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We studied the persistent photoconductivity �PPC� effect in AlxGa1−xN/AlN/GaN heterostructures
with two different Al compositions �x=0.15 and x=0.25�. The two-dimensional electron gas formed
at the AlN/GaN heterointerface was characterized by Shubnikov-de Haas and Hall measurements.
Using optical illumination, we were able to increase the carrier density of the
Al0.15Ga0.85N/AlN/GaN sample from 1.6�1012 to 5.9�1012 cm−2, while the electron mobility
was enhanced from 9540 to 21 400 cm2/V s at T=1.6 K. The persistent photocurrent in both
samples exhibited a strong dependence on illumination wavelength, being highest close to the band
gap and decreasing at longer wavelengths. The PPC effect became fairly weak for illumination
wavelengths longer than �530 nm and showed a more complex response with an initial negative
photoconductivity in the infrared region of the spectrum ���700 nm�. The maximum PPC
efficiency for 390 nm illumination was 0.011% and 0.005% for Al0.25Ga0.75N/AlN/GaN and
Al0.15Ga0.85N/AlN/GaN samples, respectively. After illumination, the carrier density could be
reduced by annealing the sample. Annealing characteristics of the PPC effect were studied in the
20–280 K temperature range. We found that annealing at 280 K was not sufficient for full recovery
of the carrier density. In fact, the PPC effect occurs in these samples even at room temperature.
Comparing the measurement results of two samples, the Al0.25Ga0.75N/AlN/GaN sample had a
larger response to illumination and displayed a smaller recovery with thermal annealing. This result
suggests that the energy scales of the defect configuration-coordinate diagrams for these samples are
different, depending on their Al composition. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2386950�

I. INTRODUCTION

Because of their potential applications in high-
temperature, high-power, and high-frequency microwave
electronics, AlxGa1−xN/GaN heterostructures are attracting
escalating research interest.1–5 Promising device perfor-
mances have been reported as well as continuously improv-
ing carrier transport properties. Better quality substrates, im-
proved growth techniques and original layer structures are
being used to realize the full potential of this material
system.6–10 Understanding and minimizing defects are essen-
tial for further progress. The electronic defect state of the
AlxGa1−xN/GaN heterostructures can be altered by illumina-
tion of the sample at low temperatures. Associated with the
change in defect configuration is the persistent photoconduc-
tivity �PPC� effect. Typically this effect leads to conductivity
enhancement under optical illumination, which persists for a
long period of time after the termination of optical excita-
tion. PPC may have an adverse effect on stable device op-
eration; however, it also provides a powerful tool to study the
effect of carrier density on the transport properties.

PPC has been observed in most III-V semiconductor al-

loys including the AlxGa1−xAs material system, in which the
effect was attributed to the excitation of the donor-vacancy
�DX� centers.11–13 The PPC effect observed in GaN and
AlxGa1−xN epilayers was similarly attributed to defect com-
plexes such as gallium vacancies, nitrogen antisites, deep-
level impurities, and interacting defect complexes.14–23 For
AlxGa1−xN/GaN heterostructures, several groups have re-
ported PPC experiments.24–26 The persistent increase in car-
rier concentration was explained by the transfer of photoex-
cited electrons from deep-level impurities in AlxGa1−xN
layers.24 However, the spectral illumination dependence of
PPC in AlxGa1−xN/GaN heterostructures has not been inves-
tigated. In addition, a systematic study of the thermal anneal-
ing effect, which returns the sample back to its original low-
carrier-density state, would be of significant interest. Our
motivation in this work is to explore the spectral illumination
and thermal annealing characteristics of the PPC effect in
AlxGa1−xN/AlN/GaN heterostructures. We present our ex-
perimental results on the influence of PPC in high-mobility
AlxGa1−xN/AlN/GaN heterostructures grown by metal-
organic vapor-phase epitaxy �MOVPE�. Using the PPC ef-
fect, we extracted the relation between the carrier density and
mobility for the heterostructures under investigation. Thea�Electronic mail: nbiyikli@vcu.edu
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spectral illumination and thermal annealing characteristics of
the PPC effect and its variation with Al composition were
also studied systematically.

II. EXPERIMENTAL DETAILS

The AlxGa1−xN/AlN/GaN heterostructures were grown
by custom low-pressure metal-organic vapor-phase epitaxy
�LP-MOVPE� in a rotating-disk vertical MOVPE chamber.
Ammonia �NH3�, trimethylgallium �TMGa�, and trimethyla-
luminum �TMAl� were used as precursors for nitrogen, gal-
lium, and aluminum, respectively. Hydrogen was used as the
carrier gas and growth was accomplished under high-speed
rotation ��500 rpm�. The samples were grown on c-plane
�0001� sapphire substrates. The epitaxial layer structure of
the samples consisted of a thick ��3 �m� GaN layer, fol-
lowed by a �1 nm thick AlN interfacial layer, a �25 nm
AlxGa1−xN layer, and a �3 nm GaN cap layer, all nominally
undoped. We used an AlN interfacial layer to reduce the
alloy disorder scattering by minimizing the wave function
penetration from the two-dimensional electron gas �2DEG�
channel into the AlxGa1−xN layer.27,28 To study the effect of
Al composition in the AlxGa1−xN layer, two samples were
grown with x=0.25 �sample I� and x=0.15 �sample II�. The
growth was initiated with a 25 nm thick low-temperature
��550 °C� GaN nucleation layer. The 3 �m thick GaN ep-
ilayer was grown at 1010 °C under 200 mTorr and using a
V/III ratio of �4000. The chamber pressure and ammonia
flow rate were decreased to 30 mTorr and 2 liter/min re-
spectively, for the growth of AlN/AlxGa1−xN layers. The
growth temperature for these layers and the GaN cap layer
was �1060 °C.

Standard photolithography and reactive ion etching were
used to define 600 �m long and 100 �m wide Hall-bar
structures. Ohmic contacts were formed using Ti/Al/Ti/Au
�30/100/30/50 nm� alloyed at 900 °C for 1 min.

III. RESULTS AND DISCUSSION

A. Magnetotransport measurements

To confirm the presence of a 2DEG and to extract the
carrier density and mobility of the samples, magnetotrans-
port measurements were performed using a variable tempera-
ture liquid-He cryostat equipped with a superconducting
magnet. Shubnikov–de Haas �SdH� and Hall measurements
were carried out at T=1.6 K within a magnetic field range of
0–6.6 T. Figure 1�a� shows the longitudinal resistivity ��xx�
and transverse �Hall� resistivity ��xy� data measured at 1.6 K
for sample I. Well-resolved magnetoresistance oscillations
commencing around 2 T were observed, confirming the ex-
istence of a high-quality 2DEG. Quantum Hall steps in the
Hall-resistivity curve accompany the SdH oscillations. The
SdH oscillations without any beat characteristics indicated
that only a single subband was occupied. Using �xy and �xx

the 2DEG carrier density and mobility were determined to be
n=3.0�1012 cm−2 and �=11 710 cm2/V s at 1.6 K, respec-
tively. Magnetotransport measurements of sample II revealed
a lower carrier density and a lower mobility: n=1.6
�1012 cm−2 and �=9540 cm2/V s at 1.6 K. The SdH data
of both samples are compared in Fig. 1�b�. Sample II exhib-

ited lower carrier density and higher sample resistance,
which is a result of lower Al composition in the AlxGa1−xN
layer.

To increase the carrier density, samples were illuminated
through the optical access window of the magnetocryostat
for short periods with a flashlight and �xx monitored. After
each illumination SdH and Hall measurements were per-
formed with the sample kept in the dark. Typical SdH traces
from sample I are shown in Fig. 2�a�. Under illumination, a
significant increase in carrier density was observed: from n
=3.0�1012 cm−2 before illumination to n=6.7�1012 cm−2

after the illumination had saturated the sample. The PPC
effect in sample II was even more pronounced: carrier den-
sity changed from 1.6�1012 to 5.9�1012cm−2 under illumi-
nation. The corresponding electron mobility values were ex-
tracted from SdH and Hall data, which are plotted in Fig.
2�b�. As can be seen from this data, the mobility increases
with increasing carrier density for both samples. At low car-
rier densities the dominant scattering is due to charged im-
purities and the scattering rate from charged impurities de-
creases with increasing Fermi wave vector. Furthermore,
there is an enhanced screening with increasing carrier
density.29 The mobility-carrier density dependence observed
in our samples is in agreement with the previous reports in
AlGaAs/GaAs and AlGaN/GaN 2DEG structures.13,26 The
enhancement in mobility with increasing carrier density is
less significant at carrier densities higher than 4
�1012 cm−2. Further increase in carrier density resulted in a
saturationlike behavior near the end data points where maxi-
mum mobilities of 17 830 and 21 400 cm2/V s were re-
corded for samples I and II, respectively. No decrease in
mobility was observed within the carrier density range of the
experiment. We should note that in previous measurements

FIG. 1. �Color online� �a� Longitudinal resistivity ��xx� and Hall resistivity
��xy� curves of Al0.25Ga0.75N/AlN/GaN sample obtained from SdH and Hall
measurements at T=1.6 K. �b� SdH measurement results for samples I
and II.
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performed in a wider carrier density range, it is found that
the mobility first increased with carrier density, reached a
maximum, and then started to decrease.30 The mobility re-
duction at higher carrier densities was mainly attributed to
alloy disorder scattering and to interface roughness scattering
at even higher ���7–8��1012 cm−2� densities. Our nonde-
creasing high-mobility results confirm the effectiveness of
the thin AlN interfacial layer: not only did it enhance the
confinement of the 2DEG in the GaN channel, but it sup-
pressed the alloy disorder scattering significantly as well. If
we were able to increase the carrier density beyond 8
�1012 cm−2, we would observe the drop in mobility due to
interface roughness scattering and other scattering mecha-
nisms effective in the high carrier concentration regime. To
confirm the effectiveness of the AlN interfacial layer used in
our samples, we have also grown and fabricated conven-
tional Al0.25Ga0.75N/GaN heterostructures without an AlN
layer. More than a twofold improvement in mobility perfor-
mance was achieved with the insertion of the AlN interfacial
layer.

B. Persistent photoconductivity measurements

The magnetotransport measurements demonstrated the
presence of the PPC effect in our AlxGa1−xN/AlN/GaN
samples. With the intention of investigating this PPC effect,
we conducted spectral illumination and thermal annealing
experiments. Before illumination, in dark and at low tem-
perature, the sample was in an equilibrium state with low
carrier density and high sample resistance. With illumination,
the sample state was changed to a nonequilibrium state,
where the carrier density is higher and sample resistance is
lower. The sample was then returned back to its original �or

close to original� stable state by thermal annealing at suffi-
ciently high temperatures. The illustration in Fig. 3�a� shows
the cycle used for the PPC experiments.

The conductivity evolution under the influence of illumi-
nation and annealing can be successfully described by defect
configuration diagrams. Extensive PPC studies in the
AlGaAs/GaAs system have been performed within this
framework. Our purpose is to study and analyze the PPC
effect in AlGaN/AlN/GaN heterostructures within the same
framework with the goal of finding the threshold optical ex-
citation energy for PPC as well as the critical annealing tem-
perature needed for total recovery. Figure 3�b� shows a rep-
resentative configuration coordinate diagram for a deep-level
defect in AlxGa1−xN. Process 1 describes the optical excita-
tion of the defect centers with incident photon energy higher
than the threshold energy, Et. The reverse process of anneal-
ing results in thermal capture of electrons back to the defect
level, and is shown as process 2, where the critical thermal
barrier to electron capture is Ec. It is possible that there
might be a wide range of defects with different energy scales
that participate in the PPC effect. To understand the energy
scales involved in processes 1 and 2, we study the wave-
length dependence of the PPC effect and perform annealing
experiments at different temperatures, respectively. The re-
sults of illumination and annealing experiments are analyzed
separately in the following sections.

1. PPC: Illumination experiment

In order to explore the spectral illumination dependence
of PPC in our samples, we have designed the measurement
setup shown in Fig. 4. Single-wavelength illumination was
achieved by using a 150 W Xe lamp, a long-pass filter, and a
30 cm monochromator. The sample was illuminated through
the sapphire optical access window of our cryostat. The in-

FIG. 2. �Color online� �a� Magnetoresistivity of sample I as a function of
illumination. �b� Carrier density dependence of 2DEG mobility for both
samples under study. All data were measured at T=1.6 K.

FIG. 3. �Color online� �a� Schematic illustration of the PPC illumination and
annealing experiment and how the sample state changes during these mea-
surements. �b� Configuration-coordinate diagram of a deep-level defect re-
sponsible for the PPC effect.
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cident optical power was monitored using a calibrated UV-
enhanced Si detector �power meter�. The sample excitation
current was kept low at 1 �A to prevent heating. The longi-
tudinal sample voltage and Hall voltage were measured us-
ing a low-noise preamplifier and lock-in amplifier. From
these data, longitudinal resistivity ��xx� and Hall resistivity
��xy� values were determined. The samples were illuminated
for 20 min at six different sub-band gap wavelengths: 380,
420, 490, 530, 720, and 870 nm. All measurements were
done at T=4.5 K. To block the possible higher harmonics,
long-pass optical filters were utilized before the monochro-
mator. Samples were annealed above room temperature after
each illumination sequence to recover the equilibrium state.

In order to analyze the temporal PPC data, we have con-
verted the resistivity curves into corresponding carrier den-
sity curves using the mobility versus carrier concentration
data obtained during magnetotransport measurements. Note
that, in the context of the PPC effect, the carrier density is a
more physically meaningful parameter than resistivity, as the
change in carrier density is directly related to the number of
defects that have changed by optical illumination. Figure 5
shows the typical change of carrier density with illumination

at 420, 490, and 530 nm for both samples. Both samples
exhibit an initial fast increase followed by a slower but
steady enhancement. The rate of carrier density enhancement
depends strongly on the illumination wavelength. The rate of
change in carrier density was over an order of magnitude
when the illumination wavelength was changed from
420 to 530 nm. Figure 5 inset presents the corresponding
temporal change of resistivity of sample I under 420 nm il-
lumination. Both samples showed decreasing PPC response
as the illumination wavelength was increased. The PPC ef-
fect becomes very small at wavelengths longer than 530 nm.

To compare the PPC response curves at different wave-
lengths correctly, we need to normalize the rate of conduc-
tivity change with the incident photon flux. Therefore, we
defined a dimensionless parameter, PPC efficiency ��� as
follows: the rate of electrons excited and contributing to the
persistent photocurrent divided by the incident photon flux,

� =
dn/dt

Io/h�
,

where dn /dt was obtained by differentiating the temporal
carrier density curves in Fig. 5, Io is the optical intensity
incident on the sample surface, and h� corresponds to the
energy of a single incident photon. We should note that this
efficiency parameter unlike the “quantum efficiency” used
for characterization of photodiodes or light emitting diodes is
a quantity which is expected or desired to be lower for better
device performance.

After taking the surface reflections into account, PPC-
efficiency values were calculated and plotted as a function of
photon energy �Fig. 6�. As the illumination energy was
changed from 3.2 to 2.3 eV, the corresponding PPC effi-
ciency decreased exponentially with a similar rate for both
samples. However, at 1.7 eV �720 nm� and 1.4 eV �870 nm�
this trend was interrupted. A more complex PPC response

FIG. 4. Schematic diagram of the measurement setup used for PPC
experiments.

FIG. 5. Temporal carrier density curves of samples I and II for different
illumination wavelengths. Inset shows the temporal evolution of resistivity
for sample I at illumination wavelength of 420 nm. The measurements were
performed at 4.5 K.

FIG. 6. �Color online� PPC efficiency of the AlxGa1−xN/AlN/GaN hetero-
structures as a function of incident photon energy. Inset shows the efficiency
curve of sample I on a linear scale.
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was observed at these infrared wavelengths. An initial de-
crease in carrier density was noticed immediately after illu-
mination started. Shortly after this negative photoconductiv-
ity response the carrier density started to increase slowly,
indicating a positive PPC. The overall PPC response after
20 min was positive. At this point we are not sure about the
origin of the initial negative photoconductive response under
infrared illumination.

The maximum PPC-efficiency values achieved for
samples I and II were 0.011% and 0.005%, respectively. This
means that 10 000 incident 3.2 eV photons were able to ex-
cite at most one electron which contributed to the 2DEG
channel persistently. Although this efficiency seems to be
low, within 20 min, it changed the carrier density of sample
I from 3.0�1012 to 5.0�1012 cm−2. The inset of Fig. 6
shows the PPC-efficiency curve of sample I in linear scale,
where the significant drop is seen easily. For photon energies
smaller than 2.3 eV, the pronounced PPC effect becomes
very weak. We estimate Et=2.0±0.2 eV as the threshold ex-
citation energy for PPC in AlxGa1−xN/AlN/GaN hetero-
structures with x�0.25.

2. PPC: Annealing experiment

The thermal annealing dependence of the PPC effect was
studied in the same cryostat, where the sample temperature
was changed with a controllable heater. Samples that were
placed in a nonequilibrium state by optical illumination were
annealed for 20 min at temperatures ranging from
20 to 280 K. After annealing, the temperature was ramped
down to the initial temperature of 4.5 K, at which the final
resistivity was recorded. The sample was then illuminated to
set the sample in the same nonequilibrium state with same
resistivity and carrier density before the next annealing step.
The applied temperature profile for T=204.1 K and the re-
sulting temporal variation of sample resistivity for sample I
are shown in Figs. 7�a� and 7�b�, respectively. The initial

reference resistivity for sample I before annealing was cho-
sen as �xx=57.2 	 which corresponds to ni�6.2
�1012 cm−2. After 20 min annealing, the final sample resis-
tance was recorded as 60.5 	 �nf �5.9�1012 cm−2�. The
change in carrier density is found to be larger for higher
temperature annealing.

We have also performed similar annealing experiments
on sample II for which we started from �xx�49.5 	 �ni

�5.9�1012 cm−2�. After each annealing step, the sample re-
sistivity was decreased to this value with illumination at
4.5 K. Figure 8�a� illustrates how the carrier density changed
with annealing temperature for sample II. The sample did not
recover completely even with annealing near room tempera-
ture, at 280 K. Either the annealing time or annealing tem-
perature should be increased for complete recovery, i.e., to
reach nf �1.6�1012 cm−2. However, when compared with
sample I, one can conclude that PPC in sample II is much
more sensitive to annealing. Figure 8�b� shows the amount of
carrier density reduction recorded as a function of annealing
temperature. The change in carrier density for the maximum
annealing temperature of 280 K is 0.9�1012 and 3.2
�1012 cm−2 for samples I and II, respectively.

Despite the differences in the amount of recovery we get
at given annealing temperature, for both samples annealing
happens for a broad range of temperatures. Thus, we could
extract a single energy barrier for thermal electron capture
from our data. It is likely that a range of defects with differ-
ent energy barriers participate in the PPC effect.

At this point we do not have a definitive explanation for
the microscopic mechanism responsible for the different PPC
responses measured for Al0.25Ga0.75N/AlN/GaN and
Al0.15Ga0.85N/AlN/GaN samples under the influence of illu-
mination and annealing. However, we can merely suggest the
following interpretation. Based on the previous reports on
PPC effect in AlxGa1−xAs/GaAs and AlxGa1−xN/GaN, the

FIG. 7. �a� Temperature profile for annealing measurement at T=204.1 K.
�b� The resulting temporal variation of the resistivity for sample I. FIG. 8. �a� The carrier density of sample II. �b� Comparison of the change in

carrier density as a function of annealing temperature for samples I and II.
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origin of the PPC observed in these AlxGa1−xN/AlN/GaN
heterostructures may also be attributed to the excitation of
deep level donors in the AlxGa1−xN/AlN barrier layer. These
deep levels can be compared with the DX centers in
AlxGa1−xAs layers.12 Since the AlN interfacial layer is very
thin, it is suggested that deep level impurities in the 25 nm
AlxGa1−xN layer should be responsible for the PPC response.
The difference in the intensity of PPC response for different
Al concentration supports this proposition. Furthermore, we
have observed that the sample with lower Al concentration,
sample II, displayed a weaker PPC under illumination and a
faster recovery under annealing when compared with sample
I. This result suggests that the energy scales associated with
the defect configuration coordinate diagrams should be dif-
ferent for these samples. For sample II, the stronger anneal-
ing response suggests that the thermal barrier to electron cap-
ture Ec is smaller. Since the threshold energy values are
similar, the defect configuration coordinates in Al0.15Ga0.85N
and Al0.25Ga0.75N defects should be very close. Additional
experiments are needed to clarify the detailed PPC mecha-
nism and to model the exact defect configuration coordinates
in the corresponding AlxGa1−xN layers.

IV. SUMMARY

We have studied the spectral illumination and thermal
annealing dependence of the persistent photoconductivity
�PPC� effect in MOVPE-grown AlxGa1−xN/AlN/GaN het-
erostructures. The PPC effect was used effectively to vary
the carrier density and mobility in the 2DEG channel. SdH
and Hall-effect measurements were performed to study the
carrier density dependence of 2DEG mobility. The mobility
increased with illumination and no decrease was observed
till the PPC was saturated. A maximum mobility of �
=21 400 cm2/V s at T=1.6 K �n=5.9�1012 cm−2� was
achieved with the Al0.15Ga0.85N/AlN/GaN sample. The per-
sistent photocurrent in both samples exhibited a strong de-
pendence on illumination wavelength with threshold excita-
tion energy of 2.0±0.2 eV. The PPC efficiency of
Al0.25Ga0.75N/AlN/GaN sample was higher than the effi-
ciency of the Al0.15Ga0.85N/AlN/GaN sample. Carrier den-
sity in both samples increased with annealing, being stronger
in the Al0.15Ga0.85N/AlN/GaN sample. However, a full re-
covery was not observed even at 280 K, showing that the
PPC in these samples is effective even at room temperature.
Comparing the measured results of two samples, the
Al0.25Ga0.75N/AlN/GaN sample had a larger response to il-
lumination, whereas it displayed a smaller change �recovery�
with thermal annealing. These results suggest that the defect
configuration-coordinate models for AlxGa1−xN/AlN/GaN
heterostructures depend strongly on the Al composition of
AlxGa1−xN barrier layer.

ACKNOWLEDGMENTS

This work was supported by the Air Force Office of
Scientific Research under the direction of Dr. K. Reinhardt.
The laboratory benefited from grants from the Office of Na-
val Research and the National Science Foundation and
equipment funds provided by Virginia Commonwealth Uni-
versity.

1S. N. Mohammad, A. Salvador, and H. Morkoç, Proc. IEEE 83, 1420
�1996�.

2M. A. Khan, M. S. Shur, J. N. Kuznia, Q. Chen, J. Burn, and W. Schaff,
Appl. Phys. Lett. 66, 1083 �1995�.

3S. N. Mohammad, Z. F. Fan, A. Salvador, O. Aktas, A. E. Botchkarev, W.
Kim, and H. Morkoç, Appl. Phys. Lett. 69, 1420 �1996�.

4Y. F. Wu, B. P. Keller, S. Keller, D. Kapolnek, S. P. Denbaars, and U. K.
Mishra, IEEE Electron Device Lett. 17, 455 �1996�.

5Ö. Aktaş, Z. F. Fan, A. Botchkarev, S. N. Mohammad, M. Roth, T. Jen-
kins, L. Kehias, and H. Morkoç, IEEE Electron Device Lett. 18, 293
�1997�.

6M. J. Manfra, L. N. Pfeiffer, K. W. West, H. L. Stormer, K. W. Baldwin,
J. W. P. Hsu, and R. J. Molnar, Appl. Phys. Lett. 77, 2888 �2000�.

7L. McCarthy et al., Appl. Phys. Lett. 78, 2235 �2001�.
8I. P. Smorchkova et al., J. Appl. Phys. 90, 5196 �2001�.
9M. J. Manfra, K. W. Baldwin, A. M. Sergent, K. W. West, R. J. Molnar,
and J. Caissie, Appl. Phys. Lett. 85, 5394 �2004�.

10C. Skierbiszewski et al., Appl. Phys. Lett. 86, 102106 �2005�.
11D. V. Lang and R. A. Logan, Phys. Rev. Lett. 39, 635 �1977�.
12R. Fletcher, E. Zaremba, M. D’Iorio, C. T. Foxon, and J. J. Harris, Phys.

Rev. B 41, 10649 �1990�.
13J. Klem, W. T. Masselink, D. Arnold, R. Fischer, T. J. Drummond, H.

Morkoç, K. Lee, and M. S. Shur, J. Appl. Phys. 54, 5214 �1983�.
14C. Johnson, J. Y. Lin, H. X. Jiang, M. Asif Khan, and C. J. Sun, Appl.

Phys. Lett. 68, 1808 �1996�.
15J. Z. Li, J. Y. Lin, H. X. Jiang, A. Salvador, A. Botchkarev, and H.

Morkoc, Appl. Phys. Lett. 69, 1474 �1996�.
16C. H. Qiu and J. I. Pankove, Appl. Phys. Lett. 70, 1983 �1997�.
17H. M. Chen, Y. F. Chen, M. C. Lee, and M. S. Feng, J. Appl. Phys. 82,

899 �1997�.
18M. T. Hirsch, J. A. Wolk, W. Walukiewicz, and E. E. Haller, Appl. Phys.

Lett. 71, 1098 �1997�.
19G. Beadie, W. S. Rabinovich, A. E. Wickenden, D. D. Koleske, S. C.

Binari, and J. A. Freitas, Jr., Appl. Phys. Lett. 71, 1092 �1997�.
20C. V. Reddy, K. Balakrishnan, H. Okumura, and S. Yoshida, Appl. Phys.

Lett. 73, 244 �1998�.
21M. D. McCluskey, N. M. Johnson, C. G. Van de Walle, D. P. Bour, M.

Kneissl, and W. Walukiewicz, Phys. Rev. Lett. 80, 4008 �1998�.
22C. Skierbiszewski, T. Suski, M. Leszczynski, M. Shin, M. Skowronski, M.

D. Bremser, and R. F. Davis, Appl. Phys. Lett. 74, 3833 �1999�.
23K. C. Zeng, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 76, 1728 �2000�.
24J. Z. Li, J. Y. Lin, H. X. Jiang, M. Asif Khan, and Q. Chen, J. Appl. Phys.

82, 1227 �1997�.
25T. Y. Lin, H. M. Chen, M. S. Tsai, Y. F. Chen, F. F. Fang, C. F. Lin, and G.

C. Chi, Phys. Rev. B 58, 13793 �1998�.
26S. Elhamri et al., J. Appl. Phys. 88, 6583 �2000�.
27L. Shen et al., IEEE Electron Device Lett. 22, 457 �2001�.
28M. Miyoshi, H. Ishikawa, T. Egawa, K. Asai, M. Mouri, T. Shibata, M.

Tanaka, and O. Oda, Appl. Phys. Lett. 85, 1710 �2004�.
29L. Hsu and W. Walukiewicz, J. Appl. Phys. 89, 1783 �2001�.
30J. Antoszewski, M. Gracey, J. M. Dell, L. Faraone, T. A. Fisher, G. Parish,

Y.-F. Wu, and U. K. Mishra, J. Appl. Phys. 87, 3900 �2000�.

103702-6 Biyikli et al. J. Appl. Phys. 100, 103702 �2006�


