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AlGaN/GaN high-electron-mobility transistors with
transparent gates by Al-doped ZnO∗
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AlGaN/GaN high-electron-mobility transistors (HEMTs) with Al-doped ZnO (AZO) transparent gate electrodes are
fabricated, and Ni/Au/Ni-gated HEMTs are produced in comparison. The AZO-gated HEMTs show good DC charac-
teristics and Schottky rectifying characteristics, and the gate electrodes achieve excellent transparencies. Compared with
Ni/Au/Ni-gated HEMTs, AZO-gated HEMTs show a low saturation current, high threshold voltage, high Schottky barrier
height, and low gate reverse leakage current. Due to the higher gate resistivity, AZO-gated HEMTs exhibit a current–gain
cutoff frequency ( fT) of 10 GHz and a power gain cutoff frequency ( fmax) of 5 GHz, and lower maximum oscillation fre-
quency than Ni/Au/Ni-gated HEMTs. Moreover, the C–V characteristics are measured and the gate interface characteristics
of the AZO-gated devices are investigated by a C–V dual sweep.

Keywords: AlGaN/GaN, high-electron-mobility transistor, Al-doped ZnO

PACS: 85.30.Tv, 85.30.De, 85.35.Be DOI: 10.1088/1674-1056/22/6/068503

1. Introduction
AlGaN/GaN heterostructure high-electron-mobility tran-

sistors (HEMTs) are being actively pursued for high-power
and high-frequency applications.[1] Their applications will
also gradually extend to transparent electronics and tera-
hertz detection.[2] However, these applications need to solve
the problem of the transparent electrodes of AlGaN/GaN
HEMTs.[3] High-performance optoelectronic devices receive
a great deal of attention. Currently, the optoelectronic inte-
grated circuit (OEIC) has become a research focus, and the
combination of optoelectronic materials and electronic devices
has become a trend.[4] With the development in photoelectric
information technology, it is possible to study the defects and
impurities using optical devices.[5] Pei et al.[6] reported on the
technique to study the device characteristics for AlGaN/GaN
HEMTs by using indium tin metal oxide (ITO) as the Schottky
contact. Compared with ITO, AZO has attracted more atten-
tion in recent years due to its low cost, low resistivity, high
transparency in the visible wavelength range, non-toxicity and
stability under a hydrogen plasma environment.[7–9] Lee and
Chou[10] reported on transparent AlGaAs/GaAs HEMTs by
using AZO as the gate electrode.

In this paper, AZO-gated AlGaN/GaN HEMTs and
Ni/Au/Ni-gated AlGaN/GaN HEMTs are fabricated. The
DC characteristics, small signal characteristics, and the C–V
characteristics of the AZO-gated HEMTs and Ni/Au/Ni-gated
HEMTs are studied, respectively. To the best of the authors’

knowledge, this paper is the first report dealing with GaN
HEMTs with AZO gates.

2. Device fabrication

The AlGaN/GaN HEMT used in this paper was grown on
a (0001) sapphire substrate in a metal organic chemical vapor
deposition (MOCVD) system. The HEMT structure consists
of a low-temperature GaN nucleation layer, a 1.8-µm thick
unintentionally doped GaN buffer layer, a 16-nm undoped Al-
GaN barrier layer, and a thin undoped GaN cap layer. Room-
temperature Hall measurements of the structure yielded an
electron sheet density of 1.2 ×1013 cm−2 and an electron mo-
bility of 1436 cm2/V·s. Figure 1 shows a schematic diagram
of the AZO-gated HEMTs and Ni/Au/Ni-gated HEMTs under
study in this paper.
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Fig. 1. Schematic plot of the studied AZO-gated HEMTs and Ni/Au/Ni-
gated HEMTs.
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Apart from the different gate material deposition technol-
ogy, the two HEMTs had the same device processes. A de-
vice mesa was formed using Cl2/Ar plasma dry etching in a
reactive ion etching (RIE) system, followed by source/drain
Ohmic contact formation with Ti/Al/Ni/Au annealed at 850 ◦C
for 30 s. After SiN deposition of 60 nm on the surface of
the devices by plasma-enhanced chemical vapor deposition
(PECVD), the recessed-gate area was treated by CF4 plasma in
an RIE system at a radio frequency (RF) plasma bias voltage
of 50 V. The gate recess was etched with a depth of 60 nm
and width of 0.5 µm, and the gate material deposition and
liftoff were carried out simultaneously to form the gate elec-
trode. Ni/Au/Ni was used as the gate electrode of the conven-
tional HEMT. The transparent gate electrode was deposited
using a pulsed laser deposition (PLD) system at optimal depo-
sition conditions. The wavelength of the KrF excimer pulsed
laser, the energy, frequency, distance from the target material
to the substrate, and the deposition temperature were 248 nm,
2 J/cm2, 5 Hz, 55 mm, and 100 ◦C, respectively. The depo-
sition process was in an O2 environment. The pressure of
the chamber, the background vacuum degree, and the thick-
ness of the AZO film were 0.5 Pa, 1×10−4 Pa, and 210 nm,
respectively. Both types of device have the same gate width
of 100 µm, gate length of 0.5 µm, and source–drain space of
4 µm. In order to compare the different gate electrodes clearly,
large-sized gate electrode devices, named FAT-FET, were also
produced. The gate length, gate width, and source–drain space
were 50 µm, 100 µm, and 56 µm, respectively. Figures 2(a)
and 2(b) show the Ni/Au/Ni-gated and AZO-gated HEMTs,
respectively, and a better transparency characteristic was ob-
served in the AZO gate electrode. The device parameters were
measured using the Keithley 4200 semiconductor parameter
analyzer and the Agilent E8363 network analyzer. In this pa-
per, all the results and curves are based on normal-sized de-
vices.

(a)

(b)

Fig. 2. (color online) The different gate electrodes of the FAT-FETs:
Ni/Au/Ni-gated HEMT (a), and AZO-gated HEMT (b).

3. Device performance
The transfer characteristics and the transconductance

characteristics of the AZO-gated HEMTs and Ni/Au/Ni-gated
HEMTs are shown in Fig. 3. Compared with the Ni/Au/Ni-
gated HEMT, the AZO-gated HEMT exhibits a small satu-
ration current, high threshold voltage, and little difference in
peak transconductance. The threshold voltage formula can be
expressed as follows:[11]

Vth =
φB

q
−∆Ec

q
−n2DEGd

ε
, (1)

where ΦB is the Schottky barrier height, q the electronic
charge, ε the dielectric constant of the semiconductor, d the
distance from the gate to the two-dimensional electron gas
(2DEG) channel, ∆Ec the heterojunction conduction band
discontinuity, and n2DEG the concentration of 2DEG. From
Eq. (1), a lower 2DEG concentration and higher Schottky bar-
rier height cause the threshold voltage to drift toward the pos-
itive direction of the x axis. The formation of the AZO gate
electrode was implemented in an oxygen environment. There-
fore, it is possible that a small amount of oxide layer was
formed at the surface of the gate area, which could reduce
the concentration of the 2DEG in the channel, so the max-
imum saturation current decreased slightly. Figure 4 shows
the Schottky forward characteristic curves of the two devices.
The height of the Schottky barrier of the AZO-gated HEMT
is 0.87 eV, and that for the Ni/Au/Ni-gated HEMT is 0.72 eV.
The ideality factor of the AZO-gated HEMT is 2.25, and that
for the Ni/Au/Ni-gated device is 2.11. The higher barrier
height of the AZO-gated HEMT yielded a stronger gate de-
pletion, which causes the threshold voltage to drift toward the
positive value direction.
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Fig. 3. Plots of the transfer characteristic and transconductance for the
AZO-HEMT and the Ni/Au/Ni-HEMT.

The deposition of the AZO thin film can introduce sur-
face damage and surface oxidation in an oxygen environment,
which then causes a larger ideality factor of the AZO-gated
HEMT. It was reported in some papers that the AZO-gated
Schottky barrier height is lower than that of the Ni/Au/Ni
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gate.[12] Our calculated barrier height of the AZO-gated device
is larger than that given in other reports due to ignored series
resistance in our calculation. Meanwhile, the barrier height is
related to the AZO material, surface treatment process, and the
Schottky barrier production process.
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Fig. 4. Plots of Schottky forward characteristics for the AZO-HEMT
and the Ni/Au/Ni-HEMT.

The Schottky reverse characteristics of the AZO-gated
HEMT and the Ni/Au/Ni-gated HEMT are shown in Fig. 5.
Compared with the Ni/Au/Ni-gated HEMT, the AZO-gated
HEMT has a significant decrease in gate leakage current. On
the one hand, the probability of electrons passing through the
barrier are reduced due to the higher barrier height of the AZO-
gated HEMT, which causes a certain inhibitory effect on the
gate reverse leakage current; and on the other hand, the pro-
cess of the AZO gate electrode may introduce an oxide layer,
and the oxide layer can block the carriers as a dielectric, so the
reverse leakage current is reduced.[13]
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Fig. 5. Schottky reverse characteristics for the AZO-HEMT and the
Ni/Au/Ni-HEMT.

The small signal measurement results of the AZO-gated
HEMT are shown in Fig. 6. A current gain cutoff frequency
( fT) of 10 GHz and power gain cutoff frequency ( fmax) of 5
GHz are achieved. Compared with the AZO-gated HEMT,
the Ni/Au/Ni-gated HEMT has an fT of 15 GHz and fmax of

40 GHz. The fT and fmax of the AZO-gated HEMT are less
than those of the Ni/Au/Ni-gated HEMT. The fT could be in-
fluenced by the capacitance effect of the AZO gate. The AZO
resistivity is about 2×10−4 Ω·cm, obtained by four-probe
measurement, and that of Ni/Au/Ni is about 1×10−6 Ω·cm.
As shown in formula (2), the gate resistance has a great in-
fluence on fmax. The small fmax of the AZO-gated HEMT is
attributed to the larger gate resistance. The formula of fmax is

fmax ≈

√
fT

8πRgCgd
, (2)

where RG is the resistance of the gate, and Cgd the capacitance
of the gate and drain.
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Fig. 6. The small signal characteristics for AZO-HEMT.

The relationship between the carrier concentration and
the C–V curve can be expressed as

Nd =
1

εε0A2 ×
1

dC−2/dV
, (3)

where Nd is the carrier concentration, A is the Schottky con-
tact area, and ε and ε0 are the dielectric constants of the air and
the AlGaN, respectively. The frequency comparison between
the C–V curves of the AZO-gated HEMT and the Ni/Au/Ni-
gated HEMT is shown in Fig. 7. From formula (3), the 2DEG
concentration is greatly related to the voltage applied to the
Schottky barrier. The pinch-off voltage in the C–V curve of the
AZO-gated HEMT is about 2.5 V, and that of the Ni/Au/Ni-
gated HEMT is about 3 V. The pinch-off voltage in the C–V
curve is dominated by the 2DEG concentration, which is re-
lated to the threshold voltage of the device.[14,15] Compared
with the Ni/Au/Ni-gated HEMT, the AZO-gated HEMT has a
small capacitance platform value with 1 MHz frequency, in-
dicating that a series capacitance is induced by the AZO gate
electrode at high frequency. When the frequency changes from
1 MHz to 100 kHz, no obvious change is found in the C–V
curve.
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Fig. 7. The C–V characteristics at 1 MHz and 100 kHz for the AZO-
HEMT and the Ni/Au/Ni-HEMT.

Figure 8 shows the C–V dual sweep curves of the AZO-
gate device at frequencies of 100 kHz and 1 MHz. Under the
100 kHz frequency condition, the two curves coincide substan-
tially, and under the 1 MHz frequency condition, the curves
show a certain hysteresis, which is attributed to the bound elec-
tron in the traps under the gate at high frequency.[16,17]
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Fig. 8. The C–V dual sweep characteristics at 1 M and 100 kHz for the
AZO-HEMT.

4. Conclusion
AZO-gated HEMTs were successfully fabricated, and the

DC and small signal results are analyzed. Compared with the

Ni/Au/Ni-gate HEMT, the AZO-gated HEMT shows a small
saturation current, high threshold voltage, high Schottky bar-
rier height, and small gate reverse leakage current. The AZO-
gated HEMT exhibits an fT of 10 GHz and fmax of 5 GHz.
The poor fmax is due to the higher gate resistivity of the AZO-
gated HEMT. The C–V characteristics are measured, and the
AZO-gated device shows a lower platform value of capaci-
tance, which is to a certain extent due to the series capacitance
induced by the AZO gate electrode. The interface electron
traps of the AZO-gated HEMTs are confirmed by the C–V dual
sweep curves.
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