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Constant-current, four-thin-film-transistor (TFT) pixel electrode circuits, based on hydrogenated amorphous silicon (a-Si:H)

TFT technology for active-matrix organic light-emitting displays (AM-OLEDSs), have been designed, fabricated, and charac-

terized. Experimental results indicate that continuous pixel electrode excitation can be achieved with these circuits. The pixel
electrode circuits use a current driver to automatically adjust their current level for threshold voltage shifts of both the organic
light-emitting devices and the drive TFT. Consequently, these pixel electrode circuits have excellent electrical reliability even

when a large threshold voltage shift is present. A high output current level and a good output-input current linearity have been
demonstrated with these circuits.
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1. Introduction strate, for the first time, that this type of pixel electrode cir-
. S -~ cuit can provide continuous current flow even after the select
The rapid development of organic light-emitting de-. : : .
. ; X CS line signal is turned off. In addition, current flow can be fully
vices (OLEDs) has made possible their application tQ .. - .
. . . djusted for the current-voltage characteristic variation of the
high-resolution large-area flat panel displays. Suc . L
. : ) . . . FTs and OLEDs. Consequently, these pixel circuits are able
high-resolution displays require thin-film-transistor (TFT) oo :
. . L 1o maintain a constant level of current flow and have high
based active-matrix (AM) driving schemes to reduce their . o . L
N electrical reliability. Also, these pixel electrode circuits have
power dissipation. Over the past few years, much effort has

been made to develop AM driving techniques for organignly two control lines and, as a result, their driving schemes

light-emitting displays:™ Pixel electrode driving schemes are simple. Finally, two improved circuits are proposed to

based on one-TF®, two-TFT29 and four-TEP circuits further enhance pixel circuit electrical performance. Pixel

have been proposed. Today, it is well established that tﬁlectrode circuit simulations and experimental results indicate

one-TFT pixel electrode configuratidncannot be used for thatthe proposed circits are acceptable for AM-OLEDs.
AM'OLED. because contmut_)us exc!tatlon during th? entllr%. Pixel Electrode Circuit Schematic and Operation
frame period cannot be achieved with this type of pixel cir-
cuit. Continuous pixel electrode excitation can be achieved Figure 1(a) shows the schematic of the equivalent constant
by a two-TFT configuratioR.® However, in this type of current four-TFT pixel electrode circuit. T1 and T2 are the
pixel electrode circuit, non-negligible threshold voltay@) switching transistors. T3 is the drive TFT while T4 serves
variation of the drive TFT, due to TFT process variatioras a one-direction diode that only allows current flow from
or long-term operation, can occur and cause output curre¥iyp (common source) line to the OLED. This circuit has
level variation over the display panel. As a result, the lightour external terminalSVseiecs ldata Voo, @and ground. The
emission intensity of OLED and AM-OLED brightness canselect line voltage signaVseiec; and the source line voltage
change accordingly, which may not be acceptable for cesignal,Vpp, are pulsed and constant voltage signals, respec-
tain applications. The previously proposed four-TFT pixetively. The data line signalyai, iSs an adjustableurrent sig-
configuratiorf? although partially compensating fok, vari-  nal to be provided by an external current driver. All signals
ation, uses four control lines and its driving scheme is to0Vselecs |data @NdVpp) are provided externally, and the ground
complicated for practical use. It should also be noted that ¢erminal is the cathode (metal electron injecting electrode) of
far, the proposed four-TFT pixel electrode circuit has beethhe OLED. Figure 1(b) shows an example of the operational
based on polysilicon TFT technolody? which may not be waveforms that can be used for different signals. The opera-
a cost-effective production technology in comparison wittion of this circuit is described as follows:
the well-established amorphous silicon (a-Si) TFT technoloN state: When the select lineMgeee) Signal is high (H),
ogy developed for AM-liquid crystal displays (AM-LCDs). both T1 and T2 are turned ON. The data line signal
In this paper, we describe the current-source four-TFT  (lgat9 then passes through T1 and T2 and sets both the
pixel electrode circuits based on amorphous silicon TFT tech-  drain and gate voltages of T3. Consequently, the poten-
nology. The developed circuits are extensively characterized tials at nodes A and B will allow the data currehg.,)
for different sets of circuit parameters. We clearly demon-  to pass through T3. T3 is working in the saturation re-
gion, eg., Vbs > Vgs — Vi (threshold voltage).Vpp
*Present address: One AMD Place, P.O. Box 3453, MS 177, Sunnyvale, must be. chosen to be lower than the T3 drain voltage
CA 94088-3453, USA. (Vpb) during the ON state to ensure that no current flows
TPresent address: Department of Electronic Device Engineering, Graduate through T4 fromVpp. Therefore, in this case, the cur-
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(a) Schematic representation of the four-TFT pixel electrode circuit. (b) Example of the operation waveforms that can be used

for different external terminals. (c) Top view of the four-TFT pixel electrode circuit fabricated in our laboratory. (d) Schematic top
view of the four-TFT pixel electrode circuit. Cs represents the storage capacitor. T1, T2, ... T5represent TFT1, TFT2, ... TFT5,

respectively.

applied to the OLED anode (ITO electrode), will turn on
the OLED and reach the ground pad (OLED cathode).
The OLED light emission brightness will depend on the
applied current level that can be modulated, as shown in
Fig. 1(b).

OFF state: When the pixel electrode circuit is de-selected

and the select line signal is low (L), both T1 and T2
are OFF. The T3 gate voltage (Vg), however, should be
maintained high by charges stored in the storage capac-
itor (Cs) during pixel electrode ON state. During OFF
state, the T3 drain voltage will drop to alower value and
T4 will be turned on to maintain the same output current
level. This time, the current will flow from Vpp to T3
via T4. If the T3 gate voltage is maintained and T3 is
operated in the saturation region, the output current level

would be equal to lyx,. Therefore, the current flowing
through OLED is expected to be maintained constant.

Automatic adjustment; If the drive TFT (T3) threshold

voltage changes and if this change is not larger than the
amplitude of Vet during pixel electrode circuit opera-
tion, Vg of T3 must be changed accordingly to ensure
the same output current level. This is achieved through
automatic adjustment of the current signal (I4qa) during
the ON state. Therefore, the gate voltage of T3 isaways
adjusted to maintain the data current (1445) level at about
the same level, regardless of the TFT threshold voltage
value. Hence, the local Vi, variation of the drive TFT
will not affect the output current (1) level. The thresh-
old voltage shifts of other TFTs will not have a major
impact on the output current level, because they are not
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involved in controlling the current output in this pixel
electrode circuit.

These above arguments also hold if the OLED
current-voltage characteristic shifts with time, which usually
happens after long-term OLED operation. Conseguently, this
pixel electrode circuit can provide constant current flow even
if loca variations of the OLED characteristics occur.

The gray level of this pixel electrode circuit is controlled
by adjusting the data current level [Fig. 1(b)]. As discussed
above, the output current is expected to be the same asthe data
current in both ON and OFF states. Therefore, the output cur-
rent level is directly controlled by the data current from the
data line. Since OLED brightness is usually proportional to
the current density passing through it,® different output cur-
rents will generate different OLED brightness levels that can
be used to control the display gray levels.

3. Experimental

To verify pixel electrode circuit functionality, we have de-
signed and built this circuit based on aSi:H TFT technol-
ogy. The four-TFT pixel circuit fabricated during this study
is shown in Fig. 1(c). In this figure, the OLED structure is
represented by a combination of TFT (T5) and a parallel ca-
pacitance (Cgioge) [Fig. 1(8)]. The geometrical sizesof T5and
Cuiode have been optimized to ensure that under forward bias
condition, the current flow through the T5-Cgjoge cOmbination
is similar to that expected in the fabricated OLED. Indeed,
T5, whose gate electrode is connected to its drain electrode,
shows arectifying characteristic.?’ The channel length for all
TFTsis6um.

The pixel electrode circuit was fabricated on a Corn-
ing 1737 6” x 6" sguare glass substrate using a conven-
tional inverted-staggered back-channel-etch process.” First,
a 1000-A-thick chromium layer was deposited on Corning
1737 glass by the sputtering method and patterned to form
the gate electrodes of all five TFTs and the bottom electrode
of the storage capacitor (Cs). A-SiNy:H (3000A), intrinsic
aSi:H (2000A), and n* a-Si:H (500A) layers were then de-
posited sequentially by the plasma-enhanced chemical vapor
deposition (PECVD) technique. After the patterning of the
active area (a-Si:H idand) for all TFTsand the gate via open-
ing for T3, T4, and T5, 2000-A-thick molybdenum was de-
posited by the sputtering method and patterned to form the
source-drain electrodes of al five TFTs and the top electrode
of the storage capacitor. The interconnects (for example, T1
sourceto T3 gate, etc.) between different TFTs were formed
at the same time. The TFT back channel was reactive-ion
etched (RIE) using the dry etching process. Then, aSiNy:H
(3000A) was deposited on top to passivate the pixel circuit.
The viain the passivation layer was opened afterwards. Fi-
nally, the ITO electrode was sputtered, annealed and etched.
When OLED isincorporated into this pixel electrode circuit,
the T5 and Cgjoge Structure can be omitted, the OLED struc-
ture will be fabricated on top of the ITO electrode, and light
will be emitted down through the ITO layer. Figure 1(d) il-
lustrates the schematic representation of the fabricated pixel
electrode circuit.

The electrical properties of the pixel circuit were evaluated
using aprobe station. Data (constant current, | 445) and source
line (constant voltage, Vpp = 9V) signals were supplied

Y.Heetal. 1201
by HP 4156A semiconductor analyzer. The select line sig-
nal (pulsed voltage, Vsgect) Was supplied by a Keithley 237
source-measure unit with an ON voltage = 25V, an OFF
voltage = 0V, and a duty cycle of 10% (ON time: 100ms,
period: 1000 ms). The output current (14,) of this circuit was
measured by the HP semiconductor analyzer after input data
current (l4a2) and source line voltage (Vpp) were turned off,
i.e., after the pixel electrode circuit was de-selected. Thiswill
enable verification of the pixel electrode circuit's ability to
provide continuous excitation. The sampling of the output
current was triggered by the falling edge of the select pulse
voltage signal to ensure that data were collected after the pixel
circuit was turned off. The typical sampling time for each
data point was found to be ~ 2-3ms using the HP 4156A
semiconductor analyzer. Therefore, all measurements were
performed in the OFF state, e.g., when the Vgt Signal was
low. The experimental noise was below 10 pA.

4. Experimental Results and Discussions

4.1 |lou—lgata Characteristics

During the ON state, The output current (lo,) measured
at the ground pad (OLED cathode) approximately equals the
data current (lgaa) provided by the current source from the
dataline. However, as discussed previously, continuous pixel
excitation is necessary for an AM-OLED driving circuit. To
verify the circuit’s ability to continuously supply the pixel
electrode current, the output current in the OFF state was in-
vestigated.

Figure 2(a) illustrates the output current in the OFF state
versus data current characteristics of the four-TFT pixel cir-
cuit at different Vpp voltages for a storage capacitor of
~ 6.61pF. All the characteristics were measured after Vegect
was switched off from 25 to 0V and the pixel electrode cir-
cuit was de-selected. It isclear that continuous pixel €l ectrode
excitation was achieved in this pixel circuit. For all Vpp volt-
ages, the output current level increases monotonically with
the data current, indicating that the output current level is
solely controlled by the data current for given Vpp voltage
and storage capacitor values. This characteristic will enable
the control of AM-OLED gray scale solely by the data cur-
rent. In addition, ahigher output current level can be achieved
with higher Vpp values. Note that when Vpp was high, the
output current was not zero even if the input data current was
zero. Thisisdueto thefact that even when | 444 iSZero, the T4
source voltage [point B in Fig. 1(@)] isnot zero. Since lgga iS
zero, thevoltage at point A will be equal to the voltage at point
B. Thiswill keep T3 slightly ON to alow a small amount of
current to passthrough. When Vpp voltageis higher, the volt-
age at point A will also be higher, leading to an even larger
output current.

In Fig. 2(b), the output current characteristics in the OFF
state for different Cs are plotted together at a given Vpp volt-
age (9V). These experimental results verified that a larger
output current level could be achieved for a larger size of
the storage capacitor. The Iy values for lgga = 0.2 uA
in the OFF dtate are listed in Table I. From this ta
ble, we can conclude that the output current (loy) de-
creases with respect to the input data current (lyxa) When
the pixel circuit is switched from ON to OFF state. The
data listed in this table were measured using the follow-



1202  Jpn. J. Appl. Phys. Vol. 40 (2001) Pt. 1, No. 3A

Y. He et al.

Table 1. Output current and storage capacitor values deduced from Fig. 2(b). The AV values were calculated using eg. (8).
o Storage capacitor lout (ON)* lout (OFF)
Circuit no. (0F) (uA) (uA) Aloyt (LA) AV (V)
1 0.052 0.20 0.03 0.17 0.85
2 0.41 0.20 0.04 0.16 0.71
3 0.83 0.20 0.07 0.13 0.55
4 1.65 0.20 0.09 0.11 0.44
5 331 0.20 0.12 0.08 0.32
6 6.61 0.20 0.15 0.05 0.17
*|out(ON) = |data; AIout = |out(ON)—|out(OFF)-
1 0 T T T T T T T T . . .
(@) T1: WIL = 50/6 um 15V . shown schemancally_m F! gs. 3(8) and 3(b)_. It should b(_e _noted
[ T2: W/L = 100/6 ym P that all TFTs shown in Fig. 1(a) have their own parasitic ca-
08F  T3: WL =250/6 um g . pacitors. Among them, the T1 parasitic capacitor (Cpy) will
'é4.=V!/6L.6—12p5I9/6 um L 13V _. cause a T3 gate potential drop when Vet iS Switched from
= o6l : T - i 25to 0V. Figure 3(c) illustrates the equivalent pixel circuit
é ' Pitie i g at node A shown in Fig. 1(a). When Vet iS 25V, node A
3 e 7 v (T3 gate) is charged up to the dataline voltage (Vgaa) by | data.
T o04f 7 PETE L . Thisvoltage valueis determined by the present current source
PRt oV voltage. Thus, the charge stored at node A is
02f 7 _ SR L V_ B —7;/_ T Q = Cp1(Vdata — Vsetectiony) +Cygd(Vdata — Va)
L N w@
ge- +Cgo(Vuata — Vas)Cos(Vata — Vs) +Cs(Vaata — Vaa),
K n 1 i 1 L 1 n 1 g g
00— 02 04 06 08 10 @
| yata [MA] where Cy; is the T1 parasitic capacitor; and Cygq and Cys are
the T3 gate-to-drain and gate-to-source capacitors, respec-
tively. If the source/gate and the drain/gate overlaps of T3
0.25 areidentical, Cqqy = Cgs = Cpg, Where Cy3 represents the T3
parasitic capacitance. Cy, is the capacitance associated with
0.20 ; 4 f[he gate over the field region,® and is equal to the ga;e OX-
' ide capacitor (Cygp = Cox). Vg and Vs are the T3 drain and
B source voltages. V,g isthe equivalent T3 field region poten-
. 0.15 | tial. Then, the above equation can be simplified as
< .
E‘Is 0.10 / i .- ] Q = Cpl(VdaIa - Vselect(ON)) + CpS(ZVdaIa - Vd - Vs)
- ; : + Cox (VdaIa - Va—Si) + Cs(vdata - Vdd)- (2)
0.05 A When Vet iS SWitched to 0V, the charge stored at node A is
ny : ’ ’ ’ ’ ’ ’ ’ ’
ool = | | Q' = Cp1V/ + Ca(@V' = V§ — V) + CL(V' — Vig)
00 02 04 : 06 08 1.0 + CV' — V). ©)
e where V' represents the potential at node A after Vegect iS
Fig. 2. (a) Output current versus data current characteristics of the

four-TFT pixel electrode circuits at different Vpp voltages for a storage
capacitor size of ~ 6.61pF. (b) Output currents at Vpp = 9V for differ-
ent Cs. All curves were measured during OFF state of the pixel electrode
circuit.

ing parameters. Vegedr = 25V — 0V, Vpp = 9V,
and lgga = 0.2uA. Also, the TFTs have the following
W/L ratios. T1 W/L =50/6um, T2 W/L = 100/6 zum,
T3 W/L = 250/6um, T4 W/L = 250/6um, and T5
(OLED-emulating TFT) W/L = 200/6 um. The output cur-
rent level decrease observed for higher 144, valuesis mainly
due to the gate voltage decrease induced by the parasitic ca-
pacitor.

In general, the TFT parasitic capacitor (Cp) is due to the
overlap between TFT source/drain and gate electrodes, as

switched from 25 to OV. After this switching step, if T3
still operates in the saturation region, Céb would remain the
same (Cox). Assuming that the T3 field region (Vas) and the
T3 drain and source (the potential applied to OLED) poten-
tial changes are negligible after each switching, eg. (3) can be
rewritten as

Q, = Cplvl + CpS(ZV/ —Vu— Vs) + C(/)X(V/ - Va—Si)
+ Cs(V' = V). 4

Q' would be equal to Q if there were no charge leakage from
node A back to the data line through T1 in the OFF state.
Therefore, by substituting of eg. (4) into eg. (2) and replacing
(Vdata — V') by AV, we obtain

CplAVseIect

AV = .
Cpr +2Ci3 4+ Cox + Cs

()
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TFT parasitic capacitor. (c) The equivalent circuit at node A of Fig. 1(a).

Theinverse of eg. (5) gives

1/AV = Cp1 + 2Cp3 4+ Cox + Cs _ 1 C.
Cp1A Vet Cp1A Vet
Cp1 + 2Cp3 + Cox ©6)
CplAVselect

The second term on the right-hand side of eg. (6) is a con-
stant for fixed Vsgect and pixel electrode circuit parameters.
Therefore, the relationship between 1/ AV and the storage ca-
pacitor should be linear. In order to use eg. (6) to analyze the
datagivenin Tablel, the gate voltages responsible for the out-

put current drops must be derived. Assuming that T3 (drive
TFT) isin the saturation region before and after pixel elec-
trode circuit switching, the T3 output current should follow
the equation

(Vgs Vth)zv

where | is the drai n-to—source current; u is the field-effect
mobility; W and L are the channel width and length, respec-
tively; and Vg and Vi are the gate-to-source and threshold
voltages, respectively. Rewriting the above equation to show

1
las = MCox (78)
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Fig. 4. Calculated AV as a function of the storage capacitor (—). The
calculated AV values (m) from experimental data are also shown.

Vgs in the left term, we obtain

2L
Vgs = Vin + 7MCOXW I gs-
Because data collection takes only ~ 2-3ms after pixel cir-
cuit switching, it is expected that no significant threshold volt-
age shift of T3 will take place. Therefore, in general, the gate
voltage variation should obey the following equation:

2L 1/2
) WTon—Ton). ()

uCox W

where Vg is the T3 gate-to-source voltage after the pixel
circuit switching step. lgn = low(ON), gt = low(OFF),
w ~ 0.26cm?/V-s, Cox &~ 2.07 x 107 8F/cm?, L = 6um,
W = 250 um for the datalisted in Table .

Figure 4 shows the variation of the inverse of the gate volt-
age (AV), derived from eg. (8) based on the data given in
Tablel, as a function of the storage capacitor. It is clear
from this figure that the inverse of the gate voltage de-
creases linearly with the size of the storage capacitor, as sug-
gested by eq. (6). According to eg. (6), the slope [(0.71 +
0.04) x 10 F~1.v—1] of the straight fit line should be equal
t0 1/Cp1AVsear. Thus, from this slope, we can calculate the
T1 parasitic capacitor value as

1
= 0.71 x 102A Ve

where AVt = 25V. If we take into consideration film
thickness variation, dielectric constant uncertainty, and mis-
alignment associated with the photo-process during TFT fab-
rication, the parasitic capacitance value (= &reoWL overizp/t,
e A~ 7,t ~ 3000A), calculated directly from the design
parameters, for T1 (W/L = 50/6 um, Loverlap = 2m) is
~ 20.7 + 20fF. This value is comparable in magnitude to
the parasitic capacitance derived from Fig. 4. Therefore, the
above analyses provide a good justification for the origin of
the T3 gate voltage reduction associated with the T1 para-
sitic capacitor. The observed deviation between theoretical
and measured results may also be due to the following:

a) Some of the assumptions made during the derivation

(7b)

AV:VQS_VQ/S=<

Cpl

~ 56.3fF, (9)

Y. He et al.

of eq. (6) may not hold during pixel circuit opera-
tion. For example, during the derivation of eq. (5),
it is assumed that the T3 source potential (the poten-
tial applied to OLED) remains at the same level &f-
ter pixel circuit switching step. This assumption can-
not be 100% correct because the current (1) flowing
through OLED changes. The current change is a di-
rect result of the OLED bias change. Therefore, the
T3 source potential cannot remain at the same level if
an output current change is observed. In many cases,
such a potential change could be very small, particu-
larly in the high-current regions where a dight voltage
change induces a large current fluctuation. In the case of
lout = 0.2 A, however, this potential change may not
be sufficiently small to be neglected.

b) Other output current reduction mechanisms may be in-
volved. For example, the charge leaks through T1 to the
data line, or the T3 (drive TFT) operation point moves
from saturation to the linear region after the pixel elec-
trode circuit switching step.

In both cases, the output current level will be further re-
duced, resulting in alarger calculated Cpy; value using eg. (6).

According to eg. (6), the Y-axis intercept (1.10 4+ 0.12)
of the fitted straight line in Fig. 4 corresponds to
(Cp1 + 2Cp3 + Cox) /(Cp1AVegert). Therefore, the Cpy value
can be also derived from the intercept value if other param-
eters are known. This calculated C,; value is ~ 19.5fF,
in excellent agreement with the parasitic capacitance value
(20.7fF) calculated above directly from the TFT design pa-
rameters.

From the above analysis, it is clear that a certain size of
storage capacitor is needed for the four-TFT pixel electrode
circuit. In general, alarger Cs is preferred to minimize the
reduction of the output current after pixel electrode circuit
switching. Also, the Vpp voltage must be carefully selected
to reduce the output current deviation observed at low data
currents.

4.2 Impact of TFT W/L ratios

Figure 5(a) illustrates the influence of the T1 W/L ratio on
the output current characteristics in the OFF state. Experi-
mentally, we have observed that a larger output current level
can be reached for a larger T1 W/L ratio. However, at the
same time, when the T1 W/L ratio was too large, the output
current could not reach zero even if theinput data current was
set to zero. The pixel electrode circuit output current charac-
teristics showed little dependence onthe T2 W/L ratio.

Figure 5(b) showstheinfluence of the T3 (drive TFT) W/L
ratio on the output current characteristics in the OFF state. It
is clear that for alarger T3 W/L ratio, a higher output cur-
rent level can be achieved. However, when the T3 W/L ratio
was too large, the output current could not reach zero even
if the input data current was zero. Figure 5(c) illustrates the
transient characteristic of the output current for the four-TFT
pixel circuit. The Vpp voltage and the input data current were
13V and 0.2 uA, respectively. From this figure, it is clear
that the output current slightly decreased after the pixel elec-
trode circuit was switched OFF, but the output current level
remained unchanged for at least 1 second after the select line
signal was turned off, indicating a negligible pixel electrode
circuit leakage current.
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Fig. 5. Influences of (a) T1 W/L ratio and (b) T3 W/L ratio on the out-
put current characteristics of the four-TFT pixel electrode circuit. (c) The
transient response of the four-TFT pixel electrode circuit.

Based on our experimental results and pixel electrode cir-
cuit analyses, the best set of pixel electrode circuit parame-
tersislisted in Table I for the pixel circuit described above.
Further improvement of this pixel circuit will require further
process refinement and video-rate test current signals.
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Table 1I. Best pixel electrode circuit parameters to be used for the a-Si:H
four-TFT pixel electrode circuit described in this paper.

Cs(PF)  Vop (V)
6.61 9

TLW/L (um)
50/6

T2W/L (um)
200/6

T3W/L (um)
250/6

4.3 Pixel electrode circuit electrical reliability

One basic function of the AM-OLED pixel electrode circuit
is to consistently provide a constant current for the OLED
during the frame period. The experimental results showed
that this is indeed the case for the four-TFT pixel circuit and
the output current level can simply be adjusted by supplying
different data current values. This should allow good control
of the AM-OLED gray levels.

However, serious circuit electrical instability may occur
due to the drive TFT threshold voltage shift, particularly for
the two-TFT circuit.®) This drive TFT threshold voltage shift
can cause a large AM-OLED brightness variation. To study
the electrical reliability of this pixel electrode circuit, we have
conducted a series of DC hias-temperature-stress (BTS) on
thedrive TFT (T3) to accelerate the aging process of the pixel
electrode circuit. The threshold voltage shift of other TFTs
presented in this circuit will not have a major impact on the
output current level, because they are not used to control the
pixel electrode current output. During BTS, a bias stress volt-
age of +20V was applied to the T3 gate at room temperature.
The best pixel electrode circuit parameters given in Table |1
were used for pixel circuit electrical reliability evaluation.

Figure 6(a) illustratesthe variation of pixel electrode circuit
output current characteristics as a function of BTStime. It is
clear from this figure that the output current level remained
essentially unchanged during BTS up to 10*s. Figure 6(b)
shows the T3 threshold voltage evolution as a function of
BTStime. For aBTStime of 10,000s, the threshold voltage
was shifted by ~ 2.77V from its initial value. Figure 6(b)
also illustrates that the output current changed by only ~ 1%
at high input current (> 0.5uA) and by ~ 5% at low in-
put current (> 0.1 u1A). These results clearly show that this
pixel electrode circuit is capable of compensating for the T3
Vin variation to ensure a stable, constant pixel output cur-
rent level. This will allow both good control of the display
gray levels and uniform luminance distribution over the en-
tire AM-OLEDs.

5. Improved Four-TFT Pixel Electrode Circuits

In an ideal case, the pixel electrode output current level
in the OFF state should be equal to the input data current,
as indicated by the ideal line in Fig. 6(a). However, experi-
mental results showed that the output current levels were sub-
stantially lower than the ideal case, particularly at high input
current levels [Fig. 6(a)]. This deviation from the ideal case
may be associated with (@) gate voltage reduction induced by
the parasitic capacitor, Cpy, as discussed in detail above. The
consequence of the gate voltage decrease is the decrease of
the T3 output current level. This effect is large at low input
current levels, where both Vgs and Vs are small; (b) after the
pixel electrode circuit is de-selected, the magnitude of the T3
drain voltage will decrease. This voltage drop could produce
Vis < Vgs — Vin. As aresult, the T3 operating point will shift
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Fig. 6. (& Impact of BTS on the four-TFT pixel electrode circuit charac-

teristics. (b) BTS time dependence of the threshold voltage and the output

current at several data currents, AVi, = Vi, — Vi, where Vi, and V}, are

the TFT final and initial threshold voltages, respectively.

from the saturation region to the linear region, and the output
current (loy) will decrease with respect to lgqa. This effect
will be dominant at high input current levels, where both Vg
and Vygs of T3 in the ON state are large in comparison with
VDD-

The output current deviation can be reduced by increas-
ing the external source line voltage (Vpp). A higher Vpp
will result in larger output current levels (see Fig. 2). How-
ever, at the same time, an incorrect output current level can
be induced at low input currents, where the T3 drain volt-
age could be lower than Vpp. As aresult, current [1p(T4)]
will flow from Vpp to T3 via T4 and the total output current
lowt = lgata + 1D(T4) > lgaa. This Situation can be seen in
both Figs. 2 and 5. For the circuit to work reasonably well
at both low and high data current levels, a compromise Vpp
voltage must be reached. In the case of our four-TFT pixel
electrode circuit, Vpp = 9V seemed to be the best choice
(Tablell).

However, even a Vpp = 9V, alarge deviation and non-
linearity between the output and input currents still exist, and
the output current tendsto saturate at high currents[Fig. 6(a)].
Therefore, this pixel circuit might not be able to provide a
sufficiently large current density if ahigh OLED brightnessis
required. To achieve a high output current and a good output-
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input current linearity, the four-TFT pixel electrode circuit
was dightly modified [Fig. 7(a), the top view of this circuit
is shown in Fig. 7(d)]. By connecting an extra voltage con-
trol line (V) to the T4 gate electrode, the Vpp voltage can
now be set at 25V or higher. During the ON-time, the Vi
signal islow and T4 is turned off. The dataline signal (l4aa)
then passes through T1 and T2 and sets both the drain and
gate voltages of T3. Consequently, the potentials at nodes A
and B will allow the data current (lgaa) to pass through T3.
T3 isworking in the saturation region, e.g., Vbs > Vs — Vin
(threshold voltage). Because T4 is off, no current can flow
through it from Vpp. Hence, the current flowing though T3 is
equal to lgqa. This current then will turn on T5 (e.g., OLED)
and reach the ground. During the OFF time, the V¢ signal
is high to turn on T4, allowing for the current to flow from
Vpp to T3 viaT4. Since Vpp now represents a high potential
power source, the potential at point B will increase after the
pixel circuit is switched from ON to OFF state. The T3 gate
voltageismaintained at the previouslevel by chargesstoredin
the storage capacitor Cs. Therefore, Vps of T3 remains higher
than Vgs — Vi, and the TFT remains in the saturation region.
Consequently, the pixel output current (loy) is maintained at
the same level asthat in the ON state. Thus, loyt = lgata-

A closer inspection of this pixel electrode circuit reveas
that the signal of the Vyy terminal is exactly the inverse of
the select line signal (Vsgect). Therefore, atwo-TFT based in-
verter can be added to this pixel electrodecircuit to replace the
Ve terminal. This approach, illustrated in Fig. 7(b), will re-
duce the number of pixel electrode terminals but will increase
pixel electrode circuit complexity. However, the two-TFT
based inverter does not have to be included in every pixel
electrode circuit. Instead, it can be fabricated at the edge of
the display panel or included in the driving display circuit to
reduce pixel electrode circuit complexity. To achievethevolt-
age inversion, the geometrical dimensions of T6 and T7 need
to be optimized, so that WyLg/L7Ws > 1 (Ws, Wy, Lg and
L, represent the channel widths and lengths of T6 and T7, re-
spectively.). In the ON state, Vet Will turn on T1, T2, and
T7. T6 is always on because its drain and gate electrodes are
connected. Since both T6 and T7 are on, the current flows
from Vpp to ground through T6 and T7. In equilibrium, T6
and T7 will function as two resistors linked in series, and the
gate voltage of T4 at node C will be determined by these two
resistor and Vpp values. Since the resistance of TFT in the
ON state is proportional to its W/L ratio, the T4 gate voltage
will be ~ Vpp x W6L7/L5W7 <« Vpp. This voltage can be
adjusted to a value smaller than the threshold voltage of T4
by choosing the appropriate Wes, Wy, Lg and L, values. Then
T4 will be off and, therefore, no current will flow through T4,
asin the case of the V-line approach. In the OFF state, T1,
T2, and T7 will be turned off. The gate voltage of T4 at node
C will be set high by Vpp through T6. This circuit condi-
tion will allow the current to flow from Vpp to T3 through
T4. Similar to the case of the V-line approach, Vps of T3
will remain higher than Vgs—Vin, and T3 will still operate in
the saturation region. As a result, the pixel electrode output
current level will remain constant.

To support the above analysis, circuit simulation was per-
formed using Cadence. The pixel circuit simulation parame-
ters used in thiswork are summarized in Table I11. Note that
for the pixel circuit simulation, all the TFT parasitic capac-
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Table IIl.  Summary of the simulation parameters used for calculation of Fig. 7(c).
Wi/L1 Wo/L> Ws/L3 Wa/L4 Ws/Ls We/Le Wr/L7
50/6 u 100/6 um 250/6 um 250/6 um 200/6 um 16 um 10/6 um
Vbp Vsdlect Vetrl | data Cdiode Cs Rs Cp
25V 0— 25V 25— 0V 0— 5uA 6.4 pF 6.61pF 1002 570fF

itors (Cp) were set at 570fF, about one order of magnitude
higher than the values given above in order to achieve simu-
lation convergence. Figure 7(c) shows the simulated output
current (14yt) versusinput current (1;,) characteristics for both
pixel electrode circuits. In this simulation, the a-Si:H TFT
density-of-state (DOS) model developed by our group was
used.?) Also, the experimental circuit parameters were used
for this pixel circuit smulation. As expected, the simulation
results indicate that the output currents for both pixel elec-

trode circuits are very close to the ideal case. The output cur-
rent levels differ by only less than 0.5% from the ideal case
at low currents, indicating excellent 1o,—lin linearity. More-
over, a pixel output current level higher than 5 A can be
achieved with these pixel electrode circuits. For an 11-inch
VGA full-color AM-OLED with a pixel electrode size of
~ 100 x 200 um?, this output current level is equivalent to
acurrent density of 25mA/cm?. Assuming the OLEDs with
an external quantum efficiency of 1%, the display brightness
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of ~ 110, ~ 1200, and ~ 200 cd/m? for red (650 nm), green
(540nm), and blue (480 nm) light emission, respectively, can
be achieved [Fig. 8(a)]. In Fig. 8(b), the display brightness
as afunction of OLED external quantum efficiency is shown
for an applied pixel current density of 25mA/cm?. In Fig.
8(c), the display brightness for different pixel electrode sizes
is shown. These brightness values were calculated using the
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following equation:

hc J
L = 683E(A _—,
( )77@(7[)L e

where L is brightness;, E()) is the luminous efficiency of
light with wavelength of A, with E(650nm) = 0.107,
E (540 nm) = 0.954, E(480nm) = 0.139 values used in this
work; J is the applied current density; ne is the device ex-
ternal quantum efficiency, e is the electron charge, c is the
velocity of light, and h is Planck’s constant. It is clear from
these figures that the calculated brightness values are more
than sufficient for most portable AM-OLED applications.

6. Conclusions

We have designed, fabricated, and analyzed a constant-
current four-TFT pixel electrode circuit based on aSi:H TFT
technology for active-matrix organic light-emitting displays.
Experimental results indicate that continuous pixel electrode
excitation can be achieved with different pixel electrode cir-
cuits discussed in this paper. The pixel electrode circuits
showed excellent electrical reliability with virtually no out-
put current variation even when alarge TFT threshold voltage
shift was observed. In addition, two improved pixel electrode
circuits have been proposed to achieve high output current
level and good output-input characteristic linearity. With a
typica OLED external quantum efficiency of 1%, the out-
put current level of this pixel electrode circuit can achieve a
pixel electrode brightness that is more than sufficient for most
portable AM-OLED applications.
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