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Abstract— High-voltage vertical regrown p-n junction
diodes on bulk GaN substrates are reported in this letter with
molecular-beam-epitaxy regrown p-GaN on metalorganic-
chemical-vapor-deposition grown n-GaN drift region. The
highest breakdown voltage is measured at 1135 V, and
the differential on-resistance is 3.9 mOhm.cm2 at room
temperature. The forward I–Vs show a turn-ON voltage near
3.9 V and an ideality factor of 2.5. Electroluminescence
measurement of regrown p-n junctions shows ∼30 times
reduced emission intensity compared with as-grown p-n
junctions, indicating presence of excessive non-radiative
recombination centers introduced by the regrowth process.
Temperature dependent reverse I–V measurements suggest
that variable range hopping inside the depleted regrown p-
GaN layer is likely the mechanism of the reverse leakage.
This is the first high-voltage vertical regrown p-n junction
ever reported in the GaN system.

Index Terms— p-n junction, molecular beam epitaxy,
regrowth, breakdown voltage, specific on-resistance, ide-
ality factor, bulk gallium nitride (GaN), avalanche, power
electronics.

I. INTRODUCTION

VERTICAL GaN power devices based on bulk GaN sub-
strates are capable of delivering high breakdown voltage,

low power loss and fast switching performance due to the
unique combination of wide band gap, large critical electric
field, high electron mobility and polarization effects of GaN.
Recently, vertical GaN power p-n diodes with record high
Baliga’s figure of merit (BFOM) and critical electric field have
been demonstrated [1]–[5]. However, in order to achieve the
best theoretical performance and flexibility in device structure
design, selective area doping of either n or p type regions
is needed, so that current apertures in forms of lateral p-n
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junctions or embedded p-n junctions can be created in vertical
switches.

Selective epitaxial regrowth has been an effective way to
form critical junctions in GaN devices. MOCVD regrowth
of either the n-type channel [6] or the p-type current block-
ing layer [7] has resulted in fabrication of vertical power
switches with varied degree of success. However, it has been
reported that impurity incorporation has strong dependence
on crystal orientation [8], and non-planar regrowth always
resulted in large leakage currents at high drain biases [7]. In
addition, there are critical challenges associated with MOCVD
regrowth. First, the Mg memory/diffusion effect necessitates
special procedures to minimize Mg tail in the subsequent
n-GaN layers during MOCVD regrowth [9]. It has been
observed that a 2D electron channel cannot be formed unless
an Mg blocking layer [10] or a thick Mg tail layer is incorpo-
rated to lower the Mg concentration near the hetero-interface
[11]. Second, hydrogen passivation is a known problem in
MOCVD as-grown Mg-doped GaN [12]. Moreover, activated
Mg dopants in p-GaN can be re-passivated by high temper-
ature (>600°C) annealing in NH3 gas or hydrogen plasma
[13], [14]. It is also known that hydrogen has a very low
diffusivity due to an extremely high diffusion barrier in n-GaN
[14], which becomes a major challenge for activating Mg in
buried p-GaN. Alternatively, MBE growth of GaN:Mg renders
sharp Mg profiles, and does not require Mg activation thanks
to the low hydrogen growth environment. To this end, we have
explored MBE regrowth of p-GaN on top of thick MOCVD
n-GaN drift layer, demonstrating high-voltage vertical p-n
diodes with breakdown voltage (BV ) >1.1 kV. To the best
of our knowledge, this is the first report of high-voltage GaN
p-n diodes with a regrown junction.

II. EPITAXIAL (RE)GROWTH AND DEVICE FABRICATION

The original epitaxial structure contains 8 μm GaN with
a target Si doping concentration of ∼ 2 × 1016 cm−3 grown
by MOCVD on a commercial bulk GaN substrate, which is of
similar quality in the near ideal p-n diodes reported earlier [3].
Device fabrication started with a cleaning in HCl, followed by
MBE growth of 400 nm GaN:Mg with a doping concentration
of ∼ 1 × 1018 cm−3 and a 20 nm p++ GaN capping layer.

The complete diode fabrication processes follow the base-
line recipe described in [2], [3], and [15]. The device struc-
ture includes a beveled mesa etched into the n- GaN layer,
Pd/Au anode ohmic contacts and Ti/Au cathode contacts,
a spin-on-glass (SOG) passivation layer and a field plate
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Fig. 1. (a) 1/C2 as a function of reverse voltage measured on the regrown
GaN p-n diodes and (b) extracted net doping concentration in the n-GaN
drift layer. Inset: schematic cross-section of the completed device.

edge termination connected to the anode, extending outside
of the mesa edge. The transfer length measurement (TLM) on
the p-GaN layer determines a specific contact resistance of
∼ 2 × 10−4�·cm2 and a sheet resistance of ∼89 k�/� at
room temperature. The schematic cross-section of the diode is
shown in the inset in Fig. 1(b).

III. RESULTS AND DISCUSSION

Capacitance–voltage (C − V ) measurements were used to
analyze the net doping concentration of the n- GaN region.
Figure 1(a) shows 1/C2 versus cathode voltage, where the
apparent built-in voltage is extracted to be ∼2.2 V. This
value is lower compared to those of as-grown p-n junctions,
which typically have a built-in voltage of ∼3.2 V primarily
determined by the band gap of GaN [3]. Though the exact
mechanism is not understood, this could be caused by extra
band bending due to impurities and defects at the regrowth
interface. The net doping (ND-NA) concentration in n-GaN is
∼ 6.5×1015 cm−3, which is consistent with the value extracted
on the Schottky barrier diodes (SBDs) fabricated on the same
MOCVD n-GaN without p-GaN regrowth.

Figure 2 shows the temperature (T)-dependent I-Vs of a
representative regrown p-n diode with a mesa bottom diameter
of 107 μm along with an as-grown p-n diode with similar
dimensions from [3]. Ron is calculated using a diode effective
diameter of 127 μm by assuming a current spreading radius
of 10 μm based on previous device simulations [2], [15].
Compared to the as-grown p-n diode, the regrown diode shows
a higher leakage prior to turn-on and a lower output current
after turn-on. Nonetheless, the on/off current ratio of the
regrown diode is over 11 orders of magnitude. The leakage
current at < 1 V is below the measurement range of the
test equipment. The sub-threshold current increases and the
forward turn-on voltage reduces with temperature, similar to
as-grown p-n junctions [3], [15], which are characteristics of
conduction by thermally activated carriers. The recombination
current exceeds the diffusion current before the diode turns
on. The high recombination current, along with a large series
resistance and minor shunt leakage currents, lead to a turn-
on voltage > 3.2 V and an ideality factor >2.0 at all bias
voltages in the regrown diodes. In addition, electrolumines-
cence (EL) measurements (not shown) show that the regrown
diodes have ∼30 times lower integrated emission intensity
over the range of 300-600 nm compared to the as-grown ones

Fig. 2. (a) T-dependent forward I-V characteristics with differential
Ron of a regrown GaN p-n diode, in comparison with an as-grown p-n
diode from [3]. The mesa bottom diameter of both diodes is 107 µm.
(b) Diode forward I-V characteristics in semi-log scale with extracted
ideality factors.

at the same current density. This is another direct evidence
that the regrown interface contains much more non-radiative
recombination centers than the bulk material.

The differential on-resistance (Ron) of the regrown p-n
diode increases with increasing temperature. This trend sug-
gests that the dominant component of Ron in the regrown
diode is the n-layer resistance (rn), since electron mobility
in the lightly doped n-GaN with low dislocation densities
is significantly limited by phonon scattering, thus decreasing
with increasing temperature [16], [17]. The dramatic reduction
of conductivity modulation in the regrown diodes, supported
by the EL measurement, provides an explanation to the higher
Ron observed in the regrown diodes than the as-grown ones;
at the same current density of 800 A/cm2, Ron−regrown is
∼3.9 m�·cm2 while Ron−asgrown is ∼ 0.6 m�·cm2. The Ron

behavior of these diodes merits further scrutiny thus insight
on possible junction quality improvement, which is beyond
the scope of this work.

The highest breakdown voltage measured on these regrown
GaN p-n junction diodes is 1136 V, as shown in the reverse I-V
plot in Fig. 3(a). The diode has a mesa diameter of 107 μm
and reaches a leakage current of 0.1 A/cm2 before breakdown.
This is the highest BV ever reported for regrown GaN p-n
diodes. However, most breakdown events were destructive
and no avalanche breakdown behavior could be measured,
unlike in the as-grown p-n diodes [3]. In order to provide
information on the mechanism of leakage currents, the same
I-V curve is re-plotted in the inset of Fig. 3(a): ln(J/J0) as
a function of the average electric field E (the applied reverse
bias over the depletion width), where J0 is the current density
at 0 V. Following the same analysis in [18] and [19], for
E < 0.2 MV/cm (<160 V), the leakage current increases
slowly with reverse voltage with a slope of ∼0.5, suggesting
the dominant conduction mechanism is Frenkel-Poole, i.e.
field assisted thermionic emission over potential barriers. For
E >0.2 MV/cm and before breakdown, the leakage current
increases steeper with bias with a slope of ∼1.0, suggesting
the variable range hopping (VRH) inside the depletion region
is dominant.

Figure 3(b) shows the T-dependent I-V characteristics of
another regrown GaN p-n diode measured up to 600 V. The
inset shows the slope d log(ln(J/J0))/d log(E) versus voltage.
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Fig. 3. (a) Reverse I-V characteristics of a regrown GaN p-n diode
in comparison with those of an as-grown p-n diode. Inset: the log-
log plot of ln(J/J0) versus the average electric field. (b) T-dependent
reverse I-V characteristics (solid) of a regrown GaN p-n diode and fitting
results (dashed) using field and T-dependence of the VRH model. Inset: d
log(ln(J/J0))/d log(E) as a function of reverse voltage. (c) Simulated band
diagram using a Mg doping of 1018 cm-3, an n-doping of 7×1015 cm-3

and an interface donor concentration of ∼ 2.8 × 1012 cm-2, with the
dominant leakage paths illustrated in red and the minor leakage paths in
blue.

It is found that from 25 °C to 125 °C, the slope all starts
from ∼0.5 at low field and ends around 1.0 at high field,
following ln (I ) ∝ E/T α . The temperature dependence can
be fitted reasonably well by α ∼0.25, consistent with Mott
VRH conduction ln (σ ) ∝ T −1/4, although the applied electric
field has exceeded the low-field region [20]. Considering the
regrown p GaN layer near the p-n junction interface is likely
defective due to initial broken/dangling bonds, defects and
impurities on the surface of the n-GaN, defect-assisted hopping
conduction in regrown p GaN might be the dominant leakage
mechanism.

A proposed band diagram is simulated using a 1D Poisson
solver and shown in Fig. 3(c) along with the possible leakage
paths. The donor-like defects/impurities at the regrown inter-
face are modeled as a sheet of n type dopants. When fully
activated under junction electric field, they increase the electric
field and band bending in p-GaN, and also lead to a lower
apparent built-in potential in C-V measurements. The interfa-
cial charge density is determined to be ∼ 2.8 × 1012cm−2 to
account for the apparent built-in potential of 2.2 V. Existence
of such interface charge and defects heavily impacts the

Fig. 4. On-resistance versus breakdown voltage benchmark plot of
state-of-the- art high voltage GaN p-n diodes on GaN, SiC, sapphire
and Si substrates. All literature data points are as-reported values from
references [21]–[30], except that the Cornell ’15 ’16 data are recalculated
following the diode area definition used in [5], [29], and [30], i.e. the anode
electrode area, for a direct comparison.

reverse leakage currents. At a poorly controlled interface,
(trap-assisted) band-to-band tunneling (BTBT) usually results
in much higher leakage currents at relatively low reverse biases
(< 200 V), which have been observed in some regrown p-n
diodes. In Fig. 4, breakdown voltages and on-resistances of
GaN p-n diodes on various substrates are plotted. The regrown
GaN p-n diodes presented in this work have comparable power
performance to the best as-grown GaN p-n diodes on sapphire.
However, it is understood that the limiting factors in these
regrown diodes are the homoepitaxial regrowth interface and
the subsequent epitaxial layer, not dislocations generated in
heteroepitaxy on foreign substrates. Similar issues have been
reported by other work in both MOCVD and MBE regrown
structures. Special interface cleaning and growth conditions
have been used to control the interface charge [31]–[33].
To this end, improved understanding and implementation of
homoepitaxy or regrowth conditions that result in lower defect
densities near the epitaxial regrowth interface are needed to
further improve the diode characteristics.

IV. CONCLUSION

High-voltage vertical GaN p-n diodes with MBE regrown
p-GaN on MOCVD grown n-GaN are demonstrated in this
work. These diodes show a BV up to 1136 V, and a differential
Ron of 3.9 m�·cm2 at RT, thus a BV 2/Ron ∼0.33 GW/cm2;
in comparison, at the same on-current level of 800 A/cm2,
the as-grown p-n diode boasts a BV 2/Ron ∼4.1 GW/cm2.
It has been found that the regrowth interface results in sig-
nificantly higher Ron and recombination current compared
to as-grown junctions. It is suggested that the higher than
as-grown reverse leakage is due to defect-assisted conduction
in the regrown p GaN layer and the regrown p/n interface. This
work serves as an important step towards understanding the
conduction mechanism in regrown junctions and improving
selective doping technique for high performance vertical GaN
switches.
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