Journal of Semiconductors
(2019) 40, 022403
doi: 10.1088/1674-4926/40/2/022403

JOS

Mobility impact on compensation performance of AMOLED pixel
circuit using IGZO TFTs

ARTICLES

Congwei Liaot
Shenzhen Graduate School, Peking University, Shenzhen 518055, China

Abstract: The suitability of indium gallium zinc oxide (IGZO) thin-film transistors (TFT) for implementation of active matrix dis-
play of organic light emitting diodes (AMOLED) compensation pixel circuits is addressed in this paper. In particular, the impact of
mobility on compensating performance for the implementation in AMOLED pixel circuits is investigated. Details of the effective
mobility modeling using the power law of gate-to-source voltage are provided, and parameters are extracted according to the
measured current-to-voltage data of IGZO TFT samples. The investigated AMOLED pixel circuit consists of 4 switching TFTs, 1
driving TFT, and 1 capacitor. A “source-follower” structure is used for the threshold voltage extraction of the driving transistor. A
new timing diagram is proposed; thus the current error of the pixel circuit is almost independent of the effective mobility. But, to
improve the precision of the threshold voltage extraction of the driving transistor, the mobility is required to be greater than
5 cm2V-1s~1. On the other hand, the optimized storage capacitance is reversely proportional to the effective mobility. Thus, the
layout area of the pixel circuit can be decreased from 100 x 100 to 100 x 68 um?, with the effective mobility increased from 10 to
50 cm2V-1s~1. Therefore, IGZO TFT is a good alternative backplane technology for AMOLED displays, and a higher effective mobil-

ity is preferred for high compensation performance and compact layout.
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1. Introduction

Due to the rapid development in recent years, indium galli-
um zinc oxide (IGZO) thin film transistors (TFTs) are expected
to be the dominant technology for the next generation of flat
panel display!l. Owing to the merits of high mobility, decent re-
liability, and excellent uniformity, IGZO TFTs are suitable for
pixel-circuits, driving-circuits, and sensing-circuits on display
panels2-51, Previously, much research focused on using IGZO
TFTs for liquid crystalline display (LCD) and active matrix dis-
play of organic light emitting diodes display (AMOLED) with
large dimensions. It is well known that, AMOLED for mobile dis-
plays are dominantly implemented by low temperature poly-
crystalline silicon TFTs (LTPS TFTs) at present, and maybe by
low temperature poly-crystalline silicon and oxide TFTs (LTPO)
for the near futurel®l, Whether AMOLED for mobile displays
could be completely implemented with IGZO TFTs is still an
open question. Compared with LTPS TFTs, the main drawback
of IGZO TFTs is the lower mobility. As the requirement of driv-
ing ability and stability of the driving transistor is much higher
than that of switching transistors, it might be concluded that
the mobility of IGZO TFTs isn't sufficient for mobile AMOLED dis-
play panelsl’-8l. In addition, IGZO TFTs are also prone to perform-
ance degradation after long operating times, which leads to
complicated pixel circuit topology to compensate for TFT's de-
gradations. On the other hand, the advantage of the I1GZO
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TFTs is the decreased cost over the large manufacturing area
compared to that of the LTPS TFTs. Therefore, it is beneficial to
the mass production of AMOLED if new driving methods for IG-
ZO TFTs integrated pixels can be found.

In the past years, many new processes and materials for
high performance metal oxide TFTs were proposed. It seems
that high mobility TFTs can be obtained even with IGZO as the
active layer, owning to novel device structures, such as dual-
gatel?, vertical channel'%, and dual-active layer'"), But more re-
cently, there have been few discussions on the impact of mobil-
ity on performances of AMOLED display with IGZO TFTs. Nath-
an et al. previously demonstrated the influence of mobility on
the resolution of AMOLED with amorphous silicon TFTs, which
have a typical mobility of 0.3 cm2V-'s~1112 It was interesting
that even amorphous silicon TFTs are capable of implement-
ing AMOLED display, and it seems that the mobility isn’t a limit-
ing factor for the shrinking of pixel size. However, the demon-
strated pixel circuit is on the basis of current programming,
which requires long settling time and it isn’t practical for high
resolution displays. In contrast to Nathan’s conclusions, Jang
et al. recently demonstrated that the compensating efficiency
is strongly dependent on the device mobility!'3l. It was demon-
strated that, for accurate threshold-voltage-extraction, the mo-
bility is required to be higher than 30 cm2V-1s-1, otherwise a
large current error is caused by the threshold voltage shift of
the driving transistor. Therefore, it is of great interest to see
how the mobility impact the implementation of AMOLED dis-
play?

In this paper, the impact of mobility on the performances
of AMOLED pixel circuit with IGZO TFTs is investigated. The ef-
fective mobility and current-to-voltage characteristics are
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Fig. 1. (Color online) (a) The fitting curve of the extracted measured mo-
bility and (b) comparison of the measured and the simulated mobility
for IGZO TFTs.

modeled and compared with the measured results. Then a typic-
al AMOLED pixel circuit with IGZO TFTs is taken as an example
to investigate the impact of IGZO TFT’s mobility on the com-
pensation rate. In additions, the relationship between the mo-
bility and pixel layout area is discussed.

2. Modeling of mobility and current-to-voltage
characteristics

Prior to discussion of the mobility impact on the AMOLED
pixel performance, firstly the modeling of IGZO TFT’s mobility
is carried out. Here, the RPI model with LEVEL = 35 is used. The
fabricated IGZO TFT samples are with the conventional back
channel etched structure and the electrical performance is
measured using Keithley 4200 with room temperature. The
channel length and width of the measured TFT is 10 and 10 um,
respectively. The insulating layer is SiO, with a thickness of
150 nm.

The modeling of mobility is a critical process for paramet-
er extractions of RPI model. It is worth noting here that being
different from crystalline semiconductor transistors, the mobil-
ity of amorphous transistors follow a power law of the
voltagel'# 13, which is expressed as

(07
VGs VT) ' )

Heg =ﬂ0( Vaa

Here L, is the band mobility, V4 is the characteristic voltage,
V; is the threshold voltage, and a is the power law coefficient.
Then, the effective mobility can be extracted through the
measured current-to-voltage datal'6-19,
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Fig. 2. (Color online) The current-to-voltage curve of IGZO TFT with
measured and simulated results.

It is known that the relationship of drain-to-source cur-
rent to gate-to-source voltage for the saturation regions (Vs =
Vs — V4), can be modeled as

w
Ips = ,UFECIE(VGS -Vr)?, ()

where C is the insulating capacitance per unit area, Wand L
are the width and length of IGZO channel, respectively. While
for the linear region (Vps < Vs — V4), the current-to-voltage re-
lationship is modeled by

w
Ips = NFECIZ (Vs = V1) Vps. 3)

For AMOLED pixels, the driving transistor is the most im-
portant element, as it converts the input data voltage to the
driving current of OLED pixels. For reliable operations, the driv-
ing transistor is biased in the saturation region to prevent the
voltage drop on power source lines, i.e. Vpp. Therefore, we use
the measured data in the saturation region for mobility extrac-
tion and modeling. By differentiating two adjacent current
and voltage, the effective mobility can be calculated as

A RUTR

MFE =
WCr Vgs2— Vst

“4)

Then by rearranging Eq. (1), it can be derived that

log(upg) = a[log(Vgs — V1) —log(Vaa)] +log(up).  (5)

Theoretically speaking, then by fitting the log(ug) to
log(Vgs — V5) curve, the mobility related parameters can be de-
rived.

Fig. 1 shows thefitting curve of the extracted measured mo-
bility (a), and the comparison of the measured and the simu-
lated mobility (b) for IGZO TFTs. Actually, the fitting curve for
log(ure) to log(Vgs — V4) isn’t continuous for the different operat-
ing regimes. Thus, besides the parameters shown in Eq. (5) (i.e.
a, Vaa Hg), there are other shape related parameters for the ac-
curate mobility modeling using RPI model (LEVEL 35)[29, In oth-
er words, the fitting method shown above only provides an ini-
tial guess for determining the RPI parameters. After several itera-
tions, parameters of the effective mobility can be determined.
The parameters of RPI model related with effective mobility
are listed in Table 1. It can be seen that decent agreement can
be obtained between the measured and the simulated effect-
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Table 1. Values of parameters in the RPI model related to effective
mobility.

Parameter Value
MUBAND (m2V-1s-1) 2.11
GAMMA 0.95
Viaa (V) 45550
Vi (V) 0.02
DELTA 24
ALPHASAT 1.0

Vio (V) 0.5

Vig (V) -2.2

ive mobility. However, in the case that Vg5 approximates V4,
thereis observed discrepancy between the measured and simu-
lation results. This is because, for the sub-threshold region, the
current-to-voltage relationship cannot be expressed as Eq. (2)
or Eq. (3), thus the extracted effective mobility is not accurate
enough. The overall measured mobility-voltage characterist-
ics could well be reproduced by the RPI model. Therefore, in
the following part, the extracted mobility model is used to ana-
lyze the influence of mobility on the performance of AMOLD
pixel circuits.

On the basis of the extracted mobility, by further tuning
the physical parameters according to the TFT process, and prop-
erly adjusting the fitting parameters in the RPI models, excel-
lentfitting can be obtained between the simulation and calcula-
tion results of drain-to-source current versus the gate-to-
source voltage as shown in Fig. 2. However, due to the complic-
ated leakage current path, there is still discrepancy in the back-
ward leakage region. For practical AMOLED pixel operation,
the IGZO TFTs mainly operate in the above-threshold and the
near-threshold voltage regions, thus it is sufficiently accurate
for the SPICE studies.

3. Results and discussions

3.1. Pixel circuit descriptions

The investigated pixel schematic and the timing diagram
are shown in Fig. 3. Being different from the previous timing dia-
gram shown by Kawashima et all3, the presented timing dia-
gram hereis new. Itis worth noting that, thereis an overlap peri-
od between Vscay and Vi, for the initialization procedure (1).
This is important for clearing the remaining charges of C. For
this overlap period the left and right electrodes of (s are
charged with Vpara and Voiep + Evss, respectively. Thus, the
source electrode of the driving transistor, i.e. the right elec-
trode of Cs is discharged to a lower voltage to initialize the
‘source follower’ structure.

On the other hand, there is no overlap between the Vs
and Vg, for the previous schematics. Then, the initializations
for the left and right electrodes of C take place for different
time intervals. Although being pre-charged with Vo gp + Eyss
through the turned-on Tgy, the source electrode of the driv-
ing transistor is prone to be disturbed by the following data in-
put due to the voltage coupling effect of . In this case, the pre-
cision of V4 extraction through the ‘source follower’ structure
is reversely influenced. Thus, compared with the previous
schematic, the proposed driving method has better program-
ming and V4 compensating ability.

The operating procedures of the investigated pixel circuit
are divided into (1) initialization, (2) data input, and (3) light
emitting, as shown in Fig. 3(b). The operating details are de-
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Fig. 3. (Color online) (a) IGZO TFT integrated AMOLED pixel circuit and
(b) the timing diagram.

scribed as follows.

(1) Initialization

For this period, the voltage of Vg, and Vscay are high, and
the level of Vg is low. Then, the switching transistors, i.e. Tsg,
Ts; and Tgy, are turned on. Consequently, the leftand right elec-
trodes of Cs are charged with Vpara and Voep + Evss, respect-
ively. The internal node G, i.e. the gate electrode of the driving
transistor tp is charged with Vg through Tg,.

(2) Data input

Then, the level of scan signal Vscay is high, and the emit-
controlling signals Vgy; and Vg, are switched to low. Thus,
the switching transistor Tgy, is turned off. Consequently, the
source electrode of the driving transistor, i.e. the right termin-
al of the storage capacitance G, is charged with Vger — V4. On
the other hand, the data voltage is transferred to the left termin-
al of the storage capacitance Cs. Thus, the voltage difference
of (Vpata — Vker + V4) is programmed and stored by Cs. In other
words, the threshold voltage information of the driving transist-
or is stored by Gs. This is a typical ‘source follower’ structure,
and the analysis in this paper can also be applied to lots of oth-
er similar circuits.

(3) Light emitting

For the light emitting period, both the voltage of Vg, and
Vemo are turned to high, and the voltage of the scan signal Vs.
can is low. Thus, the stored charges in the capacitance G are al-
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Fig. 4. (Color online) (a) The simulated transent response of Vs, Vs, and I gp and (b) voltage of node X, with the prvious and the proposed driv-

ing method.

most completely transferred to the gate electrode of the driv-
ing transistor. According to the charge conservation law, the
gate-to-source voltage of Ty can be expressed as [Cs(Vpata -
Vaer + V) + Co Vaerl/(Gs + Cg), Here, G is the total capacitance
associated with gate electrode of the driving transistor. For prac-
tical pixel designs, Cs > Cg, then the gate-to-source voltage of
Tp approximately equals to (Vpata — Veer + V4), and the conduct-
ing current for OLED can be expressed as

w
lovep = ureC1 (Vo — Vs - vr)?
(6)
w 2
= #FECII(VDATA — VREF)”.

Here Vs is the anode voltage of OLED with the turning-on
state, which is approximately constant. So the analysis proves
that the driving current for OLED of the demonstrated circuit
is independent of threshold voltage of the driving transistor.

3.2. Mobility influence on the current error

As previously mentioned, the threshold voltage of the driv-
ing transistor is stored on the right terminal of storage capacit-
ance G, and the value of the voltage of the source electrode
of the driving transistor is dependent on the charging proced-
ure of the driving transistor for the data input period. Then,
whether the mobility of IGZO TFT will have an influence on the
extracted threshold voltage should be checked through transi-
ent analysis. Here, simulation investigations for the pixel cir-
cuit are carried out using SmartSpice and the design paramet-
ers of the proposed pixel clrcuit are listed in Table 2.

Fig. 4 demonstrates the simulated transient response of
Vs, Vis, and I ep (@), and the voltage of node X(b), with the previ-
ous and the proposed driving method. It is shown that, the
voltage of node X is almost the same for the previous and the
proposed method for the initialization and data input phases,
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Table 2. Design parameters of the proposed pixel circuit.

Parameter Value Parameter Value
Vscan (V) -5t020 (W/L) 157 (um/um) 10/10
Ve (V) -5t020 (W/L) 155 (um/pum) 10/10
Vemz (V) -51020 (W/L)vem (um/pm) 10/10
Voara (V) 5to 10 (W/Drema (um/um) 10/10
Evpp (V) 15 (W/L)rp (m/pm) 50/10
Eyss (V) -3 Gs (pF) 0.3

Veer (V) 5 Cotep (PF) 0.5
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Fig. 5. (Color online) The source voltage of driving transistor with the in-
crease of mobility for different threshold voltage shift.

but there are derivations in the light emitting phase. For the pre-
vious timing scheme, due to the lack of proper initialization
phase, the voltage of the source electrode of Ty (i.e. V) is
prone to fluctuate with the input voltage, which results in the
failure of programming of Vs and Io gp. These comparison res-
ults further prove the previously illustrated analysis.

Fig. 5 shows the voltage of source electrode versus the mo-
bility of IGZO TFT with the threshold voltage shift. Here, the
source voltage is extracted at the end of the data input proced-
ure. The mobility varies from 1 to 50 cm2V-'s-! with the
threshold-voltage shift from —1to 1 V. Itis observed that the ex-
tracted voltage of source electrode increases with the mobil-
ity due to the enhanced charging ability of driving transistor.
But once the mobility is higher than 5 cm?2V-1s-1, V starts to sat-
urate. Thisis because the loading capacitance at the source elec-
trode of driving transistor is relatively small for the driving tran-
sistor. In the demonstrated pixel circuit, the driving transistor
is isolated from the capacitance of OLED by the switching tran-
sistor Tgy, Which is controlled by Vgy,. Then, for the ‘source fol-
lower’ structure, the loading capacitance of the threshold
voltage extraction is relatively small. This is the main improve-
ment of the discussed pixel circuit compared to the previous
onel'd which claim that the threshold voltage extraction is
strongly dependent on the mobility of IGZO TFT.

Fig. 6 shows the programmed current error with the driv-
ing current of 1 A, for different threshold voltage shift. Here,
the current error rate is defined as [l ep(AVY)—lolep(AVs =
0))/loLep(A V4 = 0). It is observed that, for the mobility variation
from 1 to 50 cm2V-1s-1, the compensating error is almost con-
stant. The current error seems little large for high resolutions.
For example, for a 6-bit resolution, the current error is re-
quired to be less than 1.56% (i.e. 27).This might be attributed
to the large parasitic capacitance of back gate IGZO TFTs. Due
to the voltage drop at the parasitic capacitance, the extracted
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Fig. 6. (Color online) The programmed current error versus mobility
for different threshold voltage shift.

threshold voltage cannot be accurately added to the gate-to-
source voltage of the driving transistor as shown in Eq. (6). If
new processes are adopted, such as top gate IGZO TFT with
self-aligned source/drain, then it is possible that the pro-
grammed current error can be substantially decreased. To sum
up, the influence of mobility on the current error isn't so dir-
ect, and the current error cannot be decreased by merely in-
creasing the mobility of IGZO TFTs.

3.3. Mobility influence on AMOLED layout

It is expected that, with higher effective mobility, the di-
mension of the TFT can be decreased. For the four switching
transistors, i.e. Tsg, Ts;, Temi and Tgwma, the dimensions are
chosen to be the smallest, thus further increase of mobility is
of no use. But for the driving transistor, the channel width can
indeed be decreased, if increased mobility TFTs are used as
shown in Eq. (6). Furthermore, the capacitance associated with
the gate electrode of the driving transistor is decreased. Accord-
ing to the discussions in Section 2, the storing capacitance Cg
is determined by

Cs = kCiWrpLtp, (7

where kis an empirical parameter. With the increase of k, the
voltage loss due to the parasitic and the gate-to-channel capa-
citance can be neglected. Further, as IGZO TFTs own the merit
of low-leakage current, the decreasing of s is possible. In con-
sequence, higher mobility benefits the decreasing of storing
capacitance. According to the schematic of Fig. 3, the layout
for proposed AMOLED pixel can be derived following the pro-
cess rules(2l, Comparison results of AMOLED pixel layout with
mobility of 10 and 50 cm2V-'s~1 are shown in Fig. 7. The pixel
size is decreased from 100 x 100 to 100 x 68 um?2. In other
words, an increase of 32% is obtained in the AMOLED reso-
lution by adopting metal-oxide TFTs with the mobility of
50 cm2V-Ts—1.,

4, Conclusion

In this paper, the influence of mobility on the perform-
ance of AMOLED pixel circuit with IGZO TFTs is investigated.
The effective mobility is modeled and parameters for mobility
and current-to-voltage characteristics are extracted to fit the
measured electric performance of IGZO TFT samples. On the
basis of the mobility model, a typical AMOLED pixel, which con-
sists of 5 transistors and 1 capacitor with a new driving timing
diagram, is investigated. In additions, the relationship
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(a)
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Fig. 7. (Color online) AMOLED pixel layout with mobility of (a) 10 and
(b) 50 cm2V-1s1,

between the pixel circuit performances on the mobility is
demonstrated. It is shown that the compensation efficiency of
threshold voltage is almost independent on the mobility of IG-
ZO TFTs thanks to the isolation element of the ‘source follow-
er’ structure and the OLED anode. While the storage capacit-
ance can be decreased with higher mobility, and the pixel resol-
ution is improved as a result. The demonstrated method and
results is useful for the design of high performances AMOLED
display panel with new metal oxide TFTs.
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