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Abstract

The difficulty that current-driven pixel circuit of active matrix organic light
emitting diode devices encounters, lies“in long charging time resulted in data
programming error while displaying.low gray level images. This thesis proposes an
adaptive current scaling pixel circuit design, which utilizes the cascade structure of
storage capacitors to achieve current scaling function without sacrificing aperture

ratio so as to shorten the charging time.

By the analytical and experimental results, at display luminance of 100 and 20
cd/m?, the charging time can be shortened by a factor of 10.7 and 13.7, respectively;
moreover, the driving current ranging from 2 nA to 5 pA can be obtained at
programming current ranging from 0.2 to 10 pA. Besides, the variation of driving
current can be suppressed to 3.8% while the threshold voltage variation of driving
TFT is 4.5 V which evidently demonstrated shortening charging time and
compensating the characteristic variations to fulfill the requirement of high resolution

and large size AMOLED displays.
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Chapter 1

Introduction

Organic Light Emitting Diode (OLED) displays have great potential to replace
Liquid Crystal Display (LCD) thanks to its merits such as high brightness, high
contrast ratio, light weight, thin structure, short response time and low-power
consumption [1-5]. Owing to the vastly different properties of OLED from LC, the
conventional driving methods for LCD may be inapplicable for OLED displays. In
this chapter, the choke point of the exited driving method for OLED displays will be

discussed and the objective of this thesis will be resolved accordingly.

1.1 Thin Film Transistor For Active Matrix Addressing
Initially LCD and OLED were driven-by:passive matrix (PM) addressing mode

to achieve maximum performance. Although the PM addressing mode is simple, it
would limit the display size and. resolution because the duration of pulsed signal
decreases as the display resolution and gray level increase. Therefore, PM addressing
has been replaced by active matrix (AM) addressing for mass information content and
large area flat panel displays (FPDs). In AM addressing scheme, field-effect
transistors (FETs), such as thin-film transistors (TFTs) are widely adopted because
TFTs can be easily fabricated for large size substrate by either amorphous or

polycrystalline silicon technologies.

In the realization of AMOLED, low temperature poly-silicon (LTPS) TFTs
utilized as a backplane for OLED are commonly adopted in AMOLED development
because LTPS TFTs can provide much higher current due to its higher mobility than
that of hydrogenated amorphous-silicon (a-Si:H) TFTs. However, during LTPS TFT

fabrication process, the poly-Si is crystallized by excimer laser annealing (ELA),



where the uniformity control is difficult. Consequently, the crystallization of poly-Si
is probably varied to affect the threshold voltage, mobility and sub-threshold. Thus,
the uniformity of TFT will be deteriorated to result in non-uniform brightness from
pixel to pixel [6]. Besides, complex fabrication process and high cost are extra

considerations for display industries to develop LTPS TFT as well.

Compared to LTPS TFT, using a-Si:H TFTs as the backplane to realize
AMOLED needs fewer manufacturing costs and lower equipment investment because
the a-Si:H can be deposited in chemical vapor deposition (CVD) and no extra process
steps are required. The uniformity of brightness throughout the whole display is
satisfactory [7-8]. There, a-Si:H TFTs is therefore to LTPS TFTs in large size OLED
displays.

1.2 Driving Mode

The active matrix pixel cirCuits can be classified-into two categories based on the

type of input data. The first one is the-voltage-driven pixel circuit and the other is

current-driven pixel circuit.

1.2.1 Voltage-Driven Pixel Circuit

TFT-based electrical circuit is the main stream of LCD driving circuit, and
exhibits good performance. Hence, it is straight-forward to implement the same
structure, two-TFT voltage-driven circuit, in OLED panel as shown in Fig. 1-1, [2].
The gate of switching TFT (T1) is connected to Vgcan line, and the Vpara driver
supply data to the source of T1 in each pixel circuit. After Vpara has been written to
the pixel, the Vscan is switched to low and the voltage stored in Csy. However, the
two-TFTs circuit in OLED panel causes serious problems: threshold voltage (Vrp)
and mobility (upg) variations due to the process- and aging-induced the variation of
the TFT characteristics. The direct influences of the increasing Vry and decreasing

urg are a decreasing OLED driver current for the same input data voltage leading to

2



the non-uniformity in brightness of the whole display area shown in Fig. 1-2(a) [9].
Hence, the compensating circuits should be inserted to maintain a constant current

passing through the OLED.

Vscan Vad

1
Il m

R . 4 OLED

vivd A

Fig. I-1. Conventional Voltage-dw&?ircuit for AMOLED display.
L T PN,

(@) (b)
Fig. 1-2.  Comparison of luminance uniformity of (a) voltage programming with (b)

current programming.

1.2.2 Current-Driven Pixel Circuit

Current driving schemes with four-TFT a-Si AMOLED pixel circuit with three
control lines shown in Fig. 1-3, was proposed by He et al. [10-11]. A current
programmed pixel circuit with self-adjusted voltage source not only provides a
continuous excitation to OLED, but also compensates AVty to improve the brightness

uniformity as shown in Fig. 1-2(b). However, a large timing delay is observed at a low



programming data current inasmuch as the interaction between the high OLED
efficiency and charging of a large interconnect parasitic capacitance. For example, a
current of 70 nA is sufficient to achieve luminance of 100 cd/m* when the efficiency
of OLED is 20 cd/A or higher, but charging the interconnect parasitic capacitance of
about 10 pF to the sufficient voltage level needs more than 150 ps. This charging time
is much longer than the typical frame time (30 ps) for a display with VGA
(640*RGB*80) resolution operated at 60 Hz. Thus, the current driving method causes

serious data programming error and still has much room to improve.

VC TRL Vi

VS CAN

440 @310 I

Fig. 1-3. Schematic diagram of conventional current-driven pixel circuit for
AMOLED display.

1.3 Motivation and Objective of This Thesis

As the abovementioned discussion on active matrix pixel circuits, since the
OLED is a current driven device, the pixel circuit needs not only to ensure the
matching of current during addressing and non-addressing state but also to
compensate the variations in OLED and TFT characteristics such as threshold voltage

variations, aging effects, and etc.



Although a-Si:H TFT technology can reduce manufacturing cost, equipment
investment and posses TFT uniformity, poor carrier mobility and larger threshold
voltage shift are the main issues. To resolve these problems, various techniques have
been proposed in both voltage and current driven pixel circuits [12-16] using a-Si:H
TFTs. In these cases, the current-driven scheme can effectively achieve uniform
brightness so that it is suitable for high resolution and large size AMOLED displays.
However, in the current-driven mode, low programming data current will induce
serious data programming error for high resolution and large sizes displays. Therefore,
in this thesis an adjustable current scaling pixel circuit for the a-Si:H TFT is proposed
and demonstrated to improve programming time delay.

1.4 Organization of This Thesis

This thesis is organized as follows. The principles and the features of adaptive
current scaling pixel circuit will be presented m- Chapter 2. In Chapter 3, the
simulation results including TFT paraméter extraction, the variation of current scaling
ratio with different the ratio of sterage capacitance and evaluation of programming
time will be discussed. In Chapter 4, the inversed-staggered back-channel-etch a-Si:H
TFT and OLED device fabrication process will be introduced, respectively. Besides,
the measurement equipments used to evaluate electrical properties of adaptive current
scaling pixel circuit and visual performance of active matrix OLED device are
illustrated. In Chapter 5, according to the experimental results, several parameters in
fabrication process are discussed, and then the designed structure will be realized and
modified. The conclusion of the dissertation and the future work are given in Chapter

6.



Chapter 2

Principle

Due to the technical challenge for the current-driven pixel circuit for AMOLED
displays, the current-mirror type based on current-driven pixel circuit with current
scaling function [17-18] that rudimentarily solves programming time delay by using
high programming data current to display low gray level images will be described.
However, to achieve a large current scaling ratio, the TFT geometric sizes are
necessary enlarging resulted in low aperture ratio. Hence, a modified current-driven
pixel circuit based on a-Si:H TFT technology with current scaling function which can
enhance the data programming speed s proposed: The operation of the proposed pixel

circuit and the method of current scaled down will be presented in details as well.

2.1 Why Current Scaling Function

The main issue of current-driven pixel eircuit in applications for matrix array in
pixels display is the long resistance-capacitance (RC) delay, which is proportional to
the size and resolution of display panel. A large RC delay will cause cross-talk, flicker
effects, and even more serious data programming error due to the insufficient pixel
charging across the large display area. The total programming time (7proc) [19] is
defined as the sum of the RC delay time of scan line (7zc.scan) and data programming

time of data line (7p4z4) in the following equation :
TPROG = TRC—SCAN + TDATA ° (2-1)

where Trcscay and Tpyz4 can be estimated by the following equation:

2
RC-H

Tre—scan = (N HRPIXEL)(N H CP[XEL) = +Ny COVRDH > (2'2)



where Rpixer, Cpixer, H, Ny, Co, Ro, Z and Coy denote the pixel resistance of bus line,
pixel capacitance of bus line, display width, horizontal resolution, capacitance per
meter square, sheet resistance, pixel pitch to bus line width ratio, and TFT

gate-to-drain/source overlap capacitance.

V C +C
T, = para ( IDATA sr) ’ (2-3)
DATA

where Ipsru, Cpars, Csr, and Vpyry denote the programming data current, data line

capacitance, storage capacitance and the voltage of Csr. Due to the Csr was much

smaller than Cp,zy, it could be neglected to simplify the calculation. Hence, Tp474 was

rewritten as:

V ‘N, -C
Tomd AR AS - (2-4)
RSCALE ) OLED 'z
R L IDATA (2_5)
SCALE Ji 5

OLED

C C,.al
JOLED = nCEU > (2'6)
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where Ny, Rscarr and Jorgp denote the vertical resolution of display, current scaling
ratio and the current density of OLED device. /o.zp is the OLED driving current. The
C,, Cg, and Cy depend on the refractive index and the emission spectrum of the
OLED material. L is the OLED luminance and 7 is device quantum efficiency. Based
on Eq. 2-1 to 2-6, the total programming time can be effectively shortened by large
Rscare in the condition of the same materials, panel size and resolution. Hence, the
combination of current-driven pixel circuit and current scaling function is expected to
be widely adopted by the applications in high resolution and large size AMOLED

display.



2.2 Current-Mirror Pixel Circuit

The current-mirror pixel circuit can achieve current scaling function by
enlarging the geometric size of TFTs. The architecture and driving method can be
described as follows.

The current-mirror pixel circuit consists of a driving TFT (T4), three switching
TFTs (T1, T2, and T3), and one capacitor (C;) shown in Fig. 2-1. The operation of the
pixel circuit is controlled by the three external terminals (Vscan, Ipars, and Vyz) and
the ground. The signals of Vscqy and Ip474 are supplied by external drivers while the
cathode of OLED is connected to the drain electrode of T4. There are two states for
the pixel circuit: addressing state and non-addressing state, which will be described as

follows.

Ipata I V, dA }
OLED

Tl

Vscan _| ?
] | orery

Fig. 2-1. Schematic diagram of conventional current-mirror pixel circuit.

2.2.1 Addressing State
During the period of the addressing state, T1 and T2 are turned on by the Vscun.
Then, the programming data current (/p4z4) passing through T1 and T3 to the ground

determines the gate voltage of T3 by the following equation:



1 w.
IDATA = _luFECOX _3(

2 . VGS3 - VTH3 )2 > (2-7)
where wupg, Cox, W3, L3, Vese and Vryyz denote the field-effect mobility, oxide
capacitance, channel width, length, the gate-source voltage and threshold voltage of
T3, respectively. T3’s drain voltage is equal to its gate voltage in the deep saturation
operation (Vps > Vgs-Vrm) to sustain the current. In addition, the gate electrode of T4
is connected to the gate electrode of T3, and the gate voltage of T4 is equal to that of
T3. Once the gate voltage of T4 becomes higher than the threshold voltage of T4, T4
will be turned on. In other words, the gate voltage of T3 determines T4 to turn on or
turn off. Moreover, V,, is larger than the gate voltage of T4 so that T4 is also operated

in the deep saturation region. The driving current (/ozzp) passing through V;;, OLED,

and T4 to the ground is determined by:

1 /%4
Lopep = EAUFECOX L_:(

2

VGS4 - VTH4) ) (2'8)

where Wy, Ly, Visqe and Vg, denote the channel width, length, the gate-source voltage
and threshold voltage of T4, respectively. The voltage difference between V,; and
Vsq 1s stored in the storage capacitor (C;) at the same time.
2.2.2 Non-Addressing State

When the operation switches from the addressing state to the non-addressing
state, the T1 and T2 will be turned off due to Vscv changing from high voltage to
ground. The storage capacitor will be discharged to maintain the same /o, zp passing
through OLED and T4 during the non-addressing state.

Since the threshold voltage of T3 is still equal to that of T4, and the Vg3 and

Vssq are the same, the relation between Ipy74 and Io gp can be written as:
/4
IOLED = W4IDATA' (2-9)

3

From Eq. 2-9, when W, is fixed, Ip.gp can be scaled down by increasing W;. The

scaled down ratio, Rscurg, 1s defined as:



R, =toam W (2-10)

SCALE
1 OLED W:l

Since the Rscqyr and W3/W, are identical, both low o zp and large Rscqrr can be
obtained by increasing the ratio of W3/W, as the Ip4r4 1s fixed. Hence, the large
programming data current is utilized to display low gray level pixel so as to shorten
the charging time. To improve the charging time effectively, the large geometric ratio
of W3 to W, is needed so that the geometric ratio will decrease the pixel aperture ratio
while leaving the current scaling ratio fixed. Consequently, the current scaling ratio of
current-mirror pixel circuit can not be effectively used when the display resolution
increases.

2.3 Design of Adaptive Current Scaling Pixel Circuit

From the above discussions, we can,conclude that although current-mirror pixel
circuit is capable of improving the charging time; the large geometric size of TFTs
causes low aperture ratio. In orderto resolve this problem, this section introduces the
architecture and driving methods of a novel-eurrent-driven pixel circuit based on the
a-Si:H TFT technology.

The adaptive current scaling circuit consists of a driving TFT (T3), three
switching TFTs (T1, T2, and T4) and two storage capacitors (C; and C,), connected
between a scan line and ground with a cascaded structure, as shown in Fig. 2-2. The
operation of the circuit is controlled by the ground and four external terminals: Vscan;
Vscanz, Ipara, and Vgg. The signals of Vscani, Vscanz, and Ip4z4 are supplied by external
drivers while the cathode of OLED is connected to the ground. The operation of this
pixel circuit is divided into two states: addressing and non-addressing states which are

described as follows.

10



>
S

440 @310 !

Fig. 2-2.  Schematic diagram of adaptive current scaling pixel circuit for AMOLED
display.

2.3.1 The Operation of Addressing Stalté Z

During the period of the ad‘d?essihg state) T1 and T2 are turned on by Vscan; and
T4 is turned off by Vscanz. After that, Fpyrs will pass through T1 and T3 to the OLED
device, while a small portion of /p474 also passed through T2 to node B. Then, the
drain voltage of T3 (node A) and node B are determined. The equivalent circuit
diagram of the addressing state is shown in Fig. 2-3, where T1 and T2 are modeled by
the turn-on resistance Rr; and Ry, respectively. Since the R is almost equal to Ry,
node A and node B are at the same potential, and T3 operates in the saturation region,
accordingly. Meanwhile, the current passing through the OLED device in the
addressing state, Iorep on, 1S equal to Ip4zy, which also determines the voltages of
node A and B. If the variation of threshold voltage of T3 is smaller than the amplitude
of Vscani, the gate voltage of T3, Vpzon, can be adjusted accordingly to ensure

constant Ip474 in the addressing state. In other words, Vzon is self-adjustable to

11



maintain the same stable value of Ip47y regardless of threshold voltage variation

resulted from the a-Si:H TFT process.

Vscanz Ry
— [ W A
"—lll A Vscani I

VJVG]

V_I.VGl

o

Vscant p— | )
e R —1 -
T M =l
S
|T2| I T3 i e
5 | Cil  oLep| |z

Fig. 2-3. The equivalent circuit diagram of the addressing state.

2.3.2 The Operation of Non-Addressing State

During the transition from ‘addressing state to non-addressing state, Vscun:
changes from high to low and then turns off“Fl-and T2. At the same time, T4 is turned
on by Vscan2 and then the drain electrode of ‘T3 is connected to V4 to ensure that T3
operates in the saturation region. After that, the current, lo;zp orr, Will pass through
T4 and T3 to the OLED device. The equivalent circuit diagram of the non-addressing
state is shown in Fig. 2-4, where R4 represents the turn-on resistance of T4. The
voltage at node B drops because of the feed-through effect on the cascaded structure
of C; and C,. The dropped voltage is derived from the charged conversation theory
and given by Eq. 2-11. The lower gate voltage of T3 (Vp.orr) is kept on C; and C to

maintain T3 turned-on during this period.

(G 1 Cop12)
V-orr =Vion —A '
s-orr =V B-ON G (G 1 Copry)

(2-11)

In Eq. 2-11, AVscan: 1s the voltage difference of Vscqy; between addressing-state and

non-addressing-state, and Coy.1» is the gate-to-source/drain overlap capacitance of T2.
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Fig. 2-4.  The equivalent circuit diagram of the non-addressing state.

Since the gate voltage of T3 decreases from Vp oy to Vi orr, the driving current
(Iorep_orr) 1s scaled down, whi¢h can, be'tepresented by the current scaling ratio,

Rscare, defined as:

k Lpira_on . (2-12)

OLED_OFF

RS CALE

The quantity of voltage drop shown in Eq. 2-11 is proportional to
AVscani(Ca||Cor-2)/[C1H(C5||Cor-12)] and leads to a small lorzp _orr. Namely, Rscare
is related to the size of C;, C, Coy.12 and AVscyn;. Since the small geometric size is
adequate for T2, a small Cpj.;» which is connected to the C, in parallel can be
regarded as a portion of C,. Therefore the adaptive Rsc4.r can be achieved by tuning
the ratio of the two cascaded capacitors. Consequently, when a very large
programming data current Ip4z4 is used to charge the pixel electrode and to shorten
the pixel programming time, a small driving current /o;zp_orr can be achieved for

low gray scales at the same time.
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2.4 Summary

Compared with the current-mirror pixel circuit, the proposed adaptive current
scaling pixel circuit has a distinguished capability of shortening programming time
delay especially in the low gray levels condition. The current scaling ratio can be
achieved by inserting a small storage capacitor to form a cascaded capacitors
structure instead of increasing the geometric size of TFTs. The Rsc4rr is adjusted by
tuning the ratio of the two cascaded capacitors without sacrificing the pixel aperture
ratio. In the following chapter, software simulation will be utilized to evaluate the
performance so that the adaptive current scaling pixel circuit can be realized in the

AMOLED applications.
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Chapter 3

Simulated Results and Discussions

Based on the principle described in Chapter 2, simulation was performed to
rudimentarily confirm the features of the adaptive current scaling pixel circuit in the

first place as a guide to fabrication.

3.1 Simulation Premise

The a-Si:H TFT model was constructed to simulate the current scaling ratio of an
adaptive pixel circuit by Synopsis H-SPICE, Rensselaer Polytechnic Institute (RPI).
In the beginning, several parameters shown in Fig. 3-1 should be tuned to make this
simulated I-V curve in agreement with the measured one of the fabricated sample.
According to the results, whileé the simulated parameters are set as Table 3-1, the
simulated I-V curve fits the expérimental-datarshown in Fig. 3-2. Hence, the following
simulations on current scaling ratio andpregramming time delay will be performed in

accordance to these parameters.
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Fig. 3-1. Comparison of Ipni, as a function of Vgae among measurement and simulation
results for a-Si:H TFT devices at various channel width (W) (a) 20, (b) 50, (c)
100 and (d) 150 um while channel length (L), dielectric thickness (ti) and Vpyain

were 4 um, 410 nm and 15 V, respectively.
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Fig. 3-2. OLED current density and brightness variation with supplied voltages.
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Table 3-1. The parameters used in proposed pixel circuit simulation.

Device parameters

WYL (T, Ts) (um) 50/4

W/L (T>) (um) 30/4

W/L (T4) (um) 40/4

Vu V) 1.65

UFE (cm?*/V-sec) 0.52

C (pF) 2.5

G (fF) 208 ~ 625
Supplied signals

Vscani V) 0~30

Vscan:z V) 0~30

Vaa V) 30

Iparu (LA) 0.2~10

Time

ton (ms) 0.33

torr (ms) 33

* channel width®of TFT

® channel length-of TET

3.2 Simulation Results and Discussion
3.2.1 Current Scaling Ratio

The proposed current scaling pixel circuit in accordance with the parameters in
Table 3-1 is evaluated by the H-SPICE simulation tool and results are shown in Fig.
3-3. In the case of C,/C; = 1/6, the simulation results are listed in the Table 3-2. It is
worth noticing that the appropriate voltages are applied on nodes A and B to ensure
Ipsr4 of 1 pA through the OLED device. In ideal case, V4 is equal to Vg; however, in
practice, Vp is larger than V because /p474 through T1 causes a voltage drop between
drain and source electrodes of T1. In addition, the voltage drop of Vp results in the
decreased Iorep from 1 (= lorep on) to 0.07 pA (= lonep orr). Therefore, the current

scaling function is achieved and the current scaling ratio, Rscazz= lorep onv/lonep oFF,
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is equal to 14.2 so that the programming time can be shortened to 1/14 times than

conventional current-driven pixel circuit.

30 . VSCANJ.(V)
18‘ Addressing state Non-addressing state
L P T T T T T T T T T T 7
30 _VSCANZQ./)
15
O i V (I\/) T T T T T T T T T T T T
21" : ;
27 E | |
V (V)I T If T T : T T
304 * 96_ | !
15 ™~ [ 2617
0 —V (V)I T T T T X T T T t T T
104'® ' 42
5 1014 | ™
|
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104 o) | :
0.0 T T T A | L t T T T
0 125 250 375 500 625 750
Time (us)

Fig. 3-3. The simulation waveform of proposed pixel circuit.

Table 3-2. Simulation results of proposed pixel circuit in the Fig. 3-3

Addressing State Non-Addressing State

Vscani V) 30 0

Vscan: V) 0 30
Vaa V) 30 30
Va V) 9.6 26.1
Vs V) 10.1 4.2
Iunt (UA) 1.0 0.07
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From Fig. 3-3, the current scaling function has been obtained; however, the variation
of Rscarr with Ipsry and C,/C; shall be taken into consideration owing to its critical
impact on the performance of a proposed pixel circuit. The dependence of Rsc4zz on
the data current as shown in Fig. 3-4 reveals that Rgc4.r increases as Ip4r4 decreases
and Rgscqrr 1S adjustable. Rscqrr is larger at lower Ipy74 because larger data current

through T3 leads to the larger V3.oy. The voltage drop

(G5 1 Cop 1)
SCAN 1
C+(Cy 1 Cop 1))

is relatively smaller than Vp_on so that the OLED driving current drop is also slight. In
other words, the lower Ip474 at lower gray level, the larger OLED driving current drop
can be attained. On the other hand, according to Eq. 2-11, the larger ratio of C,/C;
yields the larger voltage drop of+Vp from addressing state to non-addressing state.
Signifying the lower Vp.opr canbring out the‘possibly lower /o £p orr and the higher
Rscqre. By fitting the simulation result, the-function of fitting curves in the different

ratio of C,/C; can be described as follows:

(1) Co/C; = 1/4

Y =8.7524X 27" petweenin 02< X < 0.5 (3-1.1)

Y =15.957X 2% betweenin 0.5<X < 1.0 (3-1.2)

Y =7.6333X "7 betweenin 1.0<X < 10.0 (3-1.3)
(2) C./C;=1/8

Y =13779X ¥ betweenin 0.2< X < 0.5 (3-2.1)

Y =2.6612X %77 betweenin 0.5<X < 1.0 (3-2.2)

Y =2.1509X **'77  betweenin 1.0<X < 10.0 (3-2.3)
(3) Co/C;=1/12

Y =1.0657X 1?2 petweenin 02< X < 0.5 (3-3.1)
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Y =1.7154X ***'  betweenin 0.5<X < 1.0 (3-3.2)
Y =1.4934X %% petweenin  1.0<X < 10.0 (3-3.3)

where X and Y denote the programming data current and current scaling ratio. Since
Rscare increases greatly with decreasing /par4, the function of fitting curve is divided
into three regions to match simulation accurately. According to these functions at
different ratio of C,/C;, the adaptive current scaling can be evaluated to meet the
display requirements. Moreover, when Ip474 is fixed, the increasing rate of Rscurr
increases as C»/C; increases from 1/12 to 1/4. In addition, when the sum of all storage
capacitor sizes in the proposed pixel circuit is the same as that in a traditional
current-driven pixel circuit, the aperture ratio is identical while tuning the ratio of
C,/C;. In brief, large Rscqrr 1S achieved at low gray levels and low Rsc4.z 1s obtained
at high gray levels. Hence, an adaptive current scaling ratio is achieved by tuning the

ratio of C,/C; without sacrificing aperture:ratio.

Simulation  Fitting curve
(@) CJ/C=1/4 "
103 i (b) C,JC =1/8
] (c) CJC =1/12 A
] Lotep on
10°- Rocir= I -
; ] OLED OFF
9O
[
<
101__ k
100 _E Y
T T T L T T T L
0.1 1 10

Fig. 3-4. Comparison of Rsc4r as function of /p,74 among simulation and fitting

cutting curve at various C,/C; (a) 1/4, (b) 1/8 and (c) 1/12 in the proposed
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pixel circuit shown in Fig. 2-2.
The current scaling function is implemented to reduce the programmed current
from addressing state to non-addressing state. Since lozep ov (=Ipars) is larger than

lorep orr by a factor of Rscark, the average OLED current (L476) for the pixel circuit is

Toen onton +Lowep orr Lorr
Ly = - - ' (3-4)

tON + tOFF

where oy and torr denote the addressing and non-addressing state periods during the

frame time, respectively. Meanwhile, the /4y can also be rewritten by Eq. 2-12 as :

=1

(3-5)

RSCALE tON + tOFF
AVG .

0LEDOFF|: Loy +Lom

Evidently adjusting lo.ep _orr and Rscarr controls I4yr to achieve different gray
levels for display. Subsequently, Zon of 0.33 ms and 7orr of 33 ms are adopted to
calculate the variation of OLED-current during a frame time as shown in Fig. 3-5. For
the addressing state, both conventional current-driven pixel circuit and proposed one
provide the lorgp oy identical to Ipjme because  the current is directly supplied by
external driver shown in Fig. 3-5(a). However, for the non-addressing state, the
proposed pixel circuit reveals the lower current than the conventional one does whose
lorep orr 1s equivalent to Iozep on as shown in Fig. 3-5(b). In addition, the larger ratio
of C»/C; always yields more rapid decrease in lorep orr. Moreover, toy is much
longer than torr, the small Iorzp orr in the non-addressing state can further reduce the
Ly even if the o ep o is large. According to Eq. 3-4, the 14y is dependent on Ip4zy
with different ratio of C,/C, in one frame period as shown in Fig. 3-5(c). At the ratio
of C,/C; =1/4, the proposed pixel circuit can generate the /4y ranging from 2 nA to 5
LA while Ip4z4 1s changed between 0.2 and 10 pA. By contrast, the Iy of the

conventional pixel circuit is almost equal to /p474, implying that there is no current

scaling function. From applying these abovementioned results, it is evident that
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proposed pixel circuit in address state can provide larger Ip4r4 than I,z without
increasing the a-Si:H TFTs geometric size. Hence, a large Rsc4zr can be achieved by
inserting a small storage capacitor (C,) to form a cascaded structure of storage

capacitors and a high Ip,74 can be used to accelerate the programming time in the

addressing state accordingly.
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Fig. 3-5.  Comparison of (a) lorep on, (b) lorep orr and (¢) Ly as a function of Ip4zy
among current-driven pixel shown in'Fig. 1-1 and proposed pixel shown in
Fig. 2-2 at various Co/Cyratio during one frame period while 7oy = 0.33 ms

and torr = 33 ms.

Going a step further, compared ‘to the current-mirror circuit which can only
provide a constant Rsc4zz, the proposed pixel circuit is obviously more outstanding
because of the adjustable Rgc4rr and large aperture ratio. The I,y as a function of
Ipar4 1s shown in Fig. 3-6. The proposed pixel circuit achieves the wider range of Lyy¢
from 2 nA to 5 pA compared with the current-mirror pixel (0.05 to 2.8 pA).
Meanwhile, the Rscqrr is adjusted by the /p474. However, the current-mirror pixel
circuit is able to scale down Ip474, Rscare 18 constant in the whole range of Ip 74. In
addition, to achieve larger Rsc4rr requires a larger driving TFT in current-mirror pixel
circuit and results in lower aperture ratio. Hence, not only high Ip474 and large Rscarx
for the low gray levels that can shorten programming time but also reasonable /pr4

for high gray levels that can avoid large display power consumption can be obtained
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concomitantly in proposed pixel circuit without sacrificing aperture ratio.
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Fig. 3-6. Comparison of I as asfinction ,of I/ps7y among current-mirror pixel
shown in Fig. 2-1 and propésed pixel shown in Fig. 2-2 at fpy = 0.33 ms

and forr = 33 ms.

3.2.2 Programming Time

As discussed in chapter 2, the current scaling function can effectively shorten
programming time. In the section, the total programming time (7pzoc) is calculated
based on Eq. 2-1 to Eq. 2-6 and the parameters are listed in the Table 3-3. The Tprog
as a function of display size is shown in Fig. 3-7. Without current scaling function
(Rscaze = 1), a XGA display requires Tproc of 89 ~ 90 us to charge up the
conventional current-driven pixel circuit which is four times longer than the scan
pulse width (7Tsc4n) of 21.7 ps at 60 Hz frame rate. Therefore, conventional
current-driven pixel circuit is inapplicable for a large size and a high resolution
display. In contrast, the current-driven pixel circuit with current scaling function

(Rscare = 20) can reduce the Tprog effectively. Furthermore, as display resolution
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increases to UXGA, the Tprog is 7 ~ 8 us which is lower than Tsc4y of 10 us even for
display diagonal of 40 inch. Hence, the proposed pixel circuit with cascaded structure
of storage capacitors and build-in current scaling capability can allow the realization

of a high resolution and large size current-driven AMOLED display.

¥ (@) XGAR, =1  -#(c)XGAR, =20
(b) XGA RSCALE:4 -+—(d) UXGA RSCALEZZO
100 g V-V-V-V-V-V-V-V-V-V- V-V V-V V-V V-V-V—¥Y
w
>
0
o)
£
= 104
] ©-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0
E-E-E-E-E-E-N-N-E-E-E-E-E-E-E-E-E-E-E-N
1 T 1 . 1 BC T

0 | 10 20 30 | 40
Display-diagonal (in.)

Fig. 3-7.  Tproc as a function of display diagonal with a scan line made from Cu at (a)

XGA RSCALE = 1, (b) XGA RSCALE = 4, (C) XGA RSCALE =20 and (d) UXGA

Rscare = 20.
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Table 3-3. The parameters including TFT materials and OLED device for

calculating total programming time.

OLED device TFT material

Voara (V) 5 Co  (uF/m%) 150
Cr V) 044 Ro  (Q/sqr) 0.075
Cy (Im/W) 427 Cor (mF/m) 0.2
L (cd/m?) 100

C, 1.1

n (%) 5

ps:Z=30

3.3 Summary

We have designed an adaptive eurrent scaling pixel circuit with a-Si:H TFT
technology for shortening programming time delay without sacrificing aperture ratio.
From the calculation of the total programming time, we can infer that the proposed
pixel circuit has an outstanding ‘ability to improve programming time delay even
though the resolution and display size are more than 1600*1200 and 40 inch,
respectively. In addition, the adaptation rate of Rsc4 .z can be adjusted by tuning the
ratio of the two cascaded capacitors without sacrificing pixel aperture ratio. In
comparison with conventional current-driven and the current-mirror pixel circuits, the
widest range of I,y from 2 nA to 5 pA for Ipgry ranging from 0.1 to 10 pA can be
achieved by the proposed adaptive current scaling pixel circuit. As a result, both the
current scaling function and the reasonable power consumption can be easily

accomplished.
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Chapter 4

Fabrication and Measurement Instruments

4.1 a-Si:H TFT Fabrication Process

In this section, a prototype to characterize the features of the current scaling pixel

structure is fabricated by the standard processes of a conventional inversed-staggered

back-channel-etch a-Si:H TFT technologies.

Typical process flow for inversed-staggered back-channel-etch a-Si:H TFT [Fig.

4-1]

10.

1.

12.

Gate metal deposition on the glass substrate by sputtering method.

Mask #1 : TFT gate electrodes formation, Fig. 4-1(a).

Deposition of gate dieleetric layer, Fig. 4-1(b).

Sequential deposition-of'a-Si:H and n+ a-St:H layers are formed by Plasma
Enhanced Chemical Vaper Deposition (PECVD), Fig. 4-1(c).

Mask #2 : active island definition; Fig. 4-1(d).

Source/Drain metal deposition by sputtering method.

Mask #3 : Source/Drain electrodes definition, Fig. 4-1(e).

n+ a-Si:H back-channel-etch by the dry etching process, Fig. 4-1(f).
Deposition of SiNy layer.

Mask #4: Indium-tin-oxide (ITO) electrode contact hole definition, Fig.
4-1(g).

Deposition of ITO layer.

Mask #5: ITO electrode definition, Fig. 4-1(h).
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Fig. 4-1. Process flow for inversed-staggered back-channel-etch a-Si:H TFT.

4.2 Organic Light Emitting Diode Fabrication Process

After the fabrication of the current scaling pixel circuit, an OLED device is
deposited onto the TFT backplane to demonstrate the unique performance of the
current scaling pixel circuit. The well-known structure of bottom-emission OLED
device, ITO / CuPc / NPB / Alqs/ LiF / Al is chosen because of its advantages such as
high efficiency and stability. All of the device architectures and material structures are
shown in Fig. 4-2. These small molecule layers are deposited sequentially by a

vacuum evaporation process in a chamber to form several parallel thin films which
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are important for the lifetime of the device as shown in Fig. 4-3.
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Fig. 4-2. The schematic architecture and molecular structures of bottom-emission
OLED device.

Fig. 4-3. Thermal coater system for OLED fabrication.

4.3 Measurement System

After fabricating the current scaling pixel circuit and an OLED device, the
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experiments were conducted to confirm that the fabricated sample performs in
agreement with the original design. The instruments including electrical properties
analysis system, testing circuitry system and ConoScope will be introduced in the

following subsections.
4.3.1 Electrical Properties Analysis System

The electrical property analysis system mainly consists of Agilent 4156A
semiconductor analyzer and 41501B pulse generator as shown in Fig. 4-4. An Agilent
4156A semiconductor analyzer with a probe station is used to analyze the electrical
properties of a circuit such as I-V measurement or bias-temperature-stress (BTS). The
ground probe station is furnished with an electrically isolated, water-cooled thermal
plate within an optical shielding box. The plate can be controlled by Temptronic
TPO315A thermal controller between 25°C and 300°C. The source measurement units
(SMUs) are used to control voltage sources where: current flowing through can be
measured. The voltage or current sources supplied by Agilent 4156A semiconductor
analyzer can be transmitted through SMU to the pixel circuit and the output voltage or
current will be detected concomitantly.

In addition, the 41501B pulse generator is employed to create wave function
signals which Agilent 4156A semiconductor analyzer cannot provide. Consequently,
combining Agilent 4156A semiconductor analyzer with 41501B pulse generator can

advance the application for electrical property analysis.
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Fig. 4-4. FElectrical property analysis system with Agilent 4156A semiconductor

analyzer, 41501B pulse generator, and probe station.

4.3.2 Testing Circuitry Systems

The testing circuitry system. is compeosed by a function generator and a
micro-ampere (HA) level power supply-to-drive thé adaptive current scaling pixel
AMOLED device. The function generator.can. generate rectangular, triangular and
sine waves with frequency limitation of 2 MHz as shown in Fig. 4-5. Due to the
amplitude of signal wave is not high enough to turn on the switching TFT, the
adjustable amplifier circuit is necessary to amplify the amplitude to a proper voltage
level. After amplifying, the signal passing through buffer and inverse circuits can
synchronously produce the non-inverse and inverse signals for the operation of
adaptive current scaling pixel AMOLED device.

On the other hand, in the pA level power supply there are 24 channels and the
resolution of 100 nano-ampere (nA) can be achieved shown in Fig. 4-6. By using the
variable resistor, the output current can be adjusted from 1 uA to 1 milli-ampere

(mA).
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Fig. 4-5. The GFG-8020H function generator.

Fig. 4-6. The micro-ampere level. power élll:pply." p T

. _ " ]

4.3.3 ConoScope ;

The ConoScope is used for visual performance evaluation such as luminance,
contrast ratio, color shift, gray scale and so on shown in Fig. 4-7. In principle, the
light from the test area will be focused by a set of lenses so that all beams emerging
from the sample in the same direction will meet in one spot in the so called focal
plane. Hence, all parallel beams can be projected on one spot in the focal plane by the
ConoScope lens. The resulting figure is called the "conoscopic figure". It represents
that each spot on the focal plane corresponds to one specific direction of the viewing

cone. The conoscopic figure directly shows color and luminance as they would have

been plotted in a polar coordinate system shown in Fig. 4-8.
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Fig. 4-7. The visual performance evaluation system of ConoScope instrument.
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Fig. 4-8. [Illustrations of ConoScope detector.
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Chapter 5

Experimental Results and Discussions

After simulation and fabrication, the experiments were implemented to examine
the calculation. In this chapter, the electrical characteristics and reliability among
conventional current-driven, current-mirror and adaptive current scaling pixel circuits
were compared and the feature was characterized by optical microscope shown in Fig.
5-1. Besides, OLED materials were deposited onto the a:Si:H TFT panel to form

single pixel AMOLED devices so as to analyze the visual performance.
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(b)

(©)

Fig. 5-1. A photograph of (a) current-driven, (b) current-mirror and (c) adaptive

current scaling pixel circuits fabricated by a-Si:H TFT technologies.

5.1 Electrical Characteristics
5.1.1 Current Scaling Ratio

As the discussed simulation results in Chapter 3, the proposed adaptive current
scaling pixel circuit revealed the outstanding current scaling function in comparison

with conventional current-driven and current-mirror pixel circuits. Next, we would
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measure the pixel circuits with different ratios of cascaded storage capacitors and
geometric sizes of TFT to observe the variation of current scaling ratio.

First, in the proposed pixel circuit, the device parameters and measurement
conditions were listed in Table 5-1 and Table 5-2. The Rsc4.r as a function of Ip,74 at
various ratio of C»/C; was shown in Fig. 5-2. From the measurement results, when the
ratio of C,/C; was equal to 1/4, the Rscurr increased from 1.8 to 950 as Ipszu
decreased from 10 to 0.2 pA shown as the dot line in Fig. 5-2. It was clearly indicated
that not only the large Rsc4r at low gray levels but also low Rsc4zz at high gray levels
were achieved so that the Rgc4.r Was adjusted by input data current. On the other hand,
when Ip474 was fixed, the larger ratio of C»/C; yielded larger the increasing rate of
Rscqre. The results were also identical to the above simulation. Hence, an adaptive

current scaling pixel circuit was successfully demonstrated.

Table 5-1. The parameters of fabricated-device for proposed pixel circuit.

Device parameter

WL (T)) (pm) 50/4
W/L (Ty) (um) 30/4
W/L (Ts) (um) 50/4
W/L (Ty) (um) 40/4
C; (pF) 2.5

C (fF) 208 ~ 625
* channel width of TFT

® channel length of TFT
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Table 5-2. The parameters used in the condition of measurement.

Supplied signals

Vscani V) 0~30

Vscanz V) 0~30

Vaa V) 30

Ipars (HA) 0.2~10
Frame time

ton (ms) 0.33

torr (ms) 33

Measurement Simulation
@ C2/C1:1/4 m

(b) C,/C,=1/8
(€ C/C=U12 4

Lovep o
w 10° 4 Rocurr= 7 -
S ] OLED OFF
o ]
10" 4
o i A
10 3

0.1 1

IDATA (HA)

Fig. 5-2. Comparison of Rscsrr as a function of Ip474 among measurement and
simulation results at various C,/C; (a) 1/4, (b) 1/8 and (c) 1/12 in proposed

pixel circuit shown in Fig. 2-2.

As mentioned before, the current scaling ratio was adjusted by tuning the ratio of
C,/C;. To investigate the variation of current scaling ratio with different geometric
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size of TFTs, we would focus on different channel width of T1, T3 and T4 to evaluate
Rscare variation while T2 was ignored due to the less current passing through T2. In
the following case, the channel length of all TFTs, channel width of T2, the
capacitance of C; and C, were fixed in 4 um, 30 um, 2.5 pF and 312 {F, respectively.
(1) Inthe case of T1:

The Rscar was dependent on Ipy7y with different channel width of T1 shown in
Fig. 5-3 (a). With increasing the channel width of T1, the Rsc4 .z Was increased as the
channel width of T3 and T4 were 50 and 40 um. Since the turn-on resistance of T1
(Rt1) was decreased with increasing the channel width of T1, Vp oy was close to Vu
resulted in the lower Vi oy was. Based on Eq. 2-11, the lower Vz oy would cause
significant decrease of Vp.orr. Therefore, the lower lorep orr Was achieved by
increasing the channel width of T1% In other words, the larger Rgc4.r Was obtained in
the longer channel width of T1.

(2) Inthe case of T3:

According to Eq. 2-7, in the censtant current passing through driving TFT (T3),
the longer channel width of T3 caused the lower Vz.on. As mentioned of the above
case, the lower Vg oy would result in larger Rscqz5. Hence, in the experimental result,
the larger Rscarr was accompanied with the longer channel width of T3 as shown in
Fig. 5-3 (b).

(3) Inthe case of T4:

When the channel width of T4 increased, the turn-on resistance of T4 (Rrs)
would decrease. In the non-addressing state, the current passing through T4 caused
the voltage drop (V74) across the T4. When the channel width of T4 was decreased,
the low Rr4 was obtained so that low Vp; was achieved. Hence, the V4 in the
non-addressing state was equal to Vdd — Vpy. Since T3 operated in the saturation

region, if the drain voltage of T3 (V) was gradually increasing, the lozep orr Was
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also simultaneously increased due to the kink effect. It would be derived that the
influence of kink effect on the longer channel width of T4 was more significant
resulted in the larger Jo.£p orrand the measurement result was shown in Fig. 5-3 (c).
With the analysis of the above, we could conclude that the current scaling ratio
would be adjusted by not only the cascaded storage capacitors but also the channel
width of T1, T3 and T4. The longer channel width of T1 and T3 and the shorter
channel with of T4 would cause the larger current scaling ratio. Hence, to be optimum
current scaling ratio, we should consider both the ratio of cascaded capacitance and

the channel width of TFTs.

10% -
] —=—W_ = 50 pum
—e— WTl =100 um
°
1
Ropuyp= OLED ON
= IOLED_OFF
[S§]
o 10 .
I\
\.
I\
\.
n
10° ———r ——r
0.1 1 10
[DATA (MA)

(a)
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10° . ———r :
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]DA TA (MA)

SCALE

(c)
Fig. 5-3. The Rsc4rr as a function of Ip,74 at various channel width of (a) T1, (b) T3

and (c) T4 in proposed pixel circuit shown in Fig. 2-2.

The purpose of current scaling function was to shorten programming time with
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high programming data current charged the parasitic capacitor and storage capacitor
at the low gray levels. The dependence of OLED current with different the ratio of
C,/C; on Ipyzy during a frame period was shown in Fig. 5-4 and ensure that ¢oy and
torr were 0.33 and 33 ms in one frame period, respectively. In the addressing state,
the lorep onv Was equal to Ip4z4 no matter the C»/C; ratio changed from 1/4 to 1/12.
During the transition from addressing state to non-addressing state, at Ip,z4 of 0.2 pA,
the OLED driving current in the non-addressing state, lorzp orr, Was scaled down to
0.17, 5 and 20 nA while the ratio of C,/C; was equal to 1/4, 1/8 and 1/12, respectively.
It revealed that the larger ratio of C,/C; caused significant decrease of lorep orr SO
that the result corresponded to Eq. 2-9. On the other hand, at Ip4ry of 10 pA, the
lorep orr Was scaled down to 4.8, 6.9 and 8.0 pA while the ratio of C,/C; was equal to
1/4, 1/8 and 1/12, respectively. It meant that the amount of current drop at lower Ip14
was more than that at higher /p 74 due to the lower Ip,74 passed through T3, the lower

Vs.onv was. Hence, the voltage drop of

: C I Co 1>
SCAN1
Cr+'C, || Copry

was relatively larger than Vp oy resulted in the larger current drop of /p474 so that the

larger Rscqrz Was obtained at lower gray levels.
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Fig. 5-4. The (a) lorep ovand (b) lorep orr as a function of Ip,zy at various C,/C;

during a frame period in proposed pixel circuit shown in Fig. 2-2.

42



As described in Chapter 3, the conventional current-driven pixel circuit does not
have the capability of current scaled down no matter the geometric size of TFTs
changed or not. In the experimental results, the parameters of conventional
current-driven pixel circuit and measurement condition were listed in Table 5-3 and
Table 5-2, respectively. The OLED current of conventional current-driven pixel
circuit in the addressing state was the same with Fig. 5-4 (a). When pixel circuit
worked in the non-addressing state, the lorep orr Was still identical to /p474 regardless
of the channel width of driving TFT (T4) increased from 50 to 150 um shown in Fig.

5-5.

Table 5-3. The parameters of fabricated device for conventional current-driven pixel

circuit.
Device parameter

WYL (T)) (um) 100/4
W/L (T)) (um) 100/4
W/L (T3 (um) 100/4
W/L (Ts) (um) 50/4~150/4
C (pF) 2.5
* channel width of TFT
® channel length of TFT
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Fig. 5-5. The lorep orr as a function of Jg4s during a frame period at various

channel width of T4 = 150,|100 and 50 pum in the current-driven pixel

circuit shown in Figi1-3.

As to conventional current-mirror pixel circuit, the OLED current was dependent
on the Ip4ry with different geometric sizes of T3 during a frame period as shown in
Fig. 5-6 and the parameters and measurement condition of current-mirror pixel circuit
were listed in Table 5-4 and Table 5-2. In the addressing state, the /ozzp as a function
of Ipsry was shown in Fig. 5-6 (a). Clearly, the ratio of Ip4m/lorep Was direct
proportion to geometric size ratio of T3/T4. In the case of T3/T4 = 1/2, Iorep enlarged
from 0.15 to 5.7 pA while the Ip474 increased from 0.2 to 10 pA. In ideal condition,
the ratio of Ipsra/lorep Was equal to the ratio of T3/T4. However, in this case, the
lorep was larger than that of ideal condition due to the high V;; induced kink effect
resulted in the increase of /pzzp. In the non-addressing state, although the Iozzp still

kept linear relationship with Ip474, the Iprgp in the addressing state was lower than
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that in the non-addressing state because of the discharging of storage capacitor

resulted in the decreasing of T4 gate voltage.

10| —=—T3/T4 = 4/1
1| —e—T3/M4= 21 .
T3/T4= 1/1 *®
/./
/./. " -
/./
€ e
g 14 "
E : ..././
0/./. ,I/
R
° m
./ ./I
-
0.1—_ ./
T T T L T T T L
0.1 1 10
DATA (HA)
(a)
10'§ —n—T3/T4=4/1
—e—T3/T4=2/1 .°
T3/T4=1/1 e ad
—~ 1 /./. " .'..
g i T
0 1 /
0.1
] ./. ././
././I/
l/
0.01 -
] T T T L T T T L |
0.1 1 10
IDATA (1A)
(b)

The lorep as a function of Ip4ry in the (a) addressing state and (b)

non-addressing state at various T3/T4 =4/1, 2/1 and 1/1 in a conventional

45



current-mirror pixel circuit shown in Fig. 2-1.

Table 5-4. The parameters of fabricated device for current-mirror pixel circuit.

Device parameter

WYL (T))  (um) 100/4
W/L (Tp)  (um) 100/4
W/L (Ts)  (um) 50/4~200/4
W/L (Ts)  (um) 50/4

C; (pF) 2.5

* channel width of TFT

® channel length of TFT

According to Eq. 2-1 to 2-4 and Table 3-3. the comparison of the total
programming time among current-driven, curtént-mirror and proposed pixel circuit
was listed in the Table 5-5. Clearly, proposed pixel circuit could be effectively
suppressed to 8.4 ps at luminance of 100 cd/m? XGA display while the conventional
current-driven and current-mirror pixel circuits were 90 and 14.6 us as scan pulse
width was 21.7 ps at 60 Hz frame rate. On the other hand, at low gray level such as
luminance of 20 cd/m?, the total programming time of proposed pixel circuit was 16.4

us which was shorter than the scan pulse width of 21.7 ps. Hence, the proposed pixel

circuit had a capacity for shortening the programming time.
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Table 5-5. Comparison of total programming time among current-driven,

current-mirror and proposed pixel circuit at various luminance.

Luminance Current-driven pixel ' Current-mirror pixel ? Proposed pixel

20 cd/m’ 225 (us) 22.0 (1s) 164  (us)

100 cd/m* 90 (1s) 14.6 (ps) 8.4 (us)

"' W3/Wrs = 4/1 (W: channel width of TFT)

2Cy/Cr=1/4

To highlight the advantages of our proposed pixel circuit in comparison with
both the conventional current-driven and current-mirror pixels, the OLED average
current (I4y£) as a function of data current in the proposed pixel circuit as well as the
conventional current-driven and cutrent-mitror pixel circuits was shown in Fig. 5-7.
In a frame period (ton + torr), the Ljyc of the current driven pixel circuit was almost
equal to Ip474, implying no current scaling function existed in the current driven pixel.
As to the current mirror pixel, the circuit was able to scale down /p,zy, but the
scale-down ratio was constant in the whole range of /p4r4. In addition, in order to
achieve higher current scaling function, the TFT size should be larger but the aperture
ratio would be reduced. In comparison, /4y of the proposed pixel circuit was achieved
the widest range of driving current from 2 nA to 5 pA compared with current-driven
pixel (0.2 to 10 pA) and current-mirror pixel (0.01 to 2 pA) in the range of Ip 74 from
0.2 to 10 pA. Hence, at the same programming data current, the lowest gray levels
would be displayed by the proposed circuit. In other words, the proposed circuit could

be driven by a larger Ip474 to shorten the programming time.
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Fig. 5-7. Comparison of I,y as a function of /p474 among conventional

current-driven, current-mirror, and proposed pixels.

5.2 Reliability

The function of the current-driven AMOLED: pixel circuit was to provide a
constant current for the OLED regardless of threshold voltage (Vr7x) and mobility (urg)
variation due to device aging or fabrication processes. To investigate the influence of
Vrm and ppg variations, a bias-temperature-stress (BTS) experiment was performed for
TFT device, current-driven and proposed pixel circuits to accelerate the aging process
by using an Agilent 4156A with a probe station.
5.2.1 BTS for TFT Device

In the experiment, the channel width and length of TFT device were set to 50 and
4 um while the gate and drain electrodes were supplied 30 V and 5 pA during the
stress time. The threshold voltage deviation, AVry, was defined as follows:

AV =Vru as - Vru_ss, (5-1)

where Vry 45 and Vg _gs denote the after and before stress of TFT threshold voltage.

The AV of TFT device was dependant on stress time as shown in Fig. 5-8. At 25 °C,
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AVry varied from 0 to 1.9 V as the stress time increased from 0 to 20000 seconds as
shown by the black line in Fig. 5-8. On the other hand, when the temperature was
increased to 85 °C, the AV7y enlarged from O to 13.4 V while stress time increased
from 0 to 20000 seconds shown by the red line in Fig. 5-8. The substantial deviation
was obtained because hot carrier was trapped at the interface of a-Si and the dielectric

layer resulted in the increase of AVyy.

15
| |[—=—25 °C .
o
—e—85°C .
12 4 / —
SEE /' WI/L = 50/4 (um)
>'E 1 o VGate =30V
< 61 / IDrain =5 p.A
4 ©®
3 /°/
4 ./._______—-l/. "
./
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0 5000 10000 15000 20000

stress time (sec.)

Fig. 5-8. The AVry as function of stress time at Vgae = 30 V, Ipnin = 5 HA in the
single TFT device which channel width (W) and length (L) are 50 and 4

um, respectively.

5.2.2 BTS for Current Scaling Pixel Circuit

To research the influence of AVyy of driving TFT (T3) on pixel circuit
performance, a bias-temperature-stress (BTS) experiment was performed to accelerate
the aging speed. Meanwhile, to avoid any OLED-related degradation issues, a

diode-connected TFT was connected to source electrode of T3 instead of the OLED
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device in the experiment. Based on the Fig. 5-8 results, in the condition of high
temperature stress, the aging process was fast. Hence, the operation temperature was
set to 85°C and Vscan; was kept on 30 V when an lozep ov of 5 pA was applied.
Moreover, the channel width and length of driving TFT and capacitance of C; were
fixed on 50 pm, 4 um and 2.5 pF, respectively. The variation of the lorep orr

(Alorep orr) was defined as:

_ IOLEDiOFF (AVTH )— IOLEDfOFF (AVTH =0)

Al = 5-2
OLED _OFF Losen ore(AVpy = 0) (5-2)

The Alorep orr as a function of stress time was shown in Fig. 5-9. In the case of C»/C;
= 1/8, when stress time was lower than 1000 seconds, the amount of AVzy was equal
to 4.5 V. In this condition, the amount of Alp.zp orr Was only 23 % and 6.7 % while
the lorep onv was 0.5 and 5 pA, respectively. Besides, the amount of Alozep orr Was
gradually increased with reducing Jozep on due to.the influence of charge injection of
T2 on Va.on. Since a small Vp.oxy would result-from a low Iorzp on at low gray scales,
the charge carrier released from T2/could reduce the V3 oy when T2 was turn-off. In
other words, a high /o;£p on could result in high V. on and consequently made Va.oy
immune to the influence of charge injection. In the other hand, at C,/C;=1/4, the
amount of Alozep orr Was suppressed to 21 % and 3.8 % as the lorep oy Was 0.5 and 5
nA, respectively. Hence, the large storage capacitor had ability to eliminate the

influence of T2 charge injection.
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Fig. 5-9. Comparison of Alorep orr as function of stress time among C»/C; = 1/8

and 1/4 at various lozpp on current m'the proposed pixel circuit shown in

Fig.2-2.

Going a step further, the Alo;ep orras.afunction of stress time was compared in
the conventional current-driven and proposed pixel circuits shown in Fig. 5-10. In the
stress time of 1000 seconds, the amount of Alo;zp orFr in current-driven pixel circuit
was 15 % and 3 % while the Ip4ry was 0.5 and 5 pA, respectively. Although the
Alorep orr of proposed pixel circuit was larger than that of current-driven pixel circuit
at Iparq of 0.5 pA, Alorep orr of proposed pixel circuit could be suppressed to 3.8 %
at Ipszy of 5 pA. These results indicated that proposed pixel circuit was able to
compensate for the TFT AVyy variation to ensure a stable, constant output current
level. This would achieve both a good control of the display gray levels and a uniform

luminance distribution over the whole AM-OLEDs.
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5.3 Single Pixel AMOLED Device

Based on our analyses, the performances of proposed pixel circuit were more
excellent than conventional current-driven and current-mirror pixel circuits. In this

section, organic layers were deposited onto the panel to form the single pixel

AMOLED device.

In the a:Si:H TFT panel, the different ratios of C,/C; were designed in the
individual pixel circuit to comparison the visual performance with each condition and
the device parameters were shown in Table 5-6. Meanwhile, all of the individual
signal lines including Vscans, Vscanz and Vdd were connected to the relative pad to

simplify the circuit. After fabrication of TFT components and relative signal pads, the
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organic layers were deposited on the active area of the panel shown in Fig. 5-11. Due
to the distance from the fringe of active area to common ground was only 1 mm, it
was difficult to deposit the organic layers without covering the common ground.
Hence, the active areas of current-mirror pixel circuit were not depositing organic
layers to ensure the cathode of OLED device connected to the common ground. The
parameters of organic layers were shown in Table 5-7. In the process of turning on
AMOLED devices, the signals such as Vscqn; and Vscanz were rectangular wave
which pick-to-pick value were 0 to 30 V and 30 to 0 V at 60 Hz, respectively. As to
Ipar4 of ranging from 1 to 15 pA, Vdd of 30 V and ground were supplied to the
relative signal pad. When the current was supplied to one of Ip474 pads, the one of
AMOLED devices was lighted in normally operational condition. However, the

adjacent active areas were also lighted as shownin.Fig. 5-12.

Table 5-6. The parameters -usedyinsingle, pixel AMOLED device including

current-driven, current-mitror.and proposed pixel circuits.

Device parameter

WL (T)) (um) 100/4
W/L (T2) (um) 100/4
W/L (Ts) (um) 50/4~200/4
W/L  (Ts) (nm) 50/4

C; (pF) 1.5

C (fF) 100~167
Active area (mm?) 0.16

* channel width of TFT

® channel length of TFT
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(b)
Fig. 5-11. (a) Before and (b) after depositing organic layers on the a:Si:H panel.

Table 5-7. The parameters of each organic layer were used for bottom-emission

organic device.

Organic layer

Fig. 5-12. Extraordinary lighting of active areas in the normally operational

condition.

54



According to our investigation, there were two reasons resulted in the
extraordinary lighting of AMOLED devices.
(1) The surrounded signal pad was connected to adjacent pad

In order to reduce the influence of static electricity in the fabricated process, the
surrounded pad was connected to each other by a metallic line so as to remove the
static electricity easily shown in Fig.5-13. However, after the fabrication of TFT
components, the connected line between signal pad and metallic line was not cutting
resulted in the surrounded signal pad was still connected to each other. Thus, the
programming data current could pass through the other OLED device resulted in the
extraordinary lighting of AMOLED devices.

Signal pad_1 Signal pad 12 "= .  Signal pad_3

ITO —_—

Metallic line : ‘

~ T T cutting line

Fig. 5-13. Schematic diagram of surrounded signal pad connected to each other.

(2) The mistake of current-mirror pixel circuit design

In the current-mirror pixel circuit, organic layers were not deposited onto the
active area because the distance from the fringe of active area to common ground was
not long enough so that organic layers could be covered on the entire common ground
resulted in the cathode of OLED devices and common ground was isolated by organic
layers. Moreover, in ideal case, the cathode of OLED devices was connected to the
drain electrode of driving TFT (T4); in practice, the cathode of OLED devices was
connected to the common ground. However, V;; pad in the all pixel circuits was

directly connected to common ground by the V;; signal line of current-mirror pixel
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circuit resulted in the current in the non-addressing state passing through V,, to
common ground, not to OLED devices shown in Fig. 5-14. Hence, in the

non-addressing state, single pixel AMOLED device could not be lighted.

)
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Current-mirror pixel Current-driven pixel Proposed pixel

Fig. 5-14. Analysis of non-optimtim pixel circuit.n the single pixel AMOLED

panel.

For the both reasons, the extraordinary lighting of single pixel AMOLED devices
was obtained. Then, several methods were proposed to solve these problems in the
following subsections.

5.3.1 Solution of Glass Cutting by Laser

The laser cutting technology can be used to cut the connected line between
surrounded pad and metallic line accurately. Then, the input signal can only be
transmitted to relative pixel circuit.

5.3.2 Solution of Short Circuit Problem

The bottom-emission structure of OLED device in the single pixel AMOLED
device is adopted to simplify the OLED process. Hence, in order to implement
current-mirror pixel circuit with bottom-emitting OLED device, the mask can be

designed as shown in Fig. 5-15. In the current-mirror pixel circuit, the cathode line is
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covered with metal layer so that the cathode line can be connected to the drain
electrode of driving TFT rather than the common ground. Hence, this method can

solve the short circuit problem.

Anode line of OLED device Cathode line of OLED device
for current-driven pixel for current-mirror pixel
Cathode of
OLED device \
\ Anode line of OLED device for
| current-mirror pixel
Common
ground
— Organi
| layers
" Anode line of OLED device
for current-mirror pixel
K. /
Anode line of OLED deviee Cathode line of OLED device
for 4T2C pixel for:current-mirror pixel

Fig. 5-15. The improved layout forisifigle-pixel AMOLED device.

5.4 Summary

By using standard fabrication process for a:Si:H TFT technologies, testing pixel
circuit including current-driven, current-mirror and proposed pixel circuits are
successfully fabricated and measured. In the analysis of measurement results, the
programming time of proposed pixel circuit at luminance of 20 and 100 cd/m” can be
suppressed to 8.4 and 16.4 s, respectively while the scan pulse with is 21.7ps. In
addition, at the ranging of data current from 0.2 to 10 pA, proposed pixel circuit can
drive the widest OLED current range from 2 nA to 5 pA. By contrast, the
current-driven and current-mirror can only drive OLED current range from 0.2 to 10
nA and 0.01 to 2 pA, respectively. On the other hand, the proposed pixel circuit also

has the compensation function for the process- and aging-induced threshold voltage
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variation so that the uniform images can be achieved. In the process of turning-on
AMOLED devices, the extraordinary lighting of single pixel AMOLED devices is
observed due to the glass cutting and current-mirror pixel circuit design, which also

can be further improved by the proper fabrication.
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Chapter 6

Conclusion and Future Direction

6.1 Conclusion

The OLED display technology has been a very active research area for its merits
such as high brightness, high contrast ratio, light weight, thin structure, fast response
time and low power consumption. Although several pixel circuit designs of
AMOLED display were proposed for the applications in the electronic devices, the
long programming time and low aperture ratio are critical issues. Therefore, an
adaptive current scaling pixel circuit consists of cascaded storage capacitors was
proposed to resolve the issues of pregramming time delay and low aperture ratio. The
OLED driving current of preposed- pixel e¢ircuit can be scaled down by the
feed-through effect in the caseaded Istructure. to achieve current scaling function,
which can further reduce programming time. By tuning the ratio of the two cascaded
capacitors, both adaptive current scaling ratio and the maximum range of OLED
average driving current can be obtained without reducing aperture ratio. As a result,
shorter programming time can be achieved while maintaining aperture ratio.

By software simulation, the device model was established to characterize the
features of the pixel circuit. Initially, in the proposed circuit, the addressing state
programming current of a factor of 10 larger than OLED current in non-addressing
state was achieved. Furthermore, the current scaling ratio was adaptive to the input
data current so that both large current scaling ratio at low gray levels to shorten
programming time and low current scaling ratio at high gray levels to reduce power
consumption could be obtained.

In the experiments, proposed pixel circuit was fabricated based on conventional
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standard process for a:Si:H TFT technology. In the part of electrical characteristics,
the programming time of proposed pixel circuit at luminance of 20 and 100 cd/m*
could be suppressed to 16.4 and 8.4 ps, respectively. In contrast to the conventional
current-driven and the current-mirror pixel circuits, proposed pixel circuit could drive
the widest OLED average current range from 2 nA to 5 pA at the ranging of
programming current from 0.2 to 10 pA. On the other hand, in the reliability, the bias
temperature stress experiment was performed to accelerate the TFT device aging. The
results showed that with the threshold voltage variation of TFT ranging from 0 to 4.5
V, the OLED current variation was only 3.8 and 21 % while the programming data
current was 5 and 0.5 pA, respectively. The reason caused the OLED current variation
up to 21 % was the influence of charge injection on switching TFT. The charge
injection could be effectively eliminated by enlarging the ratio of cascade storage
capacitors. Therefore, the propesed. pixel cireuit was capability of compensating the
threshold voltage variation of driving TEL te.ensure a stable, constant output current
level so as to achieve both a good<control of the display gray levels and a uniform
luminance distribution over the whole AM-OLEDs. Although the visual performance
of single pixel AMOLED devices was extraordinary results, the fabrication problems
and layout design could be resolved by the proper fabrications. Hence, the
combination of the outstanding current scaling and compensation functions stands for
a dual applicability in the electronic displays and micro-electronic. Such an adaptive
current scaling design transcends over the conventional concept and extends its
feasibility to another applied technology.
6.2 Future Direction

The core in the future direction is the integrated case. The simulation will
proceed to 50¥*50 AMOLED display with adaptive current scaling pixel circuit based

on a:Si:H TFT technology. The field-programmable gate arrays (FPGA) demo board
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is utilized to supply the digital signals for the programming and controlling signals
shown in Fig. 6-1. Here, the operational amplifier circuitry is necessary to amplify the
voltage to appropriate level to turn on the switching TFT and drive the constant
current source. By integrating driving circuitry system and TFT panel, the adaptive

current scaling pixel circuit of AMOLED display will be developed in the future.
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Fig. 6-1. The schematic diagram of driving circuitry system for adaptive current
scaling pixel AMOLED display.
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