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Behavior of 2.8- and 3.2-eV photoluminescence bands in Mg-doped GaN
at different temperatures and excitation densities

M. A. Reshchikov,* G.-C. Yi, and B. W. Wessels
Department of Materials Science and Engineering and Materials Research Center, Northwestern University, Evanston, Illinois

~Received 19 October 1998!

The blue and ultraviolet photoluminescence bands in Mg-doped GaN have been investigated over a wide
range of temperatures and excitation intensities. Redshifts of the bands were observed with increasing tem-
perature. The bands underwent a blueshift with increased excitation density. The observed shifts of the 3.2 eV
band are explained by a potential fluctuation model for a compensated semiconductor. In contrast, the shifts of
the 2.8 eV band are essentially related to saturation of luminescence from distant donor-acceptor pairs respon-
sible for this emission. Thermal quenching of the 2.8 eV luminescence band was observed at high temperatures
with an activation energy of 0.3–0.4 eV. It is attributed to thermal release of trapped electrons from a deep
donor state.@S0163-1829~99!02220-1#
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I. INTRODUCTION

Magnesium is the preferredp-dopant for epitaxial GaN.
Upon incorporation of Mg in GaN, a series of blue and
traviolet emission bands are observed under optical exc
tion. Despite the importance of Mg, the origins of the
bands are not well understood. There are three photolumi
cence~PL! bands usually observed over the range of 2.5–
eV. An ultraviolet~uv! band is observed with a zero phono
line at about 3.27 eV that involves donor-acceptor p
~DAP! luminescence due to optical transitions from a sh
low donor to a shallow Mg acceptor.1–3 A second PL band
with a maximum near 3.1–3.2 eV is observed that ari
from optical transitions from the conduction band to t
same Mg acceptor (e-A transition!.3–9 In heavily Mg-doped
or/and annealedp-type samples, a broad blue band is o
served with a maximum in the range 2.5–2.95 eV,3,5–13

whose origin is controversial. The band has been attribu
to transitions from the conduction band to a deep acce
level,3,5,11 a Mg complex,6,8 or DAP-type transitions from a
deep donor to a shallow Mg acceptor.7,12

The intensity and exact positions of these broad emiss
bands depend on temperature3,6,8 and on excitation
density5–8,12 which complicate their assignment. Several a
thors noted that a PL band with a maximum near 3.1–3.2
in p-type GaN ~referred to hereafter as the 3.2 eV ban!
dominates at low temperature and the PL band with a m
mum near 2.5–2.95 eV~referred to hereafter as the 2.8 e
band! dominates at room temperature.6,8 The shift of the 2.8
eV blue band, with increasing excitation density, has b
attributed to saturation of PL from distant DAP due to th
longer lifetime,7,12 or a change in position of the quas
Fermi-level for holes within the impurity band.5,6 Potential
fluctuations have also been considered as a possible re
for the shift of PL bands.5

Since heavily Mg-doped GaN is always compensate7

large potential fluctuations due to randomly distributed i
purities are expected. Considering that the doped mate
typically has no free carriers at low temperatures, the deg
of potential screening should be determined by the conc
PRB 590163-1829/99/59~20!/13176~8!/$15.00
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tration of photogenerated electrons and holes. Theref
large potential fluctuations are expected at low excitat
levels and would decrease with increasing excitation int
sity.

In this work, we investigated the role of the potenti
fluctuations on the luminescent properties of Mg-dop
GaN. PL measurements at different temperatures and ex
tion intensities showed that shifts of the 3.2 eV PL band
Mg-doped GaN can be explained in terms of potential flu
tuations, however the large observed shift of the 2.8 eV b
originates from its DAP nature.

II. POTENTIAL FLUCTUATIONS MODEL

Potential fluctuations, originating from an inhomogeneo
distribution of charged defects, play a fundamental role
the optical properties of compensated and highly dop
semiconductors.14,15 In the presence of the potential fluctu
tions, diagonal tunnel transitions with reduced energy do
nate, as shown in Fig. 1. As a result, PL bands shift to low
energy. According to the model developed by Shklovskii a
Efros,14 the typical amplitude of the potential fluctuationsg
in a highly compensatedp-type semiconductor depends o
total concentration of charged donors and acceptorsNt

5NA
21ND

1) and concentration of free polesp:

g5
e2

4p«0«
ANtr s, ~1!

where r s is the average radius of the unscreened poten
fluctuations, given by

r s5Nt
1/3p22/3. ~2!

On the other hand at very low degrees of compensation
amplitude is given by

g50.26
e2

4p«0« S 4p

3
NAD 1/3S ND

NA
D 1/4

~3!

and the screening radius in this case is given by
13 176 ©1999 The American Physical Society
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r 050.58ND
21/2NA

1/6. ~4!

It follows from Eqs.~1! and~3! that potential fluctuations ar
larger for material with a higher concentration of ioniz
defects and a higher degree of compensation. For hig
compensated samples, they strongly depend on the con
tration of free carriers. To estimate the order of magnitude
these fluctuations, concentrations of acceptors and do
may be assumed to be 231019 and 431018 cm23, respec-
tively, as typical values for GaN:Mg.9 This corresponds to
moderate compensation and, strictly speaking, Eqs.~1!–~4!
cannot be applied. However, for qualitative analysis us
Eqs.~3! and~4! one finds thatr 0550 Å andg510 meV. In
another limit, for a nonequilibrium carrier concentration
1015 cm23 ~corresponding to excitation density of about
W/cm2 upon assuming that the active layer width of a sam
is 0.1 mm and the lifetime of free holes is 1029 sec!, from
Eqs. ~1! and ~2!, r s52 mm andg50.7 eV. The actual size
and amplitude of potential fluctuations may be expected
be between the limiting values for a very low and very hi
degree of compensation.

With a decrease in excitation rate the long-range fluct
tions increase dramatically according to Eq.~1!. However,
their amplitude cannot exceed the width of the band ga14

Besides, actual size and amplitude of the long-range fluc
tions may be much smaller if the distribution of impurities
not random but correlated as is expected for the wide-
semiconductors.15 In heavily doped compensated semico
ductors, the long-range potential is modulated by short-ra
sharp wells and humps. The size of these potential wells m
be comparable to the Bohr radius of an impurity.14

The potential fluctuations may significantly affect the o
tical properties of compensated and heavily doped semic

FIG. 1. Schematic representation of bands and defect le
showing the present potential fluctuations under conditions of
Both long- and short-range potential fluctuations are present.
rows indicate the following transitions: 1, the capture of exc
electrons by deep donors; 2, the capture of excess holes by a
tors; 3, radiative recombination of free electrons and bound ho
4, radiative recombination in DAP; 5, the thermal release of bo
electrons to the conduction band; and 6, thermal release of bo
holes to the valence band.
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ductors. In particular, energy positions of the PL bands
redshifted due to tunnel transitions shown schematically
Fig. 1. The shifts are larger in more compensated and do
material but may be reduced by excess free carriers bec
of screening effects. After excitation of PL, the excess ca
ers are first captured by potential wells and then by an
purity and recombine. The carriers inside such wells~espe-
cially short range! are localized and each potential we
resembles a single impurity center. As a result, optical tr
sitions in heavily doped compensated semiconductors h
many similar features with the DAP-type transitions. Bo
exhibit nonexponential luminescent time decay and PL b
redshifts under a time delay. Some other features are
similar, however they have a different origin. For examp
the blueshift with an increase in excitation rate for DA
emission results from saturation of PL from distant pa
emitting in the low-energy part of a spectrum. The same s
in compensated material is associated with screening of
potential fluctuations. Furthermore, with an increase in te
perature, the PL from DAP may blueshift in lightly compe
sated material~due to thermal release of electrons from d
nors of distant long-lived pairs! or redshift in compensated
material~due to thermal release of holes from acceptor lev
of close pairs subjected to strong Coulomb interaction!.15,16

In heavily doped compensated semiconductors, increa
temperature may result in a redshift of PL bands at low
citation rates~due to thermal release of electrons or ho
from the shallower potential wells! or blueshift at high exci-
tation rates~due to increased probability of more vertic
transitions!.15,17

While the effect of potential fluctuations on the behav
of PL bands is not well understood in GaN, it has be
studied in detail in a number of semiconductors includi
GaAs ~Refs. 18 and 19! and ZnSe.20 In these materials, for
highly compensated samples with potential fluctuations,
peaks from shallow DAP broadened and redshifted up to
meV from their position for uncompensated material. I
creasing the excitation intensity resulted in a blueshift of
band so that at the highest excitation power, the position
the band tended to the position for uncompensa
samples.20 With an increase in temperature, the PL ban
redshifted in highly compensated samples which is oppo
to the shift observed for DAP emission in lightly compe
sated samples.19

III. EXPERIMENT

Epitaxial layers of Mg-doped GaN~thickness of about 2
mm! grown by metal-organic chemical vapor deposition on
c-plane sapphire were investigated. Highly resistive and c
ductiven- andp-type samples listed in Table I were exam
ined. PL was excited with a 325 nm line of cw He-Cd las
~with power 24 mW!. The excitation density was varied from
1025 to 27 W/cm2 by means of neutral density filters. Th
PL signal was dispersed by a 0.75 m Spex grating monoc
mator and detected by a Hamamatsu photomultiplier t
and a photon-counting system. The sample temperature
varied from 13 to 380 K using a closed cycle helium cr
ostat. A sample was pressed to the copper holder by a cli
require a good thermal contact. Heating of the illuminat
area by the laser beam was estimated from a study of
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13 178 PRB 59M. A. RESHCHIKOV, G.-C. YI, AND B. W. WESSELS
variation in the exciton spectrum at different temperatu
and excitation intensities in a high-purity undoped sam
No. RK111. At highest excitation intensities the temperat
of the illuminated area exceeded the measured tempera
by about 10 K and this difference decreased with increas
temperature. All temperature-dependent data below take
account heating the sample by a laser beam.

IV. RESULTS

Typical PL spectra for four Mg-doped GaN are shown
Fig. 2. At low temperatures we have observed the broad
and 3.2 eV bands and also the shallow DAP-type PL b
with a zero-phonon line at 3.25–3.29 eV.21 The typical quan-
tum yield was of the order of 1% for the 2.8 eV band, 10
for the 3.2 eV band, and up to 90% for the 3.25–3.29
band.

Low-resistivity n-type samples doped with Mg reveale

TABLE I. Characteristics of the GaN samples.

Sample no.

Mg flow
rate

~mmol/min! Type
Room-temperature
resistivity ~V cm!

RK111 0 n 0.04
Y203 0.46 n 0.02
Y204 0.97 n 0.19
Y250 0.97 s- i .100a

Y246 1.5 s- i .100a

Y247 1.5 s- i .100a

Y244 1.8 s- i .100a

Em1,Em2,Em3 p 3

aContacts are non-Ohmic.

FIG. 2. PL spectra for four representative Mg-doped G
samples.
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the shallow DAP-type PL representing a zero-phonon line
about 3.29 eV and several LO-phonon replicas as show
Fig. 2. The position of a zero phonon peak and its phon
replicas were essentially independent of excitation pow
Fig. 3 shows the change in position for the zero-phonon l
only. In contrast, in semi-insulating andp-type samples, po-
sitions of the 2.8 and 3.2 bands depended strongly on e
tation intensity~Fig. 3!. Figure 4 shows the PL spectrum of
sample where the 2.8 eV band is dominant. A large conti
ous blueshift of the 2.8 eV band with increasing excitati
power was observed for all samples revealing this band.
der high excitation conditions, the total shift exceeds 0.2 e
The shape of the band is nearly independent of excita
power and the full width at half maximum~FWHM! of this
band is about 300–350 meV.

In low-resistivity p-type samples~Nos. Em1, Em2, and
Em3!, the 2.8 eV band overlapped the 3.2 eV band~shown in
Fig. 2! and its study was possible only at a low excitati
level. With increasing excitation intensity, the intensity
the 2.8 eV band saturates at an excitation density (Pexc) of
over 0.1 W/cm2 and only the 3.2 eV band is observed at hi
excitation levels. In the samples where the 2.8 eV band p
dominates~Nos. Y244 and Y247!, its intensity was linearly
dependent on excitation density up to 27 W/cm2. Time-
resolved PL measurements showed that at low tempera
the lifetime of the 2.8 eV PL is about 1025 sec and the decay
is nonexponential.

A substantial shift of the 3.2 eV band with excitatio
power has also been observed in several samples. In sa
No. Em1, an increase of excitation power by 1000 resulted
a blueshift of the band maximum of 0.1 eV from 3.1 to 3
eV ~Fig. 5!. Likewise, high-resistivity samples with a pre
dominant 3.2 eV band also revealed a significant blues
with increased excitation power~Fig. 3!.

FIG. 3. Dependence of PL band maximum as a function
excitation intensities at 13 K. For samples No. Y203 and No. Y2
the shift of the zero-phonon line is shown only, whereas samp
No. Em1 and No. Y250 represent the shift of the broad 3.2
band. Shift of the 2.8 eV band is shown for the rest of the samp
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In some samples, the broadband at 3.2 eV gradually tr
formed into PL spectra with a peak at 3.27 eV with char
teristic phonon replicas, typical for lightly Mg-doped Ga
~Refs. 1–3! ~Figs. 6 and 7!. The observed transformatio

FIG. 4. PL spectra for sample No. Y244 at different excitati
intensities. The shape of the 2.8 eV PL band is independen
excitation intensity except at the highest excitation density~the
spectrum at 27 W/cm2 is slightly broadened and blueshifted due
visible overlap with the 3.2 eV band!.

FIG. 5. PL spectra for sample No. Em1 at different excitati
intensities.
s-
-

may be explained by the reduction of potential fluctuatio
as a result of screening from the photoexcited carriers. T
indicates that the 3.27 eV band and a broad structure
band at 3.1–3.2 eV have the same origin. Their differen
in shape and position are due only to potential fluctuatio

An additional broadband was occasionally noted as

of
FIG. 6. PL spectra for sample No. Y250 at different excitati

intensities.

FIG. 7. PL spectra for sample No. Y246 at different excitati
intensities.
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13 180 PRB 59M. A. RESHCHIKOV, G.-C. YI, AND B. W. WESSELS
shoulder with a maximum at about 3.3 eV~Fig. 7!. The
origin of this band is unknown and it apparently domina
over the similar 3.2 eV band at elevated temperatures, w
can lead to misinterpretation of the PL spectrum at ro
temperature.

In addition to the aforementioned PL bands, seve
samples revealed a comparatively sharp band at a ph
energy of 3.45–3.46 eV. The intensity of this band, which
most probably due to an exciton bound to a neutral accep
increased quadratically with an increase in excitation int
sity, whereas the dependence of the 2.8 and 3.2 eV ba
was nearly linear over the entire range of excitation densi
for almost all samples.

The variations in the PL spectra due to temperature w
studied and are shown for two representative samples. In
8, the 2.8 eV band dominates at room temperature and
3.2 eV band appears at low temperature as a shoulder~an
additional peak, seen atT550– 150 K, is most probably the
aforementioned 3.3 eV band!. With increasing temperature
the FWHM of the 2.8 eV band was roughly invariant up
200–250 K. In the sample shown in Fig. 9, the 3.2 eV ba
dominates over the entire temperature range.

The 2.8 and 3.2 eV bands in several high-resistivity a
conductivep-type samples redshifted with increasing te
perature and this shift, particularly striking at low tempe
ture, depended on excitation density. The 2.8 eV band
shifted 20–40 meV up to 100 K at high excitation dens
but its position remained nearly temperature independen
low excitation density~Fig. 10!. This behavior may be ex
plained by assuming that this band has a deep DAP cha
ter. In this case, the closest pairs contribute to the hi
energy portion of the spectrum and at a high excitation r
this contribution increases because of saturation of PL fr
distant pairs. The Coulomb interaction between close p

FIG. 8. PL spectra for sample No. Y244 at different tempe
tures.
s
ch

l
on
s
r,
-
ds
s

re
ig.
he

d

d
-
-
d-

at

c-
-

te
m
rs

may be very strong22 and the resultant ionization energy wi
decrease sufficiently for thermal release of the trapped ca
ers. As a result, the high-energy portion of the spectrum
gins quenching at lower temperatures and the PL band
dergoes a redshift.15 However at a low excitation rate, PL
from comparatively distant pairs dominates and the reds

-

FIG. 9. PL spectra for sample No. Y250 at different tempe
tures.

FIG. 10. Shifts of the PL band peaks with temperature un
different excitation intensities (Pexc50.35 and 19 W/cm2!. Sample
No. Y244 represents the 2.8 eV band; No. Em1 represents the
eV band. Temperature dependence for a free exciton peak is
shown for a pure undoped sample No. RK111 to demonstrate
variation of the gap width in GaN.
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is reduced. This effect has been previously observed in
doped with donors and acceptors having similar activat
energies.16 The observed temperature-induced redshift
high excitation rate is just the reverse of the well-know
blueshift of the DAP emission involving shallow donors a
acceptors. In the latter case the blueshift is due to ther
escape of electrons from the shallow donor which is m
favorable for the long-lived distant pairs contributing to t
low-energy part of a spectrum. The observed redshift of
2.8 eV band with an increase in temperature cannot be
tributed to the potential fluctuations since the redshift cau
by the potential fluctuations should increase with a decre
of excitation rate.15

In contrast, the 3.2 eV band, at least in sample No. Em
had a large redshift with temperature that increased with
creasing excitation rate as shown in Fig. 10. This beha
may be explained in terms of the potential fluctuation mo
whereby there is a thermal release of free carriers from
shallower short-range wells and their percolation into
deeper ones.15 This effect has been previously observed
compensated Ge~Ref. 17! and GaAs.19

In Fig. 11, the logarithmic PL intensity as a function
inverse temperature is plotted. With increasing temperat
both the 2.8 and 3.2 eV bands were thermally quenched.
quenching is thermally activated. The intensity of the 3.2
band in both highly resistive and conductivep-type samples
decreased with temperature even at the lowest temperat
The nominal activation energy increased with increas
temperature up to about 200 meV. In contrast, inn-type
samples, the intensity was independent of temperature u
T5100 K and subsequently decreased with an activation
ergy of 200 meV. The quenching is attributed to thermali
tion of trapped holes to the valence band. As the intensity
the 3.2 eV band decreased with temperature, an increas
the near-interband PL at 3.46 eV was noted in seve
samples. This observation supports the assertion that
temperature quenching of the 3.2 eV band above 100 K
sults from thermalization of trapped holes from the Mg a
ceptor into the valence band. The continuous decrease o
intensity with temperature in the semi-insulating andp-type
samples may be similarly explained. However, in this c

FIG. 11. Temperature dependence of PL intensity for differ
GaN:Mg samples.
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there is a distribution of activation energies for different a
ceptors as a result of short-range potential fluctuations
well as Coulomb interaction with compensating donors
these samples.15 The thermal quenching of the 3.2 eV P
band in low-resistivityp-type samples is not as evident, sin
according to our estimates, at these temperatures the con
tration of neutral acceptors considerably exceeds the con
tration of charged acceptors and greatly exceeds the con
tration of free holes. The observation of quenching in t
case may support potential fluctuations, since the lumin
cence is mainly governed by the recombination of free el
trons from potential wells and the probability of accepto
being filled by electrons in equilibrium is higher in the v
cinity of such wells~Fig. 1!.

In the case of the 2.8 eV band, the intensity was wea
dependent on temperature below 200 K and at high exc
tion rate the decrease of the integrated PL intensity w
more pronounced due to fast quenching of the high-ene
part of the spectrum. At temperatures above 250 K, a sh
decrease in intensity of this PL has been observed with
activation energy of about 0.3–0.4 eV as shown in Fig. 1

V. DISCUSSION

The shift of a PL band with excitation intensity may ari
from several different processes. Among the most proba
are ~i! potential fluctuations in compensated samples,~ii !
changes in the DAP-type emission due to differences in
lifetimes of close and distant pairs, and~iii ! impurity band
formation.

Formation of a Mg impurity band may be ignored fo
concentrations of less than;1020 cm23 ~corresponding to
the Mott transition for the Mg acceptor with a Bohr radius
5 Å!. In more heavily doped material the potential fluctu
tions are expected to play a more important role than
impurity band formation.14

We propose that the 3.2 eV PL band in GaN:Mg involv
a free electron to bound acceptor transition and the obse
shifts result from potential fluctuations. The large bluesh
of this band in semi-insulating andp-type samples cannot b
explained by saturation of PL from distant pairs with
increase of excitation intensity. Indeed, the blueshift
DAP-type transitions should be very small in the case
shallow donors and a high concentration of acceptors.15 In
addition, optical transitions most probably take place fro
the conduction band to acceptor level in the samples wit
high concentration of donors and acceptors.15

The explanation for large blueshifts of the 2.8 eV ba
with variation of excitation intensity depends on the assig
ment of this band. It is known that the 2.8 eV band appe
only at high Mg doping concentrations~over 1019 cm23! in
GaN.2,7 It has been theoretically predicted that at high acc
tor concentrations the formation of native donor defe
occurs.23 It was recently suggested that the 2.8 eV band
due to optical transitions from the deep donor~350–430
meV! to a shallow Mg acceptor.7,12

Let us consider the deep DAP model for this PL band,
applied to the case of a highly doped compensated semi
ductor. This PL band appears usually at high concentrati
of Mg (1019– 1020 cm23!,2,7 which corresponds to a mea
separation between impurities of about 15–30 Å. In spite

t
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the high localization of the wave functions for electrons a
holes bound to the defects~the Bohr radius of about 7 and
Å, respectively, in the effective-mass approximation!, the
probability of such interimpurity transitions may be qui
high.22 Note in the case under consideration the Coulo
interaction between charged donors and acceptors ma
very large and, hence, the uncharged donor would hav
much deeper level than may be found from the PL meas
ments. Besides, one may expect the wide scatter in the C
lomb energies for different pairs contributing to the P
band.22

The long-range potential fluctuations should not sign
cantly affect the deep DAP emission because of small se
rations in pairs contributing to PL. These transitions may
considered as almost vertical in the scale of long-range fl
tuations. Therefore, the role of the potential fluctuations
reduced. Consequently, the large blueshift of the PL b
with increasing excitation rate can only be explained by d
ferences in the radiative lifetimes of close and more dist
pairs. Very similar blueshifts of the 2.8 eV band with vari
tion of excitation intensity, observed for several samp
~Fig. 3!, also point to the suppression of the effect of pote
tial fluctuations on the deep DAP emission, as well as
explanation for the redshift of this band with temperatu
discussed above.

The position of the 2.8 eV band at room temperature a
low excitation rate~2.75 eV in our experiments! suggests the
optical position of a deep donor at about 0.50 eV below
conduction band. This compares to a measured value of
0.4 eV in this study found from thermal quenching expe
ments atT.200 K. The difference may be attributed to
Stokes shift. The shape of the band also suggests st
electron-phonon interaction with possible atomic relaxat
between the ground and excited states of the defect. It sh
be noted that the magnitude of donor energy is undere
mated because of neglecting the Coulomb interaction
tween charged donors and acceptors.

The values of the radiative lifetime for the 2.8 eV ba
found in this study~about 10msec! and by Seitzet al.13

~about 0.2 msec! are consistent with DAP emission. Simila
lifetimes were observed for the Frenkel pairs in ZnSe~about
ia

ro

.
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0.1 msec!.22 ~In the latter case the Bohr radius of deep d
fects was estimated as 2.0 and 2.4 Å, and the separa
between most of the ODMR pairs were in the range 10–
Å.!

VI. CONCLUSIONS

Photoluminescence ofn- and p-type and also semi-
insulating GaN deliberately doped with Mg has been stud
over a wide range of temperatures and excitation intensit
Two broad PL bands~blue and uv! are observed with nomi-
nal peaks at 2.8 and 3.2 eV. Large redshifts of the bands w
temperature were observed. For the 2.8 eV band, the sh
associated with the DAP nature, whereas for the 3.2
band, the shift is attributed to the presence of potential fl
tuations. The uv band, having a maximum in the range 3
3.2 eV at low temperature, undergoes a blueshift with
increase of excitation intensity and gradually transforms i
a PL band with several phonon replicas, typical for ligh
Mg-doped GaN. These findings indicate that a structure
band with a maximum near 3.1–3.2 eV in moderately a
heavily Mg-doped GaN involves the same free to bou
transition to shallow acceptors as that observed in ligh
Mg-doped GaN. Their differences in shape and position
sult from potential fluctuations.

The observed blueshift of the 2.8 eV band from 2.7 to 3
eV with increasing excitation rate is mostly due to diffe
ences in the Coulomb interaction for close and more dis
pairs. This band is attributed to transitions from a deep do
to the shallow acceptor Mg. Thermal quenching of this ba
begins atT.200 K with an apparent activation energy
about 0.4 eV. The observed quenching is attributed to
thermalization of trapped electrons from the deep donor s
to the conduction band.

ACKNOWLEDGMENTS

The authors thank Ian Ferguson at EMCORE for prov
ing p-type samples. This work was supported by the Natio
Science Foundation GOALI Program, under Grant No. EC
9705134.
,

.

.

.

-

*On leave from A. F. Ioffe Physico-Technical Institute, Russ
Academy of Sciences, Russia.

1M. Ilegems and R. Dingle, J. Appl. Phys.44, 4234~1973!.
2H. Amano, M. Kitoh, K. Hiramatsu, and I. Akasaki, J. Elect

chem. Soc.137, 1639~1990!.
3A. K. Viswanath, E. Shin, J. I. Lee, S. Yu, D. Kim, B. Kim, Y

Choi, and C.-H. Hong, J. Appl. Phys.83, 2272~1998!.
4J. I. Pankove and J. A. Hutchby, J. Appl. Phys.47, 5387~1976!.
5E. Oh, H. Park, and Y. Park, Appl. Phys. Lett.72, 70 ~1998!.
6M. Smith, G. D. Chen, J. Y. Lin, H. X. Jiang, A. Salvador, B.

Sverdlov, A. Botchkarev, H. Morkoc¸, and B. Goldenberg, App
Phys. Lett.68, 1883~1996!.

7U. Kaufmann, M. Kunzer, M. Maier, H. Obloh, A. Ramakris
nan, B. Santic, and P. Schlotter, Appl. Phys. Lett.72, 1326
~1998!.

8J. M. Myoung, K. H. Shim, C. Kim, O. Gluschenkov, K. Kim,
Kim, D. A. Turnbull, and S. G. Bishop, Appl. Phys. Lett.69,
2722 ~1996!.
n

-

.
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