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1 Introduction
AlGaN/GaN metal-insulator-semiconductor hetero-

junction field-effect transistors (MIS-HFETs) have at-
tracted much attention. In particular, high-dielectric-
constant (high-k) oxide materials, such as Al2O3 [1]
or HfO2 [2, 3], have been investigated as a gate in-
sulator of the MIS-HFETs. On the other hand, AlN
is an important high-k non-oxide insulator. In addi-
tion to AlN-passivated AlGaN/GaN HFETs exhibiting
good heat release properties [4–6] due to the high ther-
mal conductivity of AlN (∼ 10 times higher than that
of Al2O3), AlN/AlGaN/GaN MIS-HFETs, where the
AlN gate insulator was sputtering-deposited, have been
investigated [4, 7, 8], owing to a possible high break-
down field >∼ 10 MV/cm and a high dielectric constant
∼ 10 comparable to those of Al2O3. In particular, we
showed significant suppression of gate leakage current,
although frequency dispersion in the C-V characteris-
tics for forward biases was observed [8]. This dispersion
is attributed to the high-density AlN/AlGaN interface
mid-gap states leading to poor gate-control efficiency.
In this work, for AlN/AlGaN/GaN MIS-HFETs, where
the AlN gate insulator was sputtering-deposited, we
characterized the gate-control efficiency by capacitance-
frequency-temperature (C-f -T ) mapping.

2 Experiment and Result
We fabricated AlN/AlGaN/GaN MIS-HFETs and

MIS structures simultaneously using an Al0.29Ga0.71N
(25 nm) / GaN (3000 nm) heterostructure obtained by
metal-organic vapor phase epitaxy on sapphire(0001).
Hall measurements of the heterostructure show an as-
grown electron mobility of 1200 cm2/V-s and a sheet
electron concentration of 1.3× 1013 cm−2. On the het-
erostructure, the Ti/Al Ohmic electrodes were formed
and the device isolation was achieved by B+ implan-
tation. Before AlN gate insulator deposition, we em-
ployed two types of surface pretreatments for AlGaN.
The first one is organic contaminant removal followed
by oxide removal, and the second one is only the organic
contaminant removal without the oxide removal. The
organic contaminant removal is achieved by organic sol-
vents and oxygen plasma ashing. For the oxide removal,
Semicoclean (ammonium-based etchant) is used. After
the pretreatments, the AlN gate insulator of ∼ 19 nm
thickness was deposited on AlGaN surfaces by RF mag-
netron sputtering at room temperature with an AlN
target in Ar-N2 ambient. The formation of Ni/Au gate
electrode completed the device fabrication. As shown
in Fig. 1, the MIS-HFETs (left) have the gate length of

250 nm, the source-gate spacing of 2 µm, the gate-drain
spacing of 3 µm, and the gate width of 50 µm, while the
MIS structures (right) have the 100 µm× 100 µm area
gate electrode surrounded by the grounded Ohmic elec-
trode.

In Fig. 2, we show transfer characteristics of the fab-
ricated MIS-HFETs obtained by the first type surface
pretreatment (with oxide removal) and the second one
(without oxide removal). Owing to good insulating
properties of the AlN, gate leakage currents are signifi-
cantly small, 10−9 A/mm range or less, for both reverse
and forward biases. However, we observe a rapid de-
crease in the transconductance towards forward biases,
suggesting poor AlN/AlGaN interface conditions.

In order to investigate the AlN/AlGaN inter-
face properties, we measured the capacitance-voltage-
frequency (C-V -f) characteristics of the MIS structures
at temperatures from 150 K to 393 K. Figure 3 shows
C-V -f characteristics at 150 K and 393 K. We ob-
serve frequency dispersion at forward biases for both
devices at 393 K. However, the device with oxide re-
moval exhibits a smaller dispersion, suggesting the im-
proved AlN/AlGaN interface. From the measurement
results, we obtained the C-f -T mappings, as shown in
Fig. 4 at gate voltages 3 V and 0 V with contours. The
contours exhibit a straight line behavior, which can be
explained by the equivalent circuit of the MIS struc-
tures. The equivalent circuit consists of a semiconduc-
tor capacitance Cs, an interface state capacitance Ci,
and an interface state conductance Gi in parallel, with
an insulator capacitance C0 connected in series, giving
a total admittance

Y =
1
Z

=
(

1
jCoω

+
1

Gi + jCsω + jCiω

)−1

(1)

with ω = 2πf . Since Ci and Gi/ω are functions of only
ωτ , where τ is the electron trapping time, the measured
capacitance C = ImY/ω is a function of only ωτ . As
a result, the contours in C-f -T mappings are given by
f ∝ 1/τ ∝ exp(−βEa), from which the activation en-
ergy Ea corresponding to the interface state level can
be extracted. Figure 5 shows gate voltage dependences
of Ea for the devices with and without oxide removal,
obtained by the contours in the C-f -T mappings, with
the inset illustrating the band bending and Ea. Since
an effective modulation of Ea implies an efficient gate
control, we conclude that a better gate-control efficiency
is obtained in the case of the oxide removal.
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3 Conclusion
We characterized the gate-control efficiency of the

AlN/AlGaN/GaN MIS structures by C-f -T mapping.
As a result, it is clearly shown that the oxide removal
treatment is effective for improvements of the gate-
control efficiency. This characterization method is use-
ful for investigation of gate-control efficiency in the MIS
structures.
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Fig. 1: Schematic cross sections of the fabricated MIS-HFET
(left) and MIS structure (right).

Fig. 2: Transfer characteristics of the MIS-HFETs. Drain
current ID, gate current IG, and transconductance gm were
obtained under the gate voltage sweep of −10 V → +6 V →
−10 V.

Fig. 3: C-V -f characteristics at 150 K and 393 K of the MIS
structures.

Fig. 4: The C-f -T mappings of the MIS structures for the
gate voltages 3 V and 0 V with contours.

Fig. 5: The gate voltage dependence of activation energy
obtained by contours in C-f -T mappings.
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