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ABSTRACT Degradation phenomena featured with positive shift of the on-state transfer curve are reported
for the amorphous InGaZnO (a-IGZO) thin-film transistors (TFTs) under negative bias illumination stress
(NBIS). Such a positive shift is absent when the gate bias or the illumination is independently applied.
With the assistance of TCAD simulation, the positive shift of the transfer curve is attributed to the
generation of acceptor-like trap states, which is proposed to be due to oxygen interstitials produced as a
consequence of electron generation by the illumination, acceleration under the effect of negative gate bias,
and breaking weakly bonded oxygen. The proposed degradation mechanism is consistent with the low
frequency noise characteristics and the degradation behavior under bipolar gate bias stress of the TFTs
after NBIS. The whole degradation phenomena for the a-IGZO TFT under the NBIS are then consistently

explained.

INDEX TERMS a-IGZO, thin-film transistor, negative bias illumination stress, acceptor-like trap states.

I. INTRODUCTION

Amorphous InGaZnO (a-IGZO) thin-film transistor (TFT)
is a promising technology for applications in active-matrix
organic light-emitting diode (AMOLED) display [1] and
DRAM application [2]. Despite its amorphous nature, low
leakage current, small subthreshold swing (SS), and relatively
high field-effect mobility can be readily achieved [3], [4].
However, oxygen related defects in the a-IGZO are poten-
tial issues affecting the reliability of the a-IGZO TFTs
during their long-term operations. Understanding the degra-
dation mechanisms under different bias stress conditions
is the prerequisite for the optimization of device fabrica-
tion process and realization of a-IGZO TFTs with high
reliability.

The two most frequently encountered bias conditions for
the a-IGZO TFTs in active-matrix displays are positive
gate bias stress (PBS) and negative gate bias stress (NBS).
Under PBS, electron trapping in the gate dielectric or at the
gate dielectric/channel interface is the dominant mechanism
which causes the transfer curve to shift to the positive

gate bias direction [5], [6], [7]. As holes are generally
accepted to be absent in a-IGZO due to the existence of
high-concentration donor-like trap states distributed in the
bandgap near the valence band edge (Ey) [8], reduced
Vin after NBS is attributed to the accumulation of ionized
oxygen vacancies at the back a-IGZO surface [9]. More
importantly, when illumination is applied in addition to
the NBS, the negative bias illumination stress (NBIS) can
induce an obvious negative shift of the transfer curve due
to the ionization of neutral oxygen vacancies (Vo) though
the a-IGZO TFTs may be stable under NBS [10], [11].
Supplying oxygen gas at a higher flow rate during the
deposition of the a-IGZO or annealing the deposited a-IGZO
in an oxygen atmosphere can reduce the Vo [12], [13], but
excess oxygen in the a-IGZO will result into new reliability
problems under PBS [14], [15].

In this work, increased Vi, of a-IGZO TFTs under NBIS
is observed, wherein the transfer curve in the on-state shifts
sharply to the positive gate bias direction with deteriorated
subthreshold characteristics after a small amount of negative
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FIGURE 1. (a) Schematic cross-sectional diagram and (b) optical plan-view
picture of the a-IGZO TFT.

shift. The increased Vi, after NBIS is proposed to be due
to the generation of oxygen interstitials, which function
as acceptor-like trap states. The proposed mechanism is
verified by the low frequency noise (LFN) characteristics
and degradation behaviors under bipolar gate bias stress of
the TFT after NBIS.

Il. EXPERIMENTAL

The structure of the a-IGZO TFTs is schematically shown
in Fig. 1, where the gate electrode is 300 nm molybdenum
(Mo) and the gate dielectric is a stack of 150 nm nitride and
50 nm SiO; deposited by plasma-enhanced chemical vapor
deposition (PECVD). The a-IGZO layer is 35 nm thick and
deposited by RF magnetron sputtering. A 100 nm PECVD
Si0; is used as the etching-stop layer (ESL) and 300 nm Mo
forms the source/drain electrodes. After that 200 nm SiO;
and 100 nm SiNy were consecutively deposited by PECVD
as the passivation layer and the source/drain electrodes were
exposed. Finally, the TFTs were annealed in air ambient at
250 °C for 1 hour.

For the NBIS experiment, the negative bias was applied
to the gate with source/drain grounded and the illumination
was simultaneously applied from the passivation layer side,
wherein a blue light-emitting diode with a wavelength of 445
nm was used. The photon energy of the illumination light is
2.51 eV, which is smaller than the bandgap of the a-IGZO.
The default NBIS condition is a negative gate bias (Vgs) of
—20 V with an illumination density (Ir) of 4.5 mW/cm?2.
The transfer curves and capacitance-voltage (CV) curves
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FIGURE 2. Evolutions of the transfer curve under the default NBIS (a) in the
first 100 s and (b) between 300 s and 3000 s.

were measured with Agilent semiconductor parameter ana-
lyzer 4156C and LCR meter E4980, respectively. The LFN
was measured with FS-pro multifunctional semiconductor
parameter analyzer. Simulation of the transfer curve and CV
curve were performed with Silvaco Atlas [16].

The transfer curves of the TFT before and after NBIS were
measured at Vpg of 0.1 V. To characterize the degradation
in the on-state of the a-IGZO TFT, the threshold voltage
(Vin) is linearly extrapolated from the transfer curve, while
the gate voltage when the transfer curve transits from the
off-state region to the subthreshold region is defined as the
turn-on voltage (V). The subthreshold swing (SS) is defined
as the gate voltage difference when the drain current (/p)
increases from 107! A to 107! A in the subthreshold
region. The default channel width and length of the TFT
used in this paper are 50 um and 10 um except for that
specially mentioned.

I1l. RESULTS AND DISCUSSION
Evolutions of the transfer curve of the a-IGZO TFT after
NBIS are shown in Fig. 2. The on-state transfer curve in the
linear scale shifts parallel to the negative gate bias direction
in the first 100 s and then turns to shift to the positive gate
bias direction instead. Thus, the shift of the transfer curve in
the on-state is characterized by the variation of the threshold
voltage from the initial one (AVy). As shown in Fig. 3,
AVy, is negative and reaches —0.53 V at the 100 s stress
time. Then Vy, starts to increase and AV, turns out to be
a positive 7.3 V after 3000 s stress time. Thus, though the
mechanism for the reduction of Vy, is initially dominant, it
is finally overwhelmed by that for the increased Vy,.
However, the subthreshold current does not exhibit parallel
positive shift after NBIS as that in the on-state. The turn-
on voltage shows a 2.26 V reduction after 100 s which
is larger than that of 0.53 V for Vy. The difference
between the variation of Vo, (AVyn) and AVy, indicates
the mechanism responsible for the degradation in the on-
state and subthreshold current in the first 100 s is not
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FIGURE 3. Dependence of (a) AV, (b) ASS, and (c) AVon on stress time
under the default NBIS.
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FIGURE 4. Effect of (a) illumination density and (b) gate bias on AVy, for
the a-1GZO TFT under NBIS.

due to the formation of positive charges in the gate
oxide [16]. The subthreshold swing increased firstly from
0.27 V/decade to 0.57 V/decade and kept almost the same
in the following stress time up to 300 s. After 300 s SS
starts to synchronously increase with V. The simultaneous
increase of SS and Vy, in the second stress period shown in
Fig. 3 implies the corresponding mechanisms are correlated.
A current hump starts to appear in the subthreshold region
of the transfer curve after 2000 s NBIS as shown in Fig. 2,
indicating that more severe degradation occurs in the a-IGZO
exposed to the illumination than that under the source/drain
electrode.

Positive shift of the transfer curve of a-IGZO TFT can be
explained by either the generation of charges in the insulators
or the generation of trap states in the channel a-IGZO of the
a-IGZO TFTs. For the former cases, it was explained with the
generation of OH™ at the channel/dielectric interface from
residual water moisture [18], [19] or the trapping of electrons
at the back channel interface [20], where the generation of
OH™ is an illumination independent process [9]. However, as
shown in Fig. 4(a), the increase of Vi, in this study exhibits
a strong illumination dependence, i.e., AVy, reduces with the
decrease of I, and the increase of Vi is eventually absent
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FIGURE 6. Comparison of S;p/ ,'2, at 25 Hz versus the effective gate voltage
for the pristine TFT and the TFT underwent NBIS.

when only a Vgg of —20 V is applied. Thus, generation of
OH™ is excluded from the mechanism candidates explaining
the observed increase of Vi, after NBIS.

As a technique to clarify the degradation mechanism in
TFTs [20], [21], LFN measurements were performed to a
pristine a-IGZO TFT and that after NBIS to characterize
the change in the a-IGZO TFT. The measured drain current
noise power spectral density (Sip) is firstly plotted versus
the frequency as shown in Fig. 5. One can notice that the
measured Syp is inversely proportional the frequency at
different gate voltages corresponding to the on-state region
of the transfer curve. The dependence of St on frequency is
fitted to be Sip oc 1/f !, indicating that they are classical
1/f noise.

Then Stp at a frequency of 25 Hz is normalized by I% and
plotted versus the effective gate voltage (Vgs—Vi) as shown
in Fig. 6, where power law dependence of the normalized
drain current noise (SID/I%) on the effective gate voltage
can be observed for both the TFT before and after NBIS.
But the power law coefficients (n) are different, i.e., it is
—1.01 for the pristine TFT that for the TFT underwent
NBIS increases to —1.51. Power law coefficient around —1
indicates a mobility fluctuation dominated noise generation
while that around —2 refers to carrier number fluctuation
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FIGURE 7. Comparison of the measured and simulated (a) transfer curves
before and after NBIS and (b) CV curve after 3000 s default NBIS.

dominant noise [23]. If it were the electron trapping at
the back interface between the a-IGZO and ESL or the
generation of OH™ at the front interface between the gate
oxide and the a-IGZO induces the positive shift of the
transfer curve for the a-IGZO TFT after NBIS, it would be
the carrier mobility fluctuation rather than the carrier number
fluctuation increases in the low frequency noise and the
power law coefficient would keep at around —1 [24]. So the
increase of the power low coefficient after NBIS implies
the increased contribution from carrier number fluctuation
induced noise, which is resulted from the increase of trap
states after NBIS [25].

The negative shift of the transfer curve and the deterio-
ration of SS under NBIS in the first 100 s stress time can
be explained by the generation of doubly charged oxygen
vacancies (Vo>*) and singly charged oxygen vacancies
(Vo™), which function as donor-like states and distribute
close to and a little far away from the conduction band edge
(Ec), respectively [25]. As shown in Fig. 7(a), the transfer
curves after NBIS of 100 s were well fitted by increasing the
density of donor-like states distributing in the 10 nm a-IGZO
region adjacent to the gate dielectric [26]. The density of
state (DOS) parameters for the simulation of the pristine
TFT are summarized in Table 1 and those in the a-IGZO
uncovered by the source/drain electrodes for the simulation
of the transfer curve after NBIS are summarized in Table 2.

One can conclude from the negative shift of the transfer
curve in the first 100 s NBIS that the effect from accu-
mulation of ionized oxygen vacancies at the front channel
surface, being responsible for the negative shift of the transfer
curve [9], is more dominant than the effect from electron
trapping at the back a-IGZO surface, which can lead to
positive shift of the transfer curve [20]. So the positive shift
of the transfer curve after 300 s NBIS is not due to trapping
of NBIS generated electrons as ionized oxygen vacancies
are also generated at the same time, which is consistent with
the change in the LFN characteristics for the TFT before
and after NBIS.
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TABLE 1. DOS parameters for the defects in the a-1GZO of the pristine a-
IGZO TFT.

Parameters Description Value
3l peak concentration for the 16
Nrp (em™eV™) donor-like tail states 3.05x10
Erp (eV) peak position for Ntp relative to Ev 32
Wrp (eV) decay energy of Ntp 0.4
i 3 < peak concentration for the donor- 7
Nep (em™eV™) like deep states 1.0x10
Eap (eV) peak position for Ngp relative to Ey 2.7
Wap (eV) decay energy of Ngp 0.4
3xr concentration of acceptor-like trap 18
Nra (cm™eV™) states at Ec 2.0x10
Wra (V) decay energy of Nta 0.085
i 3 <l peak concentration for the acceptor- 15
Noa (em™eV™) like deep states 8.0x10
Ega (eV) peak position for Nga relative to Ec 1.0
Waa (eV) decay energy of Nga 0.5

TABLE 2. DOS parameters for the defects in the a-IGZO uncovered by the
source/drain electrode of the TFT after 100 s and 3000 s NBIS.

Parameters TFT after 100 s NBIS TFT after 3000 s NBIS
Nrp (em™eV) 4.18x10'8 4.18x10'8
Em (eV) 32 32
Wrp (eV) 0.5 0.5
Nop (em™eV) 5.1x10" 2.56x10"
Egp (eV) 2.7 2.7
Wap (eV) 0.4 0.4
Nra (cm?eV!) 2.0x10'8 2.0x10'
Wra (eV) 0.085 0.085
Noa (cm®eV™) 2.08x10" 1.85x10"
Ega (eV) 1 1
Waa (eV) 0.5 0.5

The on-state characteristics of the a-IGZO TFTs after
3000 s NBIS was then successfully fitted by increasing the
density of acceptor-like deep states (gga) in addition to
the increased donor-like deep states (ggp) for the fitting
of the subthreshold characteristics. It indicates that new
acceptor-like deep states were generated during the NBIS.
gca and ggp used for the simulations of the transfer curves
for the pristine TFT and those for the TFT underwent NBIS
of 100 s and 3000 s are further compared in Fig. 8(a) and
Fig. 8 (b), respectively. But because the acceptor-like trap
states generated in the a-IGZO is estimated to be 1.6x10'8
cm ™ after integrating the distribution profile of the acceptor-
like trap states with the parameters listed in Table 2, which
is less than 2% of the trap states introduced by oxygen
vacancies [8], it is difficult to identify generated interstitial
oxygen in the channel a-IGZO with X-ray photoelectron
spectroscopy.

In addition to the transfer curves, the CV curves for
the a-IGZO TFT after 3000 s NBIS were measured at a
frequency of 300 kHz. One can notice from Fig. 7(b) that
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FIGURE 9. Evolutions of the transfer curve for (a) a pristine TFT and (b) one
TFT underwent NBIS after the same bipolar gate bias stress. The channel
width and length of the TFTs are 40 yum and 9 um.

the measured CV curve can be well fitted by the simulation
result with the same trap state distributions for the simulation
of the transfer curve after 3000 s NBIS, confirming that
the increased trap states after NBIS shown in Fig. 8 is
reasonable.

Acceptor-like trap states play an important role in the
dynamic degradation of n-type TFTs under bipolar gate bias
stress [28], so the degradation of a pristine TFT and one
TFT underwent NBIS after the same bipolar gate pulse stress
is compared, where the pulse valley voltage is —20 V and
the pulse peak voltage is 20 V, the pulse rising and falling
time are 0.1 ps and the pulse duty ratio is 50%. As shown
in Fig. 9, both the transfer curves for the pristine TFT and
that underwent NBIS exhibit positive shift as previously
reported [29]. But the AVy, for the TFT after NBIS is larger,
i.e., after 3000 s it is 3.65 V for the TFT underwent NBIS
and 1.14 V for the pristine TFT. The dynamic degradation
of the TFTs under bipolar gate bias stress is induced by
the transient electric field (Ex) and carriers during the pulse
transition edges. The severe degradation for the TFT after
NBIS is consistent with its higher gga which leads to
higher transient electron concentration (ne) as shown in
Fig. 10(b) [30].
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In addition to oxygen vacancies, oxygen interstitials (O;) is
another kind of stoichiometric defects in a-IGZO [31], which
have been theoretically calculated to function as acceptor-like
trap states [32]. The electron concentration in the channel
a-IGZO will be reduced due to the trapping of electrons by
the increased acceptor-like trap states, which is consistent
with the observed increase of Vi, under NBIS. Thus, the
generated acceptor-like trap states after NBIS is attributed to
the generation of O;. Residual excess oxygen in a-IGZO can
exist in the form of oxygen-oxygen dimer [32], but it will
lead to the decrease rather than increase of Vi, of a-1IGZO
TFT under NBIS [14].

In addition to the illumination, one can notice in Fig. 4(b)
that the increase of Vy, is also affected by the magnitude
of the negative gate bias during NBIS, i.e., the increase of
Vin is reduced with the reduction of the magnitude of the
negative gate bias and it’s absent when only the illumination
with I, of 4.5 mW/cm? is applied. Therefore, the generation
of O; under NBIS is the collective result of effects from
negative gate bias and illumination.

As ionization of oxygen vacancies and generation of
oxygen interstitials are involved in the NBIS degradation and
the degradation relates to both the gate bias and illumination,
the degradation mechanism is thus proposed as schematically
shown in Fig. 11. Ionization of the pre-existing Vo in the
a-IGZO took place firstly by the illumination during NBIS.
The generated Vot and V2T, functioning as donor-like
trap states resulted into the increased SS and negative shift of
the transfer curve in the first degradation stage. The weaker
dependence of AVy, in the first stage on the gate bias and
illumination shown in Fig. 4 indicates that the concentration
of pre-existing Vo in the a-IGZO is relatively small [33].

When the electrons generated after ionization of pre-
existing Vo drift further toward the back surface of
the a-IGZO under the negative gate bias, those electrons
with high energy may break weak metal-oxygen bonds,
thereby simultaneously triggering the generation of O;
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FIGURE 11. Schematic diagram showing the ionization of pre-existing Vo,
generation of Vg and 0; and ionization of newly generated Vg in the a-1GZO
under NBIS.

and Vo as Frenkel defects [34], [35]. Ionization of the
newly generated Vo further increases SS and the gen-
erated O; increases Vi, of the a-IGZO TFT, which is
consistent with simultaneous occurrence of increase of SS
and Vi in the second degradation stage as shown in
Fig. 3.

IV. CONCLUSION

Significant increase of Vi, of a-IGZO TFTs after NBIS is
observed and reported, which is resulted from the collec-
tive effects from the illumination and negative gate bias.
Oxygen interstitials are proposed to be generated after NBIS,
which function as acceptor-like trap states. The proposed
generation of oxygen interstitials, functioning at acceptor-
like trap states, is consistent with the LFN and reliability
performance of the a-IGZO TFT after NBIS. The research
results indicate the importance of strengthening the chemical
bonds in a-IGZO in addition to the reduction of oxygen
vacancies.
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