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1. Introduction

The pursuit of high-permittivity gate oxides for use in
GaN-based metal-semiconductor field-effect-transistors
(MES-FETs), hetero-junction FETs (HFETs), and
high-electron-mobility transistors (HEMTs) has attracted
great attention in the past few years [1,2]. However, several
factors have limited the progress. For example, a poor
Schottky contact is formed when metal comes into direct
contact with the semiconductor directly, generating a lea-
kage current. Metal-oxide-semiconductor FETs
(MOS-FETs) and MOS-HFETs have reportedly been
formed by introducing a thin oxide or nitride layer, such as
AIN, Ga,03, SiOZ, Si3N4, A|203, HfOZ, MgO, or Ta,O5 to
overcome the leakage problem [3-9]. However, most stu-
dies of high-k layers for GaN-based MOS have focused on
the deposition of few metal oxides [1-10], ignoring the fact
that many ceramic materials have such advantages as high
dielectric constant, high thermal stability, and low dielectric
loss. Spinel, which consists of face-centered cubic oxygen
and cations that occupy octahedral or tetrahedral sites, can
also grow epitaxially on GaN. The close-packed oxygen
plane in spinel should have some epitaxial relationship with
GaN (001).

Zn,TiO, is an inverse spinel that has been utilized in
various applications, including sensors, pigment, catalyst,
and microwave dielectrics [11,12]. This work investigates
the epitaxy of zinc titanate (Zn,iO4) and the use as a gate
oxide of a GaN-based MOS capacitor. X-ray diffraction
(XRD) and high-resolution transmission electron micro-
scopy were used to determine the preferred orientation,
crystallinity, and epitaxy relationship of the Zn,TiO, films.
Finally, the dielectric property of the Zn,TiO,/GaN-based
capacitor was investigated.

2. Experimental details

Sputtering was conducted at an rf-power of 125 W and a
working pressure of 2x107 torr following pre-sputtering for
15 min. Pure argon or mixed argon/oxygen (5 sccm/5
sccm) gases were separately introduced to the vacuum
chamber for sputtering. The Zn,TiO,4 thin film was ~30
nm-thick. The n-type GaN was grown on (0001) sapphire
with a thickness of ~4 um and a doping concentration of
1x10" cm™®. The films were post-annealed by rapid thermal
annealing (RTA). The structure and the orientation of the
Zn,TiOy thin films were characterized by X-ray diffracto-
metry (XRD) using 6-26, glazing angle (Siemens/D5000).
An Al gate electrode was formed by thermal evaporation.
HR-TEM (JEOL/JEM-2100) was used to obtain lattice im-
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age at the interface between GaN and Zn,TiO4. The elec-
trical properties of the fabricated MOS capacitors were
determined by measuring high-frequency capacit-
ance-voltage (C-V) curves using an Agilent E4980A im-
pedance analyzer.
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Figure 1 Epitaxial relationship in Zn,TiO, (111)/GaN (001)
interface.

3. Results and Discussion

Figure 1 plots the atomic stacking sequence and epi-
taxial relationship between Zn,TiO4(111) and GaN (001).
The plot is based on the fact that the oxygen in Zn,TiO,
(111) and Ga (or N) in GaN (001) have the same symmetry
and similar lattice constants. Therefore, the lattice constant
of Zn,TiO,is estimated to be 6% smaller than that of GaN.
Figure 2(a) displays XRD patterns of samples that were
deposited by sputtering in an argon/oxygen mixture. This
observation supports the assumed atomic stacking sequence
that was displayed in Fig. 1. Glazing-angle XRD (GIXRD)
patterns in Figs. 2(b) correspond to Figs. 2(a). Generally,
GIXRD signals may be absent for one of the two possibili-
ties: the film is amorphous or the film is highly-preferred.
Comparing the 6-20 XRD and GIXRD patterns in Figs.
2(a) and (b) reveals that the GIXRD signals of the
RTA-treated samples were absent, but the 6-26 signals of
the (111) planes of those samples were strong, indicating
that these films had a highly-preferred orientation. Both
GIXRD and #-26 spectra of samples that were prepared in
pure-argon included diffraction peaks, indicating that they
are poly-crystalline.
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Figure 2 (a) XRD #-26 and (b) GIXRD profiles of Zn,TiO,
with different annealing temperatures. Zn,TiO, prepared in
argon/oxygen. Holding time and ramping rate for RTA are 3
min and 10 °C/s.
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Figures 3(a) and (d) display the selected-area diffraction
(SAD) patterns and the high-resolution TEM images at the
Zn,TiO4/GaN interface. The zone axes of the GaN and
Zn,TiO, layers were [100land [1211 | respectively.

Figures 3(a) and (b) show the SAD and HR-TEM images of
Sample A. The GaN (001) and Zn,TiO, (111) were coherent
and parallel. Therefore, the TEM investigation suggested
that RTA and the use of oxygen in sputtering were
associated with the enhancement of the Zn,TiO, (111)
preferring-orientation. The epitaxial relationship was
determined from both the XRD and TEM observations to

be Zn,TiO, (111)]| GaN (001), Zn,TiO, (202)]| GaN (110),
and Zn,TiO, [211]|| GaN [0110].

Figure 3 TEM SAD patterns and lattice images. (a) and (b) are are
for Zn,TiO, prepared in pure argon and RTA at 800 °C for 3 min.

Figure 4 plots the C-V curve of the (111)-preferring
Zn,TiO4/n-GaN-based MOS diode at 2MHz. The relative
dielectric constant (¢,,=18.85) was calculated from the
accumulation capacitance (~115 pF) using Co,= eox oA [ to
where &, is the permittivity of vacuum; ' denotes the
thickness of the oxide, and A = 9.75x10” mm? is the area of
the capacitors. Notably, the measured dielectric constant of
the Zn,TiO, thin film is the highest ever reported in
literature. Moreover, the epitaxy of the Zn,TiO, effectively
modified the interface properties and improved the
dielectric properties of the ceramic oxide. The amorphous
and polycrystallinc Zn,TiO, films had lower permittivity
and larger leakage current than the epitaxial Zn,TiO,4 film.
Relative to the simulated (ideal) C-V curve, which assumes
zero interface traps, the experimental C-V curve was
somewhat stretched-out because of the interfacial traps.
The interfacial trap density (8.5x10" cm?/eV) was
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Figure 4 Measured and simulated C-V curve for
(111)-preferring Zn,TiO,/GaN MOS capacitor.

calculated from the simulated (ideal) and experimental C-V
curves using the Terman method [13,14]. A small flat-band
voltage shift ~1.1 V was observed. The relative dielectric
constant was smaller than that of the bulk material (~22),
because the annealing temperature was intentionally kept
below 800 °C to prevent coarsening or damaging of the
GaN.

4. Conclusion

Spinel Zn,TiO, thin films were epitaxially grown on
GaN by rf-sputtering. The oxygen during sputtering and
RTA enhanced the epitaxy of Zn,TiO4(111) on GaN (001).
The epitaxial relationship was determined by the XRD and
transmission electron microscopy: Zn,TiO, (111)|] GaN

(001), Zn,TiO, (202)|| GaN (110), and Zn,TiO, [211]|

GaN [0110]. The epitaxial Zn,TiO, effectively modifies
the interface properties and improves the dielectric proper-
ties of the ceramic oxide. Finally, the relative permittivity,
interfacial trap density and the flat-band voltage of the
Zn,TiO,/GaN-based MOS capacitor was found to ~ 18.9,
8.38x10™" eVlem?, and 1.1V, respectively.
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