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This study adopted ab initio methods to calculate the effects of intrinsic defects on the electrical and opti-
cal properties of Ga-doped ZnO (GZO). The defective types of GZO considered in this study include O
vacancies (Gaz,Vo), Zn vacancies (Gaz,Vz,), interstitial O (Gaz,0;), and a non-defective type (Gaz,). The
results for calculating formation energy show that, during the GZO preparation process, the growth
environment influences the type of intrinsic defects that occur. Under poor O conditions, a Gaz,Vo struc-
ture is most likely to form; conversely, under rich O conditions, Gaz,Vz, or Gaz,0; is most likely to form.
Key .W‘.Jr.dS: The calculated results regarding band structure and density of states indicate that the Vg defect present in
Ab initio . . .
700 the Gaz,Vo model produces a deep donor level, which substantially reduces transmittance. The V7, and O;
defects in Gaz,Vz, or Gaz,0; models reduce carrier concentration and mobility. Subsequently, reduced
carrier concentration and mobility significantly increase resistivity. The Gaz, structure can be fabricated
by introducing appropriate O flow rates during the preparation process. This structure possesses superior
photoelectric features. The results obtained in this study were compared with previous experimental
literature to explain the potential reasons for the shift in electrical and optical properties under varying

Intrinsic defects
Electronic structure
Optical properties

O flow rates.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Tin-doped In,03 (ITO) is currently the most common choice of
transparent conductive oxides (TCOs) because it features low resis-
tivity and high transmittance properties. However, the In used in
ITO is environmentally toxic and expensive, which consequently
increases manufacturing costs [1-3]; thus, in recent years, numer-
ous studies have been conducted to reduce the In content of prod-
ucts, or to locate alternative substitutes. ZnO is a wide band gap
semiconductor (3.37 eV) and displays transparent properties in
visible light. In addition, Zn is abundantly available in the earth
and non-toxic [4]. Consequently, ZnO has been widely researched
to determine its suitability for manufacturing TCOs and has been
widely used in other photoelectric applications, such as solar cells
[5], light emitting devices [6], transistors [7], and diluted magnetic
semiconductors [8].

The resistivity of pure ZnO is of the 10~2 Q cm order, which is
far greater than that of ITO (10~% Q c¢m order). To enhance conduc-
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tivity, ZnO is typically doped with additional elements. Dopants can
primarily be divided into metal [9-13] and non-metal [14,15] ele-
ments. The ionic radii of Ga*>* (0.62 A) and Zn?* (0.74 A) are similar
[16]. This facilitates extremely low structural strain after doping
and increases solubility. In addition, numerous studies have devel-
oped Ga-doped ZnO (GZO) with a resistivity of the 107* Qcm
order. Therefore, GZO is a potential substitute for ITO when manu-
facturing TCOs. The photoelectric features of GZO are associated
not only with doping concentration, but also preparation methods
and process parameters. Numerous studies [17-22] have compre-
hensively investigated the effects that process parameters (i.e.,
oxygen flow rate, sputtering power, and substrate temperature)
have on the electrical and optical properties of GZO, endeavoring
to determine optimal TCO performance. Yamada et al. [17] investi-
gated the effects that various Ga,03 contents and O flow rates have
on the electrical properties of GZO films. Their findings indicated
that a minimum resistivity of 2.23 x 10~* Q cm was obtained with
a4 wt% doping concentration and 2.5 SCCM O. After the O flow rate
reached the threshold of 2.5 SCCM, the resistivity of the films
increased significantly with subsequent increases in the O flow
rate. Sato et al. [18] showed that the resistivity of GZO initially
decreases and then increases following the gradual increase of
the O flow rate from 5 to 25 SCCM, contending that the intrinsic
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defects affect GZO resistivity. This implies that various O flow rates
influence the quantity and form of intrinsic defects, which conse-
quently influences the electrical properties of GZO. The connection
between O, flow rate and the optical absorption spectra of GZO
films has been studied by the same group [19]. They indicated that
an increase in O, flow rate during the deposition would decrease
the intensity of the free carrier absorption and the absorption band
between 2 eV and 3 eV and shift the fundamental optical gap
absorption to a long wavelength. Osada et al. [20] indicated that
0 vacancy (Vo) occurs easily when O flow is not introduced during
the GZO film preparation process. After introducing up to 10 SCCM
of O flow rate, Vg content shows reduction tendencies. When the O
flow rate exceeds 10 SCCM, excess O exists in the process environ-
ment and compensating defects, such as interstitial O (O;) atoms or
Zn vacancies (Vz,), form easily, which consequently results in
increased resistivity. Several other studies [21,22] have indicated
that these compensating defects increase transmittance; however,
they also decrease carrier concentration and mobility.

Based on these discussions, different process conditions affect
the type and quantity of intrinsic defects, which consequently
influences the electrical and optical properties of GZO; that is,
the correlations among process, structure, and property. To fully
understand the photoelectric features of GZO, it is necessary to
conduct in-depth investigations on the effects that intrinsic defects
have on the electrical and optical properties of GZO. Theoretical
calculations provide information regarding material microscopic
view to further understand the correlation between structure and
property. In our prior study, the density functional theory plus
Hubbard U (DFT+U) method was used to resolve band gap
underestimations when using standard DFT. The deviations of
the calculated band gap and lattice constants when using this
method are both within 1% of the experimental values [23]. This
study further extended the application of this method to calculate
and analyze the effects that various intrinsic defects (i.e., Vo, Vzp,
and O;) have on the formation energy, electronic structure, and
optical properties of GZO, simultaneously comparing the obtained
results with other experiment-based literature. These results clar-
ify the correlations among the process, structure, and properties of
GZO and can be used to set criteria for future material designs.

Fig. 1. A2 x 2 x 2 ZnO supercell, where the red components represent the O atoms,
gray represents the Zn atoms, and Numbers 1 to 4 respectively represent the Vo, V7,
0;, and Ga replacements for Zn. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

2. Calculation models and methods

This study considered a 2 x 2 x 2 ZnO supercell, containing 16 Zn atoms and 16
O atoms, as shown in Fig. 1. Numbers 1 to 4 respectively represent O vacancies (Vp),
Zn vacancies (Vz,), interstitial O (0;), and Ga substitutions for Zn (Gaz,). In cases
where Gaz, simultaneously contains other intrinsic defects, these complex defects
manifest as Gaz,Vo, Gaz,Vz,, and Gaz,0;. The replacement or removal of one Zn or
O atom would result in a defect concentration of approximately 6 at.% (1/16). The
defect concentration could be reduced using a larger supercell; however, this study
was limited with regard to computer resources. A 2 x 2 x 2 ZnO supercell such as
this has been adopted in numerous previous studies to calculate the properties of
ZnO with intrinsic defects [24-26].

All models investigated in this study were calculated using the CASTEP [27]
software package. Structural optimization was performed on each model prior to
calculating their electrical and optical properties. Software settings were as follows:
the plane wave cutoff energy was set at 380 eV; a 4 x 4 x 2 Monkhorst-Pack grid
was used to set the k-point sampling [28]; energy convergence criterion for the
self-consistent field was set at 107®eV; the ultrasoft pseudopotential method
[29] was used to calculate the ion core, and the valence electrons for Zn, O, and
Ga were set at 4s23d'°, 2s%2p*, and 4s23d'%4p’, respectively. For structural optimi-
zation, the convergence criteria for energy, maximum force, maximum stress, and
maximum displacement were set at 107> eV/atom, 3 x 107> eV/A, 5 x 1072 GPa,
and 103 A, respectively. To more accurately describe the exchange and correlation
potential, this study adopted the DFT + Uy + U, calculation method [30]. In this
study, the Uy value for Zn-3d and the U, value for O-2p orbitals were set at 10
and 7 eV, respectively. The calculated band gap and lattice constants were within
a 1% mean error margin compared to the experimental values. The band structures,
Zn-3d orbital locations, and ZnO band gaps used to select various Uy and U, values
can be referenced from our prior research [23,31].

3. Results and discussion
3.1. Types of intrinsic defects

This study analyzed the relative stability of GZO systems
containing intrinsic defects based on formation energy, and simul-
taneously calculated the formation energy of individual intrinsic
defects in ZnO for comparison. Formation energy of the various
models in neutral charge state can be computed as [32,33]

E;(D) = Eiot(D) — Eiot(ZNO) + > miy, 1)

where E (Zn0) and E;,: (D) separately represent the total energy
for pure ZnO and the defective systems. n; is the number of atom
i added to or removed from the supercell. If the atom is added to
the supercell, n; is negative, otherwise is positive. y; represents
the chemical potential of the various atoms. Formation energy is
influenced by the growth environment during the experimental
preparation process. Increased O flow rate is regarded as an O-rich
condition; conversely, poorly ventilated O or decreased O flow rate
is regarded as an O-poor condition. In thermo-dynamic equilibrium,
Alzn + Allo = AHg (ZnO), where AHg(ZnO) is the formation enthalpy
of ZnO. Ay; is the chemical potential of atom i referenced to its
elemental solid/gas of piu)- The chemical potentials are calcu-
lated as follows:

Hzn = Hznpuig + AHF(ZNO), ly = fio o, (O-rich conditions) 2)

Hazn = Hznpuigs Ho = Ho(o,) + AH(Zn0)(O-poor conditions) 3)

The chemical potential of Ga is taken as the energy of bulk metallic
Ga.

The calculated chemical potentials are pz,=-4.65eV, uo=
—4.35eV and gy =—2.70 eV (O-rich conditions); pz,=-1.16eV,
Uo=—7.84¢eV and pg, = —2.70 eV (O-poor conditions). The forma-
tion energy calculated for each type of defective system based on
the neutral charge state is shown in Table 1. Lower formation
energy denotes an increased occurrence of defects. Based on the
calculated results, the following main points are provided:
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Table 1

Formation energy for ZnO and GZO with varying intrinsic defects.
Formation energy (eV) Vo Vzn 0O; Gazp Gaz,Vo GaznVzn Gazn0;
O-rich condition 4.33 3.09 3.95 -3.70 0.27 -2.89 -1.53
O-poor condition 0.84 6.58 7.44 -0.21 0.27 4.10 5.46

1. For a single intrinsic defect in ZnO, E; (V,,) < E¢ (O;) < Es (Vo)
under O-rich conditions. This implies that O-rich conditions
were most prone to induce Vz,, followed by O; and V,. Under
O-poor conditions, Ef (Vo) < Ef (Vz,) < E¢ (0;). This implies that
O-poor conditions were most prone to induce Vp; Vz, and O;
were not easily formed.

2. With the presence of Gaz,, the order of difficulty for the forma-
tion of intrinsic defects was similar to that of ZnO. That is, the
order of facility for the formation of intrinsic defects V, > O; >
Vo for O-rich conditions, and Vg > Vz, > O; for O-poor conditions.

3. The presence of Gaz, were comparatively more likely to induce
intrinsic defects than pure ZnO.

3.2. Electrical properties

The formation energy mentioned in Section 3.1 indicates that O
flow rate influences the occurrence and form of intrinsic defects in
GZO0 during the preparation process. The occurrence of Gaz,Vo was
most probable with a low-0O flow rate (i.e., O-poor conditions), and
Gaz,Vz, and Gaz,0; were most likely to occur with a high-O flow
rate (i.e., O-rich conditions). The experimental resistivity, carrier
concentration, and transmittance trends in GZO following
increases in O flow rate are shown in Fig. 2 [20-22]. Fig. 3(a)-(d)
shows the band structures corresponding to the 4 defective types.
This was used to explain the electrical properties for different O
flow rates under experimental conditions. Fig. 4 shows the density
of states of the 4 defective types. The Fermi energy shown in Figs. 3
and 4 was set at the 0eV position. Fig. 3(a) shows the band
structure of Gaz, in moderate O flow rate conditions. When the
Zn atoms in pure ZnO were substituted by Ga, the Fermi level
shifted from the valence band maximum to the bottom of the con-
duction band. This resulted in a shallow donor level at the bottom
of the conduction band, producing n-type conduction features. This
shallow donor level was primarily contributed by the Ga-4s and
Ga-4p orbitals, as shown in Fig. 4(a). In addition, the optical band
gap increased to 4.72 eV (from pure ZnO to Gaz,).

At low O flow rates, the defective state Gaz,Vo was most likely
to occur. The occurrence of Vo in GZO expanded the optical band
gap to 5.37 eV and caused the formation of a deep donor level in

—l—)
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Oxygen flow rate

Fig. 2. Relationship between O flow rate and the resistivity (p), carrier concentra-
tion (n), and mobility () of GZO [15-17].

the band gap (Fig. 3(b)). Because deep donor levels do not signifi-
cantly contribute to increasing carrier concentrations, the carrier
concentration of Gaz,Vo was similar to that of Gaz,. In the band
structure, the curvature closer to the bottom of the conduction
band influenced the size of the electron effective mass. A larger
curvature denotes a smaller effective mass, which facilitated an
increase in the electron mobility. Comparing Fig. 3(a) and (b) indi-
cates that the presence of Vg caused a decreased curvature at the
bottom of the conduction band, which consequently decreased
the mobility. Therefore, increasing the O flow rate from low to
moderate effectively increases mobility, consequently reducing
the resistivity of GZO [9,17,21]. Fig. 4(b) shows that the deep donor
level in the band gap caused by Vo was contributed by the O-2p
orbital, which significantly reduced the transmittance of GZO.

At high O flow rates, V, and O; were easily formed in GZO. The
band structures for the Gaz,Vz, and Gaz,0; models are shown in
Fig. 3(c) and (d), which are comparatively similar. In addition, both
the Vz, and O; defects caused the O-2p orbitals of the O atoms close
to the defects to form unoccupied states and, because O inherently
possesses greater electronegativity, charge compensation centers
are more likely to form. When donor (Gaz,) and acceptor (Vz, or
0;) levels coexist, the unoccupied states produced by Vz, or O; seize
the electrons of the Gagz, donor level, thereby causing the Fermi
level to decline to the top of the valence band. Although the band
gaps for Gaz,Vz, and Gaz,0; can be narrowed to 3.00 and 2.88 eV,
respectively, the generation of free electrons necessitates more
energy to be stimulated from the valence band to the conduction
band compared to the Gaz, model. This causes carrier concentra-
tion to rapidly decline. In addition, based on Fig. 4(c) and (d), the
Gaz,Vz, and Gaz,0; models form a more localized energy state
between approximately 4 and 6 eV, which corresponds to the
energy band with the small curvature in the conduction band
shown in Fig. 3(c) and (d). This implies that the effective mass
expanded and reduced mobility. Therefore, when Vz, or O; defects
are present in GZO, these defects reduce both carrier concentration
and mobility, which consequently increases the resistivity of GZO
at high O flow rates [9].

According to [34], the addition of 1.4 x 10?! cm~> Ga donors to
ZnO would result in the formation of 1.7 x 10?° cm~3 Zn-vacancy
acceptors in the lattice with a ratio of Gaz, to V, of approximately
8:1. The order of facility in the formation of intrinsic defects is
Vzn > O; under O-rich as well as O-poor conditions, which implies
that the ratio of Gaz, to O; exceeds 8:1. Thus, in practical cases,
the doped Ga donors should not be fully compensated by V, and
O; and the Fermi level would be within the bottom of the conduc-
tion band (n-type conduction). However, the unoccupied O-2p
states produced by V7, or O; seize the partial electrons at the Gaz,
donor level, resulting in a decline in the Fermi level and carrier
concentration below that found in the Gaz, model.

3.3. Optical properties

Fig. 5 shows the absorption spectrum of GZO with varying
intrinsic defects. In contrast to ZnO, blueshift of the intrinsic
absorption edge occurred in both the Gaz, and Gaz,Vo models
because of increased optical band gaps, and shallow donor levels
resulted in absorption near the long-wavelength infrared region.
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Fig. 3. Band structures of Ga-doped ZnO for (a) Gazy, (b) Gaz,Vo, (¢) Gaz,Vz,, and (d) Gaz,0; models.

The order of intensity in the long-wavelength infrared region was
shown to be Gaz,Vo > Gaz, > Gaz,Vzn/Gaz,0;, which is consistent
with experimental results [19], where the intensity of the free car-
rier absorption decreased with an increase in O, flow rate. In Sec-
tion 3.2, the deep donor level in the band gap of the Gaz,Vo
enhanced absorption in the range of approximately 500 nm to
the ultraviolet region, which significantly decreased transmittance
in the visible and UV regions. This is consistent with the experi-
mental results in [19], in which GZO films deficient in oxygen were
shown to be absorptive in the visible wavelength range. No occu-
pied states were produced in the band gaps of the Gaz,Vz, and
Gaz,0; models, and no absorption occurred under visible light. In
contrast to the Gaz, model, Vz, and O; did not induce shallow donor
levels, thereby eliminating the absorption of red/infrared light. In
addition, the reduction of band gaps also caused the intrinsic
absorption edge to shift towards the long wavelengths.

This study adopted the absorption coefficient, reflection coeffi-
cient, and film thickness to calculate transmittance. The equation is
as follows:

(4)

where T represents transmittance, o and R respectively represent
the absorption and reflection coefficients, and d represents the film
thickness. In this study, d was set at 250 nm.

T=(1-R’e™

Fig. 6 shows the transmittance of the various defective GZO
models. The results showed that, regardless of visible or ultravi-
olet light, the Gaz,Vo model demonstrated the lowest transmit-
tance. Subsequently, when a suitable O flow rate was
introduced to the Gaz,Vo model, V; was eliminated to achieve
a Gagz, structure. This significantly increased the transmittance
of the model; particularly in visible light. The increase in trans-
mittance was achieved primarily by eliminating the deep donor
level. In addition, transmittance in ultraviolet light was also
increased. Gaz,Vz, and Gaz,0; structures were further achieved
by introducing larger quantities of O. Following the elimination
of the shallow donor level, the transmittance increased when
the wavelength was greater than 800 nm. However, because
the optical band gap was reduced, the intrinsic absorption edge
shifted to 400 nm, which consequently reduced the transmit-
tance in ultraviolet light. To summarize Sections 3-2 and 3-3,
the formation of the Gaz, model under appropriate quantities
of O shows superior electrical and optical performance. Con-
versely, the formation of the Gaz,Vo model under low O flow
rates shows poor electrical and optical properties. The formation
of the Gaz,Vz, and Gaz,0; models under high O flow rates dem-
onstrated a transmittance capacity similar to ZnO. However, the
formation of V, or O; decreased carrier concentration and
mobility, which consequently increased resistivity.
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4. Conclusions

This study adopted the DFT + Ug + Up, method to calculate the
formation energy, electronic structure, and optical properties of
GZO with intrinsic defects. The calculated results of formation
energy indicated that, regardless of ZnO or GZO, Vo was more
likely to form than Vz, and O; under O-poor conditions, and
Vz, and O; were more likely to form than Vo under O-rich con-
ditions. Thus, when preparing GZO with low, moderate, and high
O flow rates, the most probable structures derived would be (in
order) Gaz,Vo, Gaz, and Gaz,Vz, or Gaz,0; The Gaz,Vo model
suggested that the deep donor level produced by Vo does not
facilitate the increase of carrier concentration, and significantly
reduces transmittance. When introducing moderate amounts of
0, Vo can be eliminated to produce a Gaz, model, which conse-
quently eliminates the formation of deep donor levels. This
increases the curvature of the energy band at the bottom of
the conduction band and increases carrier mobility, which conse-
quently reduces resistivity and significantly increases the trans-
mittance under visible and ultraviolet light. However, excess O
content may induce the formation of the Gaz,Vz, or Gaz,0; mod-
els. Vz, and O; eliminate the shallow donor level provided by Ga,
which reduces carrier concentrations. In addition, these two
defects cause a flatter acceptor level in the conduction band
and reduce mobility. Subsequently, the reduced carrier concen-
trations and mobility significantly decrease conductivity. There-
fore, considering the performance of TCO, the formation of the
Gaz, structure under appropriate O flow rates demonstrates
superior photoelectric features.
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