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The large signal characteristics of Cu-gate and Ni/Au-gate AlGaN/GaN high-
electron-mobility transistors (HEMTs) were compared. The tested devices
were fabricated on two different parts of the same wafer following the same
fabrication steps, the only difference being in the Schottky contact material.
Comparison of the direct-current (DC) and radio frequency (RF) characteris-
tics points out a critical drain current collapse in the Cu-gate devices, with
detrimental effects on the RF performance, whereas the Ni/Au-gate HEMTs
performed properly during DC, pulsed, and RF measurements. Investigations
on the drain current transients and on the ID–VGS characteristics, obtained by
pulsed signals, suggest the presence of an acceptor trap density in the AlGaN
barrier, beneath the Cu Schottky gate contact, responsible for the poorer
performance of the Cu-gate device; an activation energy of 430 meV was
extracted. This defectivity seemed to be due to a copper diffusion event, acti-
vated by thermal stress induced in the sample during the plasma-enhanced
chemical vapor deposition (PECVD) of SiN. Numerical simulations carried out
on the tested structure qualitatively support the presence of a trap density
explaining the nature of the observed drain current transients.
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INTRODUCTION

The performance and reliability requirements for
microwave transistors are becoming increasingly
critical in many applications such as mobile com-
munications, broadcasting, and satellite communi-
cations. The need for improved efficiency, higher
power density, and wider bandwidth is driving sig-
nificant investments towards microwave devices
and systems based on Si/SiGe, GaAs, SiC, and GaN.
Large breakdown voltage and high electron velocity
make GaN and SiC the best candidates; gallium
nitride’s capability of forming heterojunctions
makes it further superior to SiC, and suitable for

fabrication of high-electron-mobility transistors
(HEMTs). In the last decade, GaN HEMT fabrication
has experienced considerable process improvements
thanks to technological solutions such as surface
passivation, field-plate, and gate recessing.1

A high-quality Schottky contact is needed to fur-
ther increase the performance and reliability of
GaN HEMT technology. Several studies have eval-
uated the improvements achieved by using different
gate metals, in order to obtain a high Schottky
barrier, low leakage gate current, and stable
threshold voltage.2–4 The Schottky gate metalliza-
tion systems investigated in these works involve
Ni/Au, WSi, Ir, Pd, Ni, Mo, and Pt. Copper was used
too in GaN HEMT technology as a Schottky metal in
two different works by Ao et al.,5 and more recently
by Sun et al.6

(Received February 7, 2012; accepted September 11, 2012;
published online October 2, 2012)

Journal of ELECTRONIC MATERIALS, Vol. 42, No. 1, 2013

DOI: 10.1007/s11664-012-2268-2
� 2012 TMS

15



In Ref. 5, Cu-gate devices showed a gate leakage
current two orders of magnitude lower compared
with Ni/Au-gate structures. This very low value was
not far from the case of the pure platinum Schottky
contact.7 However, differently from in the Pt-gate
case, a hypothetical slight reaction between Cu and
AlGaN or the native oxide on AlGaN was considered,
which could allow better adhesion with no increase of
leakage current. The Schottky barrier heights were
found to be 1.15 eV for Cu and 0.97 eV for Ni/Au.5

Such a higher barrier for the Cu-gate device is likely
to be one of the physical reasons for the lower leakage
current and the positive threshold voltage shift with
respect to the Ni/Au-gate device. The metal stack effect
on the current gain cutoff frequency fT was reported in
Ref. 6, and gate leakage current values similar to those
obtained in Ref. 5 for the Cu-gate heterostructure field
effect transistor (HFET) were found.

Although Cu-gate devices have shown very
interesting leakage current values5 and small signal
parameters,6 their large signal performance has not
been investigated yet. The aim of this paper is to
compare the large signal performance of Cu-gate
and Ni/Au-gate GaN HEMTs.

As reported below, Cu-gate HEMTs showed a
large drain current collapse affecting radio fre-
quency (RF) power performance, probably due to
defects located in the AlGaN barrier side underlying
the Cu/AlGaN interface. The observed nonideal
behavior of the Cu-gate device was compared with
data extracted by numerical device simulations
performed on the tested structure. A qualitative fit
between experimental and simulated data was
achieved, supporting the hypothesis of the presence
of a trap level in the AlGaN barrier, probably caused
by a thermally activated copper diffusion event.

DEVICE FABRICATION

The AlGaN/GaN structure used for this work was
grown by metalorganic chemical vapor deposition
(MOCVD) on sapphire substrate. The epilayer con-
sisted of a thin AlN nucleation layer, followed by a
2 lm insulating GaN buffer and a 20 nm Al0.12Ga0.88N
barrier. The measured carrier density was about
5.7 9 1012 cm�2. HEMTs were fabricated by Ti/Al/
Ni/Au ohmic contact formation, mesa etching, gate
contact evaporation, and SiN passivation.

All layers were defined by optical contact lithog-
raphy. Ti/Al/Ni/Au (20 nm/100 nm/20 nm/50 nm)
ohmic contacts were thermally evaporated, then
annealed at 850�C for 30 s. Device mesa isolation
was then formed by SiCl4 inductively coupled plas-
ma (ICP) etching with etch depth of about 160 nm.
Gate contacts were then formed by thermally
evaporating either Ni/Au/Ni (50 nm/150 nm/50 nm)
or Cu/Ni (200 nm/50 nm) on two different parts of
the same wafer. Before the gate evaporation, in both
cases a surface treatment based on an oxygen
plasma descum (300 mT, 100 W, 15 s) and a deoxi-
dation (HCl:DI 1:3 dip, 20 s) was carried out. A SiN

layer of about 100 nm was then deposited by means
of plasma-enhanced chemical vapor deposition
(PECVD) as a passivation layer.

The gate width and length of the tested devices
were 2 9 100 lm and 1.5 lm, respectively. The
gate–drain and gate–source spacing were 2.5 lm
and 1.5 lm, respectively.

The measured sheet resistivity and ohmic contact
resistance were 1520 X/square and 0.3 X mm, respec-
tively. Based on the sheet carrier density of the two-
dimensional electron gas (2-DEG) and on the sheet
resistivity, the electron mobility was 720 cm2/Vs.

EXPERIMENTAL RESULTS

Gate Leakage Current

Figure 1 shows the measured gate leakage cur-
rent at VDS = 0 V for both the Cu-gate and the
Ni/Au-gate device. As can be seen, in the case of the
Cu-gate device it was about three orders of magni-
tude lower compared with the Ni/Au-gate device.

From the experimental characteristics in the for-
ward biasing regime for small positive VG, the
Cu-gate device seemed to show a higher Schottky
barrier (not calculated) compared with the Ni/Au-
gate device.

As demonstrated in Refs. 5, 6, the main advan-
tage of using copper as a Schottky metal is the very
low leakage current. Our experimental data are
very close to those obtained in Refs. 5, 6 in terms of
both the absolute values and the difference between
the two Schottky contacts.

DC AND PULSED-SIGNAL I–V
CHARACTERIZATION

IDS–VDS curves for both devices, under both DC
and 200-ns pulsed conditions (obtained by pulsing
VG from pinch-off to open channel), are reported in
Figs. 2 and 3, for the Ni/Au-gate and Cu-gate
HEMT, respectively.

Under DC conditions, both devices show a similar
current density. Comparing the DC and pulsed I–V

Fig. 1. Comparison of gate leakage current for Cu-gate and Ni/Au-
gate devices; measurement performed at VDS = 0 V
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characteristics, no dispersion phenomena are
observed for the Ni/Au-gate device, whereas a
severe current collapse is noticeable under pulsed
conditions for the Cu-gate device.

This critical current collapse affecting the Cu-gate
device suggests that trapping phenomena are likely
to prevail in the transient behavior. At the same
time, the absence of dispersion in the Ni/Au device
suggests that no significant carrier trapping phe-
nomena affect the gate–drain or gate–source access
region.8 Since the passivation process was the same
for both samples, trapping phenomena at the
Cu/AlGaN Schottky junction could be the main
reason for the current collapse.

RF POWER MEASUREMENT

To estimate how the drain current collapse affects
the Cu-gate device RF performance, continuous-
wave (CW) load-pull power measurements at 2 GHz

were carried out. The results for a quiescent drain
bias of 20 V are reported in Fig. 4 for the Ni/Au-gate
device, and in Fig. 5 for the Cu-gate device.

The Ni/Au-gate device yielded a saturated output
power of 1.2 W/mm with a maximum power added
efficiency (PAE) of 46% and a small signal power
gain of 16 dB. Even though the output power density
seems to be much lower compared with state-of-the-
art passivated devices—in excess of 10 W/mm9,10—it
is in agreement with the theoretical limits, being
dominated by the drain current density.

The Cu-gate HEMT yielded a saturated output
power of 31.5 mW/mm with a maximum PAE of 3%
and a small signal power gain of 8.3 dB.

As expected, the current collapse observed during
pulsed measurements is the dominant factor in the
RF behavior of the Cu-gate device. The significant
difference in the large signal RF performance
between the Ni/Au-gate and Cu-gate devices indi-
cates again that some trapping phenomenon at the
Cu/AlGaN interface must be responsible for the

Fig. 2. ID–VDS characteristics of Ni/Au-gate HEMT obtained by DC
(filled circles) and pulsed (empty circles) signals. Pulse width is
200 ns. VGS from �4 V to 1 V, step 1 V.

Fig. 3. ID–VDS characteristics of Cu-gate HEMT obtained by DC
(filled circle) and pulsed (empty circle) signals. Pulse width is 200 ns.
VGS from �4 V to 1 V, step 1 V.

Fig. 4. Load-pull characterization of the Ni/Au-gate HEMT at 2 GHz.
Biasing condition and other significant values are reported in the
figure.

Fig. 5. Load-pull characterization of the Cu-gate HEMT at 2 GHz.
Biasing condition and other significant values are reported in the
figure.
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poorer power performance observed for the Cu-gate
device.

INTERFACE TRAP CHARACTERIZATION

Measurement of the ID–VGS characteristics for
negative VGS values was then performed. The drain
terminal was connected to a constant VDD = 3 V
power supply through a 50 X resistor, and the gate
terminal was pulsed from 0 V to negative values. A
comparison between the DC and pulsed ID–VGS

characteristics for a Cu-gate device, with pulse
widths ranging from 5 ls to 500 ms, is depicted in
Fig. 6. The same measurement was carried out on a
Ni/Au-gate HEMT and is reported in Fig. 7. As can
be seen, no discrepancy between the DC and pulsed
characteristics was found for the Ni/Au-gate device,
whereas the behavior of the Cu-gate device in
pulsed conditions confirms the presence of the
trapping phenomena previously mentioned: modu-
lation of the drain current in low reverse biasing

conditions is noticeable, as well as incomplete
depletion of the 2-DEG channel for high reverse bias
voltages.

To evaluate the activation energy of these traps,
we acquired turn-off drain current transients by
applying to the gate a 0 V to �1 V square wave with
a period of 80 s and duty cycle of 50%, at different
temperatures. VDD was adjusted so that the steady-
state VDS at the end of the turn-off pulse was kept
constant at 3 V. The temperature was increased
from 90�C to 150�C, in 20�C steps.

The acquired transients were then fitted by the
stretched-exponential function suggested in Ref. 8:

IðtÞ ¼ I0 þ I1 � Exp � t

s

� �b

; (1)

where b is the stretching parameter.
The extracted activation energy was about

0.43 eV. A normalized turn-off drain current tran-
sient at 130�C on a semilogarithmic scale and the
derived Arrhenius plot are shown in Fig. 8.

A possible physical explanation for the drain
current behavior could be the presence of an
acceptor trap density, with a hole emission event
corresponding to the turn-off transient, located in
the part of the AlGaN barrier facing the Cu/AlGaN
Schottky contact.

The energy band model adopted for the Cu/Al-
GaN/GaN structure and the time evolution for the
turn-off transient are reported in Fig. 9. In the ini-
tial equilibrium state VGS = 0 V (t = 0�). In the
turn-off transient, an abrupt increase in the reverse
biasing signal (VGS = VR) occurs at t = 0: the non-
equilibrium state (t = 0+) evolves into the final
equilibrium state at t = 1. When the gate voltage
becomes more negative, the transient behavior is
driven by the hole emission. This influences the
trapped charge in the defective region, as well as the
formation and depletion of the 2-DEG. In the end,
the turn-off transient gives rise to a detrapping

Fig. 6. Cu-gate HEMT ID–VGS measurement, pulsing VGS from DC
to 5 ls pulse width (PW). All PW values are reported in the figure.

Fig. 7. Ni/Au-gate HEMT ID–VGS measurement, pulsing VGS from
DC to 5 ls pulse width (PW). All PW values are reported in the
figure.

Fig. 8. Normalized drain current transient, at VDS = 3 V, T = 130�C,
on logarithmic time scale. Inset: derived Arrhenius plot.
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event for the acceptor trap density, with a conse-
quent depletion of the 2-DEG beneath the gate
contact and a decrease in drain current.

NUMERICAL SIMULATIONS

To correlate the measured drain current tran-
sients as reported in Fig. 8 with the effects of the
mentioned trap density, 2-D numerical device sim-
ulations were carried out using Dessis 8.0 software
(Synopsys Int. Ltd.).

The aim of these simulations was to obtain sim-
ulated drain current transients qualitatively fitting
the measured ones. The simulated structure was
the one reported in Fig. 9, with a trapping region
located in the AlGaN barrier, at the Cu/AlGaN
interface, facing the Schottky junction. Different
defective region thicknesses and trap concentra-
tions were considered. The trap density energy level
was set to 0.43 eV below the conduction-band edge,
as experimentally measured.

In Fig. 10 the normalized simulated drain current
transients are depicted for a constant trap concen-
tration of 2 9 1021 cm�3 and different defective
region thicknesses (4 nm, 6 nm, 8 nm, and 10 nm).

As can be seen, the lower the defective region
thickness, the smaller the difference between the
initial and final value of the drain current.

Figure 11 shows the simulated drain current
transients for a constant defective region thickness
of 8 nm and different trap concentrations
(0.5 9 1021 cm�3, 1 9 1021 cm�3, 2 9 1021 cm�3, and
5 9 1021 cm�3). As clearly appears, the lower the
trap density, the lower the initial current level in
the transient.

In both cases (constant trap concentration and
constant defective region thickness), the system’s
physical behavior reasonably supports a qualitative
fitting of the experimental data. This also validates
the hypothesis about the presence of a defective
region in the AlGaN side of the Cu/AlGaN Schottky
interface.

DISCUSSION

The presented electrical investigation does not
provide details about the origin of the defective
region under consideration. The scenario from
which this defectiveness could arise must involve all
the possible copper interactions. We here propose
two possible contributions: The main one could be a
copper–AlGaN interaction, and the second one could
be SiN passivation layer degradation due to the
rapid diffusion of copper along PECVD-SiN film
microdefects.11

No studies on the interaction between copper and
GaN have been reported yet, therefore we discuss
the physical mechanisms underlying the observed
phenomena by referring to the literature about the
interaction between Cu and GaAs and, because of
the SiN passivation, between Cu and Si.

As widely reported by several authors, copper
diffuses very quickly into silicon and gallium arse-
nide in the absence of a diffusion barrier.12–15 For
this reason, studies have investigated the effects of
different Cu diffusion barrier materials for both Si
and GaAs. One of them is tantalum,16 which does
not form compounds with copper. However, in our

Fig. 9. Energy band diagram of Cu/AlGaN/GaN heterostructure.
Time evolution of the turn-off transient is reported.

Fig. 10. Normalized simulated drain current transients at constant
trap concentration.

Fig. 11. Normalized simulated drain current transients at constant
defective region thickness.
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devices, copper faces both AlGaN and SiN with no
diffusion barrier.

The Cu–SiN interaction is negligible because of
the very small area of the copper surface exposed to
SiN—a few hundred nanometers at the edges of the
Cu/Ni gate stack. In the end, assuming a similar
behavior for copper interacting either with GaAs or
GaN, the diffusion in the AlGaN barrier would be
the dominant phenomenon, because of the relatively
high temperature reached by the samples during
the PECVD SiN deposition.

The estimated temperature reached by the PEC-
VD reactor chamber during the deposition was
280�C, and the average SiN deposition rate was
approximately 0.25 nm/s. Therefore, for 100 nm SiN
deposition, the total unintentional annealing time
was about 400 s.

Unfortunately, most of the experiments reported
in the literature about Cu diffusion in GaAs involve
higher temperatures (above 400�C) and longer
annealing times.17–20 All these cited works report
very detailed results in terms of diffusion rates/
velocities, but our electrical-based investigation
does not provide us with many details about the
diffusion event. Even though, according to the lit-
erature, copper does appear to be a very diffusive
metal, our hypothesis about its diffusion mechanism
assuming a similar interaction with GaAs and GaN
can be validated only in a qualitative way.

Investigations on material quality are required to
determine whether and how much the Cu species
penetrated the AlGaN barrier.

CONCLUSIONS

An evaluation of the effects of the use of copper as
a gate metal in AlGaN/GaN HEMTs was performed
by comparing a Ni/Au-gate and a Cu-gate passiv-
ated device, fabricated on two different parts of the
same wafer following the same processing steps, the
only difference being in the Schottky contact for-
mation. Complete DC and RF characterization was
carried out for both devices, revealing a detrimental
drain current collapse in the Cu-gate device. The
absence of any dispersion phenomena in the Ni/Au-
gate device, and the analysis of the drain current
transients, revealed the presence of an acceptor trap
density in the AlGaN barrier beneath the Cu/AlGaN
Schottky junction, with an activation energy of
about 0.43 eV, probably due to a Cu diffusion event.
Numerical simulations performed on the tested

structure qualitatively support the presence of such
a trap density.
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