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Abstract

Hydrogenated amorphous Silicon (a-Si:H) Thin Film Transistor (TFT) has many advan-
tages and is one of the suitable choices to implement Active Matrix Organic Light-Emitting
Diode (AMOLED) displays. However, the aging of a-Si:H TFT caused by electrical stress
affects the stability of pixel performance. To solve this problem, following aspects are
important: (1) compact device models and parameter extraction methods for TFT char-
acterization and circuit simulation; (2) a method to simulate TFT aging by using circuit
simulator so that its impact on circuit performance can be investigated by using circuit
simulation; and (3) novel pixel circuits to compensate the impact of TFT aging on circuit
performance. These challenges are addressed in this thesis.

A compact device model to describe the static and dynamic behaviors of a-Si:H TFT
is presented. Several improvements were made for better accuracy, scalability, and con-
vergence of TFT model. New parameter extraction methods with improved accuracy and
consistency were also developed. The improved compact TFT model and new parameter
extraction methods are verified by measurement results.

Threshold voltage shift (AVr) over stress time is the primary aging behavior of a-Si:H
TFT under voltage stress. Circuit-level aging simulation is very useful in investigating
and optimizing circuit stability. Therefore, a simulation method was developed for circuit-
level AVy simulation. Besides, a AVy model which is compatible to circuit simulator was
developed. The proposed method and model are verified by measurement results.

A novel pixel circuit using a-Si:H TFTs was developed to improve the stability of
OLED drive current over stress time. The AVy of drive TFT caused by voltage stress is
compensated by an incremental gate voltage generated by utilizing a AVp-dependent charge
transfer from drive TFT to a TFT-based Metal-Insulator-Semiconductor (MIS) capacitor.
A second MIS capacitor is used to inject positive charge to the gate of drive TFT to
improve OLED drive current. The effectiveness of the proposed pixel circuit is verified
by simulation and measurement results. The proposed pixel circuit is also compared to
several conventional pixel circuits.
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Chapter 1

Introduction

1.1 OLED for Flat-Panel Displays

The fast progress of Organic Light-Emitting Diodes (OLED) has led to the development of
flat-panel display technology based on OLED. Novel OLED display technology is superior
to traditional Active Matrix Liquid Crystal Display (AMLCD) technology in terms of view
angle, response speed, contrast, weight, power consumption, and cost [1]. Besides, it can
be fabricated onto flexible substrates [1]. OLED technology is used in some small-size
displays and is expected to be widely used in large-size displays.

1.2 OLED Display Architectures

OLED flat-panel displays can be implemented by using passive or active driving archi-
tectures. Passive Matrix OLED (PMOLED) architecture is shown in Figure 1.1 [2]. The
array is addressed row by row by a row driver. When a row of OLEDs is addressed, the
row line is connected to ground. Then, a column driver provides driving currents, which
represent image information, through column lines to the OLEDs in the addressed row.
Since there is no component used on display panel to store image information, when the
OLEDs in one row are addressed, the OLEDs in other rows are turned OFF.

In PMOLED architecture, OLEDs are ON to emit light only when they are addressed
by a row driver. Therefore, to achieve the average light energy for a required apparent
brightness in a refresh cycle, OLEDs must be driven with high instant current density



during their short ON time in a refresh cycle. Although PMOLED architecture is ad-
vantageous in terms of simplicity, it is not suitable for large-size high-resolution flat-panel
displays because of the problems summarized as follows [I-7]. Primarily, the high instant
OLED current density associated to PMOLED architecture causes some problems:

e The power efficiency of OLED is high when current density is low or medium, but
low when current density is high. To compensate the reduced power efficiency at
high current density, an extra OLED current has to be supplied, so the advantage
of OLED in reducing power consumption is compromised by the high instant OLED
current density associated to PMOLED architecture.

e The aging of an OLED is dependent on the total charge injected to the OLED, so
an extra current supplied to an OLED reduces its lifetime.

e A higher power consumption also causes heat-induced degradation.

e Because of high instant OLED current density, OLED pulse voltage has a large swing,
resulting in a significant dynamic power consumption due to OLED capacitance.

e The large swing of OLED pulse voltage also makes it difficult to implement a column
driver (essentially a current source) by using inexpensive CMOS technology.

e The column lines in PMOLED display are typically made of Indium Tin Oxide (ITO),
which is OLED anode material and much more resistive than metal. Therefore, high
OLED currents lead to significant voltage drops across column lines, resulting in a
considerable power consumption and image non-uniformity:.

In addition, PMOLED architecture also has the crosstalk problem caused by the leakage
currents of reversely biased OLEDs. When display size is increased, the aforementioned
problems become more serious. Therefore, the application of PMOLED architecture is
limited to small-size displays (e.g., less than 180 lines [1]).

Because of the problems of PMOLED architecture, Active Matrix OLED (AMOLED)
architecture was developed and has been widely used [I-7]. AMOLED architecture is
shown in Figure 1.2 [2]. Thin Film Transistors (TFTs) are used in each pixel on AMOLED
display panel. When the pixels in a row are addressed by a row driver, they are put into
programming phase. The switch TF'Ts in the pixels in the row are turned ON by the row
driver, connecting a column driver to the internal nodes of the pixels in the row. The
column driver provides data voltages or currents, which represent image information, to
the pixels in the addressed row. At the end of programming phase, the row driver turns

2
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OFF the switch TFTs in the pixels in the row, so that the pixels are put into driving phase,
holding the image information inside themselves. Programming operation is carried out
row by row through out the whole panel. A typical frame refresh frequency is 60 Hz.

In driving phase, the image information stored in a pixel is used by the drive TFT
in the pixel to modulate OLED current. Since the OLEDs used in AMOLED architec-
ture continuously emit light throughout driving phase, peak OLED currents in AMOLED
architecture are much lower in than those in PMOLED architecture. Besides, all global
interconnection lines can be made of metal instead of I'TO, so the resistivity of these lines
is significantly reduced. In addition, unlike PMOLED architecture, AMOLED architecture
does not have the crosstalk problem caused by OLED leakage currents. Since AMOLED
architecture has these advantages, it is widely used in OLED-based flat-panel displays.

1.3 TFT for AMOLED Displays

Although researches so far have covered various materials as the active layer of TFT,
polycrystalline-Silicon (poly-Si) TFT and Hydrogenated amorphous Silicon (a-Si:H) TFT
are two main types which are used in AMOLED displays.

Poly-Si TFT has higher field mobilities (up to 100 cm?/(Vs)) and complementary types
(i.e., n-channel and p-channel [1]). Besides, the stability of I-V characteristics of poly-Si
TFT under voltage stress over time is much better than that of a-Si:H TFT. However, the
characteristics of poly-Si TFT have large spatial variations (especially threshold voltage
Vr) due to the non-uniformity of crystallization during laser annealing of poly-Si [3, 9].
These spatial variations lead to significant non-uniformities of pixel performance and image
quality across display panel. Besides, poly-Si TF'T technology has a higher fabrication cost,
because extra process steps must be used for the crystallization of poly-Si.

Although the field mobility of a-Si:H TFT (typically < 1 cm?/(Vs)) is much lower than
that of poly-Si TFT, it is adequate for a-Si:H TFT to drive OLED [0, 10]. Besides, a-Si:H
TFT has good spatial uniformity, which is important for large-area electronics. Since it
has been widely used in AMLCD display for many years, its fabrication process is mature,
readily available, and inexpensive. Finally, since its fabrication temperature is relatively
low, its can be fabricated on flexible substrates (e.g., plastic). Therefore, a-Si:H TFT is
one of the suitable types of TFTs to be used in AMOLED displays.

Although a-Si:H TFT has many advantages, it has a major drawback in terms of
temporal instability caused by voltage stress [1]. When a-Si:-H TFT is stressed by gate
voltage, its threshold voltage (V) shifts over stress time. The TFTs in AMLCD displays
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are used simply as switch transistors, which are ON only during short programming phase,
so their aging is not significant. In contrast, the TFTs in AMOLED displays are used
as drive TFTs (i.e., the transistors to drive OLEDs) as well as switch transistors. Since
drive TF'Ts are always ON during driving phase, which is much longer than programming
phase, they have significant aging over stress time. The aging of a-Si:H TFT is typically
characterized as threshold voltage shift (AVz). If not compensated, the AVy of drive TET
leads to unstable OLED current and brightness over stress time.

1.4 Outline

The AVy of a-Si:H TFT caused by voltage stress has a significant impact on the stability
of performance of AMOLED displays. Several aspects are very important when developing
the pixel circuits with improved performance and stability. These aspects are addressed in
this thesis in following chapters.

Chapter 2 provides the reviews of widely used compact models and parameter extraction
methods of a-Si:H TFT, and presents the improvements and innovations made on the
compact models and parameter extraction methods. The improved a-Si:H TFT models
and parameter extraction methods are verified by measurement results.

Chapter 3 provides a review of the AVy models of a-Si:H TFT for different stress
conditions, and then presents a novel simulation method developed for the circuit-level
simulation of AVy. The developed AVy simulation method is verified by the comparison
between simulation results and the measurement data obtained from literatures.

Chapter 4 provides a brief review of conventional pixel circuits of AMOLED displays,
and then presents a novel voltage-programmed pixel circuit which uses a novel AVp-
compensation mechanism to improve the stability of OLED drive current for AMOLED
displays. The effectiveness of the proposed pixel circuit is verified by simulation and mea-
surement results. Besides, the proposed pixel circuit is compared to some conventional
voltage-programmed and current-programmed pixel circuits.

Chapter 5 concludes the whole thesis, and provides insights for future work.



Chapter 2

Compact Device Modeling of a-Si:H
TFEFT

The compact device modeling of a-Si:H TFT is very important and useful for device charac-
terization as well as circuit design, analysis, and simulation. In this chapter, the compact
models and parameter extraction methods of a-Si:H TFT for both static and dynamic
characterises are discussed. Then, the improvements and innovations made on a-Si:H TFT
models and parameter extraction methods are presented.

2.1 Background

2.1.1 Device Structure

Hydrogenated amorphous Silicon (a-Si:H) TFT consists of several layers: gate metal, gate
dielectric, active layer (a-Si:H), and n™ contact and metal at source and drain. The material
of gate dielectric is typically Hydrogenated amorphous Silicon Nitride (a-SiN,:H).

In terms of structure, TFTs can be divided into a few types [l 1]. In a staggered TFT,
gate terminal and drain/source terminals are on the different sides of active layer, while in
a coplanar TFT, they are on the same side of active layer. The gate of an inverted (i.e.,
bottom-gated) TFT is between substrate and active layer, while the gate of a non-inverted
(i.e., top-gated) TFT is on top of active layer. Inverted-staggered TFT is the most popular
type used in flat-panel displays [11].
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Inverted staggered TFTs can be further divided into two types: back-channel etched
(BCE) type and back-channel passivated (BCP) type [12]. The difference between them
is that a back-channel passivation layer is used in BCP type to cover a-Si:H layer before
the deposition of source/drain n™ contact and metal. In BCE type, because of the lack of
the protection of passivation layer on top of a-Si:H layer, a-Si:H layer is subject to damage
during processing [13]. However, BCE type is popular in LCD industry because it requires
fewer masks and processing steps [11]. For illustration, the layout and cross-section of
inverted staggered BCE a-Si:H TFT are shown in Figure 2.1. More details about the
samples of a-Si:H TFT used in this research are described in section 2.3.2.

2.1.2 Device Operation

The behaviors and characteristics of a-Si:H TFT are fundamentally dependent on the
distribution of density of states in the energy band diagram of a-Si:H material, which is
illustrated in Figure 2.2 [13,15]. Because of the long-range disorder atomic lattice in a-Si:H
material, band tail states extend from the edges of conduction band and valence band into
forbidden band [13, 16]. This is significantly different from crystalline silicon. Besides,
the dangling bonds in a-Si:H induce localized deep states around the center of forbidden
band [13,16]. The high density of states in the band gap of a-Si:H results in high trapping
rate of carriers, and therefore low carrier mobility.
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A n-channel a-Si:H TFT has three operation regions: above-threshold region, sub-
threshold region, and leakage region, as illustrated in Figure 2.3. Above-threshold region
is divided into linear region and saturation region [13]. Subthreshold region can be divided
into forward subthreshold region and reverse subthreshold region [17]. The operations of
n-channel a-Si:H TFT in different regions are briefly described as follows [13,17].

When gate voltage is negative and high, a-Si:H TF'T is in leakage region. Fermi level
is far away from the edge of conduction band. The equivalent diode formed by the n™
contact layer and intrinsic a-Si:H layer in gate-to-drain overlap region is reversely biased
and thus blocks drain-to-source current (Ipg). Therefore, leakage Ipg is limited at low
levels. It is attributed to the hole conduction at front a-Si:H/a-SiN,:H interface (i.e., the
interface closer to gate), and increases exponentially when Vg is negatively increased. It
is mainly controlled by Pool-Frenkel mechanism in gate-to-drain overlap region.

When gate voltage is positively increased, Fermi level is closer to the edge of conduction
band. A-Si:H TFT enters subthreshold region when gate voltage begins to induce charge
at front a-Si:H/a-SiN,:H interface. In a crystalline-silicon MOSFET, almost the entire
induced charge is available (i.e., free) for current conduction. However, in a-Si:H TFT, a
major part of induced charge is trapped in localized states, so the current conduction of
a-Si:H is much weaker than that of crystalline-silicon MOSFET.

When gate voltage is further positively increased, Fermi level enters the tail states of
conduction band, and the induced charge is in conduction band states and tail states. At
this point, a-Si:H TFT enters above-threshold region. For a typical a-Si:H TF'T applied
with a gate voltage in a typical range, Fermi level cannot enter conduction band because
of the high density of tail states. Comparing to crystalline-silicon MOSFET, the turn-ON
transition of a-Si:H TFT is much more gradual, because carrier movement is limited by
the trapping of localized states and the scattering of disorder lattice. As a result, the band
mobility of a-Si:H is lower than that of crystalline silicon by orders of magnitude.

Besides, in above-threshold region, Ipg increases proportionally with Vpg until Vpg is
comparable to Vgg. At this point, channel pinches off on drain side. Further increasing
Vps makes a-Si:H TFT enter saturation region, as illustrated in Figure 2.3.

10



2.2 Review of Static Models

2.2.1 Linear Region

The I-V characteristics of a-Si:H TFT in above-threshold region are illustrated in Figure
2.3. The device model of a-Si:-H TF'T in above-threshold region can be derived in a way
similar to the models of crystalline-silicon MOSFET. However, a-Si:H TFT also has several
important differences from crystalline-silicon MOSFET, reviewed as follows [13, 17].

The channel material of an enhancement-mode n-channel crystalline-silicon MOSFET
is p-type. When an above-threshold gate voltage is applied, minority carriers accumulate
and eventually inverse the type of the channel region near the interface of gate dielectric and
channel region, so a conductive channel is formed. In contrast, the active layer of n-channel
a-Si:H TFT is intrinsic. When a positive gate voltage is applied, electrons are attracted
from n™ nec-Si contacts. They transport through intrinsic a-Si:H layer and accumulate at
the interface of gate dielectric and active layer, so that a channel is formed in active layer
near the interface. Therefore, unlike crystalline-silicon MOSFET, there is no depletion
charge in a-Si:H TFT [13]. When a-Si:H TFT operates in above-threshold region, a major
part of total induced charge is trapped in localized states. Therefore, only a fraction of
total induced charge is free charge, which contributes to current conduction. The total
induced charge per unit area (i.e., sheet density of total induced charge) in the active layer
of a-Si:H TFT is qning = qnsa + qNioe, Where gng, is the sheet density of free charge, and
qNioe 18 the sheet density of the charge trapped in localized states [13]. Fermi level shifts
with gate voltage, so does the occupancy of localized states. Therefore, gn,. and gqng, are
strongly dependent on gate voltage.

Classical square-law above-threshold Ipg model of crystalline-silicon MOSFET is

2
Ips = prer % Ci |(Vas — Vr) Vs — % : (2.1)

where pppr is field effective mobility, W is channel width, L is channel length, C; is gate
dielectric capacitance per unit area, Vg is gate-to-source voltage, Vpg is drain-to-source
voltage, and V7 is threshold voltage. For a low Vpg, MOSFET is in linear region, so Eq.
(2.1) can be approximated as

W
Ips = prer T Ci (Vas — Vr) Vps. (2.2)
The sheet density of the total charge induced by gate voltage is
qnina = Ci (Vas — V)., (2.3)
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so the formula of Ipg in linear region becomes

W
T qnindVps- (2.4)

Since these formulas are for crystalline-silicon MOSFET, the ugrgr used above is constant.

A widely used a-Si:H TFT model is RPI model [13]. In this model, the impact of the
charge trapping at localized states on Ipg is described by empirically modeling field effect
mobility as a function of gate voltage:

Ips = prer

Nsa VGS - ‘/T)’Y
. _g, (Les T 2.5
HFET = I <nmd> H < Vi (2.5)
where v and V44 are empirical parameters [13]. Therefore, Eq. (2.2) becomes
w Ves — Vr\”
Ips = Ci—pup Ses T (Vas — Vr) Vps, (2.6)

which is the Ipg model of a-Si:H TFT in linear region.

2.2.2 Saturation Region

In crystalline-silicon MOSFET, if Vip is not high enough to induce strong inversion on
drain side (i.e., when Vpg > Vg — Vr), channel pinches off on drain side, and no free
charge exists in the part of channel between pinch-off point and drain. Since crystalline-
silicon MOSFET has velocity saturation mechanism in the high-field region near drain, it
actually enters saturation region at a Vpg which is lower than (Vgs — V7).

The Vpg at which a-Si:H TFT enters saturation region is also lower than (Vs — V).
However, this is caused by the gradual distribution of the density of states in the energy
band diagram of a-Si:H, instead of velocity saturation [13]. The upgr on drain side can
be estimated by using Eq. (2.5) with Vs being replaced by Vgp. When drain voltage is
increased toward (Vgs — Vi), Vigp decreases toward Vp, and pppr on drain side becomes
negligible well before Vip achieves Vp. This is because, when Vip is decreased, gng,
reduces much faster than gng,q [13]. Therefore, a-Si:H TFT enters saturation region at
a Vps which is lower than (Vgg — Vr). The author of [13] uses an universal approach
introduced from the modeling of crystalline-silicon MOSFET [1&] to model the behavior
of a-Si:H TFT in saturation region. In this approach, saturation voltage V,,; is defined as

Vsat = Olgqt (VGS - VT) ) (27)
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where o, € (0,1). Besides, in saturation region, when Vpg is increased, the pinch-off
point in channel moves toward source, so effective channel length reduces. This is well
known as channel length modulation (CLM) effect, which can be modeled by adding term

(14 AVpgs) into the expression of Ipg in saturation region [13]. Therefore, the Ipg in
saturation region can be expressed as
w Vas — Ve
Ips = Citp i (952N (Ve = V) Vo (14 AV (25)
AA
w Vas — Vr\”
YA <%) (Vs — Vir)? ttsar (1 + AVps) - (2.9)
AA

In the model file of a-Si:H TF'T to be used for circuit simulation, the Vi, in Eq. (2.8)
should be replace by V,S{;f , which is an effective voltage defined to provide a continuous
and smooth transition between linear region and saturation region:

%
Vet — R (2.10)
()

where mg,; 1s smoothness parameterj[ |. In linear region, Vps < Viat, sO Vggf ~ Vps. In
saturation region, Vpg > V4, so VESf =

~ Vsat-

2.2.3 Subthreshold Region

In subthreshold region, Fermi level is in deep localized states, being far away from the edge
of conduction band. Almost the entire charge induced by gate voltage is trapped in deep
states, so Fermi level position depends on the density of deep states. By analyzing Fermi
level position as a function of gate voltage and the density of deep states, the sheet density
of free charge can be modeled as a power-law function of gate voltage [13]:

¢ Vas — V) 7
m as — VrB € Ve
b= | =) (B (2 : 2.11
b =1 [(d)( Vo )(e)] 240
where

2VoVi

v, — ok 2.12
2Vo — Vi ( )
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t,n is the thickness of the channel charge at the interface:

Es€0
tm =1/ , 2.13
2q90 (2.13)

and ny, is the sheet density of free charge when Vg = Vip:
Ve _dEFO)

Ngo = Notm | — | ex ) 2.14

c (Vo ) P ( Vn ( )

2.2.4 Leakage Region

In leakage region, three components contribute to leakage current [13]: hole-injection-
limited current, hole-conduction current, and electron-limited current. Total leakage cur-
rent can be any combination of these current components, so it is difficult to build a precise

model [13]. Therefore, an empirical model is used to describe leakage current:
% —Vi
Licar, = Ior, [GXP ( D3 > - 11 exp ( GS> + 00Vps, (2.15)
Vbst Vast

where Iy, is zero-bias leakage current, Vpgy and Vg are characteristic voltages, and oy
is minimum-current scaling parameter to take into account the minimum resolution of
measurement instrument [13]. Note that, in [I3], lo; and oy are defined as independent
from TFT geometry. However, it is presented in [17] that for relatively high Vgg < 0 V
and Vps > 0V, leakage current is proportional to the area of the contact overlap region on
drain side. Therefore, in this thesis, I§; and o are introduced respectively as the values
of Iy; and oy per unit area of the contact overlap region on drain side. Correspondingly,
the model of leakage current is modified in this thesis as

Lieat = W Loy {Ig;L [exp ( Vos ) - 1} exp (_VGS ) + agVDS} : (2.16)
Vst Vest

where L,, p is the overlap length on drain side.

2.2.5 Model Unification

To improve the convergence of circuit simulation, model formulas should be continuous

and smooth. A universal approach is used in [13] to unify the models of a-Si:-H TFT in
different operation regions. The sheet density of free charge is defined as:
ng = —sallsb (2.17)
Nsq + Nsp
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which reduces to ng, in above-threshold region and to ng, in subthreshold region, providing
a smooth transition between regions. The formula of ng, is presented in Eq. (2.11). The
formula of ng, can be derived from Eq. (2.3) and (2.5) as

s (Vas — V, Vas — V"
Moy = Ci (Vas T) ( Gs T) ' (2.18)
q Vaa
The channel conductance when Vg = Vp is defined as
Geh = 4 Ns Hn W/Lg}/f, (2.19)

where LI}, = Lyask + ALs + ALp is effective channel length, taking into account the
channel length defined on mask layout L,,.sx and the channel length extension on source
(drain) side ALg(p). The formula of drain-to-source current to unify the currents in above-
threshold region and subthreshold region is defined as

Ly = gen Vi (14 AVps) (2.20)

where ng;f is defined in Eq. (2.10). To incorporate the drain-to-source current in leakage
region, an unified formula of drain-to-source current for all regions is defined as

Ips = licak + Lap- (2.21)
In either above-threshold region or subthreshold region, I, > Ijear, SO Ips =~ Ip. In
leakage region, I, < lieak, SO Ips = lieqr-

Besides, note that if Vg is low or negative, Vosr = (Vas — Vr) and Vgsrp =
(Vas — Vep) can be negative, invalidating the relevant formulas presented above. To avoid
this problem, effective voltages

Vini v, V. s
eff min GS,T 2 GS,T
= 1 0 — —1 2.22
VGS’T 2 * me + + < Vmin ) ] ( )
and
e Vmin V V s
Vel oy = 2o 1 4 SS9 g2y [ ZEBIE (2.23)
’ 2 min szn

are defined in [13] to replace (Vs — V) and (Vgs — Veg), respectively, in relevant afore-

mentioned formulas. V,,;, is minimum effective voltage, and ¢ is smoothness parameter.
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Figure 2.4: Compact device model of a-Si:H TFT. A and B can be either source (S) or
drain (D), respectively, depending on specific bias condition.

The schematic of the entire compact device model of a-Si:H TF'T is presented in Figure
2.4, illustrating the implementation of I, and Ij..x. Other components used in the model
are explained as follows. Note that A and B can be either source (S) or drain (D),
respectively, depending on specific bias condition. Current sources 74, and ip, describe
transient currents when channel is being charged/discharged. Cg and C&p represent
overlap capacitances. Access resistors R, 4 and R, p model the delays caused by channel
resistance. R4 and Rp represent contact resistances.

Define Vgg,,, as the voltage differences between gate (G) and internal source node
(Sint), and Vp, s, . as the voltage differences between internal drain node (D;,,;) and source
node (Sin). Since I, belongs to intrinsic channel, which is directly controlled by Vg, ,
and Vp, .s. ., Vas,,, and Vp, .s. . should be used to replace Vs and Vpg, respectively, in
relevant aforementioned formulas when implementing the device model into a model file
(e.g., by using Verilog-A Hardware Description Language) for circuit simulation.

int
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2.3 Improved Static Model and Parameter Extraction
Methods

2.3.1 Motivations

Compact device models and parameter extraction methods are needed by device charac-
terization and circuit simulation. A desirable compact device model should be accurate in
describing device behavior and scalable with device geometry (i.e., correctly describe the
dependence of device characteristics on channel width and length by using the same group
of parameters values). A desirable parameter extraction method should yield accurate and
consistent parameter values.

RPI compact device model of a-Si:H TFT [13] is widely used. Several parameter ex-
traction methods were developed for this model [13,19,20]. The dependence of contact
resistance and channel length extension on gate voltage is not taken into account in them.
As a result, the extracted values of v, Vp, and V44 have apparent dependence on channel
length. However, from the perspective of device physics, these parameters describe the
property of a-Si:H material, so their values should be independent from channel length.
The incorrect apparent dependence of the extracted values of parameters on channel length
is misleading for the characterization a-Si:H TFT. Therefore, the dependence of contact
resistance and channel length extension on gate voltage must be taken into account in the
model and parameter extraction methods of a-Si:H TFT. An improved static model and
innovated parameter extraction methods are presented in this section.

2.3.2 TFT Samples and Measurement Setup

The inverted staggered BCE a-Si:H TFT samples used in this research were fabricated
in Giga-to-Nanoelectronics (G2N) Centre in the University of Waterloo. Depositing and
patterning material layers on a glass substrate were carried sequentially: gate metal (70
nm chromium), gate dielectric (350 nm a-SiN,:H), active layer (150 nm a-Si:H), and source
and drain contacts (50 nm n* ne-Si and 100 nm molybdenum). After patterning source and
drain metal, back channel etching was used to remove the n™ nc-Si on top of active layer
in intrinsic channel region. Then, passivation layer (350 nm a-SiN,:H), contact window
opening, contact metal (300 nm aluminium) deposition/pattering were conducted.

For illustration, the layout and cross-section of inverted staggered BCE a-Si:H TF'T
are shown in Figure 2.1. Nominal channel width is W = 500 gm. The nominal channel
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lengthes defined on mask are L,,,x = 100, 50, 20, 10, and 5 gm. The nominal overlap
length between gate and source (drain) is Ly, s(p) = 5 pm. Transfer and output character-
istics were measured from a-Si:H TFT samples by using Agilent® 4155C Semiconductor
Parameter Analyzer and a Cascade® Summit® 12000 probe station. Measurements were
carried at room temperature (23 °C).

2.3.3 Contact Resistance and Channel Length Extension

The total resistance between source and drain is the sum of three components: intrinsic
channel resistance (R.,), contact resistance at source (Rg), and the one at drain (Rp):

Rps = Ren, + Rs + Rp. (2.24)

To simplify parameter extraction, a low Vpg (e.g., 0.1 V) can be used in I-V measurements
so that the source side of a TF'T sample is approximately symmetrical to its drain side. In
this case, since Rg ~ Rp, Eq. (2.24) yields

RDS ~ Rch + 2RS (225)

The values of Rpg can be obtained from measurement data by using formula Rps =
Vps/Ips. Total contact resistance (Rg + Rp ~ 2Rg) can be extracted by plotting Rpg
vS. Lpmask, as shown in Figure 2.5(a)). Assuming Re, = rep © Linask, Where 1, is intrinsic
channel resistance per unit channel length, Eq. (2.25) becomes

Rps = ren + Linask + 2. (2.26)

If Rg is assumed as a constant, the lines of Rpg vs. Ly, for different Vg should intersect
at the same point: (Lyask, Rps) = (0,2Rg). However, Figure 2.5(b) indicates that this is
not the case, implying that Rg is dependent on Vg and/or that a Vgs-dependent total
channel length extension AL% should be added to L,,.s,. The superscript “I'V” in a item
indicates that the item is associated to I-V characteristics and is used in static model.
Therefore, Eq. (2.26) is modified as

Rps = Ten * (Linask + ALY, ) + 2Rs. (2.27)
At Lyask = 0, a line of Rpg vs. Ly intercepts Rpg-axis, so

RUEP = o, - ALY 4 2Rs. (2.28)
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19



intcpt . u \%
RDS VST To extract Rcont and Ale

*
600
500 F
5 400 *
3
g,
£5 300
*
200 *
*
*
*
100+ ﬁ
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300 350 400 450
Teh (k€2 / um)

Figure 2.6: Extracted values of R%%CP " vs. . Data points (left to right) are corresponding

to VGS = 20, 19, ooy 5 V.

For a given Vg, the data of Rgl?p *and rg, can be extracted by fitting Eq. (2.27) to
measurement data, as illustrated in Figure 2.5(a). The extracted data of R%‘ng LS. Ten
is shown in Figure 2.6. Note that the data points in Figure 2.6 are corresponding to the
values of Vg used in Figure 2.5. Figure 2.6 indicates that the slope of Rgg‘:p Y s, Tep is
not constant. Therefore, in this research, Eq. (2.28) was fitted locally to the data points
around each data point in Figure 2.6 to extract the local values of r., and 2Rg. The data of

the contact resistance per unit overlap area RY, was calculated by using Ry, , = RsW L,.

The extracted values of RY ., and AL!Y vs. Vgg are presented in Figure 2.7(a) and

2.7(b), respectively. The dependence of R% ., and ALY on Vgg can be explained by in-
vestigating the two-dimensional current distribution in overlap region [21,22]. The overlap
region on source side is analyzed as follows. The one on drain side can be analyzed in the
same way. In the overlap region on source side, currents flow distributively from the edge
of intrinsic channel to source metal contact. The currents flowing along parasitic channel
are lower at locations farther away from the edge of intrinsic channel. When gate voltage
is increased, parasitic channel has a lower resistivity, so currents flow along parasitic chan-
nel for longer distances before they turn vertically and flow toward source metal contact.

Therefore, ALY increases with gate voltage. Since a larger area of overlap region con-
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tributes to current conduction, the total resistance from parasitic channel to source metal
contact is smaller. Therefore, Rg reduces when Vgg is increased, so does R”

cont*

Besides, Figure 2.7(a) and 2.7(b) also indicate that when Vgg is decreased, R , and
ALY eventually become relatively constant. This is because, when Vg is decreased, the
resistivity of parasitic channel can become so large that the major part of total current
does not go along parasitic channel in overlap region, but goes from the edge of intrinsic
channel directly though intrinsic a-Si:H layer toward source metal contact. Therefore, the
observed R% . and ALY are relatively independent from gate voltage. The constant level

of ALY is attributed to the fixed channel length extension due to the lateral etching of
n™ nc-Si layer and contact metal layer during fabrication.

As shown in Figure 2.7(a), when Vgg is relatively high, RY . is observed as approxi-

mately linearly dependent on 1/Vg, so a linear model is used to describe the relationship:

u,linear RY . u,intcpt
Rcont - SRﬁfont/VGS,eff + Rcont ) (229)

where S« and R are slope and intercept, respectively. Vé{g‘gjf is so defined that it

prevents a negative value of Vg from invalidating Eq. (2.29):

R’(L)LOTL J— Rgon VGS
Voserr = Fvggy, |1 +exp (FRifont >] | -
Vas,ers
where F‘%L;*;‘ff is smoothness parameter. If Vgg > 0V, Vgg"e”;f ~ Vgg. If Vagg < 0V,

Vé%;h — 0. The model in Eq. (2.29) was fitted as the straight line shown in Figure

2.7(a). The extracted values of parameters are Sgu = 6.54 V-Q-cm?, RY™ePt — 0.073

cont
Q-cm?, and F%;’ZH = 1 V. Figure 2.7(a) also indicates that, when Vg is decreased toward
Vp, R® . gradually saturates at a constant level R%7"*" so the following formula is used

- li ¢
to make a smooth transition between R“'7““" and R“"":
cont cont

cont cont
= R — Fre In{ 1+4exp 7 , (2.31)
c "

cont

. (Ru,linear . Ru,const)
RY

cont

1 1l‘ ) t )l‘ 7l'
where Fru is smoothness parameter. If Ry " < R ™™, Ry, ~ R, " If Ry " >

RYCt Re x RYCT Eq. (2.31) is fitted as the curve in Figure 2.7(a). The extracted

cont cont ™ +lcont

values of parameters are Fru = 0.0625 Q-cm? and Ry = 1.02 Q-cm?.
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As shown in Figure 2.7(b), when Vg is relatively high, ALY, is observed as approxi-
mately linearly dependent on Vg, so a linear model is used to describe the dependence of
the variable component of ALY on Vgg:

ALIV,linear _ Si‘i . VGS’ + AL[V,intht’ (232)

var var

where SA7 and ALIV:™Pt are slope and intercept, respectively. Eq. (2.32) is fitted as the

straight line shown in Figure 2.7(b) to extract parameter values: S4; = 0.0877 ym/V,
ALIV:intept — (.67 ym. Figure 2.7(b) also indicates that, when Vgg is decreased, ALY,

var
eventually saturates at a constant level ALLY . so ALLY is expressed as

const)?
ALjy = ALY + ALy (2.33)
where
ALi}l/?,“linear _ ALi(‘)/;ZS
ALY = FV In {1 + exp ( T t)} : (2.34)
AL
F1Y is smoothness parameter. If ALIVlinear > ALIV CALIV s ALIV:Vincar ¢ A [IV:lincar
ALLY . ALY ~ ALLY .. The fitted model is shown as the curve in Figure 2.7(b). The
extracted values of parameters are Fi, = 0.05 um and ALY . = 1.29 pum.

Note that the above analysis is based on assumption Vgg ~ Vgp. For a high Vpg, since
Vs # Vap, the value of the RY . on source (drain) side (denoted as R s( D)) is calculated
by using Vis(py in Eq. (2.29)-(2.31). Besides, the value of the variable component of the
channel length extension on source (drain) side (denoted as ALQ(/D)MT) is calculated as

1
ALG(p) var = §AL% (Vasm)) » (2.35)

where ALY (VGS(D)) is the value of ALY calculated by using Eq. (2.34) when Vas(p) 18

var var

used in Eq. (2.32). Therefore, Eq. (2.33) becomes
ALjy = ALY, + ALY,

const S,var

+ ALY

D,var»

(2.36)
which was implemented in the Verilog-A model file of a-Si:H TFT.

2.3.4 Yo VT, and VAA

Taking into account contact resistance and channel length extension, Eq. (2.6) becomes

W (Vas — Vp — IpgRs)"™!

s (Lmask + ALQQ a VXA

(VDS — 2ID3R5) . (237)
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The author of [13] extracted (v + 1) simply as the slope of In (Ipg) vs. In(Vgs), without
taking into account (IpsRs), ALY, and V. (IpsRs) is the voltage drop across the contact
region on one side of TFT when Vgs ~ Vgp. Neglecting (IpsRs) and ALY results in
that the extracted value of v decreases with L,,..x. Besides, since typically Vi > 0 V,
neglecting Vr results in that the extracted value of ~ is larger than its true value. Since
the extraction of V44 uses the extracted value of v, the extracted value of V44 is also
dependent on L. However, v and V44 should be independent from L., because
they are material property parameters of a-Si:H, reflecting the impact of charge trapping
in a-Si:H on current conduction (see Eq. (2.5)). Besides, since the extractions of V and
Qsqr I [13] use the extracted values of 4 and V4, the errors of the extracted values of v
and V44 cause the errors of the extracted values of Vi and ay,. To avoid these problems,
(IpsRs), ALLY and Vi must be taken into account during the extraction of v so as to
improve the accuracy and consistency of the extracted values of parameters.

Integral function method for parameter extraction was proposed by previous researchers
in [19,20]. In this method, Rg is taken into account, and ~ and Vj are extracted at the
same time. However, this method implicitly assumes that ALLY is zero, and that Rg is
independent from Vig. These two assumptions are not true (refer to section 2.3.3). Be-
sides, this method requires the extraction of transconductance g,,. However, the numerical
differentiation used to extract g,, amplifies measurement noise.

Therefore, in this thesis, a new parameter extraction method is proposed to take into
account the impact of ALY and (IpsRs), which are dependent on Vig. The value of v is
extracted first, then Vp and V44 are extracted. When extracting ~, although Vi and Va4
are unknown, they do not affect the extraction of . The proposed parameter extraction
method is detailed as follows. First, Eq. (2.37) is reformulated as

CF1 = A Vs, — B, (2.38)

where
A= (CiW V)7, (2.39)
B=A-Vp, (2.40)
C= Ips (Lmask + ALQZ) /VDimSmﬁ (241)
Vs, = Vas — IpsRs, (2.42)

and

VDmtSmt = Vps — 2IpsRs. (2.43)
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The data of L,esk, Ips, Vas, and Vpg are available from I-V measurement data. The
data of Rg (= R,/ (W L)) and ALY can be obtained as presented in section 2.3.3 (see
Figure 2.7(a) and 2.7(b)). So, the values of C, Vgg,,,, and Vp can be obtained by

using Eq. (2.41)-(2.43). "

'LntSint

Therefore, Eq. (2.38), which is a linear model of C7 s, Vesing» has three unknown
parameters: v, A, and B. The value of 7 is extracted by using an iterative optimization
method based on the principle described as follows. Assuming Eq. (2.37) exactly models
measurement data, Eq. (2.38) implies that, if v is equal to its true value, the data points of

C1 s, Ves,,, should be exactly on a straight line, i.e., they should have a perfect linearity.
Their linearity can be measured by using pyata, model, €., the correlation coefficient between
measurement data points and the corresponding points on the fitted linear model. If
measurement data points are identical to linear model points, the two groups of points are
exactly positively linearly correlated, so pgata, moder = 1. If not identical, pgata, moder < 1.
Therefore, the extraction of v can be abstracted as an optimization task: search for the
optimal value of v to maximize pguta, moder- In each step of optimization iterations, for a

given value of 7, Eq. (2.38) is fitted to the data points of C T s, Vasime- Then, paata, model
1
is calculated to evaluate the linearity of the data points of C'%+T vs. Vg

int*

Golden Section Search method [23] was used to carry out the optimization task. In this
method, an initial search range of v must be set before optimization algorithm is started.
Since 7 is typically between zero and one, yyp = 1 and v, = 0 are set to define the
initial search range. When the algorithm iterates, yyp and v p gradually converge toward
each other, as illustrated in Figure 2.8(a). When (yyp — 7zp) is smaller than a pre-defined
error tolerance (e.g., 107 is used here), (yup + vrB) /2 is used as the extracted value of 7,
which is used to calculate 77, Then, Eq. (2.38) is fitted to the calculated data of C T
vs. Vgs,,, to extract A and B, as illustrated in Figure 2.8(b). The value of V7 is extracted
by using Vi = B/A (see Eq. (2.40)). The value of V44 is extracted by using

Vi = (CWpn JAT) (2.44)

which was derived from Eq. (2.39). Note that C; is channel capacitance per unit area,
which can be determined by using C'-V measurement data; p, is electron band mobility,
which is a material parameter with a given constant value y,, = 0.001 m?/(Vs) [13].

The proposed parameter extraction method was run repeatedly to extract the values
of v, Vr, and Vyu for different L,,qsx. As shown in Figure 2.9(a), 2.9(b), and 2.10, the
extracted values do not systematically depend on L. The relative errors of the extracted
values are 0.98% for v, 3.58% for Vr, and 7.83% for V4. These results are consistent to
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the device physics knowledge that those parameters should be independent from L.z,
because they are primarily determined by the property of a-Si:H material, especially when
channel length is not very short (i.e., longer than 5 um). The averages of the extracted
values of parameters are v = 0.419, Vp = 3.55 V, and Vi = 18364 V, respectively.

2.3.5 X and myy

For a given L,,.s1 and at a given Vgg, the values of A and m,,; were extracted by using the
method presented in [13]. To avoid the impact of contact resistance, the data of Vp, s, ,
(see Eq. (2.43)) instead of Vpgs was used in parameter extraction. As shown in Figure
2.11(a), the extracted value of A is proportional to 1/L,,.sk. This behavior is similar
to that of the A\ of crystalline-silicon MOSFET. When L, is reduced, channel length
modulation effect becomes relatively more significant, so A increases. This dependence is
described in this thesis by using an empirical model:

A= S/\/Lmask + )\intcpty (245>

where Sy and A are fitting parameters. Eq. (2.45) was fitted to the extracted values
of A vs. 1/Lpask, as illustrated in Figure 2.11(a). The extracted values of parameters are
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Sy = 9.83 x 107® m/V and Ny = 4.97 x 1072 V=1 Besides, the extracted mgy vs.
Lpnask for different Vg are shown in Figure 2.11(b). The extracted values of my,; are fairly
constant, expect for the ones for L, = 5 pm. The large variations of the extracted
values of mgy for Ly, = 5 pm could be attributed to some short channel effects which
are not taken into account in RPI a-Si:H model [13]. The average of the extracted values
of Mgy, excluding the ones for L5 = 5 pm, is mg = 2.59.

2.3.6 Agat

The author of [I3] presented a method to extract as,. However, in this method, the
impacts of contact resistance, channel length extension, and channel length modulation
are not taken into account. To take into account these impacts, a new method to extract
(sqr 18 presented as follows. First, Eq. (2.9) is reformulated as

[DS = Qgqt * D, (246)
where
w (Vasu, — Vo)™
D = Cz (Lm%k T AL{‘Q)'U% V,ZA (1 + )\VDintSint) . (247>

The parameter values extracted in previous sections and the /-V measurement data for
Vbs = 20 V were used to calculate the values of D by using Eq. (2.47). Then, Eq. (2.46)
was fitted to the data of Ipg vs. D to extract a,,. For illustration, the data of Ipg wvs.
D for Lyus = 50 pm and the fitted line of the model in Eq. (2.46) are shown in Figure
2.12(a). The extracted values of oy, for different L, are shown in Figure 2.12(b). The
maximum relative error is only 2.64%. The average of the extracted values is o,y = 0.395.

2.3.7  Vgsr, Vpse, 1y;, and oy

In Eq. (2.16), (64 Vps) and “—17" are negligible when Vpg > 0 and Vg < 0. Therefore, by
using the measurement data in this region, Vs, and Vpgy can be extracted from the data
of In(Ljear) vs. Vgs and In(Ljeqr) vs. Vpg, respectively [13]. For illustration, the extractions
of Vgsr and Vpgy, for Lyese = 50 pm are shown in Figure 2.13(a) and 2.13(b), respectively.
Then, 1§, can be extracted by using a formula derived from Eq. (2.16):

Vbs . Vas
Vbst — Vast

ISL = €Xp In (Ileak) - /(WLOU,D> (248)
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and the measurement data for Vpg > 0V and Vg < 0 V. Besides, o can be extracted by
using oy = I VB3 JV5§* where V5§® is the maximum Vpg used in measurement, and /, VB3

is the minimum measured value of Ipg for V5§ [13]. The leakage current for Vg < 0
V (e.g., Vgs < —8 V) is primarily due to Poole-Frenkel effect, so the extracted values of
parameters are essentially independent from channel length [17]. Therefore, it is reasonable
to average the extracted parameter values for different channel lengthes. The averages of
the extracted values of parameters are Vs, = 3.47 V, Vpgr, = 3.16 V, I}, = 5.42 x 1077
A/m? and o¥ = 3.66 x 107> A/(V-m?). The leakage current for relatively low negative Vg
(e.9., =8 V < Vigg < 0 V) is primarily due to back channel conduction, which is dependent
on channel length [17], so the model in Eq. (2.16) is not suitable in this region. However,
since the currents in this region are much lower than those in other regions by orders of
magnitudes, the discrepancy of the model in Eq. (2.16) in this region may not be a major
concern in practical circuit design.

2.3.8 Parameter Optimization and Model Verification

The a-Si:H TFT model presented in this section was implemented into a model file by using
Verilog-A Hardware Description Language. The model file can be used with Cadence®
Spectre® circuit simulator for circuit-level simulation. Besides, based on the parameter
extraction methods presented in this section, a MATLAB® program was developed for
parameter extraction and optimization. It controls the circuit simulator to simulate I-V
characteristics. Simulation results were used by the program to automatically optimize the
values of a group of selected parameters for the globally best fitting of simulation results
to I-V measurement data for various L,,.sx. The selected parameters and their optimized
values are: Vpp = —1.981 V, Vi = 0.1696 V, e = 0.3942, S\ = 7.788 x 107 m/V,
Nintept = 6.325 x 1072 V71 my,, = 2.5896, 6 = 5.008, V,,;, = 0.3005 V, I}, = 4.465 x 1077
A/m?, and o¢ = 3.037x107° A/(V-m?). The simulated transfer and output characteristics
when using the optimized parameter values are verified by measurement data, as shown in
Figure 2.14, 2.15, 2.16, and 2.17.
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Figure 2.14: Comparison between measurement data (symbols) and simulation results
(curves) of the transfer characteristics: (a) Lyqase = 100 pm, and (b) Lyese = 50 pm.
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Figure 2.15: Comparison between measurement data (symbols) and simulation results
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2.4 Review of Dynamic Models

Several dynamic models were proposed by previous researchers for a-Si:H TFTs. They can
be divided into two categories: charge-based models and capacitance-based models.

2.4.1 Charge-Based Dynamic Models

Some charge-based dynamic models were proposed by previous researchers for a-Si:H TF'T
[17,24-27]. These models are similar to the ones of crystalline-silicon MOSFET [25, 29].

In [24], the channel charges associated to source and drain are expressed as
L
QS = / WCi,effVGC (.T) <1 — %) dx (2.49)
0
and
L x
QD == / WC’Z-,effVGC (23) (Z) dl’, (250)
0

respectively, where

C;, if Vs = Vo,
Ci,eff:{ G (2.51)

0, if Vgg < Vop.
Ve () is defined as follows. Assuming source as the origin of z-axis, source-to-drain as the

direction of x-axis, and source voltage as reference voltage level, Vo (x) is the difference
between gate voltage and the voltage at a-Si:H/a-SiN,:H interface at location x:

Voo (2) = { [ (Vap — Vi) — (Vas — Vi)e ] % + (Vas — Vip)a } , (2.52)

where a = 1, it T' > T; a=T/T,, it T < T; and T, = 300 K [21]. Since the TFTs used in
AMOLED displays normally operate under room temperature or higher, a = 1 is assumed
in the following derivation. Substituting Eq. (2.52) into Eq. (2.49) and (2.50) yields the
channel charges respectively associated to source (Qg), drain (Qp), and gate (Qg):

4N (854280 4+ 3B, + 3
Qs = Qalves=ver (E> ( G+ 1) ) =0 (2:53)
B 4\ (1428, + 382+ 343
Qp = Qclves=ven (E) ( Gt 17 ) - (—1), (2.54)
2
Qe = Qalven (3) (2525 ) =~ (@s+ Qo). (255)
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where

Bo=Vep —Vr)/ (Vas — V), (2.56)
Qclves=vep = Ca.nclves=vep (Vas —Vr), (2.57)

and
Ca,pclvgs=vap = CiessW L. (2.58)

Ce.polves=vep 18 the total gate-to-channel capacitance for Vpg = 0 V. Note that Qg, Qp,
and ()¢ are modeled as directly related to Vgs and Vigp. Besides, note that Eq. (2.53)-
(2.55) are valid only for Vigs > Vap = Vr (i.e., linear region). To guarantee the validity in
other conditions, if Vg = Vi > Vigp (i.e., saturation region), (Vgp — V) should be fixed
at zero; if Vi > Vigs = Vap (i-e., subthreshold region and leakage region), both (Vgs — Vi)
and (Vgp — Vr) should be fixed at zero, and (3, can be fixed at zero. Also note that, as
indicated in Eq. (2.51), C; ¢y is a piecewise function of Vizg. Therefore, the models of Qg,
Qp, and Q¢ respectively in Eq. (2.53)-(2.55) are piecewise functions of Vgg and Vip.

It is proved in [24] that the transient currents at source and drain should be calculated
respectively by using the following two formulas

is = dQg/dt, (2.59)
ip = dQp/dt. (2.60)

The advantage of charge-based dynamic model is that it guarantees charge conservation,
and therefore, simulation accuracy, because transient current is directly calculated from the
change of charge with time: i = dQ/dt [29,30]. Nevertheless, conventional charge-based
dynamic models still have a major drawback: since the model of Qg(py is piecewise and has
a corner at Vgg(py = Vr, its first-order derivative (i.e., capacitance) at Viggpy = V7 is not
continuous. This may result in convergence problems in transient simulation, especially for
practical circuits where multiple TF'Ts are simultaneously involved in circuit simulation.

2.4.2 Capacitance-Based Dynamic Models

Capacitance-based dynamic TFT models [13,31] were developed based on Meyer’s capac-
itance model [32]. The formula of total gate charge Q¢ in Eq. (2.55) is used to define the
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small-signal channel capacitance between gate and source (drain) (Ceg(py) [13]:

Q¢ 2 (Vep — VT>2
Cro 2 -0 vep | 1— : 2.61
e aVGS Vaebp 3 GjDC|VGS o ( (VGS + VG’D - 2VT>2 ( )
0Q¢ 2 (Vs — Vr)*
Crn 2 -0 vep | 1— : 2.62
P Vap Vos O pelies e < (Vas + Vap — 2Vr)? (262

where Cg polvgg=vep 18 defined in Eq. (2.58). The author of [13] proposed to use

Ci

14 2exp [—7(‘260%;%)]

(2.63)

Cierf =

as the formula of C;.r. Eq. (2.63) is based on Unified Charge Control Model [18], which
takes into account the total induced charge in channel. It is valid for both above-threshold
and below-threshold regions. Eq. (2.63) and its derivatives are continues with respect to
Vias. This is a desirable property for a better convergence of circuit simulation.

The transient currents at source and drain are defined respectively as [13]:
is 2 igs = Cas - dVgg/dt, (2.64)
ip 2igp = Cap - dVgp/dt. (2.65)
A major problem of this model is the inaccuracy caused by the definition of transient

currents in Eq. (2.64) and (2.65). This problem is analyzed as follows. First, by using the
definition of Cgg in Eq. (2.61) and Cgp in (2.62), expanding Eq. (2.64) and (2.65) yields

oo Q¢ dVgs _ [ 9Qs dVas n oQp dVgs (2.66)
T Ve dt Wes dt WVas dt )’ '
0Qc dVgp 0Qs dVgp dQp dVap

pr— prm— . 2.

P Wep dt <8VGD dt )+ (avGD dat ) (2:67)
For comparison, expanding Eq. (2.59) and (2.60) yields

. dQs  (0Qs dVgs 0Qs dVap

ST A T (8VGS dt >+<8VGD dt )’ (2.68)

. dQp  (0Qp dVgs dQp dVap

=Ty T (aVGS dt )+ (8VGD dt ) (269)
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0Qp dVgs
oVgs dt

ig, as indicated in Eq. (2.68). It is actually a component of ip, as indicated in Eq. (2.69).

Besides, the ig in Eq. (2.66) does not include component <%d‘;%), which should be

included in ig, as shown in Eq. (2.68). Similar analysis applies to ip. Therefore, the
definitions of ig and ip respectively in Eq. (2.64) and (2.65) are inappropriate.

The ig in Eq. (2.66) includes component ( ), which should not be a component of

Besides, capacitance-based dynamic model has charge non-conservation problem [28—
]. It occurs when using ic = C(V) - %4 (see Eq. (2.64) and (2.65)) in numerical
computation (e.g., in circuit simulation) to calculate transient current acrose a voltage-

dependent nonlinear capacitor. More detailed analysis can be found in [28-30].

The capacitance-based dynamic model shown above is also not smooth. If Vizgpy < V7,
term (Vgs(p) — Vi) in the bracket of Eq. (2.61) ((2.62)) must be fixed at zero to guarantee
the validity of the formulas. Therefore, Eq. (2.61) ((2.62)) is a piecewise function and has
a corner at Vggpy = Vp. At this corner, the discontinuity of the first-order derivative of
Eq. (2.61) ((2.62)) may result in convergence problem in circuit simulation.

2.4.3 Frequency Dispersion Effect

The C-V measurement results of a-Si:H TFT are dependent on measurement frequency.
The apparent capacitance observed from measurement data decreases when frequency is
increased. This is called frequency dispersion effect [13]. It is caused by the resistances of
channel and contact and the finite carrier trapping/detrapping speed of a-Si:H. It can be
modeled by adding equivalent access resistors in series with transient current sources [30]

or channel capacitors [13]. Access resistor is modeled as a fraction of channel resistance:
R R
Rm,S = il 7Rr,D = h s (270)
Kss Vps=0 Kss Vbs
where

dlps\
R, =
h (dVDS)

is the small-signal resistance of entire channel, and Kgg is an empirical parameter, which
can be extracted from C-V measurement data [13].

(2.71)

Vas,Vbs
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2.5 Improved Charge-Based Dynamic Model

2.5.1 Motivations

As discussed in section 2.4.2, capacitance-based dynamic models of a-Si:H TFT have draw-
backs including: (1) inaccuracy problems caused by the inappropriate definitions of tran-
sient currents; (2) charge non-conservation problem; and (3) convergence problem in circuit
simulation. A charge-based dynamic model is more preferable because it does not have
the first two problems. However, as mentioned at the end of section 2.4.1, conventional
charge-based dynamic models are not smooth, resulting in convergence problem in circuit
simulation. Besides, conventional dynamic models assume a fixed channel length and a
fixed Kgg. However, C-V measurement results indicate that they are dependent on gate
voltage. Therefore, an improved charge-based dynamic model was developed in this re-
search. It is smooth with respect to bias voltages so as to improve simulation convergence.
Besides, it takes into account the dependence of channel length and Kgg on gate voltage.

2.5.2 Channel Length Extension

By carefully comparing Figure 2.21(a), 2.22(a), 2.23(a), and 2.24(a), one can see that under
the same measurement condition, channel capacitance is not strictly proportional to L,,qsz.
When L,,qs is reduced, the observed channel capacitance is larger than the one estimated
by assuming channel capacitance is strictly proportional to L,,.sx. This discrepancy is
relatively more significant when L,,,q. is shorter. The extra channel capacitance can be

explained by taking into account effective channel length extension ALSY:

Lg}t/ = Lmask: + ALtC;Ya (272)
where
ALY = ALY+ ALS ., + ALGY . (2.73)

ALSY . is independent from bias condition, and ALg(‘g) var 18 dependent on Viggp) on

source (drain) side. The superscript “C'V” in a item indicates that the item is associated
to C-V characteristics and is used in dynamic model. As a first-order estimation, assuming
ALSY = Ratioé‘L// v ALY where Ratioé‘e/ v 1s an empirical parameter, Eq. (2.36) yields

const

ALgY = Ratiogy - (ALL, + ALY, + ALY ) - (2.74)

Swar D,var
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. AL : 1V
Ratiogy,y can be extracted from measurement results. Since Lyqs, and ALy, are
constant, the constant component of LS} is

L = Lmask + Ratiogy - ALLY . (2.75)
Besides, the comparison between Eq. (2.73) and (2.74) indicates that
ALg(Vb),UaT = RatiOéXL//IV ’ ALé‘(/D),’UCLT' (276)

Eq. (2.75) and (2.76) are used to calculate channel charges in the following section.

2.5.3 Channel Charge Components

As aforementioned, to avoid the convergence problem in circuit simulation, a desirable
dynamic model should be continuous and smooth with respect to bias voltages. To obtain
such a model, the formula of Vge(x) shown in Eq. (2.52) should be used to substitute
the Vs in the formula of C;. ¢y shown in Eq. (2.63). Then, the modified formula of
Ciefs in Eq. (2.63) should be used to replace C; ¢y in Eq. (2.49) and (2.50). However, the
derived integrals are too complicated to be solved analytically. Therefore, an approximation
method is used as follows. Note that, channel charges are directly controlled by Vg, and
Vep,, (indicated in Figure 2.4), instead of Vg and Vip.

Total channel charge has two parts: the part associated to LY

to ALg(‘jD) var- The first part is derived as follows. Denote Q™| =Vap,,
LEV

to-channel charge associated to L, ., when Vgs, = Vigp,,. To derive a continuous and
smooth formula of Q%" , the formula of C; ¢ in Eq. (2.63) is used in the

following integral:

., and the part associated
as the gate-

’VGSch =Veb,),

VGSch
ngt’VGsCh=VGDCh :/ Ci,eff WLCC;‘T/I:St dVas,, (277>
eff,C
=G WLCC(;‘ést VGgchYa (278)
where

1 (Vas, -V,

ef1,.CV GS, T
VGéfh,T = 770‘/;fh In [1 + 5 exXp (W)} . (279)
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Using QF"* |vys,, =Vop,, derived in Eq. (2.78) to replace Qclvgs=vep in Eq. (2.53)-(2.55)

yields the formulas of the charge components associated to LSV .:

4\ (854282438, +3
const const v v 2
=0 ncren (35) ( (B + 17 )0 e
4\ (1428, + 382+ 343
const const v 27
Qp"" = QF" " vys,, =Ven,, (1—5) ( e - (=1), (2.81)
2\ [(B2+ B, +1
const const v v _
Q |VGS ch VGDch (5) ( /B,U + 1 ) - (QS + QD) 5 (282)
where
By = VST IVaBr (2.83)
and Vef f CV is defined as
1 Vi -V
eff,CV __ 1 1 - GD¢p, T 2 4
Vb = 770‘/;fhn|: +2€Xp<—770Vth )}, (2.84)

which prevents a negative (Vgp,, — Vr) from invaliding the above formulas.

The part of channel charge associated to ALg(‘})) var 15 estimated as follows. Denote

Vit as the value of Vs, (p,,) beyond which ALg ), . starts to increase with Vi, (p,,)-
When Vos, (o) = Viths AL = ALY 0 VAL = (AL, ~ ALIo#) JE,.

Therefore, the part of channel charge associated to ALS( D) var 19 expressed as

Vas(p)
E‘ZB) - C; WALS(D) var@VGS., (Do) (2.85)
VAL
1
~ - CWALG D) var + (Vasapa) — Vi) - (2.86)

Using Eq. (2.76), (2.35), and (2.34), it can be proved that Q§{},) — 0 when Vs, (p.,,) =
—00, 80 the approximation in Eq. (2.86) does not affect simulation convergence. The total

transient current at source (drain) is calculated as

4 (~Q; -~ Qi)

iSch(Dch) = dt

(2.87)

and implemented as the current sources in device model, as illustrated in Figure 2.4.
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2.5.4 Overlap Capacitance

As shown in Figure 2.4, a simple capacitor Cg?’s( D) = CouW Loy, 5(py is used to model the
overlap capacitance between gate and source (drain). C,, is the effective capacitance per
unit area in overlap region, and L, s(p) is the overlap length on source (drain) side. The
transient current associated to source (drain) overlap capacitor is calculated as

- oo Vs, (Din)
ig(py = CGS(D)#? (2.88)

where Vs, (D) 15 the voltage difference between gate (G) and internal node at source
(drain), i.e., Sint (Dint). Since Cgiyp is independent from bias voltages, using Eq. (2.88)
in dynamic model does not cause charge non-conservation problem.

2.5.5 Access Resistors

In this thesis, Fgg is defined as Fsg = 1/Kgg. Fgs is the ratio of access resistor to the
resistance of intrinsic channel. The value of Fgg can be extracted from measurement data,
as discussed in section 2.6.3. The extracted values of Fisg are dependent on gate voltage,
as shown in Figure 2.20(a). If Vg is lower than Vp, TFT is OFF, so a minimal part of
channel is involved in dynamic operation. If Vg is relatively high, TFT is ON, so a larger
part of channel is involved in dynamic operation. Since the dependence of Fsg on Vg
is similar to that of channel capacitance on Vg (e.g., see Figure 2.19(b)), an empirical
model, which is similar to Eq. (2.63), is defined for Fsg in this thesis:

A F Fo ™ +EMR(2.89)
= I'ss = S5 .
Kgs (1 + Fpl exp [_(VGFi,;FPB)] + Fp2 exp [_(VGFing4):|>

where Fj1 o 6, F3eMinand FII" are empirical parameters. Then, access resistors R, g
and R, p are calculated by using following formulas:

dly \ 7
dVDmt Sint V&St VDint Sint
ca d[leak -
Rleak — (dV ) , (2.91)
DS VGSZO,VDSZO
Raleeak
R, _ PR (2.92)

T pab leak’
Rch + Rch
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R:(:,S = Fss : RChlvDintSim:O’ (293)
Rw,D = Fss : Rch' (294)

Note that Ren|v;, s =0 is the value of R, calculated by using R and Riplv, o .

2.6 Parameter Extraction for Dynamic Model

2.6.1 TFT Samples and Measurement Setup

The a-Si:H TFT samples used in C-V measurements were the same ones used in -V
measurements (see section 2.3.2). The capacitance between the gate and source of a-Si:H
TFT for Vps = 0 V was measured by using various frequencies at room temperature (23
°C). Since Vpg = 0 V, the source side and drain side of TFT are symmetrical, so the
investigation on only source side is sufficient. Besides, since there is no static current
between source and drain, there is no voltage drop across Rg. Therefore, Vg = Vs,

int "

The impendence between the gate and source of a-Si:H TFT was measured by using
Agilent® 4284 LCR meter and a Cascade® Summit® 12000 probe station. During C-
V' measurements, LCR meter was set to “Cs-Rg” mode, in which it uses an equivalent
capacitor (Cgy) and an equivalent resistor (R§') connected in series to model the measured
impendence between the gate and source of a-Si:H TFT, as illustrated in Figure 2.18(a).

Static voltage sweeping was carried out in C-V measurements. Gate voltage was set at
virtual ground level. The static voltages at source and drain were kept equal to each other
(i.e., Vps = 0 V) while they were being swept. After a static bias voltage was assigned to
source and drain, LCR meter applied a sinusoidal voltage signal to source. By using the
measured amplitude and phase angle of gate transient current and the equivalent model
shown in Figure 2.18(a), LCR meter calculates and reports the values of C¢y and R

2.6.2 87%, ngch, and R%S

The source side of the a-Si:H TFT model improved in this research (see Figure 2.4) is
redrawn in Figure 2.18(b). Note that transient current source ig,, is replaced by Cgg,, for
the convenience of following discussion. The model shown in Figure 2.18(b) is different
from the one used inside LCR meter (see Figure 2.18(a)), so the data of Cgy and RY
obtained from LCR meter can not be directly used in the proposed model. Therefore, a
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Figure 2.18: Dynamic models: (a) used in Agilent® 4284 LCR meter (Cs-Rg mode), and
(b) used in this thesis for parameter extraction.

parameter extraction method was developed in this research by linking the proposed model
to the one used in LCR meter. The impendence between G and S in Figure 2.18(b) is

Zorg = 1 (5C650) + Bus 1/ (sCG5) | p (2.95)

[ 1/ (sCas,,) + Res |+ 1/ (sCg5)
R, C?
ey 2 ’S GSCh P} + RS
(C&s + Cas.,)” + (Cgs Cas,, Res w)

(C% + Cas,,) + (Cas,, Rus w)°C8%

—J (2.96)
w [(C&s + Cas)® + (Casy, Rais w)*Cs”]
1
— R _ . 2.
Rg jwcgqs (2.97)
Therefore, Rg and Cgly are the functions of w (= 27 f):
R, sC?%
R = 5 GSen + Rg, (2.98)
S 2 2
(C&s + Cas.,)” + (Cgs Cos.,, Res w)
C«gt,:{g — (Cgﬁ}g + C(G’Sch)2 _I_ (CGSch Rx7S w)QCg)SQ (299)

(C%% + Cas.,) + (Cas,, Rus w)’C

Parameters C¢gy, Cgs,,, and R, g were extracted from measurement data by using Eq.
(2.99). First, since Eq. (2.99) reduces to Cgly = C%y if Cgs,, is zero, Cg was extracted
as the average of the values of C¢ly when TFT is OFF, which is C%y = 0.482 pF. Since
C&y = CouWLeys (see section 2.5.4), C,, = 19.3 nF/cm?. Then, for each given Vs,
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Figure 2.19: Extracted data (symbols) and fitted model (curves) of (a) Cgl vs. Frequency,

top to bottom: Vg = 20, 15, 10, 5, 4, ..., 0 V; (b) Cgk (thin) and (Cgs,, + C&%) (thick)
vs. Vs, top to bottom: Frequency = 500, 1 k, 5 k, ..., 1 MHz. L4 = 50 pm.
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Ceas,, and R, s were extracted by fitting Eq. (2.99) to the measurement data of Cgl
vs. Frequency. For illustration, the extraction of Cgg,, and R, s for Ly, = 50 pm is
presented in Figure 2.19(a). The plot is redrawn in Figure 2.19(b) as Cgly vs. Vigs. The
extracted values of (Cgg,, + C%%) are indicated as the thick symbols in Figure 2.19(b).

2.6.3 Fgg

Fss was calculated by using Fss = R,s/ (Rch\VDmSm:o), which was derived from Eq.
(2.93). The data of R, g vs. Vs was extracted as described in section 2.6.2. The data of
Renlvp, 5. =0 vs. Vgs was obtained by using Eq. (2.90)-(2.92). Eq. (2.89) was fitted to the
calculated data of Fss vs. Vgs to extract the parameters in Eq. (2.89). For illustration,
the fitted model of Fgg for L5 = 50 pm is presented as the curve in Figure 2.20(a), for
which the extracted values are Fj,; = 11.83, Fjo = 0.717, I3 = 2.33 V, Iy = 0.127 V,
Fys =115V, Fpg =24.39 V, FiexMin = (353 and Fya® = 7.20 x 1075,

2.6.4 Ci9 7105 Vr, and RatiOéIL//IV

The extracted data of Cgg,, vs. Vs was used to extract Cj, no, Vo, and Ratioé{;/ - Cas.,

is the sum of two capacitance components: (1) the part associated to (LSY,/2), and (2)

the part associated to ALgXar. Therefore, the formula of Cgg,, was derived as follows:
Casy, = CierfW Lign /2 + C;WALG),, (2.100)

CiW (Lumask + Ratio3E - ALLY ) /2

14+ 2exp {—(VGS‘”VT)}

+ C;W (Ratiogy y - ALE,,,) . (2.101)

10 Vin

Note that the data of ALY, and ALY, vs. Vgg is already extracted in section 2.3.3.
For a given Ly, Eq. (2.101) is fitted to the extracted data of Cgg,, vs. Vas to extract
Ci, no, Vr, and Ratioé‘L// ;v For illustration, the data and fitted model for L,,,s; = 50 pm
are presented as the thick symbols and curve in Figure 2.19(b), for which the extracted

values are C; = 14.7 nF/em?; o = 30.93, V7 = 1.97 V, and Ratioé‘L,/W = 1.001.

2.6.5 Empirical Model of V"

The value of Vi extracted from C-V measurement data and used in dynamic model is
denoted as V,.¢V. It may not be equal to Vi, which is the threshold voltage extracted from
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Figure 2.20: Extracted data (symbols) and fitted model (curve or line) of (a) Fsg vs. Vgs

for Lomast, = 50 pm, and (b) VY vs. 1/Lask-
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I-V measurement data (see section 2.3.4). VTCV is lower for a shorter L,,.sx, as shown
in Figure 2.20(b). This dependence could be explained as follows. For a shorter L,,qsk,
channel resistance is smaller, so R, g is smaller. Therefore, when Vg is close to Vi, the
measured Cfy is significantly larger (refer to Eq. (2.99)) than its expected value when
assuming Cgl is strictly proportional to Lyqsk. As a result, when L., is shorter, the
measured Cgl starts to increase with Vg at a lower Vgg, so VY is lower. More in-
depth investigations are need to further clarify the mechanism of this phenomenon. For
practical consideration, to facilitate the usage of dynamic model in circuit simulation, the
dependence of V&V on Ly, is empirically modeled by using

VSV = Sy, Lingsk + V& et (2.102)

where Sy, and V5™ are fitting parameters, whose values were extracted by fitting Eq.

(2.102) to the data shown in Figure 2.20(b): Sy, = —1.11 x 1075 V/m, VS = 222
V. VEV is used to replace V in Eq. (2.79) and (2.84) when they are implemented in the
model file of a-Si:H TF'T for circuit simulation.

2.6.6 Parameter Optimization and Model Verification

To further improve the accuracy of dynamic model, the values of the parameters used
in dynamic model were optimized for the globally best fitting of dynamic model to C-
V' measurement data for various L,,.,s;. The optimized values of parameters are C; =
14.9 nF/cm?, ny = 36.96, Ratioé‘e/w = 0.892, F} = 12.02, Fpp = 1.90, Fp3 = 248 V,
Fou = 0.0947 V, Fps = 0.792 V, Fpg = 18.44 V, FyexMn = (5 F¥in = 541 x 1077,
Sy, = —1.11 x 107® V/m and V,ZV"™P" = 292 V. For Lyes = 100, 50, 20, and 10 pm,
the dynamic model improved in this research is verified by the comparison between the
C-V measurement data and the fitted model when using the optimized parameter values,
as shown in Figure 2.21, 2.22, 2.23, and 2.24, respectively.

2.7 Summary

For the static model and parameter extraction of a-Si:H TFT, the contributions made in
this research are summarized as follows. (1) The gate-voltage dependence of contact resis-
tance and channel length extension was extracted by using an improved method, described
by using empirical models, and incorporated in static model. (2) A new method to extract
v, Vp, and V44 was developed to correct the inaccuracy caused by gate-voltage-dependent

ol



eq B - -
_12 CGS 'S VGS for different Freq. VDS—OV, Lmask—looum

x 10

0 ! ! ! !
-5 0 5 10 15 20
Vas V)
(a)
eq - - -
w1072 CGS vs Freq for different VGS’ VDS—OV, Lmask—looum
4.5 T T T

w v

S —k—k

10
Freq (Hz)

(b)

Figure 2.21: Measurement data (symbols) and fitted model (curves) of (a) Cgk vs. Vs,
top to bottom: Frequency = 500, 1 k, 5 k, ..., 1 MHz; (b) Cgl vs. Frequency, top to
bottom: Vgg = 20, 15, 10, 5,4, ..., 0 V. L0 = 100 pm.
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Figure 2.22: Measurement data (symbols) and fitted model (curves) of (a) Cgk vs. Vs,

top to bottom: Frequency = 500, 1 k, 5 k, ..., 1 MHz; (b) Cgl vs. Frequency, top to
bottom: Vgg = 20, 15, 10, 5,4, ..., 0 V. Luse = 50 pm.
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Figure 2.23: Measurement data (symbols) and fitted model (curves) of (a) Cgk vs. Vs,
top to bottom: Frequency = 500, 1 k, 5 k, ..., 1 MHz; (b) Cgl vs. Frequency, top to
bottom: Vgg = 20, 15, 10, 5, 4, ..., 0 V. Lyasr = 20 pm.
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Figure 2.24: Measurement data (symbols) and fitted model (curves) of (a) Cgk vs. Vs,
top to bottom: Frequency = 500, 1 k, 5 k, ..., 1 MHz; (b) Cgl vs. Frequency, top to
bottom: Vgg = 20, 15, 10, 5, 4, ..., 0 V. Lyasr = 10 pm.
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contact resistance and channel length extension. (3) The extractions of A and my,, were
improved by taking into account contact resistance. (4) A new extraction method of aq
was developed to correct the inaccuracy caused by gate-voltage-dependent contact resis-
tance, channel length extension, and channel length modulation. (5) The dependence of A
on L,,qsk 18 described by using an empirical model.

For the dynamic model and parameter extraction of a-Si:H TFT, the contributions
made in this research are summarized as follows. (1) Charge-based dynamic model was
improved to improve its convergence in transient simulation. (2) Channel length extension
is taken into account to improve model accuracy, especially for short-channel TFTs. (3) A
method was developed to extract the parameter values needed in the improved dynamic
model. (4) The dependence of Fsg on gate voltage is described by using an empirical
model. (5) The dependence of VTC Voon Lyask is described by using an empirical model.

The presented static model of a-Si:H TFT was implemented by using Verilog-A Hard-
ware Description Language. The presented parameter extraction methods were implement-
ed by using MATLAB® programming language. The accuracy of the model and parameter
extraction methods is verified by measurement results. For above-threshold I-V charac-
teristics, typical relative errors between simulation and measurement results are less than
5%. For C-V characteristics, when frequency is high (i.e., > 100 kHz) and Vi is close to
Vr, there are large relative errors between model and measurement data. However, this
may not be a major concern in circuit design, since a-Si:H TFTs are not operated in this
region in typical applications. In other cases, relative errors are typically less than 10%.
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Chapter 3

Circuit-Level Aging Simulation of
a-Si:H TFT

A method to simulate the aging of a-Si:H TFT by using circuit simulator is very helpful for
the investigation of the impact of TFT aging on circuit performance and the improvement
of circuit stability. A lot of previous researches were focused on the physical mechanism of
the threshold voltage shift (AVr) of a-Si:H TFT. Simple physical models were developed
for some fixed stress conditions. However, in circuit operation, stress conditions may vary
over stress time. Besides, conventional physical models use closed-form analytical formulas.
However, the circuit-level simulation of AV requires transient simulation, which needs the
differential equations of AVzy. These issues were addressed in this research.

In this chapter, conventional AV; models of a-Si:H TFT are reviewed first. Then,
the differential equations derived for the transient simulation of AV, are presented. The
influence of the finite response speed of a-Si:H TFT on AVy is taken into account. The
effectiveness of the proposed AVy simulation method is verified by measurement results.

3.1 Review of AV; Models

3.1.1 Constant Voltage Stress
The aging of a-Si:H TFT under gate voltage stress is a primary issue for its applications.

Typically, it can be characterized as threshold voltage shift (AVr), which can be attribut-
ed to two mechanisms: (1) the defect state creation in active layer and (2) the charge
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trapping in gate dielectric [11,12]. The dominance of these two mechanisms depends on
stress condition. Charge trapping dominates under high gate voltage stress, while defect
state creation dominates under low/medium gate voltage stress (e.g., |Vas| < 30 ~ 50 V,
depending on gate dielectric quality) [11,12,33-37]. Since the gate voltages of the a-Si:H
TFTs used in AMOLED displays are typically low/medium, defect state creation is the
dominant AVy mechanism of the a-Si:H TFTs used in AMOLED displays.

Positive (negative) gate stress voltage leads to positive (negative) AV and therefore
decreased (increased) Ipg [38]. A-Si:H TFTs are used as switches in their conventional
applications (e.g., LCD displays). Comparing to total operation time, the time during
which a switch TFT is ON (i.e., being applied with an above-threshold gate voltage) is
negligible, so the AVy of a-Si:H TFT in those conventional applications is not significant.
However, in AMOLED displays, a-Si:H TFTs are used as drive TFTs, which drive OLED
currents, as well as switch TF'Ts. Drive TFTs are always or mostly ON when AMOLED
display operates, so their aging is much more significant than that of switch TFTs. Besides,
different stress histories result in different AV7 in different pixels, so the uniformity of pixel
performance across a display panel may degrade over stress time.

Charge Trapping

The charge trapped in a-SiN,:H gate dielectric causes AVy. Charge trapping is dependent
on N/Si ratio. A larger N/Si ratio results in less trapping states in a-SiN,:H and thus a
smaller AV caused by the charge trapped in a-SiN,:H. Therefore, for a larger N/Si ratio,
charge trapping dominates only under a higher gate voltage [36,37,39,40].

Charge trapping occurs at a-SiN,:H/a-Si:H interface and in the bulk of a-SiN,:H near
the interface [11]. a-SiN,:H has a high defect density [38]. When a gate voltage is applied,
the energy barrier between the charge in the states near the band edge of a-Si:H and
the trapping states in a-SiN,:H is lowered, so charge tunnels from a-Si:H into a-SiN,:H.
Tunneling charge is first trapped in the states at a-SiN,:H/a-Si:H interface, and then moves
to and is trapped in the states in the bulk of a-SiN,:H for a longer stress time, a higher
stress voltage, and/or a higher temperature [11].

Defect Creation/Removal
For a-Si:H TFT with nitride-rich a-SiN,:H gate dielectric and low/medium gate voltage,

defect state creation/removal in a-Si:H near a-Si:H/a-SiN,:H interface is the dominant AV
mechanism [11,33-37,12—11]. If a positive Vg > Vi is applied, electrons are accumulated

o8



in a-Si:H near the interface. Some weak Si-Si bonds are broken by the accumulated elec-
trons and become dangling bonds (i.e., defects states) [12]. The created defect states are
distributed in the lower part of the band gap of a-Si:H and trap the electrons from conduct
band tail states. Since the density of electrons in conduction band tail states is reduced,
there is a decrease of Ipg, which can be characterized as a positive AVr. If a negative gate
voltage is applied, holes are accumulated in a-Si:H near the interface, so some defect states
are removed from the lower part of band gap [34,35]. Since less electrons are trapped in
defect states, there is a increase of Ipg, which can be characterized as a negative AVr.

Several models were developed by previous researchers to describe the AVy caused by
the defect state creation/removal under constant voltage stress. A widely used AVy model
is stretched exponential model:

AV = (Vgs — Vi™) {1 — exp [— (Tit) BSt] } : (3.1)

where V" is the initial V7 of a fresh TFT before aging test, ¢ is stress time, 7y is
characteristic time constant, and [ is stretched exponential exponent. 7 and [, are
dependent on gate voltage polarity, temperature, and process technology. The value of
Bst is about 0.5 for above-threshold gate stress voltage, and 0.3 for negative gate stress

voltage [38]. Eq. (3.1) can be approximated by a power-law AVy model if ¢ < 74 [30,38]:
o t Bst
AVr = (Vgs — V") <T—> : (3.2)
st

In addition, previous researchers also observed that AVy has a power-law dependence on
gate stress voltage [38,15-55]. It can be modeled as

| AVr |= A [Vgg — V" 17 (3.3)
where A, ag, and Sy are dependent on gate voltage polarity [35]. For above-threshold
gate voltage, the range of ay is about 1 ~ 2. For negative gate voltage, the range of ay
is about 3 ~ 4 [15]. The comparison between Eq. (3.2) and Eq. (3.3) indicates that 7 is
dependent on |Vgg — V47| [38,54]. The dependence can be expressed as

1 init | st
Tt = 1/ [Vas — V™| 7. (3.4)
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Effect of Drain Stress Voltage

The AVy models discussed above are based on the assumption that Vpg = 0 V. This may be
a reasonable assumption for the switch TFTs used in AMLCD and AMOLED displays. In
contrast, the drive TFTs of OLEDs in AMOLED displays are biased in saturation region,
where Vpg # 0 V. Therefore, the dependence of AVy on Vpg is discussed as follows.

For low/medium above-threshold gate stress voltage, the dependence of AVy on Vpg
is explained by relating AVr to the profile of local density of mobile electrons along the
channel of a-Si:H TFT [27,55-57]. When a n-channel a-Si:-H TFT is ON, the local AV in
channel is proportional to local defect density, and the increase rate of local defect density
is proportional to the local density of mobile electrons. The AVyp extracted from [I-V
characteristics is an average of the AV profile along channel. The influence of different
Vps levels on AVy is discussed as follows [27,55-57].

o If Vg > Vi and Vpg = 0V, mobile electron density, defection creation, and therefore
AVr, are uniform along channel, so the extracted AVr has a maximum value.

o If Vs is kept the same, but Vpg > 0 V, mobile electron density, defection creation,
and therefore AVy are reduced near drain, so the extracted AVy is smaller.

e If Vpgs is so high that TFT is in saturation region, the mobile electrons at a-Si:H/a~
SiN,:H interface exist in channel only between source and pinch-off point. From
pinch-off point to drain, electrons are not concentrated at the interface. Therefore,
defect creation is limited in the part of channel between source and pinch-off point.

e If Vpg is further increased, pinch-off point moves towards source, so defect creation is
more limited toward the source side of channel. Besides, when TFT is in saturation
region, pinch-off point location and channel electron density do not vary significantly
with Vpg, so the extracted AVr is not significantly dependent on Vpg.

To take into account the dependence of AVy on Vpg for the a-Si:H TFT stressed by above-
threshold gate voltage in linear region, the authors of [56] modified Eq. (3.3) as

AV = A (Vgs — Vi) ¢ (%) : (3.5)

where ag = 1 is assumed. In Eq. (3.5), Q¢ is the channel charge when Vpg =0 V:

Qco=CWL(Vgs — Vr), (3.6)
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which is the maximum channel charge for a given Vg, because channel is uniform when
Vps = 0 V. Besides, ()¢ is the channel charge when Vg and Vp are both higher than Vi:

(Vas — Vr)* = (Vap — Vp)°
(Vas — Vr)* = (Vap — V)’
where C; is the gate dielectric capacitance per unit area, and W and L are channel width
and length, respectively [58]. If Vop — Vs, Qa/Qco — 1, Eq. (3.5) reduces to Eq. (3.3).

If Vep — Vi, Qa/Qco — 2/3. If Vigp is further reduced beyond Vi, TFT is stressed in
deeper saturation region, Q¢ /Q¢o remains as 2/3 [50].

Qo — ; CWE (3.7)

The dependence of AVy on Vpg when n-channel a-Si:H TFT is stressed by negative
gate voltage is mentioned in [50], but is not deeply investigated in literatures.

AVy under Zero Voltage Stress

After gate stress voltage is removed, the density of defect states reduces, and the charge
trapped in defect states de-traps [38,59], so Vr recovers toward its initial value of fresh
a-Si:H TFT. This behavior of Vr is described by using a stretched exponential model:

t Braz
Trex

where Vr (0) and V(00) are the values of Vi at the beginning of relaxation phase and after
infinite time, respectively, and f,., and 7., are empirical parameters [59]. As presented

in [59], at temperature 403 K and after long enough relaxation time, Vi eventually comes
back to its initial value of fresh a-Si:H TFT, i.e., V(oo) = V7.

Vp = [Vr (0) — Vr (00)] - exp

+ Vi (00) , (3.8)

3.1.2 Step-Increasing Voltage Stress

A step-increasing gate stress voltage is shown in Figure 3.1 [51]. A method to predict the
AVy for this stress condition is presented in [51]. Based on Eq. (3.1), f Vs, t) is defined:
L. t 6St
f (Vgs, t) = AVT = (VGS — V%nlt) 1— exXp | — (T_) s (39)
st

where 7, is defined essentially the same to Eq. (3.4):

o = Ko |Vas — V%Mt|% : (3.10)
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Figure 3.1: Diagram for a step-increasing gate stress voltage.

In this method, AVr;, which is the AVy at t = ¢4, is calculated by using Eq. (3.9). When
calculating AVrp,, which is the AVp at t = to, ¢; is replaced by effective time ti{ { , which
is the ¢ calculated by using Vg2 and AVz, in the inverse function of Eq. (3.9):

tiﬁ = f (Vasz, AVra). (3.11)
Then, by using t;{ { and Viggo in Eq. (3.9), AVr, is calculated as
AV = f [Vasa, t4] + (= 1) . (3.12)

Eq. (3.11) and (3.12) are generalized respectively as

tol 1y = Vasoy AVrmo) (3.13)
AVrm = f [VGS,(n)a tiif,{n_n + (tn — tn_l)] : (3.14)

which are used iteratively to calculate the AVp at t =t, (i.e., AVp ) [51].

3.1.3 Regular Pulse Voltage Stress

Dependence on Frequency

In a period of unipolar pulse gate stress voltage applied to a-Si:H TFT, there are two phases:
stress phase (i.e., Vgs # 0 V) and relaxation phase (i.e., Vgg = 0 V). The duration of stress
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phase is pulse width. The ratio of the duration of stress phase to that of relaxation phase
is duty ratio. For a given duty ratio, pulse width is inversely proportional to frequency.
The dependence of the AV of a-Si:H TFT on frequency depends on the polarity of pulse
gate stress voltage [38,00]. If a-Si:T TFT is stressed by a positive pulse gate voltage, only
if frequency is not too high, AVr is essentially independent from frequency [38,60]. In
contrast, if it is stressed by a negative pulse gate voltage, |AVy| decreases when frequency
is increased, and vanishes when frequency is high enough [35].

The frequency-dependence of AVy is due to RC-delay effect [38,00]. This is because
|AVr| depends on the density of mobile charge in channel, and charging/discharging chan-
nel is not instantaneous. RC-delay effect can be modeled by an equivalent circuit proposed
in [38], which yields the formula of the voltage across gate dielectric in stress phase:

C; —t
g 1 ——* . - 1
V; VG Cs + CZ eXP (TRC)l ’ (3 5>

where Tgc is time constant:
Tre = Rs (Cs + (i), (3.16)

Vo is gate voltage, C; is gate dielectric capacitance, Cs and Rg are the capacitance and
resistance between source and a-Si:H/a-SiN,:H interface, and ¢ is time [35].

When a positive pulse gate voltage is applied to a-Si:H TFT, since (1) contacts operate
as ohmic resistors with relatively low resistance and (2) channel is formed and therefore
its resistance is relatively low, Rg is small. Therefore, Tgo is small (e.g., Tre is around
1 us for channel length 10 pum [38]), and electrons can rapidly charge/discharge channel.
Only if frequency is not too high (e.g. below 100 kHz [60]) and duty ratio is not too
small, the internal stress voltage across gate dielectric (i.e., V;) is approximately equal
to external stress voltage (i.e., Viz), so the density of electrons accumulated at a-Si:H/a-
SiN,:H interface in stress phase is not significantly dependent on pulse width. Therefore,
AV is approximately independent from frequency [3%,60].

When a negative gate voltage is applied to a-Si:H TFT in stress phase, holes are attract-
ed from contacts to channel. However, it is hard to collect holes from n* nc-Si contacts.
Contacts act like reverse-biased diodes [17], preventing holes from rapidly charging chan-
nel. Therefore, in stress phase, the magnitude of V; is much smaller than that of V. Rg
is large, so is Tre (e.g., Tre is on the order of 1072 s in [38]). For a given duty ratio,
when frequency is higher than a certain level (e.g. tens Hz in [38,60]), pulse width is too
short for enough holes to be collected at a-Si:H/a-SiN,:H interface to cause a significant
AVrp. In contrast, in relaxation phase, gate stress voltage is removed, and holes leave from
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channel. In this case, it is easy to collect electrons from n* nc-Si layer. Contacts act like
forwarded-biased diodes, allowing holes to rapidly leave from channel, so AV mechanism
rapidly stops. Therefore, when a-Si:H TFT is stressed by a negative pulse gate voltage, it
is hard for holes to enter channel to cause AV in stress phase, but easy to for them to
leave from channel to stop AVz in relaxation phase. As a result, a higher frequency (i.e.,
short pulse width) leads to a smaller |AVr|.

Dependence on Duty Ratio

Under pulse voltage stress, the dependence of AVy on duty-ratio is another important
factor. For a given frequency, a smaller duty ratio results in a smaller AVy because of
(1) a shorter stress phase and therefore less time for |[AVr| to increase, and (2) a longer
relaxation phase for AVr to recover back toward zero [38,01].

AVyr Model under Regular Pulse Voltage Stress

The AV of the a-Si:H TFT stressed by a bipolar pulse gate voltage is modeled in [50]:
AVr (t) = AV + AVy = AV) — |AVL | (3.17)

o [/t DR\
St{l_eXp _( - ) }'f+(VDS)
st

. T 1 5
a“{l_@® _(t(lDRd
Tst

_ + init
- |VGS - VT

— |Vas = Vi

} -~ (Vps) - Fpw, (3.18)

where AVT+ ) is the AVr under positive (negative) gate stress voltage, chf S(f) is the positive
(negative) level of gate pulse voltage, ¢ is total stress time, DR is the duty ratio of gate pulse
voltage, (t- DR) is the effective stress time of above-threshold gate voltage, t- (1 — DR) is
the effective stress time of negative gate voltage, and the minus between AV, and |AV |
reflects the fact that Vi shifts in opposite directions under positive and negative gate stress
voltages. Besides, f* (Vpg) describes the dependence of AV, on Vpg:

N init 2 init 2 it ’

3 (Vs — Vimt)* — (Vs — Vps — Vrt)* (Vs = Vi)
f~ (Vpg) describes the dependence of AV, on Vpg:
Vbs

(V%nzt _ VG_S) ’

J~(Vos) =1+ o (3.20)

64



and Fpy describes the dependence of AV, on pulse width PW:

TRC TRC (_PW)

przl——+—ep

B T i & (3.21)

TRC

Eq. (3.21) is based on the RC-delay model at Eq. (3.15) and (3.16) [38].

To take into account the recovery of AVr when gate voltage is zero (i.e., in relaxation
phase), another modified stretched exponential model to describe AVr is presented in [61]

} . (3.22)

In this modified model, Vg is replaced by V.s;. When total stress time is long enough, in
a cycle of pulse gate voltage, the increase of Vi in stress phase is canceled by the decrease
of Vr in relaxation phase, so Vi saturates at Vopp = V3% = (V" 4+ AVj). Defining T}
and Ty as the durations of stress phase and relaxation phase, respectively:

Tst

AVr (t) = (Vegp — V™) {1 exp [_ <i>ﬂst

T, =1/f - DR, (3.23)
T, =1/f-(1— DR), (3.24)

where f is the frequency of pulse gate voltage, the formula of AV is derived in [01]:

Al/sat Tﬁl
T i L o (3.25)
Vas — Vr T + KTy

where k, 1, and (s, are empirical parameters. Eq. (3.22) and (3.25) can be used together
to describe the dependence of AVr on the duty ratio of pulse gate stress voltage.

3.1.4 Variable Voltage Stress

In large signal operations (e.g. in AMOLED display), Vgs and Vpg of a TFT may vary
over time. The authors of [51] developed a method to estimate AVy under variable voltage
stress. In this method, a parameter Age is defined as a linear function of stress time. Then,
the increment of Age is calculated by using the following formula:

ti
AAge (At;) = / AP exp (—Ea/BKT) [Vas — nVps — Vi Pt (3.26)
tz

i —1
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where Vg and Vpg are assumed as constant during At; = t; — t;_1. Then, the values of
AAge are summed together to obtain the total Age at the end of the stress time Z,,:

N
Age (tao) = > AAge (At;). (3.27)

i=0
Finally, Age and AV are extrapolated to estimate the AV at a user-specified time (¢44):

AV (fage) = {%6 Age (tarop) r. (3.28)

stop

3.1.5 Summary of Conventional AV, Models

Several conventional AVy models of a-Si:H TFT for different stress conditions are reviewed
in this section. However, these models are not suitable for circuit-level AV, simulation:

e Some AVy models can be used only for constant stress voltage. However, this stress
condition may not be the case for practical circuits, because the AVy of the TFTs
in the circuit may change the stress conditions of those TFTs.

e When stress time goes to infinity, the AVr of the TFT stressed by a constant Vgg
eventually saturates at a constant level. However, some AV; models assume a power-
law or logarithmic dependence on stress time, so they predict that AV eventually
goes to infinity. Therefore, they are not suitable for long-term AV, estimation.

e Conventional AVy models for pulse voltage stress assume that the magnitude, fre-
quency, and duty ratio of pulse voltage are all fixed for the entire stress time. How-
ever, in a circuit, the AVy of TFTs may cause the variations of the magnitude,
frequency, and/or duty ratio of the stress voltages of the TFTs in the circuit, so
those AVy models may not be suitable for the simulation of AV in a circuit.

e The accuracy and computational cost of transient simulation depend on the size of
time step. If voltage varies fast, time step should be smaller to guarantee simulation
accuracy. If it varies slowly, time step should be larger to reduce computational cost.
Modern commercial circuit simulators (e.g., Cadence® Spectre®) can automatically
adjust time step for an appropriate trade-off between accuracy and computational
cost, so AVr model should be made compatible to such a kind of circuit simulators.

e To maximize the applicability of the method of circuit-level AVy simulation, the
method should be based on a widely accepted physics-based AVy model. Therefore,
stretched exponential AVy model should be used as the basis of AV simulation.
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3.2 Circuit-Level AV, Simulation

In this research, considering the aspects listed in section 3.1.5, differential equations of
AVr were derived and implemented in a model file of a-Si:H TFT, which was used with a
circuit simulator to simulate the AVy of a-Si:H TFT by using transient simulation.

3.2.1 Channel RC-Delay Effect

If external stress voltage varies so slow that the charge in the channel of a-Si:H TFT can
fully follow up, external stress voltage is fully applied across gate dielectric, so the dVip/dt
at an arbitrary time instant can be calculated by directly using the formulas derived from
the AVr model for constant stress voltage. However, if external stress voltage varies so
fast that channel charge can not fully follow up, the delay inside TFT affects AVy.

The delay of the response of channel charge can be modeled by using a simple RC' circuit
illustrated in Figure 3.2(a) [38]. It describes the electron/hole accumulation/removal in
channel. The channel charge on source side when TFT is ON is discussed as follows. The
one on drain side can be analyzed in the same way. [g ;. is the total resistance from source
terminal to a-Si:H/a-SiN,:H interface. If TFT is ON, contact region acts like an ohmic
resistor, and Rg ot = Rglt\zt. C? and C§, are the capacitances across dielectric and a-Si:H,
respectively, on source side. The following differential equation was derived for V;°:

av;s Vas — VS

7

— . 3.29
g = RO, (C5 4 C5) (3.29)

When Vg varies, at an arbitrary time instant ¢, the net charge at a-Si:H/a-SiN,:H interface
on source side (i.e., on node A in Figure 3.2(a)) is

Qa=—-C2VZ+Cg (Vas — V°). (3.30)

If Vg is constant and equal to (—QA/Cf), V& =0V, V¥ = Vgg, so the net charge on
node A is also Q4. Therefore, the net charge on node A induced by variable Vgg is the
same to the one induced by constant Vgs = —Q4/C?. So, Vééf is defined so that

CIVEY = —Qa = CPVP — O35, (Vas — V7). (3.31)

Substituting the expression of V;* derived from Eq. (3.31) into (3.29) yields the differential
equation to describe the dependence of ng;f on Vgs

Vs Vos = Ve

~ . 3.32
dt RO, (C5 4 ) (3.32)
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Figure 3.2: Model the influence of RC-delay (source side) on AVr: (a) equivalent circuit
and (b) simplified circuit.

Eq. (3.32) is valid when VS > V7. Note that CF, < CF is assumed for simplicity when
deriving Eq. (3.32). The equivalent circuit of Eq. (3.32) is shown in Figure 3.2(b).

The RC-delay effect when TFT is OFF is modeled in a similar way. Note that the
behavior of contact region when TFT is OFF depends on the direction of transient current
[17]. If transient current is flowing from contact to channel, contact acts like a reversely-

biased diode, so Rgtot’rvs is relatively large. On contrary, if transient current is leaving from

channel to contact, contact acts like a forwarded-biased diode, so Rg};;’fw‘i is relatively
small. Therefore, the values of Rg;, for these two cases are significantly different.

The above discussions and formulas for different conditions are summarized as follows:

dvgl! Vs — Vel

o e (3.33)
where
Ts = R (C + CF) (3.34)
and
RO VaE =V,
Rsuor =4 Ragp™ VEE <V and Vas < VY, (3.35)
R ™ VEE < Vpand Vgg > VEL.

Note that Rg,g’de < RgfoFt’Ws, because the equivalent resistance of a diode when it is
forward-biased is much smaller than that when it is reverse-biased. In other words, when
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Figure 3.3: Bipolar pulse Vgg(py (red curve) and VGEJ;,{ D) (blue curve).

TFT is OFF, removing holes from channel is much easier than gathering them into channel.
Figure 3.3 shows Vg and V55 modeled by Eq. (3.33)-(3.35) when electrons/holes are being
gathered /removed at a-Si:H/a-SiN,:H interface.

The same model of RC-delay effect can be built on drain side:
Ve . Vep = Vép

- e (3.36)
where
70 = Rp o (CF + CF) (3.37)
and
RN, Ve >,
Rpuot = RYi™ VEH < Vi and Vap < VY, (3.38)
f

RO VEY < Vp and Vgp > VEH

In short, given Vs (t), Vap (t), and parameter values, Eq. (3.33)-(3.38) are used to calcu-
late V5% 1 (t) and V54 (t), which are used in AV; simulation.
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3.2.2 Definitions of Stress Voltage

To take RC-delay into account, Vééf and VGeJ;f , instead of Vg and Vgp, are used in AV
simulation. If condition V5l < VEL is not satisfied, the values of V5L and ViSY are
interchanged before being used in AVr simulation. For the convenience of the discussions
in following sections, V; is defined as

Vo (1) Vceéf (t), Vééf > max{Vr (t), VTz‘m't : 0
(1) = ° € e . .

t [chf (t) + VGfo (t):| /27 VGé‘f < maX{VT (t) ’ V%nzt}.

Note that Vi = (VG + VS))/2 is a simplistic approximation adapted from [50]. A

device-physics-based AVy model for Vé’;f # Véfo when TFT is OFF is unavailable from
literatures. However, simulation convergence requires a AV model to be defined for this
condition. Since this research was focused on the simulation method instead of physical
model of AV, that simplistic approximation of Vi adapted from [50] is used in Eq. (3.39).

3.2.3 Above-Threshold Gate Voltage Stress

When a-Si:H TFT is stressed by a low/medium gate voltage, defect creation/removal is
dominant AV mechanism. It can be described by stretched exponential model (Eq. (3.1))
or power-law model (Eq. (3.2) or (3.3)). When stress time goes to infinity, all electrons
in channel are trapped in defect states. Since no mobile electron remains in channel, no
more defect is created, and AVy saturates at (Vgg — V2. Stretched exponential model is
consistent to this trend. In contrast, power-law model predicts that AVy goes to infinity.
Since the prediction of stretched exponential model is more reasonable, it was used to
derive the differential equations for AV; simulation.

The following formulas were derived based on Eq. (3.1), (3.5)-(3.7), and (3.10) for the
AVr of the a-Si:H TFT stressed in above-threshold region:

B
AV () = (Ve — Vi) {1 ~exp [_ (%) ] } gGGO, (3.40)

+
lfozst

T = K3 [V = V| 7 (3.41)

where
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1, VT = v,

Qe o | (Varvimit) (vl —vir)’ 1 eff < it
= 2 \'s . _ : 3.42
QG70 3 (Vstfv,}nit)2*(VGefo*V%nit)Q (Vstiv%nzt) ) VG’D € [VT ) ‘/:St) ) ( )
2/3, Vel < vt

describes the dependence of AV on drain voltage, and o}, B84, 7.7, and K}, are the values
of parameters for positive constant gate stress voltage. Differential equations of AV;, which
can be used by circuit simulator for AVy simulation, were derived based on Eq. (3.40).
As illustrated in Figure 3.4(a), assuming V;; switches from subthreshold region to above-
threshold region (i.e. V; crosses max {Vr (t), Vi"1) at time instant ¢gyn, the differential
equations of AVy for different initial conditions at ¢, are presented as follows.

If AVr (tswiten) = 0 V' In this case, the following equation was derived from Eq. (3.40)

+
55t

o t— tswitch - ti{f
AVr(t) = (Ve — Vi) S 1 —exp | — ( — ) @, (3.43)
Tst QG,O

where tZ{ 7 is the t solved from Eq. (3.40) after substituting AVy (t) with AVy (tswiten)-
Treating Vi and VGefo as constants at time instant ¢, differentiating Eq. (3.43) yields

Q ini ]
N Y o (Ve = V™) — AVT} il AVp Qo 5%
at T;Z (Ve — ij;mt) Qc

. (3.44)

whose initial condition is AVr (tswiten) = Vo (Eswiten) — V4.

If AVr (tswiten) < 0V The AVy model of the a-Si:H TFT stressed by above-threshold gate
voltage with negative initial AVy (i.e. AVp (tswiten) < 0 V) is unavailable from literatures.
However, simulation convergence requires a AV formula to be defined for this condition.
Therefore, a simplistic approximate formula was derived by extending Eq. (3.40):

B
init init b= <tSWitCh B ti{f) Qa init
AVr (t) = Teff + (Vst - VT,eff) I —exp |— T -~ Y
Tst QG,O

(3.45)
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Figure 3.4: At tgypiten, Vi switches from (a) subthreshold to above-threshold region; (b)
zero to negative region; (c) subthreshold region to zero; (d) negative region to zero.
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where Vi1, = Min {Vr (t) ,t < towiten}, and /7 is the t solved from

B
Treating V; and VGe],;f as constants at time instant ¢, differentiating Eq. (3.45) yields
B -1
vy P[5 Ve vitg) ~ -] | T (e - i) Qe |
i - ) 0 ] |
(3.47)

whose initial condition is AVr (tswiten) = Vi (tswiten) — V. Since TFT is stressed by an
above-threshold gate voltage, AV, increases and eventually comes across zero if stress time
is long enough. Define t,.osszer0 as the time instant at which AVy increases across zero.
After terosszero, Vilepy 18 replaced by Vi, and dAVp/dt is calculated by using Eq. (3.44).

Summary Eq. (3.47) is a generalized formula of dAVp/dt. The values of V"%, used in
Eq. (3.47) for different conditions are summarized as

Vim't { ij;nit7 AVYT (tswitch) =0 Vort P tcrossZero;

_ 3.48
Telf Min {VT <t> 7t < tswitch} p A‘/T (tswitch) <0 V. ( )

3.2.4 Negative Gate Voltage Stress

For constant V < 0 V, the following equation is derived based on Eq. (3.1)

AVp (t) = (Vst - V:/Z;mt) {1 — €Xp [_ (%)ﬁ;] } ) (3.49)

where V; is defined in Eq. (3.39), time constant 7,; is

l—a_,

T = Ky [V — VM| o (3.50)

S

and oy, B4, T, and K, are the values of parameters for negative constant gate stress
voltage. Differential equations of AVy, which can be used by circuit simulator for AV
simulation, were derived based on Eq. (3.49). As illustrated in Figure 3.4(b), assuming
Vi switches from zero to negative region at time instant t,,:c,, the formulas of AV, for
different initial conditions at t,:n are presented as follows.
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If AVr (tswiten) < 0V In this case, the following equation was derived from Eq. (3.49)

eff\\ O
L. t— <tswitch - tst )
AVp(t) = (Vi — Vi) {1 —exp |- : (3.51)

Tst

where t/7 is the t solved from Eq. (3.49) after substituting AV (¢) with AV7 (fswiten)-
Treating Vi as a constant at time instant ¢, differentiating Eq. (3.51) yields

Bg—1

Bst

dAVp By (Vi — VM) — AVy]

dt T,

S

: (3.52)

I [1 _ L}
(Ve = V™)

whose initial condition is AVr (tswiten) = Vr (Eswiten) — VAL

If AVr (tswiten) > 0 V. The AVy model of the a-Si:H TFT stressed by negative gate
voltage with positive initial AVy (i.e. AVr (tswiten) > 0 V) is unavailable from literatures.
However, simulation convergence requires a AVy formula to be defined for this condition.
Therefore, a simplistic approximate formula was derived by extending Eq. (3.49):

eff Bst
L o t— (tswitch —tg > o
AVyp (t) = Il{?;f + (‘/st - VTZ“,neZ;f) 1—exp |— — _ V%nlt,
st
(3.53)
where V77t . = Max {Vp (t) ,t < towiten }, and /7 is the ¢ solved from
. . £\ Pst
Vir (tswiten) = Vitery = (Ve = Vildps) 41— exp | = (r_) ' (3.54)
st
Treating Vi as a constant at time instant ¢, differentiating Eq. (3.53) yields
po-1
A8Ve B [V = ViEly) = (e = VgL || [ = Vi)Y 5
dt T (Va=Vim) ]|

whose initial condition is AVz (tswiten) = Vr (tswiten) — VA", Since TFT is stressed by
negative gate voltage, AV decrease and eventually come across zero if stress time is long

enough. Define t. osszer0 as the time instant at which AVy decreases across zero. After
terossZeros Vj’éjg}f is replaced by Vi and dAVr/dt is calculated using Eq. (3.52).
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Summary Eq. (3.55) is a generalized formula of dAV7/dt. The values of Vi%}; used in
Eq. (3.55) for different conditions are summarized as

Vzmt _ { ij;nit’ AVVT (tswitch) < O v ort > tcrossZero;

3.56
Teff ™ Max {VT (t) 7t < tswitch} ) AVvT (tswitch) >0 V. ( )

3.2.5 Zero Gate Voltage

As illustrated in Figure 3.4(c) and 3.4(d), assume V; is switched from subthreshold region
or negative region to zero at ty,icn. When Vi is zero, AVy recovers toward zero due to
the removal of defect states in a-Si:H material. Assuming eventually V7 fully comes back
to Vimit g.e., Vi (00) = Vit the following formula was derived based on Eq. (3.8),

/Brew
ini t— tswic tfng
AV (0) = (Vi — Vi) - exp —( (icr ~ )> S @
Trex

where Bﬂ;& and 7,07 are relaxation parameters when AV (tspien) i positive (negative).
VT”Z} s 1s effective initial V7 before the beginning of relaxation phase, defined as

Max {VT (t> ,t < tswitch} ; AVVT (tswitch) >0 V,
Vﬂanel;f ij;nit7 A‘/T (tswitch> =0 V7 (358)
Min {VT (t> >t < Zfswitch} ) A‘/T (tswitch) <0V.

Besides, the larger AV before relaxation phase is, the faster AVy recoveries toward zero
+(-)

in relaxation phase [(1]. This dependence is described by defining a formula of Tre; '
1- aje(z )
Treac K:;gv ) ZT:iZ;f VYZ“nZt‘ e ) (359)

+(=) (=)

where Koy ) and ase, | are fitting parameters. t¢/7 in Eq. (3.57) is the t solved from

ﬁ’l‘el‘
t
AVT (tswitch) (V%r;z;f V’mt) cexp | — (ﬁ) . (360)
Trex

Differential equations of AV, which can be used by circuit simulator for AV, simulation,
were derived based on Eq. (3.57):

Bt 1
_ ) - e e
délz‘s/ = BTT)AVT [_ i (ﬁﬂ e AV (fien) 0V (3.61)
07 A‘/vT (tswitch) =0 V.
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3.2.6 Subthreshold Gate Voltage Stress

The AVy model of the a-Si:H TFT stressed by subthreshold gate voltage is unavailable
from literatures. However, simulation convergence requires a AV formula to be defined
for this condition. Since this research was primarily focused on the simulation method
instead of physical model of AV, dAVy/dt is assumed as zero in subthreshold region. In
pixel circuits, TFTs are typically either not stressed in subthreshold region, or just quickly
go across this region during their transitions between ON and OFF. Therefore, even if
dAVry/dt # 0 in subthreshold region, it has only a minor contribution to AV7p.

3.3 Implementation of AV, Model and Simulation

Several examples are used in this section to demonstrate the applicability of the circuit-
level simulation method of AVy presented in section 3.2. The AVy model presented in
section 3.2 was implemented by using Verilog-A Hardware Description language, inserted
into a Verilog-A TFT model file built by the author of [17], and run by using Cadence®
Spectre® circuit simulator. The parameter values required by AVy model were extracted
from the measurement data obtained from literatures. The AV, under various voltage
stress conditions were simulated by using transient simulations. Simulation results are
compared to the measurement data obtained from literatures.

3.3.1 Above-Threshold Constant Gate Voltage Stress

Zero Drain Stress Voltage

The measurement data of the AV of the a-Si:H TF'T stressed by above-threshold constant
Vs with Vps = 0 V obtained from [51] are indicated as symbols in Figure 3.5(a). Since
stress voltages are constant, Vééf = Vgs, and Véfo = Vgp. Since Vps = 0 V, according
to Eq. (3.39), Vi = V&L = VS Therefore, according to Eq. (3.42), Qa/Qao = 1.
Parameter values can be extracted by fitting Eq. (3.40) to measurement data: V" = (0.942
V, at = 1.37, B = 0437, and K = 4.7 x 10* s/VU=)/5% [54]. As shown in Figure
3.5(a), simulation results (curves) match well to measurement data (symbols).
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Figure 3.5: Measurement data (symbols) and simulation results (curves) of the AV of the
a-Si:H TFT stressed by above-threshold constant Vgg. (a) Vps =0 V; and (b) Vps > 0 V.
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Non-Zero Drain Stress Voltage

The measurement data of the AV of the a-Si:H TFT stressed by above-threshold constant
Ves with Vpg > 0 V obtained from [56] are indicated as symbols in Figure 3.5(b). Pa-
rameter values were extracted by fitting Eq. (3.40) to the measurement data for Vg = 15
V and Vpg = 0 V. The extracted values of parameters are V" = 1.322V, o, = 1.047,

5 = 0.3084, and K} = 10® s/V(lfa;)/B;. As shown in Figure 3.5(b), simulation results
(curves) match well to measurement data (symbols).

3.3.2 Negative Constant Gate Voltage Stress

The measurement data of the AVy of the a-Si:H TFT stressed by above-threshold and
negative constant Vgg with Vpg = 0 V obtained from [38] are indicated as symbols in
Figure 3.6(a). Parameter values were extracted by fitting Eq. (3.40) and (3.49) to the
measurement data for positive and negative Vg, respectively. Vi is 1 V [358]. The
extracted values of parameters are listed as follows. For Vgg = 20 V, af, = 1.937, 3}, =

0.5067, and K% = 2 x 107 s/VU)/B8 For Vg = —20 V, a5, = 2.388 , 85 = 0.4856,

and K; =5 x 10° S/V<1_°‘S_*)/6S_*. As shown in Figure 3.6(a), simulation results (curves)
match well to measurement data (symbols).

3.3.3 Zero Gate Voltage

The measurement data of the AVy of the a-Si:H TFET for above-threshold constant Vg
and then zero Vg with Vpg = 0 V obtained from [59] are indicated as symbols in Figure
3.6(b). V" is 0.5 V. The parameter values needed in the model of AV for above-threshold
constant Vg were extracted by fitting Eq. (3.40) to the measurement data on the left-
hand side of Figure 3.6(b): af; = 1.077, 8% = 0.5609, and K = 3732 s/V(1~%0)/%% The
parameter values needed in the model of AV, for zero Vi;g were extracted by fitting Eq.
(3.57) to the measurement data on the right-hand side of Figure 3.6(b): «;, = 1.175,

Texr

r. = 04551, and K\, = 1.013 x 10* s/V(l_a;r”)/ﬂ’Te”‘. As shown in Figure 3.6(a) and

3.6(b), simulation results (curves) match well to measurement data (symbols).
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Figure 3.6: Measurement data (symbols) and simulation results (curves) of the AV of the
a-Si:H TFT for: (a) above-threshold and negative constant Vgg; and (b) above-threshold
constant (left-hand side) and then zero (right-hand side) Vis.
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Figure 3.7: Measurement data (symbols) and simulation results (curves) of the AVy of
the a-Si:H TFT stressed by above-threshold step-increasing Vg with Vps = 0 V when the
duration of each stress voltage is (a) 1000 s and (b) 2000 s.
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3.3.4 Step-Increasing Gate Voltage Stress

The measurement data of the AVy of the a-Si:H TFT stressed by above-threshold step-
increasing Vg with Vpg = 0 V obtained from [54] are indicated as symbols in Figure
3.7. The parameter values extracted in section 3.3.1 are used in this section because the
measurement data is from the same TFT samples used in the same literature. As shown
in Figure 3.7, simulation results (curves) match well to measurement data (symbols).

3.3.5 Regular Pulse Gate Voltage Stress
Effect of Channel RC-Delay

The measurement data of the AVy of the a-Si:H TFT stressed by negative regular pulse
Vas (duty ratio is 50%) and constant Vg with Vps = 0 V obtained from [38] are indicated
as symbols in Figure 3.8(a). The measurement data of the ratio of AVAC, which is the
AV for pulse Vg, to AVPY, which is the AV for constant Vg, obtained from [35] is
indicated as symbols in Figure 3.8(b). V7" is 1 V [35].

The swing of the negative pulse V5 used in aging test was (—20 ~ 0) V. The constant
Vas used in aging test was —20 V. The recovery of AVy when Vg is zero is neglected
in [38], so the values of relaxation parameters (i.e., o, 5., and K, ) are unavailable.
The values of stress parameters for negative Vgg (i.e., ag, By, and K_;) were extracted

by fitting Eq. (3.49) to the measurement data for constant Vgg = —20 V: oy, = 2.185,
B = 0.3813, and K = 4.99 x 107 s/V{170)/8,

If many pulse cycles are involved in AVy simulation, computational cost can be un-
affordable. For the given duty ratio and total stress time, a simple technique to reduce
computational cost is to use longer pulse width, so that less pulse cycles are involved in
AVp simulation. However, this technique has a problem. As discussed in section 3.1.3, the
AV for negative pulse Vg has a significant dependence on pulse width, so simply using
longer pulse width may result in significant error in AVy simulation. A solution of this
problem is implied by Figure 3.3: if the time constant of RC-delay (i.e., Tg(p) in section
3.2.1) is increased proportionally with pulse width (PW), i.e.,

the relationship between VGef;{ D) and Vizg(p) is not changed, so the accuracy of AVy simula-
tion is not significantly affected by the change of pulse width. In Eq. (3.62), 7¢(py and PW
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Figure 3.8: Measurement data (symbols) and simulation results of AV of the a-Si:H TFT
stressed by negative pulse Vg (duty ratio 50%) and constant Vgg with Vpgs = 0 V. (a) For
different effective stress time; (b) when effective stress time was 2000 s.
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are original values, and Té( D) and PW' are the changed values used in simulation. Since

Vps =0V, 7¢ = 7p. Denote T&%F) v and TO(F;; " as the values of 7g(p) when the equivalent

diode in source (drain) contact region is forward-biased and reverse-biased, respectively.

The value of 7O5E™S was extracted as 0.021 s, at which simulation results have the best

S(D)
fitting to measurement data. Since ROFF f:;? ROPE)ZZ, T&FI; fwd 7 ;)(1;1?) Y8 Therefore,

for simplicity, 7'5(13; Wl as neglected in simulation (i.e., assigned with a very small value,

e.g., 1071% s). When sweeping PW, PW' was set as 20 s, and 7/ SOZI; "® was determined by

using Eq. (3.62) and the extracted value of TO(FF) ¥ As shown in Figure 3.8(a) and 3.8(b),
simulation results (curves) match well to measurement data (symbols). The discrepancies
between simulation results and measurement data could be attributed to the negligence
of AV recovery when Vg is zero, simplistic RC-delay model, approximations made in

simulation, and/or measurement inaccuracy.

Effect of Duty Ratio

The measurement data of the AV of the a-Si:H TFT stressed by positive pulse gate voltage
(60 Hz) with Vps = 0 V and various duty ratios (DR) obtained from [(1] is shown in Figure
3.9(a). Vi is 1 V. The data of saturated AVz (denoted as AV;:™) after a long stress time
for different duty ratios was extracted by the authors of [01], as shown in Figure 3.9(b).
According to [61], AV under pulse gate voltage stress can be empirically described by using
a modified stretched exponential model (see Eq. (3.22), where V. sy = V). Therefore, by
using the data of Vi in Figure 3.9(b), Eq. (3.40) was fitted to the data in Figure 3.9(a) to

extract stress parameter values: o, = 0.9574, 8} = 0.526, and K, = 3086 S/V<17a5+t)/’35+t.
The fitted model is shown as the curves in Figure 3.9(a).

In the simulation of the AV; under positive pulse voltage stress, taking into account
the recovery of AV in relaxation phase requires the values of relaxation parameters (i.e.,
* o B, and Kt ). Unfortunately, the measurement data of the recovery of AVy is not
explicitly provided in [61]. Therefore, a technique was developed in this research to extract
the values of relaxation parameters from the measurement data shown in Figure 3.9(b). As
illustrated in Figure 3.10(a), when Vr achieves V%, the increase of Vr in stress phase is
canceled by the decrease of Vr in relaxation phase [01]. Denote T} and T3 as the durations
of the stress phase and relaxation phase in a period of pulse voltage, respectively; f as the

frequency of pulse voltage; and %7 (illustrated in Figure 3.10(a)) as the t solved from Eq.
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(3.40) after AVy is substituted by AVE*:

1

Avsat T;

ti{f:Tng{—hl |:1_‘/'t_—’1‘1/znztj|}ﬁs ; (363)
S T

where 7} is defined in Eq. (3.41). Based on Figure 3.10(a), Eq. (3.8) yields

+
7"2 B’rez AVT (tref)
- — = 3.64
o) | et 09
where T} and T3 are defined in Eq. (3.23) and (3.24), respectively;
17&’;!»61
T'r::m = K;:x [ A‘/T (tref + Tl) ] Flea (365)
was derived from Eq. (3.59);
A‘/T (tref) = Avifat7 (366)
is indicated in Figure 3.10(a); and
B,
o 75€ff T, s
A‘/vT (tref + Tl) = (‘/st - VYl‘mt) 1—= eXp | — (ﬁT—i_l> ) (367)
st

was derived from Eq. (3.43). Eq. (3.63)-(3.67) define an implicit function of AV vs.
DR with unknown relaxation parameters o, 5, and K . To extract the values of

relaxation parameters, this implicit function was fitted to the data of AV vs. DR shown
in Figure 3.9(b). The fitted model is indicated as the curve in Figure 3.9(b). Extracted

ot +
parameter values are o f,, = 0.99972, gt = 1.2899 and K, = 654.55 S./V(1 ofex ) /Bree
By using the extracted values of stress and relaxation parameters, AVy was simulated by
using the formulas derived in section 3.2 under the same stress condition as in [61]. Since
RC-delay effect does not have significant impact on AVy when a-Si:H TFT is stressed by
a positive pulse gate voltage with low frequency (e.g., 60 Hz) (refer to [38,060] and section
3.1.3), it was neglected in simulation for simplicity. As shown in Figure 3.10(b), simulation

results match well to the measurement data obtained from [G1].
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3.4 Summary

A circuit-level AV simulation method and a AVy model which is compatible to a cir-
cuit simulator are presented in this chapter. The contributions made in this research are
summarized as follows. (1) The differential equations required by the transient AVy sim-
ulation for various voltage stress conditions were derived. (2) The impact of the finite
response speed of a-Si:H TFT on AVr is taken into account. (3) The derived differential
equations and formulas were implemented by using Verilog-A Hardware Description Lan-
guage into a compact device model file of a-Si:H TFT. (4) By using the device model file
and Cadence® Spectre® circuit simulator, the AV under various voltage stress conditions
were simulated. (5) The effectiveness of the proposed simulation method is verified by
the measurement data obtained from literatures. The relative errors between simulation
results and measurement data are typically less than 10%.
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Chapter 4

Pixel Circuits to Improve
Performance Stability of AMOLED
Displays

Improving the performance stability of AMOLED displays requires the novel pixel circuits
designed to compensate the impact of TF'T aging on circuit performance. In this research,
a novel voltage-programmed pixel circuit using a-Si:H TFTs was developed for AMOLED
displays. To improve the stability of OLED current, the threshold voltage shift (AVr)
of drive TFT caused by voltage stress is compensated by an incremental gate-to-source
voltage (AVgs) generated by utilizing the AVp-dependent charge transfer from drive TFT
to a TFT-based Metal-Insulator-Semiconductor (MIS) capacitor. A second MIS capacitor
is used to inject positive charge to the gate of drive TFT to improve OLED drive current.
Besides, the non-ideality of AVp-compensation, TFT overlap capacitance, programming
speed, and OLED aging are discussed. The effectiveness of the proposed pixel circuit is
verified by simulation and measurement results. The proposed pixel circuit is also compared
to conventional voltage-programmed and current-programmed pixel circuits.

4.1 Introduction

The schematic and driving scheme of a conventional 2-TFT pixel circuit, which is the
simplest pixel circuit of AMOLED displays, are shown in Figure 4.1 [4]. The a-Si:H TFTs
used in the pixel circuit are n-channel. The pixel circuit consists of an OLED, a drive TFT
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Ty, a switch TFT T3, and a storage capacitor C's. V; is shared by all the pixels in the same
row. It controls the access from external programming voltage driver V)., to the internal
node A in the pixel circuit. V.., is shared by all the pixels in the same column.

In programming phase, 77 is turned ON by VlH , 50 Vprog Programs a data voltage Vi
onto node A. In driving phase, T} is turned OFF by Vi, so node A holds its voltage. Since
Ty has to be always ON to drive OLED current, the threshold voltage of Ty (V) increases
over stress time. Since the pixel circuit does not compensate the threshold voltage shift
of Ty (AVqyg), the increase of Vrg results in the decrease of the Iprgp in driving phase
(I&iv. ), as demonstrated in Figure 4.2. Therefore, OLED brightness degrades. To improve
the stability of OLED current in driving phase, various pixel circuits and driving schemes
have been proposed to compensate the AVy of the drive TFT of OLED current:

e Current-programmed pixel circuits (e.g., [02]) can compensate not only the AVp
of drive TFT but also some other variations (e.g., mobility, sizing, temperature,
etc.). However, their programming speeds are relatively slow, especially for low
programming currents and/or large-size displays [1]. Besides, two TFTs in series
may need to be used in OLED current path. In this case, given the same gate
voltage of drive TF'T, a higher power supply voltage must be used to achieve the
same OLED current, resulting in a higher power consumption.

e In conventional voltage-programmed pixel circuits, Vp-generation techniques are used
to generate an incremental Vg to compensate the AVry of drive TFT [1]. However,
their programming speeds are not fast because: (1) the speeds of Vp-generation tech-
niques are limited, and (2) multiple sub-phases may be used in programming phase to
implement Vp-generation techniques. Besides, two or more TFTs are typically used
in series in OLED current path, resulting in a higher power consumption. Control
signals are also typically complex, complicating external driver design.

e Optical feedback using a photo-sensor in pixel [63] complicates pixel circuit design.
Besides, it takes up extra pixel area, resulting in lower aperture ratio and resolu-
tion. The instability of photo-sensor and the light interference from environment
and neighboring pixels may cause error in feedback loop [64].

e Although external driver compensation [65] can compensate the aging of both OLED
and TFT, the design of external driver is complicated and expensive. Besides, the
number of the pixels that the external driver can monitor is limited.

A voltage-programmed pixel circuit using a novel AVy-compensation mechanism was
developed in this research [66-058] and is presented in this chapter. The AV of drive TFT is
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Figure 4.3: (a) Schematic and (b) driving scheme of the proposed pixel circuit [66-65].

compensated by the AVgg generated by using a AVp-dependent charge transfer from drive
TFT to a TFT-based MIS capacitor. The proposed pixel circuit has a fast programming
speed. Besides, only one TFT is in series with OLED, reducing power consumption.
Control signals are also simple, reducing the complexity of external driver.

4.2 Pixel Circuit Structure

The proposed pixel circuit and driving scheme are shown in Figure 4.3. Tj is drive TFT,
which controls the OLED current in driving phase (I&/%,). Ty is switch TFT, which
controls the access from external programming voltage driver (V,,.,) to node A inside
pixel. T; and T3 are the TFTs used as MIS capacitors, because their drains and sources
are shorted, respectively. In driving phase, 75 provides the compensation of AV, and
T5 injects positive charge onto the gate of Ty to improve OLED drive current. When the
voltage across a MIS capacitor is higher than Vi, the total capacitance of the capacitor is
equal to channel capacitance plus contact overlap capacitance. When the voltage is lower
than Vr, the total capacitance is equal to contact overlap capacitance [13].

In a pixel array, the bus lines of V;, V5, and V3 are shared by the pixels in the same
row and connected to a row driver. The bus line of V., is shared by the pixels in the
same column and connected to a programming voltage driver (i.e., column driver). Power
supply Vpp and ground are shared by all pixels in array.
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4.3 Pixel Circuit Operation

Each frame cycle has two phases: programming phase and driving phase. Driving phase
is much longer than programming phase. For example, for a display array with N rows of
pixels, if refresh rate is 60 Hz, programming phase is (16.7/N) ms, while driving phase is
16.7 ms, which is N times longer than programming phase.

4.3.1 Programming Phase

At the beginning of programming phase, T is turned ON by V1| connecting node A to
Virog- T is turned OFF by V7| so mobile channel electrons are swept out from Tb, and
the corresponding positive charge leaves from the gate of Ty. T3 is turned ON by Vil and
thus stores positive charge on its gate. The charge on the gate of a-Si:H TFT includes two
pars: (1) Q.p, the part of gate charge due to gate-to-channel capacitance; and (2) @y, the
part of gate charge due to overlap capacitance between gate and source/drain. After node
voltages reaching set-points, Ty is in saturation region, 75 is OFF, T} and T3 are in linear
region. The Q. of Tj is

Q]Z;;Oog ~ 2/3 CVZ'VVOLO (Vdata - 52051) - VT,U) ) (41)

where C; is gate-to-channel capacitance per unit area, Wy, Lo, and Vp are the width,
length, and threshold voltage of Tj, respectively, VA% is set-point OLED voltage, and
Viata is the data voltage provided by V,..,. For the same expected Ig’}f% D> Vprog Provides
the same Vyuiq (i.€., Viara is not changed with AVryg). Coefficient 2/3 is used in Eq. (4.1)

because Ty is biased in saturation region [13,50].

In programming phase, Tb is OFF, so its Q. is zero. Note that: (1) Vi#, VI ViE Viata,
and Vpp do not change with AVrg. (2) AVp; and AVr s are negligible when compared to
AVr (see section 4.5.2). (3) The AVE %, caused by AVr is negligible (see section 4.5.1).
Therefore, in programming phase, the Q. of T and T3 (i.e., Q7,7 and Q%,%) as well as
the Qo of all TFTs do not change with AV, so they are not included in the analysis of
the changes of charge components with AVp.

4.3.2 Driving Phase

In driving phase, T} is turned OFF by V¥ to isolate node A from Vorog- T is turned ON
by V3£ to provide AVrg-compensation. T3 is turned OFF by Vi to inject positive charge
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onto node A so as to improve OLED drive current. To conserve the charge on node A, T}
should be turned OFF before V5 and V3 are switched.

While T is being turned OFF, a part of electrons in the channel of 77 is injected onto
node A. The injected charge is Q?};A ~ PRy, B is close to 1/2 if V) has a sharp

falling edge [09]. Since Q7% does not change with AVrg (see section 4.3.1), Q?;LTA i
not included in the analysis of the changes of charge components with AVro. After node
voltages settle down, T is in saturation region, 75 is in linear region, 77 and 75 are OFF.

The values of the ., of Ty and T5 are

eho & 2/3CWaLo (V&S = Vorep — Vro)
oy = CWaLy (VGG = Vi — Va),

where Vi{j" is the set-point voltage on node A, and V§j’s, is the set-point voltage across
OLED. Since Ty and T3 are OFF, their ()., values are zero. The @),, values of TFTs are

v — CloyWo Low (VAR — VAR — Vip), (4.4)
&0 a1 = —CouWi Loy (VAT — V1), (4.5)
gZ“é = 2C,,WaL ov<vdrw V2L)> (4'6)
ovs = 2Co,Ws Loy (VY — Vi), (4.7)

where C,, is source/drain overlap capacitance per unit overlap area, L., is the overlap

length between gate and source/drain, and Q¥% a1 is the gate charge of T} due to the

overlap capacitance on the side of node A.

4.4 Pixel Circuit Analysis, Design, and Simulation

4.4.1 AVp and Charge Analysis

For the pixel circuit being switched from programming phase to driving phase, the following
equation was derived based on the charge conservation on node A,

pTog driv driv driv
dQch,O o dQch,O d ch,2 d ov,Tot

dVT70 dVT7() dVT70 dVT70
where
driv - driv driv driv driv
ov, Tot — Wov,0 = Wov—A,1 + ov,2 + ov,3* (49)
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Note that, although other charge components also contribute to the charge conservation
on node A, they do not vary with AVy,. Therefore, they are not included in Eq. (4.8).

Neglecting CLM effect in Eq. (2.9), the Ipg of a-Si:H TFT in saturation region is

W (Vg — V)T

]DS ~ Ngat ,unC'Z— (410)
L Vi
Therefore, when Vr shifts, stabilizing I&7%., requires
dVEss/dV = 1. (4.11)

Since Vs = Vorep and dVE4ys,, /dVro = 0 (see Eq. (4.36)), Eq. (4.11) is equivalent to
dVER [dVro = 1. (4.12)
Substituting Eq. (4.12) and Eq. (4.36) into Eq. (4.2) yields
dQu /dVr = 0, (4.13)

so that if AVrg is fully compensated by AVggs = AV, the channel charge of Ty in
driving phase does not change with AVy. Substituting Eq. (4.13) into Eq. (4.8) yields

dQu  dQT N dQ0y ot
dVT70 dVT7Q dVT@ '

(4.14)

Substituting Eq. (4.1)-Eq. (4.7) and Eq. (4.9) into Eq. (4.14) and then using the relevant

formulas presented in section 4.5 yield

Wo = 2/3OZWOLO + 2001),0 + C(ov,l + 2001},3
2T 1/2C;Ly — 2C py Loy ’

(4.15)

where Cyy,, = CoyWy Loy (n = 0,1,2,3). The compensation of AVy, can be achieved by
sizing Ty as specified in Eq. (4.15). Note that, in circuit design practice, if coefficient
values are different from the ones assumed in above procedures, one should accordingly
adjust the coefficient values used in the formula of W.

4.4.2 AVyp-Compensation Mechanism

The mechanism of the compensation of AVrq is explained by analyzing Eq. (4.8). Eq.
(4.1) and (4.35) indicate that Q7,7 reduces when V7, increases, i.e., the increase of Vi
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results in less channel charge stored in 7 in programming phase. To compensate AVr,
AVERY should be as large as AVrg. Since Q&% | increases with V7", more positive charge
must be provided to the source/drain overlap capacitances of the TFTs in the pixel circuit,
otherwise Vi#3" can not increase with V. Eq. (4.3) and (4.41) indicate that, since Vp
increases faster than Vg3, Q% decreases when Vi increases. Designing W5 as specified
in Eq. (4.15) validates Eq. (4.14). This means that, when Vr( increases, the decrease of

@iy is so large that it not only cancels out the decrease of Q7,5 but also provides the

extra positive charge needed by the increase of Q&2 . Therefore, Q%% does not change
with Vro (see Eq. (4.13)), so AVEgY is as large as AVry (see Eq. (4.2)). Since AVp is

driv driv

fully compensated by AVSg, it does not affect &7, (see Eq. (4.10)).

4.4.3 AVy)-Compensation Effectiveness
Simulation Setup

To verify the proposed pixel circuit, circuit simulation was carried out by using Cadence®
Spectre® circuit simulator and a Verilog-A model file of a-Si:H TFT. The model file was
improved from the one built by the author of [17]. The parameter values used in circuit
simulation are p.pp = 0.3 cm?/(V-s), Vi"* =3V, C; = 19 nF/cm?, and C,, = 16 nF/cm?.
pesys is effective mobility, and V™" is the initial V of a fresh TFT before it is stressed.
Besides, a Verilog-A model file of OLED was used in circuit simulation. It was built by
using the OLED model in [70] and I-V data in [71]. The size of OLED was assumed as
100 x 200 pm?, and the capacitance per unit area of OLED was assumed as 25 nF/cm?,
so OLED capacitance used in circuit simulation was 5 pF [72].

The values of the design variables of the simulated pixel circuit are listed in Table 4.1.
The minimum channel length was selected as 25 pum. It is within the range of (23 ~ 130)
pm, in which the TFT model was verified by measurement results [17,73]. Based on simu-
lation results, Wy = 60 pum was determined as the optimal value for AVp-compensation.
Note that substituting the assumed parameter values into Eq. (4.15) yields Wy = 72.5 yum
instead of Wy = 60 pm. This discrepancy is mainly caused by the rough approximation
made in the coefficient 2/3 in Eq. (4.2). The specific formulas and parameter values rele-
vant to that coefficient used in the TF'T model file actually yield 0.413 as the exact value
of that coefficient. Replacing 2/3 with 0.413 in Eq. (4.15) yields W5 = 57.2 pm, which
is very close to the optimal Wy = 60 pum determined in simulations. TFT sizes can be
scaled down along with the minimum channel length, so that the total area of TFTs can
be significantly reduced. The typical minimum channel length used in industry is 5 pum.
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Table 4.1: Design Variables of Proposed Pixel Circuit used in Circuit Simulation [60]

Design Variable Value | Design Variable | Value
Programming Phase (us) 120 Viata (V) 10 ~ 25
Wo/Lo (pm) 100/25 Vpp (V) 30
Wy /Ly (pum) 50/25 Vi (V) 0~ 30
Wy /Ly (pm) 60/100 Vo (V) 2~ 30
W3 /L3 (pum) 35/100 Vs (V) 2~ 30
Loy (pm) 5 Igiyp (WA) | 0~3

To verify the effectiveness of AVy o-compensation, AV was swept in circuit simulation.
When sweeping AV, AVyy was set as AVypo = 3/2AVr (refer to section 4.5.4). The
aging of T, T3 and OLED was neglected (refer to section 4.5.1 and 4.5.2).

Charge Components and &%, Stability

The V{5 and Ig}%,, of the proposed pixel circuit were simulated for different Ve, and
AVqo. Figure 4.4(a) shows that, for a relatively high Vyua, Avggfg = AVrp, so AVpg
does not affect 137 - as shown in Figure 4.4(b). For illustration, the simulation results
of charge components included in Eq. (4.8) vs. AVpg for Vi, = 25 V are shown in
Figure 4.5(a). When AVp increases, AQ% is so large that it equals (AQY Y — AQL.,,),
so Qs does not change with AV, This is already described in section 4.4.2. To
make a comparison, the conventional 2-TFT pixel circuit illustrated in Figure 4.1 was
also simulated. Since this circuit does not provide AVz-compensation, its I&7% - drops
significantly with the increase of AVy, as shown in Figure 4.2. The comparison between
Figure 4.4(b) and Figure 4.2 demonstrates the effectiveness of the proposed pixel circuit in
AVrpo-compensation. However, for a larger AVr, and the lowest levels of V4, and I, g’"ﬁ% D

Figure 4.4 also shows the under-compensation of AV . This is discussed in section 4.4.4.
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4.4.4 AVy-Compensation Non-ideality
If VT72 > Vggig

For Vi, = 10 V, Figure 4.5(b) shows that AVr, is not always fully compensated. For
AVro > 2.25 V, Q% starts to drop with the increase of AVzg. This means that AV <

AVr . This is referred to as the under-compensation of AVy,. For a lower Vg, and thus

a lower IZ - the under-compensation of AVy, appears at a smaller AVr, as shown in

Figure 4.4 and 4.6. The under-compensation of AV7 is explained as follows.

Eq. (4.40) indicates that V5 increases with V. For a lower Vigq, Vggfg is also lower,

so the AVpo at which Vp, catches up Vggfg is smaller. This mechanism is illustrated in

Figure 4.7. Once Vp 4 catches up Vgg’f’g, Qfgfg becomes zero and thus stops decreasing with

the increase of AVpy, so g;;fg starts to drop with the increase of AVr, as illustrated

in Figure 4.5(b). This means that AVEs < AVpg, so AV is under-compensated (see
Figure 4.4(a)). Therefore, I&7 - starts to drop with the increase of AV (see Figure 4.6).

If AVrp is not too large, the under-compensation of AVr, exists only at the lowest

I levels, so it does not significantly affect the overall stability of Ig7%  (see Figure

4.4). Define [, gzqu’?l as the level of I3 beneath which the under-compensation of AV

is allowed by design specification, AVTT7 o as the maximum AVr that can be fully compen-

driv,Tol driv,Mazx . driv . . .. .
sated at IOL%D ,and I5, gp° as the maximum 7%, that the pixel circuit is designed
riv,

to provide. I} %y is normalized to I5; np ™" to define a tolerance ratio Ratios,, which is

used to measure the significance of the range of unstable Ig7%,

driv,Tol Tol V2
: 1 OLED A VT,O / 2
Ratios, = = (4.16)
tol driv,Mazx Vdriv,Maa: ) '
OLED ov,0

for Idm'v,Maa:

where V&/"M%* is the overdrive voltage of T, orep . The derivation of Eq. (4.16) is

shown in section 4.5.5. For AV ¢l =5 V, Ratiog is only 3.3% (refer to Figure 4.4(b) and
4.6), so the instability of I&7% , at the levels below 1, g?%’?l does not significantly affect the

driv

overall stability of I57% . If design specification requires Ratio;, < 3.3%, the proposed
AVp-compensation technique works well until AV increases up to AV% o=5V.

Discrepancy of AVr,/AVrg

As explained in section 4.5.4, AVro ~ 3/2AVr, is assumed in pixel circuit design and
analysis. This approximation may have a discrepancy up to 10% [50]. Define a discrepancy
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V [66]. Wy is designed by using Eq. (4.17) and assuming Fy;s = 1.

factor Fys so that AVyy = (3/2AVro) Fais, where Fys € (0.9,1.1), so Eq. (4.15) becomes

Wo = 2/?)C(ZVVOLO + 20011,0 + C(ov,l + 2001),3
2 (3/2Fdzs - 1)CzL2 - 2CvovLov .

(4.17)

For the W5 designed by assuming Fy;, = 1, the impact of the variation of Fjy;, on the
stability of I&Y. was investigated by using circuit simulation. Simulation results are
shown in Figure 4.8. For Fy, > 1, AVp is over-compensated, so Ig’f%D increases with
AV, vice versa. For Fy, € (0.9,1.1), the instability of I&r% , is within 8%. In circuit
design practice, the value of Fy; should be extracted from measurement results and used

in Eq. (4.17) to achieve an accurate AVrg-compensation.

4.4.5 Use T3 to Improve OLED Drive Current

If T3 is not used, since T draws positive charge from node A in driving phase, Vgﬁ“ could
be much lower than what is needed to achieve the I&  levels required in practical designs.
Therefore, Ty is used to improve IZ7% - levels. In programming phase, T3 is turned ON by
Vil and stores positive charge on its gate. In driving phase, V3 is switched to Vi to inject
positive charge from the gate of T3 onto node A, improving V{&4" and therefore 1§74,

The improvement of I&%, can be adjusted by varying the size of Tj.
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Qrys is the part of the gate charge of T3 associated to channel in programming phase.
It is injected onto node A in driving phase. Since Vil is a fixed value shared by all pixels
in the same row, @Q7,% is determined by V. Q0% does not change with AVr, (see
section 4.3.1), so it does not affect AVyg-compensation. The only impact of T3 on AVqz,-
compensation is due to C,, 3 (refer to Eq. (4.15)). However, this impact is minor because
Cov3 is a parasitic component. Assuming C,, = Cj, based on the geometries listed in Table
4.1, it can be derived that C,, 3 is only 3.55% of the total capacitance on node A in driving
phase. The simulation results shown in Figure 4.9 confirm this analysis. Increasing the

size of Ty significantly improves I&7%, , without significantly affecting AV g-compensation.

4.4.6 Overlap Capacitance

Referring to Eq. (4.15), the channel area of T5 (i.e., Wax Ly) required by AV p-compensation
depends on not only the size of Ty but also C,,,, (n =0,1,2,3). As shown in Figure 4.10,
simulation results indicate that for a given AVrg, a shorter L,, (i.e., smaller C,,,) leads
to a higher Igv. . If L,, is short enough, I&7% , increases with AV (i.e., AVr is over-
compensated). Therefore, for the same (W3 x Ly), reducing Co,,, (n = 0,1,2,3) results
in the over-compensation of AVro. Equivalently, if C,,, (n = 0,1,2,3) are reduced, the

(W3 x Lg) needed by AVp-compensation can be smaller.
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4.4.7 Programming Speed

Programming phase should be long enough for the gate voltage of drive TFT to settle down
in programming phase. For the same refresh rate, the faster the gate voltage settles down,
the shorter programming phase can be, and the more rows of pixels can be driven. In this
section, the settling-down speeds of conventional current-programmed pixel circuit, voltage-
programmed pixel circuit, and the proposed pixel circuit are analyzed and compared. The
transient simulation results of the proposed pixel circuit are also presented.

Current-Programmed Pixel Circuit

An equivalent circuit of a current-programmed pixel circuit in programming phase is pre-
sented in Figure 4.11(a) [1]. I, is @ programming current source shared by m pixels in
the same column. In each pixel, Ty is drive TF'T, controlling OLED drive current. OLED
is omitted to simplify analysis. Cy is the total equivalent capacitance on node A in pro-
gramming phase. Vj is the voltage on node A. Tj is switch TFT, controlling the access
from I,,,, to node A in the pixel. T} is controlled by V;, which is shared by all the pixels
in the same row. Each pixel has a C,,1, which is the overlap capacitance of T} on the side
of Iprog. Tp is the resistance of column bus line between two neighboring pixels.
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Figure 4.11: (a) Equivalent circuit to analyze the settling-down time of V4 in a conven-
tional current-programmed pixel circuit, (b) simplified circuit.

In programming phase, I,,,y provides /4., to the pixel being programmed. T} is diode-
connected to I,,,, through 77. Since the total resistance on signal bus line is much smaller
than the channel resistance of Tg [1], it is neglected to simplify analysis. To get an analytical
explicit solution, T} is omitted, and a simple square-law Ipg model is used in analysis. The
simplified circuit is shown in Figure 4.11(b) [4]. The total capacitance on node A is

Ctot =m: Cov,l + C(A- (418)

As shown in Figure 4.11(b), during programming phase, T} is diode-connected and operates
in saturation region, so
avy K

Idata = C'tot_ +

=+ (Va — V)2, (4.19)

where K = unC’iVLV—g [1]. Assuming V4 = Vi at the beginning of programming phase, Eq.
(4.19) is solved for Viy:

VR —Va _ 2exp ()
Vi =V 1+exp(—1t)

(4.20)

where V1" is the value of V, after it settles down in programming phase:

VY =V = /2l K, (4.21)

and 7 is time constant [1]:
Ctot

= — 4.22
! Vv 2Kjdata ( )
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Assuming V is considered as settled down when

prog

s o S 6 4.23
ng)rog _ VT € ( )

where ¢ is a pre-defined error tolerance, Eq. (4.20) yields that settling-down time is

2
tsertte = T1n <— — 1) ~T1ln(2/e). (4.24)
€

Conventional Voltage-Programmed Pixel Circuit using Vi, -Generation

Conventional voltage-programmed pixel circuits typically use a Vp-generation sub-phase
in programming phase to generate a gate voltage to compensate the AV of drive TFT.
Vr-generation techniques have three types: stacked type, parallel-compensation type, and
bootstrapping type [1]. The Vp-generation operations of these types are essentially the
same. In stacked type, OLED capacitance, which is typically much larger than other
capacitance components in a pixel circuit, is charged/discharged during Vr-generation, so
settling-down speed is slow. In bootstrapping type, Vp-generation and V. -inputting are
carried out in two different sub-phases, so programming phase requires longer time. In
parallel-compensation type, Vp-generation and V.,-inputting are carried out at the same
time, so programming phase can be shorter. Parallel-compensation type is used in this
section as an example to analyze the settling-down speed during Vi -generation.

A simplified equivalent pixel circuit in Vp-generation sub-phase is presented in Figure
4.12 [1]. Before the beginning of Vp-generation sub-phase, T7 is OFF, and V, is pre-
charged by an external voltage source (not shown) to a certain high level Vi"*. During
Vr-generation sub-phase, T} is turned ON by V1. Since node A is discharged by a transient
current going through 7 and T to Vj0g, Va decreases until it becomes Viy = Vg + Vi,
where Vi, is the data voltage provided by V),.,. The dynamic behavior of V4 is analyzed
as follows. T} is omitted in analysis to achieve an analytical solution of V4. The gate and
drain of Tj are shorted by 77, so Ty is biased in saturation region. Therefore,

avy 1

i = —OAW = 5K (Va = Vigata — Vi), (4.25)

where K = unC’iVLV—OO. Solving Eq. (4.25) yields

Va — (Vaata + V1) 1
A - , 4.26
L/Zlnlt (Ldam LT) 1 % ( )
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Figure 4.12: Equivalent circuit to analyze the settling-down time of V4 in a conventional
voltage-programmed pixel circuit (parallel-compensation type) during Vpr-generation.

where 7 is time constant

204
T = — . 4.27
KTVI — (Vi + V1) | (4.27)

Assuming V) is considered as settled down when

Va — (Vaata + Vr) .
Vlgnzt - (‘/data + vT) =

(4.28)

where ¢ is a pre-defined error tolerance, Eq. (4.26) yields that settling-down time is
1
Lsettle = T (_ - 1) ~ 7—/5- (429)
€

The comparison between Eq. (4.29) and Eq. (4.24) indicates the difference of settling-
down time between current-programmed pixel circuit and the voltage-programmed pixel
circuit using Vp-generation techniques. When it comes to 7, assuming C4 has the same
value in both circuits and it is much smaller than (m - Cy, 1) (see Eq. (4.18)), Ciy in Eq.
(4.22) is much larger than C4 in Eq. (4.27).! Besides, when a current-programmed pixel
is expected to have a small brightness in driving phase, a low I, is used. If the V4 of
the current-programmed pixel circuit at the beginning of programming phase is lower than
VI the low Iyu, has to charge a large Cyy to raise Vy toward V™ so the settling-down

'For example, assuming the minimum channel length defined on mask of a pixel circuit is Lﬁ;’;k =25
pm, a pixel circuit typically has C4 = 2 ~ 3 pF. Assuming W7 = 50 um, Lo, = 5 pm, C; = 14.9 nF/cm?,
and 103 rows of pixels, (m - Cpp1) = 37.18 pF, 50 C4 < Cror = m - Cpp1 + Ca.
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speed of Vy is very slow (refer to Eq. (4.22)). In contrast, for a conventional voltage-
programmed pixel circuit, Eq. (4.27) indicates that 7 is relatively small because (1) Cj is
relatively small (since it is a capacitance inside pixel, instead of the capacitance of a whole
signal bus line) and (2) appropriate values can be selected respectively for Vi" and Vi,
to reduce 7. Therefore, although In (2/¢) in Eq. (4.24) is smaller than (1/¢) in Eq. (4.27),2
the difference of 7 dominates the difference of settling-down time, so conventional voltage-
programmed pixel circuits are typically faster than current-programmed pixel circuits.

Proposed Voltage-Programmed Pixel Circuit with AV -Compensation

The simplified equivalent circuit of the proposed pixel circuit in programming phase is
presented in Figure 4.13(a). Programming voltage source V,,,, drives m pixels in the same
column. Ty, Vi1, Cyy 1, rp, Ca, and V4 are the same to the ones presented in Figure 4.11(a).
Since the total resistance of bus line is much smaller than the channel resistance of T}, it
is neglected to simplify analysis. The simplified circuit is shown in Figure 4.13(b).

In programming phase, if the initial value of V, is lower than the V., provided by
Vprog, @ transient current flows from V., to node A, so V4 increases toward Vig,. Since
V4 is the source voltage of T}, an increasing V4 results in a decreased overdrive voltage
of Ti, i.e., (VlH — V4 — VT,l). This results in an increased channel resistance of T, and
thus an increased time constant of V4. In contrast, if the initial value of V4 is higher
than Ve, a transient turret flows from node A to Vo4, and V4 decreases toward Vg,
Since the source voltage of T} is fixed by Vj0q at Viera, the overdrive voltage of T} is fixed
at (VlH — Viata — VT), so the time constant of V4 does not significantly vary.® Therefore,
charging node A is slower than discharging node A.

The worse case of the settling-down speed of V4 is when V4, is set at its highest level
while the initial Vy is at its lowest level. The worse-case settling-down time is analyzed as
follows. Based on Figure 4.13(b), the following differential equation is established:

. dv,

11 = CAd_tA =K (VlH —Va— VT) (‘/data - VA) ) (4-30)
where K = unC',-VLV—ll. Assuming V4 = Vr at the beginning of programming phase, solving
Eq. (4.30) yields

‘/data - VA _ ‘/1H - VT - Vdata (4 31)

Vdata - VT (‘/1H - 2VT) €xp (%) - (Vdata - VT)’ ‘

2 Assuming € = 10%, In (2/¢) ~ 3, while (2/¢) = 10.
3 Assuming T is always in linear region.
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Figure 4.13: (a) Equivalent circuit to analyze the settling-down time of V4 in the proposed
pixel circuit, (b) simplified circuit.

where 7 is time constant

Ca
T = . 4.32
KT (Vasea £ ) | 3
Assuming V) is considered as settled down when
Vaata — V.
data — 4 < (4.33)

— < 57
V;iata - VT

where ¢ is a pre-defined error tolerance, Eq. (4.31) yields the settling-down time of Vj:

Vvdata - VT + (‘/1H - VT - ‘/data) /5
VT —2vy

tsettie = T In

~T1ln(Fy/e), (4.34)

where Iy, = (VlH —Vr — Vdata) / (VlH — ZVT). The approximation in Eq. (4.34) is valid if
(VI = Vi — Vigara) /2 > (Viaata — Vi), which is a typical case.

The settling-down time of V4 in the proposed pixel circuit and that in the conventional
voltage-programmed pixel circuit are investigated by comparing Eq. (4.34) to Eq. (4.29).
Assuming the C4 in Eq. (4.32) is equal to the 2C in Eq. (4.27), K has the same value in
both equations, and V¥ in Eq. (4.32) and V" in Eq. (4.27) are equal to Vpp, these two
pixel circuits have the same 7. Besides, Vjuq = Vi, so Fy < 1, and thus In (Fy /e) < 1/e.
Therefore, the ts.y. of the proposed pixel circuit is shorter than that of conventional
voltage-programmed pixel circuit.

Besides theoretical analysis, transient simulation was also used to investigate the pro-
gramming speed of the proposed pixel circuit. Simulation results of Vi o(t) in programming
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Figure 4.14: Simulation results of Vi (¢) in the proposed pixel circuit for AVyg =0V and
different initial values of Vi o(f) in programming phase [60].

phase are shown in Figure 4.14. The waveform of Vi o(f) depends on its initial value in
programming phase, which is the value of Vg o(t) after it settling down in the last driving

phase (denoted as Vgig”’lm). For AVpo = 0V, since V4" ranges from 6 V to 18 V (see

Figure 4.17(a)), the waveforms of Vi o(t) were simulated for Vgﬁ”’l“t =6V and 18 V,
respectively. Figure 4.14 shows that Vi o(t) settles down within 99% of Vju, in 90 us. For
another corner AVyy =5V, simulation results (not shown) verify the same conclusion.

As explained in Section 4.4.3, the minimum channel length L™ was selected as 25
pm. Assuming TFT sizes are scaled down by 5 times so that L™", becomes 5 pum, which
is typically used in industry, the capacitance on node A is reduced by 25 times, while
TFT driving strengths are kept the same. Therefore, neglecting the influence of contact
resistance, the worse-case programming time can be reduced from 90 ps to 3.6 us. If taking
into account contact resistance, since it increases when contact area is reduced, the actual

reduction of programming time should be less than 25 times.

In section 4.7, the programming speed of the proposed pixel circuit is further compared
to those of some examples of conventional pixel circuits from literatures.
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Figure 4.15: Simulated I§}%p vs. Viara assuming AVorgp = AVr/10 [66].

4.4.8 OLED Aging

In previous sections, OLED aging is neglected. OLED actually ages over stress time. Its
aging can be characterized as the increase of OLED voltage (AVorep) for a given OLED
current density [71]. The impact of AVorpp on 1@ - was investigated by using circuit
simulation. As an example, assuming AVporgp = AVro/10, Figure 4.15 shows that for
AVyo =5V, AIgriv o /130 o at Vi = 25 V is only 7.7%.

4.5 Justify Approximations and Assumptions

In previous sections, some approximations and assumptions are used in the analysis and
design of the proposed pixel circuit. They are justified and discussed in this section.

4.5.1 OLED Aging and Voltage Shift

Assuming a drive TFT (7j) and an OLED have typical sizes and the same stress condition
in terms of current and temperature, referring to their aging models and data respectively
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Figure 4.16: A significant AVr leads to a small AVE% ) due to the steep OLED -V
characteristic (for V&Y = 16.7 V) [60].

in [74] and [75], one can see that AVprgp is much smaller than AVz,. Based on this
observation, several approximations are made as follows.

Since OLED -V characteristic is steep, the AVA,%,, caused by AVr is negligible:
dVEEp/dVre = 0. (4.35)

This is illustrated in Figure 4.16. V2%, (I57%,) and VA2, (I1874,") are the OLED
voltages (currents) in programming phase for AVro =0V and 5 V, respectively. Besides,
AVES S = (VS — V% ). For AVry =5V, Figure 4.16 shows that [AVS% )| = 0.292
V, which is only 5.84% of AVrg, so Eq. (4.35) is reasonable.

In driving phase, assuming AVrp is fully compensated and OLED aging is negligible,

Idriv - does not change with AVr g, so Vv o does not change with Vi

Va5 JdVr g = 0. (4.36)
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4.5.2 AVTJ and AVT’?,

Two observations about AV of TFTs are useful for circuit analysis. First, for a practical
display with N rows of pixels, the total stress time spent in programming phases is only
1/N of that spent in driving phases. Second, for a typical refresh rate (e.g., 60 Hz), the
effect of negative pulse gate stress voltage on AVz is much less significant than that of
positive pulse gate stress voltage [38]. These two observations imply that only the AV of
the TF'Ts stressed by positive gate voltages in driving phase are considerable. Therefore,
AVr; and AVps can be considered as negligible when compared to AVy and AVp:

dVT71/dVT70 ~ 0, (437)
dVT73/dVT’0 ~ 0. (438)

4.5.3 V44 and Vg

Since the gates of T, and T3 are connected, their gate voltages are the same. Their source
voltages in driving phase can be made approximately the same. V% is a fixed value provided

by a row driver. Vgﬁj p is not fixed because it depends on V.. However, since OLED has a
steep I-V characteristic, the variation range of V7% - is much narrower than that of ng’ow.

L ; driv : driv _ driv driv driv _ driv L
If V5~ is selected close to V57’5 p, since Vigy = (VG70 — Vgiie ) and Viss = (VGO — V),
driv ~_ 1/driv
Vaso =~ Visa: (4.39)

As indicated in Figure 4.17(a), Vil is selected as 2 V so that it is lower than but still

driv

close VS§i'sp- This guarantees AVyy > AVp to enable AVyg-compensation (refer to Eq.
(4.17)). Figure 4.17(b) shows that (V4g's/Vdes) € (1, 1.1), so Eq. (4.39) is justified.

4.5.4 AVT@ and AVT’Q

AVro and AVp, depend on the voltage stress history of Ty and T5. The parts of AVy,
and AVp, caused by the voltage stress in programming phase are negligible because pro-
gramming phase is much shorter than driving phase. In driving phase, Ty is stressed in
saturation region, but 7 is stressed in linear region. Since Vg ~ V§ds (see Eq. (4.39)),

dVT,O/dVT,Q ~ 2/3, (440)
as discussed in [50]. Substituting Eq. (4.39) and Eq. (4.40) into Eq. (4.11) yields
dVESs/dVrs ~ 2/3. (4.41)
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4.5.5 Estimating AV/¢ for a Given ool

As defined in section 4.4.4, for a given I %7 AV is the boundary of AVpg between
being fully-compensated and under-compensated. If AVy o = AVTT ol Ty in driving phase
is at the boundary between ON and OFF, so V@ys = Vo = (Vjr + 3/2AVESH (refer to
Eq. (4.40)). Substituting this formula and Eq. (4.39) into Eq. (4.10) yields

Idm'v,Tol - W (AVTT,SZ/2) ﬂ/+2'

oLED — sat /Jnoif VI (4.42)

Then, normalizing Eq. (4.42) against Eq. (4.10) yields Eq. (4.16).

4.6 Measurement Results

4.6.1 Circuit Samples and Measurement Setup

The samples of the proposed pixel circuit were fabricated on glass substrate by using an in-
house BCE a-Si:H technology in Giga-to-Nanoelectronics (G2N) Centre in the University
of Waterloo. The minimum channel length in circuit samples was selected as 25 pym to
guarantee yield. The values of the design variables used in the circuit samples are listed
in Table 4.2. Figure 4.18 is the optical microphotograph of a fabricated sample of the
proposed pixel circuit on glass substrate.

The schematic of the setup of aging test is presented in Figure 4.19(a). A photograph
of instruments and a Cascade® Summit® 12000 probe station is shown in Figure 4.19(b).
Layouts were so designed that the samples can be tested by using either regular probe
needles or an advanced probe card, as illustrated in Figure 4.20(a) and 4.20(b), respectively.

The samples of the proposed pixel circuit were driven by the driving scheme presented
in Figure 4.3(b). As shown in Figure 4.19(a), to generate the pulse voltage signals required
by the driving scheme, Fluke® 294 Arbitrary Waveform Generator was used as the function
generator, whose pulse voltage was shifted up from (0 ~ 10) V to (0 ~ 20) V by off-the-
shelf voltage level shifters. Two groups of diodes, capacitors, and potentiometers were
used to set the delays of the edges of V5, and V3 with respect to that of V; at the end of
programming phase. An off-the-shelf Op-Amp was used as a current-to-voltage converter
to convert Iorpp to Vi, which was monitored by using a LeCroy® WaveRunner® 6100A
oscilloscope. BNC and tri-axial cables were used for shielding and guarding. An off-the-
shelf Op-Amp was used as a voltage follower to drive the guarding layer of tri-axial cable.
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Table 4.2: Design Variables of Proposed Pixel Circuit used in Tape-Out

Design Variable Value Design Variable | Value
Wo/Lo (pm) 100/25 Voo (V) 20
Wi/Ly () 50/25 Vies (V) | 0~ 20
Wy/Ly (pm) | 75/(50,75,100) I& o (uA) 0~14
W3/ Ls (pm) 50/75 Loy (pm) 5

The AVpp-compensation of the proposed pixel circuit was verified by aging tests.
Vop = 20 V and Vyue = 15 V were used. The low and high levels of Vi, V5, and V3
were zero and 20 V| respectively. Since the primary purpose of aging test was to verify
AVpo-compensation, OLED mimic (i.e., diode-connected TFT) was excluded by setting

Vss as open-circuit. 4% was measured from pad Vs, which was set at virtual ground.

4.6.2 AVy-Compensation

driv

At the beginning of aging test, the measured [75¢}, of the sample of the proposed pixel
circuit with Ly = 100 um was [j:ifsif’o = 1.05 pA. For comparison, an aging test was carried
out on another sample whose AV -compensation was disabled by fixing V5, and Vs at 20
V, so that this sample is equivalent to a conventional 2-TFT voltage-programmed pixel
circuit (see Figure 4.1). To make it also have Iggfo = 1.05 pA at the beginning of aging
test, its Viu was adjusted to 15.5 V. The measurement results shown in Figure 4.21(a)

verify that the overall variation of the ],“:l)’"glf’o of the proposed pixel circuit in a 240-hour

aging test is less than 9%. In contrast, the overall variation of ;¢ of conventional 2-TFT
pixel circuit, which does not provide AV o-compensation, is larger than 35% in 130 hours.
Therefore, the stability of the proposed pixel circuit under voltage stress is much better

than that of conventional 2-TFT pixel circuit.

Note that Figure 4.21(a) also indicates that, although AVry, is compensated, Ild‘)’"éf’o
still has residual instability. It could be caused by some second-order effects, including
non-zero AVp; and AVr 3, and/or variations of Fy;; during aging test. To remove the over-
compensation at the early stage of aging test, the size of T, can be decreased to reduce
compensation strength. As shown in Figure 4.21(b), the aging test result of another sample
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Figure 4.18: Sample of the proposed pixel circuit fabricated on glass substrate [65].
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Figure 4.19: The setup of the aging test of the proposed pixel circuit by using a Cascade®
Summit® 12000 probe station: (a) schematic and (b) photograph.
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Figure 4.20: Test the samples of the proposed pixel circuit by using (a) probe needles and
(b) a probe card installed on a Cascade® Summit® 12000 probe station.
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of the proposed pixel circuit with Ly, = 75 pm indicates that the over-compensation at the
early stage of aging test was removed by reducing the size of T5.

Figure 4.22(a) shows the measured transfer characteristics of Tj in the sample of the
proposed pixel circuit before and after the 240-hour aging test. The extracted AVyo~ 2V
is close to the result extracted from C-V measurements (see Figure 4.23). Figure 4.22(a)
indicates that AVy, would have caused significant reduction of 1 %’}f’o if AVpo-compensation
had not been used during the 240-hour aging test. In contrast, Figure 4.22(b) shows that,
since AVpg-compensation was used in the 240-hour aging test, except for the lowest I
levels, the variations of ;¢4 caused by AVr were not significant. The under-compensation

of AVp at the lowest [ f{éf’o levels (zero to 0.15 pA) is discussed in section 4.4.4.

4.6.3 TFT Vp-Shifts

The assumptions about the AVy of TFTs (refer to section 4.5.2 and 4.5.4) used in circuit
analysis are verified by the C-V measurements on the TFTs in the sample of the proposed
pixel circuit used in the 240-hour aging test. As shown in Figure 4.23, after the 240-hour
aging test, AVpg ~ 2.15 V and AVro =~ 3.15 V, so their ratio is close to the assumed 2/3
(see Eq. (4.40)). Besides, AV and AVp s are much smaller than AVy, and AVrs, so it
is fine to neglect AVyr; and AVzj in first-order analysis (see Eq. (4.37) and (4.38)).

4.6.4 Settling-Down Time in Programming Phase

As shown in Figure 4.24, the programming speeds of the proposed pixel circuit were mea-
sured before and after the 240-hour aging test for V)., switching from 5 V to 15 V (V},.4,:
L — H) and from 15 V to 5V (V,0e: H — L). In this test, a FPGA card was used to
generate control signals (V] 23) and input signal (V,,.,). In the worse case of settling-down
time, Ipgp in programming phase settled down within 95% of its final value in 250 ps. If
the minimum channel length of the TFTs used in the proposed pixel circuit is reduced to
5 pum (which is typically used in industry), programming speed should be even faster.
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driv

pm. Temperature = 23 °C, programming time = 800 s, 555 (tstress = 0) = 0.66 pA.
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Figure 4.22: Measurement results from a sample of the proposed pixel circuit with Ly = 100
pm [68]. (a) The transfer characteristics of Tj (measurement temperature = 23 °C), (b)
Ij%f’o v8. Vgara of the proposed pixel circuit (measurement temperature = 40 °C).
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Figure 4.24: Measurement results of control signals and Ipgo vs. time of the proposed
pixel circuit [68]. For Ipgp, dash curves are the data before the 240-hour aging test, while
solid curves are the data after the aging test. Measurement temperature = 23 °C.
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4.7 Comparison to Conventional Pixel Circuits

4.7.1 AVpr-Compensation

The AVp-compensation capability of the proposed pixel circuit is compared to those of
conventional voltage-programmed pixel circuits which use Vp-generation techniques. In
the first example, when the I&7%  of a conventional 2-TFT pixel circuit drops by 35%, the
one of the pixel circuit proposed in [70] increases by 8%, which is close to the maximum
relative error (9%) of the IZ  of the proposed pixel circuit. In the second example, when
AVy =2V, the I&iv. ) of the pixel circuit proposed in [77] drops by about 5%, which is
smaller than the maximum relative error (9%) of I&7%.,, of the proposed pixel circuit. In
the third example, when the IZ7% , of a conventional 2-TFT pixel circuit drops by 35%, the
one of the pixel circuit proposed in [78] drops by 12.5%, which is larger than the maximum
relative error (9%) of I&%  of the proposed pixel circuit. In the fourth example, when
the I&. - of a conventional 2-TFT pixel circuit drops by 30%, the one of the pixel circuit
proposed in [79] drops by 9%, which is the same to the maximum relative error (9%) of

I&7 . of the proposed pixel circuit.

The AVp-compensation capability of the proposed pixel circuit is also compared to those
of current-programmed pixel circuits. In the first example [30], when the AV of drive TFT
Idm’v

is 2 V, the relative error of I&%., varies from 1.5% to 40% when 7%, is reduced from its
[driv

maximum level to minimum level. In the proposed pixel circuit, the relative error of 157% 5,
which can be extracted from Figure 4.22(b), also increases when IZ7  is reduced, and is
larger than that of the current-programmed pixel circuit in [30]. The difference of AVy-
compensation capability is attributed to the fact that current-programmed pixel circuit

can compensate not only AV but also other variations (e.g., mobility, temperature, etc).

In the second example [31], the relative error of I3 - after a 240-hour aging test is about
5.5%, while the maximum relative error of the proposed pixel circuit is 9%. Therefore,
the AVp-compensation capability of the current-programmed pixel circuit in [$1] is better

than that of the pixel circuit proposed in this thesis.

In short, the AVpr-compensation capability of the pixel circuit proposed in this thesis
is similar to those of conventional voltage-programmed pixel circuits using Vp-generation
techniques, but not as good as those of current-programmed pixel circuits. The aforemen-
tioned comparisons are summarized in Table 4.3. Symbol “+” is used to indicate a better
AVr-compensation capability.
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4.7.2 Programming Speed

The durations of programming phase of the proposed and conventional pixel circuits are
summarized in Table 4.3. Since the compared pixel circuits were not implemented by
using the same sizing, their settling-down speeds in programming phase are not directly
comparable. To make reasonable comparisons, a common base is needed. Therefore,
assuming conventional pixel circuits (except for their OLEDs) are so scaled that the sizes
of their drive TFTs become equal to the one of the proposed pixel circuit (i.e., 100 pm /
25 pm), the settling-down speeds of conventional pixel circuits in programming phase are
estimated in the footnotes below Table 4.3. The comparisons between the settling-down
speed of the proposed pixel circuit and the ones converted from conventional pixel circuits
indicate that the programming speed of the proposed pixel circuit is faster than or at least
similar to the ones of conventional pixel circuits.

4.7.3 Simplicity and Power Consumption

The proposed pixel circuit also has advantages in terms of simplicity and power consump-
tion, as summarized and compared in Table 4.3.

e In programming phase, the proposed pixel circuit does not need to use any sub-
phase, whereas some conventional pixel circuits have to use multiple sub-phases for
pre-charging, Vr-generating, and data inputting, requiring longer total programming
time and more complicated external drivers.

e In the proposed pixel circuit, Vpp and Vgg are constant, V., is constant in pro-
gramming phase, and switch pulse voltages (i.e., Vi, V5, and V3) are simple, so the
proposed pixel circuit puts a minimal extra complexity on the design of external
driver. In contrast, in some conventional pixel circuits, complicated pulse patterns
and /or multiple voltage levels are used, complicating external driver design. Besides,
in some conventional pixel circuits, Vpp or Vgg is a pulse voltage, so some transistors
must be used in external driver between an external power supply and the bus line
of Vpp or Vg, resulting in a higher static power consumption.

e In programming phase, some conventional pixel circuits [70, 78] have to charge and
discharge OLED capacitance, which is typically large (5 pF for a typical OLED size
(200 x 100) um? [72]). In the proposed pixel circuit, the total capacitance on the gate
of drive TF'T in programming phase is only 2.23 pF, so dynamic power consumption
is lower, and settling-down speed is faster.
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e The proposed pixel circuit uses only one TFT in OLED current path, while some
conventional circuits [77, 79, 80] use multiple TFTs in the path. Given the same
gate voltage of drive TF'T, the more TFTs used in OLED current path, the higher
Vpp is needed to achieve the same I7%,. Therefore, conventional pixel circuits using

multiple TFTs in series in OLED current path have higher static power consumption.

4.8 Summary

In this chapter, a voltage-programmed pixel circuit using a novel AVp-compensation mech-
anism is proposed. The proposed pixel circuit was developed to have fast programming
speed and simple driving scheme, as well as AVp-compensation capability. The novel AVp-
compensation mechanism and other design considerations are presented and discussed. The
effectiveness of the proposed pixel circuit in AVp-compensation and its programming speed
are demonstrated by simulation and measurement results.

The proposed pixel circuit is also compared to conventional current-programmed and
voltage-programmed pixel circuits. It is faster than or at least comparable to conventional
pixel circuits because of its simplicity in circuit structure and operation. Besides, it uses
a simple driving scheme and a constant power supply voltage, reducing the complexity of
external driver. Also, it has lower power consumption. Although the AVp-compensation
capability of the proposed pixel circuit is not as good as those of current-programmed
pixel circuits, it is similar to those of conventional voltage-programmed circuits. Therefore,
the proposed pixel circuit is suitable for the applications which require fast programming
speed, low power consumption, simple driving scheme as well as a certain level of AVp-
compensation capability.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The development of AMOLED displays requires: (1) accurate compact device models of
a-Si:H TFT for device characterization and circuit simulation; (2) a method to simulate
the aging of a-Si:H TF'T by using circuit simulator so that the impact of the aging of a-Si:H
TFT on the stability of circuit performance can be investigated by using circuit simulation;
and (3) novel pixel circuits to compensate the impact of the aging of a-Si:H TFT on the
stability of pixel circuit performance. These challenges are addressed in this thesis.

The first contribution presented in this thesis is for the compact device model and
parameter extraction of a-Si:H TFT. Several improvements and innovations for better ac-
curacy and convergence were made to the compact device model of a-Si:H TFT. New
parameter extraction methods with improved accuracy and consistency were also devel-
oped. The improved static and dynamic models and new parameter extraction methods
of a-Si:H TFT are verified by measurement results.

The second contribution presented in this thesis is a method for circuit-level aging
simulation of a-Si:H TF'T. This simulation method uses differential equations to describe
the AVy of a-Si:H TFT so that AVr can be simulated by using circuit simulator. The effect
of the limited response speed of a-Si:H TFT on AV7 is taken into account. The developed
AVp model was implemented and inserted into a device model file of a-Si:H TFT. The
proposed simulation method and AVy model are verified by measurement results.

The third contribution presented in this thesis is a novel voltage-programmed pixel
circuit developed for AMOLED displays. It uses a novel mechanism to compensate the
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AVp of a-Si:H TFT over stress time. The AVr of drive TET caused by voltage stress is
compensated by an incremental gate-to-source voltage generated by utilizing the change
of the charge transferred from drive TFT to a TFT-based MIS capacitor. A second MIS
capacitor is used to inject positive charge to the gate of drive TFT to improve OLED drive
current. The effectiveness of the proposed pixel circuit in AVp-compensation is demon-
strated by simulation and measurement results. The proposed pixel circuit is compared to
several conventional pixel circuits. It has advantages in terms of fast programming speed,
low power consumption, simple driving scheme, etc.

5.2 Future Work

For the compact device modeling of a-Si:H TFT, it is important to further investigate
the static and dynamic model of contact region. This is especially important for short-
channel TFTs, in which the behavior of contact region has a more significant impact on
TFT performance. Besides, for short-channel TFTs, self-heating effect and channel length
modulation should be further investigated. In addition, a more accurate dynamic model
should be developed. Moreover, mechanical stress should be taken into account in TFT
compact model, so that its impact on circuit performance can be investigated by using
circuit simulation. Last but not the least, the accuracy of TF'T model should be further
verified by measurement results obtained from TFT-based circuits.

For circuit-level AVy simulation, the presented method and model should be further
verified by more aging tests with more different stress conditions on TFT-based circuits
as well as discrete TF'T samples. The method and model should also be further improved
in terms of convergence and computational cost, especially for long-term AV, simulation.
Besides, the impacts of more stress variables (e.g., temperature and mechanical stress) on
AVr should be included in circuit-level AVy simulation.

To compensate AVr, new pixel circuits using the proposed AVp-compensation mech-
anism can be developed to further improve the accuracy of AVp-compensation, accel-
erate programming speed, improve aperture ratio, and add the capability of AVorep-
compensation. Besides, more investigations on the performance and stability of the pro-
posed pixel circuit can be carried out in following aspects: (1) when using short-channel
TFTs; (2) when using TFTs with materials other than a-Si:H; (3) when implemented on
flexible substrate; and (4) when operated under different environmental temperatures.
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Appendix A

Layouts of Proposed Pixel Circuit
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