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An aluminum nitride (AlN) quasi-vertical Schottky barrier diode (SBD) was fabricated on an AlN bulk substrate. An undoped AlN layer, a Si-doped
Al0.9Ga0.1N current spreading layer and an AlN buffer layer were grown by plasma-enhanced molecular beam epitaxy. The epitaxial AlN layer was
etched down to the n-Al0.9Ga0.1N layer to form an Ohmic contact. Ni/Au and V/Al/Ni/Au were deposited on the top AlN layer as Schottky contacts
and on the exposed n-Al0.9Ga0.1N layer as Ohmic contacts, respectively. The Ohmic characteristics on the n-Al0.9Ga0.1N layer, capacitance–
voltage (C–V ) and current–voltage (I–V ) characteristics of the AlN SBD were investigated. © 2022 The Japan Society of Applied Physics

A luminum nitride (AlN) is an ultrawide bandgap
semiconductor which has a direct energy bandgap
of 6.1 eV, a high piezoelectricity, a high thermal

conductivity and a high thermal stability. In addition, AlN
can make heterostructures and alloys with GaN and InN.
Owing to these attractive properties, AlN-based semiconduc-
tors are critical materials for advancing application in deep
ultraviolet (DUV) light emitting diodes (LEDs) and laser
diodes (LDs).1–3) AlN is also one of the most promising
candidates as a material for high power, high frequency and
extremely high-temperature electronic devices, since it is
expected to have very high critical electric field (impact
ionization and tunneling are well suppressed) and very small
intrinsic carrier density owing to its wide bandgap. There are
some reports on AlN-based lateral diodes4–6) and heterojunc-
tion field effect transistors.7–9) Toward the development of
AlN electronics, fundamental studies on material science,
device process and device physics of AlN are required.
A Schottky barrier diode (SBD) is an essential building

block in electronic devices. Irokawa et al. reported Schottky
barrier diodes on AlN freestanding substrates.4) Their
device had a lateral structure, and the ideality factor for the
forward characteristics was 11.7 at room temperature.
Kinoshita et al. reported vertical Schottky barrier diodes on
n-type freestanding AlN substrates grown by hydride vapor
phase epitaxy (HVPE), with a mobile carrier concentration of
2.4´ 1014 cm−3. A turn on voltage of 2.2 V and the ideality
factor of 8 at room temperature were obtained. The break-
down voltages were ranged from 550 to 770 V.5) Fu et al.
demonstrated lateral 2 nm GaN-capped AlN SBDs on
sapphire substrates with breakdown voltage over 1 kV.6) A
relatively low ideality factor of 5.5 at room temperature was
obtained. In these reports the ideality factors were much far
from the unity, indicating that the current transport me-
chanism departs from ideal thermionic emission and may be
dominated by defect-induced components.
Recently, Al-polar AlN bulk single-crystal substrate grown

by physical vapor transport (PVT) have become
available.10–13) These substrates exhibit dislocation densities
less than 104 cm−2, which were used in the demonstration of
the first pulsed electrical operation of a UV-C LD.2) The
fabrication of AlN 2 inch wafers has been achieved. Very
recently, we developed homoepitaxial growth technology of

AlN on an AlN bulk substrate by molecular beam epitaxy
(MBE).14,15) High-quality atomically flat surface can be
achieved by homoepitaxy. It is expected that the homoepi-
taxial high-quality AlN has low density of defects and will
allow to access intrinsic material properties and device
characteristics in detail. However, currently available AlN
substrates are semi-insulating, and it is impossible to fabri-
cate a vertical device using a simple structure with a backside
ohmic contact.
In this study, we fabricate an AlN vertical SBD on an AlN

bulk substrate using a conductive epitaxial n-type
Al0.9Ga0.1N layer. An undoped AlN layer, a Si-doped
Al0.9Ga0.1N layer and AlN buffer layer were grown by
MBE on an AlN bulk substrate. The top AlN layer was
etched down to the Al0.9Ga0.1N layer to form an Ohmic
contact on the Al0.9Ga0.1N layer. The device has a quasi-
vertical structure:16) a Schottky electrode on the top AlN
layer and a Ohmic electrode on the exposed Al0.9Ga0.1N
layer were formed. The Ohmic characteristics on the
Al0.9Ga0.1N layer was investigated by transfer length method
(TLM). The current–voltage (I–V ) and capacitance–voltage
(C–V ) characteristics of the AlN SBD were measured in the
temperature range of 298–573 K using a Signatone probe
station coupled with a Keithley 4200 semiconductor para-
meter analyzer.
Figure 1(a) shows a schematic cross-section of an AlN SBD

fabricated in this study. The unintentionally doped 700 nm
thick AlN layer, the Si-doped 750 nm thick AlGaN layer with
the Al composition of 90%, and the 800 nm thick AlN buffer
layer were grown by plasma-assisted MBE on a single-crystal
(0001)-oriented AlN bulk substrate provided by Crystal IS.
The threading dislocation density of the AlN substrate was
103–104 cm−2. The AlGaN layer is fully strained and coher-
ently grown on the AlN substrate, confirmed by X-ray
diffraction. The band offset between AlN and Al0.9Ga0.1N is
very small (∼0.2 eV). Figure 1(b) shows the depth profiles of
the impurities (Si, O, H and C) in the epitaxial layers measured
by secondary ion mass spectrometry (SIMS). The Si concen-
trations in the top AlN and n-AlGaN layers are under the
detection limit (<5× 1015 cm−3) and 6× 1019 cm−3, respec-
tively. The O, H and C atoms were unintentionally doped and
the concentrations in the AlN and the n-AlGaN layers are
almost the same: [O]∼ 7× 1016 cm−3, [H]< 1× 1017 cm−3
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(detection limit) and [C]∼ 1× 1016 cm−3. The increase near the
surface is unreliable due to the surface pollution and the knock-
on effect. The top AlN layer was etched down to the AlGaN
layer by Cl2-based inductive coupled plasma-reactive ion etching
(ICP-RIE) and mesa isolation structure was formed. The AlGaN
layer was also etched down to the AlN buffer layer for device
isolation. Before the formation of electrodes, the wafer surface
was cleaned by HCl and buffered oxide etch (BOE) for 1min
each. A V/Ni/Al/Au metal stack was deposited on n+-AlGaN for
Ohmic electrodes, and rapid thermal annealing (RTA) was
performed in 850 °C, N2 ambient for 5min. This metal stack
and annealing conditions are developed for high Al-composition
AlGaN, which was described in the literatures.17,18) Then Ni/Au
stack was deposited as Schottky electrodes.
Figure 2(a) shows the I–V characteristics of the TLM

patterns for the gap lengths from 5 μm to 30 μm. The
electrode pads have the 50 μm ´ 170 μm rectangle shape.
Strongly nonlinear behavior is observed at near 0 V. This
indicates that the contact is still not good ohmic, since a barrier
height at the metal/Al0.9Ga0.1N interface is high and the
electron concentration in the Al0.9Ga0.1N layer is low due to
the deep donor level (240–290 meV1,19,20)) and a low
activation ratio of Si atoms in Al-rich AlGaN. The resistance
was simply extracted as R= V/I at the current level of 10mA.
Figure 2(b) shows the resistance at 10mA as a function of a
gap length at room temperature. From the slope and intercept,
the sheet resistance (Rsh) and the contact resistance (Rc) were
extracted as 32 kΩ/square and 1.7 kΩ, respectively. It should
be noted that the I–V characteristics are nonlinear, and these
values are very rough estimations. The specific length (L t)
and specific contact resistivity (rc) at 0.01 A are 9.0 μm and
0.026 Ω cm2, respectively. Figure 2(c) shows the I–V charac-
teristics of the TLM patterns for the gap length of 5 μm from
298 K to 573 K. The current increased with elevating tem-
perature. However, the Schottky-like nonlinearity remains at
high temperature. Figure 2(d) shows the temperature depen-
dence of the Rsh and Rc extracted at the current level of 10mA.
Both Rsh and Rc rapidly decreased with elevating temperature.
The reduction of Rsh indicates that enhanced ionization of
donors in the AlGaN layer at higher temperature (the donor
level for Si atoms in Al0.9Ga0.1N is deep and not fully ionized
at room temperature). The reduction of Rc may originate from
enhanced thermionic emissions via the metal/Al0.9Ga0.1N

interface. The improvement of Ohmic characteristics for Al-
rich AlGaN is a critical issue in AlN-based electronics in the
future.
Figure 3(a) shows the C–V characteristics of the AlN SBD

in the 1/C2–V plot. The relatively low frequency of 50–
100 kHz was used in the measurements due to large series
resistance. In the measured voltage range, the loss tangent
was sufficiently low (<0.05), and no frequency dependence
was observed in these frequency range. Near the built-in
potential of about 3 V, the plots have steep slope and rapidly
increased with decreasing applied voltage. From +1 V to
−10 V, the capacitance is almost constant but with a very
small slope. These indicate that the top AlN layer was fully
depleted owing to low net donor density and the voltage
dependence of the capacitance under reverse bias detected the
depletion in the n-AlGaN layer. The net donor concentration
( -N Nd a) can be obtained using the following equation,
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Here, Nd and Na are the donor and acceptor concentrations, e
is elementary electron charge. A is the device area, and es is
the dielectric constant along the c-axis in AlN. In this study,
the value of 9 e0

21,22) was used. Figure 3(b) shows the depth
profile of the net donor concentration in the epitaxial layer.
The measured region is limited to near the top AlN/n-AlGaN
heterostructure interface owing to the very low donor
concentration in the top AlN layer (<3× 1015 cm−3). The
top AlN thickness of 670–700 nm and the average net donor
concentration in the n-AlGaN layer of 4.2× 1017 cm−3 were
obtained. The top AlN thickness obtained by the C–V
measurement is consistent with that obtained by SIMS.
However, the net donor (mobile carrier) concentration in
the n-AlGaN layer is two orders of magnitude lower than the
Si concentration. This result indicates that (1) not all Si atoms
act as donors in Al-rich AlGaN layer and/or (2) there are deep
level defects that act as compensation acceptors.
Figure 4(a) shows the I–V characteristics of the AlN SBD at

room temperature in a linear plot. A clear rectifying character-
istic with a turn-on voltage of approximately 3 V is observed.
This turn-on voltage is consistent with the built-in potential
obtained by the C–Vmeasurement. These values are reasonable,

(a) (b)

Fig. 1. (Color online) (a) Schematic cross section of an AlN quasi-vertical Schottky barrier diode. A conductive n-AlGaN layer was used as a current
spreading layer. (b) The depth profiles of Si, O, H and C atoms in the epitaxial layer obtained by SIMS.
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considering the barrier height of Ni/n-AlN of 3.1–3.5 eV
reported recently.23,24) Figure 4(b) shows the forward I–V
characteristics of the AlN SBD at 298–573 K. The tempera-
ture-independent subthreshold slope (300mV dec−1) is ob-
served in the measured temperature range. The on-resistance
was very high (e.g. 1.8 Ω cm2 at 298 K) and decreased with
elevating temperature (e.g. 0.1 Ω cm2 at 573 K). This large on-
resistance is mostly dominated by the contact resistance at the
metal/n-AlGaN interface. The forward I–V characteristics were
analyzed based on the thermionic emission model. The current
density based on the thermionic emission is expressed as

f
= - = -*⎡⎣ ⎛⎝ ⎞⎠ ⎤⎦ ⎛⎝ ⎞⎠ ( )J J

eV
nkT

J A T
e

kT
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where J0 and n are the saturation current density and the
ideality factor, respectively. *A is the effective Richardson
constant. In this study, electron effective mass of 0.32 m0

( *A = 38.4 A K−2 cm−2)25) was used. From the analysis of
J0 using f = /*· ( )e kT A T Jln ,b

2
0 the barrier height ( fe b)

can be obtained. If the additional current components such as
tunneling current or defect-induced current are not negligible,
the ideality factor comes to deviate from unity and it cause
the underestimation of the barrier height. Figure 4(c) shows
the temperature dependence of the ideality factor and the
apparent barrier height extracted from the forward I–V
characteristics. The ideality factor was much larger than
unity and decreased with elevating temperature (e.g. 5.0 at
298 K and 2.5 at 573 K). This large ideality factor originates
from an additional current component which is larger than
the thermionic emission dominates the transport and a large
series resistance. The origin of the forward current may be a
defect-induced transport and should be investigated in the
future. The apparent barrier height increased with elevating
temperature, since the effect of the overestimation of J0

(a) (b)

(d)

(c)

Fig. 2. (Color online) (a) The I–V characteristics for 170 μm × 50 μm TLM patterns with the gap lengths from 5 μm to 30 μm. (b) The resistance versus the
gap at 10 mA. (c) The I–V characteristics of the TLM patterns with the gap length of 5 μm from 298 K to 573 K. (d) The temperature dependence of the contact
resistance and the sheet resistance extracted at 10 mA.

(a) (b)

Fig. 3. (Color online) (a) The C–V characteristics of the AlN SBD in the 1/C2–V plot. (b) The depth profile of the net donor concentration in the epitaxial
layer extracted from the C–V characteristics.
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becomes smaller at higher temperature. These tendencies
were also observed in heteroepitaxial GaN SBDs with a
large ideality factor.26,27) To investigate the temperature
dependence of Schottky barrier height accurately, a nearly
ideal SBD which shows a temperature-independent ideality
factor close to unity is needed.28) Figure 4(d) shows the
reverse I–V characteristics of the AlN SBD at 298–573 K.
The device showed breakdown voltage higher than at least
100 V, although the device has no edge termination structure.
The reverse leakage current increased with reverse voltage,
and the leakage current was higher at high temperature. In
other wide-bandgap semiconductors such as 4H-SiC, GaN
and Ga2O3, it is well known that the mechanism of reverse
leakage current is thermionic field emission: tunneling of
thermal electrons via a Schottky interface under high electric
field.29–34) However, the value calculated based on the
thermionic field emission using the analytical model in the
literature30) and the parameters (maximum electric field of
1.43 MV cm−1, barrier height of 3 eV23,24) and electron
effective mass of 0.32 m0

25)) was very low (2× 10–38 A
cm−2). Therefore, the reverse leakage current in the AlN
SBD cannot be explained by the thermionic field emission.
The origin of the leakage current may be defect-induced
component and should be investigate in the future.
In conclusion, we demonstrated the AlN quasi-vertical

SBD on a bulk AlN substrate using the buried conductive n-
AlGaN layer, and the ohmic characteristics on the n-AlGaN
layer, I–V and C–V characteristics of the AlN SBD were
investigated at 298–573 K. The device showed clear rectifi-
cation with turn-on voltage of about 3 V. The series
resistance of the device was high (1.8 Ω cm2), which was

mostly dominated by the large contact resistance at the metal/
n-AlGaN interface. The ideality factor was 5 at room
temperature. The reverse leakage current was much higher
than the expected thermionic field emission current. These
results indicate that the both forward and reverse current
transports are still non-ideal and may be dominated by a
defect-induced transport. The development of good ohmic
contact for n-type AlGaN with a high Al composition as well
as the further improvement of crystal quality of an epitaxial
AlN layer on an AlN bulk substrate are essential toward the
future AlN electronics.
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