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Electronic and optical properties of GIZO thin
film grown on SiO2/Si substrates†
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The electronic and optical properties of GaInZnO (GIZO) thin films grown on SiO2/Si by r.f. magnetron sputtering were obtained
by means of XPS and reflection electron energy loss spectroscopy (REELS). The optical properties represented by the dielectric
function ε, refractive index n, extinction coefficient k and transmission coefficient T of GIZO thin films were obtained from a
quantitative analysis of the REELS spectra. When the concentration ratios of Ga : In : Zn in GIZO thin films are 1 : 1 : 1, 2 : 2 : 1,
3 : 2 : 1 and 4 : 2 : 1, the bandgap values are 3.2, 3.2, 3.4 and 3.6 eV, respectively. The optical properties were determined from the
energy loss of the REELS spectra by using quantitative analysis of electron energy loss spectra (QUEELS)-ε(k, ω)-REELS software.
The optical properties depend on the Ga concentration, and the transmission in the visible region improved with increasing Ga
concentration in GIZO. Copyright c© 2010 John Wiley & Sons, Ltd.
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Introduction

GaInZnO (abbreviated as GIZO) thin films are promising channel
materials for thin-film transistors (TFTs) because GIZO TFTs exhibit
large field-effect mobility (>10 cm2/V s) irrespective of their
fabrication on various substrates such as silicon, glass, plastic,
polyimide, polyethylene terephthalate (PET), cellulose paper and
flexible substrates.[1 – 5] In addition, they have superior uniformity,
low processing temperature, possibility of large-area deposition
and long-term stability, and, moreover, they are cost effective.[4,5]

Kang et al.[6] obtained the optical bandgap and the refractive
index for GIZO while varying the compositions of Ga and Zn by
using spectroscopic ellipsometry. They showed that the optical
bandgap was strongly correlated to the electrical performance
of GIZO thin-film transistors, i.e. the turn-on voltage of the
drain–source current versus gate voltage increased with the
increase of the optical gap energy as the Ga/In ratio increased.
In recent years,[1 – 6] large progress has been made in high-
performance TFTs based on GIZO as channel layers. However,
the fundamental material properties of GIZO, such as the effect
of cation composition on electronic and optical properties, have
not been investigated in detail so far. The electronic and optical
properties of GIZO thin films are very important in the investigation
of transport and electrical properties of TFT devices based on GIZO
thin films.

In this paper, we have investigated the electronic and optical
properties of GIZO thin films by using reflection electron energy
loss spectroscopy (REELS) and X-ray photoelectron spectroscopy
(XPS). REELS analysis provides a more straightforward way to
obtain the bandgap of any thin film. Quantitative analysis of REELS
using the Tougaard algorithm[7,8] gives us direct information on
the optical properties of GIZO thin films through the dielectric
function.

Experimental

GIZO thin films were deposited by r.f. magnetron sputtering
on SiO2/Si substrates with the r.f. power of 200 W at room
temperature in an argon gas ambience with 1% oxygen added.
The composition ratios of Ga : In : Zn in GIZO thin films were
1 : 1 : 1(GIZO1), 2 : 2 : 1(GIZO2), 3 : 2 : 1(GIZO3) and 4 : 2 : 1(GIZO4),
which were estimated by using the inductively coupled plasma
(ICP) method.[9] The composition ratios were also confirmed with
a quantitative analysis of XPS spectra (Table 1). The physical
thickness of deposition for all compositions was 70 nm. To obtain
the electronic and optical properties of GIZO thin films, XPS and
REELS experiments were carried out by using a VG ESCALAB 210
instrument. XPS spectra were measured using an Al source and
at the analyzer pass energy of 20 eV. The incident and take-off
angles of electrons for both REELS and XPS were 55◦ and 0◦

from the surface normal, respectively. XPS binding energies were
referenced to the C 1s peak of carbon contamination at 285 eV.
REELS spectra were measured with the primary electron energy
of 0.5, 1.0, 1.5 and 1.8 keV for excitation and with the constant
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Figure 1. XPS core level photoelectron spectra of (a) In 3d5/2, (b) Ga 2p3/2, (c) Zn 2p3/2 and (d) REELS spectra of GIZO for primary energy of 1500 eV.

analyzer pass energy of 20 eV. The full width at half-maximum
(FWHM) of the elastic peak was 0.8 eV.

Results and Discussion

Figure 1(a) shows the In 3d5/2 XPS peak. The binding energies of the
In 3d5/2 peak were 444.2 eV for GIZO1 and GIZO4 and 444.3 eV for
GIZO2 and GIZO3. Within the energy resolution of the XPS system,
which is 0.6 eV, the chemical state of the core level In 3d5/2 does
not depend on Ga composition. Figure 1(b) shows the Ga 2p3/2

XPS peaks. The binding energy for all compositions is 1117.6 eV,
which corresponds to the binding energy of the Ga2O3 phase. The
intensity of the Ga 2p3/2 peak increases with increasing amount
of Ga in GIZO thin films. Figure 1(c) shows Zn 2p3/2 XPS spectra,
which are at 1021.6 eV for all compositions, which corresponds to
the binding energy of the ZnO phase. As we see in Fig. 1(c), the
intensity of Zn 2p3/2 peaks decreases with increasing amount of
Ga in GIZO thin films. These XPS results therefore show that GIZO
thin films have the In2O3, Ga2O3 and ZnO phases, independent of
the Ga composition. We also obtained the composition ratios of
Ga : In : Zn by mean of a quantitative analysis of the XPS spectra as
shown in Table 1, which are almost the same as those provided by
the ICP method.

We made use of the REELS measurement to find the bandgap
values. Figure 1(d) shows the REELS spectra for GIZO thin films. The
bandgap values were determined from the energy loss spectrum.
The method has been described in our previous article.[10] The
bandgap values for GIZO1, GIZO2, GIZO3 and GIZO4 are 3.2, 3.2,
3.4 and 3.6 eV, respectively. The bandgap values for GIZO1, GIZO2,
GIZO3 and GIZO4 obtained by using spectroscopic ellipsometry
are 3.17, 3.14, 3.22 and 3.36 eV, respectively.[6] The bandgap values

Table 1. The composition ratios of Ga : In : Zn in GIZO thin films by
the quantitative analysis of XPS spectra

Sample Ga (%) In (%) Zn (%) O (%) Ga/In

GIZO1 (1 : 1 : 1) 11.8 12.8 11.5 63.8 0.92

GIZO2 (2 : 2 : 1) 13.8 14.4 7.3 64.6 0.95

GIZO3 (3 : 2 : 1) 18.7 12.2 7.3 61.9 1.53

GIZO4 (4 : 2 : 1) 20.9 11.3 6.4 61.3 1.85

for GIZO1 and GIZO2 are almost same, but for GIZO3 and GIZO4
the value is about 0.2 eV smaller than that obtained by using
REELS. The compositions for GIZO1, GIZO2, GIZO3 and GIZO4
obtained from XPS quantifications are given in Table 1. As can be
seen from Table 1, the bandgap depends on the ratio of Ga to In
in GIZO thin films. Both results are found to be increasing with
increasing Ga contents with fixed In contents. This phenomenon
can be explained in terms of the increase of the Ga2O3 phase with
increasing Ga content because the bandgap of Ga2O3 is about
4.9 eV,[11] which is larger than that of In2O3 (around 3.6 eV for a
direct transition and 3.0 eV for an indirect transition)[12] and ZnO
(around 3.37 eV).[13]

The optical properties of GIZO thin films were determined
by a quantitative analysis of the REELS spectra using the
Tougaard–Yubero quantitative analysis of electron energy loss
spectra (QUEELS)-ε(k,ω)-REELS software package.[7,14] The exper-
imental inelastic scattering cross section was found from the
measured REELS spectra by utilizing the QUASES-XS-REELS soft-
ware, which is based on the algorithm in Ref. [15]. Comparison
of the theoretical inelastic cross section to experimental inelas-
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Figure 2. Experimental inelastic cross section λKexp obtained from REELS data (line) compared with the best fit result for the inelastic cross section λKth
(symbol) evaluated using the simulated ELF.

tic scattering cross section allows us to determine the dielectric
function of the GIZO thin films. The theoretical inelastic scat-
tering cross section was calculated from the dielectric response
theory. Assuming that the inelastic process follows a Poisson
distribution, the single inelastic scattering cross section Kth(E0,
�ω) can be evaluated from the inelastic scattering cross section
averaged over all possible paths traveled by an electron that
has been inelastically scattered only once. Here, E0 is the pri-
mary electron energy and �ω is the energy lost by an electron
in a scattering event. In this model, the response of the material
to a moving electron is described by the dielectric function ε,
which is conveniently described by the energy loss function (ELF)
Im(−1/ε). To evaluate the ELF, we parameterized it as a sum of
Drude–Lindhard type oscillators, which is given by Refs [7, 8 and
14–16]:

Im

{ −1

ε(k, ω)

}
= θ (�ω − Eg) ·

n∑
i=1

Aiγi�ω

(�2ω2
0ik − �

2ω2)2 + γ i
2
�

2ω2 (1)

with the dispersion relation �ω0ik = �ω0i + αi
(
�

2k2
/

2m
)
. Here,

Ai , γi , �ωi and αi are the oscillator strength, damping coeffi-
cient, excitation energy and momentum dispersion coefficient
of the ith oscillator, respectively. The step function θ (�ω–Eg)
is included to simulate a possible energy gap Eg, which was
estimated from the onset of the energy loss in the REELS spec-
trum as shown in Fig. 1(d). The experimental inelastic cross

sections after background subtraction were fitted with the
fitting parameters Ai, γi , zωi and αi , until good agreement
with the calculated inelastic cross section at several primary
electron energies was attained. In the calculation, the oscilla-
tor strengths Ai in the ELF Im(−1/ε) was adjusted to make
sure that it fulfilled the well-established Kramers–Kronig sum
rule[7,8,14];

2

π

∞∫
0

Im

{
1

ε(�ω)

}
d(�ω)

�ω
= 1 − 1

n2 (2)

Here n is the index of refraction in the static limit. For GIZO thin
film, we note that 1/n2 << 1.

The theoretical inelastic cross section times the corresponding
inelastic mean free path, λKth, is obtained by using QUEELS-ε(k,ω)-
REELS software.[7,8,17] The inelastic mean free path (λ) was obtained
with the inverse of the theoretical inelastic cross section defined
in the form:[7,17]

λ(E0) =

 ∞∫

0

Kth(E0, �ω)d�ω




−1

(3)

The value of λ was about 6.6 to 23.3 Å for the primary
energy of 500 and 1800 eV, respectively, which are similar for
all compositions. Figure 2 shows the experimental λKexp from
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the REELS spectra, which is compared with the theoretical
λKth resulting from the oscillator parameters of the ELF. These
parameters in the ELF were determined via a trial-and-error
procedure, until a satisfactory quantitative agreement was
reached. Note that, in all the calculations, the same ELF was used for
all energies in each composition of GIZO. The agreement between
the theoretical results and experimental results is quite good for all
energies for each material, and hence the experimentally observed
variation in energy is well described by the theory. The ELFs for
GIZO thin films were obtained from the REELS spectra for the
primary electron energies of 0.5, 1.0, 1.5 and 1.8 keV.

The resulting oscillator parameters of the ELF yield the
theoretical λKth that is in good agreement with the experimental
λKexp for all energies studied. The obtained parameters for the ELF
of GIZO thin film, listed in Table 2, are plotted in Fig. 3(a) for a wide
energy range (0–80 eV). The values of the momentum dispersion
coefficient αi are related to the effective mass, e.g. αi ≈ 0 for
insulators and αi ≈ 1 for metals.[7,8] In accordance with this, we
found that good fits were obtained withαi = 0.02 for all oscillators.
Figure 3(a) shows the energy loss function (ELF, Im{−1

/
ε}) and

the surface energy loss function (SELF, Im[−1/(1 + ε)]). The ELF
for GIZO1 has three oscillators in the vicinity of 7, 19.4 and 26 eV,
which is similar for all other composition described in this study.
The main differences are that the second oscillator for GIZO1 and
GIZO2 are the same at 19.4 eV and are shifted to a higher energy
loss position for GIZO3 and GIZO4 at 19.6 eV. The widths of this
oscillator are 8, 7.6, 7.3 and 7 eV for GIZO1, GIZO2, GIZO3 and
GIZO4, respectively. The strength of the oscillator at 7 eV was the
same for GIZO1 and GIZO2 and decreases by 0.7 eV for GIZO3 and
GIZO4 thin film.

The loss function Im{−1
/
ε} allows us to perform a Kramers–

Kronig transformation to obtain the real part Re{1
/
ε} of the

reciprocal of complex dielectric functions. Then we can obtain the
real part ε1 and imaginary part ε2 by using Im{−1

/
ε} and Re{1

/
ε},

respectively. The real and imaginary parts of the dielectric function

Table 2. Parameters in the model ELFs of GIZO thin film that give the
best fit overall to the experimental cross sections at 0.5, 1.0, 1.5 and
1.8 keV

i �ω0i (eV) Ai (eV2) γi (eV)

GIZO1 1 7 1.3 4.5

Bandgap 3.2 eV 2 19.4 102.8 8

α = 0.02 3 26 370.5 19

GIZO2 1 7 1.3 4.5

Bandgap 3.2 eV 2 19.4 102.3 7.6

α = 0.02 3 26 368.8 19

GIZO3 1 7 0.6 5

Bandgap 3.4 eV 2 19.6 78 7.3

α = 0.02 3 26 431.1 22

GIZO4 1 7 0.6 5

Bandgap 3.6 eV 2 19.6 94.6 7

α = 0.02 3 26 390.5 19

are as follows:[7,8,14]

ε1 = Re{1/ε}
(Re{1/ε})2 + (Im{1/ε})2 , ε2 = Im{1/ε}

(Re{1/ε})2 + (Im{1/ε})2 (4)

Figure 3(b) shows the real part ε1 and imaginary part ε2

(corresponding to the absorption spectrum) of the dielectric
functions. The main peak of ε1 for GIZO1, GIZO2 and GIZO3
are at around 5.1 eV, and it is shifted to 5.7 eV for GIZO4. The main
peaks of ε2 for GIZO1, GIZO2 and GIZO3 are at around 6.7 eV and is
shifted to 7.3 eV for GIZO4 thin film, as can be seen in the inset of
Fig. 3(b). The dielectric function for GIZO4 with the largest amount
of Ga was thus different from those with a smaller amount of Ga in
the GIZO composition.

The refractive index n and the extinction coefficient k in
Fig. 3(c) are obtained from dielectric function using the relations[16]

Figure 3. Quantitative REELS spectra of GIZO thin films: (a) ELF and SELF, (b) real part (ε1) and imaginary part (ε2) of the dielectric function, (c) refractive
indices (n) and extinction coefficient (k) and (d) transmission coefficient as a function of wavelength.
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n =
√

1
/

2

(√
ε2

1 + ε2
2 + ε1

)
and k =

√
1
/

2

(√
ε2

1 + ε2
2 − ε1

)
. As

can be seen in the inset of Fig. 3(c), the refractive indices and
extinction coefficient function for GIZO4 are different from those
of the other GIZO compounds.

We can determine the transmission coefficient T , which is
deduced from the relation[16] R+T +µ = 1. Here R is the reflection
coefficient obtained from the refractive index and the extinction
coefficient by using the relation R = [(n − 1)2 + k2]

/
[(n + 1)2 + k2],

and µ is the absorption coefficient related to the extinction
coefficient k through, µ = 0.82 × �ω × k, where �ω is the
loss energy. Figure 3(d) shows the optical transmission spectra
as a function of wavelength for different amounts of Ga. The
transmission coefficient increases in the visible spectral region
with increasing amounts of Ga, as can be seen clearly in the
inset of Fig. 3(d). These results are comparable to the transmission
coefficient of GIZO reported by another group who deposited it
at room temperature using pulsed-laser deposition.[18] It indicates
that the optical properties of GIZO thin films do not seriously
depend on the amounts of Ga, but the transmission coefficient
is enhanced with large amounts of Ga (GIZO4) in the GIZO
compound.

Conclusion

We investigated the electronic and optical properties of GIZO
thin films with various amounts of Ga in GIZO compounds via
REELS and XPS analysis. The bandgap increases from 3.2 to 3.6 eV
with increasing amounts of Ga in the GIZO thin films. The optical
transmission in the visible region was improved with increasing
amounts of Ga in the GIZO thin films. In summary, the quantitative
analysis of REELS provides us with a straightforward way to
determine the electronic and optical properties of transparent
thin-film materials.
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