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Abstract—In this paper, we present self-compensating current
mirror-based pixel circuits, and analyze basic stability issues to
provide a deeper understanding of circuit operation, and the im-
pact of thin film transistor bias nonidealities, which can lead to the
long-term (and gradual) instabilities in pixel drive current. The
analysis also provides the circuit designer a means to tailor the
pixel drive current stability to the long-term brightness degrada-
tion characteristics of the organic light-emitting diode.

Index Terms—Active matrix, amorphous silicon, current pro-
grammed pixel circuit, organic light emitting diode (OLED),
thin-film transistor (TFT), threshold voltage shift.

1. INTRODUCTION

HE a-Si:H thin-film transistor (TFT) technology is ma-

ture and well suited to produce active matrix display [1]
and imaging [2] backplanes in view of its low fabrication costs
over large areas, good process uniformity, adequate switching
speed, and the option of a low-temperature process that allows
the fabrication of TFTs and circuits on mechanically flexible
substrates [3]. However, the material does have the drawback of
defect metastability, causing threshold voltage (V) shifts in the
TFT over time thus reducing the drive current, which is already
constrained by the low material mobility. In contrast to active
matrix liquid crystal displays (AMLCD) where the pixel com-
prises of only one TFT, which is used as a switch, TFTs in active
matrix organic light-emitting diode (AMOLED) pixel circuits
are used as both switches and analog current sources. As a re-
sult, AMOLED pixel circuits, particularly in amorphous silicon
(a-Si:H) technology, are highly susceptible to long-term perfor-
mance degradation caused by V1 metastability. The problem of
instability can be overcome through the use of appropriate cir-
cuit design techniques along with current programming [4].

The simplest possible pixel driver circuit for active matrix
OLED displays is the conventional two-TFT voltage-driven cir-
cuit shown in Fig. 1, [1].

The gate drivers are connected to the VAppress line, and the
source drivers supply data to the source of T1 in each pixel cir-
cuit. After data has been written to the pixel, the VApprrsgs line
is switched to low, the voltage stored in C's remains constant,
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Fig. 1. Conventional voltage programmed two-TFT OLED pixel driver circuit.
except for the initial drop due to charge feed-through stemming
from the C'qg of T1 when it turns off.

The OLED current is controlled by the drive TFT, T2. In the
saturation region of T2, the current is given by [5]

w

IoLeDp = %HC ia_lL—HVsat(VGs — Vr)“
= K'(Vas — Vr)* )]

where e is the effective device mobility, ¢ is an amorphous
silicon material parameter, C; the gate dielectric capacitance,
« a coefficient that ranges between 2 and 2.4 (see [5]), Vsat =
(1 4+ \)Vps, and X the channel length modulation parameter.

The issue with the two-TFT circuit is that the threshold
voltage Vr of the drive TFT T2 increases during operation. The
direct consequence of the increasing Vr, following (1), is a
decreasing OLED drive current for the same input data voltage.
As a result, the pixel brightness gradually diminishes up to a
point where the pixel essentially turns off. Hence, for reliable
OLED operation, some form of compensation is required to
maintain a constant current through the OLED.

In this paper, we show a four-TFT current programmed cur-
rent mirror-based AV compensating pixel circuit, and demon-
strate its superiority over the conventional two-TFT voltage-
programmed circuit. This paper builds on the preliminary results
presented in [4], which described the transfer characteristics of
the various four-TFT circuits that were presented. In particular,
this paper assesses the theoretical stability of the four-TFT cir-
cuit, analyzes the operation of the TFTs in the circuit, and ex-
amines the effect of the AVr of the various TFTs on the OLED
drive current. The analysis presented here can be applied to all
current mirror-based AMOLED pixel circuits.

II. AVy COMPENSATING CURRENT PROGRAMMED
PIxXEL CIRCUIT

The current mirror architecture is inherently independent
of the V1 of the two transistors, and hence it is an excellent

0018-9383/04$20.00 © 2004 IEEE



2020

Fig. 2. A Vp-shift compensating four-TFT current programmed circuit.

building block for designing self-compensating pixel circuits.
A capacitor at the common gate terminal can store the gate
voltage (which, in turn, sets the output current). For pixel
programming, we need a minimum of two switches to isolate
the pixel capacitor so that its charge cannot leak out during the
frame time. Based on this, a four-TFT current programmed
Vr-shift invariant pixel circuit has been developed, and is
shown in Fig. 2.

When programming the circuit, VA ppress is high, and a cur-
rent Ipara is applied. This current initially flows through tran-
sistor T1 and charges capacitor C's. As the capacitor voltage
rises, T3 begins to turn on and Ipara starts to flow through T2
and T3 to ground. The capacitor voltage stabilizes at the point
when all of Ipara flows through T2 and T3, and none through
T1. This process is independent of the Vi of transistors T3 and
T4.

The gates of T3 and T4 are connected, so the current flowing
through T3 is mirrored in T4. This topology allows us to have
on-pixel current gain or attenuation depending on the sizing of
T3 and T4, so that the respective data current can be proportion-
ately smaller or larger than the OLED current. Since the OLED
current is dependent on Vpp even in the saturation region due
to the low output resistance of TFTs, there is a deviation from
the ideal gain. However, this deviation is known a priori and can
be incorporated in the external gamma correction circuit.

In an active matrix array, pixels are scanned and programmed
in a row-by-row fashion. The time taken to scan all rows (one
frame) is called the frame time. During array operation, the
switching TFTs (T1 and T2) are on only once in the frame time.
If the refresh rate is 60 frames/s and there are 240 rows in the
array, the switches are on for 70 ps/frame. For this array size, the
duty cycle will be only 0.42%, thus the Vr shift in the switches
will be minimal. Moreover, it may possible to reduce the switch
Vo if their gate voltages are set to a negative value when they
are off.

Both the simple voltage programmed two-TFT and current
programmed four-TFT circuits were fabricated in a-Si:H, using
a tri-layer inverted-staggered TFT process at 260 °C. Figs. 3 and
4 show the micrographs of the two-TFT and four-TFT circuits,
respectively, from which we can see that the four-TFT circuit
does not occupy significantly more area. The parameters for the
TFTs in the circuits are given in Table I. To bring the Vr of
all TFTs to an initial known level, we annealed the circuits at
175 °C for 3 h, and allowed them to cool down for another 3 h.
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Fig. 3. Micrograph of the voltage programmed two-TFT circuit.
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Fig. 4. Micrograph of the Vi -shift compensating four-TFT current
programmed circuit.

This annealing process was repeated before any experiment was
performed on the circuits.

A 12-h lifetime comparison was done on both pixel circuits,
the results of which are shown in Fig. 5. To avoid any OLED-re-
lated degradation issues, this test was performed without con-
necting the OLED (i.e., we directly connected the source termi-
nals of T3 and T4 to ground). Also, to reduce the complexity
of the experimental setup, the pixel was continuously stressed
by leaving the switching TFTs on all the time. Here, for the
two-TFT circuit, the input data voltage was held at a constant
value for the duration of the test, while for the four-TFT cir-
cuit, the input data current was held constant. The initial drive
currents of both the two-TFT and four-TFT circuits were com-
parable.

From the experiment results, we can see that the four-TFT
circuit is far more stable than the two-TFT circuit. Over the 12-h
period, the two-TFT circuit drive current falls by almost 30%,
while the drive current provided by the four-TFT circuit does
not degrade. To the contrary, we observe a distinct rise in the
drive current. After an initial rapid current rise for about 2 h, the
drive current rises slowly but steadily (reasons for which will
be discussed in Section III). Indeed, this is totally unexpected
since in a balanced current mirror with both T3 and T4 in the
saturation region, the output current should only depend on the
input (i.e., reference) current, and hence in principle it should
be constant.
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TABLE 1
TFT S1zES AND ON-RESISTANCES IN two-TFT AND four-TFT PIXEL CIRCUITS

a-Si:H TFT Parameters

Initial V¢ Meff G o Leakage Current (at
V(;s=-5 V)
3.65V 0.45 cm?/Vs 19 nF/cm’ 227 0.3 pA
(for 100um/23um TFT)

Pixel Circuit Parameters

(Figure 1)

2-TFT Pixel Circuit

4-TFT Pixel Circuit
(Figure 2)

TFT Sizes

T1: 100pm / 23pm
T2: 1000pm / 23pum

T1,T2,T3: 100pm / 23um
T4: 1000pum / 23um

Vas—ra(t) = Ipara - Ron—12(t) + Vbs—13. 3)

Ipata 1

- —. 4
)\K’[VGS,T4(t) — VT,T3(t)]O‘ A S

Ron at Vgs=20V T1: 1.79 MQ T1,T2,T3: 1.79 MQ
T2:0.176 MQ T4:0.176 MQ
14.00 ATFT where K is defined by (1), G is the gain of the current mirror
12.00 w=== 45-0-0-0-0-0-0-00000-00-0-00000 (WT4/WT3), and
&:: 10.00 m
2 y M
g 800 . . .
5 2-TFT TFT T3 is in saturation, thus, we need to incorporate the channel
% 6.00 length modulation parameter A in order to determine Vpg_73.
£ 400 This gives us
o
2.00
Vbs—r3 =
0.00
0.00 4.00 8.00 12.00 o ) ) ) )
Time (hours) Now, T2 is in the linear region of operation, and is governed by
the following [6]:
Fig. 5. Lifetime comparison of the two-TFT and four-TFT pixel circuits.

III. CURRENT STABILITY ANALYSIS

The basic requirement for a current mirror to work accurately
(i.e., replicate the input or reference current at the output) is that
the Vigs — Vr of the two transistors should be equal at all times,
and both transistors should always be in the saturation region
of operation. This means that in the four-TFT pixel circuit, we
have to ensure that the initial V- of T3 and T4 are equal, the
magnitudes and rates of rise in Vi are equal, and finally, both
T3 and T4 stay in saturation. The output drive current can vary
if any of these conditions are not satisfied. In particular, we have
identified the following three distinct mechanisms that can cause
current variations in the four-TFT pixel circuit:

» switch TFT (T2) degradation;

* differential V- shift between T3 and T4, caused by:
* T3 operating in linear and T4 in saturation region;
¢ other possible mismatches;

e initial V7 mismatch between T3 and T4.

The general time dependence of the drive current can be quan-
titatively determined as follows. Assuming a constant Vpp and
Ipata, and a fixed Vappress voltage in the four-TFT circuit,
and noting that T1 does not pass any current in the steady state,
the drive current provided by T4 (in saturation) is given by

Iprive(t) = G- K'[Vas—1a(t) — Vo_pa(t)]”
= flVas—1a(t), Vo—ra(t)] 2

Ips—12 = NeﬁCO?ilLKﬁ[VADDRESS — Vbs—13
—Vr_r2()]* ' Vps_12.  (5)
Its on resistance is given by [6]
Rox-ra(1)
- . ®)

C pegCCOTE L‘—Kf [VapprEss-Vos-r3-Vr-T2(t)]e~1

Using (2)—(6), the change in the drive current with respect to
time can be written as

dlprve(t) _ Of  OVgs—14
dt OVas—14 ORoN-T2
“ORon-12 dVr_12

OVr_ra dt

L+ af  9Vgs—r4
OVas—14 ORoN-T2
“ORon-12 dVr_13

Woprs  di
L+ of  Vas-14

OVas—ra OVp_73

dVr_ 0 dVr_
WVr-13 | [ dvr T4 g

dt OVr_ry dt

From the above equation, we can see that the root cause of drive
current instability is the Vp-shift in T2, T3, and T4. The first
two terms represent the degradation of switch TFT T2 due to
an increase in the Vp of T2 and T3, and the third and fourth



2022

Drive Current (uA)

10 -

9 ! | \
-1.00 -0.75 -050 -025 0.00 025 050 075 1.00 125 150 1.75
VT-Shift/ VTi

Fig. 6. Simulation of the effect of switch TFT (T1 and T2) degradation on the
OLED current.

terms together represent the differential Vp-shift in T3 and T4.
The effect of any initial mismatch in V- of T3 and T4 is also
predicted by (7).

A. Switch TFT Degradation

The function of the switching TFTs T1 and T2 in the
four-TFT circuit is to isolate the pixel once it has been pro-
grammed. As such, the TFTs are required to have very low
leakage current in the off state, and a very low on resistance
(Ron) in the on state. The leakage current requirement is
easily achievable with inverted-staggered TFTs since it is of the
order of 10-100 fA at the vicinity of Vgs = —5 V. However,
the on resistance is usually in the range of M (2, and is defined
by (6). Despite the low duty cycle in typical QVGA operation,
the switches also degrade because their on resistance increases
over time as Vr increases, making their behavior far from ideal.

In the four-TFT circuit, the current path from the input
through T2 and T3 to ground causes the voltage at the current
input terminal to rise. Since no current flows through T1, the
voltage at the gate of T3 is the same as that of the data input
terminal. Now, when the resistance of the T2 switch increases,
the voltage at the input terminal rises, and the gate voltage of
T3 correspondingly rises. Since the gates of T3 and T4 are
connected, the output drive current provided by T4 also rises.
Thus, even if T3 and T4 are perfectly matched in geometry,
bias/operation, and V7, the degradation of the switches can
cause the circuit to over-compensate, leading to a rise in the
output drive current.

Fig. 6 shows a simulation of the effect of switch degradation
on the OLED drive current. For this simulation, T3 and T4 are
assumed to have the same and constant V- and hence Ron. The
graph shows that for large increases in the V- of T2, the OLED
drive current rises significantly. However, the OLED current is
affected to a much lesser extent in the case of decreasing Vr in
T2. This behavior arises because T3 moves from saturation (less
sensitive drain voltage) to the linear region (highly sensitive to
drain voltage) as the V- of T2 increases.

B. Differential Vi Shift Between T3 and T4

It is not immediately obvious that T3 and T4 in the four-TFT
circuit would not experience the same Vp shift, since they
are subjected to identical Vs (as shown in the Vp model
presented in [7]). However, when the pixel circuit is not being
programmed (i.e., during most of the frame time), T1 and
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Fig. 7. Dependence of AVr on Vs and Vgp of a TFT. The value extracted
for 3 is 0.3. The solid lines represent the model shown in (4).

T2 are off, hence T3 is in the linear mode of operation with
Vps = 0, while T4 remains in saturation.

The effect of drain voltage on TFT metastability cannot be
ignored. Experiments investigating the dependence of AV on
Vs and Vi p show that the AV for a TFT entering saturation
is smaller than that in the linear mode at the same gate bias
voltage, as shown in Fig. 7, [8]. Driving the TFT deeper into
saturation (i.e., Vpg > Vigs — Vr or as Vgp < V) appears to
have little effect on AV-. These observations can be explained if
we consider the defect pool model [9] Assuming that the AV is
proportional to the number of carriers in the conduction band tail
states, the decrease in TFT channel charge in saturation helps
explain the smaller AV as compared to that in the linear region.
Further, since once the TFT is saturated, there is no significant
change in the concentration of channel charge as the TFT is
driven further into saturation, the change in AVr is negligible.
We also have to note that carrier trapping in the gate nitride is
not significant at the indicated bias voltages.

Since AVp appears to vary with the density and distribu-
tion of the induced channel charge, simple MOS equations for
channel charge are employed to develop a rudimentary AVp
model for a TFT operating under gate and drain bias voltages.
Following the observed dependences of AV on TFT drain bias,
AVr equations developed by Powell et al. [9] can be suitably
modified to include the effect of drain voltage by determining
the ratio of the channel charge for given Vgp and Vg bias
values to that in the linear mode of operation [8]. Thus

AVp(t) = (ﬁ

> A(Vgs — Vpy)t? )
Qco

where
Qco = Ca.W.L(Vgs — Vi)
(0%
=(— L
Qa <a n 1) CeW
(Vas — Vii)*t — (Vap — Vipy)oHt
(Vas = Vri)* = (Vap — Vry)®
and V; is the initial V1 of the TFT.
This can be simplified to

«
AVr(t) = A
r(t) (a + 1>
(Vas — Vi)* T — (Vgp — V)™

(Vas — Vri)® — (Vap — Vi)

%, 9)
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Since AVr is proportional to the normalized channel charge, the
maximum (in linear mode) and minimum (in saturation mode)
values for channel charge set the upper and lower limits of AV
at a given Vgs.

In our current mirror-based four-TFT circuit, T3 and T4 expe-
rience different drain voltages. Assuming that Vpp is large, T4
always remains deep in saturation. However, T3 is in the linear
mode of operation for most of the frame time. As predicted by
the model in (9), the V-shift is higher in T3 in comparison to
T4, which pulls the floating gate of T3 to a higher voltage re-
sulting in an over-compensation, and leads to a gradual rise in
OLED current.

To show this mathematically, we can derive the equation for
Iprrve of the four-TFT circuit when the Vp of T3 and T4 are
not matched. This can by done using (1) with a = 2, and ig-
noring the switch resistances

Iprive = G - Ipata + G - K' (Vs — Vrra)?
+2G(Vrrs — Vrra)V K’ - Ipara  (10)
where G is the ratio of (W/L)s of T4 and T3 (i.e., the gain/atten-

uation of the current mirror).
Now, from (8), we can write

AVp_ps(t) = A(Vas — Voi)t?  and (11)
2
AVrr(t) = S A(Vas — Vi)t?. (12)
Thus
A 8
AVp_p3(t) — AVr_pa(t) = - (Vas — Vioi)t”. (13)

3
Using this result in (10) and assuming that the initial Vp of

T3 and T4 are identical, we can derive the time dependence of
Iprive caused by differential Vp-shift in T3 and T4

A 2
Iprive(t) = G- Ipata + G- K’ |:§(VGS - VTi)tﬂ}

A
+2@G |:§(VGS - VTi)tﬂ:| VK’ - Ipata. (14)

The above derivation can be made more accurate if we include
the effect of the drain voltage on the Vp-shift of the TFTs as
shown in (9), however this has to be done numerically. This is
shown in Fig. 8, where the solid lines are the expected values
based on the model. The model agrees very well with measure-
ments of AV in T3 and T4, and the corresponding OLED cur-
rent increase. In this differential V-shift experiment, we pulsed
T1 and T2 at a 0.42% duty cycle, thereby minimizing the im-
pact of switch degradation on the voltage of the floating T3 gate
node.

C. Combined Effect of Switch Degradation and Differential
Vip-Shift

Switch degradation is a major reason for OLED current rise
when T1 and T2 are always on (static operation). In such op-
erating conditions, switch degradation also leads to differen-
tial V-shift, because when the voltage drop across T2 exceeds
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Rise in OLED Drive Current due to Differential AVT in
Current Mirror Pixel Circuits
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Fig. 8. Differential V--shift in T3 and T4 leading to a gradual rise in OLED
current. The solid lines represent expected values based on models.
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Fig. 9. A 200-h stress test on four-TFT current programmed pixel circuit.

the Vi of T3, T3 will move into the linear region of operation.
Meanwhile, T4 continues to be in saturation, thus creating the
Vps mismatch that leads to different AV in T3 and T4. Thus,
during static operation, OLED current rise is due to the com-
bined effects of switch degradation and differential AV.

In contrast, under dynamic operation of the pixel circuit (T1
and T2 switched with a 0.42% duty cycle), switch degradation is
minimal, and the dominant mechanism is differential V-shift.
This distinction can be used to investigate the relative magni-
tudes of current rise due to each of the two effects. Fig. 9 shows
200-h measurements on the four-TFT pixel circuit in both static
and dynamic operation. The dotted line is the ideal pixel where
there is no current increase. The graph demonstrates that the
magnitude of current rise due to switch degradation is about
three times that due to differential Vi-shift over a 200-h period
of operation.

D. Initial Vir Mismatch Between T3 and T4

Another effect that is present current-mirror circuits like the
four-TFT circuit is the initial mismatch in V3 of T3 and T4. De-
spite the excellent uniformity of the various layers in the amor-
phous silicon TFT process, the mismatch in V7 of TFTs using
an industrial process on a 320- x 400-mm glass can be about
6% (from data presented in [10]), and up to about 25% with
a research process (from data presented in [11]). The behavior
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Fig. 10. Current stabilization after initial V;; mismatch between T3 and T4.

of the circuit in the presence of such mismatches is determined
below.

From (10), we can see that a mismatch in V7 leads to an
OLED current that is higher (when Vr 73 > Vp r14) or lower
(when Vp 13 < Vp r4) than the desired current. This equation
can also be used to demonstrate the effects of a mismatch in the
initial V- of those TFTs. The effective gate voltage Vgs—Vr
experienced by T3 is different from that of T4, which leads to a
higher Vp-shift in the TFT that started off with the lower initial
V. This is a self-stabilizing mechanism, whereby after a few
h the Vp of T3 and T4 will become equal. This effect can be
demonstrated mathematically by using (9) to predict the V7 shift
of T3 (in linear) and T4 (in saturation) with the additional con-
straint that the initial Vp of T3 and T4 are different, and using
that in (10) to obtain the time varying OLED current. The re-
sulting equation is best solved numerically.

Fig. 10 shows this variation in the OLED current due to initial
Vi mismatches of —50% to 50%. From the graph, we see that
OLED current settles to the desired value in about 6 to 8 h. This
graph shows that even in the presence of a current mirror mis-
match, the circuit will adjust to stabilize the current. In Fig. 5,
the initial V7 mismatch can be one of the causes of the initial rise
in OLED current over the first few hours of operation. This ef-
fect is also compounded by the a current transient created when
traps in the a-Si:H channel are filled during TFT operation.

IV. DISCUSSION

The previous section explained how three distinct effects,
namely switch TFT degradation, differential Vir-shift, and ini-
tial Vo mismatch, cause long term instability in the OLED drive
current of current programmed four-TFT circuit. From the anal-
ysis, we can see that by controlling the magnitude of these three
effects, the designer can customize the rate of change of the
drive current. For example, the designer can choose the ampli-
tude and duty-cycle of VapprEss to achieve the desired switch
TFT degradation rate, or judiciously select the sizes of the four
TFTs to obtain the desired differential V--shift. Moreover, it is
even possible to adjust the initial rise/fall of the drive current
by deliberately introducing a mismatch in the Vi of T3 and T4,
though this may be difficult to do in an industrial process. This
is a unique and powerful feature of this circuit since it allows
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the drive current instability to be tailored to the OLED bright-
ness instability (which generally falls over time), resulting in
constant brightness throughout the life of the display.

V. CONCLUSION

This work analyzed the long-term stability of the current
mirror-based current programmed four-TFT circuit. It ad-
dressed the issue of the gradual rise in the OLED drive current
that is observed in the circuit, which can be explained by three
mechanisms: switch degradation, differential Vp-shift, and
initial V7 mismatch in the current mirror. Using models and
simulations to determine the magnitude of the observed effects
of each mechanism, this paper demonstrates that it is possible
by circuit design to control the OLED drive current instability
in the circuit. Most importantly, the analysis presented here
can be applied to all other current mirror-based a-Si:H circuits,
and presents the circuit designer with an innovative and unique
method to tailor the drive current increase to the OLED bright-
ness degradation characteristics.
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