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To enlighten microscopic origin of visible-light absorption in transparent amorphous
semiconducting oxides, the intrinsic optical property of amorphous InGaZnOy is
investigated by considering dipole transitions within the quasiparticle band structure.
In comparison with the crystalline InGaZnO,4 with the optical gap of 3.6 eV, the
amorphous InGaZnO, has two distinct features developed in the band structure that
contribute to significant visible-light absorption. First, the conduction bands are
down-shifted by 0.55 eV mainly due to the undercoordinated In atoms, reducing the
optical gap between extended states to 2.8 eV. Second, tail states formed by localized
oxygen p orbitals are distributed over ~0.5 eV near the valence edge, which give rise to
substantial subgap absorption. The fundamental understanding on the optical property
of amorphous semiconducting oxides based on underlying electronic structure will
pave the way for resolving instability issues in recent display devices incorporating
the semiconducting oxides. © 2014 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4868175]

The development of thin-film transistor liquid-crystal display (TFT-LCD) based on amorphous
Si (a-Si) has brought huge impacts to the modern life by enabling large-area TVs and various
mobile devices. Nevertheless, tremendous efforts are given to the next-generation display with the
ultra definition, large area, and three-dimensional visual effects. The realization of such demanding
performance of the display device requires high-mobility TFT components with mobility values
larger than ~20 cm?/V s.:2 However, a-Si suffers from the low mobility below 1 cm?/V s, and
many researches are currently focused on the development of alternative materials. Among them, the
transparent amorphous semiconducting oxides (TASOs) such as amorphous InGaZnOy (a-1GZO) are
considered to be a promising contender to replace a-Si as the channel layer of TFTs because they are
thermally stable and exhibit high electron mobility (>10 cm?/V s) even in the amorphous phase.’™
However, many studies have raised instability issues in TASO-based TFTs under various stress
conditions, and this remains as a critical hurdle against the commercial application of TASOs.>!°
In particular, negative-bias-illumination stress (NBIS) substantially shifts the threshold voltage of
TFTs and it takes more than 20 h for full recovery.'! Similarly, visible and ultra-violet (UV) light
produce significant photocurrents in TASOs which last for hours or days after the light is turned off,
which is called persistent photoconductivity.’
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The photoresponse of TASO is apparently at variance with optical transparency of the material,
and can be attributed to the small subgap absorption which becomes substantial in the amorphous
phase. The microscopic origin of the visible-light absorption is still unclear although the deep level
created by the oxygen vacancy (Vo) has been suspected.”'> However, it is noted that the stability
is mostly affected by light with the photon energy bigger than 2.6 eV, corresponding to the blue
light'® but previous theoretical works suggested based on the distribution of defect levels that the
absorption by Vg occurs at light energies <1.9 eV.!*!5 This strongly suggests that another source
of visible-light absorption may exist, possibly more intrinsic one. In this Letter, we theoretically
calculate the intrinsic absorption spectrum of a-IGZO to identify the origin of the significant visible
and near-UV light absorptions in TASOs. For the accurate comparison with experimental data, we
employ GW methods to compute quasiparticle levels. In addition, several amorphous structures are
generated and statistically averaged to address the structural disorder within the supercell approach.
The resulting absorption spectrum agrees well with experiment and it is shown that the visible and
near-UV light absorptions are caused by the tail states from the valence band and therefore is an
intrinsic property of the amorphous phase.

We use Vienna ab initio simulation package (VASP)'®!7 for molecular dynamics (MD) simula-
tion and electronic structure calculations. In and Ga d electrons are treated as frozen core electrons
because their energy levels are far below than the valence band. For the exchange-correlation energy
between electrons, the PBEsol functional is used during MD and relaxation steps as the func-
tional is known to produce accurate bond lengths for many solids.'® For calculating the density of
states (DOS), the exchange-correlation functional is switched to GGA+U without further atomic
relaxation.'” In generating the amorphous structure, we apply the melt-quench method on the super-
cell containing 98 atoms with the composition of InGaZnO4.2%?! For comparison, we also carry out
calculations on crystalline InGaZnO4 (c-IGZO). Since the band-gap underestimation is particularly
serious in this class of material, we use GW, methods®? to obtain quasiparticle shifts and reflect
them on the absorption coefficients.>* The GW computational parameters such as the number of the
unoccupied bands and the k-point mesh are determined such that the bandgap is converged within
0.1 eV. (See the supplementary material for detailed procedures.?*)

In order to consider structural fluctuations in the amorphous phase, we generate ten a-IGZO
models through independent melt-quench processes. (Increasing the sampling number little changes
the average DOS.) The averaged free energy is larger than for c-IGZO by 160 meV/atom, which is in
good agreement with the previous theoretical study.> We also confirm that the structural properties
such as bond lengths are similar to other theoretical works. The average DOS is obtained by aligning
DOS of each model with respect to the mean oxygen 1s level energy within each supercell.?® (The
cell-to-cell variation is ~10 meV.)

A typical atomic structure of a-IGZO is shown in Fig. 1(a) and it can be understood as the
random packing of cation-centered polyhedra wherein the bonding configurations between metal
and oxygen atoms are similar to those in the crystalline phase.?> The pair-correlation function, g(r),
between metal and oxygen atoms in Fig. 1(b) confirms such structural characteristics and the bond
length between a metal and first oxygen shell is almost the same as that in the crystalline phase. It is
also seen that no structural ordering is found beyond the first coordination shell in a-IGZO. The local
atomic structures such as bond lengths and coordination numbers agree reasonably with previous
extended-X-ray-absorption-fine-structure (EXAFS) data for a-IGZ0.?"?® (See the supplementary
material.>*)

To correct the band-gap underestimation in density functional theory (DFT) calculation, we
carry out GWj calculations for five a-IGZO structures. The quasiparticle levels (e2) with respect
to GGA+U eigenvalues (ePFT) are provided in Fig. 2(a). It is seen that €% and €PFT near the Fermi
level follow linear relations approximately:

P DFT
61?(6‘) = Ay(e)€y(c) + AV(C)! (1)

where ef,%f) is the quasiparticle energy of the valence (conduction) band. Such linear relations between
quasiparticle and DFT levels were also found in other materials.>>** Considering the above linear

relation, DOS of DFT (DPFT) averaged over all the a-IGZO models is rescaled into DOS with GW
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FIG. 1. (a) The amorphous structure of one of the 10 different models of a-IGZO. (b) Pair-correlation function between
metal and oxygen atoms that is averaged over 10 models. Vertical dashed lines represent the bond length in crystalline phase.

(DSW) as follows:
GW . prr, £ — Ave)
Diiey () = av(e) Do d(e) - @
Figure 2(b) shows DSV (E) thus obtained.

To examine the degree of localization of each state, we evaluate inverse-participation ratios
(IPRs) as shown in Fig. 2(c). The IPR is equal to 1/N if the state is uniformly distributed over
N atoms.’! It is noted that IPR shows clear difference between the valence and conduction band
edges: the states between the Fermi level and ~—0.5 eV are strongly localized while those near the
conduction band edge are distributed broadly in spite of the structural disorder. This is because the
valence band states are sensitive to the structural disorder due to the directionality of the constituent
oxygen p orbitals while the conduction levels are relatively free to the disorder owing to the spherical
symmetry of the metal s orbital and its unique coupling to oxygen p orbitals.®3? The delocalized
conduction band of the amorphous InGaZnO, accounts for the high n-type conductivity of the
material. Even though the strong localization of conduction tail is not observed, gradual variations
in the electrostatic potential leads to fluctuation of the conduction bottom, causing slight increase of
IPR near the conduction bottom. The inspection of distribution of wave functions indicates that the
valence tails states, especially those near the Fermi level, are anti-bonding pairs of two close oxygen
p orbitals as can be shown in the inset of Fig. 2(c).*

We fit DOS near the band edges using the form of Dy (E) < \/|Ey) — E|, where E,,
represents the energy position of the mobility edge separating localized tail states from the extended
states. [See dashed curves in Fig. 2(b).] It is found that E,, and E, are —0.53 and 2.38 eV in reference
to the Fermi level. Therefore, IPR and DOS fit commonly indicate the presence of tail states with
the width of ~0.5 and ~0.1 eV in the valence and conduction bands, respectively. The large width
and concentration of the tail states near the valence band edge was experimentally confirmed for
amorphous zinc tin oxide.** The valence and conduction edges of ¢-IGZO referenced to the oxygen
1s level (E§IySt and Ef.lw, respectively) are also marked as dashed vertical lines in Fig. 2(b). It is
seen that E,(E,) in a-IGZO is higher (lower) than for c-IGZO by 0.05 (0.55) eV, which is consistent
with 0.1 (0.48) eV from XPS measurements.>3°

The large down-shift of conduction bottom in a-IGZO results in the reduction of the optical
gap and should contribute to the visible-light absorption. To reveal the origin of this down-shift,
we examine the electrostatic core potential (Vo) at the cation site using a test charge of ~1 A
radii since conduction bottom states comprise mainly cation s orbitals. The difference from the
crystalline phase, AVipe(= VAM — V'), is evaluated at each cation and plotted in Fig. 3(a)
against the partial weight of the conduction bottom state. It is seen that the wave function is
distributed mostly on cations with negative A V., especially In sites, and this should contribute to
the energy lowering of the conduction band. In Fig. 3(b), AV, is plotted against the coordination
number (CN). The linear regression line shows that AV, becomes lower with the reduced CN.
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FIG. 2. (a) The quasiparticle levels (¢2¥) presented with respect to the single particle energies from GGA+U calculations
(€PFT). The linear lines show the fitted results according to Eq. (1). (b) The density of states (DOS) of a-IGZO averaged over
ten amorphous structures. The quasiparticle shift in (a) is considered by Eq. (2). The Fermi level (EF) is set to 0. The vertical
dashed lines indicate the band-edge positions of ¢-IGZO. (c) The inverse-participation ratio (IPR) values computed for each
electronic state. The inset shows the distribution of charge density of the state at the Fermi level.

This is understandable because nearest neighbors are mostly anions and a smaller CN implies less
repulsive electrostatic potential at the cation site. Therefore, the gravitation of conduction states
toward undercoordinated cations mainly contribute to the reduction of optical gap in a-IGZO. In
particular, the undercoordinated In atoms are most influential in lowering the conduction band,
and this is consistent with the experimental finding that In-rich compounds are more prone to the
instability problem.’-38

Next, we calculate the optical spectrum. The optical absorption coefficient («) at the photon
energy of Epy, is given as follows:

ﬁEph
h

a(Epn) =

1/2
[\/812(Eph) + &3(Epn) — 81(Eph)] , 3)
where & and &, are real and imaginary parts of macroscopic dielectric functions, respectively.®

Since €,/e; < 1 for the transition near band edges, Eq. (3) can be approximated as

Ep 1
fic \/£1(0)

where JDOS represents joint density-of-states defined as

a(Epp) = JDOS(Ep), )

JDOS(E) = f D,(E'YD.(E' + E)dE'. 5)
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FIG. 3. (a) The partial weight of conduction bottom states on each cation plotted with respect to the difference in the
electrostatic core potential between a- and ¢-1IGZO (A Viore). (b) A Veore With respect to the coordination number (CN). The
cutoff radii for counting neighboring atoms are 2.3, 2.2, and 2.1 A for In, Zn, and Ga atoms, respectively. The straight lines
are the linear regression fits. The inset figures show In atoms with distinct CNs.
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FIG. 4. Tauc plots for a- and ¢-IGZO calculated by Eq. (2) with quasiparticle correction and experiment.'> The straight
dashed lines indicate the linear line fitted the Tauc relation.

In Eq. (4), u is the ratio of &, to JDOS for the band edge transition,*® and can be obtained
by averaging JDOS and &, over the all a-IGZO structures. We calculate ¢, based on the dipole
transition, and it is confirmed that the average JDOS rescaled with p is in good agreement with
average &, (not shown).

Figure 4(a) shows the absorption coefficients presented in the form of (« Eph)% (so called Tauc
plot). We note that DOS with GW correction defined by Eq. (2) is used in Eq. (5). The optical
bandgap (E;’Pt) is usually determined using the Tauc relation: (ozEph)% = A(Ep — Egp "), therefore
Egpt is given as the extrapolated intercept at abscissa (see dashed lines). The theoretical optical gap
thus obtained is 2.82 eV, which compares favorably with the experimental value of 3.05 eV."? In
addition, we also computed a(Ep) for ¢-IGZO as shown in Fig. 4(a) and the absorption edge of
3.57 eV is in good agreement with experimental value of 3.70 eV.*!

A small discrepancy of 0.23 eV in Egpt of a-IGZO between theory and experiment could be
in part attributed to the compressive strain applied on sputtered a-IGZO thin films because the
compressive strain expands the bandgap of IGZO by increasing the overlap between metal and
oxygen s orbitals. (Other possibilities are that the amorphous structure could be slightly different
from what is modeled here or the present G W scheme may have some errors as in other works.*>*3)
Nonetheless, the overall profile of «(E,n) near the absorption edge is similar between theory and
experiment. In particular, the significant visible-light absorption above the blue region (>2.6 eV in
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experiment or >2.4 eV in theory) is well reproduced in theory. It is emphasized that our amorphous
models do not contain any Vg defect, and the intrinsic subgap absorption originates from the optical
transition of tail states in the valence band into the conduction band. This is further supported by the
fact that E. — E, in Fig. 2(b) is 2.91 eV, close to 2.82 eV for Egp[. Figure 4(b) shows a schematic
comparing the absorption behavior of a-IGZO and c-IGZO as deduced from the present computation.
The finding that optical transitions from valence tail states to conduction bands are responsible for
the blue to near-UV light absorption, leads us to pay attention to the peroxide formation mechanism
proposed recently in Ref. 44.

The intrinsic nature of the visible-light absorption of a-IGZO revealed in the present work
implies that there is a limitation in eliminating NBIS shift by removing defects through, say,
high-pressure oxygen annealing.*> The tail states or undercoordinated cations are intrinsic to the
amorphous phase, and hence difficult to suppress unless the material composition is changed. One
viable approach would be to increase the optical gap by increasing the atomic density of the
amorphous film through compressive strain or dopants.

In conclusion, we theoretically investigated the optical properties of a-IGZO by combining
GGA+U and G W, results. The energy levels were corrected within G Wy method and the resulting
optical spectra agree well with experiment for both crystalline and amorphous phases. Compared to
¢c-1IGZO, the visible-light absorption in a-IGZO is significantly enhanced because: (i) the conduction
band energy is lowered by 0.55 eV mainly due to the undercoordinated In atoms, (ii) the localized
tail states are distributed over ~0.5 eV near the valence edge. The absorption of blue to near-UV
light is found to occur via transitions between the valence tail states and conduction bands, which is
likely to trigger the instability problem under light illumination. The fundamental understanding on
the optical property of TASOs in terms of underlying band structure will pave the way for resolving
the instability issues in recent display devices incorporating TASOs.

This work was supported by the Pioneer Research Center Program through the National Research
Foundation of Korea funded by the Ministry of Education, Science and Technology (2012-0009563).
The computations were carried out at KISTI (No. KSC-2013-C3-011).
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