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Degradation and its fast recovery in a-IGZO thin-film transistors
under negative gate bias stress”
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A new type of degradation phenomena featured with increased subthreshold swing and threshold voltage after negative
gate bias stress (NBS) is observed for amorphous InGaZnO (a-IGZO) thin-film transistors (TFTs), which can recover in
a short time. After comparing with the degradation phenomena under negative bias illumination stress (NBIS), positive
bias stress (PBS), and positive bias illumination stress (PBIS), degradation mechanisms under NBS is proposed to be
the generation of singly charged oxygen vacancies (V,") in addition to the commonly reported doubly charged oxygen
vacancies (VOH). Furthermore, the NBS degradation phenomena can only be observed when the transfer curves after NBS
are measured from the negative gate bias to the positive gate bias direction due to the fast recovery of V™ under positive
gate bias. The proposed degradation mechanisms are verified by TCAD simulation.

Keywords: amorphous IGZO, thin-film transistors, negative bias stress, subthreshold swing

PACS: 81.05.Gc, 81.05.Ea, 85.30.Tv

1. Introduction

Amorphous InGaZnO (a-IGZO) thin-film transistors
(TFTs) have attracted much attention due to the characteristics
including high electron mobility, low leakage current, small
subthreshold swing, and high large-area uniformity. a-IGZO
TFTs with a back-channel etching (BCE) structure have no
protection at the back channel. Thus, the back channel may
be damaged during the patterning of the source/drain elec-
trodes, and the device performance becomes deteriorated. Ul n
the etching-stop layer (ESL) structure, a dielectric layer is de-
posited to protect the back channel. However, an extra mask is
required to pattern the ESL, which increases the process com-
plexity. The ESL also increases the characteristic size of the
device. Elevated-metal metal-oxide (EMMO) TFT makes up
for the shortcomings of traditional BCE and ESL TFTs by el-
evating the source/drain electrodes above the passivation layer
and the formation of conductive source/drain regions. >3]

For the a-IGZO TFTs in the pixel and driver circuits of
active-matrix display panels, understanding the degradation
mechanisms under various types of bias stresses is greatly im-
portant for the optimization of device structure and fabrica-
tion process. The most frequently concerned stress conditions
include positive gate bias stress (PBS), negative bias stress
(NBS), negative bias illumination stress (NBIS), and positive
bias illumination stress (PBIS). In the previous work on PBS,
the common degradation phenomenon is the positive shift of
transfer curve. It is explained with electron trapping in the gate
dielectric or at the interface between the channel and the gate

DOI: 10.1088/1674-1056/ac05aa

dielectric.* However, for PBIS, the transfer curve also shifts
to the positive gate bias direction but the shift is less than that
under PBS because the ionized oxygen vacancies (V.>") gen-
erated with the help of light move to the back channel and
contribute a negative shift of the transfer curve.>® The trans-
fer curve of a-IGZO TFTs generally shifts to the negative gate
bias direction under NBS due to the generation and accumula-
tion of V2T at the interface between the channel and the gate

insulator.[7-10

| The negative shift of the transfer curve under
NBIS is more evident, where the mechanism is similar to that
under NBS, but the density of V2 is larger with the help of
illumination. (%111

In this paper, positive shift of the transfer curve and severe
degradation in the subthreshold characteristics were observed
for a-IGZO TFTs under NBS and NBIS, and a gentle degra-
dation is observed under PBS and PBIS. A fast recovery of
the degradation in the threshold voltage (V) and subthresh-
old swing (SS) is observed for the a-IGZO TFTs under NBS
and NBIS, and no degradation can be observed when the trans-
fer curves are measured with gate bias sweeping from positive
gate bias to negative gate bias direction. The mechanisms for
the degradation and its recovery under gate bias stress with or

without illuminations are proposed.

2. Experiments

As shown in Fig. 1, the a-IGZO TFTs with an EMMO
structure were fabricated and used. A 300-nm thick Mo was
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sputtered and patterned as the gate electrode. The gate insu-
lator consists of 50-nm silicon nitride (SiN,) and 75-nm sili-
con dioxide (SiOy), deposited by plasma-enhanced chemical
vapor deposition (PECVD). A two-hour annealing at 400 °C
was performed in O, to remove the residual hydrogen in the
gate insulator. Then, a 20-nm a-IGZO was sputtered at room
temperature as the active layer. The passivation layer is 300-
nm SiO, deposited by PECVD, and another dehydrogenation
treatment was performed in O, for two hours. After metal-
lization, a critical oxidizing heat treatment was performed at
400 °C for two hours to form the low-resistance source/drain
regions.

electrode

electrode

overlap =4 ym
passivation layer

ntrinsic channe

gate oxide

gate electrode

substrate

|contact hole
contact hole

Fig. 1. Schematic cross-sectional diagram of the EMMO-type a-IGZO TFT.

For the reliability experiments under gate bias stress, the
source/drain electrodes were grounded and the gate electrodes
was applied with a bias of —20 V or 20 V. Illumination is
applied with LED monochromatic light sources with wave-
lengths of 660 nm (red), 520 nm (green), and 445 nm (blue).
The transfer curves of the TFTs before and after stress were
measured with Agilent 4156C semiconductor parameter ana-
lyzer, and the transfer curves before and after NBIS and PBIS
were measured under illumination. The channel width and
length of a-IGZO TFTs are 50 pm and 20 wm, respectively,
and the overlap between the gate and source/drain electrodes
is 4 um. Vg is estimated by the linear extrapolation method
from the transfer curve at Vg, of 0.1 V. The flat-band voltage
(Vep) is defined as the gate voltage at which drain current be-
gins to transit to the subthreshold region.

3. Results and discussion
3.1. NBS and NBIS degradation

As shown in Fig. 2(a), the transfer curve shows an evident
degradation in the subthreshold swing and threshold voltage
after NBS with a gate voltage of —20 V. The variations of Vty
(AVth) and SS (ASS) are extracted and plotted versus stress
time in Fig. 3. Vry, Vg, and SS behave differently with stress
time, where Vry initially exhibits an evident positive shift af-
ter 10 s and continues to gradually shift toward positive gate
bias direction with the increase in stress time, SS increases
significantly after 10-s stress time, but it remains almost un-
changed during the following stress period. However, Vgp in-
creases continually with the increase in stress time. This rapid

degradation of Vg has also been observed in previous studies,
where the Vg shifts toward negative gate bias direction rather
than positive gate bias direction.[!?] The degradations in Vry,
VB, and SS can be recovered, but the corresponding recovery
also behaves differently. One can notice from Fig. 2(b) that the
degradation in SS recovers fast in the first 10 s after the stress
is removed and gradually recovers completely in 1800 s. Vgp
recovers completely in 10 s but Vg recovers more slowly.
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Fig. 2. Evolutions of the transfer curves in linear and logarithmic scales for
the TFTs (a) under NBS and (b) after NBS is removed.

For a-IGZO TFTs under NBS, the transfer curve is gen-
erally observed to shift toward the negative gate bias direc-
tion due to the generation of V2, which acts as shallow
donor states and distribute near the conduction band. How-
ever, the observed positive shift of the transfer curve af-
ter NBS indicates that other degradation mechanisms are in-
Increased SS
implies an increase in deep states in the bandgap. The den-

volved in addition to the generation of V2.

sity of increased deep states (ADys) is extracted approximately
5.17x10"2 cm~2-eV~! with the following relationship:

Cox ASS

ADgg= -2 =22
&7 "¢ ksT (In10)’

ey
where Cy is the oxide capacitance per unit area, ¢ is the el-
ementary charge, kg is the Boltzmann constant, and T is the
absolute temperature. In a-IGZO, singly charged oxygen va-
cancies (V") are the main type of deep states,!!3! which is a
metastable state and can explain the fast recovery of the SS af-
ter stress. The increased deep states can also trap parts of the
accumulated carriers and increase the threshold voltage.
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Fig. 3. (a) AVty and ASS under NBS and NBIS with the stress time and (b)
with the recovery time after the stress is removed.
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Fig. 4. Evolution of the transfer curves in linear and logarithmic scales for
the TFTs (a) under NBIS and (b) after NBIS is removed.

Figure 4(a) shows that the degradation phenomena of
NBIS with blue light of a power density (J.) of 2 mW/cm? are
similar to those under NBS, i.e., SS and Vg are increased. The
slope of transfer curve in on-state is also increased. But dif-
ferently, no evident positive shift of Vgp is found under NBIS.

Furthermore, as shown in Fig. 4(b), Vgp initially exhibits a
negative shift and then recovers to its initial values after the
NBIS is removed. For the first time such type of recovery phe-
nomenon has been reported.

NBIS usually introduces more severe degradation than
NBS due to the ionization of neutral oxygen vacancies under
illumination.'3! However, after comparing the degradation
and recovery of SS and Vg under NBS and NBIS, as shown
in Fig. 3, the shift of Vg under NBIS is found to be smaller
than that under NBS. Thus, two degradation mechanisms in-
volved under NBIS are proposed. One mechanism is caused
by the negative gate bias, and the corresponding degradation
is similar to that under NBS. The features include increase in
SS, Vru, and Vgp and their recovery in a short time. The other
mechanism causes negative shift in Vgg and Vry, resulting in
the smaller shift of Vgg and Vry under NBIS than that under
NBS. Moreover, the a-IGZO TFT after NBIS shows a negative
shift of Vpp after the rapid recovery of the on-state character-
istics.

The dependence of AVty on stress time after NBS and
NBIS was fitted with the stretched exponential function, as

AVry = AV (0) {1 —exp [— (i)ﬁ] } )

where AVry(0) is the saturation value of AVry at an infi-

follows:

nite time, T is a characteristic time, and B is the stretched-
exponential exponent. The fitting results are summarized in
Table 1, where the prefactor AVry(0) is 16.4 V, T is 7.6 s,
and f3 is 0.31. The degradations dominated by the generation
of V2* can also be described with the stretched exponential
function,!'*! but its effect on Vry is opposite to that of V.
Thus, it is within expectation that the T for NBIS is larger than
that of NBS, as shown in Table 1.

Table 1. Fitting parameters for the fitting of the dependence of AVry on
stress time after NBS and NBIS with the stretched exponential function.

Parameters Value
NBS NBIS
AVru(0) (V) 16.35 14.61
T (s) 7.56 25.73
B 0.31 0.51

To clarify the degradation mechanism, which causes the
negative shift of Vgp after the removal of NBIS, the degrada-
tion of a-IGZO TFT under illumination stress only was further
investigated. As shown in Fig. 5, under the illumination of
blue light with a power density of 2 mW/cm?, only a small
amount of increase in the on-state current (/) is found, and
the increase in I,, does not increase with the increase in stress
time. Thus, the increase in I,, under illumination is proposed
due to the photo generated carriers.!!3 Then, the negative shift
of Vpp after NBIS should be caused by the combination of the
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negative gate voltage and illumination. It is speculated that the
negative shift of Vg observed during the recovery of NBIS
degradation is caused by V02Jr similar to that in conventional
NBS experiments.[”! A large number of V2" is generated
under NBIS; thus, a smaller positive shift of Vgg under NBIS
than that under NBS is reasonable. After the fast recovery of
Vv, after NBIS removal that results into the positive shift of
Vs, the generated VO2+ dominates the performance of TFT,
which exhibits a negative shift of Vgp.

10-5 1.5X10-6
stress condition
I,=2 mW /cm? _
1077 fa—initial L2107
< 10
% qg-o| T 100s 40.6x10-
g 1071000
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Fig. 5. Evolution of the transfer curves in linear and logarithmic scales for
the TFTs under illumination with blue light.
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Fig. 6. Comparison of the transfer curves of the a-IGZO TFTs before and
after NBIS with the light of different wavelengths.

To confirm this hypothesis, experiments were carried out
under the same gate bias and light power density but illumi-
nated with lights of different wavelengths. Figure 6 shows
that the degradation under NBIS with red light is the same as
that under NBS, indicating that red light does not contribute
to the NBS degradation. Under green light illumination, the
degradation under NBIS is also almost the same as the one
under NBS. While when the illumination is performed with
blue light during NBIS, Vg shows a smaller positive shift and
SS increases. The photon energy for the red, green, and blue
light is 1.9, 2.4, and 2.8 eV, respectively. V2* and V" would
form trap states above the valence band maximum with an en-
ergy difference up to 2.9 eV and 2.6 eV, respectively.!'®! Thus,

the energy of red light is too small for the ionization of neutral
oxygen vacancies. Under green light, the energy is insufficient
to generate V,, either. Under blue light, V" and V>* can be
produced by the ionization of neutral oxygen vacancies (V;).
Therefore, compared with that under NBS, the positive shift
of Vip becomes smaller due to the increase in V¥, and the
increase in ASS is due to more V" generated.

3.2. PBS and PBIS degradation

Degradation of the a-IGZO TFTs under PBS was also in-
vestigated to further understand the degradation mechanism
when V,© and V2* were involved. As shown in Fig. 7(a), un-
der a gate voltage of 20 V, the transfer curve shows a negative
shift as small as 0.95 V. Electron trapping in the gate oxide
may also occur during PBS, but it results into positive shift of
the transfer curve.!®!7-18] Thus, the degradation mechanism is
proposed to be the drift and accumulation of the existing V.2
in the a-IGZO to the back-channel surface under the electric
field.[*) As shown in Fig. 7(b), no recovery of the degradation
is observed in 60 s after the stress is removed. This finding is
different from the recovery behavior of NBS degradation. It is
consistent with the involvement of V02+, which is more stable
than V.19
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Fig. 7. Evolution of the transfer curves in linear and logarithmic scales for
the TFTs (a) under PBS and (b) after PBS is removed.

However, when the a-IGZO TFT is illuminated with blue
light with a power density of 2 mW/cm? in addition to the
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PBS, it can be seen in Fig. 8(a) that the on-state current in-
creased by 21.5% and SS increased from 0.47 V/decade to
0.6 V/decade after PBIS. The transfer curve in the subthresh-
old region further negatively shifted 0.8 V, and a decrease in
the on-state current is observed after the stress is removed
(Fig. 8(b)). The increase in I,, after PBIS is proposed to be
caused by photo-generated carriers as confirmed in Fig. 5.

Therefore, two degradation mechanisms are involved under

PBIS. One mechanism causes degradation of SS and recov-
ery in a short time; it is proposed to be the generation of V,'.
I7AR
threshold voltage. The other is similar to that under PBS with
V.2* accumulated at the back channel. The effects of V2* are
covered by the effects of V;' immediately after PBIS, and the
negative shift of the transfer curve emerges after the removal

of PBIS and the recovery of the V.

as deep trap states, can trap electrons and increase the
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.‘T/G—:22(r)n¥7\7/cm2 1070 o stress ot
—~ 10-THLT ,
= 10 10.9x10-6 2 60 s {0.9x10-¢
~ —=—initial < 10-8f——5h
< 10-9l——10s = |24 h
& 100 s s 2 B
2 1000 s 10-6x107% £ 10710 0.6x10
© o
g 107} o
5 40.3x10-6 g 10 40.3x10-6
10_13 i 10714 -
- O | 0
10_15 1 1 1 1 1 1 1 1 1 1 1

—10 0 10
Gate voltage (V)

20

—10 0 10
Gate voltage (V)

Fig. 8. Evolution of the transfer curves in linear and logarithmic scales for scales the TFTs (a) under PBIS and (b) after PBIS is removed.
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Fig. 9. Vg and SS at the initial, after stress for 1000 s and 60 s and 24 h after the stress is removed for the cases of (a) PBS and (b) PBIS.

3.3. Degradation mechanism with V"

Therefore, the introduction of V0+ is the dominant degra-
dation mechanism under NBS and a small amount of V" can
also be induced under PBIS. They can be explained with the
band diagrams shown in Fig. 10. When a negative gate bias is
applied, the energy band is bent upward, and the Fermi level
is close to the valance band at the channel surface. Electrons
at the trap states of neutral oxygen vacancies higher than the
Fermi level are emitted, and the neutral oxygen vacancies are
ionized into V& and V2T, which are distributed as deep trap
states and shallow trap states in the bandgap, respectively. V"
results in the degradation of SS and the increase in Vg and

Veg. The number of VO2+ is relatively small, such that its ef-

fect is minimal. Moreover, Vj is metastable and easy to re-
combine with electrons, so the degradation recovers quickly
after removing the stress. It is speculated that nitrogen is intro-
duced into the channel a-IGZO from the gate dielectric during
the annealing processes for dehydrogenation and formation of
source/drain. They can form Zn=N bonds with one Zn atom
at an oxygen vacancy site and the other Zn atom then tends to
form V"~ when it is ionized.!?’!

When a positive gate voltage is applied after NBS, high-
concentration electrons accumulate at the channel surface,
and the accumulated V" can recombine with electrons more
quickly. This recovery process requires only a few millise-

conds.?!! Thus, when the transfer curve is measured with suf-
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ficiently high positive gate voltages, the current exhibits a step-
like rise and the slopes of the curves of the on-state region
rises, as shown in Figs. 2 and 4. This finding can also explain
the phenomenon that the degradation in the subthreshold re-
gion cannot be observed, when the transfer curve after NBS
is measured with the gate voltage sweeping from positive gate
bias to the negative gate bias direction, as shown in Fig. 11.
This condition may also be the reason why degradation in the
subthreshold swing was seldom observed and reported in the
literature. For the increased V0+ after a longer stress time, the
unrecombined V& under a positive gate bias can minimally

decrease the on-state current.

(a)

Vo=-20V

(b)

Ve=20V

Fig. 10. Schematic energy band diagrams showing the generation of V"~ and
V2 under (a) NBIS and (b) PBIS.

With the help of blue light, V, and part of V' transit
to V2*, as schematically shown in Fig. 10(a). V2* accumu-
lates at the channel/gate dielectric interface due to the negative
gate voltage, causing a negative shift of Vgg. It cannot recover
rapidly in seconds because the recombination speed of Vo2+
is slower than that of V;". When these mechanisms occur si-
multaneously, the negative shift of Vg is not apparent until
the degradation in the subthreshold region is recovered. Under
the coexistence of the two mechanisms, SS is degraded, Vry is

increased, but Vgp shows slight increase under NBIS.

When a positive gate bias is applied, the energy band is
bent downward and the Fermi level is close to the conduction
band minimum, the neutral oxygen vacancies remain neutral
with electrons. Thus, the transfer curve after PBS only ex-
hibits a slightly negative shift due to the accumulation of the
existing V27 in the a-IGZO at the back channel surface. When
illuminated with light due to sufficiently large photon energy,
a limited amount of the neutral oxygen vacancies can be ion-
ized into V", thereby degrading the subthreshold swing and
increasing the threshold voltage by the trapping electrons in

the channel.

1.2X10-6
Lo-o|. stress condition
Va=—20V et
< = initial Lo.ox10-s
— 10-8F—10s
B 100 s
g —— 1000 sy 40.6x10-6
8 10-10F
=
: 40.3x10-6
~
A 1012
40

10714 : L L 1 1 1

—10 0 10 20
Gate voltage (V)

Fig. 11. Evolution of the transfer curves in linear and logarithmic scales for
the TFTs under NBS measured from positive gate voltage to negative gate
voltage.

3.4. Simulation verification

Silvaco ATLAS is utilized to simulate the TFT’s trans-
fer characteristics before and after stress to verify the specu-
lations. The parameter values used for the simulation of the
initial transfer curves are listed in Table 2. The simulation re-
sults are compared with the experimental data in Fig. 12. The
distribution of the added trap states during the simulation of
the transfer curves after 1000-s stress time for various types of
stress are plotted in Fig. 13, and the parameters for the added
trap states are summarized in Table 3. When deep trap states,
expressed with ggp, are added in the channel, the degradation
phenomenon, including increased Vgg, Vry, and SS, is similar
to the measurement results under NBS (Fig. 12(a)). Then, the
positive charge representing V>*, described with goy, at the
gate dielectric/a-IGZO interface is added, and Vg becomes
smaller than that after NBS, similar to the measurement results
under NBIS. Figure 12(b) shows that the transfer curve is simi-
lar to the measurement results under PBS when V2, described
with goy, at the back-channel surface is increased. With the
addition of a small amount of deep level defects described with
ggp in the channel, SS and Vg are further increased, similar
to the measurement results under PBIS. These simulation re-

sults confirm that our speculations are reasonable.
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Table 2. Parameters for the simulation of the initial transfer curves of the initial a-IGZO TFT.

Parameters Value (Initial) Description
Nc (cm™3) 5% 108 effective density of states in conduction band
Ny (cm™?) 5% 108 effective density of states in valence band
Eg (eV) 32 band-gap
Un (cm?/V-s) 6 electron mobility
Tail acceptor-like states 8TA (E) = Nta X exp[(E — Ec)/Wra)
Nra(em3-eV—1) 9x 10" conduction band edge intercept densities
Wria (eV) 0.035 conduction band characteristic decay energy
Tail donor-like states gtp (E) = Ntp x exp[(Ey —E)/Wrp]
Nrp (cm 3¢V 8 x 1019 valence band edge intercept densities
Wrip (eV) 0.01 valence band characteristic decay energy
Shallow donor DOS gov (E) = Nov x exp[— (E — Eov /Wov)?]
Nov (cm™3.eV1) 5% 10'7 total density of oxygen vacancy (OV) states
Eov (eV) 2.9 peak energy of OV states
Wov (eV) 0.1 characteristic decay energy of OV states
Deep donor-like states gap (E) = Nop x exp[— (E — Egp/Wap)?]
Ngp (cm™3.eV1) 1x10'° total density of deep donor-like states
Egp (eV) 0.13 peak energy of deep states
S (eV) 0.1 characteristic decay energy of deep states

Table 3. Parameters for the DOS added during the simulation of the 6
transfer curves after stress. ~ 20 (a)
|
Parameters Value (NBS) Value (NBIS) Value (PBS) Value (PBIS) _ 5F ?; 1.5 a— initial
Nop em™3-eV=l)  8x 10 8 x 1019 2x 1018 7 E o ® NBS
Ecp (eV) 0.165 0.165 0.165 % at = —a— NBIS
Nov (em™3-eV~1) 1x10" 5% 10 5% 10' ki 2 o5
Eov (€V) 29 3 3 E 4l §
5 @eV) 0.1 0.4 04 o %% X 50
2 Energy (eV)
~ 2+
0-6 S
10~
(a) A 1t
10-7
__10°fr = 0
- A 0 05 1.0 15 20 25
-
E 10-u} Energy (eV)
>
=] _ 3.0
S 1071 Vig=0.1V 20 (b)
= . R P
3 10-12k simulated initial |
5 o measured initial .25 ; 1.5 s— initial
10-13} © simulated NBS n L
A measured NBS > S 1.0 ® PBS
10-14} simulated NBIS 2 201 % ——PBIS
o measured NBIS I Z 0.5
10-15L— 1 1 1 1 1 1 1 1 S ©n
4 -2 0 2 4 6 8 10 12 14 st 2,
o0
Gate voltage (V) > 2.0 2.5 3.0
= Energy (eV)
10-6 8 1.0
07T e S s h
2 10-8
:/ 0
g 10-° 0 05 10 1.5 20 25 3.0
:;: 10-10 Energy (eV)
- T simulated fllftfal Fig. 13. Comparison of the DOS extracted after simulation for (a) the initial
B 10 e ’?easur‘)'d initial TFT and the TFT after NBS and NBIS for 1000 s, and (b) the initial TFT
A o simulated PBS and the TFT after PBS and PBIS for 1000 s.
A measured PBS
10-13 simulated PBIS
o measured PBIS .
4. Conclusions
10—14 1 1 1 Il Il
—4 =2 0 2 4 6 8 10

Gate voltage (V)

Fig. 12. Comparison of the measured and simulated transfer curves for the

a-IGZO TFTs after (a) NBS and NBIS and (b) PBS and PBIS for 1000
The initial transfer curves are added for reference.

Increased threshold voltage and deteriorated subthreshold
characteristics of a-IGZO TFTs after NBS are observed and

V5t, which is more

S. .
proposed to be due to the generation of
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significant than V2*. When illumination with blue light is ap-
plied in addition to NBS, the increase in threshold voltage is
reduced given that more V> are generated, thereby reducing
the threshold voltage. Negatively shifted transfer curves are
also observed after the recovery of V' generated during PBIS.
The degradation in SS and Vy after NBS can be recovered in
a very short time because V;" forms deep level defects and can
recombine with electrons quickly. In addition, the degradation
phenomena cannot be observed when the transfer curves are
measured from the positive gate bias to the negative gate bias
direction. The generation of V" after NBS and V" and V27 is
successfully verified by the simulation with Silvaco ATLAS.
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