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Ohmic contacts to p-type GaN mediated by polarization fields in thin
InxGa1ÀxN capping layers
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Low-resistance ohmic contacts are demonstrated using thinp-type InGaN layers onp-type GaN. It
is shown that the tunneling barrier width is drastically reduced by polarization-induced electric
fields in the strained InGaN capping layers resulting in an increase of the hole tunneling probability
through the barrier and a significant decrease of the specific contact resistance. The specific contact
resistance of Ni~10 nm!/Au ~30 nm! contacts deposited on the InGaN capping layers was
determined by the transmission line method. Specific contact resistances of 1.231022 V cm2 and
631023 V cm2 were obtained for capping layer thicknesses of 20 nm and 2 nm, respectively.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1445807#
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The performance of devices fabricated from GaN a
related compounds is strongly affected by the resistan
caused by electrical contacts. To avoid excessive heating
sulting in failure of the device, specific contact resistance
the order of,1023 V cm2 for light-emitting diodes~LEDs!
and ,1024 V cm2 for laser diodes are required.1 This ap-
plies in particular to ohmic contacts onp-type GaN (p-GaN)
due to the resistive nature of GaN obtained by stand
p-type doping techniques.1,2

Several methods have been utilized to attain low spec
contact resistances top-GaN such as deposition of high wor
function metals,3 growth of AlGaN/GaN superlattices4,5 and
tunnel-diode structures on top ofp-GaN.6

In this publication, the use of thin InxGa12xN capping
layers pseudomorphically grown on top ofp-type GaN is
presented. Strain-induced piezoelectric as well as spont
ous polarization fields in the InGaN capping layer and
lower p-GaN layer cause band bending that leads to the
mation of a two-dimensional hole gas~2DHG!.7 As a result,
the concentration of free holes near the surface is gre
increased and the tunneling barrier width of the meta
semiconductor contact is reduced, thereby allowing fo
high hole tunneling probability through the barrier. Th
theory describingp-type ohmic contacts top-GaN by using
thin InxGa12xN capping layers will be presented togeth
with experimental results demonstrating the capability of
approach in achieving low contact resistances.

The samples were grown by metalorganic chemical
por deposition along thec direction on top of single crystal
line sapphire substrates. The grown structures consist of
mm thick n-type GaN layer, a five pair multiquantum we
LED with barrier/well widths of 7.5 nm/2.5 nm, respectivel
a 20 nm Al0.15Ga0.85N electron blocking layer, a 130 nm
thick p-type GaN upper cladding layer and ap-type
In0.27Ga0.73N capping layer that is either 2 or 20 nm thic
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The twop-type layers were Mg doped to a concentration
aboutNMg5331018 cm23 as determined from capacitance
voltage measurements.

Ni~10 nm!/Au ~30 nm! contacts were deposited b
electron-beam evaporation using lift-off photolithograph
techniques. The contacts were square-shaped pads (180mm
3180mm) separated by 2, 4, 6, 8, 10, and 15mm wide gaps
between the pads. To remove surface oxide layers
samples were dipped in a buffered-oxide etch solution fo
min prior to mounting them in the deposition chamber. Su
sequently, the contacts were annealed for 3 min in a ra
thermal annealing furnace at 500 °C in an oxygen atm
sphere. The contact resistances were determined f
current–voltage (I –V) measurements using th
transmission-line method~TLM !.

Figure 1 shows the band diagram of an elastica
strained, 20 nm thickp-type In0.27Ga0.73N capping layer on
top of relaxedp-GaN, self consistently calculated by solvin
the coupled Schroedinger Poisson equations in
dimension.8 We used a uniform Mg dopant concentration

-
FIG. 1. Self-consistently calculated band diagram and free hole conce
tion p of a 20 nm thickp-type In0.27Ga0.73N layer grown pseudomorphically
on p-type GaN with a dopant concentration of 1019 cm23.
© 2002 American Institute of Physics
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NMg51019 cm3. Also included in Fig. 1 is the calculate
depth dependence of the hole concentrationp.

It is evident that the strong band bending in t
In0.27Ga0.73N capping layer induced by the polarization fiel
results in a peak of the hole distribution close to the InGa
GaN interface indicating the formation of a 2DHG. The ba
bending reduces the width of the tunneling barrier which c
be estimated as the barrier thicknessd* at half the Schottky
barrier height. From Fig. 1, we findd* ;5 nm. This com-
pares favorably to a calculated value of about 10 nm
tained for ap-type GaN structure without any capping laye

Figure 2 shows the 2DHG density,p2DHG, as a function
of the thickness,d, and the In content,x, of the InGaN cap-
ping layer. The values forp2DHG have been calculated eithe
by integrating the peak area of the hole concentrationp in
Fig. 1 or by numerically solving the equation of energy co
servation for a hole moving in thec direction through the
InGaN capping layer

eFB1eEdInGaN1~E02EV!1~EF2E0!50. ~1!

In Eq. ~1!, e is the positive elementary charge,dInGaN denotes
the thickness of the capping layer,E is the vector of the tota
electric field in the capping layer,FB is the Schottky barrier
height, EV is the valence band energy;EF and E0 are the
Fermi energy and the energy of the 2DHG groundstate,
spectively. The different contributions to the left-hand side
Eq. ~1! are given by

eFB5EG,InGaN2e~FM2x InGaN!, ~2a!

E5ESp,InGaN1EPz,InGaN2ESp,GaN1
ep2DHG

e InGaN
, ~2b!

E02EV5
3

2 F3

2

e2\

e InGaNAm*
p2DHGG 2/3

, ~2c!

EF2E05
p\2

m*
p2DHG. ~2d!

FIG. 2. Dependence of the 2DHG density,p2DHG, on the InGaN capping
layer thicknessd for different indium contentsx of the capping layer. The
dashed curves correspond to the area of the peak in the self-consis
calculated depth distribution of the hole concentrationp ~see Fig. 1!, the
solid lines are numerical solutions of Eq.~1!.
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EG,InGaN andx InGaN in Eq. ~2a! are the band gap energy an
the electron affinity of the In0.27Ga0.73N capping layer, and
FM is the work function of the contact metal. The electr
affinity x InGaN can be calculated from Anderson’s rule9 using
a conduction band offset at the In0.27Ga0.73N/GaN interface
according to 0.73(EG,GaN2EG,InGaN). The subscripts ‘‘Sp’’
and ‘‘Pz’’ in Eq. ~2b! correspond to the electric fields induce
by the spontaneous and piezoelectric polarizations,e InGaN

510.413.930.27 is the relative dielectric permeability o
the In0.27Ga0.73N capping layer.

In Eq. ~2c!, E02EV was obtained using the Fang
Howard approximation10 for energy states in a triangula
well. The effective hole massm* is taken equal to the free
electron massm0 and\ is Planck’s constant divided by 2p.
EF2E0 in Eq. ~2d! was calculated using the high-densi
approximation of the Fermi–Dirac distribution and the tw
dimensional~2D! density of hole statesr2D5m* /(p\2).
Comparison of the analytical results with the se
consistently calculated results shown in Fig. 2 reveals g
agreement. Minor differences can be attributed to differen
in doping concentration.

The I –V characteristics of the contacts to bo
In0.27Ga0.73N capping layers are linear for all the contact p
separations~see Fig. 3!. However, at the same voltages, th
current through the thick capping layer is about one orde
magnitude smaller compared to the thin capping layer.

The pad-to-pad resistances calculated from theI –V data
for different pad separations are shown in Fig. 4 toget
with results of the TLM analysis of these data. The spec
contact resistancerc5631023 V cm2 for the 2 nm-capping

tly

FIG. 3. I –V curves measured on InGaN/GaN samples with a 2 nmthick ~a!
and a 20 nm thick~b! In0.27Ga0.73N capping layer.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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layer is smaller by a factor of two thanrc51.2
31022 V cm2 for the 20 nm-layer. According to the
Wentzel–Kramers–Brillouin approximation the on
dimensional hole tunneling probabilityTz along thez direc-
tion through a semiconducting layer of widthd can be writ-
ten as

Tz5expF2E
0

d

2\21A2m* EV~z!dzG . ~3!

The tunneling probabilityTz in Eq. ~3! increases expo
nentially upon decreasing the layer thicknessd. By reducing

FIG. 4. Pad-to-pad resistancesRpp obtained from theI –V curves in Fig. 3.
The straight-line fits to the data~solid lines! are analyzed using the TLM
model. The values obtained for the specific contact resistancerc , the sheet
resistanceRs and the transfer lengthLt are shown in the insets.
Downloaded 25 Apr 2002 to 168.122.12.131. Redistribution subject to A
the thickness of the InGaN capping layer from 20 to 2 n
however, the contact resistance changed only by a facto
0.5; this might indicate limitations to the hole transport n
taken into account by Eq.~3! possibly caused by defects suc
as dislocations in the InGaN capping layers or by approa
ing the critical thickness in the 20 nm thick capping layer

In conclusion, we have shown a method utilizing t
polarization in thin InGaN capping layers pseudomorphica
grown on top ofp-type GaN as a way to reduce the speci
contact resistance. TheI –V curves of all contacts are strictl
linear indicating excellent ohmicity of the contacts. Speci
contact resistances ofrc5631023 V cm2 and rc51.2
31022 V cm2 have been obtained for capping layer thic
nesses of 2 nm and 20 nm, respectively. These results
consistent with strong band bending in the capping la
region induced by polarization fields. As a result, the tunn
ing barrier width is reduced and the concentration of fr
holes increased. Further improvement of the specific con
resistance at least into the 1025 V cm2 range is expected by
optimizing the thickness and surface morphology of the c
ping layer.
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