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Ohmic contact technology in III nitrides using polarization effects
of cap layers

Th. Gessmann,a) J. W. Graff, Y.-L. Li, E. L. Waldron, and E. F. Schubert
Department of Electrical and Computer Engineering, Boston University, 8 Saint Mary’s Street,
Boston, Massachusetts 02215
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A technology for low-resistance ohmic contacts to III nitrides is presented. The contacts employ
polarization-induced electric fields in strained cap layers grown on lattice-mismatched III-nitride
buffer layers. With appropriate choice of the cap layer, the electric field in the cap layer reduces the
thickness of the tunnel barrier at the metal contact/semiconductor interface. Design rules for
polarization-enhanced contacts are presented giving guidance for composition and thickness of the
cap layer for different III-nitride buffer layers. Experimental results for ohmic contacts withp-type
InGaN and GaN cap layers are markedly different from samples without a polarized cap layer thus
confirming the effectiveness of polarization-enhanced ohmic contacts. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1504169#
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INTRODUCTION

Ohmic contacts with specific contact resistances in
1024 V cm2 range or smaller are imperative to minimiz
parasitic voltage drops and to increase the reliability and l
time of optoelectronic devices such as light-emitting diod
and lasers.1 Ohmic contacts in most semiconductors a
achieved by heavily doping the contact region thereby red
ing the tunnel-barrier thickness at the metal/semicondu
interface.

The wide band gap and large electron affinity of III n
trides compared to other III–V semiconductors such as G
generally result in high Schottky barriers for metal conta
to p-type andn-type material. In addition, the large therm
activation energy ofp-type dopants in III nitrides2 makes it
difficult to create heavily doped layers with high free-ho
concentrations. It is therefore particularly challenging
form low-resistance ohmic contacts top-type III nitrides.

Several approaches have been used to fabricate
resistance ohmic contacts top-type III-nitride compounds
such as deposition of high-work function metals with sub
quent alloying at elevated temperatures,3 deposition of con-
ductive oxides,4 and various types of surface treatments.5

A completely different approach to reduce the tunnel
barrier width is based on the use of strained cap layers
superlattices pseudomorphically grown on top of the III
tride semiconductor of interest.6–8 Strain-induced as well a
spontaneous polarization result in electric fields that tilt
conduction and valence bands in the cap layers in such a
that tunneling of charge carriers through the barrier can
drastically enhanced. A significant advantage of this
proach is its limited reliance on doping, the metallizati
type, and annealing conditions.

In this work, the theory of polarization-enhanced ohm
contacts using strained cap layers is discussed. Prac
guidance is given for the selection of suitable cap/buf
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layer combinations including the composition and thickne
of the cap layers. Experimental results are presented
show the viability of polarization-enhanced ohmic contac
InGaN caps on GaN, and GaN caps on AlGaN, significan
reduce the contact resistances as compared to contact
utilizing cap layers.

THEORY

The magnitude of polarization fields in III nitrides i
well known.9–13 The piezoelectric polarization of a genera
ized wurtzitic III nitride cap layerXxY12xN ~X andY repre-
sent a group-III element such as Al, Ga, or In! pseudomor-
phically grown on a relaxed buffer layer depends on
strain in the basal plane of the Wurtzite crystal

«'~x!5@abuff2a~x!#/a~x!5Da/a ~1!

with the equilibrium lattice constants of the buffer,abuff , and
the cap layer,a(x) Values of the equilibrium lattice constan
and strain for different III nitrides are given in Table I an
Fig. 1. By taking into account second order effects, the
ezoelectric polarizations along thec direction of strained bi-
nary layers can be written as12,13

PAlN
pz 5@21.808«'15.624«'

2 # C m22 for «',0,
~2a!

PAlN
pz 5@21.808«'27.888«'

2 # C m22 for «'.0,
~2b!

PGaN
pz 5@20.918«'19.541«'

2 # C m22, ~2c!

PInN
pz 5@21.373«'17.559«'

2 # C m22 ~2d!

with the piezoelectric polarization in a strainedternary layer
~in C m22) given by a Vegard law

PXxY12xN
pz ~x!5xPXN

pz @«'~x!#1~12x!PYN
pz @«'~x!#. ~3!

The spontaneous polarization can be expressed by12
0 © 2002 American Institute of Physics
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TABLE I. Cap/buffer layer combinations for polarization-enhanced ohmic contacts to Ga-faced wurtziti
nitride semiconductors. Upper-diagonal elements are combinations resulting in a compressively strain
layer suitable forp-type contacts toXxY12xN compounds. The diagonal elements of the table contain
respective in-plane lattice constants taken from Ref. 12. The lower-diagonal elements of the table corres
possible combinations decreasing the contact resistances forn-type material

Cap layer

Buffer layer ~Ga face! AlN Al xGa12xN Al xIn12xN GaN InxGa12xN InN

AlN 3.1095
Å

~3.1986
Al xGa12xN 20.0891x!

Å
~3.5848

Al xIn12xN 20.4753x!
Å

GaN 3.1986
Å

~3.1986
InxGa12xN 10.3862x!

Å
InN 3.5848

Å
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PAlxGa12xN
sp ~x!5@20.09x20.034~12x!

10.019x~12x!# C m22, ~4a!

PInxGa12xN
sp ~x!5@20.042x20.034~12x!

10.038x~12x!# C m22, ~4b!

PAlxIn12xN
sp ~x!5@20.09x20.042~12x!

10.071x~12x!# C m22. ~4c!

To obtain the electric fieldE pol in the cap layer caused by th
spontaneous and piezoelectric polarization fieldsPcap

sp , Pbuff
sp ,

andPcap
pz , it is assumed that the free charge density inside

sample is negligible; therefore¹D50 with D being the di-
electric displacement field. The displacement fieldsD( i ) in
the cap and buffer layers may be written as14

Di5«0« i Ei1Pi
sp1Pi

pz ~ i 5cap, buff!, ~5!

FIG. 1. Elastic strain« in the basal plain of Ga-facedX12xYxN compounds
pseudomorphically grown as cap layers on top of relaxed III-nitride bu
layers. Negative values of«' indicate compressive strain.
ct 2002 to 128.197.180.34. Redistribution subject to A
e

where«0 is the dielectric permittivity of vacuum;«cap and
«buff are the relative dielectric constants in the cap and bu
layer, respectively, and may be obtained from the relati
ship «XxY12xN(x)5x«XN1(12x)«YN . Using the boundary
conditionDn,cap5Dn,buff at the cap/buffer interface withDn

denoting the component ofD normal to the interface,E pol

[Ecap is given by

E pol5
1

«0«cap
~2Pcap

pz 2Pcap
sp 1Pbuff

sp !1
«buff

«cap
Ebuff . ~6!

The field Ebuff will be screened by free charge carriers
soon as the tilted conduction or valence bands in the bu
layer come close to the Fermi level; this condition allows
obtain an upper limit forEbuff according to

Ebuffdbuff<
EG,buff

e
, ~7!

where e is the elementary electric charge andEG,buff and
Dbuff denote the band gap energy and the thickness of
buffer layer, respectively. For GaN and thicknessesdbuff

.300 nm the value of the fieldEbuff is about 107 V/m or
smaller; this may be neglected compared to typical val
PXxY12xN

pz /(«0«XxY12xN)>108 V/m in strained III

nitrides.11–13 Equation~6! may therefore be approximated

E pol'
1

«0«cap
~2Pcap

pz 2Pcap
sp 1Pbuff

sp !. ~8!

It turns out that forcompressive strain(«,0, see Fig. 1!,
E pol as obtained from Eq.~8! points along thenegative c
direction of the Ga-faced wurtzite crystal, that is, towards
substrate. In the case ofp-type III-nitride materials this re-
sults in adecreaseof the tunnel barrier thickness and wi
therefore be beneficial to attain smaller specific contact
sistances. Table I summarizes possible cap/buffer layer c
binations resulting in compressive strain in the cap layer

r
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For strong enough electric fields or sufficiently thick c
layers, the formation of a two-dimensional hole gas~2DHG!
at the interface between the cap and the buffer layers
occur. The densityp2DHG of the two-dimensional hole ga
can be calculated by numerically solving the condition
the constancy of the Fermi level@see Fig. 2~a!#:

eFB1edcapEtot1~E02EV!1~EF2E0!50. ~9!

In Eq. ~9!, dcap denotes the thickness of the cap layer,Etot is
the total electric field in the cap layer,FB is the Schottky
barrier height,EV is the valence band energy at the ca
buffer layer interface;EF and E0 are the Fermi energy an
the energy of the 2DHG groundstate, respectively. The te
on the left-hand side in Eq.~9! are given by

eFB5EG,cap2e~FM2xcap!, ~10a!

FIG. 2. ~a! Schematic band diagram for a polarization-enhanced con
employing a strainedp-type III-nitride cap layer pseudomorphically grow
on top of a relaxed III-nitride buffer layer.E0 denotes the groundstate en
ergy of a 2DHG formed in the triangular barrier at the interface between
and buffer layer,d is the cap layer thickness,E is the electric field in the
strained cap layer, andFB is the Schottky barrier height.~b! Self-
consistently calculated band diagram for Ni contacts to bulkp-type GaN and
to polarization-enhanced structures consisting of strainedp-In0.27Ga0.73N cap
layers (d54 nm andd520 nm! on top of relaxedp-GaN. The dopant
concentration was assumed to be 1019 cm23.
Downloaded 01 Oct 2002 to 128.197.180.34. Redistribution subject to A
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Etot5E pol1
ep2DHG

«cap«0
, ~10b!

E02EV5
3

2 F3

2

e2\

«cap«0Am*
p2DHGG 2/3

, ~10c!

EF2E05
p\2

m*
p2DHG. ~10d!

In Eq. @10~a!#, EG,cap, xcap are the band gap energy an
the electron affinity of the cap layer,FM is the work function
of the contact metal; here we use the work function of
FM55.2 eV. The ternary band gap energy can be obtai
from

EG,XxY12x
N5xEG,XN1~12x!EG,YN2bx~12x!, ~11!

where a bowing parameterb52.5 eV10 is used; the ternary
electron affinity may be obtained from linear interpolation
the respective binary values according to

xXxY12xN5xxXN1~12x!xYN . ~12!

In Eq. @10~c!#, E0–EV is calculated using the Fang
Howard approximation15 for energy states in a triangula
well. The effective hole massm* in the cap layer is 1.0
3m0 , and\ is Planck’s constant divided by 2p. EF –E0 in
Eq. @10~d!# is calculated using the high-density approxim
tion of the Fermi–Dirac distribution and the two-dimension
density of hole statesr2D5m* /(p\2).

Tunneling from the contact metal into the cap layer
quires the existence of unoccupied valence band states in
cap layer. This condition allows one to calculate the mi
mum thickness of the cap layer

dmin52
FB2E0 /e

Etot
'2

FB

Etot
. ~13!

corresponding to the minimum thickness required for the f
mation of a 2DHG. The approximation in Eq.~13! is valid if
quantum-size effects in the triangular potential well at t
cap/buffer layer interface are neglected, in analogy to
approach in Ref. 16. Thus, Eq.~13! is the solution of Eq.~9!
for p2DHG50, the onset of the 2DHG.

Figure 2~b! shows self-consistently calculated ban
diagrams17 for In0.27Ga0.73N cap layers on GaN with two
different cap layer thicknesses,d54 nm andd520 nm, as
well as the band diagram of bulkp-type GaN. We assumed
uniform Mg dopant concentration ofNMg51019 cm23 with
an acceptor activation energy ofEa550 meV in the capping
layer obtained by extrapolating the values ofEa given in
Ref. 18 towards larger In contents. Nickel was used in
calculation as the contact metal.

It can be seen that for the thicker cap layer, the Schot
barrier width approaches that of bulkp-type GaN; therefore
no reduction of the specific contact resistance compare
p-type GaN can be expected.

Figure 3 shows the dependence of the electric fieldE pol

for various cap/buffer layer configurations. Also included
the dependence ofdmin on the electric field in the cap laye
calculated from Eq.~13! assumingEtot5E pol and using the
barrier heightsFB of Ni on GaN (FB52.3 V!, InN (FB

ct

p
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51.3 V!, and AlN (FB51.8 V!. As an example, the mini
mum thickness of an In0.27Ga0.73N cap layer on a GaN buffe
layer can be determined to be between 2 and 4 nm.

According to the WKB approximation the tunnelin
probability T* through a triangular barrier for holes wit
energyE50 is given by

T* 5expF2
4FB

3/2A2m* e

3\uEtotu
G . ~14!

By using the slope of the valence band atz50 in Fig.
2~b! to estimate the electric fieldEtot a tunneling probability
T* '1028 can be obtained for the cap layer with thickne
d54 nm, which is much larger than the valueT* '10224 for
the 20-nm-thick cap layer. It is therefore prudent to not e
ceed the minimum cap layer thicknessdmin by more than a
factor of 2.

The cap layer will change the barrier height as compa
to a no-cap layer situation. Note, however, that the bar
thickness is much more important than the barrier heig
This is because the thickness can vary by a larger factor
the barrier height and also because the tunneling probab
has a stronger dependence on the thickness as compar
the barrier height@see Eqs.~13! and ~14!#. Therefore, it is
reasonable to assume that the change in barrier height wi
of minor importance.

The electric fieldsE pol shown in Fig. 3 are similar or
even larger than the critical fieldsEc in InN (Ec'13108

V/m!, GaN (Ec'33108 V/m!, and AlN (Ec'93108 V/m!
obtained from a power law relationship.19 For doped
samples, however,E pol will be reduced by free charge carr
ers and ionized impurities. In addition, ifdmin approaches the
critical thickness of the cap layer for pseudomorphic grow
the onset of elastic strain relaxation will result in furth

FIG. 3. Polarization-induced electric fieldEpol in Ga-facedX12xYxN cap
layers pseudomorphically grown on different buffer layers~strain relaxation
due to critical thickness effects is not taken into account!. Negative values
indicate that theEpol vector points towards the buffer layer. The dashe
dotted curves correspond to the cap layer thicknessdmin given by Eq.~9!
using Schottky barrier heightseFB for Ni on GaN (eFB52.3 eV!, on InN
(eFB51.3 eV!, and on AlN (eFB51.8 ev! . As an example, the dashe
lines indicate how to determine the thicknessdmin of an In0.27Ga0.73N cap
layer on GaN.
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reduced fieldsEpol. Therefore, minimum cap layer thick
nesses obtained from Fig. 3 have to be regarded as a lo
limit.

EXPERIMENTAL RESULTS

Several experiments were conducted to confirm the
lidity of polarization-enhanced contacts. Here we report
the marked difference in theI –V characteristic obtained fo
samples with and without a cap layer. Detailed experimen
studies on contact resistances have been repo
elsewhere.6,7

Metallic contacts~Ni/Au and Pd/Au! were deposited by
electron beam evaporation using lift-off photolithograph
techniques. The contacts were square-shaped pads~200 mm
3200mm! separated by 2, 4, 6, 8, 10, and 15mm wide gaps.
To remove surface oxide layers, the samples were tre
with a buffered-oxide etch or in a solution containing 20
HF and 80% H2O. Subsequently, the contacts were annea
in a rapid thermal annealing furnace at 500 °C in either
trogen~Pd/Au contacts! or oxygen~Ni/Au contacts! ambient.
The contact resistances were determined fromI –V measure-
ments using the transfer length method~TLM !.

Figure 4 shows theI –V curves of samples with an

FIG. 4. I –V curves for ohmic contacts top-type GaN and for polarization-
enhanced contacts utilizing InGaN-on-GaN or GaN-on-AlGaN cap la
structures. The data are obtained for TLM pads with a separation of 10mm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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In0.27Ga0.73N cap layer on a GaN buffer, a GaN-on
Al0.2Ga0.8N superlattice structure and ap-type GaN reference
sample. The thicknessesd52 nm of the InGaN cap laye
and d510 nm of the GaN cap layer agree well with th
respective minimum thicknessesdmin that can be obtained
from Fig. 3.

Inspection of Fig. 4 shows that excellent ohmicI –V
characteristics were found for both samples containing
layers. However, theI –V characteristic for thep-type GaN
reference sample is markedly nonlinear. This clearly in
cates the advantageous effect of polarization fields in the
layers. Specific contact resistances ofr5631023 V cm2 for
the InGaN cap layer and 731024 V cm2 for the GaN cap
layer were determined. Additional experimental results h
been reported elsewhere.6,7

The two experimental examples reported here, nam
the InGaN cap on GaN layers and the GaN cap on AlG
layers have great practical importance. It is expected that
InGaN cap layer can be applied to light emitting diod
~LEDs! emitting in the visible spectrum. Such LEDs usua
have GaN upper cladding layers. Furthermore, the GaN
layer on AlGaN buffers will be useful for UV LEDs an
lasers. Such devices usually have AlGaN upper cladding
ers.

CONCLUSION

A technology for low-resistance ohmic contacts to
nitrides is presented. Strong polarization fields exist in
nitrides pseudomorphically grown as thin nonlattice-match
cap layers on top of relaxed III-nitride buffer layers. Th
corresponding electric fields in Ga-faced cap layers are
culated for different cap/buffer layer combinations and
on the order of 109 V m21. It is shown that a GaN cap o
AlGaN, an InGaN cap on GaN, and other material combi
tions are suited for low-resistancep-type ohmic contacts to
III nitrides.

For a proper choice of cap and buffer layer, the tunnel
barrier thickness at the contact metal/semiconductor inter
is drastically reduced as a result of band tilting in the c
Downloaded 01 Oct 2002 to 128.197.180.34. Redistribution subject to A
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layer region. Forp-type contacts, enhanced by polarizatio
effects, the hole tunneling probability through the surfa
barrier is increased by more than ten orders of magnit
compared to bulkp-type GaN without cap layer.

The beneficial effect of cap layers is demonstrated
perimentally for an In0.27Ga0.73N-on-GaN structure and a
GaN-on-Al0.2Ga0.8N structure. As opposed to ap-type GaN
reference sample, excellent linearity of theI –V characteris-
tics independent of the choice of contact metallization w
achieved for the polarization-enhanced contacts. The spe
contact resistances obtained from the TLM-method werr
5631023 V cm2 for the InGaN cap layer and 731024

V cm2 for the GaN cap layer.

1S. J. Pearton, J. C. Zolper, R. J. Shul, and F. Ren, J. Appl. Phys.86, 1
~1999!.

2O. Ambacher, J. Phys. D31, 2653~1998!.
3J.-K. Ho, C.-S. Jong, C. C. Chiu, C.-N. Huang, K.-K. Shih, L.-C. Che
F.-R. Chen, and J.-J. Kai, J. Appl. Phys.86, 4491~1999!.

4R.-H. Horng, D.-S. Wuu, Y.-Ch. Lien, and W.-H. Lam, Appl. Phys. Le
79, 2925~2001!.

5H. Ishikawa, S. Kobayashi, Y. Koide, S. Yamasaki, S. Nagai, J. Umez
M. Koike, and M. Murakami, J. Appl. Phys.81, 1315~1997!.

6Y.-L. Li, E. F. Schubert, and J. W. Graff, Appl. Phys. Lett.76, 2728
~2000!.

7T. Gessmann, Y.-L. Li, E. L. Waldron, J. W. Graff, J. K. Sheu, and E.
Schubert, Appl. Phys. Lett.80, 982 ~2002!.

8K. Kumakura, T. Makimoto, and N. Kobayashi, Appl. Phys. Lett.79, 2588
~2001!.

9O. Ambacheret al., J. Appl. Phys.85, 3222~1999!.
10O. Mayrock, H.-J. Wuensche, and F. Henneberger, Phys. Rev. B62,

16 870~2000!.
11F. Bernardini and V. Fiorentini, Phys. Rev. B64, 085 207~2001!.
12V. Fiorentini, F. Bernardini, and O. Ambacher, Appl. Phys. Lett.80, 1204

~2002!.
13O. Ambacheret al., J. Phys.: Condens. Matter14, 3399~2002!.
14W. P. Mason,Piezoelectric Crystals and Their Application to Ultrasonic

~Van Nostrand, New York, 1950!, p. 39.
15F. F. Fang and W. E. Howard, Phys. Rev. Lett.16, 797 ~1966!.
16B. K. Ridley, Appl. Phys. Lett.77, 990 ~2000!.
17We used the PC version 10/01 of the freeware program ‘‘1D Poiss

Schrödinger’’ ~http://www.nd.edu/;gsnider/! written by G. Snyder, ECE-
Department, University of Notre Dame, Notre Dame, IN 46556.

18K. Kumakura, T. Makimoto, and N. Kobayashi, Jpn. J. Appl. Phys., Pa
39, L337 ~2000!.

19T. P. Chow and R. Tyagi, IEEE Trans. Electron Devices41, 1481~1994!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


