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Abstract
Two contact engineering approaches are proposed and investigated to enhance the breakdown
voltage VBK in GaN-on-Si power devices, including the hybrid Schottky–ohmic-drain structure
for AlGaN/GaN HEMTs and the selective Si-diffusion structure for AlGaN/GaN SBDs. With
the hybrid Schottky–ohmic drain, the devices showed a zero onset voltage and reduced
off-state leakage current by one order of magnitude, compared with that of the traditional
ohmic-drain devices. The breakdown voltage was also enhanced with comparable
on-resistance. For the SBDs with the selective silicon-diffusion layer underneath ohmic metal
at the cathode, a low-contact resistance Rc of 0.2 � mm and a smooth ohmic metal
morphology were obtained. The SBDs with the additional silicon diffusion layer showed
enhanced VBK, compared with that of the conventional SBDs. The results demonstrate that the
proposed contact engineering approaches are useful for the breakdown voltage enhancement
of GaN-on-Si power devices.

(Some figures may appear in colour only in the online journal)

1. Introduction

GaN-based power devices such as high electron mobility
transistors (HEMTs) and Schottky barrier diodes (SBDs) are
promising for next generation power electronic applications
due to their superior electrical properties, as evident from
the excellent Baliga’s figure-of-merit (BFOM, defined as
VBK

2/Ron,sp, where VBK is the breakdown voltage and Ron,sp is
the specific on-resistance) [1]. Also, the growth of the
high-quality GaN epitaxial layer on a large-scale silicon
substrate has shown substantial progress in recent years,
which allows the production of GaN-based devices taking
advantage of modern silicon technology with low cost. Recent
advances have demonstrated high-performance GaN-based
power devices realized on the silicon substrate, while the
VBK of these devices are still below the theoretical limit of
GaN [2–5] and could further be improved. It has been reported
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that the off-state breakdown voltages of these devices are often
limited by ‘vertical breakdown’ due to the rapid increase of
the buffer leakage current [6]. The buffer leakage current could
cause additional energy loss and reduce the system efficiency.

For the breakdown voltage enhancement and off-state
leakage current suppression of the GaN power devices, the
growth of a high-quality buffer layer plays an important role.
The usage of the ultra-thick buffer layer [2], carbon (C) or iron
(Fe)-doped high-resistive buffer layer [7, 8] and AlGaN back-
barrier [9] was proposed. In addition, the Si substrate removal
and wafer transfer technique were employed to eliminate the
leakage path through the buffer layer in GaN HEMTs [3]. It has
also been reported that the ohmic contact process is critical to
the device buffer leakage and breakdown voltage [10], which
probably can be attributed to the deep alloy spikes formed in
the GaN channel and/or buffer layer during high-temperature
annealing of the ohmic process. These metal spikes underneath
the ohmic contact cause undesired high electric-field (e-field)
peaks at the sharp points of the spikes inducing extra buffer
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Figure 1. Device structure of AlGaN/GaN HEMTs on the silicon
substrate with hybrid Schottky–ohmic-drain electrode.

leakage current. The Schottky-drain structure was proposed
to avoid the premature breakdown associated with the alloy
spikes [11]. By replacing the alloy-type ohmic contact with
a Schottky metal of relatively smooth contact interface, the
breakdown voltage is improved, while the onset voltage is
also increased to be ∼1 V.

In this paper, two different contact engineering approaches
are proposed to enhance the breakdown voltage in GaN-
on-Si power devices. First, the hybrid Schottky–ohmic-
drain electrode is employed for AlGaN/GaN HEMTs, which
demonstrates the enhanced off-state characteristic without
degradation of the current level and on-resistance (Ron).
With a Schottky metal extension over the drain ohmic
contact, the hybrid-drain structure can effectively alleviate
the concentration of the e-field line around the alloy spikes
at the drain side, resulting in the reduced leakage current
and improved breakdown voltage. In addition, we propose a
selective Si-diffusion approach for the AlGaN/GaN SBDs to
alleviate the alloy spiking at the cathode. A smoother ohmic
metal morphology can be obtained and the e-field peaks in
the vicinity of the ohmic contact can be reduced. With the Si-
diffusion layer applied to the cathode side, the devices achieve
improved VBK and low-contact resistance Rc simultaneously,
compared with the conventional AlGaN/GaN SBDs.

2. Devices design and fabrication

2.1. Hybrid-drain AlGaN/GaN HEMTs

Figure 1 shows the cross section of the AlGaN/GaN HEMT
with the proposed hybrid Schottky–ohmic-drain electrode.
The layer structure of the AlGaN/GaN HEMT consists of
a 1 μm unintentionally doped layer (including the buffer and
GaN channel layer) and followed by a 24 nm thick undoped
Al0.25Ga0.75N barrier layer. Device isolation was achieved by
dry etching using the Cl2/Ar gas mixture and the etching

Figure 2. Device layout of AlGaN/GaN HEMTs with the hybrid
Schottky–ohmic-drain electrode.

depth is about 300 nm. Then the source/drain ohmic contacts
were formed with Ti/Al/Ti/Au (20/150/45/55 nm) by rapid
thermal annealing at 800 ◦C for 30 s in a N2 ambient. Note that
the ohmic recess process with low-power Ar plasma etching
was adapted to reduce the ohmic contact resistance before the
deposition of the ohmic metals. With a very low RF power
and only a short period of time (5 W, 1 min), the ohmic
recess depth is very shallow (should be in the order of several
nanometers). After the ohmic contact process, the Ni/Au
contact (20 nm/300 nm) was deposited to form the Schottky
gate by the lift-off process, and the same gate Schottky metal
is also utilized for the Schottky- and hybrid-drain devices.
A silicon nitride/silicon dioxide/silicon nitride layer using
plasma-enhanced chemical vapor deposition (PECVD) was
then deposited as the surface passivation layer.

As shown in figure 1, the Schottky metal of the proposed
hybrid-drain structures is deposited above the alloyed ohmic
metal directly with different extension length Lext. It should be
emphasized that no additional photomasks and extra process
steps are required, because the hybrid drain can be formed
simultaneously with the Schottky gate electrode. Figure 2
illustrates the device layout and the details of the metal used
in different electrodes. In our previous studies [12, 13], we
have concluded that the dry etching damage at the mesa edge
during the mesa isolation process could be an important factor
to degrade the leakage current and the breakdown voltage of
the GaN-based devices. The square-gate layout approach is
employed to alleviate the effects of traps at the mesa edge
on transistor characteristics in this study [13]. Note that mesa
isolation is not needed for the close-type layout of individual
devices. However, the mesa process is essential in general
integrated circuit applications for the device isolation.

2.2. Selective silicon-diffused AlGaN/GaN SBDs

Figure 3 shows the cross section of the proposed AlGaN/GaN
SBDs on the Si substrate with the selective silicon-diffusion
design. The Si-diffusion process is employed in the cathode
region before the ohmic contact process. With a circular layout,
R is the radius of the Schottky electrode and Lext is the extended
length of the Si-diffused region over the ohmic metal edge.
The epi-structure consists of a 3.3 μm buffer layer, a 1.5 μm
GaN channel layer, followed by a 20 nm Al0.25Ga0.75N barrier
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Figure 3. Device structure of the proposed selective Si-diffused
AlGaN/GaN SBD on the silicon substrate.

layer and a 1 nm GaN cap layer on top. The length of Lext is
1 μm in the devices. The typical photolithography method was
employed to define Lext and the optical microscope inspection
was used to verify the misalignment, which is within ∼0.2 μm.
Considering the effect of lateral Si out-diffusion, a SiO layer
was applied on top of the Si-dopant layer before the diffusion
process to minimize the lateral diffusion. With the diffusion
depth of Si ∼10 nm, the lateral diffusion should also be in
the nm range, which could be neglected. The mesa isolation
was accomplished by inductive couple plasma using Cl2/Ar
mixture gas, and the etching depth is about 300 nm. After
defining the selective diffusion region by a photoresist, a 50 nm
Si layer was deposited as a dopant source using the electron
beam evaporation. After lift-off, a 150 nm SiO2 layer was
encapsulated by PECVD at 300 ◦C to prevent the surface
dissociation during the succeeding high-temperature diffusion
process [14]. The Si-diffusion process was then performed at
1000 ◦C for 30 min in N2 ambient. After the removal of the
SiO2 cap layer and the remaining silicon, the ohmic contacts
were formed with Ti/Al/Ni/Au using e-beam evaporation and
followed by rapid thermal annealing at 850 ◦C for 30 s. The
metal stack of Ni/Au (30/270 nm) was then deposited to form
the Schottky contact. A similar layer structure with that in the
GaN HEMT process is used for surface passivation.

3. Results and discussion

3.1. Hybrid-drain AlGaN/GaN HEMTs

The fabricated devices have the gate length (LG) and gate–
source spacing (LGS) both of 2 μm and a total gate width of
400 μm. All the devices are in depletion mode with a similar
threshold voltage. The (I–V) characteristics of the conventional
and hybrid-drain devices are compared in figure 4, both with
a gate–drain spacing LGD of 5 μm. As can be seen, the onset
voltage of the hybrid-drain devices is almost zero, similar
with the conventional pure ohmic-drain devices. When the
drain voltage VDS is smaller than the turn-on voltage of the
Schottky contact, the Schottky portion of the contact is still
off and all the current flows only via the ohmic part of the
drain electrode. As VDS increases up to ∼1 V, the Schottky
electrode starts to turn on, providing an additional current
conduction path, and the equivalent drain contact resistance
becomes smaller. Consequently, comparable Ron and similar
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Figure 4. (I–V) characteristics of AlGaN/GaN HEMTs with the
conventional ohmic drain and the proposed hybrid drain.

Figure 5. Ron with different Lext of hybrid-drain devices compared
with both pure ohmic and Schottky-drain devices.

or even higher drain current density can be achieved. Note
that the Schottky electrode at the drain side provides an
auxiliary current path at high drain voltages, which reduces
the equivalent contact resistance. Also, the extended Schottky
electrode redistributes the e-field around the drain side. Both
factors may affect the carrier saturation velocity, leading to
an increased saturation current. The exact physics behind the
observed characteristics is still not fully understood, which
needs to be further investigated.

Figure 5 compares Ron (average from five typical
transistors) of devices with both pure ohmic and Schottky
drains, and also the hybrid-drain devices with Lext of 2 and
4 μm (LGD of 5 μm is kept constant). With a relatively small
Lext of 2 μm, Ron of the hybrid-drain devices (1.35 m� cm2)
is almost identical to that of the conventional ohmic-
drain devices (1.34 m� cm2). Also, it can be observed
that Ron increases with Lext from the ohmic-drain devices
(equivalent Lext = 0) toward the pure Schottky-drain devices
(1.72 m� cm2). Figure 6(a) shows the corresponding off-state
breakdown voltage of each type of devices with LGD = 5
and 10 μm, respectively. Both the Schottky- and hybrid-drain
HEMTs present higher breakdown voltage compared with that
in the ohmic-drain devices. It should be mentioned that the
hybrid-drain devices show even smaller leakage current at a
high drain bias, as shown in figure 6(b). The main reason
is that the combination of ohmic and Schottky contact acts
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Figure 6. (a) Off-state breakdown characteristics of pure ohmic-
and Schottky-drain devices, and hybrid-drain devices with Lext of 2
and 4 μm, (b) Off-state leakage characteristics of three different
types of devices (Lext = 2 μm of hybrid-drain device.

like a �-shape field plate, which is efficient for lowering the
peak of the e-field at the drain side. In addition, the extended
Schottky contact also provides a shallow depletion region
underneath, which functions similarly to the floating metal
ring in the traditional SiC-based power rectifiers for the e-
field redistribution and reduction of the peak e-field [15]. The
results of both figures 5 and 6 suggest that the hybrid-drain
devices with Lext = 2 μm are about optimal for achieving the
high breakdown voltage compared with the Schottky-drain
devices, while also without the degradation of Ron in contrast
with the traditional ohmic-drain devices.

3.2. Selective silicon-diffused AlGaN/GaN SBDs

The TLM patterns with the Si-diffusion layer are designed
and fabricated to observe the doping effect and optimize the
processing condition of the Si-diffusion layer. The ohmic
contact with a very low Rc of 0.2 � mm and specific contact
resistance ρc,sp of 0.86 μ� cm2 can be achieved under 1000 ◦C
and 30 min in N2 ambient. The reduced sheet resistance is also
obtained with the Si-diffusion layer (462 �/�), compared
with the TLM pattern (528 �/�) in the conventional design.

Figures 7(a) and (b) show the top-view micrographs of
the TLM pattern without and with the silicon diffusion layer,
respectively. The much improved surface morphology with the
silicon diffusion layer can be clearly observed. Although not
shown here, the TLM patterns were also measured by atomic
force microscope. The mean roughness Ra of 22.3/55.1 nm
and RMS roughness Rq of 29.5/69.4 nm are obtained from Si-
doped and undoped TLM, respectively, which agree very well
with the trend observed from the optical microscope, as shown
in figure 7. The results indicate that the additional Si-diffusion
layer underneath the ohmic contact can suppress the alloy
spike formation during high-temperature annealing. It should
be noted that the improvement of the surface morphology and
contact resistance can also be achieved by using the Nb or Ta
in the ohmic contact alloying process [16, 17].

Figure 8(a) shows the forward (I–V) characteristics of
both the conventional and proposed Si-diffused GaN SBDs on
Si with an Ldrift of 20 μm. The (I–V) characteristics are similar
with a typical onset voltage of ∼1.4 V. Figure 8(b) shows
the measured VBK of the SBDs (average from three typical
devices). The proposed SBDs show a higher average VBK of
1900 V, compared with that of 1780 V for the conventional
SBDs. This can be attributed to the extended Si-doped region
underneath the ohmic contact, which suppresses the alloy
spiking effect and alleviates the high e-field peaks around the
spikes.

It should be emphasized that we focus on investigating
the effect of the Si-diffusion layer on alloyed-type ohmic
contact in this work, and the rest of the processing steps
are kept identical with our previous studies for a well-
controlled experiment. In theory, a non-alloyed process should
also provide good ohmic contact if with the Si-doped layer.
Based on the literature survey, the non-alloyed ohmic contact

(a) (b)

Figure 7. Surface morphology micrographs of the ohmic metal in TLM pattern (100 × 100 μm2) (a) without and (b) with the Si-diffusion
layer.
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Figure 8. Comparison of conventional and the proposed
silicon-diffused SBDs (a) forward (I–V) characteristics,
(b) breakdown voltage.

(Ti/Al based) fabricated on heavily doped n-type AlGaN
barrier layer exhibits a contact resistance of 0.96 � mm and a
sheet resistance of 383 �/� by Si ion implantation, while
the alloyed ohmic contact shows the contact resistance of
0.46 � mm and sheet resistance of 344 �/�, respectively
[18]. Also, it has been reported that a low specific contact
resistivity of 1.2 × 10−6 μ� cm2 can be obtained for Ti/Al-
based non-alloyed ohmic contact formation with a Si-diffusion
method at a relative low annealing temperature of 550 ◦C for
AlGaN/GaN heterostructures [19].

Finally, although this study assumes the formation of
spikes in the alloyed-type ohmic contact, it should be
mentioned that the alloy spikes of ohmic contact with random
distribution could not be always observed for AlGaN/GaN
heterostructures [20]. Also, the ohmic contact formation
mechanisms are still under discussion [21]. More in-depth
material characterization is needed for this issue.

4. Conclusion

In this paper, we proposed a hybrid Schottky–ohmic-drain
structure for AlGaN/GaN HEMTs and a selective Si-diffusion
design for AlGaN/GaN SBDs on the silicon substrate, both for
off-state breakdown characteristics enhancement of GaN-on-
Si power devices. For the hybrid-drain HEMTs, the Schottky
metal extension formed a �-shaped electrode, reducing the
peak electric field and smoothing the electric field distribution
around the drain. The hybrid-drain design also provided an
extra current path to lower the on-resistance. The measured
results showed a zero onset voltage and reduced off-state

leakage current by one order of magnitude compared with
that of the traditional ohmic-drain devices. The breakdown
voltage was also enhanced without any degradation of the
on-resistance. Also, with the selective silicon-diffusion layer
underneath the ohmic contact, a low-contact resistance of
0.2 � mm and smooth ohmic metal morphology were obtained.
The AlGaN/GaN Schottky barrier diodes with the additional
silicon diffusion layer showed enhanced VBK, compared with
that of the conventional SBDs. The results demonstrated that
both approaches are effective solutions to alleviate the effect
of localized metal spiking beneath the ohmic contact for the
breakdown voltage enhancement in GaN-on-silicon power
devices.
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