
INTRODUCTION

The performance of devices fabricated from GaN
and related compounds is strongly affected by the
resistances caused by electrical contacts. To avoid
excessive heating resulting in a failure of the device,
speci�c contact resistances less than ,1023 Wcm2

for light-emitting diodes (LEDs) and less than
,1024 Wcm2 for laser diodes are required.1 This ap-
plies in particular to ohmic contacts on p-doped GaN
(p-GaN) due to the resistive nature of GaN obtained
by standard p-type doping techniques.1,2

Several methods have been used to attain low,
speci�c contact resistances to p-GaN, such as depo-
sition of high work-function metals,3 growth of
AlGaN/GaN superlattices,4,5 and tunnel-diode
structures on top of p-GaN.6

In this publication, the use of thin InxGa12xN cap-
ping layers, pseudomorphically grown on top of p-
doped GaN, is presented. Strain-induced piezoelec-
tric as well as spontaneous polarization �elds in the
InGaN capping layer and the lower p-GaN layer
cause band bending that leads to the formation of a
two-dimensional (2-D) hole gas (HG).7 As a result,
the concentration of free holes at the InGaN/GaN in-

terface is greatly increased, and the tunneling bar-
rier width of the metal-semiconductor contact is re-
duced, thereby allowing for a high hole-tunneling
probability through the barrier. The theory describ-
ing ohmic contacts to p-GaN by using thin InxGa12xN
capping layers will be presented together with exper-
imental results, demonstrating the capability of the
new approach in achieving low contact resistances.

EXPERIMENTAL

The samples were grown by metal-organic chemical
vapor deposition along the c direction on top of single-
crystalline sapphire substrates. The grown structures
consist of a 4-mm-thick n-doped GaN layer; a 5-pair
multiquantum-well LED, with barrier/well widths of
7.5 nm/2.5 nm, respectively; a 20-nm Al0.15Ga0.85N
electron blocking layer; a 130-nm-thick p-doped, GaN
upper-cladding layer; and a p-doped In0.27Ga0.73N cap-
ping layer that is either 2-nm or 20-nm thick. The two
layers were Mg-doped to a concentration of about
NMg 5 3 3 1018 cm23 as determined from capacitance-
voltage measurements.The quality of the sample sur-
faces was checked by Nomarski microscopy; no indica-
tions of islanding could be found.

The Ni (10 nm)/Au (30 nm) contacts were de-
posited by electron-beam evaporation using lift-off
photolithographic techniques. The contacts were
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square-shaped pads (180 mm 3 180 mm) separated
by 2-mm, 4-mm, 6-mm, 8-mm, 10-mm, and 15-mm
wide gaps. To remove surface oxide layers, the sam-
ples were dipped in a buffered-oxide etch solution
for 3 min prior to mounting them in the deposition
chamber. Subsequently, the contacts were annealed
for 3 min in a rapid thermal annealing furnace at
500°C in an oxygen ambient. The contact resist-
ances were determined from current-voltage (I-V )
measurements using the transfer length method
(TLM).

RESULTS AND DISCUSSION

The piezoelectric polarization, Ppz, and the spon-
taneous polarization, Psp, in the InxGa12xN capping
layer due to biaxial strain and in the absence of ex-
ternal electric �elds depend on the In content, x, as
depicted in Fig. 1a. The piezoelectric polarization
can be calculated from

(1)

with the piezoelectric coef�cients, e31 and e33; the
bulk moduli, C13 and C33; and the equilibrium lattice
constant, a0, in the basal plane of the Wurtzite
structure (Table I). In Eq. 1, the quantity a0,GaN cor-
responds to the lattice constant of the pseudomor-
phically grown, capping layer. The values of the
spontaneous polarizations in the capping layer and
the relaxed-GaN layer, Psp and Psp,GaN, are listed in
Table I as well. The terms Psp and Psp,GaN are nega-
tive because the two vectors, Psp and Psp,GaN, point
toward the substrate, i.e., in the negative c direction
for Ga-faced samples.

Figure 1a also shows the x dependence of the
sheet-charge densities at the surface and at the
InGaN/GaN interface given by

(2)

respectively.
The electrical �elds in the capping layer, pz and
sp, can be calculated from the corresponding polar-

ization �elds, Ppz and Psp, using the relative dielec-
tric permeability eInGaN(x) 5 10.4 1 3.9 3 x (Fig. 1b).
If sp,GaN denotes the electric �eld caused by the
spontaneous polarization, Psp,GaN, in the relaxed-
GaN layer, the corresponding �eld in the capping
layer is given by 2 sp,GaN due to the change of sign
when crossing the interface.

Figure 2 shows the band diagram of an elastically
strained, 20-nm-thick, p-doped In0.27Ga0.73N cap-
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ping layer on top of relaxed p-GaN, self-consistently
calculated for T 5 300 K by solving the coupled
Schrödinger and Poisson equations in one dimen-
sion.9 We assumed a uniform Mg-dopant concentra-
tion of NMg 5 1019 cm23 with an acceptor activation
energy of Ea 5 272 meV in the capping layer as ob-
tained from linear extrapolation using Ea 5 170
meV for p-GaN and Ea 5 204 meV for p-
In0.09Ga0.91N.10 It should be noted, however, that Ea
is not a strong parameter, and changing the activa-
tion energies within about 50 meV does not sub-
stantially alter the results. In order to include the
polarization-induced sheet-charge densities in the
band calculation, 0.1-nm-thick layers were added at
the surface and at the In0.27Ga0.73N/GaN interface,
containing volume charge densities of 1.26 3 108

Table I. Piezoelectric Coef�cients, e11 and e13; Bulk Moduli, C11 and C13, Spontaneous Polarization
Psp, and Lattice Constant A0 of Wurtzite GaN, InN, and InxGa12xN The Data were Taken from Ref. 8

and Used to Calculate the Curves in Fig. 1

e31 (C m22) e33 (C m22) C13 (GPa) C33 (GPa) Psp (cm22) a0 (10210 m)

GaN 20.49 0.73 103 405 20.029 3.189
InN 20.57 0.97 92 224 20.032 3.54
InxGa12xN 20.08 x 2 20.49 0.24 x 1 10.73 211 x 1 1103 2181 x 1 1405 20.003 x 1 20.029 0.351 x 1 13.189

Fig. 1. (a) Spontaneous and piezoelectric polarizations, Psp and Ppz,
in a pseudomorphically strained InxGa12x N capping layer depending
on the In concentration, x. The curves were calculated using Eq. 1
and the values listed in Table I; surface and interface charge densi-
ties, ss and sI, were calculated from Eq. 2. (b) The electric �elds, sp

and pz, in the InxGa1-x N capping layer obtained from Psp and Ppz.
Note that the � eld sp,GaN in the relaxed-GaN layer results in a con-
tribution 2 sp,GaN in the capping layer.



418 Gessmann, Li, Waldron, Graff, Schubert, and Sheu

C m23 and 24.2 3 108 C m23, respectively, that cor-
respond to ss 5 1.26 3 1022 C m22 and si 5 24.2 3
1022 C m22 at x 5 0.27. Figure 2 also includes the
calculated depth dependence of the hole concentra-
tion, p.

It is evident that the strong band bending in the
In0.27Ga0.73N capping layer, induced by the polar-
ization fields, results in a peak of the hole distribu-
tion close to the InGaN/GaN interface, indicating
the formation of a two-dimensional (2-D) hole gas
(HG).

Figure 3 shows the 2-D HG density, p2DHG, as a
function of the thickness, d, and the In content, x, of
the InGaN capping layer. The values for p2DHG were
calculated by integrating over the peak region of the
hole concentration, p, for different d and x (Fig. 2
shows x 5 0.27 and d 5 20 nm) or by numerically
solving the equation of energy conservation for a
hole moving in c direction through the InGaN cap-
ping layer.

eFB 1 ed tot 1 (E0 2 EV) 1 (EF 2 E0) 5 0 (3)

In Eq. 3, d denotes the thickness of the capping
layer, e is the elementary charge, tot is the total
electric �eld in the capping layer, FB is the Schottky
barrier height, EV is the valence band energy, and
EF and E0 are the Fermi energy and the energy of
the 2-D HG ground state, respectively. The different
contributions to the left-hand side in Eq. 3 are given
by

(4a)

tot 5 2 Sp,GaN 1 Sp,InGaN 1 pz,InGaN 1  (4b)
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EG,InGaN and cInGaN in Eq. 4a are the bandgap and
the electron affinity of the InxGa12xN capping
layer, FM is the work function of the contact metal,
and e0 denotes the dielectric permittivity in a vac-
uum; here, we used the work function of Ni, FM 5
5.2 eV. The bandgap energy was obtained from

(5)

with EG,InN 5 1.9 eV, EG,GaN 5 3.45 eV, and the bow-
ing parameter b 5 2.5 eV.8 Using the electron af�ni-
ties of InN and GaN, cInN 5 4.5 eV11 and cGaN 5 4.1
eV.11 The dependence of cInGaN on the In concentra-
tion, x, can be calculated according to

(6)

In Eq. 4c, E0 2 EV was obtained from the Fang-
Howard approximation12 for energy states in a tri-
angular well. The effective hole mass, m*, is taken to
be equal to the free-electron mass, m0, and h– is
Planck’s constant divided by 2p . The EF 2 E0 in Eq.
4d was calculated using the high-density approxi-
mation of the Fermi-Dirac distribution and the 2-D
density of hole states r2D 5 m*/(p h– 2). Comparison of
the analytical results with the self-consistently cal-
culated results shown in Fig. 3 reveals good agree-
ment. Minor differences can be attributed to differ-
ences in doping concentration.

The I-V characteristics of the contacts to both
In0.27Ga0.73N capping layers are linear for all the
contact-pad separations (Fig. 4). However, at the
same voltages, the current through the thick cap-
ping layer is about one order of magnitude smaller
compared to the thin capping layer.
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Fig. 2. Self-consistently calculated, band diagram and hole concen-
tration, p, of a 20-nm-thick p-doped In0.27Ga0.73N layer grown
pseudomorphically on p-doped GaN with a dopant concentration of
1019 cm23. Fig. 3. Dependence of the 2-D HG density, p2DHG, on the InGaN

capping-layer thickness, d, calculated for different In contents, x. The
solid lines are numerical solutions of Eq. 3.The values of the dashed
curves are the integrals of the hole concentration, p, over the peak
region at different x and d (Fig. 2 shows x 5 0.27 and d 5 20 nm).
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The pad-to-pad resistances calculated from the
I-V data for different pad separations are shown in
Fig. 5, together with the results of the TLM analysis
of these data. The speci�c contact resistance, rc 5 6
3 1023 Wcm2 for the 2-nm capping layer, is smaller
by a factor of 2 than rc 5 1.2 3 1022 Wcm2 for the 20-
nm layer.* According to the Wentzel–Kramers– Bril-
louin approximation, the one-dimensional, hole-tun-
neling probability, Tz, along the z direction through
a semiconducting layer of width d can be written as

(7)

The tunneling probability, Tz, in Eq. 7 increases ex-
ponentially upon decreasing the layer thickness, d.
Thin capping layers are, therefore, preferable in order
to increase the hole transport through the barrier and
to lower the contact resistance,13 even though the 2-D
HG density vanishes for suf�ciently thin layers (Fig. 2).
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By reducing the thickness of the InGaN capping
layer from 20 nm to 2 nm, however, the contact re-
sistance changed only by a factor of 0.5; this might
indicate limitations to the hole transport not taken
into account by Eq. 7, possibly caused by defects,
such as dislocations in the InGaN capping layers or
by approaching the critical thickness in the 20-nm-
thick capping layer.

CONCLUSIONS

In conclusion, we have shown a method using the
polarization in thin-InGaN capping layers pseudo-
morphically grown on top of p-doped GaN as a way
to reduce the speci�c contact resistance. The I-V
curves of all contacts are strictly linear, indicating
excellent ohmicity of the contacts. Speci�c contact
resistances of rc 5 6 3 1023 Wcm2 and rc 5 1.2 3
1022 Wcm2 have been obtained for capping layer
thicknesses of 2 nm and 20 nm, respectively. These
results are consistent with strong band bending in
the capping-layer region induced by polarization
�elds. As a result, the tunneling-barrier width is re-
duced, and the concentration of free holes increased.

* Measurements on p-doped GaN reference samples with the
same contacts annealed at 500°C yielded contact resistances in
the 1023 Wcm2 range and are, thus, comparable to our present
results. Based on theoretical and recent experimental re-
sults,4,13 further optimization of the polarization enhanced con-
tacts is expected to reduce the contact resistance.

Fig. 4. Current-voltage curves measured on InGaN/GaN samples
with (a) a 2-nm-thick and (b) a 20-nm-thick In0.27Ga0.73N capping
layer.

Fig. 5. Pad-to-pad resistances, Rpp, obtained from the I-V curves in
Fig. 4. The solid lines are straight line � ts to the data analyzed using
the TLM model. The values obtained for the speci�c contact resist-
ance, rc, the sheet resistance, Rs, and the transfer length, Lt, are
shown in the insets.
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