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Self-heating effect in amorphous InGaZnO thin-film transistors remains a critical issue that degrades device perfor-
mance and stability, hindering their wider applications. In this work, pulsed current—voltage analysis has been applied to
explore the physics origin of self-heating induced degradation, where Joule heat is shortly accumulated by drain current
and dissipated in repeated time cycles as a function of gate bias. Enhanced positive threshold voltage shift is observed at
reduced heat dissipation time, higher drain current, and increased gate width. A physical picture of Joule heating assisted
charge trapping process has been proposed and then verified with pulsed negative gate bias stressing scheme, which could
evidently counteract the self-heating effect through the electric-field assisted detrapping process. As a result, this pulsed
gate bias scheme with negative quiescent voltage could be used as a possible way to actively suppress self-heating related
device degradation.

Keywords: amorphous InGaZnO thin-film transistor, self-heating effect, threshold voltage shift, pulsed nega-

tive gate bias
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1. Introduction

Transparent oxide-based thin-film transistors (TFTs),
such as amorphous InGaZnO (¢-IGZO) TFTs, have shown
considerable potential for applications in flat, flexible, and
transparent display devices, benefiting from their advanta-
geous properties like high mobility, excellent uniformity, low
processing temperature, and high optical transparency.!' ! As
a result, they have been practically used as pixel switches
and current drivers in active-matrix liquid crystal displays
(AMLCDs) and active-matrix organic light-emitting diodes
(AMOLEDs).!®7! However, reliability remains a critical issue
in o-IGZO TFTs, especially for applications under bias stress,
light illumination, or other extreme working conditions. [8-10]
As has been reported in previous studies, channel current un-
der gate and drain bias operation would generate Joule heating
in devices and produce a particularly serious self-heating ef-
fect in a-IGZO TFTs, considering the low thermal conductiv-
ity of the a-IGZO channel layer and the typically used glass
substrate.[!'=131 With the self-heating stress, electron trapping
process would be intensified and hence cause a large impact
on the devices on-and-off performance, e.g., shift of threshold
voltage (Viy).!'"'?] Therefore, understanding and developing
approaches to suppress the self-heating effect have highly im-
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portant research and application significance, which is worthy
of further investigation.[1%13]

In this work, reliability behaviors of a-IGZO TFTs have
been studied by using specially designed pulsed current—
voltage analysis. Transfer characteristics are measured to ver-
ify the self-heating effect in the fabricated a-IGZO TFTs.
With variation of Vj; shift at different applied gate bias wave-
form and channel width, the impact of the self-heating stress
on devices stability is attributed to the Joule heating assisted
charge trapping process. Moreover, pulsed negative gate bias
has then been applied on devices to reduce the self-heating
induced device degradation, with which V, shift can be effec-
tively suppressed.

2. Experiment

The a-IGZO TFTs tested in this work are fabricated on
a heavily doped n-type silicon substrate, which serves as the
back gate, as shown in Fig. 1(a). 200 nm of SiO, gate insula-
tor is first deposited on top of the silicon substrate by plasma
enhanced chemical vapor deposition (PECVD) at 350 °C (see
Fig. 1(a)). Then, 50 nm o-IGZO active layer is grown on the
SiO; layer with a direct-current (DC) type magnetron sput-
tering system at room temperature. The composition of the
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IGZO target used is InpO3 : GaO3:ZnO =1:1:1 in mole
ratio, while the oxygen content of the Ar/O, mixture gas
is maintained at 15% during the sputtering. Subsequently,
source/drain electrodes composed of Ti/Au (30 nm/70 nm) bi-
layer are produced with the standard lithography process and
e-beam evaporation technique. Then, Ti/Au (30 nm/70 nm)
is deposited on the back-side of the highly conductive Si sub-
strate as the metal conducting layer. Finally, the devices are
subjected to thermal annealing at 250 °C in air for 1 h.[!6:17]
Two kinds of device dimensions have been prepared, with
channel width/length (W /L) of 25 um, 200 pm/5 um. Here,
Vin is defined as the gate voltage when the normalized drain
current (NIp = Ip x L/W) reaches 1 nA.[121318] The field ef-
fective mobility (ugr) in the saturation region is extracted by
the normal method of the square root Ip versus Vg plot.[!]
The a-1GZO TFTs with W = 200 um are determined to have
0.96 V in Vi, and 16.05 cm?/(V-s) in ugr while the devices
with W = 25 pum have 1.16 V in Vi, and 15.06 cm?/(V-s) in
UEF, respectively.
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Fig. 1. (a) Structure of a-IGZO TFT fabricated on n™ Si substrate; (b) wave-
form of the pulsed gate bias applied in the pulsed Ip—V; measurement.

After device fabrication, pulsed Ip—Vg measurements are
performed considering the practical environment of -1GZO
TFTs in switching applications. Figure 1(b) shows the wave-
form of the pulsed gate bias applied in the pulsed Ip—V (drain
current versus gate voltage) measurement. At the first stage,
the device is stressed at the quiescent voltage (Vuies) for a cer-
tain time (Zquies)- Given Vquies = 0 V here, the enhancement
mode a-IGZO TFTs will be at off-state with no channel cur-
rent. Then, the gate voltage is pulsed from Vyyies to gate volt-
age (Vg ) for Ip measurement. [20] Here, N stands for the se-

quential number of measurement steps. The output current Ip
is evaluated at the time of 100 ms (delay time) from the rise
edge of the measurement pulse. When Vg y is higher than the
threshold voltage, i.e., large enough to turn on the channel,
heat would accumulate in the channel with on-state drain cur-
rent. While, with Ve bias, heat would dissipate since the
channel is at off-state. As a result, varied fyjes corresponds to
different heat dissipation time. All measurements have been
conducted in a dark environment.

3. Results and discussion

Figure 2(a) shows the transfer curves of «-IGZO TFTs
with various fguies at Vp =20 V, W/L = 200 um/5 um. During
such measurements, the devices are stressed at Vgyjes = 0 V
for different quiescent time (0 ms, 100 ms, 200 ms, 500 ms,
1000 ms, 2000 ms) and then measured at each Vg y, obtaining
transfer curves from pulsed Ip—Vg measurements. As illus-
trated in Fig. 2(b), the devices with W = 25 um exhibit positive
threshold voltage shift with reduced quiescent time, reaching
~ 0.6 V at zero dissipation time. These findings correspond
very well with the previous relevant reports,[!=13! attributing
the threshold voltage shift to charge trapping in oxides assisted
by self-heating stress induced Joule heating, which would se-
riously degrade the devices performance and stability. Thus,
reduced quiescent time, i.e., less heat dissipation time, would
cause larger Vi, shift. It should be additionally noted that,
almost the same subthreshold swing (~ 0.32 V/dec) and on-
state current have been obtained from the transfer curves with
different heat dissipation time, which reveals the negligible
degradation of carrier mobility and subthreshold swing. Thus,
there should be no additional trapping states in a-IGZO TFTs
induced by self-heating, which suggests the possible recover-
ability of the device degradation.!!!!

Further pulsed transfer measurement reveals the strong
dependence of Vi, shift on the gate width (see Fig. 2(b)). When
compared to the devices with W = 25 um (Vy, shift ~ 0.6 V),
IGZO TFTs with W = 200 pum exhibit larger threshold volt-
age shift (~ 1 V) with the same heat dissipation time. Thus,
it verifies that the devices degradation is indeed dominated by
the self-heating effect, instead of the gate-stress effect or hot-
carrier injection effect, both of which theoretically should be
insensitive to the channel width.[!!?!] For the self-heating ef-
fect, larger channel width makes dissipation of Joule heating
more difficult, especially for heat generated within the central
region of the channel.’??! This could well explain the results
shown in Fig. 2(b), i.e., the self-heating effect issue is more
serious in devices with wider channels.!'>!8] Additionally, it
could be observed from Fig. 2(b) that Vj; shift becomes much
smaller with increased fgy;es, demonstrating the recoverabil-
ity of the self-heating induced charge trapping process, while
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larger gate width needs longer heat dissipation time, 500 ms
and 2000 ms for channel widths of 25 pm and 200 wm, re-
spectively.
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Fig. 2. (a) Transfer curves of a-IGZO TFTs with various quiescent
state time fquies at Vp = 20 V, Vgyies = 0V, and W /L = 200 pm/5 pm.
(b) Derived threshold voltage shift versus Zquies With different channel
widths of 25 um (green) and 200 um (orange).

For a detailed understanding of this degradation, differ-
ent drain bias has been applied to investigate the dependence
of the self-heating effect on the channel current. Figures 3(a)
and 3(b) additionally illustrate the transfer curves of a-IGZO
TFTs at Vp = 10 V and 30 V, respectively. It could be noted
that larger threshold voltage shift can be observed with higher

drain voltage, as directly shown in Fig. 3(c) with the threshold
voltage shift curved as a function of 7quies at different Vp (30 V,
20V, 10 V). That is, larger drain bias induces higher channel
current, accumulating more Joule heat within the channel, and
as a result more electrons could be activated and trapped into
defect states, resulting in more serious V4, shift.

Based on the above analysis, the existence of the self-
heating effect has been verified with pulsed Ip—Vg measure-
ments with varying pulse intervals as well as transfer charac-
teristics with different channel widths. Charge trapping pro-
cess assisted by Joule heat has been recognized as the dom-
inant factor for o-IGZO TFT degradation under self-heating
stress. 1 1-13:221 Thys, to enhance heat dissipation or to reduce
charge trapping should be both effective to suppress the self-
heating effect. Although heat dissipation shows large depen-
dence on the gate width (see Fig. 2(b)), it is infeasible for
barely developing heat dissipation technique in &-IGZO TFTs
by varying the device geometry. Therefore, electrical-bias
based active suppression of charge trapping process is worthy
of investigation.

The inset of Fig. 4 illustrates the proposed active self-
heating suppression method, utilizing pulsed gate bias with
negative Vquies. Correspondingly, transfer curves have been
recorded and shown in Fig. 4 with various Vgyies under the con-
dition of Vp = 30 V and fquies = 200 ms. It can be observed
that, Vi, shift has been apparently mitigated with large nega-
tive gate quiescent bias, and tends to be negligible with Vyyies
extending —15 V.

As shown in Fig. 5(a), continuously repeated measure-
ments have been conducted on transfer properties to con-
firm the suppression effect on self-heating stress with Vyyjes =
—15 V. Ideal repeatability of transfer curves has been observed
with the almost same Vi, (Vi shift < 40 mV) in Fig. 5(b),
demonstrating the effectiveness of negative gate bias on coun-
teracting self-heating stress induced degradation.
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Fig. 3. Transfer curves of a-IGZO TFTs with various #qes at (a) Vp = 10 V and (b) Vp = 30 V, while Vyies =0 V, W /L =200 pum/5 pm. (c)
Derived threshold voltage shift versus Zquies With drain biases of 30 V (blue), 20 V (green), and 10 V (orange).
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Fig. 4. Transfer curves of @-IGZO TFTs with various Vguies at Vp =
30 V and fquies = 200 ms. The red dash line stands for transfer charac-
teristics measured at fquies = 2000 ms, where Vi, shift could be taken as
zero owing to enough heat dissipation time. The inset shows the pulsed
negative gate bias stressing scheme.
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Fig. 5. (a) Transfer curves of a-IGZO TFTs obtained in continuously
repeated measurements with Vp = 30 V and Vyyies = —15 V. (b) De-
rived threshold voltage shift versus sweep times, the inset illustrates the
electric field assisted charge detrapping process with negative quiescent
gate bias.

The underlying mechanism could be well illustrated with
the physical picture of charge detrapping process as suggested
in the inset of Fig. 5(b).?*! During the pulse interval (with
negative quiescent gate bias), vertical electric field under gate
electrode is in the direction of channel to gate metal, which is
the reverse direction to the charge trapping process. Hence,
electrons trapped at the InGaZnO/SiO, interface or in bulk
SiO; during on-state stage would get detrapped from the trap
states with the assistance of the electric field, as indicated by

the blue arrow in the inset of Fig. 5(b).[**! Ultimately, de-
vices exhibit excellent stability, with remarkably suppressed
Vin shift. Meanwhile, the effectiveness of pulsed negative gate
bias stress on suppressing self-heating induced degradation
also verifies the suggested charge trapping mechanism under
self-heating stress.

4. Conclusion

We have investigated self-heating induced degradation in
a-1GZO TFTs with pulsed Ip—Vg measurements. The large
dependence of Vy, shift on channel width demonstrates that
device degradation is dominated by the self-heating effect in-
stead of the hot-carrier effect or gate stress effect. Detailed
investigations on Vy, shift at various quiescent state times and
drain currents have also revealed that, degradation of devices
under self-heating stress should be attributed to the charge
trapping process assisted by Joule heat, aggravated by limited
heat dissipation ability. Pulsed negative gate bias based active
suppression method on self-heating effect has then been pro-
posed. With negative quiescent voltage of gate pulse (Vyyies <
—15 V), devices show evidently suppressed Vi, shift owing to
the electric field assisted detrapping process, which could be
useful to reduce charge trapping related devices degradation.
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