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The large electronic polarization in III-V nitrides allows for novel physics not possible in other

semiconductor families. In this work, interband Zener tunneling in wide-band-gap GaN heterojunctions is

demonstrated by using polarization-induced electric fields. The resulting tunnel diodes are more

conductive under reverse bias, which has applications for zero-bias rectification and mm-wave imaging.

Since interband tunneling is traditionally prohibitive in wide-band-gap semiconductors, these

polarization-induced structures and their variants can enable a number of devices such as multijunction

solar cells that can operate under elevated temperatures and high fields.

DOI: 10.1103/PhysRevLett.103.026801 PACS numbers: 73.40.Kp

Introduction.—Since Esaki’s explanation of the inter-
band electron tunneling process [1] across heavily doped
germanium p-n junction diodes in 1957, the phenomenon
has been investigated in great detail in many semiconduc-
tors [2]. Because of negative differential resistance, negli-
gible minority carrier storage, and the resulting high
speeds, tunnel diodes have found usage in applications
such as oscillators, amplifiers, frequency converters, and
detectors (see [2]). A notable and increasingly important
application of tunnel junctions is in electrically connecting
semiconductor p-n junctions of disparate band gaps, such
as in multijunction solar cells [3,4].

Interband tunneling of electrons in semiconductors is
impeded by two factors: the tunneling barrier height de-
termined by the band gap, and the tunneling barrier thick-
ness. For wide-band-gap semiconductors such as the III-V
nitrides (GaN, AlN) and SiC, tunneling is low due to the
high barrier heights, and is hampered further by the inabil-
ity to achieve degenerate n- and p-type impurity doping.
However, by utilizing the giant built-in electronic polar-
ization fields present in wurtzite III-V nitride semiconduc-
tor heterostructures [5,6], it is possible to achieve interband
tunneling in p-n junction diodes. This principle was re-
cently used for connecting two nitride p-n junctions to
demonstrate a multicolor light emitter [7]. Such
polarization-induced tunnel junctions can enable Ohmic
contacts to the valence band of large band gap semicon-
ductors. They will enable multicolor light emitters or
detectors and multijunction solar cells by taking advantage
of the large span in direct band gaps (IR to deep UV)
covered by the III-V nitride semiconductor family. Wide-
band-gap semiconductors also exhibit long lifetimes for
spin-polarized carriers and room-temperature ferromag-
netic behavior; tunnel junctions can enable efficient injec-
tion of polarized carriers for spintronic devices. In light of
the importance, this work presents an experimental dem-
onstration and a theoretical model for polarization-induced
tunnel junctions in III-V nitride heterostructures. GaN-
AlN-GaN p-n tunnel junctions are shown to operate as

backward diodes for zero-bias detectors at room
temperature.
Wurtzite III-V nitride semiconductors (GaN, AlN) ex-

hibit giant polarization fields in the 0001 crystal direction
[5,6]. When a thin strained AlN layer is inserted into a GaN
crystal along the 0001 direction, the abrupt discontinuity of
spontaneous polarization and the piezoelectric strain leads
to the formation of a dipole of fixed sheet charges at the
two AlN=GaN heterojunctions. This polarization sheet
charge density is as large as �� � 6� 1013=cm2. In the
absence of other charges, the electric field inside the AlN
layer as a result is F � ¼ q��=�s � 12 MV=cm, where q
is the electron charge and �s � 9�0 is the dielectric con-
stant of AlN. This is an extremely high field; it cannot be
attained by conventional impurity doping, and is the criti-
cal enabler of interband (Zener) tunneling. For compari-
son, Fig. 1 shows the energy band diagram calculated for
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FIG. 1. Energy band diagrams of a normal p-n junction and a
polarization-induced tunneling p-n junction. The polarization-
induced electric field shrinks the depletion region and aligns the
valence and conduction bands to facilitate interband tunneling.
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an impurity-doped GaN:Mg=GaN:Si p-n junction heavily
doped atNA � 1019=cm3 andND � 9� 1018=cm3, respec-
tively. The depletion region width (effective tunneling
barrier thickness) is W � 25 nm, and the maximum elec-
tric field reached at the junction is F max � 2Eg=W �
2:7 MV=cm, where Eg � 3:4 eV is the band gap of GaN.

The same figure also shows the energy band diagram
calculated by a self-consistent Schrödinger-Poisson solu-
tion for the case when a tAlN ¼ 3 nm AlN tunnel barrier is
inserted at the p-n junction. The polarization dipole
shrinks the depletion width to a thickness close to tAlN
and the band bending of the order of �qF �tAlN realigns
the band edges. Interband tunneling of electrons from the
valence band (VB) in the p-type side to the conduction
band (CB) in the n-type side is then possible under reverse
bias voltage; such polarization-induced tunnel junctions
thereby conduct more current under reverse bias, and are
‘‘backward’’ diodes [2].

Experiment.—In order to investigate this phenomenon,
GaN-AlN-GaN heterostructures were grown by plasma-
assisted molecular beam epitaxy (MBE) on commercially
available n-type doped GaN 0001 templates. The growth
was performed at a substrate thermocouple temperature of
600 �C and a rf plasma power of 275W, which corresponds
to a growth rate of �150 nm=h. A 100 nm Si-doped GaN
layer (ND � 9� 1018=cm3) was grown, followed by a Mg-
doped AlN layer of thickness tAlN, and a 100 nm p-type
GaN with Mg doping NA � 1019=cm3. The AlN layer was
doped p type to compensate unintentional n-type doping
due to oxygen. The thickness of the AlN tunnel barrier was
varied over six samples (tAlN ¼ 0, 1.4, 2.8, 3.5, 4.3, and
5 nm). The samples were then capped with a heavily
p-type doped GaN layer for improved Ohmic contacts.
Figure 2 shows the layer structure, and a transmission
electron microscope (TEM) image of the GaN=AlN=GaN
tunnel junction which was used to confirm the thickness
and uniformity of the AlN layer. The TEM image also
indicates a sharp heterojunction with high crystalline qual-
ity as inferred from lattice imaging.

Following MBE growth, the samples were processed
into p-n junctions by etching down to the n-type substrate
using Cl2 plasma in an inductively coupled plasma (ICP)
etcher. Ni=Au and Ti=Au Ohmic contacts to the p and
n-type layers, respectively, were deposited in an electron
beam evaporator. A schematic of the finished device is
shown as an inset in Fig. 3(b). Current-voltage character-
istics of the junctions were measured at 300 K in a probe
station using a semiconductor parameter analyzer. The
results are shown in Fig. 3. The devices with the AlN
interlayer show clear backward-diode behavior: they con-
duct more current when reverse biased than when forward
biased. This is a signature of interband tunneling. A useful
metric used for backward diodes is the ‘‘curvature-
coefficient’’ of the I-V curve at zero voltage bias [2],
defined as � ¼ ð@2I=@V2Þ=ð@I=@VÞ. The highest � ¼
21 V�1 was obtained for a barrier thickness tAlN ¼
2:8 nm. As indicated in Fig. 3, the tunnel junction with
tAlN ¼ 2:8 nm showed the highest tunneling current den-
sity, reaching levels of �750 mA=cm2 at a reverse bias of
�0:8 V.
At a fixed reverse bias voltage, the current density, when

plotted for various AlN layer thicknesses (tAlN) showed a
clear maximum. Figure 4 shows the tunnel current den-
sities (circles) at a bias of�0:5 V as a function of the AlN
layer thickness. This behavior can be explained using a
simple model of interband tunneling coupled with the high
polarization fields that enable it. An energy band diagram
as sketched in Fig. 4 shows the band alignments at a small
reverse bias, assuming close to flat-band conditions in the
p- and n-type regions. This form of the band diagram is
confirmed by self-consistent Schrödinger-Poisson simula-
tions. For electrons in the valence band of the p-type GaN
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FIG. 2. Layer structure and a TEM cross section image of the
5 nm AlN backward diode. The inset shows a high resolution
image of the AlN layer verifying the AlN thickness.
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FIG. 3 (color online). (a) Measured current-voltage character-
istics for a normal (tAlN ¼ 0 nm) and a tunnel p-n junction
(tAlN ¼ 2:8 nm). (b) Expanded current-voltage characteristics
under small applied biases showing backward-diode behavior.
The 2.8 nm AlN structure exhibits the highest reverse bias
tunneling current, as explained using a model that includes
polarization-induced electric field. The inset shows the device
structure.
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region to tunnel into the conduction band of the n-type
region, the CB edge Ec in the n side must be lower in
energy than the VB edge Ev in the p side. As can be seen in
the energy band diagram, at an applied reverse bias of qV,
energy conservation requires

E g þ �Ec ¼ qF �tAlN þ�Ec � �E; (1)

where �Ec � 2:1 eV is the conduction band offset be-
tween GaN and AlN, F � � 12 MV=cm is the
polarization-induced electric field, and �E ¼ qV þ
qF �tAlN � Eg. The critical AlN thickness for which the

onset of interband tunneling occurs for the smallest applied
voltages is given by �E � 0, or tcrAlN � Eg=qF �, which

evaluates to tcrAlN � 2:8 nm, essentially identical to the

diode that exhibits the highest tunneling current density.
For AlN thicknesses lower than this value, the
band bending in the AlN barrier is lower than the band
gap of GaN, Ecðn� sideÞ> Evðp� sideÞ, the physical
depletion region width is larger than tAlN, and therefore
tunneling is prohibited for small reverse bias voltages. On
the other hand, for AlN thicknesses larger than tcrAlN, the
bands align so as to allow tunneling, but the tunneling
probability is lowered significantly. These qualitative argu-
ments are now provided a quantitative basis.

Model.—The tunneling probability T wkb across a po-
tential barrier V ðxÞ in the Wentzel-Kramers-Brillouin
(WKB) approximation is given by [2]

T wkb ’ e�2
R

tAlN
0

�ðxÞdx; (2)

where the spatial variation of the imaginary wave vector
�ðxÞ is given by

�ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

@
2
V ðxÞ

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m?

@
2
ðEg þ �Ec þ E � qF �xÞ

s

;

(3)

where E is the total kinetic energy of the tunneling elec-
tron, which contributes to the total potential barrier as can
be seen from the barrier potentialV ðxÞ in Fig. 4. Here, m?

is a reduced tunneling effective mass that is related to the
curvature of the imaginary part of the band structure inside
the band gap. The total kinetic energy E can be divided into
the energy associated with the momentum perpendicular to
the tunneling direction E? and the energy associated with
the momentum in the tunneling direction Ex; thus, E ¼
E? þ Ex.
The net tunneling current density that flows through the

junction is then found by adding the contributions from
carriers at various energies [2] over the energy bandwidth
�E as shown in Fig. 4:

JT ¼ qm?

2�2
@
3

Z �E

0

Z E

0
½fpvðEÞ � fnc ðEÞ�T wkbdE?dE: (4)

Here fpv and fnc are the Fermi-Dirac electron occupation
functions. The subscripts c and v stand for the conduction
and valence bands, respectively, and the superscripts in-
dicate the n and p sides of the tunnel junction. This func-
tional form is plotted against tAlN in Fig. 4, and is in
excellent agreement with the trend of tunnel current den-
sities measured experimentally. However, for the thickest
AlN barrier, the tunneling current is higher than expected.
The critical AlN thickness for strain relaxation has been
found to be 6–7 nm [8]; therefore, the range of tunnel
barriers discussed in this work can be assumed to be
pseudomorphic. A closer look shows that the zero-bias
bend-bending for tAlN ¼ 5 nm is qF tAlN � 6 eV, which
makes qF tAlN > Eg þ �Ec � 5:5 eV. This implies a

polarization-induced thinning of the effective tunnel-
barrier width, which qualitatively explains the increase in
the current density. For the critical thickness tcrAlN, �E ¼
qV and for 0 K � T � 300 K, Eq. (4) to a very good ap-
proximation can bewritten as JT � ðq3m?T wkb=4�

2
@
3Þ �

V2, which also explains the parabolic dependence of cur-
rent on voltage in Fig. 3(b).
Rectification, backward diodes.—Backward-diode be-

havior of the tunnel junctions enables the rectification of
oscillatory signals of small voltages. The ability to per-
form this operation around zero dc bias makes such de-
vices attractive for mixing, passive mm-wave imaging,
and radiometric temperature measurement without the
need for external biasing circuitry. The tAlN ¼ 2:8 nm
GaN=AlN=GaN tunnel junction was first tested for this
property. Figure 5, inset (a), shows that the output of the
diode cuts off the positive half of a 0.2 Voscillating square-
wave input voltage cycle (period: 1 �s, zero dc voltage), as
expected. The zero-bias curvature coefficient, as discussed
earlier �� 21 V�1 is lower than the �� q=kT �
38:5 V�1 ‘‘thermal’’ limit for Schottky diodes. The curva-
ture coefficient in backward diodes is not limited by
thermionic emission, and can be improved beyond this
classical limit in the future by shrinking the band gaps
and optimizing the doping and the polarization charge at
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the heterojunction, as has been done for other group IVand
III-V semiconductor materials (for example, see [9] and
the references cited therein).

A 56� 56 �m2 area device with tAlN ¼ 2:8 nm was
then connected to a circuit as shown in Fig. 5 (inset) to
test the rectifying behavior over a wide range of input
voltages. The sensitivity was measured on-wafer, using a
rf power source and measuring the dc return with a digital
multimeter (DMM) connected to the device with a bias t.
The input power was varied from �32 to 0 dBm, at an rf
frequency of 100 MHz. Figure 5 shows the measured de-
tector voltage and sensitivity versus the input power. The
detector exhibited square law detection till the onset of
compression for higher powers. This preliminary demon-
stration shows much promise for future usage of such
backward diodes in higher frequency rf applications with
improvements in the heterojunction layer structure and
miniaturization of the device geometry. Owing to the
high radiation resistance, and several properties resulting
from the large band gap—high breakdown voltage, optical
transparency in the visible, very low interband thermal
generation of carriers (and resulting low noise), III-V
nitride heterostructure based backward diodes can be use-
ful in the zero-bias detection of very high power rf signals
under harsh conditions, where other material systems will
be pushed above their physical and thermal performance
limits.

Discussion and conclusions.—Considering the fact that
the acceptor doping efficiency in Mg-doped GaN is ex-
tremely low (activation energy EA � 200 meV) and that
the p-type GaN layer is far from being degenerate, it is
indeed remarkable that interband tunneling can be ob-
served. As discussed, the key ingredient that enables this
feature is the giant polarization-induced electric field at the
heterojunction. The general paradigm can be extended to
other wide-band-gap semiconductor families whose crystal
structures allow for high polarization fields (such as the
ZnO family).

The tunneling barrier used in this work is AlN, which
has the largest band gap of all III-V and group-IV semi-
conductors. Though it affords the highest polarization
difference between GaN and AlN, the large barrier height
also restricts the tunneling current drive. The tunneling

current density scales as � exp½�ðEg þ�EcÞ3=2�, thereby
implying a lower current density than similar devices using
narrower-gap semiconductors. The polarization-induced
tunnel diodes studied here for GaN exhibit current den-
sities in the 1–10 A=cm2 range. While these current den-
sities are low for nitride optical emitters (light-emitting
diodes, LASERs), they are sufficiently high for solar cells
where typical requirements are in the 10 s of mA=cm2. A
major advantage of these tunnel diode structures for solar
cells is that the polar barrier that enables tunneling is of
wider band gap and can thus be optically transparent,
thereby offering an attractive solution to absorption losses
encountered in the tunnel junctions connecting typical
multijunction cells. Furthermore, using narrower-band-
gap III-V nitrides (InGaN) in the p and n regions and using
GaN (or AlGaN) as the tunnel barrier, the current densities
can be enhanced. Such junctions may then find use in
optical emitters as well.
Going beyond conventional electronic or optical device

applications, tunneling measurements have been used as an
effective tool for spectroscopy of the electronic structure of
semiconductors. The polarization-induced tunnel junctions
can be used for measuring the electronic band structure of
narrower-gap nitrides (such as InN). Finally, they offer a
method to tunnel inject spin-polarized carriers and take
advantage of the large spin lifetimes of the wide-band-gap
nitrides.
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FIG. 5 (color online). Measured sensitivity and detector volt-
age of a large area 56� 56 �m2 backward diode against input
power at a rf frequency of 100 MHz.
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