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vapor deposition
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and Technology, Hokkaido University, N13, W8, Kita-ku, Sapporo 060-8628, Japan

�Received 30 January 2009; accepted 26 March 2009; published online 16 April 2009�

A deep level with an activation energy of 1.0 eV in n-type Al0.26Ga0.74N grown by metal-organic
chemical vapor deposition was detected by deep-level transient spectroscopy �DLTS� with a
sampling time window of several seconds. The deep-level density was 6�1015 cm−3. At the
temperatures around which the DLTS peaks were observed, capacitance transient was measured.
Under the dark condition, a capacitance increase was observed, corresponding to the thermal
emission of electrons from the level with 1.0 eV activation energy. After that, we observed a large
capacitance increase under illumination with 2.3 eV photon energy. On the basis of potential
simulation taking account of deep levels, we found that the photoinduced capacitance change arose
from electron emission from additional near-midgap levels in energy ranging from EC−1.5 to EC

−2.3 eV. © 2009 American Institute of Physics. �DOI: 10.1063/1.3119643�

Deep levels in AlGaN induce not only serious degrada-
tion, such as drain current instability and lack of long-term
reliability, in AlGaN/GaN-based transistors1,2 but also sig-
nificant reduction in light-emitting efficiency in ultraviolet
light-emitting diodes and laser diodes using AlGaN
materials.3 Although photoluminescence �PL� or cathodolu-
minescence �CL� investigation has shown some characteris-
tic luminescence peaks related to deep electronic levels in
AlGaN and AlN,3–7 electrical characterization on deep levels
in AlGaN or AlGaN/GaN heterostructure has been reported
only a few times.8–11 In particular, the deep-level transient
spectroscopy �DLTS� method only detected deep levels with
activation energies under 0.9 eV,10 in spite of the fact that a
near-midgap level can act as a dominant recombination cen-
ter rather than a level near conduction or valence band. To
detect near-midgap levels in AlGaN, a temperature range
should extend to 800 K in a typical DLTS measurement con-
dition. In such very high temperatures, a Schottky or a p-n
junction suffers from serious leakage and thermal junction
breakdown. In this letter, we characterize near-midgap deep
levels in AlGaN grown by metal-organic chemical vapor
deposition �MOCVD� using a combination of DLTS and
photoassisted capacitance transient methods.

We used a Si-doped n-Al0.26Ga0.74N layer with a thick-
ness of 1.0 �m grown at 1000 °C on a sapphire substrate
by MOCVD. Hall measurements determined the typical val-
ues of electron concentration and mobility of the AlGaN
layer at room temperature �RT� to be 2�1017 cm−3 and
100 cm2 /V s, respectively. As a ring-shaped Ohmic contact,
a Ti/Al/Ti/Au multilayer structure �20/50/20/150 nm� was
deposited on the AlGaN surface, followed by an annealing at
800 °C for 1 min in N2 ambient. A circular Schottky elec-
trode with a diameter of 200 �m was fabricated at the center
of the Ohmic ring by an electron-beam deposition of Ni.

To try to detect deep levels with large activation energies
in a temperature range as low as possible in the DLTS mea-
surement, a time window of up to several seconds was used

with an optimized signal sampling system and a temperature-
sweeping rate. A simple simulation assuming a capture cross
section from 1�10−15 to 1�10−16 cm2 showed that a deep
level with an activation energy of 1.0 eV would have a cor-
responding peak temperature at around 400 K in the DLTS
spectrum.

The I-V and 1 /C2-V characteristics of the
Ni /Al0.26Ga0.74N Schottky diode, respectively, measured at
RT, are shown in Figs. 1�a� and 1�b�. From the forward I-V
characteristics, the Schottky barrier height �SBH� and the
ideality factor �n� were calculated as SBHI-V=1.2 eV and
n=1.24, respectively. The plot of 1 /C2-V exhibited a built-in
potential of 1.2 eV at the AlGaN surface, corresponding to
SBHC-V=1.3 eV. A good agreement between these SBH val-
ues indicated that the Ni/AlGaN structure had good interface
quality without an additional interfacial layer such as an ox-
ide layer. Although relatively high leakage currents flow at
the reverse bias region,12,13 as shown in Fig. 1�a�, an excel-
lent linearity of 1 /C2-V plots is obtained in the given reverse
bias range. This indicates that the gate control of the deple-
tion layer was not significantly affected by leakage current.
Moreover, the 1 /C2-V linearity remained almost unchanged
at temperatures up to 450 K. These results showed that a
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FIG. 1. �Color online� �a� Current-voltage and �b� capacitance-voltage char-
acteristics of the AlGaN Schottky diode.
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stable Schottky interface was achieved and was suitable for
deep-level characterization using the depletion layer control
even at high temperatures.

Next, the AlGaN Schottky diode was characterized by
DLTS with a filling bias of +0.5 V and an emission bias of
�2 V. To focus on the detection of deep levels with large
activation energies, we set the maximum time window as
long as 3.9 s �the corresponding sampling times t1 and t2 are
1 and 10 s, respectively�. In the DLTS spectra shown in Fig.
2�a�, large peaks were observed at temperatures from 320 to
380 K, labeled as “A level.” Arrhenius plots of the A peaks
calculated from the corresponding time constants and peak
temperatures are shown in Fig. 2�b�. An activation energy of
1.0�0.1 eV and a capture cross section of 8.5�1.5
�10−13 cm2 were extracted from the plots, respectively. By
considering partial ionization of the A level in the depletion
layer �the so-called �-effect�, the density of the A level was
estimated to be 6�1015 cm−3. From the dependence of the
peak height on the emission bias voltage, it was found that
the A level has a constant density profile within a depth of
0.5 �m in the AlGaN layer. Osaka et al.10 reported deep
levels with activation energies of 0.8 and 0.9 eV in
Al0.09Ga0.91N and Al0.17Ga0.83N, respectively, grown by hy-
dride vapor phase epitaxy �HVPE�. They argued that the en-
ergy of these levels increased with increasing Al mole frac-
tion x in AlxGa1−xN, referring to the bottom of the
conduction band as the bandgap energy increased with x.
Their model predicted the activation energy to be around 1.0
eV for x=0.3. Thus, there is a possibility that the origin of
the present A level is related to that of those levels reported,
although the AlGaN layer used here is not grown by HVPE
but by MOCVD.

To further investigate near-midgap deep levels in
AlGaN, a photoassisted capacitance transient measurement
was carried out at 360 K, in which the DLTS peak of the A
level was observed. The bias was first set to +1 V to fill the
deep levels with electrons, and then the bias was switched to
�3 V. Figure 3 shows a measured capacitance transient un-
der dark and illumination conditions. Under the dark condi-
tion, the capacitance showed a fast transient, labeled as CTH
in Fig. 3, and then a saturation behavior within 100 s. The
time constant for this transient agreed well with an emission
time of electron at the A level predicted by the Schockley–
Read–Hall statistics using the activation energy and the cap-
ture cross section obtained by DLTS. Furthermore, the trap
density estimated from the capacitance change CTH equaled
to that obtained by the DLTS peak height shown in Fig. 2�a�.
These results showed that the first capacitance transient in
the dark arose from the thermal emission of electrons in en-
ergies above the Fermi level �EF� in a depletion region which
were captured by the A level when the diode was under the
positive bias.

After 2 h, the AlGaN Schottky diode was illuminated
by a green laser light with a wavelength of 532 nm �h�
=2.3 eV� corresponding to the near-midgap energy of Al-
GaN. When the light was switched on, we observed a steep
capacitance increase, as indicated by CPH in Fig. 3. One of
the possible mechanisms for this is a photoassisted emission
of electrons remaining below EF in the A level, as schemati-
cally shown in Fig. 4�a�. As mentioned above, electrons in
energies above EF were thermally emitted from the A level to
the conduction band at around 360 K, while electrons located
below EF remained in the A level under the dark condition.
Under illumination, however, such electrons can be emitted
to the conduction band. To evaluate this effect on the capaci-
tance change, we carried out a potential simulation of the
Schottky interface taking account of the A level with a den-
sity of 6�1015 cm−3. The simulation result showed that the
capacitance change due to the photoassisted emission of
electrons remaining below EF in the A level was 0.1 pF or
lower. The experimentally observed capacitance change
�CPH� was much larger than the calculated one, indicating the
contribution of additional deep levels to the large capacitance
change under illumination, as shown in Fig. 4�b�. The CPH
value corresponds to a trap density of 8�1015 cm−3. A
nearly constant capacitance behavior for 2 h at 360 K under
the dark condition, as shown in Fig. 3, indicates that the
additional deep level has the corresponding time constant or
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FIG. 2. �Color online� �a� DLTS signals of the AlGaN Schottky diode and
�b� Arrhenius plots of the A peaks calculated from the corresponding time
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larger. Assuming a capture cross section being equal to that
for the A level, an activation energy of the additional level is
estimated to be 1.5 eV or larger. Thus, the present study
indicates that the AlGaN layer includes, at least, a near-
midgap level with an energy range between 1.5 and 2.3 eV
from the bottom of the conduction band.

Several groups have reported deep-level peaks in PL and
CL spectra for AlGaN and AlN,3–7 which are related to com-
plex defects based on the III-column vacancies �VAl and
VGa�. In particular, VAl-oxygen defects have been considered
to be the most possible origin for a deep-level-related lumi-
nescence observed in AlN.6,7 It was also pointed out that
those defects can act as dominant recombination centers.
Further investigation is needed to clarify the origin of near-

midgap levels in AlGaN detected by DLTS, correlating with
optically observed emission spectra.

In summary, we detected the deep level with the activa-
tion energy of 1.0 eV in MOCVD-grown n-type
Al0.26Ga0.74N by DLTS measurements using long time win-
dows of up to several seconds. The deep-level density was
6�1015 cm−3. At the temperatures around which the DLTS
peaks were observed, a capacitance transient measurement
was carried out. Under the dark condition, we observed a
clear increase in capacitance, corresponding to the thermal
emission of electrons from the level with 1.0 eV activation
energy. After that, a further capacitance change was detected
under illumination with 2.3 eV photon energy. On the basis
of potential simulation taking account of deep levels, we
found that the photoinduced capacitance increase arose from
electron emission from additional near-midgap levels in en-
ergy ranging from EC−1.5 to EC−2.3 eV. Because such
near-midgap levels can act as dominant recombination cen-
ters or as carrier trapping centers, investigating the correla-
tion with instability and/or degradation issues in AlGaN-
based electronic and photonic devices is important.
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