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Demonstration of AlN Schottky Barrier Diodes
With Blocking Voltage Over 1 kV
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Abstract— This letter reports the first demonstration
of 1-kV-class AlN Schottky barrier diodes on sapphire sub-
strates by metal organic chemical vapor deposition. The
device structure mimics the silicon-on-insulator (SOI) tech-
nology, consisting of thin n-AlN epilayer as the device active
region and thick resistive AlN underlayer as the insulator.
At room temperature, the devices show outstanding perfor-
mances with a low turn-ON voltage of 1.2 V, a high ON/OFF
ratio of ∼105, a low ideality factor of 5.5, and a low reverse
leakage current below 1 nA. The devices also exhibit excel-
lent thermal stability over 500 K owing to the ultra-wide
bandgap of AlN. The breakdown voltage of the devices
can be further improved by employing field plate, edge
termination technologies,and optimizing the SOI-like device
structure. This letter presents a cost-effective route to high
performance AlN-based Schottky barrier diodes for high-
power, high-voltage, and high-temperature applications.

Index Terms— Aluminum nitride, Schottky barrier diodes,
power electronics, high temperature, semiconductor,break-
down.

I. INTRODUCTION

WURTZITE AIN has the largest bandgap of 6.2 eV
among the wide bandgap semiconductor family includ-

ing SiC (3.3 eV), GaN (3.4 eV), β-Ga2O3 (4.8 eV) and
diamond (5.5 eV), which are attractive for various opto-
electronic and electronic applications. Currently, AlN pri-
marily serves as substrates or templates on which devices
are grown, while its III-nitride counterparts [i.e., In(Ga)N
and Ga(Al)N], have been widely utilized as device active
regions [1]–[13]. For example, ultraviolet (UV) light emit-
ting diodes (LEDs) [14], [15] and various field-effect tran-
sistors (FETs) [16]–[19] have been demonstrated on AlN
substrates or templates. For power electronics, AlN devices
have the potential to outperform current GaN devices due
to AlN’s larger critical electric field (12 MV/cm) and ther-
mal conductivity (340 W/mK). However, due to the chal-
lenges in material growth and device fabrication, very limited
work has been reported on AlN electronics. Reddy et al. [20]
investigated the Schottky barrier heights between AlN and
different metals. Irokawa et al. [21] first demonstrated AlN

Manuscript received June 13, 2017; revised June 24, 2017; accepted
July 2, 2017. Date of publication July 5, 2017; date of current version
August 23, 2017. This work was supported by the Defense Threat
Reduction Agency Young Investigator Award. The review of this letter
was arranged by Editor T. Palacios. (Corresponding author: Yuji Zhao.)

The authors are with the School of Electrical, Computer, and Energy
Engineering, Arizona State University, Tempe, AZ 85287 USA (e-mail:
yuji.zhao@asu.edu).

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2017.2723603

based lateral Schottky barrier diodes (SBDs) directly on
unintentionally doped (UID) AlN substrate grown by physical
vapor transport (PVT). The n-type conductivity was thought
to originate from unintentional oxygen impurities or nitro-
gen vacancies. Their devices exhibited a turn-on voltage
of 2.6 V, an ideality factor of 12, and a breakdown voltage
below 50 V. Kinoshita et al. [22] fabricated a vertical AlN
SBD on 250-µm-thick n-AlN substrate by hydride phase vapor
epitaxy (HVPE) after removing the insulating seed substrate.
However, the removal process caused a significant amount
of surface damages, which led to lower device performances
compared with theoretical results. The AlN SBD had a turn-
on voltage of 2.2 V, an ideality factor of 8, and a breakdown
voltage of 550−770 V. The breakdown voltage of the devices
could be enhanced by implementing field plates [23], edge
terminations [10], and material improvements such as reducing
defect density [9]. However, bulk AlN substrates are still
too expensive and highly doped n-AlN substrates are not
readily available, rendering lateral and vertical AlN SBDs
on AlN substrates not commercially attractive or research-
friendly. Recently, AlN epilayers with high crystal quality
were achieved using metal organic chemical vapor deposi-
tion (MOCVD) on sapphire substrates [24]–[26], which opens
the door to cost-effective high-performance AlN electronic
devices. In this work, we demonstrated, for the first time, high
performance AlN SBDs on sapphire substrates with a low turn-
on voltage of 1.2 V, a high on/off ratio of ∼105, a low ideality
factor of 5.5 and a high breakdown voltage over 1 kV.

II. GROWTH, MATERIAL CHARACTERIZATION AND
DEVICE FABRICATION

The AlN SBDs epilayers were grown by MOCVD on single
side polished (SSP) (0001) sapphire substrate with 0.2° off-cut
angle. The Al and N sources were trimethylaluminum (TMAl)
and ammonia (NH3), respectively. SiH4 was used as the
precursor for n-type dopant Si. The carrier gas was hydro-
gen (H2). The details about the growth can be found elsewhere
[25]. The device structure (Fig. 1) consists of a AlN buffer
layer, an 1-µm-thick resistive UID AlN underlayer (UL),
a 300 nm Si-doped n-AlN layer and a 2 nm UID GaN
capping layer. The thin UID GaN capping layer was used to
prevent the oxidation of AlN epilayers underneath that might
degrade the device performances [17]. The crystal quality of
the MOCVD AlN sample was characterized by high resolution
X-ray diffraction (HRXRD) measurement using PANalytical
X’Pert Pro materials research X-ray diffractometer (MRD)
system with Cu Kα radiations. Hybrid monochromator and
triple axis module are used for the incident and diffracted
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Fig. 1. Schematic view of fabricated AlN SBDs on sapphire by MOCVD.
The ohmic and Schottky contacts are in red and green, respectively.

Fig. 2. Rocking curve of (a) (0002) plane and (b) (202̄4) for AlN SBDs
by HRXRD. AFM images in (c) two dimension and (d) three dimension.

beam optics, respectively. Figure 2(a) and 2(b) show the (0002)
symmetric and (202̄4) asymmetric plane rocking curves (RCs)
for the AlN sample. The full width at half maximum (FWHM)
of (0002) RC are 46.8 arc sec and FWHM of (202̄4) RC are
159.1 arc sec, which are among the lowest FWHM reported on
MOCVD grown AlN epilayers on sapphire substrate [25], [26].
The dislocation density of the sample was estimated to be
∼ 108 cm−2 using the equations in Ref. 27. The surface
morphology of the AlN sample was examined by Bruker’s
Dimension atomic force microscopy (AFM). The root-mean-
square (RMS) roughness of 2 × 2 µm2 scanning area of the
samples was measured to be 0.86 nm. The HRXRD and AFM
results show AlN epilayers with low defect density and good
surface morphology were obtained on sapphire substrates.

The as-grown sample was cleaned in acetone and isopropyl
alcohol under ultrasonic and dipped in hydrochloric acid
(HCl : H2O = 1:2) before the metal depositions. The AlN
SBD devices were fabricated using conventional optical pho-
tolithography and lift-off processes. For the ohmic contacts,
Ti/Al/Ti/Au (20 nm / 100 nm / 20 nm / 50 nm) metal
stacks were deposited by electron beam deposition followed
by thermal annealing at 1000 °C in nitrogen for 30 seconds
using rapid thermal annealing (RTA). The circular ohmic
contact has a diameter of 400 µm. For the Schottky con-
tacts, Pt/Au (30 nm / 120 nm) metal stacks were deposited
by electron beam evaporation. For comparison, both circu-
lar (diameter of 100 µm) and square Schottky contacts (side
length of 100 µm) were fabricated. The distance between the
ohmic contact and Schottky contact is 200 µm. A 200 nm
SiO2 passivation layer was then deposited on the devices
using plasma-enhanced chemical vapor deposition (PECVD)
at 350 °C and 1000 mTorr with a RF power of 20 W. Finally,
the contact vias were opened by fluorine-based reactive ion

Fig. 3. (a) TLM I–V characteristics of the ohmic contact at RT. The
inset shows the resistance versus gap of the TLM pads. A linear fitting
was performed to extract the contact resistance and sheet resistance.
(b) Contact resistance and sheet resistance as a function of temperature.

etching (RIE). No field plate or edge termination were imple-
mented in the devices. The ohmic contacts of the devices
were investigated by transmission line method (TLM) from
room temperature (RT) to 300 °C. Figure 3(a) shows the TLM
current–voltage (I–V) curves at RT. The contacts showed good
ohmic behavior with a contact resistance of 2.8×10−5 #·cm2

and a sheet resistance of 1.3×103 #/sq. The ohmic contacts
also exhibited excellent thermal stability over the measured
temperature range (RT to 300 °C). The contact resistance
slightly increased with the increasing temperature. This was
not necessarily the intrinsic nature of the ohmic contact of AlN
because stressful probes could destroy the integrity of metal
stacks and thus resulted in somehow a degradation of ohmic
contacts [28]. The physical mechanism is still unclear and
demands further investigations. The electrical measurements
were conducted on a probe station equipped with a thermal
chuck. The I–V characteristics at forward bias and reverse
bias were measured using the Keithley 2410 sourcemeter. The
capacitance-voltage (C–V) characteristics were measured with
the Keithley 4200-SCS parameter analyzer. The reverse break-
down measurements were performed in insulating Fluorinert
liquid FC-70 at RT.

III. RESULTS AND DISCUSSIONS

Figure 4(a) shows the temperature-dependent forward I–V
characteristics of the circular AlN SBDs. The lower current
detection limit of the setup is 1 nA. The measured off current
densities were as low as ∼10−6 A/cm2 at all temperatures.
A high on/off ratio ∼105 was obtained, which is comparable
to that of AlN SBDs on AlN substrates [21], [22]. The turn-
on voltage of the devices was 1.2 V (1.1 V for square SBDs),
smaller than previous reported values [21], [22]. The constant
slope of Richardson plot (J /T2 vs. 1/kT where J is the current
density, k is the Boltzmann constant and T is the temperature)
in Fig. 4(b), indicated the forward current of the devices was
limited by thermionic emission [29], [30].

The general diode equations for thermionic emission can be
expressed as [22], [31]

J = J0 exp(q(V − I Rs )/nkT − 1) (1)
J0 = A∗T 2 exp(−$B/kT ) (2)

where J0 is the saturation current density, Rs is the series
resistance, n is the ideality factor, A∗ is the Richardson
constant and ÔB is the barrier height. The Richardson constant
was calculated to be 48 A/(cm2 K2) using the effective electron
mass of 0.5 m0 [22]. Based on Eqs. (1) and (2), ideality



1288 IEEE ELECTRON DEVICE LETTERS, VOL. 38, NO. 9, SEPTEMBER 2017

Fig. 4. (a) Forward I–V characteristics of the AlN SBD from
20 °C to 200 °C. (b) The Richardson plot from 1.6V to 2.0 V in a step
of 0.1 V.

Fig. 5. (a) Ideality factor and barrier height as a function of temperature.
(b) Barrier height vs. ideality factor.

Fig. 6. (a) C-V and (b) 1/C2 vs. V characteristics for AlN SBDs at 1 MHz.
The doping concentrations of are extracted from the slopes in 1/C2 vs. V

factor and barrier height of the AlN SBDs were extracted
as a function of temperature in Fig. 5(a). The ideality factor
decreased from 5.5 to 2.2 while the barrier height increased
from 0.9 eV to 1.6 eV from 20 °C to 200 °C. The temperature
dependence of the ideality factor was attributed to the lateral
inhomogeneity of the Schottky barrier interface [21]. Note
that the RT ideality factors (n = 5.5 and 5.3 for circular
and square SBDs, respectively) obtained in this work were
2∼3 times smaller than previous results [21], [22], possibly
due to improved material quality and metal/semiconductor
interface. A well-known linear correlation between the barrier
height and the ideality factor was also observed due to the
nonuniform Schottky interface [31]. It should be noted that
the thin GaN capping layer did not contribute to the device
operation under bias.

Figure 6(a) shows C–V characteristics of the AlN SBDs at
a frequency of 1 MHz. The net doping concentration ND can
be obtained using [29]

1/C2 = 2
qε0εr ND

(Vbi − V − kT/q) (3)

d
(

1/C2
)
/dV = − 2

qε0εr ND
(4)

Fig. 7. (a) Reverse I-V characteristics of circular and square AlN SBDs.
(b) Comparison of the breakdown and turn-on voltages of reported AlN
SBDs.

where Vbi is the built-in voltage, ε0 is permittivity of the
vacuum, and εr is relative permittivity of AlN. After plotting
1/C2 vs. V, two slopes were observed, which corresponded
to the net doping concentrations in n-AlN layer (ND = 1017

cm−3) and resistive UID AlN UL (ND = 5.4 × 1014 cm−3),
respectively. This result indicated UID AlN UL was much
more resistive than n-AlN layer. The high resistivity of UID
AlN UL was also confirmed by the contactless sheet resistance
measurement using Model LEI-88, exceeding the apparatus
upper limit of 104 #/sq. . The Silvaco ATLAS simulation
showed the majority of current paths were confined in the
thin n-AlN layer due to the high resistivity of UID AlN UL.
Therefore, growing thick resistive UID AlN UL can not only
improve the material quality of n-AlN epilayer, but may also
reduce the current leakage and increase the breakdown voltage,
similar to the SOI technology.

Figure 7(a) presents the reverse I–V characteristics of
the circular and square AlN SBDs. Both devices exhibited
breakdown voltages over 1 kV, which are much higher than
previous reports (∼ 700 V) [22]. The catastrophic damages of
the AlN SBDs occurred at the edge of Schottky contacts due
to edge electric field crowding. The breakdown was therefore
not intrinsically limited by the critical electric field of AlN.
Improvement in the breakdown capability of the devices can
be further expected by employing field plate and/or edge
termination. In addition, improving the material quality of
n-AlN, increasing the resistivity of the UID AlN UL by
Fe or C doping and optimizing the passivation strategies can
also help to increase the breakdown voltage of the devices.

IV. CONCLUSION

In summary, lateral AlN SBDs were grown and fabricated
on sapphire substrates by MOCVD. At forward bias, the AlN
SBDs exhibit good rectifying behavior with a turn-on voltage
of 1.2 V, an on/off ratio of ∼ 105, and an ideality factor
of 5.5 at RT. At reverse bias, the devices demonstrated
over 1 kV breakdown voltage and below 1 nA leakage
current. Material growth and device structure optimizations are
expected to further increase the breakdown voltage. In addi-
tion, the devices show excellent thermal stability over 500 K.
These results showed high potential of AlN SBDs on sapphire
substrate for high power, high voltage and high temperature
applications.
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