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Examination of tunnel junctions in the AlGaN ÕGaN system: Consequences
of polarization charge

Madhusudan Singha)

Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor,
Michigan 48109

Yifei Zhang
Applied Physics Program, University of Michigan, Ann Arbor, Michigan 48109

Jasprit Singh
Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor,
Michigan 48109

Umesh Mishra
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106

~Received 25 May 2000; accepted for publication 24 July 2000!

A strong piezoelectric effect and a large spontaneous polarization allow one to incorporate a large
electric field (.106 V/cm) and high sheet charge (.1013cm22) without doping in the AlGaN/GaN
heterostructure. Theoretical studies are done to examine how polarization effects can be exploited
to design metal–AlGaN/GaN tunnel junctions. We find that with a proper choice of AlGaN
thickness undoped junctions can be made with very high metal to two-dimensional electron gas
tunneling.Thus, a Schottky junction can be converted to a tunnel junction without doping. The
tunneling probabilities approach those produced in a system doped at;431019cm23. This work
suggests that very interesting tunnel junctions can be made from undoped AlGaN/GaN
heterostructures. ©2000 American Institute of Physics.@S0003-6951~00!05138-X#
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Group III-nitride semiconductors have attracted wide
tention recently in view of their application in high powe
devices and optoelectronic devices with wavelengths rang
from the red into the ultraviolet.1–9

To understand the properties of the AlGaN/GaN str
ture it is important to note that there is a spontaneous po
ization present in the structures as a result of the cation
anion positions in the lattice.10 In heterostructures the differ
ence between spontaneous polarization of two layers ca
used to create a high density of mobile carriers. In addit
to spontaneous polarization in heterostructures with st
~resulting from epitaxy! the piezoelectric effects for the n
tride system are so large that effective built-in fields
;106 V/cm can be produced near the interfaces.11 This fea-
ture has been exploited to design AlGaN/GaN high elect
mobility transistors~HEMTs! with very high sheet charge
without doping. It has been found experimentally12,13 that in
nominally undoped HEMT structures sheet charge dens
greater than 1013cm22 can be produced. Since the polariz
tion charges effectively act as dopant charges, it is expe
that with a proper understanding, tunnel junctions can
made from undoped metal–AlGaN/GaN structures. This
ter sheds light on this issue.

Consider the case where the effective substrate is G
and an AlxGa12xN overlayer is grown coherently along th
~0001! direction. The total polarization is found to have th
value12

a!Electronic mail: chhabra@eecs.umich.edu
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P~x!5Ppz1Psp

5~23.23x21.9x2!31026 C/cm2

25.231026x C/cm2. ~1!

We see that in this system the effects arising from piezoe
tric effect and spontaneous polarization mismatch are c
parable. The electric field associated with the polarizat
given above is

F~x!5~29.5x22.1x2!MV/cm. ~2!

We see that the built-in field and sheet charge values are
large. It is easy to produce fields around 106 V/cm and
charge density around 1013cm22. In undoped AlGaN/GaN
field effect transistors such charge densities have b
seen.13

To understand the tunneling problem we first need to
a charge control model to examine the band profile. O
charge control model first obtains the potential profile in
HFET structure by solving the Schro¨dinger equation and
Poisson equation self-consistently.

The detailed formalism is described in Ref. 14. Once
band profile is known we use the WKB method to obtain t
tunneling probability from the metal to the GaN channel.

In this letter we examine how the metal–semiconduc
junction, shown in Fig. 1~a!, behaves as far as tunneling o
carriers is concerned. There is no doping in the structure
the two-dimensional charge is induced as a result of the fi
polarization charge at the AlGaN/GaN interface. If we exa
ine the density of the two-dimensional electron gas as a fu
tion of AlGaN barrier thickness, we see a behavior schem
7 © 2000 American Institute of Physics
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cally shown in Fig. 1~b!. We see that there are thre
qualitatively different regions:~1! a region where the barrie
region is very thick and the sheet charge is essentially e
to the polarization charge density~gate bias is zero!. In this
region there is no tunneling since the barrier for tunneling
quite large;~2! a region where the AlGaN thickness is ve
small and as a result the two-dimensional electron gas is
present. As the AlGaN thickness is decreased,the fixed polar
charge at the AlGaN/GaN interface remains constant. How-
ever, the free carrier density it induces at the interface
creases due to the surface potential. In this case, as show
Fig. 1 there are no allowed states to tunnel into from
metal and as a result there is no tunneling;~3! in the inter-
mediate region the barrier thickness is large enough to a
two-dimensional electron gas~2DEG! and small enough to
allow tunneling through the barrier. This is the region
interest for us in this letter.

In Fig. 2 we show the two-dimensional charge dens
and tunneling probability for electrons from the metal to t
2DEG region as a function of Schottky barrier height f
four different AlGaN thicknesses. We have used a bar
with composition Al0.28Ga0.72N for the studies presente
here. It must be noted here that a higher Al content wo
achieve a higher interface charge density and require thin
AlGaN layers. However, there exists an upper limit on
composition as the larger lattice mismatch makes pseu
morphic growth of AlGaN on GaN difficult, if not impos
sible. The Schottky barrier heights studied in this letter ran
from 0.2 to 1.4 V. We see from Fig. 2 that as the barr
thickness decreases, the charge density in the 2D cha
decreases. It also decreases as the Schottky barrier h
increases.

As noted earlier, at too small a barrier thickness the
channel gets depleted and the energy levels in the he
structure are above the energy levels near the metal F
level. To ensure that there are states in the semicondu
channel to tunnel into we carry out simulations for con

FIG. 1. A schematic of the metal–AlGaN/GaN structure examined. In
upper figure we show the fixed polarization charge and the induced
dimensional electron gas. In the lower part of the figure we show ho
variation of the AlGaN thickness influences the two-dimensional elec
gas and tunneling.
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tions where the sheet charge in the channel is;1013cm22.
For a fixed Schottky barrier height, this requires us
find the minimum thickness of the barrier at whic
n2D.1013cm22. In Fig. 3 we show the results for this opt
mum thickness as a function of the barrier height. Al
shown is the tunneling probability at this thickness. We s
that the tunneling probability is;10210 for a structure with
a Schottky barrier height of 1.0 V.
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FIG. 2. Tunneling probability~a! and two-dimensional sheet charge dens
~b! as a function of the metal Schottky barrier height for four different
AlGaN barrier thicknesses. The Al mole fraction in the barrier is 28%.

FIG. 3. Tunneling probability and optimized AlGaN barrier thickness a
function of the metal Schottky barrier height.
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It is well known that in semiconductor technology on
way to convert a Schottky junction into an ohmic junction
to heavily dope the semiconductor. To illustrate the poten
use of polarization effects, we consider the situation in wh
the AlGaN layer is absent and an attempt is made to for
conventional doping contact. We have carried out simu
tions to see what doping level would be needed to allow
same tunneling probability in this case~i.e., with a thick GaN
barrier with a surface doping layer of 35 Å with Schottk
barrier 0.8 eV! as in the earlier structure~i.e., with a thin
AlGaN layer with Schottky barrier 1.4 eV!. The same thick-
ness is chosen in both cases to remove any spurious ef
arising from a difference in barrier thicknesses. The dop
density needed is;431019cm23. This represents an uppe
limit on doping of most semiconductors. Thus, using a p
larization charge based contact bypasses an entire rang
growth problems.

If one considers issues related to HEMT design, it
seen in light of this work that there exists a certain minimu
thickness below which the polar charge induced 2D
would be practically absent. This control of the 2DEG de
sity in undoped GaN and ability to alter the nature of t
metal–AlGaN/GaN junction from Schottky to Ohmic offe
numerous benefits. For instance, the source and drain c
be made on AlGaN region which have been etched dow
these proper thickness while the gate could be deposited
a thicker region. Moreover, as indicated in Fig. 1~b!, if the
AlGaN thickness is very small, the junction reverts back
Schottky with no free mobile carriers. Such regions could
used for device isolation.

In summary, we have examined the tunneling behav
of metal–AlGaN/GaN junctions. We see that with prop
structure optimization, it is possible to have junctions w
high tunneling probability. This suggest that very interest
tunnel junctions acting as ohmic contacts or as nonlin
l
h
a
-
e

cts
g

-
of

s

-

ld
to
er

e

r
r

g
r

junctions can be designed using the built-in polarizat
charge at the AlGaN/GaN interface.
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