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Abstract

Rapid progress over the last decade on thin film transistor (TFT) active matrix organic light
emitting (AMOLED) displays led to the emergence of high-performance, low-power, low-cost
flat panel displays. Despite the shortcomings of the active matrix that are associated with the
instability and low mobility of TFTs, the amorphous silicon TFT technology still remains the
primary solution for the AMOLED backplane. To take advantage of this technology, it is crucial

to develop driving schemes and circuit techniques to compensate for the limitations of the TFTs.

The driving schemes proposed in this thesis address these challenges, in which, the sensitivity of
the OLED current to the transistor variations is reduced significantly. This is achieved by
comparing the data signal with a feedback signal associated with the pixel current by means of an
external driving circuit through a column feedback line. Depending on the nature of the feedback

signal, (i.e. current or voltage) several pixel circuits and external drivers are proposed.

New AMOLED pixel circuits with voltage and current feedback are designed, simulated,
fabricated, and tested. The performance of these circuits is analyzed in terms of their stability,
settling time, power efficiency, noise, and temperature-dependence. For the pixel circuits with
current feedback, an operational transresistance amplifier is designed and implemented in a high-
voltage CMOS process. Measurement results for both voltage and current feedback driving
schemes indicate less than a 2%/V sensitivity to shifts in the threshold voltage of the TFTs. By
using current feedback and an accelerating pulse, programming times less than 50 s are

achieved.
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Chapter 1

Introduction

Rapid advancements in the past decade in organic light-emitting diodes (OLEDSs) have led to the
emergence of a new generation of high-performance, low-power, low-cost flat panel displays.
Compared with the ubiquitous liquid crystal displays (LCDs), the OLED display offers a larger
viewing angle (>160°), faster response time, higher contrast, lighter weight, lower power
consumption, and lower cost [1]-[3]. Moreover, OLED displays can be fabricated on plastic
substrates at low deposition temperatures for mechanical flexibility [4]. Since the invention of the
small-molecule OLED in 1987 [5], and large-molecule OLED (PLED) in 1990 [6], researchers have
focused on overcoming the technical challenges of OLED technology that involve encapsulation,
lifetime, yield, colour efficiency, and drive electronics. OLEDs have already taken a share in the
market for small displays, and are expected to grow into the large display market in the near future.

Fig 1.1 depicts the present and expected OLED market for displays [7]. It is evident that a rapid
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Figure 1.1: Present and expected OLED market. After [7]
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Figure 1.2: (a) Structure of an OLED, (b) Associated energy bands.

growth in excess of 300% is expected between 2007 and 2012. In addition to flat panel displays,

OLED are becoming a serious competitor in the solid-state lighting market [8].

1.1 OLED Device

An OLED is a light-emitting device that consists of layers of organic materials, sandwiched
between two electrodes. Fig. 1.2 (a) represents a typical OLED. It consists of an electron-injecting
cathode, a transparent anode, an electron transporting layer (ETL), a hole transporting tayer (HTL),
and a light-emitting organic layer (ELM). When the OLED is in forward bias, some of the injected
electrons and holes recombine in the ELM and generate photons. The wavelength of the emitted light
is determined by the bandgap of organic material, which is the difference in energy between the
highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO).
Fig. 1.2 (b) shows the energy band diagram of an OLED. The anode terminal is composed of a
transparent conductor with a high work function, such as indium-tin-oxide (ITO). The cathode
terminal is fabricated from a metal that has a low work function, to facilitate the injection of electrons
into the organic layer. The HTL and ETL increase the quantum efficiency of the OLED by reducing
the potential barriers between the anode and cathode and EML for the holes and electrons,

respectively.
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Table 1.1 Lifetime of state-of-the-art OLEDs [14].

Colour Lifetime (h)

Green 40000 at 500cd/m?
Red 100000 at 500 cd/m*
Blue 10000 at 500 cd/ m?

Two types of electroluminescent materials are used in OLEDs: the small-molecule, and the large
molecule. The electroluminescence performance of the two types is comparable. The principal
difference is in the fabrication process. Small-molecule OLEDs are fabricated by vapor deposition
and the patterning is achieved by using shadow masks [9]. On the other hand, large molecule OLEDs
are solution-processed, and deposition and patterning are accomplished by different methods such as
inkjet printing or screen printing [10][11]. The efficiency of OLED devices is described by its
external quantum efficiency, current efficiency in cd/A, and power efficiency in Im/W. For the OLED

pixel designs, the current efficiency in cd/A is normally used.

The key disadvantage of the OLED is its limited lifetime. The luminance of OLED devices
degrades overtime. The degradation not only reduces the display luminance, but also shifts its
emission colour whereby the degradation rates for red, green, and blue OLEDs are different. The
degradation manifest itself in the formation of dark spots, stemming from destruction of the OLED
materials by oxygen and humidity, and can be prevented by effectively encapsulating the device [12].
In addition, there is intrinsic degradation which is not well understood. However, it is believed to
arise from charge trapping in the organic layers [13]. Table 1.1 lists the typical lifetimes of the state-
of-the-art polymer OLEDs in 2006 [14]. It is evident that the lifetime of the blue OLEDs is much
shorter than that of the green or red. The short lifetime of the blue OLED is posing a major challenge

in the industry.
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Figure 1.4: Equivalent circuit model of a PMOLED display.

1.2 Passive-Matrix OLED Display (PMOLED)

Passive-matrix OLED (PMOLED) displays consist of an array of OLEDs, whose cathode and anode
terminals are connected to two sets of electrically-isolated orthogonal row and column lines. Fig. 1.3
illustrates a monochrome PMOLED display with the row and column lines. Fig. 1.4 provides an
equivalent schematic of a PMOLED display and the control signals. The column lines, also called

data lines, are connected to the off-panel data current sources. The row lines, also called select lines,
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Figure 1.5: Typical OLED power efficiency versus current density. Adapted from [13]

are connected to the select switches. The array is addressed one row-at-a time. When a row line is
selected, the associated select switch is ON. The OLEDs in the row are then driven by the current
sources to the appropriate levels. Since there is no circuit to store the current, the OLEDs are turned
off when the row is deselected. As a result, for an average luminance of L, the OLED needs to be

driven to an instant illumination (Ljg) Of

v (1.1)

where M is the number of rows, and Ar the aperture ratio of the pixel. Although the fabrication and
drive scheme of PMOLED displays are easier than the active-matrix counterpart, PMOLED displays

are not suitable for high-resolution large-size displays due to the lower efficiency.

For large PMOLED displays, the required instant luminance, and therefore, the programming
current is high. However, the power efficiency of the OLEDs drops drastically for large current
densities, as shown in Fig. 1.5 [15]. As a result, PMOLED displays cannot take advantage of the high

OLED efficiency. Moreover, due to the high electrical stressing, PMOLED display degrades rapidly.
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Another drawback of PMOLED displays is their low contrast ratio. When a row is selected, other

reverse-biased OLEDs form branches that sink the current from the data current sources. The
maximum leakage current (I.max) should be smaller than the minimum OLED current (lomin). The
maximum leakage current occurs when only one OLED in the selected row is ON. If the voltage drop
of the ON OLED is much larger than the voltage drop of the reverse-biased OLEDs, then I . for a

display with a resolution of M by N is given by [1]

I max = (M _1)(N _1)| (VOmax AL ) (12)

Here, 1(Vomax-2Von) is the OLED current when the OLED voltage is ON, Voy is the ON voltage of
the OLED, and Vona is the OLED voltage for the largest gray scale. Obviously, I na is proportional
to the number of rows and columns of the display. Based on the calculations presented in [1], for a
typical OLED technology, the total number for pixels in a PMOLED should be smaller than 10,000,

which is much less than the number of pixels required for a high information content display.

1.3 Active-Matrix OLED Display

In an AMOLED display, the pixels store the luminance data. Thus, the OLEDs are always ON.
Therefore, the OLEDSs are programmed with currents much smaller than those in PMOLED displays,
resulting in higher efficiency operation and longer lifetime. Fig. 1.6 offers a simple block diagram of
an AMOLED display. It consists of an array of pixels, a column driver, and a gate driver. When a
pixel is selected by the gate driver, the data associated with the pixel luminance is stored and remains
in the pixel until the next programming cycle. Since the OLED is a current-driven device, each
AMOLED pixel requires a circuit to store the luminance data and to drive the OLED by current. This

implies that the pixel circuit should have both switching and current-driving components.
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Figure 1.6: Block diagram of an AMOLED display.

Fig. 1.7 shows the simplest method of implementing an AMOLED pixel circuit. This circuit,
referred as a 2-TFT pixel in the literature, consists of a driving TFT (T1), a switching TFT (T2), a
storage capacitor (Cs), and an OLED. During the programming time, T2 is turned on by the select line
and a voltage related to the luminance data is stored in Cs. During the hold (or frame) time, T2 is

switched off, but T1 drives the OLED with a current until the next programming cycle.

In an AMOLED display, the pixel circuits are fabricated on glass or plastic substrates. The OLEDs
can then be juxtaposed with the pixels in a coplanar bottom-emission structure or stacked above the

circuits in a top-emission structure as shown in Fig. 1.8 and Fig 1.9, respectively.
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Figure 1.7: 2-TFT AMOLED pixel circuit.

The pixel circuits can be fabricated in different thin film transistor (TFT) technologies such as
amorphous silicon (a-Si) or low-temperature poly silicon (LTPS). In the LTPS technology, silicon
layers are deposited in the form of amorphous silicon at a low temperature, and then converted to
polysilicon by laser annealing. LTPS TFTs have a field-effect mobility as high as 100 cm?V?'s™*
which is ample for driving OLEDs. Moreover, their 1-V characteristics are stable and do not change
under gate bias stress. However, the LTPS technology has a high fabrication cost and low yield. Also,
LTPS TFTs are prone to a high level of non-uniformity, particularly with the threshold voltage, due to
uneven crystallization during laser annealing [16].

In the a-Si technology, the silicon active layer, the gate dielectric, and metal layers are deposited at
temperatures below 350 °C to form the TFTs. Due to the relatively low process temperature, the
deposited silicon and insulator layers are amorphous. Thus a-Si TFTs demonstrate a typical field-
effect mobility, close to 1 cm?V*s™ which is much smaller than that in LTPS TFTs. However, studies
show that this level of mobility is enough to drive the currently-available OLEDs in most of the
AMOLED display applications [17]. Amorphous silicon TFT technology is the dominant technology
for AMLCD backplanes, and it has well-established infrastructure and low fabrication cost.

Therefore, it is becoming the primary solution for fabrication of AMOLED backplanes [18].
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The main drawback of a-Si TFTs is the instability. When a voltage is applied to the gate-source
terminals of an a-Si TFT, its threshold voltage (V1) shifts [18]. The V+ shift in uncompensated pixel
circuits such as the 2-TFT pixel, causes degradation in the OLED current over time. This not only
degrades the display luminance, but also causes “image sticking” in monitors and cell phone displays

that show static images.
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1.4 Goal of the Thesis

Despite the maturity and low fabrication cost of a-Si TFT technology, the instability of a-Si TFTs
is the primary barrier to their widespread use in AMOLED backplanes. The goal of the work,
described in this thesis is to find reliable and low-cost driving schemes and AMOLED pixel circuits
to compensate for the shortcomings of the existing a-Si TFTs, in particular instability, and to provide
the OLED with a stable and predictable current. The thesis project includes both design of pixel
circuits with a-Si TFTs and the external column drivers in a high-voltage CMOS technology. The
integrated pixel-driving solution should reduce the sensitivity of the OLED current to the variations in
TFT parameters, meet the programming time requirements of high-resolution displays, and result in

simple pixel circuits and drivers.

Since the a-Si TFT is not a well-known device for circuit designers, an understanding of the device
operation and its specific characteristics is essential. In Chapter 2, following introducing of the a-Si
TFT device, different aspects of design of AMOLED pixel circuits with the a-Si TFTs are
investigated along with design issues, concerning the OLED device and its integration with the

structure of the pixel circuits.

Chapter 3 is a review of the state-of-the-art driving schemes, such as current and voltage driving,
optical feedback, and time-based gray scaling for AMOLED displays. Because current driving is the
first and most-discussed compensating scheme, it is investigated in more detail. Here, the stability and

settling time of such a scheme are analyzed quantitatively for the first time.

A new driving scheme based on voltage feedback is presented in Chapter 4. The circuit
performance, in terms of stability, settling time, temperature-dependence, and noise are closely

examined together with measurement results from fabricated pixel circuits.

In Chapter 5, a new driving scheme based on current feedback is presented. The driving scheme

utilizes a CMOS transresistance amplifier as an external column driver and an accelerating pulse at
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low programming currents to achieve a fast current settling. After the analysis of the new driving

scheme, measurement results of the fabricated CMOS transresistance amplifier and a-Si TFT pixels
are discussed. Finally, Chapter 6 summarizes the contributions stemming from this research and

provides suggestions for future research in this area.



Chapter 2
AMOLED Pixel Design Using a-Si TFTs

In this chapter different aspects of the design of AMOLED pixel circuits using a-Si TFTs are
described. Unlike MOSFET, a-Si TFTs are not well-known to circuit designers. Therefore, the
operation and modeling of a-Si TFTs are focused on. Subsequently, the specific issues of designing
AMOLED pixel circuits with a-Si TFT are discussed. The conventional 2-TFT pixel circuit described
in Chapter 1 is adopted as the standard AMOLED pixel circuit model to investigate how the
limitations of a-Si TFTs affect AMOLED pixel circuit performance, including instability, settling

time, temperature-dependence, power consumption, and noise.

The OLED characteristics are studied from the circuit-design perspective. The purpose of this part
is mainly to study the limitations imposed by the OLED process and integration, to the selection of an

appropriate AMOLED pixel circuit.

2.1 Amorphous Silicon TFT

a-Si TFTs can be fabricated by various techniques. There are four configurations for the
fabrication of TFTs, based on the order of the different layers [19]. A simplified schematic of these
four configurations is exhibited in Fig. 2.1. In the staggered configurations (Fig 2.1 (a) and (b)), the
gate is not on the same side of the drain and source terminals, whereas in the coplanar configurations
(Fig 2.1 (c) and (d)), the gate, source, and drain terminals are on the same side. In the inverted
configurations, gate terminal is deposited before the gate dielectric and a-Si layers. In the top-gate
configurations, the gate terminal is on the top of the a-Si layer. Most state-of-the-art a-Si TFTs are
fabricated based on the inverted-staggered configuration in Fig. 2.1 (b). The main device layers of an
a-Si TFT are the gate metal layer, gate dielectric layer, a-Si layer, n+ contact layer, and top-metal

layer.

12
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Figure 2.1: Four possible configurations of a-Si TFTs: (a) staggered, (b) inverted staggered,

(c) coplanar, (d) inverted coplanar.

Typically, inverted staggered TFTs have two structures: the tri-layer and the back-channel etched
(BCE). Fig. 2.2 reflects the schematics of these structures. The tri-layer TFT in Fig 2.2 (a) has three
layers of amorphous silicon nitride. One of the layers is used as the gate dielectric, and the other two
layers are employed to define the source and drain contacts, and to passivate the a-Si layer. In the
BCE TFT in Fig 2.2 (b), the top surface of the a-Si layer is not passivated. A typical tri-layer TFT has
5 masks whereas a BCE TFT has 4 masks. Since a BCE TFT does not have a passivating layer on top
of the a-Si, it has a higher reverse current and thus a smaller ON/OFF ratio due to the formation of a
back channel [20] [21]. A tri-layer TFT has a lower reverse current and a better ON/OFF ratio due to
the passivation. In the LCD industry, BCE TFTs are popular because of the fewer fabrication steps
and lower device complexity. Since an in-house mature wet-etched tri-layer TFT process [22] with its
device model is available, all of the designs and device parameters in this thesis are based on the tri-

layer TFT devices.
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Figure 2.2: Inverted-staggered TFT structures: (a) tri-layer, (b) back-channel etched (BCE).

Table 2.1: Typical thickness of different layers in a tri-layer a-Si TFT.

Layer Thickness (nm)
Gate metal 130
a-Si 50
a-SiNyx insulator 250
N+ microcrystalline silicon 30
Al drain/source 500

a-Si, silicon nitride, and n+ microcrystalline layers are deposited by plasma-enhanced chemical vapor
deposition (PECVD). The gate, and drain/source metals are deposited by sputtering. The gate metal

material is Cr. or Mo. The typical thicknesses of the layers are listed in Table 2.1 [23].

2.1.1 Operation of the a-Si TFT

a-Si TFT is an accumulation-mode field-effect transistor. The conduction of the electrons and holes
in an a-Si TFT is primarily affected by the density of states. In contrast to crystalline silicon, a-Si is a
disordered material. The short-range order in a-Si is similar to that in crystalline silicon and thus, it
has a bandgap [24]. However, due to the lack of a long-range order, the conduction and valence bands
in a-Si do not have abrupt band edges, but broadened tail states that continue into the forbidden band.

Fig. 2.3 is a qualitative sketch of the density of states in intrinsic a-Si. As can be seen, the tail of the
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Figure 2.3: Density of states in amorphous silicon.

valence band is broader. The tail states close to the conduction band behave like acceptor states, and
are called acceptor-like states. The tail states close to the valence band are also known as donor-like
states. In addition to the tail states, a-Si has localized deep states that are placed between 0.6 eV to 1.4
eV above the valence band. It is believed that these states are principally created silicon dangling
bonds. The density of the deep states depends on the deposition conditions and the concentration of

hydrogen, and is in the order of 10" to 10" in electronic-grade a-Si [24].

The large number of tail states near the conduction band and the valence band is the primary reason
for the low mobility of the electrons and holes in a-Si because of the frequent trapping of them. In a-
Si, the number of trapped electrons in the tail states is much larger than the number of free electrons.

Accordingly, the field effect mobility (uret) of the electrons in a-Si TFTs is defined as

N free
Hper =Hn ——— (2.1)
ntrap N ree
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Figure 2.4; Typical I-V characteristic of an a-Si TFT.

where 4, is the electron band mobility, nee is the number of electrons, and Ny, is the number of
trapped electrons in the band tail states [19]. Fig. 2.4 shows the drain-source current of an a-Si TFT as
a function of the gate-source voltage (Vss). Depending on the Vgs, three regions are defined: above
threshold, sub-threshold, and Pool-Frenkel emission. For Vgs=0, the Fermi level is in the deep states.
As the Vgs increases in the forward sub-threshold region, the Fermi level moves toward the
conduction band and the deep states are filled by electrons. Simultaneously, a small number of
electrons in the conduction band tail states participate in the conduction of a small sub-threshold
current which is in the range of 10° to 10™*? A. As the Vs increases, the density of the electrons
increases and the sub-threshold current increases exponentially. When the Vgs rises above the
threshold voltage, the number of electrons in the tail states exceeds the number of electrons in the
deep states, and the Fermi level enters the conduction band tail. Due to the high density of the tail
states, the Fermi level does not move into the conduction band by normal gate-source voltages. The

current level in the above-threshold region is in the range of 107 A/O. For a small negative Vgs
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(reverse sub-threshold), the Fermi level drops to lower deep states. The electrons in the tail states are

depleted by the negative voltage; thus, the channel charge under the gate insulator is negligible. The
low conduction in this region is caused by the formation of a back channel at the interface of the a-Si
and the passivation layer. For large negative gate-source voltages (Pool-Frenkel emission), the drain
current is small but increases exponentially. The conduction in this region is caused by the
accumulation of holes in the interface between the a-Si and the gate insulator layers. The holes are

generated by the Pool-Frenkel thermoionic emission at the drain-gate overlap region [25].

2.1.2 a-Si TFT Models

Several physical models for a-Si TFTs have been presented [26]-[30]. The focus of these models is
the above-threshold and sub-threshold regions. In some newer models, the reverse characteristics of
a-Si TFT are considered [25]. Most of the models are derived from similar fundamental assumptions:
gradual channel approximation, and a two-part exponential distribution of the density of states in a-Si.

The gradual channel approximation yields the following fundamental equations for the drain-source

current:
dv (x
I'p =—Quper NigW d)(( ) (2.2)
C.
Ning = ?I(Vgs —Ves _V(X))7 (2.3)

where njyq is the total number of the induced electrons (both free and trapped electrons), W is the
channel width, and V(x) is the channel potential. In the crystalline MOSFET, e is equal to the
electron band mobility z4, and niq is equal to the free electrons, Ngee. In a-Si TFT, a small number of
electrons are free and participate in the conduction such that geer is much smaller than g, The

relationship between geer and u, is
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Figure 2.5: Exponential model of the density of states in a-Si. Adapted from [26]

N free

HpeT = Hn (2.4)

ind
To derive wurer from (2.4), the distribution of the density of states in a-Si must be calculated.
Experimental results in [26] indicate that the distribution of both donor-like and acceptor like states

can be modeled by two-part exponential equations as given by (2.5) and (2.6).

E, - E E
gD(E)=gwexp( VE J+gdvexp(VE ) (2.5)

tv dv

E-EC
gA(E)=gtcexp( = ]+gdcexp( = C] (2.6)

tc dc

Fig. 2.5 illustrates such a model for donor-like and acceptor like states [23].The differences between
the a-Si TFT models stem from the way that geer is derived from the density of states, and the

simplifying assumptions.

Shur et al. have assumed that ueer is a function of ni,q and thus, the gate-source voltage [26]. A

semi-analytical detailed model for a-Si TFT, based on numerically solving of the Poisson’s equation
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has been reported in [31]. Also, a more simplified, empirical model, based on the voltage-dependent

mobility assumption has been presented [27] and implemented in AIM-SPICE. In the AIM-SPICE
model, uret is represented by
Vee =V )
Hrer :,un(—e\s/ TJ ) 2.7
AA
where Vaa and y are process-dependent parameters. The current in the linear region is then given by

the following MOSFET-like equations,

w
I = teer G T(VGS ~V: WVeee (2.8)

{1+(V” (2.9)
VSat

Khakzar et al. [28] have suggested another analytical model, where the effect of temperature on the
current and the density of the surface states are considered. To find an analytical solution for the
relationship between the trapped electrons and the channel potential from the Poisson’s equation, an
exponential relationship is assumed. In the above-threshold region, the drain current in the linear

region is given by

2 2 -1
W " P V _
Ip = teerCi T[(VGS —VT)k‘ -(Ves —Vr —VDs)k' ][1_%5j Vé?s 2“(1)/2’ (2.10)
where k; is given by
a(TY T 1
ki=——| — | +—+—, (2.11)
15(Trs ) Tys 15

where Trs=E/k. Servati et al. have developed a comprehensive model for both the reverse and the

forward bias regions [25][30].This model is used in this thesis for all the circuit-level simulations. It
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Figure 2.6: Equivalent circuit for the a-Si TFT model used in this thesis. Adapted from [30]
is assumed that zrer is smaller than w4, by a constant factor. The drain current in the linear region is

given by

u aW
:ﬂécia ha

o L [(VGS( -Vy)* _(VGS, -V —VDS')O’] (2.12)

Ip

where £'is a unit matching parameter, and « is equal to 2T/T+s with a value close to 2. Vgs® and Vpg’
are internal gate-source and drain-source voltages, after the drain and the source contact resistances
are considered. Fig. 2.6 denotes an equivalent circuit of the TFT model. Here, Rp and Rs are the series
contact resistance of the drain and source terminals. Ip(t) and Is(t) model the dynamic behaviour of
the channel charge, and Cop and Cps are the overlap capacitors between the gate and drain/source

terminals.

2.1.3 Instability of a-Si TFTs

In contrast to crystalline silicon MOSFETS, a-Si TFTs demonstrate instability in the form of a shift
in the threshold voltage under prolonged gate voltage bias stress. Fig. 2.7 shows the measured Vr
shift in an a-Si TFT after it is exposed to different gate-source voltages for a period of 10 hours. After
a fast initial increase in the V-, it increases gradually. For a 20-V Vgs, V7 shift is in excess of 1.25 V

within 10 hours.



Chapter 2. AMOLED Pixel Design Using a-Si TFTs 21

2.0

-
(3]

V, shift (V)
>

e
(3

0.0

0 100 200 300 400 500 600
Stress Time (min)

Figure 2.7 Shift in the threshold voltage of an a-Si TFT as a function of time. Adapted from [32]

For more than two decades, the mechanisms of the instability of a-Si TFTs have been studied
extensively [33]-[40]. However, the models exhibit limited accuracy, in particular, for predicting the
V7 shift under varying gate voltages. Research has indicated that two mechanisms are responsible for
the V7 shift in a-Si TFTs: charge trapping in the a-Si/a-SiN interface and a-SiN gate dielectric, and
defect creation in the a-Si layer. Powel has distinguished between these two mechanisms by stressing
ambipolar TFTs with negative and positive gate voltages [33]. The results confirm that at high gate-
source voltages, the shift in the V1 is primarily caused by the charge trapping. Since both a-Si and a-
SiN gate dielectric layers are highly disordered, the defect density at the a-Si/a-SiN interface and the
bulk of the a-SiN gate dielectric is high. As a result, the electrons in the TFT channel are easily
trapped into the interface states and then trapped into the deep bulk states of the gate dielectric. The
time constants associated with the interface states are relatively small (in the range of few to hundreds
of milliseconds). Consequently, when the bias voltage is disconnected from the gate terminal, most of
the trapped electrons in these shallow states are released, and the V+ returns rapidly to its initial point

[34]. The time constants associated with the a-SiN states have a broader range and can be very long
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(up to hundreds of hours) resulting in an almost permanent shift in V1 at the room temperature. The

results in [33] reveal that the electron trapping in a-SiN occurs at gate voltages higher than 50 V.
Furthermore, by increasing the ratio of the nitride in a-SiN, it is possible to considerably reduce the

bulk charge trapping [41].

At lower gate voltages, the defect creation in the a-Si layer is assumed to be the dominant
mechanism of the V- shift, and occurs by braking weak Si-Si bonds. These weak bonds are the
primary cause of the acceptor-like tail states in a-Si. The broken weak bonds form dangling bonds
that are eventually stabilized by the dispersive diffusion of hydrogen atoms in the a-Si [35]. For a
positive gate bias, these defect states are generated below the Fermi level, causing positive shift in Vr,
and no significant change in the sub-threshold slope. The mechanism of defect creation is highly
temperature-dependent such that the rate of the Vr shift increases considerably at higher

temperatures.

Both the charge trapping and defect state creation mechanisms are reversible. However, at room
temperature, the time constants can be in the range of a year [24]. Increasing the temperature
considerably accelerates the reverse mechanisms. Annealing a TFT at a temperature range of 170 °C
to 200 °C for near 2 hours is succeeded by a slow cooling cycle for more than 4 hours. This removes
all the defect states and trapped electrons and returns the V+ to its original value. A positive V+ shift
is also compensated for by applying a negative bias to the gate terminal [33][36]. The negative gate
voltage accelerates the release of the trapped electrons. Moreover, the negative voltage generates deep
defects above the Fermi level which compensate for the effect of the defects, generated by the
positive bias. The Experimental results prove that for the same absolute value of the gate bias, the rate

of the negative V shift is lower than the rate of the positive shift [36].
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Figure 2.8: Circuit-level model for the V¢ shift in a-Si TFTs. Adapted from [40].

2.1.4 V; Shift Models

By assuming that defect creation is the major mechanism of Vr shift, Jackson and Powel have

developed a power-law model for the V+ shift in the form of
T

AV; (1) = (Vgs —VTO)(tJﬂ, (2.13)

where Vyq is the initial threshold voltage, t is the stress time, 7 is a time constant, and £ is a power
factor constant [37]. In fact, the power-law model stems from a more accurate stretched exponential

equation in the form of

T

B
t
AVr = (Vgs —Vrg {1— exp(— —j J : (2.14)
At room temperature, £ has a value close to 0.5. Also, 7z is temperature-dependent and is given by

E
T=1, exp[ﬁj , (2.15)

where 7, is in the order of 10™%, and E,=0.95eV is the activation energy. Kanicki has considered

charge trapping as the dominant mechanism of the V shift [38]. The model is a stretched exponential
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Figure 2.9: Conventional 2-TFT pixel circuit.

equation similar to (2.14) with = 0.25, E,=1.175eV, and 7, in the order of 10™. For a pulsed gate-

source signal, Kanicki has introduced an empirical power-law model [39]

AV; (t) = AlVgs —V1o)“t2. (2.16)

Here, 7 is the effective ON time of the stressed TFT and A, «, and g are 1.5x10*, 1.9, and 0.5,
respectively. For all the models, it is assumed that Vgs is constant. In most cases however, the gate
bias varies. Recently, Sambandan has presented an equivalent circuit description of the Vr shift
based, on a stochastic model [40] where V+ shift is modelled by the two RC circuits in Fig. 2.8. The
RC time-constants are associated with the shallow and deep states, and are extracted experimentally.
Although the model has the advantage of compatibility with the circuit simulators, the model has not

been fully proven since it is based on limited experimental results and relatively short stress times.

2.2 Pixel Design Considerations with a-Si TFT

In this section, different aspects of designing AMOLED pixel circuits with a-Si TFTs are
discussed, particularly, those associated with the characteristics of a-Si TFTs. All the investigations

are based on the conventional 2-TFT pixel circuit in Fig 2.9.
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2.2.1 Instability in the OLED Current

As mentioned in Section 2.1.3, the threshold voltage of a-Si TFTs shifts under prolonged gate bias
stress. For a positive gate bias, the shift is positive, and the V1 of the TFTs increases. In the 2-TFT
circuit, the switching TFT (T2) is ON only during the programming cycle and OFF during the entire
hold time thus has a negligible V1 shift. The driving TFT (T1) is ON continuously thus has a

substantial positive V+ shift. If T1 is biased in the saturation region, the OLED current (lo.ep) IS given

by

loep = K(Vpara =V1)%, (2.17)
where Vpara is the stored data voltage in Cs, and K is the transconductance factor of T1. Equation
(2.17) indicates that the positive V1 shift in T1 results in a reduction in logp. Fig. 2.10 shows the
measured lo gp and the associated relative error as a function of the V5 shift for a fabricated 2-TFT
pixel circuit. The T1 and T2 sizes are equal to 600um/23um and 200um/23um and the nominal
current is 2 pA. It is observed that, for 2.5-V Vr shift, lo ep drops in excess of 95%, and eventually

the pixel is turned off.

The degradation of the OLED current over time is shown in Fig 2.11 for an initial current of 15.5
pA. The 2-TFT pixel circuit has a limited life time due to the V+ shift in its drive TFT. Generally,
depending on the fabrication process, and based on the models presented in Section 2.1.4, for a TFT
with a W/L ratio of 5 and initial current of 1, a V1 shift between 3.5 V to 5 V is expected over 10,000
hours of stress. According to Fig 2.10, this Vr shift is sufficient to turn the pixel off. Even a 1-V V1
shift results in almost a 50% degradation in the OLED current and luminance. The high sensitivity of
the 2-TFT circuit to V+ signifies the need for driving schemes that compensate for the V1 shift. One
possible compensating method is to predict the Vt shift of the drive TFT in the 2-TFT and increase

the pixel data accordingly. However, this scheme is not practical due to the lack of a model that can
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Figure 2.10: Measured OLED current and the associated relative change as a

function of the V shift in a 2-TFT pixel circuit.
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Figure 2.11: OLED current and the associated relative change as a function of stress

time.

accurately predict the Vr shift for variable bias voltages at different temperatures and relaxation

times, as well as the required processing capacity for each pixel.



Chapter 2. AMOLED Pixel Design Using a-Si TFTs 27

et T o]

1.2u} / |
800.0n /

400.0n

OLED Current (A)

0_0 1 L L 1 1 L
20 30 40 50 60 70 80

Temperature (°C)

Figure 2.12: OLED current in a 2-TFT pixel circuit as a function of temperature.

2.2.2 Low Mobility

The low mobility of a-Si TFTs leads to high resistance of TFT switches and low transconductance
of the driving TFTs. To obtain the required luminance in a display, the driving TFT should provide
the OLED with sufficient current. Due to the low mobility of a-Si, the feasibility of a-Si TFT
backplanes for AMOLED displays is a matter of debate. Owing to considerable improvements in the
power efficiency of the OLEDSs, the maximum pixel current in the state-of-the-art OLEDs can be
easily provided by a-Si TFTs. An analytical model presented in [17] shows that the low mobility of a-
Si TFTs is not a limiting factor and most of the pixel area is consumed by interconnections and signal
lines. In some of the driving schemes such as current driving, the high resistance of TFT switches,
and the low transconductance of the driving TFTs results in long programming times. This will be

discussed in Chapter 3.

2.2.3 Effect of Temperature

The electrical characteristics of a-Si TFTs change with the temperature. As a result, without an

external compensating scheme, the 2-TFT pixel circuit is very sensitive to temperature. Fig 2.12
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Figure 2.13: Effect of temperature on the characteristics of an a-Si TFT: (a) 1-V characteristics for different
temperatures, (b) transconductance coefficient (K) as a function of temperature, (c) threshold voltage as a

function of temperature, (d) power factor of the TFT as a function of temperature.
shows the current in a 2-TFT pixel circuit as a function of temperature for an initial current of 500

nA.

It is evident that the current increases more than three times over a temperature range of 20 °C to
75 °C. Fig. 2.13 (a) denotes the measured 1-V characteristics of an a-Si TFT in the triode region at
different temperatures. The drain current increases with increasing the temperature. This occurs
because of the increase in the transconductance of a TFT with temperature as shown in Fig. 2.13 (b).

The increase in the transconductance is due to increase in the number of free electrons in the channel.
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In addition, the threshold voltage of a TFT decreases as the temperature increases as shown in Fig.

2.14 (c). The power factor of a TFT, ¢, slightly decreases with the temperature, as shown in Fig. 2.16
(d).
For an a-Si TFT in the saturation region, an empirical temperature model has been reported in [42].
The TFT I-V characteristic is expressed by
I = K(r)(VDATA -V (r))a(T) : (2-18)

K(T), V1(T), and o(T) are determined by the following equations:

Vi (T) =Vr (Tg) - (T = Tp), (2.19)
0.95
a(l)= kTﬂq +ay, (2.20)
_ 11
K(T)=Kso EXP{U{TO T H (2.21)

Here, 11, 12, and Sare process-dependent parameters and are obtained from measurement.

2.2.4 Power Efficiency

The power efficiency of an AMOLED pixel circuit (7p) is defined as the ratio of the OLED power
consumption to the overall power consumption of the pixel. For a given programming current, #p is

defined as

Poten (1) :VOLED(I): Voreo (1) ,
Poxel (1) Voo (1) Voren (1) +Vrer (1)

e (1) = (2.22)

where Vo ep is the OLED voltage, and V+er is the total voltage drop on the TFTs in the driving path.
To increase the efficiency, Vpp, and thus, Ve needs to be reduced. Therefore, a power efficient pixel
circuit must have the minimum number of TFTs in the circuit’s driving path. However, even in most

of the pixel circuits with one TFT in the driving path, such as the conventional 2-TFT pixel, the



Chapter 2. AMOLED Pixel Design Using a-Si TFTs 30
driving TFT is biased in the saturation region to reduce the sensitivity of the current to Vpp variation.

This results in significant power consumption in the driving TFT.

2.2.5 Settling Time

The required programming time of a display depends on its resolution and the refresh rate. For
example, in a quarter video graphic array (QVGA) display with a 60 Hz refresh rate, the available
programming time is less than 70 us. For high-definition applications, programming times smaller
than 20 us are required.

In the 2-TFT pixel, the settling time is mainly determined by the parasitic capacitance of the data
line and the ON resistance of the switching TFT (T2). Fig. 2.14 shows a detailed model of the display
column, when the Nth pixel is programmed. The line parasitic capacitance in each pixel (c,) consists
of the overlap capacitance between the column and row lines, and the gate-drain overlap capacitance
in the switching TFTs. In contrast to polysilicon TFT and CMOS technologies, a-Si TFT process is
not self-aligned. Due to the inverted staggered structure of the TFTs, certain amount of overlaps
between gate and source and drain terminals are necessary to guarantee the formation of a reliable
channel and low contact resistance. Depending on the technology, the overlap length is between 2 um
to 5 um. The large overlap results in large gate-drain and gate-source parasitic capacitors. The total

parasitic capacitance of the line (Cp) is given by

Cp = NC;(WsLoy + Aoy ) (2.23)
where N is the number of columns, and Aoy is the total overlap area between the row and column
lines for each pixel. Ws is the width of T2, and Loy is the length of the gate-drain overlap. Depending
on the size and resolution of the display, Cp range from a few pico-Farads to hundreds of pico-Farads

[43].
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Figure 2.14: Model of a display column when a pixel is programmed.

The line series resistance per pixel (r,) has a value in the range of 10 Q [43]. Simulation and
analytical data indicate that the total series resistance of the data line is much smaller than the ON
resistance of the switch TFT; consequently, the effect of r, on the settling time can be neglected.
Based on this assumption, the 5%-settling-time of the data voltage in a 2-TFT is approximately equal
to 3(Cp+Cgst+Cs)Ron, Where Roy is the ON resistance of the switching TFT, and Cgs is the gate-
source capacitance of the drive TFT. For a TFT process with C;=20nF/cm? and Hrer=1 cm?/Vs, and a
pixel circuit with Cs=0.5 pF, T1=100/5 um, T2=20/5 um, Ao,=100 pmz, and r, =15 Q, the simulated
5-% settling times for N=240 and N=640, are shorter than 2 us. While in the 2-TFT pixel circuit the
settling time is short, it will be shown that in some driving schemes such as current driving the

settling time can be quite long.

2.2.6 Lack of p-channel Device

Due to the extremely low mobility of the holes in a-Si [23], fabrication of p-channel a-Si TFTs with
a reasonable size is not possible. As a result, the pixel circuits must be designed only with n-channel
devices. This limits the number of design alternatives. Moreover, as shown in Section 2.3.3, the lack
of the p-channel TFT limits the possible alternatives in the integration of the conventional OLEDs

into the display backplane.
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2.2.7 Reverse Current

During the hold time, the stored voltage in Cs starts to decrease due to the reverse current of the
switch TFT. As a result, the OLED current at the end of the hold cycle is smaller than the current at

the beginning. The average reduction in the OLED current during the hold mode is approximated by

1t
Aly =% g’:’ lorr Om (2.24)

where thq is the hold time, lorr is the reverse current of the switching TFT, and g, is the
transconductance of the driving TFT for the nominal programming current (lprog). Due to the low
reverse current of the a-Si TFTs, the resulting reduction in the hold current is small. For instance, for
a display with a refreshing rate of 60 Hz, and a pixel circuit with Cs=0.5 pF, gn=0.5 pA/V, and lore=1

PA, Aly is less than 4.2 nA which is negligible.

2.2.8 Charge Injection

Similar to any field-effect transistor, when a TFT switch is turned off, charge injection and clock
feedthrough induce a negative error voltage to the sampled data voltage, reducing the hold current. As
a result, the size of the drive TFT and the storage capacitor must be designed to maximize the hold
current. In addition to the reduction in the hold current, the charge injection has considerable effect on

the stability of many AMOLED pixel circuits. This will be studied in Chapter 3.

2.2.9 Limited Number of TFTs per Pixel

The number of TFTs per pixel circuit is limited due to the large size of the a-Si TFTs, the limited
area of each pixel, and more importantly, the required high yield for a display. As a result, it is
necessary that the AMOLED pixel circuits have as few numbers of TFTs as possible. In most of the
reported pixel circuits, the number of TFTs per pixel is less than five or six. The limitation in the
number of TFTs per-pixel prevents designers from realizing complex on-pixel compensation

schemes. The external current drivers are implemented in CMOS technology and can accommodate
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more complicated circuits. Therefore, a practical driving scheme must have a simple pixel circuit, and

place most of the compensation circuits and processes to the off-panel external drivers.

2.2.10 TFT Noise
It is crucial to study the effect of noise in a-Si TFTs on the OLED current in AMOLED pixel

circuits. The noise power spectra of a-Si TFTs consist of flicker and thermal noise components [44].

The equivalent thermal noise current is similar to that in crystalline MOSFETS as follows:

W
1 (F) = By WKT pteer i e (2.25)

where k is the Boltzman’s constant, and T is the temperature. £, is 1 when TFT is in the triode region
and 2/3 when TFT is in the saturation region. Generally, the flicker noise model in the field-effect
transistors can be described by the fluctuations in the number of carriers (AN, or Mc Worther theory)
or fluctuations in the field effect mobility (Az or Hooge theory) [45]. According to the experimental
results in the literature [44]-[47], it is known that the flicker noise in a-Si TFTs is described more
accurately by the Ay theory. The estimated flicker noise current in the triode and saturation regions is

given by [44]:

e 04267 Ci (W /L) 1
| %(f) _ O!tnodeqﬂF\I/E\;'L I( ) (Vgs _VT )des ? ,
(2.26)
and
2 2
I %(f) — asatq/uFETCi (W / L) (Vgs _VT 3 l (227)

WL f
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Figure 2.15: Measured noise spectra of an a-Si TFT in: (a) triode region, (b) saturation region.

Here, q is the charge of electron, f is the frequency, and aioge aNd a4 are the fitting constants, and
depend on the fabrication characteristics of the TFTs. Fig. 2.15 shows the measured flicker noise
spectra of an a-Si TFT with W=400 um and L=23um, fabricated at the University of Waterloo. For

the fabricated devices, the approximated values of arioge and sy are 0.02 and 0.008, respectively.

The RMS noise of the OLED current in a 2-TFT pixel circuit is calculated by the small-signal
model in Fig. 2.16 for various currents. The OLED is modelled by a resistor (ro.ep), and a capacitor
(CoLep), derived from the empirical model described in Fig. 2.19. rg is the small-signal drain source
resistance of T1. The Vps of the switch TFT is zero in the steady sate thus its flicker noise is set to 0.
To find the RMS noise current, the noise spectral density is integrated from the circuit sampling rate
of 50 Hz to infinity. Fig. 2.17 shows the total RMS noise of the OLED current, including the effect of
T1 and T2 as a function of the OLED current. Compared to the OLED current, the level of noise is
almost negligible; that is, the maximum ratio of the noise to the OLED current is 2.3x10™*. From this
analysis, it is concluded that the TFT noise is not much of an issue in the design of a-Si TFT

AMOLED pixel circuits.
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2.3 OLED in AMOLED Pixel Design

The physics and fabrication of OLED devices are subject to substantial research. The operation of
the OLED, conduction, electroluminescent, and degradation mechanisms are debatable. In contrast to
inorganic semiconductors, the properties of the organic semiconductors are much more dependent on

the fabrication process and material type. This makes it difficult to find a general model for OLEDs.
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Figure. 2.18: Typical OLED characteristics: (a): I-V characteristics of an OLED, (b): Luminance versus

current density. After [48].
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Figure 2.19: OLED equivalent circuit.

Moreover, due to the demands of the OLED market, the focus of the research on OLED is more about

enhancing its lifetime and efficiency rather than comprehending the OLED operation and modelling.

Since there is no consensus circuit model for the OLED device, in the design of AMOLED circuits
OLED is usually considered as a “black-box circuit with empirically-derived circuit parameters. In

the following sessions, some aspects of the OLED for the design of AMOLED pixels are discussed.

2.3.1 OLED Device Characteristics

Fig. 2.18 (a) and (b) depict a typical 1-V characteristic and the luminance versus current density in a

small-molecule OLED [48]. The I-V characteristic of the OLED is comparable to that in a diode.
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Figure 2.20: Typical luminance degradation of a small-molecule OLED and the associated
shift in the OLED voltage. After [52]
However, it does not follow the exponential characteristic of the crystalline diodes and follows a
power-law equation. The relationship between the luminance and current density is almost linear.
Despite the OLED material and fabrication process, these characteristics are common in most of
small-molecule and polymer OLEDs [1]. A generally-accepted model for the I-V characteristic of

OLEDis
| =Ky ™/g2m (2.28)

where K is the fitting coefficient, m is an integer with a value in the range of 5 to 15, and d is the
thickness of the OLED layer. The model is based on the assumption that the conduction of the
electrons and the holes in OLED is trapped-charge limited [49]-[50]. For circuit simulations, the
equivalent circuit in Fig. 2.19 is chosen. Here, Ipc=f(V) denotes the I-V characteristics of the OLED.
The series ohmic resistance of the OLED is modelled by Rs, and Cpar models the constant parallel
capacitance of the OLED. Since the OLED layers are thin (usually in the range of 100 nm), Cpar i

large. A typical value for Cpar is close to 25 F/cm2 [51].
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2.3.2 OLED Degradation

As mentioned in Chapter 1, OLED luminance degrades over time. Studies of the OLED stability
indicate that the luminance degradation is accompanied by a gradual increase in the OLED voltage
[52] [13]. An example of such a shift in the OLED voltage is shown in Fig. 2.20. This shift in the
OLED voltage (AVoep) is associated with the increase in the OLED resistance, caused by the same
mechanisms that are responsible for the luminance degradation, that is, formation of dark spot defects
[53], and injection of holes into the electroluminescent layer [13].

In an AMOLED pixel circuit, a shift in the OLED voltage changes the Vps of the drive TFT,
inducing the error in the OLED current due to the limited drain-source resistance of the TFT. If the
OLED is placed in the source of the drive TFT, the resulting degradation is more severe due to the
change in the Vgs of the drive TFT. Although AV ep is not desired in the OLED pixel circuits, it can
be used as feedback of the degradation in luminance to compensate for the degradation of the OLED.

An implementation of this idea is presented in Chapter 3.

2.3.3 Effect of OLED Integration on the AMOLED Pixel Circuits

Fig. 2.21 depicts the conventional integration of an OLED and a-Si TFT in a bottom-emission
backplane. The OLED layers and the cathode metal are deposited on top of the transparent anode.
The cathode layer is shared by all the OLEDs, and is connected to a ground terminal. In this
configuration, the source of the drive TFT is connected to the OLED. Connecting the OLED to the
drain terminal of the TFT is not possible because it requires patterning of the cathode metal and
etching of the OLED layers, which drastically degrades the yield and OLED performance.
Connecting the OLED to the source terminal of the drive TFT is not desired for several reasons: First,
the pixel circuits need higher data and drive voltages. Secondly, in many pixel circuits, such as the

conventional 2-TFT, the shift in the OLED voltage accelerates the degradation in the OLED current.
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Another drawback of the conventional bottom-emission backplane is the small area available for the

pixel circuit due to the coplanar structure of the integration.

In the conventional top-emission integration, light exits from the thin metal cathode layer, as shown
in Fig 2.22 [12]. Since the TFT part of the circuit does not block the OLED, more area is available for
the pixel circuits, and the display can have a higher aperture ratio. In this integration OLED is
connected to the source terminal of the drive TFT. To connect the OLED to the drain terminal of the
drive TFT, inverted OLED has been proposed. In an inverted OLED, the cathode terminal is
deposited first, and the OLED layers and the common anode terminal are deposited later. Usually a
thin metal layer such as Au is used for the anode instead of ITO since the sputtering of ITO damages
to the organic layers. The integration of the OLED with backplanes with both top and bottom-
emission configurations have been reported [53]-[54], and are illustrated in Fig. 2.23 and Fig. 2.24.
The inverted OLED is not as mature as the conventional OLED, and usually exhibits a lower power
efficiency. Due to the tradeoffs between different integration methods and OLED technologies,
compatibility of a driving scheme with both of the conventional and inverted OLED technologies is

highly advantageous.

2.4 Conclusion

Although a-Si TFTs have the advantage of a well-established infrastructure and low fabrication
cost, they suffer from instability, low mobility, and sensitivity to temperature. To use a-Si TFTs for
AMOLED pixel circuits, driving schemes are required to compensate for device shortcomings in
circuit level. In particular, the driving schemes should compensate for the variations in the V1 and
mobility of TFTs. Low pixel complexity, high power efficiency, and fast programming are also key
design constraints. Integration of the TFT pixel circuits with OLED is also an important design factor

that limits the circuit configurations.
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Figure 2.21: Integration of the bottom-emission backplane with a conventional OLED.
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Figure 2.22: Integration of the top-emission backplane with a conventional OLED.
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Figure 2.23: Integration of the top-emission backplane with an inverted OLED.
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Figure 2.24: Integration of the bottom-emission backplane with an inverted OLED.
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Driving Schemes for a-Si TFT AMOLED Backplanes

As discussed in Section 2.2.1, in the conventional 2-TFT pixel circuit, the output current is
sensitive to the threshold voltage shift of the driving TFT, leading to degradation of the luminance of
the pixels over time. Several driving schemes have been introduced to reduce the sensitivity of the
current to the Vy shift. In this chapter, some important AMOLED driving schemes including current
and voltage programming are discussed in detail. In particular, the performance of the current

programmed pixel circuits in terms of stability and settling time is investigated for the first time.

3.1 Current Programming

In the current programming driving scheme, the programming current flows through a diode-
connected TFT during the programming time, and the gate-source voltage of the TFT is stored in a
capacitor. The current is replicated by the pixel circuit for the OLED during the hold (frame) time.
Such a driving scheme compensates for the V+ shift in the TFTs since the OLED current does not
directly depend on the characteristics of the drive TFT. Generally, current-programmed pixel circuits
(CPPCs) are categorized as mirrored and non-mirrored circuits [55]. As implied by the names, in a
mirrored pixel, the sampling of the programming current and the driving of the OLED are performed
by a current mirror. In a non-mirrored pixel circuit, the same TFT samples the programming current

and drives the OLED.

Fig. 3.1 (a) shows the basic circuit diagram of a typical non-mirrored CPPC. It consists of an
OLED, a storage capacitor (Cs), a drive TFT (T1), and some switch TFTs (S1 to S3). During the
programming cycle, S1 and S2 are turned on and S3 is turned off. The programming current flows

into the drive TFT through S1 and the gate-source voltage of T1 is stored in Cs through S2. After the

41
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Figure 3.1: Conceptual circuits of current programmed pixels: (a) non-mirrored, (b) mirrored.

programming cycle, S1 and S2 are turned off and S3 is turned on. A copy of the programming current

continues to flow into the OLED, since the gate-source voltage of T1 is stored in Cs.

Fig. 3.1 (b) shows the general implementation of a mirrored CPPC. Here, T1 and T2 form the
current mirror, and S1 and S2 are the switches. When the pixel is programmed, S1 and S2 are turned
on, allowing the current to flow into T1. If both T1 and T2 operate in the saturation region, the
amount of current that passes through the OLED depends on the sizes of T1 and T2. After
programming, S1 and S2 are turned off. Since the gate-source voltage of T2 is stored in Cs, the
current through T2 does not change considerably. Assuming that T1 and T2 have identical

characteristics, the current through T2 is a replica of the programming current.

The OLED current in the mirrored CPPCs depends on the ratio of the size of T1 to the size of T2.
Consequently, in contrast to non-mirrored pixels that always have a unity gain, it is possible to design
mirrored CPPCs with various gains. Another difference in the circuit topology between mirrored and
non-mirrored CPPCs is that in most of the presented non-mirrored pixels, two TFTs are in the driving

path. As a result, the non-mirrored pixels require higher supply voltages, and therefore consume more
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Figure 3.2: Three CPPCs: (a) 4-TFT mirrored pixel Sakaryia 2004 [64], (b) 4-TFT non-mirrored pixel

Kanicki 2000 [57], (c) 3-TFT non-mirrored Ashtiani 2004 [58].

power. Mirrored CPPCs have only one TFT in the driving path. However, the matching of the current

mirror TFTs must be high enough to achieve a high current uniformity over the display.

Several CPPCs have been introduced [56]-[68]. Fig. 3.2 depicts some selected mirrored and non-
mirrored CPPCs. Although all of the pixel circuits operate according to the same principles
highlighted in the general schematics of Fig. 3.1, the pixel circuits have their own design tradeoffs,
depending on the technology and circuit topology. In the following sections, the stability, uniformity,

and settling time of CPPCs are discussed.

3.1.1 Stability of CPPCs

Compared to the 2-TFT pixel circuit in Fig. 2.9, both mirrored and non-mirrored CPPCs
significantly reduce the dependence of the current on the V1 of TFTs, thus reducing the effect of V-
shift on the pixel current. Moreover, CPPCs compensate for the variations in the characteristics of the
TFTs, caused by temperature and mismatch. In practice however, some degree of dependence
between the pixel current and the V; remains due to the circuit and device non-idealities. The

mechanisms underlying the dependence of the current on the Vt in the mirrored and non-mirrored
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pixel circuits are different. In non-mirrored pixel circuits, the main source of the instability is the V-

dependent charge injection of switches. In mirrored pixel circuits, though, different trends of the shift
in the V1 of a-Si TFTs in the current mirror are principally responsible for the instability of the pixel
current. Some previous experimental results presented by Sakaryia [64] have shown that the pixel
current in a-Si mirrored CPPCs slightly increases over time. Although T1 and T2 have the same gate-
source stress voltage, they operate in different regions. T2 has a higher drain voltage and always
operates in the saturation region. However, except for the programming cycles, T1 is in the triode
region. Based on experimental and analytical studies [69], in addition to the gate-source voltage, V1
shift in a-Si TFTs depends on the drain voltage, and for higher drain voltages the V+ shift is smaller.
As a result, the rate of V1 shift in T1 is higher than that of T2, leading to a gradual increase in the

pixel current over time.

3.1.1.1 Dynamic Instability in CPPCs

During the transition of the pixels from the programming to the hold cycles, the gate-source and
drain-source voltages of the drive TFT vary, causing a dynamic error in the hold current [55]-[59].
The change in the gate-source voltage is primarily caused by the charge injection and capacitive
couplings, associated with the gate-drain and gate-source overlap capacitors. Depending on the circuit
structure, the drain-source voltage may change as the configuration of the pixel circuit changes from

the programming to the hold cycles.

The amount of dynamic error depends on the Vt of the drive TFT, thus it causes instability in the
pixel current. Although dynamic errors exist in both mirrored and non-mirrored CPPCs, it is more
dominant in non-mirrored CPPCs. Assuming that the induced error in the gate-source voltage of the
driving TFT is small compared to the absolute values, it is possible to analyze the effect of the V-
dependent charge injection and changes in Vps (AVps) by small-signal approximation. The error in the

OLED current (lerror) is estimated by
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lerror = 9mAVes + 9asAVps (3.1)
where AVgs is the error in the gate-source of the driving TFT from they charge injection. Here, g, and
Ogs are the small-signal transconductance and drain-source conductance of the drive TFT in the
saturation region. Based on small-signal approximation, the dependence of the lgyor ON V1 variations

(AV7) can be estimated as

ol OAV OAV
Al = 800 AV = g S5 AVy + Qgs — 22 AV . 32
error YA m Ny s EVA ( )

The relationship between AVgs and AVps, with V1 depends on the circuit configuration. The
dynamic error in the general non-mirrored CPPC shown in Fig. 3.1 (a) is analyzed. The effect of the
Vr-dependent charge injection is calculated by estimating the channel charge of S2, released into the
gate-source capacitance of the driving TFT (T1) at the end of the programming cycle. The charge
injection of the other switches (S1 and S3) is negligible. The following equation provides an

approximation of the corresponding error in the gate-source voltage of T1

AVoer = — Cos2 (Vseih —Vas1 —Vr12) (3.3)
oot Cos1+Cas2 +Cs '

where Vgs; is the gate-source voltage of T1, Cgs; and Cgs, are the gate-source capacitors of T1 and
S2, V1, is the threshold voltage of S2, and Vg, is the select line voltage. Parameter S determines the
portion of the charge released from the drain of S2. For high falling rates, £ has a value close to 0.5.

For a given programming current (Iprog) Ves: directly depends on the Vr such that
1

Ves1 =V +[—I PRKOG ja ) (3.4)

assuming that the TFT I-V characteristic follows (2.17). From (3.3) and (3.4), % is given by
T
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0AVigs y Cos2 . (3.5)
Vr Cos1+Cas2 +Cs '

From (3.5) it can be seen that the ratio of Cgs, t0 (Cs+Cgs1+Cos2) has a significant effect on the
dependence of the pixel current on the V+ shift. Thus, for smaller S2 sizes and for larger values of Cs,
the pixel circuit is less sensitive to V1 of T1. For the pixel circuit of Fig. 3.1 (a), the change in Vps

from the programming to the hold cycles is found by

AVDS :VDD - IPROGRDSWS _VOLED _V681' (3-6)

where Rpsws is the ON resistance of S3, and Vo gp is the voltage of the OLED. Rpswz depends on Vr

of S3 and is approximately given by

1
K(Vselh _VDD _VTB)Q_l .

RDSW3 = (37)

From (3.6) it can be seen that 6Av, /6Vv; is equal to -1. Based on (3.2) to (3.6), the total dependence

of the error in the current on Vy of T1 is approximated by

C
Algrror = es2 ~ Qs |AVy .
error [gmﬂ Cesl T CGsz N CS gds] T (38)

For better understanding of the effect of the V shift of T1 on the pixel current, the pixel circuit of
Fig. 3.1 (a) is simulated by CADENCE SPECTRE. The circuit parameters are listed in Table 3.1. Fig.
3.3 shows the relative error in the OLED current, caused by the Vr-dependent charge injection as a
function of Vr-shift, for different sizes of S2. The nominal programming current is set to 1 pA. As
predicted by (3.8), the error in the current increases as Vr increases and for larger sizes of S2, the

sensitivity to Vshift is higher.

Also, equations (3.6) and (3.7) reveal the dependence of AVps of T1 to the V1 of S3 (Vr3) and
OLED voltage (VoLep). Based on the same small-signal approach, the effect of AVr; and AVoep 0N

the pixel current is calculated by
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Table 3.1: Circuit parameters used to simulate the circuit in Fig. 3.1 (a).

Design Parameter Value
Vs (V) 0-30
VDD (V) 20
Cs (pF) 2
T1 (W/L) (um) 400/23
S1(WI/L) (um) 100/23
S2(WI/L) (um) 100-120/23
S2(W/L) (um) 400/23
5 i
—m—W/L (S1)= 120um/23um
s —e— WL (S1)= 100um/23um
= 4 4
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Figure 3.3: Error in the OLED current caused by the Vt-dependent charge injection as a

function of the V- shift.

C AV
AIerror = (gm goz ~Ods ]AVTl - gdsAVOLED - IRDSW3 ( e (39)

Cos1 +Cags2 +Cs Von _VTS) '
Equation (3.9) provides several design constrains to reduce the dependence of the error in the pixel
current on the V1 and Voiep. To reduce the effect of Vy4, the size switch S2 must be selected small

such that Cgs; becomes much smaller than the storage capacitor Cs. The effect of AVeep iS
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minimized by reducing ggs by biasing T1 deeply in the saturation region. The effect of AV+3 can be
reduced by reducing the value of Rpsws by increasing Ve Or increasing the size of S3. Equation (3.9)
also predicts the trend of the change in the current, as the threshold voltages increases. As can be
seen, although the V1-dependent charge injection of S2 increases the pixel current, the effect of S3
reduces the current. Moreover, the increment of the OLED voltage reduces the current. For the pixel

circuit in Fig. 3.2 (b), (3.9) has to be modified to

C C AV-
Algrror :[gm¢—gdsjAVﬂ—[gm¢+ gdsjAVOLED - IRDSWS( T (3.10)

Cas1+Cas2 +Cs Ces1+Cas2 +Cs Von —Vr3)
since the OLED is in the source of the drive TFT in this circuit. For the circuit in Fig. 3.2 (c), the

error in the current is given by

Al _ _( Covi +Covo
error

+ AV1, — AV
™ Coss + Cagy +Co gds] 11— 9dsAVoLeD (3.11)

where Coy; and Coy, are the gate-drain overlap capacitors of T1 and T2,respectively.

3.1.2 Settling Time in CPPCs

Although current-programmed AMOLED pixel circuits have demonstrated a reasonable stability
[56][59][64], their use in AMOLED displays are hindered by the long settling time of the
programming current due to low mobility of the TFTs and the large parasitic capacitance of the data
line. In particular, for small currents, the settling time can be far longer than the programming times
required for high-resolution displays. This signifies the demand for a detailed study of the current
settling in CPPCs and finding methods to improve the settling behaviour. To obtain an overview
about the issue, a simplified analytical model is presented. Then, a detailed model is introduced and

used to optimize the settling time.

3.1.2.1 Analytical Model
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Figure 3.4: Detailed model of a CPPC during the programming cycle.

During the programming cycle, a CPPC is modelled as a diode-connected TFT and a storage
capacitor (Cs) in series with a switching TFT as indicated in Fig. 3.4. All of the pixels in the same
column add a parasitic capacitor (cp) to the data line. This capacitor is associated with the gate-drain
overlap capacitor of the switching TFTs in each pixel and the overlap between column and row lines.
The overall effect of the series resistance of the data line associated with each pixel (rp) is negligible

compared to the high series resistance of the TFTs in the pixel circuit [43].

Even by neglecting the effect of r, the settling of the programming current in the circuit in Fig. 3.4
cannot be solved analytically. To achieve an analytical solution, the model in Fig. 3.4 is simplified to
a circuit consisting of a diode-connected TFT (T1), an equivalent parasitic capacitance (Cp), and a
current source, as shown in Fig. 3.5. The model neglects the effect of the series switch TFT which has

a noticeable effect on the settling time. However, the model represents the current-dependent settling
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Figure 3.5: Simplified model of current programming used for the analysis.

behaviour of the CPPCs and provides an estimation of the settling time. The current of the pixel is

described by the following equations:

dv
lin (1) = (Cp +CGS)E+K(V—VT)21V >V, (3.12)
lout =%K(V EVA AV VAS (3.13)

Here, Cp is the total parasitic capacitance of the data line. Cgs is the total capacitance of the pixel
circuit and is the sum of the Cs and the gate-source capacitance of the TFT. By assuming that the

data line is precharged to V- at the beginning of programming cycle, the pixel current is expressed as

1- exp[— tj
T

out — Iin t )
1+ exp[— j
T

I (3.14)

where zis given by

CP + CGS

W 3.15
2,u.Ci T Iin ( )
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sel

Figure 3.6: Detailed model used to estimate the settling time in CPPCs.
As can be seen, the time constant of the settling time is proportional to Cp and inversely proportional
to the square root of the mobility and programming current. Thus, at small programming currents,

CPPCs have long settling times.

3.1.2.2 Model for Numerical Simulation

To study the effect of the circuit parameters on the settling time and feasibility study of a-Si TFT
CPPCs in different display applications, a circuit is derived from the detailed model in Fig. 3.4 and
simulated numerically by MATLAB. Fig. 3.6 shows the equivalent circuit used for the simulations.

Tp is the drive TFT. Ts; and T, are the switching TFTs. Cp is calculated by

Cp = NC;(WgyLoy + Aoy ) (3.16)

where N is the number of rows, and Aoy is the total overlap area between the row and column lines for
each pixel. Ws;, is the width of Ts;, and Loy is the length of the gate-drain overlap of Ts;. A simplified

model for the settling of the current in Tp is given by solving the following:
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Table 3.2: Circuit and device parameters used to simulate the circuit in Fig. 3.6.

52

Parameter Description Value

Ci Insulator capacitance per unit area 20 nF /cm

U Field effect mobility 1 cm?/Vs

L Length of TFTs 5um

Lov Gate-drain overlap 3um

N Number of rows 200

I Current range 50 nA to 500 nA
Aoy Overlap area between the row and column 10 um X 10 um
Cs Storage capacitor 250 fF

VseL Select voltage 30V

Vr Threshold voltage 3V

Vin(0) Initial line voltage 3V

Cp

dav
N+ Kl(VSEL Vo _VTl)(VIN _Vo)_ Iy =0
dv

Ce d_tG_ KZ(VSEL Vg _VTZ)(VO _VG):O

1
K1(VSEL _VO _VTlXVIN _VO)_ KZ(VSEL _VG _VTZ)(VO _VG)_EKS(VG _VTS)Z'

(3.17)

(3.18)

(3.19)

Here, V11, V12, V13, Ky, Ky, and Kj are the threshold voltages and the transconductance coefficients of

Ts, Ts, and Tp, respectively. Cg is the sum of the storage capacitor (Cs) and the gate source

capacitance of Tp. Vg is the voltage of the select line, and I,y is the input current. Vo, Vin, and Vg

voltages are shown in the Fig. 3.6. Table 3.2 is a summary of the circuit parameters that are used for

the simulations. The TFT parameters are based on a typical industrial a-Si TFT process. The display

parameters are chosen based on a top-emission 2-3 inch display for mobile applications.



Chapter 3. Driving Schemes for a-Si TFT AMOLED Backplanes 53

Settling time

0 s ws2

Wws1

Figure 3.7: Settling time for different sizes of Ts; and Ts, switches.

3.1.2.3 Effects of Tgy, Ty, and Tp
The effect of the size of Ts; and Ts, (Ws; and Wsy) on the settling time is investigated. Fig. 3.7

shows the settling time as a function of Ws; and Ws, for Wp=150 um and 1,,=50 nA. Evidently, Ws,
does not considerably affect the settling time. Ws; has a significant effect on the settling time, since it
directly affects the size of Cp. Fig. 3.8 depicts the settling time as a function of the Ws; and Wp, for a
50 nA programming current. As can be seen, reducing the size of Ts; reduces the settling time. The
settling time is shorter for a larger size of Tp due to an increase in the transconductance seen by the

current source. However, due to the limited area of a pixel, the maximum size of Ty is limited.

3.1.2.4 Optimizing the size of Ts;
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Figure 3.8: Settling time for different sizes of Ts; and Tp.
From the Fig. 3.7 and Fig 3.8 it can be seen that reducing Ws; reduces the settling time. However,
Ws; should be large enough such that V,y does not exceed the maximum tolerable voltage of the
external current source (Vs max). To satisfy this condition, the minimum size for Ts; (Ws;_min) Should

be equal to

W _ LI IN_MAX
S1_Min = .
- ﬂCi(VSEL =Vi1=Vip )(VS_MAX V13 _VTD)

(3.20)

Here, iy max Is the maximum current of a pixel, and Vrp is the effective gate-source voltage of Ty, for

lin_max @and is given

21 IN _ MAX L
Vip = |—————. 21
o= (321)
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Simulation results indicate that in some cases, the fastest settling time is not achieved by Ws; win
because reducing the size of Ts; increases the resistance seen by Cp. Fig. 3.9 (a)-(d) show the settling
time as a function of Wg; for a minimum current of 50 nA for different sizes of Tp and different
values of Vs uax. The range of Ws; is between 100 um to Ts; min for each size of Tp. As can be seen,
for the larger values of Vs wax, and larger Wp, the optimum Ws; is slightly larger than Ws; win.

Moreover, the minimum settling time is achieved for the higher values of Vs yax. However, Vs vax
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Figure 3.9: Settling time as a function of Ws; for different sizes of Tp and different values of Vs yax:

(a) VS_MAX:10 V, (b) VS_MAX:12 V, (C) VS_MAX:15 V, (d) VS_MAX:20 V.

depends on the technology of the column driver and is not a design factor in some design cases.
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Figure 3.10: The flowchart of the method used to estimate the minimum possible settling time in

different display applications.

3.1.2.5 Feasibility Study of the Settling Time in CPPC

From the analysis and the simulations, it can be concluded that the settling time principally depends
on the size of the drive and switch TFTs, and the minimum pixel current. These parameters depend on
the display parameters such as luminance, resolution, and the size. The minimum required current is
determined by the display luminance, the number of the gray scales, and the pixel size. In addition,
the size of the drive TFT is limited by the pixel area and the required aperture ratio. The minimum
size for the switching TFTs is limited by the maximum operating voltage of the external column
driver. In this section, the minimum settling times for different displays are estimated. The flow

estimation is illustrated by Fig. 3.10.

At first, the display parameters such as size, resolution, luminance, and the required pixel aperture

ratio are gathered for different display applications. After calculating the pixel size, the next step is to
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Figure 3.11: Conceptual AMOLED pixel layout for a 4-TFT CPPC.

estimate the available area for the switching and driving TFTs. Although the pixel area depends on
the pixel circuit, OLED integration, and layout; the circuit area can be estimated based on the method
presented in [17]. The calculations are based on the 4-TFT CPPC in Fig. 3.1 (a). Fig. 3.11

demonstrates a conceptual layout and the associated parameters. The circuit area, Acr, IS then given
by

Acir = (WD +Woy )('— +2Loy )+ (W51 +Woy )(L +2Loy )+ (Wsz +Wov )(L +2Lgy )

+ Wz +Woy NL+2Loy )+ N; Wy + W, )X iy + MY i (W, +W, ) (3.22)

pix pix
where all the parameters are listed in Table 3.3. From (3.22), the maximum size of the sum of Wp and

Wy, is calculated. The next step is to find the optimum values for Wy and Ws; and determine the
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Table 3.3: Definition and estimated values of parameters of the pixel layout of Fig. 3.11.
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Parameter Description Value
Wp Width of the drive TFT Variable
Wg1 Width of the main switching TFT Variable
W, Width of the gate-source switching TFT 5um
Wes Width of the current-path switching TFT 5um
Woy Width overhead due to the gate contact region of the 5 um
TFT
L Length of the TFTs 5um
Loy Length overhead due the source/drain contact region 5 um
of the TFT
W Width of interconnect 5um
W, Spacing between interconnect lines 5um
Xopix Length of pixel Variable
Y pix Width of pixel Variable
N; Number of row interconnect lines 2
M; Number of column interconnect lines 1

settling time. Table 3.4 summarizes the simulated settling times for some display applications. In

addition, it exhibits some primary parameters of the display, and the available programming time.

For all of the displays, except QCIF, the settling time exceeds the maximum programming time
allowed. This is more noticeable for high-resolution displays due to the existence of a larger parasitic
capacitance. It is noteworthy that in the simulations, the effect of parasitic capacitances generated by

the external column driver and the associated interconnections is neglected. Therefore, longer settling

times are expected for a complete display system.
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Table 3.4: Estimated settling times of current-programmed pixel circuits in different displays.
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Display parameter QCIF (Mobile) | QVGA (PDA) | XVGA (Monitor)
Luminance (cd/m?) 100 200 1000

Resolution 144x176 240%x320 768x%1024
Display size (inch) 2 4 17

Aperture ratio 40% 40% 60%

Maximum pixel current (nA) 315 415 2200

Maximum settling time 5% (us) | 76 98 182

Required Programming time (us) | 110 70 20

3.1.3 Methods of Increasing the Programming Speed in CPPCs

From the results in Table 3.4, it is evident that conventional current programming fails to satisfy
the settling time requirements of high-resolution AMOLED displays. As a result, despite a reasonable
current stability, it is not considered as a practical solution for a-Si TFT technology. Due to the higher
mobility of polysilicon TFTs, current programming is a more practical driving scheme to compensate
for variations of the V1. However, even in polysilicon TFT technology, current programming suffers

from large settling times [67]. Several driving schemes have been presented to overcome the issue.

These schemes are categorized as current scaling, current offset, and precharging.
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Figure 3.12: Current scaling in a non-mirrored CPPC [65].

3.1.3.1 Current Scaling

As shown by (3.15), the settling time in CPPCs decreases if the programming current increases.
Therefore, by scaling down the current inside the pixel, it should be possible to increase the
programming current and hence, reduce the settling time [65][66]. Scaling of the programming
current is readily performed easily in a mirrored CPPC by using TFTs with different sizes in the
current mirror. The scaling factor (SF) which is defined as the ratio of the programming current to the
OLED current is given by the ratio of the reference TFT to the drive TFT. Fig 3.12 shows a non-
mirrored pixel circuit with current scaling [65].The circuit is implemented with polysilicon TFTs but

it can be easily modified for a-Si TFT technology. The scaling factor in this circuit is given by

_ Ky W,
Ki+K, W, +W,

SF (3.23)

where K; and K, are the transconductance coefficients, and W; and W, are the channel width of T1
and T2, respectively. The effect of the current scaling on the settling time is simulated by the model
in Fig. 3.6 for Wp=150 pm and 200 um. For each Vs vax and scaling factor, the Ws; min is calculated.
If Wg, is larger than Ws; min, the optimum value for Ws; is found, and the associated settling time for a

programming current equal to Iy wax/32 is calculated. Fig. 3.13 shows the settling time as a function
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Figure 3.13: Settling time as a function of the scaling factor in a current scaling CPPC: (a) Wp= 150 pum, (b)

Wp= 200um.

of the scaling factor for different values of Vs vax. As can be seen, the rate of improvement in the
current settling decreases for larger scaling factors, in particular, for smaller values of Vs yax. By
increasing the scaling factor (and thus increasing the programming current), a larger Ws;, is required to
ensure that V,y does not exceed Vs uax. As a result, Cp also is increased, resulting in a larger settling

time.

3.1.3.2 Current Offset

Another method for improving the settling is to add a constant current to the data current during the
programming cycle, and then subtract the current inside the pixel. Fig. 3.14 shows a CPPC with on-
pixel current subtraction [67]. Here, the subtraction is performed by applying a pulse through the
acceleration control line to the storage capacitor (Cs) at the end of the programming cycle. The circuit
shown here is implemented with p-channel TFTs in polysilicon technology; however, the n-channel

dual of the circuit can be implemented by a-Si TFTs.
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Figure 3.14: CPPC with current offset [67].

The current offset scheme is more efficient than current scaling, since it considerably increases the
programming current at low gray scales. For example, if the maximum OLED current is 0.5 pA, then
for a 32-level gray scale, the minimum programming current is 15.6 nA. By scaling the current by a
factor of 2, the maximum current is 1.0 pA, and the minimum programming current increases to 31.2
nA. By using a 0.5 pA offset current, the maximum current is still 1.0 uA however, the minimum
current is increased to 0.5156 pA, which is more than 16.5 times larger than that in the current scaling
scheme. The current offset scheme is investigated by using the optimization method described in
section 3.1.2.5 and the same circuit parameters. Fig. 3.15 shows the settling time as a function of the
offset current for different values of Vs uax. As can be seen, there is an abrupt reduction in the settling
time when the offset current is not zero. Settling times smaller than 50 us (a reduction of more than 5
times) can be achieved by the current offset scheme. Similar to the current scaling, for smaller values
of Vs wax, the settling time increases due to the large sizes required for Ws,;. Despite the effectiveness
of the current offset scheme in the reduction of the settling time, the OLED current in CPPCs with on-

pixel current subtraction is sensitive to the mobility of the TFTs, and hence, to the temperature.
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Figure 3.15: Settling time in s CPPC with current offset as a function of offset current for different
values of Vs yax: (@) Wp=150 pm, (b) Wp=200 pm.

Moreover, the exact control on the OLED current is difficult. Calibration is also necessary, since the

OLED current depends on the absolute values of the TFT parameters.

3.1.3.3 Precharging

Precharging the data line is another method for improving the settling time in CPPCs which is already
used in PMOLED drivers. In this technique, a voltage close to the final line voltage associated with
the programming current, is applied to the data line before the programming cycle to reduce the

settling time.

Fig. 3.16 shows the settling time as a function of the precharge voltage and programming current
for Wp=150 pum and Ws;=50 pm. For more clarity, the settling time as a function of the precharge
voltage is shown in Fig. 3.17 for some specific programming currents. It is readily seen that if the line

is precharged properly, the settling time is substantially reduced.

The key advantage of precharging is that no modification in the design of the CPPCs is required,
and the process is performed by the external column driver. However, the design of the external
column driver with the precharging capability is more complicated. For each programming current,

the column driver needs to store the associated precharge voltage. In addition, as the V¢ of the drive
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TFT shifts, the required precharge voltage increases. As a result, the performance of the precharging
degrades over time, if the lines are precharged with constant voltages. One solution is to dynamically

measure the V shift of each pixel during the programming time and correct the original precharge
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voltages [71]. However, this requires a complicated system with a complex processing and memory

capabilities that are not cost effective.

3.2 Voltage Programming

In the voltage programming driving scheme, the luminance data is a voltage. The compensation for
the V1 shift is performed by on-pixel measuring of the V+, and adding it to the programming voltage.

Fig. 3.18 illustrates the operation of this driving scheme.

The programming cycle starts by precharging a capacitor (Cc) to a voltage larger than V1 of the
drive TFT (T1). During the compensating phase, Cc is connected to the gate of T1 while T1 is diode-
connected. As a result, the capacitor discharges through T1, and the capacitor voltage (V) degrades
until it is close to V+. At the driving cycle, the programming voltage (Vpara) is added to the voltage of
the capacitor, thus, a gate-source voltage close to V1+Vpara is applied to T1. If T1 is in the saturation

region, the current through T1 is independent of V1 and is given by

1 1
lout = 5 K(VDATA +Vr =Vy )2 = 5 KVDATA2 . (3.24)

Several circuit implementations of the voltage-programmed pixel circuits (VPPCs) in both a-Si and

poly silicon TFTs have been reported [72]-[77]. Fig 3.19 illustrates two pixel circuits and the
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Figure 3.19: Samples of the voltage programmed pixel circuits: (a) 4-TFT [73] (b) 3-TFT [75].

associated controlling signals that represent two categories of the VPPCs. The operation of the 4-TFT
VPPCs shown in Fig 3.19 (a) is similar to the operation illustrated in Fig. 3.18. Here, DT is the data
signal, and TNO, SLT, and CDT are select signals. During the precharging phase, TNO, SLT, and
CTD are high, turning T1 to T4 on and the OLED off. As a result, the gate of T1 is charged to a
voltage higher than Vgua+Vr1, Where Vgq, 1S the data voltage on DT. During the compensating phase
TNO is low turning T3 off. Consequently, Cs is discharged through T1 until the gate of T1 reaches to
a voltage close to Vgaa+Vr1. During the drive cycle, TNO is high, and SLT and CTD are low. As a

result, T1 current starts flowing into the OLED.
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The pixel circuit in Fig. 3.19 (b) has only three TFTs and three select lines; however, the circuit

operation is more complicated. At the beginning of the precharge phase, (t;), AZ goes high and V¢, is
a negative voltage. Consequently, a high current passes through T3 and a voltage higher than V3 is
stored in Cs. Then AZ goes low and Vca is set to a high positive voltage. As a result, OLED is
reversely biased. During the compensation phase (t3), AZ rises and the voltage of Vi is set to zero.
Therefore, Cs is discharged through T3 until its potential reaches to Vrs. Since the OLED capacitance
at the reverse bias (CoLep) is much larger than Cs, the potential across the OLED changes very little.
During the data writing phase, for a short time, the select line goes high, applying the data voltage on
the gate of T3. A capacitive voltage divider is formed by the Cs and Coep. Since Coiep iS much
larger than Cs, its final voltage does not change a lot, and remains close to -Vr3. Cs voltage however,
becomes equal to Vr3+Vgae. During the drive cycle, Vca is set to a negative voltage. Consequently, the
current through T3, begins to flow into the OLED. Since the gate-source voltage of T3 is V13+Vyata

the pixel circuit compensates for the V1 shift in T3, as described by (3.24).

3.2.1 Tradeoff between Programming Time and Stability

Since the data signal is voltage, in the VPPCs, the large parasitic capacitance of the data line does not
have a significant effect on the settling time. Similar to the conventional 2-TFT pixel circuit described
in Chapter 2, the settling time of the data voltage (Vgata) is primarily determined by the resistance of

the pixel switch and the storage capacitor. For a nominal switch resistance of 1 MQ and a storage

capacitor of 1 pF, the time constant of the programming is less than 2 pus.

The programming time in the VPPCs is limited by the compensation phase, at which the storage
capacitor is discharged by the diode-connected drive TFT. Due to the low transconductance of the
TFT, discharging of the compensating capacitor is slow and at the end of the compensating phase the
voltage of the compensating capacitor (Vc) does not reach to V+. For the circuit shown in Fig. 3.18,

V¢ is calculated by the following equation:
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ccdi+lr<(vC -V; )? =0. (3.25)
dadt 2
The solution of (3.25) for V¢ is
VC :VT i Vcomp _VT ,

K 3.26
(Vcomp _VT)Etc +1 ( )

where t; is the duration of the compensation cycle, and V¢, is the precharging voltage. The second
term in (3.26) is the error of the compensation and depends on V1. The dependence of V¢ on the V¢
causes error in the drive current of T1 as the V+ shifts. To reduce the error, t. must be large; however,
the maximum length of t; is limited by the programming time of the display system. Fig. 3.20 shows
the error at the end of the compensating phase as a function of the Vr shift in T1 for different values
of t.. Here, C¢ is 1 pF, and Vcomp is 10 V. The variations in the error for the 3-V Vr shift are 18%,
7.5%, and 2.5% for t. values of 10 pus, 20 us, and 40 ps, respectively. It is observed that, especially
for smaller compensating times, the error in the compensating voltage depends considerably on the

V1.
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3.3 Optical Feedback

Most of the previous driving schemes compensate for the Vr shift in the TFTs, but cannot
compensate for the degradation of the OLED luminance. Pixel circuits with in-pixel optical feedback
are promising, since they can directly control the luminance of the OLED and compensate for the
TFT and OLED degradation [78]-[80]. Fig 3.21 is a schematic of a simple AMOLED pixel circuit
with optical feedback [78]. The circuit is a conventional 2-TFT pixel with an N-I-P photo diode in
parallel with the storage capacitor. A portion of the OLED light is directed to the N-1-P diode. The N-
I-P diode is in the reverse bias and has a small reverse current. When it is illuminated by the OLED,
the reverse current significantly increases, resulting in the partial discharge of the storage capacitor,
C. Discharge of C during the driving cycle, results in a lower average drive voltage on the driving
TFT (TD), and thus, a lower OLED luminance. Degradation of the OLED luminance reduces the
reverse current of the N-1-P diode, reducing the rate of the discharge of C. As a result, the average

driving voltage of TD increases, resulting in a higher current for the OLED.

A circuit analysis provides more information about the circuit [80]. During the driving cycle, the

currents at the gate of the TD are described by the following equation:
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Figure 3.22: Modified AMOLED pixel circuit with optical feedback [79].

dv 1
C—=-lp ==ppApp Mieo | (t) =—77pp App Jiep - Vo -vi ), (3.27)
dt ALep Alep 2

where Ip is the photocurrent of the N-I1-P diode, App and 7p are the area and the efficiency of the
diode, respectively, AoLep and 7o ep are the OLED area and efficiency. By integrating (3.27), V(t) and

I(t) can be found. By integrating the OLED luminance over a frame time, the average luminance is

found by the following:

Lave = ﬁ V(©) -y ]% (3.28)
where V(0) is the initial programming voltage and r is given by
2C
e TR (3:29)
Since the frame time is much larger than =, (3.28) is simplified such that
L = — [ (@ -V ]. (3.30)
MppAppT

From (3.30) it can be seen that the average luminance is independent of the OLED parameters and
the mobility of TD. However, it has a linear relationship with V1, which is not desirable. Another

drawback of the circuit in Fig. 3.21 is that, compared to a 2-TFT pixel without optical feedback, the
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where Ip is the photocurrent of the N-I1-P diode, App and 7p are the area and the efficiency of the
diode, respectively, AoLep and 7o ep are the OLED area and efficiency. By integrating (3.27), V(t) and

I(t) can be found. By integrating the OLED luminance over a frame time, the average luminance is

found by the following:

Lave = ﬁ V(©) -y ]% (3.28)
where V(0) is the initial programming voltage and r is given by
2C
e TR (3:29)
Since the frame time is much larger than =, (3.28) is simplified such that
L = — [ (@ -V ]. (3.30)
MppAppT

From (3.30) it can be seen that the average luminance is independent of the OLED parameters and
the mobility of TD. However, it has a linear relationship with V1, which is not desirable. Another

drawback of the circuit in Fig. 3.21 is that, compared to a 2-TFT pixel without optical feedback, the
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The modified circuit does not require a high programming voltage due to the capability of the

circuit to maintain the OLED luminance for as long as the entire frame time. L, is independent of the
V+ of the drive TFT and is related to the V1 of T4. In a-Si TFT technology, the N-I-P photo sensor
can be replaced by an a-Si TFT. Although pixel circuits with optical feedback have the advantage of
compensating for the OLED degradation, some critical issues exist. First, the OLED luminance
depends on the efficiency of the photo sensor. However, the efficiency of the a-Si photo sensors (TFT
or N-I-P diodes) degrades over time due to the light-induced defects (Staebler-Wronski Effect) [81].
Moreover, none of the proposed pixels can completely cancel the effect of the V+ shift, therefore,

under-compensation or over-compensation of the OLED luminance can occur.

3.3.1 Electrical Feedback for OLED Compensation

As mentioned in Section 2.3.2, when a constant current is applied to an OLED, its voltage increases
as the luminance of the OLED decreases. As a result, the shift in the OLED voltage can be used as
feedback of the degradation in luminance. Fig. 3.24 shows a pixel circuit that uses AVoep tO
compensate for the OLED degradation [82]. The circuit operates in three phases: precharging,
compensating, and driving. In the precharging phase, SEL1 and SEL2 are high and SEL3 is low, so
T1, T3, and T5 are ON, and T4 is OFF. As a result, the gate of T2 (node A) is charged to a potential
close to Vpp. The voltage of the data line is set to -Vp+Vo ep Where Vp is the programming voltage,

and Vo_ep) is a constant voltage equal to the initial ON voltage of the OLED.

In the compensating phase, SEL1 goes low, turning T1 off. Consequently, Cs starts discharging
through T2 and the OLED until the voltage at node A becomes equal to Vr,+Vo ep. Here, Vr; is the
threshold voltage of T2, and Vo.ep is the ON voltage of the OLED. At the end of the compensation

phase, the voltage of Cs (Vcs) is equal to

Ves =V12 +Vorep —Voreor +Ve- (3.32)
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Figure 3.24: Pixel circuit that compensates for OLED degradation by measuring AV, gp.

In the driving phase, SEL2 goes low and SEL1 and SEL3 go high, turning T1 and T4 on and T3

and T5 off. As aresult, Vs is applied to the gate-source of T2, and thus a current, equal to

K
lour = ?(VP + AV ep )2 (3.33)

flows into the OLED. Here, AVo.ep is the shift in the voltage of the OLED, and is equal to Vo ep-
Vorepi. From (3.33), it can be seen that the OLED driving current increases as AVoep increases over
time. Moreover, the current is not dependent on Vq,. The pixel circuit is simulated using CADENCE
SPECTRE with an a-Si:H TFT model. Fig. 3.25 illustrates the transient waveforms of the OLED

current and the voltage at node A, for a programming voltage of 1.3 V for different shifts in the
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Figure 3.26: OLED current as a function of shift in OLED voltage for different initial OLED currents.

OLED voltage (AVoep =0, 0.5, and 1.0V). As can be seen in Fig. 3.25 (a), at the end of the
compensating phase, the voltage at node A is larger for larger AVo ep Values. Since the increase in the
OLED voltage is stored in Cs, the OLED current is higher for a larger AVo ep, as indicated in Fig.

3.25 (b). The current impulse at the beginning of the driving phase is due to a rapid change in the
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voltage at node C as T4 is turning off. Fig. 3.26 shows the OLED current as a function of AVo_gp. AS

can be seen, the circuit effectively increases the OLED current as AVo,gp increases. For AVp, gp equal
to 2 V, the OLED current increases in excess of 0.9 uA, 0.7 uA, and 300 nA, for initial OLED

currents of 1 pA, 0.5 pA, and 100 nA.

3.4 Time-Based Driving Scheme

In a category of AMOLED pixels, time-based gray scaling is used to reduce the average OLED
current to the TFT parameters [83][84]. In these circuits, the driving TFT operates like a switch, and
the OLED luminance is regulated by controlling its ON to OFF ratio during the frame cycle. Figure
3.27 demonstrates an AMOLED pixel with time-based gray scaling and the controlling signals [83].
The circuit consists of an inverter, three switches, a storage capacitor, and an OLED. The inverter is
implemented by two TFTs (T1 and T2) as shown in Fig. 3.27. During the writing cycle, S1 and S2 are
ON and S3 is OFF. Since the input and output terminals of the inverter are connected, the voltage at
node A, (Viv), is in the transition region of the inverter. When V\=Vo, both T1 and T2 are in the
saturation region. If T1 is large enough to keep Vo less than the ON voltage of the OLED, and the

threshold voltages of T1 and T2 are equal, the following equation is satisfied:

KZ(VDD Vo =V )2 = Kl(VO -V )2- (3-34)

Vo is then calculated by

JK
Vo =V, + L Vpp,

(3.35)
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Figure 3.27 AMOLED pixel with time-ratio gray scaling and the associated controlling signals [83].

where K; and K, are the transconductances of T1 and T2, respectively. The transition voltage is
directly proportional to the V1 of T1 and T2. During the writing cycle, the node B is connected to the
data voltage (Vpara) thus, a voltage equal to Vpara-Vo is stored in Cs. During the frame cycle, S1 and
S2 are turned off and S3 is turned on, connecting node B to the sweep line. A sweep voltage with a
triangular shape is applied to node B. The output of the inverter is OFF, until the voltage at node A
becomes smaller than the transition voltage. At this point, the state of the inverter output changes to
high, turning the OLED on. The OLED remains ON, until the sweep voltage exceeds the transition
voltage during the rise time. As implied by (3.35), the pixel circuit can partially compensate for the
V7 shift in T1 and T2, since the transition of the inverter, and thus, the luminescent time of the OLED
is independent of V. However, the OLED current during the ON times is a function of the OLED
characteristics and V1 of T2. As a result, the average OLED luminance degrades over time. One
possible solution is to replace T2 with an n+ amorphous silicon resistor. However, even in the
proposed modified circuit, the OLED current, and therefore, the luminance, depends on the Vpp and

the ON voltage of the OLED. As a result, a shift in the ON voltage of the OLED causes the OLED
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current, and thus the OLED luminance to degrade. Moreover, due to the dependence of the OLED

current on Vpp, the display luminance is not uniform due to the I-R drop in the Vpp line.

3.5 Conclusion

Based on the feasibility study presented in this chapter, current-programmed pixel circuits are not
fast enough for high-resolution AMOLED displays. Three methods of improving the settling time in
current-programmed pixel circuits are discussed. These methods are current-scaling, current offset
and precharging the data line. Among these methods, current offset provides the fastest settling.
However, pixel circuits with current offset cannot compensate for mobility variations, and thus, are
sensitive to temperature. Voltage driving scheme with on-pixel estimation of Vt shift demonstrates
faster programming. However voltage programmed pixel circuits are more sensitive to V shift and
temperature versions. Pixel circuits with optical feedback have the advantage of compensating for
both V- shift and OLED degradation. However, these pixels suffer from instability of the amorphous
silicon photo sensors and inaccurate compensation for Vr shift. Some new driving schemes such as
using shift in the OLED voltage as a measure of its luminance degradation are promising but are not

still proven by measurement results.



Chapter 4
Driving AMOLED Pixel Circuits with Voltage Feedback

As discussed in the previous chapters, the principal challenges in design of AMOLED pixel circuits
in a-Si technology are the instability and low carrier mobility of the TFTs. Therefore, it is crucial to
find driving schemes that can provide the OLED with a stable current, and satisfy the programming
time requirements of the displays. In the design of analog circuits, negative feedback is extensively
used to desensitize the desired circuit parameters, such as gain, to the variations in the values of the
circuit components [85]. Negative feedback is also used to reduce the non-linear distortion and to
control the transient response of the circuit. These features indicate that feedback can be a promising
solution for design of reliable pixel circuits for AMOLED displays. In this chapter, a driving scheme
based on feedback that can effectively compensate for the instability of the a-Si TFTs and offers a

faster programming, is proposed.

At first, the novel driving scheme and the associated pixel circuits are introduced. Then the
performance of the new driving scheme is investigated based on the same AMOLED design
considerations, presented in Chapter 2. Measurement results of the fabricated circuits are presented at

the end of this chapter.

4.1 Driving AMOLED Pixel Circuits with Feedback

A general diagram of an AMOLED pixel circuit with feedback is shown in Fig. 4.1. It comprises an
OLED, a driver circuit, a storage capacitor, a feedback circuit, and some switching components. In
addition to the select and data lines, the pixel circuit has a feedback line that transmits a signal
associated with the OLED current to the external column driver. This signal is generated by the
feedback circuit during the programming cycle. The external (column) driver compares the input data

with the feedback signal and generates the proper signal for the OLED driver. The feedback and data

78
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Figure 4.1: General AMOLED pixel circuit with feedback.
lines are shared by all pixels in the same column, as illustrated in Fig 4.2 [86]. In relation to the nature
of the feedback signal, the feedback driving schemes are categorized into voltage feedback and

current feedback. In this chapter, circuits with voltage feedback are studied.

In an AMOLED pixel circuit with voltage feedback, the OLED current is converted into voltage by
a feedback circuit in the pixel. Although the negative feedback reduces the sensitivity of the OLED
current to the parameters of TFTs such as Vi, the current-to-voltage converter element in the
feedback circuit must be stable, since its absolute value directly affects the OLED current. In
addition, the realization of the feedback circuit should be compatible with the TFT process, and
should not require extra processing steps or masks. Such a current-to-voltage conversion can be
achieved by using a resistor in the current path of the OLED. The resistor can be fabricated by the
same n+ a-Si or n+ microcrystalline silicon layer used for contacts of the TFTs. Implementation and

characteristics of the n+ resistors is discussed in more detail in Sections 4.3.1.1 and 4.4.



Chapter 4. Driving AMOLED Pixel Circuits with Voltage Feedback 80

| “Display Backplane (TFT) ~ ~ selectline1 1
| ? |
[ Pixel | | | eccccccccccce.- | u |
Circuit |
|

» | Select line 2 |
E K = K = L& T >— L& = |
% ® ® I 2

z || 2 e < £
@ P < < I 0 3
LlE (g g £ 5|

I w Q|= Ee ] 3
® : E S g . ® ) |

| o 2 a 2@ Select line N o w
T N - . - g |
| & —$ ¢ e o = ] :
| — | | = _____ — 1.

Column Driver] |Column Driver Column Driver
1 2 M
1 1 !
Input data 1 Input data 2 Input data M

Figure 4.2: Array of AMOLED pixel circuits with feedback.

4.2 Proposed Pixel Circuits

Fig. 4.3 shows a schematic of a pixel circuit and the external column driver with voltage feedback
[87]. The pixel circuit consists of a drive TFT (T1), two switch TFTs (T2 and T3), a storage capacitor
(Cs), a feedback resistor (Rg), and an OLED. The anode terminal of the OLED is connected to Vpp.

The external column driver, in its simplest form, is a differential amplifier.

The pixel circuit has two modes of operation: programming and hold. In the programming mode,
the voltage of the select line goes high, turning T2 and T3 on. The current through T1 is converted to
a voltage (Vg) by Re. This voltage is conveyed to the inverting input of the differential amplifier by
the feedback line. Due to the inherent negative feedback in the circuit, the output voltage of the
differential amplifier adjusts the current of T1 to minimize the difference between the input data

voltage (Vin) and Ve. Assuming that the voltage gain of the differential amplifier is very high and its
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Figure 4.3: AMOLED pixel circuit with voltage feedback.

input bias current is much smaller than the programming current, the current through T1 (lprog)

eventually becomes approximately equal to

\
= (4.2)

F

I'proc *

It is evident that Iprog is determined by Viy and Re and not by the parameters of T1. Considering
the high stability of the n+ a-Si resistors, an equally high stability of Iproc IS expected. The effect of
T2 and T3 on the programming current is negligible, because no current passes through these

switches in the steady state.

In the hold mode, the select line goes low, disconnecting T1 from the differential amplifier by
turning T2 and T3 off. However, the OLED current does not change considerably during the hold
mode since Cs stores the gate-source voltage of T1. The pixel circuit compensates for the V+ shift in
T1, as long as the voltage at the gate of T1 (V) does not exceed the maximum output range of the

differential amplifier (Vomax), and the voltage at the select line is high enough to turn T2 on. If Vpp is
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Figure 4.4: AMOLED pixel circuit with resistive feedback with common-cathode OLED.

high enough to keep T1 in the saturation region, then the maximum AV that can be compensated by

the circuit (AVy) is given by

1 1

. | a | a
AVry =Min Voyax —Vr10 —[%j = Imax Re Vsern —Vr10 —Vr20 —[%j —IvaxRe |- (4.2)

Here, lyax is the maximum programming current, Vsg y iS the voltage of the select line at the
programming mode, K is the transconductance coefficient of T1, and V11, and Vry, the initial V1 of T1
and T2, respectively. The first and second terms in (4.2) are associated with the limited operating

voltage of the differential amplifier and the maximum voltage of select line, respectively.

Fig. 4.4 shows another configuration of the pixel circuit, where the anode terminal of the OLED is
connected to the source of the driving TFT (T1). It is very similar to the circuit in Fig. 4.3. However,
the cathode of the OLED is not patterned and is common for all the OLEDs. Such a configuration is
more compatible with conventional OLEDs, as explained in Section 2.3.3. The main drawback of this

circuit is the larger voltage swing required for the differential amplifier and the select line.
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4.3 Analysis of the Performance

In the following sections, a comprehensive study of the performance of the proposed driving
scheme is conducted. The performance of the driving scheme is evaluated according to the design

considerations for the AMOLED pixel circuits, presented in Chapter 2.

4.3.1 Stability Analysis

Due to the inherent negative feedback of the circuit, ideally, there is no error in the OLED current
due to variations in the static characteristics of T1, in particular, those associated with the threshold
voltage shift. However, static and dynamic effects such as the limited gain of the external differential
amplifier and the charge injection cause error in the final value of the OLED current. These effects
are not only responsible for the gain and offset error in the pixel circuits, but also result in the
dependence of the OLED current on the V- shift. In the following sections, mechanisms of instability

in the OLED current are studied.

4.3.1.1 Stability of Feedback Resistor

According to (4.1), the OLED current is inversely proportional to Rg; thus, instability in Re
instigates instability in the OLED current. As a result, it is crucial to investigate the stability of Rg at
the first step of the design of the pixels. Stability of several fabricated n+ microcrystalline silicon
resistors, used in the implementation of Rg, are measured. To accelerate the aging process, the
resistors are stressed by a 1.0 mA current which is three orders of magnitude larger than normal
currents in an AMOLED pixel. All of the measurements are conducted at the fixed temperature of 30
°C. Fig. 4.5 shows the measured resistance of three resistors as a function of the stress time. As can be
seen, the resistors are highly stable. The measured deviations of the resistors are smaller than the

inaccuracy of the measurement setup, and are caused by small fluctuations in the temperature.
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Figure 4.5: Measured resistance of three n+ microcrystalline silicon resistors as a function of the

stress time.

4.3.1.2 Static Stability
Although the negative feedback reduces the effect of the Vr shift of T1 on the OLED current, the

V+ shift still affects the OLED current due to the finite gain of the feedback loop. For a differential
amplifier with a gain of A, Iprog for the circuit in Fig. 4.3 is almost equal to the following:

2KA?V, R — 2KAV R + 2KAV R + 41+ 4KA%V (R 4.3)
2KAZRZ '

I'proG *

where V1 is the threshold voltage of T1. For a large A, (4.3) is reduced to

\/IN \/Tl

R, AR, (4.9)

I'proG =

If V11/A is much smaller than Vy, then the effect of V11 on Iprog Can be neglected and (4.4) is reduced

to (4.1). The relative error in lprog (Alproc /lproc) IS also given by
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Figure 4.6: Simulation results from a pixel circuit with voltage feedback: (a) relative error in the
programming current as a function of the V shift for different gains of the differential amplifier, (b)

relative error in the programming current as a function of the programming current.

Table 4.1 Circuit parameters of Figure 4.3 used for the circuit-level simulations.

Design Parameter Value
Ve (V) 0-25
Voo (V) 20
Cs (pF) 2

W1/L1 (um) 600/23

W2/L2 (um) 100/23

W3/L3 (um) 200/23
R (kQ) 100
lgata (LA) 0-5

Al AV
PROG _ _ AV11 (4.5)
I proG AViy

For smaller currents, the sensitivity to the V1 shift is higher. Therefore, in the design of the external
driver, the minimum gain of the differential amplifier should be selected for the lowest programming

current. For further investigation, pixel circuit in Fig. 4.3 is simulated with the circuit parameters
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listed in Table 4.1. Fig. 4.6 (a) shows the relative error in Iproc as a function of AVy; for different
values of A for Iproc=500 nA. As predicted by (4.5), the sensitivity of the current to Vr shift is
negative, and is smaller for larger gains. Fig. 4.6 (b) shows the relative error in Iprog as a function of
lproc for different values of A for AVr; =3 V. As can be seen, for smaller currents the relative error
increases. Therefore, A should be large enough to limit the maximum error in the entire range of

IPROG-

4.3.1.3 Dynamic Stability

During the transition of the circuit from the programming to the hold mode, the effects of charge
injection and clock feed-through of T2 on the gate-source voltage of T1 (Vgs1) cause error in the hold
current. The amount of error caused by the charge injection depends on Vgs1, and thus, V1. Therefore,
as Vq, shifts over time, the hold current also changes. Simulations show that the induced error is small
compared to the absolute value of Vgs;. Therefore, the error in the OLED current (leror) Can be

estimated by a small-signal analysis as follows:

Lerror = 91 (I prOG )-AVGs1 - (4.6)

Here, AVgs; is the error in Vgs; induced by the charge injection and clock feed-through of T2, and

Om1(lproc) IS the transconductance of T1 for the programming current of Iprog and is given by

1

9. ka(ﬂ)“ _ (4.7)
K

The shift in leror (Alerror) iS approximated by

ol OAV
Al — error AVTl =g l(l PROG) GS1
error 6VT1 m aVTl

AVq;. (4.8)

The next step is to find the dependence of AVgs; 0n V1. AVgs; can be approximated by
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CGSZ (Vselh _VGl _VT2) T Covz (Vselh _Vsell )
Ces1 +Cs Ces1+Cs

AVgs =-p (4.9

The first and the second terms are associated with the charge injection and clock feed-through,
respectively. Vg, is the gate voltage of T1, Cgs; and Cgs;, are the gate-source capacitors of T1 and T2,
V1, is the threshold voltage of T2, C,,, is the gate-drain overlap capacitance of T2, and £ determines
the portion of the charge of T2, released from drain terminal. If the falling rate of the select line
voltage is fast, S is close to 0.5 [70]. Ve and Vg are the voltage of the select line in programming

and hold modes. Vg is given by:

I a
V61 =Ves1 + Relprog =Vr1 + (%OG) +Re Iprog - (4.10)

For a specific Iprog, the charge injection term is a function of Vgs; therefore it changes as Vr shifts.

By substituting (4.10) and (4.9) into (4.8) Aleror IS given by

C
Algrror = gmﬂﬁAle- (4.11)

Equation (4.11) reveals the dependence of Aleyror ON the V1 shift of T1. It can be seen that Algror IS
proportional to the ratio of Cgs, to Cs+Cgsi. Thus, for smaller T2 sizes and larger values of Cs, the
pixel circuit is less sensitive to the V+ shift. Moreover, from (4.11) it is evident that, in contrast to the
effect of the limited gain, Vt-dependent charge injection tends to increase the OLED current. The

relative error is calculated by combining (4.11) and (4.7) such that

1

Al proc ak @ Cos?
=- B AVyy. 412
I proG lfé Cgs1 +Cs ( )
IorbG

To investigate the effect of the Vr-dependent charge injection, the pixel circuit in Fig. 4.3 is
simulated with the circuit parameters in Table 4.1. Fig. 4.7 (a) shows the relative error in the hold

current as a function of AV+; for different sizes of T2 for lprog=1 pA. As predicted by (4.11), the error
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Figure 4.7; Simulated stability of a pixel circuit with voltage feedback: (a) relative error in the hold
current as a function of the V shift for different sizes of T2 switch, (b) relative error in the hold

current as a function of the programming current for different sizes of T2 switch.
in the current increases as AVr; increases, and for larger sizes of T2, sensitivity to V shift is higher.

Fig. 4.7 (b) shows the relative error in the hold current as a function of lpros for AVy=3 V for

different sizes of T2. As predicted by (4.12), the error increases for smaller currents.

For nominal circuit values, the effect of the Vr-dependent charge injection is much larger than the
effect of the limited gain. As a result, the OLED current slightly increases over time as V1 of T1
increases. Such behaviour can be useful for colour AMOLED displays, since pixel circuits can be
designed to compensate for the OLED aging, and the rate of the current increment for different OLED

colours can be designed by changing the size of T2 switch.

4.3.1.4 Instability Due to Shift in OLED Voltage

In the voltage and current-programmed pixel circuits, variations in the 1-V characteristics of the
OLED change the drain-source voltage (Vps) of the drive TFT. This induces error in the OLED
current due to the imperfect saturation characteristic of a-Si TFTs. In the proposed pixel circuits, the

feedback considerably increases the output resistance seen by the drain terminal of the drive TFT. As
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a result, the hold current is not influenced by variations in the I-V characteristics of the OLED. For

the circuit in Fig. 4.3, the output resistance seen from the drain terminal (ro) of T1 is equal to

Tout = R + Tgs + (A+1) g Re s (4.13)
where rgs is the small-signal drain-source resistance of T1. Compared to that of a conventional 2-TFT
pixel circuit, the output resistance is increased by a factor of A.gn.Re. For example, for typical values
of gn=1 nA/V, Rg=100 kQ, and A=1000, the output resistance is 100 times larger than the original rgs.

For the circuit in Fig. 4.4, the impedance, seen by the OLED is equal to

r. = RF +rds + AngFrds

o = (4.14)

For typical rg and gn values, gm.rgs is much smaller than 1, resulting in similar values for (4.13) and

(4.14).

4.3.2 Effect of the Reverse Current of TFTs

When a pixel is selected, the other pixels in the same column are deselected and their switch TFTs
are OFF. However, each OFF TFT has a small reverse current, as shown in Fig. 4.8. Due to the large
number of switch TFTs connected to the feedback line, the total parasitic current of the feedback line
can be considerable. The current of the feedback line affects the programming current of the selected
pixel. If the reverse current of a TFT switch is lorr, then the programming current of the selected
pixel is approximated by

I'proc = \;I_: + [1+F;_SFSJ(N ~Dlore - (4.15)

For simplicity, it is assumed that the gain and the input resistance of the external differential
amplifier are infinite. N is the number of rows, and Rs3 is the ON resistance of T3. The second term in
(4.15) is the error associated with the reverse current and should be smaller than the minimum pixel

current. The value of Iorr principally depends on the fabrication process, TFT size, and the biasing
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Figure 4.8: Circuit model to illustrate the effect of the reverse current of TFTs on the programming

current.

voltage of the switch TFTs, and can be in the range of 0.1 pA to 10 pA [18]. Usually, Rs; is larger
than Rg so that the term (1+Rs3/Rg) in (4.15) is larger than 10. For a QVGA display with N=240,
lorr=1 pA, and Rs3/Re=10, the estimated error in lprog iS close to 2.65 nA. Although in most of
applications, the error level is tolerable, for a very low-power display with very high-efficiency
OLED:s, the error level can be close to the minimum pixel current. To minimize the error, it is crucial

to minimize lorr by properly biasing the TFT switches in the reverse mode.

4.3.3 Mismatch of the Feedback Resistors

Since the pixel current is determined by the feedback resistor, the uniformity of the pixel current

depends on the matching properties of the feedback resistors. Rg is given by R = ptl_ where 1, w,
w

and t are the length, width, and thickness of the resistor, respectively, and p is the resistively of the

material. For n+ amorphous silicon and n+ microcrystalline resistors, p is uniform since the short-
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range order of the material is much smaller than the dimensions of the resistors. As a result, mismatch

of the resistor is determined only by the geometrical parameters, as given by

ARf—A_I_i_M_i_g 4.16
I w t| (4.16)

Ry

The relative variations in the length and width of the resistor, Al/l and Aw/w, are defined by the
accuracy of photolithography, and At/t is determined by the uniformity of the film thickness, which
depends on the deposition conditions. The matching requirements of the resistors depend on the

desired quality of the display and its application. So far, no matching data for n+ resistors are

available from an industry source. However, a uniformity close to that of a-Si TFTs is expected.

4.3.4 Effect of Temperature

As discussed in Section 2.2.3, threshold voltage and mobility of a-Si TFTs change with
temperature. In the proposed driving scheme, the negative feedback significantly reduces the
sensitivity of the OLED current to the variations in TFT parameters, and thus, temperature variations.
However, temperature variations affect the OLED current by several mechanisms. Some of these
mechanisms are the temperature-dependence of R, change in the charge injection of T2, and change

in the reverse current of the switch TFTSs.

4.3.4.1 Variations of Rg

Since lprog directly depends on the value of Rg, any change in Rg by temperature, changes lproc.
Measurement results indicate that temperature coefficient of the fabricated n+ microcrystalline
resistors is close to +0.003/°C. For the pixel circuit of Table 4.1, such a temperature coefficient results
in 17.5% increase in the OLED current over a range of 50 °C for a nominal current of 500 nA.
Although the estimated change is much smaller than that in a conventional 2-TFT or a voltage-
programmed pixel circuit, it remains unacceptable for many applications. The sensitivity of the pixel

circuit to temperature can be improved by using a reference resistor in each column as shown in Fig.
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Figure 4.9: Temperature-independent driving method for pixel circuits with voltage feedback.

4.9. Here, V| is generated by passing the data current (l,y) through a reference n+ microcrystalline

resistor (R £). The programming current of the pixel circuit is expressed as

R !
I'proc =1 _RF : (4-17)
F

Since R and R'¢ have identical temperature coefficients, sensitivity of the OLED current to the

temperature is significantly reduced.

4.3.4.2 Change in the Reverse Current of T2

As discussed in Section 2.2.7, the reverse current of an a-Si TFT switch is small and does not
significantly affect the hold current. However, the reverse current increases at higher temperatures.
Fig. 4.10 shows the measured reverse current of a TFT as a function of the temperature for Vgs=-8 V.
As can be seen, the increase in the reverse current is in excess of 4.6 times for a temperature range of
50 °C. The increase in the reverse current results in a faster discharge of Cs during the hold mode,
leading to degradation of the average hold current. The dependence of the average hold current on the

temperature due to change in the leakage current can be approximated by
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Figure 4.10: TFT reverse current as a function of temperature.
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E%;dgmomoe) aOTFF AT . (4.18)

Alyig =

Here, thog is the hold time, and 2o determines the sensitivity of the reverse current of TFT to
aT

temperature. According to the data in Fig. 4.10, for a 50 °C change in temperature, less than 1% error
in the hold current is estimated for lIproc=500 NA, thg=16.67 ms, and Cs=2 pF. This error is much

smaller than the current variations caused by other mechanisms.

4.3.4.3 Change in Charge Injection of T2

By using the scheme shown in Fig. 4.9, variations of the programming current can be eliminated.
However, the temperature-dependent charge injection has a noticeable effect on the hold current
during the circuit transition from the programming to the hold mode. The mechanism of temperature-
dependent charge injection is similar to the Vt-dependent charge injection. The error induced in the
hold current by the charge injection depends on the V1 of T1 and T2. By increasing the temperature,

V1 and Vr, decreases. A decrease in Vr; directly increases channel charge of T2, and thus, increasing
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the charge injection. A decrease in Vq; increases the channel charge of T2 by reducing Ves;, and thus,

increasing the gate-source voltage of T2. In addition to the change in the threshold voltage, the
change in the mobility of T1 reduces the hold current by increasing the transconductance of T1. A
simplified small-signal analysis similar to that presented in Section 4.3.1.3 summarizes the above

discussion as follows:

1
Cos2 N7y Vo, a['PROG)“

OAV
oSt _ g + + 9 .

oT Ces1+Cs | OT or o1 (4.19)

The expansion of the third term in (4.19) is complicated, since both « and K are functions of the
temperature. However, equation (4.19) predicts that by increasing the temperature, the hold current

decreases.

4.3.5 Power Consumption

The efficiency of the pixel circuits with voltage feedback are less than that of a conventional 2-TFT
circuit due to the power consumption in the feedback resistor. For the pixel circuits of Fig 4.3 and

Fig. 4.4, the power efficiency is mathematically expressed as

_ VOLED _ VOLED (I PROG)

(4.20)

_VDS (I'proc ) +Vorep (I prog ) + Re I eroc .

To increase the efficiency, Rr should be minimized. However, a low value for Rg results in a low
gain for the feedback loop, leading to inaccuracy in the OLED current. Simulation results show that
for Rg values smaller than 100 kQ, the power consumption in Rg is much smaller than that in the

driving TFT.
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Figure 4.11: Simulated pixel efficiency and the maximum voltage of the data line as a function of

supply voltage in the pixel circuit in Fig. 4.3.
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Figure 4.12: Comparison of the relative error when T1 is biased in the triode and saturation regions.

An effective method of increasing the efficiency is to reduce Vps. Due to the feedback in the
system, T1 can be biased in the triode region instead of the saturation region, thus increasing 7
substantially. However, biasing T1 in the triode region causes some problems. First, due to the lower
transconductance of T1 in the triode region, higher driving voltages are required for the external

drivers. Secondly, a reduction in the transconductance of T1 results in a reduction in the DC loop

gain, leading to a higher sensitivity to the Vr shift.
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To study the effect of biasing T1 in the triode region, the circuit in Fig. 4.3 with the circuit

parameters listed in Table 4.1 is simulated with different Vpp values. Fig. 4.11 shows 7 and the
maximum voltage of the data line as a function of Vpp for lprog=500 nNA and lproc=2 UA,
respectively. The efficiency of the pixel increases from 34.5% to 77% as Vpp decreases from 20 V to
9 V. For the same Vpp range, the maximum voltage of the data line for Iproc=2 LA increases from 7.4
V to 17.1 V. Sensitivity of Iprog to 3 V shift in Vry is compared in Fig. 4.12 for Vpp=20 V and Vpp =9
V. As predicted, the sensitivity to the V1 shift is higher for the smaller Vpp. However, for a high loop
gain, the reduction in sensitivity is small. For instance, for A=10 k, the maximum difference in the

relative error is less than 1%.

4.3.6 Settling Time

To evaluate the settling time, the transient response of the circuit in Fig. 4.3 is simulated by
CADENCE SPECTRE. The parameters of the pixel circuit are the same as those listed in Table 4.1.
A behavioural model, with a unity-gain bandwidth of 1 MHz is used as the differential amplifier. The

total parasitic capacitance of the lines (Cp) is approximated by
Cp = NCl (ALWS + A|NT) y (421)

where N is the number of rows, AL is the gate-drain overlap length in the switching TFTs, Ws is the
width of the switch TFT, and Ayt is the total overlap area between the column and the row lines. For
example, in a typical 2-inch QVGA display with N=200, Ci=20nF/cm?, AL=4pm, Ws=50pum, and
Anr=100 um?, an 8-pF parasitic capacitance is expected. However, considering the wider current
range and the larger size of the prototype pixels, the parasitic capacitance of the data and feedback

lines are set to 40 pF to avoid an optimistic estimation of the settling time.

Fig. 4.13 shows the 5%-settling time of Ipros as a function of the programming current for different

values of A. It is observed that the settling time increases for both low and high programming
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Figure 4.13: Simulated 5% settling time in the pixel circuit of Fig. 4.3 as a function of the

programming current for different gains of the differential amplifier.

currents. Moreover, at lower programming currents, a larger A results in a shorter settling time, while

at higher currents a larger A leads to a longer settling time.

4.3.6.1 Small-Signal Analysis

To investigate the effect of circuit parameters on the settling time, the circuit in Fig. 4.3 is
analyzed. Fig. 4.14 shows the small-signal model of the circuit in Fig. 4.3. T1 is modelled by a gate-
source capacitor (Cg) and a transconductance (gn). T2 and T3 are modelled by Rs, and Rs; resistors,
respectively. The parasitic capacitance of the feedback line is modeled by Cpr. The effect of the
parasitic capacitance of the data line is taken into account by the transfer function of the differential

amplifier, (Aqp(S)). Aop(S) is estimated by a single-pole transfer function, expressed as

97
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Figure 4.14: Small-signal model of the pixel in Fig. 4.3 in the programming mode.

A
Agp (5) = :
P LS (4.22)

@p

where @, is the -3 dB bandwidth of the differential amplifier. Table 4.2 lists a set of small-signal

values which are derived from the circuit parameters in Table 4.1, based on the TFT model presented

in the literature [18].

Considering the current of T1 as the output and V,y as the input signals, a series-series feedback
configuration can be distinguished. The loop gain of the feedback network is the product of the open-

loop, (A.) and the feedback (/) transfer functions. gis defined and calculated as follows:

\Y R
B(s)=—F—= = 4.23
loros 1+ (Re + R )Cprs (4.23)
and A_ is calculated by
(4.24)
AL(S):Aop(S) (gm +(Cs +Cgs)sllJr(RF + Rs3)CPFs]

1+gnRe +[(R52 + RF)(CS +Cgs)Jr(RF + Rs3)CFP +ReRs39,Cpr ]5+[R52(RF + R53)(C5 +CgskFP +ReRg3Chpr (Cs +Cgs)]52

The overall loop gain, (L(s)) is then given by:
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(4.25)

[l+ Ym sj
L(s) = PoRe (Cs + )

1+-5 1+9nRe +[(Rs2 +Re )(Cs +Cgs)+(RF +Rg3)Coe +ReRy3ImCrr 15 +[Rs2 (R + Rs3)(cs +CgskFP +ReRs3Crr (Cs +‘3gsh52
®
P

where L(s) has a zero at

Om
Ip =—7<— o 4.26
P (CS +Cgs) ( )

a real pole at @, and two real poles associated with the second-order polynomial. Based on the

extracted small-signal values in Table 4.2, It is assumed that Re<<Ry;, Rs3, (CgstCs) <<Cgp, and

OmRe<<1. Therefore, the roots of the polynomial are approximated as follows:

1
@pp == RCor (4.27)
A S 4.28
P2 Rsz(cgs +CS) . ( ' )
The loop gain at DC (Lpc) is approximately equal to
Loc =RrAoOn - (4.29)

Fig. 4.15 illustrates the Root-Locus of the circuit in Fig. 4.14. As can be seen, the transient

response of the circuit is mainly affected by the dominant poles (e, @p1), and Lpc.

From the analysis, the long settling times of the low and high currents can be explained. At low
currents, gm is small, leading to a small Lo. As a result, the feedback system is over-damped, and the
settling of Iprog is slow. In the same way, at high programming currents, L, is large, and the system is

under-damped. Therefore, high overshoot in Iproc increases the settling time.
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Table 4.2: Small-signal parameters for the circuit of Fig. 4.3.

Design Parameter Value

10N 100 rad/s
Om 0.5 pAlV
CGS 2 pF
Cep 40pF
RsZ 1.1 MQ
RSS 1.1 MQ
Rr 100 kQ
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Figure 4.15: Root-Locus of the circuit shown in Fig. 4.14.

Since ay is a dominant pole, it is preferred to be pushed to the highest possible frequency. For this
purpose, Cpr and Rsz need to be minimized. However, to reduce Cpr, the width of T3 must to be
reduced, which directly increases Rss, accordingly. If At in (4.21) is large, then by increasing the
width of T3 it is possible to reduce m,;. However, the maximum size of T3 is limited by the area and

aperture ratio of the pixel.
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Figure 4.16: Small-signal model for noise analysis of the pixel circuit in Fig. 4.3.

Simulation results show that increasing @, up to 100 krad/s cause large overshoots in the OLED
current or even instability. For higher «, values, the system becomes stable and the programming
time considerably decreases from the order of hundreds of microseconds to the order of few tens of
microseconds. However, the power consumption in such a high-bandwidth amplifier exceeds the

power consumption specifications of display systems.

4.3.7 Noise Analysis

As mentioned in Section 2.2.10, flicker and thermal noise is not a considerable issue in many a-Si
TFT AMOLED npixel circuits, such as the 2-TFT pixel. In the presented voltage feedback driving
scheme, however, it is important to investigate the noise performance of the system due to the number
of circuit components, and the extended bandwidth of the system. The noise in the circuit is analyzed
as described in Section 2.2.10. Based on the small-signal noise model in Fig. 4.16, the transfer
functions of the noise sources, and thus, the frequency response of the noise of the OLED are
calculated. The small-signal values listed in Table 4.2 are used for the numerical calculations. Then,
after the noise sources are replaced by their estimated measured physical models, the total noise
power is calculated. Although the results might not be in a perfect match with the real measurements,
they provide an estimate of the noise which is essential to evaluate the performance of the proposed

driving scheme.
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The transfer functions for the noise sources are as follows:
inoLED wPAO[l"' SCpe (rss + Re )]

Hyy = o = DEN(s) ImHo (5) (4.31)

_notep _ Re [prO +(1+a’prs3CPF )5 + rsschsz]

Ave=5 " DEN(S) InHo (5) (4.32
inoen rss[wp/\) +RpCpeW,s+ RFchsz]
Hys = v DENGS) InHo () (4.33)
_ inOLED _ r52(5+wpxl+(rss + rsZ)CPFS)
e DEN(S) Intlo(® (4.34)
_lnotep _ (S‘L pr1+(r53 + 155 )CprS)
e DEN(S) "o (4.35)
where DEN(s) and Ho(S) are defined as:
i r 1
H.= n(-)LED — ds . 436
° I, Fas + Totep 1+ (Cgs +Colep ) (s [ Toren)S ( )
(4.25)

DEN(S) =@, L+ gRe + AgOnRe )+ 1+ 9nRe +@,Cpr (Re + g + G Re T )+ @,Cqs (Re + 1o + Re Ay )

+ [CPF (Re + g + RelgOpm )+ Cs (RE + 1z )+ @, CppCys (Rp T + R T + r32r33)]s2 +CppCys(ReTes + RETgp + Mol )s° .

Here, v, in is the input-referred noise of the opamp, I, « is the current noise of the feedback resistor,
Ih_ar is the current noise of T1, and i, > and iy s are the noise currents associated with T2 and T3
switches respectively. lastly, i, r» and i, 3 are the noise currents of T2 and T3 switches. The flicker
noise component of the switches is negligible because in the steady-state condition, their drain-source
voltages are zero. in r is 4KT/Re. in_gry has both flicker and thermal components as presented in Section
2.2.10. v, jn strongly depends on the op-amp design and fabrication technology. To estimate vy i, a
two-stage OTA is designed in a 20-V 0.8mm double-extended CMOS technology. Its input-referred

noise voltage spectra is obtained by the SPECTRE noise simulation. The input stage of the OTA has
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Figure 4.17: Simulated input-referred noise power in a typical op-amp implemented in a 20-V
CMOS technology
pmos transistors with W/L of 160um/4um and a bias current of 100 pA. The detail of the OTA design
is found in Appendix A. Fig. 4.17 shows the simulated v, i,. The noise power of the OLED current is
simulated for different programming currents based on the described noise model. Fig. 4.18 shows the
RMS noise current of the OLED for different programming currents. The peak in the noise current
between 1 pA and 2 pA is due to an associated peak in the noise transfer functions at this current
range. Fig. 4.19 illustrates the contribution of the noise sources to the OLED current for OLED
currents of 0.5 pA and 2 pA. As can be seen, the contribution of vy, i, is the highest. i, s and I,  have
the second and the third highest contributions, respectively, whereas the effects of I, 4 and i, . are
negligible. From the simulations, it can be seen that the total contribution of the op-amp and TFT
noise is not considerable. The maximum ratio of the RMS noise to the OLED current level is less than

0.5%, which is also negligible.
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Figure 4.18: Calculated RMS noise current of the OLED for different programming currents.
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Figure 4.19: Contribution of the noise sources (a) lproc= 0.5 pA, (b) lproc= 2 HA.

4.4 Measurement Results

Prototypes of the pixel circuits are fabricated in a tri-layer in-house TFT process. The TFT process
steps are described in [18]. The typical values of the device mobility, threshold voltage, and ON/OFF
ratio were ~0.9-1.0 cm?/Vs, 2-3 V, and 10°-10°, respectively. TFT contact layer is microcrystalline n+

and the resistors are fabricated with the same layer, thus, no additional mask or process steps are
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Figure 4 .20: Sketch of the cross-section of a TFT, n+ resistor, and a capacitor in the tri-layer wet-

etched process provided by the G2N lab at the University of Waterloo.
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Figure 4.21: Micrograph of two fabricated pixel circuits.

required. The storage capacitors are fabricated by the gate and contact metals. The schematic cross

sections of a TFT, a resistor, and a capacitor are shown in Fig. 4.20.

Generally, the pixel parameters such as the size of the TFTs are determined by the display

parameters such as luminance, size, resolution, and the process characteristics such as the efficiency

of the OLED, and the mobility of the TFTs. However, to achieve a sufficient yield, the fabricated

prototype has larger TFT sizes than those in an industrial process. The circuit parameters for two

different fabrication runs are listed in Tables 4.3 and 4.4.
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Table 4.3: Design parameters for the fabricated AMOLED pixels, set I.

Design Parameter Value
Vel (V) 0-25
vdd (V) 20
Cs (pF) 10

W1/L1 (um) 800/23

W2/L2 (um) 200/23

W3/L3 (um) 600/23
Re (kQ) 50
lgaa (WA) 0-15

Table 4.4: Design parameters for the fabricated AMOLED pixels, set Il.

Design Parameter Value
Ve (V) 0-25
vdd (V) 15
Cs (pF) 2
W1/L1 (um) 400/23
W2/L2 (um) 50, 100, 200, 300/23
W3/L3 (um) 200/23
Re kQ 100
ldata (MA) 0-5

Fig. 4.21 is a photo micrograph of two fabricated pixel circuits. The pixel circuits are diced and
packaged in 24-pin DIP ceramic packages. To provide the pixel circuits with the required signals, a
general-purpose PCB board is used. For dynamic and settling time tests, discrete capacitors are used

to emulate the effect of the data and feedback parasitic capacitors. A commercial monolithic FET-
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Figure 4.22: Simplified diagram of the test setup used for the transient measurements.

input Op-Amp (ANG604) is used as the external driver due to its low input bias current. A 100 kQ
external resistor is used to measure the programming and hold currents. The voltage across the
resistor is captured by a digital oscilloscope with 8-bit resolution. Fig. 4.22 shows a simplified

diagram of the test setup.

4.4.1 General Operation

Fig. 4.23 shows the measured programming current as a function of V,y, for a supply voltage of 20
V for the pixel circuit of Table 4.3. In this test, the select line remains high, and the current is
measured by a Kiethley 236 source-meter unit (SMU), due to its high accuracy. As predicted by (4.1),
the lpros - Vi curve is highly linear, and has a slope of 1/51.4kQ2, which is very close to the measured
conductance of Rg. Fig. 4.24 shows the measured transient waveforms of the current of T1 and the
select line for various pixel circuits and programming currents. The hold current is smaller than the

programming current due to the effect of charge injection and clock feedthrough of T2.
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Figure 4.23: Measured 1/0 characteristics of a fabricated the pixel circuit with resistive feedback.
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Figure 4.24: Measured transient response of the resistive-feedback pixel circuit.

4.4.2 Stability

To investigate the stability of the proposed driving scheme, lifetime tests for different pixel circuits

are conducted. A set of lifetime tests are done for a pixel circuit with parameters listed in Table 4.3.
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Figure 4.26: 1-V characteristic of T1 before and after stress.

The pixel circuit is driven by a 14.5uA current pulse with a programming time of 250us and a hold
time of 2 ms for 120 hours at room temperature. Fig. 4.25 shows the programming and the hold
currents as a function of the stress time. As can be seen, variations in the currents are not significant.
The small fluctuations in the current are caused by the limited accuracy of the measurement
equipment and the noise of the system. The I-V characteristic of the driving TFT (T1) is measured
before and after the stress as shown in Fig. 4.26. Measurement results show that although the
threshold voltage of T1 is shifted more than 1.3 V, the pixel current is stable. The measurement of R

before and after stress shows no change in the value of this resistor.
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Figure 4.27: Measured hold current of a pixel circuit as a function of the stress time.

An extended lifetime test for the same pixel circuit is performed for a stress time of 2700 hours at
room temperature. Fig. 4.27 shows the measured pixel current and gate voltage of the drive TFT as a
function of the stress time. The current at the hold mode is close to 9 pA. The measurement results
reveal that the pixel current is nearly independent of the V shift of the TFTs; the variations of the
pixel current are less than 3.5% over 2700 hours and primarily are caused by variations of the

temperature. The threshold voltage of T1 has a shift in excess of 4.5V.

To investigate the dynamic stability, pixel circuits with different sizes of T2 are fabricated and the
change in their hold current as a function of V+ shift in T1 is measured. To reduce the measurement
times, V shift is accelerated by stressing T1 with a 30-V voltage gate-source. Between the stress
cycles, the hold current of the pixel circuits are measured. The circuit parameters of the pixel circuits
are listed in Table 4.4. Compared with the circuit parameters listed in Table 4.3, these circuits are
smaller, and thus, closer to the circuit sizes of real pixels. In particular, the size of Cs is much smaller.

As a result, based on (4.11), a higher sensitivity to the Vt shift is expected.
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Figure 4.28: Measured relative error in hold current as a function of V¢ shift in T1 for different sizes

of T2 for: (a) lpros= 2 HA, (b), Iproc=4 pA in fabricated pixel circuit A.
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Figure 4.29: Measured relative error in hold current as a function of V¢ shift in T1 for different sizes

of T2 for: (a) lprog= 2 LA, (b), Iproc= 4 pA in fabricated pixel circuit B.

Fig. 4.28 and Fig 4.29 shows the relative error in the hold current as a function of the V+ shift for
the programming currents of 2 pA and 4 pA for two pixel circuits (A and B) with different sizes of
T2. As predicted by the analysis, the hold current increases as V+ shifts. For larger sizes of T2, the
increase in the hold current is more. Furthermore, the relative error is larger for smaller programming

currents, as predicted by (4.13). Table 4.5 summarizes the error rates of the current per V+ shift for

different switch sizes for both data sets.
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Table 4.5: Summary of the error rates of the hold current versus V+ shift for different switch sizes for

the tested pixel circuits.

Sensitivity of Relative Error to V1 Shift of T1

Pixel A Pixel A Pixel B Pixel B

lproc=2 pA lproc=4 HA Iproc=2 HA Iproc=4 HA
W/L=50/23 um 1.1 %/V 0.6 %/V - -
W/L=100/23 um | 3.1 % 1.8 %/V 2.5 %/V 1.8 %/V
W/L=200/23 um | 6.2 %/V 3.2 %/V 4.1 %/V 2.9 %/V
W/L=300/23 um | - - 6.7 %/V 4.5 %/V

Sensitivity of the hold current to the V1 shift is much smaller in the pixel circuits with feedback
than that is a 2-TFT circuit. For instant, for 2.5-V V7 shift in a feedback circuit with T2=100/23 and a
programming current of 2 pA, the relative error is less than 7% while for a 2-TFT pixel circuit, the

relative error is in excess of 95 %.

4.4.3 Effect of Temperature

Sensitivity of programming and hold currents to temperature is measured. To discover the effect of
temperature on the programming current, the temperature-sensitivity of the pixel current is measured
for two cases: In the first test, Vy is a constant voltage. In the second test, the temperature-
independent circuit in Fig 4.9 is used. Fig 4.30 shows the measured relative current as a function of
the temperature for a nominal current of 5.2pA. In the first experiment, the change in current is close
to 14% for a range of 60 °C. By using the temperature-independent circuit, the error in the current is

reduced to less than the sensitivity of the measured setup.
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The sensitivity of the hold current to the temperature is measured for different sizes of T2. The
pixel circuit in Table 4.4 is used for the tests. Fig 4.31 (a) and (b) show the relative current as a
function of the temperature for the programming currents of 1 uA and 2 pA. As predicted in Section
4.3.4, by increasing the temperature, the hold current decreases, and the error rate is higher for the
larger sizes of T2. The relative change in the hold current is larger for smaller currents. For the 1-uA
current, the changes in the hold current over a temperature range between 25 °C to 75 °C are 25%,
33%, and 60% for W/L sizes of T2 equal to 50um/23um, 100um/23um, and 300um/23pm,
respectively. For the 2-pA current, the changes are 9%, 15%, and 20% for the same WI/L sizes and
temperature ranges. From the measurement results, it can be seen that the sensitivity of the hold
current to the temperature is considerable, particularity for the large sizes of T2 and smaller currents.
Therefore, the size of T2 must be as small as possible. A lookup-table-based temperature

compensation system is required for some applications.
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Figure 4.31: Measured relative error in the hold current as a function of temperature for:

(@) leroc=1 pPA, (b) lproc=2 PA.

4.4.4 Settling Time

Fig 4.32 shows the measured 5%-settling time of the pixel circuit whose parameters are listed
Table 4.5 as a function of the programming current for 50 pF, and 100 pF parasitic capacitances. For
currents smaller than 4 pA, no overshoot was observed. For Cpr smaller than 1 nF, the programming
current was stable whereas for larger Cpr, instability in the programming current is observed. The
tendency of the circuits to operate in the over-damped mode is more than the tendency predicted by
the simulation results. This can be explained by the considerable difference between the TFT device
model used for the simulations and the parameters of the fabricated TFT. The effective mobility of
the fabricated TFTs is three times large than that in the model. Moreover, the conductance of the n+
microcrystalline contacts is improved by a factor of ten in the fabricated TFTs. As a result, the poles

associated to T2 and T3 are shifted toward higher values, increasing the stability.

It is important to note that although the settling time in the proposed AMOLED pixel circuits with
voltage feedback are much faster than the CPPCs with similar TFT and capacitor sizes, the

programming times are still large and might not fulfill the requirements for high-resolution displays.
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Figure 4.32: Measured settling time of a pixel circuit with voltage feedback as a function of the

programming current for different line capacitances.

4.5 Conclusion

A new scheme of driving AMOLED displays with a-Si TFTs is presented based on feedback. By
sending a feedback voltage from each pixel to a column driver during the programming cycle, the
driving scheme can compensate for V+ shift and other variations of a-Si TFTs. Measurement results
demonstrate that the OLED current is highly stable. The only noticeable source of instability is V-
dependent charge injection of the TFT switched which results in a rise in the hold current. This effect
can be reduced by choosing TFT switches with small sizes. Both analysis and measurements results
demonstrate a current-dependent settling behavior. For small programming currents, the settling times
are larger due to lower loopgain of the system. The settling time is also affected by a time constant
associated with the resistance of the feedback switch and the parasitic capacitance of the feedback
line. Due to sensitivity of the settling time to parasitic capacitance of the feedback line, voltage

driving is not fast enough for high-resolution, large-area displays.
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As discussed in Chapter 4, negative feedback can be used to effectively reduce the sensitivity of the
OLED current to the Vr shift of TFTs, the shift in the OLED voltage, and temperature variations.
However, AMOLED pixels with voltage feedback require a current-to-voltage converter element in
the current path of the OLED. In the circuits presented in Chapter 4, the n+ resistor acts as the
current-to-voltage converter. Although the n+ resistors demonstrate high stability, the uniformity of
the current is limited by their matching properties. Another disadvantage of the proposed circuits is
the slow settling times at low programming currents. The slow settling mainly stems from the delay
in the feedback line associated with its large parasitic capacitance and the large resistance of the

feedback switch.

In this chapter, a driving scheme based on current feedback is introduced. Since the feedback signal
is current, there is no need for a current-to-voltage converter; thus, better uniformity is expected.
Moreover, by using a transresistance amplifier as the external column driver with an accelerating

pulse at low programming currents, a fast current settling is achieved.

5.1 AMOLED Pixel Circuits with Current Feedback

Fig. 5.1 shows a schematic of the implementation of a pixel circuit with current feedback and the
external column driver [88]. It comprises a pixel circuit, a column driver, and the associated
controlling signals. The pixel circuit consists of a drive TFT (T1), three switch TFTs (T2-T4), a
storage capacitor (Cs), and an OLED. The external column driver is a single-ended operational
transresistance amplifier (OTRA). Luminance data is provided by a current source (Ipata). Ipata Can

be a current-steering digital to analog converter, or a voltage-to-current converter circuit.

116
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Figure 5.1: AMOLED pixel circuit with current feedback and the external column driver.

The pixel circuit has two modes of operation: programming and hold. During the programming
mode, select 1 is high and select 2 is low, turning T2 and T3 on and T4 off. Consequently, the gate
and the source terminals of T1 are connected to the output and input terminals of the OTRA through
the data and feedback lines. Due to the inherent negative feedback in the circuit, the OTRA adjusts
the gate voltage of T1 to minimize the difference between the current through T1 with the data
current. If the transresistance of the OTRA is high, the current through T1 becomes approximately
equal to Ipata. In the hold mode, select 1 is low and select 2 is high, disconnecting T1 from the
OTRA. Consequently, a current close to Ipara starts flowing into the OLED since the gate-source
voltage of T1 is stored in Cs. Vpp must be high enough to keep T1 in the saturation region in both the
programming and hold modes. The pixel circuit compensates for the V1 shift in T1 as long as the gate

voltage of T1 does not exceed the swing of the OTRA, and T2 can be turned on properly by select 1.

Fig. 5.2 and Fig. 5.3 show two possible alternatives with common-cathode OLED [89]. The pixel

circuit in Fig. 5.2 has only three TFTs, and one select line. In this circuit, the voltage of the feedback
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Figure 5.3: 4-TFT pixel circuit with current feedback with common-cathode OLED.
line (V) is selected low enough to retain the OLED in the reverse bias during the programming

mode. To satisfy this condition, the upper limit of Vg must be

Vg <Vorep — Rpss !l pmax (5.1)

where Ipuax is the maximum programming current, Rpss is the ON resistance of T3, and Vo_ep 0N is

the ON voltage of the OLED.



Table 5.1: Circuit parameters used for circuit-level simulations.
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Design Parameter Value
Cs (pF) 4
W1/L1 (um) 600/23
W2/L2 (um) 50/23, 100/23, 200/23
W3/L3 (um) 600/23
WA4/L4 (um) 600/23
Ipata (LA) 0-2
Select 1,2 voltage (V) 0-20

Although the circuit in Fig. 5.2 has fewer TFTs and a lower power consumption, it has a slower

settling, which is discussed in more details in Section 5.2.5.

5.2 Analysis of the Performance

In the following sections, a comprehensive study of the performance of the driving scheme is
conducted. The arrangement of the analysis is similar to the study of the voltage feedback driving,

presented in Section 4.3.

5.2.1 Analysis of the Stability

The primary causes of instability in the pixel circuits with current feedback are similar to those in
the circuits with voltage feedback, including the limited feedback loop gain, the Vr-dependent charge

injection, and the change in the 1-V of the OLED.

5.2.1.1 Static Stability
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Figure 5.4: Error in the programming current as a function of V1 shift in T1 for the 4-TFT pixel circuit
shown in Fig. 5.1.

For an ideal OTRA with an infinite transresistance, the current through T1 during the programming
mode (lprog) is equal to Ipata. However, due to the limited transresistance of the OTRA, lproc
depends slightly on the threshold voltage of T1 (V11). Assuming that the input resistance of the OTRA

is zero, Iprog is calculated by

KRZ 1 pata — KRy V11 +1—J1— 2KV Ry, +2KRE I pata

| = , 5.2
PROG KR,%A ( )
where Ry is the transresistance of the OTRA. For a high Ry, lproc IS approximately equal to
V.
I'proc = Ipata _R_Tl- (5.3)
M

If Ry is very large, V11/Ry is much smaller than Ipara and the effect of V1, can be neglected. For
instance, for a minimum programming current of 100 nA and a V+ shift of 5 V, Ry should be larger

than 5 GQ to achieve less than 1% error in lprog. FoOr further investigation, the 4-TFT pixel circuit in
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Fig. 5.1 is simulated with the design values listed in Table 5.1. Fig. 5.4 shows the relative error in

Iproc @s a function of AV, for different values of Ry for lproc=1 pA. For Ry=10 GQ, the error in

Iprog IS less than 0.1% which is negligible.

5.2.1.2 Dynamic Stability

The effect of the V-dependent charge injection of T2 on the OLED current is similar to that in the
voltage feedback circuits. Based on the same approach, the change in the current induced by the shift

in the threshold voltage in the drive TFT (AV+;) is estimated by

C
Al =g p—=652 Ay
error = 9/ Coq +Cs T (5.4

Since Algror IS positive, an increase in the hold current is expected as Vr; shifts over time. In the 3-
TFT pixel circuit, in addition to the error induced by the Vr shift, the shift in the OLED voltage
induces an error to the Vgs of T1 (Vgs1) through its gate-drain overlap capacitor. The associated

change in Vgs; (AVes) is approximated by the following:

AVoer = — CovtVorep —Ve — lotepRoss)
ot Ces1 +Cs

(5.5)

Cow is the overlap capacitor between the gate and drain of T1. The associated error in the hold current

is given by

Cc
Algror = =G ;\AAVOLED : (5.6)

Ces1+Cs
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Figure 5.5: Relative error in the hold current in the circuit of Fig. 5.1 as a function of AVy, for
different sizes of T2.
Equation (5.6) predicts that in contrast to the effect of the V+ shift, the shift in the OLED voltage
reduces the hold current. To investigate the effect of the Vt-dependent charge injection, the 4-TFT

and 3-TFT circuits shown in Fig. 5.1 and 5.2 are simulated with the circuit parameters listed in Table

5.1.

Fig. 5.5 shows the relative error in the hold current in the 4-TFT circuit as a function of AV+; for
different sizes of T2 for Iproc=1 pA. As predicted by (5.4), the error increases as AVy; increases, and
for the larger sizes of T2, the sensitivity to the V+ shift is higher. Simulation of the 3-TFT circuit
shows similar results. The effect of shift in the OLED voltage on the hold current is also simulated for
the 3-TFT circuit. The relative error in the hold current as a function of AVg_gp is shown in Fig 5.6 for
different overlap sizes of T1. As predicted by (5.6), the larger overlap sizes result in a higher

sensitivity of the hold current to AVe,ep.
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Figure 5.6: Relative error in the hold current as a function of AV gp for different TFT overlap

sizes.

5.2.1.3 Instability Due to Change in Vps of T1

In the presented pixel circuits, the drain-source voltage of T1 changes during the transition from the
programming to the hold mode. Due to the imperfect saturation characteristics of T1, the change in
Vps1 (AVps:1) causes error in the hold current. AVps; depends on the OLED voltage in the 3-TFT and
the OLED voltage and the ON resistance of T4 in the 4-TFT circuits. Therefore, as the voltage OLED
and the Vt of T4 shifts over time, AVps1, and thus, the hold current decreases. The error induced in
the OLED current by the change in AVps; depends on the circuit, and can be estimated by a small-
signal analysis similar to that presented in Chapter 4. For the 4-TFT circuit, AVps; during the

transition from the programming to mode the hold mode is given by

AVps; =Vps (hold) =V (porgram) =Vg + I o ep (Rpss — Rosa )~ Vorep (5.7)
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where Rpsz and Rps, are the ON resistance of T3 and T4, respectively. Assuming that Rpss iS

approximately equal to 1/[K4(Vess-V14)], the error induced by the variations of V4 (AV1,) in the hold

current is expressed as:

1 0AVpg loLep 1
Al == DS AV = — AV. 5.8
error = oV, VT4 1 K, (VG4 _VT4)2 T4 (5.8)

where rqq is the small-signal drain-source resistance of T1. To reduce the sensitivity of the hold
current to AVy4 the overdrive voltage of T4, (Vess-Vrs) should be large. Simulation results show that
for Vg4-V14 equal to 25, the relative error is less than 0.1% for Iproc=100nA, and is negligible. In the
3-TFT circuit, the shift in the OLED voltage (AVoLep) changes AVps; since the OLED is out of the

circuit during the programming mode. In this circuit, Aleyor IS given by:

1 OAV AV
Al _ DSL AV, g = ——QLED

error —

(5.9)

les1 NVoLep Fas1
Due to the large size of rq the associated Al iS much smaller than the errors that were studied in

Section 5.2.1.2.

5.2.2 Effect of Reverse Current of TFTs

Similar to the pixels with voltage feedback, the reverse currents of the feedback switches in the
pixel circuits in the same column cause an error in the programming current of the selected pixel. If
the reverse current of each feedback switch is lorr, then the programming current of the selected pixel

is approximated by

I'oroc = I pata +(N _1)IOFF (5.10)

where N is the number of display rows. Compared to the pixel circuits with voltage feedback, it is

observed that the error in the current feedback driving scheme is (1+Rs3/Rg) times smaller.
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5.2.3 Effect of Temperature

Due to the negative feedback of the system, the programming current in the presented pixel circuits
are almost independent of the temperature. However, the temperature-dependent charge injection of
T2 causes temperature-dependent variations in the hold current. Similar to the circuits with voltage
feedback, any increase in the temperature decreases the Vr of T1 and T2, increasing the channel
charge of T2. As a result, the charge injected by T2 at the end of the programming mode increases,

therefore, the hold current decreases.

In the 3-TFT pixel circuit, the OLED voltage also decreases, when the temperature increases. A
reduction in the OLED voltage results in an increase in the hold current through T1 overlap capacitor
as described in Section 5.2.1.2. Therefore, in this circuits change in V1, and Vr, and change in Vo ep
with temperature has opposite effects on the current and the overall change in the OLED current is

determined by the temperature-dependent characteristics of the OLED and TFTs.

5.2.4 Power Consumption

The power efficiencies in the 4-TFT and 3-TFT pixel circuits are given by (5.11) and (5.12)

respectively:

ne(1) = Voteo _ VoLeb (Iproc) (5.11)

Voo Vbsi(lpros) +Voren (Ipros) + Ros4lproc

\ Vorep (Iproc)
no(1) = YOLED _ oLep (Ipr . 512
Voo Vpsi(lpros) +Voreo (Ieroc) (5.12)

Due to the series resistance of T4, the 4-TFT pixel circuit requires a higher supply voltage,
lowering the power efficiency. Unlike the pixel circuits with voltage feedback, it is not possible to
decrease the power consumption by biasing T1 in the triode region. The reason is that the terminal
voltages of T1 change from the programming to the hold mode in the current feedback circuits.

Therefore, Vps of T1 is different in the programming and the hold modes. As a result, if T1 is biased
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in the triode region, the hold current of the pixel circuit cannot be predicted accurately since it highly

depends on Vpp, VoLep, and the ON resistance of T4.

5.2.5 Settling Time

The effect of parasitic capacitance of the data and feedback lines (Cpp and Cpg) 0n the settling time
is suppressed by using an OTRA as the external column driver. Due to the low input and output
impedance of the OTRA, the time constants, associated with Cpp and Cpr are small. However, the
limited bandwidth of the OTRA, the high ON resistance of the TFT switches, and the size of Cs,
affects the settling time. More importantly, the wide range of the loop gain for the entire range of the
OLED current results in a varied settling behaviour. In the 3-TFT pixel circuit, large parasitic

capacitance of the OLED (Co.ep) also has a negative role in the settling time.

5.2.5.1 Small-Signal Analysis

To investigate the effect of the parasitic capacitances and the circuit parameters on the settling
time, a small-signal analysis of the circuit is performed. The simple small-signal equivalent circuits of
the pixel circuits in Fig. 5.1 and 5.2 in the programming mode are shown in Fig. 5.7 (a) and Fig 5.7

(b), respectively.

T1 is modelled by cg4 and gnm. Rs; and Rss are the ON resistances of T2 and T3, respectively. OTRA
is modelled by an input resistance (ri,) and a current-controlled voltage source with a transresistance

equal to

R
Ry (s) —__MO

1+—
@p

(5.13)

Here, Ry is the DC transresistance and «, is the dominant pole of the OTRA. Simulations show
that the effect of the second pole of the OTRA associated with Cpp is small compared with the effect

of the other poles, and is neglected in the analysis. For the 3-TFT pixel circuit, the OLED in the
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Figure 5.7: Small-signal equivalent circuits for: (a) circuit in Fig. 5.1, (b) circuit in Fig.

5.2.

reversed bias is modeled by Co ep. Both of the circuits have a shunt-series feedback. The open-loop

transfer function of the circuit, A.(s), for the 4-TFT circuit is:

A(s)=— . Ruo_ n + (05 +Cs .
1+1,Cpes 1, S 1+Rg,0, +(Rs, + RS3)(Cgs +Cs)5 (5.14)
®

p

AL (s) has three poles and a zero equal to

Im

Ly =———
Y7 (Cgs +Cs)

, (5.15)

Py = —@p, (5.16)
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1
finCep

P, =- (5.17)

_ 1+Rs30n .
(Rsz + RSS)(Cgs + Cs)

ps = (5.18)

Despite the large size of Cpr, p, is much larger than other poles thanks to the small value of r;,. As
a result, the closed-loop settling behaviour of the circuit is mainly affected by a,, ps, and z.
Generally, @, is the dominant pole of the system. The effect of p; on settling can be suppressed by
reducing the size of Cs, and decreasing Rs,, and Rsz by increasing the size of T2 and T3. However,
based on (5.4), reducing Cs increases the sensitivity of the current to the V shift. In addition, the
maximum sizes of T2 and T3 are limited by the available pixel area. The DC loop gain of the circuit

(Apc) is equal to

Apc = (5.19)

Due to the large current range of the programming current, the variations of gy, are large. Therefore,
the range of the Apc is large, resulting in different settling behaviours in the OLED current range. In
particular, for low programming currents, the circuit might be over-damped, resulting in a slow

settling.
The 3-TFT pixel circuit has a more complicated open-loop transfer function that is expressed as

1+ Rs5ColepS )
1+ (Rs3Corep + MnCor + inCoren )5 + i RssCpr CoLenS’
Ruo On + S(Cgs +Cs) : (5.20)
1+ 5 1+9,Rs+ ((Rsz + RSS)(Cgs +Cs )+ Rs3Colep )3 +Rs2Rs3Colep (Cgs +Cs )32

@y

A(s)=
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Figure 5.8: 5-% settling time as a function of the programming current for different values of Ry, for: (a)
4-TFT circuit, (b) 3-TFT circuit.

Assuming that Co_ep is much larger than (Cs+cg) and riy is very small, the first term in (5.20) has a
doublet close to -1/Rs3CoLep and another pole close to -1/ri,Cpg. The third term in (5.20) has a zero at
-0m/(CstCys), and two poles close to -1/RssCorep and -1/Rsx(Cs+Cys). Compared to the 4-TFT, the 3-
TFT circuit has an extra pole and a doublet close to -1/Rs3CoLep. Due to the large size of Coep and

Rss, these poles and zeros are large and result in a slower settling.

5.2.5.2 Evaluation and Enhancement of the Settling

The transient responses of the 4-TFT and 3-TFT circuits are simulated by CADENCE SPECTRE.
The parameters of the pixel circuit are the same as those listed in Table 5.1. A behavioural model
with @,=100 rad/s and ri,=0 is used for the OTRA. Fig 5.8 (a) and (b) show the simulated settling
time as a function of the programming current for different values of Ry. It can be seen that the
settling time in the 3-TFT circuit is considerably larger at higher currents. For a specific value of Ry,
the minimum settling time is also longer in the 3-TFT pixel circuit. Compared to the pixels with
voltage feedback, the settling time of the pixels with current feedback is smaller than that in the pixel

circuits with voltage feedback.
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Figure 5.10: Simplified non-linear model used to calculate the optimum amplitude of the accelerating

To improve the programming speed at low currents, in particular in the 4-TFT pixel circuit, an
accelerating current pulse is added to the beginning of the programming current, as illustrated in Fig
5.9 [90]. The accelerating current pulse precharges Cs and increases the transconductance of T1 at the

beginning of the programming mode thus reducing the settling time.

For a specific programming current, there is an optimum current pulse that yields the fastest
settling time. The simple model in Fig. 5.10 is used to analyze the settling time when the accelerating

pulse is applied. Vgs; is determined by the following differential equation:
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RSZ(CS +C@Jsl) dVgs 2 \ R
Cs +Cyy )+ Lo K(\Vgg —Vy ) ——S2 4 M)At -
(( s gsl) Rss + Ry m (Ve V) Res + Ry | Res + R, DATA (5.21)

Since Ry is much larger than Rs; and Rss, (5.21) can be reduced into the simpler equation:

dVGSl

<CS + Cgsl) = —KVgs1 =Vr J* + 1 oara - (5.22)

By solving (5.22), Vgs, is calculated and thus, lprog iS given by

t t 2

e™ —Cpe ™
lpro (t) = I | ————— | - (5.23)

e’™ +Cpe ™

Cs +Cgs1

Y Kl DATA

Here, 7y is equal to , and C,y corresponds to the initial condition of Vgg; and is given by

Cn="p— (5.24)
[1oata _
K 0

where V is the initial voltage of Vgs;. The general solution of the settling time is then given by

|{Jc_ e j .25

Here, Er is the settling error and is equal to (Ipata-lproc(tend))/Ipata, Where lprog(teng) IS the current
of T1 at the end of the programming cycle. To find the optimum settling time, when the accelerating

pulse is applied, Vgs; at the end of t, (Vop) is calculated from (5.22) for Ipara=Ie by the following:

I t
Y, :1/—Pt hl - |,
op " an [rp] (5.26)

and the result is substituted into (5.24) as V, to calculate the settling time for t>t,. From (5.25), it can

be seen that for t>t, the settling time is zero if the following condition is satisfied:
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By substituting (5.26) into (5.27),

t
1/'—P tanh| -~ =\/1—Er1/lDﬂ . (5.28)
K Ty K

Since t,<<z, (5.28) is simplified to

Iot, =v1—Er(Cs + gy !‘/% . (5.29)

Equation (5.29) indicates that for a specific programming current, the product of I and t; is
constant. In other words, the charge delivered by the accelerating pulse for a specific programming

current is constant and proportional to Cs and square root of the programming current.

5.3 Design of the OTRA

Ideally, an OTRA has a zero input resistance and an infinite transresistance. A common method for
the implementation of an OTRA is cascading a second generation current conveyor (CCII) with a
voltage gain stage, as shown in Fig. 5.11 [91]. In a CCII [92], the x terminal has low input impedance

and follows the voltage at the high-impedance y terminal. The high-impedance z terminal copies the
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Figure 5.12: Schematic of the implemented CMOS OTRA.

current of x. To achieve a high transresistance in excess of 1 GQ, the voltage gain stage is used. Cc¢ is

the compensating feedback capacitor.

A CMOS implementation of a single-input, single-output OTRA is shown in Fig. 5.12. The OTRA
consists of a class-A current conveyor as the input stage, a current amplifier, and an output voltage
amplifier. The input stage of the current conveyor is realized by a low-impedance input stage
composed of M21 and a feedback amplifier. The feedback amplifier is used as the input stage to
reduce ri, and fix the voltage of the input terminal. The feedback amplifier is a differential amplifier

with PMOS input transistors. Based on small-signal analysis, ri, is approximated by

1
fin ® 77— '
" (AIN +1)9m21 (5:30)

where A is the voltage gain of the feedback amplifier. The casocde current mirror composed of M5
to M8 conveys the input current to the current amplifier. The bias current of the current is mirror is

provided by two cascade current sources relized by M1, M2, M3, and M4. The bias current of the
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Table 5.2: Circuit parameters used for the circuit-level simulations (all sizes in micrometre).

Transistor Size Transistor Size
M1-M4 20/6 M21 40/6
M9,M11 20/6 M5-M8 20/4

M10, M12 160/6 M13, M15 20/4

M17, M18 40/6 M14, M16 160/4

M19 80/6 M20 80/4
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Figure 5.13: Frequency responses of the OTRA: (a) Ry, (b) fin.

input stage is 50 uA. The second stage which consists of a PMOS and a NMOS current mirror
amplifies the input current by a factor of 8 to improve the slew rate. The input current is converted to
voltage by the high output resistance of the cascode stage. The output stage consists of a source-
follower (M17-M18) and a class-A gain stage (M20-M21). The source follower is used as a voltage
level shifter to bias M12 and M10 deep in the saturation region to achieve a higher transresistance.

The open loop transresistance of the circuit at DC is approximated by
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9m179mioFoz0 II
Ru = 8[(9miz 127010 | (GmaToralons |- ez 11 7ss) - (5.31)
9m17 + Gmbr7

The OTRA is implemented in a 0.8 um 5/20 V quadruple well, double-metal, double-poly CMOS
technology with extended drain and gate terminals. The minimum channel length of the 20V NMOS
and PMOS transistors are 6 um and 4 um, respectively. The sizes of the transistors are listed in Table
5.2. Fig 5.13 (a) and (b) show the simulated input resistance and the transresistance as a function of
the frequency. Below 100 kHz, r;, is close to 75Q; above 100 kHz, ri, increases due to a zero,

associated with the dominant pole of the feedback amplifier.

5.3.1 Offset of the OTRA

Since the current offset of the OTRA is added directly to the programming current, it should be
smaller than the minimum pixel current. To reduce the offset, the selected sizes of the transistors in

the current mirror are large. Due to the lack of the statistical matching data of the transistors, the



Chapter 5. Driving AMOLED Pixel Circuits with Current Feedback 136

Rsz ]n_dr\r
RM{S) j gmvgs
In_r2 Ces
AAA
Rs3
ln_OTR
- In_r3

Figure 5.15: Small-signal equivalent circuit of the 4-TFT pixel circuit for noise analysis.

standard matching model of Pelgrom [93] is used. In this model, the variance of the mismatch in the

threshold voltage and transconductance (/) of CMOS transistors are calculated by

o(Vr)= \/Aﬁ (5.32)
oB)_ By
VR (5.33)

where Ayt and Az are the mismatch constants. For the simulations, Ayr is set to 10 mV.um. Agis set to
2.3 %.um and 3.2 %.um for the n-channel and p-channel transistors, respectively. Fig. 5.14 shows the
result of the circuit-level Monte-Carlo simulations for the OTRA for 150 runs. 87% of the offset
values are within the range of 200 nA. While the current offset is acceptable for the current levels
used in the implemented pixel circuits, it is large for some applications such as mobile applications.
The current offset can be reduced by reducing the bias current and increasing the size of the mirror

transistors. Another method to reduce the offset is the dynamic offset cancellation [95].

5.4 Noise Analysis

The analysis of the noise presented here is similar to the analysis of the noise in the pixels with

voltage feedback. Here, the analysis for the 4-TFT pixel circuit in Fig. 5.1 is presented. Fig. 5.15
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shows the equivalent small-signal of the pixel in the programming mode with the TFT and OTRA

noise sources. The noise transfer functions are listed as follows:

lhotep _ rs3(a’p + S)

n_r3 a)p(1+ ngMO + gmrs3)+[cgswp(RM0 + r53 + r52)+ gmrs3 +1Js+cgs(rs3 + rsZ)S

: > InHo(s)  (5.34)

lhotep _ 52 (wp + S)

in_r2 a)p(1+ ngMO + gmrs3)+ lcgsa)p(RMO + r53 + r‘52)4_ gmrSB +1JS+Cgs (rSS + rsz)s

2 gmHO(S) (535)

hoLep _ (a’p +s)

I o @, (1+ InRumo + gmrs3)+ lcgsa’p(RMo +rat rsz)"' Omlss +1JS+Cgs(rs3 + I'52)5

>Ho(s)  (5.36)

lhotep _

In_OTR - a)p(l+ ngMO + gmrs3)+ lcgswp(RMO + rsS + I’52)"' gmrs3 +1JS +Cgs (r53 + rsZ )S

a)pRMO

7 OnHo(s)- (5.37)

Ho(s) is defined by (4.35), I, 4w is the current noise of T1, and i, » and i, (3 are the noise currents
associated with T2 and T3 switches respectively. i, o is the input-referred noise of the OTRA. From
the circuit-level simulation of the circuit of Fig. 5.12, the power density of i, orr IS estimated as

depicted in Fig. 5.16.

The noise power of the OLED current is simulated for different programming currents, and
demonstrated in Fig. 5.17. The dominant term in the noise power is the noise of the OTRA, and the

noise of TFTs is negligible.
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(b)

Figure 5.18: Micrographs of the fabricated pixel circuits (a) 3-TFT, (b) 4-TFT.

5.5 Measurement Results

The pixel circuits are fabricated by the same TFT process as that for the fabrication of the pixels

with voltage feedback. The parameters of the pixel circuits are listed in Table 5.1. Due to the possible
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Figure 5.19: Micrograph of a fabricated OTRA in CMOS technology.
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Figure 5.20: Measured DC 1/O characteristics of a fabricated OTRA.

yield issues, the sizes of the TFTs and Cs are larger than those in a standard industrial TFT process.
Therefore, longer settling times are expected. Fig. 5.18 (a) and (b) show the micrographs of the

fabricated 3-TFT and 4-TFT pixel circuits.

The OTRA is fabricated in a 0.8-um 5/20-V quadruple-well, double-metal, double-poly CMOS
technology [94]. A micrograph of the chip is shown in Fig. 5.19. The die area is 700 um by 240 pm,
and the power consumption is less than 17.5 mW for a 17-V supply voltage. Fig. 5.20 shows a sample

of the measured DC I/O characteristics of the fabricated OTRA for a supply voltage of 20V.



Chapter 5. Driving AMOLED Pixel Circuits with Current Feedback 141

= (WIL),, =50um/23pm
-20 - 4 (WIL),,=100um/23um 4
e (WIL),,=200um/23um

-40 | \ —e— Conventional 2-TFT

Relative Error (%)

00 05 10 15 20 25 3.0
V; shift (V)

Figure 5.21: Measured relative error in the hold current as a function of V¢ shift in T1 for different

sizes of T2 for lpros= 2 A in comparison with error in an uncompensated 2-TFT pixel circuit.
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Figure 5.22: Measured relative error in the hold current as a function of V7 shift in T1 for different

sizes of T2 for lproc= 1 pA.

5.5.1 Measurement of the Stability

The change in the hold current as a function of the V+ shift in T1 is measured for the pixel circuits
with different sizes of T2. To reduce the measurement time, the V+ shift is accelerated by stressing T1

with a 30-V voltage gate-source voltage. Between the stress cycles, the hold current of the pixel
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Figure 5.23: Measured hold current as a function of the temperature and the associated change in

the gate voltage of T1.

circuits is measured. Fig. 5.21 shows the relative error in the hold current in the 4-TFT pixel circuit as
a function of V+ shift for a programming current of 2 uA. For comparison, the error in a conventional
2-TFT pixel with the same T1 size is added. As predicted by (5.4), the hold current slightly increases
as Vr shifts, and the rise of the current is higher for the larger sizes of T2. For 2.5 V shift in Vq, the
relative changes in the currents are less than 5%, 14%, and 31% for T2 sizes of (W/L).=
50 um/23 um, 100 um/23 um, and 200 um/23 um, respectively. The degradation in the current of the

2-TFT pixel for the same V1 shift is in excess of -95%.

Fig. 5.22 shows the relative error for a programming current of 1 uA. The errors in the current for

the same sizes of T2 are 7%, 23%, and 48%.

5.5.2 Effect of Temperature

The sensitivity of the hold current to the temperature is measured for the 4-TFT pixel circuit. Due

to the lack of an OLED, the temperature test for the 3-TFT circuit is not accurate. Fig 5.23 shows the
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Figure 5.24: Measured settling time in the 4-TFT pixel circuit as a function of the programming

current for different line capacitances with no accelerating pulse.
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Figure 5.25: Measured settling time in the 3-TFT pixel circuit as a function of the programming
current for different line capacitances with no accelerating pulse.
measured relative current as a function of the temperature and the associated change in the gate

voltage of T1 for (W/L)7,=100 um/23 um. As predicted in Section 5.2.3, the hold current decreases as

the temperature increases. The decrease in the gate voltage of T1 with an increase in temperature also
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accelerating pulse.

supports the idea that the change in the hold current is due to the temperature-dependent charge

injection of T2.

5.5.3 Settling Time

Fig. 5.24 shows the measured 5-% settling time of the 4-TFT pixel circuit as a function of the
programming current for 50 pF, 100pF, and 200 pF parasitic capacitances without the accelerating
pulse. The maximum relative difference between the settling times is less than 14%, indicating the
reduced effect of the parasitic capacitances on the settling time. The result of the same measurement
for the 3-TFT pixel circuit is shown in Fig. 5.25. As can be seen, the Settling time in the 3-TFT pixel
circuit is larger than that in the 4-TFT pixel circuit. For both circuits, the variations in the settling
time for currents larger than 1 pA is small. In this range, the settling time in the 3-TFT circuit is less
than 110 us and in the 4-TFT circuit is less than 80 ps. Below 1 pA, the settling time rises rapidly in

both of the pixel circuits.
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Figure 5.27: Settling time as a function of the accelerating pulse for different programming currents.

Due to the limited swing of the OTRA, it is not possible to test the circuits with programming
currents larger than 2 pA. Despite the simulation results, large overshoots in the programming
currents are not observed in the 3-TFT pixel circuit. One possible explanation is that the

transresistance of the OTRA decreases at high currents due to the limited output swing, limiting the

loop gain of the feedback.

The effect of the accelerating pulse on the settling time is investigated for Cpr and Cgp equal to 100
pF in the 4-TFT pixel circuit. Fig. 5.26 shows the measured programming currents of 0.5 pA and 200
nA with and without applying a 30-us accelerating pulse to Ipara. By applying the accelerating pulses,

the settling times are reduced from 150 us and 320 us to 45 us and 48 s, respectively.

Fig. 5.27 shows the 5% settling time of the pixel circuit as a function of lp for different

programming currents. tp is 30 us, and Cpr and Cpp are set to 100 pF. For currents as low as 200 nA,
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Figure 5.29: Settling time as a function of the programming current when a single-level

accelerating pulse is used.
the settling time is less than 50 ps. Fig 5.28 shows the optimum amplitude for I as a function of 1/t,
for different programming currents. The relationship between Ip and 1/t, is almost linear, as predicted

by (5.29).

If the settling requirements are not very high, then instead of using an optimum pulse for each

programming current, it is possible to use only one accelerating pulse for the low currents. Fig 5.29
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shows the results of this approach. Here, no pulse is applied for currents smaller or equal to 1 uA and

a 2-pA pulse for smaller currents. For the entire current range, settling time is smaller than 65 ps.

5.6 Conclusion

Circuit analysis and the measurement results show that the current feedback driving scheme is
similar to the voltage feedback scheme in terms of stability and sensitivity to temperature. By
employing a transresistance amplifier as the external driver, the negative effect of the parasitic
capacitance of the feedback line on the settling time is reduced. As a result, current feedback pixel
circuits demonstrate faster settling times. Measurement results show that using an accelerating pulse
improves the settling times of small currents by prechaging the gate-source capacitance of the drive

TFT.
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Summary and Future Work

Despite shortcomings of the OLED and the TFT, in particular, the instability and low mobility of
the latter, amorphous silicon TFT technology remains the primary low-cost solution for driving
AMOLED displays. To take advantage of this technology, it is crucial to develop driving schemes to
compensate for these shortcomings by exploiting circuit techniques. The solutions must be
compatible with both a-Si and OLED technologies, simple to implement in large AMOLED arrays,
and capable of providing OLEDs with stable and predictable current. The new driving schemes
proposed in this work address such challenges. Here, the sensitivity of the OLED current to spatial
and temporal variations in TFT parameters is mitigated significantly by deploying a feedback signal
associated with the pixel current to an external column driver circuit through a column feedback line.
Depending on the nature of the feedback signal (i.e. current, or voltage), different external drivers are

proposed accordingly.

To evaluate the new schemes, different aspects of the AMOLED pixel circuit design with a-Si
TFTs are discussed. Also, some important measures of the performance such as stability,
programming speed, sensitivity to temperature, and power efficiency are considered. The
performance of state-of-the-art AMOLED driving schemes is examined in terms of stability and
programming time. Amongst the conventional drive schemes, current programming is investigated in
depth. The results confirm that despite the proven stability and low temperature-dependence, the
family of the current programmed pixel circuits is prone to slow programming. This is due to the low
mobility of a-Si TFTs and the large parasitic capacitance of the data lines. On the other hand, voltage-
programmed pixels with on-pixel compensation of the Vy shift, demonstrate much faster
programming. However, the inherent tradeoff between the accuracy of the estimating the V+ shift and

the programming speed in these pixels results in a limited stability, and thus, shorter lifetimes.
148
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Figure 6.1: Comparison of the stability of a 2-TFT, pixel circuits based on voltage feedback, and current
feedback.

6.1 Comparison of the Proposed Schemes

The driving schemes and the associated pixel circuits that are presented in this thesis are analyzed,
simulated, fabricated, and successfully tested. Measurement results indicate that both voltage
feedback and current feedback driving schemes are highly stable. A comparison of the measured
sensitivity of the pixel current to Vr shift contrasted between a conventional 2-TFT, a voltage
feedback, and a current feedback pixel circuit with similar drive and switching TFT sizes, is
demonstrated in Fig. 6.1. Both the voltage and the current feedback circuits exhibit similar stability
performance and are both superior to that of the uncompensated 2-TFT pixel circuit. The V-
dependent charge injection phenomenon in compensated AMOLED pixel circuits is introduced for

the first time and proven to be the principal cause of the slight increase in the pixel current.
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Figure 6.2: Comparison of the settling time of a current-programmed pixel, a voltage feedback pixel, a
current feedback pixel, and a current feedback pixel circuit with accelerating pulse.

Both the proposed voltage and current feedback driving schemes indicate faster settling than current
programming, but slower settling compared to that of the 2-TFT pixel circuit. Fig. 6.2 compares the
measured settling time for a current programmed, a voltage feedback, a current feedback, and a
current feedback circuit with accelerating pulse with the same drive and switching TFT sizes and a
100 pF line capacitor. The comparison shows that feedback driving schemes are much faster than
current programming. However, the voltage feedback circuit is slower due to the relatively large time
constant associated with the parasitic capacitance of the feedback line and the ON resistance of the
feedback switch. The current feedback scheme has a faster settling, since the effect of the parasitic
capacitance of the feedback line is suppressed thanks to the use of the external OTRA. In addition,
measurement results demonstrate that applying an accelerating pulse at the beginning of the

programming cycle can effectively reduce the settling time at low programming currents.



Chapter 6. Summary and Future Work 151

Table 6.1: Qualitative comparison of the AMOLED diving schemes.

Driving Stability Settling Temperature | Power Driver Uniformity
Scheme dependence | efficiency Complexity

2-TFT Low Very fast Poor High Simple Medium
Current High Slow Good Low/High” | Medium High
Voltage Medium Fast Poor Low/High” | Medium Medium
Voltage High Medium Good Very High™ | Medium Medium
Feedback

Current High Fast Good Low/High® | Medium/ High
feedback Complex

* pixel circuit configuration dependent

** drive TFT biased in the triode region

*** with accelerating pulse

A qualitative comparison between the different driving schemes is summarized in Table 6.1. In all
schemes presented, current feedback and current programming has the highest uniformity, since the
pixels are directly programmed with current. On the other hand, voltage feedback has the highest
power efficiency, since the drive TFTs can be biased in the triode region, thus lowering the supply

voltages of the AMOLED panel.

6.2 Future Work

As demonstrated by this thesis, compensating techniques at the circuit level can compensate for some
of the shortcomings of a-Si TFTs, thus facilitating the use of this low-cost technology. However, the

limited lifetime of OLED devices, in particular the blue OLED, is still a major barrier, constraining
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the rapid growth of AMOLED technology. AMOLED pixel circuits with optical feedback are

possible candidates to compensate for the OLED degradation. However, the circuits are complex and
potentially undermining the aperture ratio. Moreover, they require extra processing steps to integrate
the optical sensors in the pixels. As mentioned in Chapter 2, recent studies demonstrate a correlation
between the luminance degradation in an OLED device and its voltage. As a result, the OLED voltage
can be employed as an electrical feedback signal to estimate the OLED degradation. Accordingly, a
feedback driving scheme should be developed to measure and compensate for both the Vr shift in the

drive TFT and the luminance degradation of the OLED.



Appendix A
Implementation of a High-Voltage OTA

A two-stage operational transconductance amplifier (OTA) is implemented and fabricated in a
20-V 0.8-um CMOS technology. The size of the OTA is 530 um by 300 um, thus, can be
accommodated without any problem on an external AMOLED driver integrated system. Fig. A.1
shows the schematic of the OTA. To improve the gain, the first stage is cascode. To bias the cascade
transistors properly in the saturation region, a source follower stage is employed as a DC level shifter
to connect the input stage to the output stage. Table A.1 lists the sizes of the transistors. Fig A.2
shows the microphotograph of the fabricated OTA. The OTA is used as the external column driver for
pixel circuits with voltage feedback. Compared to OPA604 Op-amps, no noticeable change in pixel

waveforms and performance is observed.

Table A.1: Circuit parameters of the OTA (all sizes in micrometre).

Transistor Size Transistor Size
M1-M4 160/4 M11 120/6
M5-M8 80/6 M12 320/6

M9 160/4 M13 320/4
M10 80/6
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Figure A.1: Schematic of the implemented OTA.
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Figure A.2: Micrograph of the fabricated OTA.
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