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The effect of defects inn-type GaN epitaxial layers on the electrical characteristics of Ni contacts
was studied. The defect density of GaN layers was characterized, and Ni dots deposited on four
n-GaN wafers with different mobilities were examined by current–voltage (I –V) and capacitance–
voltage (C–V) measurements. Ni contacts deposited on undoped GaN with a mobility of 6.7
cm2/V s showed ohmic behavior with a specific contact resistance on the order of 0.1V cm2. In
contrast, Ni contacts deposited on Si-doped GaN with a mobility of over 100 cm2/V s exhibited
Schottky behavior with a Schottky barrier height of 0.75 eV fromI –V and 1.10 eV fromC–V.
These results suggest the formation of small areas with low barrier height at the interface due to
defects and dislocations. ©1999 American Vacuum Society.@S0734-211X~99!03905-0#
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I. INTRODUCTION

Recently, GaN-based materials have been the subjec
intensive research for both optoelectronic devices and h
temperature/high-power electronic devices. Visible lig
emitting diodes,1 ultraviolet ~UV! detectors,2 microwave-
operation AlN/GaN field-effect transistors~MESFETs!,3,4

and high-electron-mobility transistors~HEMTs!5 have been
demonstrated. Because MESFETs and HEMTs require b
ohmic and Schottky contacts, the study of these contact
n-GaN is of interest.

The Schottky barrier height (qfB) is expected to be de
pendent on the metal work function due to the ionic nature
GaN;6 however, the available data are contradictory. F
n-GaN, it has been reported that slope~S! parameters of the
barrier (S5]qfB /]xs , wherexs is the metal electronega
tivity ! are 0.385,7 0.7,8 and almost unity,9 while Ni, Pd, and
Pt contacts ton-GaN do not obey this rule.10–12There are at
least two possible reasons for this discrepancy. One is tha
adequate surface passivation treatment before metal de
tion has not been established, as GaN cannot be etched
any chemical solution at room temperature. The other is
the quality of epitaxial GaN films is strongly dependent
the growth method and growth conditions, including t
choice of substrate. In addition, we have found strong Fe
level (EF) pinning in W and Nb contacts ton-GaN, which
could be due to the process-induced damage during the s
tering for metal deposition.13 This suggests that the met
deposition technique is also important in determining
metal-semiconductor contact performance.

In this article, we report on the possible role that defe
in GaN epitaxial layers play in determining the electric

*No proof corrections received from author prior to publication.
a!Electronic mail: shiojima@aecl.ntt.jp
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characteristics of contacts ton-GaN. GaN wafers were char
acterized by Hall measurements, x-ray diffraction, transm
sion electron microscopy~TEM!, and atomic force micros-
copy ~AFM!, and then Ni contacts formed on fourn-GaN
wafers with different mobilities were examined by curren
voltage (I –V) and capacitance–voltage (C–V) measure-
ments.

II. EXPERIMENT

Both unintentionally doped and Si-dopedn-GaN films
were grown on ~0001! sapphire substrates using meta
organic chemical vapor deposition~MOCVD! in a modified
EMCORE D125 high-speed rotating-disk vertical reactor o
erating at 76 Torr. This reactor has produced high-qua
GaN, AlGaN, and InGaN films, as described previously.14 A
mixture of SiH4 in H2 was the Si precursor for all of the
n-type layers. The films were grown atTG;1050 °C with
;30-nm-thick low-temperature (TG;550 °C) GaN uninten-
tionally doped buffer layers. Typical molar flow rates em
ployed during the growth of the epitaxial layers were 0.
moles/min for ammonia (NH3), 222.0 mmoles/min for tri-
methylgallium~TMG! (V/III ;2600), and 4.1–81.2 nmoles
min for SiH4. Hydrogen was the carrier gas in all cases. T
growth rate for these GaN epitaxial films was;2.0 mm/h.
The temperature ramping and gas switching processes
identical for all of the samples used in this study. Four G
wafers, denoted samples A–D, were grown as shown
Table I. Residual oxygen concentration of all the GaN film
was less than the detection limit (131018cm23) of second-
ary ion mass spectrometry~SIMS! measurements.

The GaN surface was degreased in acetone and meth
and then the surface oxide was removed in buffered hyd
fluoric acid solution~BHF! prior to loading the samples into
the chamber for metal deposition. Ni~100 nm thick! was
2030/17 „5…/2030/4/$15.00 ©1999 American Vacuum Society
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deposited by electron-beam evaporation through a m
mask with 100-mm-diam circular openings.

The I –V method was used to determine the electri
properties, i.e.,qfB and the ideality factor~n value!, with
the following equation in terms of the thermionic emissi
model:15

J5A** T2 exp~2qfB /kT!@exp~qV/nkT!21#, ~1!

where A** is the effective Richardson constant (24
cm2 K2 for n-GaN based onA** 54pm* qk2/h3 and m*
50.20m0),16 T is the temperature,q is the charge of the
electron,k is the Boltzman constant, andV is the applied
voltage.

C–V measurements were also performed at a freque
of 1 MHz. TheC–V relationship for a Schottky contact is

~1/C!25~2/eqNd!~Vbi2V2kT/q!,
~2!

fB5Vbi1~kT/q!ln~Nc/Nd!,

wheree is the permittivity (eGaN59.5e0), Nd is the donor
concentration, andNc52.6031018cm23 based on Nc
52(2pm* kT/h2)3/2.15

III. RESULTS AND DISCUSSION

The quality of epitaxial GaN layers was characterized
the first step of the examination. Figure 1 shows x-ray d
fraction results of the GaN layers grown on sapphire. For
four samples, onlyh-GaN ~0002! and ~0004! peaks were
detected, and the full width at half maximums~FWHM! of
~0002! are in the same range as shown in the inset. T
confirmed that all samples had identical macroscopic cry
quality.

TABLE I. Structure of GaN wafers and their carrier concentration, thickne
and electron mobility. Wafers were characterized by Hall measuremen

Samples Film structure n (cm23)
Thickness

~mm!
Mobility
~cm2/V s!

A Undoped GaN 231017 1.5 6.7
B Undoped GaN 531016 1.0 10–20

on Si-doped GaN 131019 0.5 ¯

C Si-doped GaN 231017 1.6 107
D Si-doped GaN 531017 1.7 330

FIG. 1. X-ray diffraction results of GaN layers grown on sapphire. All t
samples show similar values of FWHM of the~0002! peak shown in the
inset.
JVST B - Microelectronics and Nanometer Structures
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Table I gives the electron mobility and carrier concent
tion of the four GaN films, which were characterized by H
measurements. The Si-doped samples have higher mobi
than the undoped samples. Figure 2 shows cross-sect
TEM images of samples A and D. Many threading disloc
tions are seen, and as expected, Sample A contains m
higher dislocation density than sample D. The reduction
dislocation density in GaN films by Si doping has been p
viously reported.17 Thus, electron mobility has been found
correlate with the estimated defect density, which expla
the differences in the Hall measurement. The origin of d
nors in the undoped GaN has not yet been identified, but
believe that the undoped GaN grown for this study conta
a higher density of point defects, such as N vacancies, wh
are donors.

Next, AFM was conducted to observe the GaN surfa
morphology. AFM images of a 232 mm area with typical
values of dislocation density (Ddis) are shown in Fig. 3. All
the surfaces are atomically flat, as steps are observed. E
cially, for sample D, it is clearly shown that the steps term
nate with dark spots. These spots are known to be threa
screw dislocations.18 The dislocation density ranged from
high 108 cm22 to high 109 cm22 and depended on the elec
tron mobility. These values are in the same range as thos
generally reported GaN films grown on sapphire
MOCVD.

Ni dots were deposited on the GaN wafers, and then
electrical properties were examined. TypicalI –V character-
istics of the Ni/n-GaN contacts of samples A and B a
shown in Fig. 4. Sample A showed good linearity in a line
plot. The specific contact resistance (r c) of sample A was
estimated to be of the order of 0.1V cm2 by the four-point

s,

FIG. 2. Cross-sectional TEM images of samples A and D.
sconditions. Download to IP:  169.237.74.113 On: Wed, 15 Jan 2014 20:11:42
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FIG. 3. AFM images of a 232 mm area with typical values of dislocation densityDdis .
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method.19 On the other hand, sample B showed a very lea
behavior. In contrast, samples C and D exhibited Scho
behavior, as shown inI –V andC–V plots of Fig. 5. Linear
forward I –V, and 1/C2 curves are observed. Barrier heigh
andn values are summarized in Table II. TheqfB from I –V
is lower than that fromC–V, and the carrier concentration
from C–V are of the same order as those from Hall me
surements.

It is clear that a large defect density correlated with ohm
behavior. TheI –V curve for sample A is ohmic, but ther c is
very high. This suggests the formation of small areas wit
low barrier height, as a shunt path of a current, due to def
and dislocations, rather than a lowering ofqfB in the entire
contact. When we consider the origin of the shunt path,
focus on the relationship betweenI –V characteristics and
the absolute value of screw dislocation density observe
the AFM results. TheI –V curves for samples A and C ar
completely different; however, theDdis of sample A is only
two times larger than that of sample C. This suggests tha
should categorize dislocations in order to explain the resu
In general, there are three kinds of dislocations in MOCV

FIG. 4. I –V characteristics of Ni/undopedn-GaN contacts in a linear plot
J. Vac. Sci. Technol. B, Vol. 17, No. 5, Sep/Oct 1999
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grown GaN on sapphire: edge dislocations, screw dislo
tions, and nanopipes. In this study, both edge and screw
locations were observed in the TEM images and screw
locations were observed in the AFM images, but t
existence of nanopipes was not confirmed due to the sm
observation areas in these methods. Since a nanopipe
screw dislocation with a large Burgers vector, it is likely th

FIG. 5. TypicalI –V curves of Ni/Si-dopedn-GaN contacts in a~a! semilog
plot and~b! 1/C2–V plot.
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TABLE II. Summary ofI –V andC–V measurements of Ni/GaN contacts.

Samples
Electrical

characteristic
qfB (I –V)

~eV! n value
qfB (C–V)

~eV! n (cm23)

A Ohmic ¯ ¯ ¯ ¯

(r c50.1V cm2)
B Very leaky ¯ ¯ ¯ ¯

Schottky
C Schottky 0.76 1.67 1.10 1.731017 (C–V)
D Schottky 0.75 1.82 1.17 7.531017 (C–V)
in Ref. 9 Schottky 1.15 1.17 1.11 131018 (C–V)
in Ref. 7 Schottky 0.99 1.04 1.13 131017 (C–V)
in Ref. 10 Schottky 0.66 1.15 0.56 231017 ~Hall!
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a larger screw dislocation density induces a larger densit
nanopipes. Accordingly, it is possible that a nanopipe co
form above a certain screw dislocation density and act a
shunt path of a current at the interface.

For samples with a smaller estimated defect density,
I –V became rectifying. Samples C and D, which have m
bilities over 100 cm2/V s, showed aqfB of 0.75 and 0.76 eV
from I –V and 1.10 and 1.17 eV fromC–V, respectively.
Kalinina et al.have reported that theqfB of n-GaN contacts
depends on the metal work function withS51 in epitaxial
GaN wafers grown on SiC.9 Schmitz et al. have also re-
ported similar results withS50.385 in GaN on sapphire.7 On
the other hand, Guoet al. have reported that theqfB does
not obey this rule in GaN grown on sapphire with a mobil
of 300 cm2/V s.10 The reportedqfB’s of the Ni contacts in
both cases are also summarized in Table II.

Our qfB from C–V is consistent with Kalinina’s and
Schmitz’sqfB’s, but ourqfB from I –V is lower by 0.4 and
0.25 eV, respectively, and ourn value is higher than theirs
SinceqfB is estimated from the edge of the depletion lay
in C–V, the shape of the barrier at the interface does
affect qfB , while I –V is sensitive to the barrier shap
Thus, even when the mobility is over 100 cm2/V s, very
small sections of leaky interface are formed by defects, s
as threading dislocations, and are responsible for the
qfB and highn value. Guoet al.have also reported theqfB

from C–V increased from 0.56 to 1.02 eV upon annealing
as low as 100 °C due to interfacial reaction.10 Conducting an
annealing study for our samples would make a clearer c
parison with their results possible in the discussion of
absolute value ofqfB and interfacial reaction.

IV. CONCLUSION

GaN wafers were characterized by Hall measureme
x-ray diffraction, TEM, and AFM, and then Ni contac
formed on fourn-GaN wafers with different mobilities were
examined byI –V and C–V measurements. For sample
with a smaller estimated defect density, the electrical ch
tronics and Nanometer Structures

S license or copyright; see http://scitation.aip.org/term
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acteristics of the contacts varied from ohmic to rectifyin
This result suggests the formation of small areas with a
qfB at the interface due to defects and dislocations. T
study enables us to form both ohmic and Schottky conta
to n-GaN with the same metal.
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