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Abstract

Thin film transistor (TFT) backplanes are being combusly researched for new
applications such as active-matrix organic lighiteng diode (AMOLED) displays, sensors,
and x-ray imagers. However, the circuits implemenite presently available fabrication
technologies including poly silicon (poly-Si), hydenated amorphous silicon (a-Si:H), and
organic semiconductor, are prone to spatial artéfporal non-uniformities.

While current-programmed active matrix (AM) caneteite mismatches and non-
uniformity caused by aging, the long settling tilmea significant limitation. Consequently,
acceleration schemes are needed and are proposedutte the settling time to 20 ps. This
technique is used in the development of a pixeudirand system for biomedical imager and
sensor. Here, a metal-insulator-semiconductor (MEpacitor is adopted for adjustment and
boost of the circuit gain. Thus, the new pixel atture supports multi-modality imaging
for a wide range of applications with various ingignal intensities. Also, for applications
with lower current levels, a fast current-mode luhdver is developed based on positive
feedback which controls the effect of the parasifipacitance. The measured settling time of
a conventional current source is around 2 ms fod@G&nA input current and 200-pF parasitic
capacitance whereas it is less thars4or the driver presented here.

For displays needed in mobile devices such asptelhes and DVD players, another
new driving scheme is devised that provides forigh hemporal stability, low-power
consumption, high tolerance of temperature vamati@nd high resolution. The performance
of the new driving scheme is demonstrated in ac8-iiabricated display intended for DVD

players. Also, a multi-modal imager pixel circugtdeveloped using this technique to provide



for gain-adjustment capability. Here, the readopgration is not destructive, enabling the
use of low-cost readout circuitry and noise redurctechniques.

In addition, a highly stable and reliable drivingheme, based on step calibration is
introduced for high precision displays and imagé&tss scheme takes advantage of the slow
aging of the electronics in the backplane to sifypthe drive electronics. The other attractive
features of this newly developed driving schemeitargimplicity, low-power consumption,
and fast programming critical for implementation lafge-area and high-resolution active

matrix arrays for high precision.
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Chapter 1

Introduction

We are witnessing a new generation of applicatmirthin-film transistors (TFTs) for
flat panel imaging [1, 2, 3] and displays [4, 5, Bnlike the active matrix liquid crystal
display (AMLCD) where TFTs act as simple switches [id]recent applications, the TFTs

operate as analog components [3, 6].

1.1 Organic Light Emitting Displays

OLEDs have demonstrated promising features to geosi high-resolution, potentially
low-cost, and wide-viewing angle displays. More artantly, OLEDs require a small current
to emit light along with a very low operating v@ta (3-10 V), leading to a very power
efficient light emitting devices [4-6].

OLEDs are fabricated either by organic (small moleor polymeric (long molecule)
materials. Small molecule OLEDs are produced by aape@ration technique in a high
vacuum environment [8], whereas, polymeric OLEDsfabeicated by spin-coating or inkjet
printing [9]. However, the efficiency of small molde OLEDs is much higher than that of
polymeric OLEDs.

To increase the efficiency of the OLED, an engined@ad structure is adopted [8]. A
typical multi-layer OLED and its corresponding bargddiagram are illustrated in Figure 1.1.
The indium tin oxide (ITO) layer is the anode contdde hole-transport layer (HTL), a p-

doped layer, provides holes for the emission IgL), and also prevents electrons from
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Figure 1.1: (a) Multi-layer OLED stack structuredgb) OLED banding diagram [8, 10].

traveling to the anode because of the band offgit tive adjacent layers. For the cathode,
the electron transport layer, an n-doped layeryides electrons for the EML, and prevents
the holes from traveling to the cathode. Then, teet®ns and holes are recombined in the
EML layer, resulting in the generation of photons18].

The luminance of OLEDs is linearly proportional teithcurrent at low-to-mid current
densities, and saturates at higher current desisAiso, the voltage of OLEDs increases over
time due to crystallization, chemical reactionreg boundaries, changes in the charge profile
of the layers, and oxidation due to the existenteoxygen and moisture [11, 13].
Consequently, most of the proposed driving schearesdesigned to provide a constant

current for OLEDs to eliminate the effect of shifithe OLEDs’ voltage.
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Row (Gate) Driver

Column (Source) Driver

Figure 1.2: Passive matrix OLED display structur@]|

OLEDs offer great promise in either passive orvactormats. Figure 1.2 portrays a
passive matrix OLED (PMOLED) architecture. By apptyia voltage across the appropriate
row and column contacts, a specific pixel is adsids Thereby, a current flows through the
organic layers at the intersection of these costtaxiight up the pixel. In this architecture,
the luminance during the programming is averagedhe entire frame rate. Thus, the pixel
should be programmed fdixL where N is the number of rows antd is the desired
luminance for a frame [15, 16]. Thus, the OLED currdanhsity increases significantly,
especially for higher resolution displays [5, 13|nce the OLED efficiency drops at high
current densities [18], to increase the displaglig®n, the current increases by a power law
instead of linearly. Thus, the power consumptiongases and the OLED ages faster. As a
result, the actual applications of PMOLED displaes lamited to small displays that have a
low resolution [5].

To increase the resolution and area of the dispkotse matrix addressing is selected

[5]. A simplified active matrix OLED (AMOLED) dispiastructure is illustrated in Figure
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Figure 1.3: Active matrix OLED (AMOLED) display sicture.
1.3, where the pixel current is controlled by avdriransistor. During the programming cycle,
the switch TFT is ON, and the pixel data is storethestorage capacitor. During the driving
cycle, a current, related to the stored data veltégyprovided to the OLED. Since the pixel
current is smaller in the AMOLED displays, they hdeager lifetimes than PMOLED
displays.

Figure 1.4 (a) reflects the structure of a bottamission AMOLED display in which
the light passes through the substrate [19]. Tlngs dubstrate is limited to transparent
materials, and the aperture ratio is diminishedheyarea lost to the pixel circuitry, resulting
in a higher current density. Moreover, the aperttaBo becomes more critical when
considering a more complex pixel circuit to com@gador both spatial and temporal non-
uniformities. Hence, top-emission displays are gmrefd (see Figure 1.4 (b)). It provides for

more than a 80% aperture ratio, and the subssatetirequired to be transparent [20].
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Figure 1.5: PPS imager pixel circuit [1, 2].

1.2 Flat-Panel Biomedical Imagers

Large-area flat panel digital imaging has been eglfor its advantages, including the
separation of detector, image storage, and disphaitich facilitates independent
improvement by isolating the complexity of the dr#nt parts from each other. Moreover, it
enables the use of digital processing of the cagtimages to improve visual quality and to
make feasible, the use of computer-aided diagro$Bf The basic blocks of a flat panel
imager include a sensor and a readout circuitriggusiansistors which act either as a switch
or as an amplifier. The sensor, commonly used isdlapplications, is a PIN or a MIS diode
in the case of indirect detection (in which x-rays converted to optical signals by phosphor
layers) or amorphous selenium for direct detecf@hereby the incident x-rays are directly
converted to electrical charge).

Figure 1.5 shows a passive pixel sensor (PPS)tectire in which the pixel consists
of a switch TFT and a capacitor. The charge genelajetthe sensor is integrated into the
storage capacitor which is read out by a chargeppamplifier, while the switch TFT is ON.

The gain of the PPS pixel is given as
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Figure 1.6: 3-TFT APS imager pixel circuit [3].

Vou = QML /C,,. (1.1)
Here, Q(t) is the charge generated by the sensbti,athe integration time. However, due to
non-uniformities such as noise and leakage currémésminimum level, detectable by PPS
pixel, is limited.
To improve the sensitivity to small intensity sighahn active pixel sensor (APS) was
introduced by Matsuura [3] (see Figure 1.6). Héne,storage capacitor is charged to a reset
voltage. Then, the collected sensor charge intstiv@ge capacitor modulates the current of

the amplifier TFT (T1) as

| = 0, Q). /C, andV,, =1 oxtread /Cg , (1.2)
in which gy, is the transconductance of T1, dpdythe time associated with the readout cycle.
However, for high intensity input signals, the argb gain saturates the readout circuitry. In
particular, for bio-medical x-ray imaging applicats, the significant contrast in the signal

intensity of the different imaging modalities matefaunique pixel design.
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out

Figure 1.7: Hybrid active-passive imager pixel git¢23].

Recently, hybrid mode pixel circuits have been reggbthat can operate between the
passive and active readout for modalities employingh and low x-ray intensities,
respectively. Figure 1.7 shows the 3-TFT hybrid piiecuit presented in [23]. The issue
with this type of a circuit is that it can be opi@ed for only active or passive operation. For
example, in the active readout mode, a small seopaxgel is required to improve the SNR
[23], whereas, in the passive readout, a largeageocapacitor is needed to avoid saturation,
improving the maximum detectable signal intensiiigo, a high resolution (2-TFT) version
of this pixel has been reported [24]. In additiana limited dynamic range, this circuit
suffers from cross talk and accelerated aging of THTparticular, during the readout cycle
of a row, the amplifier TFTs in pixels of inactiveteows are in the linear regime resulting in

relatively high cross talk and accentuated agirt. [Rloreover, to achieve linear sensitivity,
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Table 1.1: Comparison of TFT backplane technolofgietarge-area electronics [26].

Attribute a-Si:H poly-Si mc/nc-Si:H organic
Circuit type n-type n-type/p-type n-type/p-type yipée
Mobility (cm2/V: <1 10~100 ~1to 10 ~1
Temporal Stability issue more stable more stable improving
(Dvy) than a-Si:H than a-Si:H

Initial Uniformity high low potentially high low
Manufacturability mature Developing Research Relsea
Cost low high low potentially low

the amplifier TFT is biased in the linear regime, wahicakes it very susceptible to IR drop

and ground bouncing.

1.3 Backplane Technologies

The pixel circuits discussed above can be fabricateidg different technologies,
notably, poly silicon (poly-Si) [27, 28, 29] anddmpgenated amorphous silicon (a-Si:H) [3,
6, 30]. Poly-Si technology offers high-mobility andmplementary (n-type and p-type) TFTs
[28, 29], but has an undesirable large range ofmaished parameters over an array [31, 32].
This is due to the random distribution of the gia@undary in the material [31].

In contrast, a-Si:H provides low mobility TFTs andedmot provide p-type devices
[33]. Also, the threshold voltage of TFTs increasésghift) under prolonged bias stress due
to the inherent instability of a-Si:H material [335]. Despite these issues, the technology
provides good uniformity over a large area. Mor@amantly, a-Si:H technology's industrial
accessibility, by virtue of its usage in the AMLJD], provides for low-cost large-area
electronics. In particular, an a-Si:H TFT backplares lthe benefit of all the desirable

attributes of the well established a-Si:H techng|dagcluding low-temperature fabrication
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on plastic for eventual flexible electronics. Tatl1 lists the attributes of different possible
fabrication technologies.

In addition, promising research has been carried @u new materials such as
hydrogenated nano/micro crystalline (nc/mc) silicd86, 37, 38], and organic
semiconductors [39, 40]. The nc/mc-Si:H technologyjales higher temporal stability [37,
38] and mobility [36] compared to a-Si:H technolog®n the other hand, organic
semiconductor has demonstrated extremely low astidation including inkjet printing.
However, this technology suffers from bias-indudédd, 42] and environment-induced

instabilities [43] and poor uniformity [44].

1.4 Thesis Outline

Chapter 2 presents the challenges and design evasahs for imaging and display
applications in which we discuss the principle ibfiedent driving schemes, including voltage
and current programming. The major drawback of thdisang schemes is settling time
which is investigated for both voltage and currprdgramming; the proposed solution for
improving voltage programming is presented in Agper.

A simple acceleration technique for current prograng is detailed in Chapter 3. An
imager/sensor pixel circuit is discussed, followsd short-term stressing to improve the
temporal stability; a more detailed descriptiortto$ technique is presented in Appendix B.
Also, presented is a pixel circuit for implemergatiof a 1&12 biomedical sensor. To
improve the pixel dynamic range, a variable capadg used to mitigate the integration of
the charge generated by the sensor, and also towephe gain for very low intensity input

signals. The acceleration technique is also dematesitfor stabilizing AMOLED displays.
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Here, measurement and simulation results are pexbdar extreme spatial and temporal
instability are presented.

Chapter 4 discusses the use of a positive fe&dtmaanprove the settling time for
very small programming currents (~100 nA). Sincedpstem is non-linear, the stability of
the system is investigated using the Lyapunov amgpro@he operation and stability of a
circuit implementation of the driving scheme isoatietailed. Measurement results for the
circuit and the offset-leakage cancelation techejgleveloped for small current levels, are
discussed.

For applications where cost is critical includingadl area displays, a new charge
based compensation technique is presented in Ghaptiere, the cost of implementation is
reduced by simplifying the external driver requiets. Moreover, a novel relaxation
technique is introduced to improve the stability thie AMOLED pixel circuit. The
implementation of 9-inch and 2-inch displays is cdssed, followed by stability
measurement results for the 9-inch displays. Thegehiakage technique is also adopted in
the development of extremely high dynamic rangeneidical imager pixel circuit. The gain-
adjustability measurement results of the circugt presented and the noise performance of
the pixel circuit is analyzed.

To meet the specification for high resolution apgiiens such as large-area AMOLED
displays, a highly accurate compensation technigueequired to reduce the effect of
temporal/spatial mismatches to less than 0.5%. Toege 0.5% uniformity, a successive
calibration technique is proposed in Chapter 7infiglementation using a single-bit current
comparator is reviewed. Measurement results for dingent comparator and successive

calibration are discussed. This method can conteinbn-uniformities in other components
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such as sensor and OLED. Calibration of the OLED wiils technique is described in
Appendix C.

Chapter 7 concludes this thesis.



Chapter 2

Specifications and Considerations

As described in Chapter 1, technologies such ay-$ol a-Si:H, and organic
semiconductors are available for the fabricatiorpixiel circuits. Figure 2.1 demonstrates
three most used TFT structures. Since the bi-latggygered bottom-gate structure requires
fewer mask sets and processing steps, it is higdppted in an industrial scaled a-Si:H
fabrication. However, this structure is prone tbigher leakage current, since the back-side
of a-Si:H layer is damaged during the process. kerrative solution to this structure is tri-
layer structure in which an etch stopper layerseduto preserve the a-Si:H layer. However,
tri-layer structure has more mask layers and psosesps compared to the bi-layer structure
which makes the industry resilient to adopt thdayer structure. For poly-Si TFTs, the
coplanar top-gate structure is the most commonctsire. This structure enables
recrystallization of amorphous silicon layer aftiposition. Also, it supports self-alignment,

resulting in smaller design rules and TFT sizes.

2.1 Temporal and Spatial Non-Uniformity

Each of these fabrication technologies is assocwatttddrawbacks for circuit design.
However, the key challenge in using the availabtdhologies is the temporal or spatial non-
uniformities. In a-Si:H technology, the thresholiltage of the TFTs tends to shift-(ghift)
under prolonged bias stress condition (denotedgarg 2.2). Considering that each pixel in

most applications experiences different biasingddmns, the \f-shift will increase the non-

13
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Figure 2.1: Different TFT structures: (a) bi-layeverted staggered, (b) tri-layer inverted
staggered, and (c) coplanar.

uniformity across the panel over time. This phenoonenccurs due to charge trapping
and/or defect state creation [45, 46]. The-sWift has been modeled under different
conditions including constant voltage [45, 46], stamt current [47], and pulsed stress
conditions [48, 49]. Depending on different appiicas, one of these models can be applied

to extract the aging of the pixel. However, in #plications that TFT is under a constant
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Figure 2.3: (a)/x and (b) mobility variation in poly-Si TFTs (adagtEom [32]).

current stress, theWshift is severe [47] and unlike the TFT under comsteltage stress,
the V4 shifts tends to increase forever.

Also, poly-Si TFTs are more stable but suffer frontiah non-uniformities caused by
recrystallization methods [31, 32]. Since the clemoi a TFT consists of several randomly

oriented crystalline grains, the interface of thgssns (grain boundaries) can manipulate the
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mobility and V+. Figure 2.3 shows the stochastic results gatten fa set of 600 poly-Si

TFTs. It is evident that boti4r and mobility are prone to mismatch.

2.2 Compensation Schemes

Although, the initial spatial mismatches resultsam after-fabrication non-uniformity
reducing the yield significantly, the temporal aistity increases the non-uniformity over
time, and shortens the lifetime of the device. Hesvethe initial spatial mismatches and
temporal instability tend to cause the same effetlie pixel circuit. As a result, most of the
compensation techniques control both spatial amgpdeal non-uniformity. The two primary
compensation techniques, introduced to improveik&l/lifetime and panel quality, are

current and voltage driving schemes [6].

2.2.1 Current Driving Scheme

Current-programmed active matrix (AM) architectuege attractive for displays and
sensors independent of the fabrication technologgabse of their ability to tolerate
mismatches and non-uniformity caused by aging.

Figure 2.4 illustrates two different pixel circyitsased on the current cell and current
mirror. Two current programmed pixel circuits (CPP@w AMOLED displays and flat-
panel imagers are depicted in Figure 2.5. Herdaaesl data line is connected to theobrt
of the pixels in one column and a current sourcasid as part of peripheral circuitry to
program the pixels row by row. Figure 2.6 (a) sh@wdetailed model of the data line, in
which R (i= 1 to n) stems from the sheet resistance ohtkeal, ¢ (i= 1 to n) the parasitic
capacitances stemming from the line and pixels, ndi= 1 to n) the leakage current
contribution of thé™ pixel. In addition, the switches, used to form fiveel circuits, are not

ideal, adding resistance JRo the path of the programming current. It isevadrthy that the
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Figure 2.5: Current programmed pixel circuit (CPR&)(@) AMOLED displays (adapted from
[50]) and (b) flat-panel imagers (adapted from }51]

value of Ri (i= 1 to n) is a few ohms whereas treedan be as high as few 100 KTo

simplify the analysis, the first order model in &g 2.6 (b) [9] is selected. Herep @nd |
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Figure 2.6: (a) Line model for a column during liegramming cycle and (b) its simplified

equivalent.
represent the effective parasitic capacitance aakialge current, respectively. As discussed
in [6], assuming that T1 is in the saturation regame | = 0, the behavior of the pixel based

on Figure 2.6 (b) is given by

t |
iy Lvaexe- g PR
V(t) = ?x : andy, =Y 2> . (2.1)
1+vaexp-? \/E-'-(VO_VT)

Here,V(t) is the line voltagelp the programming currenY), the pre-charged voltage of the
data line,Vt the threshold voltage of TK the gain in the I-V characteristics 1 (Ips= K
(VesV1)?) [52], and = 2Ce/( K.Ip)*>. Considering the fact thél is large anK is small, the

settling time becomes longer.
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silicon technology.

To investigate the actual settling time, an a-Sitk€lpcircuit, based on Figure 2.4 (b),
is used with an external parasitic capacitancegaluith a voltage controlled current source
(VCCYS), in whichlyy = Vin/R1 (see Figure 2.7(a)). A photomicrograph of the potecuit is
depicted in Figure 2.7 (b) and its parameters mted in Table 2.1. Since the pixel is
fabricated for the AMOLED display, the components & G are used to emulate the
OLED and its intrinsic capacitance. It is notewgrithat to generalize the analysis for
imaging and display applications, the effect of @eED capacitance in equation (2.1) must

be eliminated. Thus the second terminal of TO agdsCeft unconnected for the settling
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time measurements to be consistent with the aalji$ie 5% settling time of the drain-
source currentlfs) of T1 is measured by Tektronix TDS 5054 5 GS/s lmstbpe. Figure
2.8 indicates that the settling time increasesalilyewith parasitic capacitance gCas
predicted in (2.1). Considering a 240-row arrayudure with a 60-Hz frame rate, the
programming time for each row is less than 80 As shown in Figure 2.8, the settling time
is higher than 70s and becomes even more severe for larger paresfgcitances, which is

true in the case of large-area devices such atgspnd x-ray imagers.

Table 2.1: Parameters of the amorphous silicoreatigell.

Name Description Value
WI/L(T1) Aspectratio of T1 (um) 400/23
WI/L(T2) Aspectratio of T2 (um) 100/23
WI/L(T3) Aspect ratio of TFT used for OLED (um) 1006
Cs Storage capacitance (pF) 1
25004 T T T T v T v T
u IP =100 nA
’@ 2000 - o I.=2)A 1
o
§ 1500
= ]
> 1000 =
k=
E
® 500 4
/2]
04 . =

0 50 100 150 200
Parasitic Capacitance (pF)
Figure 2.8: Measured settling time as a functioparhsitic capacitance for large and small

programming currents.
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The effect of the pre-charging voltag€y) on the settling time is demonstrated in

Figure 2.9. As the pre-charging voltage gets closéne final voltage\{s) characteristic for a
specific programming current, the settling timepdraignificantly. However, due to the high
level of mismatch, a priori selection of a suitapte-charging voltage is not practical. Figure
2.10 shows the effect of programming currépt ¢n the settling time, where tNg-V;is 1 V.
As (2.1) predicts, the settling time should dropeérly on a logarithmic scale as the
programming current increases. However, the measneresults do not show the presence
of perfect correlation at large current levels. Tt¢oslld be due to the resistance of the switch
transistors. Assuming that tMys of the switches is small, the resistance of thiches is a

given by

R. » L
i KsVy - Vi - Vi) . (2:2)

Here,Ksis the gain in the IV characteristics of switchésthe select voltagd/. the voltage
on the data line, andys the threshold voltage of switches. Thus, for a gigelect voltage,
the resistance of the switches increases as th&geobf the data line increases due to larger
currents. As a result, the actual settling timeiateg from that predicted by the first order
model shown in Figure 2.6 (b).

Although, several solutions have been proposeddtelarate the settling time [14, 53,
54, 55], the effectiveness of those solutions, taigvith power consumption and/or circuit

overhead, is a lingering issue.

2.2.1.1 Scaling Acceleration
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Figure 2.11: Acceleration driving scheme: (a) swaliadapted from [14]) and (b) additive
(adapted from [53]).

Acceleration techniques, based on scaling, have bsed in current mirror and current

cell architectures for settling time reduction [1Bjgure 2.11 (a) denotes a current-mirrored
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current-scaling pixel circuit. Here, the programguturrent isk times larger than the actual
current required for the pixel circuit and the eutris scaled down at the pixels. In particular,

for very low currents, of the order of 100 niéshould be several hundred.

2.2.1.2 Additive Acceleration

The other solution is additive acceleration in whihs currentlg) is added to the
actual current and is subtracted locally at theldix3, 54, 55] (illustrated in Figure 2.11 (a)).
This method is more effective for low current levetsnpared with the scaling method, and
is applicable to both current mirror and current pexel architectures [17]. However, the
bias current can be large, leading to high powesumption. This can be a major concern in
portable devices such as small displays, and nmop®ritantly, the subtraction of this bias

current potentially reduces the immunity to misrhatcand temperature fluctuations.

2.2.2 Voltage Driving Scheme
The voltage driving schemes have been mostly adaptée AMOLED pixel circuits

[6, 56]. In voltage driving schemes in order to gamsate for the ¥Mshift in a-Si:H or \f-
mismatch in poly-Si TFTs, the gate-source voltageg)( of drive TFT must include the
programming voltage and thé; of the drive TFT. Here, the major operating cycies
Veompgeneration, Y-generation, programming, and driving [57, 58].the pre-charging
cycle, a compensating voltage is stored in theag®rcapacitor. During thetMeneration
cycle, the voltage stored in the storage capaclischarges through the diode-connected
drive TFT until it turns off, so the gate-source agk is equal to th¥ of the drive TFT. In
the current-regulation cycle, a programming voltdye) is added to the generatad,
resulting in a gate-source voltage \4s8-V+. Therefore, during the driving cycle, the pixel

current is given by
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I pixel = K(VP)a- (2'3)

Based on the method used to add a programminggeolté) to the generatedr, the
voltage-programmed pixel circuits (VPPCs) can badeéd into four different categories:

stacked, parallel-compensation, boot-strapping,rainr VPPCs.

2.2.2.1 Stacked Voltage Programming
Figure 2.12 shows the simplified circuits for aitgh stacked VPPC during different

operating cycles [59, 60]. Heres @ the storage capacitor, angd. & the OLED capacitor.
During the pre-charge cycle, node B is chargeeMg@m, During the \f-generation cycle,
node B is discharged until T1 turns OFF so thawtiitage at node B become¥r of T1. In
the current-regulation cycle, node A is charged/go Considering that &ep is large, the
voltage at node B stays -y, resulting in the/gs of T1 asVp+Vr.

Two pixel circuits, based on this driving scheme, @epicted in Figure 2.13. In the 3-
TFT pixel circuit [59], T3 and T1 reduce to the diodswection configuration during the
Vr-generation cycle (third operating cycle). Alsoe throgramming voltage is written into
storage capacitoCg) through T2. Here, the OLED should be patterneentble changes to
Vcaof each row without affecting the other rows ie tinatrix structure. In the 2-TFT pixel
circuit presented by Reza [60] (Figure 2.13 (bpring the \f-generation cycle (second
operating cycle), the gate terminal of i is coneddb Ve through T2, and the drain terminal
is connected to a high positive voltage (VDD). AIS@ is used to write the programming

voltage into storage capacitog.C
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Figure 2.12: Stacked VPPC configurations durinéedént operating cycles.
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Figure 2.14: Parallel-compensation VPPC configaretiduring different operating cycles.
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Figure 2.15: Parallel-compensation VPPCs: (a) 4-pEEl circuit (adapted from [61]) and (b)
5-TFT pixel circuit (adapted from [62]).
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2.2.2.2 Parallel-Compensation Voltage Programming

Figure 2.14 shows simplified circuits for a genegparallel-compensation VPPC by
using n-type TFTs during different operating cycles.the pre-charge cycle, node A is
charged toVeomp Here, \r generation and current regulation occur simultasio At the
beginning of the Y-generation/current-regulation cycle, the sourdéage of T1 goes to the
programming voltageMp). During this cycle, node A is discharged until flitns OFF, so
that the voltage at node A becomés-V+ of T1. During the driving cycle, source voltage of
T1 goes tdV,er, such that th&ssbecomed/p+V-Vier.

Figure 2.15 demonstrates two parallel-compensati®Cs [61, 62]. Here, the
compensation and programming occur in the secoedatipng cycle. In the pixel circuit of
Figure 2.15 (a)Vret = VbsstVoLep, WhereVpss is the drain-source voltage of T5, Bjts is

equal toVoLep in the other pixel circuit.

2.2.2.3 Bootstrapping Voltage Programming
Figure 2.16 shows a typical bootstrapped VPPC Inygus-type TFTs during different

operating cycles [6]. During the ™jeneration cycle, the voltage at node Yok is
discharged through the diode connected drive TFT (ifti) T1 turns off. Thus, the voltage
stored in G is the threshold voltage of T1. Then a programmioitage ¥p) is added to the
storedVr by boot-strapping, resulting iNgs of T1 asVp+Vt. Therefore, the ¥shift/V-
mismatch of the drive TFT does not affect the OLEDenir

Two bootstrapped VPPCs are demonstrated in FigWz [B3, 64]. At the end of the
programming cycle of the pixel circuit shown irg&ie 2.17 (a), the voltage at node\E)(

is equal toVp, the voltage at node A/f) Vp+Vr, andV, equal toVDD [63]. Va and V¢ of
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Figure 2.16: Bootstrapped VPPCs during differer@rapng cycles.
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Figure 2.17: Bootstrapped VPPCs; (a) p-channell gixeuit (adapted from [63]) and (b) n-
channel pixel circuit (adapted from [64]).

the pixel shown in Figure 2.17 (b) are the sam#hase in previous pixel. HoweveV,es is

equal toVo_ep In this pixel circuit [64].
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Figure 2.18: Mirror VPPCs; (a) p-channel pixel nitdadapted from [65]), (b) complementary
pixel circuit (adapted from [66]).

2.2.2.4 Mirror Compensation Voltage Programming

This family of pixel circuits is a combination of mor topology and one of the
aforementioned driving schemes. Here, instead wipamsating the Wshift/VVr-mismatch in
the drive TFT, the Y-shift/\Vr-mismatch in the mirror TFT is compensated. In paly-S
technology, the principal assumption for theseuiscis that the short range mismatch is
negligible. However, in a-Si:H technology, the @riand mirror TFTs must have the same
biasing conditions in order to have the samesHift.

Two mirror VPPCs, based on parallel-compensatiom,sAown in Figure 2.18. In the
pixel circuit of Figure 2.18 (a), the pre-chargiogcurs through T4. The mirror TFT is T3,
and so the voltage at node AMs-Vt3 during the drive cycle. N3 andVr; are identical, this

can compensate ther\nismatch of T1. The role of T5 is to prevent unwangedission
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during the first operating cycle (pre-charging).the complimentary pixel circuit, T4 pre-
charges the node A, and T3 is used to generat¥-thidere, complementary technology is

required.

2.2.2.5 Spatial Mismatch and Temperature Variation

The drawback of the voltage driving scheme is thgh hével of sensitivity to spatial
mismatch, and environmental parameter variationser@fore, employing voltage-
programmed pixel circuit with poly-Si technologyas area of concern due to a large spatial
mismatch. Following (2.3)K is a function device geometry and mobility. Therefoany
change in the geometry due to spatial mismatcltitjraffects the pixel current. Also, since
the TFT mobility is a strong function of temperatuary temperature change results in pixel
current variation.

However, the stacked voltage-programmed pixel dscre less sensitive to mismatch
and temperature variation. In the pixel circuit whoin Figure 2.13 (b), since T1 is ON
during the third operating cycle, the stored gaterse voltage of T1 reduces. TWesof T1

can be written as [67]

Kt r

—) +VT , (2-4)
CS + C:OLED

Ves » Vi €Xpl

where cris the timing budget of the current-regulationleyd his indicates that the stored
Vss of T1 depends oK. Furthermore, a change Kidue to spatial mismatch, temperature
variation, and mechanical stress changes the stdgeddf T1 in the reverse direction.

Although, the current of T1 depends on bdks and K, this reverse variation makes the
pixel less sensitive to mismatch. Figure 2.19 destrates the pixel current for the stacked

VPPC and conventional 2-TFT driving schemes. The pxelent surpasses close to 300%
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Figure 2.19: Temperature stability measurementtsefar stacked VPPC (circles f@o ep = 6

pF and squares f@o, ep = 8 pF) and conventional (triangles) driving scleerf68].

for the latter after 70C, whereas the current changes less than 40% déocdmpensation

driving scheme [68].

2.2.2.6 Imperfect Compensation

The principle obstacle in using voltage-programmieeélxircuits in large-area devices
is the imperfect compensation during the-géneration cycle [57, 58]. Considering that the
drive TFT is in the saturation region during the-d&neration cycle, the overdrive voltage of
the drive TFT at the end of ther\generation is

Vcomp B VT (2.5)

VOV(I‘GC) = K y
7(\/comp_ VT )t +1
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Figure 2.20: Effect of limited timing budget o Yeneration.

whereCy is the total capacitance that is effective duriing Vr-generation cycle, andthe
timing budget of the Y-generation cycle. For perfect compensation, therdiwe voltage
should be zero at the end of this cycle. Follow{8¢) since is limited, the overdrive
voltage is not zero, inducing ar\dependent error in the pixel current. In the stalckoltage-
programmed pixel circuitr is CstCorep, and in other pixel circuit€r is Cs. SinceCoLep

is larger than the storage capacitGg)( the imperfect compensation can be more severe in
the stacked voltage-programmed pixel circuit. Measient results for the different between
threshold voltage\Mr) and generated threshold voltagad) with different timing budgets
assigned to the Wgeneration cycle are shown in Figure 2.12. Whkfile andV; are exactly
the same for a 200s Vr-generationVyg has a fixed error for mediumrMeneration cycles

( =150 s and 125 s), becoming more severe for shogtdeneration cycles E < 125 s).

Consequently, the errors in the generatedVrc) for small timing budgets preclude the use
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of voltage compensating techniques in AMOLED digplalrhe experiments are carried out

by using a TFT with an aspect ratio 400 pum/ 23 um.

2.3 Design Considerations for AMOLED Displays

In addition to current and voltage driving schensesjeral other driving schemes have
been proposed for AMOLED displays including optiteédback [68], electrical (current or
voltage) feedback [69, 70], and digital [71] (tiln@sed) driving schemes. In optical feedback,
a photo diode/TFT is used to monitor the OLED lumag®grand adjust the gate voltage of the
drive TFT accordingly [68]. Thus, the optical feedbaeck theoretically compensate for all
the undesirable effects such ag dhift/mismatch, temperature variation, and OLEDnggi
However, the problem with this driving scheme i® timstability of the sensor, high
susceptibility to cross talk, and complex pixetuaits. On the other hand, electrical feedback
has more stable operation, but comes with theafdsigher cost driver and lower resolution
pixel circuit. Also, despite the simplicity of tliggital driving schemes [71], they suffer from
the contrast ratio due to missing low gray scalso, the number of gray scale is limited in
this type of driving scheme.

In order to design a suitable driving scheme fdfedent AMOLED displays, one
needs to know the major design considerations wbah be listed as lifetime, differential

aging and mura, power consumption, aperture riRialrop, and implementation cost.

2.3.1 Lifetime and Yield

Display lifetime is when the display luminance i®pgped to half of its initial value.
This occurs due to OLED luminance degradation an@l dégradation. For simplicity, it is
assumed that in a-Si:H AMOLED display, TFT is the yosburce of aging and the

compensation scheme can perfectly manage the effeding. However, the compensation
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is limited to the given headroom between maximumrduve voltage and the operating
voltage of the driver. To find out the limitatioruel to the operating voltage, thg shift
model for constant current is used. The shift ireshold voltage under constant current is

given by [47]

g b
s/ K)a
pv, =lles/K)e t
19 ¢t (2.6)
1+=
a
where , , are process/device dependent parameters [47].ifleeréquired to reach some

maximum allowable level can be expressed as

Q
S

t=t . 2.7)

Q| |

For convenience, the current-voltage characterisfidhe drive TFT is written, in the
following form, by assuming operation is in thewsation regime

los = K(Vgs - Vi), (2.8)
whereK ¢ (W/L) where is mobility.

1

VGSmax - VTmax= ( I DS/ K)E’ (2.9)
where
VT max — VT 0 + DVI’ max- (2.10)

Here, V1o is the initial threshold voltage. Failure occurbem Vgsmax reachesVpp-VoLep

(° V4g) then the maximum allowable\shift is then given as

DV.

T max

=Vaa = Vro- ( Ips/ K); (2.11)
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Therefore the lifetime following (2.7) can be estied as

)
Q

v 015
=t 1427 (v, - v,) ECW T mGW
2L 20 . (2.12)

t

lifetime

Following (2.12), the maximum allowab\ér-shift for a givenVyq increases with the larger
size of drive TFT. However, the size of drive TETlimited by aperture ratio and pixel size.
The required lifetime varies in different applicats. For a smaller display with less area for
large drive TFT, the lifetime is also smaller (~B0Bours). On the other hand, for larger
displays, the required lifetime is around 50000r80As it is explained in Chapter 5, the size
of drive TFT is limited by other factors such as ALED current density. Thus, achieving
such a lifetime without suppressing the aging cachmallenging.

Although poly-Si backplane is more stable, the llese mismatch, which can be

compensated, is limited to tNgq and maximum required current, resulting in limiteeld.

2.3.2 Differential Aging and Mura

Due to different non-idealities such as charge cinpm (see Chapter 6), the
compensation techniques are not perfect. As atreafier compensation, the luminance
different across the panel may increase which lisata@ifferential aging (for temporal non-
uniformity) or mura (for spatial non-uniformity).The amount of acceptable differential
aging (or mura) changes, based on applications.ekample, the amount of differential
aging for mobile application is approximately 2%eafaging the display with a white-and-
black checker board for 120-hour. On the other haindhould be less than 0.5% for a

display intended for TV application.
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2.3.3 Power Consumption

Power consumption in a display consists of twoinlistparts: panel and the driver.
Also, the power consumption of an AMOLED panel sdefor the programming and the
driving power consumption. The power consumptiamjrey driving cycle, is mostly due to
charging and discharging different parasitic cajasj particularly in VPPCs. The power
consumption, during driving cycle, stems from therent passing through the OLED and
drive TFT. Thus for a given OLED, to reduce the powonsumption of the panel, the
voltage drop across the TFT needs to be reducedhwisi limited by the size of TFT,
required brightness and required lifetime. Howewasra rule of thumb, the number of TFTs,
within the active path during the driving cyclepsid be as low as possible (e.g. one or two)

to reduce the power dissipation.

2.3.4 Aperture Ratio

The aperture ratio is the area of the OLED to thtaltarea of the pixel. Since the
OLED degradation is a function of the current dgnf88], for a given brightness (resulting
in a required current), the OLED lifetime increases the aperture ratio increases. To

improve the aperture ratio, fewer TFTs in a pixad an improved layout is required.

2.3.5 IR Drop and Ground Bouncing

Although the current level for each individual dixe low (around few pA), the total
current which passes through the common electr@ae be significant due to the high
number of pixels in a display. As a result, thesefive ground (or VDD) voltage can be
different for each pixel resulting in luminance dient across the panel. This effect is
simulated using finite element method for differstructures (denoted in Figure 2.21). It is

clear that by connecting more sides of the commlentrede to the voltage source, the
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Figure 2.21: Voltage gradient across the commoctrelde based on different sides connected to
the voltage source: (a) one side, (b) two sidggsh(ee sides and (d) four sides.
voltage drop can be reduced and the voltage gradeEromes smoother. However, the pixel
circuit and driving scheme should be able to taéethe ground-bouncing and IR drop, since

they change as the current density varies witlecgfit pictures shown on the display.

2.3.6 Implementation Cost

Another important aspect of the design is the dagparticular for small area displays
for portable applications. In a display structutlee cost is enforced by yield and driver

components. To improve the yield, a more stablelgicuit with fewer TFTs is required. In
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addition, the driving scheme should not increagecitimplexity of the drivers. In particular,
the number of controlling or data signals requifed each column and row should be
reduced. For example, if a driving scheme needsta line and a monitor line for each
column, the number of source driver pads incredsmmatically. Considering that the source
drive is mostly pad-limited, two lines per columautbles the size of the driver leading to a

higher cost.

2.4 Design Considerations for Flat Panel Imager

Most of the discussions in the previous sectionualitetime, uniformity, and power
consumption can be applied to the imaging appboatas well. However, some design
considerations are more important for imaging idolg input dynamic range, input refereed

noise, resolution, and cost.

2.4.1 Input Referred Noise and Dynamic Range

The noise model for the 3-TFT APS pixel circuit idgr different operating cycles is
depicted in Figure 2.20. Here, it is assumed thatautput of the pixel is virtual ground. The

input referred noisevi,) during the reset cycle is given by

i 2.13
Vo, =V,=— ™ andC;=CatCys (2.13)
C,s+1/R3

in which R3 andins is the channel resistance and noise of T3, respéctSince T2 and T1
are independent noise sources, the input referoésk rassociated with the readout cycle is

given by

i (2.14)
CTS+ gm .

Inl

=—m%  andV, =
CTS+ gm rare

VRdn].

The total input referred noise can be given as:
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Figure 2.22: Noise model for 3-TFT APS imager pbiecuit [3].

i2 +i2 2 (2.15)
Vo P=(Vagy P+ [Vagg P+ Ve IP) =22+ " :
Voo | (l ra |~ [ Vran I” Vi | ) CTZWZ'*'Q; CT2W2 +1/ R32

The low end of a dynamic range is defined by th&imam input referred noise of the

system.

|
Oin > (D, + ) and Gy K /”;'” (2.16)

in which, Imin is the minimum input signal intensity the conversion efficiency of the sensor,
Os is the noise associated with senspthe total input referred noise in terms of numbker o
electron. Following (2.16) and (2.17), the sengitiof the pixel sensor is limited by input

referred noise and conversion efficiency of theseenOn the other hand, the high end of

input signal is determined by the dynamic rangeeatiout circuitries.

HS

A

max

h

Omax = and (., M : (2.17)
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Here, Ar is the total system gain and;s is the maximum output voltage of the readout
circuit. Considering using a charge-pump ampliisrreadout circuitry with a capacitance of

Cg, Ar can be written as

CS g mt Rd
C

g

A 1

(2.18)

wheregn, is the transconductance of the amplifier TFT isecaf active mode. Alsdgq is the
readout time. Thus to increase the high end ofi§mamic range one can use a larGgor

smallerCs.

2.4.2 Implementation Cost

Due to the need for low volume of biomedical imagéheir cost is very high. A multi-
modal platform can improve the overall cost by sitarthe device between several
applications. However, due to the high contrastvbenh the dynamic ranges of the different

applications, the multi-modal platform must be abléandle a wide dynamic range.

2.5 Summery

Spatial and temporal uniformity is the major comcar development of AMOLED
displays and flat panel imagers. Although curremigpamming can improve the uniformity
and reduce the pixel sensitivity to device variatio suffers from long settling time. Voltage
programming, however, is faster but it is pronanmperfect compensation. To implement
stable and uniform devices using the existing tetdgies, new compensation techniques,
improving the uniformity, lifetime, and yield, arequired.

Also, the new driving scheme should provide for I@ewer consumption, low

implementation cost, high resolution for AMOLED plgy. In addition to low cost and low
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power consumption, the proposed driving schemeaslghesults in improving the dynamic
range and lowering the effect of input referredseoi

As result, the design strategy during the coursthigfresearch has been based on the
fact that stability and uniformity has the highgstority. Moreover, seeking optimized
solution for each application instead of a univessdution has been the other principle of

the design strategy.
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Hybrid Voltage-Current Programming

As described in Chapter 2, the settling time inrentr programming depends strongly
on theVy of T1 and initial line voltage\p). Figure 3.1 shows the settling time of the pixel
circuit depicted in Figure 2.5 (a) as a functiontloé initial voltage. It is evident that the
settling time changes as the initial voltage changes a result, since the voltage of the
previous pixel remains on the data line, the pnogning of the new pixel is affected. Pre-
charging the data lines to a specific voltage camtrol the effect of the initial voltage, but
this can increase the power consumption considgerdreover, initial voltage is a function
of theVr. Thus, the settling time cannot be managed byealfpre-charging voltage, because

the value ol is varying.
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Figure 3.1: Settling time of current programmingadsinction of initial voltage: (&, = 0 V and
(b)Vo=4V.
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Figure 3.2: 2-TFT hybrid active-passive pixel sersccuits: (a) 2-TFT hybrid pixel circuit and (b)
its corresponding array structure along with (ghal diagrams for active readout (low intensity
sensor signals) and (d) passive readout (highsittesensor signals) mode signal diagram. The

gray components are used only in the active reatode.

Thus, a dynamic line pre-charging scheme, coupliéld avlarge current, is required to
improve the settling time. To develop this drivisgheme, a fix current is required to
program the pixels so that the initial voltage baes independent of the pixel content. Also,
in-pixel current reduction/division is used to atjuhe pixel current accordingly. This

driving scheme is called the current-biased volagegrammed (CBVP) scheme [73, 74].
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3.1 Multi-Modal Biomedical Imaging Pixel Circuit

Figure 3.2 (a) demonstrates multi-modal pixel dictor bio-medical imaging [74]. It
operates in active readout mode for low intensgtys®r signals such as fluoroscopy in x-ray
imaging, and in passive readout mode for high mitgnsensor signals such as digital
radiography. In these circuits, T1 is the amplitiexd T2 is the reset switch transistor. But,
T1 also performs the function of a readout switchthe active readout. The corresponding
array structure is depicted in Figure 3.2 (b). uFéy3.2 (c) describes the active mode
operation of the pixel circuits. Initially, durinthe reset cycle, the gate voltage of T1 is
charged to a reset curretg)( During the programmindg is larger than the required current
to accelerate the settling time. Figure 3.3 shdwessettling time of the pixel circuit using 4
HA whereVq[n] andV+[n-1] represent the threshold voltage of the two adjapie! circuits

in the array. It is clear that the settling timebislow 20 us for a wide range of threshold

0. . . . . _
204 i
60- ]
504 |
40- ]
304 / ]
201 "~ s ]
104 ]
10 05 00 05 1.0
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Settling Time (us)

Figure 3.3: Settling time of CBVPRxel circuit.
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Figure 3.4 Stability of the pixel current (here, voltage gramming is used for DC biasing).

voltage variation. This is the case for sensoriappbn since the pixel ages almost identical.
Also, since the short-term stress condition intamtlin [75, 76] is adopted, the aging of the
pixel is limited significantly.

During the integration cycle, where T1 is not undggess Yss = Vps = 0), the sensor
signal is integrated into the storage capacitor generates a voltag¥g), which modifies
the reset currentg) and changes the output current accordingly. Tange, associated with

the output current, is given by

Dl = GuVoen, G =2y/Kl g, Vyen = C%. andQ = /1ty (3.1)
where K is the gain parameter in the |-V characteristitshe TFT [52], Q the charge
generated by the sensgy; integration time, and the conversion rate which is a function of
the conversion efficiency of the sensor, input algntensity, and sensor area. The current of

T1 can be read out through the same data line (OAQTAy a trans-resistance or charge
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Figure 3.5 Pixel output current noise using different bigsiachniques.
amplifier while VB1 and VB2 are at; andV, voltages, respectively. These voltages should
be chosen in such a way that T1 is turned on duhageadout cycle. For example, VB1 can
be connected to ground during all the operatindesy¢/, = 0). Also, VB2 has the reset
voltage ¥g) during the reset and integration cycles and Z®ko= 0) during the readout
cycle.

Since, T1 is ON only during the readout cycle, mizing the effect of the leakage
current on the operation of the pixel circuitshe same column. More significantly, since T1
is ON for only a fraction of the frame-time, it rams stable for longer of time [76]. Figure
3.4 signifies the pixel current stability for a 0\&0-hour operation.

During the readout cycle, a periodic pulse is agptio either VB1 or VB2, turning T1

on and off periodically. Since the flicker noiselat frequencies stems from the large time
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Copper box

Figure 3.6: Noise measurement setup
constant trapping-detrapping events, the appliebepudepending on the pulse width,
amplitude, and frequency, serves to reduce theeragitower frequencies similar to what has
been observed in the transistors in CMOS techno[@@y 78]. Considering the fact that
flicker noise is one of the most important limitifigctors of the performance in readout
circuits, the switched biasing technique can imprdke noise performance of the pixel
significantly. The noise performance of the pixeldepicted in Figure 3.5. Although, the
noise during a normal readout (30 KHz readoutmslter than DC biasing, it is larger than
the switched biasing technique with two pulsesrpadout cycle (60 KHz). The setup used
for measurement of the flicker noise is shown iguFé 3.14. Here a 8013B HP pulse
generator is used for the biasing signal. The erétap is placed in a double-shielded copper
box to reduce external noise coupling, while aedédhtial structure is deployed for further
reduction in the input noise associated with aggksnerator. The switches (SW) are used to
compensate for the offset caused by any mismatckhenresistors and TFTs. Before

measurement, the switches are turned on, suchttibadffset is stored in the capacitors,
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resulting in the balanced inputs at the low-noisgl#ier (pre-amplifier 5006 Brookdeal).
Since the capacitors are large, the stored voltdgeshe offset are preserved after the
switches are turned off. The output of the low-eaasnplifier is fed to a HP 3562A dynamic
signal analyzer to extract the power spectral dgmgithe amplified signal. The size of the
TFTs used in the measurement is 806/23 m, and the source and drain terminals are
connected to 0 V and 12.5 V, respectively.

The configuration of the pixel circuits in passieadout is exhibited as black in Figure
3.2 (a). In the passive readout mode, VB1 and V@Afain at levels that turn off T1 (e.g.
VB1 = 0 and VB2 =\/g) as depicted in Figure 3.2 (d). Here, the sto@@macitor is charged
to reset voltageMg) during the first operating cycle, and followirtigtintegration cycle, the

generated voltage is read back through T2.

3.2 Multi-Modal Biomedical Sensor Array

A complete system is developed according to thepgwed pixel circuit. Also,
sensor is a biomedical sensor in which a sensingipaurrounded by four reference pads
[79]. Figure 3.7 shows the block diagram of thenmHarray biosensor, including the sensing
area and peripheral circuitry. The readout andimgagircuitries are shared among the
columns and pixel circuits provides for a firstggagain and access to the sensing pads. After
the pixels are biased with the initial current, tme@dulated current is read back by the
operational trans-resistance amplifier (OTRA).

The pixel circuit used in this array is representedFigure 3.8 along with the
corresponding signal diagram for different modesl@tiection. The pixel circuit is connected
to a sensing pad which is surrounded by refereads.g~or the detection modes, associated

with faint signals such as amperometric or voltamng’8, 79], integration overtime is used
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Figure 3.7: Block diagram of the micro-array biosan
to amplify the input signal (see Figure 3.8 (b)heTpixel is biased with a constant current
during the reset cycle. To accelerate the biagheyline is pre-charged, and a larger current
is employed to bias the circuit. By bootstrappitig pixel current is dropped to the required
level at the end of the reset cycle [74]. During thadout cycle, the current of nl is read by
the corresponding OTRA, connected to the colume. likigure 3.8 (c) signifies the operation
of the pixel circuit for detection modes with largggnals such as impedance spectroscopy
(IS) [79]. Here, n1 is OFF and the OTRA is directignnected to the sensing pads for
reading the current caused by the time-variantageltapplied to the reference pads. The
OTRA is reset by a reference current that can benaing pad which is not covered by any
bio-acceptor material. Thus, the effect of the entrrcaused by electrolyte is subtracted from

the final output signals. Although the pixel circhas been implemented in CMOS for easier
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Figure 3.8: Pixel circuit and corresponding sigtiagram for different detection modes (* for
some detection modes such as voltammetry a timantaroltage should be applied ta.)/

integration, the pixel circuit can be easily repldcwith the TFT-based pixel circuit

demonstrated in Figure 3.2.

3.2.1 Peripheral Circuitries

The biasing switch matrix (BSM) block, switchingetibiasing configuration of the
pixels, is shown in Figure 3.9. When a row is selédor the reset cycle,p\d, and Vs.erare
high such that Yand \ss of the pixels in that row are connected g ®nd 43, respectively.
Here, the pixels are reset with larger currentdceterate the settling. After the reset cycle

terminated over, the \of the pixels are switched back t@,VAs a result, the pixels' current



Chapter 3: Hybrid Voltage-Current Programming 52

—Vss-en
V.
Ves[il—4 ss1 Decoder
Vss2
SEL [i]
—Vb-en
. —YV
Vb [I] —e b1
—Vbp2

Figure 3.9: Biasing switch matrix (BSM) circuit diam.

VDD VDD

T N ]
pslt”i T pI‘TVG pa

VDn lin 6
7 p
p11 p12 |_VG" P VDp ¢ p5
SEL T  lout
S[- SELB SELB
A lout VDq VGp SEL
oJ 1 % n12 n11 |—
Von T S e | AN Ty

Figure 3.10: (&) NMOS and (b) PMOS calibrated aurssurces.

is reduced. If a row is selected for the read gyttle Vssenis high so that the 34 of the
pixels is connected tog¢; allowing the modulated current to pass through nl
To bias the pixel circuits, a two-level calibratedrrent mirror is adopted. The first

level consists of four NMOS current mirrors (CNCMslich are calibrated, in turn, with a
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53

single input current as observed in Figure 3.10 Ta) stabilize the output current of the

calibrated current sources over time, a feedbaog Is used to set thés of p7 to zero. As a

result, the leakage current of p7 drops signifigapteserving the stored voltage in C3 for a

longer time. Each of the CNCMs is used to calibfate PMOS current mirrors (CPCMS)

which are connected to a column line through aenswitch. As shown in Figure 3.10 (b),

the same feedback mechanism is used to reducdf¢ioe & leakage current in CPCMs.

An OTRA is used at each column to read out the radeld current of the pixel circuit

and also assisting the current sources with pregaingthe column line during the reset cycle,

apparent in Figure 3.11. To improve the offset, magh, and noise performance of the
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Figure 3.12: Photomicrograph of the micro-sensor@aBx2 magnified pixel pads surrounded by
reference pads.

micro-array, a sample and hold circuit is used tfeeg OTRA biasing (correlated double
sampling (CDS) circuit). Before reading out the gbisignal, the CDS circuit samples a
reference current which is the reset current ofpilxel. As a result, the leakage current of the
pixels, connected to a column line (Idata); mistatarrent of CPCM and/or pixel circuits;
offset of the OTRA; and/f noise of the circuits are sampled and deducteah fitee final
readout signal. Moreover, if the select line of thieel circuit goes to zero before the CDS
circuit finishes the sampling; the charge injectedfect associated with the switching is also

compensated (see Chapter 6 for more details).
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3.2.2 Measurement Results

Figure 3.12 is the photomicrograph of the fabridatip in 0.35-m TSMC CMOS
technology. The electrical performance of the aigmlisted in Table 3.1. Because several
test pads are used for verifications; the sizehefahip is larger than the actual size of the

array.

Table 3.1: Electrical performance of the fabricatbig

chip Values

Technology 0.35m (4 metal) at 3.3V

Power consumption 15 mwW

Die Size 3.8 mm x 3.8 mm (it is pad limited
due to the use of several test pads)

External components OTRA resistor (R1)

Array Values

Size 16x12

Area 1.71 mm x 1.65 mm

Pixel pitch 140 m x 100 m (size depends on

the sensor technology)
Operation mode Impedance spectroscopy,

amperometric, cyclic voltammetry,

Power Consumption 0.4 mW
Peripheral Circuitry Values
OTRA Power (0.7 mW), area (102n x

107 m), gain (0.2 M), output
mismatch (< 24 mV), 3db
bandwidth (7.5 MHz), and output
dynamic range (2 V)
Calibrated Current Power (1.5 mW for 16 CPCMs 4
Sources CNCMs) and area (58m x 54
m), mismatch (21 nA at 4.5A)
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Figure 3.13: Current stability measurement forahkbrated current sources.

Since the readout circuits, used here are simpeshared among the columns, the
total power consumption is substantially reducedctviallows the up-scaling of the array for
higher throughput without the risk of increasing tburface temperature. Also, the power
consumption, associated with the sensing areaerig lew (0.4 mW), since only one row is
activated at a time. Also, the mismatch in the atigd the OTRAS is exceptionally low (< 24
mV) due to the use of CDS circuit.

Figure 3.13 highlights the stability of the calited current sources over time. During
the calibration cycle, the current settles toinalfvalue. After n7 turns off, the source driver
contains its current for the driving cycle. The gliia the pixel current, due to the leakage, is

less than 0.3 %. Also, since a dummy transistorlarge storage capacitor (C3 = 350 fF) is
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Figure 3.14: Noise measurement setup used foritimecalical sensor array.
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Figure 3.15: Measured noise performance of theavacray with different noise reduction
techniques (circles indicate the DC bias of thelpdircuit and triangles show the switching

bias technique of the pixel circuit).
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used to compensate for the charge injection etiecc (Figure 3.10 (a)), the change in the
output current is negligible.

Since the signal in the amplification mode is D@yihg a low noise power at the
vicinity of DC is crucial. Thus, both the CDS anwlitehing bias (SB) techniques are utilized
in this micro-array fod/f noise reduction. To implement the SB techniqueulae is applied
to the source of nl during the readout cycle. Tosenmeasurement setup is depicted in
Figure 3.14 in which a differential amplifier isagsto reduce the correlated noises induced
by crosstalk (such as 60 Hz). Figure 3.15 emphadize noise performance of the circuit
using both the SB and CDS techniques. Due to tieemce of a small mismatch (<24 mV)
among the OTRAs, some pulses appear at the harsmohitie CDS frequency. The higher
the CDS frequency is, the lower th4 noise is. However, this would reduce the integrati
time thus limiting the frequency of the CDS. Thdaseopower at the vicinity of the DC is
reduced to -83 dB by means of the CDS and SB.

The impedance characteristics of the sensing pgaasges in the presence of an analyte
[79]. Such changes can be measured by applyinguaa@dal signal to the reference pads and
tracing the change in the current between theeats and sensor pads. Measurement results
for the two different concentrations of bovine seralbumin (BSA) are depicted in Figure
3.16. The result indicates that the impedance stnsif a significant capacitance, which
changes with the concentration of the BSA. Howether,pixel circuit and data line forms a
low pass filter which reduces the input signal e stimulus frequency increases, which in
turn, saturates the output of the OTRA at high shim frequencies. According to Figure

3.16, the chosen frequency must be less than 60 KHz
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Figure 3.16: Measurement results for impedancetsssopy.

For a low intensity of BSA, however, the pixel @nfigured in the active readout mode
signified in Figure 3.17. A ramp voltage is appliedthe reference pads, and the current is
integrated in G Here, the pixel remains connected to the OTRAisplay the transient of
the active readout measurement. As described, @ €ircuit can reduce the leakage and
charge injection effects of the pixels. During tleset cycle of the gray curve, the select of
the pixel circuit is turned off before the CDS diitcfinishes the sampling. As a result, the
output voltage of the OTRA settles back to its ioad) voltage (see Figure 3.17). However,
for the black curves, the select lines of the pawdl CDS circuits are turned off at the same
time. Thus, the OTRA output jumps up at the begignof the integration cycle (the SB

technique is turned off in this measurement forendarity).
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Figure 3.17: Measurement results for the effedhairge injection on the output of OTRA.

3.2.3 Improved Dynamic Rage

As explained in (1.1), the generated voltage isewense function of the storage
capacitor. Consequently, it is desirable for the latensity signal to have a small storage
capacitor to improve the signal-to-noise ratio (3N&L]. On the other hand, for a high
intensity signal, the capacitor should be largavoid saturating the readout circuitry.

Since the pixel, depicted in Figure 3.2, provideseas to the capacitor, a metal-
insulator-semiconductor (MIS) structure is employedchange the capacitor value for the
different measurement modes. The capacitance-wli@)/) characteristics of a MIS
structure are demonstrated in Figure 3.18. As ggkeéd, the MIS capacitor can
accommodate the need for variable capacitor in #i-moadal imaging/sensor structure.

Moreover, the MIS capacitor can provide for gaim$ting for detecting extremely low
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intensity signals. Figure 3.19 (b) represents thmeiation results for the gain of the proposed
pixel circuit with and without MIS capacitor gaifio employ the MIS gain, th¥; of the

MIS should be extracted carefully, to bias the M#pacitor in an adequate point. Chapter 6
describes a method for extracting ¥eof drive/amplifier TFT. The same technique can be

used to detect the edge of the MIS capacitor.

3.2.4 Noise Analysis of CBVP Pixel Circuit

Figure 3.20 shows the small circuit model used rnalye the input referred noise
caused by the pixel components. During the resdecyode B is assumed to be float since it

is connected to a current source. The reset nesacamted with T1 and T2 is calculated as
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where,rq is the drain-source resistance of T1, &dhe switch resistance of T2. Assuming
thatrg/R, <<1, the effect of T2 is attenuated significantly.

During the readout cycle, we assume that noded®nsected to a resistive load. Also,
the effect ofCyq of T1 becomes important during the readout cyClee input referred noise
during the readout cycle can be calculated as

[

CT + ng
RLng

—_ nl
VRdnL -

*0On -'-(:TS (3.3)

Here, theR_ is the output load. Considering that the inpuémefd noise of 3-TFT APS

(see Section 2), (3.2), and (3.3), it can be cateduthat the input referred noise of CBVP
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pixel circuit can be smaller than that of 3-TFT AR#ce there is no switch TFT in series
with T1. Also, using the switch biasing technigbe hoise of CBVP pixel circuit is reduced

more significantly.

3.3 CBVP AMOLED Pixel Circuit

For a technology, such as poly-Si, in which mopiékperiences variations as well as
threshold voltage mismatches [32], a current pnogneng is prerequisite for high yield.
Since the CBVP benefits from advantages of botheotirand voltage programming, the
CBVP pixel circuit is a suitable candidate for #t®ove mentioned technology.

Figure 3.21 offers the proposed CBVP pixel circyB], providing for large-area
high-resolution AMOLED displays. Here a fixed lardgas current IGiag IS used to
compensate for the aging and mismatches. Sinceutrent levels required by OLED are
around 1 A, the bias current is divided inside the pixeleblgootstrapping technique. During
the biasing cycle, SEL[n] which is the address lf¢he i row is high and the voltage at
node A adjusts t&/piastV1 WhereVyias=(lbiadK)®>. The OLED needs to be OFF during the
biasing cycle, and s@pp-VhiasVr should be smaller than the ON voltage of the OLEIDce
For the pixel circuit in Figure 3.21 (a), node Bcisarged tdVphias Ve WhereVp is related to
the pixel luminance, and so the programming andibgaoccur in parallel. However, for the
circuit in Figure 3.21 (b), node B is charged toozéuring the biasing cycle, thus the biasing
is independent o¥p. During the programming cycle, SEL[n] is low anBL$n+1] which is
the address line of the nfiow is high. Thus, node B is charged to zerd/@piss for the
pixel circuits in Figure 3.21 (a) and (b), respeely, changing the voltage at node A to
Vp+V1. During the driving cycle, the current of T1 whighcontrolled by its gate voltage

drives the OLED independent of tMg of T1. While both pixel circuits operate essetyial
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Figure 3.21: CBVP AMOLED pixel circuit along witheé corresponding signal diagram.

the same way, each of them has its own advant#ig€s.is ON for the entire frame time
except during the biasing cyclegf{tan be removed from the parallel biasing circegtding
to higher aperture ratio. On the other hand, inddpet biasing provides for a separate

storage capacitor farr andVpe-Vpias: Since, the leakage current of the a-Si:H TFTiews(of
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Table 3.2: Process variation in a typical poly<siinology [32]

Process Parameter Average Standard Deviation (sd)
Mobility 80 (cm2 /V s) 3.3
Threshold Voltage 1(V) 0.1

)(b ) (c

Figure 3.22: Mont-Carlo simulation results: (a) eentional 2-TFT, (b) voltage programmed,

and (c) CBVP pixel circuits
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the order of 18* A) [52], it is possible to store th¥; in Cs; and use it for several
consecutive frames which can improve the powerwapsion [57].

To verify the tolerance of the pixel circuit, a Gaian distribution for the mobility and
V7 variation typical for poly-Si (depicted in Table2} [32] and Mont-Carlo simulation is
used. Simulation is carried out for 240 pixels nekkng a row in a QVGA display
(240x3x320). Also, the simulations are conducted for aepwuoltage programmed pixel
circuit [83]. Figure 3.22 demonstrates the simolatiesults as a visual artifact on the display
quality. Tthe simple 2-TFT pixel suffers from bd#h and mobility variation and the voltage
programmed pixel circuit cannot handle mobilityiation, whereas the CBVP compensates
for both variations.

Also, to investigate the effectiveness of the neBV@ pixel circuits, the circuits are
assembled from a pre-fabricated pixel circuit ardisarete TFT (see Figure 3.23). To test a
single pixel, T4 and T5 can be the same TFT. Thasreduce the effect of parasitic
capacitance induced by discrete TFTs, a single ©&Tsed for T4 and T5. The pixel
parameters are listed in Table 3.3, the aspeat ohtihe discrete TFT is 300m/ 23 m, and
IniasiS 4 A. A diode-connected TFT @lep) and a capacitor (§cep) are used to emulate the
OLED.

The |-V characteristic of the CBVP pixel circuissdepicted in Figure 3.24. The pixel
circuit with the independent biasing technique rexginegative voltages while the other
circuit works with positive voltages. As seen, theld current is smaller than the
programming current (the current during programmaygle) which is a consequence of
charge injection and clock feed through. More int@otly, the slope of the hold currents for

the two pixel circuits is different which can bepéained by the charge injection effect ™
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Figure 3.23: Photo micrograph of the fabricated AMKD CBVP pixel circuit.

Table 3.3: AMOLED CBVP pixel circuit parameters

Name Description Values
WI/L(T1)  Aspectratio of T1 400/23
WI/L(T2)  Aspectratio of the TFT used for S1 ~ 100/23
WI/L(T3)  Aspectratio of the TFT used for S2 ~ 100/23
WI/L(T4)  Aspect ratio of the TFT used for S3 ~ 100/23

Cs Storage capacitance 1pF
Vi ON voltage of the switches 30V
Vop Operating voltage 20V

and T5. Using the model presented in [84], thectftd charge injection and clock feed-
though of T5 can be written as (see Chapter 6 fanendetail analysis)

_ Ca
2Cov1 + Covz +Cq
Covs ngs

Vy - - Vg, - V;
2(Covs + Cs) " Covs + Cs, W ° )

Vs
(3.4
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denotes prallel biasing and triangles are the Ieesfiindependent biasing).

where,Coy1, Covz, andCoys are the overlap capacitances between gate andes(urain) of T1,
T2 and T5, respectivelyCyss is the gate capacitance of T the threshold voltage of T5

and Vi, the voltage at node B at the end of the progrargraytle. For the parallel biasing
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Figure 3.25: Lifetime measurement of the a-Si:H GBAMOLED pixel circuit.

technique, ¥, is zero, and so the charge injection of T5 is patelent of the programming
voltage ¥p), whereas for the independent biasing techniqug, i¥Ve-Vg resulting inVp
dependent charge injection, which in turns leadsvtw slightly different hold-current slopes
for the CBVP circuits.

Lifetime measurement result of the AMOLED CBVP gixircuits is shown in Figure
3.25. Here, the source voltage of T1 is increaseshtulate the ¥shift. The increase in the
current is due to the charge injection as discugsé&hapter 6. However, drop in the current
is due to the channel length modulation [52] sith@edrain-source voltag®s) is decreased

by the artificial aging. This will not be the casea real aging experience singgs is fixed.

3.4 Summary

The CBVP driving scheme can improve the settlingetiand benefits from the
simplicity of the voltage programming and accuradycurrent programming. The CBVP

driving scheme can compensate for all process ti@mg including mobility andVy
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mismatches leading to higher yield especially iny{#i. The driving scheme is easily
adapted in high resolution multi-modal biomediaalager. Here, in pixel gain is used for
low-intensity signals whereas high-intensity signate detected in the passive mode. Also,
the pixel accommodates a variable capacitor byguaiMIS structure for further dynamic
range improvement. For low-intensity signals, tlagacitor is biased to provide a lower
capacitance resulting in a higher SNR. For, higbfisity signals, the capacitor is biased for
higher capacitance value preventing saturatiom@fixternal driver.
The CBVP driving scheme is also used in the AMOL#&KeI circuit. Here, the settling

time fits most of application but for larger disypda there is a need for faster settling driving

schemes which are discussed in next chapter.



Chapter 4

Enhanced-Settling Current Programming

Although the current mode active matrix providesrarinsic immunity to mismatches
and differential aging, the long settling time atl current levels and large parasitic
capacitance is a lingering issue. As explained liagZer 2, the major source of the settling
time in current programming is the large parasiipacitance. Although, using small switch
transistors can reduce the parasitic capacitan@itwe extent [17], the optimized settling
time still cannot fit the programming time requirkal most of applications. In addition, the
acceleration techniques cannot improve the settlimg significantly, particularly if low

mobility technologies are used. As a result, exdedniver assistance is required.

4.1 Positive Feedback

To overcome the settling-time issue in current progning, a new fast current driver
is proposed that controls the effect of the parasdpacitance by positive feedback [85, 86]
(as seen in Figure 4.1). Here, a band pass (BB) fd used as the feedback function. At the
beginning of the programming cycle, the voltagehaf line changes rapidly, and the current
source pumps more current into the current lineth&svoltage of the current line settles, the
current of the source moves to a programming ctirddrso, the band-pass filter prevents the
high-frequency noise of the line to influence thepwt current of the source driver.

The feedback system cannot be implemented by usisgphisticated filter circuit,

72
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ad 1. b

_CP

Figure 4.1: Fast current driver based on positesiback.
because it should fit within the pitch of the pix¢k< 100 um). As a result, the BP filter is
implemented as a one-pole low-pass Butterwortkrfitnd a differentiator. As depicted in
Figure 4.2 (a) and (b) the driver can be implemei@sed on a simple current conveyer type

Il (CCll) [87, 88] with the following I-V charactestics

<

ly
Vy =

Iz

x

o»O0

0
0
M

OO

(4.1)

<

The amplitudes oA andM can be approximated as the unity and independethieo
input values for small signals. However, since\ectnatrix devices deal with large signals,
A andM become input signal dependent. The voltage aKXtierminal is controlled by the
voltage at Y which is equal to the voltage at the Z termingl € AVzwhere|A| 1). The
programming currentl§) can be either applied to the X- or to Z-termin&snsidering the
case in which the programming current is directinreected to the Z terminal, the current at

the X terminal is given by

d
Ix =-ACG aVz, (4.2)

whereCk is the feedback capacitor, aWgdthe voltage at the Z terminal. The current atZhe
terminal can be defined by that of the X terminakilx) Therefore, the behavior of the

system can be written as
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Figure 4.2: Fig. 8: (a) Fast current driver, (io¢wit diagram of the current conveyor II, and (c)

implementation method forg@ising column parasitic capacitance.
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d 2
o= (Co - AMG) LV, + b, - Vi (4.3)

Thus, the time constant becomes: 2(Co- AMG:)/( .Ip)°° As a result, choosing
AMC:k close toCp reduces the effect of the parasitic capacitangeifsiantly. SinceCp can
be large (of the order of 100 pF), haviddarger than one leads to smal@, which can be
implemented inside the driver chip. A largér can be implemented externally with a MIM
capacitor at the edge of the panel during the pffeication with no extra cost, or with the
parasitic capacitance of the data line. Figure(d)Zhows a proposed architecture for using
the parasitic capacitance as. @Cp; iIs a small integrated compensation capacitance to
stabilize the driver and the switches can be shavéd offset cancellation circuit as
discussed further in the next sections. Since,diyguthe fast current driver, the settling time
can be smaller than the required programming titvie,possible to divide a frame into two
sub-frames and program the odd and even columnmgd@ach sub-frame. Thus, the
parasitic capacitance of the columns that are mmgrammed during each sub-frame can be
used as the Xfor the other columns. For example; the odd colsicem be programmed first
while using the parasitic capacitance of the ex@arons as the £ and vice versa during the
next sub-frame. Thu€r is not integrated into the driver, and the nunmdfecurrent sources

is reduced by half, resulting in a smaller die area

4.2 Stability and Noise Analysis

To investigate the stability of the system, twatidig approaches are taken. When the
operating condition (involving large currents) cahrbe approximated by small signal
analysis, the Lyapunov approach [89] is selectedefine the stability region for the driver.

The settling point of (4.3) is moved to zero asdeing
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Sx= 2 b )

dt”  (Cr - AMG)

| (4.4)
X=V, - &= x
I

By defining the energy function &t)=x%, the derivative oE can be written as

d_ 2%2 L
gt Cs - AMCF)( o ‘/FP)' (4.5)

Based on the Lyapunov approach, it can be concltitdhe driver is stable if (4.5) is
negative which means thaMCr should be positive and smaller than the overalhgitic
capacitance. To investigate the stability of thieatrin the presence of noise, cross talk, and
small current levels, a small signal analysis ipkyed. Figure 4.3 shows the root-locus plot
for the circuit with two different feedback capacg. The circuit is unconditionally stable for
Ce= 90 pF (< G). On the other hand, to stabilize the circuit with=110 pF (>Cp), the

close loop gain betweer, andVy should be smaller than 1.

5 .
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Figure 4.3: Root locus plot for (ax& 90 pF and (b) £= 110 pF.
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Figure 4.5: Frequency response of the CCII cursentce for different values & r.

Also, a MATLAB model is used to investigate the &weristics of the new current
source. Figure 4.4 emphasizes the effectivenesiseofilter on the noise performance. It is
evident that increasing the cut-off frequency & tiP filter makes the driver more sensitive

to the noise of the current line. However, as theaoff frequency increases, the speed
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increases as well. The Butterworth filter is impented by simply adding a capacitor
between the output of the voltage feedback anditel (Cp). As it is shown in Figure 4.5,
increasing the ( results in a smallefc,. Also, the circuit acts as a differentiator betwee

Fci1andFc,. The slop of the differentiator is defined by tradue of G.

Biasing Circuit Offset Cancellation Circuit
Figure 4.6: Photomicrograph of the fabricated aurdriver.

Table 4.1: Parameters of fabricated current driver

Name  Description Value

(W/L);»,  Aspect ratio of M1 and M2 30 um /6 pm
(W/L)s,  Aspect ratio of M3 and M4 40 um /6 um
(W/L)sg  Aspect ratio of M5 to M8 120 um /6 um
(W/L)g10 Aspect ratio of M9 and M10 12 ym /6 pm
(W/L)1316 Aspect ratio of M13 to M16 60 um /6 pm
(W/L)1920 Aspect ratio of M19 and M20 used in 10 pm /6 um
Cn Noise reduction capacitance 1pF

Cr Feedback capacitor 10-200 pF

Cp Parasitic capacitance 10-200 pF
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Figure 4.7: Transient line voltage waveform for thst and conventional and fast current driver.

4.3 Measurement Results and Discussion

The photomicrograph of the driver fabricated inghhvoltage CMOS process (the 0.8-
m process of DALSA semiconductor) is given in Fyu.6. The parameters of the
fabricated driver are listed in Table 4.1. Figuré demonstrates the settling time of the pixel
circuit for a step current of 100 nA in the preseif parasitic and feedback capacitances of
100 pF. It is clear that the fast current driven caanage the effect of parasitic capacitance
and reduce the settling time significantly.

The |-V characteristics of the current driver asdra&cted by using a Keithley 236
source measurement unit (SMU). For the results showrigure 4.8, the output is connected
to a fixed voltage (7 V), while the input curreatdwept. The output current closely follows
the input current at a fixed input voltage of 7 Nowever, the voltage dynamic range does

not stretch from rail-to-rail (as observed in Figut.9). Here, the input current is A, and
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Figure 4.9: (a) Output current and (b) input voltdgr a fixed output voltage as a function of input

voltage.

the output voltage is swept from OWpp = 15 V. This can result in different settling times

for different programming currents, as discussetthéfollowing.

Figure 4.10(a) shows the settling time extractadaf®00-pF parasitic and feedback

capacitance for the current cell demonstrated gufe 2.2 (a). HereY+Vy is set to 1 V

throughout the entire measurement range. Sinceithgramming time for large-area and
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Figure 4.10: Settling time as a function of (a)greonming current and (b) feedback capacitor.

high resolution active matrix devices is largemtti® s, it is clear that the driver presented

here can meet the requirements of a vast rangppiications since the settling time is less
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Figure 4.11: (a) Circuit schematics for offset calation and (b) offset-leakage cancellation.

than 4 s. While it is expected that the settling time drags the programming current
increases, the measurement results exhibit a ®\wead. This occurs because the closed-
loop voltage gain reduces for large voltages, gsctied in Figure 4.9(b), mitigating the
effectiveness of the driver in accordance to (4.3).

The effect of the feedback capacitance is showfigare 4.10 (b). The input current is
1 A and the parasitic capacitance is 100 pF. Thdirgpttime decreases linearly, as the

feedback capacitance increases, again corrobonatthg4.3).

4 .4 Self-Calibration of the Current Source

In applications for which the current driver iséntled, the current levels are small (of
the order of 1 A) which compounds the effect of the offsets maimgaain effective offset

cancellation technique. Figure 4.11 demonstrates different configurations for the offset
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Figure 4.12: Monte Carlo simulation of the offsetrent as a function of transistor mismatch
with and without offset cancellation.

cancellation. A differential circuit is adopted oth configurations to reduce the effects of
the charge injection and clock feed-through leadimgmall storage capacitors. In case |
(Figure 4.11 (a)), the circuit is disconnected fribra input current and output load during the
cancellation process. If there is an offset betwiencurrent of the X and Z terminals, M19
and M20 stores the offset, alleviating its effe8#][ Since the statistics of the process
variations for the technology is not available, tiiiset is emulated by variations in the width
of the paired transistors. Figure 4.12 shows Md@welo simulation results for variation in
the width of M17 and M18. The offset current varfesm -1 A to 2 A for the circuit
without cancellation. In contrast, the offset catreemains smaller than 10 nA for case I.

Although this technique can control the offset asged with the driver, the technique is
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Figure 4.13: Effect of leakage on the output ofdaand Il of cancellation techniques.

prone to offsets, stemming from the input and lgakaurrents caused by the pixels
connected to the output.

Figure 4.11 (b) shows a configuration that compesséor the aforementioned issues
in addition to the driver offset. Here, the inputdaoutput terminals are connected to the
current source and output load, respectively, dutite cancellation process. Therefore, any
output leakage or source offset is stored by M18 W20 rendering the circuit offset-
immune. Figure 4.13 demonstrates measurement seguit which a current source is
connected to the output of the driver to emulate ldakage current, and the output of the
current cell connected to the driver is monitofdedcase |, the leakage current is conveyed to
the cell output current, whereas, for case Il,dbgput current is independent of the leakage

current. Moreover, this circuit can perform the CB8lucing the reset and programming



Chapter 4: Enhanced-Settling Current Programming 85

noises. Since the reset noise is the most signifipartion of the input referred noise in
sensors and imagers, the noise performance impreigesficantly. This can be seen in

Figure 4.5 where, the gain for low frequency sigearound -40 dB.

4.5 Summary

The current driver, introduced in this chapter, tools the effect of parasitic
capacitance and improves the settling time subatBntThe settling time for a 100 nA
current, in the presence of a 200 pF parasitic atgpee, is less than 4 for the proposed
current driver. Also, the novel offset-leakage @lation technique can manage the effect of
driver offset, besides the effect of the leakage affiset currents from the pixels connected
to the data line. Therefore, the new driver carthierr extend the applications of current
programming to enable scaling to large area aatiagrix devices, and yet maintain high

refresh rates.
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Charge-Based Driving Scheme

Considering all the design considerations, an idéaving scheme for a-Si:H

AMOLED displays should not only prevent additiormmplexity in the simple voltage

programming (2-TFT pixel circuit [6]) but also coensate for the instability (or

mismatches) of the backplane without compromishregaperture ratio. Thus, a new driving
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Figure 5.1: AdMd&" AMOLED (a) pixel circuit and (b) array structuraded on charge-based

compensatiol
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scheme is proposed where the pixel aging is congpetdased on discharged voltage [89,
90]. Here, the amount of the leaked charge fromgate voltage of the drive/amplifier

transistor changes as the TFT ages and comperfisathe aging.

5.1 Advance Mobile Technology (AdMo ™)

Figure 5.1 (a) demonstrates the proposed simpleag®programmed pixel circuit.
During the programming cycle of th&" row, node A of the pixel circuits in that row are
charged to a programming voltag¥p), related to the pixels' image data. During the
programming cycle of thén+1)" row, a part of the voltage, stored at node Alissharged
through Td. The amount of discharged voltage (elating the effect of OLEDS), V,, is
controlled by the channel resistance of Td whictiéBned by the aspect ratio, mobility, and

threshold voltage of Td, given by

DV, = (Ve - Voreo - VT)ZI t :(\N/CSK (5.1)
(Vo - Voo - Vi) + I Td

Here, V7 is the threshold voltage of Td¥oep the OLED voltage(W/L)4 the aspect ratio of
Td, K a function of mobility and gate capacitance, &xlthe storage capacitor. More
importantly, since Td and T1 are physically adja@rd have the same biasing condition, Td
represents T1 in the discharging process. For ebanatectrical aging causes correlated
shifts in the threshold voltages of T1 and Td. Alacshift in the threshold voltage of Td
results in higher channel resistance for a giveltage, and so the discharged voltage is
reduced in a given discharge time. Therefore, #ite-gource voltage of T1 becomes larger,
and so compensates for the $hift. Figure 5.1(b) shows the array structureselsion the
proposed pixel circuit. As shown, an extra addigmss SEL[m+1] is required for the entire

display, where m is the number of rows in the digpl
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Figure 5.2: The discharged voltage for differeriftslin the threshold voltage of T1.

Figure 5.2 shows the discharged voltage for a diffeVr-shift ( Vy). It is clear that as
V7 increases the discharged voltage decreases fnésate, G is 350 fF, T1 is 180m/3
m, T2is 20 m/3 m, T3is 18 m/3 m, and Td is 4.5m/4 m. Besides the ¥shift, the
shift in the OLED voltage, any spatial mismatchesl/ar temperature variations can be

compensated by the discharged voltage.

5.1.1 Measurement Results

To investigate the effectiveness of the proposedmdy scheme, the pixel circuit is
fabricated and tested under electrical stress. Arovgontroller is used to generate the
required signals for a programming time of Z0and frame rate of 60 Hz.

Figure 5.3 shows the current passing through Tindutifferent operating cycles. In
this experiment, some delays are added betweenaaatating cycle to exhibit the role of
each cycle. During the™ programming cycle, a large current passes thrdtighs node A

charges to a programming voltagé). The pixel current drops, as T2 turns off at ¢inel of



Chapter 5: Charge-Based Driving Scheme 89

this cycle, due to the charge injection effect &f During the (n+1) programming cycle, the
voltage at node A starts discharging through Td, smthe pixel current drops to the desired
current levels. This current is preserved durirggdhiving cycle since the voltage is stored in

the storage capacitor.

Driving
Cycle [n]

Current of T1 (uA)
a

{1 Programming %Programming
51 Cycle[n] —~ 'ﬂCycIe [n+1]
10 y,. <
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Figure 5.3: Measured current of T1 during differeperating cycles.
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Figure 5.4: Measured IV characteristics of the Ad¥pixel circuit.
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Figure 5.5: Lifetime measurement of AdWoand conventional 2-TFT pixels.

As shown in Figure 5.4, the level of the pixel emtr (current passing through the
OLED during the driving cycle) drops as the timwfghe programming cycle increases.

To test the lifetime of the pixel circuit, it islgect to a bias stress which emulates the
worst case of operation condition. During each faime, the pixel is programmed by the
maximum programming voltage which results in atiahcurrent of 1.17 A, and its current
is measured. Figure 5.5 compares the lifetime riesilts of the conventional 2-TFT pixel
circuit versus the proposed new driving scheme. dillveent of the 2-TFT pixel circuit drops
by 25% whereas the current of the proposed pixelitiis significantly more stable. The
fluctuation in the current of the conventional 29Tpixel circuit is due to the variation in
ambient temperature. Since the results for theqmeg and 2-TFT pixel circuits have been
extracted in the same environment and time, thelteeghdicate that the proposed driving

scheme is stable under temperature variationseasgbed earlier.
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Figure 5.6: Measured pixel current under (a) temmijpee and (b) mobility variation.

The effect of temperature variation is measuredvaeli. The results are shown in
Figure 5.6 (a) verifying the temperature stabitifthe AdMd™ pixel circuit. Here, thd is
the leakage time, anfl = O represents the conventional 2-TFT pixel circA# suggested in

(5.1) increasing the mobility increases the disghdrvoltage, resulting in smaller gate-
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source voltage. Thus, the pixel current becomesstaoh despite the higher mobility.
Temperature effects mobility/y, and power parameter in IV-characteristics of #8i:H
TFTs [91]. Figure 5.6 (b) represents the measurémesults against the mobility variations
(temperature variations are translated to mobiéyiations using the model presented by C.
NG [91]). This result indicates that the pixel @nt is stable despite the mobility variations
independent of the cause. As a result, this pieel lbe adopted in flexible electronics in

which the mobility varies by mechanical stress.

5.1.2 Implementation of the Relaxation Technique

To further extend the lifetime of the display, amgming scheme is adapted which
suppresses the threshold voltage shift. The framme tis divided into programming,
compensating, driving and relaxation cycles [67, @uring the relaxation cycle, the gate-
source voltage of the drive TFT is discharged t@z€hus, the drive TFT is not under stress,
and moreover, the trapped charges are release@éntiey an accumulation of the aging.
Figure 5.7 (a) shows the proposed array structuréhe relaxation technique. The outputs of
the gate driver are directly connected to the ChM&d while being connected to the SEL
lines through a dual switch (SW1 and SW2). Figuré @) indicates that during the
programming cycle, switches are connected to the deaver. For the relaxation, the dual
switches are connected to VL, which is the OFFag#tof the switch TFTs. As a result, T2
in the pixel circuit in Figure 5.1 (a) remains ORMhile T3 is ON discharging the gate
voltage of T1. To compensate for the loss in lumagacaused by relaxation, the pixel must

be programmed for a brighter luminance.
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Figure 5.7: Relaxation driving scheme: (a) arrashdecture and (b) timing diagram.

For a larger array in which there is not enougmkilag time for discharging the gate

voltage, the discharging and programming occurgamnallel. The use of dual switches

ensures that there is no conflict between the piogring and discharging operations. While,

one row of a dual switch (e.g. SW2) is programnikd,corresponding row of the other dual

switch (i.e. SW1) is discharged. Since switch tistoss T2 of the row in discharging mode
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are connected to VL and they are OFF, no crossdedkirs. The number of dual switches
determines the ratio of the relaxation in a framneet For example, if there are two dual
switches, the relaxation cycle can be 50% of then& time. To reduce the relaxation to 30%
three dual switches are used. In this case, thgrgmaming and discharging operations
occurs in SW(i) and SW(i-2) respectively. More impatly, the dual switches can be

fabricated with a-Si:H TFTs placed at the edgearfg.

5.1.3 9-Inch AMOLED Display
The AdMo™ is adapted in the design of a 2.2-inch QVGA 2X320) and a 9-inch

WXGA (800x3x480) displays. Here, each pixel consists of redegy and blue sub-pixels.
To design each sub-pixel, it is necessary to cateuhe brightness share of each color for a
targeted white point in the tristimulus or CIE cdioation [93]. Since each color of the
OLED is not pure meaning it covers a wide rangthefspectrum, ax3 matrix (Tsp is used

to present the color contents of each OLEDs asayihiey light up at 1 nit/fa As a resullt,

the brightness share for each sub-pixel is caledlay the following:

B :TS';\N (5.2)

B is a X3 matrix containing the brightness share of eadisxel, Tsp! the inverse offsp,
and W is the tristimulus of desired whit point. Knowitige brightness share for each sub-
pixel and the efficiency of each OLED, the maximauorrent required for each sub-pixel is

expressed as

I =B, (5.3)

where,l;, B;, and ; are the maximum required current, a value in mdriand efficiency,

respectively, corresponding to OLED, respectively. The maximum overdrive voltage of
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drive TFT (T1) is kept constant and required aspatb of drive TFT is obtained through
simulation. This assures that the drive TFT of eadh-pixel ages at the same rate,
preserving the white balance point during the @igisl lifetime. The switch TFTs are
designed based on the required settling time.

Moreover, the aperture ratio is adjusted accordiinthe efficiency of each OLED and
their brightness share for the white point. As sutethe three different OLEDs ages at the
same rate avoiding any color shift in the whiteabak. The optimize aperture ratio is given

by the following,

niz BA (5.4)
BGhG

where,R is the ratio of the blue (or red) aperture ratidtlie green’s aperture ratio. Since

green is normally the highest efficiency, green OLE selected as the reference but any of
the other OLEDs can be the reference. The sub-Exeéésigned based on (5.3) and during
the layout is optimized to achieve the aperturesdisted in (5.4). The goal is to have the

smallest possible overdrive voltage for the TFT #mel largest possible aperture ratio for
OLED in order to get the best lifetime for the Teiid OLED. Thus, the design of the pixel

is an iterative process between selecting an oiwerdoltage and obtaining the aperture ratio
to get the optimum point for a display lifetime.

Figure 5.8 shows the layout of the RGB pixel fog thvo display sizes. The maximum
front-screen brightness (FSB) for the 2.2-inch igps 200 nit/m (after a 45% efficient
polarizer) and it is 150 nit/frfor the 9-inch display. The achieved apertureosafor the 2.2-
inch display are 21%, 20.5%, and 30.5% for redegrand blue sub-pixels, respectively.
Also, 34.5%, 30%, and 35% aperture ratios are gedidor red, green, and blue sub-pixels

of the 9-inch display, respectively.
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Figure 5.8: RGB pixel layout for (a) 2.2-inch QV@&Ad (b) 9-inch WXGA displays.

The fabricated display is measured for the diffee¢mging effect using the gray scale
pattern, depicted in Figure 5.9 (a). The imageksigissue is obvious in the conventional 2-

TFT display whereas the image is clear for the Af¥display.
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Figure 5.9: (a) gray scale used for 200-hour défféial aging measurement along the

measurement result for (b) AdMband (c) conventional 2-TFT.
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Figure 5.10: Measured luminance stability for difiet stress levels.

Also, the brightness of each spot shown in Figué¢ed is measured everyday by using
a luminance meter (Konica Minolta LS-100). The nueed luminance results for the spot
numbers 1,3, and 5 are depicted in Figure 5.10.tdta error for the maximum stressed part
(spot 1) is less than 5% after 200 hours of sti@sge the pixel current is stable, the loss in
the brightness can be due to the degradation inBDiufightness.

Figure 5.11 provides two pictures of the displéigraprolonged operation. Since the
aging is more rapid at the beginning of the paifie] the results signify the potential of the
new driving scheme in fulfilling the lifetime speésr most applications, in particular for

portable devices such as cell phones, digital casp@nd DVD players.
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Figure 5.11: Real images from the 9-inch AdMalisplay.
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Figure 5.12: Gain-adjustable biomedical imager Iptkeuit.

Figure 5.13: Photomicrograph of the gain-adjustabtel circuit.

5.2 Real-Time Biomedical Imaging Pixel Circuit

The charge-based compensation driving scheme i imsthe design of a real-time
imager pixel circuit. Not only does the dischargipgth compensate for the aging and
mismatches, but also it adjusts the gain of theelpi@r different applications. The pixel
circuit and corresponding signal diagram are demmnatesl in Figure 5.12. During the reset
cycle, node A is charged to a reset voltage.(The next cycle can be the discharging for

compensation. However, since the short term stresdition is used for the pixel operation,
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Table 5.1: Parameters of the fabricated pixel dircu

Name

Description

Value

(WIL),
(WIL),
(WIL)3
(W/L)q
Cs

Aspect ratio of T1
Aspect ratio of T2
Aspect ratio of T3
Aspect ratio of T4

Storage capacitor

180 pm /3 pm
20 pm /3 pm

18 pm /3 um

4.5 um /4 um
350 fF

4.0

35] o
30] a
2.5 [ ]

2.0-
1.5
1.0
0.51
0.0
0.5+

Pixel Current (nA)

A~0.288 pA/pC |

A= 0.056 pA/pC

A= 0.040 pA/pC

Figure 5.14: Gain-adjustment results using chaeg&dge technique.
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this cycle is ignored. During the integration, thensor signal is collected by the storage

capacitor. During the gain-adjusting cycle, thetagé of the gate leaks out through Td.

Leakage time () can be adjusted for different application sinceantrols the gain of the

pixel. During the readout cycle, the pixel curremtead throughghia Unlike the hybrid PPS-

APS pixel circuit [23], the read operation is nesttuctive, since the proposed pixel circuit

operates only in the active mode.

Based on (5.1), the remaining voltajfan(y) at node A after the gain adjusting cycle is

given by
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Figure 5.15: Timing schedule for real-time imaging.
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Here,Vgen is the generate voltage due to the collected ehddy assuming thafgen is much
smaller tharVg, the linear approximation is employed to calculie damping effectAgmp
as the following:

1

1+[L(VR-VT)
t

Agp = (5.6)

Figure 5.13 portrays the photomicrograph of thespeircuit used for the measurement.
Measurement result for different leakage time isvahin Figure 5.14. The pixel parameters
are listed in Table 5.1. It is obvious that thengaf the pixel can be adjusted for various
applications. For example for very low intensityun signals (e.g. fluoroscopy) the leakage
time can be close to zero to get the maximum gamthe other hand the leakage time can be
increased (e.g. 27 ps) for higher intensity ingghals (e.g. radiology). More importantly,
the pixel response to the collected charge is Sogmitly linear.

The pixel circuit can provide for parallel operatiof reset and readout cycles for

different rows. As a result, it can be used forl-teme imaging applications such as
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Figure 5.16: Noise model of the pixel circuit dgrithhe reset and gain adjusting cycle.

fluoroscopy. Figure 5.15 shows the timing scheduole an array intended for real-time

imaging.

5.2.1 Noise Analysis of Charge-Based Pixel Circuit

To investigate the effect of gain-adjusting bran€f3 and Td) on the noise
performance of the pixel, the reset noise of theelpis calculated with and without the path
(the gain-adjusting path does not affect the readgele). Figure 5.16 shows the noise model
used to evaluate the reset noise of the pixel itirclhe reset noise without considering the

gain-adjusting branch is given as

v = 1w andC;= CeCee 5.7
Vn_2T Vn2 CTS+1/ R2 T 9 ( )

in whichR2andin; is the channel resistance and noise of T2, resjedct
If the gain adjusting branch is used, the nois&2fs damped. T2 noise effect can be written

after damping based on (5.6)
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Figure 5.17: 3-TFT gain-adjustable biomedical inrggrel circuit.
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(5.8)

Noise of Td is the dominant noise source in the-gaijusting branch (cascade branch) [94].

Thus, the noise effect of this branch is given as

_ ng (5.9)
CTS + gmd

Vnd

in which gmg anding is the transconductance and noise of Td, respdytifhe total noise of

the pixel with gain-adjusting branch is
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— ind in2 1
Vn-dmp_ +
Crs+g,y GCstl/R2 1+tL(\/R_VT)
t

(5.10)

Since Agmp Can be very small, the noise effect of T2 becomagigible. Thus, by proper
aspect ratio of Td, the noise performance can i@stlthe same as the one without the gain-
adjusting branch.

To improve the resolution, T3 and Td can be merged also Td can replace the
storage capacitor. Figure 5.17 demonstrates thET3gRin-adjustable pixel circuit. Also, the
pixel provides a separate path for gain adjustiaget and readout; thus, the timing schedule
can be improved for more parallelism as shown gufé 5.18. Here, while the pixels in one
row are being reset, the next adjacent row’s pigetstuned for the gain, and the row after
that is readout. As a result, it can provide fdast refresh rate suitable for high frame rate

real-time imaging.

5.3 Summary

The charge-based compensation driving scheme pessdrere preserves the cost
advantage of a-Si:H technology without increasirge timplementation complexity.
Moreover, it compensates for the instabilitieshad backplane. While the aging error for the
conventional 2-TFT pixel circuit is more than 25&% 200 hours of operation, the charge-
based compensation pixel circuits is significantfpre stable. Moreover, measurement
results and analysis reveal that the new drivirfigeste presented here can control any spatial
mismatch and temperature variation without compsamgi the settling time. The image
guality of the 9-inch panel after prolonged contins operation demonstrates the potential of

this driving scheme for different applications.
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Also, this technique is adapted in a biomedicalgerato adjust the gain for different
modalities with different signal intensities. Urdilother proposed high-dynamic range pixel
circuit [23], the readout is not destructive. Heniteenables the use of OTRA for the entire
dynamic range including high intensity signals (eagliology). Moreover, since the gain of
OTRAs is independent of the readout time (unlikarge-pump amplifiers), it enables faster

readout leading to higher frame rate for real-timaging.
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High Resolution Architectures

For some application such as high resolution AMOLdigplays for TV and monitor,
and highly sensitive imaging such as radiotheréipy,backplane should compensate for all
the effects caused by the aging or mismatches heewee the intended accuracy (e.g. less
than %0.5 differential aging for a TV screen). Whihe entire proposed driving scheme
compensate only for the static effect of-8hift (i.e. drop in the pixel current/gain), the
transient effects such as charge injection andkeleed through can cause up to 10% error in
the pixel characteristics. To solve this issue,imeduce a calibration technique capable of

controlling the transient effects as well as ttaisteffect of the Y-shift (mismatches).

6.1 Time Dependent Charge Injection and Clock Feed-Through

To compensate for thepshift/mismatch, the compensation techniques [8])éad to
a modification in the gate voltage of the drive T#Tprovide a constant overdrive voltage.
However, as a consequence of this change in tleevgdtiige, clock feed-through and charge
injection associated with the parasitic capacitanckange overtime. Since the storage
capacitor cannot be large due to the mandated ftamee and aperture ratio, the parasitic
capacitances stemming from the overlap of the gatr the drain and source become
comparable. Moreover, the threshold voltage of sivitch TFTs decreases since they are

under negative bias stress during most of the frime [45]. Consequently, the charge

107
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(a) (b)
Figure 6.1: Gate-programmed pixel circuit for (Y/@LED display [59] and (b) APS [96].
profile of their channels changes for a given paogming voltage inducing a time dependent
error.

The transient shifts including charge injection arcidck feed-through can either
increase or deceases the pixel current overtimerdipg on the circuit topology and driving
scheme. The two most probable topologies usederdésign of pixel circuits, in particular
for AMOLED displays, are gate-programmed (GP) amdiree-programmed (SP) [95].
Figure 6.1 demonstrates two GP pixel circuits foM@LED and APS applications,
respectively. In the GP pixel circuits, the souroltage is fixed and the gate voltage changes
during the programming cycle. Whereas, in the S@lmiircuits, the gate voltage is fixed and
the source voltage changes during the programnyiaig.c

In the GP pixel circuits shown in Figure 6.1, agreonming currentl§) flows through
the switches T3 and T2, adjusting the gate volti#dEL to Vo ept+Vp+V11 for the AMOLED

pixel andVp+Vr for the APS pixel circuit, wherep is (| p/K)”2 andK the gain coefficient in
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the 1-V characteristic TFTs. The transient shifighe gate voltage of the GP pixel circuit is

given by

C

C C
DV, =- —2 (V, - Vi, - V) - =22V, )+ =22V - Vo) (6.1)

where Cy, is the gate capacitance of TQg the storage capacito¥y the ON voltage of
switch TFTs (OFF voltage is assumed to be zerg),and V. the threshold voltage of T1
and T2, respectively, and;; the gate voltage if T1 which Mo eptV11+Vp for Figure 6.1 (a)
andVt1+Vp for Figure 6.1 (b). Here(,,1 andC,, 2 are the overlap capacitances of T1 and T2,
respectively, anWpp.ef is the effective voltage at the drain of T1 durthg driving cycle (in
AMOLEDS, Vpp.efi= Vpop —Vbsg or the readout cycle (in APSgpp.if iS @ biasing voltage).

The time dependence of (6.1) can be calculated as

d l il 1
— DV, = Ki =V + K, = V4, + K3 —V,
dt ap 1 T T1 2 it T2 3 it OLED
i 1
Ki=——DV,, =——— (Cyp - 2xC,
1 WTl ap 2 XCS( 92 \/l)
(6.2)
Ko =1 DV, = Loz
Vr2 2 xCs
1 _ Figure 6.1 (a)
K3 — ﬂ DVgp = 9 XCS (CQZ 2 XCO\LL)
OLED 0 Figure 6.1 (b)

According to (6.2), the current of the GP pixelcaits increases as it ages. Moreover, the
major effect is due t€y,, Which is representative of charge injection comgu. Figure 6.2
displays the effect of transient shifts on the entr{pie) of the GP pixel circuit in Figure 6.1
(a). Cadence and a model presented by Servatigd&2jused for the simulations unless a

different simulator is noted. Clearly, the transishifts include a fix offset, and a time
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Figure 6.2: Effect of charge injection and cloc&dahrough on the current of the GP pixel
circuit for Wr,=100 um (squares) ami,=120 um (triangles).
dependent component. Since increasing the widthi2ofWr,) results in a larger parasitic
capacitance, a larger T2 boosts both componentgedfansient effects. As indicated in (6.2)
and Figure 6.2, the charge injection and clock figedugh components can compensate each
other. Thus, the transient effects can be contidignificantly by increasin@o.1, properly.
In the SP pixel circuits, demonstrated in Figur® @& programming currentg] flows
from T2, and adjusts the source voltage of TVderVe-V11. Here,Vger is the gate voltage
of T1 during the programming cycle. The transidnfts in the gate voltage of the SP pixel

circuit is given by [100]
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(a) (b)
Figure 6.3: Source-programmed pixel circuit for AAWJOLED display [97] and (b) APS [96].

C COV CO
DVCh—Sp =- 2>éz (VH - VT2 - VREF) - C 2 (VH +VOLED +VT1) - C\/l (\/SSeff +VT1) (6'3)
S S S

whereC,,. is the overlap capacitances of T2, afd .sthe effective voltage at the source of
T1 during the driving cycle (in AMOLEDS/ss.f= VoLep) Or the readout cycle (in APSss.

eff IS @ biasing voltage). The time dependence of) @8 be calculated as

d l 1 l
— DV, = Ky —=V5 + Ky, =V, + Kz —V,
dt p 1ﬂt T1 2 it T2 3 it OLED
K1 = ﬂ DVsp = - i(Covl + CO\/Z)
T1 Cs
c (6.4)
K, = T DV,, = —%
Vr2 2 xCq
_ 1 Figure 6.3 (a)
Ko=-—1 Dy, = "¢ Cou*Co

OLED 0 Figure 6.3 (b)
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Figure 6.4: Effect of charge injection and clockdehrough on the current of the SP pixel
circuit for Wy,=100 um (squares) ami,=120 um (triangles).

According to (6.4), the current of the SP pixekuit decreases as it ages. Unlike the GP
pixel circuit, the dominant time-dependent comparsgems from the overlap capacitance.
However, the ¥Y,-dependent part of the transient shifts is the seimboth GP and SP pixel
circuits. Simulation results for Figure 6.3 (a) atepicted in Figure 6.4 highlighting the
impact of transient shifts on the current of theg®l circuit. Table 6.1lists the parameters
used in the simulations. Although increasing thdthviof T2 increases the fixed offset, its
affect on the time dependent component is negkgsliohce T1 is much larger than T2 and so
its overlap capacitanc&yy) is dominant. Moreover, as is predicted by (6i#dhe overlap

capacitances are zero, the time-dependent compohtre error becomes zero.
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Table 6.1: Parameters of GP, SP, and 3-TFT steépratibn pixel circuits used in simulations

and measurement

Name Description Values
WI/L(T1) Size of T1 400/23
WI/L(T2) Size of T2 100/23
WI/L(T3) Size of T3 100/23
WI/L(T4) Size of T4 400/23
WI/L(T oLep) Size of T4 750/23
Cs Storage capacitance 2 pF
CoLep OLED capacitance 5 pF
Ip Programming current 1pA

Even though, most of compensating schemes propmosddte try to compensate for
the DC shift inVy, the previous analysis shows that the transieifiissstemming from the
charge injection and clock feed-through can indsigmificant error in the pixel current.
Following the analysis, the dynamic effects carrdmuced by using either a larger storage
capacitor or a smaller switch TFT. However, thee 9f switch TFT determines the settling

time [17], and the size of storage capacitor istéohby the aperture ratio and pixel area.

6.2 Successive Calibration

The Vr-shift ( V1) in the a-Si TFT under constant current streggvisn by [47]

D Q

lbs
. b

K t (6.5)
DV; = —~ _ —
T@+1/a¥ t

where,lpsis the current in the TFK and are the gain and power parameters in the TFT I-

V characteristic, respectively, the power law index of hydrogen escape rate, atige
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Figure 6.5: The maximum refresh time for digitalilwation.

power parameter relating dangling bond creatiothéoband tail states [45]. Assuming that
the maximum achievable accuracy of the system tidpdhe digital to analog converters
(DACs) of the source driver, the refresh time oy ardividual pixel must be smaller than the
time required for the ¥shift to become larger than a voltage-step ofdiieer DAC. Thus,

using the linear approximation aroun¥d, the maximum refresh time can be written as

to (6.9

Here, Vs is a voltage step of the driver DAC, the corresponding time ofVy, andt, the
maximum refresh time. The simulation results foo tdifferent driver DACs are shown in

Figure 6.5. For, , , andty, the values listed in [47] are used and the agpsict of the TFT
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Figure 6.6: Digital calibration using a single-bitrrent comparator.

is set to 400 m/ 27 m with a mobility of 0.5 cfiVs andlps=1.5 A. It is clear that the
refresh time is larger than 100 s, and it increasethe TFT ages. Also, the non-linear part of
the curves can be avoided by pre-stressing the Td-get a slower refresh rate. Moreover,
Figure 6.5 signifies that thet\shift is a very slow process. Thus, by knowing pinevious
V7, a single-bit ADC can follow the aging to accepgaaccuracies. To do so, the pixel is

programmed with a voltage as

\/ref (ls J) - \/refo +Vca|,n-1(ia J) (6-7)

in which, Viet(i,j) is the reference voltage of the pixel at theow andj™ column andVea n.
1(i,j) the previous calibration voltage of pixélj). Then, the current of each pixel is
compared with a reference current, which can bectheent of a reference pixel that is not
under stress thus remaining stable. The calibratmiage is updated based on the state

machine shown in Figure 6.6. Unlike the succesapmoximation ADC [98], the calibration
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(a) (b)

Figure 6.7: (a) 3-TFT AMOLED and (b) AMI pixel cinits for the step-calibration driving

scheme.

voltage of each pixel is updated by only one st@lpage Vs) during each calibration turn. If
Cmp is one (the estimat&f is smaller than the re#), state machine goes &1 If Cmp is
zero (estimated/ is bigger than the reak), the state machine goesS@ The small refresh
time for the display ensures that the driver doeslose any aging data. For example, to
calculate the refresh time, we assume that theee deamparator for each display column.
During the blanking time (of the order of 506) which is the free time at the end of a frame,

we can extract the aging of at least 10 rows ceamsid that the programming of each row
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with a reference voltage takes less than 20Hence, the refresh time for a high definition
display (1920xRGBx1080) with a 60 Hz frame ratansund 2 s which is much smaller than
the needed 100 s.

Moreover, this technique can resolve any offseb@ased with the source driver since
the offset has the same effect as theskift. Also, to control the offset associated wilie
current comparator and reference current, one aklorate all the comparators and reference
pixels with a fixed current at the beginning. Haistcalibration, the pixel current is replaced
with a fixed current and the same algorithm showrfigure 6.6 is used to calibrate the
comparator and reference pixel circuits. Thgpin (6.7) is replaced witWetofj), which is
for the comparator at thd' column. To avoid increasing the source driver sthe state
machine can be implemented as a firmware at thérater. To pass the results of the
comparators to the controller, the shift registhaio that exists in the source driver for
writing the row data can be used. However, the neimg issue is the size of comparators
that can result in a significant increase in the alea. Figure 6.7 displays two pixel circuits
based on the step-calibration driving scheme appbeAMOLED displays and APSs. Here,
the pixel current is observed through the Monitoe lto extract the shift ikt of T1.

The step-calibration proposed in Figure 6.6 besdfadm simple implementation but it
does not follow abrupt changes in thle. While theVr shifts gradually due to aging, it
changes sharply due to temperature variations. ,Thors applications in which the
temperature varies abruptly, a new driving schesneequired. A modified version of the
step-calibration presented here that can follow singrp variation irvVy. To improve the
algorithm, two gain stages are added to the staithine (see Figure 6.8). When the system

is in stateE, the previous extractr, Vi(i,j), is applied to the pixel in th&" row andj™
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Figure 6.8: State diagram used for gained stepredion.

column. If the Trigger is zero, the system chantestate to Glwhich means the actul
is larger tharv+(i,j). At the state G1, the predict®f is increased bys. The states G2 and
G3 operate similarly as G1. The only differencehat state G2 changes the operational
mode to G3 if Trigger is zero, and state G3 inaea%s intelligently to expedite the
extraction of \f-shift. States L1, L2, and L3 are the counterpaft$s1, G2, and G3 for
negative \f-shift and are used when the act\alis smaller than the previously calculated
one. Simulation results for the number of requitedations to extract the differentr\shifts
are depicted in Figure 6.9. While the number ofatiens increases linearly using the
algorithm of Figure 6.6, the gained algorithm regkidhe required number of iteration
significantly.

The proposed driving scheme inherently cancelotfset associated with the different
components including drivers, pixel circuits, arglto the current comparator. Figure 6.10

shows simulation results for the conventional 2-T&id the 3-TFT step-calibration pixel
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Figure 6.9: Number of iterations required for deterOVr.

Figure 6.10: Effect of driver offset on the pixerent.

circuits. While the error in the pixel current do@ 0.1 V offset is over 5% for the

conventional 2-TFT, it is around 0.5% for the nenvidg scheme.
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6.3 Arrays Structure and Timing

Figure 6.11 (a) presents the integration methodiemew pixel circuit along with the
required blocks. The extraction procedure occurtwim different stages of device lifetime.
First, the panel is put under calibration afterriedtion and the data is stored inside the
extraction memory. At this stage, timing is notiasue since the normal operation of the
display is halted. The second calibration is pened during the normal operation of the
display. Here, the calibration should be done withaffecting the frame rate and timing of
the display during normal operation. Thus, theaotton can be done in two different ways:

blanking-time or simultaneous extraction.

6.3.1 Blanking-time extraction

As Figure 6.11 (b) shows, only one extraction pdace occurs during a frame time
and the  extraction of the pixel circuits in the same rowpisrformed at the same time.

Therefore, the maximum time required to refrestame is

Lo =ndt,+1, (6.8)
Here, ¢ is the frame time,p the time required to write the pixel data into tfterage

capacitor, ¢ the extraction time, and n the number of rows he display. In normal

operation, assuming =m. p, the frame time can be rewritten as

te =(N+ M (6.9)

Following (6.9), there will bem xf blanking time at the end of each frame that candsa
for calibration. For example, for a QVGA displayd@320) with a frame rate of 60Hz, if

m=10, the programming time of each row is 66 us, amdetktraction time is 0.66 ms.
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Figure 6.11: Arrays structure and proposed timorgchlibration.
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Here, the reference current is duplicated for gaxél at the row using a current mirror.

Thus, the reference current sources do not ocapynuch area.

6.3.2 Simultaneous extraction

Another method is simultaneous extraction in which extraction can be performed
during the programming cycle (see Figure 6.11 (&)).this case, the pixel current is
compared to a programming current instead of alfrederence current. Therefore, the frame
time isn xt, which fits in the timing budget of large-areapdég/s easily. In this case, it is
hard to duplicate the current using a current misince the reference current is different for
each pixel. Thus, a complicated programmable ctigearce is required at each comparator
to provide the reference current. To reduce thebmrnof programmable current sources at
the source driver IC, the extraction occurs for oné&w columns at each frame time, and so

the current sources are shared between the pixels.

6.4 Configurable Current Comparator

Figure 6.12 (a) shows a configurable current commpar[99], which operates as the
output buffer and current comparator. To act aswput buffer, Vb1l which is connected to
the corresponding DAC at the source driver haspikel luminance data, Vb2 is Vdd, and
CMP is zero. Therefore, the pixel is programmeadulgh the \,/lin port. For comparing the
current, CMP is one, and.¥lin port conveys the reference and pixel currenthi¢ocurrent
comparator. To improve the comparator resolutidre tnput current is amplified by
(R1+R2)/R2 Since the ratio of these resistors is importamejr value can be low, thus
reducing the input referred noise and die area.Sitneal diagram of Figure 6.12 (b) is used

to test the operation of the comparator.
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(@)

(b)

Figure 6.12: (a) Configurable current comparatat @) signal diagram for comparator
operation.
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During the reset cycle, the current of a referguigel, which is programmed BYefo()),
is conveyed into the current comparator. As a teakel gate voltage of M2 is self-adjusted to
allow the reference current to pass. The interodes of the latch (M3-M12) are also set to
Vdd. During the sense cycle, the normal pixel gtraaiconnected to the current comparator
through monitor port of the pixel and Vout/lin paiftthe current comparator. Therefore, the

change in the voltage at node( AV4) can be written as

RL+ R2
DVA = ? IFoZ(l ref ~ | pixel) . (6-10)

Here,ry; is the output resistance of M2. Then, the latclagsvated and its state changes
according to the difference between voltages aea@ddand B. The output of the latch can be
used to adjust the calibration voltage.

During normal operation, the gate voltage of Ttharged to/p+V1o+ VywhereVp is
the programming voltage and the initial threshold voltage of T1. Then T2 isrted off
thus affecting the gate voltage of T1 by chargedtipn [84]. The effect of charge injection

( Vo) of T2 on the gate voltage of T1 can be written as

C
DV, = - =22 (Vg - Ve - Voo - DVy). (6.11)
2Cs

Here,Vy isthe ON voltage of SEL1. Thus, a¥t increases, the magnitude o¥, reduces.

As a result the voltage remains on the gate of fidr &urning of T2 increases, and so the
pixel current increases. However, If T2 of the nakmpixel circuit turns off during the sense
cycle, the comparator will compare the pixel cutraifiected by charge injection, and so this
effect can be compensated by calibration. Thisurthér explained in the next section by

measurement results.
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CO

CS

(@)

(b)

Figure 6.13: Photomicrograph of (a) fabricated peresuit and (b) configurable current

comparatc.

6.5 Measurement Results and Discussions

Figure 6.13 shows the photo-micrograph of the tatteid pixel circuit and the current
comparator in amorphous silicon and 0r8-high voltage CMOS technologies, respectively.
The diode connected transistor TO and the capaCi@in the pixel emulates the OLED. A

micro controller (PIC16F628) is used to impleméd firmware and to generate the signals.
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Also, level shifters are used for converting thev-\oltage signals to high voltage signals.
The Vdd and Vss of the current comparator are 18§ OV, respectively, while Vdd and
Vssof the pixel are 10 V and -10 V. Vbl and Vb2 asea 10 V (Vb1=Vb2 results in lower
power consumption). For R1 and R2, 100 Kand 100 external resistors are used,
respectively. The frame rate is 60 Hz, and the ganogning and calibration time is 2G.
Here a 1x2 array is integrated with the discreteslgi where one pixel is used as reference
pixel and the other one as working pixel. The aurd working pixel is measured by using a
trans-resistance amplifier connected between tbergr and source of T1. Also two 100-pF
external capacitors are used to emulate the p@ar&sipacitance of the Monitor and Vdata
lines in a real panel.

Figure 6.14 (a) shows the response of the pixegkatito a step voltage applied to the
gate of the drive TFT. As it is clear, the curreattles in less than 13, which means that
the current comparator is not a limiting factor the refresh time. Moreover, the settling
time is independent of the load at the monitor Bmee the monitor line is virtually grounded.
Figure 6.14(b) shows the gain of the current betwaput and that of passing through Vb2,
which follows the ratio of R1 and R2.

To emulate the ¥shift for the next measurement, the ground voltafi¢he pixel
circuit is increased. The extracted calibrationtagé V.a) is depicted in Figure 6.15 (a) for
both cases with charge injection compensation (taténing off T2 during the sense cycle)
and without charge injection compensation (cas&€2is ON during the sense cycle). The
calibration voltage is used to compensate for tiiegaduring the programming cycle. Here,
a programming voltage is added to the calibratioitage and applied to the gate of T1 while

T2 is ON (the current of T1 at this cycle is callgdgramming current). Then T2 turns off
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(@)

(b)

Figure 6.14: (a) Settling time for different stegdtages and (b) gain of configurable current

comparator.
and T1 provides a current called hold current ®@@LED for the rest of the frame time. The
calibration voltage for case 1 is larger than tbfcase 2 but the slope of case 1 is 0.8
whereas the slope for case 2 is 0.96. As a rethdtprogramming current of case 1 starts

dropping a3/t shifts while the programming current of case &able (see Figure 6.15 (b)).
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(@)

(b)

(c)

Figure 6.15: Measurement results of (a) calibratioitage (b) programming current and (c) hold

current for calibration with and without chargesiciion compensation.
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On the other hand, as shown in Figure 6.15 (c)hthld current of case 1 is stable, but the
hold current for case 2 increases. Also, the haldent of case 1 is larger than that of case 2
since the total effect of charge injection is comgsed. These results corroborate with the
conclusions arising from (6.7). As predicted, th®ein the pixel current is 0.47 % which is
within the range of the quantization error of DA&ithe source driver.

The successive calibration can be used to compefsathe other components of the

pixel such as the OLED [101].

6.6 Summary

The driving scheme proposed in this section redtleesiging effects down to 0.5% by
controlling the DC and transient shifts in thie and gate voltage of drive/amplifier TFT.
Moreover, the algorithm presented here can inhBrenanage the offset associated with
different driving components reducing the complexit the driver IC. Adding gain states to
the extraction algorithm enables tracing of shapation inVy using a single bit comparator
with reasonable number of iterations. Taking ativga of the slow aging rate of a-Si TFTs
and fast settling of voltage programming, a sifgtecurrent-mode comparator is designed
for digital calibration. The refresh time of theoposed calibration can be as low as 2 s for a
high definition panel (1920 x 3 x 1080). Measuretn@sults presented here show that the
error in the pixel current after a 5-V shift in tHeeshold voltage of the drive TFT is less

than 0.47 %, which is in the range of the quantima¢rror of the source driver.
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Conclusion

Despite the spatial and temporal non-uniformjtiassociated with the thin-film
transistor (TFT), implementation of stable and amif backplanes in which the TFTs serve
as analog components is investigated in this thédie development of stable driving
schemes for different applications is a criticapstoward the realization of reliable and
practical imagers and displays. In addition to heggbility, the implementation cost, power
consumption, and additive noise must be mitigatedmaximize the performance of various
applications, different solutions are required sitite specifications vary substantially. Thus,
a set of driving schemes that can cover a wide ganfigintended applications for TFT
backplanes is proposed.

Although the current mode active matrix has annstc immunity to mismatches and
differential aging, the long settling time at lowrcent levels and large parasitic capacitance
is a lingering issue, particularly for large argaplécations. Consequently, a current-biased
voltage-programmed (CBVP) pixel circuit that betefrom the high immunity of current
programming yet has a fast settling time, low impdatation cost, and low power
consumption is proposed. In particular, the CBVRvidg scheme is adequate for
technologies which are prone to mobility as welMasvariations. A 16x12 sensor array is
fabricated with CBVP pixel circuit that demonstsatelow noise. The array uses operational

trans-resistance amplifier (OTRA) as the readoutudry. This enables a faster readout
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process and therefore real time operation. In aadiand unlike the hybrid PPS-APS driving
schemes, a gain-boosting technique based on a 8fi&cior is developed that can improve
the input dynamic range from extremely low to higput signal intensities.

For very low current levels and large area appbeet, a fast current driver is also
developed. The settling time for a 100 nA currentthe presence of a 200 pF parasitic
capacitance is more than 2 ms for the conventiomakent source, whereas the settling time
is less than 4 s for the proposed current driver. This block canused in a hybrid driving
scheme in which current programming is used toaextthe non-uniformity of the panel,
while the normal operation is according to voltpgegramming.

For low-cost small-area AMOLED displays, a chargesdd compensation technique is
designed. Since on-pixel compensation is used andhange in driver requirement, the
implementation cost is minimum. Measurement rexafl fabricated 9-inch WXGA display
show a high uniformity, despite the aging the pamiéh a gray-sclae pattern for almost 200
hours.

For high resolution devices, a driving scheme tuned that provides less than a 1%
non-uniformity. As a result, all the secondary eféesuch as charge-injection and clock feed-
through becomes important. Also, a successive redgidn using a current comparator is
proposed. This driving scheme can provide for 0.Gr#ormity despite a 5-V shift in thé;
of the drive (amplifier) TFT. Also, this techniqean be used in calibrating other component
of the pixel such as the OLED and/or sensor.

The driving schemes presented in this thesis endlgleuse of TFT backplanes in a
wide range of applications with different specifioas. A quantitative comparison of these

driving schemes is presented in Tables 7.1 and 7.2.
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Appendix A

Enhanced Voltage Driving Schemes

Design of the VPPCs that provides the requiredhfigarability for voltage
programming is hindered by several issues: comileai lower yield and aperture ratio),
extra controlling signals (more complex externalvels), and extra operating cycles
(overhead in power consumption). Moreover, thetkehitime provided for Y~generation by

the conventional addressing scheme, results inrieqecompensation.

A. 1 Interleaved Addressing Scheme

The interleaved addressing scheme depicted in Figuras based on ¥ generation
for several rows simultaneously. The rows in a paneldivided into few segments and the
V1- generation cycle is carried out for each segm&sa result, the time assigned to the V
generation cycle is extended by the number of rmwva segment leading to more precise
compensation. Particularly, since the leakage atiota-Si:H TFTs is small (of the order of
104, the generate¥r can be stored in a capacitor and be used for akevtrer frames (see
Figure A.1). As a result, the operating cycles wgiiihe next post-compensation frames are
reduced to the programming and driving cycles simib the operation of conventional 2-
TFT pixel circuit [6]. Consequently, the power congtion associated with the external
driver and with charging/discharging the parasiapacitances is divided between the same

few frames. In Figure A.1, the number of frames pegment is denoted al’ ‘and the
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Figure A.1: Interleaving addressing scheme for mwer low-cost applications.
number of frames per compensation intervallasA's seen, the driving cycle of each row
starts with a delay ofp from the pervious row, which is the timing budg#t the
programming cycle. Since (of the order of 10 ps) is much smaller than tlzenke time (of
the order 16 ms), the latency effect is negligibfwever, to improve the brightness
accuracy, one can either change the programmirggtéin each time, so that the average
brightness lost due to latency becomes equal fahalrows or takes into consideration this

effect in the programming voltage of the framesbefind after the compensation cycles.

A.1.1 3-TFT Pixel Circuit

Figure A.2(a) demonstrates a 3-TFT pixel circuit igiesd for the interleaved
addressing scheme. During the first operating ¢yatele A is charged to a compensating
voltage. To turn off the OLED, the voltage at nodarl C are charged to a higher voltage at
the second operating cycle.

During the third operating cycle, node A and C discharged through T1 until the
voltage reachesd/r of T1l. A programming voltage is added to the gemeratr by
bootstrapping during the fourth operating cycleu3hthe current in the pixel during the fifth

operating (driving) cycle becomes independentVef shift. Figure A.2 (b) shows the
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(@)

W/L(T1)  400/23
WI/L(T2)  150/23
W/L(T3)  100/23
W/L(ToL) 750723

CoL 6 pF
Cs1 2pF
Cs2 1pF

(b)
Figure A.2: A-Si:H 3-TFT voltage-programmed pixéiait, and (b) photomicrograph of the

fabricated pixel circuit (TFT sizes are denoted im).

macrograph of the fabricated 3-TFT pixel using a-Seehnology. Here a diode connected
TFT (ToL) and a capacitor (&) is used to emulate the OLED and its intrinsicazance
respectively.

The extracted waveform for the operation of the Ipbiecuit using the interleaved
addressing scheme is depicted in Figure A.3 (ajlich the number of frames in the
compensation interval is 9. The inset plot dendteddifferent operating cycles including the
compensation cycles. The transient cycle is expthineéhe next section. It is evident that the

pixel current remains constant during the genemadiod post-compensation frames.
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(@)

Figure A.3: (a) Measured pixel current for the rigaved addressing scheme, and (b) pixel current

for different frames in the compensation interval.
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Table A.1: Power and complexity of different drigischemes

Number of I0s

Type Power Consumption at A

Controlling  Data
2-TFT 230 mW 240 960
Compensated 446 mwW 720 960
Interleaved 250 mW 290 960

Figure A.4: Array structure sustaining the intevied addressing scheme.

Figure A.3 (b) signifies the average pixel currtartthe frames in a compensation interval.
The current drops by only a few percent due to tistence of leakage. However, this can
be compensated during the programming cycle of-pasipensation frames with a slightly
larger current.

As listed in Table A.1, the power consumption of-&FRX RGB QVGA panel power
consumption is 230 mW. The power consumption isutated based on the current passing
through a single pixel during different operatingles for maximum brightness (JA) and

the current of the source driver used to chargefidigge the storage/parasitic capacitance.
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Figure A.5: Influence of non-idealities on the pigarrent.

However, the compensation cycles increases the ipawasumption for the voltage
programming to 446 mW whereas it is reduced to @8 by the 9-frame interleaved
addressing, reducing the overhead in power consampy approximately 90%.

Generally, compensation schemes add at least twe ocomtrolling signals to each row
[83] resulting in a larger and more complex extedraver. As indicated in Table A.1, this
issue is well controlled by the interleaved addresscheme and with the array structure
presented in Figure A.4. The proposed array straaiminishes the wasted area caused by
extra GSEL signal by sharing VSS and GSEL signaléen two physically adjacent rows.
Moreover, VSS and GSEL of each row in the same sagjmre merged together and form
the segment GSEL and GVSS lines. Consequentlycaheolling signals are reduced to 290
from 720 and approach to 240 by including more raw®ach segment. Moreover, the
number of blocks driving the signals is also reducesulting in lower power consumption
and lower implementation cost.

Figure A.4 shows a set of simulation results fdfedent values of Y and sizes of T2

(W2). As depicted in the inset, the larger the T ltigher the charge injection effect and so
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(@)

(b)
Figure A.6: Measurement results for (a) accelerateti(b) normal lifetime tests.

the current rises faster due to the shift (see Chapter 6). Consequently, this candael tio
compensate for OLED Iluminance degradation. Howerlarger T2 reduces the
compensating voltage developed at the gate of Tihgluhe third operating cycle due to
higher charge injection and clock-feed through @&eThis results in a smaller turn around
voltage, which means the pixel current starts diragpfor smaller \f shift.

The measurement results depicted in Figure A.6i¢light the significance of issues
discussed above while supporting the simulationlteshown in Figure A.5. To magnify the
effects, the pixel is programmed at high currerd ansmall voltage is used fok (24 V),

while V; is 17 V. Consequently, the circuit reaches it taround voltage sooner. It is
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evident that the current increases at the beginthirggto the charge injection effect. However,
after 30 hours the current drops, since the pigehot compensate for any largef-$hift.
However, the maximum current required by an OLERpgproximately 1 A resulting in
smaller \t-shift overtime, and so the pixel continues to aperat realistic operating
conditions for longer time, even with sm¥j.

The measurement results in Figure A.6 (b) are based moderated current stress
level and largeW; (28 V). The conventional 2-TFT pixel current drogysdver 70% whereas
the 3-TFT pixel current increases by 9% which camtigdlyy compensate for OLED
luminance degradation. It is expected that pixabifity can meet requirements for mobile

applications ranging from cell phones to digitaineasas.
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Short-Term Stress Driving Scheme

Until recently, circuits in a-Si:H technology haeenployed steady-state (dc) bias
conditions in which the thin film transistors (TFs)ffer from threshold voltage shift (VT-
shift) over time. Here, an a-Si:H local current meu(LCS) [75. 76] is used to adjust the
circuit current bias. Since the LCS circuit is und&ess for a small fraction of operation
time, its current remains stable. The measuremeshtaaalysis of the LCS circuit indicate

that the a-Si:H TFT is stable under short-term higess for over 50000 hours.

B.1 Stability Analysis of Short-Term Stressed TFTs

The most appealing application of the a-Si:H tecbgyplis the large-area active matrix
structure for display and imaging applicationsthase applications, the programming time is
a small fraction of the frame time; i.e. for a 3288 matrix structure with a frame rate of 60
Hz (frame time is 16.7 ms) the programming timéess than 70 us. As a result, if a TFT is
used for the programming cycle, it is under stfesdess than 1% of the frame time. The
analysis and measurement results show that sucbss sondition leads to a stable operation

of the TFT. The V-shift of the TFT is given by [47]

b

— [VGS B VTO] tSh_St

1+£ t, (B.1)
a

DV,
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whereVgs is the gate-source voltage of the TWEg the initial threshold voltagé, the time
constant, measure of time dependence of hydrogen disperarah, the power index in the
I-V characteristics of the TFT, where the |-V chaeaistics is given byps = K(Ves V) .
Here,K is the gain parameter. Alsty;, is the stress time of the TFT. The stress time of the

short-term stressed TFT can be written as

t

= ﬁ titer (B.2)

tsh_ st

Here,t, is the programming time; the frame time, andsd: the anticipated life time of the
circuit. Substituting (B.2) into (B.1), we can aalate the life time of the circuit based on an

acceptable shift in the.

1 1%
DV 1+ =
ot a (B.3)

tifer =
t [VGS - VTO]i

For example, if a shift of 0.5 V is acceptable dorapplication, the lifetime of the circuit will
be higher than 50000 hours. Here, we use the vékied by S. M. Jahinuzzaman 2005 [47].
More importantly, the relaxation process duringtihe in which the TFT is not under
stress is ignored in the lifetime calculation. Dgrithis time, any possible shift in tNg of
the TFT is partially annealed; thus, the lifetimdl e higher than the one calculated in (B.3).
To investigate the effectiveness of the short-terasdal stability of a-Si:H TFTs, a
long term measurement was conducted. The same THE ané used for Figure 1 was used
for this experiment after annealing at 1@ We put a TFT under stress witgs=Vps=15 V
for a small time during 16 ms frame time, and répeéafor a test time interval. The

measurement results are for an inverted stagge&daTFT structure that was fabricated
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Figure B.1: Stability of the a-Si:H TFT under shtatm stress.

using Standard plasma enhanced chemical vapor itiepo@ECVD) at the temperature of

300 C. Also, the thickness of a-SiN layer is 300 nm. TiRE current was measured during
the stress condition (VGS=VDS=15 V). Figure B.1 destrates the result for different duty
cycles. It is evident that the current of the TFBtable after 120 hours of operation for even

0.5 ms stress time within a 16 ms frame time.

B.2 Stable Circuit Design

The short-term stressed stability of the a-Si:H Tk sised to implement a stable
driving circuit for active matrix applications su@s AMOLED displays. Figure B.2 (a)
presents a circuit that provides a bias voltagedbmpensates for ther\shift in the current

of the drive TFTs.
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Figure B.2: Stable circuit design based on theilgiabf a-Si:H TFT under short-term stress.

During the first operating cycle, S1 is open, arifl $s high. As a result, node A is

charged to ¥ias, and node B goes to an appropriate voltage thawslall the current of the
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voltage-control current source (VCCS) to pass thhotlil. The voltage at nodgat the end

of this driving cycle is

a

s
" (B.4)

Ve =Viaias - Vs -
wherelg is the current of VCCS. In the next operating ey8EL goes to a low voltage, and
S1 is closed, and so voltage at node A goeéofpstVr+(l g/K)Y whereVon_s1is the ON
voltage of S1.

Figure B.2 (b) is an implementation of VCCS witlSieH TFTs as a local current
source CS. During the first operating cycle, the gate-seuvoltage of Tcs goes toVp =
VeLesr Vss: Considering the fact that, ds is in saturation region, its current is given by
K(Ve-Vrced WhereVr csis the threshold voltage ofds. During the second operating cycle,
the gate and source voltages of T1 go 3. SO that Tcs is not under stress. The voltage
on theVgias compline becomed/p+Vr1-VricstVon_si and so the current of T1 staysKgVe-
Vric9 - If the timing of the proposed circuit and drivirsgheme is the same as the
measurement condition, ds will be stable. As a consequence, since the cuwedl is
adjusted by the ks current, the current of T1 remains stable.

Figure B.3 displays the simulation results for tireuit in Figure B.2(a). Here, the size
of T1 and TB1 is 400m/ 23 m and the gis 4 pF. The simulation results are based on a
physical model in which the parameters are extdaétem a set of fabricated TFTs. It is
evident that th&/gias_cmrincludes the threshold voltage of T1. Thus, if we ti8s voltage to
bias another TFT such as TB1 which has the samebralitions as T1's, the current of that

TFT remains stable.
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Figure B.3: Simulation results of the circuit depitin Figure B.2.

To have a stable current provided bycd it should be in saturation regime of
operation. However, following (B.4), the drain \age of Tcs drops as the/r of T1
increases, which moves TLCS to the linear regimepefration. Therefore, the lifetime of the
circuit is limited also by the saturation conditiah TLCS. Considering that the initial
threshold voltages of T1 and TLCS are the samemidsamum acceptable VT-shift that do

not violate the saturation condition of TLCS isccahted as

DVri(max) = Viias - Vsg - 2. (B.5)

Since the current of T1 is constant, its-8hift follows the constant current stress modél.[4
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y :
1+~ (VB|AS - Vsg - Z\/P)

tite2 £ a to (B.6)
(Ve - Vics)?

where is a power parameter having a value in range®fL19 [47]. According to (B.6), we
can fit the circuit lifetime for a specific applit@n by using appropriate values fdgs; and

Veias Following (B.6) and (B.3), the lifetime of therauit is defined agj, £ MiN(tie, tire2 -)



Appendix C

OLED Electrical Calibration

This section presents a stable compensation sh@mAMOLED displays based on
the strong interdependence observed between thimduoe degradation of OLED and its
current drop under bias stress [100]. This feedback based compensation provides 30%
improvement in the luminance stability under 1600-hour of accelerative stress. To employ
this scheme in AMOLED displays, a new pixel circigitpresented that provides on-pixel

electrical access to the OLED current without compromising the aperture ratio.

C.1 Interdependence Between Electrical and Luminance Degradatio n

Figure C.1 shows the lifetime results of a 4-mAIN-OLED with a red phosphorescent
emitter for a constant luminance of 1500 nitsfcAconstant voltage of 3 V is applied to the
OLED and the current and luminance are measuredy éM®@ minutes. As seen, the ratio
between luminance and current degradation is alowsitant for the entire range. Heig,

and 0 are the degradation in the OLED luminance andeciyrespectively, andoland b

are the respective initial values. From the obskimerdependence, it appears very likely
that both luminance degradation and drop in theedcurrent in the OLED have a common
source, and that may be the charge trapping/deitrgt the interface of the different layers
[12]. Thus, it is possible to control the aging of EIL. using its output electrical signals.

Although, there is a deviation at degradation levels higher than 60 %, we adopara lin

149
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Figure C.1: Interdependence between current anchmoe degradation of the OLED.

approximation for the compensation scheme.

C. 2 Electrical Compensation of OLED Degradation

To investigate the effectiveness of the electriegldback, an OLED sample is put
under constant luminance stress of 1500 nits/&wery 30 minutes, a 3-V bias is applied to
the OLED and its current is measured. Using a sniplear approximation, the OLED

current stabilizing the luminance can be calcula®d

lp :|P0§1 KM' (C.1)
() ()©+ OB

in which K is the correction factorp(D) the initial programming currentg(D) the initial
biasing current following the 3-V bias, ang() and §(n) the biasing and programming
currents after n/2 hours, respectively. Here, tireent of an unstressed OLED at 3-V bias is

used asd (0) during each measurement interval. Then, the pregramming currentp(n),
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Figure C.2: Electrical feedback measurement datéajoOLED current and (b) OLED

luminance at constant current (i.e. for K=0).

is applied to the OLED and its luminance is measuideasurement results depicted in
Figure C.2 show that electrical feedback compesstie the degradation by 30%. The
constant current (i.e. when K=0) results in 40 % luminance drop vghéneadegradation
when K= 1 anK =2 is less than 10 %. Here, the initial luminance is 300 nits. The correction
factor and the linear approximation may vary for different OLED technologies. Nevertheless,
the method shows promising improvement when the degradation EDQldurrent and

luminance exhibit strong interdependence for a given biasing voltage.

C. 3 Pixel Circuit for OLED Compensation
To adopt this technique in an AMOLED display, theepcircuit shown in Figure C.3

(a) is designed to provide electrical access topmmate both the drive TFTX) and OLED

instability. The select lines of adjacent rows (§EbBnd SEL[i+1]) and the data lines of
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SELi] VDD
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Figure C.3: : (a) Proposed pixel circuit to conttdlED degradation using electrical feedback and
(b) photo micrograph of the fabricated pixel citdniwhich T1 = 400/23, T2=100/23, T3
=200/23, T4=400/23, TOLED=750/23¢€2 pF, and G.ep =6 pF (the sizes are jm).

adjacent columns (DATA[j] and DATA[j+1]) are sharamlnot compromise the aperture ratio
and to enable use of simpler external drivers. Xivaet the TFT instability, SEL[i] and
SEL[i+1] is high and nodd is charged to a calibration voltage while n@le set to VSS.

Therefore, OLED is OFF and the current throdghcan be read through3 andT4. Here,
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the calibration voltage increases over time byep sltage until the current becomes equal

to a reference current, and so the number of sdepsrmines the threshold voltage shift
(Ov7) [99]. Also, by charging node A to zero and applying a biasing voltage to node B, the
OLED current can be read back so as to manage tE®@uminance degradation following

(1). During the normal operation, SEL][i] is high and node Aharged to a programming
voltage modified according to the extract@d- and luminance degradation.

To investigate the stability of the current of TBikel, a test circuit was fabricated
using standard plasma enhanced chemical vapor ilepa®ECVD) for a-SiN, a-Si:H, and
passivation layers at the temperature of 3DQsee Figure C.3(b)). In the fabricated pixel
circuit, a diode connected TFT is used to emulage@QLED. Measurement results of TFT
stability compensation are presented in Figure Thé current is stable, despite a 2-V shift

in the threshold voltage of T1.

Figure C.4: Measurement results of compensating fdr instability.
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