PHYSICAL REVIEW B 81, 035303 (2010)

Interband tunnel junctions for wurtzite III-nitride semiconductors based on heterointerface
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The concept of interband tunnel junctions for wurtzite III-Nitride semiconductors based on polarization
charges at heterointerfaces is introduced. Such polarization-charge tunnel junctions obviate the need for high
n-type and p-type doping, which is a general requirement for conventional tunnel junctions and also is a
significant challenge for large-band-gap Ill-nitride semiconductors. Transmission coefficients and current-
voltage characteristics for GaN/AIN/GaN and AIN/GaN/AIN polarization-charge tunnel junctions are calcu-
lated using the k- p quantum-transmitting boundary method with an eight-band Hamiltonian with Burt-Foreman
operator ordering. It is shown that polarization-charge tunnel junctions carry sufficient current to become

viable components in future light-emitting devices.
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I. INTRODUCTION

The difficulty of achieving high hole concentrations in
large-band-gap II-nitride semiconductors is a well-known
problem. Low hole concentrations are the result of the large
ionization energy of the p-type dopant Mg, which increases
from approximately 120 meV in GaN (Ref. 1) to 510 meV in
AIN.? By contrast, the activation energy for the n-type dop-
ant Si is only 86 meV in AIN.? Conventional light emitters in
the visible wavelength range contain layers with only low Al
mole fractions, and so manage good performance despite the
difficulties with p-type doping. However, current spreading
in p-type layers is limited* and must be considered in device
design to achieve favorable results.>®

At emission wavelengths shorter than around 360 nm,
GaN is not well suited for use as the bulk p-type material
because it ceases to be transparent and its band gap provides
inadequate carrier confinement. However, because of diffi-
culties in fabricating contacts to p-type AlGaN with signifi-
cant Al compositions, many experimentally realized ultravio-
let (UV) light-emitting diodes (LEDs) incorporate p-type
GaN contact layers together with p-type AlGaN confinement
layers,” which harms light-extraction efficiency. Further, the
low hole concentrations in p-AlGaN result in poor hole in-
jection, and therefore reduced internal quantum efficiency;®
the combination of low internal efficiency and poor extrac-
tion efficiency has limited the performance of the best avail-
able UV emitters to less than 1%.’

In principle, an interband tunnel junction can electrically
couple a thin p-type layer to n-type material and eliminate
the need for thick p-type regions. Conventional tunnel junc-
tions consist of heavily doped p-n junctions; the heavy dop-
ing results in a very narrow depletion region. When the junc-
tion is biased so that the conduction band edge on the n-type
side is pulled below the valence edge band on the p-type
side, electrons in the valence band can tunnel into the con-
duction band, or equivalently, holes in the conduction band
can tunnel into the valence band. Tunnel junctions have pre-
viously been investigated for GaN-based visible light emit-
ters as current spreading layers.””'' However, for UV
applications, such tunnel junctions would likely still be prob-
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lematic due to the continued requirement of high p-type dop-
ing.

In this paper, the concept of an interband tunnel junction
based on heterointerface polarization charges is introduced.
The polarization-charge tunnel junction exploits contrast in
material polarization among IlI-nitride semiconductors to
achieve very short tunneling distances without the need for
high doping concentrations. Section II discusses polarization
in Ill-nitrides and treats the design of polarization-charge
tunnel junctions in detail. The transmission coefficients and
current-voltage characteristics of tunnel junctions are mod-
eled by the k-p multiband quantum-transmitting boundary
method (MQTBM) (Ref. 12) using an eight-band Hamil-
tonian for wurtzite materials with Burt-Foreman operator
ordering.!®!* Section III presents the Hamiltonian, together
with a brief description of the MQTBM and the method for
calculating the electrostatic potential in the tunnel junction,
as well as some limitations of the present approach. In Sec-
tion IV, calculation results for several tunnel junctions are
presented and discussed in detail. Finally, a summary is
given in Section V.

II. POLARIZATION-CHARGE TUNNEL JUNCTION
DESIGN

The polarization-charge tunnel junction concept takes ad-
vantage of material polarization, which is inherent in wurtz-
ite I1I-nitride semiconductors.'® Total polarization in a layer
consists of spontaneous polarization Py, which depends
upon the material composition, and the piezoelectric polar-
ization P,;, which appears when there is strain in the layer.
For the case of heterostructures grown in the ¢ direction,
strain is given by

b=, = =l (1)

C
€=~ 2C_138”’ (2)
33
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TABLE 1. Polarization-related material parameters (Ref. 17).
For alloy material parameters, linear interpolation is used except for
those with bowing parameters listed in Table II.

Parameter AIN GaN

Spontaneous polarization (C m™2)

P,, ~0.090 ~0.034
Lattice constant (A)

a 3.112 3.189
Piezoelectric coefficient (pm V=)

dys 2.1 1.0
Elastic constants (GPa)

o 396 390

Ciy 137 145

Ci3 108 106

Cs3 373 398

and nondiagonal components of the strain tensor vanish. The
piezoelectric polarization is oriented along the growth direc-
tion and is given by

202
13) (3)

P, = Sxx2d13<cll +Cpp— C_ .
33
Material parameters used in calculation of polarization are
shown in Table I. At heterointerfaces of structures grown in
the ¢ direction, there is discontinuity in polarization which
gives rise to sheet charges at the interfaces. In a double het-
erostructure, equal and opposite sheet charges appear at the
two interfaces, and produce a strong electric field and large
potential drop across the intermediate layer. This explains the
quantum-confined Stark effect observed in GalnN/GaN
quantum wells.'8
The polarization-charge tunnel junction is exactly such a
double heterostructure, with the intermediate layer thickness
chosen so that the potential drop across it is equal to the band
gap of the surrounding layers—just like a the potential drop
in the depletion region in a conventional tunnel junction. In
effect, the polarization-charge tunnel junction is just like a
conventional tunnel junction except that charges in the deple-
tion region resulting from ionized acceptors and donors are
replaced by sheet charges resulting from polarization mis-
match. The polarization of the n-type and p-type layers
which are joined by the tunnel junction determines what ma-
terials can be used as the tunneling layer as well as the po-
sition of the tunnel junction within the device—i.e., above or
below the p-type region.

TABLE II. Nonzero bowing parameters (Ref. 17).

Parameter AlGaN
Band gap (eV)

E, 0.8
Spontaneous polarization (C m~2)

P -0.021

sp
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FIG. 1. Calculated band diagram of a GaN/AIN/GaN

polarization-charge tunnel junction with a 3 nm AIN layer.

One possible polarization-charge tunnel junction structure
consists of an intermediate AIN layer sandwiched between
GaN layers. When this structure is grown pseudomorphically
on the metal face of a GaN template, a positive sheet charge
exists on the nitrogen face of the AIN layer while a negative
sheet charge exists on the metal face. As a result of this
charge arrangement, there is an induced hole concentration
above the tunnel junction, and therefore the appropriate po-
sition for the tunnel junction is below the p-type region (as-
suming a bottom n-type template). Figure 1 shows the cal-
culated band diagram of a GaN/AIN/GaN tunnel junction.
The AIN layer is 3 nm thick, which is slightly larger than
needed to yield a potential drop equal to the built-in voltage
between the n-type and p-type layers, and causes carriers to
accumulate at its edges.

Alternatively, when an AIN/GaN/AIN heterostructure is
grown pseudomorphically on the metal face of an AIN

growth direction
e

Energy (eV)
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AIN/GaN/AIN
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0 5 10 15 20

Position (nm)

FIG. 2. Calculated band diagram of a AIN/GaN/AIN
polarization-charge tunnel junction with a 5 nm GaN layer. At the
interfaces, the alloy composition is linearly graded over a 2.5 nm
distance.
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template, a positive sheet charge exists on the metal face of
the GaN layer, while a negative sheet charge exists on the
nitrogen face. This charge arrangement is opposite of the
GaN/AIN/GaN tunnel junction, and therefore, in a device the
junction would be located above the p-type region. In a pure
AIN/GaN/AIN junction, however, the larger bandgap of AIN
compared to GaN results in depletion of AIN. Depletion of
electrons in n-type AIN on the metal face of GaN occurs
because the conduction band of GaN is pinned at the Fermi
level; due to its larger band gap, the conduction band of the
adjacent AIN will necessarily be more distant from the Fermi
level, resulting in low electron concentrations. The same is
true for holes on the opposite side of the junction. Therefore,
a graded transition from GaN to AIN on both sides of the
junction would be advantageous. Figure 2 shows the calcu-
lated band diagram of an AIN/GaN/AIN with linearly graded
interfaces.

Compositional grading the interfaces has the effect of dis-
tributing the polarization charge over a volume. The high
polarization charge density attracts high concentrations of
free carriers. As seen in Fig. 2, on the two sides of the junc-
tion, the band edges are pushed very close to the Fermi level.
In these regions, carrier density is extremely high, and is
calculated to be above 10*° cm™ for both electrons and
holes, which could be advantageous for device performance.

III. METHODS

In the following subsections, the method of calculating
current flowing through polarization-charge tunnel junctions
is detailed. The calculation of electrostatic potential and band
diagrams of tunnel junctions under bias is described first,
followed by presentation of the k-p Hamiltonian. Next, the
MQTBM is briefly outlined, followed by description of the
calculation of total current flowing through the junction. Fi-
nally, some limitations of the approach are discussed.

A. Calculation of potential

The electrostatic potential ¢ within a tunnel junction is
calculated by one-dimensional solution of Poisson’s equation
including material polarization,

14 J

07_Z _8(3_Z¢+ Py, + Py | =ps (4)
where € is the dielectric constant, p is the charge due to
electrons, holes, and ionized dopants, and the z direction is
the growth direction and is parallel to the c axis. Under elec-
trical bias, Eq. (4) is solved self-consistently with the conti-
nuity equations for electrons and holes,

(Ilu, EF ) qR—O (5)
a9z nﬁZ " ’

(p,u Ep >+qR—O (6)
a9z pé’z P ’

where n and p are the electron and hole concentrations, u,
and w, are the electron and hole mobilities, Ef, and Ef, are
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the quasi-Fermi levels, and R is the recombination rate.
Equations are discretized using the box integration method."”
Carrier densities are calculated using Fermi statistics assum-
ing parabolic bands with effective masses calculated from
the eight-band Hamiltonian described in the following sec-
tion. The offset in the conduction band at a heterointerface is
assumed to be 70% of the total band-gap difference. For the
bias voltages considered, the classical solution of Egs.
(4)—(6) results in negligible current and recombination, and
so the final potential is not dependent on the mobilities.

B. k-p Hamiltonian definition

The derivation of the Hamiltonian starts from the approxi-
mate local form of the exact envelope-function equations.'3
Following Foreman'# the equations are simplified yielding a
Hamiltonian with unambiguous operator ordering for the va-
lence band that ensures Hermiticity. This process does not
give specific operator ordering for matrix elements coupling
conduction and valence bands; for these terms, ordering is
chosen as in Ref. 15. In the basis

1) =1iS1).

2)=[iS 1),

13y =— 1\2|(X +iY) 1),

[4) =+ 112|(x - in) 1),

5)=121),

6y =+ 1\2|(X = iY) |),

7y =~ 172X +iY) ]),

18)=1Z1), (7)

the resulting k- p Hamiltonian for growth along the ¢ axis is
given by
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EC O - P2]2+/ \"’5 P2]€_/\”E Pllgz 0 0 O
0 E, 0 0 0 Pk N2 —PkN2 Pk,
— P2 0 F-p -k -H 0 0 0
A ~
PokN2 0 -K G+p H, 0 0 \24,
H= ) * I~ (8)
Pk, 0 -H_ H N 0 V24, 0
0 Pk N2 0 0 0 F+p -K  H,
0 — Pk 2 0 0 20, -K* G-p -H'
0 Pk, 0 24, 0 -H -H.
|
where the following definitions are used: tion is not used here. In heterostructures, where translational
) ) ) invariance is relaxed, the terms arising from asymmetric
PO SN PN A - ~
E.=E,+E} +k,——k.+k,—k,+ k., splitting of the parameters As and Ag are an additional
‘ oml Tt oml Y Comt e - 2
e e e difference.

F=N+0+A+A,,

G=)\+ 0+A1—A2,

B2 ofe A e a A=
2_%(sz3]€2 + kxA4kx + kyA4ky) + 0.9,

B2 o
pP= 2_”10[lky(A-§ _AS)kx - lkx(A;— _AS)ky]9
R .- A a Am A A~ A
K= z_n'lo(kXASXAZ - k)Asky + lkxAlkv + ik}Alkx),
hz A~ A A ~— A
H.= 2_(k+A()_kz+szgk+)’
mo

ke =k, =ik,
Ao =D&+ Dy(e, +€y),

0,=Dse .+ Dy(e, + €y)),

)

Here, E™ is the valence band maximum taking into account
strain, and P; and P, are the Kane’s parameters derived in
Ref. 21. All material parameters in Eq. (9) are taken to be

position dependent. In bulk, the operator k, commutes with
material parameters, and the Hamiltonian (8) is equivalent to
that of Ref. 20, with the exception that the cubic approxima-

Ac=aje +ay(e,, +gyy).

Material parameters for Ill-nitride are commonly speci-
fied for use in a 6 X 6 Hamiltonian for the valence bands, and
a single-band Hamiltonian for the conduction band; these are
shown in Table III. The parameters in Table III already con-
tain the influence of conduction upon valence bands and va-
lence upon conduction band perturbatively. Since Eq. (8)
treats all bands explicitly, the coupling must be removed.
The modified effective masses (lying in the ¢ plane and per-
pendicular to it) are related to those in Table III by

o ( 1 2 P§>—1
m,=\—V--57-1 .,
¢ m!, ﬁzEg
1 2pP\!
~ 1 1
= —-==1] . 10
e (mel ﬁzEg) (10)

The modified valence band parameters are given by
2my, P%

2 9
h* E,
2m0 P_%

2 hy
w E,

=A,-

2
my Py

Ai=A3+ 2
W E,
\rEm()P]Pz

2
n E,

AF=Af+ , (11)
and the remaining valence band parameters are unchanged.
Following ellipticity arguments by Veprek et al.,> we let

A3=A5=0.
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TABLE III. Material parameters (Ref. 17). For alloy material
parameters, linear interpolation is used except for those with bow-
ing parameters listed in Table II.

Parameter AIN GaN

Band gap (eV)

E, 6.00 3.437
Crystal field splitting (eV)

A=A, —0227 00104
Spin orbit splitting (eV)

A,,=3A, 0017 0.036
Electron effective mass (m)

m! 0.32 0.21
my 0.30 0.20
Valence band A parameters

A 38  -721
A, 025  —0.44
As 3.58 6.68
A, 132 -3.46
As 147 =340
A ~1.64  —4.90
Interband deformation potential (eV)

a -34 7.1
a ~11.8 -9.9
Valence band deformation potential (eV)

D, -2.9 -3.6
D, 49 1.7
Ds 9.4 52
D, 40 27
Ds 33 28
Dy 27 43

C. k-p multiband quantum-transmitting boundary method

Transmission coefficients for tunnel junctions are calcu-
lated using the MQTBM as formulated for the k-p method.'?
This approach reduces the problem to a calculation of the
energy eigenstates for a system consisting of the tunnel junc-
tion in the center, and semi-infinite bulk regions to either
side, each with potential and composition matching the re-
spective end point of the tunnel junction.

The wave function is described by a spatially varying vec-
tor F, whose elements are the coefficients of the basis (7).
Within the tunnel junction, where the potential and material
parameters are position dependent, the wave function corre-
sponding to a particular energy E, k,, and k, satisfies

HF -EF=0 (12)

with the substitution in H(IQZ—>—id/ dz). This forms a set of
coupled differential equations which is discretized using the
box integration method, leaving a finite set of linear equa-
tions which can be solved to find F at each grid point pro-
vided that F is known at the end points.
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FIG. 3. (Color online) Transmission as a function of k, for a
GaN/AIN/GaN polarization-charge tunnel junction.

In the semi-infinite bulk regions, the solutions of Eq. (12)
include Bloch plane-wave solutions, for which F can be writ-
ten as

Fi(x,y,2) = Cp explilkx + kyy + k.2)], (13)

where Cy is a vector of coefficients of the basis states, and is
position independent. In general, for given E, k,, and k,,
since the Hamiltonian for the bulk can be written as

H(kyky.k.) = Hok? + H\ (ko k k. + Hy(k, k) (14)

there are twice as many (Cy,k,) pairs which satisfy Eq. (12)
as there are bands represented in H. These pairs can be found
by solving the eigenvalue problem,?32*

e
~(Hy) (Hy-E) —(Hy)'H, [ k.C, ] LkC ]

The current carried by a particular solution is!>?

1
J.= %(2ikZC,tH2Ck +iClH,C)). (15)
l

Solutions are grouped into right-going states which either
carry current or decay in amplitude to the right, and left-
going states, which carry current or decay to the left. Due to
the complicated curvature of the valence bands and the in-
clusion of conduction bands, no general relationship between

0.0

GaN/AIN/GaN =
—0.14 3 nm AIN H
bias=1V /
_ 024" LH
T 3]k
> v CH
2 0.4
[=)
H 0.5
—0.6 N
-0.7 T T T |kZ) T \S(lkZ)

-6 -5 -4 -3 -2 -l 0 1 2

FIG. 4. (Color online) Complex valence band structure corre-
sponding to the transmission curves in Fig. 3.
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FIG. 5. Current-voltage characteristics of GaN/AIN/GaN tunnel
junctions with 3.0 and 3.5 nm AIN layer thickness.

the sign of k. and the direction of current holds.

On the left boundary of the junction, the wave function is
expressed as the sum of a particular current-carrying right-
going state, and a linear combination of reflected left-going
states, each with unknown amplitude r. On the right bound-
ary of the junction, the wave function is expressed as a linear
combination of transmitted right-going states, each with un-
known amplitude #;. The z dependence of each of the states
in these expansions is given by Eq. (13), and so expressions
for the wave function at a point beyond the left boundary,
and a point beyond the right boundary are easily found.

Using expressions for the wave function at nearby points
within the semi-infinite bulk regions, the unknowns T and 1y
can be eliminated. These equations then naturally couple to
the discretized form of Eq. (12). The details of this coupling,
and the final calculation of the transmission coefficient 7" for
a particular incident Bloch plane wave, are described in Ref.
12.

D. Evaluation of total current

The total tunneling current is given by
q
=g j (L= fR) T d%, (16)
s j Qj

where the sum is over all right-going current-carrying Bloch
plane-waves on the left side of the tunnel junction, 7; is the

107
1 AIN/GaN/AIN k.=0nm"'

g ¢ 15 nm GaN k,=1nm!
'S 10 3 2.5 nm grading layers
£ Ibias=15V LH
g 1074
o ]
o ]
% 10710
£
é 1071 2
& E

1012 ] T T T T T T T

FIG. 6. (Color online) Transmission as a function of k, for an
AIN/GaN/AIN polarization-charge tunnel junction.
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FIG. 7. (Color online) Complex valence band structure corre-
sponding to the transmission curves in Fig. 6.

k-dependent transmission coefficient of the jth plane wave,
v, is its group velocity, and f; and f is the Fermi distribu-
tion function evaluated to the left and right of the junction.
The integration domain (}; contains the entire volume of
momentum space which corresponds to Bloch plane waves
that carry current to the right.

E. Limitations of the present approach

The MQTBM is used here to evaluate the total current
due to tunneling between extended states on the two sides of
the junction. As seen in Figs. 1 and 2, the conduction band
on the left and valence band on the right do not overlap at
zero applied bias, and so there will be a threshold for tunnel-
ing by extended states to occur. However, in both cases, there
exist potential wells on each side of the junction: a well for
electrons on the n-type side, and a well for holes on the
p-type side. Within the wells, there is overlap of conduction
and valence bands. Therefore, the polarization charge could
operate as a form of resonant interband tunnel diode,2¢
wherein current flows due to tunneling between bound states.

Further, in this work, electronic states within the band gap
of the tunnel barrier are not considered; such electronic states
can be caused by native defects as well as dopants or un-
wanted impurities. Electronic states in the gap can increase
the tunneling current by a significant amount, and consider-
ation of such states is critical to increasing the accuracy of
theoretically calculated tunneling currents.”’” Even with the
inclusion of states in the band gap, however, the theoretically
calculated tunneling current is generally less than the experi-
mentally observed value.?’ For these reasons, experimentally
observed tunneling currents for polarization-charge tunnel
junctions are expected to exceed those calculated in this
work, particularly at lower bias voltages.

IV. RESULTS AND DISCUSSION

Figure 3 shows the transmission coefficient through a
GaN/AIN/GaN polarization-charge tunnel junction with 3
nm AIN thickness under 1 V bias and with k,=1 nm~'. The
associated complex valence band structure is shown in Fig.
4. The transmission coefficient is characterized by a complex
shape including several peaks; peaks for transmission for the
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FIG. 8. (Color online) Wave functions in an AIN/GaN/AIN tun-
nel junction in the vicinity of a resonance in transmission coeffi-
cient. Inset shows a magnified view of the transmission curve from
Fig. 6.

heavy hole (HH) band correspond to k. values where the
energy of the HH band match the maxima of the light hole
(LH) or crystal hole (CH) band. Similarly, the LH band has a
transmission peak at the k, value where its energy matches
the maximum of the CH band. Such peaks in transmission
are generally present, but vary with the in-plane k vector,
applied voltage, and the thickness of the AIN layer.

Due to its large group velocity—evidenced by strong cur-
vature in Fig. 4—and its relatively high transmission coeffi-
cient, the majority of current in the GaN/AIN/GaN
polarization-charge tunnel junction is due to tunneling from
incident plane waves in the crystal hole band. Evaluating the
triple integral (16) to find the total current is computationally
expensive, and so rotational symmetry is assumed in the k,
—k, plane. The total current is shown in Fig. 5 as a function
of the applied bias for polarization-charge tunnel junctions
with 3 and 3.5 nm AIN thickness. For the junction with 3 nm
AIN thickness, the current at only 0.5 V bias reaches nearly
100 A cm™2, which is sufficient for devices such as high-
power LEDs.

The transmission coefficient through an AIN/GaN/AIN
polarization-charge tunnel junction is shown in Fig. 6 for
ky=1 nm~! and a bias voltage of 1.5 V. The AIN layer thick-
ness is 5 nm, and the interface between GaN and AIN is
linearly graded over 2.5 nm on both sides of the junction.
The transmission coefficient features a large number of peaks
and resonances which are not directly correlated with the
bulk valence band structure, which is shown in Fig. 7.
Rather, the details of the potential within the tunnel junction
play an important role.

The inset in Fig. 8 plots the transmission coefficient for
incident CH Bloch plane-wave solutions over a narrow range
in k, where the transmission shown in Fig. 6 varies ex-
tremely rapidly. The wave functions at the peak of transmis-
sion and the minimum are shown in Fig. 8. The maximum
value of F'F for the k, value yielding maximum transmission
is more than 50 times greater than the value of F'F for the .
value yielding minimum transmission.
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FIG. 9. Current-voltage characteristics of AIN/GaN/AIN tunnel
junctions with 4.0 and 5.0 nm GaN layer thickness. The interfaces
between AIN and GaN are graded over 2.5 nm.

The increased amplitude for the wave function arises due
to the presence of a potential well for carriers induced by the
polarization charge, as seen in Fig. 2. When the incident
Bloch plane wave is resonant with the well, a large ampli-
tude for the wave function develops as a result of construc-
tive interference, leading to a large transmission coefficient.
When the incident plane wave is antiresonant, destructive
interference drives the transmission coefficient down. These
resonances in potential wells are the origin of the rapid varia-
tion of transmissivity seen in Fig. 6. The difference in trans-
mission resulting from this effect can be as high as 10* over
a relatively small change k,. Varying the structure of the
tunnel junction—by modifying the graded interfaces, or
changing the GaN thickness—affects the shape of the poten-
tial wells, and changes the location and magnitude of the
resonances. In a GaN/AIN/GaN polarization-charge tunnel
junction, changing the AIN thickness will similarly affect the
transmission coefficient.

Tunneling  current  through  the  AIN/GaN/AIN
polarization-charge tunnel junction is shown as a function of
voltage in Fig. 9. Due to the larger band gap of AIN com-
pared to GaN, the tunneling length is increased, which re-
duces the current at a given applied voltage. However, at
moderate bias voltages the tunnel junction reach currents in
excess of 10 A cm™2. Such currents are already suitable for
devices with lower current density. However, as mentioned
earlier, experimentally observed currents are expected to sig-
nificantly exceed those calculated in this work, and so even
AIN/GaN/AIN polarization-charge tunnel junctions may
prove viable for high-power applications.

V. SUMMARY

Polarization-charge tunnel junctions for wurtzite III-
nitride semiconductors have been introduced and modeled
using the k-p multiband quantum-transmitting boundary
method (MQTBM). Such tunnel junctions make use of sheet
charges that arise from polarization mismatch at heterointer-
faces perpendicular to the ¢ axis to achieve large potential
drops over extremely short distances. Polarization-charge
tunnel junctions eliminate the need for heavy doping, which
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is a requirement for conventional tunnel junctions, and a sig-
nificant challenge for large-band-gap Il-nitride devices.
Simulation results indicate that the polarization-charge tun-
nel junctions carry sufficient current to be useful components
in future devices.
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