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To investigate the origin of threshold voltage (V4,) shift of amorphous In-Ga-Zn—0O (a-IGZO) thin-film transistors (TFTs), a combination of bias-
temperature stress (BTS) and multi-frequency capacitance—voltage (C—-V) measurements were used to evaluate the impact of oxygen partial
pressure (Poy) during a-IGZO deposition on TFT electrical properties, electrical stability, and density of states (DOS). The extracted sub-gap DOS
was decomposed into exponential bandtail states and Gaussian-like deep-gap states. The peak density of Gaussian-like states is larger for higher
Poo. We conclude that the Gaussian-like states are excess/weakly-bonded oxygen in the form of O° or O'~ ions acting as acceptor-like states and
are at the origin of TFT threshold voltage shift during positive BTS. © 2014 The Japan Society of Applied Physics

1. Introduction

In the past decade, amorphous oxide semiconductors (AOS)
have emerged as a promising candidate for the backplane
technology of next generation ultra-high definition,"?
flexible,” and/or transparent® active-matrix flat-panel dis-
plays. Despite its advantages such as low processing cost
and uniform deposition in the amorphous phase over a large
area, AOS, especially amorphous In-Ga—Zn-O (a-IGZ0O), is
still not yet the mainstream backplane technology in the
display industry. This is primarily due to uncertainties in
device processing, electrical performance including stability,
and achieving a high manufacturing yield.

Different methods were proposed to improve a-IGZO
thin-film transistor (TFT) electrical stability, such as thermal
annealing,>” hydrogen incorporation,® nitrogenation,”'?)
passivation,'"™'3 and other methods.'*'® However, the
microscopic origin of TFT threshold voltage (Vy,) shift is
still not yet completely understood. A hypothesis proposed
in the literature suggests that oxygen-related sub-band gap
states, such as oxygen vacancies, are responsible for the Vy,
instability under bias-temperature stress (BTS).'>?? To
clarify the origin of Vy, shift from an atomic-bonding point
of view, X-ray photoelectron spectroscopy studies have been
reported for oxygen 1s states.”%?1=2%) Results indicated that
the higher binding energy peak of oxygen 1s states is related
to smaller Vy, shift induced by BTS. It was assumed that
higher oxygen flow during channel layer formation caused
more oxygen being incorporated into the final a-IGZO thin
film, and this was found to significantly impact device
BTS stability.?+2)

In the study of metal-oxide—semiconductor (MOS) struc-
tures, the capacitance—voltage (C—V") analysis is one of the
simplest methods for probing defects. To gain insight on
charge injection or defect state creation in the device during
BTS of a-IGZO TFTs, C-V measurements are often per-
formed before and after bias stressing.?*?® Lee et al. showed
that the dispersion relation of multi-frequency C—V measure-
ments could be used to extract the a-IGZO TFT sub-gap
density of states (DOS).??) However, the relationship between
device electrical stability and the sub-gap DOS was rarely
studied by the C-V method. Kim et al. used the multi-
frequency C—V method to compare the positive BTS (PBTS)
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stability and DOS of a-IGZO TFTs with channel layers
sputtered in various oxygen flow ratios.>” They found that
higher oxygen flow ratio corresponded to larger PBTS-
induced Vy, shift, and that the DOS have observable
differences for different flow ratios.

In this paper, we varied the oxygen flow rate during the
sputtering of a-IGZO thin films and studied its impact on
a-IGZ0O DOS and TFT electrical properties including stability
under both PBTS and negative BTS (NBTS). From the TFT
transfer (Ip—Vs) and C—V characteristics, Vy, and mid-gap
voltage (Vmg) were extracted for a-IGZO TFTs before and
after BTS. We extracted a-IGZO DOS from multi-frequency
C-V measurements. The goal of this study is to correlate the
TFT C—Vand Ip—Vgs characteristics and parameters extracted
on the same device structure. Both provide different but
complementary information about the properties and stability
of a-IGZO TFTs and its DOS.

2. Experiment

To fabricate bottom-gate a-IGZO TFTs, n*"-doped silicon
wafers with 100 nm of thermal oxide (SiO,) were used as
gate electrode and gate insulator. The a-IGZO active islands
(50nm) were deposited by dc sputtering with power of
200 W at pressure of 4 mTorr under room temperature and
patterned by shadow-masking. The sputtering target used has
composition ratio of In : Ga: Zn: O =2:2: 1 : 7. Keeping
the total gas flow into the sputtering chamber constant at 31.5
sccm, the oxygen/argon gas flow rate during IGZO sputter-
ing was varied from O,/Ar = 1.5/30, 3.2/28.3, and 4.7/26.8
sccm, which represented 5, 10, and 15% oxygen partial pres-
sure (Pgy), respectively. After a-IGZO deposition, thermal
annealing was performed at 350°C for 30 min in ambient
air on a hot plate. Then 100 nm of molybdenum (Mo) was
sputtered as the source/drain (S/D) electrodes and also
defined by shadow-masking. The fabricated common-gate
TFTs were designed to have the channel width/length of
300/150 um.

The TFT Ip—Vgs characteristics were measured using an
Agilent B1500A semiconductor analyzer both before and
after BTS at room temperature. During the measurement of
the Ip—Vgs characteristics, the gate voltage was swept from
Vs = —10 to +10V while Vps = +10V was applied to the
drain terminal (the source terminal was grounded). The TFT
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threshold voltage was extracted from the /p—Vs character-
istics as the Vg at which the drain current (/p) equals 107° A.
During BTS, the sample was first heated to 7y = 70°C by
a heated chuck. The Agilent BI5S00A then applied the gate
stress voltage (V) for duration of 7, = 10*s while both the
source and drain are grounded (Vp = Vs = 0V). For PBTS
tests, V4= +10V was applied to the TFT gate electrode,
whereas Vg = —10V was applied instead for NBTS. After
BTS, the device was allowed to cool to room temperature and
its Ip—Vgs characteristics measured again. All stressing and
measurements were done in ambient air in the dark. A dif-
ferent device on the same wafer was used for each BTS test.

The multi-frequency TFT C—V measurements were done at
room temperature before and after BTS using a HP 4284A
LCR meter. The dc and the small-signal ac voltages were
forced through the gate electrode, while any changes to the
stored charges due to the ac signal were detected through the
shorted source and drain electrodes. The frequencies of the
small-signal voltage oscillations were between 20 and 500
Hz. Such low frequencies were selected to allow the charging
current to arrive from the source and drain regions. At higher
frequencies, the sub-gap states cannot be filled in time, and
the C—V curves become flat lines with no distinct accumu-
lation and depletion regions. This is due to the influence of
the highly resistive a-IGZO bulk region.

3. Results and discussion

Figure 1 shows the C—V characteristics of the a-IGZO TFT
measured at /= 20 Hz before and after PBTS. The C—V curve
after NBTS shows no visible changes and is omitted in the
figure. Only the C—V of a-IGZO channel layer sputtered in
10% O,/ Ar flow ratio is shown. Similar curves were obtained
for all oxygen flow ratios studied in this work. The mid-gap
voltages (Vng) were extracted at the maximum inclination
point in the C—V curves. Positive Vyy, shift (AVy,,) without any
change in curve slope or shape was observed after PBTS. This
is also the case for TFTs with channel layers deposited at 5
and 15% oxygen flow (not shown). From these observations,
we believe that the fixed and/or trapped charges near the
a-IGZ0/Si0; interface region are most likely responsible for
AVing>V In this study, the fixed charges could have originated
from bonding imperfections of the non-stoichiometric com-
position (2:2:1:7) a-IGZO influenced by oxygen flow
changes during the deposition process. We see in Fig. 2(a)
that TFTs with higher oxygen ratios have higher Vi, indi-
cating that higher oxygen flow can be responsible for larger
concentration of negative oxide charges localized near or at
the a-1GZO/Si0O, interface. In Fig. 2(b), AV}, also increased
after PBTS for TFTs with higher O, ratios. Based on these
results we can speculate that larger oxygen flow not only has
impact on initial Vy,,, but also produces larger positive shift of
Vg after PBTS. These effects might be due to the increase of
non-stoichiometry at the a-IGZO/SiO, interface.

The TFT Ip—Vgs characteristics for different O,/Ar ratios
before and after stressing are shown in Fig. 3 for PBTS and
Fig. 4 for NBTS. The device parameters extracted from
the Ip—Vgg curves of unstressed TFTs are shown in Table I.
We observe that the carrier mobility and the drain current at
Vs =410V (I,,) decreased with increasing O,/Ar ratio.
This suggests that increasing the oxygen flow rate reduced
the carrier concentration of the samples tested. After stress-
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Fig. 1. (Color online) C—V curves for a-IGZO TFT with 10% O,/Ar ratio
before and after PBTS. AV, is the shift of mid-gap voltage before and after
PBTS.
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Fig. 2. (a) V} variation for different Pp, before BTS. (b) Shift of Vi,

after PBTS (empty circles) and NBTS (empty triangles) for different Po;.
The solid lines in both sub-figures represent the linear fit to experimental
data.

ing, the Vy, shift (AVy,) was calculated from the difference
between the 7y, at t=0 and 10*s. For PBTS, AV, were
positive for all O,/Ar ratios, while they were all negative
after NBTS. For all oxygen flow ratios studied, the extracted
Vi and AV, after PBTS/NBTS are shown in Figs. 5(a)
and 5(b), respectively. Two observations can be made from
Fig. 5: (i) AVy, is smaller for lower Pp, in PBTS (ii) the
dependence of AVy, on Pg, in NBTS is insignificant. These
trends are consistent with what has been reported in the
literature.?*32 For NBTS, Chen et al. showed that the AVy, of
unpassivated a-IGZO TFT is strongly affected by ambient
gas composition during stressing: AVy, becomes very severe
when moisture is present in the ambient gas.’®) This suggests
that under NBTS, AV}, is associated with the adsorption/
diffusion of humidity /hydrogen/hydroxyl species in the TFT
back channel. Considering that all our samples are stressed
under the same ambient environment, the lack of obvious
trends between NBTS and Pg; is within our expectations. In
Fig. 6, we show that the relationship between Vy, and ¥y, has
a linear dependence on oxygen flow ratio. From this figure, a
linear relationship can be established between TFT Ip—Vgs
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Fig. 3. (Color online) Device transfer characteristics for TETs with
different oxygen flow during sputtering. The solid circles and triangles
represent before and after positive BTS (Vg = +10V) for 10*s at 70°C,
respectively.

(represented by Vy,) and C-V (represented by Vi) data,
which holds even after the application of PBTS. The fit
parameters for the linear relationship are shown in Table II.

Measuring the C—V at different frequencies can allow us to
extract the sub-gap DOS of a-IGZ0O*” and investigate the
influence of Pp,. Knowledge of a-IGZO DOS is critical for
SPICE simulations and for improving the electrical properties
of a-IGZO TFTs. The experimental sub-gap DOS for a-IGZO
TFTs with different Pp, are shown in Fig. 7 as empty
symbols in each sub-figure. The experimental data were
extracted from multi-frequency C—J measurements following
the methodology described in Ref. 29 and then fitted to the
following proposed a-IGZO DOS model. The model consists
of a Gaussian-like distribution and an exponential near the
conduction band minimum, as given by Eqs. (1) and (2):*+3

_ 2
ol = Nyexp| ~(“1) | (1)
gexp(E) = ]Vta exXp (%) . (2)

In Eq. (1), which describes the Gaussian-like states, Ng,,
A and o are the peak density, the mean energy position, and
the standard deviation of the distribution, respectively. For
the exponential states in Eq. (2), E¢ is the conduction band
edge energy, N is the density of acceptor-like states at
E = Ec, and E, is the characteristic slope of the exponential
states.
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Fig. 4. (Color online) Device transfer characteristics for TFTs with
different oxygen flow during sputtering. The solid circles and triangles
represent before and after negative BTS (Vi = —10V) for 10*s at 70°C,
respectively.

Table I. Initial parameters of /p—Vgs curves with various O,/Ar flow
ratios during deposition.

Por I I Vo Mobility S“bfv’vrfrfg(’ld
o 2y —1 1
(%) (A) (A) V) (em*V7'sT) (V/dec)
5 1.14x107* 121 x107"% —1.55 32 0.243
10 747 x 1075 2.10 x 1074 —0.34 27.1 0.278
15 321 x107° 1.11 x 107 1.00 16.7 0.238
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Fig. 5. (a) Vy, variation for different Pp, before BTS. (b) Vy, shift after

PBTS (empty circles) and NBTS (empty triangles) for different Pp,. The
solid lines in both sub-figures represent the linear fit to experimental data.
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Table lll. Exponential sub-gap DOS fitting parameters for different O,/Ar
flow rate.
Poy Na E,
(%) (em~3eV1) (meV)
5 3.50 x 10'8 11
10 3.00 x 108
15 2.50 x 10"

Table IV. Gaussian sub-gap DOS fitting parameters for different O,/Ar
flow rate.

Py Nga o A
(%) (em™3eVh (meV) V)
5 9.00 x 103 0.06 0.365
10 1.20 x 10'® 0.035 0.115
15 3.00 x 10'® 0.018 0.05

Table Il. Linear fitting curve parameters (Vi = aVing + b).
a b
Before PBTS 0.425 —1.36
After PBTS 0.345 —0.06
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Fig. 6. (Color online) Relation between Vi, and Vg for different Py
before and after PBTS.
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Fig. 7. (Color online) a-IGZO DOS extracted from multi-frequency C-V
for P, of (a) 5, (b) 10, and (c) 15%. The solid lines are calculated from
Egs. (1) and (2), and the symbols are experimental data.

For all Pg, studied, the DOS fits to Egs. (1) and (2) are
shown in Fig. 7 as solid lines, and the extracted parameters of
the exponential bandtail and Gaussian deep-gap DOS are
shown in Tables III and IV, respectively. We note that there
are minor but discernable differences in conduction bandtail
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states for the different Pg, samples: higher Pg, corresponded
to lower NV, and E,. In a-IGZO, conduction occurs through
the overlap of the large 5s orbital of the In** ion.3® The
conduction bandtail states are thus primarily a result of
structural disorder, which we do not expect to be greatly
affected by Pg;. For the a-IGZO TFTs deposited under higher
Poy in this study, it is possible that the lower Ar gas flow
reduces the damage caused by the high-energy Ar plasma
bombardment, which is reflected on the conduction bandtail
states. We observe that as P, increases, the Ny, of the
Gaussian-like deep-gap states increases and the mean energy
position A shifts towards Ec. Taking the TFT Ip—Vgs char-
acteristics into consideration, increased Ng, directly corre-
sponds to reduced mobility and the shift of V', towards higher
positive voltage. These phenomena can be explained by
assuming that the deep-gap states are acceptor-like and act as
electron traps. Ide et al. proposed the idea that incorpora-
tion of weakly bonded oxygen, resulting from either high-
temperature Os-annealing or high Po; during a-IGZO depo-
sition, can manifest itself as a broad distribution of deep-gap
states.3”) These oxygen-related states could be either O° or
O'~, which may accept an electron to become O'~ or O>~;
0>~ ions could not accept an electron due to the filled outer
shell. Kamiya and Hosono showed that high Pg, directly
leads to low electrical conductivity and TFTs not entering
ON-state (i.e., very high V,),*® both of which are consistent
with our observations. Furthermore, the designation of these
deep-gap states as acceptor-like is supported by our previous
results on photoluminescence (PL) of a-IGZO thin film3¥
and two-dimensional (2D) numerical simulations of a-IGZO
metal-semiconductor field-effect transistors.>> It should be
noted that in Ref. 34, we concluded that the PL deep-level
emission peak energy corresponds to A of the Gaussian deep-
gap states. Thus we expect the PL deep-level emission to
shift towards higher energies when Pg, is increased. More
experimental work is required to verify this hypothesis.
With regards to PBTS for different Pp,, we speculate
that the larger AVy, for higher Po, is also associated with the
excess oxygen weakly bonded to nearest neighbors. They can
exist as non-bridging or free oxygen in the a-IGZO micro-
structure, and their migration can be accelerated by a com-
bination of electrical field and temperature during PBTS. If
we assume that higher Po, corresponds to greater incorpo-
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ration of excess/weakly-bonded oxygen in the a-IGZO thin

film, then increased accumulation of negatively charged O'~ 6
or O>~ ions at the a-IGZO/SiO, interface could reasonably 7)
account for the larger AVy, in high-Pg, samples. It should be
noted that in Ji et al., high-pressure O, annealing actually 8)
reduced negative-bias illumination stress (NBIS)-induced 9)
instability.>? This was attributed to a reduction of the oxygen
vacancy (V") defects, which could be photoexcited to  10)
the Vo?* charged state during NBIS and cause Vy, to shift. "
Taking this into consideration along with our results on 12)
PBTS, we can then conclude that there exists a continuous
spectrum of oxygen incorporation in a-IGZO, depending on  13)
deposition and annealing conditions. Oxygen-deficiency and 14)
oxygen-excess, both readily discernable through conductivity
and carrier density, lead to NBIS and PBTS instability, 15)
respectively. Whether or not it is possible to optimize oxygen
content for minimal PBTS and NBIS instability would 16)
require further investigation. 17)
4. Conclusions 18)
In this study, we found that the excess oxygen content can 19)
significantly impact a-IGZO TFT electrical characteristics.
High Pg, reduces TFT field-effect mobility and /,, and  20)
increases Vy,. When undergoing PBTS (Vi = +10 V), higher
Po, corresponds to larger AVy,, while no clearly discernable 21
trend is observed for NBTS. The sub-gap DOS of a-IGZO 2
are decomposed into exponential bandtail states and
Gaussian-like deep-gap states, according to the DOS model ~ 23)
we have adopted. The peak density of the Gaussian-like 24)
distributions is larger for higher Pg, during deposition.
Assuming that high Po, during deposition is associated with ~ 25)
incorporation of excess/weakly-bonded oxygen in the a- 26)
IGZO thin film, then we can conclude that these deep-
gap states are acceptor-like electron trap states in the form of  27)
0° or O'~ ions. The O°/O'~ ions may trap an electron and
become O'~/0%~, reducing free carriers and increasing Vy,. ;g;
During PBTS, the migration of these ion species can be
accelerated by a combination of electric field and tem-
perature, and increased accumulation at the a-IGZO/SiO,  30)
interface causes AJVy, to become more severe.
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