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Abstract: In this paper, we fabricated Gallium Nitride (GaN) vertical p-i-n diodes grown on
free-standing GaN (FS-GaN) substrates. This homogeneous epitaxy led to thicker GaN epi-layers
grown on the FS-GaN substrate, but a high crystalline quality was maintained. The vertical GaN p-i-n
diode showed a low specific on-resistance of 0.85 mΩ-cm2 and high breakdown voltage (BV) of 2.98
kV. The high breakdown voltage can be attributed to the thick GaN epi-layer and corresponds to the
mesa structure. Improvement of the device characteristics by the mesa structure was investigated
using device simulations. We proved that a deeper mesa depth is able to decrease the electric field at
the bottom of the mesa structure. Furthermore, a smaller mesa bevel angle will assist the BV up to
2.98 kV at a 60◦ bevel angle. Our approach demonstrates structural optimization of GaN vertical p-i-n
diodes is useful to improve the device performance.

Keywords: Gallium Nitride (GaN); vertical p-i-n diodes; FS-GaN substrate; vertical diode

1. Introduction

Gallium Nitride (GaN)-based power devices have attracted much attention due to their excellent
properties, such as their high breakdown electric field (~3.3 MV/cm), high power switching efficiency,
and high thermal stability [1,2]. In addition, inherent polarization is built in the AlGaN/GaN
hetero-junction structure, leading to a high sheet carrier density (ns) in the two-dimensional electron
gas (2DEG) as well as a decrease in the on-state resistance (Ron) for power switching applications.
As compared to lateral GaN-based devices, vertical GaN-based devices are capable of handling a
larger current with a given device footprint. Typical vertical GaN-based power devices are grown
on free-standing GaN substrates. The homogeneous epitaxy is capable of reducing the threading
dislocation down to ~104–105 cm−2, leading to a remarkable improvement in the performance of
vertical GaN p-i-n diodes and Schottky barrier diodes (SBDs) [3].

In previous studies, vertical GaN-on-GaN p-i-n diodes with a breakdown voltage (BV) at 4700 V
have been fabricated by using multiple Si-doped GaN drift layers to reduce the peak electrical field of
the p-n interface [4]. Moreover, the GaN-on-GaN p-i-n diode had a low Ron of ~1.25 mΩ-cm2, and the
Baliga’s figure-of-merit (BFOM) of ~10 GW/cm2 was also obtained by the high-level injection and
photon recycling effect [5]. The BV of a vertical GaN-on-GaN p-i-n diode can be enhanced through
electrical field modulation by using various termination techniques such as the metal field plate
structure [6] and multi-step mesa structure formed by reactive ion etching (RIE) [7]. Another BV
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improvement method considers the drift region length. In conventional Si-based p-n diodes, a longer
drift length may effectively reduce the peak electric field, as shown in Figure 1. When a power diode
is under reverse bias conditions, the reverse voltage is supported by the depletion region formed by
the p+-n− junction. In the depletion region, the number of ionized atoms in the p+-region should be
equal to those in the n−-region. However, the depletion region almost extends into the n−-drift region
because the donor concentration (ND) is much higher than the accepter concentration (NA). In the
non-punch-through case, the distribution of the electric field is a triangle, and it decreases to zero at
the boundary voltage in the standing region. Hence, we can enhance the BV by extending the drift
length, which means the BV can be improved by increasing the n−-region thickness.
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Figure 1. Schematic structure of p-n junctions in non-punch-through case and punch-through case,
and the corresponding electric field profiles.

However, thicker epi-layers will result in increased strain from lattice mismatch or different
thermal expansion coefficients. The GaN-on-GaN homogeneous epitaxy provides a way to overcome
the high stress from thick epi-layers. Furthermore, thicker epi-layers require deeper mesa etching
depths for device isolation. The etched profile of the deep mesa is crucial to improve the BV [8]. In this
paper, we developed a 13-µm-thick n−-layer to improve the BV. A specific on-resistance of 0.75 mΩ·cm2

for the vertical GaN p-i-n diode was achieved, and it had a BV of 2.98 kV. This device achieved a
Baliga’s figure-of-merit (BFOM) of 11.8 GW/cm2. BV improvement was investigated using simulated
models of vertical GaN p-i-n diodes. We found BV was affected by the n−-layer thickness and mesa
structure. In addition, the simulation also suggests the mesa bevel angle impacts the BV. Raman
spectroscopy, transmission electron microscopy (TEM), and X-ray diffraction (XRD) were employed to
analyze the parameters of GaN grown on FS-GaN substrates.

2. Experimental Section

2.1. Device Fabrication

The GaN p-i-n diode structure was heterogeneously grown on a free-standing GaN substrate
by metal organic chemical vapor deposition (MOCVD). The bulk GaN substrate was n-type with Ge
doping and had a thickness of 350 µm. On the bulk GaN, 2-µm-thick n+-GaN ([Si] = 2 × 1018 cm−3),
13-µm-thick n−-GaN drift ([Si] = 1.2 × 1016 cm−3), 400-nm-thick p+-GaN ([Mg] = 6.5 × 1016 cm−3),
and 30-nm-thick p++-GaN ([Mg] = 2 × 1018 cm−3) layers were grown, respectively. The epi-wafers were
separated into 2 × 2 cm2 pieces. The p-i-n diode process started with deposited back ohmic contact.
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A specific contact resistance (ρc) of 3.75 × 10−4 Ω-cm2 was obtained by Ti/Al (25/125) and thermal
metallization by rapid thermal annealing (RTA) at 550 ◦C for 90 s. Next, the deep mesa was etched by
Cl2/BCl3-based dry-etching. Based on this epitaxial structure, we fabricated different diodes including
planar and mesa types with 400 µm width and 14 µm depth.

Afterwards, the oxygen-based plasma pre-treatment oxidized the surface to form the native GaOx

compounds. GaOx was subsequently removed by 1:1 HCl solution, and then the p-GaN ohmic contact
metal was deposited by Ti/Al (50/300 nm). To improve the BV, we also set the field plate at the sidewall
of the mesa, which was 50 µm wider than the mesa. The stacking insulator layers included SOG
and 1-µm-thick SiO2. The thickness of SOG was equal to the mesa etching depth. Next, the Ti/Au
(25/300 nm) pad metal was deposited on the pad region after the contact vias were etched. The device
structure is shown in Figure 2.
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2.2. Device Simulations

An avalanche breakdown essentially results from the impact ionization process being dominated
by electrons and holes, and this impacts the ionization coefficients. In the case of p-n junctions,
an avalanche breakdown occurs when the impact ionization integral reaches the following condition:

In =

∫
αn exp (

∫ W
αp −αndv)/dw = 1 (1)

where In is the impact ionization integral of electrons, and αn = an × exp(−bn/E) and αp = ap exp(−bp/E)
are the impact ionization rates of electrons and holes, respectively. Accordingly, a precise model for the
breakdown and the subsequent characteristics of power devices are based on accurate impact ionization
coefficients. The impact ionization coefficients are generally obtained from Monte Carlo methods or
experiments. However, different physical mechanisms or calculation methods will result in different
values, and different fabrication processes or structures will also lead to various experimental values.

Several different impact ionization coefficients are compared with the APSYS simulation, and the
conclusion is that the impact ionization coefficient from Baliga [9] had the closest fit to the simulation
and experimental breakdown voltage results. The impact ionization coefficients for electrons and holes
from Baliga are functions of an inverse electric field and are shown below.

αn = 1.5× 105cm−1
× exp (

−1.41× 107V/cm
E

) (2)

αp = 6.4× 105cm−1
× exp (

−1.46× 107V/cm
E

) (3)
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The growth technique for GaN and orientation of the epitaxial layer lead to various values of
material parameters. Vertical GaN devices are grown on a free-standing GaN substrate in a Wurtzite
crystal structure along the c-axis of the crystal by MOCVD. The fundamental material parameters
according to a MOCVD-grown epitaxial layer along the c-axis on a Wurtzite crystal structure are used
in this thesis, and these are listed in Table 1.

Table 1. Material parameters of Wurtzite GaN.

Material Parameters Values

Lattice constant (Å) a = 3.192 c = 5.185 [10]

Dielectric constant 8.9 [11]

Electron affinity (eV) 4.5 [11]

Effective electron mass (m0) 0.2 [12]

Conduction band density of state Nc (cm−3) 2.3 × 1018 [12]

Effective hole mass (m0) 1.25 [13]

Valence band density of state Nv (cm−3) 3.5 × 1019 [12]

Critical breakdown field (MV/cm) 3.5 [11]

To build an accurate simulation model, several physical phenomena also need to be prudently
considered. We collected several crucial physical models and model parameters, including the impact
ionization coefficients we mentioned before; they are listed in Table 2, and they are used in the
simulation of this thesis.

In this paper, we investigated BV improvement by different mesa depths and bevel angles through
simulations. The simulated mesa depth was modified from 0 to 14 µm. The bevel mesa angle in every
model was different, with values of 60, 70, 80, and 90 degrees.

Table 2. The physical models and model parameters.

Physical
Phenomenon Models Parameters Values

Bandgap Temperature dependent
bandgap model (@0K)

Reference bandgap (Eg0) 3.53 eV [14]

Reference electron affinity (Chi0) 4.1 eV [11]

Alpha 9.09 × 10−4 eV/K

Beta 830 K

Incomplete
ionization

Silicon (n-doped) [15]
Donor activation energy (∆ED) 17 meV [15]

Constant (αn) 3.4 × 10−9 eV-cm [16]

Magnesium (p-doped) [17]

Acceptor activation energy
(∆ED) 240 meV

Constant (αp) 3.14 × 10−8 eV-cm [17]

Bandgap
narrowing Jain-Roulston [16] Constant (K) 1.15 × 10−8 eV-cm [16]

Polarization

Spontaneous polarization [18] Spontaneous Polarization (Psp) −0.029 C/m [18]

Piezo-electric polarization [19]

Elastic constant (c13) 68 GPa [19]

Elastic constant (c33) 354 GPa [19]

Piezoelectric coefficient(e31) −0.34 C/m2 [19]

Piezoelectric coefficient(e33) 0.62 C/m2 [19]

relax 1
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Table 2. Cont.

Physical
Phenomenon Models Parameters Values

Electron
mobility

Low field doping-dependent
Arora Model [20]

µmin 115 cm2/V-s

µmax 1800 cm2/V-s

α 0.8

Reference doping (Nref) 7 × 1016 cm−3

β1 −1.5

β2 −1.5

β3 3.02 [20]

β4 0.81 [20]

High field transferred electron
effect model [21]

Ec 1.7 × 105 V-cm [21]

n1 4.19 [21]

n2 0.885 [21]

a 5.64

Hole mobility

Low field doping-dependent
Arora Model [22]

µmin 12 cm2/V-s

µmax 167 cm2/V-s

α 2.0 [22]

Reference doping (Nref) 3 × 1017 cm−3

β1 2.0

β2 −2.34

β3 0.869

β4 −2.311

High field Caughey Thomas
model

µh0 70 cm2/V-s

Saturation velocity (vh,sat) 7 × 106 cm-s−1

β 0.725

Impact
ionization

Electron impact ionization
Coefficients [9]

an 1.5 × 105 cm−1 [4.3]

bn 1.41 × 107 V-cm−1 [9]

Hole impact ionization
Coefficients [9]

ap 6.4 × 105 cm−1 [9]

bp 1.46 × 107 V-cm−1 [9]

Radiative
recombination

Radiative recombination
constant Crad 1.1 × 10−10 cm3-s−1 [23]

SRH
recombination

Constant lifetime
Electron lifetime (τn) 0.7 × 10−9 s

Hole lifetime (τp) 2 × 10−9 s

Auger
recombination

Electron coefficient [24] An 3 × 10−31 cm6-s−1 [24]

Hole coefficient [24] Ap 3 × 10−31 cm6-s−1 [24]

3. Results and Discussion

Figure 3 shows the growth parameters of GaN grown on a FS-GaN substrate. As we can see
from Figure 3a, the TEM image shows few threading dislocations (TDs) can be observed in the 15 µm
MOCVD-grown GaN epi-layer regions. The threading dislocation density (TDD) can be estimated
to about 3 × 106 cm−2 for 15-µm-thick GaN epilayers. The extremely low TDD can be attributed
to the better crystalline quality of thick GaN epilayers and less residual strain caused by gradual
strain relaxation due to the homogeneous epitaxy. To analyze the residual strain in the GaN epilayers,
Raman backscattering measurements were performed at room temperature. Figure 3b shows the
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Raman spectrum for a 15-µm-thick GaN epitaxial layer grown on a GaN substrate. The Raman shift
peak of the E2(high) mode was located at around 567.6 cm−1. Accordingly, the in-plane compressive
stress σ for the GaN epitaxial layer was estimated to 0.22 GPa, with the presence of thicker GaN
epilayer, by using the following equation [25]:

∆ωE2 = ωE2 −ω0 = Cσ (4)

where ∆ω is the Raman peak shift (0.189 cm−1) difference between the strained GaN epitaxial layer
ωE2 and the unstrained GaN epitaxial layerω0 (566.5 cm−1). C is the biaxial strain coefficient, which is
2.25 cm−1/GPa [26]. The X-ray diffraction (XRD) rocking curves are shown in Figure 3c. The linewidths
for (002) and (102) planes are 67 and 135 arcsec, respectively. The XRD linewidths for (102) and (002)
planes are related to the edge and screw threading dislocation densities, respectively [27]. The narrow
linewidth indicates improved GaN crystalline quality. These results indicated that the quality of
15-µm-thick GaN grown on the FS-GaN substrate was excellent.
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Figure 4a shows the measured GaN p-i-n diode forward currents as a function of forward bias.
The turn-on voltages (VF) for the p-i-n diodes were 1.2 and 1.4 V for planar and mesa-type p-i-n
diodes, respectively. The turn-on voltage was defined at the current density of 1 mA/cm2. The specific
on-resistances (Ron,sp) can be calculated as 1.27 and 0.84 mΩ-cm2 for planar and mesa-type p-i-n diodes,
respectively. Figure 4b shows the reverse I–V characteristics of GaN p-i-n diodes. Reverse leakage
of the planar diode was slightly increased compared to the mesa-type p-i-n diode. The ideal factor
is 1.9, which was obtained from the forward bias region. The ideal factor values deviated from the
ideal value of 1. Ideally, electrons and holes are recombined through the band-to-band transition in
the active region. However, in real applications, the p-i-n diode usually undergoes a Shockley–Read
recombination (SRH), in which electron–hole recombination occurs through a localized state or deep
traps, resulting in a large value for the ideal factor [24].

Figure 5 shows the BVs of planar and mesa-type p-i-n diodes, respectively. The BV increased from
2000 to 2981 V due to the mesa-type p-i-n diode. The BV was defined with a reverse bias when the
leakage reached 4 mA, which is the detection limit for the high-power device measurement system.
A specific on-resistance of 0.84 mΩ·cm2 was extracted using the active region from the mesa-type
diode. With on-resistance and BV of 2.98 kV, this device achieved a Baliga’s figure-of-merit (BFOM) of
10.5 GW/cm2.



Crystals 2020, 10, 712 7 of 12
Crystals 2020, 10, x FOR PEER REVIEW 7 of 13 

 

 
Figure 4. (a) Forward current and (b) reverse current as a function of bias. Forward current and 
specific on-resistance are normalized by the pad size. The inset of Figure 4a shows the forward I-V 
curves in a semilog scale. 

Figure 5 shows the BVs of planar and mesa-type p-i-n diodes, respectively. The BV increased 
from 2000 to 2981 V due to the mesa-type p-i-n diode. The BV was defined with a reverse bias when 
the leakage reached 4 mA, which is the detection limit for the high-power device measurement 
system. A specific on-resistance of 0.84 mΩ·cm2 was extracted using the active region from the mesa-
type diode. With on-resistance and BV of 2.98 kV, this device achieved a Baliga’s figure-of-merit 
(BFOM) of 10.5 GW/cm2. 

 
Figure 5. Reverse breakdown voltage measurement results of GaN p-i-n diodes with (red line) and 
without (black line) the mesa structure. The BV was defined as 4 mA. Each type of GaN p-i-n diode 
shows two I-V curves from two different diodes, respectively. 

Figure 4. (a) Forward current and (b) reverse current as a function of bias. Forward current and specific
on-resistance are normalized by the pad size. The inset of Figure 4a shows the forward I-V curves in a
semilog scale.

Crystals 2020, 10, x FOR PEER REVIEW 7 of 13 

 

 
Figure 4. (a) Forward current and (b) reverse current as a function of bias. Forward current and 
specific on-resistance are normalized by the pad size. The inset of Figure 4a shows the forward I-V 
curves in a semilog scale. 

Figure 5 shows the BVs of planar and mesa-type p-i-n diodes, respectively. The BV increased 
from 2000 to 2981 V due to the mesa-type p-i-n diode. The BV was defined with a reverse bias when 
the leakage reached 4 mA, which is the detection limit for the high-power device measurement 
system. A specific on-resistance of 0.84 mΩ·cm2 was extracted using the active region from the mesa-
type diode. With on-resistance and BV of 2.98 kV, this device achieved a Baliga’s figure-of-merit 
(BFOM) of 10.5 GW/cm2. 

 
Figure 5. Reverse breakdown voltage measurement results of GaN p-i-n diodes with (red line) and 
without (black line) the mesa structure. The BV was defined as 4 mA. Each type of GaN p-i-n diode 
shows two I-V curves from two different diodes, respectively. 

Figure 5. Reverse breakdown voltage measurement results of GaN p-i-n diodes with (red line) and
without (black line) the mesa structure. The BV was defined as 4 mA. Each type of GaN p-i-n diode
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To understand how the mesa structure improved the BV, we carried out simulations using
software by Crosslight APSYS to investigate the electric field distribution of p-i-n diodes. At first,
we investigated the punch-through condition by simulating a planar p-i-n diode without a mesa
structure. As shown in Figure 6, the electric field distribution is a trapezoid and the drift layer is fully
depleted. Under the punch-through condition, the breakdown voltage was 2983 V, with a specific
on-resistance of 0.39 mΩ-cm2, and the maximum electric field was 3.45 MV/cm corresponding to the
limit of the electric breakdown field of GaN. There was a difference between specific on-resistances
in simulated results and experimental data, which can be attributed to the high contact resistance of
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ohmic contacts. The barrier height of the metal–semiconductor interface was set to 0 eV for the ideal
case in our simulation. Nevertheless, our simulation fit our BV data, which means that the simulated
electric field matched the real sample.
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Secondly, we simulated devices with field plates and different mesa depths. We investigated
how the mesa depth affects the BV device characteristics. Figure 7 shows the electric field profiles of
different devices at a reverse bias of 500 V. The strongest electric field was located at the bottom of
the mesa, which was also the point where breakdown occurred. As can be seen, the BV was notably
lower than the planar device when the mesa depth was lower than 8 µm. Afterwards, as we increased
the mesa depth beyond 8 µm, the integration area of depletion was close to that of the planar device
despite the breakdown still occurring at the bottom of the mesa. In other words, the breakdown voltage
was close to the planar device for the diode with a mesa depth greater than 14 µm.Crystals 2020, 10, x FOR PEER REVIEW 9 of 13 
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Furthermore, the mesa bevel angle cannot be vertical to the horizon due to the ICP-RIE etching
process. The bevel angle is also key in modifying the electric filed distribution for a p-i-n diode.
Figure 8a shows the simulated peak electric field as a function of different mesa bevel angles. The mesa
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depth was less than 4 µm, taking the models with a depth of 2 µm, as shown in Figure 8a. The smaller
the bevel angle, the stronger the electric field at the edge of the mesa was because the depletion region
decreased from the lightly doping side to the highly doping side according to the epitaxial structure.
As shown in Figure 8a, the electric field of the smaller bevel angle was higher than those of the more
vertical ones, leading to a lower BV. In contrast, mesa depths greater than 4 µm are shown in the
simulation in Figure 8b. When the mesa depth was 6 µm, we can see the BV was higher with a smaller
bevel angle since the bevel edge provides a gradually distributed electric field. Figure 9 shows the
electric field distribution contours of the 14-µm-deep mesa with different bevel angles. We note that the
electric field is highly crowded at the bottom corners of the mesa structure, but it uniformly separated
as we decreased the bevel angle. This is why we can enhance the BV by deep mesa etching.
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a reverse bias of 500 V.
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(b) 70◦, (c) 80◦, and (d) 90◦. The simulated reverse bias was 500 V.



Crystals 2020, 10, 712 10 of 12

Finally, we compared the device performance with the reported experimental devices. Here,
we benchmark other previous reports of vertical GaN p-i-n diodes in Figure 10 [28–37]. A higher
breakdown voltage was obtained by increasing the mesa depth and was closer to the material limit
of GaN.
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4. Summary

We fabricated vertical GaN p-i-n diodes with a high BV using a 14-µm-thick GaN-on-GaN
homogeneous epitaxy. The TEM showed a TDD of 106 cm−2, and the Raman spectroscopy and
XRD rocking curves showed the high quality and low strain for GaN epi-layers grown on a FS-GaN
substrate. BV improvement was investigated by simulations, and the results suggest that the BV can
be further improved using a mesa structure. Furthermore, we found that the breakdown voltage could
be improved by increasing the mesa depth. A deep mesa structure provides a more gradual electric
field distribution, and this affects the breakdown voltage more in the device with a greater mesa depth.
Compared to the reported experiment, the strategy of increasing the mesa depth could improve the
breakdown voltage of vertical GaN p-i-n diodes.
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