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The quantitative analysis of mechanism on negative bias illumination stress (NBIS)-induced
instability of amorphous indium-tin-zinc-oxide thin-film transistor (TFT) was suggested along with
the effect of equivalent oxide thickness (EOT) of gate insulator. The analysis was implemented
through combining the experimentally extracted density of subgap states and the device simulation.
During NBIS, it was observed that the thicker EOT causes increase in both the shift of threshold
voltage and the variation of subthreshold swing as well as the hump-like feature in a transfer curve.
We found that the EOT-dependence of NBIS instability can be clearly explicated with the donor
creation model, in which a larger amount of valence band tail states is transformed into either the
ionized oxygen vacancy VO2þ or peroxide O22 with the increase of EOT. It was also found that
the VO2þ-related extrinsic factor accounts for 80%–92% of the total donor creation taking place in
the valence band tail states while the rest is taken by the O22– related intrinsic factor. The ratio of
extrinsic factor compared to the total donor creation also increased with the increase of EOT, which
could be explained by more prominent oxygen deficiency. The key founding of our work certainly
represents that the established model should be considered very effective for analyzing the instability of the post-indium-gallium-zinc-oxide (IGZO) ZnO-based compound semiconductor TFTs with
C 2014 AIP Publishing LLC.
the mobility, which is much higher than those of a-IGZO TFTs. V
[http://dx.doi.org/10.1063/1.4898069]
Zinc oxide (ZnO)-based compound semiconductor deposited by physical vapor deposition (PVD) has an amorphous structure unlike the ZnO, which is formed as a
polycrystalline structure.1,2 An advantageous feature of the
ZnO-based compound semiconductor would be the viability
to easily control the metal-cation composition of highquality thin-film with co-sputtering process.3 In reality, the
ZnO-based compound semiconductors have been considered
as promising materials for the channel of thin-film transistor
(TFT) in the next generation display backplanes because
they can accomplish high mobility and large-area uniformity
at low temperature process.4 Also, there have been numerous
studies on amorphous indium-gallium-zinc-oxide (a-IGZO),
which is the representative material of ZnO-based compound
semiconductors; consequently, commercialization of mobile
or large-area displays driven by a-IGZO TFTs has been
implemented by industry at an unprecedented rate.4–6
However, the necessity for ZnO-based compound semiconductors with the mobility which is much higher than that
of IGZO has been emphasized because the field-effect mobility (lFE)  10 cm2/V s of a-IGZO TFT is still inadequate
to drive the backplanes in ultra-high-definition and highframe-rate displays. Owing to such factors, amorphous indium-tin-zinc-oxide (a-ITZO) with lFE  30 cm2/V s has
attracted attention as a promising material replacing the aIGZO.7–9 The electrical properties of ITZO have been
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investigated in detial;10 however, the viable instability of
ITZO TFT for successful commercialization has been rarely
studied compared to its significance.
In this letter, the negative-bias-illumination stress
(NBIS)-induced instabilities of a-ITZO TFTs were quantitatively investigated by combining the extracted density of
subgap states (DOS) and the device simulation. The gate insulator thickness-dependence of instability implies that the
instability mechanism is the donor creation resulting from
the redistribution of atomic structures, rather than the charge
trapping into the gate insulator or interface. Thus, it can be
inferred that the observed donor creation is attributed to the
combination of the ionized oxygen vacancy11,12 and peroxide formation.13
A-ITZO TFT with a bottom-gate etch stopper structure
is shown in Fig. 1(a). The rf sputter-deposited molybdenum
(Mo) was patterned through wet etching and used as the gate
electrode on glass substrate. The SiNx/SiOx bilayer was then
deposited by using plasma-enhanced chemical vapor deposition (PECVD) and used as the gate insulator, the equivalent
oxide thickness (EOT) of which was split as 250, 305, and
330 nm (thickness of SiNx/SiOx ¼ 100/200, 200/200, and
250/200 nm, respectively).
For controlling the EOT either SiNX or SiOX was deposited, respectively, on the pþþ Si wafer, and its thickness was
individually measured. The dielectric constant of either SiNX
or SiOX was measured by using the capacitance-voltage
(C-V) characteristic of each capacitor such as Mo/SiNx/pþþ
Si and Mo/SiOx/pþþ Si wafers. The measured dielectric constants were kSiOx ¼ 3.9  e0 and kSiNx ¼ 7.5  e0 regardless of
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FIG. 1. (a) A schematic view for aITZO TFT with a bottom-gate etch
stopper structure and (b) the optical
absorption coefficient of a-ITZO thinfilm as a function of photon energy.
The inset represents the DOS model
used in the simulation. (c) The
extracted gA(E) (symbols) and its
model (line) in logarithm and the inset
in linear scale and (d) the extracted
gA(E), gSD(E), and gTD(E) in a total
subgap energy range.

the thickness, where kSiOx and kSiNx is the dielectric constant
of each SiOx and SiNx and e0 is the permittivity of free
space. Thus, the used EOT was calculated by using
EOT ¼ tSiOx þ tSiNx  (kSiOx/kSiNx), where tSiNx and tSiOx is
the thickness of each SiNX and SiOX.
For the active layer, a-ITZO film was deposited by the dc
sputtering at room temperature with the target composition of
In2O3:SnO2:ZnO ¼ 20:23.3:56.7 and patterned by the wet etch
process with a diluted HF. During the sputtering, the chamber
pressure was maintained at 5 mTorr and the dc power at 80 W.
Then, the 100-nm-thick etch stopper SiOx layer was deposited
by PECVD. Also, Mo was dc sputter-deposited and then patterned by a dry etching to form the source/drain (S/D) electrodes. Subsequently, the passivation layers (100-nm-thick SiNx)
was deposited by PECVD. Finally, fabricated TFTs were
annealed at 240  C for 30 min in the furnace. Geometrical parameters are the channel width W ¼ 25 lm, the channel length
L ¼ 10 lm, the gate-to-S/D overlap length Lov ¼ 10 lm, and
the thickness of a-ITZO thin-film TITZO ¼ 35 nm. Initial electrical characteristics including a transfer (IDS–VGS), output
(IDS–VDS), and C-V characteristics were measured at room
temperature by using an Agilent 4156 semiconductor parameter analyzer and HP 4294 LCR meter under a dark ambient
condition. The split EOT was also validated by measuring
each C-V characteristic of three a-ITZO TFTs to confirm the
relation of kSiOx/EOT ¼ COX ¼ (Cmax–Cmin)/(W  L), where
COX, Cmax, and Cmin are the gate insulator capacitance per unit
area, the maximum, and minimum value of measured capacitance, respectively. The condition of applying the NBIS was
VGS ¼ 20 V and VDS ¼ 10 V under the photo-illumination by
a commercial LED backlight unit with a brightness of 300 cd/
m2. During the NBIS test, all the electrical properties were
sampled at room temperature without ambient backlight
illumination.
The bandgap (Eg) of a-ITZO thin-film is 3.02 eV, which
was extracted from the Tauc plot using the square root of an

optical absorption coefficient as a function of photon energy,
as shown in Fig. 1(b). The inset of Fig. 1(b) shows the DOS
model used in our study. The multi-frequency C-V spectroscopy14 was employed to extract the acceptor-like DOS, i.e.,
gA(E) near the conduction band minimum (CBM) EC, and
the generation-recombination current spectroscopy15 was utilized to extract the donor-like DOS, i.e., gTD(E) near the valance band maximum (VBM) EV. Moreover, the numerical
simulator was used to obtain the density of subgap shallow
donors, i.e., gSD(E) below EC, and the electron doping concentration ND.16
In order to ascertain the relationship between the EOT
and quality of active thin-film, the DOS of a-ITZO was
extracted as shown in Figs. 1(c) and 1(d). The extracted
gA(E) [symbols in Fig. 1(c)] was well fitted with the DOS
model [line in Fig. 1(c)] independently of EOT. Fig. 1(d)
also suggested that not only gA(E) but also gTD(E) was found
to be independent of EOT. The extracted DOS parameters
and model equations were summarized in Table I. Only the
gSD(E) and ND were slightly different with one another, with
varying EOT. Certainly, our results indicate that the fabrication process split changing the EOT rarely has an impact on
the quality of active thin-film.
Figs. 2(a) and 2(b) exhibit the electrical characteristics of
a-ITZO TFTs having various EOT of gate insulators where the
ON current (ION) was extracted at VGS/VDS ¼ 20/0.1 V, a
threshold voltage (VT) was extracted from a linear extrapolation in the transfer characteristic at VDS ¼ 0.1 V, and the lFE
was extracted from gm/[COX(W/L)VDS] at VGS/VDS ¼ 20/0.1 V.
Here, the gm is the transconductance defined as @IDS/@VGS.
Figs. 2(c) and 2(d) represent that thinner EOT causes higher
ION, lower subthreshold swing (SS), and lower VT, which explicitly implies that the controllability of channel potential in
accordance with VGS becomes stronger with thinner EOT.
In addition, it was patently confirmed that both the extracted
lFE and the hysteresis are nearly independent of the EOT
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TABLE I. The extracted DOS parameters and model equations.
Parameter
EOT
Eg
Effective DOS in CBM (NC)
Effective DOS in VBM (NV)
ND

Value
250

305
3.02

Unit
330

nm
eV
cm3
cm3
cm3

Acceptor -like DOS

1.59  1019
1.21  1021
5.14  1015
5.19  1015




C
C
gA ðEÞ ¼ NTA  exp EE
þ NDA  exp EE
kTTA
kTDA

NTA/NDA
kTTA/kTDA

1.22  1018/3.15  1015
0.016/1.99

cm3 eV1
eV

1.30  1020
0.20

cm3 eV1
eV

4.62  1015



gTD ðEÞ ¼ NTD  exp EkTV E
TD

Donor-like DOS
NTD
kTTD

 
2 
SD E
gSD ðEÞ ¼ NSD  exp  EkT
SD

Shallow donor DOS
NSD
kTSD
ESD

1.73  1016
0.082
EC–0.3

[Figs. 2(d) and 2(e)], meaning the process split which was
intended to modulate the EOT rarely influences on the quality
of all of active thin-film, the gate insulator, and the interface
especially from the charge trapping point of view.
Following is the analysis of the NBIS-induced instability of I-V characteristics in a-ITZO TFTs. The measured
NBIS time-evolution of I-V characteristics was shown as
symbols in Fig. 3(a). The NBIS-induced VT shift (DVT) and
SS shift (DSS) become larger as EOT increases as seen in
Figs. 3(b) and 3(c). The negative DVT under NBIS has been
commonly observed, the mechanisms of which have been
attributed to the charge trapping,17 interaction with ambient,18 oxygen vacancy ionization,11,12 and peroxide formation.13 In our case, the interaction with ambient can be
negligible due to the robust passivation as is the case prevailed in literature.19 In order to probe the possibility of
charge trapping under the NBIS, which corresponds to the

FIG. 2. The measured EOT-dependences of (a) the transfer characteristic,
(b) output characteristic, (c) ION and SS, (d) VT and lFE, and (e) hysteresis
characteristic of a-ITZO TFTs.

1.19  1016
0.083
EC–0.3

1.04  1016
0.084
EC–0.27

cm3 eV1
eV
eV

trapping of either holes or positively ionized oxygen vacancies into the gate insulator and/or the interface between gate
insulator and active thin-film, the energy band and electric
field in ITZO thin-film were illustrated with the NBIS condition, as shown in Figs. 4(a) and 4(b). As the EOT becomes
thicker, both the electric field and the hole concentration in
the surface of active thin-film become more reduced. If the
hole trapping causes a negative DVT, it would mean the hole
trapping becomes more inactive as the EOT becomes
thicker, which is inconsistent with the finding addressed in
Figs. 4(a) and 4(b). Also as confirmed in the EOT-dependent
hysteresis in Fig. 2(e), the influence of EOT on charge trapping is not much significant. Therefore, the hole trapping
should be excluded from dominant mechanisms of the

FIG. 3. The measured NBIS time-evolutions of (a) the transfer characteristic
(symbol) and the DOS-based calculated ones (lines), (b) DVT, and (c) DSS.
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FIG.
4. The
calculated
EOTdependences of (a) the energy band
diagram and (b) electric field towards
the a-ITZO thin-film depth direction at
the condition of NBIS. The inset shows
the schematic view of energy band
at the condition of NBIS and (c) the
NBIS time-evolution of extracted DOS
in the total subgap energy range.

NBIS-induced negative DVT. As a consequence, the peroxide
formation and the oxygen vacancy ionization should be
served as major mechanisms in the light of analytic approach
for the observed NBIS instability.
For quantitative analysis, the DOS was extracted with
the increase of NBIS time, as shown in Fig. 4(c). Details of
extracting DOS can be found in our previous work.16 The
gSD(E) and ND were found to increase during NBIS, whereas
the gA(E) and gTD(E) were found to remain unchanged during NBIS. The DOS-based calculation [lines in Fig. 3(a)]
corresponds well with the measured transfer curve [symbols
in Fig. 3(a)], and thereby it can be said that the extracted
stress time-evolution of DOS is reasonable. It is noteworthy
that the increase of gSD(E) can reproduce the hump-like feature as well as DSS observed in the transfer characteristics.
Relationship between the analytical interpretation on
NBIS instability and the oxygen vacancy (VO) ionization
model should be addressed in earnest at this point. The result
indicated in Fig. 4(c) points out the increase of gSD(E) along
with the stress time and its energy level located in
EC–0.3 eV. The increase of gSD(E) is most likely to result
from the VO ionization because the energy level of
EC–0.3 eV is consistent with previously reported VO2þ
level.20 If the energy band is represented as illustrated in Fig.
5(a), VOs residing in the red region, which is to be called by
activation energy window (AEW) hereinafter, would be ionized during the NBIS. This process can be expressed as
VO ! VO 2þ þ 2e . Here, Eph stands for the energy of incident photons under the photo-illumination, and EFn indicates
the electron quasi-Fermi level. Therefore, if all subgap states
are related to VOs and all the VOs in AEW are transformed
into VO2þs by applying NBIS, Ðthe AEW in an NBIS time
E ðtÞ
spot t ¼ t0, i.e., AEW(t ¼ t0) ¼ ECFnEph gTD ðEÞ dEjt¼t0 , would
be identical to the increment of gSD(E) between adjacent
time spots t ¼ t0 and t ¼ t0 þ Dt, i.e., DgSD ðEÞjt¼t0 þDt
¼ gSD ðEÞjt¼t0 þDt  gSD ðEÞjt¼t0 . Fig. 5(b) shows the EOTdependent AEW(t), which is calculated from the DOS

extracted under the NBIS. It is elucidated that the AEW
becomes larger with the increase of EOT owing to the EOTdependence of EFn(t). It explains the result of Fig. 3(a) very
well because the VO ionization becomes more active as the
EOT increases.
However, we found that the VO ionization model is not
enough to quantitatively explain the observed instability
ÐE
because the calculated ECFnEph gTD ðEÞ dEjt¼t0 discords with
the extracted DgSD ðEÞjt¼t0 þDt . For more quantitative analysis, we defined the c value as c(t0) ¼ DGSD(t0 þ Dt)/
DAEW(t0). In this case, GSD(t), DGSD(t), and DAEW(t)
ÐE
were able to individually defined by EVC gSD ðEÞ dEjt ,
GSD(t)–GSD(t ¼ 0), and AEW(t)–AEW(t ¼ 0). Then c would
ÐE
ÐE
be 1 if ECFnEph gTD ðEÞ dEjt¼t0 ¼ EVC DgSD ðEÞ dEjt¼t0 þDt suggesting that all the subgap states contribute to the VO ionization followed by the increase of gSD(E). Actually, we
found the value of c ¼ 0.788–0.914 depending on the EOT
value, which was extracted from the slope of linear fit with
the relationship of DGSD(t þ Dt) versus DAEW(t) in
Fig. 5(c). An interesting aspect to point out here is that the
value of DND(t þ Dt)/DAEW(t) is nearly identical to 1–c(t)
independently with the EOT, where the DND(t) is
ND(t)–ND(t ¼ 0). It means under the NBIS condition, the
subgap states in the AEW are partially transformed into
VO2þ and partially converted to the incremental donor doping. The latter is physically consistent with the peroxide
formation model,13 and the process of donor creation can
be described as O2 þ O2 þ 2e þ 2hþ ! O2 2 þ 2e .
A simple increase of electron doping concentration without
any change of SS or subgap state distribution can be
explained well by the peroxide O22 rather than by the ionized oxygen vacancy VO2þ. It is also noteworthy that the
NBIS-induced peroxide formation is triggered from the
donor-like valence band tail states, i.e., gTD(E), resulting
from the amorphous randomness,13 which originates from
an intrinsic nature of a-ITZO material. Whereas the VOs are
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ratio of extrinsic factor compared to the total donor creation
also increased with a thicker EOT, which could be correlated
with more prominent oxygen deficiency. Certainly, it is
expected that the established model is useful in the instability
analysis of the post-IGZO ZnO-based compound semiconductor TFTs with the mobility higher than those of a-IGZO TFTs.
This work was supported by BK21þ with the Educational
Research Team for Creative Engineers on Material-DeviceCircuit Co-Design (Grant No. 22A20130000042), National
Research Foundation of Korea through the Ministry of
Education, Science and Technology under (Grant No. 2014025176), and IC Design Education Center (IDEC).

1

FIG. 5. (a) The DOS profile illustrating AEW. (b) The NBIS time-evolution
of the calculated AEW. (c) The EOT-dependence of the relationship in
DGSD versus DAEW. The slope of fitting lines corresponds to c. The inset
shows the EOT-dependence of c.

extrinsic defects because they are introduced from the
details of fabrication process, i.e., mainly the condition of
sputtering a-ITZO.
Finally, it is substantially noticeable that the portion of extrinsic factor in the entire NBIS instability increases with the
increase of EOT, as shown in Fig. 5(c). The dielectric layers of
SiOx/SiNx adjacent to the ITZO thin-film can make the ITZO
active layer be oxygen-deficient since the Si oxidation energy
is much higher than the In, Sn, and Zn. Considering that the
total amount of Si increases with the increase of EOT, the
ITZO active layer would be more oxygen-deficient as the EOT
becomes thicker. This deduction is consistent very well with
the extracted carrier doping concentration, which was observed
to increase from 4.62  1015 to 5.19  1015 with the increase of
EOT (see Table I). Thus, the extrinsic effect by the VO ionization can be more dominant with respect to the peroxide formation as the EOT becomes thicker.
In summary, the mechanism on NBIS-induced instability
in a-ITZO TFTs and its gate insulator EOT-dependence were
quantitatively analyzed by combining the experimentally
extracted DOS and the device simulation. During NBIS, the
DVT and DSS increased and the hump-like feature in a transfer
curve became more prominent as the EOT increased. The
EOT-dependence of NBIS instability can be explained well by
employing the donor creation model. We also found that the
VO2þ-related extrinsic factor accounts for 80%–92% of the
total donor creation taking place in the valence band tail states
while the rest is taken by the O22 related intrinsic factor. The
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