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ABSTRACT

The transparency of oxide semiconductors is a significant feature that enables the fabrication of fully transparent electronics.
Unfortunately, practical transparent electronics using amorphous oxide semiconductors (AOSs) have not yet been realized, owing
to significant photo-instabilities of these materials. Previous studies have revealed that the photo-instability can be attributed to
sub-gap states (SGSs) near the valence-band maximum (VBM). Thus, it is inferred that the energy difference between the SGSs
and the conduction-band minimum must be widened sufficiently in order to make it fully transparent over the entire visible-light
region. In this work, we examined the electronic structures of a variety of AOSs and found that their ionization potentials vary
greatly, depending upon the specific metal cations. This finding enabled us to increase the optical bandgap by modifying the VBM
levels, resulting in a high mobility of 9 cm? /Vs and an ultra-wide bandgap of 3.8 eV for amorphous Zn-Ga-0O (a-ZGO). We show
that a-ZGO thin-film transistors exhibit no negative-bias illumination-stress instability with no passivation and no light-shielding
layer.

(©) 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5053762

The first thin-film transistor (TFT) with an amorphous
oxide semiconductor (AOS) as the channel layer was demon-
strated in 2004." Since then, AOSs have attracted considerable
attention, owing to their outstanding properties, such as high
electron mobility, low-temperature processability, good uni-
formity, and high transparency.! As a result, AOS-TFTs are
now employed as backplanes to drive pixels in state-of-the-art
flat-panel displays (FPDs).

However, a critical technical issue remains to be solved
for better device applications. Although AOSs are highly trans-
parent in the visible range, many studies have reported that
they have photo-instabilities, such as negative-bias illumi-
nation stress (NBIS). In particular, the NBIS issue hampers
the realization of fully transparent AOS electronics; a light-
shielding layer is currently used as a temporary expedient.
It has been reported that AOSs exhibit photo-sensitivity to

light with smaller photon energies than their bandgaps (Eg).?*
A hard X-ray photoemission study (HAX-PES), which can
be applied to as-prepared thin films and which has a large
ionization cross section for s-state electrons, revealed the
existence of high-density defect states (10°-10%° ¢cm~3) near
the valence-band maximum (VBM)-hereafter termed “sub-
gap states,” (SGSs)“*—in AOS thin films, as shown in Fig. 1(a).
The photo-sensitivity to sub-gap light (below ~2.3 eV) is
attributed to the excitation of electrons from the SGSs to the
conduction-band minimum (CBM). Several models for these
defects have been proposed, such as oxygen vacancies, weakly
bonded oxygen, and hydrogen impurities.>©

With this background, we conclude that there are
two possible approaches to resolving the photo-instability
issue of AOS-TFTs: (i) elimination of the SGSs [Fig. 1(b)] or
(i) widening the optical bandgap to keep the photoexcitation
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energy between the SGSs and the CBM larger than ~3 eV
[Fig. 1(c)].

To confirm the effect of the SGSs on NBIS, we com-
pared two amorphous InGaZnOx (a-IGZO) TFTs with low and
high SGSs, respectively, as shown in [ig. 2(a). We reduced the
SGSs by using ultra-high vacuum sputtering (base pressure:
~3 x 1077 Pa), and we prepared IGZO films with high SGSs
using pulsed laser deposition (base pressure: ~3 x 107° Pa). The
difference in the SGSs may be caused by the reduction in the
residual hydrogen in the chamber.”® We fabricated bottom-
gate TFTs using 40 nm thick a-IGZO (In:Ga:Zn = 1:1:1) films on
SiO, /p+-Si substrates.® The channel width and length were
300 and 50 um, respectively. We conducted post-annealing
of the films at 400 °C in an O, atmosphere. We performed
the NBIS tests with a gate voltage of —20 V for a stress dura-
tion of 3600 s at room temperature. We illuminated these
a-1GZO TFTs using a white light-emitting diode (LED) of 11 000
lux. The results shown in Figs. 2(a)-2(c) definitely confirm that
the SGSs are responsible for the NBIS instability; the IGZO TFT
with higher SGSs exhibited a larger shift in threshold voltage
(Vin), ~11 V, whereas the IGZO TFT with the low SGSs exhib-
ited a Vy, shift of ~7 V. However, this Vy, shift is still insuffi-
cient for the TFTs used to drive FPDs without compensation.
The elimination of SGSs by removing the hydrogen impuri-
ties and/or oxygen vacancies to a negligible level seems not

N
FIG. 1. Schematic energy structure of
(a) a conventional AOS and two possible
approaches to photo-stable AOSs, (b) elim-
ination of the sub-gap states (SGSs) above
the valence-band maximum (VBM), and (c)
widening the optical bandgap to keep the
excitation energy between the SGSs and
the conduction-band minimum (CBM) > 3.0
eV.

EOG=>3.0eV

Sub-gap state

Valence Band

to be a practical solution because the AOS TFTs fabricated
by conventional mass-production processes contain hydrogen
impurities comparable with the SGSs.'0."

Consequently, widening the Eg will be a more practical
approach if the location of the SGSs is pushed down with the
VBM. The Eg of an AOS can be widened readily by tuning its
chemical composition. However, widening the Eg alone does
not guarantee the electrical properties; a wide Eg with high
mobility is the criterion for practical use. The high electron
mobility of the AOSs is understood from their electronic struc-
tural nature. For AOSs, the CBM is composed of metal-cation-
vacant s-orbitals, whereas the VBM is formed by oxygen
2p-orbitals.’? The spatial overlap between the vacant
s-orbitals of p-block metal cations is insensitive to structural
randomness, which explains why the high mobility of AOSs
is retained even in amorphous structures. This is the major
reason why conventional AOSs consisting of heavier post-
transition-metal cations exhibit higher mobility via the small
effective mass of the electrons.’> However, large dispersion of
the conduction band, in general, leads to a deep conduction-
band-minimum level (Ecpy) and a narrow Eg, as illustrated
in Fig. 3(b). On the contrary, AOSs that include light-metal
cations such as Al and Si exhibit a wider Eg, but the higher
Ecpm makes it impossible to dope the electrons,’* and the
small band dispersion leads to small mobility'> [see Fig. 3(c)].
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We thus infer that a wide Eg with high mobility will be
attained if we can deepen just the valence-band-maximum
level (Eypm) while retaining a large conduction-band disper-
sion [see Fig. 3(d)].

We recently found that amorphous Zn-Ga-O (a-ZGO)
exhibits a large variation in Eypy, corresponding to ionization
potential (L.P.), whereas Ecpy remains almost unchanged.’¢17
The LP. alteration is attributable to a contribution of Zn
3d-orbitals to the formation of covalent bonding with the O
2p-orbitals; the Zn 3d-O 2p interaction makes the Eygym cor-
responding to the anti-bonding level shallow.'® On the other
hand, a-GaOx has a very deep LP. of 8.2 eV. Consequently, a-
ZGO exhibits a large variation of Eypm, depending upon the
Zn/Ga ratio. We investigated a-ZGO thin films and compared
the energy levels of amorphous In-Zn-O (IZO) and a-ZGO
using in situ ultra-violet photoemission spectroscopy (UPS).

(a) (b)

The values of Ecpm, Evgm, and Eg are summarized in Table
S1. The UPS results in Fig. 4(a) indicate that the AOSs tend to
have deeper Ecgy with increased In content, as expected. On
the other hand, the contribution of Zn 3d to Eygm was clearly
observed, as shown in Fig. 4(b). Further, the deeper Eypy of
a-ZGO than a-1ZO seems attributable to the intrinsic nature
GaOx, which has a very deep I.P. (8.2 eV). Thus, we conclude
that (i) In/Zn should be avoided and (ii) GaOx with a deep LP.
should be included as much as possible. As shown in Fig. 4 and
Table S1, we note that the a-IZO system is inappropriate for
the present purpose, due to its narrow Eg.

Finally, we confirmed that a TFT of a-Zng3Gagp;Ox
(a-ZGO) has excellent photo-stability. Figure 5 shows the
results of the NBIS instability tests on a-ZGO TFTs, together
with a-1ZO and a-IGZO TFTs. The a-1ZO TFT exhibited the
worst photo-stability,’® a Vi, shift of ~11 V and degradation
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of the on/off ratio. The degradation of the on/off ratio may
be attributed to a band-to-band excitation by the white LED
because the maximum photon energy of the white LED is
hv ~ 2.8 eV, which is larger than the Eg of a-1Z0. On the other
hand, the a-ZGO TFT exhibited excellent photo-stability, with
almost no observed Vy, shift. This result implies that the
energy difference between the SGSs and the CBM of a-ZGO
is larger than ~3.0 eV. The saturation mobility of the a-ZGO
TFT was ~9 ¢cm? /Vs, whereas those of the a-1ZO and a-1GZO
TFTs were ~40 and ~15 cm? /Vs, respectively. The mobility of
9 cm?/Vs is the lowest among these three systems, but it is
an order of magnitude larger than that of an a-Si:H TFT, and
it satisfies the current specifications for backplanes to drive
FPDs; it is thus expected that a-ZGO as UWB-AOSs will be an
appropriate material for fully transparent electronics.

In conclusion, we reported that widening the band gap
is an effective approach to suppressing the photosensitivity of
AOSs. In particular, lowering the Eypy is critical to suppressing
NBIS instability. We found that excellent NBIS stability, while
retaining a mobility of ~9 cm? /Vs, was attained in a-ZGO sys-
tem with a deep Eypm of ~7.8 €V and an ultra-wide bandgap
of ~3.8 eV. The mobility and photo-stability are generally in
conflict; the mobility increases with the In content, but photo-
stability is degraded. The a-ZGO system appears to offer a
good compromise between mobility and photo-stability, mak-
ing it a good candidate semiconductor for fully transparent
TETs.

See supplementary material for the electron affinity
(Ecpm), ionization potential (Eypym), and bandgap (Eg) values of
relevant AOSs.
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