTs, poly-Si TFT can provide higher electron mobility (by
two orders of magnitude) and its higher driving current allows smaller TFT size to be
used as the pixel-switching elements, resulting in higher aperture ratio and lower
parasitic gate-line capacitance for improved display performance. In addition to flat
panel displays, poly-Si TFTs have also been applied into some memory devices such
as dynamic random access memories (DRAMs), static random access memories
(SRAMs), electrical programming read only memories,(EPROM), electrical erasable
programming read only memories (EEPROMs). Among the pely-Si technologies, low
temperature polyerystalling siliconsthin-film transistors (LTPS+TFTs) are primarily
applied on glass substrate since higher process temperature may cause the substrate
bent and twisted. Up to now, hundreds of researches have been reported to develop
various technologies for improving the performance and reliability’of LTPS TFTs.
Since the electron field-effect mobility-of ETFPS*TFETsvis larger than a-Si:H TFTs but
smaller than MOS _transistors, it is expected that matured poly-si technology may
realize several special functions such as the DAC (digital to'analog converter), touch
panels and sensors, even the memory and MPEG decoder as shown in figure 1-1[1-5].
Figure 1-2 shows the roadmap as for the expected development for the poly-Si TFTs
as well as the integrated functions [1-5]. Researchers expect that as the mobility and
the device performance keeps improving, the driver circuits and some special
value-added functions can thus be formed by the use of poly-Si TFTs even for the
lower performance CPU (Central processing Unit) and eventually form the system on
glass (SOG) technology. In 2003 Sharp announced the prototype of the system on
glass technology with the 8-bit CPU on it, as shown in figure 1-3 [1-6]. This

somehow proved that for the display electronics the poly-Si TFTs can replace the
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externally connected bond ICs and the perspective of the SOG technology is truly

applicable.

1-2 Review and Motivation

Though the adoption of the poly-Si TFTs may be of beneficial, the devices are
found to suffer serious variation, as shown in figure 1-4 [1-7]. Devices from
predominant process condition still exhibit electrical behavior variation. Though the
device structure is similar to MOSFETS, the variation behaviors of TFTs are much
worse than those of MOSFETs: In the application using MOSFETs with high
sensitivity to the mismatch wvariations such as current smirrors, digital-to-analog
converters, and sense amplifiers, the statistical variation analysis would be a very
important verification step. Owing to the low, process ‘temperature, poly-Si TFTs have
different process from IC industry. Since the wvariation of device behavior may
directly affect the circuit performance ‘and reliability prediction,.it would be of
practical interest.to have a clear understanding of howthe variationnmay come and the
behaviors the variationicould'be. In the scope-of this thesis, since the poly-Si TFTs are
capable of advanced <€ircuitry and the perspective of SOG, the uniformity issue would
become more critical. Another point of the study on device variation is that refer to
the previous study the diversified device behavior would seriously affect the study of
device reliability, and thus before studying the temporal variation it is required to find
the devices with the variation effect as small as possible. In chapter 3 we studied the
variation behavior as well as the effect of device variation on the circuit performance.

As for the temporal variation, it is also another point required to be deeply
understood. From the practical viewpoint, the understanding of the reliability for the
device under DC and AC operation can help designers to properly evaluate and

estimate the practical device as well as the circuit performance. And as for the
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viewpoint of studying the mechanism, the deeper understanding of the mechanism can
also help to devise methods to reinforce the device reliability. Though there are many
papers on the I-V behaviors of poly-Si TFTs under DC stress, there are very few
papers on the C-V behaviors for the device after DC stress, as shown in figure 1-5
[1-8]. In chapter 4, we would study the current transfer characteristics, namely the
Ip-Vg curves, and the capacitance characteristics for the device under DC operation.
On the other hand, as for the device under AC operation, though in this case it
would be more similar to the conditions in the real operations, there are not so many
papers on it as in the case for the deviece under DC operation, in which the summary is
given in figure 1-6 [1-9]. As for the AC operation, there are more parameters for the
applied signal and-it should be a good starting point:to study. the reliability for the
conditions in applications. In real applications, the TETs imainly act as the switches
and thus the applied gate signal would toggle between the ON and ‘OFF regions, in
which the reliability for the devices had been reported by Uraoka [1-10]. However,
there is still an important part that hassnot-beenrreported and such operation condition
occurs for most of the time in the pixel driving in the TET-LCD panels. That is, the
reliability for poly-Si TETs under gate OFF region'with the drain AC signals. In
chapter 5 we studied the reliability behavior of theipoly-Si TFTs under such operation
conditions and proposed the model to describe it. The model is verified by using a
special test structure and the discussion for the difference between the AC operation
and the DC operation in the OFF region is also provided. Though the motivations for
all the aforementioned three parts are all originated from the real applications, the
mechanisms as well as the models should still provide valuable information for the
designers from the viewpoints both of the real application and mechanism

understanding.



1-3 Thesis Structure

There are six chapters in this dissertation, in which can be summarized in figure
1-7. First the poly-Si technology is introduced in chapter 1 and then the experimental,
such as the fabrication and the measurement of the devices, is described in chapter 2.
Then, we focus on the spatial variation first; the parameter distribution and the impact
as well as the insights of the variation would be studied in chapter 3. Next, we study
the temporal variation, in which the device behavior, namely the I-V and C-V
behaviors after DC and AC operation, would be examined for both n-type and p-type
devices and thereafter thessimilar circuit model 1s used to.describe the degradation in
chapter4 and 5. Chapter 6 gives the summaries and future work,. The structure is in the

other way listed below for indexingt
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Chapter 2

Experimental

Before going deep into the characterization of the poly-Si TFT, the experimental
is described in this chapter. In section 2-1, the device fabrication flow is described.
Next, the way how the device is measured and stressed and how the device

parameters are extracted are explained.

2-1 Device Fabrication

The process flow of TETs is-described below. Top gate LTPS TFTs with width /
length dimension of 20 pm /5 pm-were fabricated using low temperature process.
Firstly, the buffer oxide and a-Si:H films with thickness of 50 nm were deposited on
glass substrates” with PECVD. The samples were then put in the oven for
dehydrogenation. The XeCl excimerrlaser-of'wavelength 308 am and energy density
of 400 mJ/cm® was applied. The/laser scanned the a-Si:H film with the beam width of
4 mm and 98% overlapito recrystallize the a-Si:H. film to poly-Si. After poly-Si active
area definition, 100 nm SiO, was deposited with PECVD as the gate insulator. Next,
the metal gate was formed by sputter and then defined. For n-type devices, the lightly
doped drain (LDD) and the n" source/drain doping were formed by PH; implantation
with dosage 2 x 10" cm™ and 2 x 10" cm™ of PHj respectively. The LDD
implantation was self-aligned and the n" regions were defined with a separate mask.
The LDD structure did not use on p-type devices. The p~ source/drain doping was
done by B,Hs self-align implantation with a dosage of 2 x 10" cm 2. Then, the
interlayer of SiNx was deposited. Subsequently, the rapid thermal annealing was

conducted to activate the dopants. Meanwhile, the poly-Si film was hydrogenated.
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Finally, the contact hole formation and metallization were performed to complete the
fabrication work. The structure cross section view for the n-type poly-Si TFT is given
is figure 2-1. The gated p-i-n devices, proposed to verify the validity of the reliability
mechanism in chapter 5, are fabricated in parallel with the poly-Si TFTs to ensure the

identical process condition.

2-2 Equipment and Experiment Setup

In this section, the equipments to measure the device characteristics, namely the
transfer behavior Ip-V curves and the|capacitance curves, are described. In addition,
the apparatus to DC or.AC stress the device as well as the AC pulse waveform is also
illustrated.

The Ip-V curves for the devices are measured by the Agilent 4156A precision
semiconductor parameter analyzer. The C-V curves-of the gate-to-source capacitance
Cgs and gate-to-drain capacitance Cgp before and after stress with different
frequencies are measured with the HP 4284 A precision LCR meter. The concept of
operation of the apparatus issto find the effective impedance of equivalent circuit of
the device under test between the probing nodes and wvia the circuit theory, the
capacitance of the device ¢an then be obtained. Before measuring the capacitance
behavior, for every frequency the measure correction is performed with the
open-circuit and short-circuit mode respectively for the needles before and after
probing the electrode to eliminate the effect of the parasitic components in the
surrounding and during probing.

The DC stress is performed by the Agilent 4156A precision semiconductor
parameter analyzer, which is the same one to measure the transfer characteristics. The
AC stress is performed by the Agilent 41501B pulse generator. Several parameters for

the stress pulse are modulated to examine the dependence of device reliability on the
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applied pulse parameters. The basic parameters of AC signal consists of frequency (f),
signal high level (Vgh), signal low level (Vgl), high-level time (Vgh), low-level time
(Vgl), rising time (Tr), and falling time (Tf). Fig. 2-2 shows the waveform of the AC
signal. In AC signal, the definition of individual parameter is given as follow:

T=Tr+T vgh+Tf+T vgl

f=1T

Duty ratio= (T vgh )/T

and T is the signal period.

2-3 Extraction Methods of Device Parameters

Three important device parameters are extracted and studied in this work: the
threshold voltage Vi, the sub-threshold swing S.S.,-and the field effect mobility Mu.

Plenty methods are used to determine. Viy, which may be the most important
parameter in application. In. most of the researches on TFT, the constant current
method is adopted: In this work the threshold veltage is determined by this method,
which extract Vy from the gate voltage at the normalized drain current Id=10 nA for
Vd=0.1V.

Sub-threshold swing, S.S (V/dec), is also a typical parameter to describe the
control ability of gate toward channel. The sub-threshold swing should be ideally
independent of drain voltage and gate voltage. However, in reality, the sub-threshold
swing might increase with drain voltage due to short-channel effects. It might as well
be affected by the serial resistance and interface traps and therefore become related to
the gate voltage. In this work, it is defined as the minimum amount of gate voltage
required to increase drain current by one order of magnitude.

The field effect mobility, Mu, is determined from the maximum
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transconductance g, at low drain voltage, which in this work 0.1 V is used. The
transfer characteristics of poly-Si TFTs are similar to those of conventional
MOSFETS, so the first order the first order I-V relation in the bulk Si MOSFETSs can

be applied to the poly-Si TFTs, which can be expressed as

W 1
Io = #eeCoy T[(VG Vi Vo _EVD2] (2-1)

, Where

Cox 1s the gate oxide capacitance per unit area,

W is channel width,

L is channel length,
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Chapter 3

Characterization of Spatial VVariation of Poly-Si TFTs

3-1 Review and Motivation

As mentioned in chapter 1, poly-Si TFTs are expected to form the in-pixel
switches and the integrated circuits for the display backplane electronics. Some
value-added functions are also expected to be formed with the poly-Si TFTs [3-1]. For
these circuits, panel designers need to evaluate'the,performance by the simulator with
device model. The deviee model is expected to precisely describe the device behavior
such that the simulation ‘results can fit| the real circuit' performance as close as
possible.

However, poly-Si TETs are found to “suffer from serious.device behavior
variation, which may not be well described by the model [3-2, 3-3]. So far though
there are many papers on thé.design issues of the influenced circuitsperformance from
the fluctuating poly-Si device behavior,: there are:very few papers on the variation
behavior of poly-Si TFT itself [3-4~3-8]. Because its.device structure is similar to
MOSFETs (Metal-Oxide-Silicon Field Effect Transistors), it should be a good
beginning to first review the variation behavior of MOSFETs and compare it to the
case of poly-Si TFTs.

In MOSFETs, the device variation can be characterized as the local variation by
short correlation distance and the global variations characterized by long correlation
distances, where the correlation distance is defined as the distance in which a process
disturbance affects the device performances [3-9]. If this distance is shorter than the
usual distance between devices, the disturbance constitutes a local variation and

affects few devices (e.g. a charge trapped in the gate oxide layer). For the global
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variation, which is characterized by process disturbances with longer correlation
distances (e.g. the gate oxide thickness fluctuation across the wafer surface), it affects
all the devices within a specific region. Therefore, the devices placed at longer
distance are more affected by global variations than devices placed close to each other.
For the case of the poly-Si TFTs, since there are grains randomly located in the active
region, the variation behavior may be more complicated than that in MOSFETs.

So how serious is this variation behavior of poly-Si TFTs? Refer to previous
work, the parameters of the devices on the same spot from different glasses in the
mass production line are measured and extracted andthe values are given in the table
below [3-10]. Table 3-1 gives-the summarized values of the.average (AVG) and the
standard deviation(STD) for_the jthreshold voltage V1 and mobility Mu for the
devices locatedon the spot A to spot H on different glasses as shown in figure 3-1.
Refer to the tables, the large standard deviation values of the parameters show that the
devices suffer from serious variation problem and there is no apparent trend for such
behavior. For example, if the film-thickness»variationsdominates the variation, then
the device parameter may show some kind of trend for the-device located in the center
part than those in the outer part. That is to say, for instance, the STD value would be
larger for the devices on the C; D, E, and F spots than those on the A, B, G, H spots.
Nevertheless, there is no such trend and the parameters for the eight spots just exhibit
certain kind of random fluctuation. In other words, these parameters for the devices
from the mass production line just somehow reveal that the variation behavior for the
poly-Si TFTs truly exists and may not be neglected.

What does these SPC (Static Process Control) data mean to designers? First, as
shown in figure 3-2, the serious variation for the devices means that in addition to the
slim design window for the aggressive V.S. conservative design /low-yield V.S.

high-yield design, the designers also need to design for the fluctuating device
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performance. This would become an extra design issue and the corresponding
over-design techniques could be difficult. For some applications, such as in the
display panels as the poly-Si TFTs are most commonly applied, in some extreme
cases designers even need to modify the circuit because of such serious device
variation problem [3-11~3-12].

Another issue is that the true profile of the device variation itself is still not clear.
From the SPC data designers could only get a rough idea about the range of the device
variation on different glasses but the range and the behavior of the devices located
near each other is still unknown. For example, in real applications circuit blocks
usually contain devices locate -within the range around several hundred micro-meters.
In such cases thé:variation behavior could play an.important’ role in the circuit
performance and the aforementioned SPC data may mnot:be applied. As mentioned
before, the variation behavior could be different for the devices locate far away or
close to each“other. Therefore, it would be necessary to examine the variation
behavior for the devices locate nearreachrother-sincerit' could be more similar to the
cases in real applications. Knowing the range and the behavier of the short-range
variation would help{ designers to properly evaluate and estimate the -circuit
performance.

In light of the structure of this dissertation, there is still one point for the study of
the spatial variation. Refer to previous works, the large device performance variation
would greatly affect the examination of the device reliability [3-13]. Therefore, before
the study of temporal variation, it would be necessary to somehow find the devices
with small variation range to facilitate the following reliability study. In this chapter,
section 3-2 focuses on the spatial variation and a similar table listing the possible
variation sources for poly-Si TFTs is given. To avoid confusion, the local and global

variations used in the notation of MOSFET variation are changed to long-range and
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micro variation for poly-Si TFTs. A special layout is proposed to study the
short-range variation and over 1000 devices in the layout are measured and the device
parameters are extracted and summarized. A method inspired from the small signal
concept in the electronics is utilized to decouple the long-range and micro-variation.
The profiles for the micro variation of V and Mu are obtained and two equations are
found to describe these profiles. Based on the two equations, the impacts of the device
variation on the circuit performance are discussed in section 3-3-1, while the insights
of the device variation behavior for different device dimension are discussed in
section 3-3-2. The discussion ‘and the summary. for this chapter are given in section

3-4.

3-2.Classification and Characterization of VVariation

For the case of poly-Si TFETs, the possible variation factors are given in table 3-2,
in which the “ploy-Si grain'size/number variation and grain boundary” are specially
added to the micre’ variationsfactors. In order to-investigate the relationship between
uniformity issue and‘device. distance, a special layout of the devices adopted in this
work is shown in Fig 3-3 (a). This layout features the minimum distance that the two
devices can locate, which is 40 micron meters when considering the design rules, and
the captured picture of the proposed layout is shown in Fig. 3-3 (b). The structure of
the poly-Si film and the gate metal are in the order that resembles the crosstie of the
railroad and therefore afterward this layout is called the crosstie type layout of poly-Si
TFTs. Within this short device distance, the long-range variation may be ignored, and
the variation of device behavior can therefore be reduced to almost micro variation
alone. In order to obtain the more accurate parameter distributions of crosstie layout

TFTs, large amount of device parameters are required. In this work, more than one
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thousand devices are measured and the parameters are extracted.

The distributions of threshold voltage (Vi) and mobility (Mu) for both the
n-type and p-type TFTs are shown respectively in Fig. 3-4 (a) and (b). The average
and the standard deviation values for device parameters of the TFTs are given in table
3-3. It can be seen that both Vth and mobility of the n-type and p-type TFTs do not
follow the Gaussian distribution, which contradicts the usual expectation for the
device parameter distribution. This reveals that the conventional Gaussian distribution
may not be precise in describing device parameters. Besides, the distribution of
mobility exhibits severe asymmetric behavior.' Since the distributions are not
symmetric, it would be difficult to build a model to deseribe the parameters for circuit
simulation. In othér words, another grouping method should be adopted.

Figure 3-5"(a) shows the Vty distribution of the 'devices with respect to device
position, while*figure 3-5 (b) shows that for mebility distribution. The distribution
resembles the“small signal concept ,.in electronics. This means that the parameter
distribution may be taken as the sunrof therlargessignaland the small signal, as shown
in figure 3-6. That is to.say, the variation for poly-Si TFTs could be the long-range
variation superimposed with a smaller value of-micro variation. If the parameter
difference is calculated within the two nearest; devices, the large signal can then be
subtracted and the true profile of the small signal can then be shown. In this case, the
long-range variation can be diminished and the micro variation can then be
investigated. The distribution of the Vry difference of the two nearest n-type TFTs
and p-type TFTs are respectively shown in Fig. 3-7 (a) and (b), while that of the
mobility difference for n-type and p-type devices are shown in Fig. 3-8 (a) and (b).
The minimum distance of the devices is 40 um as shown in figure 3-3 (a). It can be
seen that both the distributions of Vry and mobility difference for the devices show

symmetric behavior and are quite centered than Gaussian distribution. This reveals
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that micro variation may have a much concentric effect for the devices than Gaussian
distribution.

Since the distributions of the parameter difference are symmetric, it would be
necessary to find a model for circuit simulation. For the distribution of the difference
of Vy, Gaussian-Lorentzian cross product is applied to the fitting, which is

y:(ud(xébﬂ*ex:[<l-d>*§(xébﬂ

where

a is the peak value of the distribution

b is the center of the distribution

c is fitting parameter related to.the width of the distribution

d is fitting parameter varying from 0:to1; O represent the pure Gaussain
function and 1 means a pure Lorentzian distribution

As for the distribution of the difference of Mu, the Lorentzian distribution is

applied to the fitting, which is

T
2
C

where

y:

a is the peak value of the distribution
b is the center of the distribution
C is fitting parameter related to the width of the distribution
In statistics, the coefficient of determination (R square) is a common index for
evaluating the similarity between the proposed model and the real data. Generally, if
the value of R square is above 0.7, it means that the specific model shows good

agreement with the data [3-14]. In this work, the values of R square of the above
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fittng curves, as shown in the figures, can both approach 0.9, representing the good
validity between the proposed model and the real data. However, there could be still
other equations that could provide higher fitness for describing the micro variation
and the corresponding effects on circuit performance. Since the R square reaches
above 0.9 for the two proposed models in describing the distribution, it could still be
fair enough to use these models to evaluate the effect of device variation on both the
circuits and also the study of the variation behavior for the devices with different

dimension.

3-3 Impacts.and Insights of Device.Variation

In this section, -based on the two' proposed models to" describe the device
parameter variation, the impacts of device wvariation” are discussed. The differential
pairs and the ring oscillator, as the benchmarks of .the digital and analog circuit, are
adopted to study the influnces of device variation in section 3-3-1. On the other hand,
by using the models, the variation‘behavior for the device with different device width
is also studied. With the help, of the interdigitated-layout, the variation behaviors for
the poly-Si TFTs as well asthe a-Si TFTs and single-crystalMOSFETs are examined

and compared.

3-3-1 Impacts of Device Variation on Circuit Performance

(a) For the analog circuits: In the integrated circuit application, coupling effect
is a serious problem for signal transmission. Output signal suffering from serious
coupling effect may lead to errors of the retrieved signal and affect the corresponding
design window. In order to reinforce the immunity to the noise and the coupling effect
during the transmission, the differential signals are widely used for analog circuit

design. For the display applications, the differential pairs are commonly used in many



blocks of display electronics, such as the input stage of operational amplifier. Figure
3-9 shows the basic differential pair structure, where Rp is the resistive load and Rss
represents the output impedance of current bias; differential signals are applied to the
gate terminal of transistor M1 and M2.

The quality of data transmission will benefit by the use of differential signal.
However, device variation would be a serious problem for differential pair. Since
these devices are nominally identical, the variation of the device characteristics will
result in errors in retrieving the signal and affect the accuracy of the differential signal.
In conventional MOSFET circuits, the variation between M1 and M2 is very low and
can be suppressed under the well-controlled process.” As. compared to CMOS
technology, poly-Si TETs suffer form worse device variation and'the effect of output
signal variation“may hence be more complicated: In order to evaluate the circuit
performance of" differential pair by poly-Si TFTs, the aforementioned variation
models would'be adopted to simulate the circuit performance with device variation.

The common mode | rejectionratio(EMRR)mis a common index for the
capability of differential.pair against the common mode noise, which can be written as

W.
| A | 1(Vos -V, )+ 21°Com(Vigs -V, )*Rss
CMRR = |-2¥n| = L
‘ Aunam ‘ AN + Ap(Vss -V, )

In the equation above, the AVy and Ap terms represent the differences of
threshold voltage and mobility of the two transistors. In this work, the CMRR value is
used as the index to examine the accuracy of each simulation skill and model.

Before the simulation, it is essential to transform the parameter distribution into
the corresponding value for Monte Carlo simulation. In this work, a method of range

mapping is used. Take the distribution consisting of four variables as example, as
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shown in figure 3-10 (a). Based on the probability, a table of range mapping can be
established, as shown in figure 3-10 (b). For a series of uniformly random values in
the range from O to 1 generated by the computer, the corresponding series can be
obtained by looking up table in figure 3-10 (b). If 0.3 is randomly picked from
computer, the variable B will be chosen according to Fig. 3-10 (a). Thus, the
distribution from the look-up values will match that shown in figure 3-10 (a). In light
of statistics thoery, a certain number of data for each distribution can be generated to
get the stable and reliable simulation result. In this work, 210,000 times of data
transformation for each distribution are executed to obtain the best and stable result
for the Monte Carlo simulation:

In simulation}:the Vs is set'to- 5V, which is the voltage at'the quiescent point.
The output impedance of cufrent bias 1s 3 M), which is extracted from the output
resistance at the corresponding bias point..To .compare the effects of the device
variation on circuit performance with diffeérent models, two distribution models are
adopted in the"Monte Carlo Simulationrtowcalculaterthe CMRR value under the
constant device distance.of 2005um. One is the extracted distribution and the other is
the widely-adopted Gaussian® distribution. The parameters ‘of Gaussian distribution
used here are 1.69V, 0.03V, 59.66 em?/Vs and 7.84 cmz/Vs, which respectively
correspond to the mean value and the deviation of the threshold voltage and mobility
from the measured database as shown in table 3-3.

The simulation of the cumulative distribution of the CMRR value in dB is shown
in Fig. 3-11. The results of Monte Carlo method with Gussian distribution and the real
extracted distribution are represnted by lines with circles, squares and triangles
individually. The line with circle symbols is plotted by Monte Carlo method with
Gussian distribution. As for the line with squares and triangles, they are done by

Monte Carlo method with the extracted distribution. For the line with squares, the
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threshold voltage and mobility and their difference are substituted with real parameter
and proposed model. For the line with triangles, the difference term are from the
parameters randomly generated from the proposed model while other device
parameters are replaced with the average value from the measured database. It can be
observed that the lines with squares and triangles are almost overlapped, and this
reveals that the difference terms dominate the simulation result of CMRR value.
Therefore, the simulation procedure can be simplified as only change the the
difference terms instead. Among the lines with circles and triangles, it is found that
the curves of the cumulative,probability exhibit a difference of 10 dB in average and
cross at about 55 dB. It 1s attributted to the sharper distribution. of the difference of Vi,
and Mu in reality than the Gaussianidistribution.

If all the real measured data are used in calculation (the line with inverted
triangles) under'the constant device distance:200 um, it can be observed that lines
with squares, ftriangles and inverted, triangles are almost the same. The simulation
result shows that the Monte Carlommethod=with=theextracted distribution is more
accurate than that with Gaussian model. Generally speaking, the specification of the
CMRR value in commerical IC is usually desired to'reach‘above 60dB. Obviously,
design with the conventional” Gaussian simulation method will lead to errors in
estimating the circuit performace of differential pair as compared with the real
measured data. However, it should still be noticed that if it is required to reach a
confidence level of 98 % , the CMRR specification of the circuit should be set below
50 dB based on the extracted distribution, instead of 53 dB corresponding to Gaussian
model. As for the average performance, simulation using Gaussian distribution might
lead to differences in prediction. Since the proposed model is the distribution
originated from real data, it should provide a more credible description of the device

performance for a large amount of devices. From the viewpoints of real application,
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this simulation results suggest that designers should consider the device parameter
profile in addition to the average and standard deviation values in simulating the
effect of variation. Considering the mean and standard deviation value only could lead
to over- and under-estimation of circuit performances.

(b) For the digital circuits: In this part, the effects of device variation on the
digital circuits are investigated. Though digital circuits may not require high
definition of the signals as the analog circuits do, the effect of device variation may
still lead to the errors of the output signals. In this work, ring oscillator is set as our
benchmark of investigation because.of its sensitivity; o the simulation model. Because
there are more than one hundred devices in the circuits; the long-range variation may
take place and forin the trend in theydevice parameter distribution.'Since so far there is
no adequate description to depict the ‘effect of long-range variation on the device
parameters, the“method used in discussing the output variation of differential pairs
may not be suitable here. In other, .words, another comparing method should be
adopted to investigate the effect of microrvariationsinrring oscillators.

The ring oscillator circuit may not be categorized as’the digital circuit, yet it is
still widely used in digital cireuits.to provide required timing information. The figure
of the implemented circuit and the test device is shown in figure 3-12. 105 stage ring
oscillator is fabricated and a test device is placed just by the ring oscillators. Since the
effect of variation could not be compared device to device in the circuit, the upper and
lower bounds of variation range are used instead. The test device locates very close to
the circuit that it can be inferred the long-range variation can be taken as negligible
and only micro variation exists. The simulation will be done by three conditions
sim_typ, sim_ff and sim_ss. The sim_typ is that all the devices are simulated with the
measured test device parameter directly. This depicts the condition that the measured

device parameter is the same as all the devices inside the ring oscillator circuit. For
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the case that the micro variation exists between the test device and the devices in the
circuits, two conditions are taken into consideration, as shown in Fig. 3-13. Sim_f{fis
simulated with the possibly high mobility and low threshold voltages of both N-TFT
and P-TFT at 99.5% and 0.5% of the variation model respectively. This simulation
condition describes the conditions that the test device parameters are just the worse
performance than those in the circuit. In other words, the devices in the ring oscillator
are faster than the test device with the magnitude of 0.5% slow in mobility and 99.5%
high in Vth in the population according to the proposed micro variation model based
on measured data. On the other hand; sim ss is with the possibly low mobility and
high threshold voltages‘at 0.5% and 99.5% of the vatiation model respectively. This
represents the conditions that the test-device just has the better perfformance than those
in the circuit. The parameters used in stmulation are shown in table 3-4. Fig 3-14 (a)
and (b) showthe simulation results with micro variation for the 105 stage ring
oscillator as the operating voltage is SV and 10V, respectively. In this work, 22 sets of
ring oscillators and their correspondingrtest-devicesnext to each other are fabricated
and the measured. In these figures, the data are sorted by-the measured frequency. It
can be seen that for both operating voltages, the simulation data from the sim_ff and
sim_ss form the gap of the operating frequency. Itican be seen that the measured data
all fall in this gap. This represents that proposed model can fairly describe the range
of the micro variation for the devices in the ring oscillator. Besides, there is no large
difference between the measured data and the simulation data with the parameters
from the test device. This may reveal that though the micro variation exists between
the devices in the ring oscillator, the effect of the micro variation on the overall
performance will be averaged and therefore the micro variation may be ignored in the
simulation of ring oscillator. However, it should also be noted that the range of the

measured operating frequency is so large comparing to the gap of the lowest driving
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frequency of the simulation data S.S. and F.F. This means that though the micro
variation may be ignored in the ring oscillator simulation, the long-range variation
may instead influence the performance and the effect can be very critical. This finding
would be important in the characterization and simulation of the digital circuit

simulation.
3-3-2 Insights of Device Variation

Typically, the dimension of the transistors in analog circuits is larger than that in
digital circuits. On the other hand, signal in theganalog circuits may require higher
precision than that in the digital circuits since the latter may. only need to distinguish
the high or low signal ofthe applied voltage. In-Certain analog circuit, a very high
matching behavior between devices is desired. In addition to'the simplest structure,
the interdigitated layout, several layout techniques with the more complicated
structure are proposed to reach the high matching behavior between.the devices, such
as common centroid layout technique; and the dummy device techmique [3-15~3-16].
In the following section, therefore, only the:variation behavior of poly-Si TFTs in the
interdigitated layout method.is. discussed. Figure 3-15 showsithe idea of interdigitated
layout. The idea is that the devices are placed in a cross-over form and the finger
number represents how many devices are electrically-connected to each other. For
example, two-finger interdigitated layout means that the number Nty and (N+2)y
devices are electrically connected, and the same for the (N+1)ry and (N+3) devices.

The V1y variation behaviors between the interdigitated devices with different
fingers for n-type devices are shown in figure 3-16, while those behaviors of the
p-type devices are shown in figure 3-17. On the other hand, the mobility variation
behaviors of the n-type and p-type devices for different fingers of interdigit are

respectively shown in figure 3-18 and figure 3-19. The values of the standard

.32 --



deviation for these distributions with different interdigit finger numbers are given in
table 3-5. It can be observed that, for both Vg and mobility and for both n-type and
p-type devices, the distribution is becoming more centralized and the profile becomes
narrower as the finger number increases, which reveals that the variation of these
parameters decreases with interdigit finger number. Besides, the center of these
distributions move closer to zero as the finger number increases. Gaussian distribution
is used to fit the profile of the parameter variation in the interdigitated layout and the
coefficient of determination, as shown for each parameter in the figures 3-16 to 3-19,
increases with finger number} The meaning: of the"coefficient of determination is
given in section 3-2. This reveals that though the true-profile of micro variation is not
clarified yet, the parameter variation of the poly-Si TFTs is esséntially approaching
Gaussian distribution in the interdigitated ‘layout method as the finger number
increases.

Figure 3-20 (a) shows the standard deviation value of Vrp with different
interdigit finger numbers, while figurer3=20=(b)rshows that of mobility. It can be
observed that both n-type and p=type curves follow the same trend and the difference
between the n-type and p-type devices keeps a constant gap. Besides, it is discovered
that the micro variation of Vi of p-type device is larger than that of n-type devices in
the interdigitated arrangement, which can be attributed to the BF; channel implant for
V1 adjustment. These implanted boron atoms could form the shallow state near the
valence band in the poly-Si bandgap and may then turn out to be a variation factor for
the p-type devices [3-17]. Besides, it is also found that the mobility variation of n-type
device is larger than that of p-type, which can be attributed to the activation and
uniformity of the LDD region for the n-type devices.

The interdigitated layout is essentially extending the device width and therefore

the well-known “law of area” may be used to model the variation behavior. The "law
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of area" states that the device parameter mismatch is inversely proportional to the root
of the channel area [3-18]. This indicates that the larger the device dimension is, the
less variation these devices would suffer. This also means that the variation behavior
would be worse in the small dimension devices than that in the large dimension
devices. Owing to the randomly-distributed grains in the poly-Si film, the parameter
variation of poly-Si TFTs could show a different behavior than MOSFETs. Figure
3-21 (a) shows the Vry variation for different finger numbers and the fitting curve,
while figure 3-21 (b) shows that of mobility variation. The “law of area” equation

used in this work is given as:

b :
y = a+—=gwhere a'and b are the fitting parameters:

N

The fitting parameters “a” and “b’.for V.o and mobility and.also for n-type and
p-type devicesaare given in table3-6. Referred to.table 3-6, the fitting parameter “a”
and “b” respectively represent how the variation would be as the device width is very
large and how ithe variation would worsen as the device width shrinks. For Vry, it is
discovered that parameter a is very small for.both n=type and p-type devices, meaning
that the variation ofithe large width device would show similar.V1y variation behavior
for n-type and p-type devices. The parameter “a’'is negative for the n-type device,
and what does the negative variation mean? Of course there is no “negative variation”
and the device dimension could never be infinitely large. This just represnets that the
variation could be suppressed to a very low value and also the “law of area” may not
be adequate enough to describe the overall trend and may just provide some limited
insights. For the fitting parameter “b” for p-type device is slightly larger than that for
n-type device, meaning that the aforementioned channel doping effect could gradually
become dominant as the device width decreases. On the other hand, for mobility, it is

found that the parameter “a” for n-type device is much larger than that for p-type



device. This reveals that, as the device width increases, the grain number and
electrical behavior variation in the channel region may be gradually averaged and thus
the LDD variation may be the main factor responsible for the larger mobility variation,
making the mobility variation in n-type devices larger than that in p-type devices.
However, as the device width becomes smaller, the number of grains in the channel
could greatly differ from each other and thus the value of mobility variation for both
n-type and p-type devices would slowly become similar and the effect of LDD
variation may be less important. To summarize, the micro variation behavior for the
poly-Si TFTs can really be suppressed to a relatively small value for the device with
very large dimensions For designers, this finding of-device variation behavior with
respect to different:device width could be of great help in realizing and modeling of
device variation” and can also assist designers to 'properly’ evaluate the device
parameter variation for poly-Si TFTs with differeat dimensions.

For further studying the variation behavior, it would be of practical interest to
study the variation behavior of thessilicon=basedrdevices with different crystallinity
behavior. Figure 3-22 shows the standard deviation for Vpgfor different type of
devices. More than 400 crosstie devices of amorphous silicon TFTs are measured and
statistically summarized. The amorphous silicon TFT is of the conventional inverted
stagger structure. The data of the single crystal silicon is referenced from Chee Lin
Yum in Bachelor’s thesis on Electrical Engineering [3-19]. The fitting parameters and
the corresponding coefficients of determination (r*) are given in table 3-7.

Referred to table 3-7, it is shown that the coefficients of determination are all
above 0.7, indicating that the law of area can be used for describing the variation for
the devices with different grain structures. For fitting parameter “a,” it is discovered
that the parameter for single crystal silicon MOSFETs is very small, meaning that the

variation would almost be eliminated for the very large width devices. In addition, the
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parameter “a” for amorphous silicon TFT is around four times larger than that of
poly-Si TFTs. This reveals that the micro variation behavior of amorphous TFT may
be worse than that in poly-Si TFTs, which may result from the micro structure and
film thickness fluctuation of the amorphous silicon film.

For the fitting parameter “b,” it is found that the variation of n-type poly-Si TFTs
is ten times larger than n-type single crystal silicon MOSFETs. Furthermore, the
parameter “b” of amorphous silicon TFTs is three times larger than that of n-type
poly-Si TFTs. For p-type devices, the parameter “b” of poly-Si TFTs is one hundred
times larger than that of singlé erystal silicon MOSFETs. Since parameter “b” can be
taken as the increase aate for device variation as the-device width shrinks, it can be
inferred that the ¥ariation of amorphous silicon TET, would be' worse than that of
poly-Si TFTs and the single crystal MOSFETs would exhibit slow increase of device
variation as the'device width decreases. Thisicansbe attributed to the micro structure
and grain behavior of the silicon layer for the devices. The preparation of the single
crystal silicon film takes long time.instheshighrtemperature environment (around 1000
degree Celsius). Silicon. atomsimay get enough energy and time to form the good
bonding and crystallinity, therefore the structure of the silicon film would be of good
quality and uniformity. However, the film preparation for poly-Si film in this work is
by using the excimer laser to recrystallize the deposited amorphous film and therefore
the film structure may not be as good as that of the single crystal silicon film in
MOSFETs. On the other hand, the preparation for amorphous film is just by PECVD
deposition and there may be very small grains in the silicon film. Besides, in this
work the amorphous silicon TFT is of the conventional bottom gate structure is
adopted and film thickness variation of the amorphous silicon film may also result in
device variation.

Owing to the higher device mobility, poly-Si TFTs are expected to replace bond
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ICs and form the circuits for some specific applications. From the viewpoint of circuit
design, higher driving current of the poly-Si devices is desired. From the simple
current equation, it means that the ratio of device width over length (W/L) should be
higher to obtain the higher driving current without changing the process method. For
poly-Si TFTs, it is reported that reducing the device length to around 2 um will
introduce serious short channel effect and that could result in the inaccuracy between
the circuit design and the real device performance [3-20]. Another way to increase
driving current is to enlarge the device width. An additional point for increasing the
device width is that the largerichannel width means that there are more grains in the
channel region and the device variation behavior may be relieved. Therefore, in order
to have higher driving current and lower variation issue, one option is to increase the
width of poly-Si'TETs. From the discussions above, it'is shown that the variation can
be gradually reduced and for the very large device dimension the micro variation can
truly be suppressed. Though the wariation can not be fully eliminated, for some
applications, such as the pixel designwinAMBECD»(Active Matrix Liquid Crystal
Display), such variation. behavior for large-width device-might still pass the 8 mV
criteria in the grey level voltage definition of the 8-bit panel specification. However,
for some circuits requiring high signal precision, such variation in device performance
should be taken into consideration. Furthermore, for the pixel design in AMOLED
(Active Matrix Organic Light Emitting Diode) driven with poly-Si TFTs, since there
may not be sufficient space for the very large device, panel designers should design
for such variation and the compensation methods may still be necessary for the high
performance panels. The impact of this work is to provide the behavior of device
variation for different device width and furthermore to find the order of variation
when the device width is very large. This would be helpful for circuit and panel

designers in evaluating the variation behavior of poly-Si TFTs and designing for
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variation if necessary.

3-4 Summaries

Poly-Si TFTs have the similar structure to the MOSFETs, and so do the
application field when it comes to the integrated circuits. As in the field of MOSFETs,
when the technology node reaches sub-micron, the variation issue gradually becomes
a big problem. The variation, possibly comes from the line edge roughness (LER),
dopant fluctuation and discrete film thickness distribution, could gradually become
one of the main design issues, siamely DEM (BPesign for Manufecturing). As for
poly-Si TFTs, though.the device dimension is not as small as the MOSFETs, the
variation issue is still'an issue to considér. Though it is' generally believed that the
device variation mainly comes from the grain distribution, there are rare studies about
how the designers should tackle the device variation in designing.the poly-Si TFT
circuits. This chapter focuses on the variation behavior of poly-Si TETs, as well as the
impacts on the circuit desigf. The projected device vatiation behavior for the devices
with different channel, width-and.the insights of the intrinsic variation behavior are
also studied. Though'the main field of poly-Si TFT.application still focuses on the
display electronics, which®may not require the high uniformity standard as the
MOSFETs do, these studies should still help designers to properly evaluate and
estimate the variation behavior both for device and circuit performance. With the high
demand of the value-added functions in the display system, poly-Si TFTs in the
circuits could face the tougher uniformity requirement and the understandings

presented in this chapter should be of great help.
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Figure 3-22 The standard deviation of V1 for different types of
devices and for both n-type and p-type devices
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\L AVG |STD Mobility |AVG |STD

Site A 1.273 0.5168 Site A 69.37 11.264
Site B 1.226 0.3486 Site B 78.4 12.303
Site C 0.961 0.3638 Site C 72.89 11.723
Site D 1.299 0.5226 Site D 76.43 12.576
Site E 1.148 0.4976 Site E 72.58 11.672
Site F 1.281 0.4633 Site F 75.05 12.243
Site G 1.084 0.3472 Site G 69.81 10.64

Site H 1.038 0.334 Site H 76.87 11.084

Table 3-1 The summarized-average(AVG)and standard deviation

(STD) value for (a) V1 and (b) mobility
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Long-range Micro variation

variation
Effect on Common trends over a|Random fluctuate among
device range devices
parameters
Possible Film thickness defect sites, defect density,
factors fluctuation, ion activation efficiency

implantation dosage, [poly-Si grain size/number
channel length/ LDD |variation, grain boundary
length difference

Design skills |Common variation = |Random Variation =»Monte
Worst case simulation |Carlo simulation

Table 3-2 The table illustrating the possible factors for long-range

and micro variation as well as the corresponding design techniques



Average Standard
Deviation
N-type: 1.69 0.03
Vth (V)
N-type: 59.66 7.84
Mu (V/dec)
P-type: -2.41 0.05
Vth (V)
P-type: 75.31 229
Mu (V/dec)

Table 3-3 The average and standard deviation value for V4 and

mobility for-the devices in the crosstie fayout
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Population in the
proposed micro 0.50% [99.50%
variation model

A Vthn (V) 0.147 [0.142

A Mun (¢em?/Vs) -10.223 | 9.723

A Vthp (V) 0.155 |0.150

AMup (¢cm?/Vs) -9.216 |8.716

Table 3-4 The upper andslower bound of the parameters used in the

simulation of ring oscillator
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Device Type N-type P-type
Standard Deviation {?;/;T} (jﬁmi) {?I:ﬁ:'} (éﬁi\:‘vﬁ)

One-finger 222 1.8108 28.49 1.7043
Two-finger 154 1.3619 20.33 11776

Three-finger 122 1.1585 16.21 0.9579
Four-finger 10.6 1.0312 15.23 0.8344
Five-finger 8.7 0.9765 13.56 0.7055
Six-finger 8.2 0.9482 12.44 0.6465

Table 3-5 The standard deviation value for Vy and mobility

difference with-differentinterdigit-finger;number
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Standard Device |Parameter |Parameter "b”
Deviation of “a” (V) (V*um)

{AVm}  [NTtype |-0.0016 |0.24

P-type |0.0013 0.27
Standard Device |Parameter |Parameter
Deviation of b i “p
{A Mu} (cm2/V*s) |(em2/V*s)*um
N-type |0.3081 14.93

P-type [-0.0765 [17.81

Table 3-6 The fitting parameters for fitting the 'standard deviation of
interdigitated layout of poly-Si TFTs
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{AVTH} using interdigit layout

Device Coefficient of Fitting Fitting
Type Determination | Parameter Parameter
(r2) “a” (V) “b” (V*um)
a-Si TFT (N- 0.8913 0.0079 0.79
type)
Poly-Si TFT 0.9981 -0.0016 0.24
(N-type)
Poly-Si TFT 0.9959 0.0013 0.27
(P-type)
c-Si MOSFET 1 2.7E-7 0.024
(N-type)*
c-Si MOSFET 1 -9.0E-11 0.001
(P-type)*

*Ref.: Chee-Lin Yum, bachelor's thesis, 1996

Table 3-7 The fitting parameters and the coéfficient of determination
(r?) for fitting the standard deviation of interdigitated layout of

various kinds of devices
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Chapter 4

Characterization of Temporal Variation of Poly-Si TFTs:

under DC Operation

Preface: In this chapter the reliability behavior of poly-Si TFTs under DC
operation is examined. We respectively studied the current transfer characteristics,
namely the Ip-V curves, and the capacitance characteristics for the device under DC
operation. Though there are manyspapers on the -V behaviors of poly-Si TFTs under
DC stress, there are very few papers on the C-V behaviors for the device after DC
stress. In section 4.1,:the two main degradation behaviors for the poly-Si TFTs under
DC operation, namely the hot carrier_and. the self heating "effect, would be first
introduced. The motivation for this chapter would then be described and also the
reason we use a.special approach to study its capacitance behavior is.also provided. A
simple device model consistingsof the gate capacitances and channel resistances
would be introduced and by:studying the impedance of the model the short-circuit
region and the open-éircuit region, or equivalently the ON region and the OFF region,
would be inferred and ‘derived. Such model ‘can be used to explain the
frequency-dependence behavior, or the dispersion behavior, in the capacitance curves
for the device after stress. In section 4-4 the special discussion would be focused on
the capacitance behaviors for the n-type device after self-heating stress and the p-type
hot carrier stress since they both somehow show the increase of the capacitance for
the lower gate voltage during C-V measurement. The validity and the insights of the

model are also discussed in section 4-5.



4-1 Review and Motivation

The reliability study of poly-Si TFTs under DC operation can be started with the
device parameter change, such as Vry, mobility, ON current, after various stress
conditions in the stress map [4-1~4-2]. Refer to figure 4-1 and 4-2, Inoue et al.
reported that for the n-type poly-Si TFTs, Vry shows apparent degradation as the
stress drain voltage Vpgs and gate voltage Vs are both high. As for the ON current, it
is found that it shows obvious degradation for the two regions: one is for the large
Vps and Vg, like the previous condition,.and the other one is for the large Vps and
the Vgs is smaller thangl0. V. Later, Seok-Woo Lee jet al. reported that similar
behavior can be observed for both n-type and p-type devices that for these two
specific regions device would. suffer from apparent degradation,as shown in figure
4-3 [4-3]. In the stress map, these two stress.conditions showmmost significant
degradation and for the rest of the stress conditions the degradation is almost
negligible. Theseé two regions, as characterized as the self heating'effect and the hot
carrier effect, would be briefly explained in the following article.

Self heating effect, like the one reported in the” SOI «(Silicon On Insulator)
devices, originated from ‘the' poor dissipation behavior of the substrate [4-4]. As the
operation voltage for Vpg and Vg are high, the current conducting in the channel is
high and the joule heat, which can be rough calculated as P=Ips * Vps, would become
large and if the heat can not be dissipated in time it will be accumulated in the active
region, as shown in figure 4-4[4-5]. As for the main application field for poly-Si TFTs,
the devices are fabricated on glass substrates and the heat transfer coefficients for the
films in the device structure are shown in figure 4-5 [4-1]. As can be observed in the
figure, if joule heat is generated in the poly-Si film during operation, the films

surrounding poly-Si film with much smaller heat transfer coefficients than poly-Si



film would in turn hinder the active region from dissipating heat. Figure 4-6 shows
the transfer characteristics for the poly-Si TFTs before and after self heating stress
[4-2]. For the stressed device, the subthreshold region, the threshold voltage, the OFF
current, the ON current as well as the device mobility is greatly degraded. It was then
proposed that the accumulated heat in the channel region would cause the release of
hydrogen and in turn deteriorate the effect of passivation. The deep states, originally
passivated by the hydrogen atoms, would then be exposed as shown in figure 4-7 and
then jeopardize the conduction of the current. [4-1]

Hot carrier effect, to which the similar case in MOSFET device can be referred,
has another story from the self heating effect. For the case in.MOSFETs, the carriers
can have sufficiefitly high energys to _have collision: with ‘silicon bonds when the
applied Vps is large [4-6]. The generated electron-hole pairs from the collision would
have different flow direction. The carriers collected from the substrate can provide
useful information in analyzing the degradation mechanism [4-6]. Back to this work,
poly-Si TFTs have the similar structure=tomMOSFETs, butithere is no substrate
electrode to collect,the. carriers so that it would be more difficult to examine the
mechanism. The absence of the back electrode may also change some faces of the
behavior. Figure 4-8 shows the idegradation behavior for the poly-Si TFTs stressed
with different gate voltages as the drain voltage is fixed at 15 V, while figure 4-9
shows that for the device with different drain voltage as the gate voltage is fixed at 5
V [4-7]. It can be seen that the device degradation gets more serious as Vpg increases,
just like the case for MOSFETs. However, for poly-Si TFT the degradation is most
severe when the gate voltage is around its threshold voltage, which is different from
the case MOSFETs in which the effect is most severe for the Vgs is around half of
Vps [4-8]. Since the hot carrier effect is largely dependent on the drain field, the LDD

(Lightly-Doped Drain) structure is adopted to enhance the reliability and it is also
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found that this structure also works for poly-Si TFTs, as shown in figure 4-10 [4-7].
The effect of hot carrier stress on the device performance is shown in figure 4-11, in
which the stressed device shows lower ON current and correspondingly the device
mobility as well as the increase of the OFF current [4-7]. This is mainly attributed to
the increase of the tail states after stress. For p-type devices, the dominant mechanism
turns out to be the electron trapping in the gate dielectric film and for p-type
MOSFETs the effect is called the HEIP (Hot-Electron Induced Punchthrough) effect
or the channel shortening effect, in which the trapped electrons would help induce
holes and effectively the channel length seems to bé shortened [4-9]. Such behavior
also occurs for p-type‘poly-Si TFTs, in which the effect .is the increased device
mobility and decteased OFF _current [4-10]. The transfer characteristics and the
schematic figures are given in figure 4-12 and 4-13.

It can then"be summarized that the reliability for poly-Si TFTs can be mainly
attributed to two mechanisms, namely-the hot carrier effect and the self heating effect
[4-2]. Though there have been so many papersonrtherdevice reliability behaviors after
stress, there are very few papers on the capacitance behavior for the stressed device.
The study of their C-Vibehaviors helps us to further-understanding of the underlying
mechanism since it would enable us to find their behavior locally near the source or
the drain junction, while the I-V behavior may just show the overall performance for
the whole channel. Another point for the study of the C-V behavior is that for the
display electronics, the field in which the poly-Si TFTs are mostly applied, the
gate-to-drain capacitance Cgp would play an important role in addressing the pixel
voltage. As shown in figure 4-14, the pixel voltage would suffer from the
feed-through effect and the voltage difference can be described with the equation, in
which the voltage shift is directly proportional to the capacitance of the transistor Cgp

[4-11]. Theoretically in the OFF region, there should be no capacitance value for the
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self aligned TFT. But the parasitic behavior may affect this feed through effect and
also the device after stress may also have different capacitance behavior for such
operation condition. Therefore, the capacitance behavior for the device should be well
studied to get a clear understanding for the degradation mechanism and also for the
evaluation in the application.

Refer to our previous work, we utilized the two-dimensional numerical
simulation tool DESSIS to study the capacitance behavior [4-12~4-13]. In the
simulation, the grain boundaries inside the poly-Si film are accounted by using the
“effective medium approach,” ‘which treats the poly-Si film as a uniform material with
the density of localized states in the forbidden gap [4-14]. We tried to fit the
capacitance behavior for the stressed device by adjusting the'defect density and
position both in“the physical position and the band diagram. Also, we adjusted the
electron and hole cross section to try to fit the capacitance behavior under different
measuring frequencies. The simulation results may somehow describe the distortion
and shift of the capacitance curves forrthe=stressed device, nevertheless as for the
frequency part still the simulation tool may be impotent to-deseribe. From the physical
viewpoint this may be €xplained by the fast state and'slow. state theory, but we could
not find the tool to verify our'assumption. Thus, in the following section, we turn to
the readily-accessed device transfer characteristics and propose a circuit model that
can help us infer the C-V behavior and the corresponding frequency behavior from
the I-V behavior. Discussion for the validity of the model for the n-type device is
given in section 4-2 and section 4-3 gives that for p-type devices. Special discussion
for the capacitance behavior in the OFF region, namely |Vgs| < |Veg|, would be given

1n section 4-4.



4-2 Reliability Behavior under DC Operation: n-type Device

Before going deep to the reliability behavior of the devices under DC stress, the
I-V and C-V behavior for the fresh device would be introduced first. Figure 4-15
shows the transfer characteristics for the fresh n-type poly-Si TFT, and figure 4-16
shows the normalized capacitance curves with two measuring frequencies for the
device. Since the device is of the symmetric structure for the source and drain region,
the Cgs curves would show the identical behavior to the Cgp curves for the fresh
device. Referred to the two figures, Vi in the I-V curves plays an important role in
defining the ON and OFFE.region while the flat band voltage Vg in the C-V curves
designates the turned-on region and the turned-off region. Referred to the very nature
of the physics for. Vqy; in [-V.behavior.and Vgg in C-V curve, these two important
parameters also:have similar-definition. Howevers from the curvessalone there is no
apparent connection between these two important parameters. Also, Vg seem to
correspond to rdifferent values forsdifferent measuring frequencies, which is very
different from the'usual expgeetation.

In order to explain the frequency dependence of the capacitance behaviors as well
as to establish the connection between the I-V-and C-V curves, a circuit model
consists of channel resistances and gate insulator capacitances is proposed, as shown
in figure 4-17. For the unstressed device, the model is composed of the distributing
insulator capacitance (Ci,), channel resistance (Rch), junction capacitance (C;), and
contact resistance (R¢). The C-V behavior and the I-V behavior can be correlated by
considering the impedance of the device in this model. As the gate voltage is much
higher than Vry, the channel is turned on and the channel resistance will become very
small in this case. The total impedance would be dominated by the insulator

capacitance. Hence the major part of the signal current to be measured will flow



through the channel resistance and the measured capacitance would be the summation
of Ciy. On the other hand, as the gate voltage is far below Vg, the channel resistances
Rep are high such that they would block the signal deep in the channel. Therefore, the
measured C-V behavior in this region may actually represent the capacitance
behaviors by the edges of the channel. However, for the transient region, neither the
resistance nor the capacitance would dominate the impedance. Hence both the
capacitance effect and the resistance effect should be considered. Since the capacitive
impedance is frequency dependent, the frequency dependence of the measured C-V
curves shown in figure 4-16 can be observed.

Figure 4-18 shows the normalized capacitance-curves and the total resistances
Rps at different €=V measuring-frequencies, where the Rpg is'extracted from the
Ip-Vg curves at'Vp=0.1 V. For the gate voltage is around V 1y, the channel resistance
would go through a transient region that the magnitude of the channel resistance
would rapidly ‘decrease from around 10° to 10* Q. A critical point of the impedance
behavior can be selected as the' channelresistancerRgequals. to the capacitance term
1/2=fCi,, which just falls in the transient region of the -capacitance curves for the
measuring frequency 50 kHz to 1 MHz. The -term f represents the measuring
frequency. The solid arrow in figure 4-18 represents the point that the total channel
resistance Rpg equals to the capacitance term 1/2nf Crer for different C-V measuring
frequency, where Crpr 1s 40 fF representing the gate insulator capacitance of the TFT.
The point P, is the point where the channel resistance Rpg is 10 times larger than the
capacitance term 1/2xf Crpr, and the point Pg is the place when the channel resistance
Rcpy is 10 times smaller. For this study, the arrows respectively point out the 80 M (2
and 4 M of the Rpg, corresponding to the impedance of Crpr at the applied
frequencies of 1 M Hz and 50 kHz. The 80 M2 and 4 M2 two points are called Pc.

For the gate voltage lower than Pa, the conductivity of the device is considered to be
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low enough that the channel resistance can be taken as open circuit and is labeled as
the “O. C. region,” in which “O. C.” represents “Open Circuit.” For the gate voltage
larger than Pg, the channel becomes so conductive to be considered as short circuit,
and is labeled as “S.C. region,” where “S. C.” means “Short Circuit.” Meanwhile, for
the gate voltage between P, and Pg, since the capacitive term and the resistive term of
the impedance are comparable, neither of them can be ignored. By utilizing the
proposed circuit model and discussing the impedance of the device, the ON region or
the corresponding “S. C. region,” can be found for the region the gate voltage is larger
than the P point. Similarly,the OEF region, or the “O. C. region,” can be found for
the region the gate voltage is smaller than the P, pomt, as shewn in figure 4-18. The
finding of the O. €: region and the;S. C. region is calculated from the I-V curves and
the C-V curves‘are found that can be well described by the two regions. This means
that the C-V curves show its maximum in the:S. €. region and the mimimum in the O.
C. region. This reveals that by considering the value and position of Pc the C-V
behavior can be'inferred from the 1<Vecurves=Sincerthervalue of the capacitance term
is dependent on the measuring frequency, the point Pc would also be affected by the
measuring frequency and this is just the feature of this model. In the following section
the [-V and C-V behavior as well as their correlation for the device under hot carrier
stress and self heating stress will be discussed in the same manner.

Figure 4-19 shows the Ip-V transfer characteristics before and after 500 seconds
of hot carrier stress with the conventional forward and reverse connection. Here the
stress condition is that the drain voltage is equal to 20V and the gate voltage is 1 V
larger than Vg, namely 2.8 V. It can be seen that as compared with the unstressed
device, the stressed device shows lower ON current and almost unchanged
subthreshold region. However, the difference of the ON current of the stressed device

between the forward and reverse connection indicates that the states distribute closer
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to the drain, which is similar as the MOSFETs. Figure 4-20 (a) shows the normalized
gate-to-source capacitance Cas curves before and after stress with different measuring
frequencies, and figure 4-20 (b) shows those of the Cgp behaviors. The Cgg curves of
the stressed device show almost no difference as compared with the unstressed device.
Nevertheless, the Cgp curves of the device after stress somehow show anomalous
behaviors. The Cgp curve of the stressed device measured at 50 kHz 1s almost the
same as that before stress, but the curve at 1 MHz measuring frequency shows
apparent stretch for the gate voltage is just above the flat band voltage Vgg. In other
words, the degradation behavior of the Cgp curves of the device after hot carrier stress
is frequency dependent. Comparing the two figures, it can-again verified that the
degradation mainly occurs near-the drain junction and the frequency-dependent
stretch out in the Cgp behaviors teveals that ‘the state'creation 'should be responsible
for the degradation, which is also in consistent with the case in MOSFETs. In order to
examine the frequency dependence .of the C-V behavior of the devices after hot
carrier stress, the Cgs and ' Cgp curvesrofrthesstressed devices at different applied
frequencies are measured, as shown in figure 4-21 (a) and (b). The Cgs curves of the
stressed device show only negligible shift for different applied frequency. However,
in addition to the shift, the Cgp curves show apparent stretch between different
measuring frequencies for the gate voltage higher than Vgg. The higher the measuring
frequency applies, the more the Cgp curve stretches.

Figure 4-22 (a) and (b) are the normalized capacitance characteristics of Cgs and
Cgp with the total resistance Rpg extracted from the Ip-Vg curves for the device after
hot carrier stress. Here, the P is represented as the green lines with the arrow and acts
as the reference point in Rps curve and C-V curve. Figure 4-23 (a) shows the circuit
model for the device after hot carrier stress. The term Cgee and Rep e represents the

increase of the capacitance and resistance owing to the generated tail states during
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stress. Figure 4-23 (b) shows the corresponding location in the bandgap of the
capacitance Cqeo. Because the tail states are mainly related to the operation of the gate
voltage above Vy, the state capacitance Cyey would respond at the gate voltage larger
than Vg Under this gate voltage, the Fermi level is drawn near to the bottom of the
conduction band Ec and then fills the capacitance Cqee. For the low measuring
frequency of 50 KHz, the point P¢ locates at 80 Mega ohm, in which the Rpg curve is
located at the faster-switch point. The capacitive term 1/2af - Crpr is relatively larger
than the channel resistance at the gate voltage slightly larger than V. Therefore the
measured Cgs and Cgp characteristics would quickly attain the gate capacitance in the
channel and saturate at Crer. Hence the effect of the degradation component Cye, may
not be obvious. However, for the high measuring frequency of'1 MHz, the channel
resistance can only be ignored fill the gate voltage 1s much largerthan Vryand thus
the effect of the'Cq., components can be apparent. In other words, the degradation in
the C-V behaviors' for the device.may only be observed at higher measuring
frequencies, where the effect of therdegraded capacitances can be obvious and not
covered.

Figure 4-24 gives the transfer characteristics for.the device under the self heating
stress for 500 seconds. The stress ¢ondition is|that both Vs and Vpgequal to 18V.
For the stressed devices, the increased Vry and the subthreshold swing, and also the
decreased ON current can be observed in both the forward and reverse connection.
Figure 4-25 (a) shows the Cas curves before and after stress with different frequencies,
while figure 4-25 (b) shows the corresponding curves of Ccp. Compared to those
before stress, the stressed Cgs and Cgp curves exhibit two main changes, namely the
positive shift for the gate voltage near the flat band voltage Vgp and the increase for
the gate voltage just below Vgg. The stretch and shift in the positive direction for the

gate voltage near Vg are considered to be attributed to the increase of the deep states
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during stress. On the other hand, the increases of the C-V curves for the lower gate
voltage possibly come from the interface states [4-12]. Figure 4-26 (a) and (b) are the
normalized capacitance Cgs and Cgp and the total resistances Rpg extracted from the
Ip-Vg curves. Here, the Pc is again represented as the green lines. Figure 4-27 (a)
shows the proposed circuit model of the device after self heating stress. The
capacitance Cqeep 1s added to the device, representing the increase of the deep states
during stress. In addition, the Cge, is also introduced to represent the capacitance
corresponding to the interface states induced by the high voltage difference Vgs
during stress [4-12]. Figure 4-27 (b) and (c) show the,corresponding location in the
bandgap of the capagitance Cy.e, and Cgeo. Because the deep states in the channel
would affect the dperation for the gate voltage near Vg, the poSition of the Cgeep is
located near the'Fermi level Er in the bandgap. On the other hand, because the Cge, 15
found to influence the conduction for the gate voltage below Vg, the corresponding
position of the'Cgeg 15 set to locate partly below Eg. Refer to figure 4-26 (a) and (b) , in
the O.C. region, since all the channelbresistances-arestaken as opened, in the device the
model is reduced tosonly the capacitances at the edges. Thus the Cge, resulting from
the interface states and-the Caéep from the self heating-effect would lead to the increase
of the Cgs and Cgp curves for the lower gate voltage, respectively. In this region, the
different frequency dependences for Cgs and Cgp curves reflect the different
responses of the states near the source and the drain, respectively. As the gate voltage
increases, two effects make the Cgs and Cgp curves change with gate voltage. Firstly,
the Fermi level is drawn near to Ec and the interface states are thus getting filled.
Secondly, the channel resistance would also be gate voltage dependent. Hence the
stretch and shift of the C-V curves in the transient region may include the effect of the
increase of the Cqeep and the decrease of Ren. For the higher gate voltages, all the states

are filled and the channel resistances are very low, making the measured capacitance
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Cgs and Cgp saturate at Crpr. The proposed model may fairly explain the
frequency-dependent degradation of the capacitance curves after both the hot carrier

and self heating stress conditions.

4-3 Reliability Behavior under DC Operation: p-type Device

Before discussing the behaviors of the device performance for the p-type device
after stress and the corresponding device model, again we examine the device
performance for the fresh device. Figure 4-28 shows the initial transfer characteristics
of typical p-type TFTs, while figure'4-29 shows the C-V behavior of the device. Since
for the fresh device the behavior should be identical forythe forward and reverse
measurement, thus ‘the behavior in the forward cennection is the same to that in the
reverse connection, so‘are in the manners for.the Cgsand'Csp behaviors. Based on the
same idea and the same circuit model for .the.device, figure.4-30 shows the
normalized Cgs curves and the total resistance Rps at, different,C-V measuring
frequency, where Rpg is exttacted from the Ip-Vg curves at Vp=0.1-V. The point Pc is
represented as the‘green arfow and the points Px-and Py are defined in the same
manner as in the previous section. As can be observed.in the figure, the S. C. region
and the O. C. region can well designate the turned-on and turned-off region in the
C-V curves both for the measuring frequency 50 kHz and 1 MHz.

Figure 4-31 (a) shows the I-V curves before and after the hot carrier stress, as the
stress condition is that Vgs and Vpg are -3 V and — 20 V with time duration 500
seconds. Referred to the figure, the device performance shows no obvious change
other than the decrease of the leakage current. The decreased leakage current in the
forward measurement indicates that the electric filed in the channel edge near the
drain was relieved. [4-15] In addition, the transconductance of the device, which can

be utilized to find the device mobility, shows apparent increase as shown in figure
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4-31 (b). This phenomenon is similar to the hot-electron-induced punchthrough (HEIP)
in MOSFETs [4-16], the primary hot-carrier degradation mechanism of PMOSFETs
and can be attributed to negative charge trapping in the gate oxide. The injection of
electrons into the oxide causes drain extension and thus reduces the effective channel
length. This mechanism would result in the increase of the transconductance with
stress time and therefore the on current shall increase. Since the collision-generated
electrons would be happening near the drain junction, the localized and nonuniform
buildup of oxide traps charges should be mainly located near the drain junction.

The normalized Cas curves before and after stress measured with different
frequencies is given in‘figure-4-32 (a) and figure 4-32 (b) shows those of the Cgp
curves. After stress, the Cgp. curve for the two measuring fréquencies will both
increase in the“off region. The increase in the Cgp could be explained that the
operation increases the overlapped capacitance. On the other hand, after stress the Cgg
value was not altered, and hence the phenemenon may attribute to the charge trapping
near the drain. Though the C-V behaviormaysomehow be explained by the trapped
charges and the overlapping capacitance, it would be of interest to see how the
previous proposed model fit in the hot carrier effect for the p-type devices. Figure
4-33 (a) and (b) are the normalized capacitance characteristics of Cgs and Cgp with
the total resistance Rpg extracted from the Ip-Vg curves for the device after hot carrier
stress. The Pc, represented as the green arrow, is the reference point in Rpg curve and
in C-V curve. And figure 4-34 shows the circuit model for the device after stress, in
which the Ry’ means the locally-changed resistance because of the oxide-trapped
charges near the drain side. For the two figures, it can be observed that since the
transfer characteristics in the subthreshold region shows no apparent change, the
corresponding Rpg behavior is almost the same and so is the derive of the point Py

and Pg. Comparing figure 4-30 and 4-33, it can be found that they are almost the same
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except for the increase for the gate voltage lower than Vggin the Cgp curves for the
stressed device. It may somehow reveal that the proposed method may not be capable
of describing the behavior for the device in the OFF region, since in this region the
Rps is too large.

Figure 4-35 shows the I-V transfer characteristics for the TFT before and after
self heating stress. The stress condition is that both Vs and Vpg equal to -18V and the
time duration is 500 seconds. For the stressed device, it can be seen that the Vty
shifted in negative direction both for the forward and reverse connection. Besides the
shift, in the subthreshold region the curves for the stressed device show no apparent
distortion, meaning that the trapped charges may be the dominant mechanism instead
of deep state credtion. For this point the behavior is quite different from the self
heating effect on n-type devices. Figure 4-36' (a) shows the Cgs'curves before and
after stress for'the p-type device after self-heating stress with different measuring
frequencies, while figure 4-36 (b) shows that curves of Cap. For the stressed device, it
can be observed that the largesshiftroccurseforsbothethe Css and Cop curves and for
both measuring fréquencies, which indicates that the degradation mainly should come
from the trapping charges. Figure 4-37 (a) and (b) are the normalized capacitance Cgs
and Cgp and the total resistance Rpg extracted from the Ip-Vg curves, and figure 4-38
gives the proposed device model for the stressed TFT. The Rey’ represents the channel
resistance influenced by the self heating stress. The trapped charges make the
threshold voltage shift in the negative direction and in the model this should
effectively make the resistance larger than the fresh device. Back to the Rpg curves,
the shift of the subthreshold region in the I-V curves would make the Rpg curves shift
and correspondingly the point Pc would locate at the more negative gate voltage. For
the C-V versus Rps curves, though both the I-V and C-V curves show large shifts, the

calculated Pc and the corresponding O. C. region/S. C. region could still fairly fit in
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the region to describe the C-V curves both for the Cgs and Cgp curves and for the two
measuring frequencies. This may indicate that the proposed circuit model to correlate
the I-V and C-V curves can be utilized to describe the device behavior both for the

initial and stressed device characteristics.

4-4 Discussion

Though in the previous section, it is shown that the proposed device model can
be used to infer the C-V curves from its [-V curves by considering the impedance, the
method still has some incompleteness. The proposed method can be used to calculate
the transient region andsit assumes that the device is turned-off for the gate voltage is
below its Vrpg and"the Rpg at this time would be se large that there should be no
capacitance could be measured. However, if ‘duc to. some kind of stress the
capacitance at the edge is changed or the channel resistance is locally reduced, the
signal may then propagate deeper some place inside the channel region or some
degradation capacitance may besmedsured. Refer to"the Cgs curves for the n-type
device after self heating stress, as shown in figure 4-25 (a), and the Cgp curves for the
p-type device after hot carrier stress, as shown in figure 4-32" (b), they both exhibit
some kind of capacitance ‘increase in the OFF region. Such behavior can not be
inferred from the I-V behavior, let along its frequency dependence. Though this may
be the incompleteness of the method, it somehow indicates that for the transient and
ON region, the C-V behavior can be calculated from the correlation between the [-V
and C-V method proposed in this work. And the capacitance behavior for the gate
voltage below Vg, which can not be inferred from the I-V behavior, can truly unveil

the device behavior locally near the source or drain region.



4-5 Summaries

In this chapter the device performance under DC operation, including its I-V and
C-V behavior, is closely examined. A circuit model containing the channel resistance,
the gate insulator capacitance and the contact resistance is proposed and the device’s
I-V and C-V performance are found that can be correlated by considering the device
impedance where the resistance term equals to the capacitance term. The critical point
is called Pc and since the capacitance term is frequency dependent the location of Pc
is also dependent on the measuring frequency in C-V measurement. The method to
infer the C-V behavior fronyits I-V behavior 1s utilized to see its validity on the fresh
device and the device under hot carrier stress and self heating stress. The method is
found to fairly describe the C-V.behavior but for the stressed device, if the stress
causes the increase of the capacitance or the decrease of the resistance at the edge, in
the OFF regionithe C-V' curves could be altered and such change could not be inferred
from its I-V curves. This may reveal'that the study for the device performance via the
C-V measurement may still be an"important.technique to study the behavior near the
channel edge and the behavior may be shown in the OFF region of the C-V curves.
The proposal of the device 'model as well as the interpretation of the C-V curves
should provide important information “for designers for evaluating the device
performance. Also, it should be helpful for the study of device reliability and the

deeper understanding of the degradation mechanism.
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Figure 4-5 The comparison for the heat transfer coefficients of the

films for the poly-Si TFTs
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I As the pixel charging is finished and the TFT is turned off: |

Figure 4-14 The kick-back voltage in addressing the pixel voltage in
TFT-LCD panels
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Chapter 5

Characterization of Temporal Variation of Poly-Si TFTs:

under AC Operation

Preface: In this chapter the reliability behavior of poly-Si TFTs under AC
operation is discussed. First the previous papers would be reviewed for the study on
the reliability behavior under gate AC operation. Then, we will focus on the behavior
under gate AC stress in the OFF1région. Oné metivation for such reliability is the
pixel driving for the poly-Si TFTs in the LCD applications, which would be briefly
described in section 5.1. The reliability behaviorn-for,both n-type and p-type poly-Si
TFTs would be studied in section 5.2 and 5.3. Their [V and C-V behaviors as well as
the degradation dependency on the gate pulse-parameters, such as, level, duty and
frequency, would be examined. Then, the similar device circuit model as introduced
in chapter 4 would be applied’ and the voltage drop on each element in the model
during operation would be discussed. Based on the:discussion, the gated p-i-n device,
which has a similar structure to poly-Si TFTs, is introduced. These gated p-i-n devices,
manufactured in parallel with the poly-Si TFTs, are DC-stressed and measured. The
similarity of the C-V curves between the AC-stressed poly-Si TFTs and DC-stressed
gated p-i-n devices indicates the validity of the proposed model. A more detailed
discussion of the degradation mechanism and the insights of this finding would also

be provided in section 5.5.

5-1 Review and Motivation

Owing to the better crystallinity of the channel region, poly-Si TFTs have the
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better driving ability and are expected to form some more advanced applications
which the a-Si:H TFTs may not [5-1~5-3]. Take the display system as the example, in
which the poly-Si TFTs are mostly applied so far, the poly-Si TFTs are expected to
form both the in-pixel switches and the integrated driving circuits. In that case, the
devices would face the high-frequency and high-voltage operation. That means the
devices could have some kind of Electrical-Over-Stress (EOS) issue. These devices in
the pixels could face even tougher conditions if the frame rate gets higher, which
means that the allowed time to charge the capacitors is fewer and the driving voltage
needs to be higher. If the poly-Si TFTs are to form the integrated circuits, then the
device could even need to face more complicated gate-and drain pulse signals.

Refer to previous works, thereshave been studies reported on'the reliability issues
of the dynamic operation for a-Si:H TFTs and poly-Si'TETs. As for a-Si:H TFTs, the
story is relatively simple. Chun-Sung Chiang et.al. reported that the degradation of
the a-Si:H TFT under the gate pulse operation can be modeled with the “effective
stress time” and proposed! equatiensTtordescribe~therthreshold shift for both the
positive and negative voltage operation [5-4]. However, the story for the reliability
behavior of poly-Si TETs is more complicated. Yukiharu Uraoka et al. reported that
the degradation behavior of poly=Si TFTs 1s closely related to the parameters of the
gate pulse.[5-5~5-6] Refer to figure 1, the transfer characteristics for the device after
gate dynamic operation with range = 15 V with the grounded source/drain electrodes
shows apparent decrease on the device mobility and the ON current. Also, the device
after stress shows increase of the OFF current and almost unchanged sub-threshold
region and threshold voltage. They continued to use the emission microscope to
further study the explicit degradation and figure 5-2 shows the emission intensity of
the device during stress. It can be clearly observed that the emission intensity reaches

its maximum when the applied gate pulse moves from positive 15 V to negative 15V,
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namely the period to turn off the device. It was then proposed that the induced
channel carriers would react with the silicon bonds as the pulse signal switched from
ON to OFF, as shown in figure 5-3. At this time the channel carriers are swept to
source and drain junction and the faster change the pulse signal, the higher velocity
these carriers would have and hence the worse degradation there could be near the
source and drain junction. Similar behaviors are found for the p-type devices under
gate pulse toggling between the ON/OFF regions, as shown in figure 5-4. The stress
condition is also = 15 V applied to the gate electrode and the source and drain
electrodes are grounded. Thé device performance “actually improves after stress.
Increased device mobility as well as the decreased OFF curtent are observed for the
stressed device. They claimed that the similar mechanism takes place for the channel
carriers and the" correspondingly gencrated " states: would be'responsible for such
degradation.

However, these studies are still far from the real applications since the operation
conditions are quite different from-thevaforementioned + 15 V condition. Thus, the
understanding may be just of limited help to the designers..In this chapter we started
from the real applications for the poly-Si TFTs. Refer to figure 5-6, a conventional
active matrix TFT-LCD panel consists of the scan-line (row) drivers and the data-line
(column) drivers and the respective pixel can be addressed with the specific scan-line
and data-line driver in the checker-board pattern. The common driving method is to
write the pixels one row at a time. For example, when the signal is to write the ny
row, only the nty row would be applied with the high voltage to turn on the TFTs in
the same row and for the rest of the rows the signal is applied with the low voltage to
have them kept in the OFF region. And for the pixels in the nry row, the data-line
driver would apply the signal to the respective data-line such that the pixels would be

addressed with the voltage to be charged. After charging the pixels, the nty row
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would be applied low voltage to make the TFTs in each pixel to be in the OFF region
and the subsequent row, namely the n+1ty row line, would be applied high voltage to
turn on the switch TFTs and then the voltages to be addressed could be charged from
the data-line to the respective pixel. In this manner, the sequential rows as well as the
pixels can be addressed and charged (or discharged). Within one frame time, the
switch TFTs are turned on only for the time when the row is applied with the high
voltage and mostly the devices are kept in the OFF region with the data-line toggling
in order to charge the pixels on other rows. As the high demand for the increase of the
frame rate from 60 Hz to 120 Hz, the switch TFTs aré having fewer time to charge the
capacitors and some gven higher voltages could be applied to charge the pixel in the
limited time. Thisfwould arise oneyissue that the OFF region and high voltage drain
AC stress could'lead to certain kind of degradation. Considering the gate-to-drain
voltage drop (Vgp) and gate-to-source voltage drop (Vgs), it could be more
appropriate to“study the gate OFF region AC stress with both source and drain
grounded as shown in figure 5-7. Onerpointof thisranalogy is that the reliability of the
+ 15 V gate AC pulse was reported while there are very rare studies on the reliability
of the OFF region gate AC stress. The understanding from the previous report may
provide helpful information for ithis study. Another point for such study is that the
three-level driving, which utilizes the storage-on-previous-gate driving scheme, would
have the similar pulse signal applied to the gate electrode, in which the reliability
study may also be of great help [5-7]. In the following study, the reliability for both
n-type and p-type device under gate AC pulse signal in the OFF region is examined
via the I-V and C-V behaviors. Furthermore, the dependence of the degradation on the

pulse parameters and the underlying mechanism would be discussed.
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5-2 Reliability Behavior under Gate AC stress in the OFF Region:

n-type Device

Figure 5-8 shows the current transfer characteristics for the device before and
after stress with the measuring drain voltage 0.1 V. The stress condition is that the
gate voltage swings between 0 and — 20 V, 500 kHz and the duty cycle is 50 %. The
source and drain electrodes are grounded. Refer to the figures, the device after stress
shows apparent degradation in the device mobility and the corresponding ON current.
The device mobility degrades to around half of the initial value after 1000 second
stress. The device also shews.small shift in its subthresheld region and the threshold
voltage. Such degradation is kind of similar to the resultstof .the hot carrier effect,
which is discussed in chapter 4. However, as for the stress condition in this work, the
gate voltage isgkept all below-the device’s threshold voltage, which is around 1.7V,
and at this time:there should be no induced channel carriers formedbeneath the gate
electrode, not to'mention the “hot” electrons and the corresponding impact ionization
event. To compare and to gain more information, the current behavior for the device
under DC gate OFF region stress is given in figure 5-9 with" the measuring drain
voltage 0.1 V. The stress condition.is that the gateiis applied with DC — 20 V and both
the source and drain are grounded. As canbe seen in the figure, the device after stress
shows slight increase of device mobility and the ON current, OFF current as well as
the subthreshold region is almost unchanged. The I-V behavior difference between the
gate AC stress and DC stress reveals that the dominant mechanism for these two
stress conditions could be very different.

In order to study the explicit mechanism, the C-V behaviors are also examined.
Figure 5-10 shows the normalized gate-to-drain capacitance Cgp curves before and

after gate AC stress with different measurement frequencies. Refer to this figure, the

--127--



capacitance curves for the stressed device show slight shift for the lower measurement
frequency (200 kHz) and for the higher measurement frequency, namely 2 MHz, the
capacitance curves show both shift and distortion. In other words, the capacitance
behavior after stress shows the frequency-dependent degradation, which in turn
indicates that there are some states created during stress. As comparison, the
capacitance behavior for the device under gate DC stress is shown in figure 5-11.
Only slight shift for the capacitance curves of the stressed device can be observed.
Once again, from the capacitance curves it is shown that the degradation behaviors for
the device under gate AC and DC stress in the OFF region are very different, and this
also unveils that the deminant mechanism beneath could also vary from each other.
Some pulse parameters of the applied signal are examined tofind the dependence
of them in order to find the more explicit mechanism of the 'degradation behavior.
Figure 5-12 to'5-14 show the mobility degradation with respect to different gate pulse
parameters, namely,'the gate pulse level, the frequency and the duty cycle of the gate
AC pulse. For all these three stress-conditionsjthessource and drain electrodes are all
grounded and the gate electrode are applied with the AC signal in the OFF region.
Figure 5-12 (a) shows the dependence of the pulse range with the grids of the figure in
linear scale, while figure 5-127(b) is in the logarithmic scale. Refer to the figure, the
mobility degradation shows apparent dependence on the voltage range of the applied
gate pulse. For the gate AC voltage swinging between 0 and — 15 V, the mobility
shows very slight degradation even as the stress time reaches 1000 seconds. However,
as the swing range increases, the mobility shows obvious degradation. For the
swinging range 0 to -22.5 V, the mobility is only around 35 % of its initial value as
the stress time reaches 1000 seconds. Besides, the curves does not saturate as the
stress time increases. Figure 5-13 shows the mobility degradation for the device under

gate AC pulse operation in the OFF region with the swinging range 0 to — 20 V. As
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can be observed, the device degradation is dependent on the applied signal frequency.
For the three applied frequencies, the degradation behaviors show the similar trend.
The higher the frequency of the applied signal, the worse the device degradation.
Figure 5-14 gives the behavior of the device degradation for the device under
different duty cycles of the applied gate signal. In this figure, the applied voltage is
also 0 to — 20 V and it is found that the degradation shows the dependence on the duty
cycle of the applied signal. The degradation is worse for the duty cycle of 10 % and
eased for the larger duty cycle, which in other words means that the degradation is
more serious if the applied gate signal stays in the Vgp equals to — 20 V for the longer
time.

Though it is found that the degradation is worse for the signal comes with larger
gate pulse range, higher frequency and smaller duty cycle value, still so far we can not
find the reasonfor such degradation since there should be no channel carriers formed
with the gate AC signal applied all in the OFF region. In the following section, the
degradation of the p-type device underrgateA€roperation in the OFF region is also
studied and presented. It is hoped that the result from the’study, of the p-type device

under AC operation could help.us to find the clear mechanism for such operation.

5-3 Reliability Behavior under Gate AC stress in the OFF Region:
p-type Device

Figure 5-15 shows the transfer characteristic curves for the p-type poly-Si TFT
before and after stress. The stress condition is that the gate AC signal toggles between
0 and 20 V with the duty ratio 50 % at 500 kHz and the source and drain electrodes
are grounded. Refer to this figure, the transfer behavior of the device after stress
shows improved device performance such as the increased mobility, decreased

leakage current and shifted Vry in the positive direction. Such performance
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improvement is just similar to the effect of channel shortening as described in
chapter4. However, in this case, during stress there should be no channel carriers
since the applied gate voltage is toggling all in the OFF region. In comparison, the
transfer behavior of the p-type poly-Si TFTs under DC operation in the OFF region is
given in figure 5-16. The stress condition is that the stress gate voltage is DC 20 V
and the source and drain electrodes are grounded. The transfer curves as well as the
transconductance curves for the device after such stress show slight Vry shift in the
positive direction. However, the mobility and leakage behavior after stress show
almost identical behavior as compared to the fresh device, which is very different
from figure 5-15. This ‘may reveal that the dominant' mechanism for p-type poly-Si
TFT under gate A€ in the OFF region could be very different from that under gate
DC stress.

In order to"find a more explicit understanding of the dominant' mechanism, the
corresponding capacitance behaviors are measured. Figure 5-17 shows the normalized
capacitance curves of the device undersgate=A€Crstressywhile figure 5-18 shows that
under gate DC stress. ‘As for #figure 5-17, the capacitance curves show apparent
increase for the gate voltage still in the OFF region and this increase is independent of
the measurement frequency, which is just similar'to the behaviors shown in section
4-3. On the other hand, as shown in figure 5-18 the C-V curves for the device after
gate DC stress show only slight Vg shift as compared to the C-V curves of the fresh
device. This reveals that, once again, the degradation behaviors for the device under
gate AC and DC stress in the OFF region are very different.

Figure 5-19 (a) shows the mobility increase of the p-type poly-Si TFTs under
gate AC for the figure in linear scale while figure 5-19 (b) shows that in the
logarithmic scale. As shown in figure 5-19, the mobility increase of the device after

AC stress also shows the power-law time dependence as in the case of DC hot carrier
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stress [5-8], and such mobility increase can be as high as 30% when the operation
time reaches 1000 seconds. In addition, such increase apparently depends on the
applied gate voltage, though the applied voltages all fall in the OFF region. Though
the mechanism is still unknown for the degradation for both n-type and p-type device,
such dependence on the swinging range for the applied gate pulse in the OFF region
may be similar. Figure 5-20 shows the mobility degradation ratio for the device under
gate dynamic stress O~ +20 V with different stress frequencies, while figure 5-21
shows the degradation for the gate pulse with different duty ratios. Refer to figure
5-20, it can be observed that.the mobility degradation shows no apparent dependency
on the applied gate pulse frequency, which is much different from that in the n-type
devices. On the other hand, for the dependency on the duty ratio«6f the gate pulse, the
device degradation also shows large mobility difference for the duty ratio 10% and 50
%, in which the gate ipulse with larger duty ratio comes the larger device mobility
difference. However, for the duty ratio 50% and 90%, the degradation shows no
apparent dependency where the mobility differencerfor these duty ratios somehow
overlaps for the stress time larger than 150 seconds. This-‘reveals that the underlying
mechanism may be indépendent on the duty ratio of the gate pulse. In other words, the
degradation is dependent on the applied voltage range, and independent on the pulse

frequencies and duty ratio values.

5-4 Comparison and Discussion

So far we have studied the degradation behaviors for the device under gate AC
dynamic operation in the OFF region and their dependence on the gate pulse
parameters, which are summarized in table 5-1. In brief, the degradation for the n-type
poly-Si TFTs under such operation results in the decrease of mobility and ON current

as well as the shift and distortion in the capacitance behavior. The degradation is
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worse for the gate pulse with larger range, higher frequency and smaller duty ratio.
On the other hand, the degradation in the p-type poly-Si TFTs leads to the increase of
device mobility, correspondingly the increase of ON current. Also, the device shows
the anomalous increase of the capacitance for the gate voltage lower than the flat band
voltage and such increase is independent of the measuring frequency. The degradation
is larger for the larger voltage swinging range but different from n-type devices, the
mobility change shows the independence of the frequency and the duty ratio. And, the
most obvious difference is, the operation makes the mobility decreased for the n-type
device, while in the p-type devices the:mobility actually.increases after stress.

So how could we. explain-such degradation? Since the swinging voltage all stays
below the threshéld voltage, in such stress condition there shéuld be no channel
carriers formed ‘and thus such degradation behavior may not be explained by Uraoka’s
model [5-5]. In"the following discussion we resoit to the similar model to the one we
had discussed in chapter 4, as shown 1n figure 5-22. Cin, Rch, Cj and'R¢ represent the
gate insulator capacitance, the channelrresistancerand the |source/drain junction
capacitance and contact. resistance, respectively. The impedance between gate and
source/drain can be expressed -by Z= Rch+(1/j2afCin), “where f represents the
operation frequency. Under DG and low frequency operations, the impedance is
dominated by the capacitance term and the applied gate voltage would mainly drop
across the gate insulator. For high frequency AC operations, the capacitance term
becomes smaller and both the capacitance and resistance terms should be considered.
Nevertheless, for the OFF region AC operation, there is no induced channel formed,
making the channel resistance become relatively large and possibly even become the
dominant term in the impedance. Back to this work, the source and drain electrodes
are grounded and the pulse signal toggling in the OFF region is applied from gate, the

voltage drop would mainly occur across Rch and the diodes and therefore such large
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voltage drop on the diodes or the channel resistance could lead to the degradation.

However, such assumption is difficult to verify because the voltage drop in the
channel can hardly be probed. Theoretically we need to use the measuring equipments
with very large impedance to probe the channel voltage in order not to interfere the
channel voltage distribution during stress, and thus such approach may not be feasible.
Therefore, in this work, the gated p-i-n device is adopted, where one side of the
source/drain doping in fabricating n-type TFT is changed from n- and n+ to p+. The
cross section view and an equivalent band diagram of the gated p-i-n device are
shown in figure 5-23. Laterally, the device consists of the p+ region, the intrinsic
region and the n-/ntiregion, -which is just similar to the p-i-n diodes used in the
optoelectronic senSors [5-9]. In addition, there are the, diclectric*films and the metal
gate above the intrinsic layer, making the device different from the conventional p-i-n
diodes and instead making the device similarto the structure of TFTs. Therefore, the
structure with the gate above enlightens us of the name, “gated p-1-n device,” which
can also suggest readers to differentiatevit~fromrtherconventional p-i-n diodes. The
feature for adoptingsuch gated p-i-n device 1s that this deviee has the similar structure
to the TFTs while the channel'voltage can be set fromone side of the electrodes. Thus,
this enables us the capability of forming large electric field over one junction to
simulate the condition of gate AC OFF region stress for poly-Si TFTs. Then, by
examining the capacitance curves of the TFTs and gated p-i-n devices after stress, the
aforementioned mechanism can be verified.

Figure 5-24 shows how we made the n-side junction in the reverse-bias for the
gated p-i-n device to verify our assumption for the n-type poly-Si TFT under gate AC
operation in the OFF region. The gated p-i-n device is DC-stressed for 200 seconds
with voltage of the gate electrode, the p-side electrode, and the n-side electrode set to

-20V, -5V, and 20V, respectively. The biases are chosen such that the large electric
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field would occur at the N-side junction while the P-side junction would occupy only
small part of the lateral voltage difference Vxp. In this case, the voltage mainly occurs
at the N-side junction, and if the DC-stressed behavior for the gated p-i-n device
resembles the degradation behavior of the gate AC-stressed TFT, then it can thus be
inferred that the degradation can be attributed to the largely-biased junction. Figure
5-25 shows the normalized gate-to-n-side capacitance Cgn curve for the gated p-i-n
device before and after stress. For the Cgn curves before and after stress, it can be
observed that after stress the Cgn curve shows similar behavior to the n-type TFT
after gate AC stress, in which the C-V curve measured with the lower frequency
shows the slight shift. while the curve with the higher measuring frequency shows
both shift and distértion. The similarity of the capacitance curves between the stressed
TFT and gated p-i-n device reveals the verification of the proposed mechanism.
Figure 5-26 shows the similar method .to verify our assumption for the p-type
poly-Si TFTs. The stress condition 1s.that the stress gate voltage, N-side voltage and
the P-side voltage are 15 V, 10 V_and=15"VeDuringsuch stress condition, based on
the similar idea discussed, the lateral voltage difference Vnp would mainly occur at
the P-side junction. Figure 5-27 gives the normalized gate-to-p-side capacitance Cgp
before and after 200 second DC stress. Refer to the figure, the Cgp curves after stress
show the apparent increase for the gate voltage in the OFF region and this increase is
independent of the measuring frequency, which is just similar to the curves for the
gate AC-stressed TFTs as shown in figure 5-17. The similarity between the Cgp and
Cgp curves for the AC-stressed TFT and DC-stressed gated p-i-n device indicates the
validation of the proposed mechanism. On the other hand, as for the gate DC stress in
the OFF region, as shown in figure 5-9, 5-11, 5-16 and 5-18, based on the proposed
model the Vy and C-V curve shift could also be explained by the trapped electrons

uniformly in the gate dielectric layer and not confined near the source and drain
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region because the voltage drop would mainly occur at the capacitors in the proposed
distributed circuit model. Thus, based on the model in brief the difference for the
degradation mechanism under gate DC and AC stress can be attributed to voltage
drop on the different elements and correspondingly different behaviors for the
elements under the high voltage applied upon.

So far we have found that the dominant degradation mechanism for the device
under gate AC operation in the OFF region is the junction under large electric field.
And back to table 5-1, the dependence for the gate pulse can all be explained by the
proposed model: the worse degradation is found to Occur for the larger level, higher
frequency and smaller duty ratio and this can all be-attributed to the higher voltage
difference on thefjunctions. Thereyis still one question left: how is such operation
condition having different effects on-the n-type and p-type devices? The explanation
is given as follows: for n-type devices, as:shoewn in figure 5-10, the dispersion
behavior of the C-Vicurves indicates that the state creation may be the main signature
of the degradation and this ¢an-be attributed-tortheravalanche behavior at the junction.
A thermally-activated electron in the depletion region flows from p-side to n-side.
Since the junction is largely reverse-biased, the -electron, could get sufficient high
energy and have collision with the silicon bonds, generating electron-hole pairs. The
collision may continue for the following electrons and avalanche may occur in the
depletion region, generating significantly large number of electrons and holes as well
as leaving states in the depletion region, just as shown in the left side of figure 5-28.
Since the generated electrons or holes could in turn gain enough high energy and then
have collision with the silicon bonds, the degradation could be even worse with longer
stress time and the mechanism itself has no stopping mechanism in it and hence the
degradation could fall in a vicious circle.

However, for the p-type device, the device degradation shows similar behavior to
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that after DC hot carrier stress, which is proven to be attributed to the locally
trapped-charges in the gate dielectric. As in this case, though there are no impact
ionization events to provide the electrons, they may still come from the largely
reversed-biased junction as shown in the right side of figure 5-28. These electrons,
come from the leakage current in the source/drain junction, flow to the channel region
and may be attracted by the gate voltage. They may in turn flow towards the gate
dielectric and eventually get trapped in the dielectric layer. Since these electrons come
from the source and drain junctions, they should as well get trapped in the dielectric
layer near the source and drain junction, resulting in the similar behavior to the
channel shortening behavior as described in chapter 4. Though for the not-so-largely
reverse-biased junction there couldsstill be the electrons 1caked through the junction,
they may not move towards the gate-diclectric if the applied gate voltage is not large.
These trapped™electrons could help ease: the potential distribution near the
source/drain junction, which would then decrease the probability for the electrons to
get leaked from'the junction and trappedrinrtherdielectric layer.. As more electrons get
trapped in the dielectric layer, the potential 1s smoother and.it woeuld be more difficult
for the following electrons to. get leaked and then trapped in the gate dielectric.
Therefore, the mobility degradation would get slower as time elapsed and could
eventually saturate, as shown in figure 5-19 (a). The finding as well as the mechanism
for the device under gate dynamic operation in the OFF region should provide
valuable information for the designers in designing the high performance and
complicated circuit functions composed of poly-Si TFTs.

Since now the degradation for the poly-Si TFT under gate AC stress in the OFF
region is found to be caused by the largely reversed-biased junction, it would be of
practical interest to compare the degradation behavior with other stress conditions

whose degradation also come from the junctions with large electric field. The first
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condition one may think about is the DC hot carrier effect as discussed in chapter 4.
Figure 5-29 and 5-30 give the I-V and C-V behaviors for the n-type device before and
after DC hot carrier stress. The stress condition is the gate voltage Vgs is 3 V and
drain voltage is 15 V and the stress duration is 200 seconds. The I-V curves are the
behaviors in the reverse connection with the measuring drain voltage equals to 5 V.
Referred to the figures, it can be observed that the degradation behavior is similar to
but much worse than the gate AC-stressed device in the OFF region as shown in
figure 5-8, where after 1000 second stress the mobility falls to around half of the
initial value for the stress gaté voltage ranging between 0 V and — 20 V. As for the
DC hot carrier stress,ithe mobility drops to only about 10% of the initial value as the
stress duration is:only 200 seconds. The C-V curves for the device after hot carrier
stress also show worse degradation as compared to those in gate AC stress. On the
other hand, the'T-V and C-V behaviors for the p-type device after DC hot carrier stress
are shown in figure 5-31 and 5-32. The stress condition is that the gate voltage is -3 V
and the drain voltage is -20 'V and thetime-duration"is'200 seconds. Comparing figure
5-31 and 5-32 with figure 5-157and 5-17, it 1s discovered that for p-type device the
behavior and the degree of degradation is almost the same between the DC hot carrier
stress and the gate AC stress in the OFF region. On the differences between the DC
hot carrier stress and the AC gate stress, one big point is that for the DC hot carrier
stress the carriers come from the induced carrier and thus the number of carrier should
be greatly larger than the leaked carriers for the gate AC stress in the OFF region. It
can thus be inferred that the degradation after DC hot carrier stress would be worse
than that after gate AC stress in the OFF region.

It should then of interest that what if the device is stressed only with the large
DC drain voltage in the OFF region. In this case the large electric field should be on

the drain side only and the carrier source is the leakage current in the junction as well,
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which can be more similar to the case under gate AC stress in the OFF region. Figure
5-33 and 5-34 show the I-V and C-V degradation behavior for the n-type device after
drain DC stress. The stress condition is gate voltage is -5 V and the drain voltage is 20
V and the duration is 200 seconds. Before this study, it would be surprising that the
device under such stress condition shows similar degradation behavior to that under
gate AC stress in the OFF region and therefore similar to that under DC hot carrier
stress since there should be no channel carriers. However, from the discussion given
in this chapter, it is found that the leaked carriers through the junctions under large
electric field would show the Similar behavior to the hot carrier and the difference is
just the degree of degradation.-Figure 5-35 and 5-36 show the.I-V and C-V curves for
the p-type device before and after-drain DC stress. The:stress condition is that the gate
voltage is 5 V and the drain voltageis -20 V. Similar ‘degradation behaviors for both
the I-V and C-V'are observed as compared with the previous two stress conditions.

So we have discussed the case .that.the large electric field across the junction
could lead to the degradation whether-thercarriersource is theileakage current or the
DC turned-on current. There iststill another one case to be discussed. Uraoka et al.
studied and reported the degradation behavior for the device under gate AC stress
toggling between ON/OFF. [5-5=5-6] It is idiscovered that during the rising/falling
time of the gate signal the inverted channel carriers would rushing to the source and
drain junction because of the electric field. In this case the carrier source is the
channel carriers swept to the junctions when the gate pulse is to turn off the device.
Figure 5-37 and 5-38 show the I-V and C-V behaviors for the n-type device after gate
AC stress toggling between ON/OFF. The stress condition is that the gate voltage
swings between + 15 V and — 15 V with the source and drain electrode grounded. The
time duration is 200 seconds. The stressed I-V and C-V behaviors are found to be

very similar to the previous three stress conditions. As for the p-type device, similar
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study had been done. Figure 5-39 and 5-40 give the degradation behavior for the
p-type device after gate AC stress. The stress condition is also that the gate voltage
swings between + 15 V and — 15 V and duration is also 200 seconds. The behavior is
also found to resemble to the previous three stress conditions discussed in this section.
To summarize, figure 5-8, 5-29, 5-33, 5-37 show similar I-V degradation behavior for
the n-type device under various stress conditions, while figure 5-15, 5-31, 5-35, 5-39
show those for the p-type devices. There C-V behaviors also resemble to each other.
Thus, no matter what the carrier source may be the inversion channel carriers, the
leakage current or even the inversion channel carriers swept because the gate pulse is
to be turned-off, once.the large electric filed is across the junetion, the carriers would
more or less become the hot carrierand result in the similar'degradation behavior. In
other words, they can be categorized as the “‘gencralized: hot carrier effect.” Figure
5-41 shows the" mobility degradation ratio.under various stress condition for the
n-type device."Generally, the degradation behaviors show similar trend with stress
time. It can be observed that the degradationsiss-worstfor'the ON region DC hot carrier
stress. This can be attributed tothe larger amount of channel carriers flowing in the
channel and thus the chance to.become hot carriers.is higher. The degradation under
ON/OFF gate AC stress and OEF region drain DC ‘stress is about the same, and is
worse than the OFF region gate AC stress. Figure 5-42 shows the degradation
behavior under different stress conditions for the p-type device. The behaviors show
no apparent difference from each other and this can be attributed to the
electron-trapping in the gate dielectric film. This finding of the degradation behavior
under different stress condition would be of great help in evaluating and estimating
the device reliability. Some drain engineering techniques, such as the profiling and

designing of the LDD region may be adopted to reinforce the device reliability.
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5-5 Summaries

In this chapter the degradation mechanism of the poly-Si TFTs under gate
dynamic operation in the OFF region is studied with the help of the proposed test
structure, gated p-i-n device. The largely reverse-biased source and drain junctions are
found to be the root cause of such degradation and the degradation has different effect
on the n-type and p-type devices. This study as well as the understanding of the
degradation behavior would be beneficial for circuit designers in designing the
complicated circuits consisting poly-Si TETs with the gate pulse toggling in the OFF
region. One insight that.ean be enlightened from this understanding is that if the
operation for the key ‘device would be staying in the OFE region with the gate pulse
toggling below its threshold voltage, certain, kind of drain engineering, such as the
adjustment of the doping profile-and-length of the: L. DD region, should be considered
to reinforce thereliability of the source and drain junction.~To summarize, along with
the similar model proposed in|chapter.4 and 5, the degradation mechanism can be
studied and traced down to the key component to facilitate 'the study of the
degradation behavior. This should be useful in the evaluation.of device performance

and also the developmentiof devices with better reliability.
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For N-type poly-Si TFTs | For P-type poly-Si TFTs
I-V curves Decreased Mobility and ON | Increased Mobility and
current decreased OFF current
C-V curves Shift and frequency- Anomalous increase for
dependent distortion Vgl < |Vegl
Leveling Mobility deteriorates more Mobility increase more with
dependence | with larger V; range larger V; range
Frequency Mobility deteriorates more No apparent trend
dependence | with higher frequency
Duty Mobility degrades more with | Mobility increases more
dependence |smaller V; duty ratio with smaller V;; duty ratio
(only for the small duty
cycle value)

Table 5-1"The table'summarizing the degradation behavior and

dependency for the'device under gate dynamig operation

in the OFF region
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Chapter 6

Summaries and Future Work

In previous chapters, the spatial and temporal variation behaviors for the poly-Si
TFTs are respectively studied. In chapter 3, the spatial variation is classified and
studied from a statistical approach and we utilized the special layout to study to
examine the micro variation behavior. The two equations proposed to describe the
variation behavior are then put to simulate the effect of device variation on circuit
performance and in addition thedprojected variation behavior for the devices with
different device dimension is also discussed. The two equations should be of great
help in evaluating thevariation behavior since usually in real applications the TFTs in
the circuits would be located within several hundred micron meters and thus in this
case the micro variation may play an important rele in affecting the whole circuit
performance. From the viewpoint for the circuit designers, the equations as well as the
behaviors about. the device. variation would be very helpful since after all the
over-design may still be. required an dealing the variation issue and the designers can
at least have a rough picture.on how the variation could be“and thus the equation
discussed in this work should facilitate the design. A possible future work which
should also be helpful in designing is the profile of the long-range variation. However,
this may required some more help from the production line since in this case the
variation may involve some more complicated factors. Besides, it would also be of
practical interest to discuss the micro variation behavior with different grain size in
the active region.

In chapter 4 the reliability behavior for the device under DC operation is studied
and the circuit model is proposed to describe the frequency —dependent distortion for

the C-V behavior. Though the model can fairly describe the O. C. region and the S. C.
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region, or equivalently the OFF and ON region, there are still some incompleteness
for the method. Beside the one drawback mentioned in section 4.4, from the
viewpoint of further understanding of the mechanism and the validity of the method,
the C-V behavior under the quasi measurement is also of interest. However, the
equipment is not so far feasible in our research group and is thus such study may not
be applicable. From the viewpoint of device physics, the so-called “high frequency”
or “low frequency” should just be one aspect of the trap behavior such as the surface
recombination rate and the midgap generation-recombination rate. It would be of
practical interest to see if the method can be .applied to describe the capacitance
behavior for the frequency down to the quasi level.

On the other'hand, the devicereliability under gate AC opération is studied in
chapter 5. The similar model proposed in chapter 4/is'again utilizeéd and the junction
degradation is“found to be responsible for the seliability behavior for the gate AC
operation in the OFF region. For the panel designers, it would'be of practical
importance since the stress cenditionviswactuallyshappening for the real TFT LCD
panels. The drain” engineering ‘could thus be applied fot,the reinforcement of the
reliability and some kind of the tradeoff could be required between the higher device
performance (short LDD length) and the reliability consideration (profiling of the
LDD region). One future work for this study is the dependence of the gate pulse
parameter, namely the rising time and the falling time, and the device degradation.
For the gate and drain signal, some other waveforms of the pulses could also be of
practical interest since poly-Si TFTs are expected to form various kinds of circuits
and thus the device may need to face some even more complicated operation
conditions. Nevertheless, the model and the understanding proposed in this work
should still be of great help in the further studying and the future work mentioned

above.
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