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Abstract—This paper examined the performance and
bias stability of amorphous In-Ga-Zn-0 (a-IGZO0) thin-film
transistors (TFTs) with a self-aligned coplanar structure.
The activation energy barrier responsible for the positive
bias thermal stress (PBTS)-induced instability of the a-IGZO
TFTs with low oxygen loadings can be attributed to the
migration of cation interstitial defects. However, the IGZO
TFTs with high oxygen loadings could not be explained
by the existing defect model. The first-principle calculation
indicates that the cation vacancy, such as V,, with the
hydrogen incorporation plays an important role in deter-
mining the PBTS-dependent degradation of the threshold
voltage.

Index Terms— Amorphous In-Ga—-Zn-0 (a-IGZ0), cation
interstitial, instability, oxygen vacancy, thin-film transis-
tor (TFT).

|. INTRODUCTION

MORPHOUS indium gallium zinc oxide (a-IGZO) has

extensively been studied for use as active channel mate-
rial in thin-film transistors (TFTs) for active-matrix elec-
tronics of liquid crystals and organic light-emitting diodes
screens [1]-[5] Effective intercalation of the nondirectional
ns orbital of metal cations and the amorphous metal-oxide
(M-0O) network with a strong ionicity enable reasonably high
carrier mobility, moderate stability, and large-area uniformity
of these compounds. Despite these attractive features, the
electrical instability of IGZO TFTs is still a critical hur-
dle against widespread commercialization of the devices [6].
Various degradation mechanisms have been intensively
investigated as an intrinsic origin, including the oxygen
vacancy (Vo) [7]-[15], zinc interstitial (Zn;) [16], oxy-
gen interstitial (O;) [5], [17], [18], and hydrogen bista-
bility [19] models. These studies have mainly focused on
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the bottom gate architecture, which is preferred due to the
simple fabrication process. However, the staggered struc-
ture, such as the bottom gate architecture, has an elec-
trode overlap to facilitate the charge carrier injection from
the source into the channel layer. This parasitic capaci-
tance [20] causes a delay in the visual signal and aggra-
vates the undesirable visual artifacts such as flickering and
image sticking. Therefore, self-aligned IGZO TFTs should be
developed to satisfy the stringent requirement of the next-
generation high-pixel densities and large screens. Notwith-
standing the technical importance, the electrical instability of
the self-aligned IGZO TFTs has been rarely examined [5].
In this paper, we report the degradation mechanism of the
threshold voltage (Vry) under the gate bias thermal stress
conditions for self-aligned TFTs with sputtered IGZO channels
prepared at different oxygen loadings conditions. The positive
gate bias thermal stress (PBTS)-dependent instability of the
IGZO devices deteriorated with increasing oxygen loadings
[(flow ratio) of [O2]/([Ar] 4+ [O2])]. The origin for the oxygen
loadings-dependent PBTS instability was proposed on the
basis of the activation energy barrier analysis. The IGZO
device with lower oxygen loadings can be attributed to the
migration of cation interstitial defects whereas the formation
of the cation vacancy defects was identified as a plausible
degradation mechanism for the IGZO device with higher
oxygen loadings.

Il. EXPERIMENTAL PROCEDURE

The evaluated IGZO TFTs had the self-aligned coplanar
structure. A SiO,/SiN, buffer layer was deposited on the glass
substrate using plasma-enhanced chemical vapor deposition
(PECVD). A 20-nm-thick a-IGZO channel layer was sput-
tered using a polycrystalline InpGayZnO7 target, where the
oxygen loadings during the thin-film preparation was split into
63%, 75%, and 80% of the [O2]/([Ar] + [O2]). The cation
ratio of the IGZO films was In: Ga: Zn = 2.2: 2.2: 1.0.
A 120-nm-thick SiO; film as a gate dielectric was deposited
by PECVD on the a-IGZ0O/Si0,/SiN,/Glass substrate, which
was followed by the coating of Cu film as a gate electrode
using dc sputtering. The definition of the gate electrode was
performed by the traditional lithography and dry etching.
A SiO» film was deposited as an interlayer by PECVD and the
contact hole was opened for a source/drain (S/D) metallization.
Finally, the Mo/Al stack was deposited and patterned as the
S/D electrodes, which was followed by thermal annealing
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Fig. 1. Evolution of the transfer curves for a-IGZO TFTs with oxygen
loadings of (a) 63%, (b) 75%, and (c) 80% as a function of PBTS time.
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Fig. 2. Chemical characterization of IGZO films with different oxygen
loadings. Deconvoluted XPS spectra of the O 1s core level of the IGZO
films.

at 200 °C. Electrical characterization was carried out using
a Keithley 2636 parameter analyzer. The field-effect mobil-
ity (upg) was determined from the maximum incremental
slope of an Ig versus Vgs plot in the saturation region
according to the following equation: Ips = (WC;/2L)urg
(VGs—VTH)Z, where L is the channel length, W is the width,
and C; is the gate capacitance per unit area. The Vg was
determined from the gate voltage (Vgs) needed to produce
a drain current of L/W x 10 nA at Vps = 5.1 V. The
subthreshold gate swing (SS = dVgs/d log Ips) was extracted
from the linear portion of a plot of the log Ips versus Vgs.

[1l. RESULTS AND DISCUSSION

Fig. 1 shows the evolution of Ips—Vgs characteristics for
a-1GZ0O TFTs with different oxygen loadings of 63%, 75%,
and 80% as a function of PBTS time. The gate bias stresses
of 20 V were applied at room temperature in air. The gate
bias was interrupted at fixed times to record the IV curves
of the devices, which was measured at a Vps of 5.1 V.
The pristine device characteristics correspond to the Ips—Vgs
measured at 0 s (before stress). The device with 63% oxygen
loadings exhibited a reasonable field-effect mobility (u«pg) of
9.8 cm?/Vs, subthreshold gate swing (SS) of 0.27 V/decade,
threshold voltage (Vryg) of 0.0 V, and Ion/opr ratio of 108
[Fig. I(a)]. The carrier mobility was slightly diminished with
increasing oxygen loadings: the device with 80% oxygen load-
ings had a upg value of 6.8 cm?/Vs. Simultaneously, the SS
and Vry values for this device increased to 0.31 V/decade
and 0.4 V, respectively, whereas a comparable Ion/orr ratio
was maintained [Fig. 1(c)].

In order to obtain the insight on the oxygen loadings-
dependent electrical properties, the chemical states for the
IGZO films were examined by the X-ray photoelectron spec-
troscopy (XPS). Fig. 2 shows the core level spectra of O Is
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Fig. 3. Electronic structure of the IGZO films. Variations in the
(a) absorption coefficient (o) measured by spectroscopic ellipsometry
and (b) VB spectra by XPS. (c) Schematic energy band diagrams
reflecting the relative energy position of the Fermi level (Ef) with respect
to the CB minimum (Ecg) and VB maximum (Eyg) for the IGZO film with
different oxygen loadings of 63%, 75%, and 80%. (d) Variation in the
DOS below Egpg for the IGZO TFTs. DOS distributions were extracted
based on the MN rule.

of the IGZO films with different oxygen loadings. XPS was
obtained after sputtering by Ar ions at 500 eV to minimize the
surface contamination of the adsorbed OH, C, H,O, and other
molecules. The oxygen signals were carefully deconvoluted
with three different Gaussian bases (indexed as O1, O2,
and O3) from a low binding energy. The O Is peaks centered at
531 (O1) and 532 eV (02) were assigned to fully coordinated
oxygen and insufficiently coordinated oxygen (referred to as
an oxygen vacancy [14], [15], Vo) with cations, respectively.
The higher binding energy peak (O3) at 533 eV was attributed
to oxygen impurities. The relative area of the oxygen deficient
peak (O2) slightly decreased with increasing oxygen loadings.
The IGZO films with higher oxygen loadings have smaller
oxygen deficient states due to Vo, which is responsible for
the reduction in free electron density and results in slight
deterioration of the carrier transport.

Fig. 3(a) and (b) shows the unoccupied states near the
conduction band (CB) and the occupied states near the
valence band (VB) of IGZO films with different oxygen
loadings, respectively. The extracted band gap increased from
3.21 to 3.35 eV and the VB offset (Eyp) between the
Fermi level (Er) and VB maximum (Evyg) slightly increased
from 3.03 to 3.07 eV with increasing oxygen loadings.
Considering the band gap (by spectroscopic ellipsometry)
and VB offset (by XPS), a schematic energy diagram was
obtained, as shown in Fig. 3(c). The CB offset (Ecp) between
the CB minimum (Ecg) and Er changed from 0.18 eV
(oxygen loading: 63%) to 0.28 eV (oxygen loadings: 80%),
which makes the transition from the localized trap-mediated
transport to the percolation conduction difficult. In addition,
the increase in CB offset (Ecg) is related to the decrease
in the free electron density (n) by the following equation:
n = Nce*(ECB*EF)/kBTn — Nce*(ECB*EF)/kT’ where N¢
is the effective density of states near the Ecp and kp is
the Boltzmann’s constant, and 7 is the absolute temperature.
This result can be plausible rationale for the performance
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deterioration (such as upg and Vry) of a device with high
oxygen loadings.

Temperature-dependent field-effect data were used to calcu-
late the total density-of-state (DOS) [21] distributions in the
forbidden band gap of the IGZO TFTs. The Vry value for all
the devices shifted negatively with increasing measurement
temperature. This negative Vry shift with increasing tempera-
ture can be interpreted by the thermal activation process of
the subthreshold drain current (/ps) from the quasi-Fermi
level to the CB edge. Generally, the subthreshold current
in the IGZO TFTs can be well described by the thermally
activated Arrhenius model, where it was assumed that ther-
mally activated electrons from a deep level trap site into the
CB move quickly toward the drain electrode due to a lateral
electrical field. Fig. 3(d) shows the DOS distributions based
on the Meyer—Neldel (MN) [22], [23] rule, where the same
procedure was used to calculate the DOS distribution [24].
The overall DOS distribution for the IGZO TFTs increased
with increasing oxygen loadings over the entire tailing energy
range extracted: the DOS values at the CB edge for the devices
with oxygen loadings of 63%, 75%, and 80% were 1.4 x 1018,
3.4 x 108, and 5.8 x 10'8 ev~! cm3, respectively. It is noted
that the largest DOS distribution for the device with 80%
oxygen loadings is consistent with its largest SS factor in
Fig. 1. This result suggests that the high oxygen loadings into
the amorphous IGZO film not only annihilated the oxygen
deficient defect, but also created some tailing states near the
CB edge. Considering that the tail states in the bandgap
are generally originated from the structural disordering in
amorphous semiconducting material and the CB in IGZO is
associated with intercalation of In 5s orbital, the CB tail states
can be related to the cation disordering. The higher oxygen
loading in a-IGZO film may affect adversely the degree of
cation disordering, which results in the increasing CB tail state
below Ecg.

The effects of the application of PBTS on the transfer
characteristics were investigated. The IGZO TFT with 63%
oxygen loadings showed stable behavior against the external
PBTS (AVry = 0.33 V), as shown in Fig. 1(a). Notably, the
PBTS-induced instability of the IGZO TFTs was deteriorated
with increasing oxygen loadings. For example, the device with
80% oxygen loadings suffered from an enhanced Vg shift
(AVty = 1.57 V) after identical PBTS duration (7200 s)
[Fig. 1(c)]. The effect of the application of negative gate
bias thermal stress (NBTS) on the device performance of
IGZO TFTs was also investigated. The gate bias stresses of
—20 V were applied: the other conditions were identical to
the PBTS experiment. The pristine IGZO TFTs irrespective
of the oxygen loadings turned out is very stable against
the NBTS duration (Table I). The variations in the transfer
characteristics for the IGZO TFTs with different oxygen
loadings as a function of NBTS temperature and time were for
example, the A Vry values for the device with oxygen loadings
of 63% were —0.06, —0.03 and —0.16 V for the measurement
temperature of 60 °C, 80 °C, and 100 °C, respectively, after the
application of NBTS for 7200 s (not shown). The other devices
with different oxygen loadings of 75% and 80% exhibited neg-
ligible variations in term of Vg shift after the identical NBTS
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Fig. 4. Stretched exponential analysis for PBTS-induced instabilities of
the IGZO TFTs. Temperature-dependent Vq variations for the devices
with oxygen loadings of (a) 63%, (b) 75%, and (c) 80% under the PBTS
conditions. Relationship between 1/T versus InT for the devices with
oxygen loadings of (d) 63%, (e) 75%, and (f) 80%.

duration. These results indicated that our set of IGZO TFTs
is highly stable under NBTS condition, which is consistent
with those for the self-aligned IGZO TFTs in the previous
reports [5].

Temperature-dependent stretched exponential analysis was
performed to identify the plausible degradation mechanism for
the IGZO TFTs with different oxygen loadings. The activation
energy barriers (E;s) extracted from this analysis help to
elucidate the nature of the defect structure, where the density
functional theory (DFT) calculation can be compared to the
experimental barrier. Fig. 4 shows the variations in the Vg
values as a function of the PBTS time where the measuring
temperatures were 60 °C, 80 °C, 100 °C, and 120 °C.
These values were fit with a stretched exponential of the
form: [25], [26]

\#
IAVth(t)|=V0[1_exp [— (;) ” (D

where 7 is the relaxation time, f is the dispersion parameter
of the barrier energy height, and Vy is Vgs—VtHo (VtHo is the
initial Vg value). The relaxation time is given according to
the following equation:

r=v lex i 2)
- P kpT

where v is the frequency prefactor for emission over the
barrier. The 7 values from the fit of the stretched exponential
to the data at 60 °C were calculated as 9.96 x 107, 1.33 x 107,
and 1.09 x 107 for the IGZO TFTs with oxygen loadings
of 63%, 75%, and 83%, respectively, whereas the f§ values
0.44-0.47 were independent of the oxygen loadings (Table II).
The variations of Inz as a function of 1/T are shown in
Fig. 4 for the IGZO TFTs with different oxygen loadings.
The good fitting between 1/T versus Inz indicates that the
PBTS-induced Vry shift is a thermally activated process.
Therefore, the extracted activation energy (E; ppts) for each
IGZO device can be interpreted as the energy required for
the configurationally changes of the defect states, which is
responsible for the dominant Vry instability. The E; ppts
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IGZO TFTs. Temperature-dependent V1 variations for the devices with
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conditions. Relationship between 1/T versus InT for the devices with
oxygen loadings of (d) 63%, (e) 75%, and (f) 80%.

TABLE |
Vry SHIFT DATA AFTER NBTS FOR PRISTINE DEVICES
AND NBTS RECOVERY (APPLICATION OF NBTS
AFTER PBTS) FOR a-IGZO TFTs

. Temperature AV (V)
BTS condition

O 63% 75% 80%
60 -0.01 -0.07 -0.04

NBTS
80 -0.02 -0.08 -0.09

(3600s)
100 -0.06 -0.07 -0.08
25 -0.04 -0.09 -0.08
NBTS-recovery 60 -0.05 -0.09 -0.13
(3600s) 80 -0.07 -0.11 -0.21
100 -0.09 -0.12 -0.29

value of the IGZO TFTs with oxygen loadings of 63%, 75%,
and 80% was evaluated as approximately 0.87, 0.67, and
0.63 eV, respectively.

Next, we examined the NBTS recovery behavior of the
IGZO TFTs with different oxygen loadings. First, the devices
were subjected to the application of PBTS at 25 °C, 60 °C,
80 °C, and 100 °C for 1 h. To accelerate the displacement of
transfer curves for all the devices to the negative gate voltage
direction, the stress of negative 30 V was applied to the gate
electrode (Vgs,st = —30 V) for 3600 s. Fig. 5 shows the
NBTS recovery time-dependent Vry and the relaxation time
variations. The E; NBTS recovery Values for the IGZO TFTs with
different oxygen loadings of 63%, 75%, and 80% were 0.89,
0.70, and 0.65 eV, respectively. Because the NBTS duration
for the pristine IGZO TFTs did not affect the Ips—Vgs charac-
teristics aforementioned, the Vry by the application of NBTS
recovery after prolonged PBTS duration is believed to come
from the reverse process for the PBTS-induced degradation
mechanisms.

The effectiveness of the energy barriers extracted from
the stretched exponential analysis was confirmed using the
Laplace transform technique [27]. The Lorentz curve with the
most probable barrier energy at 0.81 eV was obtained for the
device with the oxygen loadings of 63% (data not shown).

As the oxygen loadings increased, the peak energy barrier
value was lowered down to 0.69 eV for the device with
the oxygen loadings of 80%. Considering the spread of
the Lorentz-shape distribution, the oxygen loadings-dependent
behavior is consistent with those by stretched exponential
analysis. The IGZO TFTs with 63% oxygen loadings had
E;pprs and E; NBTS recovery values of 0.87 and 0.89 eV,
respectively. The oxygen vacancy might explain the positive
Vra shift of this device by the application of PBTS. The
transition from the neutral Vo deep state to the double
charge V£+ shallow state is a well-accepted mechanism for
the negative Vry shift under the negative bias illumination
stress (NBIS) duration [10]-[12]. The reverse shallow-to-
deep state transition of the VéJr defect can account for the
qualitative positive Vy shift under the PBTS duration because
this transition consumes two free electrons. The transition
model from Vo to Vé+ basically involves the asymmetric
energy barrier: in crystalline ZnO, the E; nprs value for the
transition from the stable Vp to meta-stable VéJr is much
greater than the E; pprs value from the metal-stable V(Z)Jr
to stable Vo [18]. For example, the theoretically predicted
E. ppts value for crystalline ZnO was rather low (~0.3 eV),
which is similar to the experimentally determined E; ppTs
value (~0.3 eV) for amorphous Hf-In-Zn-O TFTs [28] on
the basis of the shallow-to-deep transition of V(Z)J“. Although
the activation energy barrier for this transition of V£+ in
a-IGZO system has not been explicitly calculated, Noh et al.
[8] showed that such a transition of V¢ in a-IGZO can occur
at even room temperature, implying that E; is not significantly
large. In addition, most of Vp defect are deep donors in
a-1GZO, which indicates they mostly exist in the neutral
charge state initially [8]. Therefore, the shallow-to-deep transi-
tion of Vo for the device with 65% oxygen loadings is unlikely
to be the origin of this Vry shift under the PBTS condition.
Very recently, the under-coordinated indium (In*) defect
was suggested for electron trapping and bi-stable centers.
According to this model, In*-metal (In*-M) exists in the
neutral state in the pristine sample where it can trap excess
electrons in the electron rich condition by the application of
PBTS [normal state (NS) + 2e- < (In*-M)>~] [30]. Similarly,
In—Zn defect in oxygen deficient a-IGZO material was cal-
culated to lie in the upper half of the bandgap as a gap
state [31]. These M-M defects can be considered as Vo
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because they involve the missing oxygen. These identifications
contradict the picture of Vp located in the lower half of the
bandgap by Kamiya et al. [3]. The acceptor-like nature of the
In*-M defect introduces the consumption of the free electron
carriers, leading to the positive Vry shift. It was noted that the
energy barriers required in the configuration change depends
on the Ef level. This defect would be responsible for high
E; values (~0.9 eV) for the PBTS because its energy barrier
for electron capture is 0.6-1.4 eV under the PBS condition.
Howeyver, the emission barrier is 0.5-0.6 eV and therefore it
is not satisfactory in explaining experimental results in full
picture [30].

The comparable energy barriers of the PBTS- and NBTS
recovery-induced Vrp instability strongly suggest the invoca-
tion of diffusion in the charged point defect. The ionic defects
(e.g., Zniz+, Ini3 *. and Gai3 +) or are likely to diffuse toward the
back IGZO interface by the repulsive Columbic force during
the PBTS duration, which can be greatly enhanced by the
elevated temperature [25], [16]. This net displacement of the
positively charged defects toward the back surface of IGZO
films can cause either the simultaneous migration of associated
electron carriers or the creation of negative image charges in
the adjacent buffer layer on basis of charge density neutrality.
The latter is not allowed because the insulating SiO; film in
this paper was used as the buffer layer. Therefore, the reduction
in effective free electron density near the gate dielectric/a-
IGZO interface are responsible for the positive Vry shift
by PBTS [32]. In crystalline ZnO and In;0Os3, the effective
migration energy barrier of Zn; and In; were ~0.5 eV [16] and
1.4-1.7 eV [33], respectively. Considering that the a-IGZO
is an open structure compared to wurzite ZnO and bixbyite
InyO3, the diffusional barriers of Zn; and In; are expected
to be even lower (<0.5 eV and < 1.4 eV) [16], [33]. Thus,
the migration of the ZniZJr or Ir1i3Jr defects would affect the
degradation of the device with 63% oxygen loadings.

In contrast, the a-IGZO TFTs with oxygen loadings of 75%
and 80% had E; ppts values of 0.67 and 0.63 eV, respectively.
The E; NBTS recovery Vvalues for the recovery process was
extracted to 0.70 and 0.65 eV for the devices with oxygen
loadings of 75% and 80%, respectively. As discussed earlier,
these rather low-energy barriers for the PBTS and NBTS
recovery-induced Vrp instability cannot be reconciled by the
oxygen vacancy [9], [10] or peroxide defects models [29].
The growing condition of high oxygen loadings would favor
the formation of the oxygen interstitial [34] defect or the
cation vacancy in the resulting IGZO film. According to
the preliminary DFT calculation, the migration of oxygen
interstitial [2]-[10], [13]-[19] is unlikely to be responsible
for the rather low activation energy due to the required high
diffusion barrier (>0.9 eV). In addition, one might expect that
the trap/detrap of electrons from oxygen interstitial would give
rise to the Vry shifts under the PBTS and NBTS recovery
conditions. Oxygen interstitials in a-IGZO have the following
two distinct configurations depending on its charge state:
the one loosely bound with neighboring metal ions in the
2- charge state (Oizf) and the dimer-like form (O?) in the
neutral state. In n-type a-IGZO material, Oizf is more stable

than O?, indicating that they exist mainly in the 2- charge
state in as-deposited films [18]. In principle, the O? in the
neutral charge state can capture electrons, which would be
responsible for PBTS-induced Vrpy instability [35]. However,
according to the formation energy diagram by Han er al. [36]
oxygen interstitial prefers the 2- charge state with a view-
point of thermodynamics under the n-type condition. This
indicates that the dimer configuration with the neutral state
is unlikely to be formed in as-deposited films. In contrast
to O? which can capture excess electrons inducing bond-
breaking relaxations, Oiz_ is not able to accept excess electrons
implying that they cannot contribute to the device degradation
under the initial PBTS condition. Therefore, the observed
PBTS and NBTS recovery-induced Vry instability is not
accounted for by invoking oxygen interstitial. However, it does
not necessarily mean that this mechanism can be completely
excluded for plausible origin of the NBIS Vrg instability.
Visible light or UV photon can activate the Oizf state into
(O?) with a donation of two delocalized electrons because of
its high energy (>2 eV). It can be anticipated that the PBTS
duration after NBIS duration (involving high-energy photon)
would result in the different activation energy barriers.

Under the oxygen-rich condition, metal deficient
sites (referred to as a metal vacancy Vy consistently
with the terminology in the crystal phase) are expected to
occur in the amorphous oxides. However, previous theoretical
works reported that the formation energy of Vj, in the isolated
form is so high that it cannot be present for any sizable amount
in the oxides [37], [38]. Instead, it could alternatively occur
in a form of the complex defect with hydrogen (NH — Vy)
where N is the number of hydrogens, which has a significant
advantage over isolated hydrogen in terms of the formation
energy [37], [38]. Note that the hydrogen concentration in
the a-IGZO film is known to be >10%0 ¢cm™3. Thus, these
defects are expected to exist. We examined the energetics of
(NH — Vi) in a-IGZO based on the DFT calculations using
VASP code [43], [44]. In order to obtain physical insights
into the electrical role of (NH — Vjy), the defect formation
energy (E/) of (NH — V);) with respect to its charge state
were calculated as follows [37]:

E/(d") = Ea(d”) = Ewi(clean) + > nipi +qEF (3)

where E(d?) and Ey(clean) are the total energies of a
supercell including a defect with charge g (d9) and without a
defect, respectively. In (3), n; is the number of the ith element
which is added into or removed from the supercell and x; is
its chemical potential which depends on the growth condi-
tions. Since a-IGZO is meta-stable phase, chemical potentials
ensuring its phase stability is not well defined. In this paper,
the u; value was set to be zero and only focused on the relative
formation energy of a defect between different charge states.
Er is referenced to the Evyg. Since the conventional PBE
functional [45] underestimates the band gaps, we corrected
band edge positions by considering the ratio of quasi-particle
shifts of the band edges of a-IGZO [39] for the computed opti-
cal gap (2.03 eV) to match the experimental value (3.35 eV).
We examined four configurations of (NH — V) for each
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Fig. 6. (NH — VM)O different atomic configurations state. (a) Atomic
structures of (NH — VM)0 for M = In. (b) Electrons can lead to the
binding between neighboring hydrogen ions, i.e., 2H* 4-2e~—H,, which
transforms (NH — V)? into {(N — 2)H — Vjy; + Ho}2". (c) Change of the
formation energies of (NH — VM)0 and {(N—-2)H -V, + H2}2'.

metal type. According to recent DFT calculations [38],
(2H — Vz,), which fully passives holes in Vz,, has the lowest
energy compared to configurations with other N under typical
growth conditions. Hence, we selected N as 3 for In and Ga
and 2 for Zn.

In the neutral charge state of (NH — VM)O, a hydrogen
atom forms an O-H bond with the oxygen atom in V.
Fig. 6(a) shows one of the atomic structures of (NH — VM)0
for M = In. Meanwhile, the presence of excess electrons
can lead to binding between neighboring hydrogen ions,
ie., 2H" + 2e~ — H,, which transforms (NH — Vy)°
into {N—-2)H— Vy +H2}2_, as shown in Fig. 6(b). The
stable charge state of defects depends on the Ef level.
The variations in the formation energies of (NH — Vj;)? and
{(N—2)H— Vy + H,}?>~ as a function of the Ef level were
schematically shown in Fig. 6(c). The formation energy of
(NH — Vjy)? is smaller than that of {(N — 2)H — Vj; + Hp}>~
for the EF less than the Ecg. However, the formation energy
of {(N—2)H— Vy + H2}2_ is reduced with increasing Er
level. Thus, the reversal of the stability between two charge
states can occur when the Ef lies near Ecp. Fig. 7 shows
the calculated transition levels [¢ (0/2—)] for these defects
where {(N —2)H — Vv +Hy)2~ begins to be more stable
than (NH — Vj7)°. The & (0/2—) can be found to be higher
than Ecg — 0.2 eV. It means that most of (NH — V)
in the a-IGZO film initially exists in the neutral charge
state because the Ep typically lies 0.1-0.2 eV below the
Ecp in the pristine IGZO film. The application of PBTS
allows the Er in a channel close to the gate dielectric
effectively to move upward above Ecp due to the band
bending. Positioning of Ef above the ¢ (0/2—)s of (NH—Vy1)
causes the {(N—2)H — Vy +H,)?>~ state to be energeti-
cally favored than (NH — VM)O, which drives the transfor-
mation of the defect configuration from (NH — VM)O into
{(N=2)H — Vyy + Ho}*~. Once {(N—2)H— Vi +Hy}>~
occurs in a-IGZO film, Vrg shifts to the positive direction
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Fig.7. Transition levels, €(0/2 — ). Corresponding to the Erlevel at which
{(N = 2)H — Vj; + Hy}2" begins to be more stable than (NH — V)°.
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Fig. 8. Calculated configuration coordination diagram describing the

transformation from (3H — V)% into {(H — Vi) + H2}2". (a) EF = Ecg +
0.74 eV and (b) Ef = Ecg + 0.21 eV. Eyrap and Egetrap are the energy
barriers for electron trap and detrap process, respectively. E.qt is the
activation energy for the rotation of H, molecule.

because its negative charge screens the electric field to attract
electrons to the interface.

Next, the activation energy of electron trap/detrap process
by (NH — Vyy) defects was examined. To this end, we con-
sidered In vacancy which is known to be more sta-
ble in energetics than Ga and Zn vacancy in crystalline
InGaZnO4 [40]. Fig. 8(a) shows the calculated configura-
tion coordination diagram describing the transformation from
(3H — Vi)Y into {H — Viy + H}?>~ under the PBTS condi-
tion. E; values were calculated by nudged elastic bandmethod,
considering extra electrons in the CB. It leads to the Er level
to be at Ecg +0.74 eV (Fig. 8). This EFr level corresponds to
a free electron density of 5 x 102° ¢cm—3, which is consistent
with that of a-IGZO film in the on state. The thermal energy
barrier for the formation of {H — Vp, + H2}2_ is calculated as
~0.53 eV, which is in reasonable agreement with 0.63-0.67 eV
for the positive shift of Vry of the films deposited under
an oxygen-rich condition in the experiments. Note that the
configuration coordination diagram varies depending on the
Er; the EF in calculation must lie below Ecp for reproducing
carrier concentration in the devices under NBTS. Thus, the E;
(~2.49 eV) for the reverse reaction shown in Fig. 8 do not
exactly correspond to the experimental energy barrier of the
negative shift of Vg under the NBTS condition. Under the
NBTS condition, (3H — Vi)Y is energetically preferred to
{H— V) + H2}2_ due to the downward E r, and the thermal
energy barrier for {(H— Vi) + H2}>~ — (BH—Vin)42e~
will be smaller than that under the PBTS condition [41].
Indeed, it was found that the energy barriers for the electron
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Fig. 9. Change of energy barriers as a function of the Fermi level for
electron (a) trap and (b) detrap process.

emission by {(H — Vp,) + Hz}z_ are 0.5-0.9 eV for the Ef
lying 0.4-0.1 eV below the Ecp, which is a range of Efr
under the NBTS condition [Fig. 9]. Owing to this low barrier,
molecular hydrogen can emit electrons into Er leading to
the dissociation of hydrogen bond even at low temperatures
(25 °C-100 °C) used in experiments. The (NH — V) model
in this paper can also be applicable in bottom gate a-IGZO
TFTs because this defect is one of the intrinsic defects in
hydrogen-rich a-IGZO material.

After the dissociation of hydrogen molecule, H atom can
return to the different sites around the same cation vacancy,
which can affect energy barriers slightly. In addition, one
may still concern the diffusion of the dissociated hydrogen
to other sites escaping the original vacancy site. However,
the energy required for the removal of a hydrogen leading
to (NH — Vj)? — {(N— DH — Vy}'~ + H;" is found to be
0.26 eV. Therefore, we expect that the attractive interaction
between {(N —1)H—Vy,}'~ and H1+ does not make an H atom
in the defect complex to be highly mobile. In the reference
[19], an impact of hydrogen interstitial (H;) as well as hydro-
gen substitution on oxygen site (Hp) on the device instability
were discussed based on the O-deficient IZTO. In this paper,
the role of hydrogen impurity was investigated for O-excess
IGZO samples. In particular, microscopic mechanism which
can explain the relatively low-energy barrier for the electron
capture in O-excess samples have been suggested.

It is noted that the rationale of PBTS and NBTS instabilities
of the a-IGZO TFTs was mainly discussed on basis of the
intrinsic defects in the a-IGZO film. It does not necessarily
mean the exclusion of the extrinsic degradation mechanisms
such as the charge injection into the bulk gate dielectric and
charge trapping near the SiO»/a-IGZO interface. Recently,
the point defects for the a-IGZO/SiO; interface were cal-
culated to be similar to the bulk defects in a-IGZO where
the M-O bond lengths (M = In or Ga) at the interface of
Si02/a-1GZO and bulk a-IGZO film have no significant dif-
ference, suggesting that the intrinsic defects model includ-
ing cation vacancy defects would be extended even at the
a-1GZ0/Si0; interface [42]. In contrast, the charge injection
model may be ruled out because the energy barrier required for
the accumulated electrons to be injected into the gate dielectric
with high bandgap (~8 eV) under PBTS is obviously different
from that for the recovery process such as emission of captured
electrons, which cannot explain the similar energy barriers for
the PBTS and recovery process for the IGZO TFTs. Finally,
it is also noted that the (NH-Vjs) model in this paper can also

be applicable in bottom gate IGZO TFTs because this defect
is one of the intrinsic defects in hydrogen-rich IGZO material.

IV. CONCLUSION

In summary, the electrical properties of a-IGZO TFTs with
a self-aligned coplanar structure were investigated, where the
oxygen loadings in the a-IGZO channel layer was varied
to 63%, 75%, and 80%. The slightly decreasing upg and
positively displaced Vry variations for the a-IGZO TFTs with
increasing oxygen loadings were attributed to the reduction
in Vo density and the increase in CB offset. The positive
Vru shift by the application of PBTS for the a-IGZO TFTs
was amplified with increasing oxygen loadings. The energy
barriers (E; pprs) responsible for the degradation of the
devices with oxygen loadings of 63%, 75%, and 80% were
0.87, 0.67, and 0.63 eV, respectively. The activation energy
barriers for the recovery process (by NBTS) exhibited a similar
trend. The E; NBTS Recovery Values for the devices with oxygen
loadings of 63%, 75%, and 80% were 0.89, 0.70, and 0.65 eV,
respectively. The origin of the former can be attributed to
the migration of the cation interstitial defect. Conversely,
the new degradation mechanism of the (NH — V) defect
center was identified for the devices with the higher oxygen
loadings (75% and 80%) based on the DFT calculation. This
finding provides a comprehensive framework to understand the
gate bias thermal stress induced instabilities of the technically
important a-IGZO TFTs.
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