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ABSTRACT In this paper, we proposed a new low-temperature polycrystalline oxide (LTPO) thin-film
transistor (TFT) pixel circuit for micro light-emitting diode (wLED) displays that produces a highly stable
and uniform driving current. The proposed pixel circuit suppresses the current level change along with
the sweep signal due to the parasitic capacitances and compensates for the TFT’s threshold voltage (Vty)
variation-induced current error, including even falling shape. In addition, the proposed circuit produces a
constant current regardless of the data voltage. As a result, a relative current error rate of less than 2%
was achieved across all gray levels under the 0.5 V Vry fluctuation. The proposed circuit was verified
using HSPICE with a low-temperature polycrystalline silicon (LTPS) TFT and amorphous indium-gallium-
zinc-oxide (a-IGZO) TFT model based on the measured data. The simulation analysis confirmed that the
optimal sweep signal input position and pulse width modulation (PWM) and constant current generation
(CCQG) parts connecting method were key design points for stable and uniform performance.

INDEX TERMS MicroLED (uLED), pixel circuit, a low-temperature polycrystalline oxide (LTPO) thin-
film transistor (TFT), threshold voltage (VTg), compensation, falling time, parasitic capacitor, coupling

effect.

I. INTRODUCTION

Micro light-emitting diode (uLED) is gaining extensive
attention as the next generation of display due to its superior
characteristics compared to the organic light-emitting diode
(OLED), such as high brightness, wide color gamut, low
power consumption, and resistance to burn-in [1], [2],
[3], [4]. Despite its superior characteristics, wLED has a
significant problem in wavelength shift according to current
density [5], [6]. Therefore, a conventional driving method for
OLED, which changes the luminance by adjusting the current
level with fixed emission time, can cause color distortion
according to the gray level when applied to uLED display.

Hence, uLED has adopted the pulse width modulation
(PWM) to change the luminance by adjusting the emission
time with the constant current [7], [8], [9].

Generally, a conventional thin-film transistor (TFT)-based
ULED pixel circuit consists of a PWM part that adjusts
emission time and a constant current generation (CCQG) part
that produces a constant current to the uLED [10], [11].
The emission time is determined when the ramp-shaped
sweep voltage signal (Vswggp) changes the on/off state
of the driving TFT in the PWM part (DRT_PWM) based
on the PWM data voltage. However, the subthreshold
characteristics of TFTs and the slope of the sweep signal
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cause a significant delay in the uLED current turning off,
i.e., falling time [12]. Therefore, a circuit compensating for
even falling wave-shape variation is necessary for uniform
operation. In addition, due to the parasitic capacitors of TFTs
between the gate and drain node (Cgp) or between the gate
and source node (Cgs) [13], [14], continuously varying gate
voltage can negatively influence the threshold voltage (Vi)
compensation accuracy and the constant current supply.
Therefore, both the circuit structure and operation scheme
should be carefully designed to achieve more stable circuit
performance, independent of the parasitic capacitance and
sweep signal.

Therefore, we proposed a new 13T4C low-temperature
polycrystalline oxide (LTPO) pixel circuit based on PWM
driving that supplies a stable amplitude of the square current
pulse to uLED and compensates for even falling wave-
shape under TFT’s Vry variation. We chose the LTPO
backplane because recent high-performance display devices
have mainly adopted LTPO [15], [16]. The low-temperature
polycrystalline (LTPS) TFT offers high mobility and stability,
which is suitable for driving transistors, while amorphous
indium-gallium-zinc-oxide (a-IGZO) TFT shows low leakage
current, which provides an advantage to switching transistors
by minimizing voltage loss from the storage capacitors [17].
The proposed circuit consists of 6 TFTs and 2 capacitors
in the PWM part, and 7 TFTs and 2 capacitors in the
CCG part. For the stable driving current for uLED, we
suggest three key design points: the input position of sweep
signal, the connection position between PWM and CCG
parts, and the connection timing between PWM and CCG
parts. Moreover, we verified the effectiveness of these design
strategies by comparing proposed circuit with three slightly
modified circuits. The relative current error remains below
2% across all gray levels in the proposed circuit, even with
the +0.5 V Vg fluctuation in both the driving TFTs of the
PWM and CCG parts.

Il. PROPOSED PIXEL CIRCUIT
Typically, TFT-based uLED circuits [10], [18], [19] consist
of four stages: initialization, data input, Vg compensation,
and emission. In the first three stages, the PWM and CCG
parts are separated by a switching transistor and concurrently
operated. Then, the two parts are connected in the emission
stage. In this stage, the drain node of DRT_PWM is
connected to the gate node of driving TFT in the CCG part
(DRT_CCG), enabling DRT_PWM to directly control the
on/off state of DRT_CCG. The Vswggp changes the source-
to-gate voltage (Vsg) of DRT_PWM so that DRT_PWM
turns from an off to an on state at a certain point based
on data voltage. This state change makes the gate node of
DRT_CCG have a high voltage to turn off, enabling the
operation of PWM. Typically, Vswggp is applied directly to
the gate node of DRT_PWM to modulate its Vgg directly.
In contrast, we can differentiate the proposed circuit in
three aspects: the connection of the PWM and CCG parts
during the data input stage, applying Vswggp to the source
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TABLE 1. Comparison of the proposed pixel circuit with conventional xLED
pixel circuit.

Category [10] [18] [19] Proposed
Backplane LTPS LTPO LTPS LTPO
Falling wave-shape X X X o

compensation

Sweep signal-dependent
temporal variation in o (0} o X
LLED current
PWM data-dependent
peak level variation in (6] (6] (6] X
LLED current

node of DRT_PWM, and the indirect connection of the PWM
part to the gate node of DRT_CCG. Here, we compared the
proposed pixel circuit with a conventional TFT-based pixel
circuit in the Table 1.

Fig. 1(a) and (b) are the proposed pixel circuit structure
and its signal timing diagram. The proposed pixel circuit
consists of 13 TFTs and 4 capacitors. DRT_PWM and
DRT_CCG are the driving transistors of PWM and CCG
parts, respectively, while T1 to TI11 are the switching
transistors. DRT _PWM and DRT_CCG are LTPS TFTs, and
all switching transistors except for T4 and T10 are a-IGZO
TFTs to prevent stored voltage loss in the capacitor utilizing
a-IGZO’s extremely low off-current characteristic. C1 to C4
are the storage capacitors that store the data voltage and
Vrtu of each part. In particular, C2 and C4 contribute to
increasing the input data voltage range by voltage dividing.
The size of all TFTs is 3 um/3 pum. The capacitance of C1
and C3 is 20 fF, while that of C2 and C4 is 50 fF. Moreover,
the voltage signal range for SCANI1[n], SCAN2[n], and
EM[n] is set to —8.5 V to 12.5 V. Vpp ccG is set to 5
V, and both Vgs ccg and the data voltage of CCG part
(VDATA_CCG) are set to —2 V. Furthermore, VDD_PWM, VREE,
and VRgsgr are set to 2 V. Vswggp[n] is swept from 6 V
(Vswegp L) to 11 V (Vswggp_H), and the data voltage range
of PWM part (Vpata_pwm) for adjusting emission time is
set to 3 V to 10 V. Moreover, we set Cgp = Cgs = 0.273
fF for LTPS TFT and Cgp = Cgs = 0.2 fF for a-1IGZO
TFT, considering an overlap length of 0.1 um and the gate
insulator thickness of each type of TFTs.

The proposed circuit adopts progressive emission driving,
which has lower power consumption than the simultaneous
one [20]. The circuit operation is divided into four stages: (1)
reset, (2) Vg compensation, (3) data input, and (4) emission.

(1) Reset stage: T1, T6, and T7 are turned on with
SCANI1[n-2], and T5 and T11 are turned on with SCAN2[n]
for the initialization. Hence, the voltage stored in capacitors
C1 to C4 from the previous frame is initialized as follows:
Vop_ccg — Vreser for Cl, Vrgser — Vrer for C2,
Vop_pwMm — VReser for C3, and Vrgser — VRer for C4.

(2) VTt compensation stage: T1, T6, and T7 are turned
off, while T2 and T8 are turned on with SCANI[n-1].
Subsequently, the current flows through DRT_CCG and
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FIGURE 1. (a) The proposed 13T4C yLED pixel circuit structure, and (b) its
signal timing diagram.

DRT_PWM until the drain node of both TFTs reaches
Vbp_ccG — VTH_DRT_ccG and VSweep_ L — VTH_DRT_PWM,

respectively. Here, Vry_prt ccc and VTH DRT pwM repre-
sent the Vrg of DRT_CCG and DRT_PWM, respectively.
Moreover, Vswggp L represents the low voltage level of the
sweep signal. As a result, C1 and C3 store Vg of DRT in
both CCG and PWM parts.

(3) Data input stage: SCAN2[n] decreases to a low voltage
to turn off TS5 and T11, and SCAN1[n—-1] also decreases to a
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low voltage to turn off T2 and T8. Subsequently, T3 and T9
are turned on with the SCAN1[n] to apply the data voltage
for each part. Therefore, node A voltage becomes Vswggp_L
— Vru_prr_PWwM + (VpATA_PWM — VREF) X C4/(C3 + C4),
and node B voltage becomes Vpp ccc — VTH DRT ccG +
(VDATA_CCG - VREF)X C2/(C1 + C2). Usually, PWM and
CCG parts are connected in the emission stage [18], [19].
However, our circuit connects PWM and CCG parts through
the SCAN2[n] signal before the emission stage to keep the
stored voltage in C1 stable. The effect of the pre-connection
of two parts before the emission stage will be discussed in
the next section.

(4) Emission stage: SCANI1[n] and EM[n] decrease to a
low voltage, so all switching TFTs are turned off except for

T4 and T10. Consequently, the current flowing through the
ULED current can be expressed by the following equation
due to the stored voltage in ClI.

Iuep = 0.5upCox (W/L)
2
-(VsG_prT_ccG — —VTH_DRT_CCG) (D

I ep = 0.5upCox (W/L)
C2 2
— 2
Cl + C2

where I,1gp represents the pLED current during the
emission stage, w, is mobility of DRT_CCG, Cyy is oxide
capacitance, W is width of DRT_CCG, and L is length
of DRT_CCG. As indicated by equation (2), the I, gp is
independent of the Vty prT ccg, so the proposed pixel
circuit can compensate for the Vg prT ccg variation and
supply constant current. Note that Vgwggp[n] is supplied
to the source node of DRT_PWM in the proposed circuit,
while it is usually supplied to the gate node. This structure
minimizes the effect of Vswggp[n] on the shape of the
square current pulse, which is caused by the coupling
effect of the DRT_PWM'’s parasitic capacitor. The next
section also verifies how the Vswggp connection affects the
pulse amplitude.

When Vgwggp[n] increases and exceeds VTH DRT PWMs,
DRT_PWM is turned on, and the Vgswggp[n] is applied
to node C through T10, so the node C voltage also
increases. Subsequently, when Vsg prr ccc decreases and
becomes smaller than V1 _prt ccg, DRT_CCG turns off,
leading to the termination of light emission. Meanwhile, the
equation determining the end of emission can be expressed
as follows:

'{(VREF — —VDATA_CCG) X

VsG_DRT_PWM > VTH_DRT_PWM 3
C4

\'% \'% -V — 4
sweep[n] > (Vpata_pwm — VREF) X 31 C4 “4)

Consequently, according to equation (4), emission time
can be adjusted by comparison between Vpara pwm and
Vswegp[n], regardless of the Vtu prr pwm. If the PWM
part is connected to node B, a stored voltage loss in C1 will
occur at the falling time, increasing the compensation error
rate due to the falling shape deviation.

VOLUME 12, 2024



PARK et al.: NEW 13T4C LTPO MICROLED PIXEL CIRCUIT PRODUCING HIGHLY STABLE DRIVING CURRENT

ELECTRON DEVICES SOCIETY

(a) (b)
1E-03
Vgp=0.1V,1.1V,5.1V,10.1V 4E-6 Vgg=0V-10V = Simulated
1E-05 (2V step) o Measured
— 1E-07
<
21E-09
_a
1E-11
1E-13} = Simulated ",
© Measured ¥
1E-15 2 =
<15 10 -5 0 5 10
Veo VI
(c)
1E-03}Vps=0.1V,1.1V,51V,10.1V ) Vps=0V-10V = Simulated
1E-05 3E-5 (2 V step) o Measured
) 2E5 0 oo
E 1E-07 E 2E-5
2 1E-09 B 15l 4 __sovTOT
1E-11 =] 7S —
1E-13 k — Simulated see| T
© Measured P 2 aetbbbbbbbbbbbbi
1E-15 0

-20 15 10 -5 0

5 10 15 20

0

5 10 15 20

(a) (b)
3.5
30 1 fram_e time : 16.6 ms < 250 == Avg. LED current ./
Ry (zoominOmsto5ms)] <& /./
2.5 & 200 e
g 2.0 ‘ g 150 -/
3 3 4
g 151 a 100 e
1.0 u /
. 50 o~ Minimum avg. current
0.5 g‘) /./ over one frame
0.0 < Op-=—"" 257 pA(@ Voara pwm =3 V)
0 2 3 4 5 3 4 5 6 7 8 9 10
Time [ms] DATA_PWM
(c) (d)

=y
o

= AVry prr ccs =0V

Node B
= AV prr_cee = 0.5V

AV orr_cos = 05V

=0.967V
*
(2)

Node A

= AVyy prr_pwm = -0.5 V
AVTN,DRT,PWM =05V

6
3
0
12] = BV o =0V
9
6
3

(2) —
¥
40948V

Node A voltage [V] Node B voltage [V]

Avg. current error rate [%] Q.
& o o

'
-
o

== AVyy, orr_cee = AVrn_orr_pwm = 0.5V
== AVry_orr_cco = AVri_orr_pwn = 0.5V

e a —aa—a

IR S e

0 20 40 60 80 100 120 140
Time [ps]

w

4 5 6 7 8 9 10
V,

VGS [v] VDS [v]

FIGURE 2. Measured and simulated results of (a) the transfer curve and
(b) the output curve of LTPS TFT, and (c) the transfer curve and (d) the
output curve of a-IGZO TFT (dotted symbol represents measured results,
and black line represents simulated results).

11l. SIMULATION RESULTS AND DISCUSSIONS
The proposed pixel circuit was verified using HSPICE by
Synopsys. We assumed 340 x 422 resolution with a 60 Hz
frame rate. Additionally, the total emission time is set to 2 ms.
We developed the libraries of the LTPS TFT and a-IGZO TFT
based on the measured data. The fabricated LTPS TFT has
a size of 300 um/400 pum, and for a-IGZO TFT, the size
is 24 um/21 pum. The measured characteristics for LTPS
TFT are Vg = —1.53 V, mobility = 80.1 cm?/V-s, and
subthreshold swing (S.S) = 396.6 mV/dec. For a-IGZO TFT,
the corresponding values are Vty = —0.46 V, mobility =
17.7 cm?/V-s, and S.S = 81.6 mV/dec. As shown in Fig. 2,
the simulated data was well fitted based on the measured
data, achieving a coefficient of determination over 0.9996.
As shown in Fig. 3(a) and (b), the proposed pixel
circuit can control the emission time and luminance of
#LED by adjusting Vpara pwm based on the constant
current driving. Here, the minimum average current over
one frame at Vpara pwm = 3 V is 257 pA. We applied
simultaneous variations of £0.5 V to both VTtH prT ccc
and VTty prT pwm to verify the stability of the proposed
circuit. Fig. 3(c) demonstrates the voltage variations of nodes
A and B over time. After storing the Vty prT ccc and
VTH DRT_PWM in stage (2), the node voltage difference of
about 1 V between before and after the Vg fluctuation
should be maintained until the end of the frame. This value
represents the difference in Vry fluctuation for DRT_CCG
and DRT_PWM. Therefore, the proposed circuit enables
stable operation even in the Vg variations, having less than
a 2% relative current error rate across all gray levels, as
shown in Fig. 3(d). We compared three different circuits
with proposed circuit to verify these stable results based on
three key factors.
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DATA_PWM vl

FIGURE 3. The simulated results of (a) xLED current, (b) the average xLED
current, (c) the change of node A voltage and node B voltage over time
(Vpata_pwm = 8 V), and (d) the relative average current error rate.

A. INPUT POSITION OF SWEEP SIGNAL

Fig. 4(a) depicts the circuit (I) where applying point of the
sweep signal and Vpp pwwm are interchanged compared to
the proposed pixel circuit while the CCG part is the same
as the proposed one. During emission stage of the circuit
(I, the Vsg prT pwMm increases as the Vswggp[n] signal
continuously decreases. When it surpasses VTH DRT PWMS,
DRT_PWM is turned on to terminate light emission. This
operation closely resembles the emission stage of the
proposed circuit. However, as Vswggp[n] decreases during
the emission stage, the gate node voltage of DRT_CCG
decreases (Vg_prr_ccg) due to the Cgp of DRT_PWM,
causing an increase in Vsg_DRT cca. as shown in Fig. 4(b)
and (c). Consequently, as illustrated in Fig. 4(d), the uLED
current does not remain constant but increases during
emission time. Such current level variation during the light
emission induces wavelength shift in the wLED and results in
image distortion. We also adjusted the parasitic capacitance-
related parameters in the TFT model library to modify Cgp
= Cgs = 0 and simulated on comparative circuit (I). As
can be seen from Fig. 4 (e) and (f), Vs prT ccc and
ULED current are not affected regardless of the change in
Vsweep[n] when Cgp = Cgs = 0. Therefore, we confirm
that the parasitic capacitances significantly affect the circuit
operation. Therefore, it is effective to apply Vswggp[n] at
the source node of DRT_PWM to minimize the impact of
sweep signal through the parasitic capacitor to achieve high
image quality.

B. CONNECTION POSITION BETWEEN PWM AND CCG
PARTS

Fig. 5(a) illustrates the circuit (II) where the PWM part is
connected to node B instead of node C of the CCG part.
The PWM of circuit (IT) has the same circuit structure as
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FIGURE 4. (a) The schematic of comparative circuit (I) applying Vgyygep[n]
at the gate node of DRT_PWM, the simulation result of (b) the gate node
voltage of DRT_CCG, (c) Vgg of DRT_CCG, (d) xLED current (Vpara_pwm = 0
V to 7 V), (e) Vg of DRT_CCG when C¢p = Cgs = 0, and (f) xLED current
when CGD = CGS =0 (VDATAJ’WM =0Vto7 V).
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FIGURE 5. (a) The schematic of comparative circuit (1) where the PWM
part is connected to the gate node of DRT_CCG, (b) stored voltage
difference at C1 when the AVyy = 0 V and when the AVyy = £0.5 V, (c) the
simulation result of xLED current (Vpara_pwm = 8 V), and (d) the relative
current error rate of proposed circuit and comparison circuit.

the proposed one. Fig. 5(b) shows the simulation results of
the stored voltage difference in C1 caused by Vty change
(AVTH) as much as £0.5 V. The stored voltage difference
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(a) Comparative circuit (II) (b)
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FIGURE 6. (a) The schematic of comparative circuit (11l) connecting PWM
and CCG parts at emission stage, (b) the simulation result of 4LED current
(Vpata_pwm = 3 V to 10 V), and (c) operation in data input and emission
stage of circuit (111).

in CI, corresponds to the change in Vtg prT ccg, should
be maintained 0.5 V until the end of the emission, including
the falling time, if the Vg compensation is as successful
as the proposed one. However, in the case of a circuit (II)
where the PWM part is connected to gate node of DRT_CCG
(node B), the stored voltage difference of 0.5 V could not be
maintained. Vgwggp[n] is directly applied to node B through
DRT_PWM and T10 at the emission stage, so it affects the
stored VtH_pRT ccG and Vpara ccg in Cl during falling
time leading to stored voltage loss. Eventually, circuit (II)
has a larger uLED current difference during falling time as
shown in Fig. 5(c). As a result, it leads to a much higher
relative current error rate compared to the proposed circuit,
as depicted by the dotted line in Fig. 5(d). This error rate
tends to increase, particularly in low gray levels where the
falling time affects uLED current dominantly due to shorter
emission time. Therefore, compensation accuracy can be
improved by indirectly connecting the CCG part.

C. CONNECTION TIMING BETWEEN PWM AND CCG
PARTS

As shown in Fig. 6(a), during the emission stage, the circuit
(III) connects the PWM and CCG parts by applying the
EM][n] signal to T10 instead of the SCAN2[n] signal. All
other circuit parameters and operations are the same as
the proposed one. The simulation results show that the
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FIGURE 7. Stored voltage difference at C3 when the AVyy = 0 V and when
the AVry = £0.5 V (Vpata pwm = 8 V).

circuit (IIT) produces different current levels depending on
the gray level, which can cause color distortion, as depicted
in Fig. 6(b). During the Vty compensation stage, the
drain node of DRT_PWM (D_DRT_PWM) voltage becomes
Vsweep[nl + VT DRT PwM, and this node maintains a
floating state. Subsequently, during the data input stage,
this node voltage changes proportionally to Vpata pwm
due to the coupling effect of DRT_PWM’s Cgp. When
EM[n] becomes a low voltage, the PWM and CCG parts are
connected, and the light emission begins until DRT_PWM
is turned on. Meanwhile, the D_DRT_PWM voltage affects
the stored voltage in C1. This is because the stored voltage
value in C1 changes due to charge conservation, similar to
the principle of the data input as depicted in Fig. 6(c). In
contrast, the proposed circuit pre-connects PWM and CCG
parts through the SCAN2[n] signal during the data input
stage, and it ensures the stable node C voltage without
causing voltage fluctuations in C1. Meanwhile, when the
PWM and CCG parts are connected at the data input stage,
the voltage at the source and drain nodes of DRT_PWM have
constant voltage value. As a result, the Vry_prr_pwm stored
in C3 is preserved without any voltage loss due to parasitic
capacitances. As shown in Fig. 7, the voltage difference
stored in C3 between A VTH_DRT PWM = AVTH DRT CCG =
0 V and AVTy prT PWM = A VTH_DRT CccG = £0.5 V is
consistent with the difference in threshold voltage, regardless
of the control signal applied to T10. Therefore, connecting
at the data input stage does not significantly affect the
compensation accuracy of the proposed pixel circuit.

IV. CONCLUSION

In this paper, we proposed a new 13T4C LTPO uLED pixel
circuit that ensured a highly stable and uniform driving
current with less than 2% relative errors throughout all
gray levels. We suggested three key design points for stable
operation. Firstly, the effect of parasitic capacitors can be
minimized by applying the Vswggp[n] signal to the source
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node of DRT_PWM so that the circuit can provide a stable
square current pulse independent of the Vswggp[n] signal.
Secondly, we designed the circuit that indirectly connects the
PWM part and the gate node of DRT_CCG to maintain the
compensated stored Vry in the capacitor even during falling
time. Hence, the circuit can maintain not only a constant
current level but also a uniform falling wave-shape under
the variations of Vty_prr_ccg- Lastly, we connect the PWM
and CCG parts during the data input stage to stabilize node
voltage, so the circuit can ensure reliable voltage storage in
C1. Thus, the current amplitude remains constant regardless
of the gray level.

Through HSPICE simulation, we have systematically
analyzed the proposed circuit design strategies to prove
its structural advantages. In conclusion, our proposed pixel
circuit can generate a constant current amplitude even during
falling time, minimize the influence of the sweep signal, and
ensure stable circuit operation despite variations in Vry.
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