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Demonstration of AlN-based Vertical p-n Diodes
with Dopant-free Distributed Polarization Doping
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Abstract— Nearly ideal vertical AlxGa1−xN (0.7 ≤ x <
1.0) p-n diodes are fabricated on an AlN substrate. Dis-
tributed polarization doping (DPD) was employed for both
p-type and n-type layers of the p-n junction, instead of
conventional impurity doping, to overcome the major bot-
tleneck of AlN-based material: the control of conductivity.
Capacitance–voltage measurements revealed that the net
charge concentration agreed well with the DPD charge
concentration expected from the device layer structure. The
fabricated devices exhibited a low turn-on voltage of 6.5 V, a
low differential specific ON-resistance of 3 mΩ cm2, electro-
luminescence (maximum at 5.1 eV), and an ideality factor of
2 for a wide range of temperatures (room temperature–573
K). Moreover, the breakdown electric field was 7.3 MV cm−1,
which was almost twice as high as the reported critical
electric field of GaN at the same doping concentration.
These results clearly demonstrate the usefulness of DPD
in the fabrication of high-performance AlN-based power
devices.

Index Terms— Aluminium nitride (AlN), distributed polar-
ization doping (DPD), vertical p-n diode.

I. INTRODUCTION

AlN and high-Al-content AlGaN are in the spotlight as
materials for next-generation high-power devices thanks to
their large energy bandgap (up to 6 eV) and high critical
electric field (expected to be as high as 15 MV cm−1). [1], [2]
In recent years, high-quality AlN substrates with low threading
dislocation densities (< 104 cm−2) have become commercially
available, attracting attention for their potential use in vertical
power devices. [3]–[6] However, even with the utilization of
these high-quality AlN substrates, AlN-based vertical devices
with ideal electrical properties have yet to be realized. [7]–
[9] A major technical challenge for these devices is achieving
controlled conductivity across a broad range. Specifically, the
large ionization energy of the Si donor (280 meV) and the
Mg acceptor (630 meV) in AlN poses significant difficulties
in obtaining conductive layers at room temperature (RT). [10]–
[14]
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Distributed polarization doping (DPD), initially proposed
and demonstrated by Jena et al. in 2002, is in the spotlight
as a unique doping technology for nitride semiconductors.
[15] Since DPD induces electrons and holes solely through
the compositional grading of nitride semiconductors without
requiring impurity doping, it has the potential to address the
difficulty in conductivity control in AlN-based materials. To
date, we have extensively studied GaN-based vertical p-n
diodes formed by dopant-free DPD and demonstrated excellent
electrical properties such as ideal breakdown electric field,
high hole mobility, as well as longer electron lifetime and
larger diffusion coefficient than those of p-GaN:Mg. [16]–[18]
Moreover, our group employed DPD for the p-type cladding
layer of an AlN-based laser diode to increase its conductivity
and transparency. As a result, we successfully demonstrated
the fabrication of AlN-based laser diodes with the capability
of RT continuous-wave lasing at UV-C wavelengths. [19]
Although this achievement shows the great potential of DPD
to overcome the challenges of AlN-based materials, such
successes have not been realized in other AlN-based device
applications. Furthermore, the absence of devices with desired
electrical characteristics also limits our understanding of the
properties of AlN-based materials.

From both application and fundamental research perspec-
tives, p-n diodes (PNDs) are critical components in semicon-
ductor technology. However, for AlGaN with an AlN mole
fraction exceeding 30%, PNDs that exhibit ideal electrical
characteristics have not yet been realized using conventional
impurity doping technology. [12], [20]–[24] In this study, we
demonstrated the fabrication of AlN-based near-ideal vertical
p-n diodes utilizing dopant-free DPD for both p-type and n-
type layers of the p-n junction. Capacitance–voltage (C–V)
measurements revealed that the net charge concentration is
almost equal to that expected from the measured composi-
tional gradient. Forward-biased current density–voltage (J–V)
characteristics showed an ideality factor of around 2.0 for a
wide range of temperatures, suggesting recombination current
as typical p-n diodes. For reverse-biased J–V characteristics,
the estimated parallel-plane breakdown electric field is greater
than 7 MV cm−1, despite the absence of an edge termination
structure.

II. EXPERIMENT

Fig. 1 illustrates the schematic cross-sectional view of a
fabricated p+-n diode. The device layer structure was grown
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Fig. 1. Schematic cross-sectional view of a fabricated p+-n diode. The
AlN mole fraction (x) is linearly graded along the [0001] axis. There is a
transition region with the value of x between p+-DPD AxGa1−xN and
p++-GaN:Mg layers.

by metal-organic vapor phase epitaxy (MOVPE) on a (0001)-
plane semi-insulating AlN substrate. The AlN substrate was
prepared by the physical vapor transport method, and its
threading dislocation density (TDD) was on the order of
103–104 cm−2. [25] The layers on the top of the sub-
strate are unintentionally doped (UID)-AlN (900 nm), n+-
Al0.7Ga0.3N:Si ([Si]: 1× 1019 cm−3, 300 nm), n-DPD AGaN
(non-impurity doped, 400 nm), p+-DPD AlGaN (non-impurity
doped, > 70 nm), and p++-GaN:Mg ([Mg]: 1 × 1020 cm−3,
20 nm). The AlN mole fraction (x) in n-DPD AlGaN and
p-DPD AlGaN was linearly graded from 70% to 95% along
the [0001] direction, and the profile is asymmetrical to the
junction plane to form the one-sided abrupt p+-n junction
structure. The expected average negative and positive DPD
charge concentrations (N−

DPD and N+
DPD) for the p+-DPD

AlGaN and n-DPD AlGaN layers are 1.8 × 1018 cm−3 and
2.6×1017 cm−3, respectively. The detailed method, including
equations and material parameters, to calculate DPD charge
concentrations is summarized in our previous report. [16]

After the growth phase, diodes were fabricated through
a series of processes. Initially, the p++-GaN:Mg layer was
activated (dehydrogenated) by annealing in an N2 ambient
at 973 K for 5 min. The vertical mesa structure was then
defined by a combination of Cl2-based inductively coupled
plasma–reactive ion etching (ICP–RIE) and wet etching in
a 25% solution of tetramethylammonium hydroxide (TMAH)
at 353 K for 15 min. [26] The two-step ICP–RIE was used
to minimize dry-etching-induced damage and improve the
cathode ohmic contact. [27] After protecting the device surface
with a SiO2 layer deposited by PECVD, a V/Al/Ni/Au stack
was deposited and sintered at 1023 K in an N2 ambient to form
the cathode ohmic electrode. Additionally, a Ni/Au stack was

Fig. 2. XRD-RSM of the (1̄1̄24) plane for the prepared sample. The
inset shows the (1̄1̄24) plane in wurtzite crystal. The peak under the
”Relaxed” line originated from an AlN substrate, not a relaxed AlGaN
layer.

deposited and sintered at 789 K in an O2 ambient to serve
as the anode ohmic electrode. The fabrication process was
completed after depositing a Ti/Au stack on the electrode areas
for probing and passivating the surface with polyimide.

X-ray diffraction reciprocal space mapping (XRD-RSM)
measurement was conducted to examine the pseudomorphic
growth and the minimum AlN mole fraction of the DPD
layers. Secondary ion mass spectrometry (SIMS) measurement
was also carried out to characterize the depth profiles of
the AlN mole fraction and residual impurity concentrations
around the p+-n junction. Furthermore, C–V and J–V mea-
surements were conducted to characterize the space charge
profile and carrier transport properties of the fabricated diodes,
respectively. The reverse current leakage mechanism was also
investigated by photo emission microscopy and transmission
electron microscopy (TEM) measurements.

III. RESULTS AND DISCUSSION

A. Structural Properties

Fig. 2 shows the XRD-RSM of the (1̄1̄24) plane for the
prepared sample. Continuous AlGaN peaks, which are unique
to compositionally graded AlGaN layers, could be observed
in addition to the AlN peak. These AlGaN peaks aligned
precisely with the AlN peak in the in-plane (Qx) direc-
tion, confirming that the DPD layers were pseudomorphically
grown on the AlN substrate. The maximum and minimum
values of x (xMax and xMin) were extracted as 95% and 70%,
respectively, confirming that the layer structure depicted in
Fig. 1 was grown as intended.

The depth profiles of Si, Mg, C, O, and Fe concentrations
determined by SIMS are shown in Fig. 3(a). The detection
limits were 2 × 1016 cm−3 for Si, 4 × 1015 cm−3 for Mg,
1 × 1016 cm−3 for C and O, as well as 5 × 1014 cm−3 for
Fe. Since the growth conditions were carefully optimized to
reduce residual impurities, their concentrations were below
5×1016 cm−3 in the n-DPD AlGaN layers, which were close
to the detection limits. Fig. 3(b) shows the depth profile of
the AlN mole fraction (x) determined by SIMS, which was
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Fig. 3. (a) Depth profiles of Si, Mg, C, O, and Fe concentrations
determined by SIMS. The detection limits were 2 × 1016 cm−3 for
Si, 4 × 1015 cm−3 for Mg, 1 × 1016 cm−3 for C and O, as well as
5× 1014 cm−3 for Fe. (b) Depth profile of x determined by SIMS (left)
and expected DPD charge concentration (right).

corrected to analyze alloy composition quantitatively. x was
linearly graded along the depth direction of the entire p-n
junction. The expected N−

DPD and N+
DPD values calculated

with respect to the gradient of x are plotted on the right
axis [N = q−1dP (w)/dw, where q is the elementary charge,
P is the sum of spontaneous and piezoelectric polarizations,
and w is the depth coordinate]. The average values of N−

DPD

and N+
DPD were 1.8 × 1018 cm−3 and 2.6 × 1017 cm−3,

respectively. Note that the TEM analysis confirmed that the
thicknesses of p+-DPD AlGaN and n-DPD AlGaN layers
determined by the SIMS measurement are accurate. This result
indicates that the device layer structure has been successfully
fabricated as designed.

B. Electrical Properties
Fig. 4 shows the 1/C2–V characteristics of the fabricated

diode. The fabricated diode exhibited almost linear charac-
teristics owing to the uniformly doped n-DPD AlGaN layer.
The built-in potential (Vbi) extracted by linear extrapolation

Fig. 4. 1/C2–V characteristics of the fabricated diode measured. AC
frequency of this measurement was set to 100 kHz.

Fig. 5. Depth profile of net charge concentration (N ) in the n-DPD
AlGaN layer extracted from the C–V characteristics.

was 7.6 V, which was close to that expected in AlN-based
p-n diodes (around 6 V) on the basis of the bandgap energy
of Al(Ga)N. The net charge concentration (N ) in the n-DPD
AlGaN layer extracted from the C–V characteristics is also
shown in Fig. 5. The average value of N was 2.3×1017 cm−3,
which agrees well with the expected N+

DPDN
−
DPD/(N

+
DPD +

N−
DPD) of 2.3× 1017 cm−3 calculated considering the depth

profile of x as shown in Fig. 3(b). Although voltage drop due
to the high spreading resistance of the n+-AlGaN:Si contact
layer potentially led to the overestimation of Vbi and depletion
width (w), the C–V measurement proved that the device has
the designed structure (doping profile) from the viewpoint of
electrical properties.

Fig. 6 shows the forward-biased J–V characteristics of the
fabricated diode measured at RT. The device exhibited a turn-
on voltage (Vth) of 6.5 V and a minimum differential specific
ON-resistance (r) of 3 mΩ cm2, which are the smallest among
the ever-reported AlN-based p-n diodes. Note that the entire
mesa was considered as the active region for the calculation of
the specific ON-resistance. The actual specific ON-resistance
is expected to be further reduced since the ”actual” active
region extends to only several tens micrometers inside from
the anode electrode edge owing to the quasi-vertical structure
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Fig. 6. Forward-biased J–V characteristics of the fabricated diode
at RT. Specific ON-resistance (r) is also plotted on the right axis. ”ϕ”
denotes device diameter.

Fig. 7. EL spectra of the fabricated diode under various forward-
bias conditions. The inset shows the bird’s eye view illustration of the
measurement. Photons with energies higher than 5.13 eV are absorbed
in the n+-Al0.7Ga0.3N :Si layer, which has the smallest bandgap across
the optical path.

and high spreading resistance of the n+-AlGaN:Si contact
layer. In addition, electroluminescence (EL) was observed
under turn-on conditions. Fig. 7 shows EL spectra of the
fabricated diode taken from the back side of the substrate.
The EL emission increased with increasing current, suggesting
that both electrons and holes contribute to the conduction
as typical p-n junctions. Photons with energies higher than
5.13 eV are absorbed in the n+-Al0.7Ga0.3N layer, which has
the smallest bandgap across the optical path. Furthermore,
the temperature-dependent J–V characteristics of the diodes
were investigated in the temperature range of RT–573 K, as
shown in Fig. 8. The forward J–V characteristics showed
an exponential relationship, with the Vth tending to decrease
with increasing temperature. In typical p-n junctions, the
forward-biased carrier transport properties are described by the
recombination-diffusion current model. The extent to which
the experimental values fit this model is discussed using the

Fig. 8. Temperature-dependent forward-biased J–V characteristic of
the fabricated diode. The temperatures were set to RT and 323–573 K
with 50 K steps.

Fig. 9. Temperature-dependent ideality factor extracted from the
forward-biased J–V characteristics.

ideality factor defined as

n =
q

kBT

[
d ln(J)

dV

]−1

, 1 ≤ n ≤ 2. (1)

Here, kB is the Boltzmann constant, and T is temperature.
The temperature-dependent n values are plotted in Fig. 9.
The minimum n value was 1.8 at RT and remained around
2.0 at any temperature, indicating that the forward-biased J–V
characteristics can be described by the recombination current
model. The results show that the fabricated diode is the ”true”
PND and not one that coincidentally exhibits a reasonable
ideality factor.

The reverse-biased J–V characteristic of the fabricated diode
is shown in Fig. 10(a). The device showed a destructive
breakdown at −283 V, and uniform avalanche breakdown
did not occur in this device. The corresponding parallel-plane
breakdown electric field was calculated with respect to the
electric field distribution both in p-type and n-type layers. In
the double-side depleted p-n diodes, the breakdown electric
field (EB) can be expressed as

EB =
VB

tp + tn
+

q

2ϵs

N+
DPDt

2
n +N−

DPDt
2
p

tp + tn
, (2)



T. KUMABE et al.: DEMONSTRATION OF ALN-BASED VERTICAL P-N DIODES WITH DOPANT-FREE DISTRIBUTED POLARIZATION DOPING 5

Fig. 10. (a) Reverse-biased J–V characteristic of the best-performance
fabricated diode at RT. (b) Photo emission microscopy image of a
fabricated ”typical” diode under reverse-biased voltage (VR) of -257 V
(near breakdown voltage). Areas with a relatively higher current density
are represented in warm colors, whereas those with a lower current
density are depicted in cool colors (or not painted).

Fig. 11. Plan-view TEM image of a fabricated diode. The dark lines
indicate dislocations. The inset shows the schematic of a diode including
the area analyzed by TEM.

where VB is the breakdown voltage, tp and tn are the thick-
nesses of p-type and n-type layers, respectively, and ϵs is the
permittivity of the semiconductor. Applying tp = 70 nm, tn =
380 nm, N−

DPD = 1.8× 1018 cm−3, and N+
DPD = 2.6× 1017

cm−3 with respect to the SIMS result, we calculated EB as
7.3 MV cm−1. It is worth emphasizing that the thicknesses
and doping concentrations of p+-DPD AlGaN and n-DPD
AlGaN layers determined by SIMS measurement (i.e., the
values used for the calculation of EB) are consistent with
those determined by TEM and C–V measurements. The EB

value is approximately twice as high as that reported for the
GaN limit at the same doping concentration (N = 2.6× 1017

cm−3), whereas the fabricated p+-n diode still does not fully
demonstrate the potential of high-Al-content AlGaN owing
to the absence of an appropriate edge termination structure.
[28] One performance limiting factor is the significant leakage
current; hence, its origin was investigated by photo emission
microscopy. Fig. 10(b) shows the photo emission microscopy
image of a ”typical” fabricated diode near breakdown voltage
[not the same diode as that shown in Fig. 10(a)]. In this figure,
areas with a relatively higher current density are presented in
warm colors, whereas those with a lower current density are

depicted in cool colors (or not painted). The leakage current
was found to flow non-uniformly, being concentrated at several
specific points. In the case of GaN p-n diodes, the origin
of the spotty current leakage observed by the same method
is reported to be (threading) dislocations, which primarily
originated from substrates. [29] However, this theory is not
applicable since the fabricated diode should not contain any
dislocations, as statistically estimated from the TDD of the
substrate (103–104 cm−2). This implies that dislocations are
likely newly generated during device fabrication processes.
Therefore, the area near the mesa edge of the diode was
observed by TEM. Fig. 11 shows the plan-view TEM image
of a fabricated diode. Numerous dislocation lines, which
appear black in contrast, were observed along the mesa edge.
Kushimoto et al. also observed similar dislocation lines in the
UV-C laser diode structure with DPD on AlN substrates. [30]
They conducted a comprehensive investigation into the causes
of dislocation formation during device fabrication processes
and also offered solutions to address this issue. Due to lattice
mismatch, AlGaN layers pseudomorphically grown on AlN
substrates experience significant compressive stress. Although
the stress distribution within the plain wafer is uniform, shear
stress is generated if mesa structures are formed on such
wafers and concentrated particularly at the mesa corners. Since
the yield stress decreases with increasing temperature, dislo-
cations are newly generated owing to the shear stress during
high-temperature processes such as activation and sintering
annealing. The dislocations observed in TEM analysis, which
aligns spatially with the leak spots identified in photo emis-
sion spectroscopy analysis, are potential ”killer” dislocations.
Consequently, negatively beveled mesa structures mitigating
local shear stress concentration such as UV-C laser diodes
and/or low-temperature device fabrication processes have the
potential to suppress the dislocation generation and improve
reverse-biased J–V characteristics.

IV. CONCLUSION

In this study, we investigated AlN-based vertical p-n diodes
fabricated utilizing dopant-free DPD for both p- and n-type
layers to resolve impurity-doping-related problems in AlN-
based materials. The net charge concentration extracted from
C–V measurements agreed well with that expected from the
compositional gradient measured by SIMS. The forward-
biased J–V characteristics exhibited a specific ON-resistance
of 3 mΩ cm2 and a turn-on voltage of 6.5 V, which were the
smallest among the reported AlN-based PNDs, as well as EL
emissions with a photon energy of around 5.1 eV (240 nm).
The fabricated devices also showed a record-low ideality factor
of 1.8 at room temperature, which remained around 2.0 across
elevated temperatures. The breakdown electric field recorded
was 7.3 MV cm−1, which is twice as high as the reported
critical electric field of GaN, despite the absence of edge
termination structures. The killer dislocation candidate in these
devices was determined using TEM analysis, and the device
mesa structure and/or fabrication process (rather than epitaxial
growth) optimizations are likely the key to improving the
device performance. These results prove DPD’s effectiveness
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for AlN-based materials to overcome its technical limits and
the great potential of ”semiconducting” AlN in power device
applications.
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