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In this work, the breakdown characteristics of AlGaN/GaN planar Schottky barrier diodes (SBDs) fabricated on the
silicon substrate are investigated. The breakdown voltage (BV) of the SBDs first increases as a function of the anode-
to-cathode distance and then tends to saturate at larger inter-electrode spacing. The saturation behavior of the BV is
likely caused by the vertical breakdown through the intrinsic GaN buffer layer on silicon, which is supported by the post-
breakdown primary leakage path analysis with the emission microscopy. Surface passivation and field plate termination are
found effective to suppress the leakage current and enhance the BV of the SBDs. A high BV of 601 V is obtained with a
low on-resistance of 3.15 mΩ·cm2.
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1. Introduction

GaN is one of the most promising candidate materials
for power electronic applications due to its superior material
characteristics such as large bandgap, high breakdown electri-
cal field, high electron saturation velocity, and the ability to
form hetero-junctions with other III-nitride materials.[1–3] Re-
cently, GaN grown on the silicon substrate has drawn much
attention.[4–6] Compared with the conventional sapphire sub-
strate, the high thermal conductivity of silicon is highly desir-
able for power device applications. Meanwhile, a high-quality
Si substrate with a large diameter can be easily obtained at low
cost. However, the growth of GaN on Si is difficult due to the
large lattice and thermal mismatch between the two materials.
As a result, sophisticated and optimized buffer structures have
to be developed for growing a high quality GaN epilayer on
Si.[7,8]

A key performance parameter of the GaN-based power
devices is the maximum reverse breakdown voltage (BV),
which not only depends on the material quality of the active
layers, but also relies on the specific termination and passi-
vation techniques applied.[9–12] For the case of GaN on Si,
the situation is more complex as Si normally has a high con-
ductivity and the critical electrical field of Si is much smaller
than that of GaN. It is expected that the Si substrate could
be the limiting factor for the maximum BVs of the GaN-
on-Si power devices, which is evidenced by the enhanced
BVs of AlGaN/GaN-on-Si high-electron-mobility transistors

(HEMTs) after the removal of the Si substrates.[13,14] In ad-
dition, it was also reported that the BVs of AlGaN/GaN-on-Si
HEMTs can be improved by using a thicker buffer layer.[8] Al-
though some promising results of GaN-on-Si power devices
have been reported, it is clear that the technology is still in
its early development stage. Nowadays, GaN-on-Si power de-
vices often exhibit high leakage currents and premature break-
down and the question what exactly is responsible for the high
leakage current and low breakdown voltage remains unan-
swered in many practical situations.

In this work, AlGaN/GaN Schottky barrier diodes (SBDs)
are grown and fabricated on the Si substrate to investigate their
breakdown-related behavior and potential power device per-
formance. Emission microscopy (EMMI) is firstly employed
to study the primary leakage path after the hard breakdown,
which is effective to reveal the exact breakdown location.[15,16]

Detailed breakdown mechanisms are discussed. The effects of
the surface passivation and the field-plate termination are also
studied to improve the breakdown characteristics of the GaN-
based SBDs on Si.

2. Device structure and fabrication

The epi-structure used in this work is grown on a (111) Si
substrate by metal-organic chemical vapor deposition, which
consists of an AlN nucleation layer, an AlGaN/GaN super-
lattice strain-relief layer, a 2-µm undoped GaN buffer layer,
and a 25-nm undoped Al0.2Ga0.8N barrier layer. Based on
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the capacitance–voltage (C–V ) measurement, the calculated
2-dimensional electron gas (2DEG) density of the hetero-
structure is about 4.32×1012 cm−2 (Fig. 1). The diode struc-
ture consists of 110 µm circular Schottky dots separated ra-
dially from the Ohmic contacts. The inter spacing between
the two electrodes varies from 5 µm to 100 µm. The Ohmic
contacts are formed by rapid thermal annealing a Ti/Al/Ti/Au
(30 nm/80 nm/30 nm/100 nm) metal stack at 850 ◦C for 30 s
in an N2 environment. The lift-off technique is used to pattern
the Ni/Au (200 nm/50 nm) based Schottky contact dots. The
SBDs are either unpassivated or passivated by 200 nm SiO2

deposited by plasma enhanced chemical vapor deposition. For
the comparative study, some passivated devices are further ter-
minated by field plates with an edge overlap of 2 µm. Figure 2
shows the cross-sectional schematics of the various devices
fabricated as well as a top view image of one selected device
chip.

The current–voltage (I–V ) characteristics of the SBDs
with the substrate floating are measured by using a Keith-
ley 237 high-voltage source-measure unit. To avoid surface
flashover, the device under test is immersed in a Fluorinert
fluid. For each device configuration, 20 identical devices are

randomly chosen and measured for evaluating the device per-
formance statistically. The EMMI analysis is conducted to lo-
cate the exact breakdown spots of some post-breakdown de-
vices. During the EMMI measurement, the SBD is biased
at −5 V and the integration time for collecting the photo-
emission image is set to be 5 min.
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Fig. 1. Distribution of the 2DEG density as a function of depth calcu-
lated from the C–V measurement. The inset shows the original C–V
curve of the epitaxial layer measured by using a Hg probe with a Schot-
tky contact diameter of 0.46 mm.

Fig. 2. (color online) Schematic diagrams of various AlGaN/GaN planar SBDs fabricated on the Si substrate: (a) bare device; (b)
device with surface passivation; (c) device with surface passivation and field-plate termination; (d) top-view photograph of a fabricated
chip.
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3. Results and discussion

The BVs of the SBDs with and without surface passi-
vation are shown in Fig. 3(a) as a function of the Schottky-
to-Ohmic spacing Ls. It is clear that the BVs of the SBDs
first rise as Ls increases, and then tend to saturate at larger Ls

(> 20 µm). This observation is quite different from that of the
AlGaN/GaN-based SBDs fabricated on the sapphire substrate,
in which no saturation of BVs could be observed.[17] Mean-
while, the BVs of the passivated devices are always higher
than those of the unpassivated devices and the difference be-
comes small for the devices with large Ls. Figure 3(b) shows
the typical reverse I–V characteristics of four selected types of
devices. It is found that the enhancement of the SBDs upon
passivation is correlated with the reduction of the leakage cur-
rent at a lower reverse bias.
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Fig. 3. (color online) (a) BVs of passivated and unpassivated SBDs as a
function of the contact spacing. The upper and the lower limits of the ob-
tained BVs as well as the average value of the BVs are shown by the error
bars and the inner solid mark, respectively. (b) Typical reverse I–V charac-
teristics of unpassivated and passivated SBDs.

According to the past off-state breakdown study of Al-
GaN/GaN HEMTs grown on Si, the increase of BVs as a
function of Ls at the lower Ls range is likely caused by the
horizontal breakdown across the semiconductor surface, while
the saturation of BVs at higher Ls is likely due to the verti-
cal breakdown through the GaN buffer layer.[18] More specifi-
cally, due to the field crowding effect, there is always an elec-
trical field spike along the edge of the Schottky contact. The
magnitude and the profile of the electrical field spike are af-
fected by many factors, including the electrode spacing, the
specific termination structure, and the conductivity of the float-
ing substrate. Besides directly reducing the parasitic surface
leakage, the surface passivation may also affect the field dis-
tribution to a certain degree by passivating the surface de-
fects near the contact edge. Since the primary leakage cur-
rent from the AlGaN/GaN-based Schottky contacts is strongly
field-dependent, which could be based on either thermionic
field emission[18,19] or Frenkel–Poole emission,[20] it is not

surprising that the final BVs obtained have a strong correla-
tion with the magnitude of the leakage current.

For the case of SBDs with small Ls, the horizontal com-
ponent of the edge electrical field is strong, leading to rela-
tively small BVs. As Ls increases, due to the field spreading
effect, the peak horizontal field component becomes relatively
smaller at the same reverse bias. As a result, a higher BV can
be obtained at a larger Ls. However, when Ls is sufficiently
large (e.g., larger than 20 µm in the present case), the ver-
tical component of the edge electrical field could become a
dominant factor determining the electrical breakdown. This
situation is particularly true when the device is fabricated on
a low resistivity substrate like Si. It is believed that the main
effect of the Si substrate is to electrical-statically modify the
electrical field profile and strengthen the overall vertical field
component. Therefore, the vertical breakdown should still first
initiate at the GaN surface along the contact edge and the re-
sulting conduction path would extend vertically down to the
Si substrate. Based on this argument, although Si indeed has a
much lower breakdown electrical field than that of GaN, what
really matters is the conductivity of the Si substrate, and the
breakdown through the GaN buffer probably proceeds that at
the GaN/Si interface under a high reverse bias.

The EMMI measurement along with optical microscopy
is used to investigate the above physical analysis. It is found
that after the forced breakdown, although the SBDs still ex-
hibit a rectification behavior, a very high reverse leakage cur-
rent is observed in these devices. The leakage current prefer-
entially flows through the breakdown paths, which would cre-
ate localized hot spots. Figure 4 shows the EMMI images as
well as the corresponding conventional optical images of two
selected post-breakdown devices with Ls = 10 µm and 40 µm.
For the Ls = 10 µm device, a string of hot spots are observed
on the GaN surface extending from the Schottky metal to the
Ohmic metal. A patch of burn mark appears around the same
location in the conventional optical image, which is caused
by excessive local heating during the breakdown. Thus, the
EMMI result agrees with the physical picture of horizontal
breakdown at small electrode spacing. The exact location of
the breakdown point around the circular Schottky contact is
determined by the local defect density and the relative sharp-
ness of the metal edge. Meanwhile, for the Ls = 40 µm de-
vice, a single hot spot is observed at the Schottky contact edge,
which stays within a crater created by the breakdown-induced
crystalline damage. Typically, some radial channels can be ob-
served around the crater. However, no hot spot appears along
with these channels as shown in the EMMI image. This obser-
vation verifies the suggested vertical breakdown phenomenon.

Furthermore, besides an appropriate surface passivation,
a field plate termination can also effectively enhance the BVs
of the SBDs. As shown in Fig. 5(b), the reverse leakage cur-
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rent is considerably suppressed when the field plate termina-
tion is employed for both small Ls and large Ls devices, mean-
ing that the peak electrical field along the Schottky contact
edge is reduced. The BVs of the SBDs are enhanced simulta-
neously. In addition, the apparent BV improvement at larger
Ls supports the point that the vertical breakdown initiates at the
GaN surface instead of the GaN/Si interface, as the field plate
mostly modifies the profile of the surface electrical field.[21]

Fig. 4. (color online) The EMMI images (right) as well as the corresponding
conventional optical images (left) of two selected post-breakdown devices
with Ls = 10 µm (a) and 40 µm (b).
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Fig. 5. (color online) (a) BVs of the SBDs with and without field plate ter-
mination as a function of the contact spacing. The upper and the lower limits
of the obtained BVs as well as the average value of the BVs are shown by
the error bars and the inner solid mark, respectively. (b) Typical reverse I–V
characteristics of the SBDs with and without field plate termination.

The forward I–V curves as well as the corresponding on-
resistances of the field plate-terminated SBDs with various Ls

are shown in Fig. 6. The on-resistance increases nearly lin-
early as a function of Ls. A sheet resistance of 1142 Ω/� for
the 2DEG conductive channel is deduced from the slope of the

on-resistance versus Ls plot. It is found that when Ls = 10 µm,
a maximum BV of 601 V can be obtained in this work with on-
resistance RON = 3.15 mΩ·cm2.
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Fig. 6. (color online) (a) Typical forward I–V characteristics of the field-
plate-terminated SBDs with various contact spacings; (b) the corresponding
on-resistances of the SBDs calculated as function of the contact spacing.

4. Conclusion
The breakdown characteristics of AlGaN/GaN-based pla-

nar SBDs fabricated on the Si substrate are investigated in this
work. It is found that the BV of the SBDs increases as a func-
tion of Ls in the low Ls range and then tends to saturate at larger
Ls, which are due to the horizontal and the vertical break-
downs, respectively. The breakdown modes are supported by
our EMMI analysis, which reveals the primary leakage paths
in the SBDs after the hard breakdown. Surface passivation
and field plate termination are found effective to suppress the
leakage current and enhance the BV of the SBDs. A low on-
resistance (RON) of 3.15 mΩ·cm2 is obtained with a high BV
of more than 600 V. It is further suggested that the high con-
ductivity of the Si substrate is the primary factor inducing the
vertical breakdown through the GaN buffer, which electrical-
statically modifies the electrical field profile and strengthens
the overall vertical field component.
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