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ABSTRACT In this paper,

we propose a novel voltage programmed pixel circuit based on

amorphous-indium-gallium-zinc-oxide thin-film transistors (a-IGZO TFTs) for active-matrix organic
light-emitting displays. Through the extensive simulation work based on a-IGZO TFT and OLED models,
we confirm that the proposed pixel circuit can compensate for threshold voltage variations of TFTs and
OLED degradation over wide dynamic range (~10%) of OLED current as well as achieve a high pixel
aperture ratio with the suppressed OLED current error rate below 9%.

INDEX TERMS Active-matrix organic light-emitting display (AMOLED), pixel circuit, amorphous-
indium-gallium-zinc-oxide TFT (a-IGZO TFT), compensation, high aperture ratio.

I. INTRODUCTION

Recently, it has been started to manufacture active-matrix
organic light-emitting displays (AMOLEDs) by display
industries as commercial products. Among various back-
plane technologies for AMOLEDs, amorphous indium-
gallium-zinc-oxide thin-film transistor (a-IGZO TFT) has
been adopted particularly for large-sized display back-
planes due to its high field-effect mobility, low leakage
current, and good electrical stability and uniformity over
large area [1]-[3]. However, current AMOLEDs still suf-
fer from remaining technical problems such as threshold
voltage variation of TFTs and OLED degradation which
consequently results in additional problem of the small aper-
ture ratio created by the complicated compensation pixel
circuits. In order to resolve these problems for accelerat-
ing the market penetration of AMOLEDs, many different
approaches for achieving efficient compensating pixel cir-
cuits have been developed [4]-[10]. Among those, current
programming method has been generally known to have
superior property on the precisely compensation of threshold

voltage and mobility variation of TFTs using current-mirror
or current-scaling scheme [4], [5]. However, at the same
time, the current programming method has the slow pro-
gramming time issue especially when the OLED current
level is low, which makes it hard to be implanted for
commercial products. On the other hand, voltage program-
ming methods provide fast programming time but require
relatively large numbers of TFTs and capacitors to com-
pensate threshold voltage variation of TFTs and OLED
degradation [6], [7], resulting in reductions of pixel aper-
ture ratio and display resolution which leads to an increase
of the power consumption. Therefore, there have been con-
stant demands for developing the high performance pixel
circuit for AMOLEDs to resolve the problems mentioned
above.

This paper presents a novel pixel circuit compensating for
threshold voltage variation of TFTs and OLED degradation
with a reduced and the number of signal lines, achieving
a high aperture ratio and low power consumption to be
applied for large size and high resolution AMOLED displays.
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FIGURE 1. (a) Schematic circuit diagram and (b) operational waveforms of
the proposed pixel circuit.

Il. PROPOSED CIRCUIT CONFIGURATION AND
OPERATION

Fig. 1(a) shows the proposed pixel circuit consisting of
one driving TFT (T3), three switching TFTs (T1, T2, and
T4), one storage capacitor (Cst), and four signal lines.
Fig. 1(b) shows operational input signal waveforms for the
proposed pixel circuit; Vscani and Vscanz are control sig-
nals for supplying the data input and resetting the source
node voltage of driving TFT, respectively. Vpara, PVpp,
and Vgs refer to input data voltage, DC power supply, and
ground-state signal lines, respectively. The operation phase
of the proposed circuit is divided into four periods: reset,
Vrn detecting, data input, and emission. Fig. 2 (a)-(d) shows
the operation phase schemes and principles of the proposed
circuit as described as below.

ITS

A. RESET PHASE

During the reset phase, the control signal Vscani and
Vscanz are set to high level, so that T1 and T4 are turned
on. Through these TFTs, node A and B are set to Vpara L
and PVpp |, respectively. Thus, in this phase, the gate and
source nodes of driving TFT are reset to default reset volt-
ages regardless of the voltage distribution in the previous
phase. At the same time, since T2 and T3 are turned off, the
OLED current doesn’t flow from the anode to the cathode
of the OLED for enhancing the contrast ratio of the display.

B. Vry DETECTING PHASE

During the Vtg detecting phase, signal levels of PVpp and
Vscanz are inverted whereas the Vscani level is maintained
as high. As a result, node A is maintained as Vpata L, and
node B is source-followed through T2 and T3 so that Cgt
can be charged up to —VTH T3 since Vpara I iS set equal
to 0 V. Therefore, Cgt stores the detected voltage equal to
the threshold voltage of T3.

C. DATA INPUT PHASE

In this phase, PVpp is changed to a low level while both
Vscani and Vscanz keep their voltages same as in the pre-
vious phase. Accordingly, node A is charged up to Vpara H
since there is no voltage supplied by PVpp through T2. At
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FIGURE 2. Operation phases of the proposed pixel circuit (a) Reset (b) Vqy
detecting (c) Data input and (d) Emission.

the same time, due to the coupling effect of Cst and CoLgp,
node B is slightly charged up to —Vty 134+ [CsT1/ (CsT+
CoLED)]VDATA-

D. EMISSION PHASE

In the final phase, all signal lines have low voltage levels
except PVpp signal. In this phase, since T4 is turned off
by Vscan, node B is determined to be equal to VoLED.
Subsequently, the storage voltage at Cgt is maintained as
same as in the data input phase, and node A is set to
Vr1u_13+ [CoLep/ (Cst+CoLeEDp)IVpATA + VoOLED by the
voltage conservation as in the follow equation.

VB(Phase D) = VOLED

V A(Phase_D) = VA(Phase_C) — VB(Phase_C) + YOLED

= VpaTA_H

- (_VTH T3 + LVDATA H)

- Cst + CoLED -
+ VoLED
Cst
= VDATA_H (1 - —)
- Cst + CoLED
+ V1H 13 + VOLED
CoLED
= V113 + (— Vpata_H
- Cst + CoLED -
+ VoLED ey

Since the OLED current is equal to the current flowing
at driving TFT (T3), so the OLED current can be defined
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TABLE 1. Design parameters of proposed pixel circuit.

Parameter Value Parameter Value
Vscant -71~15V W/L of T1,T2, and T4 5 pum/5 pm
Vscanz T~15V W/L of T3 10 pum/5 pum

PVDD S~15V CS 04 pF
Vbata 04~27V CoLep 3nF
Vss ov
as in the follow equation,
k
ToLep = 3 (Vas_t3 — VTH_T3)
k
=3 (VA — VB — V1H_13)
k CoLED
== <VTH_T3 + —————Vpara+VoLeDp
2 Cs 4+ CoLED

2
— VoLED — VTHT3)

k CoLED : koo

S 2 (CST + CoLED VDATA) - 2VDATA @
where k = CoxW/L. As shown from (2), the OLED cur-
rent during the emission phase is independent of variation
of the threshold voltage of T3 and the operating voltage
of OLED. In general, the value of CorLgp can be varied
by the mismatch during the process or by bias conditions.
On the contrary, the value of Cgt is relatively very sta-
ble and is rarely perturbed by the process since it is usually
well defined by the photolithography. When we compare the
values of Corgp and Cgt for the conventional AMOLED
display pixel, the value of CorLgp (~ nF) is generally much
larger than that of Cgt (~ pF). Therefore, from this rela-
tionship, our equation (2) for IpLgp can be simplified, and
IoLep depends solely on Vpara. Therefore, we can expect
that the proposed pixel circuit can supply stable OLED cur-
rent regardless of Vg or CoLgp variations caused by the
harsh stress conditions.

1iIl. SIMULATION RESULTS AND LAYOUT

To confirm compensation functionality of proposed pixel
circuit, we performed the circuit simulations based on the
previously developed a-IGZO TFT model [11]. Table 1 rep-
resents design parameters of proposed pixel circuit. The
channel width / length of all TFTs were fixed as Sum / Sum,
respectively, except the driving TFT (T3) that had the
channel width / length of 10um / Sum. The threshold volt-
age and mobility of all TFTs were set equally to 0.4 V
and 10.1 cm?/V-s, respectively. The storage capacitor was
designed as 0.4pF. The OLED model used in the simulation
consists of two junction diodes and two series resistors con-
nected in parallel with a 3nF capacitor [12]-[14]. Note that
though the proposed pixel circuit requires negative voltages
to be supplied for switching TFTs and PVpp, we expect
that the conventional gate driver circuit can be adopted for
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FIGURE 3. Simulated transient waveforms of the proposed circuit in four
operation phases for different positive and negative Vyy variations at
Vpara=2.7 V.
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FIGURE 4. OLED current variations of the proposed circuit as a function of
the threshold voltage shift varying from —2V to 2V.

generating negative voltages without any complication on
the display driver.

Fig. 3 shows the time domain simulation results of the
OLED current and gate-to-source node voltage of driving
TFT (T3) when Vpara n was equal to 2.7 V. In the Vty
detecting phase (B), node B was equal to the threshold
voltage of T3 by the source follow operation. During the
phase (C), the voltage at node A was accurately programmed
to Vpata_n While node B was not perturbed from the voltage
of the previous phase. Finally, in the emission phase (D),
since gate and source node voltages of T3 were increased
equally by VorLgp, loLgp Was maintained the same regard-
less of the threshold voltage variations, which is consistent
with the current equation (2).

As shown in Fig. 4, when threshold voltage of T3 was
shifted from —2 V up to 2 V the proposed circuit showed
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FIGURE 5. OLED current error rates of the proposed 4T1C pixel circuit as
a function of OLED stress time in comparison to those of conventional
4T1C pixel circuit [18].
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FIGURE 6. OLED current variations of the proposed circuit as a function of
CoLep Varying from —50 % to +50% of the initial value (= 3 nF).

good stability against threshold voltage variations over wide
current range. More specifically, when the OLED current was
high as 1uA, the maximum error rate was equal to 6.2%,
while the OLED current was as low as 1nA, the maximum
error rate was suppressed as 9.4%.

In order to verify the OLED current compensation of
the proposed circuit, the turn-on voltage of OLED was
intentionally varied for different levels of OLED current
based on the OLED degradation model over increasing stress
time [15], [16]. Then, we compared the performance of the
proposed pixel circuit with the conventional 4T1C pixel
circuit [18]. As shown in Fig. 5, when the OLED turn-on
voltage was increased by 0.275V at 50,000 sec, the maxi-
mum OLED current variation of the proposed pixel circuit
could be suppressed below 8.6% while that of the conven-
tional 4T1C pixel circuit surpassed 10% for the low OLED
current level. Therefore, we could confirm that the proposed
pixel circuit could effectively compensate for the OLED
degradation over a wide dynamic range of OLED currents
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FIGURE 7. Schematic layouts of: (a) the proposed pixel circuit and (b) the
conventional pixel circuit with 4-TFTs and 1-capacitor [18].

as predicted by Eq. (2). Although the proposed pixel circuit
does not show significant improvement in the performance, it
could reduce the number of signal lines to increase the aper-
ture ratio by 9.7% in comparison to the 4T1C conventional
pixel circuit with 7 voltage signal lines.

Furthermore, we performed the additional analysis on
IoLgp variation when Corgp was changed from —50% to
4+50% of the initial capacitance value (=3 nF) for different
levels of IpLgp. As shown in Fig. 6, the maximum error
rate of the OLED current could be maintained below 14%
for £50% capacitance variations. Therefore, the simulation
results confirm that the OLED current of the proposed pixel
circuit can be stably maintained and rarely perturbed by any
possible CopLgp variation caused by the fabrication process.

Fig. 7 (a) and (b) show the layouts of proposed and con-
ventional 4T1C pixel circuits [18]. We performed the layout
works for 13.3 inch in WXGA+ display using 4 um design
rule. The sub-pixel size was set to 66x 198 um, and consid-
ered to be fabricated by 5-mask etch stop process [20]. As
shown in Fig. 7, in the proposed pixel circuit, we could suc-
cessfully eliminate two signal lines from the previous 4T1C
circuit and accordingly the aperture ratio of the proposed cir-
cuit could increase up to 50.3%, compared to 41.0% aperture
ratio of the conventional circuit.

Finally, we summarized key factors of the proposed pixel
circuit in comparison to other pixel circuits in [17]-[19] as
shown in Table 2. The summary confirms that our proposed
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TABLE 2.

previous researches.

Key factors of the proposed pixel circuit in comparison to

Conventional Ref. Ref. Ref.

Parameter 2TIC 07 [18] [19] This work
. a-Si .
Active layer All a-InGaZnO poly-Si a-InGaZnO a-InGaZnO
#of TFT 2 3 4 5 4
# of capacitor 1 1 1 2 1
# of signal line 3 5 6 7 5
V.
e X o o o o
compensation
OLED X X o o o

compensation

pixel circuit can provide the full compensation for the thresh-
old voltage shift and the OLED degradation with less number
of signal lines and TFTs. Through the enhanced aperture
ratio, we expect that the resolution and brightness of the dis-
play could be improved while the display power consumption
would be reduced at the same operating condition.

IV. CONCLUSION

We proposed a novel voltage-programmed AMOLED pixel
circuit using a-IGZO TFTs. We confirmed that the non-
uniformity on the display image caused by Vg variation
and OLED degradation could be compensated by using the
proposed pixel circuit. At the same time, by reducing the
number of signal lines from the circuit, we could achieve
an improved aperture ratio on the single pixel circuit to be
applied for low-power high-resolution AMOLEDs.
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