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ABSTRACT: It has been well recognized that high-density deep
states exist in indium—gallium—zinc oxide (IGZO) thin films.
Many of the device characteristics of IGZO transistors, such as
negative bias illumination stability (NBIS), are understood to be
related to these deep states. However, in this work, it was found
that the deep-state density (N,p) of atomic-layer-deposited (ALD)
IGZO transistors can be an ultralow value (<2.3 X 10'2/cm?®) by
the proposed NBIS-free light-assisted I—V measurements so that
the deep states do not affect the I—V characteristics even in the
subthreshold region. This work also reveals that NBIS is not
related to the photoexcitation of electrons in the deep states. Our
results suggest that the existence of deep states and the impact of
deep states on ALD IGZO transistors may need to be revisited.
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morphous oxide semiconductors, such as indium—

gallium-zinc oxide (IGZO), are widely used in thin-film
transistors for display applications.' ™ In particular, oxide
semiconductor transistors have a very low off-state leakage
current (Iogp) due to the wide band gap above 3 eV, so they
have also been extensively studied recently for either
standalone or M3D DRAM applications.””"” Except for the
wide band gap, the unique property of amorphous oxide
semiconductors compared with single-crystalline semiconduc-
tors is the existence of subgap defect states because of the
nonperiodic arrangement of atoms."° It has long been believed
that there are high-density deep states located slightly above
the valence band (E,) in oxide semiconductors, as first
reported through hard X-ray photoelectron spectroscopy on
the order of 10%°/cm>."*'” The detected high-density deep
states are attributed to the performance of IGZO transistors,
such as negative bias illumination stability (NBIS),**"**
positive bias stability (PBS),”>**** etc, which affect the
performance of IGZO transistors, especially in display
applications.

However, many of the phenomena that are commonly
believed to be related to deep states, such as NBIS, are
concluded from indirect experiments,”*~>* but there is a lack of
decisive evidence. Meanwhile, the accurate measurement of the
deep-state density (Np)*> ™' and the understanding of its
impact on the device performance are frequently affected by
the stability of the device, so the measurement and

© XXXX American Chemical Society

WACS Publications A

understanding of deep states in oxide semiconductors can be
inaccurate and needs further clarification.

In this work, the light-assisted I—V method was further
developed to exclude the impact of NBIS and carrier
recombination-induced underestimation. The measurement
method was optimized by (1) applying only positive gate
voltages to prevent the impact of NBIS during measurement
and (2) using different and saturated light powers to ensure
that electrons in the deep states are mostly emitted. We
fabricated atomic-layer-deposited (ALD) IGZO transistors
with different process conditions, and an ultralow Ny, of <2.3
X 10"2/cm® was achieved on devices with an optimized process
by the above NBIS-free light-assisted I—V method. It was
found that a relatively large threshold voltage shift (AVy,)
caused by NBIS still exists on devices with such a low Ni,. The
carrier density change caused by NBIS is 4 orders more than
Nyp, suggesting that NBIS cannot be related with deep states
for ALD IGZO transistors with an optimized process. Then,
the mechanism of NBIS in ALD IGZO transistors was clarified
to be the light-induced mobile hole generation from the
valence band (Ey) to shallow states and hole trapping into the
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Figure 1. (a) Schematic diagram of an ALD IGZO transistor. The GI is S nm Al,O; unless otherwise specified in this work. (b) Summary of light
power values with different wavelengths. (c) In—Vqg and pps—Vs curves of a typical transistor after annealing. Dual-swept (d) C—V and (e) I-V
measurements on transistors after annealing, showing almost no hysteresis and high uniformity. (f) NBIS and (g) PBIS measurements on devices
with the same dimensions as those in part a. Under illumination, a negative gate bias results in a Vy, shift, while a positive gate bias does not.

gate insulator (GI). Our results suggest that the density and
impact of deep states are far less than commonly understood.

Figure la presents the schematic diagram of a back-gate
IGZO transistor with 10 nm IGZO by ALD as the channel and
S nm ALO; as the GI unless otherwise specified. The
fabrication process of the IGZO transistors is similar to our
previous work.”> The IGZO transistors were fabricated on an 8
in. thermally oxidated p+ Si substrate. TiN was grown as a gate
metal and patterned by photolithography and dry etching. GI
was grown by ALD (HfO, or AlO,). Then, 10 nm IGZO was
grown by ALD as a channel. Following channel isolation, SiO,
was also grown by ALD as a passivation layer. After via
opening, W was deposited as the source/drain metal and
patterned. As-fabricated devices without annealing and devices
annealed in air at 350 °C for 30 min were used as control
groups. All tested devices have a channel length (Lg) of 20
pum. Laser lights with different wavelengths and light powers
(P) were applied, as summarized in Figure 1b. The test system
adopted in this work is presented in Figure SI. Figure lc
presents the In—Vgg and ppg—Vgg curves of an IGZO
transistor with annealing, exhibiting a field-effect mobility
(ugg) of 18.3 cm?/V's, a threshold voltage (V;,) of 1.1V, and a
subthreshold swing (SS) of 67.8 mV/dec. Parts d and e of
Figure 1 present the dual-swept C—V and I—V measurements
on the transistors after annealing, showing high uniformity and
negligible hysteresis. Figure 1f shows the NBIS measurement
on the device with the same dimensions, showing a AV, of
—101 mV under 405 nm light illumination with a light power
of 21.4 mW/mm?” at a negative Vg stress voltage (Vs gess) Of
—2 V for 100 s. Figure 1g presents a positive bias illumination
stability (PBIS) measurement at V. of 2 V, exhibiting a

stress

negligible AV, due to the high PBS performance of the IGZO

transistor (Figure S2). The light stability tests suggest that
positive gate bias (Vg and Vgp) is necessary for accurate
evaluation of the photocurrent (Iph) in light-based methods to
prevent the impact of NBIS. Figure S3 illustrates the UV—vis—
near-IR (NIR) spectrum of a 15 nm IGZO thin film grown on
glass, indicating that 405 nm light is sufficient for deep-state
detection.

Parts a and b of Figure 2 illustrate the test waveforms in this
work. For waveform 1 in Figure 2a, Vg sweeps from a high
voltage (Vi) to a low voltage (V) under dark or light
illumination conditions, while Vg remains at 0.1 V. For
waveform 2 in Figure 2b, the light power increases after each
Vs sweep to evaluate the impact of carrier recombination. The
first and last V55 sweeps were performed under dark conditions
to assess the device stability before and after illumination. The
choice of V| must not be lower than that of Vg to avoid a
negative gate bias. Figure 2c shows a typical measurement
using waveform 1 with a V| of —1 V. A device with a negative
Vi, was chosen to highlight the impact of NBIS. There is a
permanent Vi, shift after Vg sweep under 405 nm light
illumination, suggesting that an increase of the subthreshold
current under illumination is the result of both photoresponse
and NBIS, so that I, will be overestimated using a negative V.
Figure 2d shows the measurements on IGZO transistors
without annealing using waveform 1 with Vi of 0.1 V, where
the dark In—Vg curves before and after V55 sweeps under light
illumination coincide, suggesting that the NBIS effect can be
ignored. To further verify that the effect of NBIS can be
excluded, the measurements at a higher temperature (95 °C)
were carried out and are shown in Figure S4. Therefore,
avoiding a negative gate bias in light-assisted I—V measure-
ments on IGZO transistors is critical for the accurate
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Figure 2. Test waveforms in the light-assisted I—V measurements: (a) constant light power and no restriction on Vi, (b) multiple light powers and
V> Vps. Vi and V are the upper and lower limits of the Vg sweep range, respectively. (c) Test results based on waveform 1 witha V; of =1 V. A
special device (7 nm HfO, as gate dielectrics and higher In content in the channel) with Vi, = —0.24 V is chosen to highlight the effect of NBIS. (d)
Test results based on waveform 1 with a V; of 0.1 V. The device has the same dimensions as those in Figure 1. (e) Test results based on waveform
2 on the device without annealing under illuminations of 405, 450, 520, and 650 nm, exhibiting clear I, in the subthreshold region under 408, 450,
and 520 nm illumination. (f) Test results based on waveform 2 on the device with annealing under illuminations of 405, 450, 520, and 650 nm,

showing much smaller I,

evaluation of I, and IGZO transistors with positive Vy, are
suitable for NBIS-free light-assisted I—V measurements. Figure
2e shows the measurements on IGZO transistors without
annealing using waveform 2 with different wavelengths. The
difference between I, under illumination and I, in the dark
(AIp) increases in the subthreshold region and is defined as
the photocurrent (I,) due to electron emission from subgap
defect states (including both shallow and deep states). In this
work, the shallow states are defined as the defect states located
near the conduction band (E.). I, does not increase with light
power from P1 to P3, indicating that most of the trapped
electrons have been emitted, as will be discussed in the next
part. Figure 2f shows the measurements on IGZO transistors
with annealing using the same conditions as those in Figure 2e,
showing less photocurrent under different illumination
conditions.

The experimental I, versus P curves based on the device
with and without annealing biased at Vg = 0.1 V are shown in
Figure 3a,b, where I, saturates with larger P, indicating that
electrons in deep states are mostly emitted. The subgap density
of states (DOS) can be calculated from light-induced Iy
according to I, = ny,qv, where ny, is the light-induced carrier
density, g is the elementary charge, and v = uE at low Vpg
when the electric field (E) is low (u is mobility). However, it is
not necessary for n,, to be equal to the corresponding subgap
DOS because electrons in the subgap states may be partly
emitted due to carrier recombination. To clarify, the emission
and recombination processes under illumination are shown in

Figure 3c. When the Fermi level (Eg) is low (biased at the
subthreshold region), most of the shallow states are empty and
the photocurrent mainly comes from electron emission from
deep states. If the electrons in deep states are partly emitted,
the deep-state density (Nyp) located between Eg and Ec—E,, is
much larger than the light-induced carrier density (r,,). Under
equilibrium conditions, the generation rate (G) and recombi-
nation rate (R) should be equal, and the equations are as
follows: ™

(1)
)

0, and ¢ are the emission factor and the capture factor,
respectively. P is the light power. N, is the density of defect
states available for recombination, where N, comes from the
empty shallow states above Ep and other empty states in the
subgap. hv is the photon energy. Based on eqs 1 and 2, if n,, is
much smaller than Ny, the light power P can be derived as
follows:

c=2y )
= —-n
hy tD ph

R= cnthtA

p (hv)eN,,

It

nph X Iph

(3)

Therefore, if the deep states are partly emitted, then the
photocurrent I, should be proportional to light power P. In
other words, if I, is not proportional to P, we can conclude
that most of the electrons in the deep states have been emitted.
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Figure 3. I, versus light power P at Vg = 0.1 V of devices (a) without and (b) with annealing. The photocurrent I, is not proportional to light

power P, indicating that electrons in deep states are mostly emitted. (

c) Ilustration of the emission and recombination process of IGZO under

illumination. (d) Corresponding L, versus Vg characteristics extracted from Figure 2e. (e) Corresponding Iy versus Vg characteristics extracted

from Figure 2f. (f) DOS (all states between Eg and Ec—E,,) versus

Vs characteristics, extracted from I, versus Vg curves under 405 nm

illumination, showing that N, of the annealed device is <2.3 X 10'?/cm®. Ny, is overestimated at higher Vg because of the response from shallow

states below Ep.

Figure SS presents the transient test waveform and results
under 450 nm illumination on devices with and without
annealing, showing that I, saturates at high P with no
persistent photoconductance (PPC) effect. It can also be seen
that annealing contributes to suppression of the subgap defect
states.

The extracted I, versus Vgg characteristics of IGZO
transistors without annealing are shown in Figure 3d. It can
be seen that I, is much lower under 650 nm illumination but
similar under 405, 450, and 520 nm illumination, inferring that
electrons in shallow states are emitted by 650 nm light, while
electrons in both shallow and deep states are emitted by 405,
450, and 520 nm light. In other words, deep states are mainly
located at Ec—E between 1.9 and 2.4 eV (the photon energy
Ey of 650 and 520 nm light). The excited electrons may come
from either bulk or interface trap states. The extracted I
versus Vg characteristics of IGZO transistors with annealing
are shown in Figure 3e. The I, of a device with annealing
reduces significantly compared to that of a device without
annealing, indicating that subgap defect states are suppressed
by process optimization. Note that the density of subgap defect
states is related to the In—Ga—Zn component, GI material,
and annealing process. Figure 3f shows the extracted DOS
versus Vgg from I, versus Vg curves under 405 nm
illumination in Figure 3d,e. The extracted DOS includes part
of the shallow states located below Ep and some defect states
located above E. — 1.9 eV and deep states so that the detected
deep-state density is an upper limit. It was found that the
detected bulk deep-state density is lower than 2.3 X 10'*/cm®
(bulk density) and 2.3 X 10%/cm® (areal density), which is

quite a low value. Table 1 benchmarks the measured density of
deep states on oxide semiconductors. The measured Ny, is the
lowest, to the best of our knowledge, based on the NBIS-free
measurements.

As is commonly understood, NBIS is related to deep states,
i.e, the drifting of light-induced positive charge (due to the
photoexcitation of electrons in deep states).”” In this work, a
low Nyp is achieved, suggesting that the AV}, caused by NBIS
should be very small. However, the NBIS effect with a large
AVy, still exists. The test waveform of NBIS is shown in Figure
S6. Note that the I,—Vg curves are measured under dark
conditions to obtain the permanent NBIS-induced Vy, shift, as
presented in Figure S7. Figure 4a presents the NBIS
measurements on an IGZO transistor with annealing under
different light conditions (405, 450, and 520 nm and dark).
Figure S8 summarizes the NBIS-induced AV, versus stress
time characteristics. According to Figures 4a and S8, AV}, of all
transistors almost saturate after SO s of NBIS testing, and there
is a rigid shift in the In—Vgg curves without SS degradation,
suggesting that NBIS degradation is not related to the
photoinduced shallow state generation, which was regarded
as a possible NBIS mechanism.”"** Figure 4b illustrates the
possible mechanism related to N,p, i.e., the drifting of light-
induced positive charges in deep states.”” Figure 4c presents
the NBIS-induced AV, on an IGZO transistor with the same
ALD IGZO film but different GIs (7 nm HfO,, 7 nm AlO,, and
S nm AlO,) under different light conditions. Also, the required
Nip (in areal density) that supports this mechanism can be
estimated by C,|AVy| and is presented in Figure 4d, where C,,
is the GI capacitance. The required N is over 10'°/cm?,
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which is much more than the detected value (2.3 X 10%/cm?)
in Figure 3f. Therefore, the NBIS effect is not related to the
deep states in the ALD IGZO transistors. In other words, the
NBIS effect for ALD IGZO transistors is not related to the
mechanism of the drifting of light-induced positive charges in
deep states.

As is well-known, the impact of interfacial charge (Qf) on
AVy can be written as AVy = —Q;/C,,, where C,, is the GI
capacitance. Thus, the device with a larger equivalent oxide
thickness (EOT), ie., smaller C, should have a larger AVl
when Qg is the same. Therefore, the drifting of light-induced
positive charge (due to the photoexcitation of electrons in
deep states) should contribute to a larger IAVy| for the device
with a larger EOT, which contradicts the experimental results
in Figure 4c. The analysis above further confirms that this is
not the main origin of the NBIS effect for ALD IGZO
transistors. Because the deep-state density is low, the possible
mechanism is a light-induced hole-trapping mechanism,” as
illustrated in Figure 4e. First, electrons are excited from the
valence band (Ey) to shallow states below E, leaving mobile
holes below Ey. Second, the mobile holes are injected into the
GI as hole trapping due to the negative gate bias. This
mechanism is not related to deep states, and this is proven by
the proposed PBS and NBIS correlation tests, as shown in
Figure S9.

As can be seen, in the above NBIS-free light-assisted I-V
characterization, the detected deep-state density is much lower
than the previously reported values. Note that this value is still
an upper limit because I, in this work is the photoresponse of
both deep states and the relatively shallow states below Eg, and
the photoresponse may come from both the interface and bulk

traps. Therefore, it is still an open question whether there are
deep-level defect states in the ALD IGZO thin film and what
the corresponding defect structure of the deep state is. Even if
we consider the density, we may infer that the deep-state
density is so low that it may not contribute too much to the
performance of ALD IGZO transistors, such as the direct-
current performance, reliability, etc.

In conclusion, the ultralow Ny, down to 2.3 X 10'?/cm® in
ALD IGZO transistors has been measured in this work by
NBIS-free light-assisted I—V measurements, which is still an
upper limit. The mechanism of NBIS is clarified according to
Np measurements. The ultralow density N suggests that
deep states in ALD IGZO have a minor impact on devices with
optimized processes.
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