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ABSTRACT

This paper presents the electrical comparison of Au and Ni/Au gated HEMT devices and diodes. Au Schottky diodes on an AlGaN/GaN
heterostructure exhibit better electrical performance in comparison to conventional Ni/Au diodes with an improved Schottky barrier height
(SBH) and lower reverse leakage current. The SBH extracted from I-V for Au and Ni/Au is 1.29 eV and 0.74 eV, respectively. Au Schottky con-
tacts on GaN have a better ideality factor of 1.55 than Ni, which is 1.61. Capacitance-voltage measurement revealed a positive shift in threshold
voltage in the case of Au diodes with a reduced capacitance value with respect to Ni/Au diodes. This decrease in threshold and capacitance
indicates a decrease in the 2DEG carrier concentration. The decrease in the 2DEG carrier concentration is consistent with three terminal
device measurements. Despite a small decrease in drain current (8%), the Au gated HEMT devices have shown an improved subthreshold
slope (13%) and nearly 4 order improvement in the ION/IOFF ratio than Ni/Au gated HEMTs. Pulse IV characterization has indicated that gate
lag and drain lag have no major changes with respect to gate metal, whereas current collapse increases for high work function metals.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5116356., s

INTRODUCTION

Wide bandgap III–V semiconductor materials like gallium
nitride (GaN) and its doped family members (AlGaN/InGaN) pos-
sess incredible material properties like high and direct bandgap, high
thermal conductivity, and high breakdown electric field in com-
parison to conventional semiconductors like silicon and gallium
arsenide (GaAs). These properties make III-V materials suitable for
power electronics, photonic applications, sensing, and space applica-
tions.1–4 Also, the existence of spontaneous and piezoelectric polar-
izations in the AlGaN/GaN system is responsible for the forma-
tion of a two dimensional electron gas (2DEG) channel with high
carrier density and high mobility at the hetero-interface without
any doping.5,6 AlGaN/GaN hetero-structure based HEMT devices
have also made a tremendous progress in the field of RF and space

applications. The performance of GaN-HEMT devices is a strong
function of both ohmic and Schottky metal contacts. Since the gate
contact is Schottky in nature, it has total control over the current
conduction in a channel. A majority of work in this area is being
carried out to further improve their characteristics to achieve bet-
ter device performance using different gate metals and gate dielec-
tric and in the application of field plate structures.7–11 Even with
plenty of advantages offered by GaN-HEMTs, gate reverse leakage
in GaN-HEMTs has been the area of focus for further improvement.
In order to improve the gate characteristics of GaN-HEMTs, the
Schottky contact on the GaN and AlGaN/GaN hetero-structure has
been studied with numerous metals including Al, Ti, Ni, Au, and
Pt and other refractory metals.12–16 The improvement in Schottky
diode characteristics is well reported with Au Schottky contacts on
GaN. To the best of our knowledge, not much literature is available

AIP Advances 9, 125231 (2019); doi: 10.1063/1.5116356 9, 125231-1

© Author(s) 2019

https://scitation.org/journal/adv
https://doi.org/10.1063/1.5116356
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5116356
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5116356&domain=pdf&date_stamp=2019-December-23
https://doi.org/10.1063/1.5116356
https://orcid.org/0000-0002-2144-3914
https://orcid.org/0000-0003-4280-2805
mailto:dsrawal15@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5116356


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 1. Schematic diagram of the fab-
ricated AlGaN/GaN HEMT device and
conduction band diagrams for the Schot-
tky gate on AlGaN/GaN.

for Au gated AlGaN/GaN HEMTs. In this work, we are presenting
a comparative study of Au and Ni/Au based diodes and HEMTs on
the AlGaN/GaN hetero-structure. Au based diodes are found to be
superior to Ni/Au based diodes, which is in concurrence with the
available literature. The HEMT devices having Au and Ni/Au as gate
contact metals have also been compared, which reveals improve-
ments in the subthreshold slope and ION/IOFF ratio with a small
reduction in drain current.

EXPERIMENTAL DETAILS

The HEMT epitaxial layer structure used in this study has been
grown in-house via the metal organic chemical vapor deposition
(MOCVD) technique in an AIXTRON reactor. The layer structure
consists of an Al0.23Ga0.77N barrier layer of 24 nm over a GaN buffer
layer of 2.5 μm on a SiC substrate. Contactless hall measurement
showed a 2DEG concentration of 1.1 × 1013 cm−2 with a 2DEG
mobility of 1900 cm2/Vs. Device fabrication involves source/drain
ohmic contact formation, mesa etching, and gate writing. Metal-
lization has been performed via the lift off technique. The ohmic
metal stack consisting of Ti/Al/Ni/Au has been deposited using the
electron beam evaporation system followed by RTA at 820 ○C for
90 s in vacuum leading to the formation of an ohmic contact on
the AlGaN/GaN epistructure. Mesa etching is carried out using the
oxford reactive ion etching (RIE) system involving BCl3/Cl2based
chemistry. After mesa etching, gate metals were deposited using
an electron beam evaporation system. The thickness of gate metals
[Ni/Au (400/1100 Å) and Au (1500 Å)] is kept the same. Dimensions
of the fabricated devices are shown in Fig. 1. Circular transmission
line method (CTLM) measurements, two terminal diode measure-
ments, and three terminal device measurements were recorded at
room temperature with the same environment conditions using the
semiconductor parametric analyzer B1500. The contact resistance
and FOM have been extracted through CTLM measurements and
are 1.4 Ω and 0.44 Ω-mm, respectively.

EXPERIMENTAL RESULTS

The fabricated device was electrically tested on the semiconduc-
tor parametric analyzer (SPA) B1500 at room temperature.

Two terminal diode measurements

I-V characteristics of the Schottky diode formed between the
gate metal (Au and Ni/Au) and AlGaN surface are shown in Fig. 2.

The Schottky barrier height (SBH) and ideality factor for respective
gate metals have been calculated using the following standard diode
equations and are tabulated in Table I:

J ≙ JS[exp( qV

ηkT
) − 1], (1)

JS ≙ A∗T2exp(−qΦb/kT), (2)

where Js is the reverse saturation current density, Φb is the SBH, A∗

is the Richardson constant, η is the ideality factor, q is the charge of
an electron, k is Boltzmann’s constant, and T is the temperature of
measurement.17

Improvement in the SBH and ideality factor is achieved with
the Au Schottky diode, which is well supported by the literature;13

this improvement in the SBH is likely due to the combined effect
of improvement in the inhomogeneities at the metal-semiconductor
interface and the higher work function of Au in comparison to Ni.13

A rapid two order increase in the reverse leakage current between−2 V and −5 V is observed with the Ni/Au Schottky diode compared
with the Au Schottky diode. This rapid rise is due to the high carrier

FIG. 2. (a) Diode forward I-V curves for Au and Ni/Au Schottky diodes on
AlGaN/GaN HEMT and (b) diode reverse I-V curves for Au and Ni/Au Schottky
diodes on AlGaN/GaN HEMT.

TABLE I. Extracted parameters from the two terminal diode measurements, I-V and
C-V.

Metal Φm(eV) SBH (eV) η VTH (V)

Au 5.3 1.29 1.55 −4.32
Ni/Au 5.1 0.74 1.61 −4.71
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injection rate from Ni to AlGaN since the barrier height achieved
with nickel is comparatively smaller than that achieved with gold. At
high reverse bias, the rate of increase in current has reduced and
is almost saturated in the case of nickel. This is dedicated to the
trapping of carriers in the AlGaN layer at high reverse bias.10,18,19

Capacitance voltage (CV) measurement is carried out at 1 MHz
for both diodes to get a better insight into the diode and the HEMT
device. The gold Schottky diode is observed to have a more posi-
tive threshold voltage (ΔV = 0.39 V) with a comparable capacitance
value, as shown in Fig. 3(a).

Changes in 2DEG carrier concentrations (n2DEG) below the gate
metal after device fabrication were also evaluated using the following
equation, and, as evident from the graph, Au has a slight reduction
in the 2DEG carrier concentration. The decrease in the 2DEG car-
rier concentration points to the condition of more depletion of the
2DEG channel under Au contact than Ni since Au has a higher work
function than Ni,

n2DEG ≙ ∫ N(w)dw ≙ 2
qεA2d(1/C2)/dV , (3)

where N(w) is the carrier contraction of 2DEG in cm−3, w is the
depletion width, C is the measured capacitance value, A is the area
of the gate metal (2 × 200 μm2), ε is the permittivity of AlGaN, and q
is the elementary charge.20 The comparative decrease in 2DEG con-
centration is 0.31 × 1013 cm−2; this reduction is well reflected in the
device I-V measurements.

Figure 3(b) shows the conductance-voltage (GV) plot of the
same device measured at 1 MHz frequency. The Au gated device has
a lower conductance in the off state than the Ni/Au gated device.
This reduction in conductance implies that the Au gate shows an
improvement in the off state leakage current. It can be related to
the difference in the number of available defect sites at the metal-
semiconductor interface which are responsible for trapping and de-
trapping of carriers. Au is expected to have a fewer number of defect
sites at the interface than Ni/Au and hence show improvement in
the leakage characteristics.

In conclusion, the Au Schottky diodes on AlGaN/GaN are
found to exhibit better performance. The positive shift in the thresh-
old voltage (VTH) in CV is of great importance; as HEMT devices are
depletion mode devices, the positive shift in threshold will bring the

FIG. 3. (a) CV of Au and Ni/Au Schottky diodes measured at 1 MHz; the Au Schot-
tky diode has a lower threshold voltage. (b) Conductance-voltage characteristic
curve measured between the gate and source at 1 MHz.

FIG. 4. Output characteristics of Au and Ni/Au gated AlGaN/GaN HEMT; VG is
varied from −6 V to 0 V.

device toward the enhancement mode side. Hence, it can be turned
off at a lower voltage. Moreover, we believe that the effective work
function for Ni is lower than 5.1 eV as the observed SBH is quite
lower than that previously reported by the literature.12,13,21

Three terminal device measurements

After characterizing the diode electrically, the device charac-
teristics were recorded using an SPA B1500A. The device output
characteristic and transfer characteristics of the Au and Ni/Au gated
device are compared, as shown in Figs. 4 and 5, respectively.

The drain current in the Au gated HEMT device is slightly
lower (≈8%) than the Ni/Au gated device, which is a clear indica-
tion for the slight decrease in the 2DEG carrier concentration below
the gate region. As explained earlier, this decrease in the 2DEG
carrier concentration is due to higher depletion of 2DEG by Au
than Ni, which is a combined effect of the comparatively high work
function of Au and improvement in the interface inhomogeneities
revealed by the two terminal measurements. The transfer character-
istic (Fig. 5) shows that the Au gated HEMT device shows a strong
improvement in the ION/IOFF ratio which is nearly of 4 orders. Also,

FIG. 5. Transfer characteristics of Au and Ni/Au gated AlGaN/GaN HEMT; VDS is
fixed at 8 V.
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FIG. 6. Three terminal reverse breakdown measured at the gate biased at −10 V.

an improvement in the subthreshold slope (S) is achieved with Au
gated HEMTs, which makes them a suitable selection for switching
applications.

The positive shift in the threshold voltage (VTH) of transfer
characteristics matches well with the shift observed in CV of the
diodes. This shift is pointing to the reduction in n2DEG. The posi-
tive shift makes Au gated HEMTs more energy efficient as a lower
negative voltage is required to turn off the device. Figure 6 shows the
three terminal reverse breakdowns which were measured for these
devices keeping the gate biased at −10 V. Both devices nearly experi-
enced the same breakdown with a little lower leakage in the Au gated
HEMT device until −40 V.

Pulse measurements were carried out using the GaAs Code
pulse I-V system, which is capable of generating pulses with a min-
imum width of 200 ns. The gate and drain of the both devices are
biased with different quiescent points, as shown in Fig. 7, to observe
the effect of the gate metal on drain lag, gate lag, and overall cur-
rent collapse. Figure 7 shows the comparison of Au and Ni/Au gated
HEMTs (those with only VGS = 0 V are shown). The circles (solid
and empty) are for Ni/Au HEMT, and the squares (solid and empty)

FIG. 7. Comparison of the DC (solid symbol) vs pulse (empty symbols) measure-
ment carried out at different bias points. Circles (solid and empty) and squares
(solid and empty) are marked for Ni/Au and Au gated HEMTs, respectively (only
VGS = 0 V are shown for easy understanding that is at a zero bias condition).

are marked for Au gated HEMT. The drain lag and gate lag is almost
similar in both the devices, whereas the current collapse is slightly
higher in the case of the Au gate HEMT device. This may be prob-
ably due to the contribution of an additional gate field developed
under the gate region in the case of Au in comparison to Ni as the Au
Schottky contact is seen to undergo an enhancement in the depletion
region.

CONCLUSION

Au and Ni/Au gated HEMT devices were fabricated on an
AlGaN/GaN HEMT epistructure. Au exhibits better Schottky per-
formance in terms of the Schottky barrier height and reverse leak-
age with an improved ideality factor. The CV reveals better gate
characteristics of the Au Schottky contact in comparison to Ni/Au
Schottky contacts with a lower threshold value of ΔV = 0.39 V and
with almost the same gate capacitance. This shift in threshold with
Au gated GaN HEMT devices is positive in nature, shifting them
toward enhancement mode devices. Three terminal I-V measure-
ments were also performed for Au and Ni/Au gated HEMTs that
reveal nearly a four order improvement in the ION/IOFF ratio along
with a 13% improvement in the subthreshold slope for Au gated
HEMTs with a little reduction in the drain current. The positive shift
in CV and the decrease in drain current confirm the reduction in the
2DEG channel carrier concentration under the gate region, which is
metal and interface dependent. The pulse measurements were car-
ried out to understand the effect of drain lag, gate lag, and current
collapse with respect to the gate metal. The drain lag and gate lag
is observed to be of the same order for both gate metals, indicating
that gate metals (Ni and Au) have no major effect on these param-
eters, whereas the degree of current collapse is higher for the high
work function gate metal, indicating enhanced trapping in Au gate
HEMTs.
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