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Defect-related optical transitions in GaN

W. Rieger, R. Dimitrov, D. Brunner, E. Rohrer, O. Ambacher, and M. Stutzmann
Walter Schottky Institut, Technische Universita¨t München, D-85748 Garching, Germany

~Received 26 August 1996!

Sub-band-gap absorption of GaN grown by metal-organic chemical vapor deposition on sapphire was in-
vestigated by photothermal deflection spectroscopy~PDS!, transmission measurements, and the constant pho-
tocurrent method~CPM!. We determine acceptor binding energies in undoped GaN at 220 and about 720 meV.
A comparison between absorption and CPM spectra yields the dependence of the quantum efficiency-mobility-
lifetime-product~hmt! versus energy and gives relevant information about the excitation mechanisms. CPM
spectra show a significantly smaller absorption~up to a factor of 1/10! in the range between 3.0 and 3.3 eV as
compared to PDS. This indicates that the majority of carriers excited with these photon energies have a
relatively smallhmt product and thus do not contribute to the externally detected photocurrent. We propose
that in this energy range the spectrum is dominated by interband absorption in isolated cubic-phase crystallites
in the hexagonal matrix and by excitation of electrons from occupied acceptors into the conduction band of the
main hexagonal crystal modification~h-GaN!. Temperature-dependent photoluminescence measurements, ex-
cited with energies below and above the direct band gap of hexagonal GaN, confirm this interpretation and can
be correlated with the subgap absorption detected by PDS. Transient photocurrent measurements show a
persistent photoconductivity, which can also be explained by the existence of isolated cubic-phase inclusions.
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I. INTRODUCTION

In spite of recent successful developments in electronic1–3

and optoelectronic4,5 devices based on GaN, neither the de
sity nor the microscopic origin of defects in this material
well understood so far. Future projects will focus on incre
ing the lifetime and mobility of carriers or minimizing para
sitical sub-band-gap absorptions in GaN devices. Various
fect spectroscopy methods can provide import
contributions to this task. Low-temperature photolumin
cence measurements6–11 have most commonly been em
ployed since the early 1970s to systematically study rad
tive transitions related to deep defects. More recen
photoemission capacitance transient spectroscopy,12 deep-
level transient spectroscopy,13 and electron spin resonance14

were also used to obtain further information on defect sta
in the gap of GaN. In addition to these techniques, sub
absorption studies with photothermal deflecti
spectroscopy15 ~PDS! and the constant phototherm
method16–18~CPM! are also excellent methods for the inve
tigation of gap states. Here, we present results from P
CPM, and photoluminescence~PL!, Raman, and electrica
measurements, which altogether give a consistent pictur
defect-related optical transitions in GaN.

II. SAMPLE PREPARATION AND EXPERIMENTS

The GaN samples were grown by metal-organic chem
vapor deposition~MOCVD! onc-plane sapphire using trieth
ylgallium ~TEG! and ammonia at substrate temperatures
950 °C.19 To improve the structural properties of the films,
20-nm-thick GaN buffer layer was grown at 530 °C. X-ra
diffraction measurements were employed to characterize
crystal quality. The epitaxial films show a full width at ha
maximum~FWHM! of the rocking curve~002 reflex! of 300
540163-1829/96/54~24!/17596~7!/$10.00
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arcsec. Contributions due to cubic inclusions are below
detection limit of approximately 1 vol %.

The total absorption coefficient is measured using pho
thermal deflection spectroscopy. In our PDS experimen
monochromatic light beam~chopped at 17 Hz! illuminates
the GaN film~thicknessd! immersed in a transparent liqui
with a strongly temperature-dependent index of refract
n(T). Part of the energy absorbed in the GaN diffuses b
into the liquid and creates a temperature gradient and a
responding refractive index gradient close to the sample
face. A He-Ne laser beam probes this gradient ofn and is
thus deflected~Dw! periodically with the chopping frequenc
of the pump light.Dw(hn) is measured by a position
sensitive detector connected to a lock-in amplifier and can
expressed as20,21

Dw~hn!}dn/dT F hn~12R!~12e2a~hn!d!, ~1!

whereF is the incident photon flux,hn the photon energy,R
the reflectivity of the sample surface, anda~hn! the absorp-
tion coefficient at the incident photon energy. This provid
a very sensitive method for measuring the subgap absorp
coefficient in thin GaN films:

a~hn!52 ln@12const3Dw~hn!/Fhn#/d. ~2!

In the limit of strong band-to-band absorption witha(hn)d
greater than 1 the PDS signalSPDS}Dw(hn)/Fhn satu-
rates because all the incident light is absorbed by the G
film. At this energy range~hn.3.4 eV, for GaN! no infor-
mation about the absorption coefficient can be obtained fr
PDS. However, with the known thickness of the film, th
onset of saturation can be used to determine the abso
absorption coefficient without the necessity for addition
calibration. Thus, PDS spectra show the absolute value
a~hn! in the subgap energy rangehn,3.4 eV ~for GaN!.
17 596 © 1996 The American Physical Society
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54 17 597DEFECT-RELATED OPTICAL TRANSITIONS IN GaN
PDS experiments can be used to detect all transitions
absorb light and lead to nonradiative recombination. Si
even in excellent semiconductor materials the quantum
ciency for radiative recombination at room temperature d
not exceed a few percent, typically more than 90% of
absorbed energy is left to be detected by PDS.

In contrast to the PDS method described above, the c
stant photocurrent method is only sensitive to absorp
processes, which generate mobile carriers. In a CPM m
surement, the photocurrentjCPM is kept constant by suitabl
adjustment of the incident photon fluxF for different hn.
The measured photocurrentjCPM can be expressed as

const5 jCPM}ehmtF~12R!~12e2a~hn!d!E, ~3!

wheree is the elementary charge,h the quantum efficiency
for optical generation of a mobile charge carrier,mt the
mobility-lifetime product, andE the applied electrical field
By keeping the photocurrent constant, the quasi-Fermi-le
position and therefore the occupation of defects in the
remains unchanged over the entire spectral range. In this
the lifetime t should be constant. An effective absorptio
coefficientaCPM can then be deduced from the constant p
tocurrent via the relation

aCPM~hn!}2 ln~12const8/F! ~4!

and for const8!1:

aCPM~hn!}const8/F. ~5!

In generalaCPM depends onhm(hn) and may differ signifi-
cantly froma as determined, e.g., by PDS.

In undoped GaN~n-type, ne'1017 cm23!, the Fermi
level is close to the conduction band and both the dark c
rent and the photocurrent are dominated by electron tra
port. ThereforejCPM is not sensitive to optical transitions
which do not lead to mobile electrons in the conducti
band. Excitation of carriers into final states with recombin
tion lifetimes much shorter than the lifetimes of the free c
riers, or excitation in regions with low mobility~such as
surface or interface regions! also do not contribute to the
detected photocurrent. Photogenerated excitons that are
separated into free carriers are an additional absorption c
nel not seen by CPM. As a result, the true absorption co
ficient a determined by PDS is expected to exceedaCPM at
any given photon energy.

The dependence of the meanhmt value on the incident
photon energy hn can be obtained from the rati
aCPM/SPDS:

SPDS~hn!5Dw~hn!/Fhn}~12R!~12e2a~hn!d!, ~18!

hmt}const/F@~12R!~12e2a~hn!d!#21. ~38!

Using ~18!, ~38!, and~5!, we obtain

hmt~hn!}aCPM~hn!/SPDS~hn!. ~6!

A comparison of both measurement techniques performe
the same samples therefore yields the dependence ofhmt on
energy and gives additional information about optical ex
tation mechanisms in GaN.
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For photoluminescence measurements, the samples
mounted in a continuous flow cryostat. The temperature
be varied from 5 to 300 K. As an excitation light source tw
different UV lines of an Ar1 laser~363.8 nm53.41 eV and
333.6 nm53.72 eV! were used. The luminescence light w
detected with a 0.8-m double monochromator and a pho
multiplier.

Raman measurements were performed using the 488
line of an Ar1 laser~200 mW! in backscattering geometry
The scattered light was analyzed with a 0.8-m triple mon
chromator and a charge-coupled device camera. For ma
scopic measurements, the spot size was about 400mm in
diameter. For micro-Raman measurements, the laser wa
cused through the objective of a microscope to a spot siz
10 mm. With both configurations several spectra were
corded, all showing the same features.

III. RESULTS AND DISCUSSION

Figure 1 shows a Raman spectrum of a 1-mm-thick GaN
film. The well documented Raman modes of GaN~Ref. 22!
and of the sapphire substrate are detected with a good sig
to-noise ratio. The dashed line indicates the energy posi
of the transverse optical mode in cubic GaN~555 cm21). The
absence of any detectable signal indicates that the co
sponding film consists to more than 99% of hexagonal G
Note, however, that in general x-ray diffraction measu
ments and Raman scattering are not sensitive enough to
tect cubic phase inclusions of less than 1 vol % in typi
h-GaN films.

Figure 2 shows the absorption coefficienta measured by
PDS and CPM versus energy~solid line! of this sample on a
logarithmic scale. To complement the PDS and CPM spe
in Fig. 2, the absorption was also determined from transm

FIG. 1. Raman spectra of a 1-mm-thick GaN film measured a
room temperature. The dashed line indicates where the transv
optical mode should occur in cubic GaN.
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17 598 54W. RIEGERet al.
sion measurements above 3 eV. The transmission and
results fora are in good agreement over about one order
magnitude. The result of the corresponding CPM meas
ment ~dashed curve! is scaled to thea obtained from PDS
and transmission at high energies.a andaCPM agree nicely
in the photon energy range between 3.3 and 3.4 eV, as
pected for band-to-band transitions.

The inset in Fig. 2 showsaCPM/SPDS}hmt on a logarith-
mic scale. This quantity depends on the number of mo
carriers per absorbed photon. The observed features o
ratio were found to be independent of the particular value
jCPM chosen. For photon energies above the direct gap
almost constant and highhmt value is obtained. The shou
der at 3.20 eV indicates electronic transitions from accep
~EA5Egap23.2 eV5220 meV! into the conduction band
This transition takes place in the bulk material since the p
etration depth is nearly equal to the thickness of the sam

A particularly interesting energy range is around 3.30 e
where the ratio shows a local minimum. This indicates
noticeably decreasedhmt product for the excited electrons
For a decreased mobilitym, the final state of the optica
transition should be localized, with a low thermal activati
probability into the conduction band at room temperatu
This explanation requires the existence of unoccupied st
well below the conduction band. Since the Fermi level of t
sample is determined to be around 20 meV belowEC , which
is typical for as-prepared GaN material, this scenario
rather unlikely. Another possibility would be a shorter lif
time t of the excited electrons in comparison with the fre

FIG. 2. Absorption coefficienta vs energy~solid! of a 1-mm-
thick GaN film, on a logarithmic scale. To complement the P
and CPM spectra, the absorption was also determined from tr
mission measurements~hn.3 eV!. The inset shows the ratio o
aCPM andSPDS on a logarithmic scale. This expression is propo
tional to hmt and depends on the number of mobile carriers
absorbed photon.
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electron lifetime. This requires an additional, distinct reco
bination channel and cannot be ruled out. A third explanat
is that surface or interface-related defect absorption do
natesa at theses photon energies. In surface regions, a hig
defect density leads to lower mobility and carrier lifetim
and thus quenches the photocurrent. The energetic pos
of the minimum around 3.30 eV, in comparison with th
optical band gap at 3.42 eV, points to a transition from
occupied acceptor (EA5120 meV at room temperature! into
the conduction band, or from an occupied acceptor int
vacant shallow donor~ ED1EA5120 meV,ED,20 meV, at
room temperature!. This would correlate with donor-
acceptor-pair transitions~DAP! pair transitions at 3.25–3.3
eV, which commonly are observed in low-temperature ph
toluminescence measure- ments.7,9,11,23,24,25The creation of
deeply bound excitons would be another absorption chan
with a low hmt product of the corresponding photocurren
The most probable creation path of such deeply bound e
tons is via localization of free excitons. The optical cro
section for the direct excitation of these excitons by su
band-gap photon energies should be negligible.

A dominant structure in the low-energy part of thehmt
spectrum is a broad peak centered around 2.7 eV. This po
to a density distribution of deep acceptors~EA>3.42–2.7
eV50.72 eV!. Such deep acceptors are commonly believ
to be the origin of the ‘‘yellow luminescence’’.26

We now compare the absorption features to photolu
nescence results of the same samples. A typical PL spec
is shown in Fig. 3~solid line! for band-to-band excitation
(Eexc53.72 eV!. It is dominated by the bound exciton tran
sition D0X ~3.468 eV!. The two weak linesL1 and L2 at

s-

r

FIG. 3. A typical PL spectrum~solid line! for interband excita-
tion (Eexc53.72 eV!. The second spectrum~dashed! shows a PL
spectrum for 100 times higher excitation intensity. For excitat
photon energies below the band gap (Eexc53.41 eV!, L1 and L2
completely dominate the photoluminescence~solid line, lower part!.
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54 17 599DEFECT-RELATED OPTICAL TRANSITIONS IN GaN
3.369 and 3.313 eV were recently assigned to deeply bo
excitons in structurally distributed regions27 or to near-band-
gap emission28 in cubic GaN. In factL1 and L2 consist of
more than one single line. The respective intensity depe
on excitation intensity and excitation wavelength, which le
to changed lines shapes for different experimental setups
detailed below we believe that in our case cubic inclusion
a hexagonal matrix, probably caused by stacking faults,29 are
indeed the dominant origin for these PL lines.

The structure in the PL spectra occurring between 3.0
3.28 eV is generally labeled as DAP1 and DAP2 transitions
with two LO-phonon replica. A second spectrum includi
L1 ,L2 and the DAP’s is also shown in Fig. 3 for a 100 tim
higher pump intensity. We observe a distinct increase in
relative photoluminescence intensities ofL1 andL2. Finally,
for excitation photon energies below the band gap ofh-GaN
(Eexc53.41 eV!, L1 andL2 completely dominate the pho
toluminescence. In fact the quantum efficien
hPL~5emitted photons/absorbed photons! for L1 (Eexc
53.41 eV! is about 5 times higher thanhPL for theD0X with
excitation atEexc53.72 eV. This is an important observatio
suggesting thatL1 andL2 excitation does not require inter
band transitions in the hexagonal phase, but supports n
band-gap emission from cubic material as the origin of th
lines.

In order to determine which transitions contribute to t
structure in the subgap absorption spectra at room temp
ture~Fig. 2!, more PL measurements were performed. Fig
4 shows photoluminescence measurements made on
samples with two thicknesses~0.2 and 1.4mm! grown under
equivalent conditions. Both are grown on the same 20-n
thick low-temperature GaN buffer layer. The penetrati
depth of the excitation laser is below 100 nm. The spectr

FIG. 4. Photoluminescence measurements made on
samples with two thicknesses~0.2mm: dashed, 1.4mm: solid, both
on a 20-nm low-temperature GaN buffer layer! grown under the
same deposition conditions.
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of the thin sample indicates an enhanced DAP luminesce
where the region of excitation is near the buffer layer. O
possible explanation is a higher concentration of the relev
defects in the perturbed buffer region. The lower integ
photoluminescence is probably caused by a higher con
tration of deep nonradiative defects. Thus the DAP tran
tions in the buffer region are expected to contribute to s
gap absorption without a noticeable creation of mob

FIG. 5. The results of temperature-dependent PL measurem
are shown vs energy@~a! interband excitation,~b! subband excita-
tion#. The dots~b! indicate the temperature-dependent band gap
cubic GaN according to Ref. 31.
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17 600 54W. RIEGERet al.
carriers. In the PL spectrum of the thicker sampleL1 is
clearly visible.

Temperature-dependent measurements of a 1-mm-thick
GaN sample are shown in Figs. 5~a! and 5~b!. The DAP1 and
DAP2 luminescence@Fig. 5~a!# is quenched with an activa
tion energy of approximately 160 meV and is not visible
room temperature. The DAP1 and DAP2 positions shift to

FIG. 6. In order to correlate the optical sub-band-gap absorp
with radiative recombination excited above and below the hexa
nal band gap, bothhmt at 295 K and two photoluminescence spe
tra are shown over the same energy range. The solid line, fitting
sub-band-gap excited PL, is calculated for occupied conduct
band states with a Fermi level 46 meV aboveEc .

FIG. 7. Model summarizing the discussed mechanism of s
band-gap absorption.
t

higher energies with increasing temperature~3.285 eV at 200
K!. This is in agreement with observations made by ot
groups.9,25 The quenching points to thermal ionization of th
donors~initial states! or thermal occupation of the accepto
~final states!. As a result, the optical excitation from occu
pied acceptors into the conduction band or into shallow
nors in bulk GaN is expected to contribute in photocurre
measurements at room temperature.

The intensity of theL1 andL2 transitions also decrease
with higher temperatures@Fig. 5~b!#, but can easily be ob-
served with sub-band-gap excitation energies up to 275
At room temperature near-band-gap luminescence of
hexagonal GaN dominates the photoluminescence and
ers these lines. An excitation of this near-band-gap lumin
cence becomes possible because the band-gap energy o
agonal GaN~3.42 eV at 300 K! comes close to the excitatio

n
o-

he
n-

-

FIG. 8. Transient photoconductivity measurement performed
GaN. ~b! Model for persistent photoconductivity.
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54 17 601DEFECT-RELATED OPTICAL TRANSITIONS IN GaN
energy of 3.41 eV for higher temperatures. The energy p
tions of L1 and L2 clearly show a decrease similar to th
temperature-induced gap reduction. The dots in the fig
indicate the temperature-dependent band gap of cubic
GaN according to Ref. 30, which is about 65 meV lower th
L1. This discrepancy is discussed later.

Thus the DAP1, DAP2, andL1 ,L2 transitions can be ex
pected to participate in room-temperature defect absorp
below 3.35 eV. In particular band transitions in cubic cry
tallites with a large optical cross section for excitation en
gies below the hexagonal band gap are a suitable explan
for a relatively lower valueaCPM at 3.30 eV. Such cubic
regions embedded in the hexagonal matrix with a larger
provide a sink for electrons and are thus negatively charg
The corresponding band bending results in a potential ba
and separates the electrons in the cubic part from the
agonal matrix. A macroscopically detected current is the
fore not influenced by optical transitions in cubic inclusion
On the other hand the electrons and holes are spatially
fined and~radiative! recombination is very effective.

In order to demonstrate the correlation between the o
cal sub-band-gap absorption and radiative recombination
cited above and below the hexagonal band gap, bothhmt at
295 K ~calculated as discussed before! and photolumines-
cence spectra are shown in Fig. 6 over the same en
range. The PL spectra are in agreement with the band ga
cubic30,31 and hexagonal31 GaN at room temperature. Th
slightly higher emission energy for the subgap-excited lu
nescence in comparison to the band-gap energy given in
30 ~3.244 eV at 275 K! can be explained by band filling
effects. The luminescence peak can easily be fitted~solid
line! by a Fermi-level position 46 meV above the cub
conduction-band edge~3.29 eV!, assuming band-to-band re
combination. Integration up to 46 meV over a parabolic d
tribution density of states assuming a relative effective m
of 0.23m0 yield an electron concentration o
531018 cm23. Using this explanation, the origin ofL1,
which occurs only at low temperatures, is not clear. Reco
bination of a free electronh-GaN with a hole bound to the
crystallite may be one explanation.32 In any case as shown i
Fig. 6, the maximum of the subgap excited PL at 275
coincides with the local minimum ofhmt. Therefore the
most reasonable explanation is that the optical absorptio
3.30 eV is dominated by interband transitions in cubic cr
tallites at room temperature. These transitions do not con
ute to the macroscopic photocurrent. We can use the rati
a~3.5 eV!/a~3.3 eV!'100 to determine the volume fractio
of cubic GaN to<1 vol %.

The shoulder around 3.20 eV in thehmt spectrum is
caused by acceptor-conduction band transitions in b
h-GaN. This yields an acceptor binding energy ofEA5220
meV. This energy is in good agreement with the resid
acceptor binding energy of 230 meV given in Ref. 25 fro
an analysis in the DAP1 and DAP2 transitions. Optical exci-
tation from these occupied acceptors lead to mobile e
trons. Electron diffusion quenches the DAP luminesce
~see Fig. 3 forEexc53.41 eV!. Very high concentrations o
electrons and holes created with strongly absorbed light,
pecially in regions with low mobility, should produce stron
DAP luminescence as seen in Fig. 4. In Fig. 7 a simple
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model is presented summarizing the discussed mechanis
sub-band-gap absorption.

More support for the existence of cubic inclusions
h-GaN and their relevance for the electronic properties
this material is shown in Fig. 8~a!, which depicts a transien
photoconductivity measurement performed on the sa
sample. Similar observations have already been describe
Ref. 33. Att50, monochromatic light~320 nm! is switched
on to illuminate the sample surface between two copla
Ohmic contacts. The current rises with a time constant
roughly 10 s and saturates after a few minutes. After 55
the light is switched off and the current drops slowly. T
decay time of this persistent photoconductivity is determin
to about 60 s. Since the carrier lifetimes observed in GaN
below 1 ns, these long time constants cannot be explaine
conduction-band transitions in hexagonal GaN. Such
transitions may cause an additional part of the photocond
tivity relaxation, which is not resolved on this time scale. W
believe that spatial carrier separation, which is also obser
in other III-V material systems,34 is the reason for the per
sistent photoconductivity. In Fig. 8~b! our model is used to
give a possible explanation: Interband absorption at ro
temperature creates a certain density of free carriers@Eq.
~1!#. Some of the free carriers diffuse to cubic crystallites.
n-type GaN~Ec2EF'20 meV!, these cubic inclusions be
come negatively charged provided that the lower conducti
band minimum inc-GaN @ Ec~cubic!,Ec~hexagonal! by at
least 66 meV520146 meV#. Whereas electrons are repelle
@Eq. ~28!# from the resulting potential barrier, the holes a
attracted and trapped in the cubic crystallite@Eq. ~2!# with a
typical time constant of (t1). Here, as the Fermi level is in
the conduction band, a large concentration of free electr
~531018 cm23! lead to very fast recombination@,1 ns, Eq.
~3!#. As a result the number of electrons in the isolated cu
part is decreased and the remaining electron in the hexag
matrix can contribute to the current because of its long li
time. ~No hole is left for recombination.! After several elec-
trons have been removed from the cubic crystallite by t
mechanism, the potential barrier is decreased and the e
tron capture rate is increased@Eq. ~4!#. A dynamic equilib-
rium is reached, and the photocurrent saturates. After
light is switched off, the excess electrons in the hexago
matrix are slowly captured into the cubic crystallites aga
(t2) describes this relaxation time.

IV. SUMMARY

In summary we have studied optical sub-band-gap
sorption in nominal hexagonal GaN films with PDS a
CPM. A comparison of these measurement techniques
very sensitive method for determining the energy dep
dence ofhmt and thus detecting small cubic inclusions, b
low the detection limit of ordinary x-ray diffraction, Rama
scattering or transmission measurements. We also find d
acceptor levels inh-GaN at 220 and around 720 meV.
simple model is presented to explain the observed dif
ences in PDS and CPM spectra. A correlation w
temperature-dependent photoluminescence excited be
and above the hexagonal band gap confirms our mode
agreement with Ref. 28, we attribute the photoluminesce
lines at 3.313 and 3.369 eV, seen by many resea
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17 602 54W. RIEGERet al.
groups6,21,23,31 in nominally hexagonal GaN, to near-ban
gap luminescence of small cubic crystallites. These lines
cur particularly in cubic samples where the Fermi level is
the conduction band. For small isolated crystals embedde
a nominally undoped hexagonal matrix, this condition
rather likely. These cubic crystallites are an effective sink
minority carriers that can lead to a persistent photocond
tivity in n-type GaN.
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12W. Götz, N. M. Johnson, R. A. Street, H. Amano, and I. Akasa
Appl. Phys. Lett.66, 1340~1995!.

13P. Hacke, H. Nakayama, T. Detchprohm, K. Hiramatsu, and
Sawaki, Appl. Phys. Lett.68, 1362~1996!.

14E. R. Glaser, T. A. Kennedy, K. Doverspike, L. B. Rowland,
K. Gaskill, J. A. Freitas, M. A. Kahn, D. T. Olson, J. N. Kuzin
and D. K. Wickenden, Phys. Rev. B51, 13 326~1995!.

15O. Ambacher, W. Rieger, P. Ansmann, H. Angerer, T. D. Mo
takas, and M. Stutzmann, Solid State Commun.97, 365 ~1996!.

16E. Rohrer, C. F. O. Graeff, R. Janssen, C. E. Nebel, and
Stutzman, Phys. Rev. B~to be published!.

17M. Vanecek, A. Abraham, O. Stika, J. Stuchlik, and J. Koc
,

,

.

T.

e,

.

,

.

-

.

,

Phys. Status Solidi A83, 617 ~1984!.
18H. G. Grimmeiss and L. A. Lebedo, J. Appl. Phys.46, 2155

~1975!.
19O. Ambacher, R. Dimitrov, D. Lentz, T. Metzger, W. Rieger, a

M. Stutzmann, J. Cryst. Growth167, 1 ~1996!.
20A. C. Boccara, D. Fournier, W. B. Jackson, and N. M. Amer, O

Lett. 5, 377 ~1980!.
21W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fournie

Appl. Opt.20, 1333~1981!.
22H. Siegle, L. Eckey, A. Hoffmann, C. Thomsen, B. K. Meyer, D

Schikora, M. Hankeln, K. Lischka, Solid State Commun.96,
943 ~1995!.

23B. K. Meyer, D. Volm, A. Graber, H. C. Alt, T. Detchprom, A
Amano, and I. Akasaki, Solid State Commun.95, 597 ~1995!.

24T. Matsumoto and M. Aoki, Jpn. J. Appl. Phys.13, 1804~1974!.
25S. Fischer, C. Wetzel, E. E. Haller, and B. K. Meyer, Appl. Ph

Lett. 67, 1298~1995!.
26T. Ogino, M. Aoki, Jpn. J. Appl. Phys.19, 2395~1980!.
27C. Wetzel, S. Fischer, J. Kru¨ger, E. E. Haller, R. J. Molnar, T. D

Moustakas, E. N. Mokhov, and P. G. Baranov, Appl. Phys. L
68, 2556~1996!.

28C. H. Hong, D. Pavlidis, S. W. Brown, and S. C. Rand, J. Ap
Phys.77, 1705~1995!.

29S. Strite, M. E. Lin, and H. Morkoc, Thin Solid Films231, 197
~1993!.

30G. Ramirez-Flores, H. Navarro-Contreras, A. Lastras-Martin
R. C. Powell, and J. E. Greene, Phys. Rev. B50, 8433~1994!.

31S. Logothetidis, J. Petalas, M. Cardona, and T. D. Moustak
Phys. Rev. B50, 18 017~1994!.

32Y. G. Shreter and Y. T. Rebane~unpublished!.
33D. C. Look, Z. Q. Fang, W. Kim, O¨ . Aktas, A. Botchkarev, A.

Salvador, and H. Morkoc, Appl. Phys. Lett.68, 3775~1996!.
34H. J. Queisser and D. E. Theodorou, Phys. Rev. B33, 4027

~1986!.


