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Design of a 16 gray scales 320 x 240 pixels OLED-on-silicon driving circuit*

Huang Ran(3% ##)", Wang Xiaohui( E %), Wang Wenbo( 3 1#),
Du Huan(#t4#), and Han Zhengsheng (% 4 )

(Institute of Microelectronics, Chinese Academy of Sciences, Beijing 100029, China)

Abstract: A 320x240 pixel organic-light-emitting-diode-on-silicon (OLEDoS) driving circuit is implemented using
the standard 0.5 yum CMOS process of CSMC. It gives 16 gray scales with integrated 4 bit D/A converters. A three-
transistor voltage-programmed OLED pixel driver is proposed, which can realize the very small current driving
required for the OLEDoS microdisplay. Both the D/A converter and the pixel driver are implemented with pMOS
devices. The pass-transistor and capacitance in the OLED pixel driver can be used to sample the output of the D/A
converter. An additional pMOS is added to OLED pixel driver, which is used to control the D/A converter operating
only when one row is on. This can reduce the circuit’s power consumption. This driving circuit can work properly
in a frame frequency of 50 Hz, and the final layout of this circuit is given. The pixel area is 28.4 x 28.4 um? and the
display area is 10.7 x 8.0 mm? (the diagonal is about 13 mm). The measured pixel gray scale voltage shows that the
function of the driver circuit is correct, and the power consumption of the chip is about 350 mW.
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1. Introduction

Microdisplays can be used in projector and “near-
eye” applications, such as rear-projection TV, head-mounted
displays and camera viewfinders!!!. Organic-light-emitting-
diode-on-silicon (OLEDoS) is a new microdisplay technol-
ogy. OLED has many superior performances over LCD, such
as lower power consumption, faster response, and larger view
angle!?!. With the silicon chip and standard CMOS technol-
ogy, cost can be reduced and the reliability and stability of the
circuit can also be assured. So OLED-on-silicon will occupy
an important position in microdisplay market.

In this paper, a 320 x 240 pixel OLED-on-silicon driving
circuit is implemented using the standard 0.5 um CMOS pro-
cess of CSMC. The pixel area is 28.4 x 28.4 um? and the dis-
play diagonal is 13 mm. With so small a pixel area, the OLED
pixel current is only tens to hundreds of nanoamperes!®.
Working currents of the traditional MOS devices are always
much greater than 1 pA, and their channel length needs
to be increased to tens or even hundreds of micrometersto
handle such low currents!. The traditional two-transistor
voltage-programmed pixel driver’® (Fig.2(a)) is no longer fit
for OLED-on-silicon microdisplay, so a new three-transistor
voltage-programmed pixel driver (Fig.2(b)) is proposed. A
third pMOS transistor is paralleled with an OLED device to
bypass the driving current and to make the OLED current
small enough.

To implement 16 gray scales, 4 bit D/A converters using
pMOS transistors!®] (Fig.2(c)) are integrated. Obviously, this
will increase the circuit’s power consumption, so an efficient
measure has been proposed. Through reducing the operation
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time of each row, the working time of D/A converters can also
be reduced. The details are as follows.

2. Design of the OLED-on-silicon driving circuit

2.1. System architecture

The system architecture of the OLED-on-silicon driving
circuit is shown in Fig.1. The “digital control” is made with
FPGA or other digital chips, which is not integrated with the
driving circuit.

4 bit digital video data of one row are shifted and con-
trolled by the signal of the “pixel clock”. When video data
of this row (320 pixels) are input, the signal “row clock”
will store these data in latches. Then the 4 bit digital outputs
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Fig.1. System architecture of the driving circuit.
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Fig.2. (a) Traditional two-transistor voltage-programmed OLED pixel driver; (b) Three-transistor voltage-programmed OLED pixel driver
proposed by the author; (c) D/A converter used in this work with the pixel driver of (b).
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Fig.3. (a) Simulation result of the circuit in Fig.2 (b); (b) Simulation result of the circuit in Fig.2 (c).

of these latches will be transformed into analog signals. At the
same time, these analog signals will be sent to the row that is
on to drive the pixels of this row.

All the shifter registers, latches and buffers are imple-
mented in 0.5 ym standard CMOS devices from CSMC. These
are easy to realize, and will not be focused on. The integrated
D/A converter and the measure taken to reduce the circuit’s
power consumption will be discussed in detail.

2.2. Pixel circuits and integrated D/A converters

The pixel area is 28.4 x 28.4 um’ and the OLED
pixel current is only tens to hundreds nanoamperes. The
traditional two-transistor voltage-programmed pixel driver
(Fig.2(a)) cannot realize such a small current even (W/L)p,
is 1.6/200 that occupy more than 30 x 30 um? area with the
0.5 pum process. A new three-transistor voltage-programmed
pixel driver (Fig.2(b)) is proposed. A third pMOS transistor is
placed parallel to the OLED device to bypass the driving cur-

rent and to make the OLED current small enough. Reducing
(W/L)p, can decrease power consumption of the pixel circuits
and increasing (W/L)ps can enlarge the range of output volt-
age. To satisfy the requirement of power consumption and out-
put voltage range, the final size of the pixel circuit is (W/L)p;=
(W/L)p3= 1.1/0.55, and (W/L)p, = 1.1/26.1. The simulated
voltage range is 3.0911-4.4135 V.

D/A converters are analog circuits and always have high
power consumption. To integrate D/A converters to digital
circuits means increasing the circuits’ power consumption
greatly, especially for display driving circuits which always
need one D/A converter for every column, so the D/A con-
verter is not always chosen by designers. Here, because of the
nonlinear characteristics of the driving current of the voltage-
programmed OLED pixel circuit, nonlinear D/A converters
(Fig.2 (c)) are used to improve the nonlinear characteristics.
The comparison is shown in Fig.3. Here, the simplest OLED
H-spice model!”! is used, which consists of a diode parallel
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Fig.5. Part of the final layout.

connected to a capacitor. The main H-spice model parameters
of the diode are: reverse saturation current I, = 1.78 x 107>
mA/cm?, emission coefficient n = 28, series resistance 7, = 0,
area = 9 X 107 m?, and level = 1. The paralleled capacitor
Corep = 30 x 30 um? x 25 nF/cm?”! = 0.225 pF.

Figure 3 (a) shows that with the linear input (on the data
line) the voltage-programmed pixel driver only has the nonlin-
ear OLED current. While in Fig.3 (b), the nonlinear output of
D/A converter rectifies the nonlinear OLED current a little.

In Fig.2 (c), the gate of transistor P11 is connected to the
signal “ROWCLKN” which can control the on-off of P11 and
then the on-off of the D/A converter. So through the signal
“ROWCLKN” the operation time of the D/A converter can be
adjusted and the circuit power consumption can be properly
reduced. The on-time of the circuit should be long enough to
make sure that the capacitor C is charged or discharged com-
pletely.

With the frame frequency 50 Hz, the capacitor C should
keep the voltage level for 20 ms. So, from the formula ¢ =
RC = VC/I, we get C = tI/V. The p-type pass-transistor
(Fig.2(a), (b) P1, (c) P12) always has an off-state current of
hundreds of picoamperes, and the voltage level is 5 V, so the
capacitor C ~ 0.02s x 2.5 x 1071 A/5 V = 1 pF. At the
same time, the p-type pass-transistor has an on-state current of
several milliamperes, so the capacitor C can be charged from
0 to 5 V in about several nanoseconds. For the 320 x 240
pixel driver, the pixel clock is 3.84 MHz and the row clock
is 12kHz. So the routine time of one row to be chosen is about
80 us, which is long enough for capacitor C to be charged or
discharged. That is why the on-time of one row can be de-
creased.

Fig.6. (a) Wafer of the OLEDoS driving circuit; (b) PCB package of
the OLEDos driving circuit.

2.3. Design of the row scan signal generator

In order to reduce the on-time of one row, the row scan
signals need to be a little special. The conventional scan sig-
nals generated by serials of DFFs are sent to NANDs (Fig.4),
and operated by the row clock. So, the pulse width of row
clock decides the on-time of one row.

In Fig.4, the signal ROWCLKD is a several nanoseconds
delay signal of ROWCLK. Here the purpose is to avoid the
burr problem. Though adjusting the pulse width of ROWCLK,
the on-time of one row can also be adjusted. According to the
maximal time of capacitor C being charged or discharged, the
minimal pulse width can be decided. At the same time, the op-
erating time of the D/A converters is reduced from 80 us to
hundreds of nanoseconds, so the power consumption can be
lowered considerably.

2.4. Final layout

Based on the design discussed above, the circuit will be
fabricated using the standard 0.5 ym CMOS process of CSMC,
and part of the final layout is shown in Fig.5. In this layout, the
pixel area is 28.4 x 28.4 um?, and the distance of the adjacent
pixels is 5 ym.

Here, the gate capacitor is used as the storage capacitor
C. With a gate oxide thickness of 125, the gate capacitance
per area C/,, = &g /15 = 3.9%x8.85418 x 10712 F/m/ (125 x
1071%m) = 2.7 fF/um?. So the capacitor in pixel driver C ~
C,. WL = 2.7 fF/um? x 427.8 um? = 1.155 pF, fitting to the
designed value.

Because of the special requirement of display panel, the
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Fig.7. Test waveforms of the driving circuit pixels. (a) 8 frames of 8 scale pixel voltage with 2.0 V V,; (b) 8 frames of 8 scale pixel voltage
with 2.5 V V; (c) 8 frames of 8 scales pixel voltage with 3.0 V V,; (d) 16 frames of 16 scale pixel voltage with 2.0 V V,s.

flatness of the driving IC surface is very important. The pla-
narization process is the difficulty and will affect the results.
We will focus on this in future work.

3. Results and discussion

The driving circuit is implemented using the standard
0.5 um CMOS mixed signal process of CSMC. Figure 6 (a)
shows the wafer of the OLEDoS driving circuit and Fig.6 (b)
shows a chip with PCB package.

Inputing an eight-frames sequence with an eight gray
scale signal (0000, 0010, 0100. .. 1110) into the driving circuit
with different Vs voltages of the D/A convertor and measur-
ing the voltage of pixels, the results in Fig.7 show that with
different Vs voltages 2.0 V (Fig.7(a)), 2.5 V (Fig.7(b)) and
3.0 V (Fig.7(c)), the voltage range is 0.83, 0.57 and 0.51 V,
and the increment of the voltage decreases with the rising volt-
age. The measured result agrees with the simulation result. In-
putting a 16 frame sequence with a 16 gray scale signal (0000,
0001,0010...1111) to the driving circuit with 2.0V V¢ volt-
age of D/A convertor, the pixel voltage is shown in Fig.7 (d).
The waveform shows that the voltage range is from 3.08 to
3.98 V, and the gray scale response is correct. The measured
power consumption of the dirving circuit is about 350 mW.

4. Conclusion

In this paper, a 320 x 240 pixels OLED-on-silicon driv-
ing circuit was implemented using the standard 0.5 yum CMOS
process of the CSMC. 4 bit D/A converters and a three-
transistor voltage-control pixel driver proposed by the author

were used to realize 16 gray scales. Measures were taken to de-
crease the power consumption of the D/A converters. The pixel
area is 28.4 x 28.4 um? and the display area is 10.7 X 8.0 mm?
(the diagonal is about 13 mm). The measured results show that
this driving circuit can work properly, and the power consump-
tion of the chip is about 350 mW.
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