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ABSTRACT

Ultrawide bandgap heterojunction p–n diodes with polarization-induced AlGaN p-type layers are demonstrated using plasma-assisted molec-
ular beam epitaxy on bulk AlN substrates. Current–voltage characteristics show a turn-on voltage of Vbi ! 5:5V, a minimum room tempera-
ture ideality factor of g ! 1:63, and more than 12 orders of current modulation at room temperature. A stable current operation of the
ultrawide bandgap semiconductor diode is measured up to a temperature of 300 "C. The one-sided nþ–p heterojunction diode design enables
a direct measurement of the spatial distribution of polarization-induced mobile hole density in the graded AlGaN layer from the capaci-
tance–voltage profile. The measured average mobile hole density is p $ 5:7% 1017 cm&3, in close agreement with what is theoretically
expected from distributed polarization doping. Light emission peaked at 260 nm (4.78 eV) observed in electroluminescence corresponds to
interband radiative recombination in the nþ AlGaN layer. A much weaker deep-level emission band observed at 3.4 eV is attributed to
cation-vacancy and silicon complexes in the heavily Si-doped AlGaN layer. These results demonstrate that distributed polarization doping
enables ultrawide bandgap semiconductor heterojunction p–n diodes that have wide applications ranging from power electronics to deep-
ultraviolet photonics. These devices can operate at high temperatures and in harsh environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0189419

Aluminum gallium nitride (AlGaN)-based p–n junction diodes are
promising devices for advancing high-power electronics and deep-
ultraviolet (UV) photonics. These applications are enabled by the follow-
ing desirable properties of the AlGaN semiconductor alloy system: a
large tunable direct energy bandgap (3.4–6.2 eV), high critical electric field
(3–15MV/cm), and high thermal conductivity (260–340W/mK), among
others. p-type doping is the major bottleneck in realizing a p–n junction
using these ultrawide bandgap (UWBG) semiconductors. The acceptor ion-
ization energy of magnesium (Mg) increases with the energy bandgap from
GaN [Ea $ 200meV (Refs. 1 and 2)] to AlN [Ea $ 630meV (Ref. 3)].
Recent reports on p-type doping of AlN with lower acceptor binding ener-
gies and new shallow dopants like Be are under further investigation.4,5

Deep acceptors with Ea ' kbT , where kb is the Boltzmann con-
stant and T is the temperature, lead to poor ionization, low free carrier

concentrations, and increased on-resistance in the diode p-type region.
The large disparity between electron and hole carrier concentration
and mobility causes an efficiency droop in light-emitting diodes
(LEDs).6 Several allied limitations with using a high concentration of
Mg in active regions include surface polarity inversion,7,8 Mg precipita-
tion,9 surface segregation,10 self-compensating defects formation,11

memory effects,12 and increased frequency dispersion in diodes,13

among others. In the design of waveguides for deep-UV laser diodes,
Mg-doped cladding layers are undesirable because they cause high
Mg-induced optical losses that increase the threshold gain.14

One way to overcome these challenges is to leverage the sponta-
neous and piezoelectric polarization of wurtzite III/V nitride semicon-
ductors. Spatial compositional grading of AlGaN along the polar axis
creates a fixed bulk three-dimensional (3D) polarization bound charge,
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whose electric field enables the formation of mobile three-dimensional
charges of opposite polarity. The use of such distributed polarization-
doped (DPD) layers has played a key role in the demonstration of
deep-UV laser diodes,15–18 LEDs,19,20 and power diodes.21–24 In this
work, we create a DPD p-type layer by linearly grading down the
AlGaN composition along the þc direction of the crystal. The grading
creates a three-dimensional hole gas.25–27 We use a one-sided nþ–p
heterojunction to measure the spatial density profile of the 3D hole
gas. We also find that the resulting ultrawide bandgap heterojunction
diode current–voltage characteristics exhibit close to unity ideality fac-
tor, stable high-temperature operation, and electroluminescence.

Space-charge profiling of DPD-based diodes grown on bulk AlN
was recently reported in metal organic chemical vapor deposition
(MOCVD) grown diodes.28 There are no reports of such measure-
ments on molecular beam epitaxial (MBE) grown devices. MBE offers
some differences from MOCVD, such as lower growth temperature,
lower hydrogen incorporation, and the absence of memory effects,
enabling precise dopant profiles and sharp heterointerfaces. While
MBE grown two-dimensional (2D) hole gases were demonstrated on
single-crystal AlN bulk substrates,29 polarization-induced 3D hole
gases on bulk AlN have not been realized yet. In this study, we present
an MBE grown quasi-vertical p–n diode that uses an undoped distrib-
uted polarization-doped layer for hole injection. We find an average
mobile hole concentration of 5.7% 1017 cm&3, consistent with what is
expected from spontaneous and piezoelectric polarization effects.
These findings make unintentionally doped (UID) DPD-based diodes
an attractive alternative to the conventional impurity-based pn diodes.

The diode heterostructures were grown in a nitrogen plasma-
assisted Veeco Gen10 molecular beam epitaxy (MBE) system on þc-
plane single-crystal bulk AlN substrates. The substrates were subjected
to two essential cleaning steps as described in detail elsewhere:30,31 (1)
an ex situ cleaning using solvents and acids and (2) an in situ cleaning
achieved through repeated cycles of Al adsorption and desorption,
referred to as Al-assisted polishing. These steps eliminate the native
surface oxides to enable high-quality homoepitaxy.

As shown in Fig. 1(a), a 500nm thick AlN buffer layer was grown
at a high temperature of Tsub $ 1060 "C in Al-rich conditions to isolate
the device layers from remaining substrate surface impurities. The sub-
sequent AlGaN epilayer was grown under Ga-rich conditions at a
lower substrate temperature of 880 "C to enhance Ga incorporation.

Excess metal was thermally desorbed at the end of each layer to ensure
sharp heterojunctions. From bottom to top along the metal-polar
growth direction, the targeted p–n diode heterostructure, as seen in
Fig. 1(a), consists of (1) a 500nm MBE grown AlN buffer layer, (2) a
400 nm Al0.7Ga0.3N layer with Si doping density Nd ! 3% 1019 cm&3,
which resulted in a free electron density n ! 2% 1019 cm&3 at room
temperature from Hall-effect measurements, (3) an unintentionally
doped (UID) DPD layer linearly graded from Al0.95Ga0.05N to
Al0.65Ga0.35N over 300 nm, and followed by (4) a 50nm heavily Mg-
doped GaN capping layer to form the metal p-contacts. In the entire
device stack, Mg impurity doping is only incorporated in the GaN
p-contact layer and not in the Al containing UWBG layers.

Following the epitaxy of the device heterostructures, the layers
were fabricated into quasi-vertical diodes as indicated in Fig. 1(a) and
shown in Fig. 1(b). First, circular device mesas were formed by
chlorine-based inductively coupled plasma reactive ion etching (ICP-
RIE) with a total etch depth extending 100nm into the n-type AlGaN
layer. The device mesa diameters range from 20 to 400lm. Then,
n-type metal–semiconductor contacts were formed by electron beam
evaporation of a V/Al/V/Au stack with thicknesses of 20/80/40/
100 nm, which was subsequently rapid thermal annealed (RTA) at
800 "C for 60 s in an N2 ambience. Finally, p-type metal–semiconduc-
tor Ni/Au contacts with thicknesses of 15/20nm were deposited by
electron beam evaporation and annealed by RTA at 450 "C for 30 s in
an O2 environment. A 20/100nm Ti/Au metal stack was subsequently
deposited by electron beam evaporation for probing. Electrical mea-
surements were performed using a Keithley 4200A semiconductor
parameter analyzer. Electroluminescence spectra were collected using
a Princeton Instruments spectrometer with 2400 grooves/mm and a
blaze wavelength of 240 nm. All measurements were performed on
devices with a 104lm diameter, unless specified otherwise. Figure 1(a)
shows a cross-sectional view of the device, and Fig. 1(b) shows a scan-
ning electron microscope (SEM) image of the fabricated device at a
45" tilt. The SEM was taken by a Zeiss ULTRA microscope at a 5 kV
beam voltage with an in-lens detector.

Figure 1(c) shows atomic steps on the top p-GaN layer of the as-
grown sample with a root mean square roughness of 0.33 nm over
2% 2 lm2 scan area measured by atomic force microscopy (AFM),
confirming step flow growth mode throughout the structure. The
x-ray diffraction (XRD) scans in Fig. 1(d), performed using a

FIG. 1. (a) Cross-sectional view of the fabricated device structure in this study. (b) SEM image of a 104 lm diameter device. (c) 2% 2 lm2 AFM micrographs of the top GaN
surface of the as-grown sample indicating the smooth surface and two-dimensional growth mode. (d) Measured and simulated 2h& x XRD scans of the sample across the
(002) diffractions. (e) RSMs across the asymmetric (!105) diffractions.
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Panalytical Empyrean system, show good agreement between the mea-
sured and simulated 2h& x XRD scans of the sample across the (002)
diffractions. The actual Al compositions found from XRD are 2%–3%
higher than the targeted structure. The reciprocal space map (RSM)
around the asymmetric (!105) diffractions in Fig. 1(e) shows that the
AlGaN layers are fully strained to the AlN, while the GaN layer is
relaxed and has an in-plane lattice strain of approximately 1.9%.

Figure 2(a) shows the room temperature current–voltage charac-
teristics of the diode. The reverse bias leakage current detection is lim-
ited by the 100 fA noise floor of the equipment until approximately
&8V, beyond which it increases gradually. In the forward bias, the
diode turn-on voltage is approximately 5.5V, and a specific on-
resistance of 0.9X cm2 at 6V. The maximum measured forward cur-
rent density of 1.3 kA/cm2 at $20V was limited by the current limit
of the equipment. The measured 12 orders of current modulation (lim-
ited by the measurement noise floor and compliance) illustrate the
capability of the AlGaN heterojunction p–n diode without Mg doping
in the AlGaN layers.

Figure 2(b) shows the turn-on behavior in linear scale and the
corresponding ideality factor. The diode forward current is32

JF ! J0 exp½qV=ðgkbTÞ+, where J0 is a voltage-independent and
material-dependent coefficient, q is the electron charge, V is the junc-
tion voltage, and g is the ideality factor. g¼ 2 when non-radiative
Shockley–Read–Hall interband recombination current is dominant,
and g¼ 1 when minority carrier diffusion current dominates. The
voltage-dependent ideality factor from the general diode relation,

g ¼ q
kbT

% dV
d lnðJ=J0Þ

; (1)

is used to obtain the g shown in Fig. 2(b). g reaches a minimum value
of approximately 1.63 in a narrow voltage range around 4V near turn
on, one of the lowest reported to date in ultrawide bandgap pn diodes.
The deviation of the experimental ideality factor from the theoretical

models (1 - g - 2) in AlGaN/GaN p–n junction diodes has been
attributed to non-ohmic metal–semiconductor junctions.21,33 By per-
forming transfer length method (TLM) measurements, we found that
both the p and n contacts are not entirely ohmic and exhibit some
non-linearity. In this case, the total ideality factor is the sum of individ-
ual ideality factors of all the rectifying junctions in the system, as
derived by Shah et al.33 The presence of the Schottky-like contact
diodes in series with the pn junction diode, therefore, complicates an
accurate determination of the true ideality factor of the p–n junction
itself.

Figures 2(c) and 2(d) show the temperature dependence of the
diode current from 25 to 300 "C. The reverse leakage current in
Fig. 2(c) increases with increasing electric field and temperature. This
is a signature of trap-assisted tunneling being the dominant leakage
mechanisms, such as the Frenkel–Poole (FP) process34 or variable-
range hopping (VRH).35 A far more dramatic temperature dependence
is observed in the forward bias current in Fig. 2(d). For example, at a
forward bias of 3.5V, the current density increases by 5 orders of mag-
nitude when the temperature is increased from 25 to 300 "C. A large
exponential increase in current is indeed expected with temperature
because the intrinsic interband thermally generated carrier density is
ni / expð&Eg=ð2kbTÞÞ, and in the ideal diode theory, J0 / n2i /
expð&Eg=ðkbTÞÞ is a strong function of temperature. The minimum
ideality factor increased to 2.0 at 300 "C, which could be due to heat or
current induced degradation to the device, resulting in an increased
recombination current. Stress induced degradation has been shown to
result in an increased point defect density in UV LEDs.36,37

Figure 3(a) shows the calculated energy band diagram of the pn
heterojunction diode at zero bias, highlighting the depletion region.
Unlike in non-polar pn diodes, at this polar AlN/AlGaN p–n hetero-
junction, there is no depletion region in the n-side. Across the hetero-
interface of n-Al0.72Ga0.28N and AlN, there is a polarization
discontinuity and an energy band discontinuity. Since the n-AlGaN is

FIG. 2. (a) Room temperature J–V char-
acteristics of the diode. (b) The extracted
ideality factor from (a) using Eq. (1).
(c) Temperature dependent J–V character-
istics in reverse bias. (d) Temperature
dependent J–V characteristics in forward
bias.
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doped with donors, the combination gives rise to a two-dimensional
electron gas (2DEG) of density $1.64% 1013 cm&2 at the heterojunc-
tion. Because of this n-type accumulation region, the depletion region
falls completely in the p-side. Furthermore, the mobile holes in the lin-
early graded AlGaN layer are due to distributed polarization doping.
Thus, capacitance–voltage (CV) profiling should unambiguously
extract the charge-density profile in the DPD layer. Despite the quasi-
vertical geometry of the diode, it can be considered a parallel plate
capacitor since the layers in contact with the n-electrode are approxi-
mately equipotential across the surface under reverse bias. The low
reverse bias leakage in this device [Fig. 2(a)] enables reliable CV mea-
surements up to &20V. The dc bias determines the depletion depth,
and a 30mV AC signal at a frequency of 30 kHz was used for the
capacitance measurement in a standard parallel capacitance and con-
ductance Cp & Gp model.38 Figure 3(b) shows the measured capaci-
tance as a function of the applied DC bias at room temperature. The
loss tangent tan d ¼ 2pf ðCp=GpÞ remains below 0.1 in the entire volt-
age range, ensuring the validity of the data. The built-in voltage of the
junction from the extrapolation of 1=C2 vs V in Fig. 3(b) is 5.8V, close
to the expected value of 5.5V.

The 3D bulk polarization charge density in the DPD layer is the
sum of both spontaneous and piezoelectric polarizations
Ptot ¼ PPZ þ PSP . The piezoelectric polarization of AlxGa1&xN coher-
ently strained on AlN is39

PPZðxÞ ¼ 2% aAlxGa1&xN & aAlN
aAlN

! "
% e31 & e33

c13
c33

! "
; (2)

where c13 and c33 are elastic coefficients and e31 and e33 are piezoelec-
tric moduli. The values of spontaneous polarization, elastic coefficients,
and piezoelectric moduli for AlN and GaN were taken from Table 1 of
Ref. 28. The corresponding values for AlxGa1&xNwere obtained by lin-
ear interpolation (Vegard’s law). The net carrier-density profile in
cm&3 along the [0001] direction (z axis) is

qðzÞ ¼ 1
q
r . Ptot ¼

1
q
@PðxðzÞÞ

@z
; (3)

where x(z) is the graded Al-content profile along the z axis, a linear
function in this case. The charge-density at the edge of the depletion
region is extracted from the measured CV data of a one-sided abrupt
junction32 as follows:

N ¼ &2
q!s!0

% 1
dð1=C2Þ=dV

# $
; (4)

where q is the electron charge, !s is the relative permittivity of the semi-
conductor at the edge of the depletion region, and !0 is the permittivity
of the vacuum. A constant value of 9.35 was used for !s corresponding
to an average Al composition of 83% in the DPD layer, interpolated
between AlN (!s ¼ 9.2140) and GaN (!s ¼ 10.0441). The depletion
width in the DPD layer isWD ¼ ð!0!sÞ=C.

Figure 3(c) shows the experimentally measured and the calcu-
lated charge-density profile (dashed line) along the z direction. The
experimental average charge density of 5:7% 1017 cm&3 is approxi-
mately equal to the calculated density of 5:8% 1017 cm&3. Thus, the
presence of a high-density polarization-induced 3D hole gas close to
the theoretically predicted density is observed. The rather interesting
oscillations of the charge density observed in all devices are not cap-
tured in the simulation. They could originate either due to periodic
fluctuations in Al composition, or Friedel oscillations of the three-
dimensional hole gas.42,43 The root of these oscillations will be investi-
gated in a future work. The destructive breakdown of the devices
occurred in the range of &55 to &60V without any passivation and
edge termination structure.

Figure 4(a) shows the measured room temperature electrolumi-
nescence (EL) collected from the backside of large 400lm diameter
devices at a forward current density of 110A/cm2 at room tempera-
ture. A peak at 4.78 eV dominates the emission spectrum.
Additionally, a far less intense deep-level luminescence peak of energy
$3.4 eV is also observed. To identify the origins of these peaks, room
temperature photoluminescence (PL) experiments were also con-
ducted on an Al0.72Ga0.28N/AlN sample with the same Si doping den-
sity and without the DPD and p-contact layers using a 193 nm ArF
excimer laser excitation. The inset in Fig. 4(a) shows a comparison of
the EL and PL spectra. It confirms that the dominant emission peak in
EL is from interband radiative recombination in the Si-doped
Al0.72Ga0.28N layer.

Figure 4(b) shows the calculated energy band diagram of the
diode at a junction bias of 5V, along with the spatially resolved radia-
tive recombination rate, simulated using STR SiLENSe.44 The purple
arrow on the plot indicates the interband transition responsible for the
dominant peak in the EL spectra, where the radiative recombination
rate is nearly 103 times more intense than in the p-DPD layer. The low
to non-observable emission from the DPD layer in the EL spectrum is

FIG. 3. (a) Energy band diagram and free electron and hole concentration of the p–n diode at zero bias. (b) Room-temperature capacitance–voltage measurements at 30 kHz
AC frequency. (c) The extracted charge-density profile in the graded AlGaN layer using Eq. (4), which matches well with the polarization charge calculations done using Eqs.
(2) and (3).
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due to two reasons: (1) the product of electron and hole concentrations
under forward bias is significantly higher in the n-layer, leading to a
higher radiative recombination rate since R / np, and (2) the lumines-
cence resulting from recombination within the DPD layer has higher
energy than the energy bandgap of Al0.72Ga0.28N. This means photons
emitted in the p-DPD layer moving toward the bulk will be absorbed
and re-emitted at a photon energy equal to the n-layer energy bandgap
during backside collection.

The weak sub-bandgap peak at approximately 3.4 eV is very
close to the energy bandgap of GaN. This peak could be due to opti-
cal excitation of the top GaN layer from the emitted 4.8 eV photons,
which then make it across the wafer to the backside collector.
However, the appearance of a weak 3.4 eV peak in the inset of
Fig. 4(a) in the PL spectra of Al0.72Ga0.28N without any GaN layer
indicates that the EL peak is also from the n-AlGaN layer. Chichibu
et al.45 have proposed the existence of defect complexes consisting of
cation vacancies and silicon (VIII-nSiIII) as an explanation for the
deep PL emission bands. These complexes act as self-compensating
acceptor-type defects in Si-doped AlN and AlGaN.46,47 It should be
noted that literature reports on luminescence in AlN and AlGaN
grown by MBE are scarce,48–51 and that defect formation may
strongly depend on the method of deposition. The presence of these
point defects does not affect the calculated polarization charge, since
the dispersion in capacitance was less than 10% in the frequency
window of$1 kHz–1MHz.

In summary, ultrawide bandgap semiconductor diodes exhibiting
low reverse bias leakage and high on/off ratio are realized by MBE,
thanks to the low dislocation density of the epilayers grown on bulk
AlN substrates. Completely one-sided p–n heterojunction diodes are
realized by exploiting polarization-induced doping on the n-side to
remove the depletion layer, and distributed polarization doping instead
of Mg acceptor doping for the p-type depletion layer. Through capaci-
tance–voltage measurements, the mobile hole concentration and their
spatial distribution in the graded AlGaN layers were directly measured
and were found to be consistent with what was expected from polariza-
tion effects. These polarization-induced ultrawide bandgap semicon-
ductor diodes show stable performance up to 300 "C. The
electroluminescence from these diodes is dominated by interband radi-
ative recombination, and deep-level luminescence is greatly sup-
pressed. This suggests the presence of low point defect densities in the
MBE grown Si-doped AlGaN layer. Overall, this study demonstrates
the flexibility in the design of p–n heterojunction diodes through
polarization-induced doping to achieve properties that are not possible
in standard diodes. Such heterostructure design that combines

bandgap engineering intimately with polarization engineering opens
opportunities for more efficient photonic and electronic devices with
ultrawide bandgap polar semiconductors than what is possible in non-
polar semiconductors.
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FIG. 4. (a) Room temperature electrolumi-
nescence collected from the backside of
the device. The inset shows the compari-
son (in logarithmic scale) between EL
from the device and PL from an AlGaN
sample with the same composition and
doping as the n-layer of the device. (b)
Energy band diagram of the diode at 5 V
forward bias with the arrow showing the
radiative transition corresponding to the
main emission peak.
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