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GaInZnO (GIZO) thin films have been deposited on 100 nm SiO2 /(100) Si wafers by RF magnetron sputtering and were subsequently implanted with F− ions at various fluences and energies.
Broad photoluminescence (PL) spectra, peaked at about 715 nm, are observed in as-deposited GIZO
films, and are attributed to oxygen-deficient defects. The implantation reduces the PL intensity and
enhances the conductivity. The PL enhancement is more effective at higher fluences and energies.
The influence of annealing on the PL and the conductivity after implantation is much larger than
that of annealing without implantation. These results indicate that the F− ions are substitutionally
incorporated in the GIZO films as shallow donors producing free carriers and that they occupy the
oxygen vacancies, thereby reducing the defect density.
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matic change in the density of defect centers. There have
been almost no reports on the doping effects in GIZO
films, so it would be meaningful to study how the doping affects the material properties of GIZO for developing
high-performance GIZO-based TFTs.
In this paper, we report the effect of F− ion implantation on GIZO films that were fabricated by RF magnetron sputtering. We optically and electrically characterized the implanted films at various implant energies/fluences and at various annealing temperatures. We
also discuss the experimental results with reference to
possible physical explanations.

I. INTRODUCTION

Recently, amorphous GaInZnO (a-GIZO) has shown
excellent properties in its application to transparent thin
film transistors (TFTs) [1, 2], which makes GIZO very
promising for various transparent electronic components
used in flat-panel displays, optical sensors, and solar
cells. Good-performance a-GIZO-based TFTs have been
successfully fabricated on unheated glass or organic-film
substrates for flexible displays [3,4]. The a-GIZO TFTs
have shown field-effect mobilities exceeding 10 cm2 V−1
and good stabilities [5, 6], and so they could be a good
alternative to a-Si TFTs, especially in current-driven organic light-emitting displays.
ZnO-based materials have several kinds of defects acting as deep traps or radiative recombination centers,
which can play a crucial role in determining the electrical and the optical properties. [7,8]. The trap density
in GIZO, extracted directly from the capacitance-voltage
curves of the TFTs, is about 1.7 × 1016 cm−3 eV−1 at an
energy level deep below the conduction band edge and
is reduced by post annealing at 300 ◦ C [7]. Broad photoluminescence (PL) spectra to originate from oxygendeficient defect centers has also been found in GIZOrelated materials [8]. The effects of In or F doping on
ZnO films have been studied to enhance their electrical
and optical properties. [9,10]. However, the addition of
impurities in oxide semiconductors often induces a dra∗ Corresponding

II. EXPERIMENT
GIZO thin films, 120 nm in thickness, were deposited
on 100-nm SiO2 /(100) Si wafers at room temperature
(RT) by RF magnetron sputtering. The mixing ratio for
the sputtering targets was Ga : In : ZnO = 2 : 2 : 1.
After the system had been evacuated to a base pressure
of 1.5 × 10−7 Torr, the targets were pre-sputtered at a
RF power of 450 W for 10 min in situ for removing the
surface adsorbates prior to deposition. The GIZO sputtering was done for 12 min at 450 W under a working
pressure of 7 × 10−3 Torr. The mixing ratio (Ar:O2 ) of
the sputtering gas was = 99 : 1. The growth rate was
estimated as 10 nm per min by using ellipsometry measurements on the thickness of a typical GIZO film grown
within a given time. The GIZO films were implanted
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with 5- and 25-keV F− at nominal fluences of 2 and 5
× 1015 cm−2 at RT and were subsequently annealed by
rapid thermal annealing at temperatures (TA ) of 600 ∼
1000 ◦ C for 30 min in an N2 atmosphere.
No X-ray diffraction (XRD) peaks were observed in asgrown GIZO films, indicating that they were amorphous.
After annealing at TA ≥ 600 ◦ C, the films showed three
peaks at 2θ = 33, 41, and 51◦ , irrespective of the implantation, meaning they were polycrystalline. These
XRD behaviors of the GIZO films were very similar to
those in a previous report [11]. The PL spectra were
measured at 15 K in a closed-cycle refrigerator by using
the 325-nm line of a HeCd laser as the excitation source.
The emitted light was collected by using a lens and was
analyzed using a grating monochromator and a GaAs
photomultiplier tube. Standard lock-in detection techniques were used to maximize the signal-to-noise ratio.
The laser power for the PL excitation was about 3 mW.
I-V measurements were performed by using an Agilent
4156C precision semiconductor parameter analyzer. For
Ohmic contacts, an Al film of 300 µm in diameter was
deposited on the GIZO films by using a shadow mask in
a thermal evaporator. All I-V measurements were done
in a dark room to exclude unwanted ambient light.

III. RESULTS AND DISCUSSION
Figure 1(a) shows broad PL spectral peak at about 715
nm for as-deposited GIZO film. A similar PL band observed in mixtures of ZnGa2 O4 and InGaZnO4 has been
attributed to oxygen-deficient defect centers [8]. There
has also been much research on oxygen-related PL behaviors in undoped and doped ZnO thin films [12–15]. With
reference to these results, the PL from the as-deposited
GIZO film could also be attributed to oxygen-deficient
defects. After implantation, the PL emission is greatly
reduced, and its peak is red-shifted. The PL intensity
shows a monotonic decrease with annealing temperature
up to 900 ◦ C, but at 1000 ◦ C, it shows a slight increase.
Similar experiments were repeated by annealing the samples without implantation, as shown in Fig. 1(b). The
annealing without implantation also reduced the PL intensity, possibly due to a decrease in the defect density
by some structural reorientations. In this case, almost
no PL peak shift was observed. This annealing effect is
consistent with a previous report [7], in which there was
more than an one order of magnitude reduction in the
trap densities of GIZO films by annealing at 300 ◦ C for 1
h. However, it should be noted that the decrease in the
PL intensity for annealing without implantation is relatively smaller than that with F− implantation, indicating
that the implantation plays a crucial role in reducing the
defect densities responsible for the PL spectra.
F doping in ZnO films has been reported to lead to
a considerable reduction in the electrical resistivity and
the PL, originating from Zn at tetrahedral sites and anti-

Fig. 1. PL spectra of (a) implanted and (b) unimplanted
GIZO films for varying annealing temperatures.

site oxygen, respectively [9]. These results indicate that
the electrical and the optical properties of oxide semiconductors such as ZnO can be greatly modified by F
doping. Here, based on the PL data, we suggest that
the implanted F− ions occupy the oxygen vacancies of
GIZO films, thereby reducing the defect density. Fig. 2
compares the effects of implantation on the PL peak intensities by varying the implant energy and dose. The
implantation for reducing the PL intensity is more effective when a higher fluence and a larger energy is employed. A higher-energy implantation would distribute
the F ions into deeper regions of the GIZO films, resulting in the occupation of more oxygen vacancies by
F atoms. It is noted that TA should be ≥900 ◦ C for
almost fully removing the PL without implantation and
that the effect of implantation is negligible at the lowest energy/fluence (5 kV/2 × 1015 cm−2 ). These results
indicate that the oxygen-deficient defect centers responsible for the PL spectra can be greatly reduced by F−
implantation.
Figure 3 shows the annealing behaviors of I-V charac-

-638-

Journal of the Korean Physical Society, Vol. 55, No. 2, August 2009

Fig. 2. PL peak intensity of implanted and unimplanted
GIZO films as a function of the annealing temperatures.

Fig. 3. Current-voltage characteristics of implanted GIZO
films for various annealing temperatures.

teristics of GiZO films implanted with 5-keV F− ions to
a fluence of 5 × 1015 cm−2 . The current of the implanted
films is greatly increased by annealing them at 600 ◦ C,
is monotonically decreased by increasing TA above 600
◦
C, and becomes almost negligible at 1000 ◦ C. The asdeposited films exhibit negligible currents in the range of
applied bias voltage from –15 to +15 V, indicating a high
resistivity of the amorphous materials. Fig. 4 summarizes the I-V results of implanted and unimplanted films
by plotting their conductivity as a function of TA . The
samples show a sharp increase in the conductivity after
implantation for all doses and energies. The magnitude
of the conductivity is larger for a higher implant energy,
particularly in the range of T ≥ 700 ◦ C, possibly due to
the deeper distribution of F ions within the film at higher
energy. However, no clear dependence of conductivity on
implant dose was observed.
The enhanced conductivity might be caused by the re-

Fig. 4. Conductivity of implanted and unimplanted GIZO
films as a function of the annealing temperature.

placement of oxygen by F or by the occupation of oxygen
vacancies by F atoms, as suggested in F-doped ZnO [9]
and hydrogenated ZnO [12,16,17], respectively, thereby
activating the F atoms as shallow donors, producing free
carriers. Two possible mechanisms are proposed to explain the enhancement of the conductivity by implantation. Firstly, the implanted atoms are substitutionally incorporated as shallow donors into the GIZO films,
thereby producing excess free carriers, and secondly, the
electron traps could be greatly reduced by occupying the
oxygen vacancies, resulting in an enhanced conductivity,
consistent with the explanation for the PL behaviors.
The TA -dependence of the electrical behaviors is somewhat different with that of the PL results, as shown in
Figs. 2 and 4. The annealing at higher TA prevents F
ions from remaining in the films, resulting in no production of excess free carriers (negligible excess conductivity
at 1000 ◦ C, as shown in Fig. 4). Moreover, the high-TA
annealing (≥900 ◦ C) without implantation is not so effective for enhancing the conductivity as for reducing
the PL intensity. These considerations suggest that the
former mechanism is more suitable for explaining the annealing behaviors of the conductivity.

IV. CONCLUSION
GIZO thin films were grown on 100 nm SiO2 /(100)
Si wafers by RF magnetron sputtering and were subsequently implanted with F− ions at various energies and
fluences. The implanted and unimplanted films GIZO
were annealed at various temperatures. Broad PL spectra peaked at about 715 nm were observed in GIZO films
and were attributed to oxygen-deficient defects. The implantation induced a decrease in the PL and an increase
in the conductivity. The effects of annealing on the PL
and the conductivity after implantation were much larger
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than those of annealing without implantation. These results indicate that the F− ions are substitutionally incorporated in the GIZO films as shallow donors producing
free carriers and they occupy oxygen vacancies, thereby
reducing the defect density.
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