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Abstract— There is a great interest in wide band-gap semiconductor devices for power electronics application. In this letter,
vertical GaN p-n diodes fabricated on bulk GaN substrates are
discussed. The device layers are grown by MOCVD on low defect
density (104 cm−2 ) bulk GaN substrates. The measured devices
show breakdown voltages of 3.7 kV with an area differential
specific on-resistance (Rsp ) of 2.95 m-cm2 .
Index Terms— Gallium nitride, power-semiconductor devices,
avalanche breakdown, power diodes.

I. I NTRODUCTION

P

OWER electronics serves as the necessary interface
between an electrical source and a load that can differ in
frequency, amplitude, number of phases, and where voltages
and currents can be converted from one form to another [1].
The building blocks comprising a power electronics system
include power semiconductor devices, gate drivers, controller
circuits and the like. To date, the power semiconductor components of this system have been well served by silicon based
diodes and transistors (MOSFETs, IGBTs). While the performance of silicon-based power semiconductor devices have
improved over the past several decades resulting in tremendous
improvements in efficiency, size, weight, and power density of
power electronic systems, these devices are rapidly approaching the fundamental material limits of silicon. This has resulted
in a rapid expansion of efforts to develop wide-bandgap power
semiconductor alternatives utilizing SiC [2] and GaN [3]–[8].
Desirable properties associated with GaN and related alloys
and heterostructures include high bandgap energy which
implies low intrinsic carrier concentrations, useful for high
temperature operation, favorable transport properties (large
electron mobility and saturation velocity), a high breakdown
field, and high thermal conductivity [9]. SiC diodes have
already been commercialized and they are increasing market
share in applications that demand higher efficiency. There is
great interest in developing GaN-based vertical power devices
because the fundamental material based figure of merit (FOM)
of GaN are significantly better than SiC.
In this letter we report on recent results on vertical
GaN PN diodes with breakdown voltages of 3.7 kV fabricated on bulk GaN substrates. Applications that would
require such breakdown voltages include ship propulsion, rail,
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Fig. 1.

Schematic cross-section the vertical GaN PN diode on bulk GaN.

wind, uninterruptable power supplies (UPS), and the power
grid.
II. G ROWTH AND FABRICATION
Growing GaN on mismatched substrates such as sapphire,
silicon, and silicon carbide creates difficulties for vertical
device structures and results in high defect densities and
poor material quality. In this work, high performance vertical
GaN power devices have been achieved through homoepitaxial
growth on GaN substrates and through the development of
processing techniques applicable to the vertical PN device and
its edge termination.
A schematic cross-section diagram of a vertical GaN
PN diode is shown in Fig. 1. The GaN layers comprising
the vertical diodes were epitaxially grown by MOCVD on
2-inch bulk GaN substrates. Plain-view cathode-luminescence
(CL) imaging reveals that the threading dislocation density
in the films grown over bulk GaN substrates is 104 cm−2 ,
or at least 4 orders of magnitude lower than for GaN films
grown in the conventional manner on sapphire, silicon, or
SiC substrates. The planar junction breakdown voltage is
determined by the design of the N-type drift-layer layer doping
and the thickness. Drift region donor doping densities are
ND ≈ 5 × 1015 cm−3 (measured by C-V), while drift layer
thicknesses are > 30μm. Both features are key in achieving
high breakdown voltages. The p-region is realized by in-situ
growth of Mg-doped P+ GaN epitaxial layer on top of the
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Fig. 2.
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Reverse characteristics of the 3.7kV GaN PN diode.

N-type GaN epitaxial drift region. This is followed
by deposition and patterning of Pt to contact the
P-type GaN. The 0.5μm P-type GaN has a doping concentration larger than 1 × 1019 cm−3 and a hole concentration
of 5 × 1017 cm−3 . The hole mobility is measured by Hall
Effect and is 11 cm2 /V-sec at 25 °C. The edge termination
design was employed to terminate these experimental devices
in an attempt to approach parallel-plane junction breakdown
[10]–[12]. Backside contacts (cathode) were formed by evaporating aluminum onto the bottom of an N+ -type GaN substrate.

Fig. 3. Pulsed forward current-voltage characteristics of the GaN PN diode.

III. M EASUREMENT AND D ISCUSSION
The reverse characteristics of the PN diode are shown in
Fig. 2. The measurement was performed on-wafer using an
Acopian N015HP4M power supply and needle probes at room
temperature. The blocking voltage of the PN diode reaches
3700V at these conditions. Further improvements to the edge
termination should yield devices with breakdown voltages
approaching 5kV. At this voltage the drift region is not fully
depleted and the electric field at the main junction is estimated
to be ≈2.7 MV/cm. This is well below the critical electric
field in GaN indicating that the breakdown is occurring in the
edge termination. The edge termination scheme used in the
PN diodes in this study has been proven to enable the devices
to survive and operate in the avalanche region [13]–[15] and
should be capable of extensions to higher voltages.
The PN diode has a turn-on voltage of about 3.0V, as
expected from the band-gap of GaN, shown in Fig. 3. The
active area of the device is 235 × 235μm2 = 0.055 mm2 and
is capable of handling pulsed currents approaching 0.5A with
non-optimized packaging and without substrate thinning. An
area differential specific on resistance (Rsp ) of 2.3 m-cm2 is
extracted from the pulsed (3ms) current-voltage measurements
described above and shown Fig. 3. Only the active area was
included in the calculation. Accounting for lateral current
spreading of about 30 μm, the specific on resistance is
corrected to 2.95 m-cm2.

Fig. 4. Power device figure-of-merit comparison of this work with previous
Avogy vertical diode results and theoretical Si curve as reference.

Fig. 4 depicts this data point with respect to the theoretical
limits for Si on a power device figure-of-merit chart along with
our earlier results. The power device figure of merit illustrates
the trade-off between the device specific resistance (Rsp )
versus the device breakdown voltage (BV). These conflicting
requirements for a unipolar power device have been captured
and formulated [16] as BV2 /Rsp ∼ μn EC 3 , where μn is the
mobility for electrons and EC is the critical electric field at
which breakdown occurs.
The clear advantage of wide band-gap semiconductor
devices over silicon devices arises from the cubed dependence
of the figure of merit on the critical electric field. It should
also be noted that the figure of merit curves are strictly valid
only for unipolar devices. Although our structure is a PN
diode, the carrier lifetime in GaN is extremely short, and we
believe that the conductivity modulation in these long base
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diodes is negligible. It should also be noted that the increase
in the reverse leakage current above 1000V (Fig. 2) is a
concern for practical power device applications. The source
of the increase in reverse diode current is associated with
the epitaxial growth of thick device layers (> 20μm) and the
starting substrate material quality. The topic of carrier lifetimes
in low defect density GaN along with the impact of substrate
quality on reverse diode characteristics will be discussed in
future publications
IV. C ONCLUSION
Vertical architectures should substantially reduce cost and
increase current densities in GaN devices. Vertical GaN PN
diodes discussed here show breakdown voltages of 3.7 kV,
area differential specific on-resistance of 2.95 m-cm2, and a
current density of 1kA/cm2 .
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