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A pixel circuit with reduced switching leakage for an organic light-emitting diode
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Abstract: This paper presents a pixel circuit with reduced switching leakage for OLED microdisplays. A self-
referenced feedback loop is designed to track the node voltages for leakage reduction during the holding period.
A longer holding time using a smaller storage capacitor can be achieved using the leakage reduction technique.
An experimental system based on a 60 x 80 pixel matrix is fabricated in a 0.35-um CMOS process. The area of
the pixel circuit is only 15 x 15 um?. According to the measured results, the pixel circuit achieves a holding time
of longer than 500 ms and the system exhibits a satisfied accuracy and linearity within a pixel current range from

100 pA to 3 nA.
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1. Introduction

Since the first observation of light emission in 1987, or-
ganic light-emitting diodes (OLEDs) have been proved to be
a suitable light source for next generation displays. Com-
pared with other competing technologies, an OLED has the ad-
vantages of smaller dimensions, lower power consumption, a
wider viewing angle, shorter response time, excellent contrast
ratio, larger dynamic range, etc. Combined with commercially
available MOS technology, an OLED can be implemented with
a complex process circuit on a silicon substrate through hybrid
integration. Such an OLED-on-silicon can provide a higher op-
tical performance at a lower power consumption, which is par-
ticularly adept for micro-displays!.

With the rapid increase of pixel scale, the pixel area is
required to be less than 100 wm? with a pixel current range
from hundreds of pA (1071°) to tens of nA (10~3)[21. With the
limitation of driving current, the voltage driving mechanism is
more appropriate for the pixel circuit than traditional current
driving. The driving voltage should be stored on a capacitor
during the holding time, which is approximately 20 ms at a
frame rate of 50 Hz. Unfortunately, the leakage of the MOS
transistor will cause an undesired variation of the voltage, re-
sulting in influences on the resolution and uniformity of OLED
displays. Furthermore, the area of the capacitor is restricted by
the pixel pitch, which makes the problem more serious. Some
research results have been reported on a thin-film transistor
(TFT) pixel driving circuit for active matrix organic light emit-
ting diode (AMOLED) displays[®4]. But these approaches are
still not enough for OLED micro-displays driven by MOS tran-
sistors because of a smaller pixel pitch and lower driving cur-
rent.

This paper presents the leakage mechanisms in deep-
submicrometer MOS technology and its influence on pixel cir-
cuit for OLED micro-displays. Then, the leakage reduction
technique is discussed and a novel circuit structure is proposed
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to suppress the leakage. Finally, an experimental chip is imple-
mented and the measured results are presented.

2. Leakages of the pixel circuit

In a traditional pixel circuit as shown in Fig. 1, the data
voltage is sampled through switching transistor T1 when the
address scanning voltage Vca, is low. After a short sampling
period, Vican changes to be high and the data voltage is stored
in capacitor Cs. The value of this stored voltage determines the
level of the output current /oyr. During the holding period, the
voltage stored in Cs will rise due to the leakage of the switching
transistor T1, as shown in Fig. 2. Such variation will lead to
serious problems for the resolution and uniformity of OLED
displays.

The considerable leakages of the pixel circuit include a
PN junction reverse-bias current and off-state channel current,
marked as /; and I, in Fig. 1, respectively. /; comes from the
reverse-biased diode Dy, between the drain and substrate N-
well. The current density can be given by!%]
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Fig. 1. Traditional pixel circuit.
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Fig. 2. Waveforms of the pixel circuit in Fig. 1.
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where m is effective mass of the electron; E, is the energy-band
gap; Vapp is the applied reverse bias; E is the electric field at
the junction; ¢ is the electronic charge; and % is 1/(27) times
Planck’s constant. The electric field of a step junction is given
by

2gN,N4(V, Voi
EZ\/ q d( pp+ b) (2)

Esi(Na + Nd)

where N, and Ny are the doping in the p and n side, respec-
tively; &g is the permittivity of silicon; and V4; is the built-in
voltage across the junction.

So, the PN junction reverse-bias current /; increases with
the rise of the reverse bias Vpp, as illustrated in Egs. (1) and
(2). On the other hand, /; can be reduced to zero on the condi-
tion that Vp,, is zero. This conclusion is one of the theoretical
foundations for leakage reduction approaches.

A MOS transistor works in a weak inversion condition if
the gate—source voltage is below threshold voltage Vi,. The
sub-threshold current between the source and drain, I, in
Fig. 1, is given byl°]

Igs = /'LOCOX%(W[ _ 1)(VT)26(UGS_Vth)/(mVT)(1 _ e_UDS/VT)’
(3)

where

m:l-{-Cdm:l—i- Esi @21_’_31‘“,
Cox de Tox de
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where V4, is the threshold voltage, and Vr is the thermal volt-
age; Cox is the gate oxide capacitance; ji¢ is the zero bias mo-
bility; m is the body effect coefficient. Wy, is the maximum
depletion layer width, and ¢, is the gate oxide thickness. Cyp, is
the capacitance of the depletion layer. The expression in Eq. (3)
is similar to that of the BSIM MOS transistor model, which is
expressed asl®]

w
Iy = //«OcoxIel's(VT)ze(vGS_Vth)/(mVT)(l _ e—UDs/VT)_ (5)
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Fig. 4. Equivalent circuit of a pixel circuit during the holding period.

Both Equations (3) and (5) indicate that the off-state cur-
rent (vgs = 0) is zero as long as the voltage vpg can be guar-
anteed to be zero. This is the other theoretical foundation for
leakage reduction.

3. Circuit design

According to the analysis above, the voltage vps and the
PN junction reverse bias V,,, of the switching transistor T1
in Fig. 1 should be controlled and adjusted to be zero. Thus,
the voltages of input terminal and the substrate of transistor
T1 have to follow Vg5 dynamically. In order to implement such
a controlling, an improved pixel circuit with switching leak-
age reduction is proposed in Fig. 3. An amplifier with low
power consumption is introduced to achieve the required volt-
age. Three switches, S1-S3, are designed to be on and off al-
ternately to make it possible to control the voltages of vpg and
Vapp- An additional switching transistor T1 in Fig. 3 is adopted
to isolate the input terminal and the source of T2. During the
sampling period, Vi, is low, S1 is on while S2 and S3 are
off. The input data drives the storage capacitor Cs through the
amplifier to make voltage Vs equal to Vga,. During the hold-
ing period, Vicay is high, S1 is off while S2 and S3 are on. The
output of the amplifier is connected with both the source and
the substrate of T2 to establish a feedback loop without any in-
put. Such a self-referenced loop makes it possible for both V)
and the substrate voltage of T2 to track V5 automatically, guar-
anteeing vps and Vap, of T2 to be approximately zero. So the
leakage of T2 is reduced and the stored voltage Vs maintains
fixed resulting in constant /oyrt.

The equivalent circuit of the pixel circuit during the hold-
ing period is presented in Fig. 4, which is simplified to a closed
loop. Two kinds of leakages of the off-state transistor 7, are
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Fig. 5. Block diagram of the measurement system.

represented by voltage-controlled current sources (VCCS) I
and I,, respectively. The functions f; and f> are defined in
Egs. (1) and (3). The variation of Vg due to leakages can be
given by

1
AVs = — (I + 12)[. (6)
Cs

This expression implies the neglectable variation of Vg on
condition that /1 and I, are small enough. As illustrated in Sec-
tion 2, I; and I, are dominated by the voltage difference be-
tween V, and Vs in Fig. 4, which can be expressed as

Va =V,
Ve— Vi = A~ VAOP

- ™

where Vjop is the operating point of the amplifier’s output and
A is the gain of the amplifier. Regardless of the mismatch, such
a voltage difference approximates to zero if A4 is sufficient and
Va shifts around Vop just within a small range. So, a careful
design can avoid the influences of switching leakages in theory
and guarantee the accuracy of the voltage stored in Cyg during
a long period. In addition, capacitor Cg can be reduced effec-
tively benefitting from the small switching leakages, which is
very important for the limited dimension.

To evaluate the stability of the loop, the transfer function of
the open-loop should be deduced from the small signal equiv-
alent circuit of the loop. Opened at the input of the amplifier,
the transfer function can be written by

1

1
l4+s———(Cg + Cg
( )|: &ml +gm2( s g3):|

where w, is the main pole of the amplifier simplified as a
single-pole system. gn; and gup are the equivalent trans-
conductance of the voltage-controlled current sources in Fig. 4.
The equation above indicates that the loop is stable because of
the low open-loop gain.

In order to prove the functions of the proposed pixel cir-
cuit, a system including a 60 x 80 pixel matrix and controlling
circuits is also presented, as shown in Fig. 5. For the accuracy
of the measurement, the system clock is designed according to
a 600 x 800 pixel matrix, as well as the parasitic parameters.
The system drives the pixel matrix point by point. Thus the
maximal setup time of every pixel is approximately 40 ns with
a rate of 50 frames per second.

H(s) ~

)

1+ i
Awy,

4. Measured results

The system mentioned above is fabricated in a Chartered
0.35-um CMOS mixed signal process. Figure 6 shows the pho-
tograph of the chip. The dimension of the pixel is 15 x 15 pum?
and the whole chip occupies an area of 2.5 x 1.3 mm? including
a 60 x 80 pixel matrix, clock generator, current signal gener-
ator, high speed driving circuit, output buffer, etc. The chip is
measured on board with a supply from 3 to 5.5 V.
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Fig. 7. Setup time of the voltage Vs, 500 mV/div, 5 us/div. (a) Input
step signal. (b) Traditional pixel circuit. (¢) Improved pixel circuit.
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Fig. 8. Holding time of the voltage on capacitor Cs, 200 mV/div, 200
ms/div. (a) Traditional pixel circuit. (b) Improved pixel circuit.

For comparison, the traditional pixel circuit and the im-
proved circuit have been implemented simultaneously, as
shown in Figs. 1 and 3, respectively. The setup time of volt-
age Vs during the sampling period is presented in Fig. 7, which
implies both kinds of pixel circuits can be driven within 40 ns
for an 800 mV step. Figure 8 shows the holding time of the
voltage on capacitor Cs. According to the results, the signal
voltage on capacitor Cs of the traditional pixel circuit rises to
about 210 mV within 500 ms, while that of the improved one
holds fixed. Both circuits occupy the same silicon area of 15 x
15 uwm? and the capacitor area of the traditional pixel circuit is
three times that of the improved one.

The signal generator sets the output current of the pixel as

__1 w
"~ 10000 Ry’

)

Tout

where Vj, is the input voltage and Ry is the setting resistor off-
chip. In order to measure the output current conveniently, the

Fig. 9. Output voltage of multi-pixels. Rget = 1 M2, 100 mV/div,
500 ms/div. (a) 1 row. (b) 5 rows. (¢) 10 rows.

M 882 mV

Fig. 10. Output voltage of multi-pixels. Rget = 100 k€2, 200 mV/div,
200 ms/div. (a) 1 row. (b) 5 rows.

output terminals of many pixels are connected together through
an off-chip 1-M€Q resistor to achieve /—V conversion. When
Ry in Eq. (9) is 1 M2 and V};, is a 1 Hz sawtooth wave from
1 to 3 'V, the measured output voltages of 1 row, 5 rows and 10
rows are shown in Fig. 9. One row means 80 pixels. Similar
results, only changing Ry to 100 k2 are shown in Fig. 10.
The results show a satisfied accuracy and linearity within the
measured current range from 100 pA to 3 nA. Compared to the
calculated value, the measured current error is approximately
10%, suffering from the mismatch of a large mirror ratio in
micro-current condition. The pixel can work at a wider current
range, but is not presented here.

5. Conclusion

An improved pixel circuit with a reduced switching leak-
age for an OLED micro-display has been implemented in 0.35-
pum CMOS technology. The measured results show the ne-
glectable switching leakage and the ability of long-time hold-
ing, of more than 500 ms. The improved pixel circuit exhibits
satisfied accuracy and linearity in micro-current conditions
proved by a scaled down system based on a 60 x 80 pixel ma-
trix. The measured results indicate that the pixel circuit pro-
posed in this paper is suitable for a large scale OLED micro-
display with low power consumption.
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