
PHYSICAL REVIEW B 15 NOVEMBER 1998-IIVOLUME 58, NUMBER 20
Two-dimensional electron gas and persistent photoconductivity
in Al xGa12xN/GaN heterostructures
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We present results of electrical and optical measurements in an AlxGa12xN/GaN heterostructure. The pres-
ence of a two-dimensional electron gas at the high-quality AlxGa12xN/GaN heterointerface is confirmed by
Shubnikov–de Haas measurement, which shows well-resolved magnetoresistance oscillations starting in fields
below 3 T at 1.3 K.From the temperature dependence of the oscillation amplitude, the obtained effective mass
(0.2460.02)m0 is in excellent agreement with the value of cyclotron resonance measurements in two-
dimensional~2D! systems, but larger than the values of theoretical and experimental results in GaN bulk films.
We point out that the effective-mass enhancement in 2D systems is due to the effects of band nonparabolicity
and wave-function penetration into the barrier material. The results of photoconductivity measurements reveal
that persistent photoconductivity~PPC! does exist in the AlxGa12xN/GaN heterostructure, and that the PPC
behavior of AlxGa12xN/GaN heterojunction is quite different from that of the GaN epitaxial thin films. A
possible mechanism is presented to interpret the observed PPC effect.@S0163-1829~98!07843-7#
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I. INTRODUCTION

GaN-based wide-band-gap III-V nitride semiconducto
currently attract extensive attention for their device appli
tions, such as UV-blue-light-emitting diodes, sho
wavelength laser diodes, and high-temperature field ef
transistors.1–5 High-quality AlxGa12xN/GaN heterostructure
have been shown to contain two-dimensional electron
~2DEG!,6–8 and are investigated for high-temperature dev
application. Although assessment of the properties
Al xGa12xN/GaN heterostructures is actively pursued to
celerate the device fabrication, detailed studies on sev
important parameters such as the electrical and optical p
erties associated with defects have not been explored.
ther advances in the performance of GaN-based heteros
ture devices are expected to occur with an improv
understanding in material properties. In this paper,
present the results of electrical and photoconductive stu
of an AlxGa12xN/GaN heterostructure with the buffer laye
containing an excess GaN/AlxGa12xN superlattice.
Shubnikiov–de Haas~SdH! oscillations have been employe
to ensure that a 2DEG exists in the studied sample. W
resolved magnetoresistance oscillations can be obse
down to a relatively low value of the magnetic field~3 T!,
indicating the heterointerface to be of rather good qual
From the temperature dependence of the oscillation am
tude, the determined effective mass has a value of (0
60.02)m0 , wherem0 is the mass of a free electron. Th
value is in excellent agreement with the recent repo
obtained from cyclotron-resonance measurements8,9 in
GaN/AlxGa12xN heterostructures, but larger than the the
retical and experimental values in GaN bulk films. We
tribute this discrepancy to the effects of nonparabolicity a
hybridization of well and barrier band parameters. In t
PRB 580163-1829/98/58~20!/13793~6!/$15.00
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study of photoconductivity, we found that the persistent ph
toconductivity ~PPC! effect does exist in AlxGa12xN/GaN
heterostructure, and that it strongly depends on the temp
ture. The PCC effect disappears at room temperature, w
is quite different from that of the GaN epitaxial films.10,11

This behavior implies that different mechanisms are resp
sible for the PPC effects in AlxGa12xN/GaN heterostructures
and bulk GaN thin films. Through studies under various co
ditions, a poissible mechanism is proposed to interpret
observed PPC effect in an AlxGa12xN/GaN heterostructure.

II. SAMPLE PREPARATION

A high-quality AlxGa12xN/GaN heterostructure wa
grown by metal-organic chemical-vapor deposition
~0001! 6H-SiC substrates. We choose the~0001! silicon face,
for which each Si atom has a single dangling bond at
surface. The (0001)Si SiC were degreased in sequential u
trasonic baths of acetone for 30 min and rinsed in deioni
water, then cleaned by the cleaning procedure develope
Radio Corporation of America~RCA!.12 Heavy metals were
removed using a heated~80 °C! H2SO4:HNO3 solution.
Next, a surface oxide was grown in a 60 °C HCl:H2O2:H2O
~5:3:2! solution to passivate the Si dangling bonds, in a m
ner analogous to that for Si substrates.13 This grown oxide
was then stripped with a diluted~10:1! H2O:HF solution.
After a final HF dip, the SiC substrates were blown dry w
N2 prior to the regrowth. During the growth the SiC substra
was placed on a graphite susceptor in a horizontal-type r
tor with a rf heater. Triethylgallium~TEGa!, Trimenthylalu-
minum ~TMA !, and ammonia (NH3) were used as the
Ga, Al, and N sources, respectively. The mole flow ra
of TEG and TMA sources is 3.37 and 0.78mmol/min for
13 793 ©1998 The American Physical Society
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FIG. 1. The Shubnikov–de Haas oscillations of magnetoresistivity from 0 to 15 T at 1.3 K.
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grown Al0.08Ga0.92N epitaxial layers. The carrier gas is hy
drogen (H2), and the growth pressure was kept at 76 to
Before growing GaN films, the SiC substrates were trea
by thermal baking at 1100 °C, to clean the contamination
the SiC. Then the temperature was decreased to 1025 °
grow five pairs of GaN/Al0.08Ga0.92N with a layer thickness
of 100 Å/100 Å. These buffer layers were used for stra
relief prior to the growth of a 1.3-mm GaN epitaxial layer.
An Al xGa12xN layer ~500 Å! was then grown on top of the
GaN, and finally a 100-Å GaN cap layer to prevent the o
dation of the AlxGa12xN layer. The full width at half maxi-
mum of the x ray is 145 arc s for the thick layer of GaN~1.3
mm!. This value is smaller than we previously reported fo
GaN epitaxial layer grown on a sapphire substrate.14 The
sheet carrier density and the electron mobility were measu
using the van der Pauw technique of the usual low-field H
measurement apparatus. Ohmic contacts were formed by
positing the indium drop to the four corners of the sampl
and annealing the sample at 400 °C for 10 s. The obtai
carrier density and mobility at 77 K are 5.4831012 cm22 and
4708 cm2/V s, respectively. These values are typical for
high-quality AlxGa12xN/GaN heterostructures available
data.6–8 The carrier concentration remains constant in
temperature range between 77 and 1.3 K. It is a clear sig
ture that the electrons are derived from modulation dopi
The Hall mobility is relatively constant. It increases slight
up to 5500 cm2/V s at 1.3 K. It indicates that the low tem
perature scattering is not dominated by the local impurit
more evidence of barrier-mediated electron transfer in
2DEG system.15

III. RESULTS AND DISCUSSION

A. Shubnikov–de Haas measurement

For the SdH measurements, a He4 cryostat inserted in a
superconducting magnet was used. The sample was care
and slowly cooled in the dark. Low noise ac phase-sensi
detection techniques were employed. Care was taken tha
probing signal was sufficiently small to ensure that no h
electron effect was present down to the lowest temperat
.
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A typical high-magnet field~0–15 T! magnetoresistance
at 1.3 K is shown in Fig. 1. Well-resolved magnetoresistan
oscillations starting in fields as low as 3 T can be clearly
observed. The appearance of SdH patterns occurs at a l
magnetic field than those in previous reports.6–8 The SdH
oscillatory resistivity has been used to identify the existen
of a 2DEG in the GaN heterojunction.7 However, the 2D
character of the conducting carriers needs to be further c
firmed by performing magnetoresistance measurement
different angles~u! of the magnetic field inclined with re
spect to the sample growth direction. For a 2D system,
relationship between the oscillatory period and the direct
of the magnetic field should obey the cosu rule. Our mea-
surement indeed follows this rule nicely.16 Thus our result
firmly establishes that a 2DEG exists in the GaN/AlxGa12xN
heterostructure. Because no intentional doping was inco
rated during the crystal growth, the 2DEG could be loca
at both sides of the 1.3-mm GaN interfaces. From the fac
that the barrier layers on both sides are different, i.e., on
bulk AlxGa12xN and the other is an AlxGa12xN/GaN super-
lattice, we expect that these two heterojunctions should h
quite different properties. If there are 2DEG’s on both inte
faces, they should have different carrier densities. Howe
our SdH spectrum only contains one period, indicating t
the 2DEG is located at one of the interfaces. In order
identify the exact location of the 2DEG, we have fabricat
three AlxGa12xN/GaN heterostructures with differen
Al xGa12xN layers. These three different AlxGa12xN struc-
tures~each with a thickness of 500 Å! are the Al0.08Ga0.92N
bulk structure; the compositional stair-step structure, and
graded composition structure above 1.3-mm undoped GaN
epitaxial layers. It is found that the 2DEG properties can
changed by different AlxGa12xN structures.17 Because the
interface with the superlattice layer is far away from t
Al xGa12xN layer, it is hardly influenced by the change of th
Al xGa12xN structure. We therefore conclude that the 2DE
is located at the AlxGa12xN ~500 Å! and GaN interfaces.

The SdH oscillation allows us to determine accurately
2D carrier concentration by measuring the periods of
oscillation in 1/B which is in turn equal toe/(hns), wheree,
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PRB 58 13 795TWO-DIMENSIONAL ELECTRON GAS AND PERSISTENT . . .
h, andns are electronic charge, Planck constant, and the a
carrier concentration, respectively. The obtained carrier c
centration is 4.5531012 cm22 at 1.3 K, which is slightly less
than that obtained from the Hall-effect measurement, indic
ing the existence of parallel conduction. The effective m
of the 2DEG can be determined by the temperature dep
dence of the oscillating amplitude by the equation,18

A~T!

A~T0!
5

T0sinh~2p2kT/\vc!

T sinh~2p2kT/\vc!
, ~1!

where\vc5\eB/m* , andm* is the effective mass. If we
approximate sinh(2p2kT/\vc) by exp(2p2kT/\vc), the oscil-
lating amplitude can be written as

lnS A

TD'c2
2p2km*

e\B
T, ~2!

wherec does not depend on temperature. Thus, if we p
ln(A/T) versusT at a fixed magnetic field, the effective ma
m* can be obtained from the slope of the straight line;
result is plotted in Fig. 2. The effective mass has been ev
ated at several values of the magnetic field, and the res
give an average value ofm* 5(0.2460.02)m0 . This is in
excellent agreement with the value obtained by
cyclotron-resonance measurement of 2DEG confined a
GaN/AlxGa12xN interface.8,9 This result further confirms the
fact that the 2DEG is on the GaN side of the heterojuncti

Even though the above measured effective mass
consistent with cyclotron-resonance measurements, i
higher than the recent theoretical results, which calcula
values slightly below 0.2m0 .19,20 Because the studie
GaN/AlxGa12xN heterostructure has a relatively high carr
concentration, it is possible that nonparabolicity effects m
contribute to the enhancement of the effective mass, as
gested by Knapet al.8 Theoretically, the effective-mass en

FIG. 2. The plot of ln(A/T) againstT at the field of 5 T. The
line is the best fit to the data.
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hancement in a triangular well can be approximately e
mated by Ando’s formulation21

Dm*

mb*
5@„114~^K&1EF!/Eg…#

1/221, ~3!

where^K& andEF denote the kinetic energy and the Ferm
energy in the ground subband, respectively, and^K& is given
approximately asE1 /3. E1 is the energy of the ground sub
band,Eg is the band gap, andmb* is the band-edge effective
mass. The Fermi energy can be determined by

EF5
p\2n

m*
, ~4!

where the electron concentrationn and the effective mass
m* can be obtained from the above measurements. The
tained Fermi energy is 46 meV.

The energy of the first subband can be estimated from
self-consistent calculation of the energy-band potential
energy levels at the heterointerfaces, as reported by Berg
et al.22 In the calculation we usedm* 50.24me , a GaN en-
ergy gap of 3.5 eV, an AlxGa12xN energy gap of 3.8 eV, and
a conduction-band-offset coefficientQc50.80.23 The calcu-
lated energy ofE1 is 153 meV above the bottom of th
potential notch. Substituting the values ofEF546 meV and
E15153 meV into Eq.~3!; the obtained band-edge effectiv
massmb* 5(0.2260.02)m0 . This value is still slightly higher
than the theoretical result,19,20 and this discrepancy has bee
attributed to the polaron correction.24 However, it has been
pointed out that the effective mass may not be affected
the polaron interaction, due to the strong screening effec
the 2DEG.9,25 Since the band offset~;300 meV! in our stud-
ied sample is rather small, we believe that the wave funct
in the triangular well can easily penetrate into the barr
layer. We therefore suggest that the origin of the remain
discrepancy can be attributed to the hybridization of the w
and barrier band parameters, which has been adopted to
plain the effective-mass enhancement in other III
heterostructures.26,27 It has been shown, in narrow quantu
wells or at a small confinement energy, that the nonpara
licity always underestimates the enhanced effective m
and the increase in effective mass is mainly connected
barrier leakage of the electron wave function.

B. Photoconductivity measurement

For photoconductivity~PC! measurements, a tungste
lamp dispersed by a monocromator was used as the ph
excitation light source. For the PPC, a He-Cd or an Ar-i
laser was used as the photoexcitation light source.
sample was attached to a copper sample holder and pl
inside a closed-cycle He refrigerator with care, to ens
good thermal contact yet electrical isolation. The data
tained under different conditions were taken in such a w
that the system was always allowed to relax to equilibriu
This was to ensure that the data obtained had the same in
condition. A bias of 20 eV was supplied and the conductiv
was measured by a Keithley 236 source measure unit.
tailed of the PC measurement procedure were similar
those described previously.28,29
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FIG. 3. Photoconductivity spectrum of the AlxGa12xN/GaN heterostructure taken at 12 K.
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Figure 3 shows the resulting PC spectrum of t
Al xGa12xN/GaN heterostructure at 12 K. The PC effect
the AlxGa12xN/GaN heterostructure is slightly differen
from that of the bulk GaN.27 In the case of bulk GaN, only
one sharp peak near the GaN band edge at 3.49 eV is
served, while in the case of an AlxGa12xN/GaN heterostruc-
ture, one additional peak near the AlxGa12xN band edge at
3.75 eV is also observed. This is consistent with our pho
luminescence measurement.16 A rather interesting feature o
the photoresponse in the AlxGa12xN/GaN heterostructure is
the observation of the PPC effect as shown in Fig. 4. Fr
Fig. 4 we can see that the conductivity increased gradu
after the sample is exposed to light. After the light is r
moved, there is a sudden decrease in light-induced con
tivity, and then the rest of the light-induced conductivity pe
sists for a very long period of time, which can extend
more than 106 s. The phenomenon of the PPC effect h
been observed in many III-V and II-VI semiconductor th
films and heterostructures.28–33The investigation of the PPC
f
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s

effect has led to an understanding of the carrier relaxa
and metastability of crystal defects, which are very import
for academic interest and technological application. R
cently, the PPC effect has also been observed inp andn-type
GN thin films.10,11,33Here we report that the PPC effect ca
also occur in an AlxGa12xN/GaN heterostructure.

In order to explore the properties of the PPC effect in
Al xGa12xN/GaN heterostructure further, we performed
measurement of the temperature dependence. It is found
the PPC effect strongly depends on the temperature, an
disappears for the temperature above 150 K. This behavi
quite different from that of bulk GaN thin films.10,11,33 For
GaN thin films, the PPC effect can be clearly observed
room temperature. The long-term relaxation in Fig. 4 do
not follow an exponential function; instead it can be d
scribed by the stretched exponential relation

I PPC~ t !5I PPC~0!exp@2~ t/t!b#, ~5!
e
FIG. 4. A typical buildup and decay behavior of persistent photoconductivity in an AlxGa12xN/GaN heterostructure at 12 K. Th
spectrum was excited by a He-Cd laser, working at 325 nm.
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FIG. 5. Comparison of PPC decay kinetics with a stretched-exponential function. The solid dots are the measured data at 12 K
solid curve is the least square fit of Eq.~5!.
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whereI PPC(0) is the PPC buildup level near the moment
light excitation being removed,t is the PPC decay time con
stant, andb is the decay exponent. Figure 5 displays t
comparison between the experimental data and Eq.~5!, in
which the fitted values ofb andt are 0.25 and 7.283106 s,
respectively. The temperature dependence oft can be de-
scribed by

t5t0exp@DE/kT#, ~6!

whereDE is the carrier capture barrier. The obtained va
of DV is 2.7 meV, which is quite different from that of th
bulk value 132 meV.29,33 Because the PPC effects in a
Al xGa12xN/GaN heterostructure and GaN thin films ha
very different properties, it implies that the underlyin
mechanisms responsible for the PPC effects are also di
ent. To confirm this result further, we replaced the He
laser by an Ar-ion laser as the excitation source, which
pass through the AlxGa12xN layer and excite defect levels i
GaN layer. We found that similar to the PPC effect in bu
GaN films,10,11,31 the PPC effect now can be observed
room temperature. In GaN thin films, the PPC effect h
been attributed to the metastable behavior of intrin
defects.7 Here we propose that the PPC effect in
Al xGa12xN/GaN heterostructure can be understood as
lows. When electron-hole pairs are created in the AlxGa12xN
layer due to photoexcitation, electrons travel across
Al xGa12xN/GaN interface and fall into the triangular well i
the GaN side, and they contribute to the PC response.
remaining holes are trapped by shallow defects near
Al xGa12xN/GaN interface, which leads to the spatial sepa
tion of photoexcited electrons and holes, and thus the P
effect occurs. This proposed model can explain all of
.
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above observed PPC behaviors quite well. Given the fact
a significant advancement of our understanding
Al xGa12xAs heterostructures through the studies of PPC
fect, we expect that additional investigation following th
results shown here should be able to enhance our un
standing of the electrical and optical properties
Al xGa12xN/GaN heterostructures.

IV. CONCLUSION

In conclusion, we employed Shubnikov–de Haas m
surement to confirm that a two-dimensional gas~2DEG! can
be observed in high quality AlxGa12xN/GaN heterointerface
The effective mass (0.2460.02)m0 of 2DEG obtained from
the temperature dependence of the oscillating amplitude
excellent agreement with the values determined
cyclotron-resonance measurements in GaN/AlxGa12xN het-
erostructures, but larger than the theoretical and experim
tal values in GaN bulk films. We suggest that the effectiv
mass enhancement of a 2DEG is due to the effects
nonparabolicity and wave-function penetration into the b
rier layer. The results of photoconductivity measureme
reveal that persistent photoconductivity does exist in
Al xGa12xN/GaN heterostructure, and that the PPC behav
strongly depends on the temperature. We found that the P
behavior of the AlxGa12xN/GaN heterojunction is quite dif-
ferent from that of the GaN epitaxial thin films. A possib
mechanism responsible for the observed PPC effect is
proposed.
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