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We investigated the electronic structures of defective semiconducting InGaO and InGaZnO films using X-ray
photoelectron spectroscopy. The defects were created intentionally using an intensive Ar-ion bombardment
on the films. After Ar bombardment, a subgap state emerged above the valence band edge, which decreased
the band gap to <2 eV, suggesting the possibility of electron—hole pair creation even under visible light
illumination. Also, the defect states were found to have metal sp characters, being related to oxygen deficiencies
in the n-type semiconducting oxides. Therefore, eliminating the oxygen deficiency in the semiconducting
oxide films is essential for preventing the photoinduced degradation in thin-film field effect transistors.

1. Introduction

Photoinduced carrier generation in semiconducting oxide (SO)
thin films has attracted increasing attention because it signifi-
cantly degrades the stability of thin-film field effect transistors
(TFTs) under bias and temperature stress conditions.!™ The
photoinduced degradation of TFTs under extreme ultraviolet
(UV) illumination (A < 350 nm) can be understood easily
because electron—hole pairs that overcome the band gap
(typically ~3 to 3.5 eV) might be created by the photoexcitation,
and one type of the carrier is trapped in the gate insulator (GI)
or at the GI—semiconductor interface under high gate bias
application. However, the degradation occurs even under the
visible light illumination,*> which cannot be explained by direct
excitation from the valence band (VB) to the conduction band
(CB) because the photon energy is much lower than the band
gap. Thus, the visible-light-induced degradation should occur
through the introduction of additional gap states that can produce
an electron—hole pair under visible light illumination.

It was reported that such a gap state (GS) was induced by a
H,O0 diffusion with bias temperature instability (BTI) under the
visible light illumination.® However, the diffusions of exterior
molecules or radicals seem not to be a necessary condition; it
was also reported that the BTI under the illumination occurred
even without any environmental influence, which could be
prevented by an efficient passivation layer.” This suggests that
there are some inherent reasons that may cause a GS. In the
SO materials, such as the In—Ga—Zn—O0O system, the defect-
induced GSs are frequently related to oxygen deficiencies
(oxygen vacancies or metal ion interstitials). However, it is not
clear how the oxygen deficiency causes a GS that is deep enough
to induce the visible light photoexcitation with reducing the band
gap to <2 eV because defect states related to the oxygen
deficiency tend to induce rather shallow trap levels only near
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the conduction band edge.® Therefore, it is meaningful to analyze
the GS in the damaged SO by spectroscopic methods.
However, the defect density of well-prepared SO materials
for reasonable TFT operations is too low to be analyzed by
general spectroscopic techniques. Therefore, a high density of
defects in SO films was formed by the excessive Ar-ion
bombardment in order to study the influence of the defects. The
significance of the Ar-ion bombardment effects on the physical
and chemical properties of samples depends on the kinetic
energy (or acceleration voltage) of the Ar plasma.® The Ar-ion
bombardment with a moderate acceleration voltage (<1 keV)
only removes adsorbates, such as hydrocarbons, without degrad-
ing the stoichiometry of the sample, whereas bombardment with
a high acceleration voltage (>1 keV) damages the sample
intensively, altering the structure and compositions.

2. Experimental Methods

This article reports the evolution of the VB spectra of the
representative SO, InGaO and InGaZnO films, upon Ar-ion
bombardment with 2 keV acceleration using X-ray photoelectron
spectroscopy (XPS). The 50 nm thick InGaO and InGaZnO films
were deposited on Si(100) substrates at room temperature by rf
magnetron sputtering using polycrystalline ceramic targets. The
binding energies (BE) and XPS peak intensities of the In 3d,
Ga 2p, and Zn 2p core levels showed that the cations in both
films have nominal valences of In*", Ga’>", and Zn?", and the
empirical formulas should be InGaO; and In,Ga,Zn0O; for the
respective films.” Intentional Ar ion bombardment was per-
formed in an Ar environment (5 x 1078 Torr) with an
acceleration voltage of 2 keV for 10 s. The film was etched to
within 1 nm. XPS was performed with a monochromated Al
Ko source (hv = 1486.6 eV) and synchrotron radiation (hv =
700, 130, and 90 eV) at the 8A2 beamline in the Pohang Light
Source (PLS).

3. Results and Discussion

Figure 1 shows the VB XPS spectra of the (a) InGaO and
(b) InGaZnO films before and after Ar-ion bombardment. The
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Figure 1. VB XPS spectra of the (a) InGaO and (b) InGaZnO films
before and after Ar-ion bombardment taken at hv = 1486.6 eV. A gap
state (GS) emerged after the Ar-ion bombardment.
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Figure 2. VB XPS spectra of pristine (a) InGaO and (b) InGaZnO

films taken with 2v = 1486.6, 700, 130, and 90 eV and their difference

spectra (c, d) from those of Av = 90 eV. B1(B2) corresponds to the

metal s(p)—O 2p hybridized state, and NB denotes the nonbonding O

2p states.

VB of InGaO comprises mainly the O 2p state only, whereas
the VB of InGaZnO consists mainly of O 2p and Zn 3d states.
The VB edge energies of the pristine films, which were
estimated by extrapolating the lowest BE feature, were ap-
proximately 3 eV. Because the band gaps of the two SO films
are approximately 3.4 eV, !? the CB edge energies are very close
to the Fermi level (Eg), indicating the n-type nature of these
films. The spectra of the Ar-ion bombarded films were shifted
to a lower binding energy (BE) by ~0.5 eV in order to match
the overall VB features with those of the pristine films. The
BE difference from that of the pristine films originates partly
from the overall higher BE shift due to the Ef increase and partly
from the space charging effect in the poorly conducting samples.
A gap state (GS) was clearly observed above the VB edge in
both spectra of the InGaO and InGaZnO films. The GSs
increased the VB edge energy of the SO films by >1 eV and
decreased the band gap to <2 eV, suggesting a significant
increase in the visible light photoexcitation from the GS in the
Ar-ion bombarded samples.

XPS of the pristine SO films was performed at various photon
energies to obtain detailed information on the orbital charac-
teristics and density of states (DOS). Figure 2 shows the VB
XPS spectra of pristine (a) InGaO and (b) InGaZnO films taken
with hv = 1486.6, 700, 130, and 90 eV and their difference
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Figure 3. Schematic diagram of the energy levels resulting from metal
sp—O 2p hybridization. In the case of InGaZnO, the Zn 3d levels
participate in hybridization. Ar-ion bombardment forms the gap states
(GS) above the VB as well as the shallow defect states beneath the CB
(short bars) so that the electron—hole pairs would be created even with
visible light illumination.

spectra [(c) and (d)] from those of hv = 90 eV. The VB spectra
were normalized to the intensity of the nonbonding O 2p features
near BE ~ 5 eV. The overall features in the VB spectra appear
to evolve with increasing photon energy. Generally, the hv
dependence in the soft X-ray photoemission spectra originates
from two factors: the subshell photoionization cross section and
electron inelastic mean free path (IMFP). Because the IMFP
varies slowly with the kinetic energy of the photoelectron, it
cannot explain the abrupt spectral evolution in the VB energy
range. Instead, the photoionization cross section varies abruptly
with the incident photon energy depending on the orbital states.
Therefore, the difference spectra (Figure 2c,d) can be used to
analyze the orbital states in the VB.

In the case of InGaO, the two features denoted by “B1” and
“B2” were enhanced as the photon energy increased in
comparison with the feature denoted as “NB” in Figure 2a,c.
All three features must be from the O 2p states, whereas the
different hv dependence further reflects the different degree of
hybridization between the O 2p states and metal sp states. If it
were not for the orbital hybridization, the metal sp states (In
5sp, Ga 4sp) would be completely unoccupied and the O 2p
states would be completely filled. The metal s states have ~3
eV lower energy than the metal p states.'! The metal sp—O 2p
hybridization overlaps the orbital wave functions, resulting in
parts of the metal sp states being filled, forming bonding states
with the O 2p states that have energies lower than the
nonbonding O 2p states. Therefore, the B1(B2) state should be
attributed to the metal s(p)—O 2p bonding states, and the NB
state is due to the nonbonding O 2p states.?

In the case of InGaZnO, the hybridized orbital states were
similar to the case of InGaO except for the inclusion of a shallow
Zn 3d core level, as shown in Figure 2b,d. Therefore, the overall
VB features were similar to the case of InGaO except for the
slight energy differences due to Zn 3d hybridization. The Zn
3d level at BE ~ 10.8 eV also hybridizes with the O 2p states
and, consequently, the metal sp states. This complex hybridiza-
tion raises the energies of the B1 and B2 states slightly.'? The
B2 feature in Figure 2c is extinguished below the onset BE at
~6 eV, whereas that in Figure 2d is extinguished below a lower
onset BE (<5 eV). This highlights the role of the Zn 3d levels.

The GS cannot be attributed to the O 2p state because any
hybridized state should have lower energy than that of the NB
O 2p state (see Figure 3). Therefore, the GS should have metal
orbital characteristics. The partial electron occupation in the GS
originates from defects in the damaged SO films. The defect
states might be related to oxygen deficiencies, such as the
oxygen vacancies or metal ion interstitials. The intensity of the
NB state near BE ~ 5 eV decreased after Ar-ion bombardment,
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Figure 4. VB XPS spectra of the Ar-ion bombarded (a) InGaO and

(b) InGaZnO films with their fitting lines. Each contribution is shown
separately.

which is in contrast to the case of the bonding states (Figure
1). This suggests a decrease in the total number of oxygen atoms
because the number of the NB O 2p states might decrease with
a decreasing number of oxygen atoms, whereas the hybridized
states could survive by charge compensation from the metal
sites; an oxygen deficiency will donate electrons back to the
metal sites, even though the amount of the back-donation can
vary depending on the detailed balance in the SO films.
Therefore, the oxygen deficiency should be responsible for the
partial occupation of the metal sp electrons in the GS above
the VB edge.

Figure 3 summarizes the orbital configuration. The possible
electron—hole pair formation under the visible light illumination
is also indicated. In the pristine SO films, hybridization of the
O 2p orbitals with the metal s and p orbitals splits the O 2p
band into B1, B2, and NB states by lowering the corresponding
B1 and B2 states below the Er (in the VB) and raising the
corresponding antibonding states (AB) above the Er (in the
CB)."® Zn 3d hybridization changes the energies of the O 2p
B1/B2 states slightly. Finally, in the presence of defects, as in
the Ar-ion bombarded samples, a GS is formed above the
pristine VB edge.

Figure 4 shows the VB spectra with the fitting lines along
with their decomposed features ((Zn 3d), B1, B2, NB, and the
GS). The DOS of the GS can be approximated using the
intensity ratio of each feature with the averaged photoionization
cross sections for metal s and p states and the O 2p state.'*
Assuming that the GS has mixed metal s orbital character only,
the number of the GS was determined to be ~0.05 states per
oxygen atom. This value corresponds to the DOS of ~10?! cm ™3
for both InGaO and InGaZnO films, which is in the same order
of magnitude as the as-grown low-quality sample in a previous
report.'> The decreased intensity of the GS and improved TFT
characteristics upon thermal annealing also suggests that the
GS plays a major role in the photoinduced carrier generation.'®
Without photoillumination, this deep level barely contributes
to conduction because the band-gap energy is still much higher
than the thermal fluctuation energy. However, this GS enables
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the production of an electron—hole pair by visible light
illumination through photoexcitation. In n-type SO materials,
the defect states relevant to an oxygen deficiency form shallow
defect states beneath the CB edge.!” Photoexcitation from the
VB GS to those shallow defect states (denoted as short bars
above the Er in Figure 3) can generate bound or free carriers,
as depicted in Figure 3. Therefore, it is essential to eliminate
the defects in SO films to improve the TFT stability.

4. Conclusion

In conclusion, a metal sp GS emerged above the VB edge in
Ar-ion bombarded InGaO and InGaZnO films. Combined with
the shallow defect states near the CB edge, this can act as a
center for photoinduced electron—hole generation in damaged
TFTs. Although the GS observed in this XPS study was certainly
an exaggeration by intentional Ar-sputter etching, these results
may provide a crucial clue to understanding the photoinduced
BTI characteristics of TFTs. Oxygen deficiency in these SO
films generated the GS near the VB edge as well as the electron
trap sites below the CB edge. It is clear that this process is
detrimental to the stability of the performance of TFTs even
with a very low density, although further studies on the trapping
“ability” (or the localization of the defect states) of the GS are
required to clarify this issue.
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