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Recombination centers in GaAs/Al0.4Ga0.6As heterostructures investigated by optically
and electrically detected magnetic resonance
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Using optically and electrically detected magnetic resonance~ODMR and EDMR, respectively!, recombi-
nation in a GaAs/Al0.4Ga0.6As heterostructure is studied. ODMR performed at 35 GHz shows the presence of
Ga interstitials in a GaAs quantum well codoped with Si and Be. Depending on the contacts used, EDMR
~performed both at 9 and 34 GHz! is able to detect surface defects, intrinsic defects~Ga interstitial and AsGa

antisite! as well as the Cr41 transition-metal impurity. The location of the paramagnetic states in the hetero-
structure was determined with EDMR using light of different absorption length for the selective excitation of
photoconductivity, combined with a phase shift analysis of the different EDMR signals with respect to the
modulation reference. The temperature and microwave power dependence of the EDMR signal amplitude is
discussed, providing guidelines for the experimental conditions needed to perform EDMR on GaAs. Finally,
using X-band andQ-band detection, the defect parameters~g-factor and hyperfine constants! for the Ga
interstitial are determined tog52.006,A6950.048 cm21, andA7150.061 cm21. These results are compared
to previous observations.@S0163-1829~98!01232-6#
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I. INTRODUCTION

Among the large variety of experimental methods to ch
acterize semiconductors, magnetic resonance technique
probably the most powerful to obtain detailed information
point defects in these materials. In general, electron p
magnetic resonance~EPR! experiments allow one to resolv
various interactions of the defect electron~s!, such as fine-
structure, hyperfine, and ligand-hyperfine interactions. Fr
the data, one can obtain knowledge about the chemical
ture of the defect, whether it is a simple point defect o
complex ~defect symmetry!, the charge state of the defe
~spin state!, and, last but not least, the defect concentrati
The major problem for the application of EPR to epitax
layers or quantum-well structures is the sensitivity limit
the method. In epitaxial systems, the reduced size of
sample volume, a few micrometers for layers or even on
few nanometers in the case of quantum wells, pushes
number of defects to be detected below the limit of ab
1011 spins per Gauss linewidth. Thus, most investigations
epitaxial structures make use of optically detected magn
resonance~ODMR!, in which the defects are studied v
resonant changes of the magnetic dichroism or the phot
minescence intensity.1 Besides a much higher sensitivity
ODMR has further advantages in view of selectivity. A
quantum wells or other low-dimensional structures typica
show specific radiative recombinations, the magnetic re
nance features can be related to these structures by spec
resolved ODMR experiments. In addition to the conventio
EPR, ODMR enables us to study optically created param
PRB 580163-1829/98/58~8!/4892~11!/$15.00
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netic species like excitons, which are not present in ther
equilibrium.

Another approach to make magnetic resonance exp
ments compatible with modern semiconductor structure
electrically detected magnetic resonance~EDMR!.2,3 The
principle of EDMR is the modification of an electrical cu
rent through the sample, via spin-dependent recombina
or hopping processes. Under magnetic resonance condit
a resonant current change is induced, which is detected in
EDMR experiment. A particular advantage of EDMR is th
the influence of defects on the properties of actual electro
and optoelectronic devices can be studied, which is in g
eral not possible with ODMR or classical EPR. As far
sensitivity is concerned, EDMR has the same high poten
as ODMR, where magnetic resonance of a single molec
has been demonstrated.4,5 In view of selectivity, the potential
of the EDMR has been explored much less. Most EDM
experiments reported so far deal with defects in bulk se
conductors, thin films, or simplep/n diode structures.6,7

While such experiments have been very successful for se
conductors with indirect band gaps, such as Si,3 SiC,8 and
GaP,9 experiments on direct band-gap semiconductors
rare, with GaN light-emitting diodes8,10 and a study of low-
temperature GaAs~Ref. 8! being the only examples know
to the authors. It was conventionally assumed that, due to
short lifetimes of excited carriers in direct band-gap mate
als, spin-flip rates beyond the capabilities of classical E
spectrometers would be needed to achieve a reasonable
nant change of the recombination rate, the detection li
4892 © 1998 The American Physical Society
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PRB 58 4893RECOMBINATION CENTERS IN GaAs/Al0.4Ga0.6As . . .
being a relative change of the conductivityDs/s of about
1027.

However, in this paper we demonstrate that GaAs hete
structures can be studied with EDMR achieving the sa
sensitivity as previously only known for group-IV semico
ductors. In addition, we show that the method is sensi
enough to resolve defects in III-V quantum-well structur
Changing the wavelength of the excitation light, a selectiv
to the location of the specific defects in the different layers
the complex structure is achieved, complementary to wha
obtained by ODMR. To this end, we have performed a co
parative ODMR and EDMR study of a GaAs/Al0.4Ga0.6As
heterostructure on a semi-insulating GaAs substrate.
ODMR results show the presence of Ga interstitial defect
a 50-nm-wide GaAs ‘‘quantum well.’’ In the EDMR exper
ments, the interstitial as well as three additional defects w
observed. Variations of the contact properties and the exp
mental parameters allow us to separate these signals a
identify them as surface-related defects and defects loc
in the substrate~Cr41 and arsenic antisite defects!.

II. EXPERIMENT

A. Sample structure

The layer structure of the GaAs/Al0.4Ga0.6As heterostruc-
ture studied here is shown in Fig. 1. To have a slow reco
bination channel that is more easily accessible to ODM
studies, a 50-nm GaAs film codoped with both
(131016 cm23) and Be (331016 cm23), denoted as the
GaAs:D,A layer, was sandwiched between Al0.4Ga0.6As
cladding layers. The original purpose of this design was
study defects introduced during the dry-etching processes
the GaAs:D,A layer was positioned within the near-surfa
region where most of the damage is expected.11 Throughout
the whole structure, it is only this GaAs:D,A layer that emits
at the near-band-gap energy of GaAs. Therefore, by m
toring photoluminescence~PL! in this energy range, the re
gion probed by spin resonance~ODMR! can be limited to
this 50-nm-thick layer.

FIG. 1. Layer sequence of the sample investigated. The 50-
thick GaAs layer is codoped with Si (131016 cm23) and Be
(331016 cm23) in order to get a slow DAP recombination for th
ODMR study.
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As mentioned, the codoping was employed because
lifetime considerations. In order to perform ODMR measu
ments, in which one monitors a spin-flip-induced perturb
tion in the population of radiative species, it is convenient
use a luminescent process with small decay rates. In do
acceptor pair recombination, electrons and holes recom
via tunneling between the trapped impurity sites and
small overlap of the carrier wave functions yields radiati
lifetimes of the order of 1027 s. A single quantum well was
also inserted at a deeper location~115 nm from the surface!
in order to avoid a high level of carrier injection into th
GaAs:D,A layer.

The epitaxial film was grown by molecular-beam epita
~MBE! onto the~001! surface of a semi-insulating GaAs su
strate. The substrate temperature and V/III flux ratio w
580 °C and 6.3, respectively. The doping concentration
the GaAs:D,A layer cannot be easily checked from a dire
measurement since the layer was codoped. Instead, in o
to calibrate the dopant-cell temperatures, we repeated M
growth of singly Si- and Be-doped GaAs for several time
which were then characterized by Hall measurements,
prior to the growth of the codoped sample.

B. ODMR setup

ODMR was measured with a spectrometer consisting o
4-T superconducting magnet~modified Oxford MD-4! and a
35-GHz microwave system. The cylindrical resonator ha
wall-less concentric annular-ring structure to allow optic
access.12 During the measurements, the sample and the re
nator were immersed in pumped liquid He~1.6 K!. The mi-
crowave power (<100 mW) was supplied by a GaAs Gun
diode, whose frequency was automatically stabilized
seven digits by using a source-locking frequency counte

Luminescence was excited by an Ar1 laser ~488 nm,
1 mW/cm2!. The emission was collected and guided to a
photodiode~Hamamatsu Photonics!, whose output was fed
to a current amplifier.~When we used a Ge detector instea
the monitored luminescence was dominated by a deep-l
emission that was found to give rise to a strong trip
ODMR thereby masking the spin resonance signal from
GaAs:D,A region.! Into the optical path, we inserted a gla
filter to extract the luminescence whose wavelength w
longer than 810 nm. ODMR was measured with lock-in d
tection by chopping the applied microwave power while t
static field was swept. The typical chopping frequency w
1.2 kHz.

C. EDMR setup

EDMR was performed both at 9 and at 34 GHz. T
9-GHz EDMR spectrometer consists of a standard EPR s
trometer ~Bruker ESP 300!, equipped with a rectangula
TE102 resonator. A Keithley source measure unit 237 w
used as a low-noise voltage source and lock-in technique
sensitive detection of either the magnetic field or the mic
wave amplitude modulated signal. The measurement t
perature could be varied with a helium flow cryostat~Oxford
ESR 900! from 4 to 300 K and the sample was illuminate
with a 100-W tungsten lamp in combination with a KG3 he
filter.

-
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4894 PRB 58T. WIMBAUER et al.
For EDMR experiments at 34 GHz, a spectrometer c
sisting of a HP 83640A microwave synthesizer, a microwa
power amplifier, and a cylindrical resonator~Bruker ER
5106 QT! immersed in a helium bath cryostat~Oxford CF
935! was employed. The synthesizer and the amplifier all
the use of the spectrometer over the wholeKa-band~26.5–40
GHz! with a power of more than 200 mW. The same mod
lation, detection and illumination schemes are used at
GHz as at 9 GHz.

III. RESULTS

A. ODMR

We first present the ODMR data. Since our sample ha
special structure that allows an ODMR study in a spec
depth region, the result serves as a good reference for
EDMR study, especially in relating defects with specific r
gions ~probed layers! within the multilayer structure.

Figure 2 shows the photoluminescence spectra take
4.2 K. When excitation is weak, the near-band-edge emis
is dominated by the shallow donor-acceptor process~DAP!.
Additionally, another luminescence was observed at 1.
eV ~above the band-gap energy of GaAs!, which is due to the
single quantum well and not related to the GaAs:D,A layer.
In the present sample, photoluminescence due to
Al0.4Ga0.6As cladding layers was not detected. Deep-le
luminescence bands were also observed at 1.41, 1.36,
0.8 eV, respectively. The intensities of these emissions w
only comparable to or smaller than that of the first phon
replica of the shallow DAP line. Although it is not clear from
which layer of the epitaxial film these emissions origina
they hardly play an important role in the ODMR expe
ments.

In Fig. 2, it is seen that the peak at 1.48–1.49 eV shifts
lower energies as the excitation becomes weaker. This

FIG. 2. Photoluminescence spectra taken at different excita
powers ~the power data in the figure refer to the actual incide
power on the sample!. At weak excitation the shallow DAP proces
~1.48 eV! is dominating. With increasing power the peak shifts
higher energies due to a change in the relative contributions of D
and free-to-bound transitions. At 1.567 eV the quantum-well lu
nescence is seen.
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is attributed to a change in the relative contributions of DA
and free-to-bound~free electron to acceptor! transitions, and
also to the peak shift within the DAP transition. In fact, w
have checked the contributions of these two mechanism
measuring the wavelength dependence of optically dete
cyclotron resonance, whose signal goes through a sign re
sal between the DAP and free-to-bound transitions.13 In the
topmost trace, where the excitation was strong, excit
related emissions were also detected. However, the ex
tion intensity employed in our ODMR experimen
('1 mW/cm2) was even smaller than that for the lowermo
spectrum, so we conclude that the DAP emission due to
intentionally doped shallow impurities ~within the
GaAs:D,A layer! was the dominant luminescence contrib
tion in the ODMR experiment.

The ODMR spectrum is shown in Fig. 3. When recordi
the spectrum, we inserted an optical long-pass filter with
cutoff at 810 nm~1.53 eV!. Since we used a Si detector, th
luminescence monitored during the experiment consists
the shallow DAP and the two deep-level~1.41 and 1.36 eV!
bands, with the former emission being dominant. In fact,
checked that the feature of Fig. 3 is indeed due to the sha
DAP process by subtracting the ODMR spectrum w
840-nm cutoff from that with 810-nm cutoff.

The sign of the ODMR was negative: the intensity of t
shallow DAP luminescence decreased at the spin resona
This means that the observed defect is likely to act as a s
path for the radiative process. Therefore, it is suggested
the defect is a residual nonradiative center that was inco
rated during the MBE growth. The spectrum consists of fo
lines, in which the central two lines are narrower and larg
than the outer two. Assuming that the four-line spectrum
due to a hyperfine interaction with Ga nuclei (I 53/2), the
natural abundance ratio for69Ga and71Ga can explain the
observed spectrum quite well as seen in Fig. 3. The par
eters~g values and hyperfine constants! are in fact in agree-

n
t

P
-

FIG. 3. Experimental and simulatedQ-band ODMR spectra of
the Ga interstitial. For the calculations ag value of g52.006 and
hyperfine constants ofA6950.048 cm21 andA7150.061 cm21 have
been used. The calculated line positions are indicated by ver
lines, proportional to the natural abundances of the Ga isotope
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ment with those of various Ga interstitials, as discussed
low. As is clear from the foregoing discussions, the region
which we detected the Ga-interstitial defects is the 50 n
thick GaAs:D,A region.

We have also performed ODMR measurements by mo
toring the 0.8-eV luminescence using a cooled Ge detec
In this case, a PL-enhancing ODMR, which consists of m
tiple lines over a wide magnetic field range, was observ
The feature, to some extent, is analogous to the previo
reported deep triplet ODMR in GaAs but full details of th
spectra were not in agreement.14,15Anyway, since the spatia
location of the radiative species for the 0.8-eV band is
conclusive within the multilayered structure, it is difficult t
determine the origin of the enhancing ODMR.

B. EDMR

1. Nonalloyed Ag contacts

We now turn to the investigation of spin-dependent
combination via conductivity measurements. The obser
spin-dependent photoconductivity signals strongly depend
the properties of the electrical contacts used for the exp
ments. The most simple were made by applying silver pa
on top of the sample. In order to create photoexcited carri
the sample was illuminated with the unfiltered light of
halogen lamp~‘‘white light’’ conditions!. Using this illumi-
nation, the signal shown in Fig. 4 was detected at 5 K. T
derivative shape of the resonance is caused by the magn
field modulation used for the experiment. The signal am
tude is of the order ofDs/s'2431025, for microwave
powers of 400 mW. Neither a saturation nor an anisotropy
the resonance could be observed. Its field position co
sponds to g52.001 and the peak-to-peak linewidth
DHpp518 G. Theg value close to the free electron value
not a very specific defect feature, but the halfwidth of t
resonance is surprisingly small for a defect in GaAs
Al0.4Ga0.6As, as all nuclei of the host carry nuclear spin a
thus interact with the defect electron via hyperfine inter
tion. As discussed below, this leads to magnetic resona
linewidths that typically are an order of magnitude higher
defects in GaAs and Al0.4Ga0.6As compared to the defec
observed here.

FIG. 4. EDMR spectrum of the surface dangling-bond-rela
defect. For the investigation, silver paste contacts on top of
GaAs cap layer were used in order to restrict the current to the
layer.
e-
n
-

i-
r.

l-
d.
ly

t

-
d
n

ri-
te
s,

e
tic-
i-

f
e-

r

-
ce
r

However, Emanuelsonet al.16 reported the observation o
a defect with very similar properties by EPR in a study
Al0.4Ga0.6As/GaAs heterostructures. The signal was obse
able in samples that had been subject to a surface treat
by reactive ion etching. After a removal of the damag
surface layer by a wet etching process the EPR line dis
peared. This indicated that the signal originated from
surface layer, which led to the attribution to surfa
dangling-bond-related defects.

Our results support these conclusions, as we expect
due to the silver paste contacts the current through
sample is mostly flowing in the uppermost GaAs cap la
and thus being dominantly sensitive to surface-related
fects. In the previous EPR investigation it was shown that
presence of this dangling-bond defect causes an increas
the carrier scattering rate determined by Shubnikov–de H
measurements. However, the observation of the dangl
bond defects in EDMR indicates that they also act as rec
bination centers. Additionally, our results suggest that t
type of defect is not specific for the growth technique of t
sample, metal-organic vapor-phase epitaxy~MOVPE! in the
case of Ref. 16 or MBE in our case, and that chemical re
tive species are unlikely to be directly involved in the defe
structure. The MBE samples used in our investigation h
not been subject to a reactive ion etching process, but ins
were kept in air for several months before the EDMR inve
tigations.

2. Alloyed In contacts

In a second step, indium contacts~alloyed at 480 °C for 1
min! were used in order to achieve electrical contact to
regions of the layered structure. Using these contacts
illuminating the sample with white light the spectrum show
in Fig. 5 was observed. Microwave power modulation w
used in these experiments, leading to nonderivative li
shapes. The amplitude of the dominating central signa
Ds/s52831025. The sign has been carefully checked u
ing modulation at very low frequencies to avoid addition
phase shifts caused by the detection circuit, as discussed
low. The central signal is well described by a Gaussian,
a g value of g51.99 and a full width at half maximum o
200 G. These resonance parameters are consistent with41

~3d2, S51! ~Ref. 17! located in the Cr-doped sem
insulating GaAs substrate, a clear indication that electr
contact was made to the substrate by the alloying proced
In order to describe the low-field and high-field parts of t
experimental spectrum in Fig. 5, the well-known EPR p
rameters of the arsenic antisite defect AsGa were used~g
factor g52.047, hyperfine constantA50.089 cm21, nuclear
spin I 53/2 of As!.18 The simulation of AsGa in Fig. 5 shows
that the two outermost resonances of the experimental s
trum can indeed be explained by the existance of the ars
antisite defect, which is most likely also located in the sem
insulating GaAs substrate. Further including the Ga inter
tial Gai , as discussed below, a better agreement with
experimental spectrum can be achieved with respect to
shoulders localized more closely to the central high inten
line, a strong indication that the Ga interstitial defect in t
codoped layer also acts as a recombination center for
photoexcited carriers. We will show in the next section th
the resonances due to the Ga interstitial can also be ex
mentally separated using EDMR.
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4896 PRB 58T. WIMBAUER et al.
3. Phase shift analysis

ODMR can be made selective by monitoring reson
changes of certain photoluminescence lines and thereby
relating the defect to certain radiative or shunt processes.
show here that EDMR can be used in a complementary
to obtain spatial information concerning the position of d
fects in different layers of a structure by changing the car
concentration in the layers. A clear separation of the sign
from the GaAs substrate and the codoped layer is achie
by comparing the EDMR response of the heterostructure
luminated with inhomogeneously absorbed light above
band gap of GaAs (hn.1.5 eV) to the EDMR respons
when illuminating the sample with white light including ho
mogeneously absorbed light withhn,1.5 eV. The sample
was painted black on the substrate side, so that illumina
only took place through the heterostructure. The results
these measurements are shown in Fig. 6. In the case o

FIG. 5. EDMR spectrum using alloyed In contacts. The In co
tacts allow a current flow in deeper layers of the sample. The
composition of the superimposed resonances into Cr41, AsGa, and
Gai is shown. Cr41 as well as AsGa are located in the substrat
whereas the Gai is located in the codoped GaAs layer.
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mogeneous illumination~white light, upper part of Fig. 6!,
by changing the phase differencea between modulation and
detection it was possible to ‘‘shift’’ all resonances into cha
nel X of the two-phase lock-in amplifier with no resonance
the quadrature channelY. This means that all resonance
exhibited the same phase shift with respect to the mod
tion. In contrast, under inhomogeneous illumination w
hn.1.5 eV ~lower part of Fig. 6!, a detection of all signals
in only one channel was impossible. Instead, in this case
possible to find a phase shiftasub between modulation and
detection that allows the separation of the isolated Gai reso-
nances originating in the codoped layer~channelY! from the
sum of all resonances~Gai , Cr41, and AsGa! ~channelX!.

-
e-

FIG. 6. Experimental separation of the Gai resonances from the
substrate signals.~a! Under illumination with white light, all signals
have the same phase delay with respect to the modulation, no s
in channelY shifted by 90° with respect to channelX is observed.
~b! In the case of inhomogeneously absorbed light only (hn
>1.5 eV), the substrate signals and the signals from the codo
layer have different phase delays with respect to the modulation
Gai signal can be isolated in channelY. See text for details.
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These experimental facts are illustrated in Fig. 7, wh
shows the amplitudes of the signals from the codoped la
~solid curve! and the substrate signals~dashed curve! as a
function of the phase between modulation and detection.
seen that a phase shift analysis19,20 is possible if the signa
phaseacl of the resonance originating from the codop
layer differs from the correspondingasub of the substrate as
is the case whenhn.1.5 eV. By setting the phase betwee
the modulation and detection channelX equal toasub, all
resonances appear in channelX, the signals from the sub
strate in full intensity~dashed line in Fig. 7! and those from
the codoped layer~straight line! in reduced intensity,
whereas in the quadrature channelY the substrate signal am
plitude is completely suppressed and the isolated signal
plitude from the codoped layer appears, however with
duced intensity and inverted sign. In this way, the EDM
spectra of the isolated Gai resonances as shown in Fig. 1
~upper part! could be recorded. In addition to the 9 GH
results described above, similar EDMR experiments w
performed at 34 GHz using the identical sample and illum
nation conditions, giving rise to theQ-band EDMR spectrum
of the Gai ~lower part of Fig. 12! which has a signal/noise
ratio similar to the ODMR results shown in Fig. 3.

In principle, there can be several contributions to the
served phase shift of the signal with respect to the mod
tion: delays in the modulation and detection circuits, in p
ticular due to amplifiers, and relaxation processes of
electronic transport through the sample. The overall de
tion system includes several amplifiers such as the drive
the pin diode used for microwave modulation and the p
amplifier of the lock-in. However, their influence should be
constant contribution to bothacl and asub and should not
induce a relative phase shift. Details of the sample, includ
the particular way contact is made to it, could be the ori
of the phase shift. In order to clarify this contribution, th
equivalent circuit of the EDMR setup is shown in Fig. 8. T
essential parts are two photoresistors, formed by the s
strateRsub, the co-doped layerRcl , the capacitance of the

FIG. 7. Amplitudes of the signals from the different samp
layers as a function of the phase between modulation and dete
for the two different illumination schemes.
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leadsCleads, the resistorRm as current-to-voltage converte
and a constant voltage source. Because of the spin-depen
effect, the resistors corresponding to the layers contain
oscillating component under magnetic resonance conditio
hence, they can be written in the formR5R0
1R1 sin(vmodt). In the case of a homogeneous sample
scribed by a single resistorR, standard network analysis un
der small signal approximation yields

DU5U
R1Rm

~R01Rm!2A11S vmodCleads

RmR0

Rm1R0
D 2

~3.1!

for the voltageDU detected by the lock-in amplifier and
phase shift between modulation and detection given by

a5
p

2
1arctanS vmodCleads

RmR0

Rm1R0
D . ~3.2!

The applicability of these equations has been confirmed
perimentally for simple photoconductive samples using d
ferent light intensities to changeR. When the single photo-
conductorR is replaced byRcl5Rcl01Rcl1 sin(vmodt) and
Rsub5Rsub01Rsub1 sin(vmodt), Kirchhoff’s rules predict
acl5asub for all values ofRcl0 andRsub0 . A relative phase
shift betweenacl and asub can only be accounted for by
simple RC network introducing an additional capacitive e
ement. This could in principle be caused by the capacit
coupling of the two layers through the Al0.4Ga0.6As spacer
~which has a capacitance of'1 nF!, if at least one of the
contacts to the two layers has a significant contact resista
or is non-Ohmic, which is is not the case for In contac
used. Indeed, slightly modulating the light under the diffe
ent illumination schemes and detecting the photorespo
with the setup shown in Fig. 8 has not led to any significa
phase shifts between modulated light intensity and photo
rent.

The observed relative phase shift can therefore only a
due to changes in the microscopic processes leading
Rsub5Rsub01Rsub1 sin(vmodt1asub) and Rcl5Rcl0
1Rcl1 sin(vmodt1acl). Delays in the recombination causin
such phase shifts can occur due to recombination life tim
or spin-relaxation times. However, recombination times~the

ion

FIG. 8. Equivalent circuit of the EDMR setup containing tw
photoresistors formed by the substrateRsub, the codoped layerRcl ,
the capacitance of the leadsCleads, the resistorRM , and a constant
voltage source.
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intentionally slow DAP process in the codoped layer ha
recombination time already as fast as 1ms! are much too fast
to explain the observed phase shift of 40° at 1-kHz modu
tion frequency. The influence of slow recombination wou
also have been detected in the photoconductivity exp
ments under modulated light, and therefore can also be
cluded experimentally. This leaves changes in the sp
relaxation processes as the only plausible explanation, as
also been concluded fora-Si:H, where a similar phase shi
analysis can be performed.19,20

Very few data are available on the spin relaxation,
particular the spin-lattice relaxation timeT1 , in GaAs. In
particular, it has been found thatT1 for the AsGa antisite can
vary over orders of magnitude depending on the defect c
centration and at low temperatures can reach second
high-quality materials such as the substrate explored in
study.21 However, high concentrations of photoexcited car
ers reduce such long times significantly. This causes the
served changes of the phase shift: Under both illumina
schemes a high concentration of charge carriers is create
the codoped layer so that the spin-lattice relaxation is so
that upon switching of the microwave power, the relaxat
back to equilibrium is not delayed by a longT1 and, there-
fore, the conductivity relaxes instantaneously so that
phase shift is observed. In the substrate, however, the ca
concentration is changed drastically upon changes of th
lumination scheme. Using white light, a high carrier conce
tration in the substrate is achieved as well, leading to a s
T1 of the defects observed and no additional phase s
Using light that is strongly absorbed in the codoped la
only, very little carriers are excited in the substrate, lead
to a long T1 and an appreciable relaxation time, which
translated into the additional phase shift observed in Fig. 8
is important to note that the carrier concentration seem
have the identical effect on both the Cr41 and the AsGa de-
fects, since no phase shift between these signals coul
resolved.

Using this dependence ofT1 on the carrier concentration
a spatial assignment of the defects observed to different
ers in a multilayer sample can be achieved. However, as
be discussed in the following, it is important to keepT1 long
enough to allow the successful detection with EDMR, whi
in view of the results reported here requires low illuminati
intensities when high-quality GaAs is to be investigated.

4. Dependence of the EDMR amplitude on experimental
conditions

Having demonstrated that EDMR can be a very use
tool to detect various types of recombination centers
GaAs, it is now interesting to establish the experimental c
ditions for this detection. Several aspects are important, s
as the temperature range over which EDMR can be app
to study GaAs, or whether the defect density can be e
mated from the signal amplitudeDs/s. While detailed ex-
periments concerning these issues are currently performe
neutron-irradiated bulk GaAs, some information can alrea
be obtained from the present investigation on GaAs het
structures.

Figure 9 shows the temperature dependence of the d
nant Cr41 EDMR signal amplitude measured with th
X-band spectrometer using low-intensity illumination. F
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temperatures up to 10 K, nearly no temperature depende
is observed. However, above 10 K, a very strong reduct
of the signal amplitude is evident from Fig. 9. In order
understand this behavior, we briefly review the basic mod
proposed for a quantitative description of the EDMR sign
amplitude. The original Lepine model3 describes the spin
dependent process as a result of the interaction of the s
polarized ensembles of conduction electrons and defe
giving rise to aDs/s}@gmBH/(kT)#2 dependence. Such
T22 dependence as sketched in Fig. 9, however, would o
describe the data over a very small temperature range
contrast, Kaplan, Solomon, and Mott have developed
model based on the formation of long-lived spin pairs wh
predicts no explicit Zeeman splitting or temperatu
dependence.22 While the latter model is assumed to apply
materials with long spin-lattice relaxation timesT1 such as C
or Si the former should be more appropriate for materi
with largerZ such as Ga or As. Neither model can accou
for the complicated temperature dependence in GaAs sh
in Fig. 9.

Figure 10 shows the corresponding dependence of
Cr41 EDMR signal amplitude on the microwave magnet
field strengthH1 . The X-band cavity used here provides
maximum magnetic fieldH152.3 G at 2 W incident micro-
wave power, as determined by electron-nuclear double re
nance experiments23 and standard electrodynamics.24 Corre-
spondingly, theQ-band cavity is expected to yieldH1
51.5 G at 250 mW incident microwave power. The EDM
amplitude exhibits aH1-field dependence ofDs/s}H1

2 at
low microwave powers, followed by saturation at high po
ers. In contrast to conventional electron spin resonan
which has an amplitude proportional to the magnetizat
M5x9H1 , the EDMR signal intensity is known to be pro
portional to the induced spin-flip rate or microwave pow
absorbed,Ds/s}x9H1

2,25,26 as indeed observed at low-H1

fields. The experimental data for the fullH1 dependence of
Ds/s in GaAs is best described by the behavior typical
homogeneous resonance lines in EDMR,

FIG. 9. Temperature dependence of the Cr41 EDMR signal am-
plitude. When relaxation becomes so fast that no saturation ca
reached with the microwave power available, the signal amplit
is drastically reduced.



ion
e
n

nt
r

M

d
th
.

ca
ur
n
a

p

m
f t
ur
er
e
sm
m
A
00
R
w
nc
a-
e

th

R

n
de

m
f
the
ra-

cro-
the
ion

on-
par-
he

f

and
r-
r-

ect
ture
ied

the
ion
wo

in
ra.
pin

and

r
tal
tu

PRB 58 4899RECOMBINATION CENTERS IN GaAs/Al0.4Ga0.6As . . .
Ds

s
}

T2

11g2H1
2T1T2

H1
2, ~3.3!

as shown by the fits in Fig. 10. The fits allow the estimat
of (T1T2)1/2 for the Cr41 defect indicated in the figure. Du
to the nuclear spins of Ga and As, the observed resona
lines are expected to be broadened by superhyperfine i
actions. However, both the data shown here and similar
sults obtained on the power dependence of the the ED
signal of AsGa in neutron-irradiated GaAs,27 are best de-
scribed by Eq.~3.3! valid for homogeneously broadene
lines. This discrepancy is probably caused by details of
EDMR process in GaAs, which remain to be investigated

The EDMR temperature dependence shown in Fig. 9
now be understood qualitatively. Increasing temperat
leads to faster spin relaxation, shifting the power depende
of Fig. 10 to higher powers. As long as the saturation c
still be reached with the microwave power available~i.e., the
induced spin-flip rate is greater than the spontaneous s
relaxation rate!, only little change in the EDMR amplitude
results, as seen in Fig. 9. However, when relaxation beco
so fast that no saturation can be reached, the amplitude o
EDMR signal is drastically reduced. The exact temperat
dependence in this case will be determined by the temp
ture dependence of the spin relaxation, which can be v
strong depending on the particular relaxation mechani
This behavior poses a strong practical limitation on the te
perature range relevant for EDMR measurements in Ga
Using a conventional EPR spectrometer with typically 4
mW at 9 GHz and using moderate light intensities, EDM
experiments should be performed below 20 K. Higher po
ers or specific sample structures leading to a further enha
ment of theH1 field28 could extend this range to temper
tures better suited for the study of actual GaAs devic
Similarly, further reducing the light intensities so thatT1 is
not governed by the carrier concentration could extend
temperature range. However, if the resistanceR becomes too
big, sensitivity is lost again according to Eq.~3.1!.

FIG. 10. Experimental and fitted power dependence of the C41

EDMR signal amplitude for 9.3 nd 34 GHz. Within experimen
error,Ds/s is independent of the microwave frequency when sa
ration is reached.
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The polarization model by Lepine predicts that the EDM
amplitude at saturation should beDs/ssat5@gmBH/(kT)#2

'1022 at 5 K and 9.3 GHz. The fit in Fig. 10 provides a
estimate for the experimentally observed amplitu
Ds/ssat'1024. Further correcting according to Eq.~3.1!
for the high modulation frequencies used, a maximu
Ds/s'1023 is found for the EDMR signal amplitude o
Cr41 in GaAs in our samples, still somewhat smaller then
value predicted by Lepine for 9.3 GHz. Since the tempe
ture dependence ofDs/ssat is difficult to determine due to
possible changes in the transport path and the limited mi
wave power as discussed above, the applicability of
Lepine model can only be tested by checking its predict
on the influence of the magnetic fieldH0 or the microwave
frequencyn on Ds/ssat . Changing from 9.3 to 34 GHz
should therefore increaseDs/ssat by a factor of'13. How-
ever, a quantitative comparison of EDMR experiments c
ducted on a single sample in both spectrometers, taking
ticular care that all experimental conditions including t
illumination are identical apart fromH0 and n, shows that
within the experimental accuracy of at most 50%,Ds/ssat is
independent ofH0 andn, in clear contradiction to the Lepine
model ~Fig. 10!. In fact, a similar lack of dependence o
Ds/s on H0 and n has been recently observed ina-Si:H
using 434-MHz, 9.3- and 34-GHz spectrometers.29 This sug-
gests that both in Si and GaAs the Kaplan, Solomon,
Mott model invoking the formation of spin-pairs is the co
rect description of EDMR. However, for a complete unde
standing of the EDMR amplitude the influence of the def
concentration and possibly recombination times and cap
cross sections need to be known, which could not be stud
using the present samples.

IV. THE GALLIUM INTERSTITIAL

As already mentioned, the spin resonance spectra of
Ga interstitial are dominated by the hyperfine interact
with the nuclear spin of the Ga core. Since there are t
stable isotopes, namely,69Ga and 71Ga, both having a
nuclear spinI 53/2, the Ga interstitial resonances shown
Figs. 3 and 12 are a superposition of two four-line spect

The general spin-Hamiltonian coupling the electronic s
S of a single Ga isotope to the nuclear spinI of the same
isotope in a magnetic fieldB is

H5mBSg̃B1SÃI , ~4.1!

wheremB is the Bohr magneton,S is the effective electron

spin, g̃ the g tensor,I the nuclear spin, andÃ the hyperfine
tensor. The Ga interstitial resonances shown in Figs. 3

12 were found to be isotropic. Hence, both tensorsg̃ as well

asÃ can be replaced by the scalarsg andA, respectively. In
the basis of vectors of the formumSmI&, the Hamiltonian
~4.1! has the form

-
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~4.2!
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In the chosen representation the Zeeman termgmBSB only
contributes to the diagonal elements because with the m
netic field B along thez axis the scalar product betweenS
andB involves only thez component of the spin operatorS
and the basis vectorsumSmI& of the Hamiltonian~4.2! are
eigenvectors ofSz . The off-diagonal elements have their or
gin in the the hyperfine termASI, since the operators forx
andy components of the effective spinS and nuclear spinI
do not commute with the corresponding operators for thz
component.

It can be assumed that theg valuesg for the 69Ga inter-
stitial and for the71Ga interstitial are identical because of th
identical electronic properties of both isotopes. The hyp
fine constantsA69 andA71 on the other hand, should be di
ferent since the different core properties of the isotopes
involved via the nuclear spinI . The fact that an isotropic
hyperfine interaction observed experimentally shows that
~isotropic! Fermi contact interaction is dominating and th
the ~anisotropic! dipolar interaction is negligible. The Ferm
contact interaction is given

A69/715
2m0

3
gmBgn,69/71mnuc~0!u2, ~4.3!

where gn,69/71 and mn are the nuclearg factors of the Ga
isotopes and the nuclear magneton, respectively.30 uc(0)u2 is
the probability to find the paramagnetic electron at
nucleus. The nuclearg value of69Ga isgn,6951.344, that for
71Ga isgn,7151.708. According to Eq.~4.3!, the ratio of the
hyperfine constants is then given byA71/A695gn,71/gn,69
51.27.

A plot of the eigenvalues of Eq.~4.2! for the 69Ga and
71Ga interstitials as a function of the magnetic field~Breit-
g-

r-

re

e
t

e

Rabi diagram! is shown in Fig. 11. For the calculations,g
52.006 andA6950.048 cm21 have been used. Furthermor
the magnetic dipole transitions for microwave frequencies
9.3 GHz and 34 GHz are included in the figure. They oc
between eigenvalues whose corresponding eigenvectors
dominated by basis vectorsumSmI& with mS changing by61
and constantmI .

The line positions for theX-band andQ-band EDMR as
well as the Q-band ODMR investigations as determine
from the Breit-Rabi diagram are indicated by vertical lines
Figs. 3 and 12, respectively, together with the experimen
spectra. TheQ-band EDMR spectrum has been obtained
ing the same phase shift analysis as described in the con
of theX-band data above. The length of the bars is a meas
of the relative intensities of the resonances as determine
the natural abundance ratio of69Ga and71Ga (40/60). The
simulation including inhomogeneous broadening by Gau
ian lines are in good agreement with the experimen
EDMR and ODMR spectra.

Possible defects involving a single central Ga atom
the cation antisite GaAs and the Ga interstitial Gai . The first
possibility can be excluded because large cluster recur
calculations31 do not find states in the gap for GaAs and self-
consistent Green’s-function calculations32 predicting a gap
state withT2 symmetry are inconsistent with the experime
tally observed isotropic hyperfine interaction indicating
A1 state. The Green’s-function calculations32 for the Gai , on
the other hand, are consistent with the experimental findi
since anA1 gap state is predicted. Therefore, the spec
shown in Figs. 3 and 12 are assigned to the Ga interstiti

There are three interstitial sites with high symmetry in t
GaAs lattice. One has hexagonal (D3d) and the two others
have tetrahedral (Td) symmetry. In contrast to the tetrahedr
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sites it seems to be very unlikely that the interstitial on
hexagonal site shows an isotropic Zeeman splitting. The
fore, the more likely candidates are the tetrahedral s
where the interstitial is surrounded by either four Ga or fo
As atoms. With Green’s-function calculations32 it has been
shown that only the interstitial with As atoms in the neare
neighbor shell has a paramagnetic state in the band ga
this state the interstitial is two times positively charg
(Gai

21) and has therefore an effective spinS51/2. The
atomic structure of the Gai defect is shown in Fig. 13.

Table I lists the resonance parameters of the Ga inters
in Al0.4Ga0.6As,33,34 GaAs/AlAs superlattices,35 and GaAs.
The hyperfine constants are in agreement but theg value of
the interstitial in Al0.4Ga0.6As compared to the interstitials i
the other two host materials is somewhat bigger. This diff
ence ing factors implies that the electronic structure of t
host material, seen by the interstitial, is similar in the sup
lattice and in our sample. This suggests that the interstit
in the codoped layer could be preferentially formed near
the interface. The isotropic hyperfine interaction of the int
stitial in superlattices as well as in our codoped layer sh
that the defect wave function suffers no axial eccentric
due to the interface region—a fact that requires a strong
calization of the wave function. The highly localized chara
ter is confirmed by the investigations of Kennedy a
co-workers.33,34 They show that for Al0.4Ga0.6As the Gai
resonance parameters are independent from the Al con
Hence, the interstitial does not see the atoms in the n
nearest-neighbor shell and the defect wave function mus
highly localized.

V. CONCLUSIONS

We have shown that spin-dependent transport can be
cessfully extended to study defect properties in Ga
Al0.4Ga0.6As multilayer systems. Using electrically detect
magnetic resonance, we have observed surface states
intrinsic defects, as well as a transition-metal impurity. U
ing different contact geometries and a phase shift anal

FIG. 11. Breit-Rabi diagram of the Gai and magnetic dipole
transitions forX-band as well asQ-band frequencies~g52.006,
A6950.048 cm21, andA7150.061 cm21!.
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under illumination with inhomogeneously absorbed light, w
have been able to determine the spatial location of the
fects within the heterostructure. Two different models a
discussed to quantitatively account for the signal size

FIG. 12. Experimental and simulatedX-band and Q-band
EDMR spectra of the Gai ~g52.006, A6950.048 cm21, and A71

50.061 cm21!. The calculated line positions are indicated by ve
tical lines, proportional to the natural abundances of the Ga
topes.

FIG. 13. Defect model of the Gai in GaAs. The Gai is located at
a tetrahedral interstitial site with As atoms in the nearest and
atoms in the next-nearest-neighbor shell.
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TABLE I. Defect parameters of the Ga interstitial in various host materials.

Material g factor A69 (cm21) A71 (cm21) Reference

Al xGa12xAs, 0.1<x<0.45 2.025 0.050 0.064 33,34
GaAs/AlAs superlattice 2.007 0.054 0.069 35
GaAs 2.006 0.048 0.061 this work
te
t

ha ge-
EDMR. Our results demonstrate that electrically detec
magnetic resonance has a much greater potential for
characterization of semiconductors with direct band gap t
previously assumed.
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