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The dependence of the Schottky barrier height of Ni/AlxGa12xN contact on the Al mole fraction up
to x50.23 was studied. The barrier heights were measured byI –V, capacitance–voltage, and the
internal photoemission method. The Al mole fractions were estimated from the AlGaN band gap
energies measured by photoluminescence. In the range ofx,0.2 a linear relationship between the
barrier height and Al mole fraction was obtained. This was consistent with the slope predicted by
the Schottky rule. Forx50.23, the measured barrier height was lower than predicted. We believed
this was due to crystalline defects at the Ni/AlGaN interface. ©2000 American Institute of
Physics.@S0021-8979~00!03302-8#
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I. INTRODUCTION

Recently AlGaN/GaN heterostructure field effect trans
tors have been studied extensively for applications in h
temperature and high frequency electronic devices.1,2 The
Schottky barrier height of a metal on AlGaN is an importa
parameter for device design. A large barrier height lead
small leakage currents and high breakdown voltages,3 thus
improving the noise level4 and the high voltage performanc
of the device. In contrast to the case for GaAs, the publis
experimental barrier heights for various metals onn-GaN
appear to increase with an increasing metal work functi5

and the barrier height,qfb follows the Schottky rule

qfb5Fm2x, ~1!

where Fm is the work function of the metal, andx is the
electron affinity of the semiconductor~GaN, x54.2 eV!.
Since the electron affinity of AlGaN decreases with incre
ing Al mole fraction, the Schottky barrier height of a met
on AlGaN should increase with increasing Al mole fracti
in accordance with Eq.~1!. The Schottky barrier height o
Au6 and Re7 on AlxGa12xN have been investigated usin
I –V and capacitance–voltage (C–V) measurements. Th
results indeed indicate a general increase of barrier he
with the Al mole fractionx. However, there were significan
differences between theI –V and C–V results due to non-
ideal behaviors of Schottky contact. In this article, we rep
the dependence of the Schottky barrier height of Ni
AlGaN with an Al mole fractionx in the range between 0
and 0.23. The Schottky barrier height was determined us
both electrical and internal photoemission methods. The
mole fraction of the AlGaN layer was determined by pho
luminescence~PL!.

a!Electronic mail: dqiao@ucsd.edu
8010021-8979/2000/87(2)/801/4/$17.00
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II. EXPERIMENTS

The AlGaN samples for this study were grown in a m
alorganic vapor phase epitaxy system. The structure of
samples consisted of a 1.0mm n-type (;131017cm23)
Al xGa12xN layer on top of a 0.1mm AlN insulating buffer
layer on an-type SiC ~6H! on axis substrate. The GaN (x
50) samples consisted of a 1.5mm n-GaN layer grown on
top of a 3.5mm undoped GaN buffer layer on a~0001!
sapphire substrate. The GaN and AlGaN samples were
cleaned with organic solvents, followed by etching in
HCl:HF:H2O solution, and loaded in an e-beam evapora
equipped with dry pumps. The conventional photolith
graphic lift-off technique was used to define the Schot
diodes with two different configurations as shown in Fig.
A bilayer of Al ~710 Å, top layer! Ti ~300 Å! was deposited
on n-Al xGa12xN wafers, followed by annealing in a N2 am-
bient at 850 °C for 40 s to form ohmic contacts. 1000 Å of
was deposited on the samples as Schottky contacts. ForI –V
and C–V measurements, the diodes had a donut configu
tion with a 125mm diameter Schottky contact in the cent
@see Fig. 1~a!#. This configuration gives a relatively low se
ries resistance due to the small spacing~;40 mm! between
the outer ohmic contact ring and the Schottky contact do
the center. For internal photoemission measurements the
odes had the configuration shown in Fig. 1~b!. The ohmic
contacts were two metal stripes on the sides and the Scho
contacts were 1 mm diameter Ni~;1000 Å thick! dots. A
thin Au layer ~;1200 Å! was deposited on top of the N
Schottky contact to facilitate Au wire bonding.

The I –V and C–V characteristics were measured wi
an HP4155A semiconductor parameter analyzer and an
4284A LCR meter in parallel mode. TheC–V measurement
frequency was set at 100 kHz which satisfied the para
model condition as discussed in a previous article.8 The pho-
toemission measurement setup consisted of a halogen
© 2000 American Institute of Physics
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as the light source and a monochromator~ISA, model HR-
320!. The monochromatic light was chopped at a frequen
338 Hz and focused on the Schottky diode from the ba
side. The photocurrent of the Schottky barrier was measu
using a lock-in amplifier~EG & G, model 5209!. The details
of the photocurrent response measurements were report
a previous article.9

The band gap energies of AlGaN samples were m
sured by PL. The Al mole fractions,x, were calculated using
the following equation:

Eg
~AlGaN!5Eg

~GaN!~12x!1Eg
~AlN !x2bx~12x!, ~2!

whereEg
(AlGaN) , Eg

(GaN)(53.42 eV) andEg
(AlN) (56.2 eV) are

the band gap energies of AlGaN, GaN, and AlN, resp
tively, x the Al mole fraction, andb the direct gap bowing
parameter. For PL measurements, excitation pulses wi
pulse width of about 7 ps at a repetition rate of 9.5 MH
were provided by a picosecond UV laser system. This
laser consists of a yttrium–aluminum–garnet laser~coherent
Antares 76! with a frequency doubler which pumps a cavit
dumped dye laser~coherent 702-2CD! with Rhodamine 6G
dye solution. A second frequency doubler after the dye la
provides tunable photon energy up to 4.5 eV. The laser
put after the second doubler has an average power of a
20 mW. A single-photon counting detection system was u
to record the PL spectra.

III. RESULTS AND DISCUSSION

Figure 2 shows typical measuredI –V curves of Ni/
AlGaN Schottky diodes with five differentx values.

The experimentalI –V characteristics were analyzed u
ing the following equations:

I 5I sFexpS qV

nkTD21G , ~3!

I s5AA* T2 expS 2
qfb

kT D , ~3a!

whereqfb is the barrier height,n the ideality factor,A the
device area,V the applied voltage,T the temperature, andA*
the effective Richardson constant. The theoretical value
the effective Richardson constant is given byA*
52pqm* k2/h3, whereh is the Plank constant andm* the
electron effective mass for AlGaN. Apparently there has
been any reported experimental results of the electron ef

FIG. 1. Schematic diagrams of the configurations of the Schottky diode~a!
for I –V andC–V measurement and~b! for internal photoemission measure
ment.
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tive mass in AlGaN in the literature, we estimatedm* for
Al xGa12xN with differentx by a linear interpolation from the
theoretical value of m* 50.35m0 for AlN10 and m*
50.22m0 for GaN. From Eq.~3! it can be seen that the plo
of ln I vs V should be a straight line whenV.3 kT. From
this straight line the ideality factor,n, and the saturation
current, I s , can be determined. Using the Richardson co
stants, calculated from the electron effective mass of AlG
with differentx, the barrier heightqfb was deduced from the
saturation current,I s , using Eq.~3a! at room temperature. I
should be emphasized that the barrier height obtained f
the lnI vs V plot is valid only when the thermionic mecha
nism is the only mechanism of carrier transport across
interface. This suggests an ideality factor,n, of one. It be-
comes larger than one when other carrier transport me
nisms, such as tunneling are involved.11 It is generally ac-
cepted that whenn<1.2, the thermionic model still applie
and theI –V characteristics can be analyzed accordingly.

It can be seen from Fig. 2 that theI –V curves of
samples withx ranging from 0 to 0.17 were linear for mor
than six decades in the semilogarithmic scale and with
ideality factor very close to one~see Table I!. These results
indicate that thermionic emission is the primary transp
mechanism in these diodes and that Eq.~3! can be used to
deduce the Schottky barrier heights reasonably well. The
ries resistance of these diodes was found to be about 2
500 V, causing bending of the curves at high voltages. T
Schottky barrier heights obtained fromI –V measurement
suggest thatqfb increases withx. The results are summa
rized in Table I. However, for the sample withx50.23 the
ln I vs V curve deviated from a straight line at small forwa
voltages~see Fig. 2!, suggesting that there are components
the current other than the thermionic current, possibly de
assisted tunneling or other leakage current, existing in th
samples. As a result, a rather large ideality factor of 1.37 w
obtained for these diodes~see Table I!.

C–V measurements were also used to determine the
rier heights. The relationship between the capacitanceC and
the applied voltageV in a Schottky barrier is given by12

FIG. 2. I –V characteristics of the Ni/AlGaN Schottky diodes with differe
Al mole fraction;x50, 0.11, 0.15, 0.17, and 0.23.
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TABLE I. Schottky barrier height of Ni/AlGaN/SiC with different Al mole fraction.

Sample
No.

Energy band gap
~eV!

Al mole
fraction ~x!

Doping concentration
~cm3!b

Ideality
~n!b

Barrier heightqfb (eV)

(I –V)b (C–V)b Photoc

1a 3.42 0 1.531017 1.12 0.84 1.00 0.97
2 3.65 0.11 3.531016 1.13 0.94 1.24 1.25
3 3.72 0.15 1.631016 1.21 1.04 1.26 1.29
4 3.76 0.17 4.731016 1.15 1.11 1.36 1.33
5 3.87 0.23 1.431017 1.37 1.02 1.30 1.27

aAll data in this row are the average values for Ni/GaN/SiC and Ni/GaN/sapphire Schottky diodes.
bAll data in these columns are average values of 15–20 diodes. The standard deviation was about 0.0
cAll data in this column are average values of 3–5 diodes. The standard deviation was about 0.05.
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C2 5
2~Vbi2kT/q2V!

A2qNdes
, ~4!

whereVbi is the built-in potential, andes the dielectric con-
stant of the semiconductor. The barrier height and the dop
concentration can be deduced from a linear plot of 1/C2 vs
V. Figure 3 shows the typicalC–V curves for Ni Schottky
barriers onn-AlGaN with three different Al mole fractions
The Schottky barrier heights and doping concentration
tained by C–V measurements are also listed in Table
Listed values obtained byC–V andI –V measurements wer
the average values of 15–20 diodes. The standard devia
was about 0.05 for bothn and the barrier heights.

Internal photoemission measurement is a more accu
and direct method of determining the barrier height. T
principle of the photoemission method can be found in st
dard text books.12 In our experiment, a monochromatic ligh
with a photon energyhn, is used to illuminate the metal gat
of a Schottky barrier, generating hot electrons in the me
When these hot electrons diffuse into the depletion region
the Schottky barrier, they are attracted by the built-in el
trical field in the barrier, thus causing a photocurrent acr
the Schottky diode.9 According to Fowler’s theory,13 the re-
lationship between the photocurrent,R, per photon and the
incident photon energy,hn, is given by12–14

R;~hn2qfb!2, ~5!

whereqfb is the barrier height. This relationship is valid fo
hn2qfb.3 kT and up to several tenths of an electron v
in magnitude.11,13 Therefore, the measurement of the pho
current per photon as a function of the incident photon

FIG. 3. C–V characteristics of the Ni/AlGaN/SiC Schottky diodes wi
different Al mole fraction;x50.11, 0.17, and 0.23.
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ergy provides a straightforward method to determine
Schottky barrier height. Figure 4 shows a typical curve of
square root of photocurrent per incident photon vs incid
photon energy for Ni diodes on Al0.11Ga0.89N grown on a
SiC substrate~sample No. 2!. The barrier heights obtained b
internal photoemission measurement are also listed in T
I. The results were the average of about ten measuremen
3–5 diodes for each sample. The standard deviation of
barrier height was about 0.05. It was observed that the ba
heights obtained byC–V measurement are in better agre
ment with those obtained by internal photoemission, wher
those obtained byI –V measurements are lower by about 0
eV. This is indicative of the fact that there are other transp
mechanisms involved.

PL spectra of AlGaN/SiC with different Al mole frac
tions are shown in Fig. 5. The peak positions of the spe
were taken to be the band gap energies of AlGaN, as in
cated by arrows in Fig. 5. Using Eq.~2!, the Al mole frac-
tions were deduced from band gap energies and listed in
Table I. In Eq.~2! the parameterb is the direct band gap
bowing factor. The most recently reported value ofb was
1.360.2 eV.15 The values of b51.060.3 eV16 and
b50 eV17 have also been reported in the literature. W
chose a value of one in our calculation because it gave
most consistent results forx when compared with the result
obtained by other methods, such as the energy disper
x-ray method.

Figure 6 shows the Schottky barrier heights of Ni

FIG. 4. Typical relationship between the square root of the photocurrent
photon and the incident photon energy for sample No. 2 (x50.11).
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n-Al xGa12xN contacts obtained byC–V and photocurrent
measurements as a function of Al mole fraction. It can
seen that forx,0.2, the barrier heights have a linear depe
dence on the Al mole fractionx and follow the line predicted
using Eq.~1! ~solid line!, which was calculated assuming
linear dependence of the electron affinity onx for
Al xGa12xN ~xGaN54.2 eV andxAlN52.05 eV18! and Fm of
Ni ~5.15 eV!.12 The barrier height for the sample withx
50.23 was lower than the expected value of;1.4 eV and
the I –V characteristics were not well behaved. We belie
that the crystalline quality of this sample was inferior to t

FIG. 5. PL spectra for AlGaN with different Al mole fractions. The arrow
indicate the PL peak position, which was taken as the band gap energ

FIG. 6. The dependence of the barrier heights of the Ni/AlGaN/S
Schottky diodes on the Al mole fraction. Results fromC–V measurements
are depicted by solid dots~•!. Results from internal photoemission measu
ments are depicted by empty squares~h!. The solid line represents th
predicted values using Eq.~1!. The results obtained byI –V measurements
are not shown here.
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other samples and that interfacial states were present cau
the contact to behave more in line with the Bardeen mo
rather than the Schottky model.19

IV. SUMMARY

The dependence of the barrier height of t
Ni Al xGa12xN Schottky contact on the Al mole fraction u
to x50.23 was studied. Barrier heights were measured
I –V, C–V, and internal photoemission methods. The
mole fractions were estimated from the AlGaN band g
energy which was measured by PL. In the range ofx,0.2, a
linear relationship between the barrier height and the
mole fraction was obtained in reasonably good agreem
with the Schottky rule. The barrier height for the sample w
x50.23 was smaller than the predicted value. This deviat
from the Schottky rule is believed to has been caused b
high density of interface defects in samples with high
mole fractions.
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